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BACKGROUND & AIMS: Gastrointestinal (GI) manifestations
have been increasingly reported in patients with coronavirus
disease 2019 (COVID-19). However, the roles of the GI tract in
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection are not fully understood. We investigated how the GI
tract is involved in SARS-CoV-2 infection to elucidate the path-
ogenesis of COVID-19. METHODS: Our previously established
nonhuman primate (NHP) model of COVID-19 was modified in
this study to test our hypothesis. Rhesus monkeys were infected
with an intragastric or intranasal challenge with SARS-CoV-2.
Clinical signs were recorded after infection. Viral genomic RNA
was quantified by quantitative reverse transcription polymerase
chain reaction. Host responses to SARS-CoV-2 infection were
evaluated by examining inflammatory cytokines, macrophages,
histopathology, and mucin barrier integrity. RESULTS: Intra-
nasal inoculation with SARS-CoV-2 led to infections and pathologic
changes not only in respiratory tissues but also in digestive tissues.
Expectedly, intragastric inoculation with SARS-CoV-2 resulted in
the productive infection of digestive tissues and inflammation in
both the lung and digestive tissues. Inflammatory cytokines were
induced by both types of inoculation with SARS-CoV-2, consistent
with the increased expression of CD68. Immunohistochemistry
and Alcian blue/periodic acid-Schiff staining showed decreased

Ki67, increased cleaved caspase 3, and decreased numbers of
mucin-containing goblet cells, suggesting that the inflammation
induced by these 2 types of inoculation with SARS-CoV-2 impaired
the GI barrier and caused severe infections. CONCLUSIONS: Both
intranasal and intragastric inoculation with SARS-CoV-2 caused
pneumonia and GI dysfunction in our rhesus monkey model. In-
flammatory cytokines are possible connections for the pathogen-
esis of SARS-CoV-2 between the respiratory and digestive systems.

Keywords: COVID-19; Viral Infection; Inflammatory Cytokines;
Fecal-Oral Route.

*Authors share first co-authorship.

Abbreviations used in this paper: AB-PAS, Alcian blue and periodic acid-
Schiff; ACE2, angiotensin converting enzyme 2; COVID-19, coronavirus
disease 2019; dpi, days postinfection; Gl, gastrointestinal; G-CSF, gran-
ulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage
colony-stimulating factor; IEC, intestinal epithelial cells; IFNy, interferon
gamma; IHC, immunohistochemistry; NHP, non-human primate; PBS,
phosphate-buffered saline; PFU, plaque-forming units; gRT-PCR, quanti-
tative reverse transcription polymerase chain reaction; SARS-CoV-2, se-
vere acute respiratory syndrome CoV-2; TGF, transforming growth factor;
TMPRSS2, type Il transmembrane serine protease; TNF, tumor necrosis
factor; VEGF, vascular epithelial growth factor.
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C oronavirus disease 2019 (COVID-19), caused by
severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), was first reported in December 2019 and
has spread globally."? Clinical syndromes caused by SARS-
CoV-2 infection include acute respiratory distress, severe
lung injury, multiple organ failure, and even death.*?
Although respiratory symptoms are predominant among
clinical syndromes of COVID-19, 20%-50% of patients
with COVID-19 experience gastrointestinal (GI) manifes-
tations such as abdominal pain, vomiting, nausea, and
diarrhea.”® Patients in the intensive care unit have a
higher frequency of abdominal pain than patients in the
general care unit.” The genome of SARS-CoV-2 is approx-
imately 80% identical to that of severe acute respiratory
syndrome coronavirus (SARS-CoV),* but the GI symptoms
of SARS-CoV-2 are more common and severe than those of
SARS-CoV and Middle East respiratory syndrome corona-
virus (MERS-CoV).®? Moreover, SARS-CoV-2 RNA has been
detected in patient stool'”'# and rectal swabs, even after
nasal and throat swab results became negative.”'*"?
Recently, infectious SARS-CoV-2 was isolated from the
stool specimen of a patient with COVID-19 with diar-
rhea.'* These observations raise concerns that the fecal-
oral route may be another potential transmission mode
of SARS-CoV-2.

SARS-CoV-2 enters human host cells using the same
receptor, angiotensin-converting enzyme 2 (ACE2), as SARS-
CoV, and the spike glycoprotein (S) is processed by type II
transmembrane serine protease (TMPRSS2) to enter the
cytoplasm of host cells."” ' ACE2 and TMPRSS2 are highly
expressed in pulmonary alveolar epithelial type II and cili-
ated cells.?° Therefore, SARS-CoV-2 can actively replicate in
upper respiratory tract tissues, suggesting that the respi-
ratory tract is the key route of transmission.'” However,
both of these proteins are also highly expressed in the
digestive system, including in intestinal epithelial cells
(IECs) and cholangiocytes.?" In fact, an increasing number of
reports have shown that SARS-CoV-2 productively repli-
cates in human and bat small intestinal enteroids,'*?%%3
implying that the GI tract plays an important role in SARS-
CoV-2 transmission. Clinical signs are the results of SARS-
CoV-2 infection. However, it is very difficult to determine
the initial infection routes of patients with COVID-19, which
is critical for the elucidation of the pathogenesis of COVID-
19. Even though a couple of animal models are established
to recapitulate COVID-19, the mechanisms of SARS-CoV-2
infection are not completely clear because of the variation
of viral inoculation routes.

Here, using a single route of viral challenge in a
nonhuman primate (NHP) model of COVID-19, we sought to
elucidate how the GI tract is involved in SARS-CoV-2 infec-
tion and causes COVID-19. To our knowledge, we show
direct evidence, for the first time, that intranasal inoculation
with SARS-CoV-2 caused pneumonia and GI manifestations
on the basis of our established rhesus monkey model.
Notably, intragastric challenge with SARS-CoV-2 also led to
respiratory and digestive dysfunction. These results indicate
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

Gastrointestinal manifestations have been increasingly
reported in COVID-19 patients. However, the roles of
the Gl tract in SARS-CoV-2 pathogenesis are not fully
understood.

NEW FINDINGS

Single route of intragastric or intranasal inoculation with
SARS-CoV-2 leads to dysfunctions in both respiratory
and digestive systems.

LIMITATIONS

Further investigation of the microbiome and immune cells
in respiratory and digestive systems is necessary to
determine the mechanisms by which SARS-COV-2
infection leads to pneumonia and Gl dysfunction.

IMPACT

This study indicates Gl tract plays an unneglectable role in
SARS-CoV-2 pathogenesis and transmission, which is an
important guideline for treatment and prevention of
COVID-19.

that the GI tract plays a central role in SARS-CoV-2
pathogenesis.

Materials and Methods
Ethics and Biosafety Statement

All animal procedures in this article were approved by the
Institutional Animal Care and Use Committee of Institute of
Medical Biology, Chinese Academy of Medical Science (ethics
number DWSP202002001). All experimental animals were
male rhesus macaques that were provided by our Experimental
Animal Department. All animal experiments were performed in
the high-level biosafety facility of National Kunming High-level
Biosafety Primate Research Center. All animals were housed
with 1 animal per negative-pressure cage in a controlled
environment (12-hour daylight cycle and lights off at 8 PM)
with free access to food and water.

Virus Amplification and Identification

SARS-CoV-2 was obtained from the Center of Disease Con-
trol of Guangdong Province, China. Viruses were amplified in
Vero E6 cells, purified, and concentrated with an ultrafilter
system with a 300-kDa module (Millipore US). SARS-CoV-2 was
confirmed via reverse-transcription polymerase chain reaction
(RT-PCR), sequencing, and transmission electronic microscopy,
titrated via a plaque assay (107 plaque-forming units
[PFU]/mL).

Animal Experimental Procedures

Animal information is detailed in Supplementary Table 1.
Eleven rhesus monkeys were used for 2 infection experiments
in this study. Animals were randomly divided into 3 groups:
phosphate-buffered saline (PBS) treatment (MM-0/N-0),
intragastric inoculation with SARS-CoV-2 (MM-0-1/4/7/14),
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and intranasal inoculation with SARS-CoV-2 (MM-N-1/4/7/14).
The numbers 0, 1, 4, 7, and 14 represent the day of necropsy
postviral inoculation. To reduce the number of experimental
animals, PBS treatment was used as a shared control for both
the intragastric and intranasal inoculation groups. Rhesus
monkeys were intragastrically or intranasally challenged with 1
mL of 1 x 107 PFU SARS-CoV-2 or with PBS via an intragastric
or intranasal route. We performed a gavage for intragastric
inoculation. Briefly, the animals were anesthetized and laid
supine on the operating table. An approximately 20-cm length
of silicone rubber gastric tube (3.3 mm/10F) was slowly
inserted into the esophagus. A syringe at the end of the gastric
tube was drawn back to test whether the tube reached the
stomach. If no air was drawn out, the gastric tube had reached
the stomach via the esophagus. At this time, 10” PFU SARS-CoV-
2 in another syringe was pushed into the stomach through the
gastric tube, and then at least 20 mL of air in another syringe
was pushed into the tube to ensure that all SARS-CoV-2 reached
the stomach. For the intranasal route, animals were challenged
with 500 uL of SARS-CoV-2 (107 PFU/mL) for each nostril. As
outlined in Figures 14 and 24, clinical signs (Supplementary
Table 2), weight, and rectal temperature were recorded after
virus inoculation. At the same time, we collected nasal, throat,
and anal swabs and feces for further analysis. At the indicated
timepoints, animals from each group were anesthetized with
ketamine, and chest radiographs were recorded; animals were
then killed, and necropsy was performed. At each timepoint,
monkeys with severe chest radiography signs were chosen for
necropsy and evaluation of the gross and histologic changes of
tissues. Blood and GI contents were collected for further
analysis.

Viral RNA Extraction and Quantitative Reverse-
Transcription Polymerase Chain Reaction

A total of 400 uL of a TRIzol suspension of swab samples or
20-50 mg of tissue samples were used for RNA extraction by
using a Direct-zol RNA Miniprep Extraction Kit (Zymo Research,
catalog no. R2052) according to the manufacturer’s in-
structions. Then, 50 uL of DNase/RNase-free water were used
to elute RNA. Quantitative RT-PCR (qRT-PCR) was used to
quantify the viral genome using TagMan Fast Virus 1-Step
Master Mix (Thermo Fisher Scientific), and SARS-CoV-2 RNA
was used as a standard curve. RT-PCR was performed on a
CFX384 Touch Real-Time PCR Detection System (Bio-Rad) with
the following conditions: 25°C for 2 minutes, 50°C for 15 mi-
nutes, 95°C for 2 minutes, and 40 cycles at 95°C for 5 seconds
and 60°C for 31 seconds. Primers and probes specific for the NP
gene were synthesized according to sequences reported by the
Chinese Center for Disease Control and Prevention: target-2-F,
GGGGAACTTCTCCTGCTAGAAT; target-2-R, CAGA-
CATTTTGCTCTCAAGCTG; and target-2-P, 5'-FAM-
TTGCTGCTGCTTGACAGATT-TAMRA-3'. The copy number of the
NP gene was calculated and expressed as logl0 according to
the standard curve of viral RNA to quantitate the genomic RNA
of SARS-CoV-2 in the GI contents. For GI tissues, the genomic
RNA of SARS-CoV-2 was also determined via the NP gene;
however, the copy number was calculated via the comparative
cycle threshold AACt) method, normalized to the housekeeping
gene GAPDH, and then expressed as log10.

SARS-CoV-2 Infection via the Alimentary Tract 1649

Virus Isolation and Transmission Electron

Microscopy

Vero E6 cells were cultured in Dulbecco’s modified Eagle
medium with 10% fetal bovine serum. Viral RNA-positive
fecal specimens were used to make a PBS suspension, fol-
lowed by filtration with a 0.22-um syringe filter and dilution
(1:10) with Dulbecco’s modified Eagle medium containing 2%
fetal bovine serum and antibiotics. Cells were infected at 37°C
for 1 hour. The inoculum was removed and replaced with
fresh culture medium. The cells were incubated at 37°C, and
cytopathic effects were observed daily. If there was no obvious
cytopathic effect until 6 days postinfection (dpi), the cells and
supernatant were scraped up and freeze-thawed once before
the second-round passage. The culture supernatant was
analyzed for viral RNA by qRT-PCR and transmission electron
microscopy.

Histopathologic Analysis

Tissues of a proper size were fixed in 10% neutral-buffered
formalin for 3-7 days. Then, 5-um sections were prepared for
H&E staining and histopathologic analysis.

Immunohistochemical Analysis

For immunohistochemical (IHC) staining, tissue sections
were incubated with the following antibodies: cleaved caspase-
3 (1:500; catalog no. GB13436, Servicebio), Ki67 (1:200; cata-
log no. GB13030-M, Servicebio), and CD68 (1:300; catalog no.
GB13067-M-2, Servicebio). The stained sections were scanned
and analyzed on a 3-dimensional (3D) HISTECH system.

For the analysis of Ki67, the brown-yellow nuclei were used
as the standard to identify the Ki-67-positive cells via Image
Pro Plus 6.0 software. The blue nuclei were identified as
negative cells. The percentage of Ki67-positive cells is
expressed as the ratio of the number of positive cells to the
total number of cells (positive cells plus negative cells) multi-
plied by 100%.

Areal density was used for analysis of CD68 and cleaved
caspase-3 staining. Six images were randomly taken for anal-
ysis in 1 section of each animal. When taking photos, we tried to
make the tissue fill the whole field of vision and ensured that
the background of each photo was consistent. The brown yel-
low was used as the standard to define the positive staining via
Image Pro Plus 6.0 software. The integrated optical density and
the pixel area were measured in each photo. The areal density
was calculated as integrated optical density divided by pixel
area.

In Situ Hybridization of Virus RNA

The hybridization of viral RNA was performed on formalin-
fixed, paraffin-embedded sections according to the manufac-
turer’s recommended procedures (RNAscope Multiplex Fluo-
rescent v2 [Advanced Cell Diagnostics]) with some
modifications. The probes were specific for analysis of the S
gene of SARS-CoV-2 in NHPs (RNAscope Probe-V-nCoV2019-S,
ACD, catalog no. 848561, targeting the region of 21631-23303
[NC_045512.2]). The stained sections were scanned and
analyzed on a 3D HISTECH system.
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Alcian Blue and Periodic Acid-Schiff Staining

Formalin-fixed, paraffin-embedded sections were stained
according to the manufacturer’s recommended procedure for
an Alcian blue and periodic acid-Schiff (AB-PAS) staining kit
(catalog no. G1285, Solarbio). The stained sections were scan-
ned and analyzed on a 3D HISTECH system. Twenty crypts in 1
section of each animal were randomly selected for counting
goblet cells in 1 crypt.

Electron Microcopy

Cells infected with SARS-CoV-2 were scraped off culture
dishes and harvested by centrifugation at 500 g for 5 minutes.
The supernatant was removed without disrupting the pellet,
followed by the gentle and slow addition of 2.5% glutaralde-
hyde without resuspending the pellet. Fixation was performed
at 4°C overnight. The next day, cells were embedded in epoxy
resin, and ultrathin sections were made and stained with 2%
uranium acetate and lead citrate. Slides were imaged under an
electron microscope.

Multiplex Assay of Inflammatory Cytokines

A MILLIPLEX MAP Non-Human Primate Cytokine Magnetic
Bead Panel-Immunology Multiplex Assay (Millipore) was per-
formed according to the manufacturer’s protocol on a Bio-Plex
machine (Bio-Rad). The inflammatory cytokines in this panel
were interleukin (IL) 18, IL4, IL5, IL6, IL8/CXCL8, granulocyte
colony-stimulating factor (G-CSF), granulocyte-macrophage
colony-stimulating factor (GM-CSF), interferon gamma (IFN¥y),
IL1ra, IL2, IL10, I-12/23 (p40), IL13, IL15, IL17A/CTLA8, MCP-
1/CCL2, MIP-13/CCL4, MIP-1a/CCL3, sCD40L, transforming
growth factor (TGF) «, tumor necrosis factor (TNF) «, vascular
endothelial growth factor (VEGF) A, and IL18.

Statistical Analysis

A Student t test was performed to compare differences
between the 2 groups. A P value of <.05 was considered sta-
tistically significant, and significant values are denoted with
asterisks.

Results

Intranasal Inoculation With Severe Acute
Respiratory Syndrome Coronavirus 2 Leads to
Pathologic Damages in Both the Respiratory and
Digestive Systems

GI manifestations are frequently reported in patients
with COVID-19. However, there is no direct evidence that

Pl
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shows the relationship between digestive dysfunction and
pneumonia caused by SARS-CoV-2 infection. The single
route of intranasal challenge with SARS-CoV-2 in rhesus
monkeys used in this study is outlined in Figure 1A4. On dpi
1, 4, 7, and 14, no significant changes of body weight and
body temperature were observed (Supplementary Table 3).
During the 2-week period of the experiment, we could not
observe diarrhea and other manifestations (Supplementary
Tables 4 and 5). Viral RNA was detectable in both respira-
tory and digestive tissues of rhesus monkeys after the
intranasal inoculation of SARS-CoV-2 (Figure 1B).

SARS-CoV-2 infections in the respiratory system caused
histopathologic changes in the lung, trachea, and bronchia,
including the infiltration of inflammatory cells, congestion
and edema of the mucous membrane, exfoliation of epithe-
lial cells, and vascular wall thickening (Figure 1C). Histo-
pathologic damage in the digestive system included the
infiltration of inflammatory cells and exfoliation of mucosal
epithelium in the stomach, duodenum, jejunum, ileum,
descending colon, and rectum (Figure 1D). Immunohisto-
chemical staining of cleaved caspase-3 and Ki67 showed
that intranasal infection with SARS-CoV-2 significantly
induced the expression of cleaved caspase 3 on 1 dpi
(Figure 1E and Supplementary Figure 14) and inhibited the
expression of Ki67 in the GI tract on 4 and 7 dpi (Figure 1G
and Supplementary Figure 24). Further AB-PAS staining for
mucin showed that the number of mucin-containing goblet
cells was significantly lower in the duodenum, jejunum, and
ileum of infected animals at the earlier stage of infection
than in uninfected animals (Figure 1F and Supplementary
Figure 3). However, on 14 dpi, most of the infected GI
segments tended to recover, which was supported by less
severe pathologic lesions, decreased cleavage of caspase-3,
increased expression of Ki67, and elevated number of
goblet cells (Figure 1C-G). These results indicated that
intranasal inoculation with SARS-CoV-2 caused infection
and pathology in both the respiratory and digestive tracts,
including gut barrier impairment.

Inflammatory cytokines were further evaluated in lung
and GI tissues after intranasal infection. Among the 23 in-
flammatory cytokines analyzed, 10 cytokines (GM-CSF,
IL1ra, MCP-1, IL8, IL12/23 (p40), IL15, IL18, sCD40L, TGFa,
and VEGF) were induced in respiratory tissues by SARS-
CoV-2 infection. In digestive tissues infected by SARS-CoV-
2, 21 cytokines (all analyzed cytokines except IL1ra and
IL8) were up-regulated after infection (Figure 3A4). As the
infection progressed, inflammatory cytokines were induced

<«

Figure 1.Intranasal challenge with SARS-CoV-2 caused both pulmonary and enteric infections in rhesus monkeys. (A)
Experimental design. Six rhesus monkeys were used for this experiment. Five animals were intranasally challenged with 1 mL
of 107 PFU SARS-CoV-2, followed by clinical examinations, sampling, chest radiography, necropsy, and histopathologic
analysis at the timepoints indicated. At 0 dpi, the animal MM-O/N-0 was necropsied as a control for both the intranasal and
intragastric routes to reduce the number of animals. The animals MM-N-1, MM-N-4, MM-N-7, MM-N-14-1, and MM-N-14-2
were dissected on 1, 4, 7, 14, and 14 dpi, respectively. (B) Virus loads in tissue samples from the respiratory and digestive
systems were measured by gRT-PCR. (C) Histopathology of respiratory tissues was analyzed after H&E staining after intra-
nasal inoculation. (D) Histopathology of digestive tissues was analyzed after H&E staining after intranasal inoculation. (E)
Cleaved caspase-3, as a marker for apoptosis, was evaluated by the IHC staining of digestive tissues. (F) The integrity of the
digestive barrier was evaluated by AB-PAS staining after intranasal inoculation. (G) The marker for cell proliferation Ki67 was
analyzed by the IHC staining of digestive tissues.
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Figure 2. Intragastric challenge with SARS-CoV-2 caused pneumonia in rhesus monkeys. (A) Experimental scheme. Rhesus
monkeys were intragastrically challenged with 1 mL of 1 x 107 pfu SARS-CoV-2. Clinical signs were recorded every day after
virus inoculation. At the same time, blood and fecal samples were collected for further analysis. The animals MM-0O-1, MM-O-
4, MM-O-7, MM-0-14-1/2 were necropsied on 1, 4, 7, and 14 dpi, respectively. (B) Pulmonary changes after infection. At left,
chest radiographs (red circles indicate areas of nodular lesions caused by pulmonary infiltrates); in the middle, gross lesions of
the lungs (lesions are circled in red); and at right, histopathology of the lung. One representative animal (MM-O-14-1) on 14 dpi
is shown here because 2 animals had similarly mitigatory manifestations. (C) Twenty-three inflammatory cytokines were
analyzed in lung tissue lysates after intragastric challenge with SARS-CoV-2. The highest level of cytokine, set as 1, is used to
normalize other samples within 1 column, where the color density represents the relative level of the cytokines.

in more GI segments. On 14 dpi, some anti-inflammatory or
protective cytokines increasingly expressed in the GI seg-
ments, such as G-CSF, IL4, IL6, IL13, IL18, MIP-18 and TNF-
a. IHC staining showed that CD68 expression significantly

increased in the duodenum and rectum at the earlier stage
of infection and came back to the normal level on 14 dpi
(Figure 3B and C). Together, these results indicated that
intranasal  inoculation = with  SARS-CoV-2 activated
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Figure 3. Inflammatory responses in the digestive system and virus shedding in rhesus monkeys intranasally challenged with
SARS-CoV-2. (A) Multiplex assay of inflammatory cytokines in tissue lysates. For each panel, MM-O/N-0, MM-N-1, MM-N-4,
MM-N-7, and MM-N-14 are shown in 1 column from left to right. The highest level of cytokine, set as 1, is used to normalize
other samples within 1 panel, where the color density represents the relative levels of cytokines. (B) The macrophage surface
marker CD68 was analyzed by the IHC staining of digestive tissues. Representative images from 1 intranasally inoculated
animal are shown here. (C) This plot shows the quantitative analysis of macrophages in panel B. Compared with the control
MM-O/N-0, significant differences in the digestive tissues of the other animals are indicated by asterisks (‘P < .05, **P < .01,
**P < .005, ***P < .001). (D) Viral loads in the digestive tract contents were determined by qRT-PCR after intranasal inoc-
ulation. (E) Virus shedding was monitored by gRT-PCR every day after intranasal inoculation.
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macrophages in the digestive system to secrete inflamma-
tory cytokines that induced tissue damages.

Finally, we have detected viral RNA in the contents of the GI
tract, nasal swabs, throat swabs, anal swabs and fecal samples
after intranasal inoculation (Figure 3D and E). The results in
the TCID50 assay suggested that viruses in tissues and GI
contents are infectious (Supplementary Figure 44, B, D, E).

Together, these results suggested that intranasal inocu-
lation of SARS-CoV-2 results in pathologic damage to both
the respiratory system and digestive system and that vi-
ruses were released from the infected tissues, which caused
virus shedding.

Intragastric Inoculation With Severe Acute
Respiratory Syndrome Coronavirus 2 Causes
Respiratory Manifestations in Rhesus Monkeys

Then, we hypothesized that GI inoculation with SARS-CoV-
2 could result in infections in digestive tissues or even in
respiratory tissues. To test this hypothesis, single-route
intragastric inoculation with SARS-CoV-2 was performed to
infect 5 rhesus monkeys, as shown in Figure 24. One milliliter
of 10’ PFU SARS-CoV-2 was delivered directly into the
stomach, followed by the observation of clinical signs and
sampling. Chest radiographs showed nodular pulmonary in-
filtrations in the lung on 4 and 7 dpi but not on 14 dpi. To
characterize the early events after intragastric SARS-CoV-2
inoculation, rhesus monkeys were killed on days 1, 4, and 7
after challenge, respectively. Gross lesions of the lungs
showed mild hyperemia on 1 dpi, massively focal hyperemia
on 4 dpi, and consolidation on 7 dpi. Histologically, vascular
congestion and wall thickening, interstitial hyperplasia, and
inflammatory infiltration were observed in the lungs of rhesus
monkeys on 1 dpi. More severe lesions, including alveolar
hemorrhage, alveolar dilation, vasodilation, hyperemia, infil-
tration, and aggregation of peripheral lymphocytes, were
detected on 4 dpi, followed by alveolar edema, interstitial
edema, lymphocyte aggregation, and alveolar cavity expansion
on 7 dpi. These pathologic changes were slightly mitigated on
14 dpi (Figure 2B). Twenty-three inflammatory cytokines
were analyzed in lung tissue lysates after intragastric chal-
lenge with SARS-CoV-2. Compared with the lung from the
uninfected monkey, 15 inflammatory cytokines (GM-CSF,
IL1g, IL1ra, IL5, IL6, IL12, IL13, IL15, IL17A, IL18, MIP-1¢,
sCD40L, TGFa, TNF-e, and VEGF) were induced by the early
infection (on 1, 4, and 7 dpi) (Figure 2C). Then, some anti-
inflammatory or protective cytokines increased (G-CSF,
IFNy, IL2, IL4, IL10, and MIP-1«), and some inflammatory
cytokines decreased (IL13, IL1ra, IL5, IL6, IL8, IL15, IL17A)
on 14 dpi. These results suggested that intragastric inocula-
tion with SARS-CoV-2 led to pneumonia, possibly via the in-
duction of inflammatory cytokines.

The Fecal-Oral Route Could Be a Potential
Transmission for Severe Acute Respiratory
Syndrome Coronavirus 2 Infection

To examine the dynamics of SARS-CoV-2 after intra-
gastric inoculation, we quantitated viral genomic RNA in
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samples from respiratory tissues, digestive tissues, GI con-
tents, and blood. We had detected viral RNA in digestive
tissues and their contents (Figure 4A4), some pulmonary
tissues (but not lung tissue), mesenteric lymph, and
pancreatic and hepatic tissues (Figure 4C). The TCID50
assay suggested that the majority of viruses detected in
these tissues and the gastroenteric contents were infectious
(Supplementary Figure 4C-E). In situ hybridization
confirmed the existence of viral RNA in some tissues
(Figure 4E). Furthermore, viral RNA was also detectable in
blood on 1, 4, and 7 dpi but not 14 dpi (Figure 4B). More
importantly, viruses in the alimentary tract were discharged
from the nose, throat, and anus, which was evidenced by the
presence of viral RNA in these swab samples (Figure 4D). In
fact, we reisolated viruses from 1 fecal sample of MM-0-7,
which was confirmed by electronic microscopy (Figure 4F)
and TCID50 assay (10°/mL). In vitro, the human epithelial
cells Caco-2 are susceptible to SARS-CoV-2 (Supplementary
Figure 5). These results indicated that the fecal-oral route
could be a potential transmission for SARS-CoV-2 infection.

Intragastric Severe Acute Respiratory Syndrome
Coronavirus 2 Infection Results in Inflammation
and Intestinal Barrier Damage

To examine the host response to intragastric SARS-CoV-
2 infection, inflammatory cytokines were analyzed in GI
tissues. Compared with the uninfected animal, the 23 in-
flammatory cytokines assayed in each segment of the GI
tract increased to varying degrees, especially in the middle
and terminal segments of the digestive tract from SARS-
CoV-2-infected animals (Figure 54). On 14 dpi, some anti-
inflammatory cytokines (G-CSF, IL2, IL10, IL13 and MIP-
1a) were induced and inflammatory cytokines (IFNvy, IL18)
were inhibited. Next, we evaluated the expression of CD68,
which is a marker for macrophages. Increased CD68
expression was observed in the duodenum, jejunum, ileum,
and descending colon (Figure 5B), consistent with the
expression of inflammatory cytokines (Figure 5A4). To
further investigate the immunopathologic effects of these
inflammatory responses, we necropsied 5 monkeys on 1, 4,
7, and 14 dpi, as outlined in Figure 4A. Histopathologic
analysis showed various degrees of pathologic changes in
the stomach, duodenum, jejunum, ileum, descending colon,
and rectum. These pathologic changes included the infil-
tration of inflammatory cells and loss of mucosal epithelium
(Figure 64), which was similar to the changes induced by
intranasal inoculation (Figure 1D). The IHC staining of
cleaved caspase-3 indicated that apoptosis was observed in
the stomach, jejunum, descending colon, and rectum on 1
dpi and then was gradually mitigated (Figure 6B and
Supplementary Figure 1B). As intestinal goblet cells secrete
mucins to form a mucus layer for the host defense barrier,
we determined the number of mucin-containing goblet cells
by the AB-PAS staining of acidic and neutral mucins. The
decreased number of mucin-containing goblet cells was
observed in the GI segments of duodenum, jejunum, and
ileum from infected monkeys (Figure 6C and Supplementary
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Figure 4. Dynamic analysis of viruses in rhesus monkeys after intragastric inoculation with SARS-CoV-2. (A) Viral genomic
RNA was detected with gRT-PCR in digestive tissues (top) and their contents (bottom) from several parts of the alimentary
tract and (B) blood after intragastric inoculation. (C) Viral loads were measured via gRT-PCR in other tissues and pulmonary
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genomic RNA was confirmed in situ by RNAscope technology, and representative pictures are shown. The RNAscope results
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color density represents the relative levels of cytokines. (B) The macrophage marker CD68 was analyzed by IHC staining. This plot
shows the quantitative analysis of macrophages. Compared with the control MM-O/N-0, significant differences in the digestive
tissues of the other animals are indicated by asterisks (‘P < .05, **P < .01, **P < .005, ***P < .001).

Figure 6). Thus, intragastric SARS-CoV-2 infection caused
dysfunction of the mucus barrier by affecting the goblet
cells. The cell proliferation marker Ki67 also significantly
inhibited in the stomach, ileum, and rectum in response to
SARS-CoV-2 infection (Figure 6D and Supplementary
Figure 2B). On 14 dpi, most of the GI segments showed
the normal levels of cleaved caspase-3, Ki67, and goblet cells
(Figure 6B-D). These results indicated that intragastric
inoculation with SARS-CoV-2 impaired the GI barrier at the
early stage of infection.

Discussion

The COVID-19 pandemic is still ongoing since the first
report of SARS-CoV-2 infection in December 2019. However,
important issues related to public health, such as trans-
mission and infection routes, remain to be fully elucidated.
Because clinical manifestations of SARS-CoV-2 are mainly
respiratory symptoms, airway exposure is assumed to be
one of the major infection routes that contributes to human
SARS-CoV-2 infections.”* Expectedly, epidemiologic studies,
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Figure 6. Intragastric infection with SARS-CoV-2 resulted in damage to the alimentary tract. (A) Histopathologic analysis after
H&E staining was performed on every part of the digestive system after intragastric inoculation. (B) Cleaved caspase-3, as a
marker for apoptosis, was evaluated by the IHC staining of digestive tissues. (C) The integrity of the digestive barrier was
evaluated by AB-PAS staining. (D) IHC staining using the marker Ki67 was used to evaluate the proliferation of epithelial cells
of the alimentary tract after SARS-CoV-2 infection. For B-D, compared with the control MM-O/N-0, significant differences in
each digestive tissue of other animals are indicated by asterisks (*P < .05, **P < .01, **P < .005, and ***P < .001).

viral biological assessments, and intestinal organoid infec- direct evidence for the involvement of the GI tract in the
tion models all indicate that humans may also be infected pathogenesis of COVID-19 is insufficient. On the basis of our
with SARS-CoV-2 through the GI tract.*>'*?%*>"*® However, established NHP model of COVID-19, a single route of viral
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inoculation (intranasal or intragastric) was used to investi-
gate the roles of the GI tract in SARS-CoV-2 infection. We
found that a single route of intranasal or intragastric inoc-
ulation with SARS-CoV-2 caused infection and pathologic
changes in both respiratory and alimentary tissues, as well
as virus shedding from the digestive tract. Inflammatory
cytokines induced by SARS-CoV-2 infection may be the
connection for viral pathogenesis between the respiratory
and digestive systems. To our knowledge, this is the first
direct evidence that the GI tract plays important roles in
SARS-CoV-2 infection and transmission.

SARS-CoV-2 intestinal infection was suggested in several
studies of patients with COVID-19, NHPs, and hACE2 transgenic
mouse models, in which an increasing viral load was observed
in stomachs, intestines, colons, and rectums.’’~>> However, the
infection route in these cases was either intratracheal, intra-
nasal, a combination of multiple inoculations in animals, or
unclear in patients. Thus, these studies could not provide direct
evidence of GI infection in vivo. Here, we characterized the GI
infection of SARS-CoV-2 in rhesus monkeys after intranasal or
intragastric inoculation. Clinically, respiratory symptoms may
not be the initial presentations of patients with SARS-CoV-2.>°
Respiratory infection was documented as a subsequent mani-
festation in some patients with SARS-CoV-2 whose initial
symptoms were diarrhea and fever.>* However, in this study,
we still could not determine which system was first infected
after intranasal administration of SARS-CoV-2. These viruses,
after intranasal inoculation, traveled to the GI tissues, possibly
via the lymphatic system or bloodstream®” and bound to the
essential receptor ACE2. Although the 2 routes of SARS-CoV-2
inoculation in this study induced both pneumonia and GI tract
dysfunction, there were at least 2 major differences between
them. Intranasal inoculation with SARS-CoV-2 led to a higher
viral load in respiratory and digestive tissues than intragastric
inoculation. A possible explanation for this observation is that
most SARS-CoV-2 that is intragastrically inoculated could be
killed by gastric acid or other factors in the harsh GI environ-
ment.’ Nevertheless, viruses protected by mucus or GI contents
remained alive, and their replication led to infection, inflam-
mation, and pathologic damage in the digestive system. In
addition, inflammatory cytokines in serum, particularly
sCD40L, TGFq, IL15, and IL1ra, were differentially induced by
intranasal and intragastric inoculation with SARS-CoV-2
(Supplementary Figure 7). sCD40L, IL-15, and IL-1ra were
induced by intranasal inoculation with SARS-CoV-2. TGFa was
likely induced by intragastric inoculation. TGF« has been re-
ported to inhibit the secretion of gastric acid.*® It will be
interesting to investigate whether intragastric inoculation with
SARS-CoV-2 induces TGFa to allow viruses to escape from
gastric acid. Therefore, the intranasal or intragastric inoculation
with SARS-CoV-2 may lead to 2 distinct forms of pathogenesis.

Cytokine storms, but not the virus itself, are commonly
recognized as a major pathogenic factor in SARS-CoV-2-induced
pneumonia.’” In this study, intragastric inoculation with SARS-
CoV-2 led to pneumonia, but we could not assay viral RNA in
the lung. SARS-CoV-2 that was intragastrically delivered to the
digestive tract induced a large amount of inflammatory cyto-
kines (Figure 5A4) that overflowed to pulmonary tissues via the
bloodstream or lymphatic system and caused inflammation,*®
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which might further expel viruses from the lung. This may
explain why viruses are sometimes not detectable in the lung.
The GI barrier, which consists of different types of IECs,
plays important roles in preventing the entry of pathogens.
The rapid turnover of IECs due to the vigorous proliferation of
epithelial progenitors is thought to be an important defensive
mechanism that works by expelling pathogens, confining
bacterial spreading, and localizing inflammation.”* The IHC
staining of Ki67 and cleaved caspase-3 in this study indicated
that SARS-COV-2 infection inhibited cellular proliferation and
induced apoptosis in the GI tract. Mucin secreted by goblet
cells, the first defense layer, is important for preventing
pathogen invasion. The absence of mucin makes the host
more susceptible to pathogens.*” Both routes of viral inocu-
lation in this study decreased the number of mucin-containing
goblet cells. These results indicated that SARS-CoV-2 infection
inhibits the turnover of IECs and mucin and induces apoptosis
to disrupt the intestinal barrier, causing further infection in
multiple tissues. However, further investigation of the
microbiome and immune cells underneath the epithelial layer
are necessary to determine the mechanisms by which SARS-
COV-2 infection leads to pneumonia and GI dysfunction.
Coronaviruses can infect human and animals. There are
at least 17 species of coronaviruses found in nature. Dis-
eases caused by coronavirus infection involve the respira-
tory, GI, and neurologic systems. The GI manifestations play
important roles in the pathogenesis, transmission, and
epidemiology of coronaviruses. It is known that there are 11
species of coronaviruses causing GI manifestations,
including SARS-CoV and MERS-CoV.*" Clinical studies and
animal models of COVID-19 indicate that SARS-CoV-2 could
be an enteric coronavirus.2%3*%*3 In this study, the first
evidence from the NHP model of COVID-19 showed the
replication and pathogenesis of SARS-CoV-2 in the gastro-
intestinal tract. Viral receptor expressed in the gastroin-
testinal tract is the essential host factor for coronavirus
pathogenesis, such as ACE2 for SARS-CoV and SARS-CoV-2
and DPP4 for MERS-CoV. The protein amino-peptidase N
(APN) is the receptor for several enteric coronaviruses,
including human coronavirus 229E, feline coronavirus
serotype II, transmissible gastroenteritis virus, porcine
epidemic diarrhea virus, and canine coronavirus genotype
I1.** Enteric coronaviruses attach and enter the host cells via
these receptors. Gastroenteritis is caused by virus direct
damages,g'45 viremia, or systemic inflammation. Here, we
found that SARS-CoV-2 infection leads to apoptosis and
inflammation in the GI tract. Inflammatory factors induced
by SARS-CoV-2 are a potential bridge for viral pathogenesis
between the respiratory and GI systems. Interestingly, the
results of this study indicate a possible recovery mechanism
at the late stage of SARS-CoV-2 infection. In our monkey
model, whether with intranasal or intragastric challenge,
viral infection induced inflammatory cytokines and histo-
pathologic lesions in the digestive system at the early stage
(on 1, 4, and 7 dpi). After 2 weeks (on 14 dpi), anti-
inflammatory or protective factors were increasingly
expressed and resulted in recovery signs, such as the
decreased cleavage of caspase-3, increases of cell prolifer-
ation and goblet cells, and improvement of pathologic



April 2021

lesions. Whether there is such a self-recovery mechanism in
patients with COVID-19 needs further research.

COVID-19 is first well-known as a respiratory infectious
disease. Therefore, wearing surgical masks is strongly rec-
ommended in effectively preventing SARS-CoV-2 trans-
mission. However, SARS-CoV-2 is still reported to transmit in
the population wearing masks, indicating the presence of
other transmission routes. Environmental factors, in partic-
ular wastewater or sewage, play critical roles in the preva-
lence of some important diseases, such as polio. SARS-CoV-2
RNA fragments have been detected from patients’ feces and
wastewater in several countries, including Italy,46 Spain,47
Australia,*® the Netherlands,”® the United States’”!
France,”> and Pakistan.”® Studies in some countries indicate
that viral RNA concentrations may correlate with and even
predict COVID-19 cases.””°? These published data indicate
that contact transmission and gastrointestinal infection
are not to be ignored in controlling SARS-CoV-2 infection.
Routine monitoring of wastewater or sewage is scheduled as
part of the national surveillance of SARS-CoV-2 in the
Netherlands,”* Germany,55 Australia, and New Zealand.”® The
NHP model of COVID-19 in this study and others®’?**%*3
showed that infectious SARS-CoV-2 was excreted from feces
after intranasal and intragastric inoculation, which provides
experimental evidence that GI diseases and environmental
factors play critical roles in controlling SARS-CoV-2
transmission.

Although we show the direct evidence of GI SARS-CoV-2
infection in an NHP model of COVID-19, there are 2 major
limitations in the current study. Because of the limited NHP
source, only 1 animal was used for each timepoint. There-
fore, more animals (different sexes and ages included) are
necessary for future study to fully explore the mechanism of
GI involvement in SARS-CoV-2 infection. The second limi-
tation of this study is that we could only speculate about the
possible mechanism of respiratory and digestive involve-
ment in SARS-CoV-2 infection based on our current studies
of viral load, inflammatory cytokines, apoptosis, cell prolif-
eration, and histopathologic lesions. Deep understanding of
a comprehensive mechanism of SARS-CoV-2 infection needs
further integrative studies via multiomics approaches,
including transcriptomics, proteomics, metabolomics,
microbiomics, and so on.

Supplementary Material

Note: To access the supplementary mater’ial accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/
j.gastro.2020.12.001.
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