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small intestinal epithelial cells by immunofluorescence staining
or electron microscopy in 15 of 17 patients studied. High-
dimensional analyses of GI tissues showed low levels of

See editorial on page 2251.

BACKGROUND & AIMS: Given that gastrointestinal (GI)

symptoms are a prominent extrapulmonary manifestation of
COVID-19, we investigated intestinal infection with SARS-CoV-
2, its effect on pathogenesis, and clinical significance.
METHODS: Human intestinal biopsy tissues were obtained
from patients with COVID-19 (n = 19) and uninfected control
individuals (n = 10) for microscopic examination, cytometry by
time of flight analyses, and RNA sequencing. Additionally, dis-
ease severity and mortality were examined in patients with and
without GI symptoms in 2 large, independent cohorts of hos-
pitalized patients in the United States (N = 634) and Europe
(N = 287) using multivariate logistic regressions. RESULTS:
COVID-19 case patients and control individuals in the biopsy
cohort were comparable for age, sex, rates of hospitalization,
and relevant comorbid conditions. SARS-CoV-2 was detected in

inflammation, including down-regulation of key inflammatory
genes including IFNG, CXCL8, CXCL2, and IL1B and reduced
frequencies of proinflammatory dendritic cells compared with
control individuals. Consistent with these findings, we found a
significant reduction in disease severity and mortality in pa-
tients presenting with GI symptoms that was independent of
sex, age, and comorbid illnesses and despite similar nasopha-
ryngeal SARS-CoV-2 viral loads. Furthermore, there was
reduced levels of key inflammatory proteins in circulation in
patients with GI symptoms. CONCLUSIONS: These data high-
light the absence of a proinflammatory response in the GI
tract despite detection of SARS-CoV-2. In parallel, reduced
mortality in patients with COVID-19 presenting with GI
symptoms was observed. A potential role of the GI tract in
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attenuating SARS-CoV-2-associated inflammation needs to be
further examined.

Keywords: COVID-19; SARS-CoV-2; GI symptoms; GI infection;
outcomes; host immune response.

Gastrointestinal (GI) symptoms comprising nausea,
vomiting, and/or diarrhea’ are a common extrap-
ulmonary manifestation in COVID-19. Additionally, the
presence of GI involvement by SARS-CoV-2 has also been
suggested by clinical,” nonhuman primate,® and in vitro™”
data. However, to date, there is limited evidence of SARS-
CoV-2 infection of human intestinal epithelial cells,® and
there are no studies on the response of the GI immune
system in patients with COVID-19.

Given the immune dysregulation seen in COVID-19,”8
we aimed to document infection of the GI tract in patients
with COVID-19, to define the cellular and transcriptomic
changes within the GI tract, and to determine the impact
of GI symptoms on COVID-19 outcomes. Here, we present
findings from well-characterized cohorts of patients with
COVID-19 hospitalized in tertiary care centers from both
New York City, New York, and Milan, Italy, where we
conducted high-dimensional analyses of mucosal and
systemic immune parameters and investigated disease
outcomes associated with GI involvement in patients with
COVID-19.

Materials and Methods

Clinical Cohorts
Intestinal Biopsy Cohort. Endoscopic biopsy samples
were obtained from 20 patients with COVID-19 and 10 control
individuals undergoing clinically indicated endoscopic proced-
ures after informed consent with the Mount Sinai Hospital
(MSH) institutional review board (IRB)-approved protocol (IRB
16-0583). The demographic characteristics of these patients
and control individuals are provided in Supplementary Tables 1
and 2. COVID-19 severity is defined in Supplementary Table 3
and the Supplementary Methods (Supplementary Tables 1-5).
Discovery Cohort. A total of 634 patients with COVID-19,
admitted to MSH between April 1, 2020, and April 15, 2020, who
met study inclusion criteria were enrolled in a discovery cohort
under an IRB approved protocol (IRB-20-03297A)
(Supplementary Methods; Supplementary Tables 6-9).
External Validation Cohort. We analyzed a cohort of
287 patients admitted to a tertiary care center in Milan, Italy,
between February 22, 2020, and March 30, 2020, with COVID-
19 (Supplementary Methods; Supplementary Tables 10 and 11).
Internal Validation Cohort. A distinct internal valida-
tion cohort of patients who were hospitalized at MSH between
April 16, 2020, and April 30, 2020, (Supplementary Methods;
Supplementary Tables 12-15) was analyzed using a predictive
model.

Immunofluorescent Microscopy

Formalin-fixed, paraffin-embedded tissue was analyzed
(Supplementary Methods). Primary and secondary antibodies
are summarized in Supplementary Table 16.
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

Gastrointestinal manifestations are common in COVID-19;
however, to date, there is limited evidence of SARS-CoV-
2 infection of human enterocytes, tissue immune
responses, and relationship to clinical outcomes.

NEW FINDINGS

These results demonstrate immunofluorescence and
electron microscopic detection of SARS-CoV-2 in small
intestinal biopsy samples obtained from patients with
COVID-19. The results also reveal down-regulation of
key inflammatory pathways and reduced myeloid cells in
intestinal biopsy samples as well as lower severity and
mortality in patients with COVID-19 with Gl symptoms in
a multivariable model in 2 large independent cohorts
from the United States and Europe.

LIMITATIONS

Clinical documentation of gastrointestinal (Gl) symptoms
might vary depending on providers and on the acuity of
the patients’ presentation.

IMPACT

These data demonstrate in vivo Gl tract infection by
SARS-CoV-2 and the clinical impact of Gl symptoms on
COVID-19 outcomes in 2 large patient cohorts.

Transmission Electron Microscopy (TEM),
Electron Tomography (ET), and Immunoelectron
Microscopy (Immuno-EM)

Biopsy specimens and infected Vero E6 cells (positive con-
trol) were examined by electron microscopy (Supplementary
Methods). Immuno-EM was performed with a mouse poly-
clonal antiserum against SARS-CoV-2 receptor binding domain
(RBD) of spike protein and 10 nm gold conjugated anti-mouse
secondary antibodies.

Cell Culture Experiments, Virus Isolation, and
Viral RNA Detection From Gastrointestinal Biopsy
Tissues

Endoscopic biopsy tissue samples were homogenized,
inoculated on Vero E6 monolayers under biosafety level (BSL)
3 conditions and monitored daily for potential cytopathic effect.
Biopsy homogenate supernatants were assessed for the

* Authors share co-first authorship.

Abbreviations used in this paper: ACE, angiotensin-converting enzyme;
ATE, average treatment effect; AUC, area under the curve; BMI, body
mass index; BSL, biosafety level; CyTOF, mass cytometry by time of flight;
DC, dendritic cell; DEG, differentially expressed gene; EC, epithelial
compartment; FDR, false discovery rate; Gl, gastrointestinal; ICU, inten-
sive care unit; IEL, intraepithelial lymphocyte; IF, immunofluorescence; IL,
interleukin; IRB, institutional review board; KEGG, Kyoto Encyclopedia of
Genes and Genomes; LP, lamina propria; MSH, Mount Sinai Hospital; NP,
nasopharyngeal; OR, odds ratio; pDC, plasmacytoid dendritic cell; RNA-
seq, RNA sequencing; RT-qPCR, reverse-transcriptase quantitative poly-
merase chain reaction; Th, T helper; TNF, tumor necrosis factor.
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presence of infective particles by plaque assay (Supplementary
Methods). To detect SARS-CoV-2 RNA from intestinal biopsy
samples, a modified version of the Centers for Disease Control
and Prevention 2019 novel coronavirus reverse-transcriptase
quantitative polymerase chain reaction (RT-qPCR) was used
(Supplementary Methods).

Biopsy Sample Collection and Processing for
Mass Cytometry (Cytometry by time-of-flight)

Endoscopic biopsy samples were processed in BSL 3 facility
within 2 hours of collection to obtain suspension of the
epithelial compartment (EC) and lamina propria (LP)
(Supplementary Methods).

Mass Cytometry Processing, Data Acquisition,
and Data Analysis

Cells were processed as previously described,” acquired on a
Helios Mass Cytometer, and demultiplexed using the Zunder single-
cell debarcoder. Debarcoded files were uploaded to Cytobank for
analyses, followed by annotation using Astrolabe Cytometry Plat-
form (Astrolabe Diagnostics, Inc) and clustering using Cluster-
grammer?2’s interactive heatmap (Supplementary Methods).

Blood Collection and Processing for Mass
Cytometry

Phlebotomy was performed on the intestinal biopsy cohort
patients at the time of endoscopic evaluation. Blood samples
from patients with COVID-19 were processed in enhanced BSL
2 conditions (Supplementary Methods).

Specimen Processing for Nucleic Acid Extraction
and RNA Sequencing

Total RNA was extracted from the cells isolated from both
the intestinal compartments, EC and LP cellular fractions, using
the Direct-zol RNA Miniprep Plus (Zymo) kit according to the
manufacturer’s instructions. RNA from case patients and con-
trol individuals was then used for qRT-PCR and RNA
sequencing (RNA-seq) (Supplementary Methods).

RNA Sequencing

Library Preparation and Sequencing. RNA-seq was
performed on RNA isolated from the EC and LP samples ob-
tained from COVID-19 case patients and control individuals
(Supplementary Methods).

Computational Analyses

Descriptive Statistics. For univariable statistical ana-
lyses, Graph Pad Prism, version 8, was used to calculate an
unpaired 2-tailed t test for continuous variables and either the
Fisher exact test or chi-square test for categorical variables.

Multivariate Model Based on the Discovery Cohort
and External Validation Cohort. A multivariate logistic
regression was used to model each outcome as a function of GI
symptoms and clinical variables including age, sex, body mass
index (BMI), and comorbidities. Significant associations were
determined based on the 95% confidence interval based on
1000 bootstrap iterations (Supplementary Methods).

Predictive Performance Based on the Internal
Validation Cohort. Only age and BMI were adjusted for,
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because they were the only variables significantly associated
with both outcomes across different GI symptom models in the
discovery cohort (Supplementary Table 9). Then, the estimated
model was used to predict the outcome of patients in the in-
ternal validation cohort.

Average Treatment Effect. The average treatment ef-
fect (ATE) of GI symptoms on COVID-19 outcomes was esti-
mated via the tmle (target maximum likelihood estimation)
package available in R Cran.'’

Quantification of SARS-CoV-2 Nasopharyngeal
Viral Loads

SARS-CoV-2 viral loads were determined as previously re-
ported® (Supplementary Methods).

Inflammatory Cytokine Panel and Associations
With Gastrointestinal Symptoms

The Ella (ProteinSimple) cytokine platform was used to
measure tumor necrosis factor (TNF) ¢, interleukin (IL) 6, IL8,
and IL16.% Unpaired 2-tailed ¢ tests were used to compare in-
dividual cytokines quantified by the ELLA panel between GI
symptomatic and asymptomatic groups. P values were adjusted
via Benjamini-Hochberg.'*

Multiplexed Proteomic Assay (Olink)

A multiplexed proteomic inflammation panel (Olink, 92
inflammation-related proteins) was used to quantify circulating
cytokines using an antibody-mediated proximity extension-
based assay. The Benjamini-Hochberg procedure was used to
adjust P values for multiple testing.

Consensus Clustering of Olink Data and Defining
Associations With Gastrointestinal Symptoms

Consensus clustering was performed on the abundance of
the 92 cytokines across all 238 samples using the R package
ConsensusClusterPlus."® Associations between GI symptoms
and Olink proteomic data were derived using unpaired t tests
comparing the symptomatic and asymptomatic groups. P values
were adjusted via Benjamini-Hochberg (10% false discovery
rate [FDR] threshold of significance).

Data and Materials Availability

Data and materials will be made available upon request.

Results

The Gastrointestinal Tract Was Endoscopically
Uninflamed in Patients With COVID-19

Twenty patients with COVID-19 and 10 uninfected control
individuals underwent esophagogastroduodenoscopy, colonos-
copy, or both (Supplementary Tables 1 and 2). Patient 10 was
excluded after multiple negative SARS-CoV-2 nasopharyngeal
(NP) PCR test and negative COVID-19 antibody test results.
COVID-19 case patients and control individuals in the biopsy
cohort were comparable for age, sex, rates of hospitalization,
and relevant comorbidities (Supplementary Table 1). Of the
patients with COVID-19, 12 were classified as asymptomatic/
mild/moderate and 7 as severe (Supplementary Tables 1 and
2). GI biopsies were performed after 25.9 + 30.3 days from last
positive NP swab result. Of the 19 patients, 12 (63%) had a
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Figure 1. Clinical timing, endoscopic findings, and histologic features in the small intestines of patients with COVID-19. (A)
Timing of Gl evaluation with respect to COVID-19 disease course. (B) Representative endoscopic images of the duodenum in
patients with COVID-19 (feft) and control individuals (right). (C) Histologically normal duodenal tissue in a patient with COVID-
19. (D) Histologic signs of inflammation detected in duodenal biopsy samples of patients with COVID-19, including neutrophils
(arrow) and increased intraepithelial lymphocytes (*). Scale bar, 100 um.
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positive SARS-COV-2 PCR swab result most proximal to their
biopsy, whereas 7 (37%) had a negative swab result (after
previously being positive) (Figure 14 and Supplementary
Table 2). COVID-19 treatment regimens and presence of GI
symptoms are detailed in Supplementary Table 2. Sample
allocation for different assays is detailed in Supplementary
Table 2 and Supplementary Figure 1.

The GI mucosa was endoscopically uninflamed in all in-
dividuals (Figure 1B), except for 1 case where inflammation
was attributed to transplant rejection. Histology was normal in
7 of the 17 cases examined, and the remaining (n = 10) pa-
tients had a mild increase in intraepithelial lymphocytes (IELs)
and/or a scant neutrophilic infiltration (Figure 1C and D and
Supplementary Figure 2). CD3"CD8" IELs and CD3"CD8" IELs
were not significantly different in case patients (n = 12: 10
duodenum, 2 ileum) compared to control individuals (n = 9: 5
duodenum, 4 ileum) (Supplementary Figure 3).

Small Bowel Intestinal Epithelial Cells Have
Robust Expression of Angiotensin-Converting
Enzyme 2 and Harbor SARS-CoV-2 Antigens

Robust expression of angiotensin-converting enzyme
(ACE) 2 was noted on the small intestinal brush border in
both control individuals and COVID-19 patients (Figure 24-
D). Additionally, we detected SARS-CoV-2 nucleocapsid pro-
tein in small intestinal epithelial cells of 11 of 12 patients
with COVID-19 tested (Figure 2E-H and J-M, Supplementary
Figure 4, and Supplementary Table 4), indicative of virus
infection in these cells. When present, the distribution of viral
antigens was exclusively seen in the epithelium and was
patchy in the upper small intestines (duodenum, Figure 2E-
H) but diffuse in the lower small intestines (ileum, Figure 2J-
M). The presence of viral antigens on immunofluorescence
(IF) did not correlate with the presence of histologic abnor-
malities. To further define viral nucleocapsid protein positive
cells, costaining with MUC2 to define goblet cells'* was
performed. Viral nucleocapsid primarily colocalized with
MUC2, representing infected goblet cells (Figure 20-Q).
There were a few cells positive for the viral nucleocapsid
protein but negative for MUC2 that tended to be located at
the base of the crypts (Figure 2P and Q). The more diffuse
viral antigen staining in the ileum as compared to the duo-
denum is not explained by apparent differences in ACE2
protein expression (Figure 2A4-D); however, it may be
explained by increased goblet cells in the ileum,'® and these
data appear to be consistent with organoid cultures.* As
negative controls, 5 duodenal and 6 ileal biopsy samples from
10 patients collected before the pandemic (Supplementary
Table 5) showed no evidence of viral antigens (Figure 21
and N and Supplementary Figure 5).

Ultrastructural Analyses of Gastrointestinal
Tissues Show Viral Particles in Small Intestinal
Epithelial Cells

Next, we performed transmission electron microscopy in
16 patients. Eight of these patients showed presence of 70-
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110-nm viral particles in the intestinal epithelial cells of the
duodenum and/or ileum by transmission electron microscopy
(Supplementary Table 4). Representative ET images
(Figure 2R-W and Supplementary Figure 6) showed the
presence of viral particles morphologically suggestive of SARS-
CoV-2 in the duodenum (Figure 2R, S, and V) and the ileum
(Figure 2T, U, and W), confirmed with Immuno-EM mouse
polyclonal antiserum against SARS-CoV-2 Receptor Binding
Domain (RBD) (Figure 2X and Y). These particles in the exit
vesicles of duodenal goblet cells (Figure 2R, S, and V) are
consistent with the colocalization of MUC2 staining using IF.

No Infectious Virions Identified in the
Gastrointestinal Tissues of Patients With COVID-19

We inoculated Vero E6 cells with the supernatants of
homogenized intestinal tissues but did not observe any
apparent cytopathic effects or plaque formation after 7 days
of culture. In addition, cell culture supernatants did not
show the presence of viral RNA by RT-qPCR.

Gastrointestinal Lamina Propria Dendritic Cells
Are Depleted in Patients With COVID-19

Next, we performed mass cytometry by time of flight
(CyTOF) based on immunophenotypic analysis on GI tissue
and peripheral blood from a subset of COVID-19 cases (GI
tissue, n = 13; blood, n = 10) and control individuals (GI
tissue, n = 9; blood, n = 9) (Supplementary Tables 1 and 2
and Supplementary Figure 1). The LP and EC were analyzed
separately. Immune populations were clustered on the basis
of cell-type specific markers for both the intestinal com-
partments (LP and EC) and blood (Figure 34, C, and G,
Supplementary Figures 74 and 84, and Supplementary Data
File 1). Although the overall distributions of canonical im-
mune cell subsets in the GI LP were comparable between
patients and control individuals (Figure 34 and B [left]), few
immune populations showed differences, as will be detailed.
No clear differences in the LP could be discerned based on
severity (Figure 3B [right] and Supplementary Data File 2).

In the LP, CD2067CD1c" cDC2 (conventional dendritic
cells [DCs] 0.4-fold decrease; P = .01) and plasmacytoid DCs
(pDCs) were reduced in COVID-19 cases (0.5-fold decrease;
P =.07) (Figure 3D and E), analogous to changes described
in the blood.'® Effector (PD-17CD38%) CD4" and CD8* T
cells (Figure 3F) and CD8"CD103" T cells (tissue resident
memory) (Supplementary Figure 94) were increased in
patients compared to control individuals (1.7-fold increase;
P = .06). In the EC, there was a decrease in CD206"cDC2
(0.4-fold decrease; P = .05) and an increase in CD4°CD8"
IELs (1.6-fold increase; P = .03) in patients compared to
control individuals (Figure 3H). Alterations in other immune
populations in the LP and EC are shown in Supplementary
Figures 7 and 9, respectively.

Among peripheral blood mononuclear cells, effector (PD-
1tCD38%) CD4" and CD8" T cells were significantly
increased in patients (Figure 3I). Alterations in monocytes,
regulatory T cells, and IgG" plasma cells are shown in
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Supplementary Figure 8. Finally, a significant increase in
activated (CD297CD38") CD4™ T cells was noted in PBMCs
(Supplementary Figure 104) and a nonsignificant increase
of these activated T cells in the LP of patients compared to
control individuals (Supplementary Figure 10B). Details of
all immune population changes are provided in
Supplementary Data File 2.

Altogether, intestinal tissues of COVID-19 patients
showed altered distribution of immune cell subsets, most
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notable for reduced frequencies of CD206*CD1c" cDC2 and
pDCs and an increased frequency of effector T cells.

Gastrointestinal Lamina Propria Proinflammatory
Pathways Are Down-regulated in Patients With
COVID-19

Next, we performed RNA-seq on the EC and LP in 13
patients with COVID-19 and 8 control individuals. The EC







































































































































