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he disease now known as coronavirus disease 2019

(COVID-19) is caused by a novel beta coronavirus
denoted severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) and was initially reported in December 2019
as pneumonia of unknown cause.””* Recently, it was
described that in humans co-expression of angiotensin-
converting enzyme 2 (ACE2) and the transmembrane pro-
tease serine 2 (TMPRSS2) promotes the entry of SARS-CoV-
2 into host cells.”

Recent reports suggest that between 6% and 48% of
COVID-19 cases experience digestive symptoms with or
without diarrhea as their main complaint at presentation or
on hospitalization.® These patients may have worse clinical
outcomes than those with respiratory symptoms alone.’
Recently, infection of intestinal epithelial cell (IEC) orga-
noids by SARS-CoV-2 was demonstrated,” raising concerns
for patients with pre-existing chronic intestinal conditions
such as inflammatory bowel disease (IBD).

Little is known about the regulation of ACE2 and
TMPRSS2 in the gut during inflammation. Previous studies
were inconclusive on the levels of ACE2 in IBD.2 Here, we
present collective results on the regulation of intestinal
ACE2 and TMPRSS2 in human and experimental models of
intestinal inflammation and present data on the putative
signaling mechanisms that control their expression via cy-
tokines and pattern recognition receptors in the gut
epithelium.

Methods

Patients and Control Subjects

One hundred twenty-nine IBD patients were analyzed
across all experiments. The ethics committee of the University
Hospital of Erlangen and Charité-University Hospital Berlin
approved experiments involving human material.

Mice

C57/Bl6 and Rag2-/- mice were purchased from Charles
River Laboratories. Please refer to Supplementary Methods for
details on mouse strains, materials, and methods.

Results

Interestingly, ACE2 but not TMPRSS2 expression was
substantially lower in inflamed ilea (score 3) of Crohn’s
disease (CD) patients than uninflamed control subjects
(score 0) and correlated negatively with the expression of
an established inflammation marker, S10048 (Figure 1A4).
Contrary to CD and consistent with previously published
datasets, the expression levels of ACE2 and TMPRSS2
remained unchanged in the inflamed colon of ulcerative
colitis (UC) patients (Figure S1A and B). Quantitative
immunohistochemical analysis revealed a reduction in ACE2
but not TMPRSS2 protein in the inflamed ilea of CD patients
but not in the colon of UC patients (Figure 1B and C,
Figure S1C). These data show that transcript and protein
levels of ACEZ2 are reduced in inflamed CD ileum.

To systematically investigate how inflammation alters
ACE2 and TMPRSS2 expression, we performed RNA
sequencing from control and inflamed tissues from multiple
well-established mouse models. In all models tested, the
expression of Ace2 but not Tmprss2 was downregulated
during inflammation (Figure 1D, Figure S1D). Our findings
of reduced Ace2 expression in mouse colitis models also
corroborated with various stages of inflammation in DSS
colitis (Figure S1E) and with previous transcriptomic data-
sets (Figure S1F). Immunostaining revealed altered locali-
zation of IEC ACE2 protein in inflamed tissues, with a
progressive cytosolic translocation with increasing inflam-
mation (Figure 1F and insets).

Interferon (IFN) responses are induced during viral in-
fections and in IBD. In our experiment comparing
transcriptome-wide responses to IFNs from wild-type,

Abbreviations used in this paper: ACE2, angiotensin-converting enzyme 2;
CD, Crohn’s disease; COVID-19, coronavirus disease 2019; IBD, inflam-
matory bowel disease; IEC, intestinal epithelial cell; IFN, interferon; SARS-
CoV-2, severe acute respiratory syndrome coronavirus 2; TMPRSS2,
transmembrane protease serine 2; UC, ulcerative colitis.
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Stat1”", and Stat2” organoids, we observed strong repres-
sion of AceZ in response to IFN-G and -2 and of Tmprss2 to
[FN-v (Figure 1G). Interestingly, such suppression was ab-
sent in organoids from Stat1”” mice (Figure 1G). However,
the IFN-mediated Ace2 downregulation was still apparent in
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Stat2”" organoids (Figure 1G). Thus, IFN-mediated Ace2
repression in IEC requires STAT1 but not STAT2. Further-
more, expression of intestinal AceZ was repressed in mice
overexpressing IFN-A (Figure 1H). Type 2 immune re-
sponses are predominant in UC. Stimulation of intestinal
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organoids with the IL-13, a key UC type 2 cytokine, showed
a significant upregulation of AceZ but not Tmprss2 tran-
scripts (Figure 11). Of note, such upregulation was absent in
organoids from mice lacking Stat6 (Figure 1I). Collectively,
these data indicate that IEC Ace? is regulated reciprocally by
IL-13:STAT®6 versus IFN:STAT1 signaling.

Immense person-to-person variation is reported for
COVID-19, and the composition of gut microbiota, among
other factors, could account for this. Interestingly, germ-
free mice showed a 2-fold increase in the expression of
intestinal AceZ versus specific-pathogen-free  mice
(Figure 1j), which was similar to the analysis of 2 pre-
vious datasets comparing antibiotic-treated and germ-free
mice versus control subjects (Figure 1K, Figure S2A4).
Challenging wild-type mice with LPS, a TLR4 agonist, or
poly(I:C), a TLR3 agonist, revealed a strong down-
regulation of intestinal AceZ but not Tmprss2 (Figure 1L,
Figure S2B). Analysis of a previous dataset of germ-free
mice monoassociated with Citrobacter rodentium also
showed similar results (Figure S2C). Taken together, our
data provide strong evidence that microbial signaling via
TLRs regulates intestinal AceZ.

Discussion

The spread of COVID-19 to countries with high incidence
rates of IBD and recent studies showing SARS-CoV-2’s
ability to infect gastrointestinal cells have raised concerns
on the severity of COVID-19 in IBD patients. A crucial yet
poorly known aspect is the understanding of how the SARS-
CoV-2 receptors are regulated on IEC. In this regard, we first
found that CD differed from UC in which the expression of
ACEZ2 was repressed in inflamed CD but not UC tissues.
Interestingly, Ace2 was repressed in murine colitis models
where Type 1 cytokines predominate, whereas UC involves
a Type 2-like immune response. Our study showed that IEC
Ace2 is regulated differentially based on the predominant
cytokine response and stage of inflammation highlighting
the need for further investigation.

Interestingly we found that Ace2 but not of Tmprss2 mRNA
expression correlated with the presence of gut microbiota
with a strong negative correlation in various mouse models

d
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and publicly available datasets. Whether such regulation of
ACE2, via commensal flora, also occurs in human IEC is still to
be determined. It is tempting to speculate that the composition
of commensal microbiota is linked to the individual differences
in COVID-19 susceptibility. Our findings suggest that treat-
ment with antibiotics could influence the expression levels of
mucosal ACEZ and alter the susceptibility of IEC to be infected
by the SARS-CoV-2. Overall, our study uncovers novel regu-
latory effectors of IEC ACE2 that impact its expression in IBD.
Our data indicate that the large surface area of the gut may act
as an amplifier of SARS-CoV-2.

Supplementary Material

Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org and at https://doi.org/10.1053/j.
gastro.2020.10.021.
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Figure 1. (A) Relative mRNA expression levels from ileal biopsies of CD patients at various disease severity scores and the
correlation of expression levels of ST00A8 and ACE2 (11-18 per group P < .05 vs Score 0). (B) Immunostaining for ACE2 and
TMPRSS2 from the ileum of uninflamed and inflamed gut tissues from CD patients and (C) the quantification of ACE2 staining
intensities. Scale bar = 50 um (4-5 per group P < .001 vs control). (D) Heatmap of log2-transformed reads per kilobase of
transcript, per million mapped reads (RPKM) values for the indicated genes in various models of experimental colitis and (E) the
relative quantitative polymerase chain reaction (qQPCR) mRNA expression levels of Ace2 from the same samples (5 per group P
**<.01, **<.001 vs control). (F) Immunostaining of ACE2 in control and Dextran sulfate sodium (DSS)-treated (inflamed) mouse
tissues. Scale bar = 150 um, inset 20 um. (G) Heatmap of log2-transformed RPKM values for the indicated genes from small
intestinal organoids derived from C57/BI6 (WT), Stat1 or Stat2 sufficient (+/+) or deficient (-/-) mice for the indicated IFN
treatments. (H) Relative gPCR mRNA expression levels of Ace2 from the small intestine of mice that were injected with
indicated expression vectors (6-8 per group P < 0.05). (/) Relative gPCR mRNA expression levels of Ace2 from small intestinal
organoids of Stat6 sufficient (+/+) and deficient (-/-) mice stimulated with IL-13 or IL-4 versus control subjects (3-4 per group
P < .05, ns = not significant). (J) Normalized counts (RPKM) for Ace2 from germ-free (GF) versus specific pathogen-free (SPF)
mice (3 per group P < .001). (K) Analysis of normalized mRNA counts of Ace2 expression from the dataset GDS3921 of mice
treated with antibiotics to deplete microbiota. (L) Relative gqPCR mRNA expression levels of Ace2 from the small intestine of
mice treated either with LPS or with poly(l:C) versus respective control subjects (3-7 per group P **** <.0001 vs control).
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Patients and controls

Intestinal biopsies or gut specimens from IBD patients
[n= 129; similar gender representation, 18-71 years] were
used for RNA isolation [n= 113, of varying degrees of
inflamed and non-inflamed control tissue] and immuno-
histochemical staining [n = 16] of paraffin sections. For
analysis of coexpression, CD (ileum): 5 male, 1 female (3
low-grade, 3 high-grade); 30-58 years; UC (5 colon ascen-
dens, 1 colon transversum): 1 male, 5 female (3 low-grade,
3 high-grade); 31-56 years; and Control (5 Ileum, 5 colon):
2 male, 3 female; 30-68 years were used.

Mice

The generation and maintenance of Statl, StatZ2 and
Stat6 knockout mice has been reported before’. Housing,
breeding, care and experimentation were performed
following institutional guidelines approved by the govern-
ment of Lower Franconia.

Organoid Culture

Based on the method of Sato et al. mouse small intestinal
or colon organoids were cultured in Matrigel (BD) domes as
described earlier and grown in mouse Intesticult organoid
growth medium (Stemcell Technologies, Vancouver, BC).
Organoid media were changed every 3-5 days. All experi-
ments were performed in either Advanced DMEM supple-
mented with predetermined volumes of R-spondin
conditioned medium, antibiotics, recombinant mouse EGF,
recombinant noggin, B27 supplement and N-Acetylcysteine
or in complete mouse Intesticult medium.

Experimental Mouse Colitis Models

The induction of various experimental colitis was per-
formed as previously described®. For chronic colitis, mice
were challenged with 3 cycles of 1.5% dextran sulfate so-
dium (DSS) in drinking water interleaved by 2 cycles of
normal drinking water. Oxazolone colitis was induced by
initially pre-sensitizing the mice by the application of 3%
oxazolone solution in an acetone-olive oil delivery solution
onto shaved skin. On day 8 post-sensitization, mice were
anesthetized and a rectal cannula was instilled to deliver
100ul of the 3% oxazolone solution as enema. T-cell
transfer colitis was initiated in mice as described previ-
ously”. In short, recipient Rag2”~ mice were injected intra-
peritoneal with isolated and purified T-cells and the course
of disease was followed by assessing disease scores for
general appearance, body weight, rectal bleeding and stool
consistency.

RNA isolation and quantitative real-time PCR
Total RNA from tissues was isolated with the Total RNA
kit and from organoids using the microspin total RNA kit
(Peqlab Biotechnologies GmbH, Erlangen, Germany) ac-
cording to the manufacturer’s protocol. For tissues 2 ug and
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for organoids 200ng of total RNA was reverse transcribed
using the Script cDNA synthesis Kit (Jena Bioscience GmbH,
Jena, Germany). Quantitative real-time PCR was performed
on a Roche LightCycler 480 instrument (Roche Diagnostics,
Palo Alto, CA) using the QuantiFast™ SYBR® Green PCR Kit
(Roche Diagnostics GmbH, Mannheim, Germany). Expres-
sion profiles were normalized to the expression levels of the
housekeeping genes Gapdh and HPRT1 and associated sta-
tistical parameters were analyzed using the 2.--AACt
method. Primer sequences:
Mm_Ace2(F-gcagatggctacaactataaccg;
catgaaga)
Mm_Tmprss2(F-cagtctgagcacatctgtcct;
ctgaggca)
Hs_ACEZ2(F-acagtccacacttgcccaaat;
cccatt)
Hs_TMPRSS2(F-gtccccactgtctacgaggt;
ttggaag)
Mm_Gapdh(F-aggtcggtgtgaacggatttg;
ttgaggtca)
Hs_HPRT(F- cctggcgtcgtgattagtgat; R- agacgttcagtcctgtc-
cataa )

R-cctcctcacatagg
R-ctcggagcata
R-tgagagcactgaaga

R-cagacgacgggg

R- tgtagaccatgtag

Immunofluorescence and Immunohistochemistry
Cryosections were thawed, fixed in 4% PFA, washed,
blocked and incubated with anti-TMPRSS2 (abcam,
ab92323, 1:100) overnight. Sections were washed and pri-
mary antibodies were detected using secondary antibodies
and nuclei were counter stained with Hoechst (Thermo
Fsicher Scientific GmbH, Erlangen, Germany). Para-
formaldehyde fixed, paraffin embedded tissue sections were
dewaxed and subjected to antigen retrieval using Tris-
EDTA. Tissues were washed, blocked and incubated over-
night with anti-ACE2 (Abcam, ab15348, 1:100) followed by
washes and detection using labelled secondary antibodies
and nuclear counter staining with Hoechst. Images were
acquired using the Leica TCS SP5 confocal microscope using
appropriate settings. For double staining, paraffin sections
were dewaxed and subjected to heat-induced retrieval prior
to incubation with primary antibody directed against ACE2
(Abcam, clone EPR4435(2), 1:4000) followed by incubation
with peroxidase-labelled secondary antibody employing the
EnVision+ System-HRP Labelled Polymer (Agilent). For
detection, OPAL670 (Akoya Biosciences) was used. Proteins
and enzymes were inactivated (antibody stripping) and
sections were incubated with the second primary antibody
directed against TMPRSS2 (Abcam clone EPR3861,
1:50,000) followed by incubation with peroxidase-labelled
secondary antibody employing the EnVision+ System-HRP
Labelled Polymer (Agilent). For detection, OPAL520
(Akoya Biosciences) was used. Nuclei were stained using
4/ 6-diamidine-2’-phenylindole  dihydrochloride  (DAPI;
Sigma) and sections were coverslipped using Fluoromount
G (Southern Biotech). Pictures were acquired by the Zeiss
Axiolmager Z1 microscope (Carl Zeiss Microlmaging). For
analysis, five pictures at 400X magnification of each section
were taken in black and white and subjected to gray-scale
analysis employing Image] (version 1.8.0_112). For the
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immunohistochemical detection of ACE2, a heat-induced
antigen retrieval at pH 6 was performed. The sections
were incubated with primary antibody against ACE2
(Abcam, clone EPR4435(2), 1:1,000) for 30 minutes at
room temperature. The primary antibodies were detected
using and detected using the EnVision+ System- HRP
Labelled Polymer and 3,3’-Diaminobenzidine (DAB, Agilent)
was used as chromogen. Sections were counterstained with
hematoxylin (Merck Millipore, GmbH, Darmstadt, Germany)
and slides were coverslipped with glycerol-gelatine (Merck,
GmbH, Darmstadt, Germany).

Analysis of Publicly Available Datasets

For analyzing the gene expression correlations, we used
the Gene Expression Omnibus (GEO) through which the
following publicly available datasets were obtained
GSE16879*, GSE57533°, GSE92332° GDS4319’, and
GSE71734°. Raw expression values were log transformed
where applicable. For data sorting and comparison, power
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Supplementary Figure 1. (A) Relative mRNA expression of indicated genes from colonic biopsies of UC patients at various
disease severity scores and the correlation of expression levels of ST00A8 and ACE2. (n = 11-18 per group) (B) Analysis of
colonic genes from the publically available dataset GSE109142 stratified for gender and ulcerative colitis (UC) status. (C)
Quantification of immunostaining intensities for TMPRSS2 from the ileum and colon of uninflamed and inflamed gut tissues
from IBD patients. (D) Relative mRNA expression levels (QPCR) of Tmprss2 from the colons of in various models of experi-
mental colitis (n = 5 per group, p ** < 0.01, ns = not significant) (E) Relative mRNA expression levels (QPCR) of Ace2 from the
colons of mice at various stages of DSS colitis. (n = 5 per group, p *** < 0.0001) (F) Normalized counts of Ace2 mRNA
expression analyzed from the publically available dataset GSE57533 from DSS treated and control mouse colon tissues
(n=3-4,p* < 0.05).
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Supplementary Figure 2. (A) Analysis of Ace2 expression in the publicly available dataset GDS4319 from the ileum and the
colon of germ free (GF) mice conventionalized for the indicated number of days. (n = 4-11, p *< 0.05, ** < 0.01, *** < 0.0001)
(B) Relative gPCR mRNA expression levels of Tmprss2 from the small intestine of mice that were treated either with LPS or
with poly(l:C) versus respective controls (n = 3-7, ns = not significant) (C) Analysis of Ace2 and Tmprss2 expression levels from
the publicly available GSE71734 of germfree (GF) mice infected with Citrobacter rodentium (CR) bacteria. (n = 3 per group, p **
< 0.01).



