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lthough the respiratory tract is implicated as the
Aprimary portal of entry of the severe acute respi-
ratory syndrome coronavirus-2 (SARS-CoV-2), gastrointes-
tinal involvement is well-reported, associated with nausea,
vomiting, diarrhea, and highly persistent viral particle
shedding in feces.1,2

There is critical need to establish factors determining
susceptibility to Coronavirus Disease 2019 (COVID-19) in
patients with inflammatory bowel disease (IBD). Age, co-
morbidity, disease activity, and exposure to immuno-
modulatory and biological therapies provide the basis for
new guidelines for risk stratification and shielding.3

We hypothesize that expression levels of the SARS-CoV-2
spike protein receptor, angiotensin-converting enzyme 2
(ACE2),4 may also determine susceptibility to SARS-CoV-2-
inflicted damage. Transmembrane serine protease 2
(TMPRSS2) primes the viral spike protein,5 allowing for the
potent binding of ACE2. Both are known to be highly
expressed in healthy ileal epithelium, with lower levels in
epithelial cells in the colon. We report dysregulated mucosal
ACE2 and TMPRSS2 expression in the colon and ileum in IBD,
and identify the critical determinants of altered expression.
Abbreviations used in this paper: ACE2, angiotensin-converting enzyme 2;
CD, Crohn’s disease; CI, confidence interval; COVID-19, Coronavirus
Disease 2019; hsCRP, high-sensitivity C-reactive protein; IBD, inflamma-
Methods
We compared RNA expression of ACE2 and TMPRSS2 in

blood (paired-end sequencing), ileal, and colonic mucosal bi-
opsies (microarray) from 138 patients with treatment-naïve
IBD (cases) and 154 controls, predominantly with functional
gastrointestinal disorders (Supplementary Table 1). They were
recruited at 6 European centers, between 2012 and 2015, as
part of the IBD-Character program (EU Character reference no.
305676). Demographics and further details are given in the
supplementary information.
tory bowel disease; SARS-CoV-2, severe acute respiratory syndrome
coronavirus-2; TMPRSS2, transmembrane serine protease 2; UC, ulcera-
tive colitis.
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Results
ACE2 expression in the terminal ileum in controls was

25-fold higher than in the colon (P ¼ 7.0 � 10–14;
Supplementary Table 2), consistent with previous reports.
In IBD, expression in the terminal ileum was increased
10-fold compared with the colon (P ¼ 7.9 � 10–14). In
contrast, TMPRSS2 expression in the terminal ileum was
lower than in the colon, both in controls (P ¼ 3.6 � 10–16),
and in IBD overall (P ¼ 6.0 � 10–19).

Dysregulated Ileal Gene Expression
The expression of ACE2 in inflamed Crohn’s disease (CD)

ileum was 60% lower (P ¼ .0175) than in controls
(Figure 1A). Ileal TMPRSS2 was higher in CD noninflamed
tissue than in controls (by 70%, P ¼ .023, Figure 1B). Ileal
ACE2 did not differ between patients with ulcerative colitis
(UC) and controls, but ileal TMPRSS2 was 30% higher (P ¼
.023, Figure 1B).

Dysregulated Colonic Expression
In CD, colonic ACE2 expression was increased by 30%

relative to control (P ¼ .006; Figure 1C). TMPRSS2
expression in CD colon was similar to controls
(Figure 1D). In UC, the inflamed colonic mucosa expressed
70% more (P ¼ 2.1 � 10–11) ACE2 transcript copies. UC
mucosal ACE2 was 50% higher in inflamed vs noninflamed
sites (P ¼ 6.3 � 10–5).

Univariate Analyses of Factors Influencing Gene
Expression

Colonic ACE2 levels associated with Montreal disease
extent (Figure 1E) and the Mayo endoscopic subscore
(rho ¼ 0.43, P ¼ 3.2 � 10–5, Figure 1F). Colonic TMPRSS2

http://crossmark.crossref.org/dialog/?doi=10.1053/j.gastro.2020.05.030&domain=pdf
https://doi.org/10.1053/j.gastro.2020.05.030


Figure 1. ACE2 and TMPRSS2
expression in ulcerative colitis
(UC) and Crohn’s disease (CD);
shown as log2(16þintensity).
OSM – oncostatin M.
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was upregulated by inflammation (P ¼ .0179, Figure 1D),
and extent (E1 vs E3: 150%, P ¼ .0002, Figure 1G), and was
greater by 20% in men (P ¼ .03).

Among patients with IBD, colonic ACE2 expression
correlated weakly with high-sensitivity C-reactive protein
(hsCRP) (rho ¼ 0.23, P ¼ .0043), age (rho ¼ 0.19, P ¼ .014,
Figure 1H) and serum albumin (rho ¼ �0.17, P ¼ .037). In
controls, colonic ACE2 expression correlated with fecal cal-
protectin (n ¼ 136, rho ¼ 0.39, P ¼ 2.7 � 10–6), hsCRP (n ¼
180, rho ¼ 0.25, P ¼ .00083), and age (rho ¼ 0.20, P ¼
.0066). In the control ileum tissue, ACE2 increased with age
(rho ¼ 0.64, P ¼ .0099) and was 130% greater in men (P ¼
.0256). The colonic expression of TMPRSS2, but not ACE2,
was 20% higher in smokers from the control group (P ¼
.0034). We found no important differences in ACE2 and
TMPRSS2 expression with regard to recruitment centers.

We examined the relationship between mucosal ACE2 or
TMPRSS2 and blood expression of TNF, OSM, IL10, TGFB1,
GATA3, and STAT6 in IBD. Colonic (and also ileal) ACE2
correlated with blood OSM in patients with UC (rho ¼ 0.35,
P ¼ .00076, Figure 1I).

Dysregulation of the Renin-Angiotensin System
Mucosal angiotensinogen correlated with tissue inflam-

mation (P ¼ 4.7 � 10–11 in UC colon, P ¼ 2.0 � 10–5 in CD
colon) and disease severity (Mayo subscore rho ¼ 0.58, P ¼
5.3 � 10–22; Froslie score rho ¼ 0.39, P ¼ 3.4 � 10–9). ACE
expression in the blood associated negatively with IBD
status (in UC P ¼ 2.4 � 10–6, in CD P ¼ 8.2 � 10–5) but ACE
expression was greater in inflamed UC colon (P ¼ .019).
Renin was detectable in biopsies only, where it was reduced
in colonic IBD compared with controls (UC P ¼ 1.4 � 10–5,
CD P ¼ .0034).

Multivariable Analyses
Colonic expression. Multivariable analysis of ACE2

and TMPRSS2 expression were performed (Supplementary
Methods). ACE2 gene expression in the colon was associ-
ated with increasing age in controls (b ¼ 0.17, 95% confi-
dence interval [CI] 0.02–0.32); with inflammation at biopsy
site (b ¼ 0.30, 95% CI 0.10–0.49) and E3 extent in UC (b ¼
0.40, 95% CI 0.18–0.62) and with endoscopic inflammatory
subscore in CD (b ¼ 0.23, 95% CI 0.00–0.46). Colonic
TMPRSS2 expression was associated with hsCRP (b ¼ 0.22,
95% CI 0.07–0.37) and smoking status in controls (b ¼ 0.17,
95% CI 0.02–0.32), with Mayo subscore in UC (b ¼ 0.23,
95% CI 0.01–0.44) and none of the parameters in IBD and
CD.

Ileal expression. On multivariable analysis, ACE2 gene
expression in the ileum was lower in the few patients with
CD with B2 or B3 disease (b ¼ �1.09, 95% CI �1.57
to �0.61). No other factors were implicated.
Discussion
We demonstrate that age, the presence of inflammation,

and anatomic location are key determinants of expression of
ACE2 and TMPRSS2 in patients presenting with IBD. These
findings have potential implications for disease manage-
ment, as well for mechanistic studies. Thus, the
inflammation-related increase in ACE2 expression in the
colon is consistent with recent mechanistic data highlighting
the influence of cytokines on ACE2 expression in the respi-
ratory epithelium.6 These data raise the possibility that
active IBD may enhance viral particle production and up-
take in the colon; and, furthermore, that infection and
consequent inflammatory activation may exacerbate colitis.

The apparent reduction in ACE2 in the ileum in active CD
also bears further investigation: this alteration may relate to
the loss of epithelial surface in active ulceration, reduced
ACE2 production by maturating epithelium, and consequent
sampling effects; or may indeed be directly relevant to CD
pathogenesis.

In summary, we identify age, smoking, and active disease
as potential additional risk factors of vulnerability to COVID-
19 in patients with IBD, through alterations of receptor
expression. Our findings lend support to registry initiatives
such as SECURE-IBD, which are necessary to monitor the
possible impact of COVID-19 on IBD, and to the ongoing
translational research program characterizing sites for
therapeutic intervention in the molecular pathways of SARS-
CoV-2 recognition.
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.2020.05.030.
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Supplementary Methods
This inception cohort from IBD Character was recruited

in the years 2012 to 2015 at 6 European centers: Oslo,
Örebro, Edinburgh, Linköping, Zaragoza, and Maastricht.
The inflammation in the endoscopically inspected segments
was assessed using the Mayo endoscopic subscore in UC, the
Froslie score in CD, qualitatively at the biopsy site (inflamed
or noninflamed), and systemically (hsCRP). The disease was
characterized with the Montreal classification. Self-declared
current smoking status was noted. Study participants pro-
vided informed written consent; approval from local insti-
tutional review boards was obtained (including South
Eastern Norway Bioethical Committee, reference number S-
04209).

Mucosal biopsies were collected at index colonoscopy.
They were collected to vials with a stabilizing solution
(Allprotect; Qiagen, Hilden, Germany). Following homoge-
nization (RLT Pluss Buffer, 5 mm steal bead at 4 m/s for 30
seconds, FastPrep-24 Classic Instrument from MP Bio-
medicals, Santa Ana, CA) and RNA isolation (QIAsymphony
RNA Kit according to the protocol RNA CT 400; Qiagen), its
purity and quality were assessed (Agilent 2100 Bioanalyser,
Agilent 2100 Expert software, Agilent RNA 6000 Nano Kit;
Agilent, Santa Clara, CA). Cutoff RNA Integrity Number and
RNA concentration were 7.2 and 67 ng/mL, respectively. A
total of 100 ng of messenger RNA (mRNA) was amplified,
labeled with Cy3 cyanine, and hybridized according to the
Agilent One-Color Microarray-Based Gene Expression Anal-
ysis workflow (version 6.9). Agilent SurePrint G3 human
Gene Expression 8x60k v2 Microarrays were randomly fil-
led with 600 ng of fragmented complementary RNA to
compensate for diagnosis, sex, age, smoking status, and
center. Hybridization occurred at 65�C and took 17 hours;
after washing, the microarrays were scanned using the
Agilent Microarray Scanner and the data were processed
with Agilent Feature Extraction Software. The R limma

package was used for array normalization, background
correction (offset of 16), and quantile normalization.

Paired whole blood mRNA sequencing was performed.
The whole blood RNA was stabilized in the PAXgene RNA
tubes, isolated, and then quantified. Sequencing was con-
ducted with the Ion AmpliSeq Human Gene Expression Core
Panel. Ion Library TaqmanTM Quantitation was used for
quality check. Torrent Software v. 4.6 with the ampliSeqRNA
plugin v. 4.6.0.1 was used for alignment to hg19. The counts
table was normalized with DESeq2.

Patients with the diagnoses of possible IBD or unspeci-
fied IBD were excluded. The data were analyzed using the R
language (3.6.0; R Foundation for Statistical Computing,
Vienna, Austria) and Statistica 13.3 (TIBCO Software, Palo
Alto, CA), which was used for nonparametric statistical
testing. Due to the lack of normality (Levene’s P < .05) in
some of the subgroups, the Mann-Whitney U test was
applied for unpaired comparisons and the Spearman’s cor-
relation coefficient was calculated.

The forward stepwise regression was used for explor-
atory analysis of factor contribution to gene expression
variability; the Q–Q plots were visually inspected to check
for residual normality.

Post hoc power calculations (G*Power, University of
Dusseldorf, Germany) reveal that given the parameters for
ACE2 expression in IBD and symptomatic non-IBD controls
(Supplementary Table 2) and the assumed a level of 0.05
(2-tailed), the achieved power was 0.9998; in the case of
ACE2 in inflamed UC colonic tissue (n ¼ 27) vs controls (n ¼
191) the power was 0.8036. On the other hand, the com-
parison of inflamed IBD ileal mucosa with the control must
be considered underpowered (b ¼ 0.6513).

Negligible ACE2 expression was detected in whole blood
(data not shown). The following genes were included in the
additional analyses of the renin-angiotensin system: ACE, in
the blood; AGT and REN in the mucosa.
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Supplementary Table 2.Expression of ACE2 and TMPRSS2 in the Intestinal Mucosa of Patients With CD, UC, and Controls

IBD CD UC Controls

Colon All 163 74 89 191
ACE2 10.35 ± 0.66*** 10.17 ± 0.63* 10.50 ± 0.64*** 9.94 ± 0.72

TMPRSS2 12.75 ± 0.56 12.72 ± 0.54 12.77 ± 0.58 12.69 ± 0.51
Noninflamed 78 47 31

ACE2 10.10 ± 0.62 10.07 ± 0.64 10.12 ± 0.58
TMPRSS2 12.67 ± 0.50 12.67 ± 0.51 12.64 ± 0.50
Inflamed 85 27 58
ACE2 10.58 ± 0.61***,††† 10.32 ± 0.58** 10.69 ± 0.59***,†††

TMPRSS2 12.82 ± 0.60*,† 12.80 ± 0.59 12.83 ± 0.61*
T. ileum All 29 17 12 15

ACE2 13.84 ± 1.86* 13.24 ± 2.24 14.68 ± 0.35 14.61 ± 1.43
TMPRSS2 11.21 ± 0.75* 11.18 ± 0.87 11.25 ± 0.57 10.89 ± 0.55

Noninflamed 17 6 11
ACE2 14.12 ± 1.59 13.05 ± 2.38 14.70 ± 0.36

TMPRSS2 11.42 ± 0.70** 11.69 ± 0.87* 11.27 ± 0.59*
Inflamed 12 11 1
ACE2 13.44 ± 2.19* 13.34 ± 2.27* 14.51

TMPRSS2 10.91 ± 0.74 10.91 ± 0.78 11.03

NOTE. CD and UC data are compared with controls with * denoting P < .05, ** < .01, *** < .001. Inflamed and noninflamed
tissue is compared within subgroups defined by group and location with † denoting P < .05, †† < .01, ††† < .001. Values
significantly different from control are printed in bold. Expression is represented as log2(16þintensity). The Mann-Whitney U
test was used.

Supplementary Table 1.Group Characteristics

CD UC Controls

n 64 74 154
Age, y 30.2 ± 15.9 38.6 ± 15.5 33.6 ± 14.4
Sex, % female, % (n) 46.9 (30) 40.5 (30) 55.8 (86)
Smoker, % (n) 19.0 (12) 5.4 (4) 19.7 (30)
CRP, mg/L 22.7±36.9 33.6±58.7 4.82±12.5
Characteristics, % (n) L1 25.0 (16)

L2 31.2 (20)
L3 43.7 (28)
L4 21.8 (14)
A1 25.0 (16)
A2 50.0 (32)
A3 25.0 (16)
B1 82.8 (53)
B2 9.4 (6)
B3 4.7 (3)
P 7.8 (5)

E1 25.7 (19)
E2 29.7 (22)
E3 44.6 (33)

Endoscopic assessment Mayo subscore 4.74 ± 2.90 Froslie score 6.73 ± 4.78
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