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BACKGROUND AND AIMS: The host receptor for severe acute
respiratory syndrome coronavirus 2, angiotensin-converting
enzyme 2 (ACE2), is highly expressed in small bowel (SB). Our
aim was to identify factors influencing intestinal ACE2 expression
in Crohn’s disease (CD), ulcerative colitis (UC), and non–
inflammatory bowel disease (IBD) controls. METHODS: Using
bulk RNA sequencing or microarray transcriptomics from tissue
samples (4 SB and 2 colonic cohorts; n ¼ 495; n ¼ 387 UC; n ¼
94 non-IBD), we analyzed the relationship between ACE2 with
demographics and disease activity and prognosis. We examined
the outcome of anti–tumor necrosis factor and anti–interleukin-
12/interleukin-23 treatment on SB and colonic ACE2 expression
in 3 clinical trials. Univariate and multivariate regression models
were fitted. RESULTS: ACE2 levels were consistently reduced in
SB CD and elevated in colonic UC compared with non-IBD con-
trols. Elevated SB ACE2 was also associated with demographic
features (age and elevated body mass index) associated with
poor coronavirus disease 2019 outcomes. Within CD, SB ACE2
was reduced in patients subsequently developing complicated
disease. Within UC, colonic ACE2 was elevated in active disease
and in patients subsequently requiring anti–tumor necrosis
factor rescue therapy. SB and colonic ACE2 expression in active
CD and UC were restored by anti-cytokine therapy, most notably
in responders. CONCLUSIONS: Reduced SB but elevated colonic
ACE2 levels in IBD are associated with inflammation and severe
disease, but normalized after anti-cytokine therapy, suggesting
compartmentalization of ACE2-related biology in SB and colonic
inflammation. The restoration of ACE2 expression with anti-
cytokine therapy might be important in the context of severe
acute respiratory syndrome coronavirus 2 infection and potentially
explain reports of reduced morbidity from coronavirus disease
2019 in IBD patients treated with anti-cytokines.

http://crossmark.crossref.org/dialog/?doi=10.1053/j.gastro.2020.10.041&domain=pdf


WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT:

ACE2 is highly expressed in small bowel (SB); however,
demographic and clinical characteristics associated with
altered intestinal ACE2 expression in Crohn’s disease
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s of October 12, 2020, more than 37 million people
(CD) and ulcerative colitis (UC) are unknown.

NEW FINDINGS:

Analysis of bulk transcriptomics from biopsies revealed
that within SB CD, reduced ACE2 but within colonic UC,
elevated ACE2, correlated with worse prognosis. ACE2
was ‘restored’ via anti-cytokine therapy. In SB, elevated
ACE2 correlated with age and BMI – predictors of poor
COVID-19 outcome. Biologically, we uncovered
profound differences in homeostatic mucosal ACE2
levels and their response to inflammation.

LIMITATIONS:

mRNA does not always reflect protein levels hence further
functional work is required.

IMPACT:

This study supports the anti-inflammatory/fibrotic role of
ACE2 in SB (tissue with highest mRNA level) CD. If
ACE2 has a similar role in COVID-19, then anti-cytokine
therapy may be one strategy to ‘restore’ ACE2 following
SARS-CoV-2 infection to mitigate the secondary
cytokine storm observed in severe COVID-19.

* Authors share co-first authorship.

Abbreviations used in this paper: ACE, angiotensin-converting enzyme;
BMI, body mass index; CD, Crohn’s disease; cCD, Crohn’s disease with no
small bowel or ileal disease; COVID-19, coronavirus disease 2019; CSMC,
Cedars-Sinai Medical Center; FC, fold-change; GI, gastrointestinal; IBD,
inflammatory bowel disease; iCD, Crohn’s disease with ileum involvement;
Aworldwide have confirmed coronavirus disease
2019 (COVID-19) infection with current (and likely con-
servative) estimates implicating the virus in more than 1
million deaths. COVID-19, caused by infection with severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
most commonly presents with respiratory symptoms.
However, recent reports have suggested that patients can
frequently have both respiratory and gastrointestinal (GI)
symptoms (predominantly diarrhea and nausea) and in a
proportion of patients GI symptoms may be the only
symptoms.1–3 There has also been concern that detection of
the virus in stool might implicate the fecal–oral route as an
important mode of transmission.

There is very significant variation in outcomes from
COVID-19, with the majority having mild symptoms, a mi-
nority with respiratory complications, and a small percentage
dying as a consequence of secondary cytokine storm or
superimposed infection. Increasing age, male sex, smoking,
comorbidities, and an elevated body mass index (BMI) have
all been implicated in increased morbidity and mortality, but
it is likely that other factors also contribute to the variability
in disease course.4–7 There is understandable interest and
concern in the role that immunosuppressive medications
commonly used in immune-mediated diseases might have on
the susceptibility and natural history of COVID-19.

Angiotensin-converting enzyme 2 (ACE2) is a putative
receptor for SARS-CoV-2 entry into human cells. Other mol-
ecules interacting with ACE2 and plausible candidates in
COVID-19 biology include the transmembrane serine pro-
teases (TMPRSS2 and TMPRSS4) that help prime SARS-CoV-2
spike protein for host cell entry8,9; the ACE2 paralog in the
renin–angiotensin–aldosterone system (RAAS), angiotensin
converting enzyme I (ACE); and the solute carrier family 6
member 19 (SLC6A19), expression of which is dependent on
ACE2.10 The expression of ACE2 is altered in fibrotic pul-
monary disease and in the lung tissue of smokers.5,11 ACE2 is
abundantly expressed in small bowel (SB) compared with
other tissues, including whole blood.12 Previous work has
suggested a critical role for the RAAS pathway and ACE2 in GI
tract homeostasis and development of GI inflammation.13,14

Our aim was to determine factors, including inflammation
and drug treatment, influencing intestinal ACE2 expression in
SB and colon in Crohn’s disease (CD) and colon of patients
with ulcerative colitis (UC), as well as non–inflammatory
bowel disease (IBD) controls, and to investigate shared dis-
ease biology between IBD and COVID-19.
IL, interleukin; ISG, interferon-stimulated gene; mRNA, messenger RNA;
SARS-CoV2, severe acute respiratory syndrome coronavirus 2; RAAS,
renin–angiotensin–aldosterone system; RNA-seq, RNA sequencing; SB,
small bowel; TNF, tumor necrosis factor; UC, ulcerative colitis; WashU,
Washington University.
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Methods
Tissue Samples and Study Subjects

We investigated the association of ACE2 messenger RNA
(mRNA) with age at collection, sex, smoking, BMI, diagnosis,
and disease sub-phenotypes in 6 independent transcriptomic
data sets from either SB or colon contingent on cohort-specific
meta-data availability (Table 1).

The SB13915 data set was generated using whole Human
Genome 4x44k Microarrays (Agilent) from formalin-fixed
paraffin-embedded tissue taken from the unaffected margin
of SB tissue resected during ileo-cecal or SB resection for
complicated CD. Median age at time of surgery (performed at
Cedars-Sinai Medical Center [CSMC], Los Angeles, CA) was 32
years. The Washington University (WashU) data set16 was
generated by RNA sequencing (RNA-seq) from formalin-fixed
paraffin-embedded tissue from the unaffected proximal
margin of resected CD tissues and control (non-IBD) subjects.
These subjects had a median age of 51 years at time of surgery
(performed at WashU, St Louis, MO). The SB139 and WashU
samples were all reviewed by a single pathologist (T.S.S.)16

excluding any samples with microscopic evidence of inflam-
mation. The RISK17,18 data set was generated by RNA-seq from
ileal biopsies taken from pediatric subjects in an inception

https://doi.org/10.1053/j.gastro.2020.10.041
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cohort from multiple centers across North America (median age
of 12 years at the time of biopsy). Being an inception cohort,
age of diagnosis is same as age at specimen collection. The CD
subjects in RISK cohort were divided into 2 groups: those with
no SB/ileal disease (cCD) and those where the ileum was
involved (iCD). The Cedars100 data set has not been published
previously but similarly used formalin-fixed paraffin-embedded
from un-involved proximal resection margins from complicated
CD procedures (performed at CSMC) and transcriptomics were
generated by RNA-seq after review by T.S.S., as described
earlier (unpublished data, MIRIAD Biobank, Cedars-Sinai Med-
ical Center). All study subjects in SB139 and Cedars100 had CD;
the WashU cohort consisted of CD and non-IBD controls and the
RISK cohort is a mix of CD, UC, and non-IBD controls (Table 1).
In 3 of the 4 SB cohorts, specimens were taken from macro-
scopically normal-appearing tissue. The RISK cohort had sam-
ples from both inflamed (iCD) as well macroscopically normal-
appearing tissue (cCD).17

The PROTECT19,20 cohort consists of pediatric subjects
with varying degrees of disease severity in a UC inception
cohort from multiple centers across North America (median
age at time of biopsy was 13 years). We used transcriptomics
from a sub-cohort of 206 UC subjects with baseline rectal
biopsies before instigation of any IBD therapy, along with 20
non-IBD controls. The Cedars119 cohort has not been pub-
lished previously and consists of 119 UC subjects with varying
disease severity (median age of 42 years, Mayo endoscopy
subscore range of 0–3) treated at CSMC. Transcriptomics for
Cedars119 cohort was generated from rectal biopsies using
RNA-seq.

We looked at the effect of drug exposure on SB and colonic
ACE2 by analyzing transcriptomics from 3 clinical trials inves-
tigating biologic therapies used in IBD. The biologic used along
with ClinicalTrials.gov number and Gene Expression Omnibus
accession for associated transcriptomics are as follows: inflix-
imab (referred to as IFX trial here), NCT00639821,21

GSE1687921; and ustekinumab (CERTIFI22 trial),
NCT00771667, GSE100833,23 and ustekinumab (UNITI-
216,24,25 induction and maintenance) NCT01369342,
GSE112366.16 For the UNITI-2 trial, ileal histologic activity was
quantified based on modified Global Histology Activity Score
and endoscopic activity was quantified by Simple Endoscopic
Score for Crohn’s Disease.16,24 The details of the drug trials can
be found in the Supplementary Material.

Study Approval
For SB139, Cedars100 and Cedars119 cohorts, tissue sam-

ples and genetic data were obtained by the MIRIAD (Material
and Information Resources for Inflammatory and Digestive
Diseases) IBD Biobank after the patient’s informed consent and
approval by the Institutional Review Board of the CSMC (pro-
tocol #3358). The other data sets were all published previously,
and details of approvals can be found in the original pub-
lications.16–25
Transcriptomics Data Generation and Processing
Table 1 shows the accession numbers for the published

cohorts used in the study. The methods used for tran-
scriptomics data generation and processing for all cohorts have
been described in the Supplementary Material.

http://ClinicalTrials.gov
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Clinical and Demographic Data
Meta-data available for the different cohorts is compiled in

Table 1 and details are provided in the Supplementary Material.
The sub-phenotypes’ meta-data in Table 1 include severe vs
mild refractory in SB139, involved vs un-involved SB, and
subsequent development of disease complication (B1 ¼ in-
flammatory; B2 ¼ stricturing, B3 ¼ penetrating) in RISK, dis-
ease behavior in SB139 and Cedars100, disease recurrence in
SB139, meta-data on active disease and Mayo endoscopy sub-
score for Cedars119 and need for oral steroid or anti–tumor
necrosis factor (TNF) rescue therapy by week 52 in the PRO-
TECT cohort. Further details of meta-data for various cohorts
can be found in the Supplementary Material.

Methods for Data Set Downloaded Via Gene
Expression Omnibus

Platform annotation, normalized gene expression, and
phenotype meta-data were extracted using the R package
GEOquery (GEO2R library).

Univariate and Multivariate Model Fits
Univariate and multivariate models were fitted with ACE2

or TMPRSS2 or TMPRSS4 as response and demographic or
clinical data predictors where available in a given cohort.

Statistical Tools
Statistical package glm (R, version 3.5.1) was used for

univariate and multivariate associations with significance cutoff
of P < .05. Correlation analysis was done using Pearson or
Spearman test based on data distribution (parametric or
nonparametric). GraphPad Prism 7 (La Jolla, CA) was used to
perform t test or Mann-Whitney test. Kruskal-Wallis test
(nonparametric data) was used to compare the differences
across multiple groups and adjusted P value (Padj) reported for
pair-wise comparisons.

ACE2 Co-Expression Analysis
Co-expression analysis of ACE2 with genes of interest

(Supplementary Table 1) involved in either IBD pathogenesis
or high probability SARS-CoV-2 virus–host protein–protein
interaction26 was performed using the SB139 and Cedars100
cohort. The details of the analysis can be found in the
Supplementary Material.

Results
Differences in ACE2 Expression With Age, Body
Mass Index, Disease, Smoking, and Sex

Univariate associations. We examined ACE2 mRNA
expression by subject age at the time of specimen collection
when available. The expression of the most abundant ACE2
transcript isoform (ENST00000252519) was positively
associated with age at collection in CD and non-IBD controls
in the WashU cohort (Figure 1A). The association with age
trended toward significance in the pediatric RISK cohort
(Figure 1B). We did not see a statistically significant positive
association with age in other SB cohorts, SB139 cohort
(Supplementary Figure 1, Supplementary Table 2) and
Cedars100 cohort (Supplementary Table 3) or colonic co-
horts, PROTECT (Supplementary Table 4) and Cedars119
(Supplementary Table 5).

In the WashU cohort, we observed a strong positive as-
sociation of ACE2 expression with BMI in both CD and non-
IBD controls (P < .0001, linear regression) (Figure 1C). No
significant association of BMI with disease-severity pheno-
types within CD (n ¼ 34), such as presence of perianal
disease, structuring, and penetrating disease, was observed
(Supplementary Figure 2).

There was no significant association with sex among the
SB139, WashU, RISK, PROTECT, and Cedars119 cohorts
(Supplementary Figure 1, Tables 2 and 3, Supplementary
Tables 4 and 5). However, we observed higher ileal
expression of ACE2 in female patients in the Cedars100
cohort (Figure 1D, Supplementary Table 3), consistent with
similar observations in GTEx.12

We did not find significant association of smoking with
ACE2 in most of the adult cohorts (Table 2, Supplementary
Figure 1, Supplementary Table 5), although there was a
trend toward higher expression in the Cedars100 cohort
(Figure 1E) (P ¼ .15).

Data from ileal transcriptomics of non-IBD controls for
comparison were only available for the WashU and RISK
cohorts. In the WashU cohort (Figure 2A), ileal ACE2
expression was lower in CD compared with controls (P ¼
.0004). A univariate model with disease status as the pre-
dictor, was statistically significant for lower ileal ACE2 in CD
vs control in the WashU cohort (Table 2).

In the RISK cohort, median ACE2 expression in CD, UC,
and controls was statistically different (P < .0001)
(Figure 2B). ACE2 levels in CD were lower compared with
both UC (Padj < .0001) and controls (Padj < .0001) in ileal
tissue. Univariate models of ileal ACE2 expression with
disease status indicated ACE2 was lower in CD compared
with controls (P ¼ 9.78e-14) or UC (P ¼ 3.13e-09) (Table 3).

Multivariate associations. Multivariate models with
disease status as predictor, were statistically significant or
trending toward significance for lower ileal ACE2 expression
in CD vs control in the WashU cohort (Table 2). In this
cohort, we observed BMI as the strongest predictor of ACE2
after adjusting for age at collection, disease status, and
sex. In the RISK cohort, we again observed lower ileal
ACE2 in CD compared with controls (P ¼ 2.14e-14) or UC
(P ¼ 5.3e-09) after adjusting for age at diagnosis and sex
(Table 3). Age at diagnosis was significantly associated with
ileal ACE2 after adjusting for disease status and sex in the
RISK cohort (Table 3). In contrast to SB, multivariate model
of colonic ACE2 with disease status in the PROTECT cohort
indicated elevated rectal ACE2 expression in UC compared
with non-IBD (Supplementary Table 4).
Differences in Small Bowel ACE2 Expression by
Disease Sub-Phenotype and Inflammation

In the RISK cohort, ileal ACE2 was lower in CD with SB
involvement (iCD) compared with uninvolved CD (cCD)
(P ¼ .005, Figure 2C and Table 3). We also found a trend
toward association of ACE2 expression at diagnosis with the



Figure 1. Association of ACE2 expression with demographics. (A) WashU, age at sample collection (P ¼ .0002, linear
regression); (B) RISK, age at sample collection (P ¼ .09, linear regression); (C) WashU, BMI (P < .0001, linear regression); (D)
Cedars100, sex (P ¼ .01, Mann-Whitney [M-W] test); and (E) Cedars100, smoking status (P ¼ .15, M-W test).
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development of complicated disease by year 3, both without
and with adjustment for age and sex (Figure 2D, P ¼ .08).
This association of ACE2 expression at diagnosis and sub-
sequent development of complicated disease became sig-
nificant by year 5 of follow-up (Figure 2D, B2þB3 vs B1; P ¼
.017 and B2 vs B1; P ¼ .007; after adjusting for age and sex).

We have previously reported transcriptomics-based sub-
groups with varying disease severity in the SB139 cohort,
where we found a severe-refractory sub-group (CD3) was
associated with increased recurrence as well as faster time to
both recurrence and second surgery comparedwith themild-
refractory (CD1) sub-group.15 In this SB139 cohort,ACE2was
lower in the CD3 vs the CD1 sub-group (fold-change [FC] ¼
–3.23, corrected P < 1e-07). Using a multivariate model, we
also found lower ACE2 in subjects with disease recurrence
after surgerywhen corrected for age, sex, and first 3 principal
components in genotype data (Figure 2E; P ¼ .05).

Differences in Colonic ACE2 Expression by
Disease Sub-Phenotype and Inflammation

In the PROTECT cohort, colonic ACE2 was elevated in
biopsies from UC subjects with varying disease severity and
associated inflammation compared with controls (P ¼ .004,
Figure 2F; Supplementary Table 4). In this cohort, we found
elevated colonic ACE2 was predictive of UC patients
requiring oral steroid by week 52 (Figure 2G, P ¼ .0006), as
well as subjects that subsequently developed severe disease
requiring the use of anti-TNF rescue therapy by week 52
(Figure 2H, P ¼ .004).

In the Cedars119 cohort, elevated colonic ACE2 was seen
in subjects with active disease (Figure 2I, P ¼ .0002) and
there was positive correlation with ACE2 and increasing
Mayo score (Figure 2J, P < .0001, r ¼ 0.358, Spearman
correlation).

We queried expression atlas27 to determine the
impact of complicated CD (stricturing, penetrating, or
disease recurrence) on colonic ACE2. We found that in
the study by Peck et al28 (GSE66207), elevated levels of
ACE2 in noninflamed colon tissue were associated with
stricturing and penetrating disease compared with non-
IBD (B2, FC ¼ 2.1; Padj ¼ .01; B3, FC ¼ 1.5; P adj ¼
.02). This is in contrast to the observations in non-
inflamed ileal tissue (SB139 cohort, lower ACE2 with
disease recurrence, Figure 2E) indicating discordant
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Table 2.Univariate and Multivariate Models of ACE2 Messenger RNA Associations in the Washington University Cohort

Response: ACE2 (FPKM)a

Univariate Multivariate Multivariate

n

Multivariate

nb P value N b P value n b P value b P value

BMI at surgery 71.99 .000017 66 51.37 .002 51 — — — — — —

Age at collection 19.71 .000176 70 5.65 .420 51 9.42 .167 55 13.49 .036 70

Disease status (control) 684.30 .000515 70 487.7 .052 51 550.6 .039 55 369.78 .120 70

Sex (female) –5.56 .979007 55 78.47 .672 51 –30.08 .873 55 — — —

Smoking (yes) 146.90 .523000 35 — — — — — — — — —

FPKM, fragments per kilobase million.
aTested variables are indicated in parentheses.
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ACE2 Expression in Relation to Other COVID-19–
Implicated Genes, Inflammatory Cytokines, and
Known Inflammatory Bowel Disease Target

In addition to ACE2, we examined the relation of
TMPRSS2 and TMPRSS4 that have also been implicated in
viral entry in host cells in COVID-19,8,9 with various clinical
parameters in all the cohorts (Supplementary Tables 2–7).
Ileal TMPRSS2 expression was associated with age and
positive smoking status in Cedars100 (Supplementary
Table 3). Elevated expression of both TMPRSS2 and
TMPRSS4 was associated with BMI in the WashU cohort. We
found significantly elevated ileal TMPRSS2 in CD compared
with controls in the RISK cohort (Supplementary Table 7).

We also examined the differential expression of ACE and
SLC6A19 in non-IBD vs CD in WashU (Supplementary
Table 8) and RISK cohorts (Supplementary Table 9).
Similar to ACE2, expression of ACE was lower in CD vs
controls in both WashU and RISK. We found lower ileal
expression of SLC6A19 in CD compared with controls in the
RISK cohort (Supplementary Table 9) and a similar trend in
WashU cohort (Supplementary Table 8).

In the ACE2 co-expression analysis, we observed several
genes that correlated with ACE2 expression in both SB139
and the Cedars100 CD cohorts (Supplementary Table 10)
including SIGMAR1 (r ¼ 0.6 to 0.43, P < .0001) and JAK1
(r ¼ 0.34 to 0.25, P < .05), where r is the Spearman
=
Figure 2. Association of ACE2 expression with disease status an
indicate mean ± SD, red bars indicate mean. (A) WashU, ACE
Whitney [M-W] test); (B) RISK, median ACE2 in CD, UC, and c
dian ACE2 in control, UC, iCD, and cCD (P < .0001, K-W), iCD
ACE2 at diagnosis classified according to development of co
(inflammatory, B1) at 3-year and 5-year follow-up (B2þB3 vs B1
SB139, lower ACE2 expression associated with disease recu
principal components [PCs]); (F) PROTECT, ACE2 was elevated
ACE2 was elevated in UC subjects that needed oral steroid by w
UC subjects that subsequently needed anti-TNF by week 52
subjects with active disease (P ¼ .0002, M-W); (J) Cedars119, A
UC (P < .0001, Spearman r ¼ 0.358).
correlation coefficient. JAK3 was inversely correlated with
ACE2 (r ¼ –0.39 to –0.38, P < .0001) in both CD cohorts
(Supplementary Table 10).

We observed that ileal ACE2 (RISK cohort) was nega-
tively correlated with expression of transcription factor for
interferon signaling, STAT1 (P < .0001, r ¼ –0.6), while in
colon ACE2 and STAT1 expression (PROTECT cohort) was
positively correlated (P < .0001, r ¼ 0.47) (Supplementary
Figure 3, left). A stronger positive correlation was observed
between ACE2 and HNF4A in ileum (P < .0001, r ¼ 0.685)
compared with that in colon (P ¼ .004, r ¼ 0.19)
(Supplementary Figure 3, right).
The Effect of Inflammation and Anti-Cytokine
Therapy on ACE2 Expression in Small Bowel and
Colon

We performed univariate analyses for trials where SB or
colonic biopsy samples were collected pre- and post-
exposure to anti-TNF (infliximab, IFX trial) and anti-IL12/
23 (ustekinumab, CERTIFI and UNITI-2 trials) to query
the effect of anti-cytokine monoclonal antibodies used in the
treatment of IBD on intestinal ACE2 expression.

In the IFX trial, ileal ACE2 expression significantly
increased after infliximab induction in CD subjects (P ¼ .02).
This phenomenon was significant in individuals who
responded to treatment (P ¼ .037), but not in non-
responders (Figure 3A).

Response to treatment was unavailable for CERTIFI trial
and we did not observe significant trends between pre and
d sub-phenotypes in SB (A–E) and colon (CO) (F–J), error bars
2 in CD compared with control (non-IBD) (P ¼ .0004, Mann-
ontrol (P < .0001, Kruskal-Wallis [K-W] test); (C) RISK, me-
vs cCD (Padj ¼ .01), iCD vs control (Padj < .0001); (D) RISK,

mplicated disease (stricturing, B2 or penetrating, B3) or not
, P ¼ .017; B2 vs B1, P ¼ .007, adjusted for age and sex); (E)
rrence after surgery (P ¼ .05, adjusted for age, sex, and 2
in UC compared with control (P ¼ .0039, M-W); (G) PROTECT,
eek 52 (P ¼ .0006, M-W); (H) PROTECT, ACE2 was elevated in
(P ¼ .0039, M-W); (I) Cedars119, ACE2 was elevated in UC
CE2 was positively correlated with Mayo endoscopy score in



Table 3.Univariate and Multivariate Models of ACE2
Messenger RNA Associations in the RISK Cohort

ACE2 (RPKM)a

Univariate Multivariate

b P value b P value

All (n ¼ 322)
Age at diagnosis 2.745 .0963 3.368 .023
Disease status (non-IBD) 109.922 9.78e-14 113.091 2.14e-14

Disease status (UC) 73.518 3.13e-09 72.099 5.30e-09

Sex (male) –3.042 .774 –3.522 .70886

CD only (n ¼ 218)
Age at diagnosis 1.464 .388 1.1361 .494
Sex (male) –0.196 .985 0.9999 .922
CD type (iCD) –41.12 4.86e-04 –40.7184 5.93e-04

RPKM, reads per kilobase million.
aTested variables are indicated in parentheses.
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post treatment (Figure 3B). The ileal ACE2 levels in UNITI-2
trial (Figure 3C) were significantly lower at baseline in CD
subjects compared with non-IBD controls for the 2 dosage
groups (P ¼ .034 and P ¼ .0004). Post-ustekinumab in-
duction, ACE2 levels were significantly restored compared
with baseline (P ¼ .008). In the maintenance-therapy group,
ACE2 levels were significantly restored after 44 weeks
compared with baseline (P ¼ .037).

SB ACE2 expression was decreased in inflamed SB tissue
compared with controls (Figures 3A and C) and the severity
of inflammation as measured by macroscopic and micro-
scopic criteria (ileal Simple Endoscopic Score for Crohn’s
Disease and Global Histology Activity Score) was negatively
correlated with ACE2 expression in the UNITI-2 trial data set
(Simple Endoscopic Score for Crohn’s Disease: week 0, P ¼
.0007, (beta) b ¼ –68.66; week 8, P ¼ .0014, b ¼ –68.3;
Global Histology Activity Score: week 0, P < .0001, b ¼
–80.75; week 8, P < .0001, b ¼ –77.35) (Supplementary
Figure 4).

In the IFX trial, colonic ACE2 levels (Figure 3D) at
baseline (pretreatment) were significantly elevated in
Crohn’s colitis responders (P ¼ .03). In the same trial,
colonic ACE2 was significantly elevated in UC (both re-
sponders, P ¼.001 and nonresponders, P ¼ .025) at baseline
compared with non-IBD (Figure 3E). After anti-TNF treat-
ment, ACE2 levels were significantly reduced to non-IBD
levels in UC responders (P ¼ .0013), as well as combined
UC cohort (P ¼ .03). We did not observe a significant impact
of treatment on colonic ACE2 levels in the CERTIFI usteki-
numab trial (Figure 3F).

We did not find any modulation of TMPRSS2 or TMPRSS4
via anti-TNF therapy in ileal or colonic tissue, although
colonic TMPRSS4 levels were reduced at baseline in both
Crohn’s colitis as well as UC (Supplementary Figure 5).

We evaluated whether the decrease in ACE2 before IFX
therapy (Figure 3A) was simply due to epithelial erosions by
analyzing the mRNA expression of an epithelial marker,29

Keratin-8 (KRT-8) (Supplementary Figure 6). We found
that KRT8 level in ileal biopsies pre and post treatment was
fairly uniform, implying no substantial epithelial erosions
were likely present at baseline in CD ileitis samples
compared with controls. This indicated that the drop in
ACE2 in CD ileum pretreatment is unlikely to be the result of
epithelial cell loss in the areas sampled.

Using the IFX trial colonic and ileal transcriptomics at
baseline (pretreatment), we found that the direction of FC in
IBD vs non-IBD for some canonical interferon-stimulated
genes (ISGs) reported in the literature30 (STAT1, BST2,
XAF1, IFI35, MX1, and GBP2) is the same as ACE2 in colon
but not in ileum (Supplementary Tables 11 and 12). The
expression of ACE2 itself in ileum was found to be 10 times
that in colon in this data set (P < .0001, non-IBD control,
ileum vs colon).
Discussion
Consistent with tissue- and cell-type–specific ACE2

expression reported in the literature,30–32 we found robust
expression of ACE2mRNA in SB tissue from both non-IBD as
well as subjects with CD and UC. Our analysis of ACE2
expression in multiple cohorts uncovered several new ob-
servations in their relation to IBD.

We observed evidence of increased ACE2 mRNA in the
ileum, with demographic features that have been associated
with poor COVID-19 outcomes (age and elevated BMI). This
age-related ACE2 expression might be one of the reasons for
decreased COVID-19 susceptibility in children vs adults if
these data, particularly from the non-IBD subjects, are
reflective of ACE2 expression in other organs, such as the
lung.33 Lower ACE2 expression in uninvolved SB tissue was
associated with CD recurrence after surgery in an adult CD
cohort. In the ileal biopsies from the RISK pediatric incep-
tion cohort, ACE2 levels at diagnosis were negatively asso-
ciated with inflammation and disease severity (cCD vs iCD
and UC vs CD) and, remarkably, the subsequent develop-
ment of complicated disease at 5 years after diagnosis.

The demographic associations in non-IBD subjects and
the relationship between ACE2 expression in macroscopi-
cally noninflamed tissue from CD patients point to systemic
changes influencing ACE2 mechanisms. In the cases of aging
and increased BMI, both conditions are associated with
increased immune tone and myeloid skewing,34,35 as well as
increased ACE2. Higher BMI has been linked with increased
risk of infections.36 Increased ACE2 expression in lung has
also been reported to be associated with age.37 There is
speculation that the GI tract can serve as an alternate route
for uptake of SARS-CoV-2, and our findings in the GI tract
might take on increased relevance if this is confirmed.3,32,38

Furthermore, early but uncontrolled evaluations of the
SECURE-IBD registry39 suggest that patients with IBD
appear to be under-represented in those diagnosed with
COVID-19 compared with what has been seen in the general
populations in both Northern Italy and China.40 Our data
suggesting reduced ACE2 expression in subsets of IBD can
potentially contribute to this phenomenon, although addi-
tional work is needed to better understand these
observations.

Recent findings have suggested that men are at risk of
higher COVID-19 mortality, but we did not observe higher



Figure 3. Univariate analysis of association of ACE2 and IBD medication (infliximab, IFX trial or ustekinumab (UST), CERTIFI
and UNITI-2 trials) in ileum (A–C) and colon (D–F). (A) IFX trial (ileum CD), ACE2 was elevated in non-IBD controls compared
with CD responders pretreatment (CDiR_beforeT) (P ¼ .03, t test). Post treatment, ACE2 was restored in responders
(CDiR_afterT) compared with pre treatment (P ¼ .03, t test); (B) CERTIFI (ileum CD), ACE2 pre- and post-treatment levels in
inflamed and uninvolved samples; (C) UNITI-2 (ileum CD), lower ACE2 levels at baseline in CD compared with non-IBD in both
UST induction group (I) (130 mg I_wk0, P ¼ .034, t test) and maintenance group (M) (UST 90 mg subcutaneous [SC] q8w I_wk0,
P ¼ .0004, M-W test). Both post-induction therapy (130 mg I_wk8, P ¼ .008, t test) and post-maintenance therapy (UST 90 mg
SC q8w M-wk44, P ¼ .037, M-W) , ACE2 levels are restored; (D) IFX trial (colon CD), lower ACE2 levels in non-IBD compared
with Crohn’s colitis responders (P ¼ .03, t test) pretreatment (CDcR_beforeT); (E) IFX trial (colon UC), ACE2 was lower in non-
IBD compared with UC responders pretreatment (UC_R_before) (P ¼ .0017, t test). Post treatment, the levels are restored to
non-IBD in responders (UC_R_after, P ¼ .0013, t test) as well as combined UC (P ¼ .03, t test); and (F) CERTIFI (colon CD),
ACE2 pre- and post-treatment levels in inflamed and uninvolved samples.
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ACE2 expression in men—in fact, in 1 cohort we observed
higher expression in women. This finding is in keeping with
ACE2 expression in women (GTEx12). However, sex differ-
ences in ACE2 might be tissue-dependent and reflect tissue-
specific escape from X-inactivation.41 Whether men are
more susceptible to COVID-19, simply more likely to expe-
rience worse outcomes, or both, remains unknown. We saw
a trend toward increased ACE2 expression in smokers in
only 1 cohort, perhaps reflecting limited power, given the
relatively low frequency of smokers in our populations, 2 of
which included children only.
In contrast to the ileal tissue in CD, we found that there
is elevated ACE2 expression in the colon in UC compared
with non-IBD. These findings are consistent with a recent
article42 studying tissue-specific (SB or colon) patterns of
ACE2 expression. Furthermore, our findings suggest this
ACE2 “compartmentalization” extends to disease pheno-
types, including progression to complicated disease and
disease recurrence in CD, with directionality of association
with subsequent development of complicated disease (B2 or
B3) dependent on SB (decreased) or colonic (increased)
location. Consistent with this effect of location is the finding



Figure 4.Main compo-
nents of RAAS pathway in
SB CD (left) compared
with non-IBD (right). We
hypothesize that ACE2
reduction in CD leads to
low SLC6A19 levels and
hence, low tryptophan,
tipping the balance to-
wards inflammation and
fibrosis axis. Restoration
of ACE2 leads to homeo-
stasis, which can be dis-
rupted by SARS-CoV-2
virus uptake in COVID-19.
AT1R, angiotensin 1 re-
ceptor; MAS, MAS
receptor.
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of increased ACE2 expression with increased Mayo score in
UC. Overall, our analyses indicated discordant ACE2 signals
in SB vs colon that are enhanced with inflammation but exist
even in macroscopically normal tissue, where these
discordant signals are associated with the development of
complicated disease. These observations further emphasize
SB/colon compartmentalization of ACE2-related immune
responses.

In the colon (PROTECT pediatric UC inception
cohort), we observed positive correlation between STAT1
(the reported transcription factor for interferon signaling
and a canonical ISG30) and ACE2, consistent with recent
reported literature of ACE2 being an ISG. However, in the
ileum, STAT1 is negatively correlated with ACE2 (RISK
pediatric inception cohort of CD subjects). We found
strong correlation of ACE2 with HNF4A in ileum
compared with colon consistent with a recent work,42

where HNF4A has been reported as an upstream regu-
lator of ACE2 in ileum. Using the IFX trial colonic and
ileal transcriptomics, we show that the direction of FC in
IBD vs non-IBD for some canonical ISGs reported in
literature30 is similar to ACE2 in colon but not in the
ileum, consistent with ACE2 reported as an ISG in co-
lon.42 What might account for this distinction of ileum vs
colon? First, because the expression of ACE2 in ileum is
10 times of that in colon, we infer that the local tissue
factors, distinct in different intestinal regions, set the
homeostatic levels and direction of ACE2 response to
inflammation. Second, we speculate that the threshold of
biologic control for interferon signaling is surpassed in
ileum compared with colon. Third, it is also possible that
there are differences in the local RAAS in ileum vs colon,
as we demonstrated discordant ACE2 signals in ileal and
colonic inflammation.
ACE2 may play a paradoxical role in disease progression
of COVID-19.31,43,44 Although higher expression of ACE2
increases viral uptake by host, physiologically ACE2 has a
significant anti-inflammatory role. This paradox is summa-
rized in Figure 4 (adapted from the literature11,13,44) as it
relates to SB CD and COVID-19. ACE2 is required to
neutralize the pathologic effects of increased angiotensin-II
in the classical RAAS by converting angiotensin II to
angiotensin 1–7. Lung ACE2 expression is protective against
diseases such as pulmonary fibrosis, lung injury, and
asthma.45 Consistent with known anti-inflammatory role of
ACE2, we report that within CD, reduced SB ACE2 expres-
sion was associated with inflammation, nonresponse to anti-
cytokine therapy, and subsequent relapse of disease and
development of complicated disease related to fibrosis.

How might down-regulation of ileal ACE2 in severe CD
lead to inflammation and intestinal injury? ACE2 expression
in the gut is necessary to maintain amino acid homeostasis,
antimicrobial peptide expression, and “healthy” intestinal
microbiome, and Ace2–/– mice are more prone to developing
colitis in induced models.10,14,31 Expression of amino acid
transporter SLC6A19 (B(0)AT1) in SB is dependent on
presence of ACE2,46 which acts as a chaperone for mem-
brane trafficking of SLC6A19.47 Accordingly, we find that
expression of SLC6A19 is decreased in SB CD along with that
of ACE2. Notably, lower SLC6A19 levels are selectively
associated with lower tryptophan levels in SB CD.14,48

Dysregulated tryptophan metabolism has been linked to
systemic inflammation.49 The biologic mechanisms that link
levels of tryptophan to pathogenic intestinal inflammation
and obesity are complex, including host and microbial
production of bioactive tryptophan metabolites,48 the se-
lective roles of these metabolites on molecular processes,
such as energy checkpoint14,50 and transcriptional controls
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of inflammation pathways.51 Exploring these mechanisms in
the ACE2 deficiency of SB CD can distill how the ACE2
network could serve as a protective pathway for IBD.

Elevated ACE2 levels can promote tissue propagation of
virus and, in theory, could promote COVID-19 disease
severity. However, the secondary cytokine storm likely
promotes tissue injury via mechanisms independent of viral
propagation, and this process might be independent of
ACE2. Alternatively, ACE2, with its anti-inflammatory prop-
erties, can play a role in protection from the secondary
cytokine storm. Due to the SARS-CoV-2–ACE2 interaction,
there has been interest in treatments for COVID-19 that
modulate ACE2. A study examining ACE2 with TNF-a pro-
duction found that viral entry modulated TNF-a–converting
enzyme via the ACE2 cytoplasmic domain and caused tissue
damage through increased TNF-a production.52 We identi-
fied that ACE2 levels were restored after infliximab therapy
and that this was significant in anti-TNF responders. We
also observed a significant increase in ileal ACE2 expression
with both ustekinumab induction and maintenance thera-
pies. The inverse relationship of ACE2 with inflammatory
cytokines and restoration of enhanced ileal ACE2 levels after
response to anti-cytokine therapy point toward the anti-
inflammatory function of ACE2 in SB. It has been reported
that fecal calprotectin is elevated and correlates with serum
IL-6 in COVID-19, linking gut inflammation and systemic
cytokines in patients infected with SARS-CoV-2.53 However,
additional work will be needed to delineate the anti-
inflammatory function of ACE2 in COVID-19 and deter-
mine whether anti-cytokine therapies could be effective in
modulating the secondary cytokine storm associated with
COVID-19.54,55

Consistent with our findings, a recent study by Suárez-
Fariñas et al56 also reported compartmentalization of in-
testinal ACE2 in IBD with inflammation and recognized a
potential role of anti-cytokine therapy for COVID-19 treat-
ment. Using gene regulatory networks, they also dissected
overlapping molecular signals in IBD and COVID-19. Inde-
pendently, we report ACE2 association with other de-
mographics (elevated BMI); significant differences in ileal
ACE2 levels in UC and CD subjects in the RISK cohort; and
that reduced ileal ACE2 at diagnosis were predictive of
development of complicated CD at 5-year follow-up in RISK
cohort and also associated with severe refractory CD in the
SB139 cohort. We also extended the region-specific discor-
dant ACE2 signals in IBD inflammation to both CD and UC
disease sub-phenotypes, prognosis and need for therapy.

Our study looked at intestinal ACE2 mRNA expression in
colon and SB in a relatively large sample size (n ¼ 976). In
order to understand the functional relevance of altered
ACE2 levels in IBD, as well as COVID-19, large sample
studies of ACE2 protein levels on the surface of enterocytes
and in the lumen will be needed in the future. There is also
the possibility of unknown post-transcriptional and post-
translational mechanisms that occur in IBD. ACE2 is
known to be cleaved by proteases at the cell surface and
shed apically, further complicating any protein analysis.57 A
careful study of ACE2 at the protein level will require
further work beyond the scope of this study.
Finally, we examined ileal ACE2 co-expression with a set
of candidate genes as potential targets for novel or repur-
posed drugs. For example, our analysis revealed SIGMAR1
(candidate target for the drug hydroxychloroquine) to be
consistently co-expressed with ACE2. The use of hydroxy-
chloroquine in treating COVID-19 remains controversial. In
addition, we identified that JAK1 was consistently co-
expressed with ACE2 in contrast to JAK3. Selective JAK in-
hibitors are available and in development. Baricitinib (a
JAK1/2 inhibitor) is being tested in COVID-19 based on both
its anti-inflammatory properties and its possible role in
inhibiting endocytosis and viral entry.58 Our observation of
co-occurrence of ileal ACE2 and JAK1 provides some support
for the testing of this compound in COVID-19.

To summarize, we observed association of ACE2 with
various demographics (associated with worse outcomes
from COVID-19) and clinical factors in multiple IBD tran-
scriptomic data sets. We significantly extended the obser-
vation of discordant ACE2 signals in SB and colonic
inflammation to prognosis and response to therapy. We
report an impaired ileal ACE2 expression that leads to
worse outcomes in CD and evidence that implicates ACE2
pathway as a protective, tryptophan-dependent anti-in-
flammatory mechanism in severe IBD. Anti-TNF and anti-
IL12/23 might restore ACE2 levels in the context of
inflammation reduction, suggesting that restoration of the
ACE2 pathway can be a mechanism by which these drugs
promote recovery in IBD. Our work supports the potential
paradoxical function of ACE2 in inflammation and COVID-
19. Individuals with higher ACE2 expression might be at
increased risk of infection with SARS-CoV-2, but ACE2
likely has anti-inflammatory and anti-fibrotic functions in
SB CD and can play an important role in preventing the
secondary cytokine storm seen in COVID-19, as well as
preventing the development of complicated disease in IBD.
How anti-cytokine, as well as other immune targeting
therapies, might modulate these processes requires urgent
investigation.

Supplementary Material
Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at http://doi.org/10.1053/
j.gastro.2020.10.041.
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Supplementary Methods

Tissue Samples and Study Subjects for Drug
Trial Data Sets

The transcriptomics for the IFX trial21 were generated
using Affymetrix Human Genome U133 Plus 2.0 microarray
platform using biopsies from inflamed mucosa (n ¼ 61 IBD
subjects) before and 4–6 weeks after first infliximab infu-
sion and in normal mucosa from 12 control patients (6
colon and 6 ileum). The patients were classified as re-
sponders or nonresponders for treatment based on endo-
scopic and histologic findings at 4–6 weeks after infliximab
induction treatment.

The CERTIFI trial consists of microarray (Affymetrix HT
HG-U133þ PM Array Plate) transcriptomics of human blood
and intestinal biopsy samples from a phase 2b, double-
blind, placebo-controlled study of ustekinumab in CD.23

The cohort contained gene expression on 329 biopsies
from multiple regions in the intestine of 87 subjects with
CD. Response outcomes to ustekinumab were not available.

The UNITI-225 induction and maintenance trial consists
of microarray (Affymetrix HT HG-U133þ PM Array Plate)
transcriptomics of terminal ileum biopsy samples collected
at baseline, 8 weeks after induction (ustekinumab or pla-
cebo), and 44 weeks after maintenance (ustekinumab 90
mg subcutaneous q12w, ustekinumab 90 mg subcutaneous
q8w, or placebo) from patients with moderate-to-severe CD
who participated in phase 3 studies. Ileal biopsy specimens
were taken from patients with ileal or ileocolonic CD (n ¼
110), as well as non-IBD controls (n ¼ 26). Ileal histologic
activity was quantified based on modified Global Histology
Activity Score and endoscopic activity was quantified by
Simple Endoscopic Score for Crohn’s Disease.16,24

Transcriptomics Data Generation and Processing
Table 1 shows the accession numbers for the published

cohorts used in the study. The Genome Technology Access
Center at Washington University (St Louis, MO) generated
data sets in the SB139, WashU, and Cedars100 cohorts. The
methods used to generate microarray SB139 cohort data
have been described previously.15 For the WashU cohort,
RNA-seq library preparation, sequencing, and read align-
ment were performed and sequencing done on an Illumina
HiSeq2000 SR42 (Illumina, San Diego, CA) using single
reads extending 42 bases.

For the Cedars100 cohort, total RNAs were processed
with Sigma Seqplex to create amplified double-stranded
complementary DNA, followed by traditional Illumina li-
brary preparation with unique dual indexing. One hundred
libraries were run on NovaSeq6000, S2 flow cell, using
single-end 100 base reads. The run generated approxi-
mately 4.2B reads passing filter, thus an average of 42
million reads per library were generated.

The Cedars119 RNA-seq data set was generated by EA
genomics, Q2 solutions. Briefly, RNA samples were con-
verted into complementary DNA libraries using the Illumina
TruSeq stranded mRNA sample preparation kit and hiSeq-

Sequencing-2 � 50-bp paired end sequencing performed
on an Illumina sequencing platform. Across all samples, the
median number of actual reads was 24.8 million with 23.6
million on-target reads, after removal of various sequencing
artifacts and normalized data in fragments per kilobase
million generated.

The data generation methods for the other cohorts
(RISK, PROTECT, IFX, CERTIFI, UNITI-2) have been pub-
lished previously.16–21,23

The methods used to process microarray data from
SB139 cohort have been described previously.15 The pipe-
line used for RNA-seq data processing and normalizing for
the Cedars100 cohort was similar to the one used for the
WashU cohort, as described previously.16 For Cedars100,
RNA-seq data was normalized and resultant reads per
kilobase million values were generated for analysis, and for
WashU, normalized data were generated in fragments per
kilobase million. The methods used to process the RNA-seq
data from RISK cohort have also described previously.17,18

Normalized processed data for some cohorts and trials
(RISK, PROTECT, IFX, and CERTIFI) were downloaded using
accession numbers available at Gene Expression Omnibus
(GEO) in series matrix files, which were cleaned and an-
notated with geneids. Clean, processed data for SB139, Ce-
dars100, and WashU along with respective meta-data were
available in-house at Cedars-Sinai. UNITI-2 trial data were
analyzed at Janssen.

Clinical and Demographic Data
Meta-data available for the different transcriptomics

cohorts is compiled in Table 1. Clinical phenotype data
available for SB139 included age at collection, sex, smoking
status, disease status, disease sub-phenotypes, and disease
recurrence after surgery. The Cedars100 cohort included
age at collection, sex, smoking status, disease status, and CD
sub-phenotypes. The Cedars119 cohort included age at
collection, sex, BMI at collection, smoking, disease status,
and sub-phenotypes.

For the WashU cohort, data were extracted from the
clinical charts and include age at collection, sex, disease
status, smoking, and BMI at collection. Some meta-data for
RISK cohort were downloaded from the National Center for
Biotechnology Information (GEO/Sequence Read Archive),
such as age at collection, sex, and disease diagnosis,
including information for involved vs unaffected CD, but
complication data were available from the prospective
follow-up. Meta-data for IFX, CERTIFI, and UNITI-2 trials
were downloaded from their respective GEO accession
numbers. Some meta-data for PROTECT cohort were
downloaded from the National Center for Biotechnology
Information (GEO), including age at collection, sex, and
diagnosis, but data on need for rescue medication were
available from the prospective follow-up.

The sub-phenotypes meta-data in Table 1 include severe
vs mild refractory in SB139; involved vs un-involved SB and
subsequent development of disease complication in RISK;
disease behavior (B1 ¼ inflammatory; B2 ¼ stricturing,
B3 ¼ penetrating) in SB139, Cedars100, and RISK; meta-
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data on active disease and Mayo endoscopy subscore for
Cedars119; and need for oral steroid or anti-TNF rescue
therapy by week 52 in the PROTECT cohort.

Methods for Data Sets Downloaded Via Gene
Expression Omnibus

Platform annotation, normalized gene expression, and
phenotype meta-data were extracted using the R package
GEOquery (GEO2R library). The phenotype meta-data table
was used to identify categories such as tissue type (nonin-
volved/inflamed biopsy tissue samples), disease status
(control, CD, UC), time points for treatment, and treatment
type, as available per cohort.

Univariate and Multivariate Model Fits
Univariate models were fitted with ACE2 or TMPRSS2 or

TMPRSS4 as response and each available demographic data
(age, sex, BMI at collection, and smoking status) as a pre-
dictor in each cohort. A similar pipeline was followed for
clinical predictors, such as disease status, CD severity sub-
groups, recurrence, and treatment, where available in a
given cohort. This was followed by fitting multivariate
models with ACE2 expression as response and all available
predictors within each cohort.

In the WashU and RISK cohorts, multivariate models
were also fitted for expression of other COVID-19 relevant
genes, such as ACE and SLC6A19. We examined the rela-
tionship between ACE2 expression and disease recurrence
(only available in SB139) through a multivariate model with

age, sex, and first 2 principal components in genotype data
calculated using genetic data published previously.15 We
also examined association of ACE2 with CD disease behavior
B1, B2, and B3 (available in SB139, Cedars100, and RISK)
using age and sex as covariates.

ACE2 Gene Co-Expression Analysis
Co-expression analysis of ACE2 with multiple genes of

interest involved in either IBD pathogenesise1 or high
probability SARS-CoV-2 virus–host protein–protein interac-
tion26 was performed using the SB139 and Cedars100 co-
horts. Genomic annotations for candidate genes of interest
were extracted at the probe/transcript level from the plat-
form annotation file for SB13915 and Cedars100 (R-based
GenomicFeatures package in Bioconductor). The statistical
package glm was used to fit a multivariate linear regression
model on the gene pairs and included covariates, such as
age at collection and sex (when available) with a P < .05
cutoff for statistical significance. The full list of genes
examined in the co-expression analysis are available in
Supplementary Table 1.

Supplementary Reference
e1. Cheng C, Hua J, Tan J, et al. Identification of differen-

tially expressed genes, associated functional terms
pathways, and candidate diagnostic biomarkers in in-
flammatory bowel diseases by bioinformatics analysis.
Exp Ther Med 2019:278–288.
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Supplementary Figure 1. Univariate association of ACE2 with age at specimen collection, gender and smoking status in
SB139 cohort. FFPE, formalin-fixed, paraffin-embedded.
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Supplementary Figure 2. Correlation of BMI at surgery with disease severity in WashU cohort. No association of BMI at
surgery with (A) perianal CD, (B) presence of stricturing disease, and (C) presence of penetrating disease was found among CD
subjects in WashU cohort.
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Supplementary Figure 3. ACE2 correlation with STAT1 and HNF4A in (A) ileal biopsies from CD subjects in RISK cohort and
(B) colonic biopsies from UC subjects in PROTECT cohort. RPKM, reads per kilobase million; TPM, transcripts per kilobase
million.
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Supplementary
Figure 4. Inverse correlation
between ACE2 expression
and increasing severity of
inflammation as measured by
macroscopic and micro-
scopic criteria (ileal Global
Histology Activity Score
[GHAS] and Simple Endo-
scopic Score for Crohn’s
Disease [SES-CD]).
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Supplementary Figure 5. Univariate analysis of association of TMPRSS2 and TMPRSS4 with anti-TNF (infliximab) IBD
medication in ileal (left panel) and colonic (right panel) biopsies using IFX drug trial transcriptomics.
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Supplementary Figure 6. Altered ACE2 levels in ileum in
baseline IBD compared with non-IBD controls may not be
related to epithelial erosion: Expression of keratin 8 (KRT8) in
IFX trial in ileal biopsies before and after treatment indicates
no epithelial erosion at baseline CD ileitis compared with
controls, indicating that the drop in ACE2 in CD ileum before
treatment might not be the result of epithelial erosion.
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