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Abstract—— The coronavirus SARS-CoV-2 contributes to morbidity and mortality mainly 
as a result of immune-pathology in the lungs. Recent data has shown multi-system involve-
ment with widespread viral tropism. Here we present a detailed intestinal protein character-
isation of SARS-Cov-2 entry molecules ACE2 and TMPRSS2 in patients with inflamma-
tory bowel disease ([IBD]; ulcerative colitis [UC] and Crohn’s disease [CD]) with age- and 
sex-matched non-IBD controls, and in those with fatal COVID-19 infection. In our dataset, 
ACE2 and TMPRSS2 displayed a membrane enterocyte staining in the ileum (due to 
presence of brush border/microvilli) in contrast to a cytoplasmic pattern in the colon. We 
also showed a high ACE2/low TMPRSS2 expression pattern in the ileum with a reverse 
trend in the colon. In UC, colonic ACE2 and TMPRSS2 are cytoplasmic in nature, with 
significantly higher ACE2 staining intensity compared to non-IBD controls. In inflamed 
and unaffected IBD mucosa, ileal and colonic enterocyte ACE2 and TMPRSS2 expres-
sions are not modified in the histologic presence of inflammation. We observed immune 
cells within the lamina propria that expressed ACE2 and TMPRSS2, at higher frequencies 
in IBD when compared to non-IBD controls. These were identified as plasma cells with 
multiple myeloma oncogene 1/interferon regulatory factor 4 (MUM1/IRF4) expression. 
We further analysed the gut histology of six fatal COVID-19 cases, with no difference in 
colonic and ileal ACE2/TMRPSS2 staining (compared to non-IBD controls) and identified 
ACE2 + lamina propria plasma cells. Of interest, in this COVID-19 cohort, there was no 
histologic evidence gut inflammation despite known evidence of viral tropism within the 
enterocytes. Our data provides evidence for tissue expression of entry molecules ACE2 
and TMPRSS2 including a close apposition to plasma cells — both pointing towards a role 
of the gut in the antecedent immune response to SARS-CoV-2 infection.
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The pathogenic mechanisms of severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) in mediating the 
clinical syndrome of COVID-19 are increasingly better 
understood. The SARS-Cov-2 virus gains entry to host 
cells upon binding of its spike (S) proteins to the angio-
tensin I converting enzyme 2 (ACE2) receptor where the 
transmembrane protease (TMPRSS2) primes the S pro-
teins to facilitate this process [1]. Although mortality and 
morbidity associated with COVID-19 are driven largely 
by immunopathology in the lung, viral protein and RNA 
are detected throughout the body [2]. Across human tissue 
and organs, ACE2 and TMPRSS2 are highly expressed 
within the gastrointestinal tract where transcriptomics 
analysis shows highest gene expressions in the ileal and 
colonic enterocytes [3]. Diarrhoea is the most common 
GI symptoms and there is considerable debate whether 
this is linked to more severe COVID-19 (reviewed in [4]). 
Pertinently, two recent questions arise on the importance 
of the gastrointestinal tract and its role in faecal-oral trans-
mission and as a site of host immune response to SARS-
CoV-2. Of immediate relevance is the potential impor-
tance of local tissue factors such as the presence of chronic 
inflammation and in common chronic immune-mediated 
gastrointestinal conditions such as inflammatory bowel 
diseases (IBD) comprising of ulcerative colitis (UC) and 
Crohn’s disease (CD) that affect more than 10 million peo-
ple globally. In this context, we characterised the protein 
expression of ACE2 and TMPRSS2 in individuals with 
UC and CD (each with inflamed and unaffected areas 
intestinal mucosa from surgically resections); and also 
post-mortem intestinal tissue in those with fatal COVID-
19 (n = 11, 10 and 6 respectively; East of Scotland Ethi-
cal Review No 20/ES/0061 and 16/ES/0084 for IBD and 
COVID-19-ICECAP post-mortem studies respectively).

In our study, intestinal protein ACE2 and TMPRSS2 
show a membrane and cytoplasmic staining pattern in the 
ileum (due to presence of brush border/microvilli) and 
colon respectively (Fig. 1A). Overall, ACE2 expression is 
significantly higher in the ileum compared to colon, while 
TMPRSS2 is lower. We performed in silico analysis of our 
colonic gene microarray dataset (99 CD, 129 UC and 50 
non-IBD controls; available at Gene Expression Omni-
bus (http:// www. ncbi. nlm. nih. gov/ geo/ [accessed Septem-
ber 2020] accession: GSE11223 and GSE20881) [5] to 
demonstrate ACE2 gene expression in whole gut mucosal 
biopsies is significantly higher in the ileum compared 
with colon, with the reverse pattern seen for TMPRSS2 
(Fig. 1B). Further sub-group analysis showed this pat-
tern of ACE2high/TMPRSS2low ratio is noted in the overall 

IBD and CD groups in biopsies from the ileum when 
compared to non-IBD controls (Supp Fig. 1), consistent 
with recent studies in different IBD cohorts [6, 7]. We 
showed that  ACE2high/TMPRSS2low in ileum vs. colon is 
observed in membrane but not cytoplasmic protein expres-
sion (Fig. 1B). In UC, cytoplasmic ACE2 is significantly 
higher compared to non-IBD controls (Fig. 1D), whereas 
in CD, this pattern is observed only in membrane ACE. 
ACE2 and TMPRSS2 are not significantly different in 
inflamed and unaffected parts of the colon and ileum sug-
gesting that active IBD does not modify the expressions 
of these proteins (Fig. 1D). Our gene microarray dataset 
(GSE11223 and GSE20881) also showed no overall dif-
ferences in ileo-colonic ACE2 and TMPRSS2 expression 
in inflamed and uninflamed mucosal biopsies in UC and 
CD in support of this (Fig. 1E).

Of interest, we observed immune cells within the 
lamina propria in the ileum and colon that expressed 
ACE2 and TMPRSS2, more commonly found in UC 
and CD compared with non-IBD controls (Fig. 2A and 
B). On histopathological review (GI-pathologist, KK), 
these were identified as plasma cells together with the 
finding of protein co-localisation with multiple myeloma 
oncogene 1/interferon regulatory factor 4 (MUM1/IRF4) 
expression, a commonly used plasma cell marker (Fig. 2C 
and D). We further analysed the gut histology of six fatal 
COVID-19 cases (using tissue generated from the ICE-
CAP post-mortem study) and identified MUM1 + plasma 
cells co-localised with ACE2 within the lamina propria in 
the ileum and colon from our COVID-19 cohort (Fig. 2E). 
In this cohort, there was no gut inflammation despite 
known evidence of Sars-CoV-2 viral tropism within the 
enterocytes [2]. In addition, ACE2 and TMPRSS2 entero-
cyte expressions are not different in COVID-19 compared 
to non-IBD controls (Fig. 2G).

Reassuringly to date, clinical databases such as 
SECURE-IBD [8] have not shown an increase in suscep-
tibility or severity of COVID-19 in patients with IBD. Our 
report which focused on both protein and gene expression 
data showed that mucosal inflammation was not associated 
with changes in the ACE2 and TMPRSS2. Published gene 
expression in different IBD datasets has shown either no 
change or a trend towards an increase in colonic ACE2 
expression in IBD with some correlation with inflamma-
tion and region of large bowel studied [6, 7, 9–11]. In an 
early human tissue characterisation study, ACE2 protein 
was found to be highly expressed within the brush border/
apical membrane of the small intestine, and not seen in 
the colon [12]. Recent human intestinal protein studies on 
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ACE2 and TMPRSS2 (also in small IBD cohorts like our 
patient group) [7, 10, 13] confirm the former but showed 
patchy colonic expression for ACE2. Of interest, we iden-
tified high cytoplasmic protein ACE2 and TMPRSS2 in 
the colonic epithelium in UC. The biological significance 
of cytoplasmic localisation of ACE is unclear and more 
work is necessary. ACE2 may have a wider role in modu-
lating gut homeostasis, microbiota and inflammatory 
response (as recently reviewed [14]).

Our finding of plasma cells expressing ACE2 in 
inflamed IBD gut is noteworthy. Recent studies point to 
the importance of the humoral immune response, par-
ticularly IgA neutralising antibodies to SARS-CoV-2, 
which is more potent, occurs rapidly and remains more 
persistent. Gaebler et al. show that SARS-CoV-2 antigen 

persistence in the gut may be the key factor that drives 
antibody evolution and potency [15]. COVID-19 patients 
have been shown to develop metabolically hyperactive 
plasmablasts during inflammatory states [16]. IgA anti-
bodies dominated the early SARS-CoV-2–specific anti-
body response compared with IgG and IgM and were 
associated with expansion of IgA plasmablasts with 
mucosal homing characteristics [17]. Although our 
primary data does not show gut inflammation as a spe-
cific factor for SARS-CoV-2 entry mechanism, the high 
expression of ACE2 and TMPRSS2 along with the appo-
sition of plasma cells in the gut lamina propria suggests 
that the gastrointestinal tract may play a role in SARS-
CoV-2 entry and the antecedent host humoral immune 
response in COVID-19.
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Fig. 1  ACE2 and TMPRSS2 protein and gene expressions in ulcerative colitis (UC), and Crohn’s disease (CD) patients and non-IBD controls. A 
H&E and immunohistochemistry of ACE2 and TMPRSS2 protein expression non-IBD (n = 10), UC (all colon) and CD (ileum and colon) (n = 11) 
patients. Representative images of non-inflamed and inflamed colonic and ileal mucosal sections. B ACE2 and TMPRSS2 protein weighted his-
toscore expressions within membrane and cytoplasm of intestinal enterocyte in ileum and colon (total n = 13 mucosal CD sections for ileum; total 
n = 32 mucosal colonic — 22 UC and 10 non-IBD colon); ***p = 0.005 and *p < 0.05. C ACE2 and TMPRSS2 gene expressions in ileum and colon 
whole mucosal gut pinch biopsies†; 27 ileal (n = 15, 5 and 7 CD, UC and non-IBD biopsies respectively) and 273 colonic (n = 83, 129 and 66 CD, 
UC and non-IBD biopsies respectively); *p < 0.0001. D Membrane and cytoplasmic ACE2 and TMPRSS2 in UC and CD compared to non-IBD 
controls; **p < 0.01, *p < 0.05. E Inflamed and non-inflamed gut ACE2 and TMPRSS2 gene expressions in UC, CD and non-IBD† (non-IBD, UC-
Non-Inf, UC-Inf, CD-Non-Inf and CD-Inf — n = 73, 62, 67, 48 and 50 mucosal biopsies respectively). †Data accessed from microarray dataset 
http:// www. ncbi. nlm. nih. gov/ geo/ accession: GSE11223 and GSE20881. Only significant p-values presented. Non-Inf, non-inflamed mucosa; Inf, 
inflamed mucosa.
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Fig. 2  A H&E and immunohistochemistry of ACE2 in non-IBD (n = 10), UC (all colon) and CD (ileum and colon) (n = 11) patients. Representative 
images of non-inflamed and inflamed colonic and ileal mucosal sections. Arrowhead indicating plasma cells. B ACE2 and TMPRSS2 positive cells 
(%) within lamina propria in inflamed and uninflamed colon of UC vs. non-IBD controls (**p < 0.001 and *** p < 0.0001). C, D Immunofluores-
cence co-staining of ACE2 (Red), MUM1 (Green), and DAPI (Blue) as nuclear stain within the lamina propria of in inflamed and uninflamed colon 
of UC vs. non-IBD controls. E Immunofluorescence co-staining of ACE2 (Red), MUM1 (Green) and DAPI (Blue) as nuclear stain within the lamina 
propria of expression in fatal COVID-19 (SARS-CoV-2 PCR positive) ileum and colon sections; and non-IBD controls. F H&E and immunohis-
tochemistry of ACE2 and TMPRSS2 protein expression in fatal COVID-19 (COVID-19 colon and ileum — n = 4 and 5 mucosal sections respec-
tively). G ACE2 and TMPRSS2 protein weighted histoscore expressions within membrane and cytoplasm of intestinal enterocyte (COVID-19 colon 
and ileum — n = 4 and 5 mucosal sections respectively and 9 non-IBD colon).

570



Intestinal Protein Characterisation of SARS‑CoV‑2 Entry Molecules ACE2 and TMPRSS2 in…

SUPPLEMENTARY INFORMATION 

The online version contains supplementary material available at 
https:// doi. org/ 10. 1007/ s10753- 021- 01567-z.

AUTHOR CONTRIBUTION 

All authors contributed to the study conception and design led by 
GTH. MJM performed all immunohistochemistry experiments and 
carried out primary analyses. KK carried out histopathological inter-
pretation and curated IBD gut specimens. SCC and JAC contributed to 
manuscript preparation and data analyses. CDR, CDL and DAD pro-
vided COVID-19 gut section and all relevant clinical data and interpre-
tation. EJT carried out microarray data analyses. K All authors read and 
approved the final manuscript. GTH and MJM wrote the manuscript.

FUNDING 

Gut Immunobiology Fund to G.T.H. Inflammation in COVID-
19: Exploration of Critical Aspects of Pathogenesis (ICECAP) 
receives funding and support from the Chief Scientist Office (COV/
EDI/20/10″ to D.A.D., C.D.L. and C.D.R) LifeArc (through the 
University of Edinburgh STOPCOVID funding award to D.A.D., 
and C.D.L.), UK Research and Innovation (UKRI) (Coronavirus 
Disease [COVID-19] Rapid Response Initiative; MR/V028790/1 
to C.D.L. and D.A.D.) and Medical Research Scotland (CVG-
1722–2020 to D.A.D., C.D.L. and C.D.R.). C.D.L. is funded 
by a Wellcome Trust Clinical Career Development Fellowship 
(206566/Z/17/Z). C.D.R. is supported by the Medical Research 
Council (grant MC_PC_19059) as part of the International Severe 
Acute Respiratory Infection Consortium Coronavirus Clinical Char-
acterisation Consortium (ISARIC-4C).

CO
VI

D-
19

 Il
eu

m
CO

VI
D-

19
 C

ol
on

DAPI MUM1 ACE2 MERGED

E

DAPI MUM1

ACE2 DAPI
MUM1
ACE2

CO
VI

D-
19

 Il
eu

m
CO

VI
D-

19
 C

ol
on

H&E ACE2 TMPRSS2F
CO

VID
19

CO
VID

19
(C
olo

n)

CO
VID

19
(Ile

um
)

No
n-I
BD

Co
ntr
ol

CO
VID

19

CO
VID

19
(C
olo

n)

CO
VID

19
(Ile

um
)

No
n-I
BD

Co
ntr
ol

0

100

200

300

400

AC
E2

Hi
st
os

co
re

Membrane Cytoplasmic

Membrane Cytoplasmic

G

CO
VID

19

CO
VID

19
(C
olo

n)

CO
VID

19
(Ile

um
)

No
n-I
BD

Co
ntr
ol

CO
VID

19

CO
VID

19
(C
olo

n)

CO
VID

19
(Ile

um
)

No
n-I
BD

Co
ntr
ol

0

100

200

300

400

TM
PR

SS
2
Hi
st
os

co
re

Fig. 2  (continued)

571

https://doi.org/10.1007/s10753-021-01567-z


 McAllister, Kirkwood, Chuah, Thompson, Cartwright, Russell, Dorward, Lucas and Ho

AVAILABILITY OF DATA AND MATERIALS 

Full data presented in this data is available on request to cor-
responding author.

DECLARATIONS 

Ethical Approval East of Scotland Research Ethical 
Approval No 20/ES/0061 and No 16/ES/0084.

Consent to Participate All human subjects have con-
sented via ethical approvals above.

Consent for Publication All human subjects have con-
sented for publication of research data via ethical approv-
als above.

Competing interests The authors declare no competing 
interests.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium 
or format, as long as you give appropriate credit to the original 
author(s) and the source, provide a link to the Creative Commons 
licence, and indicate if changes were made. The images or other 
third party material in this article are included in the article’s Crea-
tive Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Crea-
tive Commons licence and your intended use is not permitted by 
statutory regulation or exceeds the permitted use, you will need to 
obtain permission directly from the copyright holder. To view a  
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ 
by/4. 0/.

REFERENCES

 1. Hoffmann, M., et al. 2020. SARS-CoV-2 cell entry depends on 
ACE2 and TMPRSS2 and is blocked by a clinically proven pro-
tease inhibitor. Cell 181: 271-280.e278.

 2. Dorward, D.A., et al. 2021. Tissue-specific immunopathology in 
fatal COVID-19. American Journal of Respiratory and Critical 
Care Medicine 203: 192–201.

 3. Zhang, H., et al. 2020. Digestive system is a potential route of 
COVID-19: An analysis of single-cell coexpression pattern of 
key proteins in viral entry process. Gut 69: 1010–1018.

 4. Guo, M., W. Tao, R.A. Flavell, and S. Zhu. 2021. Potential 
intestinal infection and faecal-oral transmission of SARS-
CoV-2. Nature Reviews Gastroenterology & Hepatology 18: 
269–283.

 5. Noble, C.L., et al. 2008. Regional variation in gene expression 
in the healthy colon is dysregulated in ulcerative colitis. Gut 57: 
1398–1405.

 6. Nowak, J.K., et al. 2020. Age, inflammation, and disease loca-
tion are critical determinants of intestinal expression of SARS-
CoV-2 receptor ACE2 and TMPRSS2 in inflammatory bowel 
disease. Gastroenterology 159: 1151.e1152-1154.e1152.

 7. Suarez-Farinas, M., et al. 2021. Intestinal inflammation modu-
lates the expression of ACE2 and TMPRSS2 and potentially 
overlaps with the pathogenesis of SARS-CoV-2-related disease. 
Gastroenterology 160: 287.e220-301.e220.

 8. Gajendran, M., et al. 2020. Inflammatory bowel disease amid the 
COVID-19 pandemic: Impact, management strategies, and lessons 
learned. Annals of Gastroenterology 33: 591–602.

 9. Burgueno, J.F., et al. 2020. Expression of SARS-CoV-2 entry 
molecules ACE2 and TMPRSS2 in the gut of patients with IBD. 
Inflammatory Bowel Diseases 26: 797–808.

 10. Verstockt, B., et al. 2020 Intestinal receptor of SARS-CoV-2 in 
inflamed IBD tissue seems downregulated by HNF4A in ileum 
and upregulated by interferon regulating factors in colon. Journal 
of Crohn’s and Colitis 15: 485–498.

 11 Potdar, A.A., et al. 2021. Altered intestinal ACE2 levels are asso-
ciated with inflammation, severe disease, and response to anti-
cytokine therapy in inflammatory bowel disease. Gastroenterology 
160: 809.e807-822.e807.

 12 Hamming, I., et al. 2004. Tissue distribution of ACE2 protein, the 
functional receptor for SARS coronavirus. A first step in under-
standing SARS pathogenesis. J Pathol 203: 631–637.

 13 Hikmet, F., et al. 2020. The protein expression profile of ACE2 in 
human tissues. Mol Syst Biol 16: e9610.

 14. Penninger, J.M., M.B. Grant, and J.J.Y. Sung. 2021. The role of 
angiotensin converting enzyme 2 in modulating gut microbiota, 
intestinal inflammation, and coronavirus infection. Gastroenterol-
ogy 160: 39–46.

 15. Gaebler, C., et al. (2021) Evolution of antibody immunity to 
SARS-CoV-2. Nature 591: 639–644.

 16. Bernardes, J.P., et al. 2020. Longitudinal multi-omics analyses 
identify responses of megakaryocytes, erythroid cells, and plas-
mablasts as hallmarks of severe COVID-19. Immunity 53: 1296.
e1299-1314.e1299.

 17. Sterlin, D., et al. (2021) IgA dominates the early neutralizing anti-
body response to SARS-CoV-2. Science Translational Medicine 
13.

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

572

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Intestinal Protein Characterisation of SARS-CoV-2 Entry Molecules ACE2 and TMPRSS2 in Inflammatory Bowel Disease (IBD) and Fatal COVID-19 Infection
	Abstract—— 
	References


