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Association of endopeptidases, involved in SARS-CoV-2 
infection, with microbial aggravation in sputum of severe 
asthma

To the Editor,
COVID-19 can be a serious multisystem disease caused by the 

SARS-CoV-2 coronavirus, and the current pandemic has affected 
more than 80 million people and caused nearly two million deaths 
worldwide. The SARS-CoV-2 virus attaches to angiotensin-convert-
ing enzyme 2 (ACE2) receptors on the host cell membrane, with 
the help of dipeptidyl peptidase 4 (DPP4), both exopeptidases.1 
Cleavage of the virus spike protein (S-protein) by endopeptidases, 
such as transmembrane protease, serine 2 (TMPRSS2) and furin, 
occurs following which the virus enters the host cell leading to 
virus replication.1 Other enzymes, such as the sialyltransferases, 
ST6GAL1 and ST3GAL4, play a role for the synthesis of influenza A 
virus entry receptors 2; however, their role in SARS-CoV-2 infection 
has not been elucidated.

Asthma is a chronic inflammatory airway disease affecting 350 
million people worldwide. It has not been linked to serious outcomes 
when presenting with COVID-19 infection, although a higher risk of 
death has been reported in severe asthma populations.3 The hetero-
geneous inflammatory nature of asthma raises the possibility that 
the type of asthmatic inflammation might determine the outcome of 
SARS-CoV-2 infection in asthma. Type 2 (T2) inflammatory markers 
have been associated with decreased ACE2 expression in asthma4,5 
that could underlie the reduced risk of SARS-CoV-2 infection in 
asthmatics. In contrast, non-T2 asthma, particularly neutrophilic 
asthma, has been associated with higher ACE2 and endopeptidases 
(TMPRSS2 and furin) expression as compared with the T2-high 
phenotype4,5 that might imply a worse outcome with COVID-19 
infection.

Airway microbial imbalances have been reported in asthma, 
particularly in severe non-T2 asthma, and are characterized by de-
creased microbial α-diversity with increased pathogenic bacterial 
abundances in association with neutrophilia.6 Endopeptidases in-
volved in S-protein cleavage such as furin may also play a role in the 
cleavage of pathogenic bacteria such Streptococcus pneumoniae and 
Pseudomonas aeruginosa or bacterial toxins.7,8 High expression of 
such endopeptidases may be associated not only with a higher risk of 
SARS-CoV-2 infection but also with microbial imbalances in severe 
asthma. Therefore, the aim of this study was to investigate associa-
tions of sputum endopeptidases gene expression with metagenom-
ics composition and whether they could be used to stratify asthma 
patients according to risk of SARS-CoV-2 infection.

We examined the relation of SARS-CoV-2-associated endo-
peptidases with the airway bacterial composition, SARS-CoV-2-
associated exopeptidases and sialyltransferases, and inflammatory 
profile (cells and proteins) in 120 sputum samples collected from se-
vere nonsmoking asthmatics, severe smoking asthmatics, mild-mod-
erate asthmatics, and healthy controls of the Unbiased BIOmarkers 
in PREDiction of respiratory disease outcomes (U-BIOPRED) adult 
cohort.9 Definition of asthma severity within the U-BIOPRED co-
hort has been presented in details elsewhere.9 Sputum transcrip-
tomics, SomaScan® proteomics, and metagenomics were assayed 
as described previously.5,6 Gene set variation analysis (GSVA) was 
performed to obtain the enrichment score (ES) of the endopeptidase 
genes (TMPRSS2 and furin). Spearman correlation coefficients were 
computed between endopeptidases ES and sputum inflammatory 
markers and metagenomics α-diversity measures. The median ES 
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is equal to zero. Subsequently, subjects were subdivided into two 
groups according to their ESs, that is, endopeptidase-high (ES >0, 
n  =  60) and endopeptidase-low expression group (ES <0, n  =  60). 
These were compared according to sputum inflammatory markers, 
metagenomics α-diversity measures, and gene expression of the 
exopeptidases, ACE2, DPP4, and sialyltransferases (ST3GAL4 and 
ST6GAL1). The two groups were also compared with respect to cur-
rent intake of antibiotics, oral corticosteroid (OCS), OCS normalized 
dosage (in mg), and history of hypertension and diabetes diagno-
ses. The differential bacterial abundance between endopeptidase 
groups was computed using edgeR after relative log expression nor-
malization, while proteomics differential abundance was computed 
using limma. Pathway enrichment analysis of differentially abundant 

proteins in the endopeptidase-high group was performed using the 
Reactome database in g: Profiler (https://biit.cs.ut.ee/gprof​iler/
gost).

Severe nonsmoking (n  =  61) and smoking (n  =  23) asthmatics 
showed the highest median expression ES of endopeptidase as com-
pared to mild-moderate asthmatics (n  =  20) and healthy controls 
(n  =  16) (Figure  1A), consistent with previous findings.5 The endo-
peptidases ESs were significantly correlated with sputum neutrophil 
absolute counts (rs = 0.55, p = 7.7 × 10−11) and percentages (rs = 0.58, 
p = 2.4 × 10−12), which suggests that the endopeptidases were neu-
trophil-derived. The endopeptidases ESs were inversely associated 
with bacterial α-diversity measures (rs for observed species = −0.44, 
Shannon = −0.38, Chao1 = −0.46, Simpson = −0.35, all ps < 1 × 10−4). 

F I G U R E  1   (A) Protease (endopeptidases) genes enrichment scores (ES) in induced sputum were compared between the 4 U-BIOPRED 
adult subcohorts. (B) Sputum neutrophils (in absolute counts) were compared between endopeptidase-high and endopeptidase-low groups. 
(C) Sputum eosinophils (in absolute counts) were compared between endopeptidase-high and endopeptidase-low groups. (D) Different 
metagenomics α-diversity measures (observed, Shannon, Chao1, and Simpson) were compared between endopeptidase-high and protease-
low groups. (E) ACE2 and DPP4 expression in induced sputum was compared between endopeptidase-high and endopeptidase-low groups. 
(F) ST3GAL4 and ST6GAL1 gene expression in induced sputum were compared between endopeptidase-high and endopeptidase-low 
groups. Analysis was performed using two-tailed Mann-Whitney U and Kruskal-Wallis H tests as appropriate
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The endopeptidase-high group (mean age = 50.9 ± 13.2, 53.3% fe-
males) had higher sputum neutrophils (Figure 1B), with no differences 
in sputum eosinophils (Figure  1C), and exhibited reduced bacte-
rial α-diversity measures as compared with the endopeptidase-low 
group (mean age = 48.2 ± 14.6 years, 53.3% females) (Figure 1D). In 
addition, the endopeptidase-high group had a higher abundance of 

pathogenic bacteria, such as Moraxella catarrhalis and Haemophilus 
influenzae, displaying a pattern of pathogenic bacterial aggravation 
compared with endopeptidase-low group (Figure 2A), while the latter 
had a higher abundance of commensal bacteria, such as Rothia and 
Prevotella species. The endopeptidase-high group showed higher spu-
tum expression of the exopeptidases, ACE2 and DPP4 (Figure 1E), and 

F I G U R E  2   (A) Bacterial species differential abundance in induced sputum between endopeptidase-high and endopeptidase-low 
groups. Values in positive log2 fold change demonstrate higher abundance of bacterial species in endopeptidase-high group relative to 
endopeptidase-low group. Only statistically significant differentially abundant bacterial species with false discovery rate (FDR) α < 0.05 
are depicted. (B) SomaScan® proteomics differential abundance in induced sputum between endopeptidase-high and endopeptidase-
low groups. Values in positive log2 fold change demonstrate higher abundances of proteins in endopeptidase-high group relative to 
endopeptidase-low group. Only labels of sputum proteins with at least twofold change are depicted on the figure. (C) Pathway enrichment 
analysis of differentially abundant proteins (DAPs) in the endopeptidase-high group using the Reactome pathways database. Only the top 15 
significant pathways are depicted
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sialyltransferase ST3GAL4 (but not ST6GAL1) (Figure 1F) compared 
with the endopeptidase-low group, which might indicate higher risk 
of SARS-CoV-2 infection and possible associated COVID-19 mor-
bidity. No significant differences were found between both groups 
considering current antibiotic and normalized OCS dose (data not 
shown). 250 proteins were differentially abundant between the high 
and low endopeptidase groups particularly with a higher abundance 
of inflammatory markers, such as interleukin-6 (IL-6), tumor necrosis 
factor (TNF) superfamily member 4 (LIGHT), tissue inhibitor of metal-
loproteinases 2 (TIMP2), macrophage migration inhibitor factor (MIF), 
TNF-stimulated gene 6 protein (TSG-6), and IL-8 proteins in endo-
peptidase-high group. Enrichment analysis in the endopeptidase-high 
group showed up-regulation of several pathways including innate im-
munity, neutrophil degranulation, cytokines signaling, Toll-like recep-
tor, and platelet activation (Figure 2C). In serum, there was a higher 
levels of IL-6, IL-18, and C-reactive protein in the endopeptidase-high 
group (p < 0.05, data not shown).

These findings suggest that appropriate stratification of asthma 
patients is necessary to adequately estimate risk and/or morbidity of 
SARS-CoV-2 infection. The neutrophilia observed in the endopepti-
dase-high group might be directly associated with pathogenic bacte-
ria aggravation in this group. This may suggest that these pathogenic 
bacteria presence or “blooming” is aggravating the immune system 
and changing the overall microbial population. In addition, we specu-
late that the presence of airway bacterial imbalances might be a con-
sequence of the disturbed immune system in severe asthma such as 
inadequate phagocytic capacity of macrophages,10 which might lead 
to higher risk of infections. In this cohort, clusters of severe asthma 
patients that exhibited bacterial aggravation were relatively stable 
after 12–18 months,6 which suggest impairment of immune system 
over relatively long periods of time. Second, this bacterial aggravation 
might be associated with comorbid conditions, such as hypertension 
and diabetes, which are known risk factors for more severe COVID-
19. In our study, the endopeptidase-high group showed higher gene 
expression of exopeptidases ACE2 (associated with hypertension) and 
DPP4, and the sialyltransferase ST3GAL4 (associated with diabetes) 
compared with the endopeptidase-low group, which might indicate 
the pathophysiologic involvement of both diseases in the endopep-
tidase-high group. However, there were no significant associations 
between endopeptidases high/low groups and reported history of 
diabetes and hypertension diagnosis in the included subjects (data 
not shown). Therefore, future studies are needed to explore whether 
both diseases may influence the airway microbiome composition in 
asthmatics.

The present findings suggest that personalized therapies, 
such as those targeting neutrophils (eg, anti-IL-17), endopepti-
dase inhibitors (eg, neprilysin inhibitors), and/or antimicrobial 
compounds, might be tailored to asthma patients with high risk of 
SARS-CoV-2 infection.

In conclusion, these findings in sputum highlight that it is im-
portant to assess overall microbial profile in relation to SARS-CoV-2-
associated proteases in order to adequately assess risk of infection 
in patients with severe neutrophilic asthma.

ACKNOWLEDG EMENTS
We would like to thank all the patients who gave written and 
signed consent to take part in the U-BIOPRED study. The study 
is registered on ClinicalTrials.gov (identifier: NCT01976767). IMA 
is supported by the EPSRC (EP/T003189/1), the UK MRC (MR/
T010371/1) and by the Wellcome Trust (208340/Z/17/Z).

FUNDING INFORMATION
Innovative Medicines Initiative, Grant/Award Number: 115010; 
European Federation of Pharmaceutical Industries and Associations; 
Seventh Framework Programme, Grant/Award Number: 
FP7/2007–2013

CONFLIC T OF INTERE S T
SED reports personal fees from AZ, Cayman Chemicals, GSK, Merck, 
Novartis, Regeneron, Sanofi, Teva, outside the submitted work. RD 
reports receiving fees for lectures at symposia organized by Novartis, 
AstraZeneca and TEVA, consultation for TEVA and Novartis as 
member of advisory boards, and participation in a scientific discus-
sion about asthma organized by GlaxoSmithKline. RD is a co-founder 
and current consultant, and has shares in Synairgen, a University of 
Southampton spin out company. PJS reports grants from Innovative 
Medicines Initiative (IMI) covered by the European Union and the 
European Federation of Pharmaceutical industries and Associations 
(EFPIA), during the conduct of the study. AHM has received research 
grants outside the submitted work from GSK, Boehringer Ingelheim, 
and Vertex, and she is the PI of a P4O2 (Precision Medicine for more 
Oxygen) public-private partnership sponsored by Health Holland in-
volving many private partners that contribute in cash and/or in kind 
(Boehringer Ingelheim, Breathomix, Fluidda, Ortec Logiqcare, Philips, 
Quantib-U, Smartfish, SODAQ, Thirona, TopMD, and Novartis), 
and she has served in advisory boards for AstraZeneca, GSK, and 
Boehringer Ingelheim with money paid to her institution. KFC has 
received honoraria for participating in Advisory Board meetings of 
GSK, AZ, Roche, Novartis, Merck, BI, and Shionogi regarding treat-
ments for asthma, chronic obstructive pulmonary disease, and 
chronic cough and has also been remunerated for speaking engage-
ments. All other co-authors have nothing to disclose.

FUNDING INFORMATION
U-BIOPRED has received funding from the Innovative Medicines 
Initiative (IMI) Joint Undertaking under grant agreement no. 115010, 
resources of which are composed of financial contributions from the 
European Union's Seventh Framework Programme (FP7/2007–2013), 
and European Federation of Pharmaceutical Industries and Associations 
(EFPIA) companies' in-kind contributions (www.imi.europa.eu).

Mahmoud I. Abdel-Aziz1,2

Nazanin Zounemat Kermani3

Anne H. Neerincx1

Susanne J. H. Vijverberg1

Yike Guo3

Peter Howarth4

http://www.imi.europa.eu
https://orcid.org/0000-0001-9263-7137


     |  1921LETTERS TO THE EDITOR

Sven-Erik Dahlen5

Ratko Djukanovic4

Peter J. Sterk1

Aletta D. Kraneveld6,7

Anke H. Maitland-van der Zee1,8

Kian Fan Chung9

Ian M. Adcock10

On behalf the U-BIOPRED Consortium

1Department of Respiratory Medicine, Amsterdam UMC, 
University of Amsterdam, Amsterdam, The Netherlands

2Department of Clinical Pharmacy, Faculty of Pharmacy, Assiut 
University, Assiut, Egypt

3Data Science Institute, Imperial College London, London, UK
4NIHR Southampton Respiratory Biomedical Research Unit, 

Clinical and Experimental Sciences and Human Development 
and Health, University of Southampton, Southampton, UK

5Centre for Allergy Research, Institute of Environmental 
Medicine, Karolinska Institutet, Stockholm, Sweden

6Division of Pharmacology, Faculty of Science, Utrecht Institute 
for Pharmaceutical Sciences, Utrecht University, Utrecht, The 

Netherlands
7Faculty of Veterinary Medicine, Institute for Risk Assessment 

Sciences, Utrecht University, Utrecht, The Netherlands
8Department of Pediatric Respiratory Medicine, Emma 
Children's Hospital, Amsterdam UMC, Amsterdam, The 

Netherlands
9National Heart and Lung Institute, Imperial College London, 

and Royal Brompton and Harefield NHS Trust, London, UK
10National Heart and Lung Institute, Imperial College London 

and the NIHR Imperial Biomedical Research Centre, London, UK

Correspondence
Ian M. Adcock, National Heart and Lung Institute, Imperial 

College London and the NIHR Imperial Biomedical Research 
Centre, London, UK.

Email: ian.adcock@imperial.ac.uk

Mahmoud I. Abdel-Aziz acd Nazanin Zounemat Kermani: Shared 
co-authorship 

ORCID
Mahmoud I. Abdel-Aziz   https://orcid.org/0000-0001-9263-7137 
Kian Fan Chung   https://orcid.org/0000-0001-7101-1426 
Ian M. Adcock   https://orcid.org/0000-0003-2101-8843 

R E FE R E N C E S
	 1.	 Sallenave JM, Guillot L. Innate immune signaling and proteolytic 

pathways in the resolution or exacerbation of SARS-CoV-2 in 
Covid-19: key therapeutic targets? Front Immunol. 2020;11:1229.

	 2.	 Broszeit F, Tzarum N, Zhu X, et al. N-Glycolylneuraminic acid as a 
receptor for influenza A viruses. Cell Rep. 2019;27(11):3284-3294.e6.

	 3.	 Williamson EJ, Walker AJ, Bhaskaran K, et al. Factors associ-
ated with COVID-19-related death using OpenSAFELY. Nature. 
2020;584:430-436.

	 4.	 Camiolo M, Gauthier M, Kaminski N, Ray A, Wenzel SE. Expression 
of SARS-CoV-2 receptor ACE2 and coincident host response sig-
nature varies by asthma inflammatory phenotype. J Allergy Clin 
Immunol. 2020;146(2):315-324.e7.

	 5.	 Kermani NZ, Song WJ, Badi Y, et al. Airway expression of SARS-
CoV-2 receptor, ACE2, and proteases, TMPRSS2 and furin, in severe 
asthma. Respir Res. 2021;22(1):10. https://doi.org/10.1186/s1293​
1-020-01605​-8

	 6.	 Abdel-Aziz MI, Brinkman P, Vijverberg SJH, et al. Sputum microbi-
ome profiles identify severe asthma phenotypes of relative stability 
at 12–18 months. J Allergy Clin Immunol. 2020.

	 7.	 Schulte T, Mikaelsson C, Beaussart A, et al. The BR domain of PsrP inter-
acts with extracellular DNA to promote bacterial aggregation; structural 
insights into pneumococcal biofilm formation. Sci Rep. 2016;6:e32371.

	 8.	 Braun E, Sauter D. Furin-mediated protein processing in infectious 
diseases and cancer. Clin Transl Immunol. 2019;8:e1073.

	 9.	 Shaw DE, Sousa AR, Fowler SJ, et al. Clinical and inflammatory 
characteristics of the European U-BIOPRED adult severe asthma 
cohort. Eur Respir J. 2015;46:1308-1321.

	10.	 Liang Z, Zhang Q, Thomas CM, et al. Impaired macrophage phago-
cytosis of bacteria in severe asthma. Respir Res. 2014;15:72.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

https://orcid.org/0000-0001-7101-1426
mailto:﻿
https://orcid.org/0000-0003-2101-8843
mailto:ian.adcock@imperial.ac.uk
https://orcid.org/0000-0001-9263-7137
https://orcid.org/0000-0001-9263-7137
https://orcid.org/0000-0001-7101-1426
https://orcid.org/0000-0001-7101-1426
https://orcid.org/0000-0003-2101-8843
https://orcid.org/0000-0003-2101-8843
https://doi.org/10.1186/s12931-020-01605-8
https://doi.org/10.1186/s12931-020-01605-8

