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Abstract

Background: Patients with severe asthma may have a greater risk of dying from COVID-19 disease. Angiotensin
converting enzyme-2 (ACE2) and the enzyme proteases, transmembrane protease serine 2 (TMPRSS2) and FURIN, are
needed for viral attachment and invasion into host cells.

Methods: We examined microarray mRNA expression of ACE2, TMPRSS2 and FURIN in sputum, bronchial brushing
and bronchial biopsies of the European U-BIOPRED cohort. Clinical parameters and molecular phenotypes, including
asthma severity, sputum inflammatory cells, lung functions, oral corticosteroid (OCS) use, and transcriptomic-associ-
ated clusters, were examined in relation to gene expression levels.

Results: ACE2 levels were significantly increased in sputum of severe asthma compared to mild-moderate asthma. In
multivariate analyses, sputum ACE2 levels were positively associated with OCS use and male gender. Sputum FURIN
levels were significantly related to neutrophils (%) and the presence of severe asthma. In bronchial brushing sam-
ples, TMPRSS2 levels were positively associated with male gender and body mass index, whereas FURIN levels with
male gender and blood neutrophils. In bronchial biopsies, TMPRSS2 levels were positively related to blood neutro-
phils. The neutrophilic molecular phenotype characterised by high inflammasome activation expressed significantly
higher FURIN levels in sputum than the eosinophilic Type 2-high or the pauci-granulocytic oxidative phosphorylation
phenotypes.

Conclusion: Levels of ACE2 and FURIN may differ by clinical or molecular phenotypes of asthma. Sputum FURIN
expression levels were strongly associated with neutrophilic inflammation and with inflammasome activation. This
might indicate the potential for a greater morbidity and mortality outcome from SARS-CoV-2 infection in neutrophilic
severe asthma.
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Background

Coronavirus disease 2019 (COVID-19) is posing an
unprecedented impact on global health. COVID-19
infection caused by the SARS-CoV-2 virus has been
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reported to be more common or severe in those male
subjects aged above 70 years old or those with pre-exist-
ing conditions such as obesity, hypertension and diabetes
or those who are cigarette smokers [1-5]. A few stud-
ies have not reported a significant association between
asthma and critical outcomes in COVID-19 patients [1—
5]. However, a large population-based study of~ 11,000
COVID-related deaths in the UK reported a higher risk
of death in patients with severe asthma who developed
COVID-19 disease but not in those with non-severe
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asthma [6], while another study of COVID-19 hospitali-
sations in the UK showed that adults with asthma, par-
ticularly those with non-allergic asthma, were at a higher
risk of severe COVID-19 infection [7].

One of the potential determinants of the severity of
SARS-CoV2 infection is the degree of activation and
multiplication of this new emergent virus in human cells
[8, 9]. The spike protein of SARS-CoV-2 is used by the
virus to engage and bind its target cell receptor, the angi-
otensin converting enzyme 2 (ACE2) [10]. In addition,
the spike protein needs to be activated and degraded by
host cell enzyme proteases, such as transmembrane pro-
tease, serine 2 (TMPRSS2) and FURIN also known as
PACE (Paired basic Amino acid Cleaving Enzyme) [11,
12], which are essential for the proteolytic activation
of SARS-CoV-2 in human airway epithelial cells [13].
Because this is the mechanism by which SARS-CoV-2
infects and actively replicates in respiratory tract cells, we
tested the hypothesis that the expression of these recep-
tors and proteases needed by the virus may vary accord-
ing to asthma severity or to molecular phenotypes.

Our approach was to study the participants in the
U-BIOPRED (Unbiased BIOmarkers Predictive of REs-
piratory Disease outcomes) study [14], which was a
cohort study for analysis of clinical and molecular fea-
tures of severe asthma. Therefore, these patients had
undergone detailed clinical and physiologic characteri-
sation, with gene profiling studies of various lung and
blood samples. We examined the transcriptomic data
obtained from three different compartments of airway
cells, namely, bronchial brushings, bronchial biopsies and
sputum-derived cells from patients with severe asthma
compared to those with mild-to-moderate asthma and
to non-asthmatic controls and analysed the expression
of genes that encode for ACE2, TMPRSS2 and FURIN.
We also examined the relationship of the gene expres-
sion with demographic and clinical parameters, and with
asthma molecular phenotypes or transcriptomic-associ-
ated clusters (TACs), previously identified in the U-BIO-
PRED [15].

Methods

Subjects

The U-BIOPRED cohort consisted of 3 groups: (i) severe
asthma (SA) including current and ex-smokers, (ii) mild/
moderate non-smoking asthmatics (MMA) and (iii) non-
smoking healthy volunteers (HV). Clinical data, such as
age, sex, body mass index (BMI), smoking history, and
oral corticosteroid (OCS) use and comorbidities were
collected, as previously described [14]. Demographic data
of the 3 groups are shown in Additional file 1: Table S1.
Expression profiling was performed using U133Plus 2.0
microarray (Affymetrix, Santa Clara, CA) on total RNA
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extracted from sputum cells, brushings of the lower air-
ways, and bronchial biopsies. The transcriptomic data
was assessed by multiarray average normalization. Atopy
was defined by at least 1 inhalant allergen being positive
on skin prick test or by high levels of serum allergen spe-
cific IgE. Participants gave signed informed consent to
participate in the study, which was approved by the local
Ethics Committees.

Data analysis

Data were downloaded from the tranSMART plat-
form [16]. We analysed the gene expression of ACE2,
TMPRSS2, and FURIN in the lower airway samples
obtained from asthmatics and healthy subjects. Gene
expression levels and inflammatory cell counts in sputum
were log-transformed to normalize their distribution.
One-way ANOVA and Tukey’s multiple comparison tests
were utilized to examine differences of the gene expres-
sion levels of ACE2, TMPRSS2 and FURIN across the
3 groups (SA, MMA and HV) or the 3 TACs [15]. Lin-
ear regression analyses were used to examine baseline
demographic and clinical parameters in relation to each
gene expression level. Multivariate linear regressions
were conducted to identify baseline parameters signifi-
cantly correlated with each gene expression level, with
adjustment for age, gender and any parameters showing
p values<0.05 in univariate analyses; when both sputum
and blood eosinophils (%) or neutrophils (%) showed p
values <0.05, sputum values were chosen for the mul-
tivariate model. The Benjamini-Hochberg procedure
controlled for false discovery rate. Spearman’s rank cor-
relation was used for correlation analysis.

Expression of signatures by gene set variation analysis

Gene set variation analysis (GSVA) was used to calculate
sample-wise enrichment scores (ESs) [17] for six asthma-
associated gene signatures. These gene sets each relate
to a specific aspect of airway inflammation and asthma
pathogenesis (Additional file 1: Table S2). The correla-
tions between ESs and expression of ACE2, TMPRSS2,
and FURIN were calculated using Spearman’s correlation.

Results

Expression of ACE2

In sputum, ACE2 levels were significantly higher in SA
than in MMA (p=0.001) but was not different from HV
(p=0.091) (Fig. la). Among asthmatics, ACE2 levels
were significantly associated with blood eosinophils (%),
blood neutrophils (%), post-bronchodilator (post-BD)
FEV; (% predicted), OCS use, and severe asthma in uni-
variate linear regression (Table 1). In multivariate regres-
sion analyses, ACE2 expression levels were positively
associated with male gender (correlation coefficient:
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Fig. 1 Comparison of ACE2, TMPRSS2 and FURIN gene expression levels (box-and-whisker plots showing median and interquartile range) between
healthy volunteers and asthmatics in different airway compartments. ACE2 (a, d, g), TMPRSS2 (b, e, h) and FURIN (c, f, i) mMRNA expression was
assessed in sputum (a—c), bronchial brushings (d—f), and bronchial biopsies (g—i) compartments from healthy volunteers and asthmatics of different
severity. SA severe asthmatics, MMA mild-to-moderate asthmatics, HV healthy volunteers, ns not significant (p>0.05). P values were determined by
one-way ANOVA and Tukey's multiple comparison tests

0.192; 95% confidence interval [95% CI]: 0.004 to 0.381;
p=0.045) and OCS use (0.232; 95% CI: 0.025 to 0.440;
p=0.029) (Fig. 2a). The effects of severe asthma or post-
BD FEV, (% predicted) on ACE2 levels became non-
significant when adjusted for OCS use (data not shown).
Positive association between sputum ACE levels and
OCS use is presented in a box and whisker plot (Addi-
tional file 1: Fig S1).

In bronchial brushing and biopsy, ACE2 levels were not
significantly associated with the presence of asthma, or
asthma severity (Fig. 1d, g). In bronchial brushing, uni-
variate regression analysis showed an inverse relation-
ship between ACE2 levels and OCS use (Table 1), but the
relationship was not significant on multivariate analysis
(— 0.380; 95% CI: — 0.775 to 0.015; p=10.059; Fig. 2b). In

bronchial biopsy, ever-smoking and ever-history of nasal
polyps were significantly associated with ACE levels on
univariate regression (Table 1), but both became non-sig-
nificant on multivariate analysis (Fig. 2c).

Expression of TMPRSS2

TMPRSS2 levels did not significantly differ between SA,
MMA, and HV in any of airway compartments ana-
lysed (Fig. 1b, e and h). Among asthmatics, no baseline
parameters were associated with sputum TMPRSS2 lev-
els (Table 1 and Fig. 2a). However, TMPRSS2 levels in
bronchial brushing were significantly related to male gen-
der and body mass index (BMI) on multivariate analysis
(0.401; 95% CI: 0.027 to 0.775; p =0.036; and 0.035; 95%
CIL: 0.005 to 0.066; p=0.022, respectively; Fig. 2b). In
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(See figure on next page.)

OCS oral corticosteroid use, post-BD post bronchodilator

Fig. 2 Forest plots showing associations between gene expression of ACE2, TMPRRS2 and FURIN, and baseline characteristics in a sputum, b
bronchial brushings and ¢ bronchial biopsies of asthmatics. Regression coefficients (95% confidence intervals) and p values were determined using
multivariate linear regression tests for each gene expression level (as a dependent variable) and baseline parameters including age, gender, and
those showing p values <0.05 in univariate regression tests (shown in Table 1) as independent variables. All independent variables included in each
multivariate model are presented. Gene expression levels and inflammatory cell counts (in sputum and blood) were log-transformed to normalize
the distribution. Statically significant parameters (p <0.05) are indicated with red color in symbol. FEV, forced expiratory volume in the first second,

bronchial biopsies, TMPRSS2 levels were positively asso-
ciated with blood neutrophils (%) (0.350; 95% CI: 0.040 to
0.661; p =0.027; Fig. 2¢).

Expression of FURIN

FURIN levels in sputum were significantly higher in SA
than in MMA or HV (Fig. 1c). In univariate linear regres-
sion analyses, FURIN levels were significantly associated
with sputum eosinophils (%), sputum neutrophils (%),
blood neutrophils (%), post-BD FEV; (% predicted), and
severe asthma (Table 1). On multivariate analysis, spu-
tum neutrophils (%) and severe asthma remained sig-
nificantly associated with sputum FURIN levels (0.555;
95% CI: 0.336 to 0.775; p<0.001; and 0.381; 0.005 to
0.757; p=0.047, respectively) (Fig. 2a). The relationship
between sputum FURIN levels and neutrophils (%) was
not affected by further adjustments including OCS use
(0.545; 95% CI: 0.324 to 0.767; p <0.001). Spearman’s cor-
relation coefficient (r) between sputum FURIN levels and
neutrophils (%) was 0.60 (p <0.001) (Fig. 3a).

In bronchial brushing, FURIN levels were positively
associated with male gender and blood neutrophils (%)
(0.320; 95% CI: 0.095 to 0.545; p=0.006; and 0.279; 95%
CI: 0.025 to 0.534; p=0.032, respectively) (Fig. 2b). In
bronchial biopsy, there was no association with any base-
line parameters (Fig. 2c).

Expression of ACE2, TMPRSS2 and FURIN in molecular
phenotypes

We compared the expression of these three genes in
sputum amongst the three previously-identified TACs
(Fig. 4) [15]. As previously reported, the analysis of spu-
tum transcriptomics in the U-BIOPRED cohort pro-
duced three molecular endotypes of asthma [15]. ACE2
expression levels were significantly higher in TAC2 (an
endotype characterized by sputum neutrophilic inflam-
mation and inflammasome activation signature) and
TAC]1 (eosinophilic inflammation with an IL-13/T2-high
pathway) than in TAC3 (pauci-granulocytic inflamma-
tion with oxidative phosphorylation pathway) (Fig. 4a).
FURIN levels were significantly higher in TAC2 than in
TAC1 and TACS3 (Fig. 4c). TMPRSS?2 levels did not differ
across TACs (Fig. 4b).

Gene signatures and expression of ACE2, TMPRSS2

and FURIN

To further determine the relationship between gene sig-
natures of interest and the expression levels of ACE2,
TMPRSS2 and FURIN, we measured by GSVA the ESs of
IL-13-Th2, eosinophil activation, IL-17, neutrophil acti-
vation, IL-6-trans-signalling (IL-6-TS), and inflamma-
some signatures (Additional file 1: Table S2). The ES of
IL-13-Th2 signature was positively correlated with ACE2,
TMPRSS2 and FURIN levels in the majority of compart-
ments analysed (Table 2); however, the ES of eosinophil
activation signature only weakly correlated with ACE2 in
sputum (r=0.18, p<0.05) and with FURIN in bronchial
biopsies (r=0.26, p<0.05). FURIN levels in all 3 com-
partments correlated with neutrophil activation and IL-
6-TS signatures, with the highest correlation in sputum
(Table 2). Spearman’s correlation coefficients (r) between
sputum FURIN levels and the neutrophil activation and
IL-6-TS signatures were r=0.53 (p<0.001) and r=0.56
(p<0.001), respectively (Fig. 3b and c). Inflammasome
activation also correlated with FURIN levels in sputum
(r=0.49, p<0.001) and in bronchial brushings (r=0.30,
»<0.001; Table 2).

Discussion

By analysing the transcriptome of three lower airway
compartments (bronchial biopsies, brushings, and spu-
tum cells), we provide evidence for the over-expression
of the factors that may determine the entry and activ-
ity of the SARS-CoV2 virus into host cells, particularly
ACE2 and FURIN in sputum cells of severe asthmatics,
compared to the mild-moderate asthmatics or healthy
controls. This is in contrast to reports of no differences in
the expression of ACE2, TMPRSS2 and FURIN between
mild and severe asthma and healthy controls in sputum
or in airway epithelial brushings and biopsies [18, 19].
Multivariate analysis showed that male gender and OCS
use was associated with ACE2 expression in sputum, and
male gender and BMI with TMPRSS2 and male gender
with FURIN expression in bronchial brushings. Interest-
ingly, male gender and obesity and also severe asthmatics
who have had a recent course of OCS have been linked
to a greater risk of death from SARS-CoV2 infection [6,
20]. Multivariate linear regression analysis also showed
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that the transcript levels of FURIN in sputum was sig-
nificantly associated with severe asthma and sputum
neutrophilia. Thus, patients with severe neutrophilic
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values were determined by one-way ANOVA and Tukey's multiple
comparison tests

asthma, but not those with mild-moderate disease, may
have the pathophysiological makeup that enhances the
risk of severe infection by SARS-CoV-2. Our findings
also indicate that the neutrophilic severe asthma may be
more prone to a poorer outcome with SARS-CoV2. This
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Table 2 Summary of correlations between SARS-CoV-2 entry-related gene expression and asthma-associated gene

signatures

Asthma-associated gene signature

IL13Th2 Eosinophils Th17 Neutrophil IL-6-TS Inflammasome
Sputum, n=120
ACE2 r=0.38%** r=0.18* =—0.23* r=0.02 r=0.14 r=0.07
TMPRSS2 r=0.57%%* r=0.15 r=—0.06 r=0.03 r=0.02 r=0.10
FURIN r=0.10 r=0.13 =-0.16 r=0.57%** r=0.54%** r=0.49%**
Bronchial brushing, n=149
ACE2 r=0.12 r=—0.07 =—011 r=0.0005 r=0.11 r=0.20*
TMPRSS2 r=0.36*** r=—0.04 =—0.10 r=—0.06 r=—2007 r=—0.06
FURIN r=0.30%** r=0.14 r=0.10 r=0.24** r=0.30%** r=0.30%**
Bronchial biopsy, n= 108
ACE2 r=0.23* r=0.02 =-0.12 r=—0.11 r=0.01 r=0.14
TMPRSS2 r=0.37%** r=—0.14 r=—0.30** r=—0.14 r=—0.01 r=—0.01
FURIN r=0.33%** r=0.26** r=0.06 r=0.20* r=0.23* r=0.15

Association of ACE2, TMPRSS2, and FURIN expression with asthma-associated gene signatures were measured and tested using Spearman’s rank-order correlation.
Statistically significant correlations are marked bold and also indicated as follows: "p<0.05; “p <0.01; ““p<0.001. Otherwise non-significant (p > 0.05). IL-6-TS, IL-6-

trans-signalling

finding is further supported by our associative analy-
sis by molecular phenotype. Sputum ACE2 and FURIN
transcripts were elevated in TAC2, an asthma endotype
characterized by sputum neutrophilic inflammation and
inflammasome activation signature.

The specific molecular cluster of TAC2 has been pre-
viously described in the U-BIOPRED cohort and is
characterized by predominant sputum neutrophilic
inflammation, inflammasome activation and neutro-
philic activation [15]. In the present study, there was
significantly higher expression of FURIN in sputum of
TAC2, compared to TAC1 and TAC3. Furthermore,
FURIN expression levels in sputum correlated highly
with the expression of 3 gene signatures associated with
neutrophil activation signature, inflammasome activa-
tion signature, and also a signature that reflected an IL-
6-trans-signalling pathway that we have also previously
reported [21]. The relationship between FURIN and neu-
trophils in sputum remained significant when adjusted
for asthma severity, post-bronchodilator FEV, (% pre-
dicted), or oral corticosteroid use. We also found modest
but significant correlations between FURIN expression in
bronchial brushings and bronchial biopsy and the expres-
sion of the neutrophil activation and IL-6 trans-signalling
signature, and between FURIN expression in bronchial
biopsy with the inflammasome signature. These findings
lay emphasis on a potential link of FURIN with neutro-
phil activation, inflammasome, and IL-6 activation path-
ways, supported by high expression levels of IL-6 and
neutrophil activation from lung epithelial cells infected
with SARS-CoV2 in vitro and by serum levels of IL-6

being a strong predictor for respiratory failure in severe
COVID-19 infection [22]. FURIN levels were not evalu-
ated in the recent Severe Asthma Research Program-3
cohort analysis [19]. The study by Bradding et al. simi-
larly found no significant difference of FURIN levels in
airway epithelial brushing and biopsy by asthma presence
or severity, but it did not examine sputum samples [18].
Interestingly, FURIN is most highly expressed in granulo-
cytes such as neutrophils (https://www.proteinatlas.org/
ENSG00000140564-FURIN/blood).

One could speculate that the presence of neutrophils in
the airway mucosa could enhance the degradation of the
spike protein on SARS-CoV-2 and facilitate viral entry
into airway and inflammatory cells by FURIN [6]. In addi-
tion, neutrophils in the airways may be an important site
for the propagation of SARS-CoV2 down the airways to
the respiratory epithelium, that could lead to the devel-
opment of pneumonia, a process that leads to hypoxae-
mia and more severe disease. Indeed, it has been recently
shown that SARS-CoV2 can directly induce the release
of neutrophil extracellular traps (NET) from neutrophils,
which is in accord with the finding of NET concentration
in the lungs of those who have died of COVID-19 infec-
tion was raised [23].

We found increased expression of ACE2 in sputum
cells of the TAC1 eosinophilic phenotype that had an
enrichment of gene signatures for IL-13/ Th2 inflamma-
tion and of the TAC2 phenotype, compared to TAC3,
a pauci-granulocytic phenotype with increased meta-
bolic and mitochondrial function genes [15]. ACE2 and
TMPRSS2 expression in sputum were correlated with
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expression levels of the IL-13-Th2 signature. In bron-
chial biopsies, the levels of the 3 genes were all modestly
correlated with that signature. On the other hand, atopy
and sputum eosinophil counts were not significantly cor-
related with ACE2, TMPRSS2 and FURIN transcripts.
We therefore have not confirmed the reports that ACE2
expression was reduced in mild-moderate asthmatics
with T2-high compared to T2-low [24], and that ACE2
gene expression is positively correlated with Th2 gene
expression in a group of asthmatics from mild to severe
asthma [18].

There are significant differences between the asthma
cohorts that have been published so far that have looked
at the expression of ACE2, TMPRSS2 and FURIN as
compared to healthy controls [18]. First, our U-BIO-
PRED cohort represents a large proportion of patients
with very severe asthma as reflected by the large num-
ber of frequent exacerbations and the degree of airflow
obstruction and the nearly 50% of patients on oral cor-
ticosteroid therapy [14], when compared to the other 3
cohorts that did not show any differences in expression
of SARS-CoV2 entry genes [18, 24, 25]. In addition, our
cohort had the oldest patients compared to these three
studies, an important difference since old age is one of
the most important predictor of death from COVID-19
infection [6]. There may also have been due to confound-
ing by therapy (such as the use of OCS which was more
highly prevalent in U-BIOPRED participants), the nature
of the underlying T2 inflammatory process as well as the
different but more comprehensive analytical approach
taken in our study. Also, there may be differences in the
asthma-driving mechanisms whereby the presence of dif-
ferential contributions of Th2, Th17 and Thl pathways
in each asthmatic individual [26, 27], may determine the
overall expression of the SARS-CoV-2 entry and of its
activation genes.

Olfactory and taste disturbance is a common symp-
tom of COVID-19, and the nasal epithelium is suggested
to be a major route of viral infection [28, 29]. The gene
expression levels of ACE2, TMPRSS2 and FURIN nasal
brushings in our patients did not differ by asthma sever-
ity or molecular phenotype (data not presented), and also
importantly, the levels were not significantly different in
the presence of co-morbid nasal polyps (Additional file 1:
Fig S2). However, the absolute gene expression levels
of ACE2 and TMPRSS2 were higher in nasal brushings
than in lower airway compartments (Additional file 1:
Table S3), supporting a recent report that the nasal epi-
thelium is a major site of infection [29]. Based on the
expression patterns in the upper and lower airways, we
suggest that severe asthmatics might have a higher risk
of poorer outcomes from COVID-19, although the risk of
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infection via the nasal route is unlikely to be different by
asthma severity.

Our study has major limitations. First, this is a cross-
sectional study and could not determine causal relation-
ships. Several features of severe asthma, such as sputum
eosinophils and neutrophils, lung function or OCS use
may be inter-related, but we used multivariate analy-
ses to address this. Second, we did not find any positive
correlations between smoking status (ever versus never-
smokers) and target gene expressions, despite the fact
that smoking can increase the expression of ACE2 in
the airways [30-32]. However, it is likely that there were
not enough current smokers in the severe asthma group
(6.7%) to show any difference. Third, our analyses were
only performed at gene expression levels, which should
be confirmed at protein levels. On the other hand, the
strength of our analysis is that it evaluated expression in
a range of airway cell populations (epithelial brushing,
bronchial biopsy and sputum cells), allowing an assess-
ment of the molecular phenotypes. U-BIOPRED also had
a large sample size of well-characterised severe asthma
participants that was recruited at the same time as the
healthy controls and mild-moderate asthmatics using the
same pre-defined protocol. Finally, we have not examined
protein expression of these SARS-CoV2 entry factors
and particularly the protease activity of TMPRSS2 and
FURIN.

In conclusion, we found higher gene expression levels
of ACE2 and FURIN in sputum of severe asthma com-
pared to those of non-severe asthma. Sputum FURIN lev-
els highly correlated with sputum neutrophils and were
higher in an asthma endotype characterized by sputum
neutrophilia and inflammasome activation signature.
Our data also supports the notion that the airway neu-
trophil may be a site of or potentiate the invasion by the
SARS-CoV2 virus, thus increasing virus load and replica-
tion in patients with sputum neutrophilia. More impor-
tantly, the data also indicates that the severe neutrophilic
asthma may be at risk of a poorer outcome if infected
with SARS-CoV2 through the upregulation of FURIN,
involved in the degradation of the SARS spike protein.
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