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Abstract

Background: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) entry
factors, ACE2 and TMPRSS2, are highly expressed in nasal epithelial cells. However,
the association between SARS-CoV-2 and nasal inflammation in chronic rhinosinusi-
tis with nasal polyps (CRSwWNP) has not been investigated. We thus investigated the
expression of SARS-CoV-2 entry factors in nasal tissues of CRSWNP patients, and
their associations with inflammatory endotypes of CRSWNP.

Methods: The expression of ACE2 and TMPRSS2 was assessed in nasal tissues of
control subjects and eosinophilic CRSWNP (ECRSwWNP) and nonECRSWNP patients.
The correlations between ACE2/TMPRSS2 expression and inflammatory indices of
CRSWNP endotypes were evaluated. Regulation of ACE2/TMPRSS2 expression by
inflammatory cytokines and glucocorticoids was investigated.

Results: ACE2 expression was significantly increased in nasal tissues of nonECRSWNP
patients compared to ECRSWNP patients and control subjects, and positively corre-
lated with the expression of IFN-y, but negatively correlated with tissue infiltrated
eosinophils, and expression of IL5 and IL13. IFN-y up-regulated ACE2 expression
while glucocorticoid attenuated this increase in cultured nasal epithelial cells. Genes
co-expressed with ACE2 were enriched in pathways relating to defence response to
virus in nasal tissue. TMPRSS2 expression was decreased in nasal tissues of CRSWNP
patients compared to control subjects and not correlated with the inflammatory en-
dotypes of CRSWNP. Glucocorticoid treatment decreased ACE2 expression in nasal
tissues of NnonECRSWNP patients, but not in ECRSWNP patients, whereas TMPRSS2
expression was not affected.

Conclusion: These findings indicate that ACE2 expression, regulated by IFN-y, is in-
creased in nasal tissues of nonECRSWNP patients and positively correlates with type

1 inflammation.
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The expression of SARS-CoV-2 receptor ACE2 is significantly increased in nasal tissues of nonECRSWNP patients compared to ECRSWNP
patients and control subjects. ACE2 expression is increased in nasal tissues of type 1 endotype of CRSWNP and positively correlated with
the expression of IFN-y. IFN-y up-regulates ACE2 expression while glucocorticoids attenuate this increase in cultured nasal epithelial cells
Abbreviations: ACE2, angiotensin-converting enzyme 2; ECRSWNP, eosinophilic chronic rhinosinusitis with nasal polyps; nonECRSwWNP,
noneosinophilic chronic rhinosinusitis with nasal polyps; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2

1 | INTRODUCTION
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a
virus which causes the coronavirus disease-2019 (COVID-19), was
first reported in December, 2019.) SARS-CoV-2 has spread world-
wide and is presently considered as a pandemic, leading to confirmed
infection of more than 6 million individuals and 365 thousand deaths
globally, as of May 31, 2020. SARS-CoV-2 typically affects the re-
spiratory system, causing pneumonia, fever, cough and shortness
of breath.?® Individuals with pre-existing health conditions such as
hypertension, chronic lung disease and diabetes, as well as the el-
derly, are particularly at greater risk for developing severe COVID-
19.4 Interestingly, studies have indicated that the prevalence of
asthma and allergic rhinitis in patients with COVID-19 was markedly
lower than that reported in the adult population, suggesting that
asthma and respiratory allergy might be not significant risk factors
for COVID-19.47® However, at present, it is important and urgent to
identify potential risk factors for COVID-19.

SARS-CoV-2 employs angiotensin-converting enzyme 2 (ACE2)
as the receptor for cell entry and transmembrane protease serine 2
(TMPRSS2) for S protein priming.9 The expression of ACE2 has gen-
erally been found to be low in multiple tissues, whereas TMPRSS2
has been shown to be highly expressed with a broader distribution,
suggesting that ACE2, rather than TMPRSS2, may be a limiting factor

for viral entry at the initial infection stage.®! Recently, Sungnak and

colleagues reported that genes associated with SARS-CoV-2 entry
factors are highly expressed in nasal epithelial cells.'® Moreover,
Wang and coIIeagues12 investigated the presence of SARS-CoV-2
in different types of clinical specimens, including bronchoalveolar
fluid, sputum, nasal swabs, faeces, blood, and urine; from patients
with COVID-19 infection in China, and indicated that the viral load
was much higher in nasal swabs than in all the other types of clinical
specimens. Thus, it is likely that the nasal mucosa may be an import-
ant site of infection. Indeed, a systematic review of existing scientific
evidence for sinonasal pathophysiology in COVID-19 has concluded
that sinonasal tract may be an important site of infection, and sinon-
asal viral shedding may be an important transmission mechanism.®
However, the association between nasal inflammation and COVID-
19 has not been investigated to date.

Chronic rhinosinusitis (CRS) is a common inflammatory dis-
ease of nasal and sinus mucosa, which affects 5%-15% of the
general population.’* CRS with nasal polyps (CRSWNP) accounts
for approximately 20% of all CRS and has greater severity of
clinical disease.!® Based on the degree of eosinophil infiltra-
tion in nasal tissue, CRSWNP can further be classified into eo-
sinophilic CRSWNP (ECRSwWNP) and noneosinophilic CRSwNP
(nonECRSWNP), which show distinct immune-inflammatory char-
acteristics.'® Specificallyy, ECRSWNP has a predominantly type
2 inflammation characterized by pronounced eosinophilia and
high levels of interleukin-4 (IL-4), IL-5 and IL-13 cytokines, while



WANG ET AL.

nonECRSwWNP is characterized by type 1 and/or type 3 inflamma-
tions.'” In the present study, we investigated the expression of
SARS-CoV-2 entry factors, ACE2 and TMPRSS2, in nasal tissues
of ECRSWNP and nonECRSwWNP. The correlations between the
expression of SARS-CoV-2 entry factors and inflammatory indi-
ces of CRSWNP endotypes were evaluated. Regulation of ACE2/
TMPRSS2 expression by inflammatory cytokines and glucocorti-
coid therapy was further investigated.

2 | MATERIALS AND METHODS
2.1 | Subjects

Patients with CRSWNP were diagnosed according to the European
Position Paper on Rhinosinusitis and Nasal Polyps 2020 guide-
lines.!* Patients undergoing septoplasty because of anatomic
variations and without other sinonasal diseases were recruited as
control subjects. Sixteen ECRSWNP patients, 10 nonECRSwWNP pa-
tients and 19 healthy control subjects were enrolled in series from
the Rhinology Department of Beijing TongRen Hospital. Subjects
with immunodeficiency, fungal sinusitis, coagulation disorder, neo-
plasia, pregnancy and nonsteroidal anti-inflammatory drugs exac-
erbated respiratory disease (NERD) were excluded. None of the
patients had been treated with corticosteroids, antibiotics or bio-
logics within the 4-week period before enrolment. On admission
to the hospital, nasal polyp tissues were collected from CRSwWNP
patients and these patients were prescribed a 2-week therapy of
oral glucocorticoid (24 mg of methylprednisolone by mouth every
morning). At the end of this treatment, all patients underwent en-
doscopic surgery, and nasal polyp tissues were collected again dur-
ing surgery. Nasal tissues of inferior turbinate, middle turbinate and
uncinate process from healthy subjects were collected for compar-
ison as controls.

In order to better understand any association between CRS and
COVID-19,a cohort of 92 hospitalized patients with COVID-19 infec-
tion admitted from June 13 to June 25, 2020 in the Otolaryngology
Department of Beijing Ditan Hospital, a designated hospital to treat
patients infected with SARS-CoV-2, were further investigated in
this study. SARS-CoV-2 infection and diagnosis of COVID-19 were
confirmed according to the Diagnosis and Treatment Guidance
of Corona Virus Diseases 2019 (Seventh Edition) document pub-
lished by the National Health Commission of China (http://www.
gov.cn/zhengce/zhengceku/2020-03/04/ content_5486705.htm).
All COVID-19 patients had mild and non-pneumonia disease, as
defined previously.®® Underlying CRS in any patient was docu-
mented based on history of doctor-diagnosed CRS in the last three
months before SARS-CoV-2 infection, and percentage and absolute
counts of blood eosinophils were determined in these CRS patients
with COVID-19. The study protocol was approved by the Ethics
Committees of Beijing Tongren Hospital and Beijing Ditan Hospital,
and all subjects provided written informed consent prior to enrol-

ment in the study.

2.2 | Histologic analysis

Nasal polyp tissues collected at surgery were immediately formalin
fixed, and then processed further by dehydration and embedding in
paraffin wax, according to standardized histology protocols. Paraffin
sections were stained with haematoxylin and eosin (H&E) and evalu-
ated for the presence of different inflammatory cell types by opti-
cal microscopy at x400 magnification. The absolute numbers and
percentages of infiltrating inflammatory cells, including eosinophils,
neutrophils, plasma cells and lymphocytes, were recorded as mean
of six non-overlapping regions in each section by two independent
pathologists, who were blinded to the study design and clinical back-
ground of the patients. The tissues from the CRSwWNP patients were
further classified as ECRSWNP or nonECRSwWNP, based on whether
or not the percentage of infiltrating eosinophils exceeded 10% of the

total inflammatory cells.*¢:*?

2.3 | Cell cultures

Primary human nasal epithelial cells (HNECs) were derived from
nasal polyp tissue samples of CRSWNP patients obtained during sur-
gery, as previously described.?° Briefly, HNECs were isolated by in-
cubation of the polyp tissue overnight at 4°C in Dulbecco's modified
Eagle medium (DMEM) containing 0.1% protease (Sigma-Aldrich, St
Louis, MO). At the end of this incubation, separated HNECs were col-
lected and cultured in Bronchial Epithelial Growth Medium (BEGM,;
Lonza, Walkersville, MD). HNECs at the 2nd passage were collected
and seeded onto 6.5-mm-diameter Transwells, with polyester mem-
branes of pore size 0.4 mm (COSTAR; Corning, NY). The cells were
grown submerged in culture medium for 4 days until they reached
complete confluence. At this stage, the culture medium was remove,
and DMEM: BEGM (1:1) containing 50 nmol/L all-trans retinoic acid
was added only basolaterally to allow the cells to differentiate and
establish as air-liquid interface (ALI) cultures. The differentiated
HNECs were harvested on day 21 of ALI culture and processed for
RNA sequencing as described below.

Cultured primary HNECs were also stimulated with IFN-y (10ng/
mL), IL-4 (50ng/mL), IL-5 (50ng/mL), IL-13 (50ng/mL) and IL-17 (50ng/
mL), or with a combination of IFN-y (10ng/mL) and budesonide
(0.4 pug/mL or 0.8 pg/mL) or IFN-y (10 ng/mL) and dexamethasone
(0.5 pg/mL or 1.0 pg/mL) for 24 hours. At the end of this incubation,
the cells were harvested and processed for RNA sequencing or re-
al-time PCR for ACE2 and TMPRSS2 expression as described below.

2.4 | Quantitative real-time PCR

Total RNA was extracted using Trizol reagent (Thermo Fisher,
Waltham, MA) from HNECs according to the manufacturer's instruc-
tions, and cDNA was subsequently synthesized using the PrimeScript
RT Master Mix (TaKaRa Biotechnology, China). Quantitative real-
time PCR was then performed with TB Green Fast gPCR kit (TaKaRa
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Biotechnology, China) to evaluate the amount of mMRNA expression
according to the manufacturer's instructions. The sequences of

primers used are shown in Table S3.

2.5 | Western blot

Total protein was extracted from nasal tissues of ECRSWNP pa-
tients, nonECRSWNP patients and healthy control subjects using
RIPA lysate with proteinase inhibitor cocktail, and the concentra-
tion in each sample was measured using BCA protein assay kit
(Pierce, IL, USA). Following heat denaturation, 40 pg of the total
protein was loaded onto 10% sodium dodecyl sulphate-polyacryla-
mide gels, and the different proteins separated electrophoretically.
The separated protein bands were transferred to a polyvinylidene
difluoride membrane and blocked with 5% non-fat dry milk, before
being probed with anti-ACE2 (1:1000 dilution, R&D Systems, USA),
anti-TMPRSS2 (1:500 dilution, Proteintech, China) and anti-p-actin
(1:10 000, Thermo Fisher, USA). After washing in TBST buffer, the
membrane was then incubated with secondary antibody. Blots
were visualized using enhanced chemiluminescence and the in-
tensity of each band was quantified by densitometry using ImageJ
software (National Institute of Health, USA). The intensities of
ACE2 and TMPRSS2 bands were expressed relative to the density
of p-actin standard.

2.6 | RNA sequencing and data analysis

RNA sequencing was performed on both nasal tissue samples col-
lected during surgery and cultured HNECs. Fresh samples were
immediately suspended in RNA later solution (Qiagen, Hilden,
Germany) and processed for extraction and purification of total
RNA. RNA quantity and quality were determined using the
NanoDrop 2000 Spectrophotometer (Thermo Fischer Scientific)
and 2100 TapeStation Automated Electrophoresis System (Agilent
Technologies). Ribosomal RNA was removed and sequencing li-
braries were prepared using the rRNA-depleted RNA by NEBNext
UltraTM Directional RNA Library Prep Kit (New England Biolabs,
USA), following the manufacturer's instructions. RNA sequencing
was performed on the lllumina Hiseq platform and 150 bp paired-
end reads were generated by Novogene Bioinformatics Technology
Cooperation (Beijing, China).

Adapters and low-quality tail were trimmed from reads prior to
read alignment. Clean sequence reads were aligned to the human
genome with Hisat2 (v2.0.5). Cufflinks (v2.2.1) was used to as-
semble transcripts, estimate the abundance of these transcripts
and detect differential expression among samples. The reference
genome build GRCh37 was used as the annotation references for
mRNAs. Fragments per kilo-base of exon per million fragments
mapped (FPKM) of mRNAs in each sample was calculated based on
the length of the fragments and reads count mapped to this frag-

ment. Differential expression analysis was performed using Cuffdiff

software (v2.2.1). P-value < .05 plus fold change > 2 was used as the
cut-off for significantly differentially expressed genes (DEGs).

2.7 | Expression analysis of SARS-CoV-2 entry
factors in nasal tissue

The expression of ACE2 and TMPRSS2 was assessed based on RNA
sequencing data from nasal tissues of control subjects (n 19),
ECRSwWNP patients (n = 16) and nonECRSwWNP patients (n = 10),
HNECs of CRSWNP patients (n = 11), and primary human bronchial
epithelial cells (HBECs) of control subjects (n = 5), asthma patients

(n = 6) and chronic obstructive pulmonary disease (COPD) patients
(n = 5). RNA sequencing data of nasal tissues and HNECs were gen-
erated as described above. RNA sequencing data of HBECs were
generated in previous study.?! One published RNA sequencing da-
tabase of nasal tissues from control, ECRSWNP and nonECRSwWNP
(n = 3, each group)?> was obtained from the Gene Expression
Omnibus (GSE72713) and used for verifying the expression of ACE2
and TMPRSS2. To adjust batch-specific systematic variations, the
expression levels of ACE2 and TMPRSS2 were normalized using
reference genes. For example, the expression level of ACE2 in each
sample was calculated as: ACE2 (FPKM)/reference gene (FPKM).
However, in case of the RNA sequencing data, ACE2 (FPKM) was
used to represent the expression level of ACE2 directly from one
single database (GSE72713), which was not affected by batch ef-
fects. Ribosomal protein lateral stalk subunit PO (RPLPO) was used
as reference gene owing to its stable expression in nasal tissue of
CRS patients.?® Co-expressed genes of ACE2 in nasal tissue were de-
termined by Pearson correlation analysis, based on with a finding of
P < .01 plus Correlation Coefficient > .5 or <-.5; and Gene Ontology
(GO) enrichment analysis was performed on the Co-expressed genes
using DAVID (https://david.ncifcrf.gov).?*

2.8 | Cell type deconvolution

To determine the fractions of cell types, especially the immunocytes,
infiltrating the nasal tissues, RNA sequencing data from nasal tissues
of control subjects, ECRSWNP patients and nonECRSwWNP patients
were subjected to cell type deconvolution analysis using the xCell tool
(https://xcelI.ucsf.edu/).25 xCell is a gene signatures-based method
which performs cell type enrichment analysis from gene expression
data for 64 immune and stroma cell types. The cell type enrichment
score (xCell scores) was calculated based on the gene expression
data. The associations between ACE2 expression and xCell scores of

each cell type were assessed by Spearman correlation analysis.

2.9 | Endotyping of CRSWNP

Based on RNA sequencing data, CRSWNP patients were classified
into type 1, type 2 and type 3 endotypes according to the mRNA


https://david.ncifcrf.gov
https://xcell.ucsf.edu/

WANG ET AL.

expression of IFNG, IL5 and IL17A, respectively, in nasal tissues.?®?’

Gene expression was normalized to reference gene RPLPO, and the
endotypes were defined by using a cut-off of greater than 90th per-
centile of the expression in control tissue.? The cut-off values for
IFNG/RPLPO, IL5/RPLPO and IL17A/RPLPO were 0.00054, 0.00000
and 0.00031, respectively.

2.10 | Statistical analysis

Statistical analysis for expression of the genes investigated (ACE2,
TMPRSS2, IFNG, IL4, IL5, IL13 and IL17A) and non-RNA-se-
quencing data was performed using GraphPad Prism Version 8.0
(GraphPad Software, La Jolla, Calif). Data are presented as me-
dians and interquartile range (IQR), except for age, which is pre-
sented as mean + SD. Differences between groups were analysed
using the Kruskal-Wallis ANOVA with post hoc Dunn's multiple
comparisons test (for multiple group comparisons) and Mann-
Whitney U test (for two group comparisons). For paired data,
Wilcoxon matched-pairs signed rank test was performed. The X2
or Fisher exact test was used for qualitative data. Associations
between variables were evaluated using Spearman and Pearson
correlation analysis. Differences were considered significant at

P-value < .05.

3 | RESULTS

3.1 | Demographic and clinical characteristics of the
subjects

Demographic and clinic characteristics of subjects whose samples
were used for RNA sequencing are presented in Table S1. Groups
were comparable in terms of age, female/male ratio, atopic status
and smokers or non-smokers. Assessment of the nasal polyp tis-
sues from CRSwWNP patients for local inflammatory patterns dem-
onstrated that patients with nonECRSWNP had significantly fewer
eosinophils (7.08%; P < .01) and more lymphocytes (68.95%; P < .01)
than patients with ECRSWNP (41.25% eosinophils and 36.24%
lymphocytes).

3.2 | Clinical characteristics of CRS patients with
CoVID-19

Among the 92 patients with mild and non-pneumonia COVID-19
enrolled in the study, 8 patients (8.7%) were found to have underly-
ing CRS condition before SARS-CoV-2 infection. The two groups of
COVID-19 patients with and without CRS were comparable in terms
of age, sex and disease severity (data not shown). There was also no
significant difference in blood eosinophil counts between the two
groups (COVID-19 patients, median: 0.09; IQR: 0.01-0.21; CRS pa-
tients with COVID-19, median: 0.03; IQR: 0.01-0.09). The absolute

blood eosinophil counts in the 8 CRS patients with COVID-19 were
0.00, 0.01, 0.01, 0.01, 0.05, 0.08, 0.09 and 0.32 x 10%/L, respec-
tively (Table S2). Based on the finding that eosinophilic CRS is as-
sociated with elevated blood eosinophils (>0.215 x 107/L),%® 7 of
the 8 (87.5%) CRS with COVID-19 patients were classified as none-
osinophilic CRS patients.

3.3 | Highest expression of ACE2 in human nasal
epithelial cells

Based on RNA sequencing data obtained from cultured nasal and
bronchial epithelial cells, the expression of ACE2 was found to be
significantly higher in HNECs than HBECs of control subjects and
asthma and COPD patients (P < .01, respectively; Figure S1A).
However, there was no significant difference in TMPRSS2 expres-
sion between HNECs and HBECs from control subjects and asthma
and COPD patients (Figure S1B).

3.4 | Increased expression of ACE2 in nasal
tissues of nonECRSWNP patients

RNA sequencing data of control subjects, ECRSWNP patients and
nonECRSWNP patients, were subjected to differential expression
analysis. There were 4698 DEGs (including TMPRSS2) between
ECRSwWNP and controls, 4447 DEGs (including ACE2 and TMPRSS2)
between nonECRSWNP and control, and 618 DEGs (including ACE2)
between nonECRSWNP and ECRSwWNP (Figure 1A). The 618 DEGs
between nonECRSWNP and ECRSwNP patients consisted 285
down-regulated genes and 333 up-regulated genes including ACE2
(Figure 1B).

We further analysed the expression of ACE2 and TMPRSS2 in
control tissues collected from different sites in the nose (inferior
turbinate, middle turbinate and uncinate process) and nasal polyp
tissue from CRSWNP patients. CRSWNP was further classified into
ECRSWNP and nonECRSWNP based on tissue infiltrating eosino-
phils. The expression of these genes was normalized to reference
gene RPLPO and ACTB (actin beta). ACE2 expression was signifi-
cantly up-regulated in nasal tissues of nonECRSWNP compared to
ECRSWNP (P < .001) and the three control groups (P < .001, respec-
tively) (Figures 1C and S2A). In contrast, TMPRSS2 was significantly
down-regulated in both ECRSWNP group (P < .01) and nonECRSWNP
group (P < .01) compared to inferior turbinate controls (Figures 1D
and S2B). The expression of ACE2 and TMPRSS2 was not signifi-
cantly different in inferior turbinate, middle turbinate and uncinate
process controls.

As peripheral blood eosinophil counts (with a cut-off value of
0.215 x 10%/L in Chinese patientszg) can also distinguish ECRSWNP
and nonECRSWNP, CRSWNP was further classified into ECRSWNP
and nonECRSWNP based on blood eosinophil counts. Similarly,
assessment of ACE2 expressed in CRSWNP patients classified ac-

cording to blood eosinophil count demonstrated that this was
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FIGURE 1 Differentially expressed SARS-CoV-2 entry factors in nasal tissues. RNA sequencing was performed on nasal tissues from
control subjects (n = 19), ECRSWNP patients (n = 16) and nonECRSWNP patients (n = 10). A, Venn diagrams depicting DEGs of ECRSWNP
versus control, nonECRSWNP versus control and nonECRSWNP versus ECRSWNP. ACE2, TMPRSS2 and the numbers of DEGs are marked
in the corresponding areas. B, Volcano plots illustrating DEGs of nonECRSWNP versus ECRSWNP. C,D, Expression of ACE2 and TMPRSS2
in nasal tissues from inferior turbinate, middle turbinate and uncinate process of control subjects, and nasal polyp tissues from ECRSWNP
patients and nonECRSWNP patients. Gene expression was normalized to RPLPO. * P < .05, ** P < .01, *** P < .001. CRSwWNP, chronic
rhinosinusitis with nasal polyps; ECRSWNP, eosinophilic CRSWNP; nonECRSWNP, noneosinophilic CRSWNP; ACE2, angiotensin-converting
enzyme 2; TMPRSS2, transmembrane protease serine 2; RPLPO, ribosomal protein lateral stalk subunit PO; DEGs, differentially expressed
genes; FPKM, fragments per kilo-base of exon per million fragments mapped; n.s., no significance

significantly higher in nasal tissues of nonECRSWNP than ECRSWNP
and control group (Figure S3A). Furthermore, ACE2 expression
was significantly positively correlated with blood eosinophil count
(r=.510, P < .001; Figure S3B). Further evaluation of the expression
of ACE2 in nasal tissues of smoker and non-smoker CRSWNP pa-
tients showed that this was not significantly different between the
smokers and non-smokers (Figure S4).

Cross-reference with a published RNA sequencing data-

base in the Gene Expression Omnibus database?? confirmed the

up-regulated expression of ACE2 in nasal tissues of nonECRSWNP
compared to ECRSwNP (Figure S5A); however, expression of
TMPRSS2 was not found to be significantly different between nasal
tissues from control subjects, ECRSWNP patients and nonECRSWNP
patients (Figure S5B).

To further investigate the expression of ACE2 and TMPRSS2 at
protein level, Western blot assay was performed on nasal tissues of
control subjects, ECRSWNP patients and nonECRSWNP patients.
Similar to findings by RNA sequencing, the Western blot analysis
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CRSWNP; ACE2, angiotensin-converting enzyme 2; TMPRSS2, transmembrane protease serine 2; n.s., no significance

also showed that ACE2 expression was significantly higher in nonE-
CRSwWNP than in ECRSWNP (P < .01) and control (P < .001) groups
(Figure 2A and C), while TMPRSS2 expression was significantly
lower in ECRSWNP (P < .05) and nonECRSWNP (P < .05) groups than
in control group (Figure 2B and D).

3.5 | ACE2 expression is associated with
endotypes of CRSWNP

As ECRSWNP and nonECRSWNP are characterized by different pat-
terns of immune cell infiltration, the association between ACE2 and/
or TMPRSS2 expression and tissue inflammatory cells was explored.
ACE2 expression was negatively correlated with tissue eosinophils
(Spearman r = -.756, P < .001; Pearson r = -0.564, P = .002), and
positively correlated with tissue lymphocytes (Spearman r = 0.476,
P =.014; Pearson r = 0.610, P < .001) in nasal mucosa of CRSWNP
patients (Figure 3A and B). Cell type enrichment analysis, based on
xCell scores determined from RNA sequencing data, showed that
the infiltrations of immune cells in nasal tissue were different be-
tween ECRSWNP and nonECRSwWNP patients. In particular, nasal
tissue from ECRSWNP patients had significantly more infiltrating
eosinophils (P < .01) and dendritic cells (P < .01), than nasal tissue
from nonECRSWNP patients (Figure 3C). We further assessed the
association between ACE2 expression and xCell scores of each
cell type and found that both eosinophils (r = -.711, P < .001) and

dendritic cells (r = -.685, P = .003) were negatively correlated with
the expression of ACE2 (Figure 3D and E). However, no significant
correlation was found between the expression of TMPRSS2 and any
of the immune cells.

Endotypes of CRSWNP are mainly characterized by type 1, type
2 and type 3 inflammatory patterns; with increased levels of (1) IFNG
indicating predominantly type 1 inflammation; (2) I1L4, IL5, IL13 in-
dicating type 2 inflammation; and (3) IL17 indicating type 3 inflam-
mation. Thus, CRSWNP patients were further classified into type 1,
type 2 and type 3 endotypes according to the mRNA expression
of IFNG, IL5 and IL17A in nasal tissues,?®?” respectively. Of the 26
CRSWNP patients in this study, 6, 9 and 1 patients were character-
ized by single type 1, type 2 and type 3 endotype, respectively; 5
patients had a combination of type 1 and type 2 endotype; 1 patient
had a combination of type 1 and type 3 endotype; while 4 patients
had an untypeable endotype with no increase in the expressions of
IFNG, IL5 or IL17A. ACE2 showed significantly increased expression
in type 1 endotype of CRSWNP compared to type 2 endotype of
CRSWNP (P < .001) and control subjects (P < .001), and comparable
expression between type 2 endotype of CRSWNP and control sub-
jects (Figure 4A).

Assessment of the association between expression of ACE2 and/
or TMPRSS2 and different inflammatory cytokines indicated that
ACE2 expression was positively correlated with the expression of
IFNG (Spearman r = .557, P = .003; Pearson r = .514, P = .007); neg-

atively correlated with the expression of IL5 (Spearman r = -.614,
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P <.001; Pearsonr=-.401,P =.043) and IL13 (Spearmanr=-0.537,
P =.004; Pearson r = -.472, P = .015); and not correlated with IL17A
(Figures 4B-D and S6). TMPRSS2 showed lower expression in type
1, type 2 and their mixed endotypes of CRSWNP, compared to con-
trol group (Figure S7). However, TMPRSS2 expression was not cor-
related with the expression of IFNG, IL5 and IL17A.

3.6 | Influence of glucocorticoid treatment on
ACE2 expression

Assessment of the effect of glucocorticoid treatment on the ex-
pression of ACE2 and TMPRSS2 indicated that the expression

of ACE2 was significantly decreased in nasal polyp tissues of

nonECRSWNP patients (P < .05), but was not altered in nasal polyp
tissues of ECRSWNP patients after 2 weeks' glucocorticoid treat-
ment (Figure 5A). In contrast, the expression of TMPRSS2 was not
significantly altered in nasal tissues of either ECRSWNP patients
or nonECRSWNP patients in response to glucocorticoid treatment
(Figure S8).

The effect of glucocorticoid treatment on type 1, type 2 and
type 3 cytokines in nasal tissue was also explored. Similar to ACE2,
IFNG and IL17A mRNA expression was significantly decreased by
glucocorticoid treatment in nonECRSWNP (P < .05, respectively),
but not influenced by glucocorticoid in ECRSWNP (Figure 5B and
D). Conversely, IL5 mRNA expression was significantly down-reg-
ulated in ECRSWNP (P < .05), but not influenced in nonECRSWNP
(Figure 5C).
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significance

3.7 | Theregulation of ACE2 expression in nasal
epithelial cells

We further explored the regulation of ACE2 expression by cy-
tokines and glucocorticoids in cultured primary nasal epithe-
lial cells. ACE2 expression was detected by RNA sequencing or
real-time PCR after incubation for 24 hours with type 1, type 2
and type 3 cytokines, and IFN-y + budesonide or dexametha-
sone. The expression of ACE2 was significantly up-regulated by
IFN-y (10ng/mL) (P < .001), but not altered by any of the other
cytokines (IL-4, IL-5, IL-13 and IL-17) investigated (Figure 6A). In
contrast, TMPRSS2 expression was significantly increased by IL-4
(P < .01) and IL-13 (P < .001), but not altered by any of the other
cytokines investigated (Figure S9). Although budesonide and
dexamethasone did not directly influence ACE2 expression, both
compounds significantly attenuated IFN-y-induced expression of
ACE2 (Figure 6B).

3.8 | Potential function of genes co-expressed with
ACE2 gene

Pearson correlation analysis of RNA sequencing data for nasal tis-
sues from CRSwWNP patients and control subjects, to determine the
genes co-expressed with ACE2 gene, showed that 1286 genes were
significantly co-expressed with ACE2. GO pathway enrichment
analysis of the ACE2 co-expressed genes further demonstrated that
the ACE2 co-expressed genes were mostly associated with defence
response to virus, negative regulation of viral genome replication,
type | interferon signalling pathway, NIK/NF-kappaB signalling,
cilium assembly, intraciliary transport and other biological pro-
cesses (Figure 7A). In contrast, the significantly enriched pathways
by TMPRSS2 co-expressed genes were mainly associated with cell
cycle, RNA biosynthetic process, intracellular transport, protein lo-
calization and other similar biological processes, which are likely to

be generally irrelevant in eliciting response to virus (Figure S10).
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Figure 7B shows the ACE2 co-expressed genes, which are in-
volved in the defence response to virus. All of these genes were
found to be positively correlated with the expression of ACE2 in
nasal tissues and showed increased expression trends in particularly
nonECRSWNP patients; with 12 of these including GBP1, GBP3,
IFNG, TLR3, TLR7, IFIT1, IFIT5, APOBEC3F, CXADR, EIF2AK2,
POLRSF and TRIM22 being significantly increased in nonECRSWNP
compared to ECRSWNP.

4 | DISCUSSION

COVID-19 caused by SARS-CoV-2 has become a worldwide pan-
demic and a major public health emergency. The SARS-CoV-2 recep-
tor ACE2 plays a crucial role in cellular entry leading to infection.?’
Thus, high expression of ACE2 has been suggested to be a poten-
tial risk factor for virus infection and disease severity.!*%3! Our
study has demonstrated that expression of ACE2 was significantly
increased in nasal tissues of nonECRSWNP patients compared to
ECRSWNP patients and control subjects; with no significant differ-
ence between ECRSWNP patients and control subjects. The expres-
sion of ACE2 was positively correlated with type 1 inflammation
indicators and conversely negatively correlated with type 2 inflam-
mation indicators. Furthermore, ACE2 expression was up-regulated
by type 1 cytokine IFN-y. To our knowledge, this is the first study to
elucidate the associations between ACE2 expression and different
inflammatory endotypes of CRSWNP.

High expression of ACE2 has been identified in airway epithe-
lial cells, which might explain the fact that SARS-CoV-2 infection
is primarily a respiratory iliness.%? Employing RNA sequencing and
data analysis, we have demonstrated that ACE2 is highly expressed
in epithelial cells of both the lower and upper airways, and that the
expression of ACE2 was highest in nasal epithelial cells. This finding
is consistent with a recent study which has demonstrated that SARS-
CoV-2 entry factors are highly expressed in nasal epithelial cells to-
gether with innate immune genes.10 Considering the primary mode
of viral transmission, our findings suggest that the nasal mucosa
may be an important most readily available route for SARS-CoV-2
infection.

It is important to urgently identify the potential risk factors,
which facilitate SARS-CoV-2 infection. In particular, as SARS-CoV-2
depends on ACE2 for cell entry,®® various pathological conditions
that could increase the expression of ACE2 has been identified as
risk factors for COVID-19. Fang and colleagues®! have suggested
that patients with cardiac diseases, hypertension or diabetes, who
are treated with ACE2-increasing drugs, are at higher risk for severe
COVID-19. Similarly, Leung and colleagues®® have demonstrated
that COPD and active cigarette smoking could up-regulate ACE2 ex-
pression in the lower airways, thus in part explaining the increased
risk of severe COVID-19 in these groups of individuals. Moreover,
Higham and colleagues®* have observed increased ACE2 expression
in COPD patients who are overweight compared to those not over-
weight, which suggests that overweight COPD patients might be at
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FIGURE 6 IFN-y-induced ACE2 expression is attenuated by
glucocorticoids. A, Cultured primary nasal epithelial cells were
incubated with IFN-y (10 ng/mL), IL-4 (50 ng/mL), IL-5 (50 ng/mL),
IL-13 (50 ng/mL) or IL-17 (50 ng/mL) for 24 h, and then analysed

for expression of ACE2 by RNA sequencing. N = 3 for IFN-y and
IL-13 group, n = 4 for IL-4, IL-5 and IL-17 group. B, Cultured primary
nasal epithelial cells (n = 3) were incubated with IFN-y (10 ng/
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(0.5 pg/mL, 1.0 ug/mL) for 24 h, and then analysed for expression
of ACE2 by real-time PCR. ACE2, angiotensin-converting enzyme
2; IL, interleukin; FPKM, fragments per kilo-base of exon per million
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greater risk of developing severe COVID-19. Our findings demon-
strated that patients with nonECRSWNP have increased expression
of ACE2 in nasal tissues compared to ECRSWNP patients and control
subjects, indicating that this might lead to increased susceptibility to
SARS-CoV-2 infection in nonECRSWNP patients. Analysis with pub-
lished gene expression data sets also confirmed the up-regulated
expression of ACE2 in nasal tissues of nonECRSWNP compared to
ECRSWNP.*®

Very recently, Wang and coIIeagues36 reported that the preva-
lence of CRS in hospitalized patients with COVID-19 in cohort from
Wuhan, China was 6.1%, which is close to the prevalence in our co-
hort from Beijing, China (8.7%). In addition, our finding that there
was no significant difference in blood eosinophil counts between
COVID-19 patients with and without CRS is in line with Wang and
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colleagues’ findings, which might suggest a low rate of SARS-CoV-2
infection for eosinophilic CRS or a relative high rate of SARS-CoV-2
infection for noneosinophilic CRS. The same research group also re-
ported that ACE2 expression level was comparable in the inferior
turbinate and middle turbinate from the control subjects,37 which
is consistent with our findings. Additionally, Wang and colleagues
reported lower ACE2 expression level in nasal polyp samples of
CRSWNP patients than in their inferior turbinate samples.37 Our
study did not inquire the regional differences in ACE2 expression
in the sinonasal mucosa of patients with CRSWNP, which could be
a limitation. However, our study made a thorough inquiry into the
associations between ACE2 expression and different inflammatory
endotypes of CRSWNP.

CRSWNP is a heterogeneous disease with several endotypes,
which are mainly characterized by type 1, type 2 and type 3 inflam-
matory patterns.?%3® ECRSWNP has a predominantly type 2 inflam-
mation characterized by pronounced eosinophilia and high levels of
IL-4, IL-5 and IL-13, while nonECRSWNP is characterized by type 1
inflammation with high levels of IFN-y and/or type 3 inflammation
with high levels of IL-17.% In the present study, we did not observe
significant changes of ACE2 expression in ECRSWNP patients com-
pared to control subjects. In view of the fact that type 2 inflamma-

tion is also the predominant inflammatory endotype of asthma, our

findings are in agreement with the previous reports that asthma
might be not a significant risk factor for COVID-19.4%? Although the
most prevalent endotype in CRSWNP is characterized by type 2 in-
flammation,*° it is well known that compared to Western CRSWNP
patients, East Asian CRSWNP patients have substantially more type
1 and/or type 3 inflammation.?”#! The positive correlation between
ACE2 expression and type 1 inflammation suggests that this may
possibly influence susceptibility to SARS-CoV-2.

Indeed, our study has further demonstrated that ACE2 expres-
sion was significantly up-regulated by IFN-y, but not influenced by
IL-4, IL-5, IL-13 and IL-17; lending further support to the notion that
type 1 inflammation is likely to positively influence susceptibility
to SARS-CoV-2. This finding is consistent also with the findings of
Ziegler and colleagues,*?> who recently demonstrated that IFN-a2
and IFN-y, but not IL-4, IL-13 and IL-17A, significantly up-regulated
ACE2 expression in human nasal epithelial cell cultures. However,
whether type 2 inflammation influences ACE2 expression in nasal
epithelial cells remains controversial. In this study, we showed com-
parable expression of ACE2 between Chinese ECRSWNP patients
and control subjects. In addition, Wang and coIIeagues43 have shown
that both mRNA and protein expression of ACE2 were comparable
in nasal tissues between control subjects and patients with aller-

gic rhinitis, a disease driven by type 2 inflammation. Conversely,
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unpublished data from Krysko and coIIeagues44 suggest that expres-
sion of ACE2 may be reduced in nasal polyp compared to control
tissue, while Kimura and colleagues have reported that IL-13 reduces
ACE2 expression in airway epithelial cells.*® In this regard, consider-
ing race and regional differences,*® we speculate that the severity of
type 2 inflammation might partly contribute to these controversial
findings of ACE2 expression in ECRSWNP patients.

NonECRSWNP shows prominent infiltration of inflammatory
cells, which are mostly lymphocytes and plasma cells, whereas
ECRSWNP shows a large number of eosinophils.*”*’ In accordance
with these findings, we have also shown that patients with nonE-
CRSWNP had significantly less eosinophilic and more lymphocytic
infiltration in nasal tissues than ECRSWNP patients. Moreover, ACE2
expression was positively correlated with the numbers of lympho-
cytes infiltrating the nasal tissue, and negatively correlated with
infiltrating eosinophils in nasal tissue. Baba and colleagues have ob-
served that there are significantly more CD4" and CD8'T lympho-
cyte in nasal tissues of nonECRSWNP,*® which might contribute to
the high production of IFN-y49 and subsequently to the increased
expression of ACE2.

Intranasal or systemic use of glucocorticoid is the first-line phar-
maceutical treatment for CRSWNP; significantly improving polyp size,
nasal symptoms and quality of life.’®>! An important mechanism for
glucocorticoid treatment is to block inflammatory mediators and thus
regulate the immune response. The present study demonstrated that
glucocorticoids had inhibitory effects on both type 1 and type 2 in-
flammations. However, we did not observe a direct regulation on ACE2
expression by glucocorticoid treatment. The decreased expression of
ACE2 in nasal tissues of nonECRSWNP in response to glucocorticoid
treatment might be due to the inhibition of type 1 inflammatory me-
diators such as IFN-y. Recently, experts from the European Academy
of Allergy and Clinical Immunology (EAACI) suggested that intrana-
sal corticosteroids remain the standard treatment for CRS in patients
with SARS-CoV-2 infection.>? Our findings also suggest that use of
glucocorticoid therapy is not a risk factor for SARS-CoV-2 infection in
CRSWNP patients and should be continued as prescribed.

Co-expressed genes are more likely to be co-regulated and
share similar functions.’® In view of the multiple biological func-
tions of ACE2; including vasodilatory effects, regulation of re-
nin-angiotensin system and receptor for coronavirus,’* the present
study further investigated and identified the genes co-expressed
with ACE2 gene in nasal tissues, in order to predict its function.
We found that the genes co-expressed with ACE2 gene in nasal tis-
sue were mostly associated with the biological process of defence
response to virus, suggesting that the main biological function of
ACE2 in nasal tissues may be associated with enhancing virus infec-
tion. We further observed generally increased expression patterns
of ACE2 co-expressed genes related to defence response to virus
in NonECRSWNP compared to ECRSWNP, with 12 of these being
significantly increased. Interestingly, 5 (GBP1, TLR3, TLR7, IFIT1
and TRIM22) of these 12 genes have been shown to be IFN-y stim-

ulated genes,”>7 further indicating a relationship between type 1
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inflammation and response to virus. Our findings complement the
findings by Hwang and colleagues,’® who showed reduced expres-
sion of IFN-B, IFN-A1 and IFN-A2 in nasal tissues of CRSWNP and
down-regulation of antiviral factors by type 2 cytokines in cultured
epithelial cells. These authors further demonstrated that although
TLR3 and TLR7 mRNA expression was not significantly different
between nasal tissues of controls and CRSwWNP patients, there was
a trend for increased expression of both TLR3 and TLR7 mRNA
expression in nonECRSWNP compared to control and ECRSWNP.
Thus, it is possible that the inflammatory pattern in nasal tissue of
CRSWNP might be associated with different potential of antiviral
response.>¢

In addition to using ACE2 as a cell entry receptor, SARS-CoV-2 em-
ploys human proteases as entry activators. In this regard, TMPRSS2
is a host cell serine protease that primes the spike protein of SARS-
CoV-2, which is essential for viral spread and pathogenesis in the
infected host.”*? Compared with ACE2, TMPRSS2 has been shown
to be highly expressed with a broader distribution in multiple tissues
and cell types.10 In accordance with the findings of Kimura and col-
Ieagues,45 we found that expression of TMPRSS2 was also increased
by IL-4 and IL-13 stimulation in cultured nasal epithelial cells. However,
our study has demonstrated that the expression of TMPRSS2 in nasal
tissues of ECRSWNP patients was decreased compared to control
subjects, which might be due to the presence of various factors which
suppress TMPRSS2 expression; for example tumour necrosis factor
(TNF) and hypoxia.®® Additionally, SARS-CoV-2 can use other pro-
teases such as CTSB and CTSL for priming of the SARS-CoV-2 and
cell infection.”®! However, as the present study demonstrated that
expression of CTSB and CTSL was comparable between control sub-
jects and CRSWNP patients (Figure S11), it is presently not possible to
deduce whether differential expression of TMPRSS2 in CRSWNP is a
protective or risk factor of SARS-CoV-2 infection.

The present study is somewhat limited. Firstly, there is lack of
clinical information regarding the patients with COVID-19 and
CRSWNP, which may directly link ACE2 expression to SARS-CoV-2
infection. Secondly, the sample size used for RNA sequencing is
relatively small. Thirdly, the correlation coefficient between ACE2
expression and inflammatory cytokines is relatively low. One im-
portant reason for this low correlation might be the low expression
of cytokines under the detection limits by RNA sequencing in many
samples.

In summary, the present study has demonstrated that the ex-
pression of SARS-CoV-2 receptor ACE2 is significantly increased
in nasal tissues of nonECRSWNP patients compared to ECRSWNP
patients and control subjects. Furthermore, ACE2 expression is
positively correlated with the expression of type 1 inflammatory
cytokines, particularly IFN-y, and negatively correlated with type 2
inflammatory indicators. The increased expression of ACE2 is most
likely regulated by IFN-y.
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