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Abstract

SARS-CoV-2 has evolved to enter the host via the ACE2 receptor which is part of the kinin-kallikrein pathway. This
complex pathway is only poorly understood in context of immune regulation but critical to control infection. This study
examines SARS-CoV-2-infection and epithelial mechanisms of the kinin-kallikrein-system at the kinin B, receptor level
in SARS-CoV-2-infection that is of direct translational relevance. From acute SARS-CoV-2-positive study participants
and -negative controls, transcriptomes of nasal curettages were analyzed. Primary airway epithelial cells (NHBEs) were
infected with SARS-CoV-2 and treated with the approved B,R-antagonist icatibant. SARS-CoV-2 RNA RT-qPCR, cyto-
toxicity assays, plaque assays, and transcriptome analyses were performed. The treatment effect was further studied in a
murine airway inflammation model in vivo. Here, we report a broad and strong upregulation of kallikreins and the kinin
B, receptor (B,R) in the nasal mucosa of acutely symptomatic SARS-CoV-2-positive study participants. A B,R-antagonist
impeded SARS-CoV-2 replication and spread in NHBESs, as determined in plaque assays on Vero-E6 cells. B,R-antagonism
reduced the expression of SARS-CoV-2 entry receptor ACE2, G protein—coupled receptor signaling, and ion transport
in vitro and in a murine airway inflammation in vivo model. In summary, this study provides evidence that treatment with
B,R-antagonists protects airway epithelial cells from SARS-CoV-2 by inhibiting its replication and spread, through the
reduction of ACE2 levels and the interference with several cellular signaling processes. Future clinical studies need to
shed light on the airway protection potential of approved B,R-antagonists, like icatibant, in the treatment of early-stage
COVID-19.

Key messages ¢ B,R-antagonist reduces ACE2 levels in vivo and ex vivo.
¢ Induction of kinin B, receptor in the nose of SARS-CoV- e Protection by B,R-antagonist is mediated by inhibiting
2-positive patients. viral replication and spread.

e Treatment with B,R-antagonist protects airway epithelial
cells from SARS-CoV-2.
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COVID-19 Coronavirus disease of 2019
DABK Des-Arg9-bradykinin
GPCR G protein—coupled receptor

HC Hydrocortisone

HMWK High-molecular-weight-kininogen

IC50 Half maximal inhibitory concentration

KKS Kinin-kallikrein-system

LDH Lactate dehydrogenase

LMWK Low-molecular-weight-kininogen

NHBE Normal human bronchial epithelial cells

RAS Renin-angiotensin-system

SARS-CoV-2  Severe acute respiratory syndrome
coronavirus-2

TMPRSS Transmembrane serine protease

Introduction

SARS-CoV-2 vaccines have been approved worldwide since
the end of 2020 and are starting to show their protective
effects in public health [1, 2]. Even with vaccines at hand,
an important medical need for therapeutic approaches for
COVID-19 remains: immunocompromised individuals may
not mount a sufficient immune response after vaccination and
escape variants, such as the currently spreading SARS-CoV-2
variant Omicron [3], may breach protection afforded by the
vaccines [4-7].

Key factors for SARS-CoV-2 cell entry are two cell sur-
face molecules, angiotensin-converting enzyme 2 (ACE2)
and transmembrane serine protease (TMPRSS)2 [8].
TMPRSS2 cleaves the coronaviral spike protein and primes
it for cell fusion, while ACE2 enables the virus particle to
enter the cell by binding of its spike protein [9, 10]. The
latter acts as central component in its function as terminal
carboxypeptidase in the counter-regulatory axis of the renin-
angiotensin-system (RAS) and the contact-activation-system
(CAS) [8, 11], which initiates blood coagulation and can
additionally activate the kinin-kallikrein-system (KKS) [12].
In its role in the RAS, ACE2 has anti-vasoconstrictive and
anti-inflammatory effects by hydrolyzing the vasoconstric-
tive and tissue-damaging angiotensin II, which contributes
to airway remodeling and fibrosis [13, 14], to angiotensin
(1-7) [15]. In its role in the KKS, ACE2 further hydro-
lyzes vasoactive peptides such as des-Arg9-bradykinin
(DABK), which activates the pro-inflammatory axis of the
KKS [16] via the inducible kinin B, receptor (BDKRB1;B,
receptor;B|R) [17]. While DABK is the ligand of B|R,
bradykinin, the end product of the KKS-cascade, activates
the constitutively expressed kinin B, receptor (BDKRB2;B,
receptor;B,R) [18]. Through this mechanism, bradykinin
mediates its pro-inflammatory effects by eliciting a vari-
ety of responses, including vasodilation and edema, via the
G protein—triggered phosphatidylinositol-calcium second
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messenger-system [ 19-23]. The fact that SARS-CoV-2 utilizes
ACE?2 to enter airway cells along with the fact that ACE2 is
a multifunctional enzyme that counter-regulates the ACE-
driven mechanisms of the RAS and balances the KKS may
therefore explain the serious course of COVID-19, not only
in the lungs but systemically [24, 25].

Recent publications suggest that the KKS could play a
role in COVID-19. KKS comes into play particularly in con-
nection with the high prevalence of thromboembolic events
in severely ill COVID-19 patients [7, 17, 26-28]. A recent
study on a cohort of 66 COVID-19 patients admitted to the
intensive care unit showed that the KKS was strongly acti-
vated, which was reflected in the consumption of factor XII
(F12), pre-kallikrein (KLKB]I), and high-molecular-weight-
kininogen (HMWK; KNGI) [26]. When activated, plasma-
kallikrein (KLKB]1) releases kinins from HMWK (KNG/) in
the peripheral blood. In tissues, however, the functional real
tissue kallikrein (KLK) generates bradykinin and kallidin
[29], but by cleavage of low-molecular-weight-kininogen
[30], which is an additional splice product of the KNGI
gene [31, 32]. It has further been hypothesized that kinin-
dependent “local lung angioedema” involving B,R and B,R
is an important characteristic of COVID-19 [33-36]. This
study examines the potential of an intervention in the KKS
at the kinin receptor level in SARS-CoV-2-infection with
translational relevance and reveals an antiviral and protective
effect of B,R-antagonism on human bronchial epithelium.

Materials and methods
Human study participants and nasal brushings

Nasal brushings were performed as part of a larger health-
care professional observational cohort study, which was
approved by the Ethics Commission of the Technical Uni-
versity of Munich (AZ 175/20 s) during the first COVID-19
wave in Germany in 2020. Nasal brushings were obtained
from 7 healthy healthcare professionals and 4 healthcare
professionals with new onset of mild to moderate respira-
tory symptoms and within 2 days of newly confirmed SARS-
CoV-2 diagnosis. No vaccine or specific treatment was avail-
able at the time of sampling. RNA was extracted from these
nasal brushings and subjected to whole-genome transcrip-
tome analysis (see Supp.Info.). All participants gave written
informed consent prior to participation (Table 1).

In vivo mouse study

Mice received murine IL-12Fc (1 pg protein in 50pL PBS)
or PBS control intranasally [37]. Intranasal application was
performed under isoflurane anesthesia in two steps of 25puL
per nostril. Forty-eight hours later, the mice received a single
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Table 1 Demographic data of healthcare professional cohort

Parameter Negative Positive acute p-value
(n="7) (n=4)

Age (years)* 35.86+3.86 37.50+8.78 n.s

Sex (m/f) 2/5 173

IgM (ng/mL) 1.32+0.28 4.34+2.281 n.s

1gG (ng/mL) 0.48£0.08 67.08 +19.51 0.0061

Negative, tested negative in SARS-CoV-2 qPCR; positive acute,
tested positive in SARS-CoV-2 qPCR; IgM, immunoglobulin M;
IgG, immunoglobulin G; n.s., not significant; values are depicted as
mean + S.e.m

*At informed consent procedure and inclusion into study

subcutaneous injection of icatibant (2 nmol per 10 g body
weight; HOE-140 ((icatibant), H157, SLBX4410, Sigma)
or PBS control. The experiment was terminated by CO,
asphyxiation 6 h or 24 h after injection of icatibant. The
experiment was carried out twice. Organs were snap frozen
for protein extraction. Experiments were pre-registered at
www.animalstudyregistry.org (study title “Effect of drug
on ACE2 levels in mice”; https://doi.org/10.17590/asr.
0000225). Mice enrolled in the experiment were 6—8 weeks
old, from either C57BL/6 J, BALB/c, or C3H HeN strains.
Both sexes were included for each strain and means of
each mouse type (strain/sex) are depicted as single values
in Fig. 2A: circle:female; triangle:male. Black:C57BL/6,
midgrey:C3H HeN, light gray:BALB/c strain. Experiments
were performed and analyzed in a randomized and blinded
fashion. Animals were obtained from Janvier Labs (Le
Genest-Saint-Isle, France) and housed 5 per cage and sex in
individually ventilated cages at Laboratory Animal Service
Center of the University of Zurich in Schlieren (Schlieren,
Zurich, Switzerland). The animal vivarium was a specific-
pathogen-free (SPF) holding room, that was temperature-
and humidity-controlled (21 +3 °C, 50+ 10%), with a 12-h
light/dark cycle. All animals had ad libitum access to the
same food and water throughout the entire study. All proce-
dures described in this study had previously been approved
by the Cantonal Veterinarian’s Office of Zurich, Switzerland
(License ZH096/20), and every effort was made to minimize
the number of animals used and their suffering.

Additional methods are provided in the supporting
information.

Results

B, receptor antagonist inhibits replication
and spread of SARS-CoV-2

ACE?2 is the central viral entry receptor for SARS-CoV-2
on human epithelial cells of the respiratory tract [8]. Recent

studies showed that this receptor and its co-receptors are not
only expressed in the lower airways, and thus on alveolar
epithelial cells type-I and -II, but are also present in the
upper airways, but predominantly in the nasal mucosa [38].

To investigate local effects of the acute SARS-CoV-2-
infection on the nasal epithelium, we analyzed the transcrip-
tome of nasal curettages from symptomatic study partici-
pants, who tested acutely positive for SARS-CoV-2 (n=4),
and from SARS-CoV-2-negative study participants (n=7).
In a transcriptome analysis, the most strongly induced genes
encoding secreted factors included many members of the
kallikrein family (Fig. 1A, Table S1), in particular the kal-
likreins KLK5, KLK9, and KLK1?2 (Fig. 1B, Table S2). Next,
we focused on the central factors of the tissue-KKS as stated
above. Two-thirds of the genes were upregulated including
the precursor of bradykinin LMWK (KNG1), true tissue
kallikrein (KLK1), responsible of hydrolyzing LMWK to
kallidin/bradykinin, and further the receptor for bradykinin,
B,R (BDKRB2), which was significantly increased (Fig. 1C,
Table S3). Since the two plasma factors factor XII (F12)
and pre-kallikrein (KLKBI) are mainly processed and act in
the plasma-KKS, it was expected that these factors are not
differentially expressed in the nasal mucosa. The induction
of KNGI, KLK1, and BDKRB? in primary nasal samples of
SARS-CoV-2-positive study participants is evidence for an
autocrine bradykinin effect via B,R that is triggered locally
during COVID-19 disease.

This finding prompted us to investigate selective kinin
B, receptor antagonism in connection with SARS-CoV-
2-infection. We therefore hypothesized that a B,R-antagonist
like icatibant, an approved compound for the treatment of
hereditary angioedema [39], counter-regulates the effects of
bradykinin during a SARS-CoV-2-infection and thereby has
a protective effect on the integrity of the airway mucosa. To
circumvent limitations of cell lines like Vero-E6, A549, or
Calu-3 cells that are intrinsically impaired to form an inter-
feron response upon viral infection [40], we infected primary
human NHBEs with SARS-CoV-2.

To examine the effects of SARS-CoV-2-infection and
B,R-antagonist treatment on the microscopic integrity
of the airway epithelium, 3D-air-liquid interphase orga-
noid cultures were differentiated from primary NHBEs
(Supp.Info). After complete differentiation, epithelia
were pre-treated from the basal side with the approved
B,R-antagonist icatibant, and subsequently infected with
SARS-CoV-2 from the apical side. The cultures pre-treated
with B,R-antagonist showed less virus-induced balloon-like
structures compared to untreated cultures. The epithelial
layers remained qualitatively more intact, which indicates
a protective effect of the B,R-antagonist for the bronchial
epithelium (Fig. 1D). This finding was further strengthened
by cytotoxicity assays: the B,R-antagonist had no toxic
effects on NHBEs even at high doses determined by lactate
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«Fig. 1 Induction of kallikreins and kinin receptor B, in the nasal
mucosa of acutely positive COVID-19 study participants. A Volcano
plot of significantly differentially regulated genes (DEGs =differen-
tially expressed genes) in nasal curettages of study participants that
were acute positive for SARS-CoV-2 compared to healthy individu-
als (negative) using human miR microarray technology. Highlighted
genes have a fold change (FC)>10 with P <0.05; genes in red are
upregulated; genes in blue are downregulated. B Heat map of gene
expression analysis of kallikrein genes and C of genes of the kinin-
kallikrein-system (KKS) in nasal curettages comparing acute SARS-
CoV-2-positive study participants to healthy controls. All entities are
shown. Asterisks indicate significantly regulated genes (P <0.05)
in SARS-CoV-2-infected NHBEs compared to medium. Color code
indicates Log2-fold change from low (blue) through O (white) to high
(red). Duplicate gene names indicate the abundance of two or more
isoforms of the same gene in the analysis. D 3D-air-liquid interphase
cultures from NHBEs were pre-treated for 24 h with/without 1 nM
B,R-antagonist from the basal side and subsequently infected with
SARS-CoV-2 for 48 h from the apical side. E Lactate dehydrogenase
(LDH) cytotoxicity assay using the LDH Cytotoxicity Detection Kit
PLUS studying the effect of increasing doses of the B,R-antagonist
after 48 h in primary NHBEs from 4 donors. Results are depicted as
mean +s.e.m. Statistical tests compared each dose of B,R-antagonist
with 0 nM B,R-antagonist. F Cytotoxicity assay determining LDH
release into the supernatants of cultures of SARS-CoV-2-infected
NHBEs from 12 donors that were pre-treated for 24 h with/without
1 nM B,R-antagonist. G Quantification of infectious particles in the
supernatants of SARS-CoV-2-infected NHBEs from 10 donors that
were pre-treated with/without 1 nM B,R-antagonist for 24 h. Super-
natants were titrated on Vero-E6 cells and plaque assay was quanti-
fied 24 h later. Results are depicted as plaque-forming units (PFU)
per milliliter. H qPCR analysis of total SARS-CoV-2 RNA (viral
genome and transcripts, which all contain the N1 sequence region)
normalized to human ACTB of SARS-CoV-2-infected primary NHBE
after 24 h of pre-treatment with/without 1 nM B,R-antagonist fol-
lowed by 24 h of SARS-CoV-2 inoculation. For Fig. 1E, F, and H,
statistical tests compared SARS-CoV-2-infected versus uninfected
samples or B,R-antagonist-treated versus untreated samples. I Analy-
sis of human ACE2 gene expression using qPCR (n=10) and J of
human ACE2 protein levels analyzed by ELISA from cell lysates
(n=06) after 24 h of pre-treatment of NHBEs with/without 1 nM
B,R-antagonist, followed by SARS-CoV-2 inoculation for 24 h

dehydrogenase (LDH) release, but rather exhibited a cell-
protecting effect in uninfected cells (Fig. 1E) and during
SARS-CoV-2-infection (Fig. 1F). Next, the supernatants of
pre-treated, infected primary NHBEs were collected and
titrated onto fresh Vero-E6 cell cultures and plaque assays
were performed. Strikingly, we found that in vitro treatment
of NHBEs with B,R-antagonist prior to infection reduced
the number of plaque-forming units (PFU) in a plaque assay
by 87% (Fig. 1G). The levels of total SARS-CoV-2-RNA
in cells that had been pre-treated with the B,R-antagonist
decreased by 52% compared to untreated infected NHBEs
(Fig. 1H). With regard to the virus entry process, ACE2 was
reduced by pre-treatment with B,R-antagonist at the mRNA
level (Fig. 11), but just in trend at the protein level (Fig. 1J).
However, ACE2 protein levels were significantly reduced
upon SARS-CoV-2-infection. The membrane-standing pro-
tease TMPRSS2 cleaves the spike protein for SARS-CoV-2

and primes it for optimized binding to its entry receptor
ACE?2. In contrast to ACE2, TMPRSS?2 transcript levels
were significantly increased in infected compared to unin-
fected NHBEs but were not affected by B,R-antagonist
pre-treatment (Fig. S2A). Further experiments on the
B,R-antagonist effect on the SARS-CoV-2-infection of
NHBE showed that pre-treatment with B,R-antagonist sig-
nificantly reduced infection-mediated cytotoxicity measured
by LDH release (Fig. 1F).

Repetitive treatment with B,R-antagonist inhibits
SARS-CoV-2-replication and spread post-infection

The finding that B,R-antagonism leads to a downregula-
tion of ACE2 protein levels in lung epithelial cells was
confirmed in vivo in a murine airway inflammation model.
To mirror COVID-19 pathogenesis, mice were treated with
IL-12, which mimics virus-induced airway inflammation
via activation of the IL-12/IFN-y-axis [37, 41]. Specifi-
cally, mice received intranasal murine IL-12Fc, to gener-
ate a pro-inflammatory state in the lungs. The experiment
was designed in two blocks of 24 sex-matched mice from
three different strains per group, to rule out any confounding
genetic effect. After 48 h, mice were injected subcutane-
ously (s.c.) with the B,R-antagonist and the experiment was
terminated 6 h or 24 h later to analyze ACE2 protein lev-
els in the lungs. IL-12Fc pre-treated mice, which were then
further treated with the B,R-antagonist on day 2, showed
reduced ACE2 protein levels in the lungs after 6 h compared
to control mice, which were only treated with PBS on day 2
(Fig. 2A). This effect decreased after 24 h.

Anticipating treatment of SARS-CoV-2-infected study
participants with the B,R-antagonist icatibant, NHBEs
were first infected with SARS-CoV-2 and then treated
with the B,R-antagonist 6 h after infection. Confirming
the results of pre-treatment, post-infection treatment with
the B,R-antagonist also attenuated the cytopathic effect of
SARS-CoV-2 (Fig. 2B) and reduced the number of PFU in
a plaque assay on Vero-E6 cells by 84% (Fig. 2C).

We also aimed to reflect repeated dosage [42] during
treatment of early infection by treating NHBEs post-infec-
tion every 24 h with B,R-antagonist repeatedly for a period
of 96 h, reflecting the drug administration of this particular
substance in real life. In cells treated post-infection with
100 nM icatibant for 48 h, total viral RNA (Fig. 2D-F
IC4y(total RNA 48 h) =92.93; IC5,(total RNA 72 h)=91.56)
and also genomic viral RNA (Fig. 2G-I; IC,y(total RNA
48 h)=17.01; ICy(total RNA 72 h)=7.412) were signifi-
cantly reduced by 49% and 42% on average, respectively.
Treatment with 1000 nM icatibant for 48 h led to a reduc-
tion of total SARS-CoV-2 RNA (Fig. 2D-F) and also of
genomic SARS-CoV-2 RNA (Fig. 2G-I) by 69% and 56%
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on average, respectively. Genomic viral RNA was detected
using RT-qPCR against the sequence of the SARS-CoV-2
RNA-dependent RNA polymerase (RdRP), which is only
found in virions and during the viral replication. On the
other hand, total viral RNA was detected with qPCR tar-
geting a sequence of the SARS-CoV-2 N gene that is pre-
sent in the viral genome and also in every SARS-CoV-2
protein-encoding transcript. Both, total SARS-CoV-2 RNA
and genomic viral RNA levels were reduced upon treatment
with the B,R-antagonist (Fig. 2D-I).
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B, receptor antagonism broadly silences
gene expression in bronchial epithelial cells
while maintaining cell-intrinsic antiviral response

Severe cases of COVID-19 develop cytokine storms
[43-45] characterized by excessive systemic release of
multiple cytokines including IP-10 (CXCLI10), IL-6,
IL-8 (CXCLS8), and IL-10 [46—49]. These cases are cur-
rently treated with immunomodulating drugs, such as
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«Fig.2 Treatment of NHBE with B,R-antagonist post-infection in
repeated doses inhibits SARS-CoV-2 replication. A In vivo mouse
study. Twelve sex-matched mice from three different strains per group
were treated on day O with intranasal application of 1 pg murine IL-
12Fc per mouse or PBS as control to mimic virus-induced airway
inflammation. After 48 h, mice were injected s.c. with 2 nmol of the
B,R-antagonist icatibant per 10 g of body weight or PBS as control.
The experiment was terminated either 6 h or 24 h later and murine lung
ACE2 protein levels were analyzed by mouse ACE2 ELISA analy-
sis. Circle:female; triangle:male. Black:C57BL/6, mid gray:C3H HeN,
light gray:BALB/c strain. The experiment was carried out twice and the
data in the figure represent the mean of each mouse type (strain/sex)
of both experiments. Statistical tests compared B,R-antagonist-treated
versus untreated groups. B Cytotoxicity assay determining LDH in
supernatants from SARS-CoV-2-infected NHBEs from 12 donors that
were treated with/without 1 nM B,R-antagonist after 6 h of infection
for another 24 h. C Quantification of infectious particles in the super-
natants from SARS-CoV-2-infected NHBEs from 4 donors that were
treated with/without 1 nM B,R-antagonist after 6 h of infection for
another 24 h. Supernatants were titrated on Vero-E6 cells and plaque
assay was quantified 24 h later. Results are depicted as plaque-forming
units (PFU) per milliliter. For Fig. 2B-C, statistical tests compared
B,R-antagonist-treated versus untreated samples. D Relative quantifica-
tion of total SARS-CoV-2 RNA (viral genome and transcripts, which
all contain the N1 sequence region) and G genomic SARS-CoV-2 RNA
(containing the RIRP gene) normalized to housekeeping gene index of
human ACTB, HPRT, 18S in NHBEs from 8 independent donors that
were infected with SARS-CoV-2 for 6 h and then treated with increas-
ing doses of the B,R-antagonist icatibant repeatedly every 24 h for a
total of 96 h. In cells treated with E 100 nM and F 1000 nM icatibant
for 48 h and with H 100 nM and I 1000 nM icatibant for 72 h, total
SARS-CoV-2 RNA and genomic SARS-CoV-2 RNA were signifi-
cantly reduced. Red indicates SARS-CoV-2-infection; blue indicates
B,R-antagonist treatment. PRE indicates pre-treatment; POST indicates
post-treatment. In Fig. 2D-I, results are depicted as mean+s.e.m. and
statistical tests compared each dose of icatibant with 0 nM icatibant.
Statistically significant differences were depicted as p-values *P <0.05,
**¥P<0.01, and ***P<0.001. ns indicates non-significant.+infected/
treated;—indicates not infected/not treated

corticosteroids or biologics, like tocilizamab [50], though
these treatments may interfere with or alter the antiviral
immune response. We therefore compared the effect of
B,R-antagonism on gene expression of SARS-CoV-
2-infected bronchial epithelium with the effect of hydro-
cortisone. While the B,R-antagonist mainly suppressed
epithelial gene expression during infection, the effects
of hydrocortisone on gene induction and gene repression
were comparable (Fig. 3A, Tables S4-5). This finding
matches previous reports [51].

With regard to cell-intrinsic antiviral immunity, differ-
entially expressed genes (DEGs) in NHBEs induced by
SARS-CoV-2-infection included type-I and -III interferons
and IFN-inducible, antiviral APOBEC genes (Fig. S1E,
Table S6). SARS-CoV-2-infection particularly induced
antiviral cytidine deaminases APOBEC3A and B, which
we previously described to be induced by type-I interfer-
ons in the treatment of hepatitis B-virus-infection [52].
APOBEC3C mRNA levels, however, were decreased in

SARS-CoV-2-infected NHBE, which could indicate a novel
evasion mechanism [53]. Neither B,R-antagonist nor hydro-
cortisone inhibited the expression of genes with cell-intrin-
sic antiviral effects, but even increased the antiviral factor
APOBEC3A at the mRNA level (Fig. 3B, Table S7) [54].

Our gene expression analysis shows that SARS-CoV-
2-infection further induces the expression of acute-phase
proteins, such as TNF-a and IL-8 (CXCLS) [55, 56], as well
as [L-17C, MIP-3a (CCL20), IL-36y [57], and chemokines
CXCL1,-2,-3,-8,-17, CCL2,-3,-5 [57] in primary airway epi-
thelial cells (Fig. 3C, Table S8). The induction of these fac-
tors most likely contributes to the recruitment and activation
of relevant immune cells to the site of infection. In addition,
gene expression of acute-phase proteins was not signifi-
cantly affected in airway epithelial cells by B,R-antagonist
or hydrocortisone treatment (Fig. 3C, Table S8). Neither drug
interfered with cell-intrinsic antiviral immune mechanisms,
like IFN induction, APOBEC induction, or chemokine induc-
tion, thereby showing great potential for treatment options of
COVID-19 while maintaining the host’s antiviral immune
response.

In addition, we found that SARS-CoV-2-infection increases
the expression of three known and postulated entry (co-)
receptors: (1) transmembrane serine protease TMPRSS11A
(Fig. SIC, Table S6, 9—13), which was described to prime
the MERS coronavirus spike protein [58], (2) transmembrane
serine protease TMPRSS11D, which was shown to activate
SARS-CoV-2 spike protein [59], and (3) pathogen-associated
molecular pattern-binding C-type lectin receptor DC-SIGN
(CD209), which was described to serve as entry receptor for
SARS-CoV [60] and has also been suggested as a receptor for
SARS-CoV-2. The induction of these additional entry receptor
candidates triggered by SARS-CoV-2-infection may potentiate
the viral spread in the bronchial epithelium and thus represent
a pathogenetic mechanism that needs further research.

Overall, treatment with the B,R-antagonist and hydro-
cortisone had no significant effects on the expression of
most candidate viral entry receptors, except for hydrocorti-
sone, which enhanced the expression of TMPRSS proteases
(Fig. 3D, Table S14). In particular, when focusing on the
known SARS-CoV-2 entry receptors, hydrocortisone treat-
ment of uninfected cells was already sufficient to induce
an increase in TMPRSS2 gene expression (Fig. 3E). SARS-
CoV-2-infection per se also increased TMPRSS2 expres-
sion, and pre-treatment of SARS-CoV-2-infected NHBEs
with hydrocortisone further potentiated this effect. On the
other hand, ACE2 expression showed only a slight upward
trend after hydrocortisone pre-treatment (Fig. S2B). Finally,
hydrocortisone pre-treatment of SARS-CoV-2-infected
NHBESs had no inhibitory effect on the release of infectious
particles 24 h after infection (Fig. 3F), which was expected,
since treatment of COVID-19 study participants with corti-
costeroids has an immunomodulatory rationale.
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«Fig.3 B,R-antagonism exhibits a protective and suppressive effect
on gene expression profile of airway epithelial cells. A Volcano plots
showing global gene expression changes induced by either treat-
ment with B,R-antagonist or hydrocortisone (HC). Red indicates
significantly upregulated entities; blue indicates significantly down-
regulated entities. Gene expression analysis of pre-treated NHBEs
after 24 h of SARS-CoV-2-infection. B Heat map of gene expres-
sion analysis of genes involved in the epithelial antiviral response,
analysis of the effects of SARS-CoV-2-infection. Only entities with
significant changes between SARS-CoV-2-infection and medium
are shown (gene expression fold change FC>1.5 with P<0.05). C
Heat map of gene expression analysis of genes involved in the acute-
phase response is depicted. All entities are shown. Asterisks indicate
significantly regulated genes (P<0.05) in SARS-CoV-2 compared
to medium. D Heat map of gene expression analysis of known and
potential virus entry receptors is depicted. All entities are shown.
Color code indicates Log2-fold change from low (blue) through 0
(white) to high (red). Asterisks indicate significantly regulated genes
(P<0.05) in SARS-CoV-2-infected NHBEs compared to medium.
Duplicate gene names indicate the presence of two or more iso-
forms of the same gene in the analysis. E Analysis of TMPRSS2 gene
expression by qPCR after 24 h of pre-treatment with/without 10 pM
hydrocortisone (HC) followed by 24 h of SARS-CoV-2 inoculation.
Red indicates SARS-CoV-2-infection; yellow indicates pre-treatment
with hydrocortisone (HC). Statistical tests compared SARS-CoV-
2-infected versus uninfected samples or B,R-antagonist-treated ver-
sus untreated samples. F Quantification of infectious particles in the
supernatants of SARS-CoV-2-infected NHBEs from 10 donors that
were pre-treated with/without 10 pM hydrocortisone (HC) for 24 h.
Supernatants were titrated on Vero-E6 cells. The plaque assay was
quantified 24 h later. Results are depicted as plaque-forming units
(PFU) per milliliter

B, receptor antagonist counter-balances
virus-induced gene expression, particularly genes
involved in G protein-coupled receptor (GPCR)
signaling and ion transport

In order to identify gene networks that are attenuated by
B,R-antagonism, DEGs were processed in a network analy-
sis using the database “String” to identify enriched cellular
processes. B,R-antagonism reduced the expression levels of
343 membrane-bound receptors significantly in treated ver-
sus untreated SARS-CoV-2-infected NHBEs (Table S15).
Two particular cellular processes affected by pre-treatment
with the B,R-antagonist were identified, namely G pro-
tein—coupled receptor signaling (GO:0,007,186; Fig. 4A,
S2C, Tables S4, S17-18) and ion transport (GO:0,006,811;
Fig. 4B, Tables S4, S17-18). DEGs involved in both pro-
cesses were significantly downregulated in treated versus
untreated SARS-CoV-2-infected NHBEs (Tables S16-18).
Notably, all 35 cell surface receptors induced by SARS-
CoV-2-infection were downregulated in cells that were
treated with the B,R-antagonist (Fig. 4C, D, Tables S19-20).

Discussion

Here, we provide evidence for the effect of interference
with the KKS at the kinin B, receptor level as a means
of protecting the airway epithelium from SARS-CoV-
2-infection, while maintaining cell-intrinsic antiviral host
response.

We initially hypothesized that through KKS interfer-
ence, either feedback mechanisms or modulated signal
transduction targets the virus entry receptor ACE2 and
thus interferes with the spread of SARS-CoV-2. To this
end, the approved B,R-antagonist icatibant was used in this
study. We demonstrate that treatment with a B,R-antagonist
inhibits the replication and spread of SARS-CoV-2 in pri-
mary airway epithelial cells, which was determined by a
decrease in total and genomic SARS-CoV-2-RNA, result-
ing in less infectious particles in plaque assays, both when
applied pre- and post-infection. While a low concentration
of 1 nM B,R-antagonist was sufficient to reduce viral RNA
in primary bronchial epithelial cells when cells were treated
pre-infection, 100 nM B,R-antagonist was required to this
effect, when cells were treated post-infection. In addition,
the significant reduction in virus load as determined by PCR
tapered off after 96 h. On the one hand, in vitro infections
are performed with excess amounts of virus particles. On
the other hand, the fact that, due to its constitution as a pep-
tide analog, the B,R-antagonist icatibant used in this study
has a short half-life in the human body [42] but also phar-
macological tolerance to interference at receptor level may
explain why the effect reached significance after 6 h but
did not persist. Therefore, it may be required to administer
higher doses of the B,R-antagonist to COVID-19 patients
a few times per day to inhibit viral replication in the long
term. Due to this necessary repetitive administration of
the B,R-antagonist, the monoclonal anti-plasma-kallikrein
(KLKBI) antibody lanadelumab [61] may also be consid-
ered a potential pharmacologic alternative. However, it is
not clear whether the effects of the B,R blockade alone and
its effects on the KKS are responsible for the SARS-CoV-2
inhibition, or whether the compound itself additionally
mediates a direct antiviral effect. Therapeutic application
of the B,R-antagonist icatibant in future dose-finding stud-
ies should therefore focus on early intervention with at least
two doses daily [62] and on either optimized pharmacoki-
netics or increased high local tissue concentrations, e.g.,
through topical application.

Two potential mechanisms of action for suppressing
SARS-CoV-2-replication and spread in airway epithelium
are revealed by this study:
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«Fig.4 B,R-antagonism exhibits a protective and suppressive effect
on gene expression profile of airway epithelial cells. GO-term enrich-
ment analysis, which results from the string network analysis of sig-
nificant DEGs from the gene expression analysis comparing infected
NHBE pre-treated with B,R-antagonist with untreated infected
NHBE (SARS-CoV-2+B,R-antagonist versus SARS-CoV-2).
Depicted are enrichment of A GO-term GO:0,007,186 “G protein-
coupled receptor signaling pathway” and B GO-term GO:0,006,811
“Ton transport.” Genes that were significantly upregulated in the
comparison SARS-CoV-2 versus medium are highlighted in red. C
Venn diagram showing the cut set of upregulated membrane-bound
cell surface receptors in SARS-CoV-2 versus medium and of down-
regulated DEGs in SARS-CoV-2+icatibant versus SARS-CoV-2
(FC>1.5; P<0.05). D Heat map of gene expression analysis of the
35 membrane-bound cell surface receptors defined in cut set from
Fig. 4C, all upregulated upon SARS-CoV-2-infection and downreg-
ulated upon pre-treatment with B,R-antagonist are depicted. Only
entities with significant changes between SARS-CoV-2-infection and
medium (up) and between SARS-CoV-2 + B,R-antagonist and SARS-
CoV-2 (down) are shown (gene expression fold change FC > 1.5 with
P <0.05). Color code indicates Log2-fold change from low (blue)
through O (white) to high (red). Duplicate gene names indicate the
abundance of two or more isoforms of the same gene in the analysis

1. Treatment with the B,R-antagonist led to a downregula-
tion of the viral entry receptor ACE2, in vitro in primary
airway epithelial cells and in vivo in a murine airway
inflammation model. Since the decrease of genomic
SARS-CoV-2 RNA and total SARS-CoV-2 RNA was
comparable, we conclude that the B,R-antagonist icati-
bant does probably not affect the viral transcription
machinery but inhibits the infection rather on the levels
of entry, protein synthesis/processing, and assembly,
maturation, or budding.

In comparison, the corticosteroid hydrocortisone even
upregulated TMPRSS2 in infected airway epithelial cells.
It is noteworthy that hydrocortisone did not change the
release of infectious particles from airway epithelial cells
into the supernatant. Although TMPRSS2 expression
was even enhanced by hydrocortisone, our data impli-
cate that this effect on TMPRSS2 alone is insufficient to
increase susceptibility for SARS-CoV-2-infection.

2. Treatment with the B,R-antagonist had a broad suppres-
sive effect on gene expression of multiple cell signaling
molecules, in particular on membrane-standing factors
involved in GPCR signaling and ion transport.

It has recently been published that SARS-CoV-2
may use cellular GPCR signaling pathways, thereby
modulate epithelial transport mechanisms involved in
ion transport and thereby cause a local ion imbalance in
the airways [63]. In addition, an extensive recent study
described that intracellular SARS-CoV-2 protein inter-
actions include factors involved in intracellular traffick-
ing and transport [64]. In fact, SARS-CoV-2-infection
led to a differential regulation of the gene expression of
12 potassium channel (5 upregulated/7 downregulated),

1 sodium channel (down), but in particular of 55 mem-
bers of the solute carrier family (24 downregulated/31
upregulated) in primary airway epithelial cells. On the
other hand, B,R-antagonist treatment of SARS-CoV-
2-infected NHBE resulted in a downregulation of 20
potassium channels and 6 sodium channels, as well as a
downregulation of 29 members of the solute carrier fam-
ily. We therefore conclude that B,R-antagonism not only
impedes the viral entry process by reducing ACE2, as
we had hypothesized, but also counter-regulates cellular
processes that include GPCR signaling and transmem-
brane ion transport, which SARS-CoV-2 may utilize for
efficient cell entry, replication, and viral spread.

In conclusion, the results of this study suggest that B,
receptor antagonism protects airway epithelial cells from
SARS-CoV-2 spread by reducing ACE2 levels and by interfer-
ing with several cellular signaling processes. Further research
is needed to elucidate more details about molecular mecha-
nisms involved in the viral life cycle that kinin B, receptor
antagonism targets and underlie its effects against SARS-CoV-
2-infection. Based on these data, we speculate that the protec-
tive effects of B,R-antagonism could potentially prevent the
early stages of COVID-19 from progressing into severe acute
respiratory distress syndrome (ARDS) with structural airway
damage and fibrotic changes. We therefore propose that the
safe approved B,R-antagonist icatibant be tested in clinical tri-
als for two important aspects: (1) Treatment of early COVID-
19 disease targeting the replication and spread of the virus.
(2) Optimized dosage regimen to reflect pharmacokinetics
and possible pharmacological tolerance at the receptor level.
Future controlled clinical trials must provide substantial evi-
dence for optimal dosage regimen, application, efficacy, and
safety to investigate, whether KKS interference at the kinin
B, receptor level can prevent the escalation of COVID-19 to
ARDS and long-term lung damage.
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