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The number of patients infected with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has 
rapidly increased, although the WHO declared a pandemic.  However, drugs that function against 
SARS-CoV-2 have not been established.  SARS-CoV-2 has been suggested to bind angiotensin-converting 
enzyme 2, the receptor of the SARS coronavirus.  SARS coronavirus and coronavirus 229E, the cause of 
the common cold, replicate through cell-surface and endosomal pathways using a protease, the type II 
transmembrane protease.  To examine the effects of protease inhibitors on the replication of coronavirus 
229E, we pretreated primary cultures of human nasal epithelial (HNE) cells with camostat or nafamostat, 
each of which has been used for the treatment of pancreatitis and/or disseminated intravascular 
coagulation.  HNE cells were then infected with coronavirus 229E, and viral titers in the airway surface 
liquid of the cells were examined.  Pretreatment with camostat (0.1-10 μg/mL) or nafamostat (0.01-1 μg/
mL) reduced the titers of coronavirus 229E.  Furthermore, a significant amount of type II transmembrane 
protease protein was detected in the airway surface liquid of HNE cells.  Additionally, interferons have been 
reported to have antiviral effects against SARS coronavirus.  The additive effects of interferons on the 
inhibitory effects of other candidate drugs to treat SARS-CoV-2 infection, such as lopinavir, ritonavir and 
favipiravir, have also been studied.  These findings suggest that protease inhibitors of this type may inhibit 
coronavirus 229E replication in human airway epithelial cells at clinical concentrations.  Protease inhibitors, 
interferons or the combination of these drugs may become candidate drugs to inhibit the replication of 
SARS-CoV-2.
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Introduction
The number of patients with coronavirus disease 2019 

(COVID-19) caused by infection with severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) rapidly 
increased to more than 2.5 million (as of April 23, 2020), 
although the WHO declared a pandemic on March 11, 
2020.  Drugs against SARS-CoV-2 have not been estab-
lished; however, several candidate drugs have been sug-

gested, including the protease inhibitors lopinavir and rito-
navir, the nucleotide analogue prodrug remdesivir (Grein et 
al. 2020), the inhaled corticosteroid ciclesonide, the 4-ami-
noquinolines chloroquine and hydroxychloroquine (Ferner 
and Aronson 2020), and the guanine derivative ribavirin 
that has been approved to treat infection with type C hepati-
tis virus and respiratory syncytial virus (Li and De Clercq 
2020).

Lu et al. (2020) demonstrated that the genomic charac-
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terization of SARS-CoV-2 is similar to that of severe acute 
respiratory syndrome (SARS) coronavirus and suggested 
that SARS-CoV-2 can bind angiotensin-converting enzyme 
2 (ACE2), the receptor of the SARS coronavirus (Huang et 
al. 2006).  The ACE2 is an enzyme which converts angio-
tensin II to angiotensin 1-7 (Burrell et al. 2004) and is 
abundantly expressed in alveolar type II epithelial cells 
(Hamming et al. 2004).

Although the replication pathways of SARS-CoV-2 
are still uncertain, replication of SARS coronavirus is medi-
ated by cell-surface and endosomal pathways using a prote-
ase, the type II transmembrane protease (Simmons et al. 
2005; Bertram et al. 2012), and coronavirus 229E, the cause 
of the common cold, also replicates using these pathways 
(Kawase et al. 2009; Bertram et al. 2013).  However, the 
development of antiviral drugs to treat SARS-CoV-2 infec-
tion is required to reduce mortality.

Kawase et al. (2012) demonstrated that the protease 
inhibitor camostat, which has been used for the treatment of 

chronic pancreatitis (Sai et al. 2010), reduced the replica-
tion of SARS coronavirus.  Nafamostat has also been used 
for the treatment of pancreatitis and disseminated intravas-
cular coagulation (Yamamoto et al. 2016; Minakata et al. 
2019).  Camostat and nafamostat are guanidinobenzoate 
derivatives with similar structures that inhibit protease 
activity (Fujii and Hitomi 1981; Ohkoshi 1981).  However, 
the effects of camostat and nafamostat on the replication of 
coronavirus 229E in primary cultures of human airway epi-
thelial cells have not been studied.

Materials and Methods
To examine the effects of protease inhibitors on the 

replication of coronavirus 229E, primary cultures of human 
nasal epithelial (HNE) cells were isolated by the treatment 
of nasal polyps with protease (Sigma-Aldrich, St Louis, 
MO, USA) and cultured on filter membranes (Transwell, 
Corning, Corning, NY, USA) using previously reported 
methods (Yamaya et al. 2020).  This study was approved by 

Fig. 1.  Inhibitory effects of camostat and nafamostat on the release of coronavirus 229E into the airway surface liquid.
 A) and B) Viral titers in the airway surface liquid of HNE cells collected between 24 h and 72 h after the infection of 

HNE cells pretreated with camostat (10 μg/mL) (A), nafamostat (1 μg/mL) (B) or vehicle (Veh).
 C) and D) Concentration-dependent effects of pretreatment with camostat (C), nafamostat (D) or vehicle (Veh) on the 

release of coronavirus 229E into airway surface liquid collected between 24 h and 72 h after infection.
 A-D) The results from seven (A), ten (B) or three (C and D) subjects are presented as the mean ± S.D.  The viral titers 

are expressed as the log10 TCID50/mL.  Significant differences compared with cells pretreated with vehicle are indicated 
by *p < 0.05 and **p < 0.01.
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the Tohoku University Ethics Committee (IRB number: 
2018-1-15).

HNE cells were pretreated with camostat (0.01-10 μg/
mL), nafamostat (0.001-1 μg/mL), or vehicle (1% double 
distilled water in fresh medium) for 1 h before infection 
until the end of the experiments.  The cells were infected 
with coronavirus 229E and airway surface liquid was col-
lected 24 h and 72 h after infection by rinsing the apical 
surfaces of HNE cells with 200 μL of fresh medium 
(Yamaya et al. 2020).  Then, viral titers in airway surface 
liquid collected between 24 h and 72 h after infection was 
examined using endpoint methods as previously reported 
(Yamaya et al. 2020) and the 50% tissue culture infective 
dose (TCID50) was calculated.  The viral titers in airway 
surface liquid are expressed as TCID50/mL.

The amount of type II transmembrane protease pro-
tein, which activates SARS coronavirus and coronavirus 
229E (Bertram et al. 2012; 2013), in the airway surface liq-
uid of uninfected HNE cells was measured using an 
enzyme-linked immunosorbent assay kit (TMPRSS2 ELISA 
kit; MyBioSourse, San Diego, CA, USA).

For comparisons of continuous variables between the 
two groups, Student’s t-test was used.  All analyses were 
performed using SPSS version 21 (IBM Japan, Tokyo, 
Japan).

Results and Discussion
Camostat and nafamostat inhibit protease activity 

(Fujii and Hitomi 1981; Ohkoshi 1981).  Pretreatment of 
HNE cells with camostat (0.1-10 μg/mL) or nafamostat 
(0.01-1 μg/mL) reduced the titers of coronavirus 229E in 

the airway surface liquid of HNE cells (Fig. 1A-D).  
Furthermore, a significant amount of type II transmembrane 
protease protein was detected in the airway surface liquid 
of uninfected HNE cells (323 ± 110 pg/mL, n = 3, mean ± 
SD).

Because the maximum reported serum concentrations 
of camostat and nafamostat are 0.12 and 0.09 μg/mL, 
respectively (Abe et al. 1984; Pharmaceuticals and Medical 
Devices Agency 2018), these findings suggest that protease 
inhibitors of this type at clinical concentrations inhibit coro-
navirus 229E replication through inhibiting activation of 
the coronavirus spike protein (Kawase et al. 2012) (Fig. 2).

Second, interferons have been reported to have antivi-
ral effects against SARS coronavirus (Spiegel et al. 2004).  
In addition, several previous and ongoing studies have 
examined the additive effects of interferons on the inhibi-
tory effects of other candidate drugs of SARS-CoV-2 infec-
tion, such as lopinavir, ritonavir and favipiravir, on the rep-
lication of SARS-CoV and Middle East respiratory 
syndrome coronavirus (Li and De Clercq 2020; Martinez 
2020; Sheahan et al. 2020).  Furthermore, interferons have 
been used for the treatment of type C hepatitis in combina-
tion with nonsteroidal anti-inflammatory drugs to modulate 
high temperature (Muñoz et al. 2000).

Thus, protease inhibitors, interferons or the combina-
tion of these drugs may become candidate drugs to inhibit 
the replication of SARS-CoV-2, although we did not study 
the effects of these drugs on the replication of SARS-
CoV-2.  Animal and clinical studies are required to confirm 
the efficacy and adverse effects of these treatments.

Fig. 2.  The site of camostat and nafamostat action in the coronavirus 229E replication pathway.
 Type II transmembrane protease, which is expressed in HNE cells, activates the spike protein of coronavirus 229E, 

which attaches to the receptor on the plasma membrane.  Then, the viral membrane fuses with the plasma membrane, 
and subsequent steps, including RNA release into the cytoplasm and viral replication, occur.
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