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C O R O N A V I R U S

Kallikrein 13 serves as a priming protease during 
infection by the human coronavirus HKU1
Aleksandra Milewska1,2, Katherine Falkowski2, Magdalena Kulczycka3,  
Ewa Bielecka3, Antonina Naskalska1, Pawel Mak4, Adam Lesner5, Marek Ochman6,  
Maciej Urlik6, Elftherios Diamandis7,8,9,10, Ioannis Prassas8,10, Jan Potempa2,11, 
Tomasz Kantyka3,12, Krzysztof Pyrc1*

Human coronavirus HKU1 (HCoV-HKU1) is associated with respiratory disease and is prevalent worldwide, but an 
in vitro model for viral replication is lacking. An interaction between the coronaviral spike (S) protein and its re-
ceptor is the primary determinant of tissue and host specificity; however, viral entry is a complex process requir-
ing the concerted action of multiple cellular elements. Here, we found that the protease kallikrein 13 (KLK13) was 
required for the infection of human respiratory epithelial cells and was sufficient to mediate the entry of HCoV-
HKU1 into nonpermissive RD cells. We also demonstrated the cleavage of the HCoV-HKU1 S protein by KLK13 in 
the S1/S2 region, suggesting that KLK13 is the priming enzyme for this virus. Together, these data suggest that 
protease distribution and specificity determine the tissue and cell specificity of the virus and may also regulate 
interspecies transmission.

INTRODUCTION
Coronaviruses are the largest group within the order Nidovirales. 
Mainly, they cause respiratory and enteric diseases in humans and 
animals, but some can cause more severe conditions, such as hepa-
titis, peritonitis, or neurological disease. Seven coronaviruses infect 
humans, four of which [human coronavirus (HCoV)–229E, HCoV-
NL63, HCoV-OC43, and HCoV-HKU1] cause relatively mild upper 
and lower respiratory tract disease, and two [severe acute respirato-
ry syndrome coronavirus (SARS-CoV) and Middle East respiratory 
syndrome coronavirus (MERS-CoV)] are associated with severe, 
life-threatening respiratory infections and multiorgan failure (1–6). 
Furthermore, in December 2019, a previously uncharacterized 
coronavirus emerged in Wuhan City, China, causing pneumonia. 
To date, this virus (named SARS-CoV-2) has spread worldwide, 
causing a global pandemic with millions of confirmed cases and 
almost hundreds of thousands of fatalities reported (www.cdc.gov/
coronavirus/novel-coronavirus-2019.html; https://gisanddata.maps.
arcgis.com/apps/opsdashboard/index.html).

Coronaviral infection is initiated by an interaction between the 
trimeric spike (S) protein of the virus and its receptor, which is ex-
pressed on the surface of the susceptible cell. Several adhesion and 

entry receptors have been described for coronaviruses. For example, 
HCoV-229E (which is similar to many other alphacoronaviruses) 
uses aminopeptidase N as the primary entry port (7). Unexpectedly, 
another alphacoronavirus, HCoV-NL63, shares receptor specificity 
with the evolutionarily distant SARS-CoV, both hijack angiotensin-
converting enzyme 2 (ACE2) (8–11). HCoV-NL63 also uses heparan 
sulfate as a primary attachment site (12–14). A very different receptor 
is recognized by MERS-CoV, which binds to dipeptidyl-peptidase 4 
(9, 15, 16). Another betacoronavirus, HCoV-OC43, binds to N-acetyl-​
9-O-acetylneuraminic acid (17, 18). HCoV-HKU1 remains the great 
unknown because its cellular receptor has not yet been identified, 
and all efforts to culture the virus in vitro have failed.

HCoV-HKU1 was identified in Hong Kong in 2004. The virus 
was present in a sample obtained from an elderly patient with severe 
pneumonia (19). Epidemiological studies showed a high prevalence 
of the pathogen in humans. This is because most children serocon-
vert before the age of 6 years (20, 21). Although it is not possible to 
culture HCoV-HKU1 in vitro, we and others reported that ex vivo 
fully differentiated human airway epithelium (HAE) cultures and 
human alveolar type II cells support the infection (22–25). A study 
by Huang et al. (26) demonstrated that HCoV-HKU1 binds to target 
cells through O-acetylated sialic acids on the cell surface; however, 
this interaction is not sufficient for infection. This study also showed 
that the hemagglutinin-esterase (HE) protein of HCoV-HKU1 ex-
hibits sialate-O-acetylesterase activity and may act as a receptor-
destroying enzyme, thereby facilitating the release of viral progeny 
(26). Bakkers et al. (27) proposed that, to adapt to the sialoglycome 
of the human respiratory tract over the evolutionary time scale, 
HCoV-HKU1 lost the ability to bind to attachment receptors through 
the HE protein. Hulswit et al. (28) mapped the virus-binding site to 
O-acetylated sialic acids, demonstrating that the S1 domain A is re-
sponsible for binding to the attachment receptor.

The S protein is the leading player during coronavirus entry, and 
its characteristics determine the host range. Coronaviral S proteins 
are class I fusion proteins, consisting of a large N-terminal ecto-
domain, a hydrophobic transmembrane region, and a small C-terminal 
endodomain. The ectodomain is highly glycosylated and is composed 
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of S1 and S2 domains. The globular S1 domain is highly variable 
and carries the receptor-binding site, whereas the more conserved, 
rod-like S2 domain undergoes structural rearrangement during 
entry, which brings the cellular and viral membranes into proximity 
with each other. Such a structural switch may be triggered by differ-
ent stimuli, including receptor binding, proteolytic cleavage of the 
S protein, or a reduction in pH. Because different species require dif-
ferent stimuli, coronaviruses enter cells at different subcellular sites. 
Some coronaviruses fuse at the plasma membrane, whereas others 
are believed to enter the cell through receptor-mediated endocyto-
sis, which is followed by fusion deep within the endosomal com-
partments (29–35). Furthermore, reports showed that the entry 
portal may vary depending on tissue or cell characteristics. These 
differences may affect the host range, pathogenicity, and cell or 
tissue specificity (1).

Host proteases prime coronaviral S proteins. For example, trypsin-​
mediated cleavage of the S protein of porcine epidemic diarrhea 
virus is required for entry in the small intestine (36), whereas a 
number of coronaviruses from different genera [including HCoV-
OC43, HCoV-HKU1, murine hepatitis virus (MHV), MERS-CoV, 
and infectious bronchitis virus] have a furin cleavage site (37–41). 
Kam et al. (42) showed that the SARS-CoV S protein can be cleaved 
by plasmin; however, there is almost no biological evidence for its 
role in vivo. Cathepsins may also act as S protein–activating en-
zymes. Cathepsin L processes the S proteins of SARS-CoV, MERS-
CoV, HCoV-229E, and MHV-2 (43–46). However, reports showed 
that, in vivo, respiratory coronaviruses may be activated by the 
transmembrane protease serine 2 (TMPRSS2), which enables endo-
cytosis-independent internalization, thereby reshaping the entry 
process (45, 47–50). Whereas the S proteins of laboratory strains of 
viruses require priming by cathepsins, the S proteins of clinical 
isolates (for example, HCoV-229E and HCoV-OC43) undergo 
TMPRSS2-mediated cleavage at the cell surface, which enables 
them to fuse with the cell membrane on the cell surface (51). A 
study by Shirato et al. (51) demonstrated that coronaviruses may 
lose their ability to infect naturally permissive HAE cultures during 
cell culture adaptation because the gene encoding the S protein evolves 
and adjusts to the proteolytic landscape of the immortalized cells.

Here, we identified a protease belonging to the tissue kallikrein 
(KLK) family as a previously uncharacterized factor essential for 
HCoV-HKU1 entry to the target cell. The KLK family consists of 15 
closely related serine proteases with trypsin- or chymotrypsin-like 
specificity. The expression of these enzymes is tightly regulated, and 
each tissue has its own unique KLK expression profile. These en-
zymes play roles in a diverse range of processes during embryonic 
development to adulthood (52–56), and some have been linked to 
human cancers (57–60). The function of some KLKs remains to be 
elucidated, but the current evidence suggests that protease distribu-
tion may be an important factor that not only predetermines the cell 
and tissue specificity of the virus but also regulates interspecies 
transfers. Furthermore, the data presented herein bring us a step 
closer to developing an in  vitro cell culture model and possibly 
identifying the cellular receptor for this virus.

RESULTS
Several KLKs are increased in abundance after infection 
of HAE cultures with HCoV-HKU1
First, we asked whether HCoV-HKU1 infection modulated the 
expression of human KLKs. HAE cultures were infected with HCoV-
HKU1 or mock-inoculated. At 120 hours post-inoculation (p.i.), 
cells were collected, and the relative abundance of mRNAs encod-
ing KLKs was analyzed. We detected the expression of KLK7, KLK8, 
KLK10, KLK11, and KLK13 in uninfected, fully differentiated cell 
cultures (Fig. 1). However, the pattern in HCoV-HKU1–infected cells 
was different: We detected an increase in the amounts of KLK7, KLK8, 
KLK10, KLK11, and KLK13 mRNAs. Furthermore, KLK1, KLK5, 
KLK6, KLK9, KLK12, and KLK14 were expressed in the infected 
cells, whereas KLK2, KLK3, and KLK15 were not expressed (Fig. 1).

KLK13 is essential for infection by HCoV-HKU1
S protein priming is a prerequisite for coronavirus entry; therefore, 
we tested whether KLKs took part in this process by culturing cells 
in the presence or absence of KLK inhibitors (table S1) (61). HAE 
cultures were preincubated with each inhibitor (10 M) or with 
vehicle control dimethyl sulfoxide (DMSO) and mock-inoculated 

Fig. 1. HCoV-HKU1 infection of HAE cultures induces the expression of several KLKs. (A and B) HAE cultures were left uninfected (mock) or were infected with HCoV-
HKU1 (106 RNA copies/ml) for 2 hours at 32°C and cultured for 5 days. Cellular RNA was then isolated, treated with DNase, and subjected to reverse transcription, and the 
mRNAs for the indicated KLKs were amplified using specific primers. The analysis was performed twice using cells obtained from different donors, each time in triplicate. 
(A) The indicated amplified PCR products were resolved and detected in 1.5% (w/v) agarose gel in 1× TAE buffer. (B) The relative abundance of the indicated KLK mRNAs 
normalized to that of ACTB was assessed semiquantitively by densitometric analysis. Data are presented as a log change of signal specific for the indicated KLK mRNA in 
HCoV-HKU1–infected cells compared to that in the mock-infected cells. The experiments were performed twice with cells from different donors, each time with two bio-
logical replicates. For comparisons by Student’s t test, *P < 0.05; ns, not significant.
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or inoculated with the virus (106 RNA copies/ml) in the presence of 
the inhibitor. Apical washes were collected each day for the analysis 
of virus replication. Subsequently, viral RNA was isolated and 
reverse-transcribed, and the HCoV-HKU1 yield was determined by 
quantitative real-time polymerase chain reaction (qPCR) analysis. 
The results showed that HCoV-HKU1 replication was inhibited in 
the presence of a KLK13 inhibitor, which was not the case for cells 
treated with DMSO or with inhibitors specific for KLK7 or KLK8 
(Fig. 2A).

Next, we analyzed HCoV-HKU1 replication in the presence of a 
family-specific KLK inhibitor SPINK6 at a concentration of 10 g/ml 
(62, 63) or 100 M camostat (a broad inhibitor of serine proteases, 
also a potent inhibitor of KLK13) (34, 64). We noted inhibition of 
HCoV-HKU1 replication in the presence of both inhibitors. The 
effect of SPINK6 was milder than those camostat or the KLK13-specific 
inhibitor (Fig. 2B), but the 99.9% reduction in virus yield was signif-
icant. The pH-dependent stability of SPINK6 and the reversible 
character of the SPINK6-KLK13 complex might have been a limiting 
factor. To ensure that the observed inhibitory effects of the inhibi-
tors on viral replication were not due to toxicity, we tested cell via-
bility and found no significant effects (Fig. 2C).

The experiments conducted thus far suggested that KLK13 was 
required for viral infection. However, one may question the speci-
ficity of the KLK13 protease inhibitors. To ensure that KLK13 was 
indeed the priming enzyme during HCoV-HKU1 infection, we 
developed HAE cultures with primary cells transduced with lentivi-
ral vectors encoding short hairpin RNAs (shRNAs) targeting KLK13 
mRNA. We then confirmed that the expression of the protease was 
reduced (Fig. 3A, HAE_shKLK13). Nonmodified HAE cultures 
(HAE_ctrl), cultures transduced with a lentiviral vector to express 
the green fluorescent protein (HAE_GFP), and HAE cultures trans-
duced with an empty lentiviral vector (HAE_vector) were used as 
controls. After cellular transduction and differentiation, KLK13 
mRNA in HAE_shKLK13 cells was almost undetectable, in contrast 
to that in the control cultures (Fig. 3A). Furthermore, HAE_shKLK13 
cells continued to differentiate and formed pseudostratified cul-
tures (Fig. 3B). Next, we infected HAE_ctrl, HAE_GFP, HAE_vector, 
and HAE_shKLK13 cells with HCoV-HKU1 (106 RNA copies/ml) 
and incubated them with the viral stock solution for 2 hours at 
32°C. The cultures were maintained at 32°C for 5 days at an air-liq-
uid interface (ALI). Apical washes were collected, and virus yield 
was determined by reverse transcription (RT)–qPCR analysis. We 
found that, in contrast to that in control cultures, replication of the 
virus in the HAE_shKLK13 cells was abolished (Fig. 3C). Together, 
these data indicate that silencing the KLK13 gene in HAE cultures 
inhibits viral infection, suggesting that KLK13 is necessary for 
HCoV-HKU1 infection.

KLK13 enables the entry of cells by HCoV-HKU1 
pseudoviruses
We next asked whether this enzyme was a determinant of the cell 
and tissue specificity of HCoV-HKU1. Previous studies showed that 
rhabdomyosarcoma (RD) cells support virus attachment through 
sialic acids but that this does not enable entry (26). To test whether 
cell surface proteases rendered RD cells permissive for infection, we 
generated RD cells expressing human KLK13 or TMPRSS2 proteases, 
the latter of which were used as a control. RD cells were transduced 
with lentiviral vectors encoding KLK13 (RD_KLK13) or TMPRSS2 
(RD_TMPRSS2) or with control vector (RD_ctrl). KLK13 expres-

sion was assessed in the cell culture medium collected from RD_
KLK13 and RD_ctrl cells, as well as HAE cultures with a KLK13-
specific enzyme-linked immunosorbent assay (ELISA) (Fig. 4A) 
(65, 66). The presence of TMPRSS2 in RD_TMPRSS2 cells was con-
firmed by Western blotting analysis (Fig. 4B). The TMPRSS2 band 
in the RD cell sample migrated with an apparent molecular mass of 
25 kD, which corresponds to one of the naturally occurring splice 
variants of the protein (Fig. 4B). Subsequently, we infected RD_ctrl, 
RD_KLK13, and RD_TMPRSS2 cells with HIV particles pseudo-
typed with HCoV-HKU1 S glycoprotein (S-HKU1) or control 
vesicular stomatitis virus G protein (VSV-G) or with particles lacking 
the fusion protein (Env). After 3 days of culture at 37°C, pseudo-
virus entry was quantified by measurement of luciferase activity 
(Fig.  4C). All cell cultures were effectively infected with control 
VSV-G vectors, whereas only the RD_KLK13 cells were permissive 
to S-HKU1 pseudoviruses. This indicates that KLK13 was involved 
in HCoV-HKU1 entry and that the expression of TMPRSS2 had no 
such effect. Furthermore, S-HKU1, VSV-G, and Env pseudoviruses 
were overlaid onto fully differentiated HAE cultures in the presence 
of KLK13 inhibitor (10 M) or DMSO. After 3 days of culture at 
37°C, pseudovirus entry was quantified by measurement of lucifer-
ase activity. Despite there being a low transduction efficiency in the 
HAE cultures, we observed an increase in luciferase activity in cultures 
infected with S-HKU1 pseudoviruses, compared to those incubated 
with Env pseudoviruses, which was abrogated in the presence of 
the KLK13 inhibitor (Fig. 4D). Overall, these data suggest that 
KLK13 activity mediates HCoV-HKU1 entry into cells.

KLK13 enables the replication of HCoV-HKU1 in RD cells
Our results thus far showed that KLK13 expression on RD cells was 
sufficient for the entry of a pseudotyped virus expressing the HCoV-
HKU1 S protein. Next, we tested whether the presence of KLK13 
rendered RD cells permissive for HCoV-HKU1 infection. Thus, we 
infected RD_ctrl and RD_KLK13 cells with HCoV-HKU1 (108 
RNA copies/ml) and incubated the cell cultures for 7 days at 32°C in 
the presence or absence of a KLK13 inhibitor (10 M) or DMSO. Cel-
lular RNA was then isolated, and the presence of HCoV-HKU1 N 
subgenomic mRNA (N sg mRNA), which is considered to be a hall-
mark of coronaviral infection, was assessed as described previously 
(14). We detected HCoV-HKU1 sg mRNA in RD_KLK13 cells, but 
there was no detectable signal in cell cultures treated with the 
KLK13 inhibitor nor in RD_ctrl cells (Fig. 5A).

To further confirm the role of KLK13 during HCoV-HKU1 in-
fection, RD cells were supplemented with purified human KLK13 
or KLK14 (61); the latter was used as a negative control. Virus stock 
was incubated for 2 hours at 32°C with 200 nM KLK13 or KLK14, 
trypsin, or control [phosphate-buffered saline (PBS)]. Next, RD 
cells were incubated for 7 days at 32°C with the virus [diluted 10-
fold in Dulbecco’s minimal essential medium (DMEM)] or mock 
samples (in DMEM), after which cellular RNA was isolated, and 
HCoV-HKU1 infection was analyzed by means of N sg mRNA 
detection. Again, we found that N sg mRNA was produced only in 
the presence of KLK13 (Fig. 5B). Furthermore, we passaged HCoV-
HKU1 twice in RD cells. Briefly, 1 ml of cell culture medium from 
the first experiment was transferred to fresh RD cells, and fresh en-
zymes were added (at a final concentration of 200 nM). Cultures 
were then incubated at 32°C for 7 days. Cellular RNA was isolated, 
and HCoV-HKU1 infection was monitored by detecting N sg 
mRNA. The infection occurred only in the presence of KLK13 
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(Fig. 5B). However, we observed no cyto-
pathic effects, and replication levels 
were very low (no significant increase over 
control levels as assessed by RT-qPCR 
analysis; fig. S1). To further test the ef-
fect of KLK13 on the replication of HCoV-
HKU1 in RD cells, the virus stock was 
incubated with purified KLK13 (200 nM) 
and incubated in the presence or ab-
sence of a KLK13 inhibitor (10 M) or 
DMSO. After 2 hours at 32°C, pretreated 
virus stock was diluted in medium as 
described earlier and overlaid on the 
RD cells. After 7 days at 32°C, we evaluated 
the presence of the HCoV-HKU1 N sg 
mRNA. We found that viral replication 
was detected only after KLK13 treat-
ment and that supplementation with 
the KLK13 inhibitor reversed this effect 
(Fig. 5C).

KLK13 primes the HCoV-HKU1  
S protein
Expression of KLK13 by cells previous-
ly resistant to HCoV-HKU1 rendered 
them susceptible. Therefore, we asked 
whether this was due to proteolytic acti-
vation of the viral S protein. We tested 
this hypothesis using the CleavEx method, 
in which a peptide of interest is exposed 
in the N-terminal region of the proteo-
lytically resistant HmuY carrier protein. 
Briefly, two-hybrid His-tagged CleavEx 
proteins were prepared, both harboring 
eight–amino acid peptide sequences of the 
HCoV-HKU1 S protein. The first peptide 
contained the S1/S2 cleavage site (amino 
acid residues 757 to 764), which, in some 
coronaviruses, is activated during pro-
tein biosynthesis, during virus exocytosis, 
or after receptor engagement. The sec-
ond peptide harbored the S2′ cleavage 
site (amino acid residues 901 to 908), which 
is an additional region that is prone to 
proteolytic cleavage (25, 38). The proteins 
were purified and further incubated for 
3 hours at 37°C with increasing concen-
trations of purified KLK13. Subsequently, 
the proteins were resolved by SDS–
polyacrylamide gel electrophoresis (PAGE) 
and detected by Western blotting with 
antibodies specific for His-tagged pro-
teins. The analysis showed that, in the 
presence of 500 nM KLK13, the CleavEx 
protein harboring the S1/S2 cleavage 
site was degraded; however, the CleavEx 
protein harboring the S2′ site remained 
intact (Fig. 6A). Because KLKs are produced 
as proforms that undergo self-activation, 

Fig. 2. HCoV-HKU1 infection is dependent on KLK13 activity. (A and B) HAE cultures were inoculated with HCoV-
HKU1 (106 RNA copies/ml) for 2 hours at 32°C in the presence of the indicated KLK inhibitors (each at 10 M, table S1) 
or DMSO (A) or else in the presence of SPINK6 (10 g/ml), 10 M KLK13 inhibitor, 100 M camostat, or DMSO. Statisti-
cal significance was assessed with the Kruskal-Wallis test. *P < 0.05. (B) To analyze viral replication kinetics, each day 
post-infection (p.i.), 100 l of PBS containing a given inhibitor was applied to the apical surface of the HAE cultures 
and collected after 10 min of incubation at 32°C. Replication of HCoV-HKU1 was evaluated by RT-qPCR analysis, and 
the data are presented as RNA copy numbers/ml (left) and as the log removal value (LRV) compared to the untreated 
sample (right). The assays were performed twice, each time in triplicate (N = 3), and average values with standard 
errors are presented. (C) Assessment of the cytotoxicity of inhibitors in the HAE cultures. Cell viability was assessed 
with the XTT assay on mock-treated cells at 120 hours p.i. Data on the y axis represent the percentage values 
obtained for the untreated reference samples. The assays were performed in triplicate (N = 3), and average values 
with standard errors are presented.
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an additional band of His-tagged purified pro-KLK13 was observed 
after treatment with 500 nM KLK13 (Fig. 6A). The product of the 
S1/S2 cleavage was further sequenced by N-terminal Edman 
degradation showing the following sequence: R↓SISA, which cor-
responds to the S1/S2 site (file S1). This result shows that the S1/S2 
region of the HCoV-HKU1 S protein is prone to KLK13-mediated 
cleavage.

Furthermore, we aimed to confirm the cleavage using a full-
length S protein of HCoV-HKU1 (HKU1-S). For this, we expressed 

the HKU1-S in human embryonic kidney (HEK) 293T cells, puri-
fied the protein using 6× His tag, and incubated it for 3 hours at 
37°C with increasing concentrations of purified KLK13. Subse-
quently, HKU-S or control sample was resolved by SDS-PAGE and 
detected by Western blotting with antibodies specific to the tag. The 
analysis showed that, in the presence of 1 M KLK13, the HKU1-S 
was degraded (Fig. 6B). The full-length S protein was observed at 
~200 kD, which is consistent with previous report (1). After KLK13 
treatment, the S protein band diminished, and the band corre-
sponding to the S1 domain (~80 kD) became visible (Fig. 6B).

DISCUSSION
Receptor recognition is the first essential step of the viral infection 
process. The coronaviral S protein mediates virus entry into host 
cells by binding to a specific receptor. A combination of stimuli, for 
example, receptor binding, proteolytic cleavage, and exposure to 
low pH, results in rearrangement of the S protein and, consequently, 
membrane fusion and viral entry (1). Although the structures of 
both the HCoV-HKU1 S ectodomain and the receptor-binding do-
main have been resolved, the receptor determinant remains un-
known (28, 38, 67). Previously, we showed that HCoV-HKU1 uses 
O-acetylated sialic acids on host cells as an attachment receptor 
(26). Here, we present data demonstrating that the protease KLK13 
is required for HCoV-HKU1 infection of fully differentiated respira-
tory epithelial cells reconstituting the respiratory epithelium ex vivo.

Human KLKs mediate multiple physiological processes, includ-
ing skin desquamation, tooth enamel formation, kidney and brain 
function, and synaptic neural plasticity (68–77). In addition, studies 
have demonstrated a role for some KLKs during viral infections. 
For example, KLK8 plays a role in the proteolytic activation of the 
human papillomavirus capsid protein, thereby mediating virus 
entry into host cells (78). KLK5 and KLK12 are secreted into the 
respiratory tract, where they support replication of the influenza A 
virus by cleaving the hemagglutinin protein (79, 80); however, these 
proteins belong to a large pool of cell surface proteases, the orches-
trated action of which promotes virus replication.

The biological activities of KLKs include processing of bradyki-
nins, which have been discussed in the context of SARS-CoV-2. 
Available reports indicate the importance of RAS, Ace-ACE2 bal-
ance, and bradykinin activity during coronavirus disease 2019. The 
involvement of KLK-related proteases in coronaviral infection may 
therefore reveal previously uncharacterized mechanisms of patho-
genesis within the airway epithelial tissue. However, note that this 
activity is limited to plasma KLKs and not tissue-associated en-
zymes such as KLK13 (81, 82).

Here, we found that the yield of HCoV-HKU1 from HAE cul-
tures was reduced in the presence of SPINK6 (an inhibitor of 
KLK13) (62, 63) and camostat (a broad range inhibitor of serine 
proteases). However, the first compound also inhibits other KLKs 
(63), whereas the second blocks the activity of a wide range of serine 
proteases and was used previously to demonstrate the role of 
TMPRSS2/4 proteases during viral infection (34, 45, 51, 64, 83, 84). 
The relatively low-level inhibition of HCoV-HKU1 replication in 
the presence of SPINK6 possibly results from non-optimal com-
pound concentration and cytotoxicity at higher concentrations 
(63). Note that even the low level of inhibition observed was suffi-
cient to limit viral replication. SPINK6 was identified previously as 
KLK family-specific, fully reversible inhibitor with a Ki in the nanomolar 

Fig. 3. HCoV-HKU1 does not replicate in HAE cultures deficient in KLK13. (A to 
C) Primary human epithelial cells were transduced with lentiviral vectors express-
ing GFP (HAE_GFP), empty pLKO.1-TRC vector (HAE_vector), or shRNA specific for 
KLK13 mRNA (HAE_shKLK13) and differentiated to form HAE cultures. As a control, 
HAE cultures differentiated from untransduced cells were used (HAE_ctrl). (A) 
KLK13 mRNA was evaluated before (− puro) and after puromycin (+ puro) selection 
of positively transduced cells. ACTB mRNA was used as an internal control. (B) Mi-
croscopic examination of all HAE cultures after 4 weeks of culture in ALI at 37°C. The 
images show the fully differentiated, genetically engineered HAE cultures in which 
KLK13 was silenced and GFP was overexpressed. Scale bars, 200 m. (C) All HAE 
cultures were inoculated with HCoV-HKU1 (106 RNA copies/ml) for 2 hours at 32°C 
and cultured for 5 days. Each day p.i., 100 l of PBS was applied to the apical surface 
of the HAE cell cultures and collected after 10 min of incubation at 32°C. Replica-
tion of HCoV-HKU1 was evaluated by RT-qPCR analysis. The data are presented as 
RNA copy number/ml (left) and as log removal value (LRV) compared to the un-
treated sample (right). The assays were performed twice, each time in triplicate 
(N = 3), and average values with standard errors are presented. Statistical signifi-
cance was assessed with the Kruskal-Wallis test. *P < 0.05.
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range. This broad substrate specificity may result in greater toxicity, 
but, at the same time, the presence of other proteases will affect the 
availability and stability of SPINK6. To overcome these limitations, 
we optimized KLK13 inhibition with a small-molecule, reversible 
inhibitor selective against KLK13. Here, we observed inhibition 
similar to that observed for camostat. We believe that high activity 
of KLK13-specific inhibitor, in comparison to the broadly selective 
one, supports our conclusion that KLK13 is an essential protease in 
HCoV-HKU1 infection.

Broad-spectrum protease inhibitors are now used widely for 
virus research, although their nonspecific activity makes the results 
obtained through their use equivocal. For example, Matsuyama et al. 

(85) showed that the furin inhibitor 
dec-RVKR-CMK interferes with the ac-
tivity of several proteases and that its 
previously described inhibitory activity 
during MERS-CoV infection is not spe-
cific to furin; instead, its activity is due 
to nonspecific inhibition of cathepsin 
L and TMPRSS2. We tried to use spe-
cific KLK inhibitors developed in our 
laboratory (61). Considering the small 
arsenal of tools available to researchers 
studying KLKs, only three compounds 
were readily available. Treating HAE 
cultures with these inhibitors revealed 
that only compounds designed to in-
hibit KLK13 hampered HCoV-HKU1 
replication. However, the high similarity 
between different KLKs makes one doubt 
the specificity of these inhibitors, de-
spite their performance in biochemical 
assays. Therefore, we decided to silence 
KLK13 in HAE cultures. This abolished 
virus replication in vitro, thereby con-
firming the importance of KLK13 during 
infection. KLK13 is thought to be secreted 
and membrane bound because of its 
ability to bind to surface glycosamino-
glycans (86, 87).

In the current study, we show that 
HCoV-HKU1 infection in HAE cul-
tures modulates the expression of dif-
ferent KLKs, including KLK13. In our 
study, KLK expression was tested by 
semiquantitative PCR, and for that rea-
son, we were unable to show the extent 
of KLK modulation after HCoV-HKU1 
infection. However, the pattern of virus-
induced expression of several KLKs 
could be observed. The mechanism of 
activation of KLKs is a complex pro-
cess, and until now, it has only been 
proven that most KLK-encoding genes 
are regulated by steroids and other hor-
mones (88). Note that KLK expression 
is regulated in a similar manner, and 
the induction of a single gene usually 
results in overexpression of the whole 

cluster (89, 90). Although one may assume that the virus stimu-
lates KLK13 production to promote the infection, this increase in 
KLK13 abundance is likely a natural response of the damaged tis-
sue, because KLKs also participate in tissue regeneration (91–93). 
Furthermore, the increased expression of KLKs may be a response 
to the inflammatory process, because Seliga et al. (94) demonstrated 
that the KLK-kinin system is a potent modulator of innate immune 
responses.

The experiments performed here showed the importance of 
KLK13 for viral entry into susceptible cells; therefore, we speculated 
that the scattered distribution of different KLKs in different tissues 
may be one of the determinants of HCoV-HKU1 tropism (53, 95). 

Fig. 4. RD cells expressing KLK13 are permissive for HCoV-HKU1 pseudoviruses. (A) RD cells were transduced 
with lentiviral vectors expressing the KLK13 gene (KLK13) or with empty vector (ctrl). The abundance of KLK13 secreted 
by RD cells and HAE cultures into the cell culture medium was determined with a KLK13-specific ELISA. The assays 
were performed twice, each time in triplicate (N = 3). Statistical significance was assessed with the Mann-Whitney 
test. *P < 0.05. (B) RD cells were transduced with lentiviral vectors expressing the TMPRSS2 gene (TMPRSS2) or empty 
vector (ctrl). After blasticidin selection, the cells were lysed and proteins were resolved by SDS-PAGE and analyzed by 
Western blotting. TMPRSS2 was detected in RD cell lysates (50 g of protein per lane) and HAE cultures lysate (25 g 
of protein per lane) using a specific antibody. The vertical black line indicates that the lanes are not contiguous. Blots 
are representative of three experiments. (C) RD control cells (RD_ctrl), TMPRSS2-expressing RD cells (RD_TMPRSS2), 
and KLK13-expressing RD cells (RD_KLK13) were transduced with HIV pseudoviruses decorated with VSV-G protein 
(VSV-G) or S-HKU1 glycoprotein (S-HKU1) or with control viruses without the fusion protein (Env). After 72 hours at 
37°C, pseudovirus entry was measured by measurement of the luminescence signal in the cell lysates [relative light 
units (RLUs)/ml of lysate sample]. The assays were performed twice, each time in triplicate (N = 3). Data are means ± 
SEM. Statistical significance was assessed with the Kruskal-Wallis test. *P < 0.05. (D) HAE cultures were inoculated 
with HIV pseudoviruses expressing the VSV-G control protein or S-HKU1 or with control viruses without the fusion 
protein (Env) in the presence of KLK13 inhibitor (10 M) or DMSO. After 72 hours at 37°C, the entry of the pseudoviruses 
was determined by measuring the luminescence signal in the cell lysates. The assays were performed in duplicate (N = 2). 
Data are means ± SEM.



Milewska et al., Sci. Signal. 13, eaba9902 (2020)     24 November 2020

S C I E N C E  S I G N A L I N G  |  R E S E A R C H  A R T I C L E

7 of 14

We tested the purified enzyme expressed in the eukaryotic cells; 
however, we also developed a cell line constitutively expressing the 
enzyme. As an in vitro model for our studies, we used RD cells pre-
viously reported to have attachment receptors for the virus (26). 
Here, using pseudoviruses decorated with S-HKU1 proteins, we 
showed that the presence of KLK13 on RD cells was sufficient for 
viral entry and rendered these cells permissive for infection. We be-

lieve that during HCoV-HKU1 infection in RD cells, the S protein 
may be alternatively activated by cellular cathepsins during viral 
endocytosis, as was shown for other coronaviruses (44, 96, 97). Fur-
thermore, we observed that RD cells supported viral replication in 
the presence of KLK13 and that this effect was reversed in the pres-
ence of the specific KLK13 inhibitor. We were, however, unable to 
culture the virus to high yields. HCoV-HKU1 replication in KLK13-
expressing RD cells remained inefficient, and RT-qPCR–based 
assessment did not reveal significant increases in the amounts of 
viral RNA. For that reason, we are only able to detect viral sg 
mRNAs, which are considered to be the hallmark of coronaviral 
replication. We believe that this may be due to suboptimal infection 
conditions, which may include inappropriate KLK13 concentra-
tions or low density of the entry receptor. In addition, it is possible 
that RD cells may not support efficient replication of the virus due 
to factors unrelated to the entry process. Nonetheless, our results 
indicate that the HCoV-HKU1 entry receptor is present on RD 
cells, and we were able to trigger viral entry and replication. Thus, 
these findings warrant further exploration.

Most coronaviral S proteins are processed into S1 and S2 sub-
units by host proteases, mainly furin or furin-like protease and TM-
PRSS2 or TMPRSS2-like proteases, which enables conformational 
changes in the S protein and leads to fusion of the viral and cellular 
membranes (1, 98). As shown in the study by Kirchdoerfer et al. 
(38), the HCoV-HKU1 S protein has two regions that are prone to 
proteolytic activation: the S1/S2 furin cleavage site and a secondary 
cleavage site termed S2′, which is adjacent to a potential fusion pep-
tide. Whereas the S1/S2 site is believed to be processed by furin 
during protein biosynthesis, the S2′ site is expected to be cleaved 
during viral entry by the TMPRSS2-like protease. These structural 
data have not been confirmed using an infectious virus. Because we 

Fig. 5. HCoV-HKU1 replicates in RD cells expressing KLK13. (A) Control (RD_
ctrl) and KLK13-expressing RD cells (RD_KLK13) were inoculated with HCoV-HKU1 
(106 RNA copies/ml) or were left uninfected (mock) in the presence of 10 M KLK 13 
inhibitor (K13 inh) or with DMSO as a control. After 7 days of culture at 32°C, total 
RNA was isolated and reverse-transcribed, and subgenomic mRNA for the viral N 
protein was detected by seminested PCR analysis. ACTB was used as an internal 
control. PC, positive control from virus-infected HAE cultures. (B) HCoV-HKU1 was 
incubated with 200 nM trypsin (Trp), KLK13, KLK14, or PBS for 2 hours at 32°C and 
further applied onto the RD cells. Top: After 7 days at 32°C, total RNA was isolated 
and reverse-transcribed, and subgenomic mRNA for the viral N protein was detect-
ed by seminested PCR analysis (passage 1). Bottom: In addition, 1 ml of the cell 
culture medium was harvested and applied to freshly seeded RD cells with medi-
um supplemented with fresh enzymes. After 7 days at 32°C, subgenomic mRNA for 
the N protein was detected by seminested PCR (passage 2). ACTB was used as an 
internal control. (C) HCoV-HKU1 was incubated with 200 nM trypsin (Trp), KLK14, 
KLK13, KLK13 in the presence of the KLK13 inhibitor (K13 inh), DMSO (DMSO), or 
PBS for 2 hours at 32°C and further applied onto RD cells. Subgenomic mRNA for N 
protein was detected by seminested PCR. ACTB was used as an internal control. The 
vertical black lines indicate that the lanes are not contiguous.

Fig. 6. KLK13 cleaves the HCoV-HKU1 S protein between the S1 and S2 domains. 
(A) Fifteen nanograms of CleavEx proteins harboring the S1/S2 or S2′ sites was 
incubated at 37°C for 3 hours with the indicated concentrations of purified KLK13 
protein. The samples were then denatured at 95°C, and the proteins were resolved 
by SDS-PAGE and analyzed by Western blotting with antibodies specific for His-
tagged proteins. Blots are representative of three experiments. (B) The full-length 
HKU1-S protein or control sample was incubated at 37°C for 3 hours with the indi-
cated concentrations of purified KLK13 protein. The samples were then denatured 
at 95°C, and the proteins were resolved by SDS-PAGE and analyzed by Western 
blotting with HRP-conjugated antibody against the His tag to detect the full-
length protein with the N-terminal His tag (~200 kD) and the S1 after KLK13 cleavage 
(~80 kD). Blots are representative of three experiments.
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already knew that KLK13 was sufficient for HCoV-HKU1 infection 
of naturally nonpermissive RD cells, we aimed to investigate whether 
this was the direct result of KLK13-mediated proteolytic cleavage of 
the S protein. For this, we used the CleavEx method, in which a 
peptide of interest is coupled to the carrier HmuY protein and then 
undergoes proteolytic cleavage by the tested enzyme. We found that 
the S1/S2 site was efficiently cleaved by KLK13, whereas the S2′ re-
gion remained intact. Because the CleavEx technique is a conve-
nient surrogate system that enables precise mapping of the cleavage 
site, it has some limitations. To ensure the reliability of our experi-
ments, purified full-length HCoV-HKU1 S protein was subjected to 
proteolytic cleavage. In this experiment, we also observed efficient 
cleavage of the HCoV-HKU1 S protein by KLK13. KLK13 shares 
specificity with furin and furin-like proteases (56, 61, 63), and our 
results complement previous data on the presence of the furin-cleavage 
site in the S1/S2 region of the HCoV-HKU1 S. However, whereas 
for the purified protein or pseudovirus particles, the S protein was 
processed during the protein maturation, and for the infectious 
virus, extracellular KLK seemed to be essential. One may link this 
observation with the fact that virus release follows a different route 
than that of a single protein and that coronaviruses bud from the 
endoplasmic-reticulum–Golgi intermediate compartment, whereas 
lentiviruses are believed to bud from the plasma membrane.

Although the results presented here suggest that KLK13 can pro-
cess the HCoV-HKU1 S protein, one may question whether this 
cleavage event is sufficient for HCoV-HKU1 entry. In the case of 
MERS-CoV, two consecutive enzymatic scissions are required for 
activation of the S protein. In this scenario, KLK13 might prime the 
HCoV-HKU1 S at the S1/S2 site, enabling scission at the S2′ site by 
the TMPRSS2 or another host protease (38, 40, 99). This may be one 
of the factors limiting the replication of HCoV-HKU1 in RD_KLK13 
cells, as only minimal replication was observable in our hands.

In conclusion, we showed data suggesting that KLK13 is a key 
determinant of HCoV-HKU1 tropism. This finding may explain 
why, since its first identification in 2004, all efforts to culture 
HCoV-HKU1 in standard cell lines have failed. We believe that this 
study increases our knowledge of HCoV-HKU1 and may promote 
the future in-depth investigation of coronaviruses. Considering the 
increasing number and diversity of coronaviruses, and the proven 
propensity of coronaviruses to cross the species barrier and cause 
severe diseases in humans, further research on this group of patho-
gens is necessary.

MATERIALS AND METHODS
Plasmid constructs
The sequences encoding KLK13 and TMPRSS2 were amplified by 
PCR using cDNA obtained from HAE cultures. Each PCR product 
was subcloned into the pWPI plasmid for lentivirus production, 
and sequences were verified. The pLKO.1-TRC cloning vector was 
a gift from D. Root (Addgene plasmid no. 10878) (100). Oligonu-
cleotides for the generation of shRNA against KLK13 (three different 
shRNAs targeting the exons encoding the active site) were hybrid-
ized and subcloned into pLKO.1-TRC vector. The full-length 
HKU1-S sequence was amplified by PCR using pCAGGS/HKU1-S 
plasmid, which was a gift from X. Huang (National Institute of Bio-
logical Sciences, Changping, Beijing, China). The PCR product was 
subcloned into pSecTag2 cloning vector, and its sequence was veri-
fied. Primer sequences are provided in table S2.

Cell culture
RD [Homo sapiens muscle rhabdomyosarcoma; American Type 
Culture Collection (ATCC): CCL-135] and 293T (H. sapiens kidney 
epithelial; ATCC: CRL-3216) cells were cultured in DMEM (Thermo 
Fisher Scientific, Poland) supplemented with 3% heat-inactivated 
fetal bovine serum (FBS; Thermo Fisher Scientific, Poland) and 
antibiotics: penicillin (100 U/ml), streptomycin (100 g/ml), and 
ciprofloxacin (5 g/ml). Cells were maintained at 37°C under 
5% CO2.

HAE cultures
Human airway epithelial cells were isolated from conductive air-
ways resected from transplant patients. The study was approved 
by the Bioethical Committee of the Medical University of Silesia 
in Katowice, Poland (approval no: KNW/0022/KB1/17/10 dated 
16 February 2010). Written consent was obtained from all patients. 
Cells were dislodged by protease treatment and later were mechan-
ically detached from the connective tissue. The resulting primary 
cells were first cultured in selective medium to proliferate in the 
presence of the Rho-associated protein kinase inhibitor (Y-27632, 
10 g/ml, Sigma-Aldrich, Poland), which enhances cell proliferation 
and enables the serial passaging of airway epithelial cells without 
compromising their phenotype (101). The cells were then trypsinized 
and transferred onto permeable Transwell insert supports (6.5-mm 
diameter). Cell differentiation was stimulated by the media additives, 
and removal of media from the apical side after the cells reached con-
fluence. Cells were cultured for 4 to 6 weeks to form well-differentiated, 
pseudostratified, and mucociliary epithelium (HAE cultures) (102). 
All experiments were performed in accordance with the relevant 
guidelines and regulations.

Cell viability assay
HAE cultures were prepared as described earlier. Cell viability was 
assessed with the XTT Cell Viability Assay (Biological Industries, 
Israel), according to the manufacturer’s instructions. Briefly, on the 
day of the assay, 100 l of 1× PBS containing 30 l of the activated 
XTT solution was added to each well per culture insert. After incu-
bation for 2 hours at 37°C, the solution was transferred onto a 96-well 
plate, and the color change was assessed with a colorimeter (Spectra 
MAX 250, Molecular Devices) at a wavelength of 490 nm. The 
obtained results were further normalized to the control sample, 
where cell viability was set to 100%.

Virus infection
HAE cultures were washed thrice with 100 l of PBS, after which 
they were inoculated with HCoV-HKU1 (strain Caen 1) or were 
subjected to mock inoculation (cell lysate). After a 2-hour incuba-
tion at 32°C, unbound virions were removed by washing with 100 l 
of PBS, and the HAE cultures were maintained at an ALI until the 
end of the experiment. Because of the lack of a permissive cell line, 
it was not possible to titrate the virus stock for infection experi-
ments, and the inoculum was quantified by RT-qPCR analysis. RD 
cells grown to 90% confluency were infected with HCoV-HKU1 
(108 RNA copies/ml) in DMEM supplemented with 3% heat-inactivated 
FBS, penicillin (100 U/ml), and streptomycin (100 g/ml). Cells 
were incubated for 7 days at 32°C, washed thrice with PBS, and col-
lected for RNA isolation in Fenozol reagent (A&A Biotechnology, 
Poland). All research involving infectious material was performed 
while adhering to biosafety regulations. All research involving genetic 
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modifications was performed in compliance with national and in-
ternational regulations.

Lentivirus production and transduction
The 293T cells were seeded on 10-cm2 dishes, cultured for 24 hours 
at 37°C with 5% CO2, and transfected with psPAX, pMD2G, and 
third transfer plasmid (pWPI/KLK13, pLKO.1-TRC/shrnaKLK13, 
or Lego-G2) with polyethyleneimine (Sigma-Aldrich, Poland). Both 
psPAX (Addgene plasmid no. 12260) and pMD2G (Addgene plasmid 
no. 12259) were gifts from D. Trono. The pLKO.1-TRC cloning 
vector was a gift from D. Root (Addgene plasmid no. 10878) (100). 
The cells were further cultured for 96 hours at 37°C with 5% CO2, 
and lentiviral particles were collected every 24 hours and stored at 
4°C. Lentivirus stocks were concentrated 25-fold with centrifugal 
protein concentrators (Amicon Ultra, 10-kDa cutoff; Merck, Poland) 
and stored at −80°C. RD cells were seeded in T75 flasks, cultured for 
24 hours at 37°C with 5% CO2, and transduced with lentiviral parti-
cles expressing KLK13 or TMPRSS2 or with control vector in the 
presence of polybrene (4 g/ml; Sigma-Aldrich, Poland). Cells were 
further cultured for 72 hours at 37°C with 5% CO2, and positively 
transduced cells were selected with blasticidin (2 g/ml; Sigma-
Aldrich, Poland). Primary human epithelial cells seeded on 10-cm2 
dishes were cultured in bronchial epithelial cell growth medium 
and transduced with lentiviral particles expressing KLK13-specific 
shRNAs (a set of three) or GFP in the presence of polybrene (5 g/ml; 
Sigma-Aldrich, Poland). Cells were further cultured for 72 hours at 
37°C with 5% CO2, and the positively transduced cells were selected 
with puromycin (5 g/ml; Sigma-Aldrich, Poland). Selected cells 
were plated on insert supports and further cultured in an ALI in the 
presence of puromycin (1 g/ml).

Pseudoviruses
The 293T cells were seeded onto six-well plates, cultured for 24 hours 
at 37°C with 5% CO2, and transfected with polyethyleneimine (Sigma-
Aldrich, Poland) with the lentiviral packaging plasmid (psPAX), the 
VSV-G envelope plasmid (pMD2G) or HCoV-HKU1 S glycoprotein 
(pCAGGS-HKU1-S), and a third plasmid encoding luciferase (pRR 
Luciferase). pRR Luciferase was a gift from P. Khavari (Addgene 
plasmid no. 120798) (103). Cells were cultured for a further 72 hours 
at 37°C with 5% CO2, and pseudoviruses were collected every 
24 hours and stored at 4°C. RD cells were seeded in 48-well plates, 
cultured for 24 hours at 37°C with 5% CO2, and transduced with 
pseudoviruses expressing VSV-G or S-HKU1 proteins or lacking 
the fusion protein (Env) in the presence of polybrene (4 g/ml). 
HAE cell cultures were washed thrice with 100 l of PBS and subse-
quently inoculated with S-HKU1 or VSV-G pseudoviruses. After 
4 hours of incubation at 37°C, unbound virions were removed by 
washing with 100 l of PBS, and the HAE cultures were cultured at 
an ALI. The cells were further cultured for 72 hours at 37°C with 5% 
CO2 and lysed in luciferase substrate buffer (Bright-Glo; Promega, 
Poland). Lysates were transferred onto white 96-well plates, and 
luciferase activity was measured on a microplate reader Gemini EM 
(Molecular Devices, UK).

Isolation of nucleic acids and reverse transcription
A viral DNA/RNA Kit (A&A Biotechnology, Poland) was used for 
nucleic acid isolation from cell culture medium, according to the 
manufacturer’s instructions. Cellular RNA was isolated with Feno-
zol reagent (A&A Biotechnology, Poland), followed by treatment 

with deoxyribonuclease I (DNase I) (Thermo Fisher Scientific, 
Poland). cDNA samples were prepared with a High Capacity cDNA 
Reverse Transcription Kit (Thermo Fisher Scientific, Poland), ac-
cording to the manufacturer’s instructions.

Polymerase chain reaction
Human KLK mRNAs were reverse-transcribed and amplified in a 
reaction mixture containing 1× Dream Taq Green PCR master mix 
(Thermo Fisher Scientific, Poland) and appropriate primers (500 nM 
each, table S3). Primers specific for KLK1, KLK2, and KLKs 4 to 
15 were described previously (104). Primers specific for KLK3 were 
developed and optimized in our laboratory. ACTB was used as a 
housekeeping gene reference. The reaction was performed as follows: 
5 min at 95°C, followed by 35 cycles of (30 s at 95°C, 20 s at 59°C, 
and 20 s at 72°C), followed by 10 min at 72°C.

Quantitative PCR
The HCoV-HKU1 RNA yield was assessed by RT-qPCR analysis 
(7500 Fast Real-Time PCR; Life Technologies, Poland). The cDNA 
was amplified in a reaction mixture containing 1× TaqMan Universal 
PCR Master Mix (Thermo Fisher Scientific, Poland), in the presence of 
FAM/TAMRA (6-carboxyfluorescein/6-carboxytetramethylrhodamine) 
probe (100 nM; 5′-TTG AAG GCT CAG GAA GGT CTG CTT 
CTA A-3′) and primers [450 nM each; 5′-CTG GTA CGA TTT 
TGC CTC AA-3′ (forward) and 5′-ATT ATT GGG TCC ACG TGA 
TTG-3′ (reverse)] (105). The reaction was performed as follows: 
2 min at 50°C and 10 min at 92°C, followed by 40 cycles of (15 s at 
92°C and 1 min at 60°C).

Detection of HCoV-HKU1 N sg mRNA
Total nucleic acids were isolated from virus- or mock-infected cells 
at 7 days p.i. with Fenozol reagent (A&A Biotechnology, Poland) 
according to the manufacturer’s instructions. Reverse transcription 
was performed with a high-capacity cDNA reverse transcription kit 
(Life Technologies, Poland) according to the manufacturer’s in-
structions. Viral cDNA was amplified in a 20-l reaction mixture 
containing 1× Dream Taq Green PCR master mix (Thermo Fisher 
Scientific, Poland) and primers (500 nM each). The following prim-
ers were used to amplify HCoV-HKU1 sg mRNA: common sense 
primer (leader sequence), 5′-TCT TGT CAG ATC TCA TTA AAT 
CTA AAC T-3′; nucleocapsid antisense for the first PCR, 5′-AAC 
TCC TTG ACC ATC TGA AAA TTT-3′; nucleocapsid antisense 
for the nested PCR, 5′-AGG AAT AAT GTG GGA TAG TAT TT-3′. 
The conditions were as follows: 3 min at 95°C, 35 cycles (30 cycles 
for nested PCR) of (30 s at 95°C, 30 s at 49°C, and 20 s at 72°C), 
which was followed by 5 min at 72°C and 10 min at 4°C. The PCR 
products were resolved on 1% agarose gels [tris-acetate-EDTA 
(TAE) buffer] and analyzed with molecular imaging software 
(Thermo Fisher Scientific, Poland).

Detection of TMPRSS2
After they underwent selection in blasticidin-containing medium, 
RD cells expressing TMPRSS2 (RD_TMPRSS2) or KLK13 (RD_
KLK13) or control cells (RD_ctrl) were scraped and collected by 
centrifugation. Cells were lysed in radioimmunoprecipitation assay 
(RIPA) buffer [50 mM tris, 150 mM NaCl, 1% Nonidet P-40, 0.5% 
sodium deoxycholate, and 0.1% SDS (pH 7.5)], boiled for 5 min, 
cooled on ice, and resolved on a 10% polyacrylamide gel alongside 
dual-color Page Ruler Prestained Protein size markers (Thermo 
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Fisher Scientific, Poland). The separated proteins were then trans-
ferred onto a Westran S polyvinylidene difluoride (PVDF) mem-
brane (GE Healthcare, Poland) by wet blotting (Bio-Rad, Poland) 
for 1 hour at 100 V in transfer buffer (25 mM tris, 192 mM glycine, 
and 20% methanol) at 4°C. The membranes were blocked by over-
night incubation at 4°C in Tris-buffered saline (TBS)–Tween (0.1%) 
buffer supplemented with 5% skimmed milk (BioShop, Canada). The 
blots were incubated with a mouse monoclonal anti–TMPRSS2 antibody 
(clone P5H9-A3; 1:500 dilution; Sigma-Aldrich, Poland), followed by 
incubation with a horseradish peroxidase (HRP)–labeled anti-mouse 
immunoglobulin G (65 ng/ml; Dako, Denmark) diluted in 5% skimmed 
milk/TBS-Tween (0.1%). The signal was developed with the Pierce ECL 
Western blotting substrate (Thermo Fisher Scientific, Poland) and 
visualized with the ChemiDoc Imaging System (Bio-Rad, Poland).

KLK13 ELISA
Nunc U16 Maxisorp ELISA strips (Thermo Fisher Scientific, Poland) 
were coated overnight with 100 l of anti-human KLK13(33-1) anti-
bodies [5 g/ml in 50 mM tris (pH 7.8)]. Twenty-four hours later, 
the wells were washed three times with washing buffer [5 mM tris 
(pH 7.8), 150 mM NaCl, and 0.05% Tween] and blocked for 2 hours 
with 200 l of blocking solution [6% bovine serum albumin (BSA) 
in 50 mM tris (pH 7.8)]. Standards (recombinant human KLK13, 
100 l), controls, and samples diluted in assay buffer [50 mM tris 
(pH 7.8), 0.05% Tween, and 6% BSA] were applied to the wells and 
incubated for 2 hours at room temperature with gentle shaking. 
Wells were washed four times with washing buffer. Detection anti-
bodies and biotinylated anti–human KLK13(27-1) antibodies (100 l 
at 0.25 g/ml) in assay buffer were applied and incubated for 1 hour 
at room temperature. Wells were washed four times with washing 
buffer. Streptavidin-HRP conjugate (100 l at 0.05 g/ml; Jackson 
Immuno Research, USA) in assay diluent was added and incubated 
for 20 min at room temperature. Wells were washed six times with 
washing buffer. 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate solution 
(100 l, Becton Dickinson, Poland) was added, and the plate was 
incubated until color development was complete. 2 N H2SO4 (50 l) 
was added to each well to stop the reaction. The absorbance was 
measured at 450 nm (with correction at 570 nm) on a microplate 
reader (Tecan, Switzerland). Each sample was analyzed in triplicate.

Expression and purification of KLK13 and KLK14
The sequence of the proKLK13-encoding gene was amplified from 
cDNA obtained from HAE cultures with specific primers. The 
codon-​optimized gene encoding proKLK14 was custom-synthesized 
(Thermo Fisher Scientific, Poland). The products were subcloned 
into the pLEXSY_I-blecherry3 plasmid (Jena Bioscience, Germany), 
and the resulting constructs were verified by sequencing. All prepa-
rations for transfection, selection, and expression of the host 
Leishmania tarentolae strain T7-TR were performed according to 
the Jena Bioscience protocol for inducible expression of recombi-
nant proteins secreted to medium (LEXSinduce Expression kit, Jena 
Bioscience, Germany). Expression of proKLK13 and proKLK14 was 
induced with 15 g/ml of tetracycline (BioShop, Canada) and was 
performed for three consecutive days. Culture medium was collected, 
precipitated with 80% ammonium sulfate, and centrifuged at 15,000g 
for 30 min at 4°C. Pellets were suspended in 10 mM sodium phos-
phate (pH 7.5) and dialyzed overnight at 4°C into 10 mM sodium 
phosphate (pH 7.5). The KLKs were isolated with 6× His tag using 
nickel resin (GE Healthcare, Poland) according to the manufacturer’s 

protocol. Obtained fractions were analyzed by SDS-PAGE under re-
ducing conditions, and fractions containing proKLK13 or proKLK14 
were concentrated with Vivaspin 2 (Sartorius, Germany) and fur-
ther purified by size-exclusion chromatography (Superdex s75 pg; GE 
Healthcare, Poland). Fractions containing proKLK13 or proKLK14 
were concentrated, and the buffer was changed to 50 mM tris (pH 
7.5) and 150 mM NaCl. After purification and self-activation at 
37°C for 24 hours, the activities of the proteases were assessed by 
titration with the serine protease inhibitor Kazal-type 6 (SPINK6), 
as described previously (63).

Cloning of HmuY-based CleavEx fusion proteins
The fusion constructs were based on positions 26 to 216 of the 
Porphyromonas gingivalis HmuY protein–encoding gene (accession 
number ABL74281.1), which was used as a carrier protein. The se-
quence was amplified with Phusion DNA polymerase (Thermo 
Fisher Scientific, Poland) and specific primers (forward: 5′-ATA 
TGC GGC CGC AGA CGA GCC GAA CCA ACC CTC CA-3′; 
reverse: 5′-ATA CTC GAG TTA TTT AAC GGG GTA TGT ATA 
AGC GAA AGT GA-3′) from whole-genomic DNA isolated from 
P. gingivalis strain W83. PCR conditions were as follows: 98°C for 
30 s, followed by denaturation at 98°C for 10 s, annealing at 68°C for 
40 s, and extension at 72°C for 30 s/kb over 35 cycles with a final 
extension at 72°C for 7 min. The hmuY′ sequence from P. gingivalis 
bacteria was further amplified in three consecutive PCR reactions 
with primers specific to the 5′ hmuY’ fragment and 3′-specific primer 
introducing additional nucleotides dependent on the designed se-
quence (proKLK13 primers, table S4). The reaction product was li-
gated into a modified pETDuet plasmid (potential tryptic cleavage 
sites were removed from the multicloning site by Quick Change 
mutagenesis with Phusion DNA polymerase (Thermo Fisher Scien-
tific, Poland). Alternatively, the designed fusion protein–encoding 
sequences were produced by Phusion Site-Directed Mutagenesis 
(Thermo Fisher Scientific, Poland) through sequence exchange of 
the previously prepared CleavEx construct (HKU1-S primers, table 
S4). The final product was transformed into competent Escherichia 
coli T10 cells and further purified and sequenced.

Expression and purification of CleavEx fusion proteins
Protein expression was performed in E. coli BL21 cells and was in-
duced by the addition of 0.5 mM isopropyl--d-thiogalactopyrano-
side to the bacterial culture [when at an OD600 (optical density at 
600 nm) of 0.5 to 0.6], followed by shaking for 3 hours at 37°C. The 
bacteria were then spun down, and the pellet was suspended in buf-
fer A [10 mM sodium phosphate, 500 mM NaCl, and 5 mM imidazole 
(pH 7.4)]. The pellet suspension was then sonicated and spun 
down. Soluble proteins were purified with a HisTrap Excel column 
(GE Healthcare, Poland) in buffer A with a linear gradient of 0 to 
100% of 1 M imidazole in buffer A in 20 column volumes. Fractions 
containing the protein of interest were pooled, and the buffer was 
exchanged to 50 mM tris (pH 7.5). Last, the protein of interest 
was purified by ion-exchange chromatography with a MonoQ 
4.6/100 PE column (GE Healthcare, Poland) with a linear gradient 
of 0 to 100% of 50 mM tris (pH 7.5) and 1 M NaCl in 15 column 
volumes.

Expression and purification of the HCoV-HKU1 S protein
The 293T cells were seeded onto 60-cm2 dishes, cultured for 24 hours 
at 37°C with 5% CO2, and transfected with 25 g of pSecTag2-HKU-S 
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plasmid per dish with polyethyleneimine (Sigma-Aldrich, Poland). 
Cells were cultured for a further 72 hours at 37°C with 5% CO2 and 
collected for HKU1-S purification. Cell pellets were lysed in RIPA 
buffer [50 mM tris, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium 
deoxycholate, and 0.1% SDS (pH 7.5)] in the presence of Viscolase 
(1250 U/ml; A&A Biotechnology, Poland), clarified by centrifuga-
tion, and filtered [0.45-m syringe polyethersulfone (PES) filter]. The 
supernatant containing 6× His-tagged S protein was mixed in a 
1:2 ratio with binding buffer [20 mM NaH2PO4, 500 mM NaCl, and 
20 mM imidazole (pH 7.4)] and purified using a fast performance 
liquid chromatography system (AKTA, GE Healthcare, Poland) 
with a Ni2+ HiTrap Immobilized Metal ion Affinity Chromatography 
(IMAC) (2 × 1 ml) column (GE Healthcare, Poland) preequilibrated 
with the binding buffer. The 6× His-tagged S protein was eluted with 
elution buffer [20 mM NaH2PO4, 500 mM NaCl, and 500 mM imidazole 
(pH 6.9)]. The control sample from mock-transfected cells was pre-
pared in the same manner. Fractions containing 6× His-tagged S protein 
or the respective fractions from the control purification were pooled 
and dialyzed against PBS, 5% glycerol.

CleavEx screening assay and HKU1-S cleavage
A total of 15 ng of each CleavEx protein was incubated with 50, 250, 
and 500 nM KLK13 in 50 mM tris (pH 7.5). For the full-length 
S protein, fractions containing purified HKU1-S or mock samples were 
incubated with 0.5, 1.0, or 5.0 M KLK13 in 50 mM tris (pH 7.5). Sam-
ples were incubated at 37°C for 3 hours, and the reactions were stopped 
with the addition of 50 mM dithiothreitol (DTT)–supplemented 
SDS sample buffer (1:1), boiled for 5 min, cooled on ice, and re-
solved on 10% SDS-PAGE gels together with dual-color Page Ruler 
Prestained Protein size markers (Thermo Fisher Scientific, Poland). 
The separated proteins were then transferred onto a Westran S 
PVDF membrane (GE Healthcare, Poland) by wet blotting (Bio-Rad, 
Poland) for 1 hour at 100 V in transfer buffer (25 mM tris, 192 mM 
glycine, and 20% methanol) at 4°C. The membranes were then 
blocked by overnight incubation at 4°C in TBS-Tween (0.1%) buffer 
supplemented with 5% skimmed milk (BioShop, Canada). An HRP-
labeled anti–His tag antibody (1:25,000 dilution; Sigma-Aldrich, 
Poland) diluted in 5% skimmed milk/TBS-Tween (0.1%) was used 
to detect the His-tagged HmuY proteins. The signal was developed 
with the Pierce ECL Western blotting substrate (Thermo Fisher 
Scientific, Poland), and bands were visualized with the ChemiDoc 
Imaging System (Bio-Rad, Poland).

Identification of the cleavage site
A total of 10 g of S1/S2 CleavEx protein was incubated with 
500 nM KLK13 at 37°C for 5 hours. The reaction was stopped by 
the addition of 50 mM DTT-supplemented SDS sample buffer (1:1), 
and samples were immediately boiled for 5 min. The samples were 
then resolved on 10% SDS-PAGE gel together dual-color Page Ruler 
Prestained Protein size markers (Thermo Fisher Scientific, Poland) 
in the Tris-Tricine SDS-PAGE system. The separated proteins were 
then electrotransferred onto a Western S PVDF membrane with the 
Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad, Poland). The 
transfer was performed for 30 min at 15 V in transfer buffer [10 mM 
N-cyclohexyl-3-aminopropanesulfonic acid and 10% methanol 
(pH 11)]. The membranes were then stained with 0.025% (w/v) 
Coomassie Brilliant Blue R-250 (BioShop, Poland), and proteins in 
the bands of interest were sequenced by Edman degradation with a 
PPSQ-31A automatic protein sequencer (Shimadzu, Japan).

SUPPLEMENTARY MATERIALS
stke.sciencemag.org/cgi/content/full/13/659/eaba9902/DC1
Fig. S1. Supplementation of RD cells with proteases does not result in a significant change in 
virus yield.
Table S1. KLK inhibitors used in the study.
Table S2. Primers used for the generation of plasmid constructs.
Table S3. Primers used for the PCR-based amplification of each KLK-encoding gene.
Table S4. Primers used in the CleavEx design.
File S1. Protein sequence data.
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