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Kallikreins emerge as new regulators of viral infections
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Abstract

Kallikrein-related peptidases (KLKs) or kallikreins have been linked to diverse (patho) physiological processes, such as
the epidermal desquamation and inflammation, seminal clot liquefaction, neurodegeneration, and cancer. Recent mount-
ing evidence suggests that KLLKs also represent important regulators of viral infections. It is well-established that certain
enveloped viruses, including influenza and coronaviruses, require proteolytic processing of their hemagglutinin or spike
proteins, respectively, to infect host cells. Similarly, the capsid protein of the non-enveloped papillomavirus L1 should be
proteolytically cleaved for viral uncoating. Consequently, extracellular or membrane-bound proteases of the host cells are
instrumental for viral infections and represent potential targets for drug development. Here, we summarize how extracellular
proteolysis mediated by the kallikreins is implicated in the process of influenza (and potentially coronavirus and papillo-
mavirus) entry into host cells. Besides direct proteolytic activation of viruses, KLKS5 and 12 promote viral entry indirectly
through proteolytic cascade events, like the activation of thrombolytic enzymes that also can process hemagglutinin, while
additional functions of KLKs in infection cannot be excluded. In the light of recent evidence, KLLKs represent potential host
targets for the development of new antivirals. Humanized animal models to validate their key functions in viral infections
will be valuable.

Keywords Kallikrein-related peptidases (KLKs) - Viral entry - Influenza virus - Papillomavirus (HPV) - Varicella zoster
virus (VZV) - Coronavirus

Introduction only KLK2 and KLK12 have kininogenase activity, albeit
lower compared to KLK1. The KLK proteases are expressed
in almost every tissue of the human body albeit at differ-

ent levels. Nevertheless, certain KLKs, like KLK3, which

Kallikreins are serine proteases that are divided into two
families, plasma kallikreins that include only plasma kal-

likrein KLKB1, and the tissue kallikreins or kallikrein-
related peptidases (KLKSs), which encompasses a family of
fifteen members of extracellular proteases with trypsin- or
chymotrypsin-like activity [1]. Kallikreins were originally
defined by their ability to produce bioactive peptides (kinins)
from low or high molecular weight kininogen, a function
executed by KLK1 and KLKBI, respectively. Of KLKs,
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is widely known as prostate-specific antigen (PSA), exhibit
rather restricted tissue expression. KLLKs have been impli-
cated in the regulation of skin desquamation under normal
and disease conditions, seminal clot liquefaction, various
types of cancer, but also in neurodegenerative disorders,
especially Parkinson’s and Alzheimer’s diseases [1]. Also,
KLKs have emerged as regulators of innate immunity [2]. It
is considered that KLK enzymes operate in complex proteo-
lytic cascades, as for example the quite established epider-
mal cascade that regulates the physiological process of skin
renewal. Certain KLKSs can autoactivate, which enables them
to act as initiators of the cascade by activating downstream
zymogens. KLK cascades intercross with other proteolytic
systems, such as thrombin, plasmin, and metalloproteases
(MMPs and/or ADAMs).

Recent data suggest that extracellular proteolysis medi-
ated by KLKs is an important regulator of certain viral
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infections. Historically, the first direct association of KLKs
with viral infection came from influenza, when it was shown
that KLKS and KLK12 cleave and expose the fusogenic
fragment of hemagglutinin (HA) protein in the influenza
viral envelope to render viral particles infectious [3]. Still,
most of the work on the roles of KLLKs in viral infection has
been carried out with influenza, nevertheless, recent data
showed that KLKs are important determinants of infection
by various viruses, as outlined below.

KLKs and influenza viruses

Influenza viruses are single-stranded negative segmented
RNA viruses, classified into four classes, i.e., A, B, C
and D (http://cdc.gov/flu/about/viruses/types.htm), their
natural reservoir being certain wild aquatic birds. They
cause influenza, an acute respiratory disease. There are
multiple subtypes of influenza viruses that are categorized
based on the two different subtypes of their surface pro-
teins, i.e., the HA and the neuraminidase (Fig. 1) but only
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Fig.1 Schematic representation of influenza virus and hemaggluti-
nin protein. Influenza virus is found in wild birds that constitute the
natural reservoir for influenza viral strains, whereby it was trans-
ferred to humans via domestic poultry. All HI-H16 and N1-N9 sub-
types infect wild birds. Virus transmissibility from avian species to
domestic poultry is a major pathway for transferring genetic diversity.
Then, from domestic poultry, infections can spread to humans, as
depicted on the far left. During this transfer, the multibasic cleavage
motif for viral activation found in birds evolves to a monobasic motif
in humans [4, 49, 50]. Upper, the different domains of the hemag-
glutinin viral protein are shown, as well as the cleavage site by host
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influenza A viruses have caused flu pandemics in humans.
In the last 120 years, human flu pandemics occurred in
1918 (HIN1, Spanish flu), 1957 (H2N2), 1968 (H3N2)
and 2009 (HIN1). Infection requires the influenza virus
to bind to sialic acid receptors on the surface of host cells.
Human-adapted viruses bind to 2,6-linked sialic acid,
while avian viruses preferentially bind to 2,3-linked sialic
acid [4]. Recognition of the sugar structure is mediated by
the globular head of the HA protein, although additional
factors are also required. Then, the virus enters the cells
via endocytosis and uses the endosomal network to move
intracellularly. Fusion of viral membranes with endosomal
membranes is further required for infection and this is car-
ried out by the fusogenic HA2 hydrophobic fragment of
HA. HA is produced as a precursor protein called HAO
(~75 kDa) that forms trimers exposed at the surface of
the viral particle. Proteolytic activation of HAQ yields two
proteins, i.e., the HA1 (~ 50 kDa) and the HA2 (~ 25 kDa)
held together with disulfide bonds. Although the full-
length HAO protein cannot cause membrane fusion, the
endosomal acidic pH triggers a conformational change
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proteases. F1, F2 represent the fusion domains of the HA1 fragment
that are part of the fusion machinery. The HA2 fragment contains the
fusogenic peptide sequence. Lower, multiple alignments of a partial
hemagglutinin amino acid sequence encompassing the protease cleav-
age site (scissors). Identical residues among all sequences are high-
lighted in yellow, identities >45% in dark green, and 20-45% in blue.
Conservative changes are highlighted in grey. The multibasic motif is
highlighted in green. The accession numbers of the aligned sequences
are available in Table 1. Abbreviations HA: hemagglutinin; N neu-
ramidase; RBD receptor binding domain; PA, PB1, PB2: the subunits
of the RNA-dependent RNA polymerase
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in HA2 that allows fusion between viral and endosomal
membranes to release the viral genome in the cells [4, 5].

Cleavage sites can be distinguished in: (a) monobasic
and (b) multibasic with R-X-K/R-R or K-K/R-X-R motifs.
Highly pathogenic avian influenza (HPAI) viruses have a
highly basic cleavage site that requires cleavage mainly
by furin or proprotein convertases, which are omnipresent
enzymes in the trans-Golgi network of cells. Notably, HPAI
indicates that the virus is highly pathogenic in chicken but
may not be in humans. Likewise, the opposite is true. For
example, the 1918 and 2009 HINI influenza viruses are
highly pathogenic in humans but not in chickens [6].

Various trypsin-like proteases have been described to
cleave monobasic influenza viruses. These include throm-
bolytic enzymes, such as plasmin, urokinase and plasma
kallikrein, and members of the transmembrane serine pro-
teases like the TMPRSS2 (transmembrane protease, serine
2) and HAT (human airway trypsin-like protease). The role
of proteases in influenza infection in vivo has been dem-
onstrated in Tmprss2~~ mice that are resistant to infection
by mouse-adapted HIN1, mouse-adapted H7N7, and H7N9
viruses at doses that cause lethality or severe pathology in
wild-type (wt) mice [7-9]. This is corroborated by observa-
tions that patients carrying variants of the TMPRSS2 gene
enhancing its expression experienced more severe infections
by the HINT1 virus (responsible for the 2009 pandemic) and
by H7N9 [10]. Conflicting findings were reported regarding
infection of Tmprss2~~ mice by H3N2 in that two stud-
ies showed reduced severity of symptoms and reduced
or lack of lethality compared to wt mice ([7, 9], respec-
tively), while another study showed comparable lethality for
Tmprss2~~ and wt mice [8]. These discrepancies may relate
to different strains of H3N2 viruses used.

Certain KLKSs are expressed in the respiratory tract and it
has been shown that KLLKS and KLK12 recognize and cleave
the HAO protein to yield HA2. Consequently, these mainly
secreted host proteases are considered to regulate influenza
infection in humans [3]. Specifically, KLKS can cleave
various HAO proteins from strains of the HIN1 and H3N2
viruses, to yield HA2, thereby, KLKS5 increases the infec-
tivity of HIN1 and H3N2, as shown in Table 1, albeit with
higher specificity for H3N2 [11]. Although KLKS5 cleaves
the peptide consensus sequence of HAO from the H2 influ-
enza subtype with high efficiency, it cannot cleave the full-
length HA protein derived from the H2 subtype influenza
virus, indicating that secondary structures or glycosylation
could alter the conformation of the full-length protein which,
in turn, could prevent accessibility of the KLKS5 protease
[3]. On the other hand, KLLK12 cleaves HAO from H1 and
H2 subtypes, and was shown to activate the HIN1 virus but
not viruses carrying H3 subtype hemagglutinin, as shown
in Table 1.

Plasminogen, urokinase and prekallikrein are precur-
sors of active trypsin-like proteases, which can also acti-
vate influenza viruses. Following influenza infection, these
zymogens are concentrated at sites of tissue damage in the
respiratory tract, and they may be activated by KLKS5 and
KLK12 [3]. It has been shown that the zymogens of KLKS5
and KLLK12 are activated autocatalytically ([12, 13], respec-
tively). All the above data are in accordance with the finding
that aprotinin, a bovine-derived inhibitor of serine proteases,
including KLKs [14], can be used for the treatment of influ-
enza infections [15]. A putative KLK-mediated cascade in
the lung involved in the activation of serine proteases that
trigger activation of influenza virus is schematically depicted
in Fig. 2, from which the therapeutic action of aprotinin is
also deduced. In this direction, KLK5 inhibitors like those
developed recently for the treatment of the rare skin disor-
der Netherton syndrome could be repositioned for influenza
[16]. The role of respiratory proteases in adapting influenza
viruses is also demonstrated in the case of HION8. The HA
synthetic cleavage sequence peptide of HIONS is not cleaved
by KLKS, KLK12, plasmin or furin, indicating the absence
of an activating protease in humans, therefore, lack of human
adaptation. Indeed, only three cases of humans infected with
HI10NS have been reported. KLKS does not efficiently cleave
HPAI H5 viruses [17]. Nevertheless, these studies should
be considered with caution, they owe not be extrapolated
directly to full-length protein digestion patterns, since pro-
tein cleavage may significantly differ from in vitro cleavage
of small peptides [3]. On the other hand, the expression of
KLKI and KLK5 mRNA in the reconstituted human bron-
chial epithelium is increased after influenza A virus (IAV)
infection, and increased KLKS is found in tracheal aspirates
of patients infected with IAV [11]. Thus, influenza infec-
tion may induce the expression of its own activating host
enzymes, like KLKS.

To this end, it should be noted that unlike human KLKS5,
the mouse ortholog KIkS5 is not an influenza A virus activat-
ing enzyme, since it could barely cleave HA from HIN1 A/
Puerto Rico/8/34, and it degraded HA of H3N2 A/Wiscon-
sin/67/05, thus, destroying the fusogenic fragment. Infection
of KIk5~~ mice with HIN1 A/Puerto Rico/8/34 or H3N2 A/
Scotland/20/74 (having the same activation sequence with
A/Wisconsin/67/05) did not alter survival indicating that
mouse KIk5 does not participate in activation of the viral
HA protein, as in humans [18].

KLK1 is widely expressed in human tissues and kallista-
tin has been established as its endogenous inhibitor. Infec-
tion of mice with influenza HINT results in induced Klk1
expression and downregulation of kallistatin in the lungs.
KLK1 cleaves efficiently the HI and H2, and only slightly
the H3 type HA from various strains, as shown in Table 1,
while kallistatin inhibited this cleavage [19]. Lentiviral
transduction of mouse lungs with the kallistatin-encoding
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Fig.2 Representation of a putative KLK-cascade leading to activa-
tion of serine proteases that cleave hemagglutinin in the lung. The
KLK5 and KLK12 proenzymes are secreted and are autoactivated.
The active KLK5 and KLK12 enzymes could activate other protease
zymogens to enhance the overall proteolytic activities in the lung.
Specifically, KLK12 activates plasminogen (PLG), and both KLKS5
and KLK12 can activate urokinase (URO) and plasma prekallikrein

gene protects mice from lethal influenza challenge and
attenuates lung inflammation [19]. Thus, kallistatin could
represent a new antiviral agent, similarly to aprotinin.
Notably, KLK1 may have additional roles during influ-
enza infection. It has been shown that patients with chronic
obstructive pulmonary disease (COPD) are susceptible to
influenza infection and the levels of KLKI mRNA in lung
biopsies are reduced with increasing severity of COPD.
When KikI™~ and wt mice were infected with mouse-
adapted Klk1-non cleaved influenza A/Scotland/20/74
H3N2 virus, the viral load in bronchoalveolar lavage (BAL),
3 days post infection, was transiently lower in wt than in
KIk1~~ mice, while survival of KIk1~~ mice tends to be
lower compared to wt at low doses of influenza infection,
although this was not statistically significant [20]. Cumula-
tively, these observations are compatible with an antiviral
effect of Klk1 during the early stages of viral infection [20].

Lung cell

@

APROTININ

(KLKB1) plasminogen [3]. Proteolytic activities could enhance
viral infection by cleaving the HA and exposing the fusogenic HA2
domain. Exogenously administered aprotinin inhibits the HA-activat-
ing serine proteases, thus, it can be used to treat influenza. Similarly,
KLK inhibitors, like for example the recently reported KLKS5 inhibi-
tors [16] could be employed in antiviral therapy

Implication of KLK13 in coronavirus entry

Coronaviruses are positive single-stranded RNA enveloped
viruses that infect the respiratory tract of mammals including
humans but also avian species. Symptoms vary from mild
like “common cold” caused by HCoV-HKUT to severe that
can be life-threatening, such as SARS-CoV, MERS-CoV and
SARS-CoV2. Coronavirus infection of human cells relies on
spike protein S, an envelope protruding protein that forms
trimers and is proteolytically activated by host proteases.
Specifically, there are two proteolytic sites, the S1/S2 that
separates the S1 domain that recognizes and binds onto the
receptor on target host cells, from the S2 domain that con-
tains the fusogenic fragment and the second cleavage site
called S2’ that is required for membrane fusion [21]. Both
SARS-CoV and SARS-CoV2 use the angiotensin-converting
enzyme 2 (ACE2) as their binding receptor to enter cells,
MERS-CoV uses the dipeptidyl peptidase 4 (DPP4), while
the receptor for HCoV-HKU1 remains unknown, although
it is known to bind O-acetylated sialic acids [22]. The life
cycle of coronaviruses was recently reviewed in detail [21].
Coronaviruses HCoV-HKU1, SARS-CoV, MERS-CoV, and
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SARS-CoV?2 are all characterized by the presence of a multi-
basic motif at the S1/S2 site, while other coronaviruses have
a monobasic motif [23].

Infection of human airway epithelial 3D cell cultures
with HCoV-HKUI resulted in increased expression of
several KLKs, including KLK13. Chemical or shRNA-
mediated KLLK13 blockage reduced viral infection, while
transduction of the KLKI3 gene in RD non-permissive
rhabdomyosarcoma cells rendered cells susceptible to
HCoV-HKU1 infection [24]. On the other hand, trans-
duction of RD cells with the gene encoding TMRPSS2
required for infectivity by many coronaviruses did not
facilitate infection with HCoV-HKU1. KLK13 cleaves at
the S1/S2 site (Fig. 3) and this cleavage may expose the
S2’ site that is adjacent to the fusion peptide that may, sub-
sequently, be cleaved by other TMPRSS2-like proteases
to complete the entry process. Similarly, MERS-CoV is
initially cleaved by furin at S1/S2, then, at S2° by other
proteases, such as certain type Il transmembrane serine

S1

proteases [25]. The fact that proKLK13 can autoactivate
quite efficiently and that it cleaves after Arg residues [26]
raises the possibility that this host protease expressed in
the lung could be implicated in coronavirus infections and
could be evaluated as a potential activator of SARS-CoV2
that carries an S1/S2 sequence that is Arg rich. It may also
be interesting to check whether KLK13 could participate
in the propagation of a subset of known SARS-CoV?2 vari-
ants that carry deletions and mutations in the S1/S2 region
[27] (Fig. 3). The role of serine proteases in SARS-CoV2
infection is corroborated by the fact that aprotinin was
recently shown to inhibit the replication of SARS-CoV-2
[28].Very recently, the MERS-CoV receptor DPP4 was
suggested as an additional receptor for SARS-CoV-2 [29].
Since, KLK5 is known to cleave and shed DPP4 at the
Asp*-Ser**~Arg*® position [30], KLKS5 could represent a
new negative regulator of the entry of these coronaviruses
to host human cells by shedding their binding receptor.
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Fig.3 The spike protein of coronaviruses. Upper, the different
domains of the spike protein are schematically shown. The S1/S2
and S2’ are the sites for proteolytic cleavage. Receptor binding pro-
tein (RBD) contains the receptor-binding motif (RBM). Upon cleav-
age at S1/S2 position, RBD is subjected to conformation changes that
exposes the RBM to cellular receptors. Transmembrane domain (TD)
anchors the spike protein onto the viral membrane. Lower, alignment
of partial sequences spanning the S1/S2 site (left) and the S2’ site
(right) cleaved by host proteases. The cleavage site is framed. Basic
R and K amino acid residues recognized for proteolytic cleavage are
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depicted in red. Identical residues among all sequences are high-
lighted in yellow, 50-75% in green, 50% in blue, and conservative
changes in grey. The site recognized for cleavage of the HCoV-HKU1
spike protein by KLLK13 is indicated by a red arrow. Spike primary
sequences were retrieved from GenBank with the following acces-
sion numbers: MERS-CoV JX869059; SARS-CoV-2 Wuhan-Hu-1
NC_045512; HCoV-HKU1 genotype A AY597011; SARS-CoV BJ1
AY278488. Dell, Del2, Del3 and R685H variants of SARS-CoV-2
carry deletions in S1/S2, which could alter viral activation and asso-
ciated infectivity (lower alignment) [27]
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Potential involvement of KLKs in other viral
diseases

Very recent studies implicated KLKs in other viral infec-
tions, either directly or indirectly, as briefed below, nonethe-
less, additional evidence needs to be accumulated before their
importance could be established.

KLK8 processes human papillomaviruses
to facilitate viral entry

Human papillomaviruses (HPVs) are small, non-enveloped,
double-stranded DNA viruses that infect the skin and mucosa.
Most infections are asymptomatic or cause benign warts, nev-
ertheless, persistent infection can lead to the development of
invasive cancers. In this direction, HPV 16 causes 60% of cer-
vical cancers. Two proteins, i.e., the L1 and L2, known as the
major and the minor capsid proteins, respectively, form the
virion. L1 forms 72 homopentamers called capsomers. These
are stabilized by hydrophobic interactions and interpentameric
disulfide bonds. The minor capsid protein L2 (ranging from
12 to 72 molecules per capsid) assists in the encapsidation
of the genomic DNA that has been complexed with cellular
histones and locates within the luminal cavity of the capsomer.
HPYV infects basal keratinocytes in skin and mucosa, where its
genome is maintained in low numbers as an extrachromosomal
element (episome). Viral genome amplification and assembly
occurs during the differentiation of basal cells to suprabasal
cells. Finally, the infectious particles are released from the
cornified layers during the desquamation process [31].

After viral entry, the capsid should be removed to release
the viral genome. This takes place in a multistep procedure
termed uncoating. HPV16 binds to heparan sulfate proteogly-
cans on the host cell surface or the extracellular matrix (ECM)
[32, 33] including laminin 332 [34]. Binding induces confor-
mation changes in L1 that renders the protein prone to cleavage
by KLKS8, which leads to receptor switching to a yet unknown
receptor [35]. SiRNA-mediated knockdown of KLKS8 in HeLa
and HaCaT cells inhibited HPV16 infection. In accordance,
the irreversible serine protease inhibitor AEBSF [4-(2-aminoe-
thyl)benzenesulfonyl fluoride] also reduced HPV 16 infection
in HeLa and HaCaT cells. It is reported that cleavage of L1 by
KLKS induces further conformational changes that facilitate
access to L2 protein located in the capsid lumen to facilitate
uncoating [36]. Further, HPV6 and HPV 18 could also require
KLKS for entry, since KLK8 knockdown reduces their infec-
tivity [36].

The role of KLKs in varicella zoster virus infection

Varicella zoster virus (VZV), also known as human herpes
virus 3 (HHS3), is a highly communicable and skin-tropic

virus with a double-stranded DNA genome, that infects epi-
dermal keratinocytes and causes chickenpox upon primary
infection. Following reactivation from a neuronal latent
state, it causes shingles. Characteristic of VZV infection is
the formation of cutaneous lesions filled with a clear fluid
rich in infectious viral particles [37]. Infection of skin by
VZV (parental Oka strain) results in upregulated expres-
sion of KLK proteases linked to epidermal differentiation
for remodeling the epidermal environment. In turn, this pro-
motes replication and spreading of VZV. Induction of KLKS5
and KLK?7 following VZV infection of Ca*"-differentiated
keratinocytes was correlated with degradation of desmo-
somal proteins causing disorganization and destruction
of the epidermal structure [38]. Further, KLK6, KLK12
and KLK13 are strongly induced upon VZV infection of
Ca**-differentiated keratinocytes and skin explants [38, 39].
It is known that KLK6 and KLK13 can efficiently degrade
the desmoglein-1 and filaggrin proteins that are essential for
skin architecture, which compromises the integrity of the
epidermal barrier, as shown in the case of skin infections
by the pathogen Staphylococcus aureus [40]. Importantly,
KLK6 induces MDM2-mediated ubiquitination of cytokera-
tin 10 (K10) for degradation. This induces member 1 of the
nuclear receptor subfamily 4 (NR4A1), which is responsible
for viral propagation. Inhibition of K10 degradation attenu-
ates VZV propagation and prevents epidermal disruption
in skin explants. In accordance, K70 knockdown enhances
viral propagation in culture [39]. Finally, the KLK7 chymot-
ryptic protease present in the epidermis (other chymotryptic
proteases not excluded) could be implicated in VZV infec-
tion, since the addition of a chymotrypsin inhibitor in VZV-
infected MeWo melanoma cells suppressed the propagation
of VZV in these cells [39].

KLK1 is a mediator of asthma after rhinovirus
infection

Rhinovirus is a positive single-stranded RNA virus respon-
sible for common cold. Rhinoviral infection also causes
asthma exacerbation in asthmatic patients [41]. In human
volunteers infected with rhinovirus 16, KLK1 expression
was increased in the BAL fluid and this increase was more
pronounced in atopic asthmatic subjects [42]. Further, the
levels of IL-8 in BAL fluid correlated with KLK1 levels
indicating that rhinoviral infection could lead to increased
KLKI that, in turn, triggers the production of IL-8 in asso-
ciation with kinin production. The role of KLK1 in asthma is
also supported by the fact that specific inhibition of KLK1 in
an allergic sheep model of asthma with a human monoclonal
antibody (DX-2300) attenuated bronchoconstriction [51].
It is noted that while KLKSs are mostly found extracellu-
larly, some studies have shown that they may also have intra-
cellular functions. For example, KLK6 has been reported
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to exhibit both cytoplasmic and nuclear localization in
malignant melanoma of head and neck [43], while KLK5
also showed nuclear localization in the epidermis [44]. It
is unknown whether in lung cells KLK enzymes are also
expressed intracellularly or maybe virally induced. Such
finding would confer KLKSs (like furin) a role in intracel-
lular maturation of viral particles during their release from
the cell.

Conclusions

It is well-established that many viruses require proteolysis
by host cell proteases to become infectious [4, 5]. In this
direction, KLKs have emerged as new regulators of viral
infectivity. The 1918 Spanish influenza pandemic was the
most devastating outbreak with a very high death toll 20 mil-
lion upwards. A new HIN1 influenza virus outbreak in 2009
heightened concern for a potential high fatality pandemic
and urged the need to develop new effective antivirals. Influ-
enza viruses are subject to mutations during replication, con-
sequently, targeting viral gene products for chemical inhibi-
tion often encounters resistance problems, while targeting
host proteases required for processing of viral proteins and
efficient infection is advantageous as an alternative approach
to bypass resistance issues in antiviral therapy.

Studies employing mouse models are expected to unravel
the molecular mechanisms required for viral entry in vivo
but animal data must be validated in humans. The role of
TMPRSS?2 in influenza infection was originally identified
in Tmprss2_/ ~ mice, since both TMPRSS?2 and its mouse
orthologue cleave HA in the same manner [9]. But there are
also cases of human and mouse orthologue proteases that
have differing functions, as for example the human KLKS5
protease that cleaves and activates HA proteins from H1 and
H3 influenza viruses, while its mouse ortholog KIkS5 is not
an influenza A virus activating enzyme as described [18].
In accordance, the K/k5~/~ mice show the same bodyweight
loss and mortality rate after mouse-adapted influenza A
infection compared to wt mice [18]. These findings unravel
potential limitations of studies with animal models and high-
light the need to generate humanized mouse models.

Certain KLKs, KLKS, in particular, have well-defined
roles in skin physiology and pathology [45], potential func-
tions in breast and prostate cancer [46, 47] and in innate
immunity [2]. Recent developments unraveled certain KLK
proteases as important regulators of viral entry into host
human cells. As mentioned previously, during viral infec-
tion, the viruses cause the induction of the expression of
certain KLKs in the lungs. In a sense, the viruses induce
the expression of their own activating enzymes to rapidly
enhance their infectivity. Importantly, due to the ability
of KLKs to regulate the activation of proinflammatory

@ Springer

molecules in various pathophysiologies such as epidermal
inflammation [48] and cancer [44], the KLKs may addition-
ally trigger the release of cytokines to sustain a constitutive,
often life-threatening, inflammatory state upon viral infec-
tions. Altogether, investigation of the putative implication
of KLK proteases, like KLK1, KLKS5, KLK12, and KLK13
will enhance our understanding of the mechanisms under-
lying viral infections and could reveal host targets for the
development of new antivirals.
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