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Background: Cleavage of the influenza HA precursor by host proteases is a critical step in the virus life cycle.
Results: The airway-secreted proteases kallikrein 5 and kallikrein 12 were found to cleave and activate influenza HA.
Conclusion: Each peptidase had distinct preferences for particular human-adapted influenza viruses.
Significance: Identification of these HA-cleaving peptidases aids in our understanding of host proteases involved in influenza
infection.

A critical step in the influenza virus replication cycle is the
cleavage activation of the HA precursor. Cleavage activation of
influenza HA enables fusion with the host endosome, allowing
for release of the viral genome into the host cell. To date, studies
have determined that HA activation is driven by trypsin-like
host cell proteases, as well as yet to be identified bacterial pro-
teases. Although the number of host proteases that can activate
HA is growing, there is still uncertainty regarding which
secreted proteases are able to support multicycle replication of
influenza. In this study, we have determined that the kallikrein-
related peptidases 5 and 12 are secreted from the human respi-
ratory tract and have the ability to cleave and activate HA from
the H1, H2, and H3 subtypes. Each peptidase appears to have a
preference for particular influenza subtypes, with kallikrein 5
cleaving the H1 and H3 subtypes most efficiently and kallikrein
12 cleaving the H1 and H2 subtypes most efficiently. Cleavage
analysis usingHA cleavage site peptidemimics revealed that the
amino acids neighboring the arginine cleavage site affect cleav-
age efficiency. Additionally, the thrombolytic zymogens plas-
minogen, urokinase, and plasma kallikrein have all been shown
to cleave and activate influenza but are found circulatingmainly
as inactive precursors. Kallikrein 5 and kallikrein 12were exam-
ined for their ability to activate the thrombolytic zymogens, and
both resulted in activation of each zymogen, with kallikrein 12
being a more potent activator. Activation of the thrombolytic
zymogens may therefore allow for both direct and indirect acti-
vation of the HA of human-adapted influenza viruses by kal-
likrein 5 and kallikrein 12.

Influenza remains a major cause of morbidity and mortality
in the human population (1, 2). Influenza A is a member of the
Orthomyxoviridae family and commonly circulates in water-
fowl, which is thought to be the natural reservoir of the virus (3).
In addition to avian species, influenza viruses of theH1,H2, and

H3 subtypes can also circulate widely in mammalian species,
such as humans, swine, and horses (4). Influenza virus contains
eight segmented single-stranded RNA molecules that encode
11–12 proteins. Influenza is classified into subtypes by the dis-
tinct antigenicity of the HA and neuraminidase surface pro-
teins. Seventeen HA and nine neuraminidase subtypes have
been determined, where some of these subtypes have been
transmitted to the human population either by direct transmis-
sion (H1N1) or by reassortment (H2N2 and H3N2) (5–7). As a
result of transmission to the human population, a number of
high morbidity and mortality pandemics have arisen over the
past century. The 1918 Spanish influenza pandemic was the
most devastating outbreak that resulted in upwards of 20 mil-
lion deaths (8). In 2009, a new H1N1 influenza virus outbreak
arose that has heightened concern for the potential of a high
fatality pandemic.
Influenza virus infection is initiated by binding to host cell

sialic acid receptors, with the human-adapted subtypes having
a preference for �(2,6)-linked sialic acid and avian subtypes
preferring �(2,3)-linked sialic acid, but with additional factors
necessary for receptor binding (9–12). Once bound, the virus
enters the cell by endocytosis, and the increasingly acidic envi-
ronment of the endosome promotes conformational changes in
the HA protein that expose the fusion peptide, allowing fusion
between the viral and endosomal membranes (13, 14). The HA
protein is synthesized as an inactive precursor and must be
cleaved by host proteases to gain its fusogenic properties (15,
16). Specifically, HA cleavage occurs at the C-terminal side of a
single arginine residue (Arg-343 in H1 numbering). However,
the cleavage site-flanking region can also play a role, as demon-
strated by a mutation at the P2 position of HA of the neuro-
tropic mouse-adapted A/WSN/33 virus being a determinant
for cleavability by plasmin (17).
Host proteases such as tryptaseClara and severalmembers of

the TMPRSS (transmembrane protease, serine) family have
been shown to support cleavage activation of HA (18–23).
Moreover, thrombolytic proteases such as plasmin, urokinase,
and plasma kallikrein have also been shown to cleave and acti-
vate viral HA (24). There is, however, uncertainty regarding the
secreted proteases normally circulating in the human respira-
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tory tract that support multicycle replication of each of the
human-adapted influenza subtypes. Gaining a full under-
standing of the host proteases involved in cleavage activation
of HAwould enable development of effective protease-based
therapeutics.
The kallikrein-related peptidase family comprises 15 trypsin/

chymotrypsin-like secreted serine proteases that are involved
in a variety of functions that include vascular permeability and
inflammation (25). A number of these peptidases are present in
the respiratory tract at various concentrations, and interest-
ingly, the cleavage specificity of some of the kallikrein-related
peptidases is homologous to the cleavage site region of influ-
enza virus HA (26). Specifically, the cleavage specificity of the
kallikrein-related peptidases 5 (KLK5) and 12 (KLK12) closely
resembles the cleavage site region of H1 subtype HA (IQSRX).
High mRNA and protein levels of KLK5 have been observed in
the skin, breast, ovary, and salivary gland (27, 28). KLK12
expression has been observed in a variety of tissues, including
the stomach, brain, uterus, salivary gland, and tracheal epithe-
lial cells (28, 29). Moreover, both peptidases are found at high
concentrations in blood serum relative to the othermembers of
the kallikrein family (30). Therefore, it is plausible that these
peptidases have the ability to cleave and activate HA and be a
part of the protease pool in the respiratory tract that facilitates
influenza infection.
In this study, we investigated whether kallikrein 5 and kal-

likrein 12 have the ability to cleave and activate HA from the
human-adapted influenza subtypes to gain a better understand-
ing of the host proteases that can facilitate the multicycle rep-
lication of influenza virus in the human respiratory tract. Fur-
thermore,we investigatedwhether kallikrein 5 and kallikrein 12
cleave and activate thrombolytic zymogens that have previ-
ously been shown to supportmulticycle replication of influenza
virus.

EXPERIMENTAL PROCEDURES

Cells, Viruses, and Plasmids—293T, Vero, andMadin-Darby
canine kidney cells (American Type Culture Collection) were
maintained in DMEM (cellgro�) supplemented with 10% fetal
bovine serum (Invitrogen), 100 units/ml penicillin (cellgro�),
and 10 units/ml streptomycin (cellgro�). Plasmids encoding
A/WSN/33 (H1N1), A/PR/8/34 (H1N1), and A/California/
04/09 (H1N1) HA were generated following the methods
described by Sun et al. (17). The gene encodingA/Japan/305/57
HA (H2N2) was synthesized by GeneArt and subcloned into
pEF4 expression vector. The plasmids encoding A/Wyoming/
3/03 HA (H3N2) and A/Wisconsin/67/05 HA (H3N2) were
purchased from Sino Biological Inc. The plasmid encoding
A/Aichi/2/68 HA (H3N2) was generously donated by David
Steinhauer. The A/PR/8/34 HA (H1N1) and A/X-31 HA
(H3N2) viruses were propagated in eggs and used to produce
non-cleaved virus. Non-cleaved virus was generated by a single
replication round in 293T cells, as they do not contain a func-
tional protease capable of cleaving HA. The gene encoding
A/WSN/33HAwasmutated by site-directedmutagenesis. The
successful introduction of the R343Vmutation and the absence
of undesired mutations were assessed by sequencing of the
entire gene. Peptides MCA-IPSIQSRGL-DNP (H1), MCA-IP-

SIQYRGL-DNP (H1),MCA-IPSIESRGL-DNP (H2), andMCA-
VPEKQTRGL-DNP (H3) (where MCA is (7-methoxycou-
marin-4-yl)acetyl, which acts as the donor, and DNP is N-2,4-
dinitrophenyl, which acts as the acceptor) were purchased from
RS Synthesis.
Proteases—Trypsin from bovine pancreas (tosylphenylalanyl

chloromethyl ketone-treated) was obtained from Pierce.
Human kallikrein 5 and kallikrein 12 were obtained from R&D
Systems. Plasminogen and prekallikrein were obtained from
EMD Biosciences. The mouse prourokinase gene (ATCC
63256) was obtained from American Type Culture Collection
(31). The cloning, expression, and purification of prourokinase
were followed as described by Hamilton et al. (23).
Analysis of HA Cleavage by KLK5 and KLK12—293T cells

were grown in polylysine-coated 12-well plates and transfected
with 0.8 �g of each HA-expressing plasmid using Lipo-
fectamine 2000 (Invitrogen) for 12 h at 37 °C. The cells were
then washed with PBS and incubated with 150 nM KLK5 and
KLK12 for 1.5 h at 37 °C. Cells were also incubated in the
absence of protease for 1.5 h and with 0.7 �M trypsin for 10min
at 37 °C. In preparation for Western blot analysis, cells were
processed by cell surface biotinylation as described by Sun et al.
(17). HA cleavage was analyzed byWestern blotting using anti-
A/PR/8/34 (H1), anti-A/Singapore (H2), and anti-A/Hong
Kong/1/68 (H3) antibodies (NIAID Biodefense and Emerging
Infections Research Resources Repository).
Determination of the HA Residue of Cleavage by Kallikreins—

293T cells were grown in polylysine-coated 12-well plates and
transfected with 0.8 �g of a plasmid encoding native
A/WSN/33 (WT) HA and a plasmid encoding the R343V
mutant of A/WSN/33 HA using the method described above.
The cells were then washed with PBS and incubated with 150
nM KLK5 and 750 nM KLK12 for 1.5 h at 37 °C. The cells were
also incubated in the absence of protease for 1.5 h and with 0.7
�M trypsin for 10 min at 37 °C as controls. Cleavage was
assessed by Western blot analysis using the method described
above.
Cell-Cell Fusion Assay—Vero cells were grown in 24-well

plates containing a glass coverslip and transfectedwith 0.5�g of
A/PR/8/34 HA-, A/Japan/305/57 HA-, and A/Aichi/2/68 HA-
expressing plasmids using Lipofectamine 2000 for 12 h at 37 °C.
The cells were then washed with PBS and incubated with 200
nM KLK5 and KLK12 for 3 h at 37 °C. Cells were also incubated
in the absence of protease for 3 h and with 1 �M trypsin for 15
min at 37 °C. The cells were thenwashedwith PBS; treatedwith
5 mM HEPES, 5 mM MES, 5 mM succinate, and 150 mM NaCl
(pH 5.0) for 2 min; and subsequently incubated for 1 h in
DMEM at 37 °C. Cell-cell fusion was analyzed by immunofluo-
rescence staining using each anti-HA antibody described above
coupled with Alexa Fluor 488 (green)-coupled anti-goat anti-
body, and the nuclei were stained with Hoechst 33258 (blue;
Invitrogen).
Virus Infection Assay—A/PR/8/34 HA and A/X-31 HA

viruses were used as prototype H1 and H3 subtype strains,
respectively. The reassortant A/X-31 has both HA and
neuraminidase genes derived from the A/Hong Kong/1/68
(Aichi strain) virus, and the remaining genes were derived from
the A/PR/8/34 H1 virus (32). To produce non-cleaved virus,
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293T cells were grown in a 6-cm dish, washed with PBS, and
incubatedwith egg-derivedA/PR/8/34HA (H1N1) andA/X-31
HA (H3N2) (1 pfu/cell) in RPMI 1640 medium for 1 h at 37 °C.
The virus solutionwas then removed, and the cells werewashed
with PBS and incubated in 3ml ofminimumessentialmedia for
3 days at 37 °C. The resulting virus solution was harvested and
treated with 150 nM KLK5 and KLK12 for 1 h at 37 °C. Each
virus was also incubated in the absence of protease and with 0.5
�M trypsin for 1 h at 37 °C. Madin-Darby canine kidney cells
were grown in a 24-well plate containing a glass coverslip,
washed with PBS, and incubated with the virus solution from
each condition for 4 h at 37 °C. Virus infection was determined
by immunofluorescence staining using rabbit anti-influenza
nucleoprotein primary antibody and Alexa Fluor 488-coupled
anti-rabbit antibody, and the nuclei were stained with Hoechst
33258 (blue).
Cleavage of Synthetic Peptides byKallikreins—In a 50-�l total

reaction volume, 20 nM each kallikrein and 100 �M each syn-
thetic peptide shown abovewere incubated for 1 h at 37 °C. The
change in fluorescence at 390 nmwas observed over the course
of the reaction, and a Vmax was obtained by determining the
slope of the linear portion of the curve (SPECTRAmaxGemini-
XS,Molecular Devices). TheVmax from each reaction was plot-
ted using KaleidaGraph (Synergy Software).
Activation of Thrombolytic Zymogens by Kallikreins—Kal-

likrein 5 and kallikrein 12 (0.1 ng/�l each) were incubated with
0.2 �g/�l plasminogen, prekallikrein (plasma), and prouroki-
nase in 50 mM Tris and 10 mM CaCl2 (pH 7.4) for 3 h at 37 °C.
Zymogen without kallikrein treatment and each kallikrein in
the absence of zymogen were incubated at 37 °C for 3 h as con-
trols. Each samplewas then incubatedwith the fluorogenic sub-
strate GGGR-7-amino-4-methylcoumarin (EMD Chemicals)
at 150�M andmonitored for the increase in fluorescence at 440
nm over the course of 1 h at 37 °C (SPECTRAmax Gemini-XS).
The change in fluorescence over the course of each reactionwas
plotted using KaleidaGraph, and the Vmax was determined fol-
lowing the method described above.
KLK5 and KLK12 Concentration in Nasal Wash Samples—

Nasal wash samples from healthy adults were obtained from
subjects participating in a study of live attenuated influenza
vaccine prior to vaccination. For sample collection, 5 ml of
saline was flushed though each nasal cavity, and the sample was
collected by gravity. Four individual nasal samples for KLK5
and eight individual nasal samples for KLK12 were incubated
overnight on a Immulon 4HBXplate (ThermoScientific). Serial
dilutions of KLK5 and KLK12 were also incubated on the plate
to produce a standard concentration curve. The concentration
of each kallikrein was measured by standard ELISA using anti-
KLK5 and anti-KLK12 antibodies (R&D Systems) coupled with
anti-mouse secondary antibody (Pierce).

RESULTS

Detection of KLK5 and KLK12 in Nasal Wash Samples—To
determine whether KLK5 and KLK12 are present in the respi-
ratory tract, the protease concentration from individual human
nasal wash samples was assessed by ELISA. The presence of
KLK5 andKLK12was detected in two of the four and two of the
eight samples examined, respectively. In cases in which kal-

likrein was detected, the average concentration was found to be
19 ng/ml for KLK5 and 12 ng/ml for KLK12 (Table 1). Interest-
ingly, the presence of each peptidase in the nasal wash samples
differed between individuals, suggesting that the spectrum of
proteases able to activate influenza HAmight vary from person
to person or might be regulated under certain conditions. Ulti-
mately, each peptidase was determined to be present in the
nasal wash samples and therefore present in the human respi-
ratory tract.
HACleavage Activation by KLK5 andKLK12—Todetermine

whether kallikrein 5 and kallikrein 12 are able to cleave HA,
HAs from six strains of the influenza virus H1 subtype, one
strain of the H2 subtype, and three strains of the H3 subtype
were expressed inmammalian cells and treatedwith either pep-
tidase. Although not relevant in vivo, trypsin is commonly used
as a control in HA cleavage studies because trypsin cleaves
most, if not all, HA subtypes and strains efficiently and there-
fore was used as a control in these experiments. Both KLK5 and
KLK12 were able to cleave the HA precursor, forming the HA1
(55 kDa) andHA2 (25 kDa) products, as determined by a similar
migration rate as in the trypsin control (Fig. 1). Of note, the
migration rates of some HA1 products differed due to differ-
ences in the abundance of glycosylation. Cleavage of the H1
subtype strains by KLK5 resulted in a relatively high cleavage
efficiency for A/California/04/09HA andA/WSN/33HA and a
low cleavage efficiency for A/New Caledonia/99 HA, A/South
Carolina/18HA,A/PR/8/34HA, andA/WS/33HA (Fig. 1A and
Fig. 2). In the case of KLK12, cleavage of the H1 subtype strains
was relatively efficient for A/PR/8/34 HA and A/California/09
HA but inefficient for the A/New Caledonia/99 HA, A/South
Carolina/18 HA, A/WS/33 HA, and A/WSN/33 HA (Fig. 1B
and Fig. 2). For the H2 subtype, a relatively high cleavage effi-
ciency was observed with KLK12, but virtually no cleavage was
observed with KLK5 treatment (Fig. 1, C and E, and Fig. 2).
Conversely, in the case of the H3 subtype, KLK5 displayed rel-
atively high cleavability for the HA of each virus strain, but
essentially no cleavage was observed with KLK12 treatment
(Fig. 1,D and F) (Fig. 2). Thus, each peptidase appears to have a
preference for particular subtypes and, in addition, a preference
for particular strains within the H1 subtype.
To ensure that each peptidase was cleavingHA at the correct

position, an R343V (H1 numbering) mutant of A/WSN/33 HA
was generated and incubated with each protease. As expected,
in the case of trypsin, no cleavage was observed with mutation
of the Arg cleavage site (Fig. 3). Similarly, HA cleavage by each
peptidase was abolished followingmutation of the Arg cleavage
site (Fig. 3). A relatively large excess (750 nM) of KLK12 was
needed to cleave A/WSN/33HA, consistent with data in Figs. 1
and 2. Although such an excess of KLK12may not be relevant in

TABLE 1
Peptidase concentration in nasal wash samples that were positive for
KLK5 and KLK12

Nasal wash subject KLK5 KLK12

ng/ml ng/ml
1 12.74 � 0.37
2 11.61 � 3.65
5 20.2 � 7.2
7 17.6 � 8.9
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vivo, these data confirm that both KLK5 and KLK12 cleave at
the expected position on HA, i.e. Arg-343. However, a nonspe-
cific cleavage product was observed for A/South Carolina/18
HA (Fig. 1, A and B), which is consistent with other proteases
examined in our laboratory (23). We demonstrated that
A/South Carolina/18 HA retains its fusogenic properties
despite this nonspecific cleavage product. However, in this
case, we were unable to determine whether cleavage by each
kallikrein produced fusogenic A/South Carolina/18 HA due to
the low cleavage efficiency.

FIGURE 1. Cleavage of the human-adapted HA subtypes by KLK5 and KLK12. A and B, Western blot analysis of HA cleavage by KLK5 (A) and KLK12 (B) of the
A/PR/8/34, A/New Caledonia/99 (A/NC/99), A/California/04/09 (A/CA/09), A/South Carolina/18 (A/SC/18), A/WS/33, and A/WSN/33 H1 subtype strains.
A/WSN/33 HA in the absence of protease (Mock) or in the presence of trypsin was used as a control. C and E, Western blot analysis of HA cleavage of
the A/Japan/305/57 (A/Japan/57) H2 subtype strain by KLK5 (C) and KLK12 (E). D and F, Western blot analysis of HA cleavage by KLK5 (D) and KLK12 (F) of the
A/Aichi/2/68 (A/Aichi/68), A/Wyoming/3/03 (A/WY/03), and A/Wisconsin/67/05 (A/WI/05) (H3N2) H3 subtype strains. A/Aichi/2/68 HA in the absence of protease
(Mock) or in the presence of trypsin were used as a control.

FIGURE 2. HA cleavage efficiency of KLK5 and KLK12. The bar graph depicts
the HA cleavage efficiency of KLK5 (black bars) and KLK12 (gray bars) for all
subtypes and strains examined. The percentage HA cleavage was determined
by densitometry of the Western blot analysis shown in Fig. 1. A/NC/99, A/New
Caledonia/99; A/CA/09, A/California/04/09; A/SC/18, A/South Carolina/18;
A/Japan/57, A/Japan/305/57; A/Aichi/68, A/Aichi/2/68; A/WY/03, A/Wyoming/
3/03; A/WI/05, A/Wisconsin/67/05.

FIGURE 3. HA cleavage by kallikreins occurs at the proper arginine. Shown
are the results from Western blot analysis of HA cleavage of A/WSN/33 HA and
its R343V mutant by KLK5 and KLK12. Trypsin was included as a control.

Influenza HA Cleavage Activation by Kallikreins

17402 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 24 • JUNE 14, 2013



To determine whether cleavage by KLK5 and KLK12 pro-
duces fusogenic HA, mammalian cells expressing HA of a rep-
resentative strain from each subtype were treated with each
peptidase and assessed for their fusogenic properties by moni-
toring syncytial formation (Fig. 4A). Cleavage by KLK5 induced
syncytial formation for both the H1 and H3 subtypes, but not
the H2 subtype, corresponding to the pattern of cleavage
observed by Western blot analysis of HA (Fig. 1A). Likewise,
KLK12 induced syncytial formation for the H1 and H2 sub-
types, but not the H3 subtype, which also correlates with the
Western blot analysis of HA cleavage (Fig. 1B). Quantification
of the number of cells involved in syncytia revealed that KLK5
induced syncytial formation of the H3 subtype to a higher
degree than the H1 and H2 subtypes, demonstrating a prefer-
ence for the H3 subtype (Fig. 4B). In the case of KLK12, syncy-
tial formation was the most abundant with treatment of the H1
subtype compared with the other subtypes, demonstrating a
preference for the H1 subtype (Fig. 4B).
As an additional means to determine that each kallikrein

cleaves HA in a functional manner, a virus infection assay was
employed. Non-cleaved influenza A/PR/8/34 HA (H1N1) and
A/X-31HA (H3N2) virions were generated by a single round of
replication in 293T cells, which are incapable of cleaving HA.
Each virus was then preincubated with KLK5 or KLK12 and
subsequently incubated with mammalian cells. Both KLK5 and
KLK12 activated influenza A/PR/8/34 HA, as indicated by
immunofluorescence microscopy of the infected cells (Fig. 5).
KLK5 treatment of A/X-31 HA virus resulted in a high abun-
dance of infected cells (Fig. 5). As expected, no increase in infec-
tion was observed for KLK12 treatment of influenza A/X-31
HA compared with infection in the absence of protease (Fig. 5).
Cleavage Efficiency of PeptideMimics of the HACleavage Site

Region by KLK5 and KLK12—To determine whether the HA
cleavage site region affects the kallikrein cleavage efficiency,
fluorogenic peptides were designed to mimic the consensus
cleavage site region of theH1,H2, andH3 subtypes. In addition,
a peptide was also designed tomimic the cleavage site region of
the A/WSN/33 HA strain, which deviates from the H1 consen-
sus cleavage site region. Treatment of each peptide with KLK5
resulted in a similar rate of cleavage, with a slightly higher rate
for the peptide derived fromA/WSN/33HA (Fig. 6). Treatment
of each peptide with KLK12 resulted in low cleavage efficiency
for theH3 consensus- andA/WSN/33HA-derived peptides but

comparatively high cleavage efficiency for the H1 and H2 con-
sensus-derived peptides (Fig. 6). The cleavage site region of HA
appears to affect cleavage by KLK12 because HA and the pep-
tide mimic of A/WSN/33 HA and the H3 subtype were cleaved
with low efficiency. However, in the case of KLK5, the H2 pep-
tide mimic was cleaved with relatively similar efficiency as the
other peptide mimics but did not cleave H2 HA. Therefore,
other factors such as glycosylation and secondary structuremay
affect the cleavage of the H2 subtype by KLK5.
Cleavage Activation of Thrombolytic Enzymes by KLK5 and

KLK12—Plasmin, urokinase, and plasma kallikrein have all
been shown to cleave and activate influenza virus HA. How-
ever, these enzymes circulate mainly in the inactive precursor
form (33–35). To determine whether KLK5 and KLK12 have
the ability to activate the thrombolytic zymogens, both pepti-
dases were incubated with each zymogen and monitored for
activation by cleavage of a fluorogenic substrate. In all cases,
KLK5 and KLK12 cleaved and activated the thrombolytic
zymogens (Fig. 7). Both KLK5 and KLK12 activated prekal-
likrein with similar efficiency, as determined by the rate of
cleavage of the fluorogenic substrate by active plasma kal-
likrein. KLK12 activated prourokinase more efficiently com-
pared with KLK5, with a 2-fold difference in cleavage of the
fluorogenic substrate by active urokinase. Treatment of plas-
minogen with KLK5 and KLK12 resulted in the most striking
difference in activation, where a 7.5-fold higher rate in cleavage
by activated plasmin was observed with KLK12 treatment. A
previous report demonstrated low plasminogen activation by
KLK5 treatment (36), and our result is consistent with this.

DISCUSSION

Cleavage activation of the HA precursor is a critical step in
the influenza virus life cycle. There is a short but growing list of
possible host proteases that are involved in cleavage activation
of influenza virus. In cell culture, exogenous trypsin is typically
added to cleave and activate HA, and in embryonated chicken
eggs, Factor Xa is thought to be the active protease (15). Recent
work has demonstrated that certain membrane-bound serine
proteases have the ability to cleave and activate viral HA (18,
20–23). Previous studies have also demonstrated that the
thrombolytic enzymes plasmin, urokinase, and plasma kal-
likrein have the ability to cleave and activate HA (24). More-
over, proteases secreted by certain bacteria have been shown to

FIGURE 4. Cleavage by kallikreins produces fusogenic HA. A, immunofluorescence microscopy of cells expressing A/PR/8/34 HA (upper panels), A/Japan/
305/57 HA (middle panels), and A/Aichi/2/68 HA (lower panels) after trypsin treatment, mock treatment (without protease), or treatment with KLK5 or KLK12.
The cell surface HA from each subtype was detected using HA-specific antisera, followed by Alexa Fluor 488-coupled secondary antibody (green), and the
nucleus was stained with Hoechst 33258 (blue). B, quantification of the percentage syncytial formation in A.
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cleave and activate viral HA (37). Finally, Kesic et al. (38) dem-
onstrated that ozone-induced cleavage of HA is not cell-asso-
ciated, where secreted proteases are sufficient for viral replica-
tion. A full understanding of the host proteases involved in
cleavage activation of influenza virus would aid in the produc-
tion of effective protease-based therapeutics.
Kallikrein-related peptidases 5 and 12 were examined for

their ability to cleave viral HA from six strains of the H1 sub-
type, one strain of the H2 subtype, and three strains of the H3
subtype. Interestingly, cleavage by these peptidases revealed
both HA strain and HA subtype specificity. For the H1 sub-
type, KLK5 preferentially cleaved A/California/09 HA and
A/WSN/33 HA but displayed only limited cleavage of HA from
the other strains examined. One intriguing aspect to this is that
the amino acid sequences of the A/WS/33 HA and A/WSN/33
HAcleavage site regions differ only by the P2 amino acid (serine

for A/WS/33 HA and tyrosine for A/WSN/33 HA), but a
marked difference in cleavage by KLK5 was observed. KLK12
cleaved A/PR/8/34 HA and A/California/09 HA efficiently but
displayed inefficient HA cleavage of the other strains tested.
The most plausible explanation for inefficient cleavage of
A/WSN/33 HA by KLK12 is that the mutation at the P2 posi-
tion (S328Y) in the cleavage site region is not suitable for bind-
ing to the KLK12 active site because KLK12 also displayed a low
cleavage rate with the A/WSN/33 HA-derived peptide. KLK12
cleaved H2 HA with relatively high efficiently, but virtually no
cleavage was observed with KLK5 treatment. This result is
intriguing becauseKLK5 cleaved theH2HAconsensus-derived
peptide with relatively high efficiency but did not translate to
cleavage of the HA protein. Therefore, other factors such as
secondary structure and glycosylationmay play a role inH2HA
cleavage. In the case of the H3 subtype, KLK5 cleaved HA with
high efficiency, whereas only slight cleavage was observed with
KLK12 treatment. Inefficient cleavage of theH3HAconsensus-
derived peptidewas also observedwithKLK12 treatment, dem-
onstrating that the cleavage site-flanking region may not be
suitable for KLK12 binding and providing a plausible explana-
tion for the lack of HA protein cleavage. Notably, the H3 HA
cleavage site region contains a lysine residue at the P4 position
that is unique to the subtypes tested and may be the determi-
nant for the reduced cleavage efficiency observed for KLK12.
To gain insight into the determinants of HA cleavage, attempts
weremade to cleaveH3HAbymutation of theKLK12 S4-bind-
ing pocket, but they have failed thus far (data not shown). An
additional investigation of this nature will be conducted to
determine the factors involved in the lack of H3HA cleavage by
KLK12.
There is still uncertainty regarding whether HA activation is

dictated by secreted or membrane-bound proteases and, fur-
thermore, whether activation occurs with HA in the virion, in
the secretory pathway, or on the cell surface prior to incorpo-
ration into the virion. The recent characterization of HA cleav-
age by several members of the transmembrane serine protease
family (principally TMPRSS2 and human airway trypsin-like
protease (HAT) has clearly demonstrated trypsin-independent

FIGURE 5. Cleavage activation of A/PR/8/34 and A/X-31 HA influenza viruses by KLK5 and KLK12. Shown are the results from the immunofluorescence
staining of influenza virus nucleoprotein of infected cells after trypsin treatment, mock treatment (no protease), or treatment with KLK5 or KLK12. The viral
nucleoprotein was detected using nucleoprotein-specific antisera, followed by Alexa Fluor 488-coupled secondary antibody (green), and the nucleus was
stained with Hoechst 33258 (blue).

FIGURE 6. Cleavage of HA cleavage site region peptide mimics by KLK5
and KLK12. The bar graph depicts the cleavage rate of the fluorogenic pep-
tides IPSIQSRGL (H1 consensus), IPSIQYRGL (A/WSN/33 cleavage site), VPQ-
IESRGL (H2 consensus), and VPEKQTRGL (H3 consensus) after treatment with
each peptidase. Black bars, KLK5; gray bars, KLK12. The rate of cleavage was
determined by monitoring the increase in fluorescence at 390 nm.
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multicycle replication of influenza in vitro (18, 20, 22, 39). We
attempted to compare the level of HA activation mediated by
TMPRSS2 and HAT with that mediated by KLK5 and KLK12.
However, in our hands, HA was highly sensitive to nonspecific
cleavage by membrane-expressed TMPRSS2 and HAT, and
complete degradation was observed upon coexpression of HA
and each protease on the cell surface (data not shown). It is
possible that the discrepancies in HA sensitivity to degradation
by TMPRSS2 andHAT can be explained by expression levels or

virus strain differences of theHAs examined. However, the role
of TMPRSS family members in the context of severe acute res-
piratory syndrome (SARS) coronavirus infection is thought to
be targeted via conspicuous degradation of the ACE2 receptor,
with possible inactivation of the SARS coronavirus spike pro-
tein at high TMPRSS densities (40). Conversely, HA does not
appear to be sensitive to degradation by KLK5 and KLK12,
where little or no nonspecific degradation was observed with
treatment of either peptidase for up to 3 h. Based on these

FIGURE 7. Activation of thrombolytic zymogens by KLK5 and KLK12. The increase in fluorescence (440 nm) of the GGGR-7-amino-4-methylcoumarin
fluorogenic substrate was monitored upon treatment of plasminogen (A and B), prourokinase (C and D), and plasma prekallikrein (E and F) with kallikrein 5 (A,
C, and E) and kallikrein 12 (B, D, and F). Each graph includes the change in fluorescence of zymogen alone (�), KLK5 and KLK12 alone (E), and zymogen with
KLK5 and KLK12 (�). RFU, relative fluorescence units.
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observations, it would appear that the secreted KLK5 and
KLK12 are highly specific for cleavage at the HA activation site.
The known ability ofmembers of the transmembrane TMPRSS
family to cleave at multiple arginine or lysine residues (41) may
in fact lead to down-regulation of influenza infection by non-
specific digestion of viral HA. As with KLK5 andKLK12, we did
not observe nonspecific degradation of HA following the addi-
tion of exogenous trypsin (data not shown). It is possible that
the presence of a secreted soluble protease is more compatible
with specific cleavage of HA than is the presence of a trans-
membrane protease.
Previous reports have demonstrated that the thrombolytic

enzymes plasmin, urokinase, and plasma kallikrein have the
ability to cleave and activate certain subtypes of influenza and
may play a role in infection. These blood proteases are thought
to localize to the site of tissue injury, where influenza infection
would presumably cause tissue damage of the respiratory tract.
However, themajority of the circulating thrombolytic enzymes
are found in the inactive precursor form. Both KLK5 and
KLK12 were examined for their ability to activate these throm-
bolytic enzymes. Both peptidases activated each of the throm-
bolytic zymogens examined, with KLK12 being a more potent
activator. Activation of the thrombolytic enzymes by KLK5 and
KLK12 has the potential to produce a cascade effect of HA-
cleaving proteases, with the thrombolytic proteases themselves
cleaving HA and activating other proteases that may be
involved in HA cleavage. Cleavage activation of the thrombo-
lytic zymogens by KLK5 and KLK12 also sheds light on their
biological role, as they may be involved in thrombolysis.
To conclude, with limited information on the host proteases

involved in influenza activation, it is necessary to study a num-
ber of proteases for their ability to cleave HA to determine the
critical ones involved in influenza infection. Determination of
the key proteases involved in influenza activation will aid in the
production of effective protease-based therapeutics. Investiga-
tion of the kallikrein-related peptidases 5 and 12 revealed HA
subtype specificity, withKLK5 cleaving theH1 andH3 subtypes
most efficiently and KLK12 cleaving the H1 and H2 subtypes
most efficiently. In addition, each peptidase appears to have a
preference for particular strainswithin theH1 subtype. TheHA
strain and subtype specificity observed with KLK5 and KLK12
raises the question of whether each human-adapted subtype
has evolved to be activated by a set of host proteases that are
distinct from the other human-adapted subtypes; this observa-
tion warrants further investigation.
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