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Proteolytic cleavage of the influenza virus surface glycoprotein hemagglutinin (HA) by host cell proteases is
crucial for infectivity and virus spread. The proteases HAT (human airway trypsin-like protease) and
TMPRSS2 (transmembrane protease serine S1 member 2) known to be present in the human airways were
previously identified as proteases that cleave HA. We studied subcellular localization of HA cleavage and
cleavage inhibition of seasonal influenza virus A/Memphis/14/96 (H1N1) and pandemic virus A/Hamburg/5/
2009 (H1N1) in MDCK cells that express HAT and TMPRSS2 under doxycycline-induced transcriptional
activation. We made the following observations: (i) HA is cleaved by membrane-bound TMPRSS2 and HAT and
not by soluble forms released into the supernatant; (ii) HAT cleaves newly synthesized HA before or during the
release of progeny virions and HA of incoming viruses prior to endocytosis at the cell surface, whereas
TMPRSS2 cleaves newly synthesized HA within the cell and is not able to support the proteolytic activation of
HA of incoming virions; and (iii) cleavage activation of HA and virus spread in TMPRSS2- and HAT-
expressing cells can be suppressed by peptide mimetic protease inhibitors. The further development of these
inhibitors could lead to new drugs for influenza treatment.

Human influenza viruses cause acute infection of the respi-
ratory tract that affects millions of people during seasonal
outbreaks every year. Furthermore, the emergence of a new
influenza virus for which there is little or no immunity in the
human population may provoke an influenza pandemic, as is
the case with the currently circulating swine origin H1N1 in-
fluenza A virus.

Influenza virus replication is initiated by the surface glyco-
protein hemagglutinin (HA) that mediates binding to sialic
acid-containing cell surface receptors and fusion of the viral
envelope with the endosomal membrane. HA is synthesized as
a precursor protein HA0 and needs to be cleaved by a host cell
protease into the subunits HA1 and HA2 to gain its fusion
capacity (10, 20, 37). Proteolytic cleavage of HA0 enables HA
to undergo conformational changes at low pH that expose the
N-terminal hydrophobic fusion peptide of HA2 and trigger
membrane fusion (36). HA0 of most avian and mammalian
influenza viruses contains a single arginine, rarely a single
lysine, at the cleavage site. In general, activation of HA0 with
a monobasic cleavage site was assumed to occur extracellularly
when virions are already released from the cells, and trypsin
(21, 22), as well as several trypsin-like proteases such as plas-
min (12, 23, 24), tryptase Clara from rat bronchiolar epithelial
Clara cells, mast cell tryptase from porcine lung (19), and a
protease similar to blood clotting factor Xa from chicken al-
lantoic fluid (13), have been identified as HA-activating en-

zymes in vitro. Furthermore, some bacterial proteases were
shown to support proteolytic activation of HA, too (32, 41).
However, the proteases responsible for HA cleavage in the
human airways were only poorly defined until recently, when
we could demonstrate that the serine proteases HAT (human
airway trypsin-like protease, also known as TMPRSS11D) and
another airway protease, TMPRSS2 (transmembrane protease
serine S1 member 2, also known as epitheliasin), cleave HA
containing a single arginine at the cleavage site (4). In full
agreement with these observations, it was shown in subsequent
studies that TMPRSS2 and the related protease TMPRSS4
cleave HA of the 1918 H1N1 influenza virus (6) and that
TMPRSS2 activates the fusion protein F of human metapneu-
movirus (35).

The proteases HAT and TMPRSS2 belong to the family of
type II transmembrane serine proteases (16, 39). They contain
a short N-terminal cytoplasmic domain followed by a trans-
membrane sequence, a variable stem region, and a C-terminal
catalytic serine protease domain (Fig. 1). HAT and TMPRSS2
are synthesized as zymogens and require proteolytic cleavage
at a highly conserved arginine residue to become enzymatically
active. Cleavage activation of TMPRSS2 was shown to occur
autocatalytically (1), and studies using an enzymatically inac-
tive HAT mutant [HAT (S368A)] demonstrated that HAT
undergoes autocatalytic activation, too (unpublished data). The
catalytic domain is linked to the membrane-bound N-terminal
chain by a disulfide bridge. However, soluble forms of HAT
and TMPRSS2 were described, suggesting that the catalytic
domains may be shed from the cell surface (1, 46). The phys-
iological role of TMPRSS2 and HAT in the human airways
remains to be determined. TMPRSS2 was suggested to be
involved in the regulation of epithelial sodium channels (9).
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HAT was originally isolated from patients with chronic airway
diseases and among other functions was shown to increase
mucin gene expression and to stimulate bronchial fibroblast
proliferation in airway epithelial cells in vitro (8, 30, 31, 46).

We recently established MDCK cells with doxycycline-in-
duced expression of HAT and TMPRSS2 to study cleavage of
HA by either protease in more detail (3). Here, we used these
cell lines to address the questions of when and where cleavage
of HA by HAT and TMPRSS2 takes place. We demonstrate
that HA is cleaved by membrane-bound forms of either pro-
tease. TMPRSS2 cleaves HA within the cell, while HAT
cleaves HA at the cell surface and, thereby, supports cleavage
of newly synthesized HA, as well as HA of incoming virions.
We further demonstrate that proteolytic activation and spread
of influenza viruses in HAT- and TMPRSS2-expressing cells
can be blocked by appropriate peptide mimetic protease in-
hibitors.

MATERIALS AND METHODS

Cells and viruses. Madin-Darby canine kidney (MDCK) cells were maintained
in Dulbecco modified Eagle medium (DMEM) supplemented with 10% fetal calf
serum, penicillin, streptomycin and glutamine. Generation of MDCK-HAT and
MDCK-TMPRSS2 cells that express HAT and TMPRSS2, respectively, under
doxycycline-dependent transcriptional activation were described elsewhere (3).
MDCK-HAT and MDCK-TMPRSS2 cells were maintained in growth medium
described above supplemented with 0.3 mg of Geneticin (Gibco-BRL)/ml and 2
�g of puromycin (InvivoGen)/ml. Expression of either protease was induced by
the addition of 0.2 �g of doxycycline (Clontech)/ml to the growth medium.

Human influenza virus H1N1 A/Memphis/14/96 (A/Memphis/96) was pro-
vided by Robert Webster (St. Jude Children’s Research Hospital, Memphis, TN)
and new pandemic H1N1 virus A/Hamburg/5/2009 (A/Hamburg/09) was pro-
vided by Mikhail Matrosovich (Institute of Virology, Philipps University Mar-
burg). Viruses were propagated in MDCK cells in infection medium (DMEM
supplemented with 0.1% bovine serum albumin, glutamine, and antibiotics)
containing 1 �g of tolylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-tryp-
sin (Sigma)/ml, and cell supernatants were cleared by low-speed centrifugation
(4,000 rpm, 10 min) and stored at �80°C. To generate stocks of influenza virus
A/Memphis/96 (H1N1) containing uncleaved HA0, wild-type MDCK cells were

infected at a multiplicity of infection (MOI) of 1, washed carefully with phos-
phate buffer-saline (PBS) to remove inoculated virus, and incubated in infection
medium in the absence of trypsin for 24 h. Cell culture supernatants were cleared
by low-speed centrifugation and virus stocks were stored at �80°C. Vesicular
stomatitis virus (VSV; Indiana serotype) was propagated in Vero E6 cells in
infection medium.

Antibodies. A monoclonal antibody against the influenza A virus nucleopro-
tein (NP) was provided by Alexander Klimov (Centers for Disease Control,
Atlanta, GA), rabbit sera against H1 was provided by Mikhail Matrosovich
(Institute of Virology, Philipps University Marburg, Marburg, Germany), and
rabbit sera against H3 was derived from rabbits immunized with A/Aichi/2/68
(H3N2). Polyclonal rabbit anti-FLAG antiserum was purchased from Sigma, and
species-specific horseradish peroxidase (HRP)-conjugated secondary antibodies
were purchased from Dako. The rabbit anti-prostasin serum was derived from
rabbits immunized with the peptide H2N-DIIPHPSYLQEGSQDC-COOH
(amino acids [aa] 119 to 134 of human prostasin). The rabbit serum against VSV
was kindly provided by Georg Herrler (University of Veterinary Medicine Han-
nover, Hannover, Germany).

Plasmids. The mammalian expression plasmids pCAGGS-HA encoding the
cDNA for HA of A/HongKong/1/68 (H3N2) and pCAGGS-HAT encoding HAT
have been described previously (4). The cDNA of human prostasin (accession
number NM_002773) was amplified from the total RNA of LNCaP cells by using
prostasin-specific primers (Pro-SacI-for, 5�-C GTC GAG CTC GGC ATG GCC
CAG AAG G-3�; Pro-NotI-rev, 5�-TAT AGC GGC CGC TCA GTG CTC GCT
GAG CC-3�) and cloned into pCAGGS expression plasmid using SacI and NotI
restriction sites.

Multicycle virus replication in MDCK-HAT and MDCK-TMPRSS2 cells. To
analyze multicycle replication and spread of influenza viruses in MDCK-HAT
and MDCK-TMPRSS2 cells, the cells were seeded in 24-well plates and grown
in the absence or presence of doxycycline (0.2 �g/ml) for 24 h. Cells were
infected at a multiplicity of infection (MOI) of 0.01 in infection medium with or
without the addition of doxycycline and then incubated for 24 h at 37°C and 5%
CO2. Infected cells were immunostained against NP as described previously (4).
Briefly, at 24 h postinfection (p.i.) the cells were fixed with 4% paraformaldehyde
in MEM (minimum essential medium) and permeabilized with 0.3% Triton
X-100 in PBS. Cells were incubated with mouse anti-NP and HRP-conjugated
secondary antibodies and stained using the peroxidase substrate TrueBlue
(KPL). To analyze spread of VSV in MDCK-HAT and MDCK-TMPRSS2 cells,
the cells were infected at an MOI of 0.001, incubated for 24 h at 37°C, and
immunostained by using rabbit sera against VSV, HRP-conjugated secondary
antibodies and TrueBlue peroxidase substrate.

Expression of prostasin and coexpression of prostasin and HAT with HA. For
coexpression of HA with prostasin and HAT, respectively, MDCK cells were
seeded in 12-well plates and cotransfected with pCAGGS-HA and either
pCAGGS-prostasin or pCAGGS-HAT or pCAGGS by using the transfection
reagent Lipofectamine 2000 (Invitrogen) according to the manufacturer’s pro-
tocol. Cells were incubated under serum-free conditions for 24 h at 37°C, and cell
lysates were subjected to SDS-PAGE and Western blot analysis as described
below.

To analyze expression and shedding of prostasin MDCK cells were grown in
6-cm dishes, transfected with pCAGGS-prostasin or pCAGGS and incubated
under serum-free conditions for 24 h at 37°C. Supernatants (5 ml) were centri-
fuged at 3,000 rpm and 4°C for 10 min and concentrated about 100-fold using
Centricon YM-10 filter devices (Millipore). Concentrated supernatants were
subjected to SDS-PAGE under reducing conditions and Western blot analysis.

Biotinylation of cell surface proteins. MDCK-HAT and MDCK-TMPRSS2
cells were grown in 6-well plates with or without the addition of doxycycline for
24 h. The cell monolayers were then put on ice, washed two times with cold PBS
containing calcium and magnesium ions (PBS-Ca/Mg), and incubated twice with
1 mg of sulfo-NHS-biotin (Calbiochem)/ml solubilized in PBS-Ca/Mg for 20 min
on ice. Biotinylation was quenched by incubation with 0.1 M glycine in PBS-
Ca/Mg for 1 min, and the cells were washed several times with PBS-Ca/Mg to
remove residual biotin reagent. The cells were lysed in radioimmunoprecipita-
tion assay buffer (0.05 M Tris [pH 7.4], 1% Triton X-100, 1% sodium deoxy-
cholate, 1% SDS, 150 mM NaCl, 25 mM EDTA, 10 �M aprotinin [Trasylol;
Bayer HealthCare]), and cell debris was removed by centrifugation at 13,000 rpm
and 4°C for 40 min. Biotinylated proteins were precipitated by using Streptavi-
dine Sepharose (GE Healthcare). Precipitated proteins were dissolved in SDS-
PAGE sample buffer, heated for 10 min at 95°C, and subjected to SDS-PAGE
under reducing conditions and expression of HAT and TMPRSS2 was analyzed
by Western blotting with FLAG-specific antibodies.

SDS-PAGE and Western blot analysis of cellular and viral proteins. Cells
were washed with PBS, resuspended in reducing SDS sample buffer, and lysed by

FIG. 1. Schematic domain structures of HAT and TMPRSS2. HAT
and TMPRSS2 are synthesized as single-chain zymogens that consist of
an N-terminal transmembrane domain (TM), a stem region contain-
ing, e.g., sea urchin sperm protein, enterokinase, and agrin domain
(SEA) for HAT or low-density lipoprotein receptor class A domain
(LDLRA), and scavenger receptor cysteine-rich domain (SRCR) for
TMPRSS2, and a C-terminal trypsin-like serine protease domain that
contains the catalytic triad consisting of histidine (H), aspartic acid
(D), and serine (S). The zymogens are activated by proteolytic cleav-
age at arginine residues R186 for HAT and R255 for TMPRSS2
(indicated by arrows). For immunochemical detection of the recombi-
nant proteases HAT and TMPRSS2 are expressed with a C-terminally
fused FLAG tag peptide (DYKDDDDK).
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sonication and heating to 95°C for 5 min. Proteins were subjected to SDS-PAGE
(12% polyacrylamide gel) and subsequently transferred to a polyvinylidene di-
fluoride (PVDF) membrane (GE Healthcare). Proteins were detected by incu-
bation with primary antibodies and species-specific peroxidase-conjugated sec-
ondary antibodies and by subsequent incubation with ECL peroxidase substrate
(Pierce) and exposure of the PVDF membrane to autoradiography films (CEA).
To analyze virus-containing supernatants, the supernatants were cleared from
cell debris by low-speed centrifugation (4,000 rpm, 5 min) and then pelleted by
ultracentrifugation (28,000 rpm, 2 h, 4°C). Pellets were resuspended in reducing
SDS sample buffer, heated for 5 min at 95°C, and subjected to SDS-PAGE and
Western blot analysis with HA-specific antibodies as described above.

Protease activity at the cell surface and in cell supernatants. To determine the
enzymatic activity of HAT and TMPRSS2 expressed at the cell surface of
MDCK-HAT and MDCK-TMPRSS2 cells, the cells were grown in 96-well plates
in the absence or presence of doxycycline for 24 h. Cells were washed with PBS,
and the protease activity was assayed by incubation of cells with fluorogenic
synthetic peptide Boc-Leu-Gly-Arg-AMC (Bachem, Bubendorf, Switzerland) at
a final concentration of 25 �M in assay buffer (50 mM Tris-HCl [pH 7.4]) for 30
min at 37°C. Hydrolysis of the peptide was monitored by the fluorescence inten-
sity of free 7-amino-4-methylcoumarin (AMC) using a Perkin-Elmer LS55 lumi-
nescence spectrometer with wavelengths set at 350 nm for excitation and 460 nm
for emission.

To examine the enzymatic activity of soluble HAT and TMPRSS2 released
into the cell supernatants, MDCK-HAT and MDCK-TMPRSS2 cells were grown
in 75-cm2 flasks under serum-free conditions in the absence or presence of
doxycycline for 24 h. Cells grown in the absence of doxycycline were used as
controls. Supernatants (15 ml) were cleared from cell debris by low-speed cen-
trifugation (3,000 rpm, 10 min, 4°C) and then concentrated �150-fold using
Centricon YM-10 filter devices (Millipore). To measure the enzymatic activity,
supernatants were diluted 1:5 in assay buffer. Samples of 30 �l were incubated 30
to 240 min at 37°C with 30 �l of 50 �M Boc-Leu-Gly-Arg-AMC in assay buffer.
The fluorescence intensity of AMC was measured as described above. To exam-
ine the enzymatic activity of prostasin-containing supernatants, the concentrated
supernatants were diluted 1:10 in prostasin assay buffer (20 mM Tris-HCl [pH
9]). Samples of 30 �l were incubated for 30 to 60 min at 37°C with 30 �l of 50
�M Boc-Leu-Gly-Arg-AMC in prostasin assay buffer, and the fluorescence in-
tensity of AMC was measured.

Cocultivation of protease- and HA-expressing MDCK cells. MDCK-HAT or
MDCK-TMPRSS2 cells were grown on coverslips (18 by 24 mm) in the presence
or absence of 0.2 �g of doxycycline/ml for 24 h. Further, wild-type MDCK cells
seeded on coverslips of the same size were transfected with pCAGGS-HA. At
24 h after transfection and treatment with doxycycline, respectively, cells were
washed with PBS, and one coverslip containing HA-expressing MDCK cells and
one coverslip containing MDCK-HAT or MDCK-TMPRSS2 cells were placed
next to each other in a culture dish (6 cm in diameter) containing serum-free
medium supplemented with or without doxycycline. Cells were cocultivated for
30 h at 37°C and 5% CO2. Growth on separate coverslips prevents that cells
overgrow each other, and thus HA cleavage can only be mediated by soluble
HAT or TMPRSS2 but not by enzymatic active membrane-bound proteases on
the surface of adjacent cells. As a positive control, HA-expressing cells and
MDCK-TMPRSS2 cells on separate coverslips were cocultivated in the presence
of TPCK-trypsin (1 �g/ml). Finally, cells of each coverslip were harvested sep-
arately using cell scrapers and dissolved in SDS sample buffer. Cell lysates were
subjected to SDS-PAGE and Western blot analysis with HA- and FLAG-specific
antibodies for detection of HA, HAT, and TMPRSS2.

Infection assay of protease expressing cells with virions containing HA0 at
37°C. MDCK-HAT or MDCK-TMPRSS2 cells were seeded in 96-well plates and
cultivated to confluence in growth medium with or without doxycycline for 24 h.
Cells were washed two times with PBS and incubated with noninfectious virus
A/Memphis/96 (H1N1) with uncleaved HA0 at a ratio of virions to cells of 0.1 in
infection medium. The cells were incubated for 30 min on ice to allow adsorption
of virions and subsequently shifted to 37°C and 5% CO2, followed by incubation
for 10 h to allow single cycle replication. As controls, doxycycline-treated
MDCK-HAT and MDCK-TMPRSS2 cells were infected in the presence of 25
�M aprotinin (Trasylol; Bayer HealthCare). At 10 h after inoculation the cells
were fixed with 4% paraformaldehyde and immunostained against NP as de-
scribed above.

Assay for HA0 cleavage by exposure of virions to protease-expressing cells at
4°C. MDCK-HAT and MDCK-TMPRSS2 cells were grown in 12-well plates in
the absence or presence of doxycycline for 24 h. Cells were washed with PBS and
incubated with 500 �l of a virus suspension containing virus with uncleaved HA
(�104 virions per ml) in infection medium on ice for 6 h. Preincubated virus was
then removed from cell surfaces by extensive shaking of the plate (5 min on a

rotation shaker; 200 rpm). The recovered virus suspensions were used to inoc-
ulate confluent wild-type MDCK cells grown in 96-well plates by using 100 �l
recovered virus suspension per well of wild-type MDCK cells. At 10 h p.i. MDCK
cells were immunochemically stained against NP.

Peptide mimetic inhibitors and multicycle viral replication analyses. Stock
solutions of benzamidine-derived peptide mimetic inhibitors synthesized accord-
ing to previous methods (15, 33, 34) were prepared in double-distilled water (I-1,
I-2) or sterile 10% dimethyl sulfoxide (I-3) and stored at �20°C. For analysis of
multicycle virus replication in the presence of the inhibitors MDCK-HAT and
MDCK-TMPRSS2, the cells were seeded in 24-well plates and grown in the
absence or presence of doxycycline for 24 h. Cells were infected with influenza
viruses at an MOI of 0.02 or with VSV at an MOI of 0.001 in infection medium
for 1 h at 37°C. The inoculum was removed, and the cells were incubated in
infection medium supplemented with the respective inhibitor (30 �M) and with
or without doxycycline for 24 h at 37°C. Infected cells were immunostained
against influenza virus NP and against viral proteins of VSV, respectively.

To analyze viral growth and inhibition of HA cleavage in the presence of
protease inhibitors cells grown in 6-well plates in the absence or presence of
doxycycline for 24 h were infected at an MOI of 0.01 for 1 h, washed with PBS,
and incubated in infection medium with or without the respective inhibitor (30
�M) at 37°C. At 24 h p.i. virus-containing supernatants were subjected to SDS-
PAGE and Western blot analysis, and virus titers in PFU were determined by
Avicel plaque assay in MDCK cells as described previously (29). Briefly, MDCK
cells were inoculated with 10-fold serial dilutions of each sample for 1 h at 37°C.
The inoculum was removed and replaced by Avicel overlay containing 1 �g of
trypsin/ml. Cells were incubated for 48 h at 37°C and subsequently immuno-
stained against the viral nucleoprotein.

RESULTS

Multicycle viral replication in MDCK-HAT and MDCK-
TMPRSS2 cells. We previously demonstrated that the pro-
teases HAT and TMPRSS2 cleave the HA of human and avian
influenza viruses of subtypes H1, H2, and H3 at a monobasic
cleavage site (4). Therefore, it was reasonable to assume that
both proteases support proteolytic activation of the HA of
currently circulating H1N1 swine origin influenza viruses
containing a monobasic HA cleavage motif, too. To test this,
recently established MDCK cells that express HAT and
TMPRSS2, respectively, under doxycycline-dependent tran-
scriptional activation (3) were infected with the seasonal H1N1
isolate A/Memphis/96 and the pandemic isolate A/Ham-
burg/09 and incubated at 37°C in the absence or presence of
doxycycline. At 24 h p.i. virus from cell supernatants was pel-
leted by ultracentrifugation and subsequently analyzed by
SDS-PAGE and Western blotting. Progeny virus of A/Mem-
phis/96 and A/Hamburg/09 released from doxycycline treated
cells with induced expression of either HAT or TMPRSS2
contained HA1 and HA2, whereas virions released from cells
grown in the absence of doxycycline contained only HA0 (Fig.
2A). In addition, MDCK-TMPRSS2 and MDCK-HAT cells
were infected with either H1N1 isolate and incubated with or
without doxycycline for 24 h to allow multiple cycles of viral
replication. Immunostaining of infected cells against the viral
nucleoprotein revealed spread of A/Memphis/96 and A/Ham-
burg/09 in the presence of doxycycline, providing evidence for
proteolytic activation of HA in these cells. In contrast, no viral
spread was observed in the absence of doxycycline due to
missing cleavage activation of HA in these cells (Fig. 2B).
These data demonstrate that HAT and TMPRSS2 activate the
HA of currently circulating pandemic H1N1 viruses.

In order to identify HA activating proteases in the human
airway epithelium, we considered the protease prostasin as a
further candidate. Prostasin is a glycosylphosphatidylinositol
(GPI)-anchored trypsin-like serine protease that is expressed
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widespread in the human respiratory epithelium (7, 27) and
has been found to activate the epithelial sodium channel (9,
44). Prostasin can be released from the cell surface as a soluble
protease, and both GPI-anchored and soluble forms were
shown to be enzymatically active (7). In order to investigate
whether prostasin is able to cleave HA, both proteins were
coexpressed in MDCK cells, and cell lysates were analyzed by
SDS-PAGE and Western blotting with HA-specific antibodies.
As shown in Fig. 2C only HA0 was detected in cells expressing

HA and prostasin, whereas cleavage of HA0 into HA1 and
HA2 was observed in control cells expressing HAT and HA.
Prostasin was found to be released from transient prostasin-
expressing MDCK cells as a soluble protease with a molecular
mass of 40 kDa. Incubation of prostasin-containing superna-
tants with a fluorogenic peptide substrate revealed that pros-
tasin is released as an enzymatically active protease (Fig. 2C).
Thus, lack of HA cleavage during coexpression with prostasin
was not due to missing enzymatic activity of prostasin but

FIG. 2. Proteolytic processing of HA by the proteases HAT, TMPRSS2, and prostasin. (A) MDCK-TMPRSS2 and MDCK-HAT cells were
infected with H1N1 influenza viruses A/Hamburg/09 or A/Memphis/96 at an MOI of 0.01 and incubated in the absence (�) or presence (�) of
doxycycline (Dox) for 24 h. Virus-containing cell supernatants were concentrated by ultracentrifugation, subjected to SDS-PAGE under reducing
conditions, and subsequently transferred to a PVDF membrane and analyzed by using HA-specific antibodies and HRP-conjugated secondary
antibodies. (B) MDCK-HAT and MDCK-TMPRSS2 cells were infected with A/Memphis/96 or A/Hamburg/09 at an MOI of 0.01 and incubated
in the absence or presence of Dox for 24 h to allow multiple cycles of viral replication. Infected cells were immunostained against the viral
nucleoprotein. (C) MDCK cells were cotransfected with pCAGGS-HA and either pCAGGS, pCAGGS-prostasin, or pCAGGS-HAT. Mock
transfections were done with empty pCAGGS. At 24 h posttransfection, cell lysates were analyzed by SDS-PAGE and Western blotting with
antibodies against H3 (left panel). Supernatants of pCAGGS-prostasin or pCAGGS (Mock) transfected MDCK cells were concentrated �100-fold
and subjected to SDS-PAGE and Western blot analysis with prostasin-specific antibodies (middle panel). Enzymatic activity of the supernatants
was examined by incubation with the fluorogenic substrate peptide Boc-Leu-Gly-Arg-AMC and release of AMC due to hydrolysis of the substrate
was measured. The results are presented as mean enzymatic activities for three independent experiments.
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shows that prostasin is not capable of cleaving HA. These
results demonstrate that not all trypsin-like proteases ex-
pressed in the human airway epithelium support proteolytic
activation of the influenza virus HA.

Expression of TMPRSS2 and HAT at the cell surface and
shedding of the catalytic domains. Type II transmembrane
serine proteases (TTSPs) are a family of cell surface-associated
proteases. To examine whether HAT and TMPRSS2 are
expressed at the cell surface and possess proteolytic activity
at the surface, we performed a surface biotinylation analysis
of MDCK-HAT and MDCK-TMPRSS2 cells. Therefore, the
cells were grown in the absence or presence of doxycycline, and
subsequently cell surface proteins were biotin labeled, pre-
cipitated, and analyzed by SDS-PAGE and immunoblotting
with antibodies against the C-terminal FLAG epitope. Both
TMPRSS2 and HAT were expressed on the cell surface as full-
length protein (70 and 47 kDa) and in a processed form with an
average molecular mass of 30 kDa (Fig. 3A), representing the
zymogens and presumably the catalytic domains of the mature
forms, respectively. Both forms could be detected under re-
ducing conditions using FLAG-specific antibodies (see Fig. 1).
As expected, no protease expression was observed in the ab-
sence of doxycycline. To assay the enzymatic activity of HAT
and TMPRSS2 at the cell surface, MDCK-HAT and MDCK-
TMPRSS2 cells were maintained in the absence or presence of
doxycycline for 24 h and subsequently incubated with a fluoro-
genic peptide substrate. Thereby, high levels of enzymatic ac-
tivity were measured on the surface of HAT-expressing cells,
whereas only low if any protease activity was measured on the
surface of TMPRSS2-expressing cells (Fig. 3B). Similar results
were obtained by using different fluorogenic peptides contain-
ing arginine and various amino acids (data not shown). Taken
together, these results demonstrate that HAT is expressed as
an enzymatically active protease at the cell surface, whereas
TMPRSS2 seems to possess only marginal enzymatic activity at
the cell surface, although it is expressed as a processed pro-
tease at the plasma membrane as well.

We next investigated whether HAT and TMPRSS2 are re-
leased from the plasma membrane. For this purpose, cell su-
pernatants from MDCK-HAT and MDCK-TMPRSS2 cells
were concentrated �150-fold and subjected to SDS-PAGE
and Western blot analysis. Soluble HAT and small amounts of
soluble TMPRSS2 were present in the cell supernatants dem-
onstrating that both proteases can be shed from the cell surface
(Fig. 3C). Soluble HAT showed a higher molecular mass than
expected for the catalytic domain, indicating that HAT under-
goes additional proteolytic processing, possibly within the SEA
domain, to become released from the cell surface (26). How-
ever, incubation of the concentrated supernatants with a flu-
orogenic peptide to determine the enzymatic activity revealed
only very low levels of enzymatic activity for soluble TMPRSS2
and soluble HAT, respectively (Fig. 3D).

Cleavage of influenza virus hemagglutinin by membrane-
bound HAT and TMPRSS2. To investigate whether the low
enzymatic activity of soluble TMPRSS2 or HAT is still suf-
ficient to cleave HA in MDCK-TMPRSS2 and MDCK-HAT
cells, we performed a cocultivation experiment of the pro-
tease-expressing cell lines with transient HA-expressing
MDCK cells. Therefore, MDCK-HAT or MDCK-TMPRSS2
cells were seeded on coverslips and cocultivated with transient

HA-expressing MDCK cells seeded on a separate coverslip
next to each other in the absence or presence of doxycycline for
30 h. In such an experimental approach, HA cleavage can
occur by soluble proteases released from protease-expressing
cells but not by membrane-bound proteases expressed at the
cell surface. Cells of each coverslip were harvested separately
and analyzed by SDS-PAGE and Western blotting. No cleav-
age of HA0 was observed by cocultivation of HA-expressing
cells with either TMPRSS2- or HAT-expressing cells (Fig. 4,
left panel). Expression of HAT and TMPRSS2 during cocul-
tivation in the presence of doxycycline was confirmed by West-
ern blot analysis with FLAG-specific antibodies (Fig. 4, right

FIG. 3. Cell surface expression of TMPRSS2 and HAT, shedding
from the cell surface, and determination of the enzymatic activity of
membrane-bound and soluble forms. (A) MDCK-TMPRSS2 and
MDCK-HAT cells were grown in 6-well plates in the absence or
presence of doxycycline (Dox) for 24 h. Cell surface proteins were
biotinylated; the cells were then lysed, and biotin-labeled proteins were
precipitated and subjected to SDS-PAGE under reducing conditions
and Western blot analysis with FLAG-specific antibodies. The zymo-
gen and the mature form of either protease are indicated by open and
filled arrowheads, respectively. A nonspecific band recognized by the
FLAG-specific antiserum is indicated by an asterisk. (B) MDCK-
TMPRSS2 and MDCK-HAT cells were grown in 96-well plates with or
without Dox for 24 h. Protease activity at the cell surface was deter-
mined by incubation with the fluorogenic peptide substrate Boc-Leu-
Gly-Arg-AMC, and the fluorescence intensity of the AMC was mea-
sured. The results are the mean enzymatic activities for three
independent experiments, with values for control cells (�Dox) sub-
tracted from values of Dox-treated cells within each experiment.
(C) The soluble forms of HAT and TMPRSS2 released from MDCK-
HAT and MDCK-TMPRSS2 cells grown in the absence (�) or pres-
ence (�) of Dox were concentrated and analyzed by Western blotting
with FLAG-specific antibodies. (D) Enzymatic activity of concentrated
TMPRSS2- or HAT-containing supernatants was measured by using
the fluorogenic peptide Boc-Leu-Gly-Arg-AMC as described above.
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panel) demonstrating that the lack of HA cleavage was not due
to missing protease expression. Cocultivation of MDCK-
TMPRSS2 cells and HA-expressing MDCK cells in the pres-
ence of exogenous trypsin was used as a positive control and
supported cleavage of HA0. These findings demonstrate that
cleavage of HA in MDCK-HAT and MDCK-TMPRSS2 cells is
mediated by cell-associated TMPRSS2 and HAT and not by
the soluble forms released from the cells.

Proteolytic activation of virions at the cell surface. The data
described above suggested that HAT, since it is expressed as an
enzymatically active protease on the plasma membrane, may
be able to support HA cleavage at the cell surface. To prove
this idea, we analyzed proteolytic activation of virions contain-
ing HA0 at the stage of entry into MDCK-HAT cells. Virions
containing noncleaved HA0 are not able to infect cells unless
HA0 becomes cleaved at the stage of entry prior to fusion. For
this purpose MDCK-HAT cells and as a control MDCK-
TMPRSS2 cells were inoculated with A/Memphis/96 virions
containing only HA0 and incubated for 10 h at 37°C to allow
single cycle replication. As shown in Fig. 5A, MDCK-HAT
cells could be infected with virions containing noncleaved
HA0, and infection was completely inhibited in the presence of
the protease inhibitor aprotinin. The data demonstrate that
HAT-expressing cells support proteolytic activation of HA0 of
virions at the stage of entry. In contrast, control cells without
induction of HAT expression, as well as TMPRSS2-expressing
cells, did not support the proteolytic activation of incoming
virions.

In order to demonstrate that activation of virions containing
HA0 occurs at the cell surface by membrane-bound HAT prior
to endocytosis, we analyzed proteolytic activation of HA0 on
the surface of MDCK-HAT cells at 4°C. Virions bind to cell
surface receptors at 4°C but are not endocytosed. Therefore,

MDCK-HAT cells and, as a negative control MDCK-
TMPRSS2 cells, were grown with or without doxycycline for
24 h, put on ice, and incubated with influenza virus A/Mem-
phis/96 containing HA0 for several hours to compensate for
the reduced enzymatic activity of HAT at 4°C. The preincu-
bated virions were then removed from the cells by extensive
shaking and were used for inoculation of wild-type MDCK
cells that do not express any HA-activating protease. In doing
so, only virions that remained at the cell surface during the
extended incubation time at 4°C were verified in this assay. The
MDCK cells were incubated at 37°C for 10 h to allow a single
cycle of viral replication and subsequently immunostained
against NP, and the number of infected cells was determined.
The results show that virions that were preincubated at the cell

FIG. 4. Examination of HA cleavage by soluble HAT and
TMPRSS2. MDCK-TMPRSS2 or MDCK-HAT cells grown on cover-
slips with or without addition of doxycycline (Dox) to the growth
medium were cocultivated with transiently HA-expressing MDCK cells
grown on separate coverslips next to each other in one cell culture dish
for 30 h as described in Materials and Methods. As a positive control,
1 �g of trypsin/ml was added during cocultivation. Cells of each cov-
erslip were harvested and subjected to SDS-PAGE and Western blot
analysis with H3-specific antibodies (left panel) or FLAG-specific an-
tibodies (right panel). Zymogens (open arrowheads) and the catalytic
domains (filled arrowhead) of the mature forms of TMPRSS2 and
HAT are indicated. A nonspecific cross-reacting band is indicated by
an asterisk.

FIG. 5. Proteolytic activation of influenza virions at the stage of
entry. (A) Proteolytic activation at 37°C. MDCK-TMPRSS2 and
MDCK-HAT cells grown in 96-well plates with or without doxycycline
(Dox) were inoculated with human influenza virus A/Memphis/96
(H1N1) containing uncleaved HA0 (�103 virions per well) and incu-
bated for 10 h at 37°C to allow single cycle replication. As a control
inoculation with virions was performed in the presence of 25 �M
aprotinin (Apr). Cells were immunostained against NP, and the num-
ber of infected cells per well was determined. The results are the mean
values of a representative experiment. (B) Proteolytic activation at 4°C
prior to endocytosis. Influenza virus A/Memphis/96 containing HA0
was adsorbed to MDCK-TMPRSS2 and MDCK-HAT cells for 6 h at
4°C. Virions were removed from the cells and used for inoculation of
wild-type MDCK cells seeded in 96-well plates. At 10 h p.i. MDCK
cells were immunostained against NP, and infected cells per well were
counted. The results are the mean values of a representative experi-
ment.
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surface of HAT-expressing cells were able to infect MDCK
cells, indicating that HA0 was proteolytically activated during
adsorption to HAT-expressing cells (Fig. 5B). In contrast, viri-
ons exposed to MDCK-TMPRSS2 cells became not activated
and therefore were not able to infect wild-type MDCK cells.
These data provide strong evidence that proteolytic activation
of incoming virions by membrane-bound HAT takes place on
the cell surface, whereas TMPRSS2 does not support cleavage
activation of HA at the stage of entry.

Suppression of influenza virus spread by peptide mimetic
protease inhibitors. We recently demonstrated that some nat-
urally occurring protease inhibitors as well as synthetic serine
protease inhibitors suppress cleavage of HA0 in HAT- and
TMPRSS2-expressing MDCK cells (3). We also observed that
viral spread in MDCK-HAT cells was more susceptible to
exogenous protease inhibitors than in MDCK-TMPRSS2 cells.
These data suggested that differences in subcellular localiza-

tion of either protease may account for the differences in
sensitivity to protease inhibitors. To prove this hypothesis, we
investigated the effect of three different protease inhibitors on
HAT and TMPRSS2 (Fig. 6A). Inhibitors I-1 and I-2 were
expected to have negligible cell permeability due to their
strongly basic benzamidine moiety. Furthermore, an I-2 ho-
mologous and much more hydrophobic inhibitor modified by
a long-chain fatty acid designated as I-3, with an expected
improvement in cell permeability as shown previously (11), was
tested. To examine the efficacy of I-1, I-2, and I-3 to inhibit
processing of HA by HAT and TMPRSS2, MDCK-HAT and
MDCK-TMPRSS2 cells were infected with A/Hamburg/09 and
incubated in the absence or presence of the respective inhibi-
tor for 24 h. To analyze multicycle viral replication and spread
of infection cells were immunostained against the viral nucleo-
protein (Fig. 6B). In addition, virus titers in the supernatants
were determined by plaque titration (Fig. 6C), and virus-con-

FIG. 6. Suppression of HA cleavage and influenza virus spread by protease inhibitors. (A) Structural formulas of peptide mimetic inhibitors
I-1, I-2, and I-3. (B) MDCK-TMPRSS2 and MDCK-HAT cells were infected with A/Hamburg/09 (H1N1) at an MOI of 0.02 and VSV at an MOI
of 0.001, respectively, and incubated with or without doxycycline (Dox) in the absence (Ø) or presence of inhibitor I-1, I-2, or I-3 at a final
concentration of 30 �M at 37°C. At 24 h p.i. the cells were immunostained with influenza virus NP- and VSV-specific antibodies, respectively.
(C) MDCK-TMPRSS2 and MDCK-HAT cells were infected with A/Hamburg/09 at an MOI of 0.01 and incubated in the absence or presence of
doxycycline for 24 h (lanes 1 and 2, see panel B) in the absence or presence of inhibitor I-1 (lane 3), I-2 (lane 4), or I-3 (lane 5). Virus titers were
determined by plaque assay at 24 h p.i. Note that the bars representing virus titers in cells without induction of TMPRSS2 and HAT expression
(�Dox), respectively, cannot be seen in the figure since the titers were below the limit of determination (102 PFU/ml). The results are the mean
values of two independent experiments. (D) Virus-containing cell supernatants shown in Fig. 6C were concentrated by ultracentrifugation and then
subjected to SDS-PAGE under reducing conditions and Western blot analysis with HA-specific antibodies.
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taining supernatants were analyzed for HA cleavage by SDS-
PAGE and Western blotting with HA-specific antibodies (Fig.
6D). As a control, doxycycline-treated and nontreated cells
were infected for 24 h in the absence of protease inhibitors. As
expected, viral multicycle replication and spread due to HA0
cleavage was visible in doxycycline treated MDCK-HAT and
MDCK-TMPRSS2 cells infected in the absence of any inhibi-
tors (lane 2), while due to missing HA activation in infected
cells grown without doxycycline only single cycle replication
and no spread of infection was observed (lane 1). Cleavage of
HA0 and the spread of A/Hamburg/09 in TMPRSS2-express-
ing cells were not affected by I-1 and I-2 but strongly inhibited
by decanoylated inhibitor I-3 (lane 5). In addition, only low
amounts of progeny virions were detected in supernatants of
I-3-treated cells at 24 h p.i. due to the suppression of proteo-
lytic activation of HA and thus the suppression of virus prop-
agation (Fig. 6C and D). These data indicate that inhibition of
TMPRSS2 requires cellular uptake of the protease inhibitor,
confirming the observation that TMPRSS2 cleaves HA intra-
cellularly. In contrast, proteolytic activation of HA and viral
spread in HAT-expressing cells were markedly suppressed by
all applied inhibitors with strong inhibition of multicycle viral
replication by I-1 (Fig. 6B to D). Thus, HA cleavage by HAT
can be easily blocked by exogenous inhibitors, supporting the
results for the cleavage of HA by membrane-bound HAT at
the cell surface. To confirm that suppression of viral growth in
I-1-, I-2-, and I-3-treated cells was specifically due to inhibition
of proteolytic activation of HA and not due to reduced cell
viability, we analyzed viral growth of VSV in inhibitor-treated
cells. VSV does not require proteolytic activation by host cell
proteases. As shown in Fig. 6B, the growth of VSV was not
affected by I-1, I-2, and I-3, as well as by doxycycline treat-
ment, demonstrating that these inhibitors do not affect cell
viability at a concentration of 30 �M.

Taken together, these results confirm the observations for
subcellular localization of HA cleavage by TMPRSS2 and
HAT. Moreover, the data demonstrate that HAT and
TMPRSS2 provide promising drug targets and show that
peptide mimetic inhibitors exhibit potential as novel thera-
peutic compounds for an influenza treatment.

DISCUSSION

The currently available measures to control influenza are
vaccination and antiviral medications using the neuraminidase
(NA) inhibitors oseltamivir and zanamivir. Considering the
high impact of influenza viruses on public health, more exten-
sive profiling of new drug targets is of great interest. Due to the
essential role of HA cleavage for influenza virus infectivity and
spread, targeting of relevant host cell proteases is a promising
therapeutic strategy.

We previously demonstrated that the human airway pro-
teases HAT and TMPRSS2 cleave the HA of human and avian
influenza viruses containing a monobasic cleavage site (4) and,
consistent with this, we show here that both enzymes also
activate the currently circulating pandemic swine origin H1N1
virus. In addition, we demonstrate that the trypsin-like pro-
tease prostasin known to be present in the human airway
epithelium, too, is not able to cleave HA, emphasizing that not
every trypsin-like protease expressed in the human airways is

capable of supporting proteolytic activation and spread of in-
fluenza viruses.

In the present study we investigated the subcellular localiza-
tion of HA cleavage by TMPRSS2 and HAT using MDCK cell
lines with doxycycline-dependent expression of either protease.
We demonstrate that proteolytic activation of HA occurs by
membrane-bound TMPRSS2 and HAT and not by soluble
forms released from the cell surface. HAT is expressed as an
enzymatically active protease at the plasma membrane that is
able to cleave HA at the cell surface. To our knowledge, this is
the first time that membrane-bound HAT was shown to be an
enzymatically active protease at the cell surface. In contrast,
TMPRSS2, which was found to be expressed at the plasma
membrane as a mature protease, too, shows poor if any enzy-
matic activity at the cell surface. Furthermore, as described
previously (1, 46), we observed shedding of HAT and to some
extent of TMPRSS2 into the supernatant. However, the solu-
ble forms showed only marginal enzymatic activity and were
not sufficient to support the cleavage of HA in these cells. The
reason for the missing enzymatic activity of soluble HAT and
TMPRSS2, as well as membrane-bound TMPRSS2 at the
plasma membrane, remains unknown thus far but might be
related to additional proteolytic processing, conformational
changes, or the presence of extracellular protease inhibitors.
Regulation of protease activities is important, since uncon-
trolled proteolysis provides a basis for multiple pathological
conditions and diseases. For example, matriptase, another
TTSP, is inhibited by the hepatocyte growth factor activator
inhibitor 1 (HAI-1) almost immediately after zymogen activa-
tion and is released from the cells only as a matriptase–HAI-1
complex (25). Matriptase is associated with human epithelial
cancers and even slightly increased expression of the protease
relative to HAI-1 was shown to exhibit a strong oncogenic
potential (28). Little knowledge exists about expression levels,
as well as mechanisms underlying the regulation of protease
activity and shedding of TMPRSS2 and HAT in the human
airway epithelium, but overexpression of TMPRSS2 and HAT
is assumed to be involved in prostate cancer and respiratory
diseases, respectively (1, 8, 30, 43). TMPRSS2 was shown to be
released from prostate and prostate cancer cells (1). HAT-
related enzymatic activity can be detected in the sputum of
patients with chronic airway diseases (45, 46). Thus, increased
shedding of either protease might play a role in pathogenesis.
In this respect, it would be interesting to investigate whether
increased amounts of soluble HAT in the sputum are sufficient
to support HA cleavage and therefore might play a role in
influenza progression in patients with asthma or chronic bron-
chitis.

By using influenza virions containing HA0, we demonstrate
that membrane-bound HAT is able to activate HA of incoming
virions at the cell surface. Thus, HAT provides an additional
mechanism for viruses to be activated late in infection prior to
virus entry into new cells. Proteolytic activation of some influ-
enza viruses containing a monobasic HA cleavage site at the
stage of entry was observed before in MDBK cells (5) and in
human respiratory adenoid epithelial cells (HAEC) (47). The
relevant proteases and the subcellular site of HA activation
were not identified. Our data strongly suggest that activation of
incoming virions in HAEC occurs by a membrane-bound pro-
tease at the cell surface, most likely HAT. Immunohistochem-
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ical studies revealed that HAT is expressed exclusively in cili-
ated cells of the trachea and bronchi, while TMPRSS2 seems
to be expressed more widespread in the human airways (18,
40, 42). Considering that different cell types of the airway
epithelium express a partially different protease repertoire,
HAT may enable proteolytic activation of progeny viruses
released from cells that do not express relevant HA activat-
ing proteases. We propose that HAT cleaves HA of virions
adsorbed to the cell surface receptors. We also found that
virions containing cleaved HA are released from HAT-ex-
pressing MDCK cells. Thus, HAT does not only activate
HA0 at the stage of entry but also newly synthesized HA0,
most likely at the plasma membrane during the assembly
and budding of progeny virions.

In contrast, membrane-bound TMPRSS2 at the cell sur-
face and soluble TMPRSS2 released from the cells did
not show enzymatic activity. Therefore, HA cleavage by
TMPRSS2 seems to take place intracellularly, most probably dur-
ing its transport from the endoplasmic reticulum to the plasma
membrane, where virus assembly and budding take place. Con-
sistent with this, we found that virions containing cleaved HA are
released from TMPRSS2-expressing cells. In this respect, cleav-
age activation by TMPRSS2 seems to be similar to cleavage of
HA of highly pathogenic avian influenza viruses (HPAIV) con-
taining a multibasic HA cleavage site, which is cleaved in the
trans-Golgi network by furin and furin-related proteases (17,
38). Thus, cleavage activation of HA with monobasic and
multibasic cleavage site, respectively, in the human airway ep-
ithelium might take place in the same intracellular compart-
ment and yet be performed by different proteases. Interest-
ingly, cleavage of HA with monobasic cleavage site in human
large intestine epithelial Caco-2 cells was shown to take place
intracellularly (51) and by using reverse transcription-PCR
analyses we found that TMPRSS2 is expressed in Caco-2 cells
(unpublished data). Further studies on expression and subcel-
lular compartmentalization of TMPRSS2 in different cell types
and tissues are under investigation in our laboratory.

Targeting of HA-activating proteases presents a therapeutic
approach that should exclude the development of drug resis-
tant viruses. Studies by Zhirnov et al. demonstrated that influ-
enza virus replication in chicken embryos, mice, and human
airway epithelial cell cultures can be suppressed by inhibition
of HA cleavage using the serine protease inhibitor aprotinin
(47, 49, 50). Furthermore, aerosolized aprotinin was shown to
be effective against respiratory virus diseases (48). We recently
demonstrated that specific low-molecular-weight peptide mi-
metic inhibitors efficiently suppress influenza virus propagation
in HAT- or TMPRSS2-expressing MDCK cells by inhibition of
HA cleavage (3). In the present study we used these inhibitors
to investigate the susceptibility of HAT and TMPRSS2 to
exogenous protease inhibitors in more detail. We found that
the cell-impermeable inhibitors I-1 and I-2 blocked HA acti-
vation in HAT-expressing cells but not in TMPRSS2-express-
ing cells, whereas the much more hydrophobic decanoylated
inhibitor I-3 efficiently blocked proteolytic cleavage of HA in
both HAT- and TMPRSS2-expressing cells. These results fur-
ther support the concept that TMPRSS2 and HAT cleave HA
in different cellular compartments. Acylation of peptide deriv-
atives has been shown before to increase their efficacy as
HPAIV and HIV inhibitors (2, 11, 14, 38). In the present study,

inhibitors with or without a fatty acid modification proved also
to be helpful tools to discriminate between extracellular and
intracellular cleavage activation of HA.

To date, protease inhibitors are not applied as preventative
and therapeutic approaches for influenza treatment. This is
largely due to limited knowledge about relevant host cell pro-
teases and their characteristics, complicating the development
of specific and selective protease inhibitors. HAT and
TMPRSS2 are HA-activating enzymes in the human airways
that represent promising drug targets. Further characteriza-
tion of HAT and TMPRSS2 should help to develop potent
protease inhibitors as new drugs for influenza treatment.
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 on S
eptem

ber 15, 2016 by P
enn S

tate U
niv

http://jvi.asm
.org/

D
ow

nloaded from
 

http://jvi.asm.org/

