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ABSTRACT

Cleavage of the hemagglutinin (HA) by host proteases is essential for the infectivity of influenza viruses. Here, we analyzed the role of
the serine protease TMPRSS2, which activates HA in the human respiratory tract, in pathogenesis in a mouse model. Replication of the
human H7N9 isolate A/Anhui/1/13 and of human HIN1 and H3N2 viruses was compared in TMPRSS2 knockout (TMPRSS2™'~) and
wild-type (WT) mice. Knockout of TMPRSS2 expression inhibited H7N9 influenza virus replication in explants of murine tracheas,
bronchi, and lungs. HIN1 virus replication was also strongly suppressed in airway explants of TMPRSS2~'~ mice, while H3N2 virus
replication was only marginally affected. H7N9 and HIN1 viruses were apathogenic in TMPRSS2~'~ mice, whereas WT mice devel-
oped severe disease with mortality rates of 100% and 20%, respectively. In contrast, all H3N2 infected TMPRSS2~'~ and WT mice suc-
cumbed to lethal infection. Cleavage analysis showed that H7 and H1 are efficiently activated by TMPRSS2, whereas H3 is less suscepti-
ble to the protease. Our data demonstrate that TMPRSS?2 is a host factor that is essential for pneumotropism and pathogenicity of
H7N9 and HIN1 influenza virus in mice. In contrast, replication of H3N2 virus appears to depend on another, not yet identified pro-
tease, supporting the concept that human influenza viruses differ in protease specificity.

IMPORTANCE

Cleavage of the hemagglutinin (HA) by host proteases is essential for the infectivity of influenza virus, but little is known about its rele-
vance for pathogenesis in mammals. Here, we show that knockout mice that do not express the HA-activating protease TMPRSS2 are
resistant to pulmonary disease with lethal outcome when infected with influenza A viruses of subtypes H7N9 and HIN1, whereas they
are not protected from lethal H3N2 virus infection. These findings demonstrate that human influenza viruses differ in protease speci-

ficity, and that expression of the appropriate protease in respiratory tissues is essential for pneumotropism and pathogenicity. Our
observations also demonstrate that HA-activating proteases and in particular TMPRSS2 are promising targets for influenza therapy.

Worldwide circulation of influenza A viruses in a broad range
of avian and mammalian hosts and their recurrent trans-
mission among different species provides the basis for the emer-
gence of novel influenza viruses that may cause outbreaks of se-
vere respiratory disease or even provoke an influenza pandemic.
The outbreak of an avian H7N9 influenza virus in China in 2013
that caused 137 confirmed human infections and 45 deaths
(WHO; 52) once again demonstrated that the emergence of novel
influenza viruses poses unpredictable challenges for public health
(1-3). Phylogenetic analyses revealed that H7N9 has emerged
through multiple reassortments, thereby obtaining its eight gene
segments from at least three different avian influenza viruses (2,
3). Human H7N9 infections appeared to result from direct con-
tact with infected poultry, but the viruses were shown to already
possess molecular markers associated with adaptation to humans,
including mutations in the surface glycoprotein hemagglutinin
(HA) which increase the affinity to «2,6-linked sialic acid (hu-
man-type receptors) (4-9), as well as adaptive mutations in the
polymerase subunit PB2 such as 627K and 701N, which are asso-
ciated with enhanced polymerase activity and replication in mam-
malian cells (1, 2, 10, 11). Recent studies demonstrated that hu-
man H7NO viruses can attach to epithelial cells of both the human
upper and lower respiratory tracts and replicate efficiently in air-
way epithelial cells of humans and swine (12—14). Furthermore,
these viruses can be easily transmitted by direct contact and less
efficiently by respiratory droplets in the ferret model (4, 5, 14). As
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of January 2014, an increase of human H7N9 cases has been re-
ported in China (ECDC; 53). Although there is no evidence for
sustained human-to-human transmission thus far, the continu-
ous circulation of the virus in avian populations carries the risk
that a stable lineage that represents a continuous threat to public
health and might possess pandemic potential will be established.

Influenza virus infection is initiated by HA through attachment to
cell surface receptors and fusion of the viral lipid envelope and endo-
somal membranes upon endocytosis to release the virus genome into
the cytosol. Posttranslational cleavage of HA by host proteases is a
prerequisite for fusion activity and, thus, for virus infectivity. Most
influenza viruses, including low-pathogenic avian influenza viruses
(LPAIV) and human viruses, possess a single arginine (R) at the cleav-
age site and are activated by trypsin in vitro. Appropriate trypsin-like
proteases are present in a restricted number of tissues, such as the
respiratory or the intestinal tract, limiting the spread of infection (15,
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16). We identified the human type II transmembrane serine pro-
teases TMPRSS2 (transmembrane protease serine S1, member 2;
also designated epitheliasin) and HAT (human airway trypsin-like
protease; also designated TMPRSS11D) as HA-cleaving proteases
present in the human airway epithelium (17). In contrast, highly
pathogenic avian influenza viruses (HPAIV) of subtypes H5 and
H7 contain a multibasic HA cleavage site (consensus sequence
R-X-R/K-R) that is activated by ubiquitous expressed proteases
furin and proprotein convertase 5/6 (PC5/6), supporting systemic
infection with an often fatal outcome (18, 19). Novel human
H7NO9 viruses possess a monobasic HA cleavage site consistent
with their low pathogenicity in poultry (2).

In this study, we investigated spread in the respiratory tract as
well as the pathogenic potential of a human H7N9 virus (A/
Anhui/1/13) in comparison to HIN1 and H3N2 viruses in TMPRSS2
knockout (TMPRSS2™'™) and wild-type (WT) mice. We show that
knockout of TMPRSS2 protects the mice from lung infection with
lethal outcome by H7N9 and HIN1 viruses. In contrast, knockout
of TMPRSS2 did not affect pneumotropism and lethality of H3N2
virus in mice, indicating that another protease is responsible for acti-
vation of H3 HA. These data identify TMPRSS2 as a host cell factor
essential for pathogenicity of H/N9 and HIN1 but not H3N2 virus in
mice and may contribute to the development of specific protease
inhibitors as a novel therapeutic approach against influenza.

(C.T. performed this work in partial fulfillment of the require-
ments for a Ph.D. degree from the Philipps-University Marburg,
Germany.)

MATERIALS AND METHODS

Ethics statement. All animal experiments were performed according to
the guidelines of the German animal protection law. All animal protocols
were approved by the relevant German authorities, Behorde fiir Stadtent-
wicklung und Umwelt Hamburg (34/13) and the Regierungsprisidium
Gieflen (A 59/2012). Mice were euthanized upon 25% weight loss accord-
ing to the guidelines of the German animal protection law.

Mice. TMPRSS2-deficient mice (TMPRSS2~'~, C57BL/6 back-
ground) were described previously (20). Homozygous TMPRSS2 knock-
out mice (TMPRSS2™'7) and wild-type (WT) littermates were bred and
housed in the animal facility of the Philipps-University Marburg. Animal
experiments were performed at the animal facilities of the Heinrich-Pette-
Institute, Leibniz Institute for Experimental Virology in Hamburg.

Ex vivo organ cultures. For preparation of ex vivo organ cultures, 10- to
18-week-old mice were euthanized by CO, asphyxiation. The respiratory
tract was rapidly excised, and the larynges, tracheas, bronchi, and lungs were
dissected according to Fig. 1A. Surrounding tissues were removed, and ex-
plants of trachea, bronchi, and lung were separately maintained in 12-well
plates (1 explant per well). Incubation and infection of the explants were
performed in Dulbecco’s modified Eagle medium (DMEM; Gibco) supple-
mented with 10% fetal calf serum (FCS; Gibco), 5% glutamine, 5% penicillin/
streptomycin, and 1% nonessential amino acids (NEAA; Gibco) (referred to
here as explant medium) at 37°C and 5% CO,.

Cells and viruses. Madin-Darby canine kidney (MDCK) cells were
maintained in DMEM supplemented with 10% FCS (Gibco), glutamine,
and antibiotics (growth medium). MDCK-MAT1 and MDCK-TMPRSS2
cells that express MAT1 or murine TMPRSS2 under doxycycline-depen-
dent transcriptional activation were maintained in growth medium sup-
plemented with 0.3 mg/ml Geneticin (Gibco) and 2 pg/ml puromycin
(InvivoGen), and protease expression was induced by addition of 0.4
pg/ml doxycycline (InvivoGen). Infection experiments were performed
using infection medium (DMEM supplemented with 0.1% bovine serum
albumin [BSA], glutamine, and antibiotics). All cell growth and incuba-
tions were performed at 37°C and 5% CO,.

The influenza viruses used in this study were A/Anhui/1/13 (H7N9)
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FIG1 Expression of TMPRSS2 and MAT1 in ex vivo airway explants of wild-type
and TMPRSS2 knockout mice. (A) Ventral view of the murine respiratory tract (R,
right; L, left). The dashed lines delineate the larynx (Ix), trachea (tr), bronchi (br),
and lung (Ig) explants. (B) RT-PCR analysis of MAT1- and TMPRSS2-specific
mRNA in respiratory tissues of TMPRSS2 knockout (—/—) and wild-type (+/+)
mice. Analysis of a-tubulin-specific mRNA was used as a control.

lg

(kindly provided by John McCauley, Division of Virology, MRC National
Institute for Medical Research, London, United Kingdom), A/Puerto-
Rico/8/34 (HIN1), A/Hamburg/NY1580/09 (HIN1pdm) and A/Aichi/
2/68 (H3N2). H7N9, H3N2, and HIN1pdm were propagated in MDCK
cells in infection medium containing 1 pg/ml tosyl phenylalanyl chlorom-
ethyl ketone (TPCK)-treated trypsin (Sigma). HINI was propagated in
11-day-old embryonated chicken eggs. All experiments with H7N9 influ-
enza virus were performed at biosafety level 3 (BSL3) facilities.

Antibodies. A polyclonal antibody against HA of A/Anhui/1/13
(H7N9) was purchased from Sino Biological Inc. Rabbit serum against H1
was provided by Mikhail Matrosovich (Institute of Virology, Philipps-Uni-
versity Marburg), polyclonal rabbit sera against H3N2, HON2, and H7N1
were derived from rabbits immunized with A/Aichi/2/68 (H3N2), A/Quail/
Shantou/2061/00 (HIN2), and A/Chicken/Rostock/34 (H7N1; fowl plague
virus [FPV]), respectively. Species-specific horseradish peroxidase (HRP)-
conjugated secondary antibodies were purchased from Dako.

RNA isolation and RT-PCR analysis. Total RNA of murine respira-
tory tissues was extracted using the RNeasy minikit (Qiagen). Reverse
transcription-PCR (RT-PCR) was carried out with 1 pg of total RNA by
using the OneStep RT-PCR kit (Qiagen). H,O was used as a control. For
detection of mRNA specific for TMPRSS2 or MAT], specific sets of prim-
ers designed to amplify nucleotides (nt) 1 to 336 of MAT1-mRNA and nt
525 to 1473 of full-length murine TMPRSS2-mRNA, respectively, were
used. RT-PCR of a-tubulin mRNA was used as an internal control. All
primer sequences are available upon request.

Cloning of murine TMPRSS2 and MAT1 and generation of stable
cell lines. Full-length cDNAs of murine TMPRSS2 (GenBank accession
number NM_015775.2) and MAT1 (GenBank accession number
NM_145561.2) were cloned from total RNA of the lung and trachea, re-
spectively, of C57BL/6 mice as described above using protease-specific
primers. The cDNAs encoding murine TMPRSS2 and MAT1 were sub-
cloned into the expression vector pTRE2pur (Clontech). All primer se-
quences are available upon request. Generation of MDCK-TMPRSS2 and
MDCK-MAT]1 was performed as previously described (21).

Multicycle virus replication and HA activation in MDCK-TMPRSS2
and MDCK-MAT]1 cells. To analyze virus activation and spread in
MDCK-TMPRSS2 and MDCK-MAT1 cells, cells were seeded in 24-well
plates and grown with or without 0.4 ng/ml doxycycline for 24 h. The cells
were infected at alow multiplicity of infection (MOI) 0f 0.01 to 0.0001 and
incubated for 24 h. Subsequently cells were fixed and immunostained
against nucleoprotein (NP) as described previously (17). Briefly, cells
were immunostained with a polyclonal rabbit serum against HON2 virus,
HRP-conjugated secondary antibodies, and subsequent incubation with
the peroxidase substrate TrueBlue (KPL).

To analyze HA cleavage in protease-expressing cells, MDCK-TMPRSS2
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FIG 2 Replication of H7N9 and HIN1 but not H3N2 influenza virus is inhibited in airway explants of TMPRSS2 knockout mice. Growth kinetics of H7N9,
HIN1, and H3N2 viruses in ex vivo organ cultures of TMPRSS2~'~ and WT mice. Explants of murine trachea, bronchi, or lung were infected with 4 X 10° PFU
H7N9 or HIN1 or 10° PFU of H3N2. At the indicated time points p.i., virus titers were determined by plaque assay. Error bars denote standard deviations.

and MDCK-MAT!1 cells were grown in 6-well plates in the absence or pres-
ence of doxycycline for 24 h. Cells were infected at an MOI of 0.05 to 0.001 for
1 h, washed with phosphate-buffered saline (PBS) to remove the inoculum,
and incubated for 40 h. Proteins in cell lysates or cell supernatants were ana-
lyzed by SDS-PAGE under reducing conditions and Western blotting using
HA-specific antibodies and peroxidase-conjugated secondary antibodies as
described previously (22). Proteins were visualized using the ChemiDoc
XRS+ system with Image Lab software (Bio-Rad).

Infection and virus replication kinetics in ex vivo organ cultures.
For multicycle virus replication kinetics in ex vivo models of trachea, bronchi,
and lung of TMPRSS2~'~ and WT mice, explants were inoculated with 4 X
10° PFU of H7N9 or HINT or 10° PFU of H3N2 for 1 h. The inoculum was
removed by careful washing, and infected explants were incubated in explant
medium for 72 h. At 16, 24, 48, and 72 h postinfection, virus titers were
determined as PFU/ml by plaque assay as described elsewhere (22).

Animal experiments. All virus infection experiments in mice were
performed at the animal facilities of the Heinrich-Pette-Institute, Leibniz
Institute of Experimental Virology in Hamburg. All experiments followed
the standard operating procedures of the approved biosafety protocols at
biosafety level 2 (BSL2) and BSL3 (H7N9 influenza virus infections) ani-
mal facilities. WT (n = 16) and TMPRSS2™/~ mice (n = 16) were intra-
peritoneally anesthetized with ketamine-xylazine (100 and 10 mg/kg, re-
spectively) and intranasally inoculated with a volume of 50 .l of 10> PFU
of H7N9, HIN1pdm, or H3N2 virus diluted in PBS. Mice receiving PBS
only were used as control groups (n = 5). Animals were monitored for
disease, survival, and weight loss for 14 days. On days 3 and 6 postinfec-
tion (p.i.), three animals were sacrificed, and tracheas and lungs were
removed for subsequent analysis of virus titers and immunohistopathol-
ogy as described previously (23).

Immunohistochemistry. Tracheas and lungs of WT and
TMPRSS2™'~ mice (n = 3) were processed on day 3 p.i. for immunohis-
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tochemical staining (IHC) as described previously (23). Briefly, deparaf-
finized tissues were stained for viral antigens using an anti-FPV serum and
a ZytoChem Plus HRP-3,3’-diaminobenzidine (DAB) broad-spectrum
kit (Zytomed) according to the manufacturer’s protocols.

RESULTS

Expression of TMPRSS2 and MAT1 in airway tissues of WT and
TMPRSS2~'~ mice. To study virus replication in respiratory tis-
sues of TMPRSS2™'~ and WT mice, we established ex vivo models
of larynx, trachea, bronchus, and lung tissues (Fig. 1A). RT-PCR
analysis using specific primer sets confirmed the presence of full-
length TMPRSS2-mRNA in all organ explants of WT mice and its
absence in TMPRSS2 ™'~ mice (Fig. 1B). In addition, the presence
of mRNA specific for the HAT-homologous protease murine air-
way trypsin-like protease 1 (MAT1) was analyzed in the different
airway sections (24). MAT1 mRNA was present predominantly in
the larynx and at lower levels in the trachea and bronchi but was
not detected in the lung. These data indicate that WT mice express
TMPRSS2 and MAT1 in the larynx, trachea, and bronchi but only
TMPRSS?2 in the lung. Accordingly, TMPRSS2~'~ mice express
MATT1 in the larynx, trachea, and bronchi but lack expression of
the two proteases in the lungs.

H7N9 and H1N1 but not H3N2 influenza virus replication is
inhibited in airway explants of TMPRSS2™'~ mice. To identify
the role of TMPRSS2 in replication of A/Anhui/1/13 (H7N9) in
mice, virus growth kinetics were examined in ex vivo models of the
trachea, bronchi, and lung of WT and TMPRSS2™'~ mice.
Explants were infected and maintained under cell culture con-
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ditions for 72 h, and virus titers in the supernatants were de-
termined at the indicated time points by plaque assay. As
shown in Fig. 2, H7N9 virus replicated efficiently in tracheal,
bronchial, and lung explants of WT mice. Interestingly, prop-
agation of H7N9 was completely inhibited in all airway ex-
plants of TMPRSS2™'~ mice. These findings demonstrate that
TMPRSS?2 is essential for replication of H7N9 influenza virus
in murine respiratory cells.

Furthermore, replication of the human strains A/PR8/1/34
(HIN1) and A/Aichi/2/68 (H3N2) was analyzed in airway ex-
plants of TMPRSS2’~ and WT mice. Multicycle replication of
HIN1 was observed in all explants from WT mice. In contrast,
virus propagation was strongly suppressed (~1,000- to 10,000-
fold) in organ cultures of tracheas and bronchi from
TMPRSS2~'~ mice and was completely inhibited in lung explants
(Fig. 2). Interestingly, H3N2 virus was able to replicate in tracheal
and bronchial explants of both TMPRSS2~/~ and WT mice. Prop-
agation of H3N2 virus was reduced about 30- to 100-fold in the
trachea but was only marginally affected in bronchial cultures of
TMPRSS2~'~ mice. We were unable to detect replication of H3N2
in lung explants, but the virus replicated efficiently in the lungs of
infected mice (see Fig. 4 and 5). Taken together, these data demon-
strate that TMPRSS2 supports efficient replication of HINT1 influ-
enza virus in the murine trachea, bronchi, and lungs, whereas it is
dispensable for H3N2 influenza virus replication in these tissues.

Proteolytic activation of H7, H1, and H3 hemagglutinins by
TMPRSS2 and MAT1. To assess whether murine TMPRSS2 and
MATT1 are able to activate H7, H1, and H3, the cDNAs encoding
the proteases were cloned from murine lungs and tracheas, re-
spectively, and used to generate stable MDCK-TMPRSS2 and
MDCK-MAT]1 cells with doxycycline-inducible protease expres-
sion. Cells were infected with H7N9 virus atalow MOI, and either
cells were immunostained against the viral nucleoprotein at 24 h
p.i., or cell lysates were subjected to SDS-PAGE and Western blot
analysis at 40 h p.i. to examine cleavage of the HAO precursor into
the disulfide-linked subunits HA1 and HA2. As shown in Fig. 3A,
multicycle replication of H7N9 was observed in both MAT1- and
TMPRSS2-expressing cells, although foci of infection in MDCK-
MATTI cells were smaller than those in MDCK-TMPRSS2 cells.
Western blot analysis confirmed cleavage of HAO by coexpression
of TMPRSS2 and slightly reduced levels of HA cleavage by coex-
pression of MAT1 (Fig. 3B). No HA1 was detected in cell lysates of
infected cells, and at present it remains unclear whether HA1 is
degraded or not recognized by the antibody.

In addition, proteolytic activation of influenza viruses of sub-
types HIN1, HIN1pdm, and H3N2 was analyzed in MDCK-
TMPRSS2 and MDCK-MATT cells. Spread of both HIN1 and
HI1N1pdm virus was similar in MAT1- and TMPRSS2-expressing
cell lines, and released virus contained cleaved HA (Fig. 3). HA of
HIN1 was more susceptible to cleavage by TMPRSS2, whereas HA
of HIN1pdm was efficiently cleaved by both proteases. Interest-
ingly, only small foci of H3N2 were visible in MDCK-TMPRSS2
cells, while large virus foci were observed in MDCK-MAT1 cells.
H3 HA was efficiently cleaved by MATI, supporting multicycle
virus replication and large amounts of progeny virus in the cell
supernatant, whereas only small amounts of virus were present in
supernatants of TMPRSS2-expressing cells. MDCK cells lacking
expression of either protease were used as controls. As expected,
none of the viruses was able to undergo multicycle replication
in these cells, and only HAO was detected by immunoblotting
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FIG 3 Proteolytic activation of H7N9, HIN1, and H3N2 influenza viruses by
TMPRSS2 and MAT1 in vitro. (A) Multicycle virus replication in MDCK-
TMPRSS2 and MDCK-MAT]1 cells. MDCK cells that express either protease
under doxycycline-induced transcriptional activation were infected with the
indicated virus at a low MOI of 0.01 to 0.0001 and incubated for 24 h. Cells
were fixed and immunostained against the viral nucleoprotein (NP). Cells
without (w/0) induction of protease expression were used as controls. (B)
Protease-expressing MDCK-TMPRSS2 and MDCK-MATT1 cells were infected
with the indicated virus and incubated for 40 h. Virus-containing supernatants
or cell lysates (H7N9-infected cells) were subjected to SDS-PAGE under re-
ducing conditions and Western blotting using virus-specific antibodies. Cells
without induction of protease expression were used as controls. Viral NP is
indicated by an asterisk. The amino acid sequence at the HA cleavage site of
each virus is indicated in the one-letter code.

(Fig. 3). These data show that H7N9 and HINI viruses are acti-
vated by TMPRSS2 and MAT1, while H3N2 virus is more effi-
ciently activated by MAT]1. Interestingly, the differences in sus-
ceptibility to TMPRSS2 correlate with the obtained virus growth
kinetics in airway explants. The data suggest that MAT1 may sup-
port multicycle replication of H3N2 virus in tracheas and bronchi
of TMPRSS2™'~ mice and probably also WT mice. In contrast,
although MAT1 is able to activate H7 and H1, it seems to be not or
only barely sufficient to support activation of H7N9 and HIN1
viruses in murine respiratory cells.

H7N9 and HIN1pdm viruses are apathogenic, while H3N2
virus causes lethal infection in TMPRSS2~'~ mice. The data ob-
tained here suggest that HA activation by TMPRSS2 might play an
important role in the pathogenesis of H/N9 and HINI1 viruses in
mice. We therefore infected TMPRSS2 ™'~ and WT mice intrana-
sally with a high virus dose (10° PFU), and survival and weight loss
were monitored for 14 days. All WT mice infected with H7N9
displayed significant weight loss and succumbed to infection
within 8 days (Fig. 4). Remarkably, TMPRSS2~’~ mice neither
lost weight nor developed symptoms of disease, and all animals
survived. Immunohistochemical analysis of viral antigen expres-
sion on day 3 p.i. revealed prominent numbers of infected cells in
the tracheas of WT mice but low numbers of infected cells in
TMPRSS2~'~ mice (Fig. 5A). Widespread staining of virus-posi-
tive cells was observed in lungs of WT mice, whereas no infected
cells were visible in lungs of TMPRSS2~'~ mice (Fig. 5B). Infec-
tion of WT mice with HIN1pdm also led to severe weight loss, and
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FIG 4 TMPRSS?2 is essential for pathogenicity of H7N9 and HIN1pdm, but not H3N2 virus in mice. Pathogenicity of H7N9, HIN1pdm, and H3N2 influenza
virusin WT and TMPRSS2™'~ mice. TMPRSS2™'~ mice and wild-type littermates were infected with 10° PFU of the indicated virus. Survival (A) and weight loss
(B) were monitored for 14 days. Mice receiving PBS were used as control. Error bars denote standard deviations.

20% of the animals died (Fig. 4). In contrast, all TMPRSS2™'~
mice survived without displaying weight loss or signs of disease.
TMPRSS2™~'~ mice presented reduced numbers of infected cells in
the tracheas, and no virus-positive cells were detected in the lungs
compared to large numbers of infected cells in the lungs of WT
mice (Fig. 5).

In contrast, infection of mice with 10° PFU H3N2 virus re-
sulted in 100% lethality in both WT and TMPRSS2™'~ animals
within 6 days after infection (Fig. 4). Immunohistochemical anal-
ysis revealed large numbers of virus-positive cells in the tracheas of
WT and TMPRSS2 ™'~ mice without marked differences (Fig. 5A),
whereas slightly reduced viral antigen expression was observed in
the lungs of TMPRSS2 ™'~ mice compared to WT mice (Fig. 5B).

These observations demonstrate that knockout of the
TMPRSS2 gene prevents spread of H7N9 and HIN1pdm viruses
into the lung and development of disease in mice. In contrast,
pneumotropism and pathogenicity of H3N2 virus do not depend
on TMPRSS2, suggesting that, in this case, another protease is
involved in virus activation.

DISCUSSION

The present study demonstrates that knockout of the type II trans-
membrane protease TMPRSS2 inhibits virus replication and
pneumotropism and consequently pathogenicity of human H7N9
and HINI1 influenza viruses in mice. A/Anhui/1/13 (H7N9) virus
isolated from a fatal human case has been shown to be highly
pathogenic in mice (4, 6, 25, 26). Intriguingly, H7N9 was apatho-
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genic in TMPRSS2™'~ mice, whereas WT mice developed severe
infection with 100% mortality. Similarly, HIN1pdm caused ap-
athogenic infection in TMPRSS2™'~ mice in contrast to severe
infection with 20% mortality in WT mice. Growth kinetics in ex vivo
airway models and immunohistochemical staining of viral antigen in
infected mice demonstrated that knockout of TMPRSS2 prevents
multicycle replication and virus spread into the lung. In contrast,
replication and pathogenicity of H3N2 were only marginally affected
by knockout of TMPRSS2, and both WT and TMPRSS2™'~ mice
succumbed to disease upon H3N2 infection.

Multicycle virus replication in protease-expressing MDCK
cells revealed that H7N9 and HINT1 are activated by both murine
TMPRSS2 and the HAT-homologous protease MAT1 in vitro,
while H3N2 virus is efficiently activated only by MAT1. Consis-
tent with previous studies (24, 27), we showed by RT-PCR analysis
of MAT1-mRNA that MAT1 is expressed in the tracheas and
bronchi but not in the lungs of mice. Therefore, MAT1 may sup-
port proteolytic activation of H3N2 virus in murine trachea and
bronchi, but another protease is responsible for activation of this
virus in the lung. Low levels of HIN1 replication in tracheal and
bronchial explants of TMPRSS2™'~ mice may also be due to
MATT1 activity. However, the observations indicate that MAT1 is
not crucial for proteolytic activation and spread of H7N9 and
HINT1 influenza viruses in mice.

Explants of murine tracheas, bronchi, and lungs proved to be
suitable models in our hands to investigate virus replication and
tissue tropism in the respiratory tract. Multicycle replication of
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FIG 5 Knockout of TMPRSS2 prevents spread of H7N9 and HIN1pdm into
the lung. Immunohistochemical analysis of tracheas and lungs of TM-
PRSS2™’~ and WT mice infected with 10° PFU of H7N9, H1N1pdm, or H3N2
influenza virus was carried out. Control groups received PBS. Tracheas (A)
and lungs (B) of mice (n = 3) were processed on day 3 p.i. for immunohisto-
chemical stainings as described before (23). Subsequently, sections were coun-
terstained with hematoxylin. Antigen-positive cells are red-brown.

H7N9 and HIN1 in airway explants correlated with virus spread
in vivo. The lack of H3N2 propagation in lung explants, however,
was probably a matter of insufficient initial infection and mainte-
nance of lung explants, since large numbers of virus-positive cells
were detected in the lungs of infected mice.

Replication and virulence of H3N2 virus were independent of
TMPRSS2 in mice, indicating that another protease can support
activation of H3 HA. At present, it remains unknown which pro-
tease activates H3N2 in the lungs of mice. A number of proteases,
including trypsin, plasmin, and kallikreins as well as tryptase
Clara, have been demonstrated to cleave HA with monobasic
cleavage site in vitro (28-31). A recent study reported that kal-
likrein-related peptidase 5 (KLKS5) cleaves the HAs of different
human H1 and H3 viruses, including strains A/PR8/1/34 (HIN1)
and A/Aichi/2/68 (H3N2) in vitro (31). The TMPRSS2-related
protease TMPRSS4 has been described to activate HA of the 1918
HIN1 pandemic virus and A/PR8/1/34 (HIN1) upon coexpres-
sion (32, 33). Furthermore, tryptase Clara purified from rat lung
was able to cleave H3 of A/Aichi/2/68 (H3N2) in vitro; however,
the genetic identity of the protease is still unknown (30). The
observations here suggest that activation of H3N2 in WT and
TMPRSS2™'~ mice depends on a protease that does not support
proteolytic activation of HIN1 and H7N9, and it remains to be
determined whether one of the above-mentioned proteases is the
right candidate.
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Influenza virus HA is thought to be cleaved either at a single
arginine-glycine bond or at a multibasic motif by trypsin-like pro-
teases and furin, respectively. However, a number of studies, in-
cluding the present one, demonstrate that the situation is more
complex. Influenza strains can possess uncommon HA cleavage
site motifs that facilitate cleavage by other or additional proteases.
The influenza strain A/WSN/33 (H1N1), which is neurotropic in
mice, contains the unusual H1 HA cleavage site I-Q-Y-R instead
of I-Q-S-R (Fig. 3B) with a tyrosine (Y) in position P2 that was
shown to facilitate efficient cleavage by plasmin, supporting pro-
teolytic activation and virus spread to other tissues, including the
brain (29, 34, 35). Many HIN?2 influenza isolates from Asia and
the Middle East possess di- or tribasic motifs R-S-S-R and R-S-
R-R, respectively. In contrast to HPAIV of subtype H5 and H7, the
cleavage sites of HON2 viruses evolved by substitution and not by
insertion of basic amino acids and are not cleaved by furin (36,
37). Recently, the type II transmembrane protease matriptase was
shown to cleave H9 at R-S-S-R and R-S-R-R motifs (38). Matrip-
tase is expressed in a wide range of tissues, including the kidney,
and therefore may contribute to nephrotropism of HON2 viruses
in chickens. Importantly, the findings described here and by oth-
ers (39,40) reveal that HA with a monobasic cleavage site differs in
protease specificity. A recent study assessed cleavage of the 16 HA
subtypes by human TMPRSS2 and HAT in vitro and observed that
cleavage efficiency can vary considerably among the subtypes
(40). Furthermore, previous studies demonstrated that proteases
secreted by some strains of Staphylococcus aureus are capable of
cleaving influenza virus HA with a monobasic cleavage site (39).
Interestingly, the susceptibility of different HAs to cleavage by
bacterial proteases also varied among subtypes and virus strains. It
will be of particular interest to unravel the protease specificity of
HA with a monobasic cleavage site.

At present, further investigations are needed to understand the
molecular basis of the differences in the protease specificity of
H7N9 and HIN1 viruses on one hand and of H3N2 virus on the
other hand. During the final preparation of our manuscript, a
study by Hatesuer and coworkers that also investigated virus rep-
lication and pathogenicity of HIN1 and H3N2 but not H7N9
influenza viruses in mice lacking expression of TMPRSS2 was
published (41). Consistent with our data, they found that knock-
out of TMPRSS2 inhibited replication and pathogenicity of HIN1
influenza virus, while H3N2 virus was still able to replicate and
cause disease in TMPRSS2-deficient mice.

The physiological role of TMPRSS2 remains to be investigated.
TMPRSS2 is associated with prostate carcinogenesis. The protease
has been shown to be overexpressed in prostate cancer tissue (42,
43). In addition, fusion of the androgen-regulated TMPRSS2 pro-
moter to different E-twenty-six (ETS) transcription factor genes
has been established as a prognostic marker of prostate carcino-
genesis (44). In the airways, TMPRSS2 might be involved in reg-
ulation of the airway surface liquid (ASL) volume by proteolytic
cleavage of epithelial sodium channels (ENaCs) (45). Impor-
tantly, TMPRSS2~’~ mice lack a discernible phenotype, suggest-
ing functional redundancy in the host (20). Furthermore, there is
evidence that TMPRSS2 might play a pathogenetic role in other
respiratory infections, since it has been shown to activate also the
fusion proteins of influenza B virus, human metapneumovirus,
respiratory parainfluenza viruses, and different coronaviruses in
vitro (46—49).

Already in the 1980s, Zhirnov and coworkers demonstrated that
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inhibition of HA cleavage by the natural protease inhibitor aprotinin
suppresses influenza virus replication in vitro and in vivo (reviewed in
reference 50). The identification of TMPRSS2 as an HA-activating
protease provided a drug target for the development of specific pro-
tease inhibitors. Recent studies showed that inhibition of TMPRSS2
activity in human Calu-3 airway epithelial cells by peptide-conju-
gated phosphorodiamidate morpholino oligomers (PPMO) or pep-
tide mimetic inhibitors of TMPRSS2 strongly suppresses human in-
fluenza virus replication (22, 47, 51). Interestingly, the combination
of TMPRSS?2 inhibitors and the neuraminidase (NA) inhibitor osel-
tamivir carboxylate was synergistic and efficiently blocked replication
of HIN1pdm influenza virus in Calu-3 cells (47). Human H7N9 vi-
ruses have been shown to be sensitive to current NA inhibitors, and
oseltamivir treatment protected mice from lethal H7N9 virus infec-
tion (6, 26). Therefore, the combination of TMPRSS2 inhibitors and
NA inhibitors may provide a potential and novel approach for influ-
enza chemotherapy.

In summary, the present study identified TMPRSS2 as a host
cell factor essential for H7N9 and HIN1 influenza virus pneumo-
tropism and pathogenicity in mice. Our findings highlight the
crucial role of HA cleavage for influenza virus spread in the respi-
ratory tract and provide support for the concept of targeting HA-
activating proteases and in particular TMPRSS2 as therapeutic
approach for influenza treatment.
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