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Proteolysis of influenza virus hemagglutinin by host cell proteases is essential for viral infectivity, but the
proteases responsible are not well defined. Recently, we showed that engineered expression of the type II
transmembrane serine proteases (TTSPs) TMPRSS2 and TMPRSS4 allows hemagglutinin (HA) cleavage.
Here we analyzed whether TMPRSS2 and TMPRSS4 are expressed in influenza virus target cells and support
viral spread in the absence of exogenously added protease (trypsin). We found that transient expression of
TMPRSS2 and TMPRSS4 resulted in HA cleavage and trypsin-independent viral spread. Endogenous expres-
sion of TMPRSS2 and TMPRSS4 in cell lines correlated with the ability to support the spread of influenza
virus in the absence of trypsin, indicating that these proteases might activate influenza virus in naturally
permissive cells. Indeed, RNA interference (RNAi)-mediated knockdown of both TMPRSS2 and TMPRSS4 in
Caco-2 cells, which released fully infectious virus without trypsin treatment, markedly reduced the spread of
influenza virus, demonstrating that these proteases were responsible for efficient proteolytic activation of HA
in this cell line. Finally, TMPRSS2 was found to be coexpressed with the major receptor determinant of human
influenza viruses, 2,6-linked sialic acids, in human alveolar epithelium, indicating that viral target cells in the
human respiratory tract express TMPRSS2. Collectively, our results point toward an important role for
TMPRSS2 and possibly TMPRSS4 in influenza virus replication and highlight the former protease as a

potential therapeutic target.

Infection with influenza viruses—negative-stranded, seg-
mented RNA viruses of the Orthomyxovirus family—is respon-
sible for substantial morbidity and mortality, particularly
among the young and the elderly (10). A hallmark of influenza
A viruses is their ability to adapt to immune pressure, which
allows constant circulation of these viruses in the human pop-
ulation (seasonal influenza) (8, 31). In addition, antigenically
novel viruses, arising from the large pool of animal influenza
viruses, are occasionally transmitted to humans and may
spread in a pandemic manner (pandemic influenza) (8, 31).
The high mutation rate of influenza viruses has major conse-
quences for antiviral prevention and therapy. First, the vaccine
against seasonal influenza needs to be reformulated almost
annually and will not be effective against a new pandemic virus.
Second, antiviral therapy, which targets viral proteins essential
for uncoating and release, is plagued by the rapid development
of viral resistance (32). Consequently, new targets for antiviral
intervention are under investigation, and therapeutic inhibi-
tion of invariant host cell factors essential for influenza virus
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spread is an attractive strategy, since it may allow the suppres-
sion of resistance development.

The viral envelope protein hemagglutinin (HA) mediates
the first essential steps in the viral life cycle: attachment to
target cells and virus-cell fusion (14, 38). Attachment of virions
to target cells is mediated by the surface unit of HA, HAI,
while the fusion of the viral envelope with a target cell mem-
brane is driven by the transmembrane unit, HA2 (14, 38). In
infected cells, HA is initially synthesized as an inactive precur-
sor protein, HAO, in which HA1 und HA2 are connected by a
protease-sensitive linker sequence. Cleavage of the linker by
host cell proteases generates mature HA1 and HA2 and is
crucial for viral infectivity (23, 24, 26, 27), making the respon-
sible proteases attractive targets for therapeutic intervention
(2, 11). However, their exact identity has not been determined
previously.

Highly pathogenic avian influenza viruses (HPAIV) harbor a
cleavage site composed of several arginines and lysines (multi-
basic cleavage site), which is recognized by furin or related
subtilisin proteases (40). Since these proteases are ubiquitously
expressed, HPAIV can spread systemically and cause severe
disease (1, 17, 21, 22, 28). In contrast, the cleavage site of
low-pathogenic avian influenza viruses (LPAIV) consists of a
single arginine or lysine residue (monobasic cleavage site) and
is believed to be exclusively recognized by as yet uncharacter-
ized proteases expressed in the respiratory and enteric tracts
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(1,17, 21, 22, 28, 39). As with LPAIV, human influenza viruses
contain a monobasic cleavage site, and the identity of the
protease(s) activating these viruses is unclear.

It has been suggested that soluble proteases might activate
human influenza viruses in the infected host (18, 19, 30, 43).
However, analysis of cultured human respiratory epithelial
cells revealed efficient HA cleavage during HA biogenesis and
upon uptake of virions into target cells, suggesting that HA
cleavage in the human host is a cell-associated process (47).
Bottcher and colleagues amplified the type II transmembrane
serine proteases (TTSPs) TMPRSS2 (transmembrane pro-
tease, serine 2) and HAT (human airway trypsin-like protease)
from the human lung and showed that these proteases, upon
engineered expression, support the spread of human influenza
viruses (2-4). Employing lentiviral vectors to analyze HA ac-
tivation, we have demonstrated previously that TMPRSS?2 and
another TTSP, TMPRSS4, activate the HA of the highly
pathogenic 1918 influenza virus (5). These results suggest that
TTSPs might contribute to the activation of influenza virus in
the human host. However, it remained to be determined
whether HA-activating TTSPs are endogenously expressed in
viral target cells and whether they support viral spread in the
absence of an exogenously added protease (trypsin).

We addressed the relevance of TMPRSS2 and TMPRSS4
for the activation of influenza virus in permissive cells. A com-
bination of expression and knockdown analyses revealed that
endogenous TMPRSS2 and TMPRSS4 activate influenza virus
in cell lines and, in the case of TMPRSS2, most likely also in
human alveolar epithelium, suggesting a major role for
TMPRSS2 in viral replication in human hosts.

MATERIALS AND METHODS

Plasmids. Expression plasmids for the 1918 influenza virus HA, the 1918 influ-
enza virus neuraminidase (NA), TMPRSS2, TMPRSS3, and TMPRSS4 have been
described previously (5, 15, 34, 36). cDNAs encoding full-length human hepsin
(hMU004062), TMPRSS3 (KU004606), and TMPRSS6 (hMU004435) were pro-
vided by the Korean UniGene Information Center (http:/kugikribb.re.kr/),
Daejeon, South Korea. The cDNA encoding each gene was amplified by PCR
using primer pairs 5'-GAGGCTAGCCACCATGGCGCAGAAGGAGGGTG
G-3' (forward) and 5'-GAGGCGGCCGCTCAGAGCTGGGTCACCATGC-3'
(reverse) for hepsin, 5'-GAGGCTAGCCACCATGGGGGAAAATGATCCGC
CTGCT-3’ (forward) and 5'-GAGGCGGCCGCTCAGGTTTTTAGGTCTCTC
T-3' (reverse) for TMPRSS3, and 5'-GAGGCTAGCCACCATGTTGTTACTC
TTCCACTCCAA-3" (forward) and 5-GAGGCGGCCGCTCAGGTCACCAC
TTGCTGGA-3' (reverse) for TMPRSS6. The PCR products were then cloned
into plasmid pcDNA3.1 (Invitrogen) by Nhel and NotI digestion, and the integ-
rity of the cloned cDNAs was verified by sequencing.

Cell culture. The following media were used for cell culture: Dulbecco’s
modified Eagle’s medium (DMEM; Invitrogen) (for culture of Vero E6, Huh-7,
and 293T cells), Glutamax DMEM (DMEM enriched with glutamate; Invitro-
gen) (for culture of Caco-2 cells), and minimum essential medium (MEM;
Invitrogen) (for culture of MDCK II cells). All media were supplemented with
10% fetal calf serum (FCS), penicillin, and streptomycin, and all cell cultures
were maintained at 37°C under a 5% CO, atmosphere.

VLPs. For the production of virus-like particles (VLPs), 293T cells were tran-
siently cotransfected with the HIV-1 Gag (p55)-encoding plasmid p96ZM651gag-
opt, 1918 HA and NA expression plasmids, and expression plasmids for TTSPs
or empty vector. At 48 h posttransfection, the supernatants were harvested and
concentrated by ultrafiltration employing Vivaspin columns (Sartorius). As a
control for HA cleavage, VLPs were treated either with phosphate-buffered
saline (PBS) or with tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-
trypsin (Sigma), followed by incubation with soybean trypsin inhibitor (Sigma).

Generation of replication-competent influenza virus. Ten-day-old pathogen-
free embryonated hens’ eggs were inoculated via the allantoic sac with 0.2 ml of
virus dilutions. Eggs were incubated for 48 h in an incubator at 37°C with passive
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humidity. Thereafter, the allantoic fluids were collected, tested for hemaggluti-
nating activity, pooled, aliquoted, and stored at —70°C. The titer of the virus was
determined by the focus formation assay.

Infection experiments with replication-competent influenza viruses. For in-
fection experiments with replication-competent viruses, 293T cells, transiently
transfected with plasmids encoding proteases or empty vector, were seeded in
6-well plates at a density of 1.2 x10° cells/well, washed, and inoculated with PR8
(HINT) or SC35M (H7N7) virus (contained in Dulbecco’s PBS [DPBS] supple-
mented with 0.2% bovine serum albumin [BSA]) at a multiplicity of infection
(MOI) of 0.01. Alternatively, Caco-2 cells were either mock treated; transfected
with a nonsense small interfering RNA (siRNA), a TMPRSS2 siRNA, or a
TMPRSS4 siRNA (Santa Cruz); or cotransfected with both TMPRSS2 and
TMPRSS4 siRNAs. Then the cells were washed and infected as described above
for 293T cells. Viruses were allowed to adsorb to target cells for 1 h. Subse-
quently, the infection medium was removed; MEM supplemented with 0.2%
BSA and either 1 pg/ml TPCK-trypsin or PBS was added; and the cells were
incubated for 24 h. Thereafter, the cell culture supernatants were collected and
stored at —80°C for subsequent quantification of infectious virus particles.

Generation of HA-bearing pseudotypes. Pseudotypes were generated essen-
tially as described previously (5, 37). Briefly, 293T cells were cotransfected, by
use of CaPO,, with the HIV-1-derived vector pNL4-3 E-R-Luc (7) and expres-
sion plasmids for 1918 HA, 1918 NA, or vesicular stomatitis virus glycoprotein
(VSV-G). For analysis of HA activation by TTSPs, TMPRSS2, TMPRSS3,
TMPRSS4, TMPRSS6, or hepsin was coexpressed with viral components during the
production of pseudoparticles. At 16 h posttransfection, the culture medium was
replaced by fresh medium, and the cultures were maintained at 37°C under 5%
CO,. At 48 h posttransfection, the supernatants were harvested, passed through
0.45-pm-pore-size filters, and stored at —80°C. The concentration of HIV-1
capsid protein (p24) in virus stocks was determined by a p24 enzyme-linked
immunosorbent assay (ELISA) (AIDS Research and Reference Reagent Pro-
gram). For the production of pseudotypes in Caco-2 cells, cells were cotrans-
fected with pNL4-3 E-R-Luc and an expression plasmid for 1918 HA, 1918 NA,
or VSV-G by use of Lipofectamine 2000 (Invitrogen) and were processed as
described above for 293T cells.

Infection experiments with HA-bearing pseudotypes. For infection experi-
ments with pseudotyped viruses, Huh-7, Caco-2, and 293T cells were seeded in
96-well plates at a density of 0.8 X 10° cells/well, washed, and incubated over-
night with p24- or luciferase-normalized virus stocks pretreated with either PBS
or TPCK-trypsin. After 72 h, the cells were lysed, and the luciferase activities in
cell lysates were determined by employing a commercially available kit (Pro-
mega). Alternatively, 293T target cells were first transfected with protease-
encoding plasmids and then infected as described above.

Detection of HA in cell lysates and virions by Western blotting. For the
detection of HA in cell lysates, 293T cells were cotransfected with 1918 HA and
TTSP expression plasmids or empty vector. The medium was replaced with fresh
culture medium at 16 h posttransfection. At 48 h posttransfection, the cells were
harvested, treated with PBS or TPCK-trypsin, and lysed in 2X sodium dodecyl
sulfate (SDS) loading buffer. For analysis of HA cleavage by endogenous pro-
teases, Caco-2 cells were Lipofectamine transfected with 1918 HA and lysed at
48 h posttransfection in SDS loading buffer. For analysis of the incorporation of
HA into VLPs and pseudotypes, the particle preparations were pelleted by
centrifugation through a 20% sucrose cushion at 42,000 X g for 2 h at 4°C, and
the pellets were lysed in SDS loading buffer. For immunoblotting, the lysates
were separated by SDS-gel electrophoresis, and HA was detected by staining
with a mouse anti-HA antibody (12) at a dilution of 1:500, followed by incubation
with a horseradish peroxidase (HRP)-coupled anti-mouse secondary antibody.
As a loading control, an anti-B-actin antibody (Sigma) or an anti-p24 hybridoma
supernatant (183-H12-5C) was used.

Analysis of HA glycosylation. For enzymatic deglycosylation of 1918 HA/NA-
bearing VLPs produced in the presence of TMPRSS2 and hepsin, a commer-
cially available kit (New England Biolabs) was used. For this purpose, the VLPs
were concentrated via Vivaspin columns and were additionally ultracentrifuged
through a 20% sucrose cushion at 42,000 X g for 2 h at 4°C. The resulting pellets
were harvested with TNE buffer (Tris-HCI [pH 7.4], 0.15 M NaCl, and 10 mM
EDTA) and digested by peptide:N-glycosidase F (PNGase F). The samples
were analyzed by immunoblotting as described above.

Focus formation assay. MDCK 11 cells (6 X 10%/well) were seeded in 96-well
culture plates and were incubated at 37°C under 5% CO, for 24 h. On the next
day, serial 10-fold dilutions of supernatants (collected from the infected cells) in
DMEM containing 0.1% BSA and 2.5 ug/ml N-acetylated trypsin (NAT; Sigma)
were prepared in a separate 96-well plate, and then 50 wl of each dilution was
transferred to the confluent monolayers of MDCK 1I cells in 96-well culture
plates. The plates were incubated at 37°C under 5% CO, for 1 h with shaking at
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20-min intervals. The inoculates were aspirated and replaced with 100 wl of a 1%
Avicel overlay containing 0.1% BSA and 2.5 pg/ml NAT (Sigma). The infected
cells were incubated at 37°C under 5% CO, for 24 h. Subsequently, cells were
washed twice with PBS and were then fixed with 4% formalin in PBS (100
wl/well) for 10 min at room temperature. The formalin was removed; the cells
were first washed as described above and then incubated for 10 min with 100
wl/well Quencher (0.5% Triton X-100, 20 mM glycine in PBS). After 10 min, the
cells were washed with wash buffer (WB) (0.5% Tween 20 in PBS) and were then
blocked with 50 pl of blocking buffer (BB) (0.5% Tween, 20% BSA in PBS) at
37°C under 5% CO, for 30 min. The primary antibody (a polyclonal goat
antibody against the influenza virus nucleocapsid [NP]; Virostat) and the sec-
ondary antibody (an HRP-conjugated anti-goat antibody; Kirkegaard & Perry
Laboratories, Gaithersburg, MD) were diluted 1:1,000 in BB. A 50-pl volume of
the primary antibody was added to each well and was incubated at room tem-
perature for 1 h. After 1 h of incubation, the cells were washed three times with
WB, incubated with 50 wl of the secondary antibody for 45 min, washed again,
and incubated with 50 pl of the substrate (True Blue; Kirkegaard & Perry
Laboratories, Gaithersburg, MD) until blue spots appeared. Foci were counted,
and viral titers were calculated as focus-forming units (FFU) per milliliter.

Immunohistochemistry. Tissue samples, obtained with full ethical approval
from the National Research and Ethics Service (Oxfordshire Research and
Ethics Committee A; reference 04/Q1604/21), were stained with hematoxylin and
eosin using standard techniques and were either immunostained for TMPRSS2
(mouse monoclonal antibody PSH9 [29]) or stained with Sambucus nigra lectin
(Vector Laboratories, Peterborough, United Kingdom). Immunostaining was
performed using a Bond Max immunostaining machine (Leica Microsystems
Newcastle Ltd., Newcastle, United Kingdom) with the manufacturer’s standard
protocols and reagents for mouse primary antibodies. The biotinylated Sambucus
nigra lectin was detected directly by means of the Bond Intense R kit (Leica
Microsystems Newcastle Ltd., Newcastle, United Kingdom). Negative controls
were as follows: standard immunostaining with a mouse monoclonal antibody
against Melan-A (clone A103; Leica Microsystems Newcastle Ltd., Newcastle,
United Kingdom) for the anti-TMPRSS2 antibody and the Bond Intense R kit
alone for the biotinylated Sambucus nigra lectin. Stained sections were photo-
graphed with a Nikon DS-FI1 camera with a Nikon DS-L2 control unit (Nikon
UK Limited, Kingston-upon-Thames, United Kingdom) and an Olympus BX40
microscope (Olympus UK Limited, Watford, United Kingdom).

Reverse transcription-PCR (RT-PCR) analysis of TTSP mRNA expression in
cell lines. nRNAs were extracted from different cell lines (293T, Caco-2, Huh-7,
Vero E6), treated with DNase, and reverse transcribed employing commercially
available kits (Qiagen and Invitrogen, Germany). Subsequently, glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), TMPRSS2, TMPRSS4, and hepsin se-
quences were amplified by nested PCR. The following set of primers was used for
amplification of TTSPs: TMPRSS2 outer primers 5'-TACCTGCATCAACCCC
TCTAACTG-3'" (p5 TMPRSS2 out) and 5'-CTTCTGAGGTCTTCCCTTTCTC
CT-3' (p3 TMPRSS2 out), TMPRSS2 inner primers 5'-GCCTTTACGGACCA
AACTTCATCC-3' (p5 TMPRSS2 in) and 5'-CGCAAATGCCGTCCAATGCC
ATGG-3' (p3 TMPRSS2 in), TMPRSS4 outer primers 5'-GAGAGCTGGACT
GTCCCTTG-3" (p5 TMPRSS4 out) and 5'-TCGTACTGGATGCTGACCT
G-3' (p3 TMPRSS4 out), TMPRSS4 inner primers 5'-GACGAGGAGCACTG
TGTCAA-3' (p5S TMPRSS4 in) and 5'-CTTCCCACAGGCAAGACAGT-3' (p3
TMPRSS4 in), hepsin outer primers 5'-CCCTGCTACTTCTGACAGCCAT
C-3' (pS hepsin out) and 5'-TCGTTGCTGTTCTCCTCGCTGTT-3" (p3 hepsin
out), and hepsin inner primers 5'-GCACGTCGGGCTTCTTCTGTGTGG-3’
(pS hepsin in) and 5'-CCACGGCACCGGCAAACACTCGC-3' (p3 hepsin in).

Quantitative RT-PCR analysis of TMPRSS2 and TMPRSS4 mRNA expres-
sion in cell lines. Total RNA (500 ng) was reverse transcribed using 50 U of
BioScript RNase H Low reverse transcriptase (BIO-27036; Bioline) in 20-pl
reaction mixtures. The enzyme was then inactivated for 10 min at 70°C. Aliquots
(1 ) of the cDNA samples generated (25 ng total RNA equivalents) were used
for real-time PCR in 10-pl reaction mixtures with the ABI 7500 Fast real-time
PCR system (Applied Biosystems). Specific amplification was ensured with
TagMan gene expression assays (catalog no. 4331182; Applied Biosystems) accord-
ing to the manufacturer’s recommendations. The following specific assays
were used: Hs00237175_m1 (TMPRSS2), Hs00212669_m1 (TMPRSS4), and
Hs99999908_m1 (B-glucuronidase [GUSB]). The average cycle threshold (Cy)
for each individual assay was calculated from triplicate measurements by means
of the instrument’s software in “auto Ct” mode (ABI 7500 Fast system software,
version 1.3.0). Average C values calculated for TMPRSS2 and TMPRSS4 were
normalized by subtraction from the C;-values obtained for GUSB (housekeeping
reference). Template-free cDNA reaction mixtures were analyzed in parallel,
using both TagMan assays; no specific signal was detected in any of these
experiments.
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RESULTS

TMPRSS2, TMPRSS4, and hepsin cleave influenza virus
hemagglutinin. We have previously demonstrated that influ-
enza virus HA is proteolytically processed by TMPRSS2 and
TMPRSS4 (5). We now asked whether other TTSPs known to
be expressed in lung tissue (41) also cleave HA. For this pur-
pose, we coexpressed HA (from the 1918 influenza virus) with
TMPRSS3, TMPRSS6, or hepsin in 293T cells and analyzed
HA cleavage by Western blotting (Fig. 1A). Trypsin treatment
and coexpression of TMPRSS2 and TMPRSS4 served as pos-
itive controls for HA cleavage; cells transfected with empty
vector (pcDNA) or nontransfected cells (Mock) were em-
ployed as negative controls. As expected, trypsin treatment or
coexpression of TMPRSS2 or TMPRSS4 facilitated HA cleav-
age, while HA was not cleaved when empty vector was cotrans-
fected (Fig. 1A). No evidence for cleavage was observed upon
coexpression of TMPRSS3 and TMPRSS6. In contrast, a band
corresponding to HA1 appeared upon expression of hepsin,
indicating that hepsin cleaves HA between HA1 and HA2.

We then asked whether cleaved HA was incorporated into
viral particles. For this purpose, we produced virus-like parti-
cles by using an HIV-1 Gag expression plasmid, and we ana-
lyzed the incorporation of HA and Gag into particles by West-
ern blotting (Fig. 1B). Cleaved HA was present in particles
produced in the presence of TMPRSS2 or TMPRSS4, in
agreement with our previous results (5). Similarly, cleaved HA
was found in particles produced in hepsin-expressing cells (Fig.
1B), indicating that cleavage by hepsin is compatible with the
incorporation of HA into virions.

Closer inspection of the HA1 bands obtained upon HA
processing by TMPRSS2, TMPRSS4, hepsin, or trypsin repro-
ducibly revealed size differences: HA digestion by trypsin or
TMPRSS4 yielded HA1 bands of identical sizes, as did HA
digestion by TMPRSS2 or hepsin, and the latter bands mi-
grated slightly faster than the former (Fig. 1A and B). We
hypothesized that the size differences might be due to altered
glycosylation of HA in hepsin- or TMPRSS2-transfected cells.
To address this hypothesis, we digested virus-like particles
(VLPs) from TMPRSS2-, TMPRSS4-, or hepsin-transfected
cells, as well as PBS- or trypsin-treated control VLPs, with
PNGase F, which removes all N-linked glycans. Indeed, the
differences in HA1 size observed in mock-treated cells were
not detected after treatment with PNGase F (Fig. 1C), indi-
cating that engineered expression of TMPRSS2 and hepsin
modulates HA glycosylation. In summary, our results add hep-
sin to the list of TTSPs that cleave influenza virus HA and
indicate that the expression of particular TTSPs modulates HA
glycosylation by a currently unknown mechanism.

Cleavage by TMPRSS2 and TMPRSS4, but not cleavage by
hepsin, activates hemagglutinin. Since hepsin, like TMPRSS2
and TMPRSS4, was able to cleave HA, we next asked whether
cleavage by hepsin allows HA to transit into an activated state.
A previous study by others (45) and our own published results
(5) demonstrate that trans-complementation (pseudotyping) of
env-defective retroviral vectors with influenza virus HA is an
adequate system for the analysis of HA activation. We em-
ployed this approach to analyze HA activation by hepsin. For
this purpose, we produced HA-bearing lentiviral pseudotypes
in cells cotransfected with TTSP expression plasmids or empty
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FIG. 1. Cleavage of influenza virus hemagglutinin by TMPRSS2,
TMPRSS4, or hepsin. (A) Cleavage of hemagglutinin (HA) in 293T
cells expressing TMPRSS2, TMPRSS4, or hepsin. The HA of the 1918
influenza virus and the protease indicated were transiently coexpressed
in 293T cells. The cells were then treated with trypsin or PBS, and HA
cleavage was detected by Western blot analysis of cell lysates. Detec-
tion of B-actin served as a loading control. Mock, cells transfected with
empty vector alone; pcDNA, cells cotransfected with an HA expression
plasmid and empty vector. (B) Incorporation of cleaved HA into viri-
ons. HA was expressed as described for panel A; however, cells were
additionally cotransfected with plasmids encoding the HIV-1 Gag pro-
tein and the 1918 influenza virus NA. VLPs were concentrated from
culture supernatants by centrifugation, and HA cleavage and Gag
contents were analyzed by Western blotting. Mock, VLPs produced in
cells transfected with a Gag expression plasmid and empty vector;
pcDNA, VLPs produced in cells cotransfected with plasmids encoding
Gag, HA, and NA and empty vector. (C) Expression of TMPRSS2 or
hepsin, but not TMPRSS4, alters the glycosylation of HA1. 293T cells,
transfected either with expression vectors for the indicated proteases
or with empty vector, were used for the production of HA-bearing
VLPs as described for panel B, and concentrated particles were sub-
sequently treated with trypsin or PBS. Thereafter, the VLPs were
either digested with PNGase F or mock treated, and HA cleavage was
analyzed by Western blotting.

vector, and we then analyzed whether the pseudotypes were
infectious or whether they required trypsin treatment in order
to acquire infectivity. In agreement with our previous results
(5), viruses produced in the presence of TMPRSS2 or
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TMPRSS4 were fully infectious in the absence of trypsin treat-
ment, while viruses generated in cells transfected with empty
vector (pcDNA) required trypsin treatment in order to transit
into an infectious form (Fig. 2A, left). Unexpectedly, coexpres-
sion of hepsin did not render viruses infectious (Fig. 2A, left),
despite the incorporation of cleaved HA into virions (Fig.
2A, right), and infectivity was not acquired upon exposure to
trypsin.

We then determined whether the activation of HA
pseudotypes reflects the activation of replication-competent
influenza viruses. To this end, we analyzed whether transient
expression of TMPRSS2, TMPRSS4, or hepsin facilitated the
spread of PR8 (HI1N1), a virus that has a monobasic cleavage
site and requires exogenous trypsin for its activation (in most
cell lines). 293T cells were chosen for these experiments, be-
cause this cell line is readily transfectable, and it is well docu-
mented that 293T cells do not express an endogenous HA-
activating protease (5, 9). As a control, infection of 293T cells
with SC35M (H7N7) (33) was analyzed. This influenza virus
harbors a multibasic cleavage site and does not depend
on trypsin treatment to acquire infectivity. TMPRSS2 or
TMPRSS4 expression or trypsin treatment increased the spread
(measured as the release of infectious virus particles into the
supernatant) of PR8 (HIN1) about 10-fold compared to cells
transfected with empty vector (Fig. 2B, left), indicating that
these proteases were able to support the spread of influenza
virus in the absence of an exogenous protease. In contrast,
expression of hepsin did not augment viral spread, in agree-
ment with the results obtained with pseudotypes (Fig. 2A, left).
It should be noted in this context that PR8 (HIN1) was pre-
pared in hens’ eggs and thus contained activated HA. There-
fore, the virus was able to undergo a single round of replication
without proteolytic activation, resulting in the release of a
readily quantifiable number (upon viral activation by trypsin)
of infectious units in the supernatant of control-transfected
293T cells. Finally, as expected, the spread of SC35M (H7N7)
was not modulated by the expression of TTSPs (Fig. 2B, right),
with the exception of hepsin expression, which reduced viral
spread about 10-fold. Collectively, these results demonstrate
that engineered expression of TMPRSS2 or TMPRSS4 facili-
tates HA activation and allows the trypsin-independent spread
of influenza virus.

Expression of TMPRSS2 and TMPRSS4 correlates with the
trypsin-independent spread of influenza virus in cell lines.
The activation of influenza virus HA by transfected TMPRSS2
and TMPRSS4 raised the question of whether these proteases
are endogenously expressed by cell lines that allow trypsin-
independent viral spread. To address this question, we inves-
tigated TMPRSS2 and TMPRSS4 expression in 293T, Huh-7,
and Vero cells, which allow influenza virus to spread only in
the presence of exogenous trypsin (5, 9, 16), and in Caco-2
cells, which support trypsin-independent viral spread (48). Di-
rect RT-PCR analyses of TTSP mRNA expression revealed
the presence of TMPRSS2 transcripts in Caco-2 cells, and a
nested approach detected TMPRSS2 message in Huh-7 cells
also, but not in the other cell lines analyzed (Fig. 3A). No
TMPRSS4 mRNA could be detected by direct RT-PCR in any
of the cell lines examined (Fig. 3A), and similar results were
obtained for hepsin (data not shown). Nevertheless, nested
PCR demonstrated the presence of TMPRSS4 message in
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FIG. 2. TMPRSS2 and TMPRSS4, but not hepsin, activate influenza virus hemagglutinin by cleavage. (A) Cleavage activation of lentiviral
pseudotypes bearing HA. (Left) Lentiviral reporter viruses bearing 1918 HA and NA were generated in 293T cells coexpressing the indicated
protease, treated with PBS or trypsin, and used for the infection of Huh7 target cells. Luciferase activities in cell lysates were determined
at 72 h postinfection. The results of a representative experiment performed in triplicate are shown; error bars indicate standard deviations.
Comparable results were obtained in two independent experiments. (Right) Incorporation of HA into lentiviral pseudotypes. Lentiviral
pseudotypes generated in 293T cells coexpressing the indicated protease were pelleted through a sucrose cushion, and the incorporation of
influenza virus HA and HIV-1 capsid protein (p24) into virions was assessed by Western blotting. (B) Cleavage activation of PR8 (HIN1)
and SCM35 (H7N7). The indicated proteases were transiently expressed in 293T cells, and the cells were infected at an MOI of 0.01 with
PR8 (HIN1) or SCM35 (H7N7) produced in hens’ eggs. Subsequently, the cells were treated with PBS or trypsin as indicated, and at 24 h
postinfection, viral spread was quantified as the release of infectious particles into the culture supernatants, as measured by a focus formation
assay. The results of a representative experiment performed in triplicate are shown; error bars indicate standard deviations. Comparable

results were obtained in a separate experiment.

Caco-2 and Huh-7 cells (Fig. 3A). Quantitative RT-PCR con-
firmed high levels of TMPRSS2 mRNA in Caco-2 cells but not
in the other cell lines tested (Fig. 3B), and Western blot anal-
ysis demonstrated the expression of TMPRSS?2 protein in this
cell line (Fig. 3C). Notably, TMPRSS4 mRNA was also readily
detectable in Caco-2 cells by quantitative RT-PCR, while the
signal for TMPRSS4 mRNA was close to (293T and Huh-7
cells) or within (Vero cells) background levels in the other
cell lines examined (Fig. 3B). Western blot analysis revealed
TMPRSS4 expression only in transiently transfected 293T cells,
not in Caco-2 cells or the other cell lines tested (Fig. 3D), and
attempts to detect TMPRSS4 by immunofluorescence and flu-
orescence-activated cell sorting (FACS) yielded inconclusive
results (not shown), precluding any conclusion on the expres-
sion of endogenous TMPRSS4 protein. In sum, these results
revealed a correlation between TMPRSS2 mRNA and protein
expression and the ability of cell lines to allow the spread of
influenza virus in the absence of trypsin. A similar correlation

was also observed for TMPRSS4 mRNA expression, but the
results await confirmation on the protein level.

We next sought to confirm that Caco-2 cells indeed allow the
trypsin-independent spread of influenza virus, as proposed by
Zhirnov and coworkers (48). Examination of the infectivity
of HA pseudotypes showed that viruses produced in 293T
cells required trypsin treatment to acquire infectivity, while
pseudotypes produced in Caco-2 cells were fully infectious in
the absence of trypsin treatment (Fig. 4A). In addition, West-
ern blot analysis of transfected cells revealed evidence for HA
cleavage in Caco-2 cells but not in 293T cells (Fig. 4B), and
replication of PR8 (HINT1) in the former but not the latter cell
line was independent of trypsin treatment (Fig. 4C). These
observations indicate that Caco-2 cells express a HA-activating
activity, potentially TMPRSS2 and/or TMPRSS4. To further
characterize HA activation in Caco-2 cells, we asked if the
cellular location of HA proteolysis is limited to the secretory
pathway or if activation can also occur during viral entry into
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FIG. 3. TMPRSS2 and TMPRSS4 mRNAs and TMPRSS2 protein are expressed in Caco-2 cells. (A) Analysis of TMPRSS2 and
TMPRSS4 mRNA expression by RT-PCR. Total RNA was prepared from the indicated cell lines, treated with DNase, reverse transcribed,
and used for the amplification of TMPRSS2, TMPRSS4, and GAPDH mRNAs by nested PCR. The results of single gels from which
irrelevant lanes were removed are shown. (B) Analysis of TMPRSS2 and TMPRSS4 mRNA expression by quantitative RT-PCR. RNA was
prepared as described for panel A, and TMPRSS2, TMPRSS4, and GUSB (housekeeping control) were amplified by TagMan gene
expression assays. Similar results were obtained in two independent experiments. No TMPRSS4 signal was detected in Vero E6 cells. (C and
D) Expression of TMPRSS2 (C) or TMPRSS4 (D) in cell lines as determined by Western blotting. The indicated cell lines were lysed, and
the expression of TMPRSS2 or TMPRSS4 was analyzed by Western blotting. Detection of B-actin served as a loading control. The results
of a single gel from which irrelevant lanes were removed are shown in panel C. 293T + TMPRSS2, 293T cells transiently expressing TMPRSS2; 293T +

TMPRSS4, 293T cells transiently expressing TMPRSS4.

target cells. Efficient infection of Caco-2 cells by HA-bearing
pseudotypes was dependent on previous activation of these
viruses by trypsin (Fig. 4D), indicating that the HA-activating
enzyme either is not present or does not recognize HA in
virion-containing endocytic vesicles in Caco-2 cells. Similar
results were obtained upon overexpression of TMPRSS2 and
TMPRSS4 in 293T cells (Fig. 4E), suggesting that HA activa-
tion in Caco-2 cells and in TMPRSS2-expressing 293T cells
most likely occurs in the secretory pathway of productively
infected cells.

TMPRSS2 and TMPRSS4 are required for the efficient tryp-
sin-independent spread of influenza virus in Caco-2 cells. Our
results obtained so far suggested that endogenous expression
of TMPRSS2 and/or TMPRSS4 might contribute to the tryp-
sin-independent spread of influenza virus in Caco-2 cells. To
directly test this hypothesis, we examined the consequences of
TMPRSS2 and TMPRSS4 knockdown for the spread of influ-
enza virus in Caco-2 cells. For this purpose, Caco-2 cells either
were transiently transfected with a TMPRSS2 or a TMPRSS4
siRNA or were cotransfected with both siRNAs, and expres-
sion of TMPRSS2 protein was analyzed by Western blotting
(Fig. 5A). Transfection of a nonsense siRNA served as a neg-
ative control. Transfection of cells with a TMPRSS2-specific
siRNA or with a 1:1 mixture of TMPRSS2- and TMPRSS4-
specific siRNAs resulted in a decrease in TMPRSS2 expres-
sion, which was not observed with the nonsense siRNA or the

TMPRSS4-specific siRNA alone (Fig. 5SA), indicating that our
protocol allowed efficient and specific reduction of TMPRSS2
expression. The lack of detectable TMPRSS4 expression in
Caco-2 cells (Fig. 3) precluded evaluation of the efficiency of
siRNA-mediated TMPRSS4 knockdown. However, analysis of
293T cells transiently cotransfected with a TMPRSS4 expres-
sion plasmid and siRNAs demonstrated that the TMPRSS4-
specific sSiRNA was active (data not shown). When PRS8
(HIN1) infection of siRNA-treated Caco-2 cells was analyzed,
a substantial reduction in the level of viral spread was observed
upon transfection of either TMPRSS2- or TMPRSS4-specific
siRNAs, and this effect was enhanced upon cotransfection of
both TMPRSS2- and TMPRSS4-specific siRNAs. Notably, the
blockade of viral spread by siRNAs could be fully rescued by
trypsin treatment (Fig. 5B, left), demonstrating that a lack of
proteolytic activation of influenza virus was the underlying
inhibitory mechanism. In stark contrast, TMPRSS2- and
TMPRSS4-specific siRNAs had no significant effect on SC35M
(H7N7) spread (Fig. 5B, right). These observations suggest
that TMPRSS2 and TMPRSS4 expression in Caco-2 cells is
responsible, at least in part, for the ability of these cells to
support the trypsin-independent spread of influenza viruses.
TMPRSS?2 is coexpressed with 2,6-linked sialic acids on type
II pneumocytes and alveolar macrophages. The important
contribution of TMPRSS2 expression to the trypsin-indepen-
dent spread of influenza virus in Caco-2 cells raised the ques-
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FIG. 4. Influenza virus HA is activated in Caco-2 cells in the absence of trypsin. (A) Activation of HA pseudotypes in Caco-2 cells. Caco-2 and
293T cells were transiently cotransfected with plasmids encoding a lentiviral vector and 1918 HA and NA. The supernatants were treated with
trypsin or PBS and were then used to infect Huh7 target cells. Luciferase activity in cell lysates was determined at 72 h postinfection. The
results = standard deviations of a representative experiment performed in triplicate are shown and were confirmed in three separate
experiments. (B) Analysis of HA cleavage in Caco-2 and 293T cells. 293T and Caco-2 cells were transfected with 1918 HA, or 293T cells were
cotransfected with 1918 HA and TMPRSS2 expression plasmids, and HA cleavage in cell lysates was detected by Western blotting. The results of
a single gel from which irrelevant lanes were removed are shown. (C) Activation of influenza viruses in Caco-2 cells. Caco-2 and 293T cells were
first infected with PR8 (HIN1) or SC35M (H7N7) at an MOI of 0.01 and then treated with PBS or trypsin. The release of infectious particles in
the supernatant was determined by a focus formation assay. Results of a representative experiment performed in triplicate are shown, and
activation of PR8 (HIN1) in Caco-2 but not 293T cells was confirmed in two separate experiments. (D) Infection of Caco-2 and 293T cells with
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tion of whether this protease is expressed in influenza virus DISCUSSION

target cells in the human lung. To address this question, we

immunostained human lung tissue with labeled Sambucus nigra We investigated the contributions of TMPRSS2 and
lectin, which recognizes 2,6-linked sialic acids, and a monoclo- TMPRSS4 to the proteolytic activation of influenza viruses in cell
nal antibody specific for TMPRSS2 (29). Microscopic exami- lines and in primary target cells. Transient expression of these

nation of stained tissues revealed coexpression of TMPRSS2 proteases facilitated HA cleavage and allowed influenza virus
and 2,6-linked sialic acids in type II pneumocytes and alveolar ~ to spread in 293T cells in the absence of exogenously added

macrophages (Fig. 6). The former have been shown to bind to trypsin. The related protein hepsin was also able to cleave HA
human influenza viruses, albeit less frequently than type I but failed to render HA-bearing viruses infectious, for reasons
pneumocytes (44), and to constitute viral target cells (35), that remain unclear. Caco-2 cells, which allowed trypsin-inde-

indicating that TMPRSS2 might also support influenza virus pendent viral spread, were found to express endogenous
spread in this cell type. TMPRSS2 (mRNA and protein) and TMPRSS4 (mRNA), and
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FIG. 5. Knockdown of TMPRSS2 and TMPRSS4 inhibits the trypsin-independent spread of influenza virus in Caco-2 cells. (A) Analysis
of TMPRSS2 knockdown. Caco-2 cells either were transfected, by use of Lipofectamine, with a nonsense control siRNA or a TMPRSS2- or
TMPRSS4-specific siRNA in the presence or absence of the control siRNA or were cotransfected with a 1:1 mixture of TMPRSS2- and
TMPRSS4-specific siRNAs. TMPRSS2 expression in transfected cells was analyzed by Western blotting. Detection of B-actin served as a loading
control. All siRNA transfection mixtures contained 200 pmol siRNA. Thus, if the transfection mixture contained a single siRNA species, 200 pmol
of the siRNA was added. If two different siRNA species were cotransfected, 100 pmol of each was added. (B) Caco-2 cells were first transfected
with siRNAs as described for panel A and then infected with PR8 (HIN1) or SC35M (H7N7) at an MOI of 0.01 in the presence or absence of
trypsin. The release of infectious particles into the supernatant was determined by a focus formation assay. The results of a representative
experiment = standard deviations are shown and were confirmed by three separate experiments for PR8 (HIN1) and by one separate experiment
for SC35M (H7N7). The statistical significance (asterisks) of the inhibitory effects of TMPRSS2- and TMPRSS4-specific siRNAs relative to that
of the nonsense control siRNA was calculated by using the two-tailed Student ¢ test for correlated samples.

expression of these proteases was shown to be required for
efficient influenza virus activation. Finally, analysis of human
lung tissue revealed that type II pneumocytes and alveolar
macrophages coexpressed TMPRSS2 and 2,6-linked sialic ac-
ids, indicating that TMPRSS2 could support viral spread in the
infected host.

Proteolytic activation of influenza virus HA primes the pro-
tein for low-pH-induced membrane fusion and is indispensable
for viral infectivity (23, 24, 26, 27). Our previous study showed
that TMPRSS2 and TMPRSS4 can activate influenza virus HA
(5, 6), in agreement with other published work (2, 3, 45), and
raised the possibility that other members of the TTSP family
might also cleave and activate HA. Indeed, the TTSP hepsin
mediated HA cleavage (Fig. 1A and B), and this cleavage

FIG. 6. Expression of TMPRSS2 in human alveolar epithelium. resulted in the production of HA1 and HA2 fragments of the
(A) Hematoxylin-and-eosin-stained section of a normal lung showing  expected sizes (Fig. 1 and data not shown), indicating that it

several alveolar spaces, in which alveolar macrophages (M), type I p .
pneumocytes (P1), and type II pneumocytes (P2) are labeled. Bar, 20 occurred at the junction between HAIL and HAZ2. However,

pm. (B) A serial section of panel A immunostained for TMPRSS2 hepsin-dependent HA cleavage did not confer appreciable in-
using the peroxidase technique (brown) shows strong positive staining fectivity on influenza virus PR8 (HIN1) or on lentiviral
in type II pneumocytes and alveolar macrophages. (C) A serial section  pseudotypes bearing HA, despite detectable incorporation of
of panel B stained with Sambucus nigra lectin shows strong positive cleaved HA into virions (Fig. 2). The reasons for this apparent

membrane staining of all cell types, including type II pneumocytes and .. . .
alveolar macrophages. (D) A serial section of panel C immunostained contradiction are at present unclear and might involve quan-

with an irrelevant mouse primary antibody (Melan-A), as a negative titative differences between HA cleavage by hepsin and that by
control fo; panel B, shows no immunostaining. Alveolar macrophages TMPRSS2 and TMPRSS4. In this context, it is noteworthy that
show a faint brown tint, due to the presence of carbon, but not the hepsin and TMPRSS? interfered with HA1 glycosylation; the

strong brown staining of macrophages seen in panel B. A serial section . . . .
of panel D immunostained using a goat polyclonal serum as a primary underlying mechanism and its potential relevance for HA func-

antibody, as a negative control for panel C, appeared very similar to tion remain to be clarified.
panel D (data not shown). Transient expression of TMPRSS2 and TMPRSS4 increased
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influenza virus spread at least 10-fold above background in
293T cells (the readily measurable background was due to the
infection of cells with activated viruses generated in hens’ eggs)
(Fig. 2B). This observation prompted us to investigate whether
endogenous expression of these proteases also facilitates the
spread of influenza virus in cell lines in the absence of exog-
enously added proteases. Many cell lines, including 293T, Huh-7,
and Vero EG6, support the spread of human influenza virus in the
presence of exogenous trypsin (5, 9, 13, 26). However, only the
Caco-2 cell line, which was derived from intestinal epithelium, has
been shown to allow the spread of different influenza viruses in
the absence of trypsin (48). Our findings that Caco-2 cells re-
leased fully infectious HA-bearing pseudotypes and allowed the
replication of PR8 (HIN1) virus in the absence of trypsin
confirmed these results (Fig. 4A to C), although we did not
obtain evidence that HA was activated upon viral uptake, as
previously suggested (48). This discrepancy might be due to
differences in the experimental systems used; we examined HA
pseudotypes, while Zhirnov and colleagues employed replica-
tion-competent influenza viruses (48). Alternatively, different
cell culture conditions might account for the conflicting results,
since Zhirnov and coworkers observed HA activation upon
viral uptake only in proliferating Caco-2 cells (48). Neverthe-
less, both studies demonstrated efficient HA activation in
Caco-2 cells in the absence of trypsin and raised questions
concerning the nature of the protease(s) responsible.

We detected robust expression of TMPRSS2 (mRNA and
protein) and TMPRSS4 (mRNA) in Caco-2 cells (trypsin in-
dependent) but not in Huh-7, Vero E6, or 293T cells (trypsin
dependent) (Fig. 3), suggesting a correlation between
TMPRSS2 and TMPRSS4 expression and trypsin-indepen-
dent replication of influenza virus. Furthermore, siRNA
knockdown demonstrated that expression of both TMPRSS2
and TMPRSS4 was essential for the efficient trypsin-indepen-
dent spread of influenza virus in Caco-2 cells (Fig. 5). Why
TMPRSS2 knockdown was not fully rescued by the presence of
TMPRSS4 and vice versa is at present unclear, and a definite
answer might have to await the availability of efficient
TMPRSS4 detection reagents. However, the enhanced inhibitory
effect of a cocktail of TMPRSS2- and TMPRSS4-specific
siRNAs relative to each siRNA alone clearly indicates that
both proteins facilitate HA activation and can, at least in part,
functionally complement each other. Collectively, these results
provide a molecular mechanism to explain the ability of Caco-2
cells to support the spread of influenza virus in the absence of
exogenous HA-activating protease, and they demonstrate for
the first time that endogenous TTSPs can cleave and activate
influenza viruses.

A contribution of TMPRSS2 and TMPRSS4 to the spread of
influenza virus in the host requires that these proteases be
expressed on permissive cells. A major determinant for per-
missiveness to infection by human influenza viruses is the ex-
pression of surface structures modified with 2,6-linked sialic
acids, which are bound by HA (38). Seasonal and, in particular,
pandemic influenza viruses, including the 2009 HIN1 virus
(46), can spread to the alveolar epithelium, and infection of
these target cells parallels the development of primary viral
pneumonia (25, 42). Immunohistochemistry of human alveoli
revealed that type II pneumocytes and alveolar macrophages
coexpress TMPRSS2 and 2,6-linked sialic acids (Fig. 6), sug-
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gesting that TMPRSS2 might promote the spread of influenza
virus in these cells. Indeed, attachment of human influenza
viruses to type II pneumocytes and, rarely, to alveolar macro-
phages has been demonstrated previously (44), and recent
evidence indicates that type II pneumocytes and, occasionally,
macrophages are viral targets (35). Notably, type I pneumo-
cytes have been reported to bind influenza virus more effi-
ciently than type II pneumocytes (44), and the protease
responsible for viral activation in these target cells remains
to be defined—with TMPRSS4 being an attractive candi-
date. In contrast, it remains unknown whether TMPRSS2
(and TMPRSS4) is expressed and promotes viral spread in
target cells in the upper airways. In addition, it is noteworthy
that TMPRSS2 expression in the colon, stomach, and kidney
has been demonstrated previously (29), and it is possible that
this protease might contribute to the rare extrapulmonary
spread (25) of influenza viruses in humans.

In summary, we provide evidence that TMPRSS2 and
TMPRSS4 activate human influenza viruses in cell culture
and potentially promote the spread of influenza viruses in and
between humans. The finding that knockdown of a single pro-
tease, either TMPRSS2 or TMPRSS4, was sufficient to reduce
viral spread markedly in Caco-2 cells lends further weight to
the concept of targeting host cell proteases for influenza ther-
apy—an approach that has already been shown to be feasible
and effective in animals (50) and humans (49). Partial inhibi-
tion of viral spread by the blockade of a single protease might
well be sufficient to produce a clinical benefit. However, our
findings that two proteases can activate influenza virus in
Caco-2 cells also indicate that high antiviral activity might be
achieved only by targeting several proteases simultaneously. In
any case, the characterization of the exact roles of TMPRSS2
and TMPRSS4 in influenza virus spread and pathogenesis is an
important task, and Tmprss2 knockout mice, which do not
show an obvious phenotype in the absence of infection (20),
might be valuable tools for these endeavors.
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