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Proteolytic activation of the hemagglutinin (HA) protein is indispensable for influenza virus infectivity, and
the tissue expression of the responsible cellular proteases impacts viral tropism and pathogenicity. The HA
protein critically contributes to the exceptionally high pathogenicity of the 1918 influenza virus, but the
mechanisms underlying cleavage activation of the 1918 HA have not been characterized. The neuraminidase
(NA) protein of the 1918 influenza virus allows trypsin-independent growth in canine kidney cells (MDCK).
However, it is at present unknown if the 1918 NA, like the NA of the closely related strain A/WSN/33, facilitates
HA cleavage activation by recruiting the proprotease plasminogen. Moreover, it is not known which pulmonary
proteases activate the 1918 HA. We provide evidence that NA-dependent, trypsin-independent cleavage acti-
vation of the 1918 HA is cell line dependent and most likely plasminogen independent since the 1918 NA failed
to recruit plasminogen and neither exogenous plasminogen nor the presence of the A/WSN/33 NA promoted
efficient cleavage of the 1918 HA. The transmembrane serine protease TMPRSS4 was found to be expressed in
lung tissue and was shown to cleave the 1918 HA. Accordingly, coexpression of the 1918 HA with TMPRSS4 or
the previously identified HA-processing protease TMPRSS2 allowed trypsin-independent infection by
pseuodotypes bearing the 1918 HA, indicating that these proteases might support 1918 influenza virus spread
in the lung. In summary, we show that the previously reported 1918 NA-dependent spread of the 1918 influenza
virus is a cell line-dependent phenomenon and is not due to plasminogen recruitment by the 1918 NA.
Moreover, we provide evidence that TMPRSS2 and TMPRSS4 activate the 1918 HA by cleavage and therefore
may promote viral spread in lung tissue.

Influenza A viruses exhibit high genetic variability. The ac-
cumulation of relatively subtle changes in the surface proteins
hemagglutinin (HA) and neuraminidase (NA) of currently cir-
culating viruses, termed antigenic drift, is responsible for the
annual influenza virus epidemics. However, the reassortment
of genomic material between human and animal influenza A
viruses can occasionally lead to emergence of viral variants
with radically different antigenic properties, a phenomenon
termed antigenic shift (9, 32). Due to the lack of preexisting
immunity in the human population, these viruses can cause
pandemics. Three influenza pandemics were recorded in the
last century. The so-called Asian influenza in 1957 and the
Hong Kong influenza in 1968 caused approximately �2 million
and 1 million deaths (World Health Organization, Geneva, Swit-
zerland; www.who.int/csr/disease/influenza), respectively, and the

etiologic agents were reassortants between human and avian
influenza A viruses (2). The third influenza pandemic, which
occurred in 1918 and is commonly termed Spanish influenza,
differed in several aspects from the previously mentioned pan-
demics (1, 30). First, the mortality associated with the 1918
pandemic was extraordinarily high, and it is estimated that
about 20 to 50 million people died from the disease. Second,
instead of infants and the elderly, who are usually the main
populations affected in influenza virus epidemics, adults be-
tween the ages of 18 and 30 had to bear the brunt of the 1918
pandemic (1, 30). Third, evidence is accumulating that the
1918 virus has similarities with avian influenza viruses and was
not the product of a reassortment between human and animal
viruses (43, 44).

Reconstitution of the 1918 influenza virus by reverse genet-
ics (45) showed that HA, NA, and PB1 critically contribute to
high virulence (22, 31, 47). The HA protein mediates binding
to the cellular receptor, alpha 2,6 sialylated glycans and, upon
exposure to endosomal low pH, drives fusion of the virus and
a cellular membrane, a prerequisite to infectious entry (39).
Cleavage of the precursor protein HA0 into the covalently
linked subunits HA1 and HA2 by a cellular protease is required
for viral infectivity (20, 23) and is an important determinant of
viral tropism (40). Usually a single arginine residue is present
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at the border between HA1 and HA2 and is part of the motif
recognized by cellular proteases such as serine family proteases
(17, 18), like the recently identified HA-processing proteases
TMPRSS2 (transmembrane protease, serine 2) and HAT (hu-
man airway trypsin-like protease) (5). Since expression of these
proteases is limited to the respiratory tract in mammalian
hosts, virus replication is confined to this target site. However,
an optimized, multibasic cleavage site is present in all highly
pathogenic avian influenza viruses. The HA protein of these
viruses is cleaved by ubiquitously expressed subtilisin-like pro-
teases, and consequently the respective viruses can spread sys-
temically in susceptible domestic poultry (17, 18). The re-
quirement for addition of trypsin to support efficient virus
replication in cell culture is determined by the nature of the
cleavage site in the HA protein. Viruses harboring a multibasic
cleavage site can spread in the absence of trypsin, while trypsin
activation is essential for the replication of viruses that do not
encode an HA protein with a multibasic cleavage site.

The 1918 influenza virus HA does not harbor a multibasic
cleavage site, yet the virus replicates to high titers in MDCK
cells irrespective of trypsin activation (45). Notably, NA is
essential for trypsin-independent spread of the 1918 virus in
MDCK cells (45). The NA of a related virus, A/WSN/33
(H1N1), also facilitates efficient viral replication in the absence
of trypsin and is required for an expanded viral tropism (14,
15). The A/WSN/33 NA abrogates the need for trypsin by
sequestering plasminogen which, upon conversion to plasmin,
facilitates HA cleavage (14, 15). A comparable mechanism can
be envisioned for the 1918 influenza virus NA. However, plas-
minogen binding by the A/WSN/33 NA critically depends on
the absence of a N-linked glycosylation motif in NA that is
otherwise conserved in all N1 subtype NA proteins of naturally
occurring viruses, including the 1918 virus (34). The molecular
mechanism behind NA-dependent, trypsin-independent repli-
cation of the 1918 influenza virus is therefore at present
unclear.

We established a pseudotyping system to analyze the pro-
teolytic activation of the 1918 HA. We report that the previ-
ously noted 1918 NA-dependent, trypsin-independent activa-
tion of the 1918 HA in MDCK cells does not occur in Huh-7
and 293T cells and is not due to plasminogen recruitment by
the 1918 NA. In addition, we show that the transmembrane
proteases TMPRSS2 and TMPRSS4 activate the 1918 HA by
cleavage, suggesting that these proteases might facilitate rep-
lication of the 1918 influenza virus in lung cells.

MATERIALS AND METHODS

Cell culture and plasmids. 293T, Huh-7, and MDCK cells were maintained in
Dulbecco’s modified Eagle’s medium (PAA) supplemented with 10% fetal bo-
vine serum (FCS; Cambrex) and the antibiotics penicillin and streptomycin.
Plasmids encoding the 1918 HA (South Carolina), NA, and M2 (Brevig Mission)
proteins as well as the Zaire Ebola virus glycoproteins (ZEBOV-GP), A/WSN/33
HA, A/WSN/33 NA, vesicular stomatitis virus G protein (VSV-G), TMPRSS2,
TMPRSS4, and mouse matriptase-3 have been described previously (11, 13, 19,
33, 34, 36, 38, 41, 46).

Production of virus-like particles (VLPs) and Western blot analysis. 293T
cells were cotransfected with the human immunodeficiency virus type 1 (HIV-1)
Gag (p55) encoding plasmid p96ZM651gag-opt (12) and the indicated combi-
nations of the 1918 influenza virus HA, NA, and M2 expression plasmids or
empty vector. The culture medium was changed 12 h after transfection, and
VLPs in the supernatant were harvested 36 h later. VLPs were passed through
0.45-�m pore-size filters and concentrated by centrifugation through a 20%

sucrose cushion for 2 h at 4°C and 14,000 rpm or by using Vivaspin centrifugal
concentrators. VLPs were resuspended in medium and, if applicable, treated with
trypsin and subsequently soybean trypsin inhibitor (Sigma, Germany). Sodium do-
decyl sulfate (SDS) buffer was added, and the samples were incubated at 95°C for 20
min and loaded onto a 10% SDS-polyacrylamide gel electrophoresis gel. HA was
detected using a mouse monoclonal antibody (13) at a 1:500 dilution.

Reporter viruses and infection assays. For generating HIV-1 NL4-3-based
luciferase reporter viruses, 293T cells were transiently cotransfected with pNL4-3
E�R� Luc (8) and combinations of 1918 influenza virus HA, NA, and M2
expression plasmids; A/WSN/33 HA and NA expression plasmids; or
ZEBOV-GP and VSV-G expression plasmids (38) as controls. At 48 h posttrans-
fection, cell culture supernatants were harvested, passed through 0.45-�m pore-
size filters, aliquoted, and stored at �80°C. Subsequently, the p24 content of
virus stocks was determined by enzyme-linked immunosorbent assay (Murex,
Germany), or infectivity was assessed by inoculation of target cells with different
dilutions of virus stocks, followed by quantification of luciferase activities in
cellular lysates. For infection experiments, target cells were seeded in 96-well
plates at a density of 1 � 104 cells/well 24 h prior to infection. The cellular
monolayer was inoculated with 50 �l of virus stocks normalized for p24 content
or infectivity. Medium was replaced 12 h after virus infection, and luciferase
activities in cell lysates were determined 72 h postinfection employing a com-
mercially available kit (Promega).

Influence of trypsin pretreatment and spinoculation on infectivity of HA
pseudotypes. Viruses pseudotyped with 1918 influenza virus proteins or
A/WSN/33 HA and NA were pretreated with L-1-tosylamido-2-phenylethyl chlo-
romethyl ketone (TPCK)-treated trypsin (100 �g/ml final concentration) (Sigma,
Germany) for 10 min at room temperature. Subsequently, trypsin was inactivated
by adding soybean trypsin inhibitor (Sigma, Germany) to a final concentration of
100 �g/ml. Viruses were either added to the cells and the cells were directly
placed in the incubator, or cells were infected by centrifugation (spinoculated) at
1,200 rpm and 25°C for 2 h. Medium was replaced 12 h after transduction, and
luciferase activities in cell lysates were determined 72 h postinfection using a
commercially available kit (Promega).

Protease inhibitor experiments. Cells were pretreated with the indicated con-
centrations of E64d (Sigma, Germany) for 30 min at 37°C and infected with
infectivity-normalized pseudotypes. In the case of HA NA pseudotypes, viruses
were pretreated with trypsin as described above or treated with phosphate-
buffered saline (PBS) and spinoculated onto cells. Medium was replaced 12 h
postinfection, and luciferase activities in cell lysates were measured after 3 days
using a commercially available kit (Promega).

Activation of pseudotype infectivity by cellular lysates. MDCK and 293T cells
were grown in 10-cm dishes, scraped off the culture dishes, and counted, and 5
million MDCK or 293T cells were resuspended in 1 ml of PBS containing 10 mM
CaCl2 and 2% 1-deoxymannojirimycin hydrochloride (Sigma, Germany), as de-
scribed previously (6). Cells were then sonicated on ice for 3 s. Pseudotyped
viruses were pretreated with either the indicated amounts of cellular lysates for
1 h at 37°C or 100 �g/ml TPCK-treated trypsin for 10 min at room temperature.
Virus particles were concentrated by centrifugation through a 20% sucrose
cushion at 14,000 rpm for 2 h at 4°C. Virus pellets were resuspended in medium
and used for infection of Huh-7 and 293T cells. Medium was replaced 12 h
postinfection, and luciferase activities in cell lysates were determined 60 h later
using a commercially available kit (Promega).

Plasminogen binding to HA and NA. 293T cells were seeded in T-25 flasks and
transiently transfected with plasmids encoding the 1918 NA, 1918 HA,
A/WSN/33 HA, A/WSN/33 NA, and ZEBOV-GP or were control transfected
with empty vector. Culture medium was replaced at 12 h posttransfection, and at
2 h before analysis of plasminogen binding, the cells were washed with FCS-free
medium and cultured in the absence of FCS. For assessment of plasminogen
binding, cells were incubated with PBS or purified plasminogen (Sigma, Ger-
many) at a final concentration of 10 �g/ml for 30 min at 4°C. Subsequently,
unbound plasminogen was removed by washing, and bound plasminogen was
detected employing a plasminogen-specific goat serum (Immunology Consult-
ants Laboratory) and an Cy5-labeled anti-goat secondary antibody (Jackson
ImmunoResearch). Cell staining was analyzed by fluorescence-activated cell
sorting (FACS) using a Beckman Coulter Cytomics FC 500.

Replication of the 1918 influenza virus in MDCK and Huh-7 cells with or
without trypsin activation. Based on the published sequences of the 1918 influ-
enza virus genes, the complete viral and complementary sequences were synthe-
sized as 40-mer oligonucleotides, with a 20-nucleotide overlap between each
forward and reverse primer. The ligase chain reaction was used for initial as-
sembly of subgenomic fragments from the pooled primers for each gene, and the
full-length genes were assembled by amplification from the pool of gene frag-
ments by using PCR according to the protocol described by Rouillard and
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colleagues (35). Each gene was further amplified by PCR using the gene-specific
universal primer pairs described by Hoffmann and colleagues (16) and subcloned
into the pPolI vector for reverse genetics (16, 27). The 1918 influenza virus was
rescued as previously described (22) and titers were determined by standard
plaque assay on MDCK cells in the presence of TPCK-treated trypsin. MDCK or
Huh-7 cells were seeded in six-well tissue culture plates and infected at a mul-
tiplicity of infection (MOI) of 0.001, and then culture medium was added with or
without 1 �g/ml of TPCK-treated trypsin. Supernatants of the virus-infected
MDCK cultures were collected at 24, 48, and 72 h and at 48 h postinfection (p.i.)
from infected Huh-7 cultures and stored at �80°C. Virus titers were determined
by the 50% tissue culture infective dose on MDCK cells seeded in 96-well plates.
Samples from cultures maintained without trypsin were treated with trypsin (at
a final concentration of 1 �g/ml) prior to titration. Procedures for the production
and propagation of the 1918 virus and all subsequent experiments involving
infectious 1918 influenza virus were performed in a biosafety level 4 facility of the
National Microbiology Laboratory of the Public Health Agency of Canada.

Detection of TMPRSS4 mRNA in lung cells. mRNA from cells in bronchoal-
veolar lavage was extracted, DNase treated, and reverse transcribed employing
commercially available kits (Qiagen, Germany, and Invitrogen, Germany).
Subsequently, GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and
TMPRSS4 sequences were amplified by nested PCR. The following sets of
primers were used for amplification of TMPRSS4: the pair 5�-GAGAGCTG
GACTGTCCCTTG-3� (p5 TMPRSS4 out) and 5�-TCGTACTGGATGCTGA
CCTG-3� (p3 TMPRSS4 out) and the pair 5�-GACGAGGAGCACTGTGTCAA-3�
(p5 TMPRSS4 in) and 5�-CTTCCCACAGGCAAGACAGT-3� (p3 TMPRSS4 in).

RESULTS

Trypsin treatment of 1918 influenza virus HA- NA-bearing
pseudotypes is required for infectivity. It has been shown pre-
viously that the genetically reconstituted 1918 H1N1 influenza
virus replicates in MDCK cells to high titers irrespective of the
presence of trypsin (45). The expression of the 1918 virus NA
was essential for trypsin-independent growth (45), and it is
possible that NA might recruit a cellular protease, which facil-
itates HA cleavage—a prerequisite to HA-dependent infec-
tious cellular entry (39). In order to further characterize the
role of NA in HA activation, we sought to establish a
pseudotyping system, which allows convenient analysis of HA
and NA in the absence of infectious 1918 influenza virus. Since
the influenza virus M2 protein is present in the viral envelope
and can prevent premature triggering of HA (3), we also in-
cluded the 1918 influenza virus M2 protein in our analysis. We
first investigated if Env-defective HIV-1 NL4-3-based reporter
viruses (8) pseudotyped with the 1918 influenza virus HA, NA,
and M2 or combinations thereof are infectious for 293T cells.
To this end, virus preparations were normalized for equal
content of p24 capsid protein, treated with TPCK-trypsin or
PBS, and, after the addition of a trypsin inhibitor, used to
infect 293T cells. No luciferase activities above background
levels were observed in lysates of cells infected with Env-
negative “bald” pseudotypes, while VSV-G-bearing pseudotypes
allowed efficient virus entry independent of the presence of
trypsin (Fig. 1A). Robust infection of 293T cells with
pseudotypes bearing the membrane proteins of the 1918 influ-
enza virus was observed but only when both HA and NA were
expressed in the cells used for pseudotype production and
when pseudotypes were treated with trypsin before addition to
target cells (Fig. 1A). In contrast, pseudotypes produced in the
absence of NA were not infectious. This defect was most likely
due to a lack of virion incorporation of HA. Thus, lentiviruses
are inefficiently released from influenza virus HA-transfected
cells in the absence of NA (Fig. 1B, lane 3) (4), and the
particles that are released under these conditions do not har-

bor detectable amounts of HA (4), consistent with the estab-
lished key role of NA in facilitating virus release due to its
receptor-destroying function (40). Finally, we observed that
coexpression of HA and NA together with the M2 protein
reduced HA incorporation into pseudotypes and thus dimin-
ished pseudotype infectivity (Fig. 1B, lane 5).

We next sought to confirm whether trypsin treatment indeed
resulted in cleavage of HA. Western blot analysis of V5
epitope-tagged versions of HA, NA, and M2 showed robust
and comparable expression in 293T cell lysates (Fig. 1B and
data not shown), and efficient incorporation of HA, NA, and
M2 into HIV-1 Gag p55-based VLPs could be detected with
V5-specific (for NA and M2) or HA-specific monoclonal an-
tibodies (Fig. 1B and data not shown). Importantly, trypsin
treatment of VLPs did not impact gel migration of NA or M2
(data not shown), while trypsin treatment reduced the size of
HA from approximately 75 kDa to 50 kDa, consistent with
cleavage at the border between HA1 and HA2 (Fig. 1B).

Augmentation of cellular attachment allows inefficient in-
fectious entry of the 1918 HA NA pseudotypes in the absence
of trypsin activation. We next investigated if the infectivity of
the 1918 influenza virus HA and NA pseudotypes for different
cell lines is invariably trypsin dependent. Moreover, we asked
if the requirement for trypsin can be overcome when virus
attachment and, thus, infection efficiency are increased. For
this, 293T, Huh-7, and MDCK cells were infected with
pseudotypes harboring the 1918 influenza virus HA, NA, and
M2 proteins or VSV-G in their envelopes. All pseudotypes
were pretreated with trypsin or PBS and used for infection of
two plates in parallel. One plate was instantly incubated at
37°C; the other was used for spinoculation (2 h at 25°C and
1,200 rpm) (28) and then kept at 37°C. All cell lines were
readily susceptible to infection with VSV-G (independent
of trypsin treatment) and trypsin-activated HA NA
pseudotypes, while none of the cell lines was susceptible to HA
NA pseudotypes in the absence of trypsin treatment and spi-
noculation (Fig. 2A). Spinoculation substantially augmented
entry of HA- NA-bearing viruses in the absence of trypsin
treatment (Fig. 2A), and analysis of p24-normalized, non-tryp-
sin-treated virus preparations confirmed that the presence of
HA and NA was required for appreciable infectious entry
under these conditions (data not shown). However, even upon
spinoculation, infectious entry of non-trypsin-treated virus was
less efficient than entry of trypsin-activated virus (Fig. 2A).
Finally, in agreement with our previous observations (25), spi-
noculation had little effect on infection by pseudotypes exhib-
iting high infectivity in the absence of experimentally optimized
attachment, i.e., reporter viruses bearing trypsin-activated HA,
NA, or VSV-G proteins (Fig. 2A). Thus, increased attachment
efficiency allows some infectious entry of HA- NA-bearing viruses
in the absence of trypsin but does not abrogate the requirement
for trypsin activation for high infectivity.

The observation that HA NA pseudotypes can infect cell
lines with low but detectable efficiency without prior trypsin
activation (Fig. 2A) suggests that uncleaved HA might also be
activated by proteases in target cells. The pH-dependent en-
dosomal cysteine proteases cathepsin B and L activate the
severe acute respiratory syndrome (SARS)-coronavirus and
EBOV-GP (7, 37) and are required for infectious entry. In
order to analyze if the activity of cysteine proteases also con-
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tributes to 1918 influenza virus HA- NA-mediated entry,
Huh-7 cells were incubated with the cysteine protease inhibitor
E64d prior to infection with pseudotypes in the absence of
trypsin activation. Pseudotypes bearing ZEBOV-GP or VSV-G,
as well as trypsin-activated HA NA pseudotypes served as con-
trols. Huh-7 cells were chosen as targets because these cells were
more susceptible to spinoculation with non-trypsin-activated HA
NA pseudotypes than MDCK and 293T cells (Fig. 2A). As ex-
pected from previous reports, ZEBOV-GP-mediated entry was

efficiently and dose-dependently reduced by E64d, while VSV-G-
driven entry was unaffected (Fig. 2B). E64d had no appreciable
impact on HA- NA-driven infection irrespective of trypsin treat-
ment, indicating that activation by cysteine proteases in target
cells is not required for trypsin-independent infectious entry of
HA NA pseudotypes.

The A/WSN/33 NA but not 1918 NA sequesters plasminogen
but fails to facilitate cleavage-activation of the 1918 HA. The
A/WSN/33 virus is related to the 1918 virus, and both viruses

FIG. 1. Trypsin activation of 1918 influenza virus HA pseudotypes is required for infectivity independent of the presence of NA. (A) 293T cells
were infected with env-defective, p24-normalized HIV-1 NL4-3 reporter virus pseudotyped with the indicated glycoproteins. Prior to infection, the
virions were treated with trypsin or PBS, and after 10 min soybean trypsin inhibitor was added. Three days after infection, luciferase activities in
cellular lysates were determined. Infection observed with glycoprotein harboring pseudotypes is shown relative to infection detected with control
particles bearing no glycoprotein. The average of four independent experiments with different virus stocks is shown. Error bars indicate standard
errors of the means. (B) HIV-1-based VLPs with the indicated combinations of surface proteins were generated in 293T cells and concentrated
by centrifugation through a 20% sucrose gradient. The VLP preparations were normalized for comparable content of HIV-1 Gag (p55), pretreated
with trypsin or PBS, separated by SDS-polyacrylamide gel electrophoresis, and analyzed by Western blotting. The 1918 influenza virus HA was
detected with a mouse monoclonal antibody. Similar results were obtained in two independent experiments with different VLP preparations.
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replicate in a trypsin-independent, NA-dependent fashion in
cell culture. The NA of A/WSN/33 mediates trypsin-indepen-
dent replication by capturing plasminogen, which is present in
high concentrations in FCS, and, upon conversion to plasmin,
facilitates HA cleavage activation. In order to assess a poten-
tial role of plasminogen in proteolytic activation of the 1918
HA, we compared trypsin dependence of pseudotypes bearing
the 1918 HA and NA, A/WSN/33 HA and NA, or viruses in
which the NA proteins were exchanged. In accordance with
published data (14, 15) and the results described above (Fig.
1), we found that the A/WSN/33 HA and NA but not the 1918
HA and NA pseudotypes readily infected Huh-7 cells without
prior trypsin activation (Fig. 3A). However, viruses bearing the
1918 HA and A/WSN/33 NA or A/WSN/33 HA and the 1918
NA were completely dependent on trypsin treatment for in-
fectivity. In agreement with these observations, Western blot
analysis of VLPs revealed that trypsin but not purified human
plasminogen promoted 1918 HA cleavage (Fig. 3B), and incu-

bation of 1918 HA-bearing pseudotypes with purified human
plasminogen failed to render these viruses infectious (Fig. 3C),
further indicating that plasminogen is unlikely to be involved in
proteolytic activation of the 1918 HA. Finally, Western blot
analysis of HA-transfected cells showed that plasminogen was
able to cleave the A/WSN/33 HA but not the 1918 HA (data
not shown), confirming that the plasminogen preparation em-
ployed for the studies described above was indeed active.

To further characterize the contribution of plasminogen to
1918 HA cleavage, we performed FACS analysis to assess
binding of purified plasminogen to cells transiently expressing
HA or NA proteins. Plasminogen binding to control-trans-
fected cells was low but detectable by FACS analysis (Fig. 3D),
indicating that unmodified 293T cells express an inefficient
plasminogen capture activity. Expression of the A/WSN/33 NA
profoundly augmented plasminogen binding, as expected, with
signals in the absence of purified protein being most likely due
to incomplete removal of plasminogen contained in FCS. In

FIG. 2. Impact of spinoculation and protease inhibitors on 1918 influenza virus HA-driven viral entry. (A) 293T, Huh-7, and MDCK cells were
seeded in 96-well plates and infected with p24-normalized pseudotypes bearing 1918 influenza virus HA, NA, and M2 or VSV-G. The virions were
pretreated with trypsin or PBS and, subsequently, a trypsin inhibitor, before addition to target cells. Two plates were infected in parallel: one plate
was incubated at 37°C immediately after addition of virus; the other plate was centrifuged for 2 h at 25°C and 1,200 rpm after infection and then
incubated at 37°C. Three days after infection, luciferase activities in cellular lysates were determined. A representative experiment performed in
triplicates is shown. Error bars indicate standard deviations. Similar results were obtained in two independent experiments. (B) Huh-7 cells were
incubated with the indicated concentrations of the cysteine protease inhibitor E64d prior to infection with infectivity-normalized pseudotypes
carrying the 1918 influenza virus HA, NA, M2, ZEBOV-GP, or VSV-G. Pseudotypes bearing influenza virus proteins were pretreated with PBS
or trypsin for 10 min at room temperature, and soybean trypsin inhibitor was added. Three days after infection, luciferase activities in cellular
lysates were determined. Infection of Huh-7 cells in the absence of protease inhibitors was set as 100%. The average of three independent
experiments performed in triplicate is shown. Error bars indicate standard errors of the means. cps, counts per second.
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contrast, plasminogen binding to 1918 NA-expressing cells was
in the background range. To our surprise, expression of the
1918 HA also facilitated robust plasminogen sequestration
(Fig. 3D), suggesting that plasminogen capture is not an ex-
clusive function of NA expression. Finally, control cells ex-
pressing ZEBOV-GP did not exhibit specific binding to plas-
minogen, indicating that expression of an irrelevant viral
glycoprotein does not alter endogenous plasminogen capture
activity of 293T cells.

In summary, our analyses of pseudotype infectivity (Fig. 3A

and C), proteolytic processing of HA (Fig. 3B), and plasmino-
gen binding (Fig. 3D) suggest that under the conditions tested
the A/WSN/33 NA but not the 1918 NA recruited plasminogen
for HA cleavage and that A/WSN/33 NA-dependent plasmino-
gen sequestration was insufficient to confer infectivity to
pseudotypes bearing the 1918 HA and NA.

Lysates of MDCK but not 293T cells activate infectivity of
pseudotypes bearing the 1918 HA and NA. MDCK cells were
found to allow for 1918 influenza virus replication in the ab-
sence of trypsin (45) and should thus express a protease, which

FIG. 3. A/WSN/33 NA fails to promote cleavage activation of the 1918 HA despite efficient recruitment of plasminogen. (A) Pseudotypes
bearing the indicated glycoproteins were PBS or trypsin treated and used for infection of Huh-7 cells. Three days after infection, luciferase activities
in cellular lysates were determined. The results of a representative experiment are shown and were confirmed in two independent experiments.
Error bars indicate standard deviations. (B) VLPs bearing the 1918 HA and NA were incubated with PBS, trypsin, or plasminogen, and the 1918
HA was visualized by Western blotting. (C) The experiment was carried out as described for panel A. However, pseudotypes were treated with
PBS, trypsin, or plasminogen (100 �g/ml). The results of a representative experiment are presented and were confirmed within a separate
experiment. (D) The indicated proteins were transiently expressed in 293T cells, the transfected cells were incubated with PBS or purified
plasminogen (10 �g/ml), and plasminogen binding was detected by FACS. A representative experiment is shown. Similar results were obtained in
two independent experiments. PMG, plasminogen; cps, counts per second.
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is recruited by NA and mediates HA cleavage. We therefore
asked if lysates from MDCK and, for comparison, 293T cells
were capable of activating the 1918 influenza virus HA NA
pseudotypes. Trypsin treatment of pseudotypes served as a
positive control (Fig. 4). MDCK lysates had no appreciable
impact on VSV-G-driven infection, albeit a slight decrease in
infectivity was observed at the highest lysate concentrations.
Similarly, lysates from 293T cells did not confer infectivity to
the 1918 HA NA pseudotypes (Fig. 4). In contrast, MDCK cell
lysates activated infectivity of 1918 HA- NA-bearing
pseudotypes in a dose-dependent fashion, albeit clearly less
efficiently than trypsin, suggesting a cell line-dependent expres-
sion of the protease(s) required for activation of HA of the
1918 virus.

The 1918 influenza virus replicates efficiently in MDCK but
not Huh-7 cells in the absence of trypsin. Thus far, our results
indicated that 1918 influenza virus HA-mediated infectivity
requires protease activation before the addition of virions to
target cells and that MDCK but not 293T cells expressed a
protease capable of activating HA. Activation of HA by
MDCK lysates was clearly less efficient than trypsin activation,

raising the question of whether growth kinetics of replication-
competent 1918 influenza virus in MDCK cells would be com-
parable in the presence and absence of trypsin. To address this
question, MDCK cells were infected with 1918 H1N1 strain
A/South Carolina/1/18 at an MOI of 0.001 and then cultured in
medium with or without TPCK-treated trypsin (Fig. 5). Peak
titers of virus, grown in the presence of trypsin, were seen at
24 h postinfection, coincident with complete lysis of cells by
this time. A decrease in titer at later time points was observed
in the absence of further replication and inactivation of virus at
37°C. Similarly high titers of virus were measured in cultures
grown without trypsin at 24 h, and high titers persisted to 72 h
p.i. Virus replication in the absence of trypsin was not signif-
icantly lytic, even at 48 h p.i., and unchanged titers of virus
isolated between 24 and 72 h p.i. suggested continued replica-
tion of virus.

Comparison of 1918 virus replication on Huh-7 cells under
identical conditions showed efficient replication of virus in the
presence of trypsin at 48 h p.i. although titers were slightly
reduced compared to MDCK cultures (Fig. 5). However, in the
absence of trypsin, replication was inefficient, and only low

FIG. 4. Lysates from MDCK but not 293T cells activate 1918 HA-driven viral entry. Pseudotypes bearing the 1918 influenza virus HA, NA, and
M2, or VSV-G were pretreated with trypsin and, subsequently, soybean trypsin inhibitor or lysates from MDCK or 293T cells. After 30 min the
treated pseudotypes were used for infection of 293T and Huh-7 cells. Three days after infection, luciferase activities in cellular lysates were
determined. The results of a representative experiment performed in triplicate are shown and were confirmed in two separate experiments. Error
bars indicate standard deviations. Statistical significance was calculated employing a two-tailed t test for independent samples. cps, counts per
second.
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titers of virus were recovered, supporting the observation that
efficient trypsin-independent growth of the 1918 virus is cell
line dependent.

Proteolytic activation of the 1918 HA by TMPRSS2 and
TMPRSS4. Infection of MDCK, Huh-7, and 293T cells with
the 1918 influenza virus or pseudotypes serves as a model for
virus spread outside the lung. In order to investigate proteo-
lytic activation of the 1918 HA in lung cells, we asked if trans-
membrane serine proteases expressed in lung tissue could ac-
tivate 1918 HA by cleavage upon coexpression in 293T cells.
We selected TMPRSS2 and TMPRSS4 for these studies since
TMPRSS2 has already been shown to cleave and activate the
HA of A/Hong Kong/1/68 (5) by cleavage, and TMPRSS4
shares 31% amino acid sequence identity with TMPRSS2. Mu-
rine matriptase-3, which is not expressed in the lung, was also
tested. Transient transfection of the 1918 HA and NA alone
did not result in HA cleavage, as expected, while cleavage was
readily observed upon treatment of transfected cells with tryp-
sin (Fig. 6A). Similarly, expression of matriptase-3 or the sub-
tilisin-like protease furin did not promote proteolytic process-
ing of the 1918 HA (Fig. 6B). However, coexpression of the
1918 HA with TMPRSS2 and TMPRSS4 resulted in efficient
processing of HA independent of the presence of NA (Fig. 6A
and B). In this context, it needs to be noted that total HA
signals were generally reduced upon coexpression of
TMPRSS4 and were often reduced upon coexpression of
TMPRSS2, albeit to a lesser extent. The degree of signal re-
duction was dependent on the ratio of HA and protease plas-
mids used for transfection (3:1 for the experiment shown in
Fig. 6A and 1:1 for the experiment shown in Fig. 6B) and might
reflect “overdigestion” of HA under conditions of protease

overexpression. In agreement with the specific cleavage of the
1918 HA by TMPRSS2 and TMPRSS4, the 1918 HA NA
pseudotypes produced in the presence of TMPRSS2 or
TMPRSS4 but not matriptase-3 were fully infectious for Huh-7
cells without prior trypsin activation (Fig. 6C). Finally, reverse
transcription-PCR analysis of cells contained in bronchoalveo-
lar lavage fluid (Fig. 6D) and PCR analysis of commercially
available lung cDNA (Clontech) (data not shown) confirmed
that TMPRSS4 is expressed in human lung tissue (Fig. 6D),
suggesting that TMPRSS2 and TMPRSS4 might be able to
support spread of the 1918 influenza virus in the human lung.

DISCUSSION

The virus responsible for the devastating 1918 influenza
virus pandemic has been “resurrected” by employing a reverse
genetics approach (45). Exchange of specific genomic seg-
ments of the 1918 influenza virus against those of well-charac-
terized influenza viruses revealed that HA and NA critically
contribute to virus pathogenicity (22, 31, 47). Interestingly, the
NA protein facilitates virus spread in MDCK cells in the ab-
sence of trypsin activation (45), most likely by recruiting a
cellular protease which cleaves HA. Employing a lentiviral
pseudotyping system, we show that the respective HA-activat-
ing protease is expressed in a cell-type-specific manner and is
unlikely to be plasminogen. Moreover, we demonstrate that
the transmembrane proteases TMPRSS2 and TMPRSS4, which
are expressed in lung tissue, activate the 1918 HA by cleavage
in an NA-independent fashion.

Analysis of the 1918 influenza virus will continue to provide
important insights into the determinants of influenza virus
transmission and pathogenicity but is hampered by the require-
ment for a high level of biocontainment. Taking advantage of
the well-known ability of retroviruses to incorporate heterolo-
gous proteins in their envelopes during release from infected
cells, we generated HIV-1-derived particles bearing the HA,
NA, and M2 proteins of the 1918 influenza virus. The particles
were infectious but replication defective and thus constitute a
safe and convenient tool for analyzing cellular entry of the
1918 virus and its inhibition by, e.g., neutralizing antibodies.
Small amounts of the M2 protein are incorporated into influ-
enza virus particles, and the ion channel function of M2 plays
an important role in uncoating and, for some viruses, in mat-
uration (3). Increased infectivity of pseudotypes bearing the
fowl plague virus HA has been described upon coexpression of
M2 in virus-producing cells (26). We observed efficient M2
expression and incorporation into VLPs (data not shown).
Nevertheless, the presence of M2 decreased incorporation but
not cellular expression of HA in our system (Fig. 1B), resulting
in reduced particle infectivity. The reasons for the discrepancy
between the published observations (26) and the data pre-
sented here are at present unclear and might be due to differ-
ences in the influenza virus proteins and pseudotyping systems
used or might be explained by differences in M2 expression
levels.

Infectivity of pseudotypes bearing the surface proteins of the
1918 virus was dependent on the presence of both HA and NA.
However, the requirement for NA was not due to NA facili-
tating HA cleavage, at least under the conditions tested. In-
stead, NA was necessary for efficient particle release (Fig. 1B),

FIG. 5. The 1918 influenza virus replicates efficiently in MDCK but
not Huh-7 cells in the absence of trypsin. MDCK and Huh-7 cells were
infected at an MOI of 0.001 and then cultivated in the absence or
presence of trypsin. Supernatants were collected at 24, 48, and 72 h p.i.
from MDCK cultures and at 48 h p.i. from Huh-7 cultures, and the
viral titers were determined by a 50% tissue culture infective dose
(TCID50) assay on fresh MDCK cells. A representative experiment
performed in duplicate is shown; error bars indicate standard devia-
tions.
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consistent with the well-established receptor-destroying func-
tion of this protein, and in the absence of NA most likely
particles devoid of HA were released. Particle-associated HA
exhibited a size of approximately 75 kDa, which is expected for
uncleaved HA (10). Trypsin activation reduced the HA size to

approximately 50 kDa and was indispensable for viral infectiv-
ity (Fig. 1), demonstrating that in the 293T cell-based system
examined here particle-associated HA was uncleaved, most
likely due to lack of expression of adequate proteases in this
cell type (see below). Nevertheless, when viruses were concen-

FIG. 6. TMPRSS2 and TMPRSS4 activate 1918 HA by cleavage. (A) 293T cells were transiently cotransfected with the 1918 HA (jointly with
pcDNA3 or the 1918 NA) and TMPRSS2, TMPRSS4, or mouse matriptase-3 (HA and protease expression plasmids were transfected at a 3:1
ratio). Subsequently, the transfected cells were treated with trypsin or PBS, and proteolytic processing of HA was analyzed by Western blotting.
(B) 293T cells were transfected with the 1918 HA alone or in combination with the indicated proteases (HA and protease expression plasmids were
transfected at a 1:1 ratio); the cells were treated with PBS or trypsin, and proteolytic processing of HA was analyzed by Western blotting.
(C) Pseudotypes were generated in 293T cells expressing the empty vector or the indicated proteases (HA and protease expression plasmids were
transfected at a 3:1 ratio), normalized to p24 (150 pg/well), and employed for infection of Huh-7 cells. Three days after infection, luciferase
activities in cellular lysates were determined. A representative experiment is shown, and similar results were obtained in two independent
experiments. Error bars indicate standard deviations. (D) RNA was obtained from cells present in bronchoalveolar lavage fluids and reverse
transcribed within reaction mixtures containing reverse transcriptase (RT) enzyme or PBS, and GAPDH and TMPRSS4 were amplified by PCR.
M, molecular weight marker. cps, counts per second.
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trated onto target cells by centrifugation, a procedure termed
spinoculation (28), some infectivity of HA NA pseudotypes was
observed in the absence of trypsin activation. Thus, proteases
in target cells might be able to process HA, albeit cleavage
efficiency might be low. The endosomal/lysosomal cysteine
proteases cathepsin B and cathepsin L activate the glycopro-
teins of EBOV (7), SARS-coronavirus (37), and the fusion
protein of Hendra virus (29) by cleavage, and cathepsin B/L
activity has been shown to be essential for virus infectivity.
However, inhibitors of cysteine proteases, which were previ-
ously shown to block EBOV and SARS-coronavirus entry (7,
37), had no effect on infectious entry of HA NA pseudotypes,
suggesting that a different class of proteases might be involved
in HA cleavage in target cells (Fig. 2B).

In the absence of artificially enhanced entry, infectivity of
the 1918 HA NA pseudotypes was strictly dependent on trypsin
activation (Fig. 1A and 2). Thus, proteases that efficiently ac-
tivate HA were not present in the FCS and were not secreted
from the cell lines tested, at least not in sufficient concentra-
tions to activate HA. Particularly the former finding is note-
worthy since it has been shown previously that NA of A/WSN/
33, a close relative of the 1918 influenza virus, recruits
plasminogen present in FCS and facilitates generation of plas-
min, which in turn activates HA (14, 15). This process is re-
quired for trypsin-independent growth and neurotropism of
A/WSN/33 (14, 15). Our analysis confirmed efficient plasmino-
gen binding by cells expressing the A/WSN/33 NA (Fig. 3D). In
contrast, we failed to detect plasminogen capture by 1918 NA-
positive cells, which is in agreement with the notion that the
1918 NA harbors a glycosylation site incompatible with plas-
minogen recruitment (42). Moreover, the A/WSN/33 NA
failed to confer infectivity to 1918 HA-containing pseudotypes
in the absence of trypsin treatment (Fig. 3A). In conjunction
with the inability of purified human plasminogen or plasmino-
gen-containing FCS to appreciably activate 1918 HA by cleav-
age and to render the 1918 HA NA pseudotypes infectious
(Fig. 3B and C), these observations indicate that plasminogen
is likely not involved in 1918 HA cleavage-activation. Never-
theless, 1918 HA-expressing cells displayed robust plasmino-
gen binding activity (Fig. 3D). The significance of this finding
for 1918 influenza virus biology is at present unclear. One can
speculate, however, that influenza viruses might have evolved
several independent strategies to recruit plasminogen either to
ensure cleavage of HA or to facilitate a so far undiscovered
proteolytic cleavage event involved in influenza virus replica-
tion. In fact, a recent study revealed that plasminogen en-
hances the replication of several influenza A viruses and that
incorporation of annexin II into influenza virus particles pro-
motes conversion of plasminogen to its proteolytically active
form, plasmin (24). Collectively, our data suggest that the 1918
NA might allow trypsin-independent replication of the 1918
virus by recruiting a cellular protease other than plasminogen
or, maybe less likely, that NA facilitates HA activation by an
entirely different mechanism.

Lysates prepared from MDCK but not 293T cells activated
pseudotype infectivity, albeit with low efficiency, suggesting
that HA-activating proteases are expressed in the former but
not the latter cell line. The observation that pseudotype infec-
tivity for 293T and MDCK cells was not detectable in the
absence of spinoculation and was comparable upon spinocu-

lation (Fig. 2) indicates that the HA-activating protease de-
tected in MDCK lysates (Fig. 4) might not be present (or
active) in endocytic vesicles (and might thus be unable to
activate HA on incoming viruses) but might be recruited by
NA during transport in the secretory pathway or at the cell
surface. Unfortunately, production of pseudotypes in MDCK
cells was inefficient (data not shown), preventing us from in-
vestigating this hypothesis. The finding that MDCK lysates
were clearly less efficient in activating pseudotype infectivity
than trypsin suggests that insertion into an intact lipid mem-
brane or the integrity of a specific subcellular compartment
might be indispensable for efficient proteolytic processing of
HA. In any case, infectious 1918 influenza virus replicated in
MDCK cells with similar kinetics and, as reported previously
(45), peak titers in the presence and absence of trypsin (Fig. 5),
indicating efficient function of the activating protease in the
context of intact MDCK cells. Furthermore, efficient replica-
tion of the 1918 virus in Huh-7 hepatoma cells in the presence
but not in the absence of trypsin confirmed that the trypsin-
independent growth of the virus in non-lung cells is a cell
line-dependent phenomenon. This observation may have im-
plications for understanding the tissue tropism of the virus
which is primarily restricted to the respiratory tract in experi-
mentally infected animals (21, 45). Further investigation as to
the nature of the protease activity in MDCK cells is required,
as is the proof that this protease activity is present and can
facilitate virus spread in human cells.

It is believed that several proteases expressed in lung tissue
can facilitate influenza virus spread. However, the nature of
these HA-activating pulmonary proteases is incompletely un-
derstood. Böttcher and colleagues presented evidence that the
transmembrane serine proteases TMPRSS2 and HAT activate
the influenza viruses A/Memphis/14/96 (H1N1), A/Mallard/
Alberta/205/98 (H2N9), and A/Texas/6/96 (H3N2). Coexpres-
sion of TMPRSS2 also facilitated cleavage of the 1918 HA
independent of the presence of NA (Fig. 6A and B), and
similar results were obtained with TMPRSS4, for which
mRNA expression could be detected in human lung cells (Fig.
6A and B), suggesting that these proteases might support the
spread of influenza viruses in human lung. In contrast, 293T,
Huh-7, and MDCK cells were negative for TMPRSS4 tran-
scripts when analyzed by direct reverse transcription-PCR (sig-
nals were observed for Huh-7 and MDCK cells upon nested
PCR [data not shown]), indicating that these cell lines might
express no TMPRSS4 protein or very small amounts thereof.
These results are in agreement with the findings that infectivity
of viruses produced in 293T and Huh-7 cells is trypsin depen-
dent (Fig. 1 and 5) and that trypsin-independent virus spread
in MDCK cells requires NA-dependent recruitment of a so far
unidentified cellular protease (45) (note that TMPRSS2/
TMPRSS4 cleavage of the 1918 HA is NA independent) (Fig.
6A). Notably, cleavage of the 1918 HA by TMPRSS2 and
TMPRSS4 proteases resulted in HA1 products of slightly dif-
ferent sizes (Fig. 6A and B), a finding that needs further
investigation. One possible explanation might be that
TMPRSS2 cleaves the 1918 HA at the border between HA1

and HA2 and, in addition, in HA1, thereby producing an HA1

fragment exhibiting slightly faster gel migration than the re-
spective fragments produced by TMPRSS4 or trypsin cleavage.
In any event, this study identifies TMPRSS4 as a novel influ-
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enza virus HA-processing protease expressed in lung tissue
(Fig. 6C), and the impact of TMPRSS4, HAT, and TMPRSS2
on spread of the 1918 influenza virus and other influenza
viruses in vivo deserves assessment.
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