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For influenza viruses to become infectious, the proteolytic cleavage of hemagglutinin (HA) is essential. This
usually is mediated by trypsin-like proteases in the respiratory tract. The binding of plasminogen to influenza
virus A/WSN/33 leads to the cleavage of HA, a feature determining its pathogenicity and neurotropism in mice.
Here, we demonstrate that plasminogen also promotes the replication of other influenza virus strains. The
inhibition of the conversion of plasminogen into plasmin blocked influenza virus replication. Evidence is
provided that the activation of plasminogen is mediated by the host cellular protein annexin II, which is
incorporated into the virus particles. Indeed, the inhibition of plasminogen binding to annexin II by using a
competitive inhibitor inhibits plasminogen activation into plasmin. Collectively, these results indicate that the
annexin II-mediated activation of plasminogen supports the replication of influenza viruses, which may
contribute to their pathogenicity.

Influenza A viruses (IAV) can be discriminated based on
their surface glycoproteins, hemagglutinin (HA; 16 subtypes)
and neuraminidase (NA; 9 subtypes). All IAV subtypes are
present in aquatic birds, but only a few subtypes, such as H1N1
and H3N2, circulate in the human population. IAV in humans
are among the most common infectious pathogens and cause
annual outbreaks of respiratory tract infections. For the infec-
tion of a target cell by IAV, the cleavage of the precursor HA
molecule into the HA1 and HA2 subunits by trypsin-like pro-
teases is required (15). After entry into the cell, the virus
genome is released from the endosome following a low-pH-
dependent fusion event mediated by HA. This fusion occurs
only when HA is cleaved. Most of the strains have a single
arginine at the HA cleavage site, and these viruses can repli-
cate only in a limited number of tissues (17), mostly the upper
respiratory tract, due to the presence of extracellular proteases
at this site (4). The amino acid sequences encompassing the
cleavage site correlate with the virulence of the virus (32).
Indeed, the HA of highly pathogenic H5 and H7 pantropic
avian virus subtypes contain multiple basic amino acids (R-X-
R/K-R) at the junction of HA1 and HA2 that can be cleaved by
an intracellular subtilisin-type enzyme, such as furin. Dissem-
ination from the original site of infection is a virulence factor
for highly pathogenic IAV, and it was reported that H5N1
human infection can lead to a fatal clinical outcome without
signs of respiratory illness (1, 6, 35). Occasionally, viruses with
a cleavage site consisting of a single arginine replicate outside
the respiratory tract and cause mortality without signs of res-

piratory failure (34). In these cases, HA cleavage is essential
for viral pathogenicity and replication outside the respiratory
tract (15, 17, 31). IAV of the H3N2 subtype have been asso-
ciated with neurologic complications of infection, although the
underlying mechanism has not been elucidated (24). For the
A/WSN/33 strain (H1N1), it has been demonstrated that plas-
minogen (PLG), which is abundantly present in plasma (14),
can compensate for the absence of trypsin in vitro and in vivo
in mice (12, 13). The conversion of PLG into plasmin, which
possesses a trypsin-like protease activity, would provide an
alternative mechanism for the cleavage of the HA molecule
and, in mice, contribute to the dissemination of the virus and
efficient replication in the brain (12, 13). For this particular
strain, it was shown that the PLG binding activity was mediated
through its NA and that a carboxy-terminal lysine and the lack
of an oligosaccharide chain at position 146 of NA were essen-
tial for PLG binding (12, 13, 22). The aim of the present study
was to investigate whether IAV strains other than A/WSN/33
have the ability to use PLG for the proteolytic activation of
their HA. We report here that, in addition to influenza virus
A/WSN/33, other human and avian IAV strains, including
those of the H3 subtype, can use the conversion of PLG into
plasmin for their replication. Since these other viruses do not
have the specific carboxy-terminal lysine and do have an N-
linked glycosylation site at position 146 on their NA, they
cannot bind PLG through their NA and, thus, must have an
alternative way to bind and activate PLG. We report that
annexin II (A2), a host cellular protein that can bind and
activate PLG, is associated with purified IAV particles. Fur-
thermore, it was demonstrated that the presence of A2 in
influenza virus particles can indeed facilitate the conversion of
PLG into plasmin. Collectively, these results indicate that the
conversion of PLG into plasmin provides the protease activity
necessary for the cleavage of the precursor HA molecule and,
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thus, plays a role in the replication cycle and pathogenicity of
IAV. Since the cellular host protein A2 that is incorporated
into IAV particles can bind and activate PLG, this may be a
common mechanism used by influenza viruses. The conversion
of PLG into plasmin also may explain why some influenza
viruses can replicate outside the respiratory tract in humans.

MATERIALS AND METHODS

Virus strains, cells, antibodies, and reagents. The IAV A/WSN/33 (WSN/33;
H1N1), A/PR/8/34 (PR/8/34; H1N1), A/Udorn/72 (Udorn/72; H3N2) (gifts from
S. van der Werf, Pasteur Institute, Paris), and A/Turkey/Massachussets/65
(H6N2) (a gift from V. Jestin, AFSSA, Ploufragan, France) were used in the
present study. The Madin-Darby canine kidney (MDCK; ATCC CCL 34) cell
line was grown in minimum essential Eagle medium (EMEM; Cambrex, Bel-
gium) supplemented with 5% fetal calf serum (FCS; Perbio, France), 2 mM
L-glutamine, 100 IU/ml penicillin, and 100 �g/ml streptomycin. For Western blot
analyses, the following antibodies were used: anti-A2 (Santa Cruz Biotechnology,
Heidelberg, Germany), anti-ERK (Cell Signaling Technology, Saint Quentin,
France), anti-S100A10 (p11) (BD Biosciences, France), anti-NP (ATCC HB-65),
anti-VP3 (a gift from N. Eterradossi, AFSSA, Ploufragan, France), anti-PLG
(Kordia, The Netherlands), anti-NS1 (Santa Cruz Biotechnology, Heidelberg,
Germany), and horseradish peroxidase-coupled antibodies directed against
mouse, rabbit, or goat (P.A.R.I.S, Compiègne, France). Trypsin was purchased
from Becton Dickinson (Sparks, MD), and PLG, 6-aminohexanoic acid
(6-AHA), and lipoprotein(a) [Lp(a)] were from Sigma-Aldrich (Lyon, France).
For immunogold labeling, a rabbit anti-A2 antibody (Biodesign, Saco, ME) was
used.

Virus production. MDCK cells were seeded at a density of 2 � 107 cells per
150-cm2 tissue culture flask and infected with IAV at a multiplicity of infection
(MOI) of 10�3 in EMEM containing 1 �g/ml of trypsin. Two days postinfection,
the supernatant was harvested and clarified by low-speed centrifugation (15 min
at 3,600 � g and 4°C).

Virus purification. Viruses were concentrated 100-fold by ultracentrifugation
at 60,000 � g at 4°C for 105 min and resuspended in EMEM. Subsequently, they
were purified by centrifugation in a 20 to 60% sucrose density gradient, a 20 to
45% sucrose velocity gradient, or a 14 to 60% iodixanol density gradient (Opti-
prep-Nycomed) for 2 h at 80,000 � g at 4°C. In some experiments, the three
different techniques were used successively.

Virus composition analysis. Purified viruses were loaded onto 4 to 12% Nu-
Page Bis-Tris gels (Invitrogen). For protein identification by matrix-assisted laser
desorption ionization–time of flight (MALDI-TOF) analysis, gels were stained
with Coomassie brilliant blue (CBB), proteins were excised from the gels and
digested by trypsin, and proteins were identified. In parallel, proteins were
analyzed by Western blot analysis as previously described (2, 27).

Kinetics of virus replication and inhibition by 6-AHA. MDCK cells were
infected with influenza viruses at an MOI of 10�3 in EMEM supplemented with
0.2 �M PLG. At various time points postinfection, supernatants were collected
and virus titers were determined by plaque assay as previously described (28).
The inhibition of virus replication by 6-AHA was analyzed after the infection of
MDCK cells with IAV A/Turkey/Massachussets/65 or A/PR/8/34 at an MOI of
10�3 and A/Udorn/72 at an MOI of 10�5 in the presence of 10 �M PLG and
various concentrations of 6-AHA. At various times postinfection, samples were
collected and infectious virus titers were determined by plaque assay.

Inhibition of viral protein synthesis by 6-AHA using Western blot analysis.
MDCK cells were infected with IAV as described above in the presence of 5 �M
PLG with or without 6-AHA (30 mg/ml). Forty-eight hours after infection, cells
were lysed in lysis buffer (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA,
and 1% Triton X-100, vol/vol). Lysates were centrifuged at 14,000 � g for 40 min
at 4°C, and proteins of the supernatants were analyzed by Western blotting using
antibodies to NS1. The samples also were tested for the constitutive expression
of tubulin, which was included as a control.

Detection of cell binding of PLG by flow cytometry. MDCK cells were infected
as described above at an MOI of 10�1. Eighteen hours postinfection, infected
cells were incubated with human PLG in phosphate-buffered saline (PBS) (100
�g/ml) for 1 h at 4°C. Bound PLG was detected using goat anti-human PLG
antibody (Kordia) and fluorescein isothiocyanate-labeled anti-goat antibody
(Jackson ImmunoResearch) as previously described by flow cytometry analysis
(29, 30).

NA sequence alignment. The NA sequences of influenza A/Brevig Mission/
1/18 (H1N1), A/WSN/1933 (H1N1), A/Puerto Rico/8/34 (H1N1), A/Udorn/1972
(H3N2), and A/turkey/Massachussets/3740/1965 (H6N2) viral strains (accession

numbers AAF77036, AAA43397, NC_002018.1, AAA43419, and BAF48640,
respectively) were retrieved from the NCBI nucleotide database. Sequences
alignments were performed using the ClustalW server (http://www.ch.embnet.org
/software/ClustalW.html). Since the amino acid at position 146 is subject to
variability, the NA of the A/Puerto Rico/8/34 (H1N1) strain used in the present
study was sequenced and determined to correspond to accession number
NC_002018.1.

Immunogold labeling. The immunogold labeling of A2 was performed with
Optiprep gradient-purified virus particles of the A/Udorn/72 strain. Infectious
bursal disease virus (IBDV) was used as a negative control. These virions were
collected onto 300-mesh formwar-coated nickel grids and adsorbed on the grids
for 30 min. After being extensively washed with PBS, virions were fixed for 5 min
with a 1% paraformaldehyde solution. After being washed with PBS, immobi-
lized virions were incubated for 2.5 h with the A2-specific polyclonal antibody (50
�g/ml in PBS–1% bovine serum albumin [BSA]) or control rabbit serum, washed
two times for 3 min in PBS–1% BSA, and then incubated with goat anti-rabbit
immunoglobulin G coupled to 10 nm colloidal gold particles (Tebu, France) for
30 min. After being washed, virus particles were fixed for 10 min with 2.5%
glutaraldehyde in PBS and negatively stained using 1% water uranyl acetate for
1 min. Virions were examined with a Zeiss EM902 electron microscope operated
at 80 kV (Carl Zeiss, France), and images were acquired with a charge-coupled
device camera (Megaview III) and analyzed with ITEM software (MIMA2 plat-
form; INRA-CRJ, Eloı̈se, France). Since immunogold labeling affects the struc-
ture of IBDV, electron microcopy was performed to confirm the identity of the
structures as IBDV virions.

Conversion of PLG into plasmin by purified virus and inhibition experiments
with 6-AHA or Lp(a). Optiprep-purified IAV (106 infectious virions) were incu-
bated for 3 h at 37°C with 1 �M PLG (A/PR/8/34 and A/Turkey/Massachussets/
65) or 0.5 �M PLG (A/WSN/33 and A/Udorn/72) in the absence or presence of
various concentrations of 6-AHA (2, 10, or 20 mg/ml) or Lp(a) (10 or 20 �M).
Subsequently, PLG-to-plasmin conversion was tested by Western blot analysis
using a specific antibody directed against all forms of PLG and its degradation
products. As negative controls, purified IAV without PLG as well as purified
IBDV (a nonenveloped virus) were used. 6-AHA is an inhibitor of PLG activa-
tion, whereas Lp(a) is a competitive blocker for PLG binding to A2 (11, 14).

RESULTS

Plasminogen supports replication of several IAV strains.
The aim of our study was to investigate whether IAV strains
other than A/WSN/33 have the ability to use PLG for the
proteolytic activation of their HA. For this purpose, MDCK cells
were infected with IAV strains A/PR/8/34 and A/Udorn/72 at an
MOI of 10�3 in the presence of different concentrations of PLG.
After 24 h postinfection, infectious virus titers were determined
by plaque assays. As shown in Fig. 1A, PLG facilitated A/PR/
8/34 replication in a dose-dependent manner but at a lower
level than that of the A/Udorn/72 strain. Thus, strains other
than A/WSN/33 have the capacity to replicate in the presence
of PLG.

Since the average concentration of PLG in the serum is 2
�M (14), we performed growth kinetics experiments using 0.2
�M PLG. Thus, the levels of replication of IAV A/PR/8/34
(H1N1), A/Udorn/72 (H3N2), and A/Turkey/Massachussets/65
(H6N2) were compared to that of the A/WSN/33 strain in the
absence or presence of 0.2 �M PLG. Infectious virus titers in
the culture supernatants of infected MDCK cells were deter-
mined by plaque assay at various times postinfection. As shown
in Fig. 1B, PLG supported the replication of all of the strains
tested in a time course experiment, although the extent of
PLG-dependent virus replication was strain dependent. Under
our experimental conditions, the A/Udorn/72 (H3N2) strain
replicated more efficiently than the others, including the A/
WSN/33 strain.

Conversion of PLG into plasmin is necessary to support IAV
replication. Plasmin is the enzymatically active form of its
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precursor, PLG. Thus, we next investigated whether the con-
version of PLG into plasmin is required to support IAV rep-
lication. To this end, the effect of 6-AHA, an inhibitor of the
PLG-to-plasmin conversion of IAV replication, was deter-
mined. As shown in Fig. 2A, the PLG-dependent replication of
IAV A/PR/8/34, A/Udorn/72, and A/Turkey/Massachussets/65
was inhibited by 6-AHA in a dose-dependent fashion. The
inhibition of PLG activation by 6-AHA was specific, since it did
not affect the replication of IAV A/PR/8/34 in the presence of
trypsin (Fig. 2A, lower right). Thus, our results show that
plasmin generation from PLG is a replication-supporting fac-
tor used by several IAV strains.

The nonstructural protein NS1 is not incorporated into virus
particles but is synthesized intracellularly during influenza vi-
rus replication. To confirm that the conversion of PLG sup-
ports virus replication, the production of NS1 in PLG-treated
MDCK cells infected with IAV A/WSN/33, A/PR/8/34,
A/Udorn/72, and A/Turkey/Massachussets/65 in the presence
or absence of 6-AHA also was tested by Western blot analysis.
As shown in Fig. 2B, the nonstructural NS1 protein was de-
tected in IAV-infected PLG-treated cells. The addition of
6-AHA to the culture fully blocked the synthesis of NS1 in cells
infected with the respective viruses (Fig. 2B). The addition of

6-AHA did not affect the synthesis of the cellular protein
tubulin, which was included as a control.

Collectively, we confirmed that the conversion of PLG into
plasmin is needed to support IAV replication and viral protein
synthesis.

PLG binding motif on NA in IAV strains. Previously it was
demonstrated that PLG binds to the NA molecule of IAV
A/WSN/33 and that a carboxy-terminal lysine and the lack of
an oligosaccharide chain at position 146 determine this PLG
binding capacity (12). We compared the relevant NA se-
quences of A/PR/8/34, A/Udorn/72, and A/Turkey/Massachus-
sets/65 as well as all the other 7,311 NA sequences available to
date in PubMed or Swissprot databases (not shown) to that of
A/WSN/33 (Fig. 3A). Interestingly, only the NA sequence of
influenza virus A/WSN/33 fulfilled the minimal requirement
for binding PLG, which was previously characterized.

Next, we tested PLG binding to IAV-infected cells, which
was previously carried out by flow cytometry (12). First, our
results show that PLG already binds to uninfected MDCK cells
(Fig. 3B). MDCK cells infected with A/WSN/33 showed the
strongest PLG binding activity in terms of median fluorescence
intensity (Fig. 3B, lower right). This is in accordance with a
previous report that showed that A/WSN/33 NA, but not the
NA of other IAV, binds PLG on the cell surface of infected
cells (12). However, MDCK cells infected with A/PR/8/34,
A/Udorn/72, and A/Turkey/Massachussets/65 also showed an
increase in PLG binding compared to that of uninfected cells.
We concluded that A/WSN/33 displayed an increased binding
of PLG through its NA in addition to the binding of PLG to
infected cells by other means.

A2 is present in virus particles. Since the NA of IAV A/PR/
8/34, A/Udorn/72, and A/Turkey/Massachussets/65 are un-
likely to bind PLG, we wished to investigate how these viruses
can exploit PLG for their replication. Since it was shown that
the host cellular PLG receptor A2 is associated with purified
influenza virus particles (38), we hypothesized that A2 was
involved in PLG-dependent virus replication. In order to test
this hypothesis, IAV A/WSN/33, A/PR/8/34, A/Udorn/72, and
A/Turkey/Massachussets/65 were purified from culture super-
natants of infected MDCK cells. The resulting virions then
were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), and viral proteins were visual-
ized by CBB staining (Fig. 4A) and identified by MALDI-TOF
mass spectrometry analysis. In addition to the viral structural
proteins NP and M1, we detected A2, host cell-derived heat
shock protein, and actin in the purified virions. Thus, these
results confirm that A2 is present in purified IAV particles
(38).

In cells, A2 is found as a monomer (A2m) and as a het-
erotetramer (A2t) consisting of two A2 molecules and two
molecules of the protein S100A10 (p11), which is a member of
the S100 protein family (20). A2t is localized mainly in the
endosomes and the plasma membrane, while A2m is mainly
cytosolic (26). Thus, in order to investigate whether p11 also
was incorporated into IAV, proteins incorporated into purified
A/PR/8/34, A/WSN/33, A/Udorn/72, and A/Turkey/Massa-
chussets/65 viruses were probed by Western blotting with anti-NP
antibodies and antibodies to A2 and P11. The results con-
firmed the presence of A2 and p11 in all IAV strains tested in
addition to the viral structural protein NP (Fig. 4B). In

FIG. 1. PLG supports the replication of several IAV strains.
(A) MDCK cells were left uninfected (�) or were infected with IAV
A/PR/8/34 or A/Udorn/72 at an MOI of 10�3 in the absence or pres-
ence of various concentrations of PLG as indicated. After 24 h, infec-
tious virus titers were determined by plaque assay. (B) MDCK cells
were infected with A/WSN/33, A/PR/8/34, A/Udorn/72, and A/Turkey/
Massachussets/65 at an MOI of 10�3 in the presence of 0.2 �M PLG.
After the indicated times postinfection, the infectious virus titers in the
culture supernatants were determined by plaque assay. Results show
the mean values � standard deviations from three independent exper-
iments.
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contrast, the cytoplasmic protein extracellular signal-regulated
kinase (ERK) was not detected in the virions but was present
in lysates of control MDCK and A/PR/8/34-infected MDCK
cells, excluding a nonspecific incorporation of cellular proteins
into the virions. Interestingly, A2 runs as a doublet in infected
cells, which is not the case for uninfected cells, and we already
noticed that different forms of A2 appeared after IAV infec-
tion (data not shown). The potential role of these different
forms and/or posttranslational modifications in IAV pathoge-
nicity is under investigation in our laboratory. Purified IBDV,
a nonenveloped virus, was included as a negative control. The
structural viral protein VP3 was readily detected, but A2 and
p11 were not detected, indicating that IBDV particles did not
incorporate these cellular proteins and that contaminants of
cellular origin were not present. Collectively, these results
demonstrate that A2 and p11 are incorporated into IAV par-
ticles, most likely as the heterotetramer A2t.

To further confirm that A2 is associated with IAV particles

and is not a copurified contaminant of cellular origin, electron
microscopic immunogold labeling was performed on purified
virions by using an anti-A2 antibody. Immunogold staining
showed that A2 is associated with IAV but not IBDV virions,
which were used as a negative control (Fig. 5).

A2 associated with IAV converts PLG into plasmin. A2 is
not only a receptor for PLG and plasmin but also is a mediator
of the conversion of PLG into plasmin (14). Thus, in order to
demonstrate that A2 incorporated into IAV can bind PLG and
convert it into plasmin, purified virus preparations were incu-
bated with PLG; the conversion into plasmin was monitored by
Western blot analysis using an antibody that recognizes both
PLG and plasmin. As shown in Fig. 6A, the incubation of PLG
with all four purified influenza virus preparations tested re-
sulted in the formation of two different forms of plasmin by
purified virions (Fig. 6A). These two different forms of plasmin
were previously found in other studies (21). The virus prepa-
rations did not contain PLG or plasmin. Furthermore, purified

FIG. 2. Plasmin production is necessary for IAV replication. (A) MDCK cells were infected with IAV A/PR/8/34 at an MOI of 10�3,
A/Turkey/Massachussets/65 at an MOI of 10�3, and A/Udorn/72 at an MOI of 10�5 in the presence of 10 �M PLG (P) and in the absence or
presence of various concentrations of 6-AHA, as indicated. After the indicated times postinfection, the infectious virus titers in the culture
supernatants were determined by plaque assay. The specificity of the 6-AHA inhibitor was determined on MDCK cells infected with IAV
A/PR/8/34 (H1N1) at an MOI of 10�3. 6-AHA inhibits IAV replication in the presence of PLG (after 72 h) but had no effect when IAV were
produced in the presence of 1 �g/ml trypsin (after 24 h). (B) Western blot analysis of lysates from MDCK cells left uninfected (�) or infected with
the indicated IAV strains. Viral protein synthesis was assessed by Western blot analysis using the anti-NS1 antibodies and anti-tubulin as a control.
The concentrations of PLG and 6-AHA used were 5 �M and 30 mg/ml, respectively. Numbers at the right of the figure refer to the molecular
masses, in kilodaltons.
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IBDV particles that do not contain A2 also failed to convert
PLG into plasmin. The conversion of PLG into plasmin was
inhibited by the addition of 6-AHA (Fig. 6B). With 6-AHA,
only the formation of the low-molecular-weight protein was
inhibited in a dose-dependent fashion. Stoichiometrically, this
inhibition of plasmin formation coincided with the sustained

presence of PLG after the reaction in the presence of 6-AHA
(Fig. 6B).

We also used the inhibitor Lp(A), which binds to A2 and can
compete with PLG for binding to A2. As shown in Fig. 6C, the
addition of Lp(A) blocked the conversion of PLG into plasmin
by all four viruses tested, which demonstrated that A2 incor-

FIG. 3. PLG binding to NA on the cell surface. (A) Partial sequence alignments of the NA of the indicated IAV strains. Boxes illustrate the
amino acid at position 146 (top) and the carboxy-terminal amino acid residue (bottom). (B) MDCK cells were left uninfected (NI) or were infected
with the indicated IAV strains. WSN, A/WSN/33; PR, A/PR/8/34; Ud, A/Udorn/72; and Tu, A/Turkey/Massachussets/65. Twelve hours after
infection, cells were incubated with human PLG for 1 h, and flow cytometry analysis was performed to evaluate PLG binding to infected cells by
using an anti-PLG antibody (closed histogram) or an isotype control (open histogram). The quantification of the median fluorescence intensity of
PLG binding is shown in the bottom right panel.
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porated into influenza virus particles is involved in the conver-
sion of PLG into plasmin.

DISCUSSION

In the present paper, we have demonstrated that, in addition
to the IAV strain A/WSN/33 (12), other influenza virus strains
can use PLG for their replication. We also showed that the
cellular protein A2 is incorporated into the virus particles. The
presence of A2 in the virus particles provides the virus a means
to convert PLG into plasmin, which could act as an alternative
protease for the cleavage of the HA precursor molecule into
the HA1 and HA2 subunits. The plasmin activity may not only
contribute to enhancement of infectiousness of the virus but
also increase the invasiveness of the virus in vivo, since plasmin
also plays a role in the degradation of fibrin-rich extracellular
matrices in the context of physiological cell migration (19).
However, our results are laboratory observations, and further
research is required to demonstrate that the mechanism de-
scribed here plays a role in the invasiveness of IAV in vivo. The
NA of A/WSN/33 definitely contributes to the replication of
this strain in the presence of PLG, as described previously (12,
13), but whether it is indispensable or required for other in-

FIG. 5. A2 is associated with purified influenza virus particles.
Electron microscopic immunogold labeling was performed as de-
scribed in Materials and Methods by using A2-specific antibodies or
control rabbit serum as indicated. A purified IBDV preparation was
used as a negative control to demonstrate the specific staining of A2 in
the influenza virus particles. The insert in the bottom left shows an
electron micrograph of the IBDV preparation to confirm the identity
of virus particles seen after immunogold labeling. The bar is 60 nm.

FIG. 4. Host cellular PLG receptor A2 is associated with purified influenza virus particles. (A) IAV A/WSN/33, A/PR/8/34, A/Turkey/
Massachussets/65 (H6N2), and A/Udorn/72 were produced in MDCK cells and then purified by different techniques as described in Materials and
Methods (d, sucrose density purification; 2d, two successive sucrose density purifications; o, Optiprep purification; 2o, two successive Optiprep
purifications; v, sucrose velocity purification; and v�d, sucrose density purification followed by sucrose velocity purification). Virions then were
subjected to a 4 to 12% SDS-PAGE, followed by CBB staining. The main bands were excised from the CBB-stained gel and then were subjected
to MALDI-TOF analysis. The proteins identified, indicated at the left of the gel panel, are the following: heat shock protein 70 (H70), the viral
NP protein (NP), actin (Ac), A2, annexin I (A1), and viral matrix protein 1 (M1). (B) Proteins of the indicated purified IAV and IBDV virions
were separated in 4 to 12% SDS-PAGE, blotted onto nitrocellulose membranes, and probed with the anti-A2, anti-p11, anti-ERK, and anti-NP
antibodies as well as with an anti-VP3 IBDV monoclonal antibody. Aliquots of total proteins from MDCK cells left uninfected (�) or infected (�)
with the PR/8/34 IAV strain were used as controls. The numbers at the right of the figure refer to molecular masses, in kilodaltons.
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fluenza virus strains is a matter of debate. At present it is not
clear whether the binding of PLG by A2 plays a role in the
pathogenicity and tissue tropism of influenza viruses in vivo.
Epithelial cells express A2 (3), and whether influenza viruses
derived from these cells utilize the A2-PLG-dependent mech-
anism for their replication currently is under investigation in
our laboratory.

A2 is a cellular protein that promotes the formation of lipid
microdomains, which are necessary for the budding of virus
from infected host cells. The viral envelope of influenza viruses
is derived from the host cell plasma membrane, and thus it is
likely that enveloped viruses incorporate annexin, which is
present in the plasma membrane of the host cell from which
the viruses bud. We were able to detect A2, as well as actin, in
highly purified influenza virus preparations, which is in con-
cordance with results obtained by others (38). A2, which is a
member of the annexin protein family of Ca2�-dependent
membrane binding, also was associated with other enveloped
viruses, like cytomegalovirus and human immunodeficiency vi-

rus type 1 (5, 39). This suggests that the acquisition of A2 from
the host cell membrane is a property shared by many envel-
oped viruses. To further confirm that A2 is present in IAV
virions, immunogold labeling of the virus preparations was
performed. In purified IBDV preparations, neither A2 nor the
biological activity associated with A2 (the conversion of PLG
into plasmin) was detected, indicating that it is unlikely that
cellular contaminants were responsible for the detection of A2,
although we cannot rule out the presence of cellular contam-
inants completely, since immunogold labeling also was ob-
served not to be associated with virus-like particles. As indi-
cated above, A2 can bind PLG and convert it into plasmin (16).
Thus, the incorporation of A2 into IAV particles provides the
virus a way to use PLG as an alternative source of protease
activity to cleave its HA precursor molecule, which is essential
for the virus to become infectious. In addition, the capacity to
use PLG could allow replication outside of the respiratory
tract, as was demonstrated for the neurotropic influenza virus
A/WSN/33 in mice. Indeed, this virus was able to replicate

FIG. 6. Conversion of PLG into plasmin by purified IAV preparations. PLG was incubated (�) or left unincubated (�) at 37°C in presence
or absence (�) of the indicated purified IAV strains. Proteins of the mixture then were detected by Western blot analysis using an antibody
recognizing both PLG (�100 kDa) and plasmin (�55 kDa). (A) IBDV virions, used as a negative control, do not convert PLG into plasmin. The
numbers at the right of the figure refer to the molecular masses, in kilodaltons. (B) Inhibition of PLG conversion by the 6-AHA inhibitor.
(C) Inhibition of PLG conversion by the Lp(A) inhibitor.
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efficiently in vitro in the absence of trypsin but in the presence
of PLG. The efficient use of PLG was attributed to unique
features in the amino acid sequence of its NA (12, 13). It was
shown that other viruses, which failed to share the properties
of NA with influenza virus A/WSN/33, could not exploit PLG
for their replication. Our data are in contrast to these earlier
findings. We also demonstrated that influenza viruses that lack
a carboxy-terminal lysine and that do have an N-linked glyco-
sylation site at position 146 of the NA can replicate in a PLG-
dependent fashion. The discrepancy with the earlier findings
might be explained by the source of PLG that was used. Goto
and Kawaoka used FCS as a source of PLG, whereas we used
a commercially available well-defined purified PLG (11, 12).
Other factors in the composition of serum, like protease in-
hibitors, may have influenced the outcome of the experiments.
Furthermore, different batches of serum may contain different
concentrations of PLG. It is important to note that a concen-
tration of 0.2 �M PLG supported the replication of all influ-
enza virus strains tested, which is well below the physiologic
concentration of PLG (14). It is possible that IAV A/WSN/33
uses PLG more efficiently than, e.g., A/PR/8/34 and A/Udorn/
72, which could explain its high virulence in mice and its neu-
rotropism. However, the mouse model may not be the most
appropriate model to study the pathogenesis of human influ-
enza viruses (37, 43). The extent of PLG-dependent replication
varied for different IAV strains. In particular, influenza virus
A/Udorn/72 (H3N2) replicated well in the presence of PLG. It
is of interest that viruses of this subtype have been associated
more often with neurologic complications in humans than
other subtypes (24). However, only influenza virus A/WSN/33
was shown to be neurovirulent in mice (13). Also, the recently
isolated avian influenza viruses of the H5N1 subtype were
shown to be neurovirulent in mice (23). Apparently, other host
factors play a role in the pathogenesis and viral dissemination
(36). For example, in mice with congenital or acquired abnor-
malities of mitochondrial beta oxidation, infection with the
nonneurotropic H3N2 strain A/Aichi/2/68 leads to vascular
dissemination, encephalitis, and severe brain edema (40–42).
Other factors include the host immune response, since the fatal
outcome of IAV infections has been associated with hypercy-
tokinemia (7) and the dysregulation of the antiviral immune
response (18). Atypical host factors such as congenital plasmin
inhibitor deficiency (9) with elevated plasmin levels in the
blood could influence the pathogenesis of IAV infections.
Also, in other nonrespiratory diseases of IAV infections, like
Reye’s syndrome (25), encephalopathic syndrome (10), and
encephalopathic necrosis (33), PLG-dependent replication
may play a role.

It would be interesting to know whether there is a link
between the pathogenesis of IAV infections and the synthesis
of lipoprotein, which is present in human plasma in a wide
range of concentrations and as numerous different isoforms
(8). Both lipoprotein and PLG are synthesized in the liver. In
Reye’s syndrome, the replication of IAV is observed not only
in the brain but also in the liver and is characterized by the
accumulation of miniplasmin in the liver. More studies are
needed to better understand this influenza-related disease, the
role of PLG, and the potential beneficial effects of Lp(A) in its
pathogenesis.

Collectively, the data presented in the present study indicate

that certain influenza viruses can replicate in the presence of
PLG despite the lack of the PLG binding motif in the NA
described for IAV A/WSN/33 (12). The acquisition of the host
cellular protein A2 during the budding process provides the
virus an alternative way to bind PLG and to convert it into
plasmin, which can support influenza virus replication. The
differential capacity to use PLG for their replication may be
the basis of differences in the virulence of IAV or their ability
to disseminate from the initial site of infection to other tissues.
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