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Outbreaks of highly pathogenic H5N1 influenza viruses in avian species began in Asia and have since spread
to other continents. Concern regarding the pandemic potential of these viruses in humans is clearly warranted,
and there is an urgent need to develop effective vaccines against them. Previously, we and others demonstrated
that deletions of the M2 cytoplasmic tail caused a growth defect in A/WSN/33 (H1N1) influenza A virus in vitro
(K. Iwatsuki-Horimoto, T. Horimoto, T. Noda, M. Kiso, J. Maeda, S. Watanabe, Y. Muramoto, K. Fujii, and
Y. Kawaoka, J. Virol. 80:5233–5240, 2006; M. F. McCown and A. Pekosz, J. Virol. 79:3595–3605, 2005; M. F.
McCown and A. Pekosz, J. Virol. 80:8178–8189, 2006). We therefore tested the feasibility of using M2 tail
mutants as live attenuated vaccines against H5N1 virus. First we generated a series of highly pathogenic H5N1
(A/Vietnam/1203/04 [VN1203]) M2 cytoplasmic tail deletion mutants and examined their growth properties in
vitro and in vivo. We found that one mutant, which contains an 11-amino-acid deletion from the C terminus
(M2del11 virus), grew as well as the wild-type virus but replicated in mice less efficiently. We then generated
a recombinant VN1203M2del11 virus whose hemagglutinin (HA) gene was modified by replacing sequences at
the cleavage site with those of an avirulent type of HA (M2del11-HAavir virus). This M2del11-HAavir virus
protected mice against challenge with lethal doses of homologous (VN1203; clade 1) and antigenically distinct
heterologous (A/Indonesia/7/2005; clade 2) H5N1 viruses. Our results suggest that M2 cytoplasmic tail mutants
have potential as live attenuated vaccines against H5N1 influenza viruses.

In 1997, a highly pathogenic avian influenza virus (H5N1
subtype) was transmitted from chickens to humans in Hong
Kong, killing 6 of 18 people infected (7, 40). The recent H5N1
outbreaks in poultry, which began in late 2003, affected more
than 10 Asian countries, and viruses have now been isolated
from wild birds and poultry in Asia, Europe, and Africa (22,
47). The continued circulation of H5N1 viruses in birds pro-
vides ample opportunity for them to infect humans. Indeed,
human cases of H5N1 infections have been observed in several
countries since late 2003, with a total of 321 confirmed cases
and 194 fatalities as of 16 August 2007, resulting in a fatality
rate of approximately 60% (http://www.who.int/csr/disease/avian
_influenza/country/cases_table_2007_08_16/en/index.html). Con-
cern over the pandemic potential of H5N1 viruses is thus
clearly warranted. Although antiviral drugs, such as matrix
protein 2 (M2) (adamantanes) and neuraminidase (NA)
(oseltamivir and zanamivir) inhibitors, are currently avail-
able for prophylaxis and treatment of influenza virus infec-
tion, some of the H5N1 viruses isolated from humans are
resistant to the adamantanes (6, 15, 32). In addition, some
H5N1 viruses are resistant to oseltamivir (9, 21). Therefore,
there is an urgent need to develop effective vaccines against
the H5N1 viruses.

For the existing seasonal human influenza, both inactivated

virus vaccine and live attenuated virus vaccine are available. In
April 2007, the U.S. Food and Drug Administration (FDA)
announced the first approval of an inactivated vaccine for
humans against the H5N1 virus. However, the available data
indicate that inactivated H5 influenza vaccines are suboptimal
in their immunogenicity, and a large amount of hemagglutinin
(HA) glycoprotein or coadministration of an adjuvant is re-
quired to achieve an adequate immune response (4, 23, 28, 37,
46). To overcome the shortcomings of the current inactivated
influenza vaccine, several approaches have been tried, includ-
ing using live attenuated influenza viruses that can elicit both
systemic and mucosal immunity at the primary portal of infec-
tion.

The influenza A virus M2 protein consists of three structural
domains: a 24-amino-acid extracellular domain, a 19-amino-
acid transmembrane domain, and a 54-amino-acid cytoplasmic
tail domain (20, 50). The M2 transmembrane domain has ion
channel activity, which functions at an early stage of the viral
life cycle between the steps of virus penetration and uncoating
(13, 31). Recently, we and others reported that the M2 cyto-
plasmic tail domain also has an important role in viral assembly
and morphogenesis (16, 25, 26). Here, we demonstrate that an
M2 cytoplasmic tail deletion mutant protects mice from lethal
challenge with a highly pathogenic H5N1 virus, suggesting the
potential of M2 tail mutants as live attenuated vaccines against
H5N1 influenza virus infection.

MATERIALS AND METHODS

Cells. 293T human embryonic kidney cells and Madin-Darby canine kidney
(MDCK) cells were maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal calf serum and in minimal essential medium (MEM)
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containing 5% newborn calf serum, respectively. MDCK cells stably expressing
M2 from A/Puerto Rico/8/34 (H1N1) (M2CK cells) were cultured in MEM
supplemented with 10% fetal calf serum and 0.15 mg/ml hygromycin (16). All
cells were maintained at 37°C in 5% CO2.

Plasmid construction. The cDNA of A/Vietnam/1203/04 (VN1203) virus was
synthesized by reverse transcription of viral RNA with an oligonucleotide com-
plementary to the conserved 3� end of the viral RNA, as described by Katz et al.
(17). The cDNA was amplified by PCR with M gene-specific oligonucleotide
primers containing BsmBI sites, and PCR products were cloned into the pGEM
vector. The resulting construct was designated pGEM-VN1203M. After diges-
tion with BsmBI, the fragment was cloned into the BsmBI sites of the pHH21
vector, which contains the human RNA polymerase I promoter and the mouse
RNA polymerase I terminator, separated by BsmBI sites, resulting in pPolIUdM.
Plasmids derived from pHH21 for the expression of viral RNA are referred to as
“PolI” constructs throughout this report.

The M mutants were constructed as follows. pGEM-VN1203M was first am-
plified by inverse PCR (29) using the back-to-back primers M987stopF (5�-gtga
ATAGAATTGGAGTAAAAAACTACC-3�) and M987stopR (5�-tcaAAAATG
ACCATCGTCAACATCCAC-3�), M969stopF (5�-gtgaGATGGTCATTTTGT
CAACATAGAA-3�) and M969stopR (5�-tcaATCCACAGCACTCTGCTGTTC
CTG-3�), M936stopF (5�-gtgaCGGCAGGAACAGCAGAGTGCTG-3�) and
M936stopR (5�-tcaTTCCCTCATAGACTCAGGTACC-3�), M903stopF (5�-gtg
aGCAGGGGTACCTGAGTCTATG-3�) and M903stopR (5�-tcaAGGCCCTC
TTTTCAAACCGTA-3�), M870stopF (5�-CTTAAATACGGTTTGAAAAGAG
GGCCTGC-3�) and M870stopR (5�-tcactcaATAAATGCATTTGAAGAA
AAGACGATC-3�), and M783stopF (5�-TTGTTGTTGCCGCAAATATCAT
TGGG-3�) and M783stopR (5�-TtcactcaACTTGAATCGCTGCATCTGC-
3�). Nucleotide changes to introduce stop codons are indicated by lowercase
letters. The PCR products were then phosphorylated, self-ligated, propagated in
Escherichia coli strain DH5�, and then digested with BsmBI and cloned into the
BsmBI sites of the pHH21 vector. The resulting constructs were designated
pPolI-VN1203M2del5, pPolI-VN1203M2del11, pPolI-VN1203M2del22, pPolI-
VN1203M2del33, pPolI-VN1203M2del44, and pPolI-VN1203delM2, each of
which contained two stop codons at nucleotide positions 972 to 974, 939 to 941,
906 to 908, 873 to 875, and 786 to 788 of the M segment, which resulted in the
deletion of 5, 11, 22, 33, 44, and 70 residues from the C terminus of the M2
protein, respectively (Fig. 1). All of the constructs were sequenced to ensure that
unwanted mutations were not present.

Plasmid-driven reverse genetics. All of the viruses used in this study were
generated by the introduction of plasmids expressing eight viral RNA segments
and three polymerase proteins plus NP, as described by Neumann et al. (27). At
48 hours posttransfection, viruses were harvested and used to inoculate M2CK
cells for the production of stock viruses. The M genes of transfectant viruses were
sequenced to confirm the origin of the gene and the presence of the intended
mutations and to ensure that no unwanted mutations were present. All experi-
ments with live viruses and with transfectants generated by reverse genetics were
performed in a biosafety level 3 containment laboratory approved for such use by
the CDC and the U.S. Department of Agriculture.

Replicative properties of the transfectant viruses in cell culture. MDCK cells
were infected in duplicate wells of 24-well plates with the wild-type or mutant
viruses at a multiplicity of infection (MOI) of 0.001, overlaid with MEM con-

taining 0.5 �g of trypsin per ml, and incubated at 37°C. At select time points,
supernatants were assayed for infectious virus in plaque assays on M2CK cells
(16).

Experimental infection. Five-week-old female BALB/c mice, anesthetized
with isoflurane, were infected intranasally with 50 �l (100 PFU) of virus. Virus
titers in organs were determined 3 days after infection by use of MDCK cells, as
described previously (2).

Immunization and protection. BALB/c mice (4-week-old females) were intra-
nasally immunized with 100 or 1,000 PFU/50 �l of the M2del11-HAavir virus.
Three weeks later, four mice were sacrificed to obtain sera, trachea-lung washes,
and nasal washes. One month after vaccination, immunized mice were chal-
lenged intranasally, under anesthesia, with 3.8 � 102 PFU or 5 � 104 PFU of the
wild-type VN1203 or A/Indonesia/7/05 virus, which was equivalent to 100 50%
minimal lethal doses (MLD50) (dose required to kill 50% of infected mice),
respectively. To determine virus titers in mice, organ samples were harvested at
day 3 postchallenge and were homogenized and titrated on MDCK cells. The
remaining animals were observed for clinical signs and symptoms of infection for
14 days postchallenge.

Virus-specific antibody detection. Immunoglobulin G (IgG) and IgA antibody
titers were measured in sera, trachea-lung washes, and nasal washes of the
immunized mice by use of an enzyme-linked immunosorbent assay (ELISA)
(18). In this assay, the wells were coated with purified A/Vietnam/1194/05 virus
after treatment with 0.05 M Tris-HCl (pH 7.8) containing 0.5% Triton X-100 and
0.6 M KCl at room temperature for 1 h and then diluted in phosphate-buffered
saline (PBS). After incubation of virus-coated plates with test serum samples for
1 h, bound antibody was detected with a rabbit anti-mouse IgA (Kirkegaard &
Perry Laboratories Inc., Gaithersburg, MD) and a goat anti-mouse IgG (Boehr-
inger, Mannheim, Germany) conjugated to horseradish peroxidase. Neutralizing
antibody titers in serum samples of the immunized mice were also evaluated. The
sera were treated with receptor-destroying enzyme (Accurate Chemical and
Scientific Corp.) to destroy inhibitors of influenza virus replication. After inac-
tivation of the receptor-destroying enzyme by treatment at 56°C for 30 min,
VN1203 and A/Indonesia/7/05 viruses were each incubated with twofold serial
dilutions of serum (starting at a 1:10 dilution) at 37°C for 1 h. Viral infectivity was
determined by titration of the samples in a plaque assay on MDCK cells. The
neutralizing titer was defined as the reciprocal titer of serum required to neu-
tralize at least 50% of each virus.

RESULTS

In vitro growth properties of VN1203 viruses possessing M2
cytoplasmic tail deletion mutations. We first generated a series
of M2 cytoplasmic tail deletion mutants of a highly pathogenic
H5N1 (VN1203) virus by reverse genetics as described previ-
ously (27). Transfectant viruses were harvested at 48 h post-
transfection and used to inoculate M2CK cells to propagate
stock viruses. The stock virus titers were comparable to that of
the wild-type virus: 6.2 � 108 PFU/ml for VN1203M2del44, 6.8 �
108 PFU/ml for VN1203M2del33, 6.3 � 108 PFU/ml for
VN1203M2del22, 5.4 � 108 PFU/ml for VN1203M2dl11, 6.1 �
108 PFU/ml for VN1203M2del5, and 2.4 � 108 PFU/ml for the
wild-type virus. The only exception was VN1203delM2 (6.0 �
106 PFU/ml).

Next, we compared the growth properties of the VN1203 M2
tail mutant viruses with those of wild-type VN1203 virus in
MDCK cells (Fig. 2). MDCK cells were infected with viruses at
an MOI of 0.001, and their growth kinetics were monitored for
72 h. The VN1203M2del5 and -M2del11 viruses grew as well
as the wild-type virus. By contrast, the VN1203M2del22,
-M2del33, and -M2del44 viruses replicated less efficiently than
the wild-type virus (1,000 to 10,000-fold-lower growth). In par-
ticular, the VN1203delM2 virus, which lacks both the trans-
membrane and cytoplasmic tail domains, was significantly
growth restricted on MDCK cells (100,000-fold-lower growth
than the wild-type virus). These results are consistent with
previous findings that mutant viruses with deletions at the C

FIG. 1. Schematic representation of the M2 mutants. The M gene
was derived from a highly pathogenic H5N1 (VN1203) virus. The
mutants del5, del11, del22, del33, and del44 contain a 5-, 11-, 22-, 33-,
or 44-amino-acid (aa) deletion from the C terminus, respectively. The
mutant delM2 was constructed by deletion of 70 C-terminal residues,
including the entire transmembrane and cytoplasmic domains.
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terminus of the M2 tail grew less well in cell culture (16,
25, 26).

In vivo growth properties of VN1203 M2 tail deletion mu-
tants. To determine the virulence of our M2 tail mutants, we
examined their growth properties in mice. Mice were infected
with 100 PFU of M2 mutant or wild-type viruses. On day 3
postinfection, organs were taken from the infected mice for
virus titration. As shown in Table 1, the wild-type VN1203
virus replicated well in all organs examined. Mutants possess-
ing deletions of more than 22 amino acids were not recovered
from any of the infected mice. Of interest, replication of the
VN1203M2del5 and -M2del11 viruses was more than 1 log
lower in the lungs, 2 logs lower in nasal turbinates, and 2 logs
lower in the kidneys of infected mice than that of wild-type
virus. Moreover, no virus was detected from the brain samples
of mice infected with the VN1203M2del11 virus. These results
indicate that the VN1203M2del11 virus was attenuated in
mice, despite replicating as well as the wild-type virus in
MDCK cells.

Generation of a recombinant VN1203 virus that possesses
M2del11 and an avirulent HA. Since the VN1203M2del11
virus was attenuated in mice, we decided to test the feasibility
of using it for an H5N1 vaccine. To improve the safety of an
H5N1 virus vaccine, vaccine candidates should have multiple

attenuating mutations in the viral genes. We therefore intro-
duced mutations into the cleavage site of the VN1203M2del11
virus HA, a virulence determinant of influenza viruses in birds
and mammals (11, 19, 36). In general, low-pathogenicity vi-
ruses do not contain a series of basic amino acids at the HA
cleavage site (19, 35, 36), restricting cleavage and viral repli-
cation to a limited number of organs (i.e., these viruses cause
localized infections). By contrast, the HAs of highly pathogenic
H5N1 avian influenza viruses contain a series of basic amino
acids at this site (3, 10, 35, 39), which allow HA to be cleaved
not only by trypsin but also by ubiquitous cellular proteases
(14, 38), thereby allowing viral replication in a variety of or-
gans, including brain (i.e., these viruses cause systemic infec-
tions). To ensure the safety of our vaccine strains, we con-
structed a mutant HA in which the amino acid sequence at the
HA cleavage site, PQRERRRKKR/G, was converted to the
sequence in a typical avirulent avian virus, PQ—-RETR/G
(dashes indicate deletions). We then generated a recombinant
virus possessing this avirulent HA and M2del11 mutations
(designated M2del11-HAavir). Stock virus was amplified on
M2CK cells, and the virus titer was 2.0 � 106 PFU/ml.

Characterization of the recombinant M2del11-HAavir virus
in vitro and in vivo. To characterize the M2del11-HAavir virus,
we first examined its trypsin dependency in vitro. Plaque assays

FIG. 2. Growth kinetics of the M2 tail deletion mutant viruses in MDCK cells. MDCK cells were infected with the M2 tail deletion mutant
viruses at an MOI of 0.001. At the indicated times after infection, the virus titer in the supernatant was determined with M2CK cells. The values
presented are means from duplicate experiments. WT, wild type.

TABLE 1. Replication of M2 mutant viruses in mice

Virus

Virus titer (mean log10 PFU/g � SD) ina:

Lungs Nasal
turbinates Brains Spleens Kidneys

Wild type 8.41 � 0.09 6.66 � 0.85 5.02 � 1.56 7.48 � 0.48 6.23 � 0.82
VN1203M2del5 7.47 � 0.29 4.70 � 1.21 3.60, 3.51 5.54 � 0.85 3.90, 4.03
VN1203M2del11 7.30 � 0.45 4.06, 4.74 NDb 3.97 � 0.81 4.24
VN1203M2del22 ND ND ND ND ND
VN1203M2del33 ND ND ND ND ND
VN1203M2del44 ND ND ND ND ND
VN1203delM2 ND ND ND ND ND

a Mice were infected with 100 PFU of M2 mutant or wild-type virus. Organ samples were taken from mice at day 3 postinfection. Virus titers were determined with
M2CK cells. When virus was not recovered from all three mice, individual titers were recorded.

b ND, not detected.
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were performed on M2CK cells in the presence or absence of
trypsin. With the M2del11-HAavir virus, clear plaques were
visible only in the presence of trypsin, whereas the M2del11
virus formed plaques in both the presence and absence of
trypsin (data not shown).

Next, to investigate the virulence of the M2del11-HAavir
virus in vivo, mice were infected with various doses of the virus
and monitored for 14 days (Fig. 3). Even at a high dose (1 �
105 PFU), the virus did not kill any mice (the MLD50 was �105

PFU, compared to 2.1 PFU for the wild-type VN1203 virus
[data not shown]), although slight weight loss was observed
(Fig. 3). Mice infected with 100 or 1,000 PFU of the M2del11-
HAavir virus did not show any weight loss. We also examined
organ tropisms for the M2del11-HAavir virus in mice. As
shown in Table 2, the virus titers were 1 log lower in the lungs
of mice infected with 100 PFU of the M2del11-HAavir virus
than in those of mice infected with the wild-type virus. No virus
was detected in the other organs of M2del11-HAavir-infected
mice. Even in the mice infected with a high dose (1,000 PFU)
of M2del11-HAaivr, the virus was recovered only from the
lungs and nasal turbinates, indicating that virus replication was
restricted to the respiratory tracts. These results suggest that
the M2del11-HAavir virus was highly attenuated in mice.

Antibody responses of mice immunized with the M2del11-
HAavir virus. To test the efficacy of the M2del11-HAavir virus
as a vaccine, we intranasally immunized mice with 100 or 1,000
PFU of the M2del11-HAavir virus. Three weeks later, IgG and
IgA levels in sera, trachea-lung washes, and nasal washes of

immunized mice were measured by means of an ELISA (Fig.
4). Both IgG and IgA levels in trachea-lung washes were sig-
nificantly higher in mice immunized with the M2del11-HAavir
virus than in those treated with a PBS control, although there
was no significant difference between the antibody titers in
nasal washes from the vaccine group and the control group.
The IgA response was negligible in serum, regardless of the
dose of the mutant virus used for immunization, but IgG pro-
duction was clearly higher in mice inoculated with the
M2del11-HAavir virus. These data suggest that the M2del11-
HAavir virus elicited a significant antibody response in the
immunized mice.

To examine whether or not the antibodies detected by
ELISA contribute to neutralization of the H5N1 virus infec-
tivity, we tested the infectivity-neutralizing activity of the sam-
ples against VN1203 (homologous virus; clade 1) and A/Indo-

FIG. 3. Pathogenicity of a recombinant M2del11-HAavir virus.
Mice were infected with 100, 1,000, 10,000, or 100,000 PFU of the
M2del11-HAavir virus, and their body weights were monitored for 14
days. Data are reported as the mean changes in body weight � stan-
dard deviation (n � 3).

TABLE 2. Replication of M2del11-HAavir virus in mice

Dose (PFU/
mouse)

Virus titer (mean log10 PFU/g � SD) ina:

Lungs Nasal
turbinates Brains Spleens Kidneys

100 6.38 � 1.28 NDb ND ND ND
1,000 6.77 � 0.17 3.67 � 1.25 ND ND ND

a Mice were infected with 100 or 1,000 PFU of M2 del11-HAair virus. Organ
samples were taken from mice at day 3 postinfection. Virus titers were deter-
mined with M2CK cells.

b ND, not detected.

FIG. 4. Virus-specific serum and mucosal antibody responses in
mice immunized with the M2del11-HAavir virus. Samples from each
group were obtained 3 weeks postimmunization. IgG and IgA levels in
sera (A), lung washes (B), and nasal washes (C) from individual mice
were detected by ELISA. Values are expressed as the mean absor-
bance � standard deviation (n � 4) of undiluted samples (trachea-lung
and nasal washes) or of samples diluted 1:10 (sera). Differences be-
tween responses to PBS and the M2del11-HA virus were tested for
statistical significance by use of Student’s t test.
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nesia/7/2005 (Indonesia 7) (heterologous virus; clade 2), whose
HA homology is 96.5% at the amino acid level. Immunization
with 1,000 PFU of M2del11-HAavir virus did not elicit neu-
tralizing antibody efficiently, and the reciprocal titers of serum
required to neutralize 50% of VN1203 and Indonesia 7 were
only 31 and 23, respectively (data not shown). Moreover, no
neutralizing antibody was detectable in sera from mice immu-
nized with 100 PFU of M2del11-HAavir virus (data not
shown), indicating that only a limited level of neutralizing
antibody was elicited upon immunization of mice with the
M2del11-HAavir virus despite high levels of protection upon
lethal challenge and high levels of IgG detected by ELISA.

Protective efficacy of the M2del1-HAavir virus in mice. Mice
immunized with the M2del11-HAavir virus were challenged 1
month after immunization with 100 MLD50 of the wild-type
VN1203 virus (clade 1) or Indonesia 7 (clade 2). Unlike control
mice, all M2del11-HAavir-immunized mice survived a lethal
challenge with either of the highly pathogenic H5N1 viruses
(data not shown) and did not show any symptoms, including
weight loss, after the challenge. By contrast, all of the control
mice died or had to be euthanized due to their symptoms by
day 8 postchallenge (data not shown). We also determined the
virus titers in several organs of the mice challenged with the
VN1203 or Indonesia 7 virus (Table 3). High titers of viruses
were recovered from all organs of the control group. No virus
was detected from any of the organs in the M2del11-HA virus
vaccine group challenged with VN1203, though a limited
amount of virus was detected in the nasal turbinates of one of
the immunized mice challenged with the Indonesia 7 virus
(Table 3). Taking the results together, we conclude that the
M2del11-HAavir virus can confer protective immunity to mice
against lethal challenge with highly pathogenic H5N1 virus.

DISCUSSION

The influenza A virus M2 is a multifunctional protein. It has
ion channel activity in its transmembrane domain (31), which is
thought to function at an early stage of replication (acidifica-
tion of the virion interior) (13, 24, 41) and at a late stage
(protection of an acid-mediated conformational change of
cleaved HA) (12, 30, 44). In addition, its cytoplasmic tail is
important for viral assembly (16, 25, 26). In this study, we
generated a series of M2 tail deletion mutants and examined

their growth properties in vitro and in vivo. We found that
deletions of 5 or 11 amino acids from the C terminus of M2 did
not affect virus replication in cell culture but inhibited virus
growth in mice. We previously showed that even one amino
acid deletion from the M2 C terminus attenuated influenza
virus in ferrets (5). Those findings indicate that the M2 cyto-
plasmic tail has a vital role(s) in virus replication in animals
and that M2 tail mutants could be good vaccine candidates for
influenza virus infection. Here, we demonstrated that H5N1
M2del11-HAavir virus, which has an 11-amino-acid deletion
from the C terminus of its M2 protein and an avirulent HA,
protected mice from a lethal challenge with H5N1 viruses,
indicating its considerable potential as a live virus vaccine
against highly pathogenic H5N1 viruses.

Recently, Suguitan et al. tested the vaccine efficacy in mice
and ferrets of live attenuated, cold-adapted virus vaccine can-
didates that possess the modified avirulent type of HA and the
NA from H5N1 strains, together with the internal genes from
cold-adapted A/Ann Arbor/6/60 (H2N2) (42). They demon-
strated that a single dose of the vaccine protected animals from
lethality but did not fully protected them from replication of
the challenge H5N1 viruses, indicating limited efficacy for sin-
gle-dose vaccination of these cold-adapted viruses. This incom-
plete protection may stem from unmatched antigenicity be-
tween the internal proteins of the cold-adapted virus (i.e.,
derived from H2N2 virus) and the challenge virus. Here, we
showed that the M2del11-HAavir virus, whose eight genes are
derived from an H5N1 virus, protects mice almost completely
from replication of heterologous H5N1 virus as well as homol-
ogous virus (Table 3). Despite its complete protection, the
M2del11-HAavir virus did not elicit neutralizing antibody
against either homologous or heterologous viruses efficiently,
whereas it elicited high levels of antibodies detected by ELISA
(Fig. 4). Therefore, cytotoxic T-lymphocyte responses specific
to viral internal proteins that contain common cytotoxic T-
lymphocyte epitopes among influenza A viruses (i.e., NP and
M proteins) and mucosal immune responses may be responsi-
ble for the cross-protection observed in this study, as suggested
in a previous report (43). If a vaccine against pandemic influ-
enza is introduced only once a pandemic is imminent, all of the
eight genes of the vaccine candidates could be derived from the
pandemic strain to offer optimal protection to humans from

TABLE 3. Replication of challenge viruses in immunized mice at day 3 postchallenge

Challenge
virus Group

Virus titer (mean log10 PFU/g � SD) ina:

Lungs Nasal
turbinates Brains Spleens Kidneys

VN1203 PBS 7.83 � 0.46 6.11, 4.19 3.04 4.96 � 0.66 2.78, 4.27
M2del11-HAavir

100 PFU NDb ND ND ND ND
1,000 PFU ND ND ND ND ND

Indonesia 7 PBS 9.06 � 0.10 7.01 � 0.21 3.32 � 1.37 5.64 � 0.12 4.27 � 0.38
M2del11-HAavir

100 PFU N D ND ND ND ND
1,000 PFU ND 1.96 ND ND ND

a Three mice from each group were sacrificed on day 3 postchallenge for virus titration. When virus was not recovered from all three mice, individual titers were
recorded.

b ND, not detected.
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virus infection. To reduce the risk of the emergence of the
revertants, live attenuated virus vaccines should have multiple
attenuating mutations in the genes that encode their internal
proteins. NS1 mutant viruses are highly attenuated in mice
because they lack interferon antagonist activity while retaining
the ability to induce protective immunity against influenza
virus challenge (45). Hence, by combining a mutant NS1 pro-
tein with the M2 tail deletion mutants identified in this study,
an improved “master” influenza virus could be produced as a
first step in the production of safe live influenza vaccines.
Continued progress in understanding the functions of these
influenza virus proteins should allow the introduction of mul-
tiple mutations in live vaccine strains, in addition to those in
the HA, NS, and M genes, thereby reducing the likelihood of
the emergence of pathogenic revertant viruses.

For live attenuated H5N1 virus vaccines to be clinically use-
ful, the binding specificity of H5 HA for �-2,3-linked sialic acid
(SA) receptors, which are preferentially recognized by avian
influenza virus and rarely present in the upper respiratory tract
of humans (8, 33, 34), must be considered. To address this
problem, one could modify the H5 HA to alter its specificity
for SA receptors. Recently, we (48) and others (1, 49) have
determined specific amino acids in the avian H5 HA that alter
its receptor-binding specificity toward �-2,6-SA (human-type
receptor) recognition. This strategy may allow the generation
of a recombinant H5N1-based vaccine that recognizes human-
type �-2,6-SA receptors and efficiently replicates in the upper
respiratory tract in humans.
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