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a b s t r a c t
The emergence of highly pathogenic avian influenza H5N1 viruses has heightened global concern about
the threat posed by pandemic influenza. To address the need for a highly effective universal influenza
vaccine, we developed a novel M2-deficient single replication (M2SR) influenza vaccine virus and previously reported that it provided strong heterosubtypic protection against seasonal influenza viruses in
mice. In the current study, we assessed M2SR induced protection against H5N1 influenza in mice and ferrets.
Mice were intranasally inoculated with M2SR viruses containing the HA and NA from
A/Vietnam/1203/2004 (M2SR H5N1) or A/California/07/2009 (M2SR H1N1). All M2SR vaccinated mice
survived lethal challenge with influenza A/Vietnam/1203/2004 (H5N1), whereas 40% of mice vaccinated
with recombinant H5 HA and none of the naïve controls survived. M2SR H5N1 provided sterile immunity,
whereas low levels of virus were detected in the lungs of some M2SR H1N1 vaccinated mice. In contrast,
recombinant H5 HA vaccinated mice and naïve controls showed systemic infection.
M2SR H5N1 induced strong serum and mucosal antibody responses (IgG and IgA classes) against H5
HA, with high hemagglutination inhibition (HAI) titers. In contrast, while M2SR H1N1 elicited crossreactive antibodies recognizing the H5 HA2 stalk region or the neuraminidase, no HAI activity against
H5N1 virus was detected after M2SR H1N1 immunization.
Both M2SR H5N1 and H1N1 also protected ferrets against lethal challenge with A/Vietnam/1203/2004.
A prime–boost regimen provided optimal protection with no virus detected in the respiratory tract or
brain after challenge. As in the mouse model, only the M2SR H5N1 vaccine induced HAI antibodies
against the challenge virus in ferrets, while the M2SR H1N1 was able to provide protection without
the induction of HAI antibodies.
In summary, effective protection against highly pathogenic H5N1 influenza virus was provided by both
homologous H5N1 M2SR and heterologous H1N1 M2SR demonstrating the cross-protective attributes of
the M2SR platform.
Ó 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Abbreviations: av, avirulent; BAL, bronchoalveolar lavage; ELISA, enzyme-linked
immunosorbent assay; FCS, fetal calf serum; HA, hemagglutinin; HAI, hemagglutination inhibition; HEK, human embryonic kidney; M2SR, M2-deficient single
replication vaccine virus; M2CK, Madin-Darby canine kidney cells expressing M2
protein; MDCK, Madin-Darby canine kidney; MEM, minimal essential medium; NA,
neuraminidase; OD, optical density; PFU, plaque-forming unit; RDE, receptor
destroying enzyme; TCID50, 50% tissue culture infectious dose; TMB,
tetramethylbenzidine.
⇑ Corresponding author at: FluGen Inc., 597 Science Drive, Madison, WI 53711,
USA.
E-mail address: pbilsel@flugen.com (P. Bilsel).

1. Introduction
Highly pathogenic avian influenza A (H5N1) viruses are highly
contagious in wild birds and poultry and cause high mortality in
poultry flocks [1]. Human infections with these viruses are also
associated with severe illness and high mortality [2–4]. Currently
these viruses are not transmissible among humans via respiratory
droplets and infection normally only occurs after close contact
with infected birds, although rare human-to-human spread has

http://dx.doi.org/10.1016/j.vaccine.2017.06.039
0264-410X/Ó 2017 The Authors. Published by Elsevier Ltd.
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been documented [5]. However, research in animal models, mathematical modeling and surveillance data suggests that as few as
three to five amino acid substitutions in an A/H5N1 virus could
enable the virus to be transmissible between mammals by respiratory droplets and hence have a high pandemic potential [6–8].
Effective vaccines are needed to counter this serious threat.
We previously described a novel M2-deficient single replication
influenza vaccine virus (M2SR), which was able to provide strong
cross-protective immunity against seasonal influenza A strains
[9]. M2SR is able to infect cells, undergo a single round of replication and express all viral proteins except M2. The virus is produced
in cell culture, using M2-complementing cells. This avoids many of
the possible problems associated with influenza vaccine production in eggs, which, in the case of an avian influenza pandemic,
might include a shortage of eggs due to decimation of poultry
flocks. The vaccine induced strong systemic and mucosal antibody
and virus-specific T cell responses. It also provided effective protection against both homologous and heterologous seasonal influenza A strains. In the current study, we investigated whether M2SR
(homologous or heterologous) vaccines could also provide protection against H5N1 highly pathogenic avian influenza viruses.

2. Materials and methods
2.1. Cells and viruses
293T HEK (ATCC CRL-3261), MDCK (ATCC CCL-34 or Sigma) and
M2CK (MDCK cells that stably express the influenza A M2 protein
[10]) cells were maintained in DMEM (Thermo Fisher Scientific,
Gibco, Waltham, MA, USA) for 293T and in MEM (Thermo Fisher
Scientific, Gibco, Waltham, MA, USA) for MDCK and M2CK supplemented with 10% FCS (Omega Scientific, Tarzana, CA, USA). Cells
were maintained at 37 °C in 5% CO2.
M2SR virus (an M2-deficient recombinant influenza virus) was
generated using a plasmid rescue system described previously
[9,11]. The six internal genes of M2SR are derived from A/Puerto
Rico/8/1934 (PR8, H1N1) [9]. M2SR H5N1 is an M2SR virus
expressing the avirulent HA and NA of influenza A/Vietnam/1203/2004 (H5N1). The multibasic amino acids at the cleavage site of the HA of M2SR H5N1 were removed; providing an
additional safety factor to the M2 deletion in M2SR. M2SR H1N1
is a M2SR virus expressing the HA and NA from influenza A/California/07/2009 (H1N1). M2SR viruses were prepared and titrated in
M2CK cells.
Influenza A/Vietnam/1203/2004 (H5N1) (VN1203) (kindly provided by Richard Webby, St. Jude Children’s Research Hospital,
Memphis, TN) was grown in embryonated eggs. Influenza A/California/07/2009 NYMC X-179A (H1N1) virus was obtained from
Influenza Reagent Resource.
All experiments with wild-type VN1203 were conducted in
enhanced BSL3 laboratories at the University of WisconsinMadison and the IIT Research Institute.

2.2. Animals
Seven to 8 week-old female BALB/c mice (Envigo, Madison, WI)
and 5 month-old male ferrets (Triple F Farms, Inc., Sayre, PA, USA)
were used. Ferret serum samples were tested to ensure that animals had not been exposed to influenza, prior to initiating the
study. All animal study protocols were approved by the FluGen,
University of Wisconsin-Madison, or IIT Research Institute Institutional Animal Care and Use Committees and all experiments were
performed in accordance with the National Institute of Health
guidelines for the care and use of laboratory animals.

2.3. Mouse infection and sampling
Groups of 11 BALB/c mice were immunized intranasally with
either a single dose of 106 TCID50, two doses 28 days apart of 106
TCID50 M2SR H5N1 or two doses 28 days apart of 106 TCID50
M2SR H1N1. Additional groups were immunized with 2 doses of
1.5 lg/mouse H5 HA protein (Immune-Technology Corp., New
York, NY, USA) intramuscularly or 2 doses intranasally of medium
alone, as mock vaccination. Six weeks after boosting, serum and
BAL were collected from three mice per group and anti-H5 HA
IgG and IgA binding antibody titers and anti-H5N1 HA inhibition
titers were determined by ELISA and by HAI assay, respectively,
as previously described [9]. Twenty weeks after boosting, mice
were challenged by lethal dose (20 MLD50) of VN1203 and body
weight and survival were monitored for 16 days. On day 4 postchallenge, organs were collected from 3 mice per group and virus
titers were determined by TCID50 assay in MDCK cells as previously
described [12].
2.4. Ferret infection and sampling
Groups of 12 ferrets were inoculated intranasally with either a
single dose of 108 TCID50 of M2SR (either H5N1 or H1N1) or 2
doses of 107 TCID50 M2SR (either H5N1 or H1N1) 28 days apart.
Control groups of ferrets were mock-immunized with PBS intranasally. All ferrets were challenged with a 106 PFU of wild-type
VN1203 virus on day 56 after priming or on day 28 after boosting.
Ferret body weight, body temperature and clinical symptoms were
monitored for 14 days after challenge. Nasal washes were collected
from ferrets (9 per group) on days 1, 3, 5 and 7 after challenge. On
Day 4 post-challenge, ferrets (3 animals per group) were euthanized and organs were collected for virus titer determination. Virus
titers in nasal washes or organ homogenates were determined by
TCID50 assay in MDCK cells as previously described [12].
2.5. Western blotting
Recombinant HA1 (comprised of amino acids 1–345) and HA2
(comprised of amino acids 366–531) proteins of A/Vietnam/1203/2004 (H5N1) (Immune Technology Corp., New York, N.
Y.) were separated by polyacrylamide gel electrophoresis, blotted
on PVDF membrane and probed with sera from immunized or control mice, followed by HRP-conjugated anti-mouse IgG (Kirkegaard
& Perr Laboratories Inc., Gaithersburg, MD). Bands were visualized
using TMB membrane peroxidase substrate (KPL, Gaithersburg,
MD).
3. Results
3.1. M2SR vaccines elicit both humoral and mucosal antibody
responses in mice
Mice were intranasally inoculated with one (prime only) or two
doses (prime-boost) of M2SR H5N1, two doses of M2SR H1N1, two
doses of recombinant H5 HA protein from VN1203, intramuscularly, or media control administered intranasally. Anti-H5 HA IgG
and IgA were detected in both serum and BAL of all M2SR H5N1vaccinated mice (Fig. 1A), while M2SR H1N1 and recombinant H5
HA induced lower levels of antibody. The functional activity of
these antibodies was determined using an HAI assay. M2SR
H5N1 vaccination induced high H5 HAI titers, whereas recombinant H5 HA and M2SR H1N1 did not elicit HAI activity against
H5 HA (Fig. 1B). These results demonstrate that M2SR vaccines elicit both systemic and local mucosal immunity; including HAI antibodies, a surrogate for neutralizing antibodies.
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A. Anti-H5 ELISA Titer

B. Anti-H5 Hemagglutination Inhibition (HAI) Titers
Vaccine
M2SR H5N1
M2SR H5N1
M2SR H1N1
H5 HA protein
Mock

# Doses
2
1
2
2
2

Anti-H5N1 HAI titer
160
20
<10
<10
<10

C. M2SR H1N1 Induces Antibodies to HA2 of H5N1
MW HA1 HA2 MW HA1 HA2

MW HA1 HA2 MW HA1 HA2

98kDa
62kDa
49kDa
38kDa
28kDa
M2SR H5N1

M2SR H1N1

Rec H5 HA

Mock

Fig. 1. M2SR vaccines elicits strong humoral and mucosal antibody responses. A: BALB/c mice were immunized as described in Section 2 and serum and trachea-lung washes
were collected from 3 mice per group, 6 weeks after the last immunization. Anti-H5 HA immunoglobulin G (IgG) and IgA levels were measured by ELISA. Endpoint antibody
titers (mean ± SD) are given as the reciprocal of the dilution determined by the least squares method giving an OD reading of 0.3 at 450 nm. Detection limits were 102 for
serum IgG, 101 for serum IgA, and 100 for Lung IgG and IgA. The serum IgG and lung IgA titers for the mock group were below limit of detection (indicated by <). Asterisks
indicate titers that are significantly different from those of control mice (Student’s t test): ** p < 0.001; # p < 0.01; * p < 0.05. B: Serum samples were collected from immunized
mice 3 weeks after the last dose. HAI titers against M2SR-H5N1 virus were determined for pooled RDE-treated sera per group. The detection limit was 10. C: Recombinant
HA1 (amino acids 1–345) and HA2 (amino acids 366–531) proteins of A/Vietnam/1203/2004 (H5N1) (Immune Technology Corp.) were blotted onto a PVDF membrane along
with molecular weight markers (MW). Identical membranes were probed with sera from mice immunized with M2SR H5N1 2 doses, M2SR H1N1 2 doses, recombinant H5 HA
protein 2 doses, or vehicle alone (mock) and detected using HRP-labeled anti-mouse IgG.

3.2. H1N1 M2SR elicits cross-reactive antibodies in mice that recognize
the H5 HA2
Recently, antibodies to the highly conserved stalk region, HA2,
of the HA have been demonstrated to have broad neutralizing ability and, therefore, ‘universal’ properties [13–17]. To determine
whether M2SR induces antibodies to HA2, sera was collected
3 weeks after boosting from the mice immunized above, and were
analyzed by Western analysis for reactivity against H5N1 HA1 or
HA2. Recombinant H5 HA1 (head region) and HA2 (stalk region)
were separated by gel electrophoresis and analyzed by Western
blot for reactivity with sera from M2SR H5N1, M2SR H1N1, recombinant H5 HA or mock-immunized mice. As expected, the sera
from mice vaccinated with the homologous M2SR H5N1 recognized both proteins, whereas sera from mice vaccinated with
M2SR H1N1 did not recognize the H5 HA1 but did bind to the H5
HA2 protein (Fig. 1C). In contrast, sera from recombinant H5 HA
vaccinated mice did not react with HA2 supporting previous observations that inactivated or subunit vaccines are not strong inducers
of stalk antibodies [18].
3.3. M2SR elicits cross-reactive neuraminidase antibody responses
Sera collected six weeks after the last immunization were analyzed for anti-N1 neuraminidase antibodies by ELISA. M2SR H1N1
viruses and M2SR H5N1 viruses elicited similar levels of IgG antibodies against the influenza N1 neuraminidase, whereas control
mice showed no antibody to N1 (Supplementary Fig. 1).
3.4. M2SR vaccines protect mice against lethal A/Vietnam/1203/2004
(H5N1) challenge
The protective efficacy of M2SR vaccine was evaluated by challenging the immunized mice with a lethal dose (20MLD50) of
VN/1203 (H5N1) at 20 weeks post-vaccination. Mice were
observed for 16 days and weighed daily. None of the mice immu-

nized with M2SR H5N1 (one or two doses) lost any weight or displayed any clinical symptoms (Fig. 2A). The mice vaccinated with
M2SR H1N1 lost on average <5% body weight and did not exhibit
any clinical symptoms. (Fig. 2A). The group of mice vaccinated with
recombinant H5 HA protein lost on average 15% body weight,
appeared extremely weakened and two mice exhibited neurological symptoms (Fig. 2A and data not shown), while the control mock
group lost more weight and were extremely weakened, resulting in
euthanasia. All M2SR immunized mice, including single dose
homologous and two dose heterologous, survived challenge
(Fig. 2B); thus vaccination with M2SR H1N1 provided complete
protection against lethal H5N1 virus challenge. In contrast, all control mock-immunized mice, and more than half of the group
immunized with recombinant H5 HA, succumbed to challenge.
In addition, M2SR H5N1 provided sterile immunity as demonstrated by the lack of virus recovered from mouse organs harvested
on day 4 (Table 1) after challenge. Mice vaccinated with either one
or two doses of M2SR H5N1 did not have any detectable virus in
any organ, in contrast to the mock-immunized control mice, which
showed extensive systemic spread of the virus. There was virus in
the lungs of two mice vaccinated with the M2SR H1N1 (heterologous HA) vaccine while one mouse did not have any detectable
virus in any organ. In contrast, in the comparator vaccine group,
vaccination with recombinant H5 HA allowed for systemic infection, although less extensive than in the control group.
3.5. M2SR vaccines protect ferrets against A/Vietnam/1203/2004
(H5N1) challenge
Ferrets were inoculated intranasally with either M2SR H5N1 or
M2SR H1N1 vaccine in a prime-boost regimen (107 TCID50 dose) or
a single dose of 108 TCID50. Control groups were mock-immunized
with PBS alone. None of the animals exhibited any adverse clinical
effects during the immunization period. On day 56, the ferrets
were challenged with a lethal dose (106 PFU) of VN1203 and evaluated for body weight loss, clinical symptoms and fever for
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A. Mouse Weight Loss after VN1203 (H5N1) Challenge
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B. Mouse Survival after VN1203 (H5N1) Challenge
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M2SR H5N1, 1 dose

60
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Fig. 2. M2SR vaccines protect mice against lethal A/Vietnam/1203/2004 (H5N1) challenge. Mice were immunized as described in Section 2. Twenty weeks after the final
vaccination, animals were intranasally challenged with a lethal dose of influenza A/Vietnam/1203/2004 (H5N1) and weight loss (A) and survival (B) were monitored for
16 days. Asterisks indicate results that are significantly different from those of the mock control group: *** p < 0.001; ** p < 0.01; * p < 0.05. Weight loss was analyzed using a
paired t test and survival curves were compared using the Mantel-Cox Log-rank test.

Table 1
Virus titers in mouse organs after influenza A/Vietnam/1203/2004 challenge.
Virus titersa in

M2SR H5N1, 2 doses, IN
M2SR H5N1, 1 dose, IN
M2SR H1N1, 2 doses, IN
Recombinant H5 HA protein, 2 doses, IM
Mock, 2 doses, IN

Lungs

NT

Brain

Heart

Spleen

Liver

Kidney

Pancreas

Colon

–b
–
4.6, 5.1
5.9 ± 1.1
6.3 ± 0.5

–
–
–
–
4.5

–
–
–
–
2.6

–
–
–
5.0, 3.9
4.8, 4.8

–
–
–
3.7
4.4 ± 1.1

–
–
–
–
2.4

–
–
–
–
2.9, 3.6

–
–
–
–
–

–
–
–
–
–

a
Organs were collected from 3 mice per group on day 4 post-challenge. Organs were homogenized in 0.5 mL (lungs, nasal turbinates, heart, spleen, liver, kidneys, pancreas,
and colon) or in 1 mL (brain) of 0.3% BSA-MEM, and titrated in MDCK cells. Titers are shown in log PFU/g, average ± SD or individual organ titers if not all mice had titers.
b
–: Below detection limit, 1 PFU/100 lL.

14 days. Nasal washes were collected on days 1, 3, 5 and 7 post
challenge from nine ferrets in each group for viral titer determination. Four days post challenge (Day 60), lungs, trachea, nasal turbinates, brain and olfactory bulb were collected for viral titers from
three ferrets per group.
Weight loss after challenge was significantly reduced for all
M2SR vaccinated groups compared to the control group (Fig. 3A).
Furthermore, clinical illness scores showed that the mock control
group displayed the greatest morbidity while the M2SR H1N1 vaccinated groups had minimal and the H5N1 vaccinated groups had
no illness scores (Supplementary Fig. 2). All mock control ferrets
exhibited inappetance, diarrhea, and lethargy after challenge
(Supplementary Table 1). In contrast, the group of ferrets

vaccinated with M2SR H5N1 (one or two doses) had fewer animals
exhibiting inappetence, diarrhea or lethargy than the mock control
group. Ferrets vaccinated with a single dose of M2SR H5N1 showed
more clinical symptoms than the prime-boost regimen. Animals
vaccinated with M2SR H1N1 showed more clinical symptoms than
those vaccinated with M2SR H5N1 for both prime and prime-boost
regimens, although all vaccine regimens were effective in preventing lethality (Fig. 3B).
In addition, while all groups showed elevated temperatures on
Day 1 after challenge, ferrets vaccinated with M2SR H5N1 vaccines
had the lowest increases in body temperature (0.7 °C and 0.9 °C,
respectively, for two 107 TCID50 dose and single 108 TCID50 dose
regimen), with body temperature in both groups returning to
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A. Ferret Weight Loss after H5N1 Challenge

B. Ferret Survival after H5N1 Challenge
100

M2SR H5N1, 2 doses **

***
***
***
**
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Mock

0
0

2

4

6

8

10

12

14

0

2
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C. Virus Titers in Ferret Nasal Washes after H5N1 Challenge
7

M2SR H5N1, 2 doses
*

6

Log TCID 50 /mL

4

***

***

5

M2SR H5N1, 1 dose
M2SR H1N1, 2 doses

***
***

***

***

M2SR H1N1, 1 dose

3
2

Mock

1
***

***

1

***

3

***

***

5

***

***

7

Days Post-Challenge
Fig. 3. M2SR vaccines protect ferrets against A/Vietnam/1203/2004 (H5N1) challenge. Ferrets were vaccinated as described in Section 2 and challenged with A/Vietnam/
1203/2004 (H5N1) 4 weeks after the last immunization. A: Body weight changes for 14 days after challenge. B: Ferret survival for 14 days after challenge. C: Nasal washes
were collected from 9 ferrets per group on days 1, 3, 5, and 7 post-challenge. Virus loads in the samples were determined by 50% tissue culture infection (TCID50) method in
MDCK cells. Virus titers per mL in nasal washes from individual ferrets are plotted. Shadow bars are mean titers for group at indicated time-point and error bars are SD. The
detection limit of the assay (horizontal dashed line) was 1.5 log10 TCID50/mL. Asterisks indicate results that are significantly different from those of the mock control group:
***
p < 0.001; ** p < 0.01; * p < 0.05. Weight loss was analyzed using a Paired t test, survival curves were compared using the Mantel Cox Log-rank test and virus titers in nasal
washes were compared using a t test.

Table 2
Virus titers (log TCID50/g) in ferret organs after influenza A/Vietnam/1203/2004 challenge.
Vaccine

M2SR
M2SR
M2SR
M2SR
Mock

H5N1
H5N1
H1N1
H1N1

Dose (TCID50/ferret)

107
108
107
108
N/A

# doses

2
1
2
1
2

Lungs
Left caudal

Right caudal

Left cranial

Right cranial

–a
–
–
4.8, 4.3
6.3, 4.8

–
–
–
6.3
3.0

–
–
–
2.8
4.5 ± 0.9

–
–
–
–
3.8, 3.8

Trachea

Nasal turbinates

Olfactory bulb

Brain

–
–
–
4.8, 2.3
5.5 ± 0.3

–
–
4.8, 3.8
5.1 ± 1.3
5.8 ± 0.9

–
2.3
2.3
2.3, 2.5
4.4 ± 1.0

–
–
–
–
4.8, 3.5

Ferret organs were harvested on day 4 post-challenge (N = 3). The amount of infectious virus in organs was determined by TCID50 assay in MDCK cells. TCID50 titers were
calculated using the method of Reed-Muench. Titers are shown in log TCID50/g, average ± SD or individual organ titers if not all ferret had titers.
a
–, Virus not detected.

baseline by day 2 (Supplementary Table 2). M2SR H1N1vaccinated ferrets had an increase in body temperature of 1.5 °C
(108 TCID50 dose) and 1.1 °C (107 TCID50 dose) which remained elevated on day 2. In contrast, the control ferrets (mock) displayed the
highest increase in body temperature (2.0 °C) on day 1 which
remained elevated on day 2 and did not return to baseline until
day 8 post-challenge.
Following challenge, the prime-boost regimen with M2SR H5N1
(107 TCID50 dose) demonstrated 100% survival (Fig. 3B), signifi-

cantly reduced upper respiratory tract virus shedding (Fig. 3C)
and suppressed virus spread to organs (Table 2). The prime only
regimen with M2SR H5N1 (108 dose TCID50) led to 88% survival
(Fig. 3B), with significantly reduced upper respiratory tract virus
shedding (Fig. 3C) and limited spread to organs (Table 2). The
prime-boost regimen with M2SR H1N1 (107 dose) led to 88% survival and restricted virus replication in the upper respiratory tract
and dissemination to the olfactory bulb. Viral shedding was also
significantly reduced in this group. Survival of 88% was also
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A. Anti-H5N1 HAI Titers

B. Anti-H1N1 HAI Titers

160

***

160
***

M2SR H5N1, 2 doses

***

80

M2SR H5N1, 1 dose

80

M2SR H1N1, 2 doses

HAI Titer

HAI Titer

***

40
20
10

40

M2SR H1N1, 1 dose

20

Mock

10

Day 49 Post-Vaccination

Day 49 Post-Vaccination

Fig. 4. HAI titers in ferret serum after M2SR vaccination. Serum samples were collected from immunized ferrets 49 days after the first dose or 21 days after boost dose. HAI
titers were determined for individual RDE-treated sera. Horse red blood cells and Turkey red blood cells were used for M2SR H5N1 (A) and influenza A/California/07/2009
NYMC X-179A (H1N1) (B), respectively. The HAI assay detection limit was 10 indicated by a dashed line. Asterisks indicate results that are significantly different from those of
the mock control group (Student’s t test): *** p < 0.001; ** p < 0.01.

observed in the single dose M2SR H1N1, 108 group (Fig. 3B). However, virus was isolated from the lungs, trachea, nasal turbinates in
this group (Table 2) but dissemination of virus to the olfactory
bulbs was less than the mock controls. Viral shedding was significantly reduced from day 5 onwards in this group. In contrast, survival in the mock-immunized control group was 44%, with high
virus titers in the lungs, trachea, nasal turbinates, olfactory bulb
and brain at day 4. All surviving animals in the control group continued to shed virus at day 7 after challenge (Fig. 3C), whereas viral
shedding had ceased in all vaccinated groups by this time-point.
None of the M2SR vaccinated animals had any virus detected in
the brain in contrast to the mock-vaccinated animals.
3.6. M2SR induces HAI antibodies in ferrets
Sera from vaccinated and control ferrets were evaluated in an
HAI assay using either H5N1 or H1N1 viruses. Sera from ferrets
vaccinated with either 1 or 2 doses of M2SR H5N1 prevented
hemagglutination by H5N1 virus, but not by H1N1 virus (Fig. 4).
Conversely, sera from ferrets vaccinated with 1 or 2 doses of
M2SR H1N1 had high HAI titers against H1N1, but not against
H5N1 influenza (Fig. 4). HAI titers for sera from control ferrets
were below the detection limit for both assays. These results show
that M2SR H1N1 was able to confer protection against H5N1 virus
in the absence of H5 HAI antibodies.
4. Discussion
Due to the high pathogenicity of H5N1 influenza viruses and the
possibility that they could mutate to forms with pandemic potential, there is an urgent need for an effective vaccine that could offer
broad-spectrum immunity to these viruses. We previously
described a novel influenza vaccine M2SR that could provide effective heterosubtypic protection against seasonal influenza strains.
The data in the present study show that M2SR vaccines can also
provide effective homo- and heterosubtypic immunity against
highly pathogenic H5N1 avian influenza virus in both mice and ferrets. An additional advantage of the M2SR vaccine platform is that
it can be rapidly produced in cell culture thus avoiding the many
disadvantages of vaccine production in eggs, which could be in
short supply during an avian influenza pandemic.
Vaccination with M2SR provided significant protection against
H5N1 influenza in both mice and ferrets, even with a single dose,
although a prime-boost regimen generally provided better protec-

tion in ferrets. Mice and ferrets vaccinated with M2SR H5N1 not
only survived a lethal challenge with wildtype H5N1 virus, but also
showed no, or significantly reduced, weight loss and other clinical
symptoms compared to controls. Vaccination with both a single
dose and a prime and boost with M2SR H5N1 also completely prevented viral spread to the organs in mice, as did the prime-boost
regimen in ferrets. Importantly, both the level and duration of viral
shedding after challenge was substantially reduced in M2SRvaccinated ferrets and was completely ablated in some animals
vaccinated with M2SR H5N1 using the prime-boost regimen. In
addition to indicating better protection after vaccination, a reduction in viral shedding would limit spread of the virus to unvaccinated individuals, which could be critical in controlling a
pandemic. Mice vaccinated with recombinant H5 HA protein, as a
comparator, lost more body weight after challenge with H5N1
influenza virus and exhibited severe clinical symptoms and systemic infection (Fig. 2A). Survival in the recombinant H5 HA group
was only 40%, whereas in all M2SR vaccinated groups of mice survival was 100% (Fig. 2B).
The M2SR vaccine induced substantial mucosal and systemic
antibody responses in mice. Homologous protection and sterilizing
immunity induced by the M2SR H5N1 vaccine probably resulted
from the induction of neutralizing antibodies, correlating with high
HAI titers that were observed in both mice and ferrets. In contrast,
heterologous protection induced by M2SR H1N1 was in the
absence of H5 HAI titers or sterilizing immunity, although full protection could be obtained in mouse and ferret models. However,
cross-reactive antibodies to the conserved HA2 stalk region and
the N1 neuraminidase were elicited (Fig. 1C and Supplementary
Fig. 1) and it is likely that these contributed to cross-protection.
Previous studies have also suggested that cross-reactive HA and
NA antibodies between H5N1 and H1N1 influenza viruses contribute to heterologous protection [19–22]. In addition, our previous studies demonstrated that M2SR vaccine induced strong T
cell responses, including CD8 T cells of an effector or effector/memory phenotype, armed with cytotoxic mediators such as granzyme
B [9]. T cells with this phenotype are associated with protection
against influenza in humans. It is possible that a similar T cell
response was induced by the H1N1 M2SR vaccine in the current
study, and could have contributed to protection against the
H5N1 challenge virus.
Although both H1N1 and H5N1 M2SR vaccines protected
against highly pathogenic H5N1 virus, there are practical advantages that are associated with the use of a seasonal vaccine that
provides protection against a potential pandemic virus. While the
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homologous M2SR H5N1 provides better protection against H5N1
virus, with no virus recovered from organs and reduced illness and
viral shedding, the M2SR H1N1 did provide a high degree of protection particularly when used in a prime-boost regimen. Use of
a live H5 vaccine may raise concerns about possible reassortment,
although these concerns may be misplaced for a single-replication
virus such as M2SR. M2SR vaccines have been shown to be genetically stable over multiple passages [9]. Furthermore, when mice
were concomitantly administered M2SR and live wildtype influenza viruses, no replication-competent viruses containing M2SR
segments were observed (Y. Hatta & P. Bilsel, unpublished data).
The potential safety and advantages of single replication cycle vaccines over traditional live attenuated vaccines have been discussed
elsewhere [23,24]. Our data suggest that the protective crossreactive responses elicited by M2SR H1N1 may be important in
boosting these responses to mitigate a pandemic infection as has
been suggested previously [25–27].
In summary, both H5N1 and H1N1 M2SR vaccines provided
effective protection against highly pathogenic H5N1 avian influenza limiting viral spread, viral shedding and illness. Protection
was observed in both mouse and ferret models and was superior
to that elicited by recombinant H5 HA protein alone.
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