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Current influenza vaccines do not provide effective protection against heterologous influenza viruses.
The ability of the novel M2SR influenza vaccine to protect against drifted influenza viruses was
evaluated in naïve ferrets and in ferrets with pre-existing immunity to influenza. In naïve ferrets,
M2SR provided similar protection against drifted challenge viruses as the comparator vaccine,
FluMist�. However, in ferrets with pre-existing immunity, M2SR provided superior protection than
FluMist in two model systems.
In the first model, ferrets were infected with influenza A H1N1pdm and influenza B viruses to mimic

the diverse influenza exposure in humans. The pre-infected ferrets, seropositive to H1N1pdm and
influenza B but seronegative to H3N2, were then vaccinated with H3N2 M2SR or monovalent H3N2
FluMist virus (A/Brisbane/10/2007, clade 1) and challenged 6 weeks later with a drifted H3N2 virus
(clade 3C.2a). Antibody titers to Brisbane/10/2007 were higher in M2SR vaccinated ferrets than in
FluMist vaccinated ferrets in the pre-infected ferrets whereas the opposite was observed in naïve
ferrets. After challenge with drifted H3N2 virus, M2SR provided superior protection than FluMist
monovalent vaccine.
In the second model, the impact of homologous pre-existing immunity upon vaccine-induced protec-

tion was evaluated. Ferrets, pre-infected with H1N1pdm virus, were vaccinated 90 days later with
H1N1pdm M2SR or FluMist monovalent vaccine and challenged 6 weeks later with a pre-pandemic
seasonal H1N1 virus, A/Brisbane/59/2007 (Bris59). While cross-reactive serum IgG antibodies against
the Bris59 HA were detected after vaccination, anti-Bris59 hemagglutination inhibition antibodies
were only detected post-challenge. M2SR provided better protection against Bris59 challenge than
FluMist suggesting that homologous pre-existing immunity affected FluMist virus to a greater degree
than M2SR.
These results suggest that the single replication intranasal M2SR vaccine provides effective protec-

tion against drifted influenza A viruses not only in naïve ferrets but also in those with pre-existing
immunity in contrast to FluMist viruses.
� 2018 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Currently available inactivated influenza vaccines primarily aim
to induce neutralizing antibodies that recognize the hemagglutinin
(HA) and depend on a close antigenic match between the vaccine
and circulating viruses; mismatching antigens render inactivated
vaccines to be less effective against antigenically drifted viruses
[1]. Recently the poor efficacy of vaccine used in the 2014–15 influ-
enza season was believed to be due to mismatch between the cir-
culating viruses and the inactivated vaccine, resulting in vaccine
effectiveness (VE) of just 6% against the H3N2 subtype [2]. In the
2017 influenza season that just ended in Australia, the inactivated
vaccines displayed a preliminary VE estimate of only 10%, again
due to mismatch between the vaccine strain and the circulating
seasonal H3N2 virus that had accumulated antigenic changes
(i.e., ‘‘drifted”) [3].

Live influenza virus vaccines are generally believed to offer
immunologically superior responses because they are adminis-
tered via the natural route of infection (intranasally) and induce
diverse types of adaptive responses including secretory IgA, serum
IgG and cell mediated immune responses [4]. Only one such pro-
duct, FluMist� (MedImmune, LLC) has been approved in the US,
and is presently indicated only for persons 2–49 years of age. Accu-
mulating data with FluMist suggest that pre-existing, cross-
reactive immunity present in most adults may limit vaccine virus
replication, in turn mitigating a consistently effective immune
response [5–8]. In fact, FluMist in Europe (marketed as Fluenz) is
not indicated in adults over age 18 due to insufficient efficacy in
the adult population [9].

We have previously described a novel M2-deficient single repli-
cation (M2SR) influenza vaccine that behaves like wild-type virus
during initiation of infection and elicits broad-spectrum immunity
similar to that elicited by natural infection; these responses
include mucosal and systemic antibodies and cell-mediated immu-
nity [10]. M2SR is intranasally administered and provides hetero-
subtypic protection in animal models against seasonal and
pandemic influenza viruses [10,11]. These studies were conducted
in naïve animals which do not reflect the human condition where
pre-existing immunity to influenza exists due to multiple immu-
nizations or natural exposure.

Here we examine the protective efficacy of M2SR against drifted
H3N2 and H1N1 viruses in ferrets with preexisting immunity to
influenza. We show that M2SR is able to provide effective protec-
tion against drifted influenza viruses in naïve ferrets similar to
the comparator vaccine FluMist-like monovalent viruses. However,
in ferrets with pre-existing immunity, M2SR potency is unaffected
whereas FluMist-like virus immunogenicity and efficacy are
reduced. These results suggest that the single replication pheno-
type of M2SR renders the vaccine virus less susceptible to the inhi-
bitory effects of preexisting influenza immunity, in contrast to the
replication competent but highly attenuated FluMist component
viruses that are dependent upon cell-to-cell spreading for induc-
tion of potent immune responses [12].

2. Materials and methods

2.1. Cells and viruses

MDCK (ATCC CCL-34 or Sigma-Aldrich, St. Louis, MO), MDCK-
SIAT1 (Sigma-Aldrich) and M2CK [13] and BM2CK [14] cells (MDCK
cells that stably express the influenza A M2 or influenza B BM2
protein) were maintained in MEM (Thermo Fisher Scientific, Wal-
tham, MA); 293 T HEK (ATCC CRL-3261) cells were maintained in
DMEM (Thermo Fisher Scientific, Waltham, MA). Media was sup-
plemented with 10% FCS (Corning, Corning, NY) and cells grown
at 37�C in 5% CO2 as described previously [10,11].
Live attenuated viruses, Bris10 (H3N2) and CA07 (H1N1pdm)
FluMist monovalent vaccines, encoding the HA and NA of influenza
A/Brisbane/10/2007 (Bris10)-like influenza A/Uruguay/716/2007
(H3N2) and A/California/07/2009 (A/CA07, H1N1pdm), respec-
tively, were isolated from FluMist� 2009–2010 and 2011–2012
commercial formulations, respectively, by plaque purification fol-
lowed by amplification and titration in MDCK cells and hereafter
referred to as FluMist-like.

M2SR virus (a wild-type like M2-deficient single replication
influenza virus) was prepared and titrated in M2CK cells as
described previously [10,15]. Briefly, the vaccine is manufactured
in a complementing cell line that stably expresses the influenza
A M2 protein resulting in a wild type-like virus that can infect nor-
mal cells but not produce a next generation of virus due to the
deletion of M2 in the viral genome. The six internal genes of
M2SR are derived from A/Puerto Rico/8/1934 (PR8, H1N1) [10].
Bris10 (H3N2) M2SR virus expresses the same HA and NA as Bris10
FluMist component virus (Supplementary Table 1). CA07
(H1N1pdm) M2SR expresses the HA and NA from vaccine virus
A/California/07/2009 X-179A (International Reagent Resource,
Manassas, VA) that differs from the FluMist-like sequence in 4
positions (Supplementary Table 2).

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.vaccine.2018.06.053.

Wild-type influenza A/California/07/2009 (A/CA07, H1N1pdm),
A/Brisbane/59/2007 (A/Bris59, H1N1), A/Brisbane/10/2007
(A/Bris10, H3N2), A/Hong Kong/4801/2014 (A/HK4801, H3N2),
A/Switzerland/9715293/2013 (A/Swiss, H3N2), B/Wiscon-
sin/01/2010 (B/WI01, Yamagata Lineage), and B/Brisbane/60/2008
(B/Bris60, Victoria Lineage) were amplified inMDCK cells. Influenza
A/Alaska/140/2015 (A/AK140, H3N2), kindly provided by the CDC,
was amplified in MDCK-SIAT1cells.

BM2SR viruses (BM2-deficient recombinant influenza B viruses)
encoding the HA and NA from Victoria-lineage (B/Brisbane/60/2008,
Bris60 BM2SR) or from Yamagata-lineage (B/Wisconsin/01/2010,
WI01 BM2SR) were generated using a plasmid rescue system
described previously [14]; resulting BM2SR viruses were amplified
and titrated in BM2CK cells. All viruses were stored at <�65 �C until use.
2.2. Animals

Ferrets that were seronegative to influenza viruses were pur-
chased from Triple F Farms, Inc. (Sayre, PA,) or fromMarshall BioR-
esources (North Rose, NY). All animal study protocols were
approved by IIT Research Institute Institutional Animal Care and
Use Committee and all experiments were performed in accordance
with the National Institute of Health guidelines for the care and use
of laboratory animals.
2.2.1. Model 1: H3N2 vaccination and drifted H3N2 virus challenge in
ferrets with pre-existing immunity to H1 and B viruses.

Three- to five-month-old male ferrets were intranasally (IN)
infected twice with 107 TCID50 of WI01 BM2SR or Bris60 BM2SR
28 days apart followed by infection with wild-type influenza A/
CA07 (H1N1pdm) on day 70. The influenza exposed ferrets were
confirmed to be seropositive for A/CA07, B/WI01 and B/Bris60 by
ELISA as previously described [10].

After 42 days rest, the flu-exposed ferrets were randomized into
three groups and vaccinated intranasally with Bris10 M2SR or
FluMist-like (N = 6, 107 TCID50) virus or PBS (N = 4). Age-matched
naïve ferrets (N = 6/group) were used as controls and administered
IN Bris10 M2SR or FluMist-like (107 TCID50) virus or PBS. Ferrets
were challenged IN 42 days later with A/AK140 (106 PFU). Ferret
body weight, body temperature and clinical symptoms were mon-
itored for 12 days after challenge. Nasal washes were collected
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from all ferrets on days 1, 3, 5 and 7 after challenge and virus load
determined by TCID50 assay inMDCK cells as previously described [16].

Serum samples were collected on days -5 (pre-Bris10
immunization), 21, 35 (post-Bris10 immunization), and 56 (post-
challenge). Serum anti-HA IgG ELISA and hemagglutination inhibi-
tion (HAI) antibody titers were determined as previously described
[10].

2.2.2. Model 2: H1N1pdm vaccination and variant H1N1 challenge in
ferrets with pre-existing H1N1pdm immunity

Three-to-five months old male seronegative ferrets were infected
IN with wild-type A/CA07 (H1N1pdm). Seroconversion against
H1N1pdm was confirmed by ELISA as previously described [10].

After 90 days rest, the ferretswere randomized into three groups
and vaccinated IN with CA07 M2SR or FluMist-like vaccine viruses
(N = 6, 107 TCID50) or PBS (N = 4). Similarly, comparison groups of
age-matched H1N1 naïve ferrets (N = 6/group) were vaccinated IN
with CA07 M2SR or FluMist like viruses (107 TCID50) or PBS. Ferrets
were challenged IN with A/Bris59 (H1N1, 106 PFU) 42 days
Table 1
Study design to evaluate M2SR vaccine vs FluMist-like vaccine against drifted H3N2 chall

Group N Infection with Influenza B Vaccine Infection with H1N1pdm V
Day 0 and Day 28 Day 70

Naive 18 None None

Pre-infected 16 WI01 BM2SR or Bris60 BM2SRc A/California/07/2009 (H1N

a Vaccines contained HA and NA from A/Brisbane/10/2007 (H3N2).
b Intranasal challenge at day 42 post-vaccination.
c Modified M2-deficient influenza B vaccine viruses of influenza B Victoria and Yama
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Fig. 1. Serum antibody titers in naïve and pre-infected ferrets. Ferrets were infected with
infected). Forty-five days later age-matched naive ferrets (filled symbols) and pre-infect
Bris10 M2SR or FluMist-like (107 TCID50) or mock inoculated with PBS. Serum samples w
35). A. Individual pre-vaccination serum IgG titers against recombinant HA of A/Californi
2010 (Yamagata lineage) were determined by ELISA (day -5). B. Individual serum IgG tite
by ELISA for pre-vaccination (day -5) and post-vaccination (day 35) time-points. Limit
(HAI) titers against vaccine strain (A/Bris10, H3N2) were determined using 0.5% turkey RB
individual animals; bars indicate group mean with standard error. Vertical dashed line
post-vaccination. Ferret body weight, temperature and clinical
symptoms were monitored for 12 days after challenge. Nasal
washeswere collected fromall ferrets ondays1, 3, 5 and7 after chal-
lenge and viral load was determined by TCID50 assay in MDCK cells.

Serum samples were collected on days �3, 21, 35, and 56 (14
days post-challenge). Serum anti-HA IgG ELISA and hemagglutina-
tion inhibition (HAI) antibody titers were determined as previously
described [10].

3. Results

3.1. H3N2 Bris10 M2SR antibody responses in ferrets with pre-existing
immunity to H1 and B viruses

H1N1 and influenza B antibody was generated prior to H3N2
immunization by intranasal infection with wild-type influenza A
H1N1pdm (A/CA07) and influenza B BM2SR viruses (B/Bris60
BM2SR and B/WI01 BM2SR) to mimic the complex immunity
present in partially immune humans as shown in Table 1.
enge.

irus Intranasal Vaccinea N Wildtype Challengeb

Day 112 Day 154

M2SR (H3N2, clade 1) 6 A/Alaska/140/2015 (H3N2, clade 3C.2a)
FluMist (H3N2, clade 1) 6
Mock 6

1pdm) M2SR (H3N2, clade 1) 6
FluMist (H3N2, clade 1) 6
Mock 4

gata lineages.
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influenza A H1N1 and influenza B viruses to generate pre-existing immunity (pre-
ed ferrets (open symbols) were intranasally inoculated with H3N2 vaccine viruses
ere collected before immunization (day -5) and after immunization (day 21 or day
a/07/2009 (H1N1pdm), B/Brisbane/60/2007 (Victoria lineage), and B/Wisconsin/01/
rs against recombinant HA of A/Brisbane/10/2007 (A/Bris10, H3N2) were measured
of detection is indicated by horizontal dashed line. C. Hemagglutination inhibition
C. Horizontal dash line is limit of detection (HAI = 10). In all panels, symbols indicate
separates naïve and pre-infected groups. ***p < 0.0001, Two-way ANOVA.
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Age-matched naïve ferrets were used as controls. Sera from all fer-
rets were tested by ELISA for HA antibodies against H1 A/CA07, H3
A/Bris10, B/WI01, B/Bris60. The naïve ferrets were seronegative to
all antigens whereas the pre-infected ferrets were seropositive for
H1N1pdm and influenza B HA antigens but were seronegative for
H3N2 as expected (Fig. 1A and B).

The pre-infected and naïve ferrets were vaccinated with H3N2
Bris10 M2SR or FluMist-like or mock-immunized with PBS 45 days
after influenza infection. Sera after immunization was analyzed for
presence of anti-A/Bris10 H3 HA IgG antibody by ELISA (Fig. 1B).
H3N2 Bris10 M2SR elicited higher antibody titers in the pre-
infected ferrets than it did in the naïve ferrets whereas H3N2
FluMist-like antibody titers in the pre-infected ferrets were signif-
icantly reduced relative to titers generated in the naïve animals
(Fig. 1B). Antibody titers in the mock-immunized ferrets, pre-
infected or naïve, remained at background levels.

Similar to the ELISA results, H3N2 Bris10 M2SR elicited higher
HAI titers in pre-infected ferrets than in naïve ferrets, whereas
H3N2 Bris10 FluMist-like vaccine elicited high HAI titers in the
naïve ferrets but not in the pre-infected ferrets (Fig. 1C). These
results suggest that the wild-type like H3N2 Bris10 M2SR was
more effective at inducing immunity to a novel HA in the face of
pre-existing heterotypic and heterosubtypic immunity whereas
FluMist-like vaccine virus was inhibited by the pre-existing immu-
nity to H1 and/or B viruses.

3.2. H3N2 Bris10 M2SR protects against drifted H3N2 virus challenge
in naïve and pre-infected ferrets

To assess the ability of the H3N2 Bris10 vaccines to cross-
protect against significantly drifted H3N2 challenge, the vaccinated
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Fig. 2. M2SR vaccine controls drifted H3N2 challenge virus in naïve and pre-infected fe
groups) were challenged with drifted H3N2 strain, A/AK140 (clade 3C.2a) six weeks aft
samples were collected on days 1, 3, 5, and 7 post-challenge. Virus load in the samples
Weight loss in naïve-vaccine groups after challenge. B. Virus titers in nasal wash from n
after challenge. D. Virus titers in nasal wash in pre-infected ferrets after challenge. The d
Symbols are individual ferret and bars are mean titers with standard error for group at
ANOVA.
ferrets were challenged with A/Alaska/140/2015 (H3N2; clade
3C.2a) 42 days after vaccination. The phylogenetic relationship
between the vaccine and challenge viruses are shown in Supple-
mentary Fig. 1. Weight loss and body temperatures were moni-
tored for 12 days following challenge (Fig. 2A, C and
Supplementary Fig. 2). In the naïve ferrets, both H3N2 Bris10
M2SR and FluMist-like vaccine viruses performed similarly with
respect to weight loss and nasal wash titers (Fig. 2A and B), despite
higher serum antibody titers in the naïve H3N2 Bris10 FluMist-like
vaccine group. Both vaccine groups had similar levels of H3N2
A/AK shedding on day 1 post-challenge whereas on day 3, the
Bris10 FluMist-like group had a lower incidence of shedding
(2/6) compared to the M2SR Bris10 group (5/6) (Fig. 2B). By day
5 post-challenge, virus was not detected in the nasal washes of
the vaccinated ferrets, whereas ferrets in naïve-mock group still
shed high titer of virus. These results suggest that the
replication-restricted M2SR virus provides effective protection in
naïve ferrets similar to the replication-competent FluMist virus.

In the pre-infected ferrets, both H3N2 Bris10 M2SR and
FluMist-like vaccinated groups displayed �4% weight loss whereas
the pre-infected mock vaccinated group lost �9% (Fig. 2C,) of their
starting weight after challenge. H3N2 Bris10 M2SR controlled the
replication of the challenge virus in nasal wash better than H3N2
Bris10 FluMist-like (Fig. 2D). Only 2/6 H3N2 Bris10 M2SR vacci-
nated ferrets shed virus on day 1 post-challenge whereas all ani-
mals in the H3N2 Bris10 FluMist-like and mock vaccinated
groups shed virus in nasal wash at the same time-point.

Previous infection with influenza B and H1N1pdm provided a
level of protection against H3N2 challenge as shown by the nasal
wash virus titer differences between the two mock groups
(Fig. 2B and D). The virus titers after H3N2 challenge were higher
3 5 7
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Pre - infected-Bris10 M2SR

Pre - infected-Bris10 FluMist

Pre - infected - Mock

re-infected groups

**

3 5 7
Days Post-Challenge
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aïve groups

***

rrets. Bris10 (clade 1; H3N2) or mock vaccinated ferrets (in naïve and pre-infected
er vaccination. Weight loss was monitored for 12 days post-challenge. Nasal wash
were determined by 50% tissue culture infection (TCID50) method in MDCK cells. A.
aïve-vaccine animals after challenge. C. Weight loss in pre-infected vaccine ferrets
etection limit of the TCID50 assay (horizontal dashed line) was 1.5 log10 TCID50/mL.
indicated time-point. ***p < 0.0001, **p = 0.0001, #p < 0.0008, *p < 0.05; Two-way
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in the naïve mock than the pre-infected mock group suggesting
that cross-reactive cellular immune responses may have been con-
tributing to virus control after wild type challenge among ferrets
with previous infections with influenza A H1 or B viruses.

Post-challenge serum was evaluated for HAI antibodies against
the vaccine virus strain, A/Bris10 (H3N2, clade 1), and the recent
2017–18 WHO recommended H3N2 strain, A/HK4801 (H3N2,
clade 3C.2a), to further assess the ability of the vaccines to prime
for cross-protective responses. HAI antibody titers to H3N2 Bris10
(vaccine HA) on day 56, two weeks after A/AK140 challenge, were
higher than the mock vaccinated and challenged animals in both
the naïve and pre-infected group against both A/Bris10 and A/
HK4801 (Supplementary Fig. 3A and B). In contrast, FluMist-like
vaccine demonstrated high HAI titers only in the naïve ferrets;
HAI titers in the pre-infected ferrets were similar to the mock
group for both viruses (Supplementary Fig. 3A and B). These results
show that the two intranasal live vaccines have the ability to prime
for cross-reactive antibody responses in naïve ferrets but that only
M2SR can maintain this ability in the face of pre-existing immu-
nity. As expected, the H1N1pdm HAI titers did not increase after
H3N2 vaccination or challenge (data not shown).
3.3. H1N1pdm CA07 M2SR cross-reactive antibody responses to pre-
pandemic seasonal H1N1 in ferrets with pre-existing H1N1pdm
immunity

In the second model of pre-existing immunity, the performance
of M2SR was evaluated in the presence of homologous immunity;
that is, H1N1pdm CA07 M2SR vaccine was administered to ferrets
that were previously infected with H1N1pdm virus as shown in
Table 2. Age-matched naïve ferrets were used as controls.

The pre-infected and naïve ferrets were vaccinated with
H1N1pdm CA07 M2SR or FluMist-like or mock-immunized with
PBS 90 days after CA07 pre-infection. Sera after immunization (day
Table 2
Study design to evaluate M2SR vaccine vs FluMist-like vaccine against drifted H1N1 chall

Group N Previous Infection With H1N1pdm Virus
Day 0

Naive 18 None

Pre-infected 16 A/California/07/2009 (H1N1pdm)

a Vaccines contained HA and NA from A/California/07/2009 (H1N1pdm).
b Intranasal challenge at day 42 post-vaccination.

A. Anti-A/CA07 H1N1pdm ELISA titer
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Fig. 3. Cross-reactive serum antibody responses in naïve and pre-infected ferrets. Ferrets
pre-existing immunity in ferrets (pre-infected). Age-matched naïve ferrets (filled symb
inoculated with CA07 M2SR or FluMist-like (107 TCID50) or mock immunized with PB
inoculations (day 21). Serum IgG titer against recombinant A/CA07 HA (A) and recombin
by horizontal dashed line. Symbols indicate individual ferret titers; bars indicate group
21) was analyzed by ELISA for vaccine-induced anti-HA antibody
titers. The H1N1pdm CA07 M2SR and FluMist-like vaccines elicited
CA07 HA specific antibodies to similar levels in naïve animals
whereas the mock-immunized did not elicit any detectable antibody
(Fig. 3A). Vaccine-induced CA07 HA-specific responses were not dis-
cernable in the CA07 pre-infected ferrets due to high baseline titers
even after 90 days of rest post-infection (Fig. 3A). Therefore, to
demonstrate vaccine take, ELISA titers were measured against
the pre-pandemic seasonal H1N1 A/Brisbane/59/2007 (A/Bris59)
reasoning that baseline antibody titers for the cross-reactive H1N1
A/Bris59 HA would be lower than H1N1pdm CA07. Indeed, day 21
ELISA titers against H1N1 Bris59 HA were higher than the baseline
titers and higher than the mock group in the pre-infected ferrets
suggesting that there was a de novo response to each of the vaccines
(Fig. 3B). As expected, the vaccine induced H1N1pdm CA07 titers in
the naïve animals were cross-reactive with H1N1 Bris59 (Fig. 3B).
3.4. H1N1pdm CA07 M2SR protects against pre-pandemic seasonal
H1N1 virus challenge in naïve and seropositive ferrets

Ferrets were intranasally challenged with pre-pandemic sea-
sonal H1N1 virus A/Bris59 42 days after vaccination. The phyloge-
netic relationship between the vaccine and challenge viruses are
shown in Supplementary Fig. 1. All groups in the naïve animals lost
weight after challenge with the mock group demonstrating the
most weight loss (Fig. 4A). The mock group also demonstrated a
spike in body temperature on day 2 post-challenge (Supplemen-
tary Fig. 4). Nasal wash collected post-challenge was evaluated
for the presence of challenge virus in all ferrets. Both H1N1pdm
CA07 M2SR and FluMist-like controlled the virus to similar levels
in contrast to the mock group that had detectable virus for 5 days
(Fig. 4B).

In the pre-infected ferrets, both H1N1pdm M2SR and FluMist-
like groups lost less weight than the mock group (Fig. 4C). M2SR
enge.
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S. Serum samples were collected before immunization (day -3) and after vaccine
ant A/Bris59 HA (H1N1) (B) were measured by ELISA. Limit of detection is indicated
mean. *** p < 0.0006, ** p < 0.009; Two-way ANOVA.
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Fig. 4. M2SR vaccine controls drifted H1N1 virus challenge in naïve and pre-infected ferrets. Six weeks after vaccination, ferrets were challenged with drifted H1N1 strain,
A/Brisbane/59/2007 (H1N1). Weight loss was monitored for 12 days post-challenge. Nasal wash samples were collected on days 1, 3, 5, and 7 post-challenge. Viral load was
determined by 50% tissue culture infection (TCID50) in MDCK cells. A. Weight loss in naïve-vaccine groups after challenge. B. Virus titers in nasal wash from naïve-vaccine
animals after challenge. C. Weight loss in pre-infected vaccine ferrets after challenge. D. Virus titers in nasal wash in pre-infected ferrets after challenge. The detection limit of
the TCID50 assay (horizontal dashed line) was 1.5 log10 TCID50/mL. Symbols are individual ferrets and bars are group mean titers with standard error at indicated time-point.
****p < 0.0001, **p < 0.005, *p < 0.05; Two-way ANOVA.
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demonstrated better protection than FluMist-like with a lower
incidence of shedding on day 1 (3/6 vs 5/6, respectively). M2SR
cleared challenge the virus faster than both the FluMist-like and
mock groups (Fig. 4D).

The pre-infection with H1N1pdm did provide some protection
against the pre-pandemic H1N1 A/Bris59 virus as shown by the
difference in peak viral load between the mock groups for the naïve
and pre-infected ferrets (Fig. 4B and D). However, despite
better control of challenge virus and reduced body temperature
(Supplementary Fig. 4), this partial protection did not prevent
weight loss in pre-infected mock-vaccinated ferrets and may have
enhanced morbidity (also observed in Fig. 2C).

Post-challenge serum was evaluated for functional HAI titers
against the H1N1 Bris59 challenge virus. No Bris59 HAI was pre-
sent in any group before challenge (day 21, Supplementary
Fig. 5). After challenge, the vaccinated and mock groups in the
naïve ferrets showed high Bris59 HAI titers whereas in the pre-
infected ferrets the HAI titers appear to parallel the viral load in
the nasal wash; that is, the H1N1pdm M2SR group that controlled
the challenge virus the best had the lowest HAI whereas the mock
group with the highest viral load had the highest HAI against the
challenge virus (Supplementary Fig. 5). Interestingly, although
clinical disease after challenge was relatively mild in all groups,
the M2SR group demonstrated fewer clinical symptoms after chal-
lenge than FluMist-like in both the naïve and pre-infected ferrets
(Supplementary Table 3). These results further support that
M2SR and FluMist-like have the ability to prime for cross-
reactive antibody responses in naïve ferrets but that only M2SR
boosts the cross-reactive capacity of pre-existing immunity.

4. Discussion

We show that the novel intranasal influenza vaccine, M2SR,
provides effective protection against heterologous influenza
viruses (H3N2 and H1N1) in naïve ferrets and in ferrets with pre-
existing immunity; thus addressing two fundamental issues that
impact the effectiveness of licensed influenza vaccines: drifted
influenza viruses and pre-existing immunity. Vaccine efficacy can
be as low as 6% in flu seasons in which the vaccine is a poor match
to the circulating influenza virus [1,2,17]. In addition, recent data
has suggested that pre-existing immunity in human subjects,
whether due to annual vaccination and/or natural infection, may
result in reduced vaccine responses and vaccine induced protec-
tion [18–20]. For the only licensed intranasal live flu vaccine,
FluMist, vaccine effectiveness appears to diminish in adults
relative to children [17].

We show that M2SR virus is superior to the FluMist-like virus in
providing protection against drifted challenge viruses (H3N2 and
H1N1) in ferrets with pre-existing immunity. M2SR immunogenic-
ity was not reduced in ferrets with pre-existing immunity when
compared to naïve ferrets whereas FluMist-like virus immune
responses were significantly reduced in the pre-infected ferrets
relative to the naïve ferrets. These results suggest that the single-
cycle replication M2SR virus is not susceptible to pre-existing
immunity to influenza, whereas the replicating FluMist-like virus
may be prevented from undergoing the multi-cycle replication
needed to elicit protective responses. The cold-adaptation process
that generated the FluMist virus has resulted in a highly attenuated
virus with multiple mutations that affect the viral replication
complex [21,22].

The inverse correlation between the overall immunological
experience of the host and FluMist replication in the respiratory
tract has been recognized since the early development of the
vaccine [23]. Indeed, post-licensure efficacy studies have further
corroborated that FluMist is not as efficacious in adults due to
pre-existing immunity preventing the virus from undergoing mul-
tiple replication cycles [5–8,17]. The ferret data obtained in this
study are consistent with results in humans that demonstrate that
FluMist is inhibited by the presence of prior immunity to influenza.
We show that in the same ferret model, the single-replication
M2SR vaccine is much less susceptible to inhibition by pre-
existing immunity.
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Two models of pre-existing immunity were used. In the first
case, heterosubtypic immunity was generated by pre-infection of
the ferrets with H1N1pdm and influenza B virus infection. Ferrets
were not pre-infected with H3N2 virus. M2SR induced serum
H3N2 antibody responses in these pre-infected animals were sim-
ilar to those induced in naïve ferrets. However, serum H3N2 anti-
body responses induced by FluMist-like were higher in naïve
animals and significantly reduced in the ferrets with pre-existing
immunity suggesting that cross-reactive immune responses such
as secretory IgA antibodies and/or T cells (and not homologous
antibody directed to the HA) may have prevented the sustained
replication of FluMist necessary for effective responses. Similar
observations have been observed in human subjects, in which
higher baseline levels of influenza immunity have affected the
immune responses to the FluMist vaccine [24–27].

We also evaluated whether pre-existing homologous antibodies
(systemic and/or mucosal) would inhibit the ability of the live vac-
cines to protect against challenge with a drifted influenza virus.
H1N1pdm M2SR and FluMist-like vaccines were administered to
ferrets that had previously been infected with the wildtype
H1N1pdm virus. We show that M2SR provided superior protection
against challenge with pre-pandemic seasonal H1N1 A/Bris-
bane/59/2007 than did FluMist-like in the ferrets pre-infected with
H1N1pdm. These results suggest that despite the presence of
homologous serum antibodies, M2SR was able to infect for a
single-cycle and provide effective protection. In contrast, FluMist-
like was not able to protect as well in the pre-infected ferrets pre-
sumably due to the immunity preventing spread of the virus.

Interestingly, in naïve animals, a single-dose of M2SR provided
comparable protection to FluMist-like against both of the heterol-
ogous challenges (H3N2 and H1N1) even though FluMist-like
induced higher serum antibody titers. These results suggest that
the two intranasal live vaccines may differ in their mechanisms
of action in providing effective protection. We have previously
shown that M2SR elicits broad-spectrum immune responses
including systemic and mucosal antibody responses in addition
to cell-mediated responses that provide heterosubtypic protection
in animal models [10,11]. Future studies will evaluate the multi-
factorial nature of protection provided by M2SR relative to FluMist
to understand the differences between the two vaccines.

In summary, we show that the novel intranasal single-
replication M2SR vaccine provides effective protection against
heterologous H3N2 and H1N1 viruses in both naïve ferrets and fer-
rets with pre-existing immunity. These results suggest that M2SR
has the desired attributes of a broadly protective vaccine for all
age groups, a need unmet by current inactivated and live vaccines.
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