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ABSTRACT

Influenza viral infections represent a serious public health problem, with influenza virus causing a contagious respiratory dis-
ease which is most effectively prevented through vaccination. Segments 7 (M) and 8 (NS) of the influenza virus genome encode
mRNA transcripts that are alternatively spliced to express two different viral proteins. This study describes the generation, using
reverse genetics, of three different recombinant influenza A/Puerto Rico/8/1934 (PR8) HIN1 viruses containing M or NS viral
segments individually or modified M or NS viral segments combined in which the overlapping open reading frames of matrix 1
(M1)/M2 for the modified M segment and the open reading frames of nonstructural protein 1 (NS1)/nuclear export protein
(NEP) for the modified NS segment were split by using the porcine teschovirus 1 (PTV-1) 2A autoproteolytic cleavage site. Vi-
ruses with an M split segment were impaired in replication at nonpermissive high temperatures, whereas high viral titers could
be obtained at permissive low temperatures (33°C). Furthermore, viruses containing the M split segment were highly attenuated
in vivo, while they retained their immunogenicity and provided protection against a lethal challenge with wild-type PR8. These
results indicate that influenza viruses can be effectively attenuated by the rearrangement of spliced segments and that such atten-
uated viruses represent an excellent option as safe, immunogenic, and protective live-attenuated vaccines. Moreover, this is the
first time in which an influenza virus containing a restructured M segment has been described. Reorganization of the M segment
to encode M1 and M2 from two separate, nonoverlapping, independent open reading frames represents a useful tool to indepen-
dently study mutations in the M1 and M2 viral proteins without affecting the other viral M product.

IMPORTANCE

Vaccination represents our best therapeutic option against influenza viral infections. However, the efficacy of current influenza
vaccines is suboptimal, and novel approaches are necessary for the prevention of disease caused by this important human respi-
ratory pathogen. In this work, we describe a novel approach to generate safer and more efficient live-attenuated influenza virus
vaccines (LAIVs) based on recombinant viruses whose genomes encode nonoverlapping and independent M1/M2 (split M seg-
ment [Ms]) or both M1/M2 and NS1/NEP (Ms and split NS segment [NSs]) open reading frames. Viruses containing a modified
M segment were highly attenuated in mice but were able to confer, upon a single intranasal immunization, complete protection
against a lethal homologous challenge with wild-type virus. Notably, the protection efficacy conferred by our viruses with split M
segments was better than that conferred by the current temperature-sensitive LAIV. Altogether, these results open a new avenue
for the development of safer and more protective LAIVs on the basis of the reorganization of spliced viral RNA segments in the
genome.

rus vaccines (8, 9). The most widely used influenza vaccine is the

I nfluenza viruses are enveloped pathogens that belong to the Or-
inactivated influenza virus vaccine (IIV), which elicits protective

thomyxoviridae family and contain a segmented genome of eight

single-stranded RNA molecules with negative polarity (1). Influ-
enza virus infections cause both seasonal epidemics and occa-
sional pandemics when novel viruses are introduced into humans
(2). Despite comprehensive vaccination programs, the World
Health Organization (WHO) estimates that the global disease
burden from influenza results in 1 billion infections, 3 million to 5
million cases of severe disease, and between 300,000 and 500,000
deaths annually (3). Therefore, infection with influenza virus
poses a threat to human health and results in significant negative
economic impacts on society every year (4). The public health
concerns posed by influenza viruses are aggravated by their effi-
cient transmission and the limited antiviral therapeutic options
(5). Hence, vaccination remains our best medical intervention to
protect humans against influenza virus (6), even though the effec-
tiveness of current vaccines is suboptimal (7). To date, the U.S.
Food and Drug Administration (FDA) approves three types of
influenza virus vaccines for human use: inactivated virus, recom-
binant viral hemagglutinin (HA) protein, and live-attenuated vi-
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humoral immunity by inducing the production of neutralizing
antibodies that target epitopes on the viral HA protein and to a
lesser extent those on the neuraminidase (NA) protein. The re-
combinant influenza virus vaccine (RIV), like IV, is administered
intramuscularly and elicits a protective antibody HA-neutralizing
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response (10). However, these vaccines do not induce a strong
cellular response, which is necessary to generate memory against
subsequent infections and to protect against heterosubtypic influ-
enza virus infections (8, 9). The remaining option is the live-at-
tenuated influenza virus vaccine (LAIV), which induces better
cross-reactive, cell-mediated protection against heterotypic influ-
enza virus infections (11, 12). However, LAIV is recommended
only forimmunocompetent 2- to 49-year-old persons (13). More-
over, the attenuated phenotype of the virus used in LAIV is con-
ferred by just five point mutations, located in PB2 (N265S), PB1
(K391E, E581G, A661T), and NP (34G) (14-16), that make the
virus temperature sensitive (ts). The concern is that reversion of
any or a combination of the five mutations could result in a rep-
lication-competent and potentially pathogenic virus. Thus, new
vaccination strategies that overcome the limitations associated
with current influenza vaccination approaches are required for
the prevention of viral infections in humans.

At least four of the eight segments of the influenza A virus
genome encode more than one polypeptide using alternative
splicing mechanisms (M and NS segments) (17, 18), leaky ribo-
somal scanning (PB1 segment) (19), or ribosomal frame shifting
(PA segment) (20). Influenza A virus genome segment 8 encodes
the NS mRNA as a continuous primary transcript. Standard pro-
cessing of this NS mRNA generates nonstructural protein 1 (NS1),
whereas alternative processing using a weak 5’ splice site results in
a second, less abundant splice product encoding the nuclear ex-
port protein (NEP) (21), which accounts for 10 to 15% of the
NS-derived mRNA (22). Although both polypeptides are ulti-
mately translated from different open reading frames (ORFs),
they still share the first 10 N-terminal amino acids (21). Influenza
A virus genome segment 7 (M) uses a similar strategy to produce
at least two viral proteins, the primary transcript matrix 1 (M1)
protein and the alternatively spliced matrix 2 (M2) protein (18).
As with the NS segment, both M1 and M2 share the first 9 N-ter-
minal amino acids and are necessary for the production of repli-
cation-competent influenza viruses (23-25).

In the present work, we have engineered the M and NS seg-
ments of the influenza A/Puerto Rico/8/1934 (PR8) HINI virus
genome to encode nonoverlapping independent M1/M2 (split M
segment [Ms]), independent NS1/NEP (split NS segment [NSs]),
or both independent M1/M2 and independent NS1/NEP (Ms/
NSs) ORFs. In vitro characterization of the viruses carrying re-
combinant Ms and Ms/NSs (referred to here as Ms and Ms/NSs
viruses, respectively) showed that they exhibited a ts phenotype.
However, recombinant Ms viruses grew at high titers in tissue
culture cells at a permissive temperature (33°C). Importantly, the
modified Ms or Ms/NSs influenza virus was highly attenuated in a
mouse model of infection and able to confer, upon a single intra-
nasal immunization, full protection against a lethal challenge with
wild-type (WT) PR8 virus. Notably, mice immunized with the
modified Ms or Ms/NSs virus were better protected against sub-
sequent WT PR8 virus lethal challenge than mice immunized with
our previously described PR8 ts LAIV (14). In addition, the ability
to encode NS1 and NEP (NS segment) and M1 and M2 (M seg-
ment) proteins as separate, nonoverlapping transcripts represents
an excellent option to independently study mutations in these
viral proteins without affecting the viral products encoded by
other segments of the viral genome.
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MATERIALS AND METHODS

Cell and viruses. Human embryonic kidney 293T (293T) and Madin-
Darby canine kidney (MDCK) cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin (100 units/ml)-streptomycin (100 pg/ml)—2 mM
L-glutamine (P-S-G) at 37°C in air enriched with 5% CO,. Influenza
A/Puerto Rico/8/1934 (PR8) HINI1 virus (26) was grown in MDCK cells
as previously described (27, 28). Viral titers were determined by an im-
munofocus assay and are presented as fluorescence-forming units (FFU)
per milliliter (27, 28).

Plasmids. To engineer the recombinant PR8 virus NS and M split
segments (NSs and Ms, respectively), overlapping PCR and standard mo-
lecular biology techniques were used to introduce the modifications into
the ambisense pDZ-NS or pDZ-M viral rescue plasmid (26). The modi-
fied plasmids, named pDZ-NSs and pDZ-Ms, respectively, contain the
NS1 (NS segment) or M1 (M segment) open reading frames (ORFs) with-
out stop codons or splice acceptor sites, followed by the porcine tescho-
virus 1 (PTV-1) 2A autoproteolytic cleavage site (ATNFSLLKQAGDVEE
NPGP) and the entire sequence of the NEP (NS segment) or M2 (M
segment) ORF (27, 29). The sequences of the modified pDZ-NSs and -Ms
plasmids were confirmed by sequencing, and the plasmids were used for
virus rescue.

Rescue of recombinant PR8 viruses. Virus rescues were performed as
previously described (27, 28, 30). Briefly, cocultures of 293T and MDCK
cells (in a 6-well plate format) were cotransfected in suspension, using the
Lipofectamine 2000 reagent, with 1 g of each of the ambisense plasmids.
At 12 h posttransfection, the transfection medium was replaced with
DMEM containing 0.3% bovine serum albumin (BSA), 1% P-S-G, and
0.5 pg/ml of tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-
treated trypsin. At 48 h posttransfection, tissue culture supernatants were
collected, clarified, and used to infect fresh monolayers of MDCK cells
(6-well plate format). At 3 to 4 days postinfection, recombinant viruses
were plaque purified in 6-well plates and scaled up in MDCK cells (28).
Stocks were titrated by the immunofocus assay on MDCK cells (27, 28).
Viral rescues and titrations were performed and stocks were produced at
33°C.

Reverse transcription-PCR (RT-PCR). Total RNA from infected
MDCK cells (6-well plate format) was purified using the TRIzol reagent
(Invitrogen) according to the manufacturer’s specifications. The cDNAs
were synthesized with SuperScript II reverse transcriptase, using 1 pg of
total RNA as the template and primers specific for the M, NS, and NP viral
RNAs. The cDNAs were used as the template to amplify the specific viral
RNA segments (M, NS, and NP) using specific primers.

Protein gel electrophoresis and Western blot analysis. Total proteins
from infected MDCK cell lysates (6-well plate format) were separated
using 10% or 12% SDS-polyacrylamide gels and transferred to nitrocel-
lulose membranes. Membranes were blocked for 1 h with 5% dried skim
milk in phosphate-buffered saline (PBS) containing 0.1% Tween 20
(T-PBS) and incubated overnight at 4°C with the following specific pri-
mary monoclonal antibodies (MAbs) or polyclonal antibodies (pAbs):
NS1 (MAD 1A7), NEP (pAb a01499; GenScript), M1 (MAD ab22396; Ab-
cam), M2 (MAD ab5416; Abcam), and NP (MAb HB-65). A MAb against
actin (MAb A1978; Sigma) was used as an internal loading control. Bound
primary antibodies were detected with horseradish peroxidase (HRP)-
conjugated antibodies against immunoglobulins of different species
(mouse or rabbit). Proteins were detected by quimioluminescence (re-
agent was from ThermoFisher Scientific) following the manufacturer’s
recommendations and photographed using a Kodak Image Station. The
bands in the Western blots were quantified by densitometry using the
software Image]J (v.1.46). The quantities for the protein bands were nor-
malized to the level of cellular actin. Protein expression in WT-infected
cells was considered 100% for comparison with the levels of expression by
viruses carrying split mutant sequences.

Virus growth kinetics. Triplicate wells of confluent MDCK cells (12-
well plate format) were infected at a multiplicity of infection (MOI) of
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0.001. After 1 h of virus adsorption at room temperature, the cells were
washed, overlaid with DMEM containing 0.3% BSA and TPCK-treated
trypsin, and incubated at 33°C, 37°C, or 39°C. At the indicated times
postinfection, tissue culture supernatants were collected and viral titers
were determined by the immunofocus assay (27, 28). The mean value and
standard deviation (SD) were calculated using Microsoft Excel software.

Plaque assay and immunostaining. Confluent monolayers of MDCK
cells (6-well plate format) were infected for 1 h at room temperature,
overlaid with agar, and incubated at 33°C, 37°C, or 39°C. At 3 days postin-
fection, the cells were fixed overnight with 4% paraformaldehyde (PFA)
and the overlays were removed. Cells were then permeabilized (0.5% Tri-
ton X-100 in PBS) for 15 min at room temperature and prepared for
immunostaining using NP MAb HB-65 and vector kits (Vectastain ABC
vector kits and DAB HRP substrate kit; Vector) according to the manu-
facturer’s specifications (27, 29).

Mouse experiments. Six- to 8-week-old female C57BL/6 mice were
purchased from the National Cancer Institute (NCI) and maintained in
the animal care facility at the University of Rochester under specific-
pathogen-free conditions. All animal protocols were approved by the
University of Rochester Committee of Animal Resources and complied
with the recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Research Council (31). Mice (n = 6) were anes-
thetized intraperitoneally with tribromoethanol (Avertin) and then inoc-
ulated intranasally with 30 .l of a virus preparation containing the num-
ber of FFU of the WT, NSs, Ms, or Ms/NSs virus indicated below and
monitored daily for body weight loss and mortality. Mice showing a 25%
loss of their initial body weight were considered to have reached the ex-
perimental endpoint and were humanely euthanized. Virus replication
was evaluated by determination of viral titers in the lungs at day 2 postin-
fection (28). To that end, three mice in each group were sacrificed and
their lungs were extracted and homogenized. Virus titers were determined
by the immunofocus assay (27, 28). Geometric mean titers (GMTs) and
statistical analyses (Mann-Whitney test) were performed using GraphPad
Prism software. The 50% mouse lethal dose (MLDs,) of WT or recombi-
nant viruses was determined using the method of Reed and Muench (32).

For the vaccination and challenge experiments, 6- to 8-week-old fe-
male C57BL/6 mice (1 = 6) were inoculated intranasally with PBS or the
number of FFU of Ms virus, Ms/NSs virus, or PR8 ts LAIV indicated
below. At 2 weeks after priming, the mice were challenged intranasally
with 1,000 MLDy,s of WT PR8 virus. After challenge, WT PR8 viral rep-
lication in the mouse lungs was evaluated at days 2 and 4 postinfection, as
described above. Mouse sera were collected by submandibular bleeding 24
h prior to WT PR3 viral challenges and evaluated for the presence of
influenza virus antibodies by an enzyme-linked immunosorbent assay
(ELISA).

ELISA. To assess the levels of virus-specific antibodies present in im-
munized mice, ELISAs were performed as previously described (28).
Briefly, 96-well plates were coated with lysates from mock- or WT PR8
virus-infected MDCK cells or with PR8 virus HA (200 ng per well; catalog
number NR-19240; BEI Resources) or NP (200 ng per well) recombinant
proteins. After washing with PBS, coated wells were blocked with PBS
containing 1% BSA overnight and then incubated with 1:2 dilutions
(starting dilution, 1:100) of mouse serum at 37°C. After 1 h of incubation,
the wells of the plates were washed with H,O and incubated with HRP-
conjugated goat anti-mouse IgG for 30 min at 37°C. The reactions were
developed with tetramethylbenzidine (TMB) substrate for 10 min at room
temperature, quenched with 2 N H,SO,, and read at 450 nm.

HALI assays. Hemagglutination inhibition (HAI) assays were used to
assess the presence of neutralizing antibodies (28). To that end, mouse
sera were treated with receptor-destroying enzyme (RDE) and heat inac-
tivated for 30 min at 56°C. The sera were then serially 2-fold diluted
(starting dilution, 1:16) in 96-well V-bottom plates and mixed 1:1 with 4
hemagglutinating units (HAU) of WT PR8 virus for 60 min at room
temperature. The HAI titers were determined by adding 0.5% turkey red
blood cells (RBCs) to the virus-antibody mixtures for 30 min on ice (28).
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Antiviral assay. Antiviral-mediated inhibition of WT and recombi-
nant PR8 viruses was evaluated as previously described (27, 29). Briefly,
confluent MDCK cells (24-well plate format, in triplicate) were infected
(MO, 0.001) for 1 h and incubated with infectious medium supple-
mented with 3-fold serial dilutions of oseltamivir (starting concentration,
10 wM). At 48 h postinfection, the viral titers in tissue culture superna-
tants were determined by the immunofocus assay (28). The viral titers in
virus-infected cells in the absence of drug were used to calculate 100%
viral infection. The 50% inhibitory concentration (IC5,) was determined
by use of a sigmoidal dose-response curve (GraphPad Prism software,
v.4.0).

RESULTS

Generation of recombinant PR8 viruses encoding split M1/M2
and NS1/NEP genes. The regions of the influenza virus genome
encoding the NS1 and NEP products in segment 8 (NS) and the
M1 and M2 products in segment 7 (M) partially overlap (1), mak-
ing it difficult to introduce mutations in the overlapping regions
in one viral product without affecting the protein sequences in the
other viral product. To solve this problem and introduce changes
into only one viral protein at a time, we modified the NS and M
segments of the viral genome to encode proteins from a single
nonoverlapping transcript (Fig. 1). To that end, the overlapping
regions in both segments of the viral genome were duplicated and
the porcine teschovirus 1 (PTV-1) 2A autoproteolytic cleavage site
(33) was inserted between the NS1 and NEP genes (segment 8) or
between the M1 and M2 genes (segment 7). This strategy ensured
that the viral proteins (the NS1 and NEP proteins and the M1 and
M2 proteins, respectively) would be translated as two separate,
nonoverlapping, independent ORFs, similar to the strategy that
we have previously described for the NS segment (27, 29, 34).

To analyze whether recombinant influenza viruses harboring
the modified M and/or NS segments of the viral genome could be
rescued and to assess the effect of this new segment organization in
the context of viral replication, the modified M and NS segments
of the viral genome were cloned into ambisense reverse genetics
plasmids and used for viral rescues (35). Three different viruses
containing the split M segment (Ms), split NS segment (NSs), or
both split segments (Ms/NSs) were rescued (Fig. 1). This is, to our
knowledge, the first time that an influenza virus with an Ms has
been described.

Characterization of recombinant PR8 viruses with split seg-
ments. The identities of the recombinant Ms, NSs, and Ms/NSs
viruses were confirmed by RT-PCR and Western blotting (Fig. 2).
By RT-PCR, ¢cDNA products of 895 nucleotides (nt) and 1,150 nt
were amplified from the NS viral RNA using parental and NSs
viruses, respectively (Fig. 2A). Likewise, DNA band sizes of 1,027
and 1,150 nt were amplified from the M viral RNA using WT and
Ms viruses, respectively (Fig. 2A), confirming the identity of the
rescued viruses. As expected, a consistent band of 1,565 nt was
amplified from the NP viral RNA of all recombinant viruses. To
characterize the recombinant Ms, NSs, and Ms/NSs viruses at the
protein level, we performed Western blot analyses using antibod-
ies specific for the viral products M1, M2, NS1, NEP, and NP (Fig.
2B). The molecular masses of the modified M1 and NSI1 viral
proteins were greater for Ms and Ms/NSs virus-infected cells and
for NSs and Ms/NSs virus-infected cells, respectively, than for the
parental virus-infected cells. This result is consistent with the ex-
pression of these proteins fused to the 2A autoproteolytic cleavage
site (Fig. 2B). The amounts of processed M1 and M2 proteins were
reduced (~1.5- to 2-fold) in the infections with the Ms and Ms/
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atures (Fig. 3). The NSs virus grew at slightly lower titers (~5- to
10-fold) than WT PR8 virus at the three temperatures tested and
atall times except 12 h postinfection, at which the differences were
greater (Fig. 3A). On the other hand, we observed a ~100-fold
decrease in viral titers for the Ms and Ms/NSs viruses at 33°C at 48
to 96 h postinfection, with no virus being detected at earlier times
postinfection (Fig. 3A). Importantly, the Ms and Ms/NSs viruses
reached titers close to 107 fluorescence-forming units (FFU)/ml at
the peak of infection (72 h). Notably, replication of the Ms and
Ms/NSs viruses was significantly impaired at 37°C and was im-
paired to a greater extent at 39°C. Differences in the titers between
the Ms and Ms/NSs viruses and the parental PR8 virus without
split sequences reached at least 10,000-fold at 37°C and 100,000-
fold at 39°C at the peak of infection (48 h) (Fig. 3A). The ts phe-
notype of the recombinant modified Ms and Ms/NSs viruses was
further confirmed by plaque assay (Fig. 3B). The plaque pheno-
type of the NSs virus was only slightly smaller than that of the
parental PR8 virus at the three temperatures tested (Fig. 3B). As
expected, the lysis plaques produced by the Ms and Ms/NSs vi-
ruses at 33°C were smaller than those produced by the WT PR8
virus (Fig. 3B). However, these differences were more pronounced
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at restricted temperatures (37°C and 39°C), where point plaques
(37°C) or no plaques (39°C) were observed (Fig. 3B). Altogether,
these data indicate that the NSs virus and, to a greater extent, the
Ms and Ms/NSs viruses are attenuated in growth in vitro com-
pared to the growth of WT PR8 virus. Importantly, our data also
support a temperature-restricted phenotype for the viruses con-
taining the split M segment (Ms and Ms/NSs viruses), suggesting
that the modifications introduced in Ms result in viruses with a ts
phenotype.

Virulence of NSs, Ms, and Ms/NSs PR8 viruses in vivo. As the
PR8 viruses with split segments were attenuated in growth in vitro
(Fig. 3), we sought to test whether these viruses were also attenu-
ated in growth in vivo (Fig. 4), as attenuated growth in vivo would
support the potential implementation of influenza virus with re-
arranged spliced segments as live-attenuated vaccine candidates.
To that end, groups of mice (n = 6) were inoculated intranasally
with different doses of the NSs virus (10, 10, and 10° FFU) or the
Ms or Ms/NSs virus (10°, 10%, and 10° FFU) or with the WT PR8
virus (10, 10%, and 10° FFU) for comparison. The mice were mon-
itored for 14 days for signs of morbidity (weight loss) and mortal-
ity (survival) (Fig. 4). As expected, the recombinant viruses with
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FIG 4 Attenuation of viruses harboring split segments. Six- to 8-week-old female C57BL/6 mice (n = 6) were infected intranasally with the indicated number
of FFU of WT (A), NSs (B), Ms (C), and Ms/NSs (D) PR8 viruses and then monitored daily for 2 weeks for body weight loss (left) and survival (right). Mice that
lost 25% of their initial body weight were sacrificed. Data represent the means and SDs of the results determined for individual mice (n = 6).

split segments showed levels of attenuation and pathogenicity dif-
ferent from those for WT PR8 virus, and the increased morbidity
and mortality correlated with the increased virus dose. All mice
infected with 10° and 10> FFU of WT PR8 virus rapidly lost weight,
and none survived by day 6 or 8 postinfection, respectively, while
66.6% of mice survived after infection with 10 FFU (Fig. 4A). In
spite of the limited attenuation observed in vitro (~5- to 10-fold
that of WT PR8 virus; Fig. 3), mice infected with the NSs virus
showed less weight loss and mortality than mice infected with the
same doses of WT PR8 virus (Fig. 4B). All mice infected with 10
FFU of NSs virus survived the viral infection, 50% of the mice
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infected with 10* FFU of NSs virus survived the viral infection, and
no mice infected with 10> FFU of NSs virus survived the viral
infection by day 8 (Fig. 4B). In contrast, the Ms or Ms/NSs virus
showed higher levels of attenuation when they were inoculated
into the mice (Fig. 4C and D, respectively). Only mice inoculated
with 10° FFU of the Ms virus lost weight and succumbed (83.3%)
to viral infection (Fig. 4C). Remarkably, none of the mice infected
with 10" or 10° FFU of the Ms virus (Fig. 4C) and with up to 10
FFU of the Ms/NSs virus (Fig. 4D) showed weight loss or mortal-
ity. From these experiments, the MLDs, (32) for each PR8 virus
was ~17 FFU for WT virus (28), ~100 FFU for NSs virus,
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TABLE 1 MLD,s of PR8 viruses carrying split segments

Virus® MLDjs, (no. of FFU/mouse)
WT 1.7 X 10

NSs 10 X 10!

Ms 3.98 X 10*

Ms/NSs >1 X 10°

LAIV? 3.16 X 10*

“ Mortality was determined over 2 weeks (n = 6).
b The MLD5, of PR8 ts LAIV was previously calculated (14).

~40,000 FFU for Ms virus, and greater than 10°> FFU for Ms/NSs
virus (Table 1). These data demonstrate that a recombinant virus
with a modified split NS segment (NSs) is slightly attenuated
(MLDs5g, ~5- to 10-fold that of WT PR8 virus) in mice. However,
a similar modification in the viral M segment results in a signifi-
cantly higher level of attenuation (MLDs,, ~2,350-fold that of
WT PR8 virus) in vivo. Notably, modification of both the viral M
and NS segments resulted in additive attenuation (MLDs,,
>5,880-fold that of WT PR8 virus) compared to the level of at-
tenuation found for viruses in which a single segment was modi-
fied. Importantly, while the MLDs,, of the virus containing Ms was
similar to that of our recently described PR8 ts LAIV (~3 X 10*
FFU) (14), the MLDs, of the Ms/NSs virus was at least 3-fold
higher (>10° FFU) than that of PR8 ts LAV (Table 1).
Induction of humoral responses in mice infected with PR8
viruses carrying split segments. Given that the Ms and Ms/NSs
viruses were highly attenuated in mice (Fig. 4), we next evaluated
the potential of these viruses as vaccine candidates. To this end,
groups of mice (n = 3) were mock infected (with PBS) or infected
with 0.01 and 0.1 MLDs, of the Ms virus (equal to 400 and 4,000
FFU, respectively), with 10,000 and 100,000 FFU of the Ms/NSs
virus (considered 0.01 and 0.1 MLDs, respectively), or with 0.01
and 0.1 MLDs,, of our previously described PR8 ts LAIV (equal to
300 and 3,000 FFU, respectively). The humoral immune responses
in sera collected 2 weeks after infection were evaluated by ELISA
(Fig. 5), using cell extracts from PR8 virus-infected MDCK cells
(Fig. 5A) or PR8 virus purified HA (Fig. 5B) or NP (Fig. 5C).
Antibodies specific to total viral proteins, viral HA, and viral NP
were detected in all infected mice, with the amount of antibodies,
as expected, being slightly higher in mice infected with the highest
dose of virus (0.1 MLDs,). Interestingly, for mice infected with the
same MLDs,, ELISA titers of antibodies specific for the whole
influenza virus-infected cell extracts and NP protein (Fig. 5A and
C, respectively) were statistically significantly higher in mice in-
fected with the Ms and Ms/NSs viruses than in those infected with
PR8 ts LAIV. These findings suggest that the more attenuated Ms
and Ms/NSs viruses induced a better humoral response than PR8
ts LAIV. However, no differences in the titers of antibodies against
PR8 HA were observed among the mice infected with the different
viruses (Fig. 5B). Additionally, we performed hemagglutination
inhibition (HAI) assays to examine the neutralizing activity of the
sera from the immunized mice (Table 2). As expected, the HAI
titers against WT PR8 virus were 4- to 8-fold higher in animals
infected with 0.1 MLDs, than in mice infected with the lower dose
0f0.01 MLDsj,. Serum HAI titers in mice infected with the Ms/NSs
virus were 2- and 4-fold lower (MLDss, 0.01 and 0.1, respectively)
than those in mice infected with PR8 ts LAIV. On the other hand,
serum HAI titers in mice infected with the Ms virus were the same
as or 2-fold less than (MLDss, 0.01 and 0.1, respectively) those in
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mice infected with PR8 ts LAIV. Altogether, these data demon-
strate that vaccination with the more attenuated Ms or Ms/NSs
virus induces humoral neutralizing immune responses similar to
those obtained with PR8 ts LAIV.

Protection induced by recombinant PR8 viruses with split
segments after virus challenge. To analyze the efficacy of the im-
mune response elicited by vaccination with our modified Ms or
Ms/NSs virus against challenge with WT PR8 virus, groups of
mice (n = 3) were mock vaccinated (with PBS) or vaccinated with
0.01and 0.1 MLDs, of the Ms or Ms/NSs virus and PR8 ts LAIV for
comparison. Then, at 2 weeks after vaccination, mice were chal-
lenged with a lethal dose of 1,000 MLD5,s (~10,000 FFU) of WT
PR8 virus and viral titers in mouse lungs, collected at days 2 and 4
after challenge, were evaluated by the immunofocus assay (Fig. 6).
As expected, we detected viral titers of ~5 X 10° FFU/ml in mock-
vaccinated mice at both days postchallenge. Compared to the ti-
ters in mock-vaccinated mice, animals immunized with 0.01
MLD., of PR8 ts LAIV had similar viral titers (~10° FFU/ml) at
day 2 postchallenge but reduced viral titers (~1,000-fold) at day 4
postchallenge. After vaccination with the higher dose of PR8 ts
LAIV (0.1 MLDs,), we were able to detect WT PR8 virus (3 X 107
FFU/ml) in only 1 of the 3 mice at day 2 postchallenge, whereas no
virus was detected at day 4 postchallenge. Remarkably, after vac-
cination with 0.01 or 0.1 MLDs, of the Ms virus, we were not able
to detect WT PRS virus at day 2 or 4 postchallenge. Likewise, we
were not able to detect the challenge WT PR8 virus in mice vacci-
nated with 0.1 MLDs, of the Ms/NSs virus. Notably, we were able
to detect WT PR8 virus in 2 out of 3 mice vaccinated with 0.01
MLD;, of the Ms/NSs virus only at day 2 postinfection, with no
WT PR3 virus being detectable at day 4 postchallenge (Fig. 6).
Altogether, these data indicate that vaccination with the Ms or
Ms/NSs virus induces a strong immune response that prevents the
replication of WT PR8 virus and that this protection is greater
than that observed with PR8 ts LAIV when comparable MLDs,s
are used.

Growth of Ms and Ms/NSs PR8 viruses in vivo and in cell
culture. To further analyze whether the Ms and Ms/NSs viruses
replicate in infected mouse lungs, groups of mice (1 = 3) were
inoculated intranasally with 0.01 and 0.1 MLDs, of the Ms virus
(equal to 400 and 4,000 FFU, respectively), with 0.01 and 0.1
MLD;, of the Ms/NSs virus (equal to 10,000 and 100,000 FFU,
respectively), or with 0.01 and 0.1 MLD,, of PR8 ts LAIV (equal to
300 and 3,000 FFU, respectively), and the viral titers in the lungs of
infected mice were calculated at day 2 postinfection (Fig. 7A). As
expected, the viral titers in all cases were greater in mice infected
with the higher dose of 0.1 MLD, than in those infected with the
lower dose of 0.01 MLDs, (Fig. 7A). Interestingly, virus replica-
tion in the lungs was limited (less than 10* FFU/ml) after infection
with all the viruses, correlating with the very low morbidity and
mortality observed in infected mice (Fig. 4). However, the viral
titers in mice infected with both 0.1 and 0.01 MLDs, were slightly
higher in mice infected with the Ms/NSs virus and, more mark-
edly, in mice infected with the Ms virus than in mice infected with
PR8 ts LAIV (Fig. 7A). These data suggest that the Ms PR8 viruses
replicate better than PR8 ts LAIV in the mouse model used in these
studies.

To compare the growth kinetics of the Ms and Ms/NSs viruses
to those of PR8 ts LAIV in cell culture, MDCK cells were infected
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FIG 5 Humoral responses to Ms and Ms/NSs virus vaccination. Six- to 8-week-old female C57BL/6 mice (n = 6) were vaccinated intranasally with PBS
or the indicated viral MLD;, of the Ms or Ms/NSs PR8 virus or PR8 ts LAIV. Black symbols, 0.1 MLD,,; gray symbols, 0.01 MLDs,. At 14 days
postvaccination, mice were bled and sera were collected, pooled, and evaluated by ELISA for IgG antibodies against total influenza virus proteins using
cell extracts of PR8 virus-infected MDCK cells (A) or against recombinant PR8 HA (B) or NP (C) viral proteins. OD, optical density. Since the MLD;, of
the Ms/NSs virus was higher than 10° FFU, 10° FFU was defined to be 0.1 MLD,. Likewise, 10* FFU was defined to be 0.01 MLD,, for the Ms/NSs PR8
virus. *, P < 0.05 (when the differences both between the Ms virus and PR8 ts LAIV and between the Ms/NSs virus and PR8 ts LAIV were significant) using

Student’s t test from Microsoft Excel software.

TABLE 2 Immunogenicity of PR8 viruses carrying split segments

Immunization (dose [MLD5])* Mean HAI titer
PBS =16

Ms virus (0.01) 64

Ms virus (0.1) 256

MSs/NSs virus (0.01)" 32

Ms/NSs virus (0.1)” 128

LAIV (0.01) 64

LAIV (0.1) 512

% Data were calculated for immunized or mock-immunized (n = 6) mice.
b Since the MLDs, of the Ms/NSs virus was higher than 10° FFU (Table 1), the mice
were vaccinated with 10 FFU (0.01 MLDs,) and 10° FFU (0.1 MLDs,).
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(MOI, 0.001) at the permissive temperature (33°C) and the viral
titers in the cell culture supernatants were determined at 24, 438,
72, and 96 hpi (Fig. 7B). Maximum viral titers, reached at 72 hpi,
were approximately 6-fold lower in cells infected with the Ms and
Ms/NSs viruses than in those infected with PR8 ts LAIV (Fig. 7B).
These results indicate that, contrary to the situation observed in
vivo, the Ms and Ms/NSs viruses grow efficiently in vitro (107 to
10° FFU/ml), demonstrating the feasibility of their use for vaccine
production.

Effect of oseltamivir on Ms and Ms/NSs PR8 viral growth.
Despite the extensive efforts invested to control influenza virus
infections, only two classes of antivirals are currently clinically
available, namely, M2 inhibitors (e.g., amantadine and rimanta-
dine) and NA inhibitors (e.g., zanamivir and oseltamivir). To
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FIG 6 Protection efficacy of Ms, NSs, and M/NSs PR8 viruses in mice. Six- to
8-week-old female C57BL/6 mice (1 = 6) were mock vaccinated (with PBS) or
vaccinated intranasally with the indicated MLD5, (0.01 or 0.1) of the Ms or
Ms/NSs PR8 virus or PR8 ts LAIV. At 2 weeks postvaccination, mice were
challenged with 1,000 MLD,, of WT PR8 virus. The replication of WT PR8
virus in the lungs of challenged mice was evaluated at days 2 and 4 postinfec-
tion using the immunofocus assay, and titers are given as the number of FFU
per milliliter. Symbols represent data for individual mice (n = 3). Bars, geo-
metric mean lung viral titers; dashed line, the limit of detection (200 FFU/ml).
Since the MLDs5,, of the Ms/NSs virus was higher than 10° FFU, 10°> FFU was
defined to be 0.1 MLDs,,. Likewise, 10* FFU was defined to be 0.01 MLD, for
the Ms/NSs PR8 virus. *, P < 0.05 using Student’s t test from Microsoft Excel
software. For the mice vaccinated with 0.01 MLDs, of the Ms/NSs virus, we
detected the presence of WT PR8 virus at day 2 postchallenge in only two out
of the three mice. Likewise, we detected WT PR8 virus in only one out of the
three mice vaccinated with 0.1 MLDy,, of PR8 ts LAIV at day 2 postchallenge.

evaluate the antiviral activity of the FDA-approved agent oselta-
mivir against our live-attenuated Ms and Ms/NSs viruses, infected
MDCK cells were incubated with 3-fold dilutions (starting con-
centration, 10 wM) of oseltamivir, and the viral titers in tissue
culture supernatants were evaluated at 48 h postinfection (Fig.
8A). As internal controls, we used the parental virus, NSs virus,
and PR8 ts LAIV. Compared to the growth of virus in the un-
treated cultures, the lowest drug concentration (0.12 wM) inhib-
ited the growth of the Ms and Ms/NSs viruses and also PR8 ts
LAIV by more than 95%, whereas it had no significant effect on
NSs and parental PR8 virus growth (Fig. 8A). To determine the
active ICs, for all the viruses, lower concentrations (up to 0.0005
M) of oseltamivir were tested for the more sensitive Ms and
Ms/NSs viruses and PR8 ts LAIV (Fig. 8B). The oseltamivir con-
centration of 0.0015 wM had no effect on Ms virus and PR3 ts
LAIV growth, whereas it inhibited (~80%) the Ms/NSs virus (Fig.
8B). A similar ~80% inhibition of growth of the Ms virus and PR8
ts LATV was obtained with a concentration of 0.013 M oseltami-
vir (Fig. 8B). The oseltamivir IC5,s for the WT, NSs, Ms, and
Ms/NSs viruses and PR8 ts LAIV (calculated using sigmoidal
dose-response curves) were 0.82 pM, 0.35 wM, 0.0083 uM,
0.00024 pM, and 0.0056 M, respectively. These results indicate
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FIG 7 Replication of PR8 Ms and M/NSs viruses in vivo and in cell culture. (A)
Viral replication in mice. Six- to-8-week-old female C57BL/6 mice were in-
fected intranasally with the indicated MLD5, (0.01 or 0.1) of the Ms or Ms/NSs
PR8 virus or with PR8 ts LAIV as an internal control. Viral replication in the
lungs of infected mice was evaluated at day 2 postinfection using the immu-
nofocus assay, and titers are given as the number of FFU per milliliter. Symbols
represent data from individual mice (n = 3). Bars, geometric mean lung viral
titers; dashed line, the limit of detection (20 FFU/ml). Since the MLD5, of
Ms/NSs was higher than 10° FFU, 10° FFU was defined to be 0.1 MLDx,.
Likewise, 10* FFU was defined to be 0.01 MLDs, for the Ms/NSs PR8 virus. *,
P < 0.05 using Student’s ¢ test from Microsoft Excel software. (B) Viral repli-
cation in vitro. MDCK cells were infected (MOI, 0.001) with the Ms or Ms/NSs
virus or PR8 ts LAIV, and the viral titers in the tissue culture supernatants were
evaluated at the indicated times postinfection (24, 48, 72, and 96 h) by the
immunofocus assay and are given as the number of FFU per milliliter. Data
represent the means and SDs of the results determined for triplicate wells.
Dashed line, the limit of detection (200 FFU/ml).

that the Ms and Ms/NSs viruses, as well as PR8 ts LAIV, showed
much higher sensitivity than the PR8 WT or NSs virus to inhibi-
tion by oseltamivir (27) and that viral replication in people vacci-
nated with these live-attenuated candidates could easily be con-
trolled in the unlikely event that these viruses induce pathology.

DISCUSSION

In this study, we describe a novel approach to generate live-atten-
uated influenza viruses that would be promising as vaccine candi-
dates that are safer and more protective than those used at present.
To that end, the overlapping NS1/NEP (segment NS) and/or
MI1/M2 (segment M) ORFs were split by using the PTV-1 2A
autoproteolytic cleavage site (Fig. 1). Three viruses harboring the
modified NS segment, the modified M segment, and both modi-
fied NS and M segments (NSs, Ms, and Ms/NSs viruses, respec-
tively) were rescued, and the identity of the modified NS and/or M
segments was confirmed by RT-PCR and Western blotting ap-
proaches (Fig. 2). In cells infected with the Ms and Ms/NSs vi-
ruses, lower levels (~50 to 75%) of M1 and M2 expression were
observed (Fig. 2B). Similarly, in NSs or Ms/NSs virus-infected
cells, the amounts of the NS1 and NEP proteins were lower (~50
to 75%) than those in cells infected with WT PR8 virus (Fig. 2B),
suggesting that M1/M2 and NS1/NEP processing may be affected.

In cultured MDCK cells, the NSs virus grew to high titers (~5-
to 10-fold lower than the WT PR8 virus titer) (Fig. 3). However,
the expression of processed NS1 and NEP was reduced compared
to that in WT PR8 virus infection (Fig. 2B), suggesting that the
amount of NS1 and NEP produced in infected cells is not needed
for efficient virus growth, at least in MDCK cells. In contrast, the
Ms and Ms/NSs viruses were drastically impaired in their replica-
tion (Fig. 3). This could be due to altered levels of expression of
M1 and M2, which are known to affect viral replication both in cell

jviasm.org 6299


http://jvi.asm.org

Nogales et al.

A)

120
| i
= P NSs
s H ms
2 ®1| @msinss .

Ppr—
2 o || B LAV —
£ .
Q a0 —
- [
k= =
o)
& 20
I J
10 3.3 1.1 0.37 0.12 No drug
Oseltamivir [uM]
B) X
120 ™ *
Ms ;"_'
100 { | B Ms/NSs ~
B LAv A

[}
o

H
o

Relative virus growth (%)
S 3

0 . =W s |
0.37 0.12 0.04

T T -—
0.013 0.0046 0.0015 0.0005 No drug

Oseltamivir [uM]

FIG 8 Inhibition of viral replication by oseltamivir treatment. MDCK cells
were infected (MOI, 0.001) with the PR8 WT, NSs, Ms, or Ms/NSs virus or PR8
ts LAIV and incubated with 3-fold serial dilutions of oseltamivir starting at a
concentration of 10 wM (A) or 0.37 wM (B). Viral titers in the tissue culture
supernatants were evaluated at 48 h postinfection by the immunofocus assay
using an anti-NP monoclonal antibody (HB-65). Data represent the means
and SDs of the results determined for triplicate wells. The viral titers in virus-
infected cells in the absence of drug were used to calculate 100% viral infection.
*, P < 0.05 (when the differences between WT and NSs viruses, WT and Ms
viruses, WT and Ms/NSs viruses, and WT virus and PR8 ts LAIV were signif-
icant) using Student’s t test from Microsoft Excel software.

cultures and in vivo (36); to the M1 protein being fused to the 2A
autoproteolytic cleavage site at the C-terminal end (Fig. 1), which
could affect M1 functions; or to the presence of alternative pro-
teins encoded by the influenza virus M segment being disrupted
during Ms virus generation (18, 37-39). Surprisingly, the defect in
replication of the Ms and Ms/NSs viruses was more evident at high
temperatures (37°C and 39°C) than at a low temperature (33°C)
(Fig. 3). We are currently investigating the molecular mecha-
nism(s) behind the ts phenotype observed in the recombinant
PR8 viruses containing the M split viral segment. Remarkably, the
Ms and Ms/NSs viruses were highly attenuated in mice (Fig. 4).
The MLDs, of the Ms virus (~40,000 FFU) was ~2,350-fold
higher than the MLD5, of the WT PR8 virus (~17 FFU) and sim-
ilar to the MLDs, of PR8 ts LAIV (~30,000 FFU), whereas the
MLDs, of the Ms/NSs virus (>100,000 FFU) was at least ~5,580-
fold higher than that of the WT PR8 virus and ~3-fold higher than
that of PR8 ts LAIV (Table 1).
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Because of the safety profiles of the viruses carrying split seg-
ments in vivo, we evaluated the immunogenicity and the vaccine
potential of the Ms viruses (the Ms and Ms/NSs viruses) after
homologous challenge with WT PR8 virus. We found that al-
though the Ms and Ms/NSs viruses were highly attenuated, a sin-
gle intranasal immunization, using 0.1 or 0.01 MLD,, induced an
efficient immune response (Fig. 5), including neutralizing anti-
bodies (Table 2) capable of conferring complete protection
against lethal challenge with WT PR8 virus (Fig. 6). Notably, im-
munization with 0.1 or 0.01 MLD,, of the Ms or Ms/NSs virus
inhibited replication of the challenge WT PR8 virus to much
greater extents than immunization with the same MLD5, of PR8 ts
LAIV (Fig. 6), indicating that these viruses induce better protec-
tive immune responses than PR8 ts LAIV. These results suggest
that the M split strategy represents an alternative to the current
approach of immunization with ts LAIV for immunocompetent
2- to-49-year-old individuals, while the Ms/NSs virus approach
represents an improved strategy for vulnerable populations, such
as immunocompromised or asthmatic people, who are not cur-
rently covered by the marketed ts LAIV (13). Under challenge
conditions, the HAI titers of antibodies to the Ms or Ms/NSs virus
in sera from infected mice were similar to or slightly lower than
those of antibodies to PR8 ts LAIV (Table 2), and the titers of
antibodies to NP were higher in sera from mice infected with the
Ms or Ms/NSs virus than in those from mice infected with PR8 ts
LAIV (Fig. 4). Because of these characteristics of sera and the pro-
tection results (Fig. 6), we hypothesize that the Ms and Ms/NSs
viruses might induce better cellular immune responses than PR8
ts LAIV. Cellular immune responses have been shown to be re-
quired to confer better protection and optimal control of influ-
enza virus replication (40-42). Another possibility is that the Ms
and Ms/NSs viruses confer better protection than PR8 ts LAIV be-
cause they replicate better in the lower respiratory tract (Fig. 7A).

Importantly, the Ms and Ms/NSs viruses and PR8 ts LAIV were
more sensitive to oseltamivir than the PR8 WT or NSs virus (Fig.
8), indicating that in the unlikely event that the vaccine induces
illness, virus replication could be easily inhibited by treatment
with the FDA-approved NA inhibitor. As the NA proteins of the
different recombinant viruses are the same, one explanation for
the higher sensitivity to oseltamivir observed in the Ms and Ms/
NSs viruses and PR8 ts LAIV is that these viruses replicate less
efficiently than the WT counterpart and less drug is required to
inhibit viral replication.

LAIVs licensed for human use are recommended only for use
by immunocompetent, nonpregnant, 2- to 49-year-old people
due to safety issues (13). The attenuated influenza viruses gener-
ated by the approach described in this work, based on rearrange-
ment of the viral spliced segments, offer several unique advantages
over the currently FDA-approved ts LAIV. First, reorganization of
the viral spliced M and/or NS segments makes viral reversion to a
virulent phenotype highly unlikely, if not impossible. This ap-
proach overcomes safety concerns affecting the current ts LAIV,
which is based on a limited number of amino acid substitutions
(five) responsible for the ts phenotype. Second, like the current
LAIV, our Ms and Ms/NSs viruses have a ts phenotype. However,
our data indicate that the ts phenotype of the Ms or Ms/NSs virus
results in ts greater than that observed in PR8 ts LAIV, since the
viral titers at 37°C or 39°C were higher with PR8 ts LAIV (Fig. 3A)
(14). Importantly, the growth of the Ms or Ms/NSs virus is slightly
reduced (only 6-fold) compared to that of PR8 ts LAIV at the
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permissive temperature (33°C) (Fig. 7B), demonstrating the fea-
sibility of using the Ms and Ms/NSs viruses for vaccine produc-
tion. Third, the Ms virus has an MLDs, (~40,000 FFU) similar to
that of PR8 ts LAIV; however, upon vaccination with the same
MLDs, (0.01 or 0.1), we observed greater protection efficacy with
our Ms virus than with PR8 ts LAIV (Fig. 6). Moreover, even
vaccination with 0.01 MLDs, of the Ms virus conferred better
protection efficacy than vaccination with 0.1 MLDs, of PR8 ts
LAIV. These results suggest that in order to obtain similar protec-
tion efficacy, much less Ms virus than PR8 ts LAIV is required for
inoculation. Fourth, the vaccine created by use of the double Ms/
NSs approach represents an excellent LAIV for vulnerable people
currently excluded from the group eligible to be vaccinated with
the currently available LAIV, such as immunocompromised,
pregnant, or asthmatic individuals. Therefore, using a similar
platform, the Ms or Ms/NSs virus could be used as a safer, more
immunogenic, and more robust protective LAIV than the current
ts LAIV.

Another advantage of our LAIV approach is that it could be
implemented to generate live-attenuated vaccine candidates using
the backbone of currently circulating seasonal influenza viruses.
This is in contrast to the use of the ts LAIV, which is based on viral
reassortants containing the safety backbone (PB2, PBI, PA, NP,
M, and NS) of the master donor strain A/Ann Arbor/6/60 virus
H2N2 and the two viral RNA segments encoding the viral glyco-
proteins (HA and NA) from circulating seasonal influenza viruses.
This would result in better cellular responses that will assist with
the provision of better protection efficacies. Moreover, generation
of LAIV on the basis of the rearrangement of the M and/or NS
spliced viral segments could be rapidly achieved using state-of-
the-art plasmid-based reverse genetics technologies (35). Finally,
it is worth noting that since the regions encoding NS1 and NEP
(NS segment) and M1 and M2 (M segment) partially overlap, the
split virus strategy described here allows introduction of muta-
tions in overlapping regions without affecting the primary amino
acid sequence of the NS1 and NEP proteins or M1 and M2 pro-
teins to evaluate individually the contribution of a domain(s) or
amino acid residues in one of these viral proteins without affecting
the other viral product.
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