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The conventional hemagglutinin (HA)- and neuraminidase (NA)-based influenza vaccines need to be updated most years and are
ineffective if the glycoprotein HA of the vaccine strains is a mismatch with that of the epidemic strain. Universal vaccines target-
ing conserved viral components might provide cross-protection and thus complement and improve conventional vaccines. In
this study, we generated DNA plasmids and recombinant vaccinia viruses expressing the conserved proteins nucleoprotein (NP),
polymerase basic 1 (PB1), and matrix 1 (M1) from influenza virus strain A/Beijing/30/95 (H3N2). BALB/c mice were immunized
intramuscularly with a single vaccine based on NP, PB1, or M1 alone or a combination vaccine based on all three antigens and
were then challenged with lethal doses of the heterologous influenza virus strain A/PR/8/34 (HIN1). Vaccines based on NP, PB1,

and M1 provided complete or partial protection against challenge with 1.7 50% lethal dose (LD5,) of PR8 in mice. Of the three
antigens, NP-based vaccines induced protection against 5 LD, and 10 LD, and thus exhibited the greatest protective effect.
Universal influenza vaccines based on the combination of NP, PB1, and M1 induced a strong immune response and thus might
be an alternative approach to addressing future influenza virus pandemics.

he conventional influenza vaccines that are available currently

to prevent seasonal flu outbreaks depend mainly on the sur-
face glycoproteins hemagglutinin (HA) and neuraminidase (NA)
(1, 2). However, HA- and NA-based conventional influenza vac-
cines sometimes fail to prevent flu epidemics because the HA
and/or NA in the vaccine strains is a mismatch with that in circu-
lating virus strains (3—7). Universal influenza vaccines (UIVs) that
induce effective and long-term cross-protection and address the
risk of mismatch may overcome the shortcomings of conventional
influenza vaccines. Therefore, the development of a UIV capable
of inducing long-term immunity and cross-protection remains a
priority in influenza vaccine research (8).

Influenza viruses are classified as type A, B, or C based on their
nucleoprotein (NP) and matrix protein (M). Among the three
subtypes, influenza A virus has been the target of UIVs, because
the diverse influenza A strains frequently trigger influenza epi-
demics and pandemics. A previous study indicated that humans
mount a good response to the highly conserved internal proteins
NP, M1, and polymerase basic 1 (PB1) of influenza A virus (9);
therefore, these highly conserved influenza A virus antigens are
the basis of UIVs. Multiple studies have investigated the potential
of NP (10-13), matrix protein 1 (M1) (14-17), and ion channel
(M2, mainly M2e) (18-27) as alternative vaccine antigens for the
prevention of seasonal and pandemic flu outbreaks. PB1 has also
shown protective potential but requires further investigation for
inclusion in UIVs. Kosik et al. (28) constructed a DNA vaccine
based on PB1, which provided some protective immunity in a
mouse model. We previously constructed DNA vaccines based on
PB1 and PB2 from influenza virus strains A/PR/8/34 (HIN1)
(PR8) and A/Beijing/30/95 (H3N2) (BJ95). Mice immunized with
DNA vaccines based on PB1 from PR8 or BJ95 were protected
against sublethal PR8 challenge, whereas mice immunized with
PB2-based DNA vaccines were not. These data suggest that the
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influenza viral structural protein PB1 shows promise for inclusion
in a DNA vaccine against the influenza A virus (29). Recent studies
suggested that the injection of vaccines based on NP, M1, M2, or
PBI1 conferred protection in mice challenged with a lethal virus
dose. In many cases, UIVs were developed by combining several
antigens or epitopes to induce a comprehensive immune re-
sponse. For example, NP was often used in combination with M1
or M2e to provide protection superior to that conferred by either
antigen alone (30-43). In addition, UIVs containing influenza
virus HA, M1, and/or NP provided effective cross-protection
against a lethal challenge of influenza virus (38, 44—47). Jeon, Ben-
Yedidia, and Arnon (48) fused the oligonucleotides coding for
three epitopes, HAg, ;05 (B-cell epitope), NP.s o (Th-cell
epitope), and NP, ,, ;55 (CD8" T-cell epitope), of influenza virus
in tandem with the flagellin protein of Salmonella. Mucosal im-
munization with the fusion vaccine protected BALB/c mice
against influenza virus of a different subtype. Therefore, UIVs
based on multiple components can induce a strong immune re-
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sponse and might represent an alternative approach to preventing
future influenza virus pandemics.

UIVs based on multiple proteins or epitopes were designed
using various types of vaccines, including DNA, recombinant sub-
unit, and virus-vectored vaccines, to elicit comprehensive cross-
protection immune responses against influenza viruses. In some
cases, alternate prime-boost strategies were used to develop com-
bination vaccines for stable and long-term protection. For exam-
ple, Lo et al. (30) constructed NP-based DNA and adenovirus
vaccines and showed that a DNA prime-adenovirus boost strategy
greatly improved the cross-protection induced by NP-based vac-
cines. Luo et al. (49) found that the immune response induced in
mice by the NP DNA vaccine was enhanced by an intranasal boost
with recombinant NP (rNP) protein. The prime-boost strategy
provided protection not only against the homologous virus but
also cross-protection against a heterosubtypic HON2 strain. A UIV
based on a fusion of NP and M1 was constructed in recombinant
modified vaccinia virus Ankara (MVA) and adenovirus (Ad), and
various immunization regimens were assessed. The alternate Ad
prime-MVA boost vaccination regimen induced the strongest im-
mune responses in BALB/c mice and chickens and therefore was
the most immunogenic regime (38, 41).

In the present study, we generated UIVs based on NP, M1, and
PB1 in DNA plasmids and recombinant vaccinia virus (rVV). We
then investigated the ability of these vaccines to induce immunity
and provide cross-protection against PR8 challenge in mice im-
munized with DNA vaccines, rVV vaccines, or DNA prime-rVV
boost regimens based on a sole antigen or a combination of the
three antigens.

MATERIALS AND METHODS

Influenza A viruses. The influenza A viruses A/PR/8/34 (HIN1) (PR8)
and A/Beijing/30/95 (H3N2) (BJ95) were used in this study. PR8 is a
mouse-adapted influenza strain that was propagated on 9-day-old chick
embryos at 34°C for 48 h; the allantoic fluid was then collected and stored
at —70°C until use. The 50% lethal dose (LDs,) titer of PR8 was assessed
in BALB/c mice before the challenge experiments. One LD, is equal to
10>€ 50% tissue culture infective doses (TCIDs,). Influenza virus BJ95
was used as the template to obtain the target genes in this study. Moreover,
allantoic fluid containing BJ95 was concentrated by centrifugation, di-
luted with diethyl ether, and then used to coat enzyme-linked immu-
nosorbent assay (ELISA) plates to detect immunization-induced specific
IgGs in mice.

Vaccinia virus Tiantan strain and relevant vector. Vaccinia virus
Tiantan strain is replication competent. It was developed by Chinese
scientists as a vaccination agent against smallpox in China and was
documented by the WHO to successfully prevent smallpox (50). It
played a decisive role in the eradication of smallpox in China and was
used to inoculate hundreds of millions of individuals for ~50 years
until the end of the smallpox vaccination program in 1980. Vaccinia
virus Tiantan is a characteristic strain with a wide host range, powerful
multiplication capacity, abundant regions containing unnecessary
genes, a high capacity for foreign gene insertion, noncarcinogenicity,
lasting immunity, and cytoplasmic replication, and a long history of
applications in humans. It has been used widely as a recombinant
vaccine vector for many years, and multiple recombinant vaccinia vi-
ruses based on the Tiantan strain have been reported (51-55). Previ-
ous studies suggested that the vaccinia virus Tiantan strain-based vec-
tor system is suitable for expressing foreign genes and constructing
recombinant vaccines, and the resulting recombinant vaccines are safe
and effective in animals.

Construction of DNA plasmids. Viral RNA from influenza virus BJ95
was isolated using the TRIzol reagent. The universal forward primer for
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influenza A virus, 5'-AGCAAAAGCAGG-3’, and total RNA were used to
generate full-length cDNA transcripts for influenza A virus BJ95 using a
ThermoScript reverse transcriptase PCR (RT-PCR) system (Gibco, Grand
Island, NY, USA), according to the manufacturer’s instructions. PCR am-
plification was then performed to acquire the target genes using full-
length cDNA transcripts as the template. The cDNA corresponding to the
NP gene was generated using the forward primer 5'-ACGGATCCATCA
TGGCGTCCCAAGGCAC-3', which contains a BamHI restriction en-
zyme site (underlined), and the reverse primer 5'-TTGGATCCTTAATT
GTCGTACTC-3', which contains a stop codon and a BamHI restriction
enzyme site (underlined). The cDNA corresponding to the PB1 gene was
generated using the forward primer 5'-AAGGATCCCGAATGGATGTC
AATCC-3', which contains a BamHI restriction site (underlined), and the
reverse primer 5'-AGGGATCCTCATTATTTTTGCCGTCT-3’, which
contains a stop codon and a BamHI restriction site (underlined). The
c¢DNA corresponding to the M1 gene was generated using the forward
primer 5'-GATCCCGGGACCATGAGCCTTCTAACCGA-3’, which
contains an Smal restriction site (underlined), and the reverse primer
5'-ACACCCGGGTCACTTGAATCGTTGC-3', which contains a stop
codon and an Smal restriction site (underlined). The entire open reading
frames of the NP, PB1, and M1 genes were then digested using BamHI,
BamHI, and Smal, respectively, and inserted into the shuttle vector
pMDI18T. Subsequently, the cDNAs of the NP, PB1, and M1 genes in
pMD18T were inserted into the plasmid expression vector pSCA. The
plasmids were propagated in Escherichia coli strain DH5a cells, purified
using Qiagen-tip 500 kits (Qiagen, Diisseldorf, Germany), and stored at
—20°C.

The expression of NP, PB1, and M1 proteins by pSCA-NP, pSCA-PBI,
and pSCA-M1, respectively, was confirmed using indirect immunofluo-
rescence. First, MDCK cells were transiently transfected with the plas-
mids, and the expression of NP, PB1, and M1 was confirmed 18 to 24 h
later using mouse monoclonal influenza A virus NP-specific (ViroStat,
Portland, ME, USA), goat polyclonal influenza A virus PB1-specific
(Santa Cruz, Dallas, TX, USA), and mouse polyclonal influenza A virus
MI1-specific (Santa Cruz) antibodies. The signals were then visualized
using fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse,
rabbit anti-goat, and goat anti-mouse IgG (Sigma-Aldrich, St. Louis, MO,
USA) secondary antibodies.

Construction of recombinant vaccinia virus. The pJSA1175 vector,
the homologous recombinant plasmid of the vaccinia virus Tiantan
strain, contains two back-to-back promoters (p11 and p7.5). The plasmid
contains the lacZ gene downstream of the late p11 promoter, whereas the
early and late promoter p7.5 was empty loaded for the insertion of foreign
genes. Because there is a vaccinia virus early transcription termination
signal TTTTTNT sequence (56, 57), the 1493-TTTTTTT-1499 sequence
in the PB1 gene from pMD18-PB1 was PCR mutated to 1493-TTCTTC
T-1499 to avoid early transcription termination of the PB1 gene in recom-
binant vaccinia virus (rVV). The mutated PB1 gene was named PB1(m)
and inserted into the shuttle vector pMD18-T, similar to PB1 in pMD18-
PB1. Next, the entire open reading frames of the NP gene in pMD18-NP,
the PBI gene in pMD18-PB1(m), and the M1 gene in pMD18-M1 were
digested with BamHI, BamHI, and Smal, respectively, as appropriate,
smoothed, and then inserted into pJSA1175 vector.

To generate recombinant vaccinia virus via homologous recombi-
nation, primary chicken embryo fibroblast (CEF) cells were infected
with a multiplicity of infection (MOI) of 0.01 to 0.1 of vaccinia virus
Tiantan strain and then transfected with pJSA1175-NP, pJSA1175-
PB1, and pJSA1175-M1 plasmids, as described previously (58). Subse-
quently, pure recombinant vaccinia viruses containing the NP, PB1,
and M1 genes were generated using plaque purification in CEFs. Mock
recombinant vaccinia virus (rVV-c) was generated using the same
method with empty pJSA1175 vector. The recombinant vaccinia vi-
ruses were amplified in CEF cells.

The expression of NP, PB1, and M1 proteins by rVV-NP, rVV-PBI,
and rVV-M1, respectively, was confirmed using indirect immunofluores-
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TABLE 1 Mouse groups according to immunogen

Immunogen (dose)? at wk:

Vector Group Antigen” 0 2 4 6
DNA 1 None pSCA-c (10) pSCA-c (10) pSCA-c (10) None
2 NP PSCA-NP (10) pSCA-NP (10) PSCA-NP (10) None
3 PB1 pSCA-PB1 (10) pSCA-PB1 (10) pSCA-PB1 (10) None
4 M1 PSCA-M1 (10) pSCA-MI (10) PSCA-MI (10) None
5 NP + PB1 + M1 pSCA-NP/PB1/M1 pSCA-NP/PB1/M1 (10:10:10) pSCA-NP/PB1/M1 None
(10:10:10) (10:10:10)
Vv 6 None None rVV-c (107) None rVV-c (107)
7 NP None rVV-NP (107) None rVV-NP (107)
8 PB1 None rVV-PBI (107) None rVV-PB1 (107)
9 M1 None rVV-M1 (107) None rVV-M1 (107)
10 NP + PBI + M1 None rVV-NP/PB1/M1 (107:107:107) None rVV-NP/PB1/M1
(107:107:107)
DNA + rVV 11 None pSCA-c (10) pSCA-c (10) pSCA-c (10) rVV-c (107)
12 NP pSCA-NP (10) pSCA-NP (10) pSCA-NP (10) rVV-NP (107)
13 PB1 pSCA-PBI (10) pSCA-PBI1 (10) pSCA-PB1 (10) rVV-PBI (107)
14 M1 PSCA-M1 (10) pSCA-MI (10) PSCA-MI (10) rVV-M1 (107)
15 NP + PB1 + M1 pSCA-NP/PB1/M1 pSCA-NP/PB1/M1 (10:10:10) pSCA-NP/PB1/M1 rVV-NP/PB1/M1

(10:10:10)

(10:10:10)

(107:107:107)

“ None, without exogenous antigen (vector control, such as pSCA-c, rVV-c, or pSCA-c + rVV-c).
b Dosage values reflect either 10 wg or 107 PEU. None, mice were immunized without immunogen at the indicated time.

cence. First, HeLa cells were infected with rVV at an MOI of 0.001 to
0.002, and the expression of NP, PB1, and M1 was confirmed 24 to 36 h
later using the method described above for DNA plasmids. Meanwhile,
the expression of the target proteins was confirmed using immunoblot-
ting. CEF cells were infected with rVV at an MOI of 0.1 to 0.2, and the
expression of NP, PB1, and M1 was confirmed 24 h to 48 h later using
rabbit polyclonal NP-specific antiserum (obtained by immunizing rabbits
with purified NP,_, - .. [aa, amino acids] in our laboratory), goat poly-
clonal PBI1-specific antibodies (Santa Cruz), and goat polyclonal M1-
specific antibodies (Santa Cruz), respectively. Horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG (Sigma-Aldrich), rabbit anti-goat
IgG (Sigma-Aldrich), and rabbit anti-goat 1gG (Sigma-Aldrich) second-
ary antibodies, respectively, were then used. Cellular proteins were ex-
tracted from the infected CEF cells by resuspending cell pellets with buffer
containing 250 mM Tris-HCI, 5% (-mercaptoethanol, 2% SDS, 0.0025%
bromophenol blue, and 10% glycerol, followed by clearance by centrifu-
gation at 12,000 rpm for 10 min.

Vaccination and challenge. Specific-pathogen-free (SPF) female
BALB/c mice (5 to 6 weeks old) were purchased from the Institute of
Experimental Animals, Chinese Academy of Medical Sciences (Beijing,
China). All mice were bred under specific-pathogen-free conditions at the
Institute for Occupational Health and Poison Control (IOHPC), Chinese
Center for Disease Control and Prevention (China CDC). The mouse
study was conducted in strict accordance with the recommendations in
the guide for the care and use of laboratory animals of the China CDC.
Groups of mice were intramuscularly (i.m.) inoculated with vaccines in
the bilateral gastrocnemius without the use of any reagent or equipment
(Table 1), as described below.

The first group was immunized with DNA alone (DNA). Three doses
of 10 pg of DNA plasmid in a 100-pl volume of phosphate-buffered saline
(PBS) were given on weeks 0, 2, and 4. The combined immunization
group was injected with 10 pg of pSCA-NP, 10 pg of pSCA-PB1, and 10
g of pSCA-M1 mixed in a total volume of 100 I of PBS. Mice immu-
nized with the empty pSCA vector were used as the control group (pSCA-c
or DNA-¢).

The second group was immunized with rVV alone (rVV). Two doses
of 107 PFU of rVV in a 100-pl volume of PBS were given on weeks 2 and
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6. The combined immunization group was immunized with 10" PFU of
rVV-NP, 10’ PFU of r'VV-PB1, and 10" PFU of r'VV-M1 in a total volume
of 100 pl of PBS. Mice immunized with rVV-c were used as the control
group (rVV-c).

The third group was immunized with a DNA prime-rVV boost
(DNA + rVV). Mice were primed with three doses of 10 ug of DNA
plasmids at weeks 0, 2, and 4 and then boosted with one dose of 107 PFU
of r'VV at week 6. The combined immunization group received three doses
of prime immunization with 10 pg of pSCA-NP, 10 pg of pSCA-PB1, and
10 pg of pSCA-MI in a volume of 100 wl of PBS, followed by boost
immunization with 10’ PFU of rVV-NP, 10’ PFU of rVV-PBI, and 10’
PFU of rVV-M1 in a volume of 100 pl of PBS. Mice immunized with
DNA-c (pSCA-c) and rVV-c were used as the control group (DNA-c +
rVV-c).

Blood samples were collected from all mice in each group on week
8, the sera were separated by centrifugation, and the serum IgG titers
were determined. In addition, three mice from each group were sacri-
ficed, and the spleens were removed aseptically and ground through a
200-mesh sieve. Spleen mononuclear cells (SMNCs) were obtained
after depletion of erythrocytes from spleen cells using ammonium-
chloride-potassium (ACK) lysis buffer (0.15 mol/liter NH,CI, 0.01
mol/liter KHCOj, and 0.1 mol/liter Na,-EDTA-2H,O [pH 7.2 to 7.4]).
In addition, mice were anesthetized using sodium pentobarbital (10
mg/ml) at a dose of 60 mg/kg of body weight and then challenged with
50 pl of 1.7, 5, or 10 LD, of PR8 by intranasal administration. Body
weight and mortality were monitored daily for 2 to 3 weeks after chal-
lenge. Mice that lost 30% of their initial weight were euthanized and
recorded as having died (18, 59, 60).

ELISA. The concentration of IgG against BJ95 was measured using
ELISA. First, the wells of ELISA plates were coated with 200 ng/well of
lysed concentrated influenza A virus BJ95. Next, serum from each mouse
in the immunization group was diluted serially and added to the plate.
Next, a 1,000-fold dilution of horseradish peroxidase (HRP)-conjugated
goat anti-mouse IgG was added. Finally, bound antibodies were detected
using 3,3',5,5'-tetramethylbenzidine (TMB) substrate. The antibody lev-
els in serum were expressed as endpoint titers and had an optical density at
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450 nm (OD,5,) that was >2.1-fold higher than the mean OD 5, of serum
samples from the unvaccinated mice.

ELISPOT assays. Spleen cells were isolated from mice at week 8 and
processed for gamma interferon (IFN-y) enzyme-linked immunosorbent
spot (ELISPOT) assays, as described previously (61). SMNC suspensions
were treated with 4 pg/mI NP, ;55 (TYQRTRALV), PB1;,,_ 3,5 (MFLA
MITYTI), or Mlys ;06 (KAVKLYRKLKRE) for 30 h at 37°C. The choice of
peptides used was based on previous reports and our previous experi-
ments (data not shown). Spots were counted using an ELISPOT image
analyzer (Bioreader 4000 Pro-X; Bio-Sys GmbH, Karben, Germany). The
number of peptide-reactive cells was presented as the number of spot-
forming cells (SFC) per 10° SMNCs and was calculated by subtracting the
number of spots in the unstimulated control wells from that in specific
peptide-containing wells. The results for each group are presented as
means * standard deviations (SD).

Statistical analysis. The SPSS (version 17.0) and Prism (version 5.0a)
software packages were used for all statistical analyses. Antibody titers
were converted to log,, values before analysis. Differences in antibody
titers and ELISPOT results among groups were analyzed using one-way
analysis of variance (ANOVA). Weight change curves were analyzed using
paired ¢ tests. Survival curves were analyzed using log rank (Mantel-Cox)
tests. Differences were considered to be significant at a P value of <0.05.

RESULTS

Generation and analysis of recombinant DNA plasmids. To as-
sess whether recombinant DNA plasmids expressing influenza A
virus NP, PB1, and M1 from H3N2 BJ95 virus could protect
against influenza A virus PR8 challenge in mice, individual expres-
sion plasmids were constructed based on the pSCA vector. The
plasmids pSCA-NP, pSCA-PBI1, and pSCA-M1 were generated
using the NP, PB1, and M1 cDNAs from pMD18T-NP, pMD18T-
PB1, and pMD18T-M1, respectively (Fig. 1A). The plasmids were
verified using sequencing and restriction enzyme digestion (data
not shown). The expression of NP, PB1, and M1 in MDCK cells
transiently transfected with pPSCA-NP, pSCA-PB1, and pSCA-M1,
respectively, was confirmed using indirect immunofluorescence
assays (Fig. 1B). BJ95 NP, PB1, and M1 proteins were detected in
the corresponding plasmid-transfected cells but not in mock-
transfected cells.

Generation and analysis of recombinant vaccinia virus. To
assess whether recombinant vaccinia virus expressing influenza A
virus NP, PB1, and M1 from H3N2 BJ95 virus could protect
against influenza A virus PR8 challenge in mice, the H3N2 BJ95
viral NP, PB1, and M1 genes were inserted into the pJSA1175
shuttle vector (Fig. 2A). The recombinant vaccinia viruses were
then generated by homologous recombination with vaccinia virus
Tiantan strain with the corresponding plasmids in CEFs. The plas-
mids containing influenza A virus NP, PB1, and M1 were verified
by sequencing and restriction enzyme digestion (data not shown).
Infectious r'VV-NP, rVV-PB1, and rVV-M1 were plaque purified,
and the insertion of the target genes in the recombinant vaccinia
viruses was confirmed by PCR sequencing (data not shown). One
plaque-purified clone matching the exact cDNA of the target gene
sequence was used in all subsequent experiments. The expression
of NP, PB1, and M1 in rVV-NP-, rVV-PB1-, and rVV-MIl-in-
fected cells, respectively, was confirmed by indirect immunofluo-
rescence (Fig. 2B) and immunoblotting (Fig. 2C). BJ95 NP, PB1,
and M1 proteins were detected in recombinant vaccinia virus-
es-infected cells but not in mock-infected cells (Fig. 2B). Im-
munoblotting revealed the presence of proteins with molecular
masses of 56, 86.5, and 28 kDa that were recognized by rabbit
polyclonal NP-specific antiserum, goat polyclonal PB1-specific
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CMV nsP1-4 promot AsP region
- ﬁy -
/\ 3'UTR
Smal SV40 termmauon signal
GGATCCCGGG
BamHI
BamHI BamHI
NP(1.5 kb)
BamHI ~ BamHI
M1(0.75 kb) ===
Smal Smal
pSCA-PB1 pSCA-NP pSCA-M1

FIG 1 Genetic organization of DNA vaccines based on PB1, NP, and M1 in
pSCA vector and the resulting protein expression in MDCK cells transfected
with recombinant plasmids. (A) Schematic diagram of the genetic organiza-
tion of the pSCA DNA vector (top). The bottom shows the cDNA fragments of
influenza viruses BJ95 PB1, NP, and M1 flanked by BamHI, BamHI, and Smal
restriction sites, respectively. CMV, cytomegalovirus. (B) Indirect immuno-
fluorescence showing the expression of influenza PB1, NP, and M1 in MDCK
cells transfected with pSCA-PBI1 (left), pSCA-NP (middle), and pSCA-M1
(right) recombinant plasmids (top) stained with the polyclonal or monoclonal
antibodies (Abs) indicated in Materials and Methods. The bottom images
show the results of MDCK cells mock transfected with pSCA plasmid and
detected using the same Abs as in the top images.

antibodies, and goat polyclonal M 1-specific antibodies, respec-
tively, which corresponded to influenza virus BJ95 NP, PB1,
and M1, respectively (Fig. 2C).

Humoral and cellular immune responses were induced by
immunization with DNA, rVV, or DNA prime-rVV boost. To
investigate whether the NP-, PB1-, or M1-based vaccine generated
influenza A virus-specific antibodies and cellular immune re-
sponses in vivo, mice were vaccinated intramuscularly with the
DNA plasmids, rVV, or DNA prime-rVV boosts; empty vector
pSCA-c, mock rVV-c, and pSCA-c + rVV-c served as the respec-
tive negative controls (Table 1).

Blood samples were collected on week 8, and the sera were
prepared. Concentrated BJ95 influenza A virus was lysed using
diethyl ether and used to coat 96-well plates, and the serially di-
luted serum samples were added to the plates. The results (Fig. 3A)
showed that pSCA-NP and rVV-NP vaccination induced robust
serum IgG titers compared with those of the control groups (P <
0.001). In addition, rVV-NP vaccination induced higher ELISA
IgG titers than did pSCA-NP (P < 0.001). Importantly, pPSCA-NP
prime-rVV-NP boost immunization induced a higher IgG titer
than that of the two above-mentioned groups (P < 0.001). How-
ever, no obvious IgG response was induced by the PB1-based vac-
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5

FIG 2 Genetic organization of PB1-, NP-, and M1-expressing pJSA1175 re-
combinant plasmids containing homologous sequences from vaccinia virus
and the resulting protein expression in HeLa cells and CEFs infected with
recombinant vaccinia virus. (A) Schematic diagram of the genetic organiza-
tion of the pJSA1175 DNA vector (top). The bottom shows the cDNA frag-
ments of influenza virus BJ95 (H3N2) PB1, NP, and M1 after restriction di-
gestion with BamHI or Smal, as appropriate, and smoothing, respectively. (B)
Indirect immunofluorescence showing the expression of influenza PB1, NP,
and M1 in plaques formed in rVV-PB1 (left)-, rVV-NP (middle)-, and
rVV-MI1 (right)-infected HeLa cells (upper) and stained with the polyclonal or
monoclonal Abs indicated in Materials and Methods. The bottom images
show the results of HeLa cells mock infected with rVV and analyzed using the
same Abs as in the top images. (C) Western blots showing the expression of
influenza PB1, NP, and M1 from rVV-PBI (lane 1)-, rVV-NP (lane 2)-, and
rVV-M1 (lane 3)-infected CEF cell lysates stained with the polyclonal or
monoclonal antiserum indicated in Materials and Methods. M, molecular
weight marker; Neg, cell lysates from CEFs mock infected with rVV-c.

cine, regardless of whether it was applied alone or in the prime-
boost immunization strategy (data not shown). In addition,
rVV-MI1 immunization induced a marked ELISA IgG response
compared with that of the control group (P < 0.01), whereas
pSCA-M1 immunization did not. Meanwhile, pSCA-M1 prime-
rVV-M1 boost immunization induced a slightly, but not signifi-
cantly, higher ELISA IgG titer than that of rVV-M1 alone (P >
0.05; Fig. 3A). When NP-, PB1-, and M1-based vaccines were
applied in a combination immunization, DNA and rVV vaccines
induced obvious humoral immune responses, and the combined
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rVV vaccines induced a significantly higher IgG titer than did the
combined DNA vaccines. Furthermore, DNA prime-rVV boost
immunization induced the highest IgG titer among the three
groups.

To examine the effect of immunization with NP-, PB1-, and
M1-based vaccines on the cell-mediated immune responses,
three mice in each group were euthanized at week 8, and IFN-vy
ELISPOT assays were performed. The data revealed that both
pSCA-NP (60 * 25.9 [mean = SD] SFC/10° SMNCs) and
rVV-NP (61.3 = 30 SFC/10° SMNCs) induced a cellular im-
mune response. However, pSCA-NP prime-rVV-NP boost im-
munization induced a stronger cellular immune response
(306 = 86.8 SFC/10° SMNCs, P < 0.001) (Fig. 3B1). Among the
PB1-based vaccines, only pSCA-PB1 prime-rVV-PB1 boost
immunization, but not the pSCA-PB1 and rVV-PBI vaccines,
induced a PB1-specific cellular immune response (68 *= 47.7
SFC/10° SMNCs) (Fig. 3B2). M1-based vaccines did not in-
crease any of the monitored parameters compared with the
negative controls at week 8 (data not shown). NP-PB1-M1
combination vaccines induced only NP-specific cellular im-
mune responses, and DNA prime-rVV boost immunization
induced the strongest immune response (P < 0.01). In con-
trast, NP-PB1-M1 combination-based DNA and rVV vaccines
and DNA prime-rVV boost immunization induced responses
comparable to those of the NP-based vaccine alone, as deter-
mined by ELISPOT assays (Fig. 3B).

NP-, PB1-, and M1-based vaccines protect mice against in-
fluenza A virus PR8 infection. To investigate the potential of the
NP-, PB1-, and M1-based vaccines to protect against influenza
virus infection, mice were immunized with the vaccines and chal-
lenged with 1.7 and 5 LD, of PR8 virus at week 8. The survival rate
and changes in body weight, which served as indicators of the
progression of viral infection, were monitored. Standard controls
were included.

First, 1.7 LDs, of PR8 was applied in a challenge experiment.
All mice in the control groups treated with pSCA-c, rVV-c, or
pSCA-c + rVV-c exhibited significant weight loss beginning on
day 4 and peaking on day 9 postchallenge, when all mice had died
(Fig. 4A). In the NP-based vaccine groups, mice immunized with
pSCA-NP, rVV-NP, and pSCA-NP + rVV-NP had 80%, 100%,
and 100% survival rates, respectively, which were not significantly
different (P > 0.05) (Fig. 4B, right). Mild weight loss occurred in
the pSCA-NP + rVV-NP (18%), pSCA-NP (25%), and rVV-NP
(25%) groups. Specifically, mice immunized with pSCA-NP +
rVV-NP began to gain weight on day 6 postchallenge, which was 2
to 3 days earlier than those immunized with pSCA-NP or rVV-NP
(Fig. 4B, left).

In the PB1-based vaccine groups, mice immunized with pSCA-
PBI, rVV-PBI1, and pSCA-PBI + rVV-PBI1 had survival rates of
20%, 50%, and 40%, respectively, which were not significantly
different (P > 0.05) (Fig. 4C, right). All mice immunized with
PB1-based vaccines exhibited serious weight loss, among which
those immunized with pSCA-PB1 + rVV-PBI began to gain
weight at day 9 postchallenge; this was ~2 to 3 days earlier than
those immunized with pSCA-PB1 or rVV-PB1 (Fig. 4C, left).

In the M1-based vaccine groups, all mice experienced serious
weight loss (Fig. 4D, left), and all those immunized with rVV-M1
succumbed to infection. The mice immunized with pSCA-M1 had
a 40% survival rate, which was significantly higher than that of
those immunized with rVV-MI1. Mice immunized with pSCA-

June 2015 Volume 22 Number 6


http://cvi.asm.org

1gG titer
33 3

-

o
N
L

B1

500+
4004
3004
200+
1004

Protective Efficacy of Influenza NP, PB1, and M1

control
BE NP

ma 1
NP/PB1/M1

NP specific SFC/1 0°SMNCs

L)
control

B2

150+
100+

504

NP+PB1+M1

E3 rvw
E3 DNA +rW

0 oy

PB1 specific SFC/10°SMNCs

T ‘F-_
control PB1 NP+PB1+M1

FIG 3 Humoral and cellular immune responses induced by influenza virus PB1-, NP-, and M1-based vaccines. Mice were immunized intramuscularly with
influenza virus PB1-, NP-, and M1-based DNA or rVV vaccines, according to the immunization schedule described in Table 1. (A) Humoral immune response
in influenza virus PB1, NP, and M1 vaccine-immunized mice. A serum sample was obtained from each mouse at week 8, and the presence of IgG antibodies
specific for influenza A virus was analyzed using ELISA. The bars show the geometric mean antibody titers, and the error bars indicate 95% confidence intervals
(n = 14 mice/group). (B) Cellular immune responses in influenza virus PB1, NP, and M1 vaccine-immunized mice. Mice were sacrificed at week 8, and the
spleens were separated under aseptic conditions and ground to isolate SMNCs (n = 3 mice/group). Next, 4 wg/mINP, ., ;55 (TYQRTRALV) (B1) and PB1;,,_5,5
(MFLAMITYI) (B2) were used as stimulants in ELISPOT assays. The numbers of SMNCs that produced IFN-vy after stimulation with peptides for 30 h are
presented as spot-forming cells (SFCs)/10° SMNCs. The bars show mean SFCs/10° SMNCs, and the error bars indicate standard deviations. Lines above two or

more groups indicate comparable results. ¥, P = 0.05; **, P =< 0.01; ***, P =< 0.001 using one-way ANOVA.

M1 + rVV-M1 had the highest survival rate, at 70%; however, this
was not significantly different from that of those immunized with
rVV-M1 (P > 0.05) (Fig. 4D, right).

When mice were immunized with the NP-PB1-M1 combination
vaccine, those immunized with DNA and rVV vaccines experienced
weight loss of ~25 to 30%, whereas mice immunized DNA + rVV
experienced less weight loss (~16%) and began to gain weight at day
6 postchallenge, which was ~2 to 3 days earlier than the other two
groups (Fig. 4E, left). A total of 80%, 80%, and 100% of the mice
immunized with combined DNA, rVV, and DNA+rVV survived af-
ter challenge with 1.7 LD, of PR8, respectively; these differences were
not significant (P > 0.05) (Fig. 4E, right).

Taken together, these data suggest that among the DNA vac-
cines, pSCA-PB1 had the least protective efficacy, followed by
pSCA-M1; optimal protection was afforded by pSCA-NP immu-
nization. Meanwhile, combination immunization with pSCA-NP,
pSCA-PB1, and pSCA-M1 induced strong protection. Regarding
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rVV vaccines, rVV-M1 exhibited poorer protective efficacy
than did rVV-PB1, whereas the highest protective efficacy was
induced by rVV-NP, which resulted in a 100% survival rate.
Meanwhile, combination immunization with rVV-NP, rVV-
PB1,and rVV-M1 induced some protection, as evidenced by an
80% survival rate.

For the DNA prime-rVV boost, PB1-based vaccines resulted in
the lowest survival rate, of 40%, whereas mice immunized with
M1-based vaccines had a 70% survival rate. However, there was
no significant difference between the two groups (P > 0.05). NP-
based vaccines protected 100% of mice against challenge with 1.7
LDs, of PR8, which was significantly higher than that induced by
PB1-based vaccines (P < 0.01) but comparable to that with M1-
based vaccines (P > 0.05). Moreover, immunization with NP-
PB1-M1 combination vaccines induced survival rates similar to
those of NP-based vaccines. In summary, the PB1- and M1-based
vaccines conferred partial protective immunity against infection
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FIG 4 Protective efficacy of influenza A virus PB1, NP, and M1 vaccines
against 1.7 LD, of PR8. Fifteen groups of mice were immunized with the
vaccine control (A), NP (B), PB1 (C), M1 (D), or a combination of the NP,
PB1, and M1 (E) DNA, rVV, or prime-boost DNA-rVV vaccines (Table 1) at
the times indicated in Fig. 3. Mice were challenged with 1.7 LD, of influenza
virus PR8 at week 8 and were monitored daily for 17 days after challenge (n =
10 mice/group). The mice were weighed daily to detect morbidity (left graphs).
The mean weights in each treatment group were followed for the duration of
the study, and the percentage of the original body weight was calculated based
on the mean weight of each group at day 0. The survival rates (right graphs)
were calculated following challenge.

with 1.7 LDs, of influenza A virus PR8 in mice; however, the
protective efficacy was poorer than that of the NP-based vaccines.
Moreover, vaccination with the three-antigen combination in-
duced strong protection.
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Next, to further investigate the protective efficacy of NP-, PB1-,
and M1-based vaccines, 5 LD, of PR8 was applied in the challenge
experiment. The mice in the control groups (Fig. 5A), those im-
munized with PB1-based vaccines (Fig. 5C), and those immu-
nized with M1-based vaccines (Fig. 5D) showed significant weight
loss and succumbed to infection by day 9 after challenge. In the
NP-based vaccine immunization groups, all mice immunized
with pSCA-NP or rVV-NP exhibited serious weight loss and died,
whereas those immunized with pSCA-NP + rVV-NP showed
only 15% weight loss and began to gain weight by day 6 postchal-
lenge; 100% of the mice in this group survived, which was signif-
icantly higher than the survival rates in the other two groups (P <
0.001) (Fig. 5B). When mice were immunized with NP-PB1-M1
combination vaccines, those receiving DNA and rVV vaccines had
serious weight loss and a 30% survival rate. In contrast, those
immunized with DNA + rVV experienced less weight loss, and all
mice in this group survived a lethal challenge with 5 LD, which
was significantly more than that in the DNA and rVV groups (P <
0.01) (Fig. 5E). These data suggest that DNA or rVV vaccines
based on a single NP, PB1, or M1 antigen did not protect mice
against lethal challenge with 5 LD, of PR8. With the DNA prime-
rVV boost strategy, only pSCA-NP + rVV-NP immunization re-
sulted in optimal protection and achieved a 100% survival rate.
When the combination NP-PB1-M1 vaccine was applied, both
DNA and rVV vaccines conferred partial protective immunity
against lethal challenge with PR8. However, only the DNA + rVV
vaccination strategy completely protected the mice.

Overall, the PB1- and M1-based DNA and rVV vaccines, re-
gardless of whether they were applied individually or in a prime-
boost strategy, conferred weak immunity against infection with
influenza A virus PR8 in mouse models. Both pSCA-NP and
rVV-NP protected mice against challenge with 1.7 LD, of PR8. In
addition, pSCA-NP prime-rVV-NP boost immunization con-
ferred complete protection against challenge with 1.7 and 5 LD,
of PR8. Combination immunization with the three-antigen-based
DNA or rVV vaccines conferred fair protection against challenge
with 1.7 LDs, of PR8, as well as a degree of protection against
challenge with 5 LD5, of PR8. Finally, DNA prime-rVV boost
immunization protected mice completely against challenge with
1.7 LD, and 5 LD, of PR8.

Next, to investigate the protective potency of NP-based and
combination vaccines, 10 LD5, of PR8 was used in a challenge
experiment. After challenge, all mice in the control groups suc-
cumbed to infection (Fig. 6A), as did mice immunized with
pSCA-NP or rVV-NP (Fig. 6B). This suggests that pSCA-NP or
rVV-NP immunization did not protect against challenge with 10
LD;, in mice. In contrast, mice immunized with pSCA-NP +
rVV-NP exhibited 17% weight loss but then began to gain weight
on day 6 postchallenge; all mice in this group survived (Fig. 6B).
All mice immunized with a DNA or rVV combination NP-
PB1-M1 vaccine succumbed to infection with 10 LD5, of PRS,
suggesting that these did not protect against challenge with 10
LD, of PR8. However, mice immunized with the combination
vaccines using a prime-boost strategy suffered only 22% weight
loss and then began to gain weight on day 7 postchallenge. Around
80% of the mice in this group survived (Fig. 6C), similar to the
group immunized with pSCA-NP prime-rVV-NP boost (P >
0.05). In summary, only the DNA prime-rVV boost strategy based
on NP or a combination of antigens protected against challenge
with 10 LD, of PRS.

June 2015 Volume 22 Number 6


http://cvi.asm.org

A control (5 LD50)
110

T 100
g ~
5 100 s 804
‘© 2
3 9% Z 60
s 2
"é 80 = 40+
- [
x 70 O 204
[
60 I e e T T
NOFTNONOD <>N¢@w22:$2

Days post challenge Days post challenge
B NP (5LD50)

110 = 100 A
" °\° 1ov A Y
5 100 s 80
© 2
3 9 £ 604
= 1
E 80 2 40
= 5
xR 70 o 204

[
a0 o ¥ 0
60T T T T T T T T T T T T T T O T T T
Days post challenge Days post challenge
C  PB1(5LD50)

i = 1004
£ 100 =
> ©® 804
© 2
3 9 £ 601
s »

e 80 = 404
£ 5
x 70 g 204

60 B e e & o e

Days post challenge Days post challenge
D ™1 (5LD50)

110 ;\?100-
= =
.-51100 .g 80
2 9% % 60-
£ 8o < 404
S c
= 8 20
x 70 E

N WO~ - v - v

Days post challenge Days post challenge

E NP/PB1/M1 (5 LD50)
- é 100 A
S T 80
© 2
3 £ 601
[}
E 2 401
& 5
R o 201
(]
o o

Days post‘;hallenge

- -

Days post challenge

B N LA L N S G S e g |
chmw‘gNwww

.

4

Protective Efficacy of Influenza NP, PB1, and M1

>

control (10 LD50)

FIG 5 Protective efficacy of immunization with influenza virus PB1-, NP-,
and M1-based vaccines against 5 LD, of PR8. Fifteen groups of mice were
immunized with the vaccine control (A), NP (B), PB1 (C), M1 (D), or a
combination of the NP, PB1, and M1 (E) DNA, rVV, or prime-boost DNA-
rVV vaccines (Table 1) at the times indicated in Fig. 3. Mice were challenged
with 5 LD, of influenza virus PR8 at week 8 and monitored daily for 17 days
after challenge (n = 10 mice per experimental group). The mice were weighed
daily to detect morbidity (left graphs). The mean weights in each treatment
group were followed for the duration of the study, and the percentage of the
original body weight was calculated based on the mean weight of each group at
day 0. The survival rates (right graphs) were calculated following challenge.
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FIG 6 Protective efficacy of immunization with influenza virus NP-based
vaccines against 10 LD, of PR8. Nine groups of mice were immunized with
the vaccine control (A), NP (B), or a combination of the NP, PB1, and M1 (C)
DNA, rVV, or prime-boosted DNA-rVV vaccines (Table 1) at the times indi-
cated in Fig. 3. Mice were challenged with 10 LD, of influenza virus PR8 at
week 8 and monitored daily for 17 days after challenge (n = 10 mice/group).
The mice were weighed daily to detect morbidity (left graphs). The mean
weights in each treatment group were followed for the duration of the study,
and the percentage of the original body weight was calculated based on the
mean weight of each group at day 0. The survival rates (right graphs) were
calculated following challenge.

Taken together, these data suggest that among the three anti-
gens NP, PB1, and M1, only NP showed optimal protection
against challenge with a high dose of PR8. In addition, a combi-
nation of the three antigens induced good protection against chal-
lenge with 10 LD, of PR8.

DISCUSSION

The development of a universal influenza vaccine capable of in-
ducing broad-spectrum and long-term immunity is important.
Identification of the conserved influenza virus genes that could be
used to develop a combination vaccine that induces stable and
long-term protection is critical. In the present study, the protec-
tive potency of a universal influenza vaccine based on the con-
served NP, PB1, and M1 proteins was assessed. In theory, NP-,
PB1-,and/or M1-based universal influenza vaccine strategies have
several advantages. These universal vaccines are raised against
highly conserved proteins that are clearly defined components.
The current study assessed the immunogenicity and protective
potency of NP-, PB1-, and M1-based vaccines against heterolo-
gous influenza virus PR8 challenge. The data demonstrate the fea-
sibility of strategies based on NP, PB1, and M1 candidate universal
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vaccines. Among the three conserved antigens, NP resulted in the
strongest protection against PR8 challenge, whereas PB1- and
MI1-based vaccines induced only limited protection against chal-
lenge with 1.7 LD5, of PR8 but none against challenge with 5 LD,
of PR8. This suggests that NP is an important antigen. Consistent
with this, NP is the preferred candidate antigen in the research and
development of UIVs. For example, the universal influenza vac-
cine N8295 produced by Dynavax (62) and MVA-NP+M1 by
Oxford (14, 42, 44) include NP.

Previous studies found that influenza vaccines based on a sin-
gle conserved protein, such as M1, M2, or NP, did not provide
adequate protection, and vaccines based on two or more antigens
induced higher protection than those based on a single antigen
(8). To improve the protective efficacy of UIVs, combination vac-
cines using multiple target antigens have been developed. In pre-
vious studies, the whole genes or epitopes of HA, M1, and/or NP
were used for development of combination vaccines; these in-
duced effective cross-protection (32, 38, 44—48). In our previous
study, the whole NP gene and the extracellular domain of M2
(M2e) from BJ95 were fused and expressed in E. coli. The fusion
protein NM2e elicited a more robust immune response and in-
duced greater protection against challenge with 20 LD5, of PR8 in
mice than NP alone (61). The above-mentioned studies suggested
the development of universal influenza vaccines by combining
multiple conserved antigens to be a feasible strategy for preventing
influenza pandemics.

In the present study, we investigated the feasibility of devel-
oping a universal influenza vaccine by combining the NP, PB1
and M1 antigens. The data reveal that the combination NP-
PB1-M1 vaccines induced certain protective effects in BALB/c
mice. Specifically, 80% of the mice immunized with NP-
PB1-M1 combination vaccines using the DNA prime-rVV
boost strategy survived challenge with 10 LDs, of PR8, which
was comparable to the survival rate of mice immunized with
NP-based vaccines. Therefore, the protective efficacy of the
combination vaccines must be improved further, as they did
not induce a comprehensive immune response. Moreover,
mice immunized with the combination vaccines experienced
more serious weight loss than did those immunized with NP-
based vaccines following challenge with 5 or 10 LD, of PRS,
which suggests that the addition of PB1 and M1 reduced the
immune response and protection induced by NP. There are
several possible reasons for this.

The first possibility is interference among the candidate anti-
gens. The expression of PB1 and M1 might influence the expres-
sion or presentation of NP and thereby weaken the immune re-
sponse induced by NP immunization. Moreover, competition
might occur among the antigens. The NP antigen is easily recog-
nized by the immune system and so was likely the primary inducer
of an immune response upon administration in combination with
PB1 and M1; therefore, PB1 and M1 are not easily recognized by
the immune system. This was confirmed by the fact that immuni-
zation with the NP-PB1-M1 combination vaccine using a DNA
prime-rVV boost did not induce a marked cellular response
against PB1, whereas immunization with PB1 alone using pSCA-
PB1 prime-rVV-PB1 boost did.

Another possible reason for the greater efficacy of the NP
antigen is interference by the vector. The combination vaccines
were applied using a dose of vector 3-fold higher than that for
the single vaccine; therefore, adverse effects resulting from the
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increased concentration of vector cannot be ruled out. Such
effects might have diminished the immune response to the
antigens. This could be overcome by maintaining the target
antigen dose while decreasing that of the vector. In addition,
interference among vectors could be decreased by developing
vector-based vaccines using fusion antigens. Several combina-
tion vaccines that yielded less interference have been gener-
ated. For example, Donnelly et al. (63) constructed a DNA
vaccine by fusing influenza virus HA, M1, and NP genes. In
contrast, Jeon, Ben-Yedidia, and Arnon (48) fused the HAy;_,0g
(B-cell epitope), NPss oo (Th-cell epitope), and NP, ;s
(CD8™ T-cell epitope) influenza virus epitopes with Salmonella
flagellin. Zhou et al. (32) constructed adenovirus-based vaccines
by fusing M2e and NP. In addition, the MVA-based universal
influenza vaccine MVA-NP+M1, which has been tested in human
phase 1 clinical trials, contains a fusion of NP to M1 (39). Finally,
an rVV-based vaccine that contains multiple T epitopes of the M1,
nonstructural 1 (NS1), NP, PB1, and polymerase acidic (PA) in-
fluenza virus proteins has been developed (64). All of the above-
mentioned vaccines induced fair immune responses in animal
models or humans. This suggests that the interference among an-
tigens and the background effect of the DNA or virus vector could
be minimized by constructing a universal vaccine with an appro-
priate vector by fusing the target antigens NP, PB1, and M1 or
expressing two or more proteins using a dual promoter in a single
vector. Various UIVs have been developed using several vaccine
forms based on the combination of multiple antigens or epitopes,
including recombinant subunit vaccines, DNA vaccines, and vi-
rus-vectored vaccines. In many cases, the immunization strategy
of DNA prime-virus-vectored vaccine boosts was preferred be-
cause it induced a strong immune response (65, 66). More impor-
tantly, the NP-based DNA prime-adenovirus boosting strategy
significantly improves the NP-induced cross-protective effect
(30). In addition, DNA plasmids are good priming regimens in
heterologous prime-boost vaccination against influenza A viruses
in both animals and humans (67, 68). In the current study, the
DNA prime-rVV boost strategy induced effective protection
against PR8 challenge. The PB1 antigen induced a stronger cellu-
lar immune response in mice via the pSCA-PB1 prime-rVV-PB1
boost strategy than that with either pPSCA-PB1 or rVV-PBI alone.
Moreover, immunization using the NP-based vaccines with the
pPSCA-NP prime-rVV-NP boost strategy induced stronger cellular
and humoral immune responses than did pSCA-NP or rVV-NP
immunization alone. Furthermore, the pSCA-NP prime-rVV-NP
boost strategy afforded protection against 10 LD, of PR8 chal-
lenge in mice, whereas neither pSCA-NP nor rVV-NP alone did.
The M1 antigen was only weakly immunogenic, and although the
pSCA-M1 prime-rVV-M1 boost immunization did not induce a
marked cellular immune response, it enhanced the M1-specific
humoral immune response and conferred a degree of protection
in mice against challenge with 1.7 LD, of PR8. Finally, the com-
bination vaccines based on NP-PB1-M1 administered using the
DNA prime-rVV boost strategy also showed protection superior
to that of the DNA or rVV vaccine alone. Accordingly, the DNA
prime-rVV boost immunization strategy is superior to single
DNA or rVV vaccine immunization. Previous data suggested that
the prime-boost strategy not only increased the number of mem-
ory CD8™" T cells but also enhanced the function of CD8™ T cells
(69).

Immunization with NP, PB1, or M1 does not elicit the produc-
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tion of neutralizing antibodies. Therefore, the protective immu-
nity is mediated mainly by NP-, PB1-, or M1-specific cytotoxic T
lymphocyte (CTL) immune responses and nonneutralizing func-
tions of specific antibodies (8). In the current study, NP immuni-
zation induced specific humoral and cellular immune responses
in mice, whereas PB1 immunization induced only a specific cellu-
lar response, and M1 immunization induced only a marked
humoral immune response. This suggests that the NP-specific
humoral and cellular immune responses, PB1-related cellular re-
sponse, and M1-related humoral response might play roles in
protection against heterologous challenge. This might explain the
superior protection and immune response induced by NP immu-
nization, as well as the poor protection and incomplete immune
response induced by immunization with PB1 or M1. Thus, the
immunogenicity of PB1 and M1 vaccines needs to be improved
further to induce comprehensive immune responses and elicit
cross-protection.

In addition, although some exciting progress has been made in
the current study, the immunogenicity of NP-, PB1-, and M1-
based DNA vaccines and vaccinia virus vector-based vaccines re-
mains limited, and further optimization is needed regarding vac-
cine design, immunization strategies, delivery systems, and
detection methods.

The NP, M1 and PB1 antigens exhibit different immunogenici-
ties; thus, an inappropriate mouse strain might have been used.
Previously, we investigated the immune response and protective
efficacy of NP-based universal vaccines in BALB/c mice (61, 70,
71). To maintain consistency with the previous experiments,
BALB/c mice were also used in the present study to confirm the
immunogenicity and protective efficacy of the NP-, M1-, and
PB1-based universal vaccines. It is worth considering that al-
though commonly used mouse strains generate strong T-cell re-
sponses to NP, BALB/c mice do not generate CTL responses
against PB1 or M1 (72). Other mouse strains, such as CBA and
C57/BL6, mount stronger responses against PB1, making it likely
that PB1- or M1-based universal vaccines might induce better
immune responses and protective effects in these mouse strains.
Thus, CBA and C57/BL6 strains should be used in future experi-
ments.

A multiple-vaccination regimen was used in the current study,
such as three doses of DNA plus a vaccinia virus boost vaccine at
2-week intervals or two doses of vaccinia virus vaccine at 4-week
intervals. However, such a protracted immunization schedule is
not feasible for routine use in humans. Our primary aim was to
confirm the immunogenicity of the NP, M1, and PB1 antigens.
Once the appropriate antigen or antigen combination has been
confirmed, the immunization schedule should be optimized for
routine use in a future experiment using a single immunogen with
a single vaccination.

In the current experiment, DNA vaccines induced poor im-
mune responses, which was likely caused by the immunization
route. Previous studies have used an electroporation machine
(49, 73) or a gene gun (74) to enhance the immunogenicity
and/or decrease the dose of the antigen required. However, in
the current study, DNA was injected directly into the muscles
without the use of any transfection reagent or equipment.
Therefore, a future study should utilize a reagent or equipment
to enhance the immunogenicity of the NP, PB1, and M1 anti-
gens. Previous studies of recombinant vaccinia virus vaccines
used single intraperitoneal inoculations in mice (64, 75). In our
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previous study, vaccinia virus-vectored vaccines induced a
stronger immune response with intraperitoneal than with in-
tramuscular administration (data not shown); however, intra-
muscular inoculation is preferred for routine use in humans. In
previous clinical studies, the vaccinia virus-vectored vaccine
was generally safe and well tolerated, with significantly fewer
local side effects after intramuscular administration than after
intradermal administration; thus, the intramuscular injection
was preferred and administered to volunteers (39, 44, 76). As
such, future experiments should preferentially use intramus-
cular inoculation of vaccinia virus-vectored vaccines.

Ether-split influenza virus was used as a target antigen for
assessing the antibody responses; therefore, it is possible that
the magnitude of the PB1-specific antibody response (particu-
larly compared with that of NP and M1) was underestimated
significantly, because there is comparatively little PB1 present
in influenza virions compared with that in NP or M 1. In future
experiments, it would be more appropriate to use recombinant
proteins to assess this possibility and optimize the detection
methods.

In conclusion, DNA and rVV vaccines based on influenza NP,
PBI1, and M1 showed protective effects. NP was the most effective
of the three antigens and conferred protection against heterolo-
gous PR8 challenge. UIVs based on a combination of NP, PB1, and
M1 would likely induce strong immune responses; therefore, they
might be an alternative approach for preventing future influenza
virus pandemics.
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