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Abstract Vaccination is a cost-effective way to control

the influenza epidemic. Vaccines based on highly conserved

antigens can provide protection against different influenza

A strains and subtypes. In this study, the recombinant

nucleoprotein (rNP) of the A/PR/8/34 (H1N1) influenza

virus strain was effectively expressed using a prokaryotic

expression system and then purified with a nickel-charged

Sepharose affinity column as a candidate component for an

influenza vaccine. The rNP was administered intranasally

three times at 3-week intervals to female BALB/c mice in

combination with an adjuvant (cholera toxin B subunit

containing 0.2% of the whole toxin). Twenty-one days after

the last immunization, the mice were challenged with

homologous or heterologous influenza viruses at a lethal

dose. The results showed that intranasal immunization of

10 lg rNP with adjuvant completely protected the immu-

nized mice against the homologous influenza virus, and

immunization with 100 lg rNP in combination with adju-

vant provided good cross-protection against heterologous

H5N1 and H9N2 avian influenza viruses. The results indi-

cate that such a vaccine administered intranasally can

induce mucosal and cell-mediated immunity, thus having

the potential to control epidemics caused by new emerging

influenza viruses.

Introduction

Influenza is a highly contagious and acute respiratory dis-

ease caused by infection of the host respiratory tract

mucosa by influenza virus. Vaccination is the most effec-

tive way to control influenza epidemic sand pandemics.

The current strategy for vaccine development focuses on

inducing antibodies against the surface glycoproteins

hemagglutinin (HA) and neuraminidase (NA). However,

HA and NA are prone to antigenic drift, and the World

Health Organization has to reformulate the vaccine strains

every year. Even so, it is difficult to ensure that the vaccine

strains match those that will be circulating in the next

season. Highly pathogenic H5N1 avian influenza emerged

in 1997, followed by several waves of infection from 2002

until now [1]. Once it breaks the species barrier and

becomes capable of efficient person-to-person transmis-

sion, a very severe epidemic may occur. The new H1N1

influenza virus, which first appeared in Mexico in 2009,

can be transmitted effectively from person to person and

has spread rapidly across the globe. Therefore, developing

a universal vaccine against influenza viruses with new

pandemic potential based on an internal protein is a sen-

sible solution. This kind of vaccine could at least reduce

mortality in a new epidemic or pandemic before an anti-

genically matched vaccine is ready.

The highly conserved internal protein NP of influenza A

virus is an attractive candidate as a component of a ‘‘uni-

versal’’ influenza vaccine [2]. Previous studies have

revealed that NP-based DNA vaccines and viral vector

vaccines are not only protective against matched challenge
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viruses but also partially protective against mismatched

viruses [3–8]. This protective immunity is generally

mediated by an NP-specific cytotoxic T lymphocyte (CTL)

immune response [9]. However, the heterosubtypic

immune response that offers some protection against dif-

ferent influenza A subtypes is limited. Attempts to enhance

the protective effect have been made, including combina-

tion of NP with other conserved proteins such as M1 and

NS1 [10, 11]. At the same time, several studies have

confirmed that inactivated whole virus vaccines adminis-

tered intranasally can induce more effective cross-protec-

tion against heterologous viruses than those administered

via any other parenteral immunizing routes [12, 13]. Bright

et al. [14] indicated that intranasal delivery of influenza

VLPs could elicit broader immune responses than the same

vaccine delivered intramuscularly, and that stronger cel-

lular immune responses, in particular, were induced in the

lung mucosa in mice vaccinated intranasally compared to

those vaccinated intramuscularly. This confirmed that

vaccines delivered intranasally not only effectively confer

mucosal immunity in the respiratory tract, but also elicit

systemic immunity. The respiratory mucosa is the first line

of defense against influenza infection. Therefore, it has

been of interest to develop intranasally administered vac-

cines for influenza. In addition, intranasal administration is

easy to carry out, even by the recipient himself, without the

need for needles and specially trained healthcare special-

ists, which may greatly extend vaccination coverage [15].

In this study, we prepared rNP expressed in E. coli and

tested its efficacy in protecting intranasally immunized

mice against the homologous and heterologous viruses.

The most effective mucosal adjuvant, cholera toxin B

(CTB) subunits containing a trace amount of the holotoxin

(named CTBw) [16], was coadministered to enhance the

immunogenicity of the rNP vaccine. We confirmed that the

vaccine delivered intranasally could induce a broad spec-

trum of protective immunity against diverse influenza A

viruses, including a highly pathogenic H5N1 strain of avian

influenza.

Materials and methods

Viruses and mice

Influenza viruses used in this study included a mouse-

adapted A/PR/8/34 (H1N1) virus, an H9N2 influenza virus

A/Chicken/Jiangsu/7/2002 (H9N2), and an H5N1 influenza

virus A/Chicken/Henan/12/2004(H5N1). The H9N2 and

H5N1 influenza viruses were isolated by our group in 2002

and 2004, respectively. After being passaged and adapted

in mice as described in our previous studies [17, 18], the

viruses were frozen at -70�C until use.

Both of the H9N2 and H5N1 influenza viruses were fully

sequenced, and the corresponding accession numbers of the

eight segments of A/Chicken/Jiangsu/7/2002 (H9N2) in the

DDBJ/ENBL/GenBank databases are as follows: FJ384756

for segment 1, FJ384757 for segment 2, FJ384758 for seg-

ment 3, FJ384759 for segment 4, FJ384744 for segment 5,

FJ384745 for segment 6, FJ384746 for segment 7, FJ384747

for segment 8. The accession numbers of A/Chicken/Henan/

12/2004(H5N1) are: AY950281 for segment 1, AY950274

for segment 2, AY950267 for segment 3, AY950232 for

segment 4, AY950253 for segment 5, AY950246 for seg-

ment 6, AY950239 for segment 7, AY950260 for segment 8.

The NP present in the H9N2 strain A/Chicken/Jiangsu/7/

2002 and the H5N1 strain A/Chicken/Henan/12/2004 have

gene sequence identities of 84.9 and 84.7%, respectively,

with the H1N1 strain A/PR/8/34, and all three strains include

the immunodominant class I epitope NP147–155 (TYQR-

TRALV) and class II antigen epitopes (FWRGENGRKTR

SAYERMCNILKGK, RLIQNSLTIERMVLSAFDERNK,

and AVKGVGTMVMELIRMIKRGINDRN).

All experiments with live H5N1 and H9N2 viruses were

performed in a biosafety level 3 containment facility at

the Wuhan Institute of Virology, Chinese Academy of

Sciences.

Specific-pathogen-free female BALB/c mice (6–8

weeks old) were purchased from Shanghai Laboratory

Animal Center, China. All mice were bred in the Animal

Resource Center at the Shanghai Institute of Biological

Products and maintained under specific-pathogen-free

conditions. All experiments involving animals were

approved by the Animal Care Committee of the Shanghai

Institute of Biological Products.

Preparation of rNP and adjuvant

Plasmid pET28a/NP was constructed by cloning the PCR

products of the NP gene from the A/PR/8/34 (H1N1)

influenza virus strain into the plasmid expression vector

pET28a. The plasmid was then used to transform Esche-

richia coli (E. coli) BL21 (DE3) bacteria for expression.

Briefly, bacteria were grown to log phase, and protein

expression was induced by adding isopropyl-b-D-thioga-

lactopyranoside to a final concentration of 0.1 mM. After

6 h of further incubation at 28�C, the cells were pelleted and

resuspended in a suitable volume of 50 mM NaH2PO4,

300 mM NaCl, 10 mM imidazole (pH 8.0) with 1 mg/ml

lysozyme and 1 mM PMSF. Lysates were rocked at 4�C for

30 min and then sonicated on ice. DNase I was added to a

final concentration of 5 lg/ml, and the lysates were rocked

an additional hour at 4�C. Lysates were clarified by cen-

trifugation at 10,0009g for 30 min. The soluble recombi-

nant NP protein was absorbed onto a nickel-charged

Sepharose affinity column (Qiagen) and then eluted from
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the column using 250 mM imidazole. The recombinant

proteins were dialyzed against PBS and sterile filtered

before use.

CT and CTB were purchased from Sigma (USA). One

microgram of CTB supplemented with 2 ng of CT (0.2% of

CTB), designated as CTBw, was used as adjuvant [19].

SDS-PAGE and western blotting

The expressed protein was analyzed for size and purity by

SDS-PAGE and western blotting. For SDS-PAGE analysis,

the expressed rNP was lysed in SDS-PAGE sample loading

buffer and then separated by SDS-PAGE, followed by

staining with Coomassie brilliant blue R-250. For immu-

noblot analysis, the expressed rNP protein separated by

SDS-PAGE was transferred to a polyvinylidene difluoride

(PVDF) membrane (Millipore). The membrane was

blocked and then incubated first with anti-His monoclonal

antibody (Novagen), and subsequently with horseradish

peroxidase (HRP)-conjugated secondary anti-mouse anti-

body (KPL). Binding signals were visualized with 3,30,5,50-
tetramethylbenzidine (TMB) substrate.

Immunization and challenge

Female BALB/c mice were anesthetized and immunized

three times (3 weeks apart) intranasally or intraperitoneally

with PBS containing different doses of rNP alone or in

combination with 1 lg CTBw. The CTBw-immunized

group was taken as an adjuvant control, and the unimmu-

nized group served as negative control. Three weeks after

the last immunization, mice were anesthetized and chal-

lenged intranasally with 20 ll of the viral suspension

containing 10 9 LD50 (104 EID50) of A/PR/8/34 (H1N1),

5 9 LD50 (104 EID50) of A/Chicken/Jiangsu/7/2002

(H9N2), or 5 9 LD50 (102.5 EID50) of A/Chicken/Henan/

12/2004 (H5N1). Survival and weight loss were monitored

for 21 days.

Specimens

Three days after the challenge, five mice from each group

were randomly chosen for sample collection. The mice

were anaesthetized with chloroform and then bled from

the heart with a syringe. The sera were collected from the

blood and used for IgG Ab assays. After bleeding, the

mice were incised ventrally along the median line from

the xiphoid process to the point of the chin. The trachea

and lungs were taken out and washed three times by

injecting with a total of 2 ml of PBS containing 0.1%

BSA. The bronchoalveolar wash was used for virus

titration after removing cellular debris by centrifugation.

The head of the mouse was removed, and the lower jaw

was cut off. A syringe needle was inserted into the pos-

terior opening of the nasopharynx, and a total of 1 ml of

PBS containing 0.1% BSA was injected three times to

collect the outflow as nasal wash. The nasal wash was

centrifuged to remove cellular debris and used for IgA Ab

assays [20].

Antibody (Ab) assays

The concentrations of IgG and IgA Abs against the NP

were measured by ELISA. ELISA was performed using a

series of reagents consisting of the following: first, inacti-

vated split influenza virus PR8 vaccine prepared by the

Shanghai Institute of Biological Products; second, serial

twofold dilutions of sera or nasal wash from each group of

immunized or control mice; third, goat anti-mouse IgG Ab

(c-chain specific) (KPL) or goat anti-mouse IgA (a-chain

specific) (KPL) conjugated with horseradish peroxidase

(HRP); and finally, the substrate TMB. The optical density

was read at 450 nm. Ab-positive cutoff values were set as

means ? 2 9 SD of preimmune sera. An ELISA Ab titer

was expressed as the highest serum dilution giving a

positive reaction [21].

Passive serum transfer

Naive mice were given an intraperitoneal injection of

pooled serum, 1 ml per mouse, from mice that had been

immunized three times (3 weeks apart) with 100 lg rNP

in combination with CTBw or from unimmunized control

mice. Mice were challenged with a lethal dose of A/PR/8/34

virus within 24 h after serum transfer.

Gamma interferon (IFN-c) ELISPOT assay

Spleen cells were isolated from mice for IFN-c ELISPOT

assays 2 weeks after the last immunization, as described in

our previous study [22]. The cell suspensions were stimu-

lated in the presence of 2 lg/ml NP peptide stimulants. The

H-2d-restricted NP class I peptide (TYQRTRALV) and a

pool of three H-2d-restricted class II peptides (FWRGE

NGRKTRSAYERMCNILKGK, RLIQNSLTIERMVLSA

FDERNK, and AVKGVGTMVMELIRMIKRGINDRN)

were used as stimulants [23, 24]. Spots were counted

with an ELISpot reader system (Bioreader 4000; Bio-sys,

Germany). The number of peptide-reactive cells was rep-

resented as spot-forming cells (SFCs) per 106 splenocytes

and was calculated by subtracting spot numbers in med-

ium-only wells from spot numbers in peptide-containing

wells.
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Virus titration

The bronchoalveolar wash was serially diluted tenfold,

starting from a dilution of 1:10, inoculated onto Madin

Darby canine kidney (MDCK) cells, incubated at 37�C and

examined for cytopathic effect 2 days later. The virus titer

of each specimen, expressed as the 50% tissue culture

infection dose (TCID50), was calculated by the Reed–

Muench method. The virus titer in each experimental group

was represented by the mean ± SD of the virus titer per ml

of specimens from five mice in each group [25, 26].

Statistics

The results of test groups were evaluated by Student’s

t test; if the P value was less than 0.05, the difference was

considered significant. The survival rates of the mice in the

test and control groups were compared by using Fisher’s

exact test.

Results

Expression, purification, and characterization

of rNP protein

To evaluate the efficacy of rNP protein as a potential

vaccine candidate, the NP gene of influenza A/PR/8/34

(PR8) was cloned into the pET28a plasmid for expression

in E. coli BL21 (DE3) bacteria. The soluble 69 His-tagged

rNP protein was affinity-purified using a QIAGEN purifi-

cation kit (Ni–NTA Agarose). This protein ran as a single

band on a reducing SDS-PAGE gel (Fig. 1a), and as much

as 30 mg highly purified protein could be obtained per liter

of culture. The purified rNP was further confirmed by

western blotting analysis with anti-His monoclonal anti-

body (Fig. 1b).

Protection of mice by intranasal administration of rNP

against a lethal influenza H1N1 virus challenge

One hundred thirty-five BALB/c mice were divided ran-

domly into nine groups of 15 mice each (Groups A–I,

Table 1). The mice in Group A were immunized intra-

peritoneally, and the mice in Groups B–H were immunized

intranasally. Group I was the unimmunized control. The

intranasally immunized mice received 10, 30, 100 lg rNP

alone (Group G, Group E and Group C, respectively) or in

combination with 1 lg of CTBw (Group F, Group D and

Group B, respectively). The mice immunized with CTBw

alone served as the adjuvant control (Group H). All seven

groups (Group B–H) were immunized three times intra-

nasally at an interval of 3 weeks with 20 ll PBS containing

different amounts of rNP with or without CTBw. For

intraperitoneal immunization, each mouse was injected

with 200 ll PBS containing 100 lg rNP in combination

with 1 lg CTBw, and the regimen was the same as for the

intranasal immunization described above. Twenty-one days

after the last immunization, all of the mice were challenged

with an A/PR/8/34 (H1N1) virus suspension at a lethal dose

of 10 9 LD50, and bronchoalveolar washes were collected

3 days postinfection from five mice of each group for

titration of lung virus, as described in ‘‘Materials and

methods’’. The remaining 10 mice in each group were

observed for 21 days to evaluate the potential of the

vaccine to protect mice against the homologous virus

infection, by monitoring survival rate and weight loss.

The results showed that the protection provided by rNP

vaccine against the homologous virus depended on the

administered dosage and the adjuvant. As shown in Fig. 2a,

the survival rates of the mice immunized with rNP alone at

dosages of 10 lg (Group G), 30 lg (Group E) and 100 lg

(Group C) against virus challenge were 10% (1/10), 30%

(3/10) and 40% (4/10), respectively, and the survival rates

with the same dosage of rNP in combination with adjuvant

were all 100% (10/10). The mice immunized intraperito-

neally with 100 lg rNP in combination with adjuvant and

the mice in two control groups all succumbed to the

challenge, and none survived. The survival data of Groups

C, E, and G demonstrated that a stronger protective effect

was achieved by the higher immunizing dose. At the same

time, the survival rate of the mice immunized with 10 lg

rNP in combination with the adjuvant CTBw (Group F)

was higher than that of the mice immunized with 100 lg

rNP alone (Group C), which suggested that CTBw effec-

tively enhanced protective immunity induced by rNP.

Although the mice could not be protected from death by

intraperitoneal immunization with rNP, several of them

Fig. 1 SDS-PAGE and western blotting of rNP. a Affinity-purified,

sterile-filtered rNP was fractionated by SDS-PAGE under reducing

conditions and stained with Coomassie blue. b The electrophoresed

proteins were transferred to a PVDF membrane on which rNP was

detected using an anti-His mAb
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survived to the tenth day after challenge. This indicates that

the immunization was able to delay death slightly, as the

mice in the unimmunized group all died within 8 days

post-challenge.

Immediately after viral infection, a marked body weight

reduction was observed in all groups. As shown in Fig. 2b,

weight reduction was dramatic in both the control group

and the intraperitoneal immunization group, but it was less

dramatic in the intranasal-rNP-immunized groups. Group B

(100 lg rNP ? CTBw) had the lowest weight loss. Body

weight reduction in both Group B and Group D (30 lg

rNP ? CTBw) was slower and body weight started to

increase 7 days after virus challenge, while the remaining

groups (Groups C, E, F, G) began to recover their body

weight 9 days after challenge.

Three days after challenge, the residual lung virus titers

of all of the mice that were immunized intranasally with

rNP were significantly lower than those of mice in the

unimmunized control group (P \ 0.05), as shown in

Table 1. In the intranasally immunized groups, the lung

viral titers declined with increased rNP dose, regardless of

the absence or presence of adjuvant. Moreover, virus titers

of the mice immunized with rNP plus adjuvant were lower

than those of the mice immunized with the same dosage of

rNP alone.

All of these results suggest that rNP, as a candidate

vaccine, is capable of protecting mice against homologous

influenza virus challenge and that the adjuvant CTBw can

significantly enhance the protective effect of the rNP

vaccine.

Antibody responses in mice immunized with rNP

Mice in Groups A–I were immunized according to proce-

dures described above. Three days after the challenge, five

mice in each group were sacrificed to obtain the sera and

nasal washes for detection of specific IgG and IgA Abs,

respectively, by ELISA.

As shown in Table 2, except for the group receiving

adjuvant alone and the unimmunized group, the serum IgG

titers of all of the mice immunized with rNP were very

high, with little difference between them. Group A, which

was immunized intraperitoneally, also had a high IgG

antibody level, comparable to the group that was immu-

nized mucosally with a similar dosage. However, the IgG

level did not correlate with the protection (Table 1), indi-

cating that the high level of IgG in the serum did not play a

major role in protecting mice against challenge.

IgA Ab was detected in nasal washes of mice of all

groups (Groups B–G) that were immunized intranasally

with rNP. The IgA titer increased with increasing dosage

of rNP. The adjuvanted groups had generally higher IgA

titers than the corresponding non-adjuvanted groups. Even

Group F (10 lg rNP ? CTBw) had higher IgA level than

Group C (100 lg rNP). The three adjuvanted groups all

achieved a high level of IgA antibody, with no significant

Table 1 Protection against lethal PR8 virus challenge in mice by intranasal or intraperitoneal administration of various doses of rNP with or

without CTBw

Group Immunogen Route of administration Dose of rNP (lg) Protection against PR8 virus challenge

Lung virus titers (log10TCID50/ml)a No. of survivors/no. tested

A rNP ? CTBwb i.p. 100 6.45 ± 0.24 0/10

B rNP ? CTBwb i.n. 100 5.20 ± 0.19e 10/10e

C rNPc i.n. 100 5.80 ± 0.37e 4/10

D rNP ? CTBwb i.n. 30 5.30 ± 0.19e 10/10e

E rNPc i.n. 30 5.85 ± 0.41e 3/10

F rNP ? CTBwb i.n. 10 5.50 ± 0.22e 10/10e

G rNPc i.n. 10 6.10 ± 0.25e 1/10

H CTBwd i.n. – 6.50 ± 0.32 0/10

I Control – – 7.00 ± 0.45 0/10

One hundred thirty-five BALB/c mice were randomly divided into nine groups. Six groups of mice were immunized intranasally with various

doses of rNP vaccine alone or in combination with CTBw. The CTBw-immunized group was used as an adjuvant control,and the unimmunized

group served as a negative control. Another group was immunized intraperitoneally with rNP in combination with CTBw. Three weeks after the

last immunization, mice were challenged with a lethal dose (10 9 LD50) of influenza PR8 virus. Bronchoalveolar washes were collected 3 days

postinfection for titration of lung virus. The survival rate of mice 21 days postinfection was determined
a Results are expressed as means ± SD of five tested mice in each group
b Mice were immunized with rNP plus CTBw

c Mice were immunized with rNP alone
d Mice were immunized with CTBw alone
e Significant difference (P \ 0.05)
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difference between them. IgA antibody specific for NP was

undetected in the nasal washes of the mice immunized

intraperitoneally as well as of the adjuvant-immunized

mice and the unimmunized mice.

These data indicate that intranasal immunization of mice

with rNP can effectively induce not only systemic immu-

nity, but also mucosal immunity, producing a high level of

mucosal IgA.

Passive immunization

To test the role of the serum antibodies specific to NP, we

used a passive immunization approach. Serum specimens

of the mice receiving 100 lg rNP plus CTBw three times

intranasally with at an interval of 3 weeks (named

rNP ? CTBw), which had the best protective effect, were

collected 3 weeks after the last immunization. Serum

specimens from mice in the unimmunized control group

(named control) were also collected. The specimens were

transferred to naive mice (named P rNP ? CTBw or P

control), and the mice were challenged within 24 h. Mice

in both the P rNP ? CTBw group and the P control group

died within 10 days, and their body weight decreased

rapidly (Fig. 3). This revealed that the passively transferred

serum antibody was unable to protect mice against virus

infection, which was consistent with the above results.

Tables 1 and 2 showed that Group A, which had been

immunized intraperitoneally three times with 100 lg rNP

plus adjuvant CTBw, also produced high level of antibody

in the serum but failed to cope with the virus challenge.

Fig. 2 Protection of mice against lethal challenge with homologous

virus. One hundred thirty-five BALB/c mice were randomly divided

into nine groups. Six groups of mice were immunized intranasally

with various doses of rNP alone or in combination with CTBw. The

CTBw-immunized group and the unimmunized group served as

adjuvant control and negative control, respectively. Another group

was immunized intraperitoneally with rNP vaccine in combination

with CTBw. Three weeks after the last immunization, mice were

challenged with a lethal dose (10 9 LD50) of influenza PR8 virus.

Survival (a) and weight loss (b) were monitored for 21 days

Table 2 Antibody responses in mice induced by intranasal or intraperitoneal administration of rNP with or without CTBw

Group Immunogen Route of administration Dose (lg) Ab responses (ELISA, 2n)a

Serum IgG Nasal wash IgA

A rNP ? CTBwb i.p. 100 25.20 ± 0.40 Undetected

B rNP ? CTBwb i.n. 100 25.40 ± 0.49 5.00 ± 0.40

C rNPc i.n. 100 23.60 ± 0.80 4.00 ± 0.00

D rNP ? CTBwb i.n. 30 25.40 ± 0.49 4.80 ± 0.40

E rNPc i.n. 30 23.20 ± 0.75 2.80 ± 0.40

F rNP ? CTBwb i.n. 10 25.20 ± 0.40 4.60 ± 0.49

G rNPc i.n. 10 22.80 ± 0.75 1.20 ± 0.75

H CTBwd i.n. – Undetected Undetected

I Control – – – –

One hundred thirty-five BALB/c mice were randomly divided into nine groups. Six groups of mice were immunized intranasally with various

doses of rNP alone or in combination with CTBw. The CTBw-immunized group was used as an adjuvant control, and the unimmunized group

served as a negative control. Another group was immunized intraperitoneally with rNP vaccine in combination with CTBw. Serum samples and

nasal washes were examined by ELISA for specific IgG and IgA Abs, respectively
a Results are expressed as means ± SD of five tested mice in each group
b Mice were immunized with rNP plus CTBw

c Mice were immunized with rNP alone
d Mice were immunized with CTBw alone
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In summary, a high level of anti-NP antibody in serum

is not a major factor in the protection of mice against

influenza virus challenge.

Cell-mediated immunity

Cellular immune responses were assessed by measuring

IFN-c secretion in mouse splenocytes. BALB/c mice were

randomly divided into three groups (at least three mice per

group). Two of the groups were immunized with 100 lg

rNP and adjuvanted rNP, respectively, as described above.

The remaining group was an unimmunized control. Spleen

cells were isolated from mice for IFN-c ELISPOT assays at

2 weeks after the last immunization. The NP has been

shown to be highly conserved, especially its T-cell epitopes

that are recognized by C57BL/6 H-2b or BALB/c H-2d

mice. These epitopes are completely conserved or differ

only by individual amino acids but are still recognized by

the same T cells [27]. We used the H-2d-restricted NP class

I peptide (TYQRTRALV) recognized by CD8? T cells and

a pool of three H-2d-restricted class II peptides (FWRGE

NGRKTRSAYERMCNILKGK, RLIQNSLTIERMVLSAF

DERNK, and AVKGVGTMVMELIRMIKRGINDRN)

recognized by CD4? T cells as stimuli for detection of

peptide-specific IFN-c-secreting T cells.

As indicated in Fig. 4, compared with the unimmunized

control group, a significant number of NP-specific IFN-c-

secreting splenocytes were detected in both immunized

groups. Mice immunized intranasally with adjuvanted rNP

induced more NP-specific IFN-c-secreting splenocytes,

including CD4? and CD8? T cells, than the mice immu-

nized with rNP alone, and the difference between their

CD8? T cell responses was significant (P \ 0.05). Only a

few non-specific spots were detected in the control group

(less than 10 spots/106), and the number of positive

non-specific spots (concanavalin-stimulated) was up to

2,000/106 cells (data not shown).

These results indicate that rNP delivered by mucosal

routes can effectively induce cell-mediated immunity with

strong NP-specific CD4? and CD8? T cell responses. In

addition, the combined use of the adjuvant can induce

more IFN-c-secreting T cells, and specific CD8? T cells in

particular.

Protection of mice by intranasal administration of rNP

with CTBw against lethal challenge with heterologous

influenza viruses

To test the cross-protective immunity provided by rNP plus

CTBw, two challenge experiments using either A/Chicken/

Henan/12/2004 (H5N1) or A/Chicken/Jiangsu/7/2002

(H9N2) avian influenza strains were carried out. Sixty

BALB/c mice were randomly divided into four groups.

Fig. 3 Protection of mice against lethal challenge with homologous

virus after pretreatment with anti-NP serum. Serum collected from

mice immunized with rNP together with CTBw (designated as

rNP ? CTBw group) or from unimmunized mice (designated as

control group) was passively transferred intraperitoneally to naive

BALB/c mice (10 per group). The recipients (designated as P

rNP ? CTBw group or P control group) were challenged with

10 9 LD50 of A/PR/8/34 and monitored for survival (a) and weight

loss (b)

Fig. 4 Detection of IFN-c secreted by CD4? or CD8? T cells. Mice

were immunized intranasally three times at 3-week intervals with

100 lg rNP alone or in combination with CTBw. Two weeks after the

last immunization, splenocytes were harvested and stimulated with

peptides recognized by CD4? or CD8? T cells. *Significant

difference (P \ 0.05)
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Two groups of mice were immunized with 100 lg rNP

in combination with CTBw as described above, and the

remaining two groups served as unimmunized controls.

Three weeks after the last immunization, all of the mice

were challenged intranasally with 5 9 LD50 of the appro-

priate avian influenza virus. Compared to the unimmunized

control mice, the survival rates of mice in the immunized

group increased dramatically, 100% (10/10) for H5N1 and

90% (9/10) for H9N2, respectively (Fig. 5a).

Three days after challenge, the residual lung virus titers

of the immunized mice were lower than those of the cor-

responding unimmunized mice (Table 3). Weight loss was

observed 21 days after challenge, as shown in Fig. 5b.

Although mice in all groups experienced a reduction in body

weight, mice in the immunized groups lost body weight

more slowly. These results indicate that the highly con-

served internal protein NP is not only able to protect mice

against homologous virus but also confers cross-protection

against heterosubtypic virus, confirming its potential for use

as a component of a universal influenza vaccine.

Discussion

New influenza vaccination strategies are urgently needed,

due to uncertainties about drift and shift in viral strains. NP

is an important internal protein of influenza virus. Several

attempts have been made to develop a vaccine with NP to

confer broad protection. However, some NP-based vac-

cines delivered using recombinant vaccinia virus [6, 28],

fowlpox virus [29], vesicular stomatitis virus [30], adeno-

virus vector [7, 8, 31] and DNA plasmid [3–5, 32] have not

been found to provide adequate protection. Viral vectors

are easy to manipulate genetically and easy to produce in

large-scale operations. However, some of them have the

potential to cause pathogenicity in humans. A major

problem is that many people have been exposed to these

viral strains. Pre-existing immunity would therefore inter-

fere with the induction of an immune response to a foreign

protein expressed from the virus. Tamura et al. [19]

showed that intranasal immunization of mice with rNP

from A/PR/8/34 expressed in insect cells could accelerate

the clearing of the homologous virus in the nasal site of the

mice, promoting recovery from infection. In this study, we

successfully constructed a prokaryotic expression vector

for the NP gene of A/PR/8/34 (H1N1) influenza virus and

obtained the rNP from the E. coli BL21 (DE3). The effi-

cacy of the rNP to elicit protective immunity against

diverse influenza A viruses was evaluated in a mouse

model.

The results showed that intranasal immunization with

10 lg rNP plus CTBw 3 times at an interval of 3 weeks

could completely protect mice against lethal homologous

virus challenge. Compared to mice in the unimmunized

control, the mice that were immunized intranasally with

rNP could accelerate clearance of virus in the respiratory

tract. However, intraperitoneal immunization could not

confer effective protection against challenge. Intranasal

immunization was more effective than immunization by

the parenteral route for clearing the virus, which might be

due to the fact that recruitment of immune lymphocytes to

the infection site in mice immunized intranasally occurred

more quickly than in mice immunized parenterally [33]. At

the same time, intranasal immunization could induce a high

level of local IgA Ab, which was critical for mucosal

immunity. Our study confirmed that the survival rate of

mice was associated with the level of anti-NP IgA. Pro-

tection might be provided by secretory IgA, which could

neutralize virus infectivity during transcytosis in the

infected epithelial cells. It is possible that IgA antibodies

inhibit intracellular replication or assembly of the virus by

interfering with a function of the newly synthesized viral

protein NP [34–39]. Previous research has shown that

serum antibodies to NP do not contribute to protective

immunity because these antibodies do not have neutraliz-

ing activity [40, 41], and this was confirmed by our study.

Although some studies have revealed that non-neutralizing

antibodies against NP might play a role in fighting against

virus challenge at a sublethal dose [42, 43], the mice that

Fig. 5 Protection of mice against lethal challenge with heterologous

virus. Sixty BALB/c mice were randomly divided into four groups.

Two groups of mice were immunized three times with 100 lg rNP

plus CTBw at an interval of 3 weeks. The remaining two groups were

unimmunized controls. Three weeks after the last immunization, mice

were challenged with a lethal dose (5 9 LD50) of A/Chicken/Jiangsu/

7/2002 (H9N2) or A/Chicken/Henan/12/2004 (H5N1). Survival

(a) and weight loss (b) were monitored for 21 days
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had undergone passive immunization in our present study

did not survive challenge with a lethal dose of homologous

influenza virus, indicating that rNP-induced humoral

immunity was not a major factor in conferring protection.

Several research groups have confirmed that all NP-

based vaccines, including those inducing cell-mediated

immunity, are capable of providing partial cross-protection

against influenza A heterosubtypic challenge [3–8]. In this

study, cellular immune responses were assessed by mea-

suring IFN-c secretion in splenocytes, using the reported

epitopes of NP recognized by CD4? or CD8? T cells as

stimuli [23, 24]. All mice immunized intranasally with

100 lg rNP alone or in combination with adjuvant were

able to induce specific IFN-c-secreting CD4? and CD8? T

cells, but the mice in the unimmunized control group could

not. The number of IFN-c-secreting cells in mice immu-

nized with 100 lg rNP plus CTBw was more than that in

mice with 100 lg rNP alone, and the difference in

IFN-c-secreting CD8? T cells between the two groups,

which might be related to the survival rate, was significant

(P \ 0.05) (Fig. 4). These data indicate that cell-mediated

immunity, particularly the specific CD8? T cells, may have

played an important role in protection of mice against the

virus. In summary, the coadministration of CTBw and rNP

can induce stronger mucosal immunity and cell-mediated

immunity, significantly enhancing the efficacy of the

rNP-based vaccine.

The highly pathogenic avian influenza H5N1 virus

emerged in 1997 and has caused human illness and death,

indicating the possibility of a new pandemic due to the lack

of pre-existing immunity in humans. In this study, we

showed that intranasal immunization of mice with 100 lg

rNP in combination with CTBw could effectively provide

cross-protection against challenge with H5N1 and H9N2

virus strains, reaching a protective rate of 100 and 90%,

respectively. It may be cell-mediated immunity or the high

level of IgA Ab located in the respiratory tract mucosa

induced by the highly conserved NP that contributes to

heterosubtypic protection. Since the NP is highly con-

served among all influenza A viruses, this vaccine might

provide protection against all influenza A viruses, such

as the pandemic (H1N1) 2009 influenza virus, which

has NP gene sequence identity of 85.8% with the H1N1

A/PR/8/34.

Our initial investigation of this rNP-based vaccine in the

mouse model is intended as a proof-of-concept study, not

as a final choice of vaccine. BALB/c mice have no func-

tional Mx system to mediate innate resistance to some

RNA viruses, so influenza virus infection is highly lethal to

mice, unlike most human influenza virus infections

[44, 45]. In this study, we used the mouse model to test the

efficacy of the vaccine to some degree, and in the future,

we will use a better animal model system such as non-

human primates, which more closely model influenza virus

infection in humans, before we proceed to clinical research.

Our study has confirmed the feasibility of using NP as a

candidate for developing a universal vaccine. It would also

be interesting to determine whether this protection can be

improved by adding other protein components of influenza

virus, such as M1 and M2e, which are also known to be

less susceptible to sequence drift. The NP-based subunit

vaccine would be low-cost due to the high yield of pro-

duction in bacteria in fermentors, and additionally, it does

not require annual updating and manufacturing. A vaccine

based on NP may be a good choice for reducing the number

of deaths and the severity of disease during influenza epi-

demics and pandemics while strain-matched vaccines are

being prepared.
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