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Abstract

The ongoing threat of influenza epidemics and pandemics has emphasized the importance of 

developing safe and effective vaccines against infections from divergent influenza viruses. In this 

review, we first introduce the structure and life cycle of influenza A viruses, describing major 

influenza A virus-caused pandemics. We then compare different types of influenza vaccines and 

discuss current advancements in the development of subunit influenza vaccines, particularly those 

based on nucleoprotein (NP), extracellular domain of matrix protein 2 (M2e) and hemagglutinin 

(HA) proteins. We also illustrate potential strategies for improving the efficacy of subunit 

influenza vaccines.
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1. Introduction

Influenza viruses belong to the family Orthomyxoviridae, consisting of five genera that 

include influenza A virus, influenza B virus, influenza C virus, Thogotovirus and Isavirus, 

as defined by the International Committee on Taxonomy of Viruses [1]. On the basis of their 

nucleoprotein (NP) and matrix (M) protein antigens, influenza A and B viruses contain 

hemagglutinin (HA) and neuraminidase (NA) activities, whereas influenza C virus has no 

NA, but does have a hemagglutinin–esterase fusion (HEF) protein [1]. Only influenza A and 
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B viruses can cause clinical diseases. Influenza B viral infections are often limited to 

localized outbreaks, while influenza A virus is the primary pathogen for humans and is thus 

the principal cause of larger epidemics and pandemics.

Influenza A virus is further divided into different subtypes based on the antigenicity of the 

two surface glycoproteins, HA and NA. Currently, influenza A virus has 18 HA subtypes 

(H1-H18) and 11 NA subtypes (N1-N11) [2], theoretically leading to 198 potential 

combinations. In fact, not all of these subtypes cause human diseases. Seroarchaeology data 

from the late 19th and early 20th centuries indicated that the H1, H2 and H3 influenza virus 

subtypes were successfully transmitted among humans [3]. Particularly, the H5 subtype has 

threatened to emerge as a human pandemic pathogen since 1997, when it killed 6 out of 18 

infected humans [3]. The H7 subtype is also worthy of concern because of the newly 

emerged 2013 avian influenza A/H7N9 pandemic in China [4]. The highly pathogenic H5 

and H7 subtypes possess a unique ability to accumulate multiple basic amino acids at the 

HA cleavage site, increasing the ability of the viruses to spread systemically in an infected 

host and cause significant disease [5].

2. Influenza A virus structure and life cycle

The influenza A virus genome consists of eight negative sense, single-stranded RNA 

segments encoding eleven viral proteins which are essential for viral replication and 

packaging of progeny virus. Major viral proteins include structure proteins HA, NA, M1, 

M2 and NP; three RNA polymerases, such as polymerase basic protein 1 (PB1), PB2 and 

polymerase acidic protein (PA); as well as three non-structural proteins (NS) named NS1, 

NS2 (nuclear export protein, NEP) and PB1-F2 (Fig. 1) [6]. These proteins play significant 

roles in influenza virus replication, including their assistance in cell membrane recognition 

and endosomal fusion and acidification, inducing ribonucleoprotein (RNP) delivery into the 

nucleus, catalyzing polymerase holoenzyme of transcription and replication, and promoting 

protein and RNA binding and sialidase activity. Specific functions of these proteins are 

listed below.

Influenza virus M1 protein is important in RNP coating during viral assembly [7], while M2 

protein is a transmembrane protein that forms an ion channel tetramer, exhibiting pH-

inducible proton transport activity. During initial virus infection, M2 regulates the pH of 

viral core after virus uptake into the host cell’s endosomal compartment, and at the late stage 

of infection, it transports viral transmembrane proteins to the cell surface [8]. HA 

glycoprotein forms spikes on the surface of virions, mediating attachment of the virus to 

host cell receptors, thereby enabling the virus to gain entry through membrane fusion. NA 

glycoprotein forms knob-like structures on the viral surface to catalyze progeny virus from 

infected cells, thereby allowing the virus to spread with resulting infection of new host cells. 

NP protein is a core antigen that plays an essential role in viral replication and transcription. 

NS2 protein may help catalyze the nuclear export of newly synthesized viral RNPs from 

nucleus to cytoplasm, where assembly of the progeny virions occurs [9].

The life cycle of influenza A virus involves the participation of major viral proteins in 

several important steps (Fig. 2). First, influenza virus infects host cells via HA-mediated 
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binding to cell surface sialic acids, internalizing via receptor-mediated endocytosis. Then, 

the virus with proteolytically activated HA fuses with endosomal membrane through an 

acidic pH-promoted conformational change, followed by acidification of the viral core via 

M2 proton channel, leading to dissociation of the M1 coat protein and release of viral RNPs 

into the cytoplasm. Nuclear-localized signal on NP facilitates the transport of RNPs to the 

nucleus, where viral mRNA transcription and genomic replication occur. Once translated, 

NS1 protein binds to double-stranded RNA and host mRNA processing factors to inhibit 

cellular interferon-induced antiviral responses [10]. Subsequently, the polymerase performs 

host mRNA cap-recognition, providing capped mRNA primers for initiation of viral 

transcription [11]. Replicated RNPs, assisted by NEP, are then exported from the nucleus 

and transported to plasma membrane for assembly with envelope proteins (HA, NA, M1 and 

M2). Finally, NA protein plays a crucial role in removing sialic acid from sialyl 

oligosaccharides, thereby releasing newly assembled virions from the cell surface and 

preventing self-aggregation of the viral particles [6].

3. Influenza A virus-caused pandemics and the importance of developing 

effective influenza vaccines

Antigenic shift causes emergence of new influenza viruses, resulting in efficient human-to-

human transmission and influenza pandemics. Influenza pandemics occur frequently, with 

three major outbreaks in the 20th century and two outbreaks in the 21st century, including 

the 2009 pandemic H1N1 and the newly emerged 2013 avian influenza A/H7N9 pandemic. 

In addition, the highly pathogenic avian influenza (HPAI) A/H5N1 with pandemic potential 

has caused serious diseases. This section introduces major pandemics caused by influenza A 

viruses, pointing out the urgency for developing influenza vaccines.

3.1. Three major influenza pandemics in the 20th century

The three major influenza pandemics in the 20th century are 1918 Spanish flu, 1957-1958 

Asian influenza pandemic, and 1968 Hong Kong influenza pandemic, which were caused by 

A/H1N1, A/H2N2 and A/H3N2 influenza viruses, respectively [12]. The 1918 Spanish flu 

was the most severe influenza pandemic in history, with an estimated 50 million deaths 

globally [13], while the pandemics caused by 1957-1958 Asian and 1968 Hong Kong 

influenza pandemics were less severe, with more than one million and around 700,000 

deaths, respectively (http://www.flu.gov/pandemic/history/).

The gene sequences and phylogenetic analyses of the virus causing the 1918 pandemic 

suggest that the genes encoding HA and NA proteins were derived from an avian-like 

influenza virus strain which had not circulated widely in humans and swine before the 

pandemic [14-16]. In the 1957-1958 Asian flu, three new gene segments, including HA, NA 

and PB1, were introduced from an avian-like H2 and N2 species [17, 18], while the other 5 

gene segments were derived from the 1918-derived H1N1 lineage. In the case of the 1968 

Hong Kong influenza pandemic, two new gene segments, including HA and PB1, were 

introduced from avian-like H3 and PB1 species, and the other 6 gene segments were derived 

from the 1957 H2N2 virus [17-19]. The relative mildness of this pandemic might have 

resulted from the retention of NA protein [20].
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3.2. The 2009 influenza A/H1N1 pandemic

In April 2009, a novel swine-origin influenza A/H1N1 virus emerged in Mexico and then 

quickly spread around the world. As of September 13, 2009, WHO reported over 296,000 

confirmed cases in more than 100 countries with at least 3400 deaths (http://

www.who.int/csr/don/2009_09_18/en/). The 2009 pandemic H1N1 influenza virus was 

derived from the reassortment of North American avian H3N2 virus, H1N2 swine virus and 

Eurasian H1N1 swine lineage virus [21-23]. Like the 1957 pandemic H2N2 and 1968 

pandemic H3N2 viruses, the 2009 pandemic H1N1 virus was also a descendant of the 1918 

pandemic H1N1 virus [24]. The PB2 and PA gene segments were in the swine triple 

reassortant lineage which was avian in origin and entered pigs in North America around 

1998, while the avian-originated PB1 entered humans and then pigs around 1968 and 1998, 

respectively [25]. In addition, the avian-originated HA, NP and NS gene segments entered 

pigs around 1918 and subsequently circulated in classical swine viruses and triple 

reassortment swine viruses [26], but the NA and M gene segments, which were in the 

Eurasian swine lineage, originally derived from an avian influenza virus and entered the 

Eurasian swine population in 1979 [27].

3.3. The newly emerged 2013 avian influenza A/H7N9 pandemic

In February and March of 2013, three patients were hospitalized with severe lower 

respiratory tract disease associated with a novel avian-origin reassortant influenza A (H7N9) 

virus infection [4]. A total of 450 laboratory-confirmed cases of human infection with avian 

influenza A (H7N9) virus, including 165 deaths, were reported to WHO as of June 27, 2014 

(http://www.who.int/influenza/human_animal_interface/influenza_h7n9/

riskassessment_h7n9_2 7june14.pdf?ua=1). Although this virus type does not appear to 

transmit easily from person to person and sustained human-to-human transmission has not 

been reported, understanding the source and mode of transmission of viral infections and 

taking further surveillance and appropriate countermeasures, such as vaccine development, 

are urgently required.

3.4. HPAI A/H5N1-caused diseases

HPAI is an extremely contagious, multi-organ systemic disease of poultry, leading to high 

mortality [28]. The HPAI A/H5N1 viruses were first isolated from sick geese in Guangdong 

Province in China in 1996 [29]. H5N1 viruses have spread in poultry and wild birds in Asia, 

Europe, and Africa since 2003, posing a potential risk of outbreaks in poultry and 

maintaining a high frequency of annual endemics [2]. The transmission of H5N1 virus to 

humans in Hong Kong in 1997 was the first confirmed avian-to-human transmission of this 

influenza virus type. As a result, 18 people were hospitalized and six died [30]. Since then, 

sporadic cases of H5N1 virus infection in humans have been increasing every year. As of 

July 27, 2014, a total of 667 infected people, including 393 deaths (mortality rate 

approaching 60%), were reported to WHO (http://www.who.int/influenza/

human_animal_interface/EN_GIP_20140727CumulativeNumber H5N1cases.pdf?ua=1) for 

the period 2003-2014. H5N1 virus is a continuing threat by its capacity to cross species 

barriers and generate severe infection and high mortality in humans.
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The continuous pandemic potential of HPAI A/H5N1 and other emerging or reemerging 

influenza virus types reinforces the importance of developing effective vaccines and 

antiviral agents against influenza virus infection. Although antiviral drugs, such as NA and 

M2 inhibitors, are, to some degree, effective for pandemic control, a number of drug-

resistant virus strains have been reported [31-35]. Accordingly, vaccination is currently 

considered as one of the most effective measures to fight against influenza pandemics [36].

4. Influenza vaccines

Currently developed influenza vaccines include inactivated virus-based, live-attenuated 

virus-based, DNA-based, viral vector-based, virus-like particle (VLP)-based, and subunit 

vaccines. The remainder of this review will briefly discuss these vaccine types, pointing out 

the importance of developing subunit vaccines based on specific viral antigens. The 

advantages and disadvantages of these vaccine types, as well as the specific adjuvants used 

for each vaccine type, are summarized in Table 1. While adjuvants are required for 

inactivated and live-attenuated virus-based, particularly subunit-based vaccines, to promote 

their efficacy against influenza virus infection, they are not necessary for influenza vaccines 

based on DNAs, viral vectors and VLPs (Table 1).

4.1. Inactivated and live-attenuated influenza vaccines

Influenza vaccines based on inactivated and live-attenuated virus are widely developed, and 

some of them are in clinical trials [37-39]. Intranasal inoculation of mice, pigs, horses and 

macaques with NS1-modified influenza virus strains was shown to induce robust humoral 

and cellular immune responses and generate protective immunity against challenge with 

wild-type virus [40]. Research has also found that intranasal immunization of humans with a 

trivalent seasonal influenza vaccine and a TLR-3 agonist (rintatolimod) elicits the 

production of cross-reactive IgA antibody, protecting against avian influenza virus strains 

H5N1 and H7N9 [41], in which rintatolimod is served as a potential mucosal adjuvant to 

boost this protection. However, the use of inactivated and live-attenuated influenza vaccines 

has raised safety concerns arising from the possible reassortment between specific gene 

segments and circulating influenza viruses [42], which could, in turn, result in a new 

pandemic potential. In addition, traditional egg-based vaccines have the risk of allergic 

reaction. Furthermore, the presence of retroviruses in eggs has raised concerns for their 

possible effects on the production of live-attenuated influenza virus vaccines [43, 44].

4.2. Plasmid DNA-based influenza vaccines

Plasmid DNA vaccines are considered alternatives to inactivated influenza virus vaccines 

[45]. Influenza DNA vaccines based on viral HA, M2e, NA and NP genes have shown 

promising results [46-49]. Vaccination with HA-, HA ectodomain (HAe)- or HA1-based 

DNA vaccines was reported to stimulate protective immunity in animals. Immune responses 

induced by HA1 were lower when compared to those induced by either HA or HAe [45]. In 

addition, immunization of mice with DNA vaccine expressing the full-length consensus-

sequence M2 induced specific antibody responses, protecting mice against challenge of 

lethal influenza virus [50]. Reports have also indicated that a polyvalent DNA vaccine 
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containing HA and NA genes triggered effective immune responses against homologous and 

heterologous virus strains, protecting pigs against 2009 H1N1 influenza virus infection [51].

DNA-based influenza vaccines have several advantages. Safety can be attributed to their 

non-replicating and noninfectious features. Also, such vaccines allow for flexible 

optimization of viral genetic sequences of the encoding genes and other related components, 

as well as the ease of scaling up by fermentation techniques [52-55]. However, vaccines 

based on DNAs suffer from low transduction and expression of multiple genes, the potential 

of inducing host autoimmunity, and the possible risk of malignancy arising from integration 

of exogenous DNA into the host genome [56]. Additionally, DNA-based vaccines are less 

effective in the elderly and newborn [57].

4.3. Viral vector-based influenza vaccines

Influenza vaccines based on viral vectors have been studied extensively with some success 

[58, 59]. For example, a replication-defective adenovirus vector expressing HA from 

different subtypes and NP from one subtype induced high humoral and cellular immune 

responses and conferred cross-protection against challenge from H5, H7 and H9 influenza 

virus [60]. In addition, intranasal administration of a recombinant adenovirus encoding HA2 

of influenza A/California/7/2009(H1N1) virus fused to a trimerized form of murine CD40L 

enhanced specific mucosal IgA and serum IgG antibodies, induced HA2-specific, CD40L-

dependent T-cell responses, and completely protected against lethal challenge of divergent 

influenza A viruses, including H1N1, H3N2, and H9N2, highlighting the possibility of 

developing HA2-based universal influenza vaccines [61]. Although adenovirus vector 

vaccines have a number of merits, potential safety risks arising from the prevalence of pre-

existing immunity significantly prevent its use as a promising vaccine candidate.

4.4. VLP-based influenza vaccines

VLPs have been applied as influenza vaccines [62]. VLPs are genome-free particles 

containing only viral envelope proteins. VLPs can be produced in mammalian cells, yeast 

and baculovirus expression systems, as well as recombinant vaccinia virus systems [63-65]. 

They can display viral surface proteins in high density, and present adjuvanticity, resulting 

in the induction of effective immune responses [62]. Reports have shown that an 

encapsulated recombinant H5 HA expressed on baculovirus surface induced protective 

immune response against H5N1 infection in mice and that a VLP containing two M2e 

peptides fused with HBcAg and B subunit of E.coli heat labile enterotoxin (LTB) 

significantly enhanced mucosal immune responses in mice [66]. However, since immune 

responses induced by VLPs might be relatively lower, further application of this vaccine 

type requires more study.

5. Advancements in the development of subunit influenza vaccines

Based on their rapid, stable, consistent and scalable production, recombinant subunit 

vaccines have been proven an effective strategy for meeting the demands of a possible 

influenza pandemic [67]. Compared with other vaccine types, subunit vaccines maintain the 

highest safety profile by the absence of infectious viruses. Subunit vaccines against 
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influenza viruses with pandemic potential, including H5N1 and H7N9, are under 

development, among which viral structural proteins, such as M2e, HA and NP, are attractive 

vaccine targets. Other proteins, such as M1 and NA, also have potential for development as 

influenza subunit vaccines.

5.1. Subunit vaccines based on conserved M2e proteins

Influenza virus M2 tetramers are expressed at high density in the plasma membrane of 

infected cells [68]. The extracellular domain of the M2 protein, M2e, which contains 24 

residues at the N-terminus, is highly conserved among influenza A viruses [68], in which the 

N-terminal epitope SLLTEVET (residues 2-9) shows nearly 100% homology in all subtypes 

of influenza A viruses [69]. Therefore, M2e serves as an attractive target for development of 

universal influenza subunit vaccines.

It should be noted that immunogenicity induced by a single M2e molecule is relatively low, 

requiring some modifications to produce effective immune responses. Therefore, 

construction of protein vaccines containing several M2e molecules is an option to improve 

the efficacy of M2e vaccines. An E.coli-expressed M2e containing tandem copies of 

different M2e molecules has been shown to yield better protection against highly pathogenic 

A/chicken/Guangdong/04 (H5N1) in chickens [70]. Fusing M2e to an appropriate carrier is 

another approach to improve immunogenicity of M2e-based subunit vaccines. For example, 

M2e vaccines linked with a multiple antigenic peptide (MAP) induced strong M2e-specific 

IgG antibodies, protecting immunized mice against lethal challenge with PR8 A/H1N1, 

2009 pandemic H1N1, or divergent H5N1 influenza viruses [71-73].

Other strategies, such as fusing M2e with immunogenic protein components, are also under 

development to improve efficacy induced by M2e-based influenza subunit vaccines. With 

this vaccination strategy, protein carriers themselves have potential adjuvanticity, thus 

avoiding the use of strong adjuvants or additional adjuvants during immunization [74, 75], a 

step which simplifies the immunization process, but achieves similar immune effects. 

Therefore, this vaccination strategy is more practical, representing a future direction for the 

development of M2e-based universal subunit vaccines. Studies have also demonstrated that 

fusion of four tandem copies of M2e molecules with the immunogenic decameric protein 

Brucella abortus lumazine synthase, BLS-4M2e, resulted in survival rates of 100% and 80% 

for mice challenged with influenza virus in the presence of Iscomatrix or alum adjuvant, 

respectively, while 60% of these mice still survived in the absence of such adjuvants [75]. 

We have also found that a recombinant fusion protein linking three tandem copies of the 

H5N1 M2e consensus sequence to activation associated protein-1 (ASP-1) adjuvant (M2e3-

ASP-1) was able to provide significant M2e-specific immune responses and cross-clade 

protective immunity against divergent H5N1 viruses without the requirement of additional 

adjuvants [76].

5.2. Subunit vaccines based on conserved NP protein

The highly conserved influenza virus NP is an internal protein capable of inducing cross-

protective immunity against different influenza A viruses, making it an ideal target for 

developing universal influenza vaccines [59, 77]. A robust CD4+ T cell response was 
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elicited against peptides of two conserved epitopes (NP265-274 and NP174-184) [78], 

suggesting that these two epitopes may be candidates able to provide partial immunity to 

pandemic H5N1 virus. NP may also induce specific CD8+ T cell response which correlates 

with protection [79]. At least 14 human NP peptides have been identified as epitopes of 

cytotoxic T lymphocytes (CTL) [80]. In addition, immunization with NP plus Ribi Adjuvant 

System (RAS) could increase humoral and cellular immune responses compared to 

unadjuvanted NP [81], suggesting that suitable adjuvants will be needed in subunit vaccines 

based on NP. However, immunity induced by NP might be low, and with the absence of 

neutralizing activity, it would be unable to induce highly potent protection against virus 

infection.

5.3. Subunit vaccines based on HA proteins

In addition to highly conserved M2e and NP, which serve as important targets for subunit 

influenza vaccines, viral surface HA glycoprotein is also an ideal antigen for the induction 

of protective immune responses against influenza virus infection. Subunit vaccines based on 

the full-length HA protein have shown their ability to induce protective immunity in 

preclinical tests and clinical trials [82]. For example, immunization with a baculovirus 

system-expressed recombinant protein (rH5HA) against the HA of a highly pathogenic 

classic H5N1 influenza virus protected mice from lethal challenge against pathogenic avian 

influenza virus, and the serum antibody lasted more than 6 months [83]. Other studies have 

reported that a plant-produced subunit influenza vaccine, HAC1, based on the recombinant 

HA of 2009 pandemic A/California/04/2009 (H1N1) strain, demonstrated immunogenicity 

and safety in Phase I clinical trials of healthy adults [82].

Compared with the full-length HA protein, the HA1 region is more immunogenic in 

inducing potent neutralizing antibodies and protection against influenza virus infection. As 

such, it is an important vaccine target. The larger N-terminal fragment, HA1 (~320 aa), 

forms a membrane-distal globular domain that contains the receptor-binding site and most 

determinants recognized by virus-neutralizing antibodies [8]. Glycan-masked HA antigens 

at residues 127 and 138 double mutants have been reported to induce potent neutralizing 

antibodies and cross-protection against heterologous H5N1 clades [84], providing useful 

information for the development of a broadly protective H5N1 influenza vaccine. We have 

also shown that a recombinant HA1 protein of A/Anhui/1/2005(H5N1) fused to the Fc of 

human IgG and foldon (Fd) trimeric motif (HA1-Fdc) induced strong immune-reactive 

responses to HA1 protein that resulted in cross-neutralization of H5N1 divergent strains 

[85]. In particular, we demonstrated that a critical neutralizing domain (CND) containing 

residues 13-263 of HA1 of A/Anhui/1/2005(H5N1) fused to Fc and Fd, HA-13-263-Fdc, in 

an optimal conformation elicited the strongest neutralizing antibody response and cross-

protection against challenge of heterologous H5N1 strains [86], suggesting that the CND 

containing the RBD of H5N1 HA1 could be further developed as an effective and safe 

subunit vaccine against divergent strains of influenza virus from the same group. Because of 

sequence variation, it should be noted that the HA1 subunit typically induces strain-specific 

neutralizing antibodies. Thus, its ability to induce broad neutralizing antibodies against 

variant strains from different groups might be lower.
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The influenza virus HA2 subunit is more conserved than the HA1 subunit. Consequently, 

immune responses induced by the HA2 subunit, particularly the stem region, are expected to 

elicit broad cross-protective antibodies against divergent strains from different influenza 

virus groups, suggesting its development as a universal vaccine [87]. Studies have shown 

that vaccination with a synthetic HA2 peptide-based subunit influenza vaccine protected 

mice from H1N1, H3N2 and H5N1 influenza virus challenge [88]. E.coli-expressed HA2 

proteins were demonstrated to induce immune responses, protecting mice against lethal 

challenge by A/HK/68 mouse-adapted virus [89]. However, compared with HA1 subunit, 

HA2 subunit might be less immunogenic, and it cannot elicit strong neutralizing antibodies.

5.4. Subunit vaccines based on other viral proteins

Other proteins, such as M1 and NA, also have potential for application as targets to develop 

subunit influenza vaccines. While 100% protection was reached by an E.coli-expressed M1 

protein formulated with chitosan adjuvant against homologous H9N2 challenge, 70% and 

30% of the mice were still protected from challenge of heterologous H1N1 and H5N1 

viruses, respectively [90], suggesting that M1 protein may induce broad-spectrum immunity 

against variant virus strains. Although immunity induced by NA is effective against 

homologous viruses, it is generally believed that NA contains less cross-reactivity and cross-

protective ability against divergent influenza virus strains [91, 92]. However, recent studies 

have found that a universal monoclonal antibody targeting the conserved epitope in NA 

(residues 222-230) was able to inhibit all subtypes of influenza A viruses and provide 

heterosubtypic protection of mice against challenge from group I and II viruses [93]. In 

addition, NA-inhibiting antibody is correlated with cross-protection of ferrets against lethal 

H5N1 challenge, and purified heterologous NA protein adjuvanted with Iscomatrix has 

shown protection [94]. These studies highlight the importance of including NA protein as 

vaccine components.

5.5. Potential strategies for improving the efficacy of subunit influenza vaccines

Compared with inactivated and live-attenuated vaccine types, the immunogenicity induced 

by subunit vaccines might be less potent. However, a variety of approaches, such as 

selection of appropriate adjuvants, fusion of several viral proteins, or combination with 

different vaccination strategies, have been attempted to improve the immunogenicity and 

efficacy of subunit influenza vaccines.

In the presence of some specific adjuvants, immune responses and/or neutralization induced 

by influenza subunit vaccines can be enhanced significantly. For example, a saponin-derived 

adjuvant, GPI-0100, may improve the immunogenicity and protective efficacy of a mucosal 

influenza HA subunit vaccine in immunized mice [95]. Moreover, a recombinant cholera 

toxin B subunit (rCTB) significantly increased serum IgG and mucosal IgA immune 

responses and serum neutralizing antibody titers of mice intranasally immunized with a 

recombinant baculovirus surface-displayed HA (BacHA) compared with those from the 

mice administered with unadjuvanted BacHA [96]. Particularly, a MF59-adjuvanted 

trivalent subunit vaccine induced persistent and enhanced antibody responses against 

homologous and heterologous strains of influenza viruses in infants and young children, 

with significantly higher HI titers than the non-adjuvant vaccines [97].
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In addition to adjuvants, fusing several influenza viral proteins or linking influenza viral 

proteins with other protein carriers may be considered as additional options to improve the 

immunogenicity of subunit influenza vaccines. These approaches are often revealed in the 

design of universal influenza vaccines, in which influenza virus M2e molecules are fused 

with other components to facilitate the formation and maintenance of M2e tetrameric 

structure and, thus, improve the immunogenicity of M2e. For example, a recombinant 

protein containing the TLR-5 ligand flagellin fused to four tandem copies of conserved M2e 

developed potent M2e-specific antibody responses, protecting immunized mice against a 

lethal influenza virus challenge [98]. In addition, immunization of mice with a fusion protein 

containing influenza HA1 globular head domain and the core fragment of respiratory 

syncytial virus G protein (Gcf) induced increased serum IgG and mucosal IgA responses 

specific to HA1 and Gcf, respectively [99].

An appropriate administration route may help to enhance host immune responses. For 

example, sublingual administration of a subunit influenza vaccine induces systemic antibody 

titers, mucosal neutralizing IgA responses, and influenza-specific Th17 cells comparable to 

those elicited by intramuscular immunization [100]. Other approaches, such as combinations 

with different vaccination strategies, can be applied to improve the efficacy of subunit 

vaccines. Optimal systemic antibody and T cell responses were achieved by immunization 

of mice with a subunit influenza vaccine containing a saponin-derived GPI-0100 adjuvant 

through intranasal prime-intramuscular boost strategies [101]. DNA prime and protein boost 

of NP is a practical way of improving cross-protective immunity against influenza A virus 

infection [102].

6. Clinically trialed and licensed influenza vaccines

Currently, a variety of vaccines are in clinical trials to prevent influenza A virus infection, 

some of which are licensed for human use [108]. The summary of these vaccines and its 

current stages are listed in Table 2. A variety of live attenuated and inactivated influenza 

vaccines are tested in healthy adults, pregnant women and children, and showed 

immunogenicity to induce specific antibody responses, in which the duration of antibody 

presences is different among different groups [37,109,110]. It is demonstrated that an 

inactivated AS03B-adjuvanted H5N1 vaccine was immunogenic in children from 6 months 

through 17 years old with antibody responses maintaining for up to one year [110]. In 

contrast, although an inactivated H7N9(A/Shanghai/2/13) influenza vaccine mixed with 

MF59 adjuvant induced seroconversion in 59% of the clinically trialed adults aged 19-64 

years old, its potential application might be limited by the absence of long-term antibody 

responses or clinical outcomes [111]. Apart from live attenuated and inactivated vaccines, 

viral vector-based influenza vaccines are tested in clinical trials and show immunogenicity 

in healthy adults [112, 113]. For example, a modified vaccinia virus Ankara (MVA)-HA-

based H5N1 vaccine, MVA-H5-sfMR, induced antibody responses in young adults aged 

18-28 year old, with a single dose of higher virus titer resulting in stronger responses than 

did two immunizations with a lower virus dose. Also, a MVA vector vaccine encoding NP 

and M1 protein (MVA-NP+M1) was immunogenic in eliciting T cell responses in healthy 

adults [112, 113]. In addition to the above vaccine types, an increased number of protein-

based subunit vaccines under clinical trials has shown good safety, tolerance and efficacy. 

Zhang et al. Page 10

Microbes Infect. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



For example, a plant-expressed recombinant protein, HAC1, which contains HA of A/

California/04/2009(H1N1) strain, was shown to be effective in inducing neutralizing 

antibody responses in immunized healthy adults against virus infection [82]. In another case, 

HAI-05, a recombinant HA protein from A/Indonesia/05/2005(H5N1) was proven to be safe 

in healthy adults of 18-49 years old and induce specific anti-H5N1 immune responses [114].

A number of clinically trialed influenza vaccines has been licensed to pharmaceutical 

companies for further development, most of which are inactivated and live attenuated 

vaccines [115, 116]. For instance, Aflunov, an MF59-adjuvanted, egg-derived H5N1 

influenza vaccine, which was proven to be safe and well-tolerated in infants, children, 

adolescents, adults and the elderly, and to elicit strong immunogenicity against homologous 

(A/Vietnam/1194/2004) and heterologous (A/Indonesia/05/2005 or A/Turkey/15/2006) viral 

strains [115, 117], has been licensed to Novartis Vaccines and Diagnostics. Among all 

licensed influenza vaccines, Flublok is the first recombinant vaccine approved by the US 

FDA and licensed to Protein Sciences Corporation (PSC). This insect cell-expressed, HA 

protein-based vaccine can be scaled up for manufacturing production [118], providing 

strong basis for rapid development of subunit vaccines against pandemic influenza.

7. Conclusions and perspectives

The continuing threat of pandemic arising from highly pathogenic avian influenza virus 

H5N1, newly emerged avian influenza virus H7N9, and other virulent influenza A viruses 

highlights the urgent need to develop safe and effective subunit vaccines. Compared with 

other vaccine types, influenza viral protein-based subunit vaccines maintain the highest 

safety profile. It is expected that broad cross-protective universal subunit influenza vaccines 

will be developed based on the highly conserved sequences of M2e, NP and stem region of 

HA2, and that more and more subunit vaccines will be in clinical trials and licensed for 

human use. Novel strategies in designing and improving efficacy of subunit vaccines are 

anticipated to reduce the threat of future influenza pandemics.
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Fig. 1. Schematic diagram of the influenza A virus structure
The virus contains three trans-membrane proteins, including HA, NA, and M2 ion channel. 

The matrix protein M1 forms the protein layer beneath the lipid bilayer. Within the viral 

envelope is ribonucleoprotein (RNP) consisting of RNA segments associated with NP and 

the PA, PB1, and PB2 polymerase proteins.
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Fig. 2. Schematic diagram of influenza A virus life cycle
The following five steps describe the life cycle of infectious influenza A virus. 1) HA 

protein binds target cells containing sialic acids, followed by endocytosis and fusion with an 

endosome, leading to the fusion of viral membrane and endosomal membrane. 2) Viral 

RNPs are released into the cytoplasm and then transported into the nucleus. 3) Viral genome 

is either replicated or transcribed into viral mRNA and then transported into the cytoplasm 

for translation of viral proteins. 4) Viral RNPs are exported from the nucleus. 5) Mature 

virus is assembled and budded at the cytoplasmic membrane of the host cell, acquiring viral 

surface proteins.
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Table 1

Potential advantages and disadvantages of different types of influenza vaccines

Vaccine types Advantages Disadvantages Adjuvants used References

Inactivated virus 
and live-attenuated 
virus-based

Induces robust 
humoral and cellular 
immune responses 
and protection.

Safety problems; potential allergic 
reactions to eggs.

Rintatolimod, MF59, AS03B [40, 41, 43, 44]

DNA-based Induces humoral and 
cellular immune 
responses and 
protection; safe and 
easy to scale up.

Low immunogenicity; potential host 
autoimmunity; risk of malignancy.

NA [50-57]

Viral vector-based Induces high humoral 
and cellular immune 
responses and cross-
protection.

Safety problems; pre-existing 
immunity.

NA [60, 61, 106, 107]

VLP-based Genome-free 
particles containing 
only viral envelope 
proteins; can be 
prepared in a variety 
of expression 
systems; induces 
immune responses 
and protection.

Relatively lower immunogenicity. NA [62-66]

Subunit vaccines High safety profile 
without involving 
infectious viruses; 
rapid, stable, 
consistent and 
scalable production; 
induces humoral and 
cellular immune 
responses, 
neutralizing 
antibodies and cross-
protection.

Require appropriate adjuvants, suitable 
administration route, fusion with 
several proteins, or combination with 
different vaccination strategies to 
improve immunogenicity.

Adjuvants can be fused with 
influenza protein vaccines or 
mixed together with these 
vaccines

[67]

M2e-based Induces M2e-specific 
humoral and cellular 
immune responses; 
elicits broad cross-
protection against 
divergent virus 
strains; can be 
developed as a 
universal influenza 
vaccine

Single M2e molecule induces lower 
immune responses, which may be 
significantly improved by linking 
several M2e molecules, or fusing M2e 
to an appropriate carrier, or other 
immunogenic protein components.

Iscomatrix, alum, and Freund's 
adjuvants, or use of fused 
protein carriers as adjuvants

[70-76, 103-105]

NP-based Contains conserved 
CD8 T-cell epitopes 
that induces cross-
reactive T cell 
response and cross-
protective immunity, 
thus having potential 
for developing 
universal influenza 
vaccines.

It is less effective to induce specific 
antibody responses, especially the 
neutralizing antibodies.

Alum, Ribi Adjuvant System [59, 77-79, 81]

HA-based Induces strong HA-
specific antibodies, 
HI and neutralizing 
antibodies; elicits 
potent protection. 
Highly conserved 
HA2 stem region can 
be used as a universal 
vaccine target to 

HA1 usually induces strain-specific 
protection resulting from sequence 
variation.

PELC/CpG, Freund's, Sigma 
Adjuvant System, Montanide 
ISA51, CpG7909, GPI-0100, 
rCTB

[84-89, 95, 96]
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Vaccine types Advantages Disadvantages Adjuvants used References

develop broad-
spectrum influenza 
vaccines.

NA-based Induces antibodies 
and protection 
against homologous 
virus strains

Induces less cross-reactivity and cross-
protection against divergent virus 
strains.

Iscomatrix [91-94]
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Table 2

Selected influenza vaccines in clinical trials and their stages

Clinically trialed vaccines Vaccine types Antigen components or
encoding antigens

Stages References

A/Shanghai/2/13(H7N9) Inactivated virus-based H7N9 HA Phase II [111]

A/Indonesia/5/05(H5N1) Inactivated virus-based H5N1 HA Phase 2/3 [110]

A/Vietnam/1203/04(H5N1)
A/Indonesia/05/05(H5N1)

Inactivated virus-based H5N1 HA Phase II [119]

A/turkey/Turkey/1/05(H5N1)
A/Indonesia/05/05(H5N1)

Inactivated virus-based H5N1 HA Phase I (?) [120]

MVA-H5-sfMR Viral vector-based H5N1 HA Phase 1/2a [113]

MVA-NP+M1
(A/Panama/2007/99(H3N2))

Viral vector-based H3N2 NP and M protein 1 Phase I [112]

gH1-Qbeta
(A/California/07/09(H1N1))

VLP-based 2009H1N1 HA Phase I [121]

HAC1
(A/California/04/09(H1N1))

Subunit vaccine 2009H1N1 HA Phase I [82]

HAI-05
(A/Indonesia/05/05(H5N1))

Subunit vaccine H5N1 HA Phase I [114]
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