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Abstract

On January 24-26, 2013, the World Health Organization convened the first integrated meeting on
“The development and clinical trials of vaccines that induce broadly protective and long-lasting
immune responses” to review the current status of development and clinical evaluation of novel
influenza vaccines as well as strategies to produce and deliver vaccines in novel ways. Special
attention was given to the development of possible universal influenza vaccines. Other topics that
were addressed included an update on clinical trials of pandemic and seasonal influenza vaccines
in high-risk groups and vaccine safety, as well as regulatory issues.
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1. Introduction

Influenza viruses remain a serious threat to public health, due to their ability to escape

the human immune system through frequent antigenic drift and occasional antigenic shift.
The unabated circulation of highly pathogenic avian influenza (HPAI) A H5N1 influenza
virus and the recent demonstration that relatively few mutations could confer mammalian
transmissibility to the virus underscore the pandemic potential of HPAI viruses. The
emergence of the 2009 pandemic H1N1 influenza virus (A(H1N1)pdmQ9) illustrates the
risk of emergence of a new pandemic from an animal influenza virus and the lengthy
production timeline of a strain-specific pandemic vaccine. It is thus highly desirable to
develop influenza vaccines that offer broad cross-subtype protection to combat any possible
new influenza A virus pandemic.

As reviewed by Robert Huebner (US Biomedical Advanced Research and Development
Authority, Department of Health and Human Services (HHS), Washington, DC, USA) in
his keynote address, current seasonal influenza vaccines confer protection only against
homologous virus strains, which necessitates frequent reformulation to include newly
emerging strains. Trivalent inactivated vaccines (T1V) show only 50-70% protective
effectiveness in adults, with lower effectiveness in the elderly and young infants. It

is recognized that mammalian cell-based influenza vaccines, recombinant vaccines, and
adjuvanted vaccines, should be encouraged to provide greater pandemic vaccine production
capacity. Currently, at least one cell-based vaccine and one recombinant vaccine produced
in insect cells have been licensed in the USA. Quadrivalent inactivated vaccines (QIV)
with two influenza A and two influenza B strains, and one quadrivalent live attenuated
vaccine have also been approved. However, an effective universal influenza vaccine is still
far from reality, requiring a long development process, with large-scale efficacy trials. It will
probably also necessitate the development of new potency assays for its evaluation.

John Tam (World Health Organization (WHO), Geneva, Switzerland) summarized the 2012
recommendations of the WHO Strategic Advisory Group of Experts (SAGE) on Influenza
vaccination [1]. Seasonal influenza vaccination is recommended for populations at risk

of severe influenza infection including pregnant women, children less than 5 years and

in particular less than 2 years of age, the elderly, and individuals with underlying health
conditions, as well as for health-care workers, who are at increased risk of exposure and may
also spread the infection to vulnerable patients.

2. Broadly protective and universal influenza vaccine strategies

The development of a universal influenza vaccine remains challenging, requiring in-depth
knowledge of conserved epitopes on viral proteins that can elicit cross-protective antibody
(Ab) responses. Identified epitopes are located in the virus matrix protein 2 (M2) and
especially its 23 N-terminal amino acid ectodomain (M2e), in the highly conserved

HAZ2 region of the hemagglutinin (HA) and in the neuraminidase (NA). Potentially cross-
protective T cell epitopes were also identified within internal virion proteins, primarily the
matrix protein 1 (M1) and the nucleoprotein (NP) [2—-4].

Vaccine. Author manuscript; available in PMC 2022 April 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Girard et al.

Page 3

As reviewed by Florian Krammer (Mount Sinai Hospital, New-York, NY, USA) and by
Guus Rimmelzwaan (Erasmus University, Rotterdam, The Netherlands), the M2e domain
can induce a broadly protective Ab response in animals. Immunization with an M2e-HBc
fusion antigen provided 90-100% protection against lethal virus challenge in mice and
ferrets [5]. Abs to M2e act through antibody-dependent cellular cytotoxicity (ADCC)

[6]. Influenza-specific, cross-reactive ADCC Abs that can trigger /n vitro elimination of
influenza-infected human blood and respiratory epithelial cells in the presence of NK cells
have been detected in human sera devoid of neutralization activity [7].

Broadly neutralizing Abs that bind to a highly conserved conformational epitope on the
globular head of the HA molecule were recovered from H5N1-infected individuals [8,9] and
from mice immunized with H5 vaccine [10]. Theodore Ross (University of Pittsburgh, PA,
USA) reported that insect cell-produced virus-like particles (VLPs) made of the HA and

NA proteins of avian H5N1 with computationally optimized sequences (COBRA) elicited
hemagglutination-inhibiting (HAI) Abs and protected mice and macaques against challenges
with pathogenic H5N1 virus strains from different genetic clades [11]. A H5 HA DNA
prime followed by a H5 HA VLP boost produced similar results with cross-clade protection
in mice, as reported by Paul Zhou (Pasteur Institute, Shanghai). The neutralizing Abs
elicited by these vaccination regimens were shown to bind to the globular head of HA.

However, as summarized by Krammer, the most potent broadly reactive influenza virus
neutralizing Abs identified to date are those that bind to a highly conserved region in

the stem of HA [12-15]. Such Abs, which were effective against all group 1 influenza A
viruses tested, were shown to target the membrane-proximal region of the HA molecule and
prevent membrane fusion [16,17]. Screening of libraries of human neutralizing monoclonal
Abs (mAbs) identified Abs that bind to a conserved epitope in the fusion domain of the
influenza virus HA subunit 2 (HA2) protein located on the HA stem. Such mAbs protect
mice against lethal challenges with influenza A and B viruses [16,18]. A synthetic peptide
vaccine based on this conserved neutralization epitope demonstrated protective activity in
mice against influenza viruses of subtypes A(H3N2), A(H1IN1) and A(H5N1) [19], thus
providing proof of concept for a broadly protective HA2-based influenza vaccine. These
mAbs are derived from a specific Ab gene heavy-chain variable region IGHV1-69, and only
require limited affinity maturation from the germline ancestor [20]. The development of
HAZ2-based influenza immunogens that afford good protection in a mouse challenge model
is in progress [21,22], as well as a vaccine strategy based on the use of chimeric HA
molecules that express the same stalk but different HA heads and provide heterologous and
heterosubtypic protection in mice [23].

The virus neuraminidase (NA) antigen can also provide cross-reactive immunity and partial
protection against heterotypic virus challenge [24,25] that seems to correlate with sialic acid
cleavage-inhibiting Ab titers [26].

In addition to Abs, T cells also can confer broad protection against multiple influenza virus
subtypes [27]. Cross-reactive T cell responses involving both CD4* and CD8* T cells were
found to mediate early clearance of an antigenically novel influenza virus in nonhuman
primates [28]. Cross-reactive and protective cellular immune responses were found in
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humans after infection with a novel influenza virus [29,30]. T cell responses are mainly
directed against the relatively conserved internal matrix (M1) protein and nucleoprotein
(NP) of the virus [31], which ought therefore to be considered for inclusion in a universal
vaccine.

As reviewed by Sarah Gilbert (The Jenner Institute, Oxford, UK), vaccination of human
volunteers with a modified vaccine Ankara (MVA) recombinant virus expressing a NP-M1
fusion protein successfully boosted pre-existing cellular immune responses to seasonal
influenza vaccine and elicited increased T cell IFN-y responses to NP and M1 antigens
[31,32], as well as significant reduction in duration of virus shedding following challenge
[33]. Clinical evaluation of a chimpanzee adenovirus NP-M1 prime followed by MVA
NP-M1 boost is currently underway. In another study, mice vaccinated with an equimolar
mixture of synthetic peptides corresponding to conserved T cell epitopes in M1, M2, NP
and PB1 mixed with the adjuvant montanide ISA-51 (the Flu-v vaccine) were protected
against lethal influenza virus challenge. The same vaccine elicited significant T cell IFN-y
responses in human volunteers [34].

Tania Gottlieb (Biond Vax Pharmaceuticals, Tel-Aviv, Israel) described the M-001 fusion
protein, made by fusing peptides corresponding to conserved linear epitopes from the HA,
NP, and M proteins. M-001 was tested for safety in clinical trials and found to elicit a CD4*
IFNy™* T cell response that primed efficiently for HAI Ab responses to TIV. It was suggested
that M-001 could be used yearly as a primer to TIV vaccination in the elderly, or as a
prepandemic primer to new pandemic vaccines. Baoying Huang (Chinese Center for Disease
Control and Prevention, Beijing, China) reported that a NP-M2e fusion protein produced in
E coliand administered with alum at a dose of a few g was able to provide broad protection
against lethal challenge in mice.

Emphasis was made on the need to develop consensus standard assays and reagents

that would allow relevant comparisons between the different vaccine approaches. The
comparison of candidate vaccines for effectiveness in human volunteers was considered
highly desirable. Rather than costly and lengthy clinical efficacy trials, it was suggested that
human challenge studies could provide a faster and more efficient approach. The duration
of the Ab response elicited by various vaccines is also important, and immune memory is
essential, yet more difficult to measure.

3. Live attenuated influenza vaccines and new approaches in vaccination

As reviewed by Alain Townsend (Oxford University, UK), live attenuated influenza vaccines
(LAIV) are based on cold-adapted (ca) mutants. Intranasal LAIV provides cross-protective
immunity with a moderate strain-specific Ab response but a strong T cell response,
particularly in the lungs. Their safety and efficacy have been demonstrated even in young
children with asthma [35]. The possibility of vaccine delivery by self-administration would
enhance efficiency in mass vaccination [36].

The development of new LAIVs for viruses with pandemic potential was reported by Kanta
Subbarao (NIAID, NIH, Bethseda MD, USA), Larisa Rudenko (Institute of Experimental
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Medicine, St Petersburg, Russia) and Punnee Pitisuttithum (Mahidol University, Bangkok,
Thailand), who described the results of clinical trials with A(H5N1), A(H7N3) and
A(H5N2) LAIVs. The vaccines were well tolerated but moderately immunogenic, requiring
two doses to elicit adequate Ab responses in the majority of subjects [37,38]. Administration
of H5N1 LAIV primed for a rapid and robust neutralizing antibody response to an
inactivated subunit HSN1 vaccine boost, resulting in a broader cross-reactive response
against the different clades of A(H5N1). As discussed by Irina Isakova-Sivak (Institute of
Experimental Medicine, St Petersburg, Russia) it should be possible to modify the LAIV
master donor virus A/Leningrad/134/17/57 to improve further vaccine immunogenicity.
Christopher Ambrose (MedImmune, Gaithersburg, MD, USA) reported that serum and nasal
IgAs were the most sensitive measure of LAIV immunogenicity [39], but that heterogeneity
in sampling nasal secretions, especially in young children, often hindered precise Ab level
determination. Huan H Nguyen (International Vaccine Institute, Seoul, Korea) reported that
administration of a A(H5N1) or A(H1IN1) LAIV by the sub-lingual route also elicited
mucosal and systemic antibody responses in mice and humans similar to those observed
after intranasal vaccination.

Pamuk Bilsel (FluGen Inc, Madison, WI, USA) described a different LAIV, a non-
replicating influenza virus (AM2) with deletion of the M2 gene. The virus could only
replicate in Madin-Darby canine kidney (MDCK) cells engineered to constitutively express
the M2 protein. Injection of AM2 A(H1NZ1) virus to mice elicited systemic, cellular and
mucosal immunity and resulted in broad cross-protection against challenges with A(H3N2)
or A(H5NZ1) viruses. Cross-protection experiments in ferrets are in progress.

A panel discussion on LAIVs concluded that the identification of immune correlates of
protection for LAIVs and the development and standardization of corresponding assays are
of high priority. The issue of LAIV prime followed by boost with another vaccine was also
discussed, based on the hypothesis that using two divergent strains for priming and boosting
might increase the breadth of the immune response.

A number of reports were made on the development of new influenza vaccines based on
virus-like particles (VLPs) consisting of recombinant HA produced in plants or insect cells
[40]. Nathalie Landry (Medicago, Quebec, Canada) described the expression of HA VLPs
in tobacco plants using a recombinant Agrobacterium strain. A single dose of VLPs mixed
with alum (5 pg HA for H1 VLPs or 20 ug for H5 VLPs) was shown to elicit seroconversion
together with as cross-reactive cell-mediated immune responses including CD8* IFN-y™*

T cells in approximately 60% of subjects. A 600 kg of plant material could yield 10

million doses of purified influenza HA VLP vaccine. Dr. Dominic Lam (Hong Kong Baptist
University, Hong-Kong SAR, China) described the development of edible influenza vaccines
derived from recombinant plants or Lactobacilli. Live recombinant Lactococcus lactis
expressing H5 HA was formulated into mini-capsules for oral administration. Four doses

of the vaccine conferred full protection to mice against a lethal A(H5N1) challenge [41].

A similar vaccine was developed against A(HINZ2) influenza virus. Manon Cox (Protein
Sciences Corporation, Meriden, CT, USA) described the production of the first recombinant
trivalent influenza vaccine (Flublock™), which was recently licensed. The vaccine consists
of purified HA produced in SF9 insect cells using a recombinant baculovirus vector.
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The issue was discussed of possible allergenic side effects due to glycan molecules from
either plant or insect cells in the recombinant vaccines, but no such side effect has been
reported to date. Additional assays other than HAI test will be needed to fully validate the
recombinant HA vaccines and large scale efficacy trials will likely be required.

Attempts were made at improving the immunogenicity of classical TIV in the elderly by
increasing the dose of antigens in the vaccine. As reviewed by Robert Atmar (Baylor
College of Medicine, Houston, TX, USA), a high-dose TIV containing 60 pg HA per
influenza virus strain was successfully tested in adults 65 years of age or older and shown
to elicit a significantly increased HAI titer, higher rates of seroconversion and achievement
of HAI titers >40 [42,43]. A similar observation was made when injecting TIV by the
intra-dermal (ID) route [44], as reported by Filipo Ansaldi [University of Genoa, Italy),
who showed that HA\ titer, rates of seroconversion and seroprotection were higher after ID
than after IM vaccination in subjects aged 60 years or older [45]. Akira Ainai (National
Institute of Infectious Diseases, Japan) reported that an inactivated, wholevirion vaccine
without adjuvant administered to healthy adults at a dose of 45 ug HA by the intranasal
route at 0 and 3 weeks induced a 44% HAI seroconversion rate and detectable HAI and
neutralizing Abs in nasal washes. Another approach for improving TIV was reviewed

by Timo Vesikari (University of Tampere School of Medicine, Tampere, Finland), who
reported the development of quadrivalent inactivated vaccines with two influenza A and
two influenza B viruses. This is deemed necessary in view of the co-circulation of the two
influenza B lineages, B/Yamagata and B/Victoria, in different parts of the world, and the
fact that there is little or no cross-protection between the two [46]. Several quadrivalent
inactivated vaccines are being developed [47,48] and a live attenuated quadrivalent vaccine
(Q/LAIV) has recently been licensed in the USA.

Finally, the advantage of growing influenza virus in cells other than embryonated eggs

was reviewed by both Otfried Kistner (Baxter BioScience, Orth/Donau, Austria) for \ero
cell-derived vaccines, and Theodore Tsai (Novartis Vaccines, Cambridge, MA, USA) for
MDCK cell-derived vaccines. Numerous comparative clinical studies have demonstrated the
safety, immunogenicity and efficacy of both the whole-virus vaccine prepared from Vero
cells [49,50] and the TIV prepared from virus grown in MDCK cells [51]. A two-dose Vero
cell-derived whole-virus A(H5N1) vaccine with 7.5 pg HA without adjuvant was previously
shown to elicit a significant cross-clade neutralizing antibody response in humans [52,53].

4. The use of adjuvants and the safety of influenza vaccines

The immunological bases for using adjuvants in influenza vaccines was reviewed by
Giuseppe Del Giudice (Novartis, Sienna, Italy), who outlined their beneficial impact on

the immune response leading to antigen dose-sparing, better priming of immune memory
including Th1 CD4* T cell responses, increased breadth of the Ab response, increased
avidity of the Abs and enhanced effectiveness of the vaccine in young children and older
adults, as demonstrated with the oil-in-water adjuvant MF59 [54-56]. Dr. Rebecca Cox
(University of Bergen, Norway) described similar properties of the new Matrix-M adjuvant,
which was successfully tested with a virosomal A(H5N1) vaccine [57-59].
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Preclinical evaluation of two other new adjuvants were presented: cationic liposomes
combined with a plasmid DNA (JVRS-100), which was used with an inactivated split
A(H5N1) vaccine by Xiuhua Lu (CDC, Atlanta, GA, USA); and a synthetic TKPR tetrapep-
tide, tuftsin, which was fused to a branched M2e multiple peptide system [(M2E)4-Tuftsin],
as described by Xiaoyu Liu (Institute for Viral Disease Control and Prevention, Beijing,
China). JVRS-100 provided antigen-sparing, cross-clade Ab responses and cross-clade
protection with enhanced Th1/IgG2a responses in mice. The (M2e)4-tuftsin vaccine showed
promising results against PR8 challenge in mice.

The risk of adverse events following vaccination with adjuvanted influenza vaccines was
reviewed by Janet Englund (Washington University, Seattle, WA, USA), Hanna Nohynek
(Natl Institute of Health and Welfare, Helsinki, Finland), Susanna Esposito (University

of Milan, Italy) and Katherine Donegan (Medicines and Healthcare Products, Regulatory
Agency, London, UK). The risk of adverse events following vaccination for pregnant women
and their fetus appears to be very low, as demonstrated in a number of studies [60-63].
Likewise, the safety of influenza vaccination has been demonstrated for children with
chronic diseases, including asthma and respiratory disabilities [64].

Northern European countries, particularly Sweden and Finland, reported the occurrence

of narcolepsy in children and adolescents 4-19 years of age after vaccination with
Pandemrix™, an AS03-adjuvanted, A(HIN1)pdm 2009 vaccine. Narcolepsy is characterized
by excessive diurnal sleepiness together with episodes of sudden loss of muscle control
(cataplexy). The event was found to occur in 7 per 100,000 vaccinations. A specific HLA
allele (HLA DQ B1 0602) in the vaccinees has been implicated but no formal explanation
can be offered at this time. A recent study from the United Kingdom also reported the
occurrence of narcolepsy after administration of Pandemrix™ [65].

Arnold Monto (University of Michigan, Ann Harbor, MI, USA), Janet Englund, and Ralf
Wagner (Paul-Ehrlich Institut, Langen, Germany) discussed the vaccine effectiveness (VE)
of current influenza vaccines. In general, VE among children was higher for LAIV (~80%)
than for TIV (50-60%). The elderly show the highest rate of influenza-associated mortality
(75-135 per 100,000) and the lowest VE (~30%). A household-based study showed that
VE during the 2010-11 season was lower in those who had received influenza vaccine the
previous year as compared with those who had not. Results from the US CDC influenza
VE study network for the 2011-12 season showed a similar effect. Crude VE estimates for
all influenza and among all ages was 32% in those who had received influenza vaccine the
previous year compared with 62% among those who had not. Furthermore, adjusted VE was
considerably lower (37%) against influenza A(H3N2) than against influenza H1 (60%) or B
(64%) viruses.

Influenza VE in HIV seropositive individual was reviewed by Marta Nunes (Witwatersand,
SA), who reported that influenza-associated mortality was much higher in HIV-infected than
uninfected individuals [66,67]. Lower CD4" T cell counts appear to correlate with lower
response rates to TIV. Doubling the dose of HA in the vaccine [68] and/or using two doses
of TIV one month apart [69] increased the seroconversion rate, especially with the AS03-

or MF59-adjuvanted vaccines. However, a lack of efficacy of a two-dose TIV regimen in
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HIV positive young children was reported from South Africa, in part due to a drift of

the circulating A(H3N2) virus [70]. A randomized, controlled Phase 1l trial was recently
initiated to evaluate the safety and immunogenicity of TIV in HIV-infected pregnant women
and their offspring.

Finally, Arnold Monto, on behalf of Joseph Bresee (CDC, Atlanta, GA, USA) provided
highlights from the International Meeting on Influenza Vaccine Effectiveness hosted by
WHO in December 2012. The meeting addressed the need for standardization of VE studies
and for more observational VE studies in low- to mid-income countries. Factors such as
standard of living, general hygiene and circulation of other viruses may all affect VE of
influenza vaccines.

5. Concluding remarks

Vaccine strategies involving the M2 protein, the stalk domain of the hemagglutinin, or
internal viral proteins have shown promise in animal models for the development of
influenza vaccines that elicit broad, heterosubtypic protective immune responses. However,
there remains limited information as to their potential in humans. The conduct of vaccine
efficacy trials with these new vaccines remains a challenge that could be addressed, in part,
by the use of human challenge studies, which could also provide insight on the identification
of immune correlates of protection. Non-HA-based vaccine candidates will require novel
standardized assays to measure vaccine immunogenicity and potency, such as quantitative
assays to measure anti-HA2 broadly neutralizing Ab levels, M2e-dependent ADCC, mucosal
immunity and/or T cell responses. Finally, it will be most important to measure the duration
of immunity elicited by these new vaccines.

Regarding new approaches in influenza vaccination, the development of QIV represents the
latest improvement but such vaccines still need to be formally tested for clinical efficacy.
The use of high-dose inactivated vaccines for the elderly may also represent an important
step forward, but data on their effectiveness is missing. An important domain which remains
to be explored is that of the burden of disease in low-income, resource-poor countries and
the study of VE in these countries. For example, poor TIV immunogenicity in HIV-infected
children is a major challenge to be addressed [70].

The recent licensure of the first recombinant influenza vaccine may herald in a new
generation of vaccines. Although much progress has been made toward the development

of vaccines that provide broad-based protection against influenza virus infection, more work
is still needed to determine whether an effective universal influenza vaccine is achievable.

Acknowledgements

The assistance of Fred Hayden and Dominic Lam on the scientific and administrative organization was invaluable
to the meeting. The financial support from the Institute of Creativity and the Carter Center, Hong Kong Baptist
University, China, the Welcome Trust, London, United Kingdom, and the United States of America Centers for
Disease Control and Prevention, Atlanta, GA (Grant 5U50C1000748 Project 49) are gratefully acknowledged.

Vaccine. Author manuscript; available in PMC 2022 April 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Girard et al.

Page 9

References

[1]. Vaccines against influenza. WHO position paper-November 2012. Weekly Epidem Rec
2012;87:461-76.

[2]. Kaur K, Sullivan M, Wilson PC. Targeting B cell responses in universal influenza vaccine design.
Trends Immunol 2011;32:524-31. [PubMed: 21940217]

[3]. Shaw A. New technologies for new influenza vaccines. Vaccine 2012;30:4927-33. [PubMed:
22579861]

[4]. Pica N, Palese P. Toward a universal influenza virus vaccine: prospects and challenges. Annu Rev
Med 2013;64:189-202. [PubMed: 23327522]

[5]. Fiers W, De Filette M, El Bakkouri K, Scheppens B, Roose K, Schotsaert M, et al. M2e-based
universal influenza A vaccine. Vaccine 2009;27:6280-3. [PubMed: 19840661]

[6]. EI Bakkouri K, Descamps F, De Filette M, Smet A, Festjens E, Birkett A, et al. Universal vaccine
based on ectodomain of matrix protein 2 of influenza A: Fc receptors and alveolar macrophages
mediate protection. J Immunol 2011;186:1022-31. [PubMed: 21169548]

[7]. Jegaskanda S, Job ER, Kramski M, Laurie K, Isitman G, de Rose R, et al. Cross-reactive
influenza-specific antibody-dependent cellular cyto-toxicity antibodies in the absence of
neutralizing antibodies. J Immunol 2013;190:1837-48. [PubMed: 23319732]

[8]. Hu H, Voss J, Zhang G, Buchy P, Zuo T, Wang L, et al. A human antibody recognizing a
conserved epitope of H5 hemagglutinin broadly neutralizes highly pathogenic avian influenza
H5N1 viruses. J Virol 2012;86:2978-89. [PubMed: 22238297]

[9]. Qian M, Hu H, Zuo T, Wang G, Zhang L, Zhou P. Unraveling of a neutralization mechanism by
two human antibodies against conserved epitopes in the globular head of H5 hemagglutinin. J
Virol 2013;87:3571-7. [PubMed: 23269809]

[10]. Du L, Jin L, Zhao G, Sun S, Li J, Yu K, et al. Identification and structural characterization of a
broadly neutralizing antibody targeting a novel conserved epitope on the influenza virus HSN1
hemagglutinin. J Virol 2013;87:2215-25. [PubMed: 23221567]

[11]. Giles BM, Crevar CJ, Carter DM, Bissel SJ, Schultz-Cherry S, Wiley CA, etal. A
computationally optimized hemagglutinin virus-like particle vaccine elicits broadly reactive
antibodies that protect nonhuman primates from H5N1 infection. J Infect Dis 2012;205:1562-70.
[PubMed: 22448011]

[12]. Ekiert DC, Bhabha G, Elsliger MA, Friesen MH, Jongeneelen M, Throshy M, et al. Antibody
recognition of a highly conserved influenza virus epitope. Science 2009;324:246-51. [PubMed:
19251591]

[13]. Ekiert DC, Friesen RH, Bhabha G, Kwaks T, Jongeneelen M, Yu W, et al. A highly conserved
neutralizing epitope on group 2 influenza A viruses. Science 2011;333:843-50. [PubMed:
21737702]

[14]. Sui J, Hwang WC, Perez S, Wei G, Aird D, Chen LM, et al. Structural and functional bases
for broad-spectrum neutralization of avian and human influenza A viruses. Nat Struct Mol Biol
2009;16:265—-73. [PubMed: 19234466]

[15]. Wang TT, Tan GS, Hai R, Pica N, Petersen E, Moran TM, et al. Broadly protective monoclonal
antibodies against H3 influenza viruses following sequential immunization with different
hemagglutinins. PLoS Pathog 2010;6(2):e1000796. [PubMed: 20195520]

[16]. Corti D, Voss J, Gamblin SJ, Codoni G, Macagno A, Jarrossay D, et al. A neutralizing antibody
selected from plasma cells that binds to group 1 and group 2 influenza hemagglutinins. Science
2011;333:850-6. [PubMed: 21798894]

[17]. Dreyfus C, Ekiert DC, Wilson IA. Structure of a classical broadly neutralizing stem antibody in
complex with a pandemic H2 influenza virus hemagglutinin. J Virol 2013;87:7149-54. [PubMed:
23552413]

[18]. Dreyfus C, Laursen NS, Kwaks T, Zuijdgeest D, Khayat R, Ekiert DC, et al. Highly conserved
protective epitopes on influenza B viruses. Science 2012;337:1343-8. [PubMed: 22878502]

[19]. Wang TT, Tan GS, Hai R, Pica N, Ngai L, Ekiert DC, et al. Vaccination with a synthetic peptide
from the influenza virus hemagglutinin provides protection against distinct viral subtypes. Proc
Natl Acad Sci USA 2010;107:18979-84. [PubMed: 20956293]

Vaccine. Author manuscript; available in PMC 2022 April 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Girard et al.

[20].

[21].

[22].

[23].

[24].

[25].

[26].

[27].

[28].

[29].

[30].

[31].

[32].

[33].

[34].

[35].

[36].

[37].

Page 10

Lingwood D, Mc Tamney PM, Yassine HM, Whittle JR, Guo X, Boyington JC, et al.
Structural and genetic basis for development of broadly neutralizing influenza antibodies. Nature
2012;489:566-70. [PubMed: 22932267]

Steel J, Lowen AC, Wang TT, Yondola M, Gao Q, Haye K, et al. Influenza virus vaccine based on
the conserved hemagglutinin stalk domain. mBio 2010;1:1-10.

Bommakanti G, Citron MP, Hepler RW, Callahan C, Heidesker JG, Najar TA, et al. Design of a
HAZ2-based Escherichia coli expressed influenza immunogen that protects mice from pathogenic
challenge. Proc Natl Acad Sci USA 2010;107:13701-6. [PubMed: 20615991]

Krammer F, Pica N, Hai R, Margine I, Palese P. Chimeric hemagglutinin influenza virus vaccine
constructs elicit broadly protective stalk-specific antibodies. J Virol 2013;87:6542-50. [PubMed:
23576508]

Easterbrook JD, Schwartzman LM, Gao J, Kash JC, Morens DM, Couzens L, et al. Protection
against a lethal H5N1 influenza challenge by intranasal immunization with virus-like particles
containing pandemic H1N1 neuraminidase in mice. Virology 2012;432:39-44. [PubMed:
22727831]

Wu CY, Yeh YC, Chan JT, Yang YC, Yang JR, Liu MT, et al. A VLP vaccine induces broad-
spectrum cross-protective antibody immunity against HSN1 and HIN1 subtypes of influenza A
virus. PLoS ONE 2012;7:e42363. [PubMed: 22879951]

Rockman S, Brown LE, Barr IG, Gilbertson B, Lowther S, Kachurin A, et al. Neuraminidase-
inhibiting antibody is a correlate of cross-protection against lethal H5N1 influenza in ferrets
immunized with seasonal influenza vaccine. J Virol 2013;87:3053-61. [PubMed: 23283953]
Hillaire ML, van Trierum SE, Kreijtz JH, Bodewes R, Geelhoed-Mieras MM, Nieuwkoop NJ,
et al. Cross-protective immunity against influenza pH1N1 2009 viruses induced by seasonal
influenza A (H3N2) virus is mediated by virus-specific T-cells. J Gen Virol 2011;92:2339-49.
[PubMed: 21653752]

Weinfurter JT, Brunner K, Capuano SV 3rd, Li C, Broman KW, Kawaoka Y, et al. Cross-reactive
T cells are involved in rapid clearance of 2009 pandemic H1N1 influenza virus in nonhuman
primates. PLoS Pathog 2011;7:€1002381. [PubMed: 22102819]

Hillaire ML, van Trierum SE, Bodewes R, van Baalen CA, van Binnendijk RS, Koopmans MP, et
al. Characterization of the human CD8* T cell response following infection with 2009 pandemic
influenza H1N1 virus. J Virol 2011;85:12057-61. [PubMed: 21917970]

Wilkinson TM, Li CK, Chui CS, Huang AK, Perkins M, Liebner JC, et al. Preexisting influenza-
specific CD4+ T cells correlate with disease protection against influenza challenge in humans.
Nat Med 2012;18:274-80. [PubMed: 22286307]

Kreijtz JH, de Mutsert G, van Baalen CA, Fouchier RA, Osterhaus AD, Rimmelzwaan GF.
Cross-recognition of avian H5N1 influenza virus by human cytotoxic T-lymphocyte populations
directed to human influenza A virus. J Virol 2008;82:5161-6. [PubMed: 18353950]

Berthoud TK, Hamill M, Lillie PJ, Hwenda L, Collins KA, Ewer KJ, et al. Potent CD8+ T-cell
immunogenicity in humans of a novel heterosubtypic influenza A vaccine, MVA NP+ML1. Clin
Infect Dis 2011;52:1-7. [PubMed: 21148512]

Lillie PJ, Berthoud TK, Powell TJ, Lambe T, Mullarkey C, Spencer AJ, et al. Preliminary
assessment of the efficacy of a T-cell-based influenza vaccine, MVA—NP+M1, in humans. Clin
Infect Dis 2012;55:19-25. [PubMed: 22441650]

Pleguezuelos O, Robinson S, Stoloff GA, Caparros-Wanderley W. Synthetic influenza vaccine
(FLU-v) stimulates cell mediated immunity in a double-blind, randomised, placebo-controlled
Phase | trial. Vaccine 2012;30:4655-60. [PubMed: 22575166]

Ambrose CS, Dubovsky F, Belshe RB, Ashkenazi S. The safety and efficacy of live attenuated
influenza vaccine in young children with asthma or prior wheezing. Eur J Clin Microbiol Infect
Dis 2012;31:2549-57. [PubMed: 22410646]

Ambrose CS, Wu X. The safety and effectiveness of self-administration of intranasal live
attenuated influenza vaccine in adults. Vaccine 2013;31:857-60. [PubMed: 23261050]

Karron RA, Talaat K, Luke C, Callahan K, Thumar B, DiLorenzo SC, et al. Evaluation of

two live attenuated cold-adapted H5N1 influenza virus vaccines in healthy adults. Vaccine
2009;27:4953-60. [PubMed: 19540952]

Vaccine. Author manuscript; available in PMC 2022 April 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Girard et al.

[38].

Page 11

Karron RA, Callahan K, Luke C, Thumar B, McAuliffe J, Schappel E, et al. A live attenuated
HINZ2 influenza vaccine is well tolerated and immunogenic in healthy adults. J Infect Dis
2009;199:711-6. [PubMed: 19210163]

[39]. Talaat KR, Karron RA, Callahan KA, Luke CJ, DiLorenzo SC, Chen GL, et al. A live attenuated

[40].

[41].

[42].

[43].

[44].

[45].

[46].

[47].

[48].

[49].

[50].

[51].

[52].

[53].

[54].

[55].

H7N3 influenza virus vaccine is well tolerated and immunogenic in a Phase I trial in healthy
adults. Vaccine 2009;27:3744-53. [PubMed: 19464558]

Kang SM, Kim MC, Compans RW. Virus-like particles as universal influenza vaccines. Expert
Rev Vaccines 2012;11:995-1007. [PubMed: 23002980]

Lei H, Xu Y, Chen J, Wei X, Lam DM. Immunoprotection against influenza H5N1 virus by

oral administration of enteric-coated recombinant Lactococcus lactis mini-capsules. Virology
2010;407:319-24. [PubMed: 20850860]

Falsey AR, Treanor JJ, Tornieporth N, Capellan J, Gorse GJ. Randomized, double-blind
controlled phase 3 trial comparing the immunogenicity of high-dose and standard-dose influenza
vaccine in adults 65 years of age and older. J Infect Dis 2009;200:172-80. [PubMed: 19508159]
DiazGranados CA, Dunning AJ, Jordanov E, Landolfi V, Denis M, Talbot HK. High-dose
trivalent influenza vaccine compared to standard dose vaccine in elderly adults: safety,
immunogenicity and relative efficacy during the 2009-2010 season. Vaccine 2013;31:861-6.
[PubMed: 23261045]

Ansaldi F, Durando P, Icardi G. Intradermal influenza vaccine and new devices: a promising
chance for vaccine improvement. Expert Opin Biol Ther 2011;11:415-27. [PubMed: 21299438]

Ansaldi F, Canepa P, Ceravolo A, Valle L, de Florentiis D, Oomen R, et al. Intanza (®) 15
mcg intradermal influenza vaccine elicits cross-reactive antibody responses against heterologous
A(H3N2) influenza viruses. Vaccine 2012;30:2908-13. [PubMed: 22342501]

Belshe RB. The need for quadrivalent vaccine against seasonal influenza. Vaccine
2010;28(Suppl. 4):D45-53. [PubMed: 20713260]

Block SL, Yi T, Sheldon E, Dubovsky F, Falloon J. A randomized, double-blind, non inferiority
study of quadrivalent live attenuated influenza vaccine in adults. Vaccine 2011;29:9391-7.
[PubMed: 21983154]

Greenberg DP, Robertson CA, Noss MJ, Blatter MM, Biedenbender R, Deaker MD. Safety and
immunogenicity of a quadrivalent inactivated influenza vaccine compared to licensed trivalent
inactivated influenza vaccines in adults. Vaccine 2013;31:770-6. [PubMed: 23228813]

Barrett PN, Berezuk G, Fritsch S. Efficacy, safety, and immunogenicity of a \ero-cell-culture-
derived trivalent influenza vaccine: a multicentre, double-blind, randomized, placebo-controlled
trial. Lancet 2011;377:751-9. [PubMed: 21329971]

Ehrlich HJ, Singer J, Berezuk G, Fritsch S, Aichinger G, Hart MK, et al. A cell culture-derived
influenza vaccine provides consistent protection against infection and reduces the duration and
severity of disease in infected individuals. Clin Infect Dis 2012;54:946-54. [PubMed: 22267715]
Frey S, Vesikari T, Szymczakiewicz-Multanowska A, Lattanzi M, Groth N, Holmes S. Clinical
efficacy of cell culture-derived and egg-derived inactivated subunit influenza vaccines in healthy
adults. Clin Infect Dis 2010;51:997-1004. [PubMed: 20868284]

Ehrlich HJ, Miller M, Oh HM, Tambuah PA, Joukhadar C, Montomoli E, et al. A clinical trial
of a whole-virus H5N1 vaccine derived from cell culture. N Engl J Med 2008;358:2573-84.
[PubMed: 18550874]

Ehrlich HJ, Muller M, Fritsch S, Zeitlinger M, Berezuk G, Low-Baselli A, et al. A cell culture
(\ero)-derived H5N1 whole-virus vaccine induces cross-reactive memory responses. J Infect Dis
2009;200:1113-8. [PubMed: 19712040]

Ansaldi F, Zancolli M, Durando P, Montomoli E, Sticchi L, Del Giudice G, et al. Antibody
response against heterogeneous circulating influenza virus strains elicited by MF59- and non-
adjuvanted vaccines during seasons with good or partial matching between vaccine strains and
clinical isolates. Vaccine 2010;28:4123-9. [PubMed: 20433807]

Vesikari T, Knuf M, Wutzier P, Karvonen A, Kieninger-Baum D, Scmitt HJ, et al. Oil-in-water
emulsion adjuvant with influenza vaccine in young children. N Engl J Med 2011;365:1406-16.
[PubMed: 21995388]

Vaccine. Author manuscript; available in PMC 2022 April 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Girard et al.

[56].

[57].

[58].

[59].

Page 12

Mannino S, Villa M, Apolone G, Weiss NS, Groth N, Aquino I, et al. Effectiveness of adjuvanted
influenza vaccination in elderly subjects in northern Italy. Am J Epidemiol 2012;176:527-33.
[PubMed: 22940713]

Madhun AS, Haaheim LR, Nilsen MV, Cox RJ. Intramuscular Matrix-M-adjuvanted virosomal
H5N1 vaccine induces high frequencies of multi-functional Thl CD4+ cells and strong antibody
responses in mice. Vaccine 2009;27:7367-76. [PubMed: 19781678]

Cox RJ, Pedersen G, Madhun AS, Svindland S, Salvik M, Breakwell L, et al. Evaluation of

a virosomal H5N1 vaccine formulated with Matrix MTM adjuvant in a phase | clinical trial.
Vaccine 2011;29:8049-59. [PubMed: 21864624]

Pedersen GK, Madhun AS, Breakwell Hoschler K, Sjursen H, Pathirana RD, et al. T-helper

1 cells elicited by H5N1 vaccination predict seroprotection. J Infect Dis 2012;206:158-66.
[PubMed: 22551811]

[60]. Zaman K, Roy E, Arifeen SE, Rahman M, Ragib R, Wilson E, et al. Effective-ness of maternal

[61].

[62].

[63].

[64].

[65].

[66].

[67].

[68].

[69].

[70].

influenza immunization in mothers and infants. N Engl J Med 2008;359:1555-64. [PubMed:
18799552]

Ortiz JR, Englund JA, Neuzil KM. Influenza vaccine for pregnant women in resource-constrained
countries: a review of the evidence to inform policy decisions. Vaccine 2011;29:4439-52.
[PubMed: 21550377]

Oppermann M, Fritzsche J, Weber-Schoendorfer C, Keller-Stanislawski B, Allignol A, et
al. A(H1IN1)v2009: a controlled observational prospective cohort study on vaccine safety in
pregnancy. Vaccine 2012;30:4445-52. [PubMed: 22564554]

Pasternak B, Svanstrom H, Molgaard-Nielsen D, Krause TG, Emborg HD, Melbye M, et al.
Vaccination against pandemic A/H1N1 2009 influenza in pregnancy and risk of fetal death:
cohort study in Denmark. BMJ 2012;344:e2794. [PubMed: 22551713]

Esposito S, Gasparini C, Martelli A, Zenga A, Tremolati E, Varin E, et al. Safe administration
of an inactivated virosomal adjuvanted influenza vaccine in asthmatic children with egg allergy.
Vaccine 2008;26:4664—8. [PubMed: 18639601]

Miller E, Andrews N, Stellitano L, Stowe J, Winstone AM, Schneerson J, et al. Risk of
narcolepsy in children and young people receiving AS03 adjuvanted pandemic A/H1N1 2009
influenza vaccine: retrospective analysis. BMJ 2013;346:1794.

Archer B, Cohen C, Naidoo D, Thomas J, Makunga C, Blumberg L, et al. Interim report on
pandemic H1N1 influenza virus infections in South Africa, April to October 2009: epidemiology
and factors associated with fatal cases. Euro Surveill 2009;14:19369. [PubMed: 19883549]
Cohen C, Simonsen L, Sample J, Kang JW, Miller M, Madhi SA, et al. Influenza-related
mortality among adults aged 25-54 years with AIDS in South Africa and the United States of
America. Clin Infect Dis 2012;55:996-1003. [PubMed: 22715173]

McKittrick N, Frank 1, Jacobson JM, White CJ, Kim D, Kappes R, et al. Improved
immunogenicity with high-dose seasonal influenza vaccine in HIV-infected persons: a single-
center, parallel, randomized trial. Ann Intern Med 2013;158:19-26. [PubMed: 23277897]

El Sahly HM, Davis C, Kotloff K, Meier J, Winokur PL, Wald A, et al. Higher antigen content
improves the immune response to 2009 HIN1 influenza vaccine in HIV-infected adults: a
randomized clinical trial. J Infect Dis 2012;205: 703-12. [PubMed: 22275399]

Madhi SA, Dittmer S, Kuwanda L, Venter M, Cassim H, Lazarus E, et al. Efficacy and
immunogenicity of influenza vaccine in HIV-infected children: a randomized, double-blind,
placebo controlled trial. AIDS 2013;27:369-79. [PubMed: 23032417]

Vaccine. Author manuscript; available in PMC 2022 April 13.



	Abstract
	Introduction
	Broadly protective and universal influenza vaccine strategies
	Live attenuated influenza vaccines and new approaches in vaccination
	The use of adjuvants and the safety of influenza vaccines
	Concluding remarks
	References

