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ABSTRACT

Since 2010 the WHO has held a series of informal consultations to explore ways of improving the cur-
rently highly complex and time-pressured influenza vaccine virus selection and development process.
In November 2015 experts from around the world met to review the current status of efforts in this field.

Discussion topics included strengthening influenza surveillance activities to increase the availability of
candidate vaccine viruses and improve the extent, timeliness and quality of surveillance data.
Consideration was also given to the development and potential application of newer laboratory assays
to better characterize candidate vaccine viruses, the potential importance of antibodies directed against
influenza virus neuraminidase, and the role of vaccine effectiveness studies. Advances in next generation
sequencing and whole genome sequencing of influenza viruses were also discussed, along with associ-
ated developments in synthetic genomics technologies, evolutionary analysis and predictive mathemat-
ical modelling.

Discussions were also held on the late emergence of an antigenic variant influenza A(H3N2) virus in
mid-2014 that could not be incorporated in time into the 2014-15 northern hemisphere vaccine.
There was broad recognition that given the current highly constrained influenza vaccine development
and production timeline it would remain impossible to incorporate any variant virus which emerged sig-
nificantly long after the relevant WHO biannual influenza vaccine composition meetings. Discussions
were also held on the development of pandemic and broadly protective vaccines, and on associated reg-
ulatory and manufacturing requirements and constraints.

With increasing awareness of the health and economic burdens caused by seasonal influenza, the ever-
present threat posed by zoonotic influenza viruses, and the significant impact of the 2014-15 northern
hemisphere seasonal influenza vaccine mismatch, this consultation provided a very timely opportunity
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to share developments and exchange views. In all areas, a renewed and strengthened emphasis was
placed on developing concrete and measurable actions and identifying the key stakeholders responsible

for their implementation.

© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Efforts to establish a global network for detecting and identifying
new and potentially dangerous influenza viruses predate the adop-
tion of the WHO Constitution in 1948. Today, the WHO Global Influ-
enza Surveillance and Response System (GISRS)' serves as the
worldwide coordination mechanism for monitoring and responding
to the threats posed by influenza viruses. GISRS also facilitates the
use of the most epidemiologically and geographically relevant vaccine
formulations. Since 1998, separate and appropriately timed vaccine
virus recommendations have been issued following the WHO vaccine
composition meetings (VCMs) held each year in February and
September for the northern and southern hemispheres respectively.

Retrospective studies have shown that these WHO recommenda-
tions have resulted in a relatively acceptable antigenic correspon-
dence (match) between the viruses used in the vaccines and
influenza viruses circulating during the following influenza season.
Nevertheless, various degrees of antigenic divergence (mismatch)
between vaccine and circulating viruses have occurred due to ongo-
ing antigenic variation, including the unpredictable and “late” emer-
gence of a significant antigenic variant virus following the biannual
WHO VCMs, and due to issues related to egg adaptation during vac-
cine production. Historically, significant vaccine mismatches
occurred in both the 1997-98 and 2014-15 (northern hemisphere)
influenza seasons due to the late emergence of variant viruses, and
in the 2003-04 season due to the lack of a suitable high-growth vac-
cine candidate for emergent A/Fujian/411/2002-like viruses.

Such events highlight the complexity of the influenza vaccine
virus selection, development and production process. Despite sig-
nificant scientific, technical and manufacturing advances, and
greatly improved understanding of influenza virus evolution, the
timeline for completing this process has remained largely
unchanged for decades. Current vaccine technologies and produc-
tion schedules mean that decisions on vaccine composition have
to be made almost a full year in advance of the peak of seasonal
influenza activity. As a result, the system remains severely time
constrained and the detection of a newly emerging and antigeni-
cally distinct variant in April-May - as occurred in 2014-15 [1] -
provides insufficient time to produce an updated vaccine for the
upcoming northern hemisphere influenza season.

In order to address the recognized severe time constraints and
other challenges inherent in the current system WHO has since
2010 held a series of regular informal consultations. These consul-
tations [2-4] have explored in detail a range of activities aimed at
improving the influenza vaccine virus selection and development
process by providing a platform for expert discussion across a
broad range of key areas. In November 2015 the fourth informal
consultation brought together experts from around the world to
review the current status of efforts in the field. Particular attention
was given to the following areas:

o strengthening influenza surveillance activities to improve the
availability of candidate vaccine viruses;

! Formerly known as the Global Influenza Surveillance Network prior to the
adoption of the World Health Assembly Resolution WHA 64.5 on 24 May 2011. As of
September 2015 GISRS consisted of 143 National Influenza Centres (NICs) in 113
countries, six WHO Collaborating Centres (WHOCCs), 13 WHO H5 Reference
Laboratories and four WHO Essential Regulatory Laboratories (ERLs).

e improving the virological characterization and evaluation of
candidate vaccine viruses;

e applying next generation sequencing (NGS) technology;

o the potential role of enhanced evolutionary analysis and predic-
tive modelling;

o the development of pandemic and broadly protective (“univer-
sal”) vaccines; and

e addressing regulatory requirements for influenza vaccines.

In all these areas, a renewed and strengthened emphasis was
placed on developing concrete and measurable actions, and on
identifying the key stakeholders responsible for their near- and
longer-term implementation.

2. Strengthening influenza surveillance activities to improve
the availability of candidate vaccine viruses

In recent decades the number of WHO Member States participat-
ing in GISRS has steadily increased, resulting in significant surveil-
lance gains, particularly in the aftermath of the 2009 H1N1
pandemic. However, there remains a need for improved influenza
monitoring and reporting, and for the more-timely and routine shar-
ing of influenza viruses, especially by countries in currently under-
represented regions of the world. In addition, there is an absence
of national influenza vaccination policies in many tropical and sub-
tropical countries, affecting around 60% of the world’s population.
Even where vaccines are used in such regions of the world there is
often a lack of clarity regarding the basis upon which vaccines are
selected for national programmes and a lack of surveillance and
other data to support vaccination composition and timing decisions.

Meeting participants were informed of recent WHO efforts to
develop guidance and provide support to tropical and subtropical
countries in introducing seasonal influenza vaccination policies
and programmes. During a series of WHO meetings, independent
multi-agency evaluations of influenza seasonality in the tropics
and subtropics have provided the basis of discussions on the
development of national roadmaps and evidence-based
approaches for influenza vaccine introduction, and for the devel-
opment and implementation of a package of WHO guidance and
recommendations in this area [5-7]. Specific issues covered
included determining which of the two annual influenza vaccine
compositions (northern or southern hemisphere) to use and how
to establish the optimal timing of vaccination.

Although national, regional and global influenza surveillance
capacity has been strengthened in recent years much of this has
focused on ensuring the detection of viruses with pandemic poten-
tial. There is thus a need for a systematic WHO review of seasonal
influenza surveillance capacities and capabilities. Such a review
could then be used to inform a process of national capacity-
building for influenza surveillance within GISRS, particularly in
currently under-represented countries and regions.

Key actions proposed in this area included: (a) WHO to continue
to promote global national influenza centre (NIC) capacity-building
by communicating to national authorities the vital public health
contributions made by NICs, and the need for continued and
enhanced support for their activities; (b) reviewing the current glo-
bal influenza surveillance landscape and approaches to promote
the optimal use of available resources and identify opportunities
for strengthening influenza epidemiological and laboratory
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capacities, particularly in under-represented world regions; (c)
providing support to national and regional efforts to improve the
collection, analysis and use of influenza surveillance and burden-
of-disease data in tropical and subtropical countries; (d) providing
revised detailed operational and other guidance to NICs in areas
such as virus sampling and selection strategies, the reporting of
virus activity, the timely provision of genetic data to publicly
accessible databases, and the best practicable frequency of virus
sharing; and (e) further strengthening of WHO technical, logistical
and other assistance to NICs across the broad range of sampling,
reporting, shipping and related activities required to ensure the
timely sharing of information and representative viruses.

3. Improving the virological characterization and evaluation of
candidate vaccine viruses

For over 60 years the antigenic characterization of influenza
viruses (and thus vaccine virus selection) has traditionally relied
upon the use of the haemagglutination inhibition (HI) assay to eval-
uate the ability of specific antibodies to inhibit the binding of virus
haemagglutinin (HA) to red blood cell (RBC) receptors. As a surro-
gate for virus neutralization, the HI assay is routinely used to inform
the biannual WHO recommendations on influenza vaccine compo-
sition. However, following its emergence in 1968, the current influ-
enza A(H3N2) virus subtype evolved over the period 1990-2005 to
progressively display reduced avidity for chicken, turkey and
guinea-pig RBC receptors, with the resulting loss of binding to all
but the latter type of RBC [8]. Due to their reduced receptor binding
to MDCK cells, these A(H3N2) viruses acquire amino acid substitu-
tions at residues 148 and 151 of the neuraminidase (NA) during cul-
tivation resulting in RBC binding by the NA component. This then
necessitates the addition of the antiviral oseltamivir carboxylate
to the HI assay to exclude this confounding effect [9].

During 2013-14, further evolution in the HA resulted in some
MDCK-cell propagated viruses failing to agglutinate even guinea-
pig RBCs, impacting upon both the detection and antigenic analysis
by HI assay of the seasonal A(H3N2) viruses. This was the case for
the majority of viruses in the H3 clade 3C.2a that emerged during
2014-15. In addition, it has long been recognized that the tradi-
tional propagation of influenza viruses in embryonated chicken
eggs can select for HA sequence changes that influence antigenic-
ity. This complicates vaccine composition decisions, particularly
in relation to recent A(H3N2) viruses.

In response to these and other developments, virus neutraliza-
tion (VN) assays that directly detect antibodies that prevent cell
infection have increasingly been used to complement HI antigenic
analysis using the same reference ferret antisera, and to more sen-
sitively measure human antibody titres, particularly at the thresh-
old of detection. In addition, accumulating experimental evidence
indicates that antibodies directed against influenza virus NA can
also confer a degree of protection from illness [10]. For example,
individuals with previously acquired NA antibodies that were cross
reactive with either the 1968 A(H3N2) or 2009 A(H1N1) pandemic
viruses were found to be less likely to be infected or to suffer
infection-related illness during these pandemics [11,12]. An
enzyme-linked lectin assay for quantitating antibodies against
NA has now been evaluated and shown, through the CONSISE con-
sortium,” to exhibit good consistency when used in conjunction with
an antibody reference preparation [13].

2 Following its establishment in 2011, the Consortium for the Standardization of
Influenza Seroepidemiology (CONSISE) has worked to standardize the seroepidemi-
ology of influenza and other respiratory pathogens, and to develop comprehensive
investigation protocols for use in responding to both seasonal and potentially
pandemic influenza viruses, and other respiratory pathogens. See https://consise.
tghn.org/.

Vaccine effectiveness (VE) studies also represent another poten-
tial approach to the strengthening of vaccine virus selection. The
recently developed “test-negative” design has now been widely
adopted for VE estimations in which a sample of patients present-
ing with influenza-like illness are tested for influenza and a com-
parison made between the odds of vaccination among those with
laboratory-confirmed influenza infection and the odds of vaccina-
tion among those who test negative [ 14]. Obtaining robust VE esti-
mates requires the collecting of sufficient numbers of samples in
each category. Given sufficient sample sizes, the method can also
provide VE estimates for each of the different influenza types/sub-
types and lineages represented in a multivalent vaccine. The
results of such studies can provide a retrospective assessment of
the vaccine virus selection process and highlight the need for any
updating of individual vaccine virus components.

Proposed actions in this area included: (a) identifying additional
sources of human pre-/post-vaccination human serum panels to
better characterize human antibody responses to newly circulating
viruses; (b) creating a VN working group to optimize and harmo-
nize protocols and testing strategies based upon recent advances
in this technology; (c) establish a broadly based interest group to
address the feasibility of NA as a potentially quantified vaccine
antigen, particularly as next-generation recombinant vaccines are
developed; and (d) harmonize VE protocols among all the current
different studies/sites to allow for comparable and more robust
analyses.

4. Applying next generation sequencing (NGS) technology

NGS is a powerful tool with a broad range of current and poten-
tial future applications in influenza virus surveillance, candidate
vaccine virus selection and other vaccine development activities.
Key benefits of using sequence data include the ease with which
direct comparisons of gene sequences of different viruses can be
made, as opposed to HI data comparisons of different viruses con-
ducted at different times which require algorithms and expertise
(antigenic cartography). Furthermore, where feasible, the provision
of sequence data by NICs at the time of sample shipment to WHO
Collaborating Centres (WHOCCs) would facilitate the selection of
viruses for egg or cell culture isolation. Such early availability of
sequence information either from NICs directly or through the
prompt sequencing of original clinical specimens forwarded to
WHOCCs may also potentially shorten the timeline for deriving
and prioritizing suitable egg isolates and reassortants for use as
candidate vaccine viruses, which currently takes at least
3-4 months.

Activities are thus continuing in a range of countries, agencies
and GISRS laboratories in relation to an anticipated paradigm shift
in influenza surveillance and related processes associated with the
introduction of NGS and whole genome sequencing (WGS) of influ-
enza viruses. Achieving the economy-of-scale and related benefits
of NGS is, however, also accompanied by the demands of initial
sample preparation, bioinformatics capabilities, and “big data”
storage and analysis which are currently rate-limiting steps.
Associated challenges include the need for adequate viral loads
in original specimens, preventing interference by host and other
pathogen genes, and avoiding biases in coverage and sampling.
Improving capability will thus require addressing issues such as
sampling and operating protocols, data quality, process efficiency,
workforce planning, automation, and the handling, analysis,
storage and timely sharing of sequence data and linked metadata.
Corresponding efforts will also be required to preserve laboratory
virus-culture capabilities at the national level, to right-size sam-
pling of specimens for testing, and to improve culture systems.
The increased use of sequence data to prioritize the phenotypic
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characterization of viruses also has the potential to improve data
timeliness and availability during the biannual WHO VCMs. Cur-
rent constraints include the need to conduct VCMs before the
end of the season (with inadequate opportunity for HI or VN anal-
ysis of samples received in the preceding 3 weeks) and delays in
virus shipment to GISRS reference laboratories.

As with other aspects of influenza surveillance (see above) the
concept of capacity-building in NICs and other GISRS laboratories
provides an overarching approach for systematically putting in
place the range of capabilities needed to realize the gains of a shift
towards WGS and NGS. Such an approach could be greatly facili-
tated through strengthened engagement with the global donor
community and harnessing of the capacity-building components
of major international health agreements such as the Pandemic
Influenza Preparedness (PIP) Framework for the sharing of influ-
enza viruses and access to vaccines and other benefits (www.
who.int/influenza/pip/en/). Potential key steps by countries in this
area include implementing broader and more integrated national
approaches to respiratory and other disease surveillance involving
other public health needs.

Specific proposed actions in this area included: (a) conducting a
survey of current Sanger and NGS sequencing capabilities and
activities undertaken by NICs which incorporates an evaluation
of the needs of laboratories in this area; (b) documenting the range
of current capacity-building opportunities and potential synergies
for expanding the use of NGS within GISRS, including provision of
training and guidance to NICs in aspects such as platform selection,
large-scale computerized data storage, and data analysis and
reporting; (c) developing revised and strengthened guidance for
NICs on the required characteristics and optimal extent of
sequence and antigenic data, and on the key need to ensure the
timely submission of sequence data and virus samples to WHOCCs;
(d) identifying approaches for capturing genetic polymorphisms in
NGS databases, and for the routine retrieval of such data; and (e)
working with the animal health sector on cross-cutting issues such
as quality assurance standards, data storage, analysis and manage-
ment, sharing of bioinformatics pipelines and capacity-building.

5. Potential role of enhanced evolutionary analysis and
predictive modelling

Complex mathematical modelling and associated techniques
are increasingly being used to gain insights into the evolution
and epidemiology of influenza viruses. Such techniques include,
for example, the integration of sequence data with other virus
characteristics such as epidemiology and geographical location
[15], the use of the concept of viral fitness (defined as the expected
growth rate of virus clades) as a potential predictor of virus evolu-
tion [16], and the use of continuously updated phylogenetic data-
bases to predict the growth and decline of virus clades [17].
Investigations have also been carried out into the utility of gener-
ating potential “antigenically advanced” viruses by inducing ran-
dom mutations in the HA gene region coding for the globular
head of the HA protein. Following the compiling of a mutant virus
library using reverse genetics, viruses with the potential to escape
existing immunity can then be detected using ferret or human
antibodies directed towards the parental virus [18].

The application of non-mechanistic statistical algorithms, such
as those already used as the basis of antigenic cartography have
already proved useful in facilitating vaccine virus selection, and
in aiding assessment of the pandemic potential of avian and other
animal influenza viruses. Complex modelling based on modified
antigenic cartography can reduce the “noise” caused by variable
serum quality and potency, and has the potential to combine anti-
genic and phylogenetic data into a single evolutionary analysis that
quantifies both the antigenic and evolutionary distances between

strains. Such approaches have shown, for example, that the anti-
genic drift of seasonal influenza A(H3N2) is more rapid than that
of seasonal A(H1N1), followed by the type B Victoria lineage, with
the B/Yamagata lineage being the slowest, with all drift approxi-
mately occurring in proportion to the rate of genetic change [19].

Actions proposed to further explore the applicability of these
and related approaches included: (a) organizing a meeting to
broaden and strengthen mutual understanding of all the different
modelling systems between the modellers themselves and
WHOCCs, and to assess how best to evaluate and harness the
potential season-by-season contributions of each system; and (b)
developing a route for the more formalized incorporation of mod-
elling data and findings into the considerations of the biannual
WHO VCMs.

6. Development of pandemic and broadly protective
(“universal) vaccines

A number of significant challenges and fundamental gaps
remain to be addressed in determining optimal approaches to pan-
demic vaccine preparedness. Despite the possibility that the degree
of cross reactivity of antibodies generated by current candidate
pandemic vaccine viruses in humans may be broader than that
previously indicated by ferret sera studies, there is a lack of data
on the precise nature of responses in humans. In light of the sub-
stantial development and other costs associated with candidate
pandemic vaccine viruses, and an ever-increasing list of H5 candi-
date viruses based on reactions with ferret sera, there is now a
need for more human serology data from H5 vaccine recipients
to more accurately assess the number of such viruses required.
There is also a need for continuing and strengthened collaboration
between the human and animal influenza surveillance sectors, par-
ticularly with respect to those animal subtypes not currently asso-
ciated with human infection, and for a systematic approach to
reagent development. Currently only subtypes responsible for
human infections are subject to review at the biannual WHO
VCMs. Serious constraints also persist on the distribution of
reagents for candidate pandemic viruses with a variety of different
national shipping laws and restrictions involving departments of
health, agriculture and commerce needing to be met and, for many
viruses, a requirement for high-containment laboratories.

Recent zoonotic infections and the ever-present threat of a pan-
demic have also led to a massive increase over the last decade in
the volume of scientific papers relating to the development of
broadly protective (“universal”) influenza vaccines; illustrating
the high level of interest in this area. In addition, as highlighted
above, there is a continuing risk of the unavoidable late emergence
of a virus variant during the current seasonal influenza vaccine
production cycle. A number of studies have focused on the poten-
tial role of either cross-reactive antibodies or T-cell immunity [20].
Potential viral targets for cross-reactive antibodies include the M2
protein and the stalk region of the HA protein, while targets for
cross-reactive T-cell immunity include the structural proteins, par-
ticularly NP and M1, non-structural proteins and polymerase pro-
teins. Recent animal-model and human studies have therefore
involved the investigation of a range of potential approaches,
including cytotoxic T-cell (CTL) immunity [21], M2 protein ectodo-
main (M2e)-specific antibodies [22] and HA stalk region antibodies
[23,24]. The further development of broadly protective vaccines
will require human immunogenicity and protection studies, deter-
mination of correlates of protection, establishment of safety and
confirmation that the targeted sites remain conserved under
vaccine-induced immune pressure.

Proposed actions included: (a) reiterating to NICs, as outlined in
the PIP Framework, the need to promptly share with WHOCCs all
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viruses, clinical samples and information relating to all cases of
human zoonotic infections; and (b) reviewing the evidence base
to support the case for reduced animal pathogenicity testing of can-
didate pandemic vaccine viruses derived using reverse genetics and
intended for use against highly pathogenic avian influenza viruses.

7. Addressing regulatory requirements for influenza vaccines

Conventionally developed candidate vaccine viruses are sub-
jected to a broad range of tests prior to use, including identification
of the HA and NA type/subtype and lineage of the component
viruses, and of the degree to which each component virus antigeni-
cally accords with the corresponding circulating virus “prototype”.
Other tests include full genotyping, HA/NA gene sequencing,
absence of parental high-yield PR8 HA, antigenicity in a two-way
HI test, HA titre and infectivity. Estimates of yield are also consid-
ered desirable by manufacturers. For the quality control of both
seasonal and potential pandemic vaccines, the preparation and
standardization of currently accepted potency reference reagents
for inactivated influenza vaccines can represent a significant bot-
tleneck in the timeline for vaccine availability. In particular, the
shipping and sharing of reagents for candidate pandemic vaccine
viruses can be subject to high-containment laboratory require-
ments, thus accentuating the problem. Because vaccine manufac-
turer seed laboratories are typically limited to BSL-2 enhanced
containment, and global vaccine manufacturing capacity meets
BSL-2 enhanced containment, manufacturers are highly dependent
upon rapid safety testing and clear communication of the outcome
when seeking to commence work on pandemic or potential pan-
demic candidate vaccine viruses. In addition, candidate vaccine
viruses prepared by reverse genetics are considered to constitute
genetically modified organisms (GMO) in some countries and as
a result are subjected to further national regulations and
restrictions.

In light of the current constraints in both seasonal and pan-
demic vaccine production there is industry support for: (a) the
development of alternative potency assays; (b) convergence of
national regulatory authority evaluations needed to ensure the
quality, safety and efficacy of vaccines; (c) establishment of a
mutual recognition system for pandemic vaccine registration;
and (d) use of international WHO package labelling to harmonize
prescription guidance and avoid delays in pandemic vaccine
deployment.

An opportunity exists to review these and related issues as part
of a broader exploration of the current landscape of candidate
vaccine virus development, including evaluation of prevailing
global regulatory opinions, resource-prioritization strategies and
associated aspects. Such an exploration might now be beneficially
informed by a systematic comparative review of the potential
advantages and safety of viruses generated by reverse genetics
compared to conventionally generated viruses.

Specific proposed actions included: (a) reviewing and compar-
ing existing data on the time required to generate candidate
vaccine viruses (optimized for growth in eggs and/or cells, and
with acceptable antigenicity) by reverse genetics or by classical
reassortment; and (b) making the initial scientific case for the
equivalence of candidate vaccine viruses generated by reverse
genetics and those generated by classical reassortment with
respect to GMO status, as part of a process of early case-building
and advocacy.

8. Conclusion

Against a backdrop of increasing awareness of the health and
economic burdens caused by seasonal influenza, the ever-present

threat posed by zoonotic influenza viruses and the significant
2014-15 northern hemisphere seasonal influenza vaccine mis-
match this consultation provided a particularly timely opportunity
to share recent developments in the field and to exchange views
via both panel-based and plenary discussions. With a greater
emphasis now placed on ensuring measurable progress through
feasible and coherent actions, efforts will now be accelerated to
progress all of the near- and mid-term goals identified.

References

[1] Valenciano M, Kissling E, Reuss A, Rizzo C, Gherasim A, Horvath JK et al.

Vaccine effectiveness in preventing laboratory-confirmed influenza in primary

care patients in a season of co-circulation of influenza A(H1N1)pdm09, B and

drifted A(H3N2), I-MOVE Multicentre Case-Control Study, Europe

2014/15. Euro Surveill. 2016;21(7):1-17 <http://www.eurosurveillance.org/

images/dynamic/EE/V21NO07/art21385.pdf> [accessed 26 July 2016].

WHO Writing Group. Improving influenza vaccine virus selection. Report of a

WHO informal consultation. WHO headquarters, Geneva, Switzerland,

14-16 June 2010. Influenza and Other Respiratory Viruses. 2012;6(2):

142-52. <http://onlinelibrary.wiley.com/doi/10.1111/j.1750-2659.2011.00277.

x/abstract> [accessed 26 May 2014].

WHO Writing Group. Strengthening the influenza vaccine virus selection and

development process. Outcome of the 2nd WHO Informal Consultation for

Improving Influenza Vaccine Virus Selection. Centre International de

Conférences (CICG), Geneva, Switzerland, 7-9 December 2011. Vaccine.

2013;31(32):3209-21. <http://www.sciencedirect.com/science/article/pii/

S0264410X13006373>, [accessed 26 May 2014].

WHO Writing Group. Strengthening the influenza vaccine virus selection and

development process: Report of the 3rd WHO Informal Consultation for

Improving Influenza Vaccine Virus Selection held at WHO headquarters,

Geneva, Switzerland, 1-3 April 2014. Vaccine. 2015;33(36):4368-82. <http://

www.sciencedirect.com/science/article/pii/S0264410X15009056>, [accessed

28 January 2016].

WHO Expert Group meeting on seasonal influenza vaccine composition for

tropics and subtropics. Meeting report. Geneva, Switzerland 23-24 April 2015.

Geneva: World Health Organization; 2015 [WHO/HSE/PED/GIP/EPI/2015.1;

<http://apps.who.int/iris/bitstream/10665/183954/1/WHO_HSE_PED_GIP_

EPI_2015.1_eng.pdf?ua=1>, accessed 26 January 2016].

Second WHO meeting on seasonal influenza vaccine composition for

the tropics and subtropics. Pune, India 8-10 July 2015. Geneva: World

Health Organization; 2015 [WHO/HSE/PED/GIP/EPI/2015.2; <http://apps.who.

int/iris/bitstream/10665/198067/1/WHO_HSE_PED_GIP_EP]_2015.2_eng.pdf>,

accessed 26 January 2015].

Seasonal influenza vaccine use in low and middle income countries in the

tropics and subtropics. A systematic review. Geneva: World Health

Organization; 2015 [<http://apps.who.int/iris/bitstream/10665/188785/1/

9789241565097_eng.pdf>, accessed 26 January 2015].

Lin YP, Xiong X, Wharton SA, Martin SR, Coombs PJ, Vachieri SG, et al. Evolution

of the receptor binding properties of the influenza A(H3N2) hemagglutinin.

Proc Natl Acad Sci USA 2012;109:21474-9.

Lin YP, Gregory V, Collins P, Kloess ], Wharton S, Cattle N, et al. Neuraminidase

receptor binding variants of human influenza A(H3N2) viruses resulting from

substitution of aspartic acid 151 in the catalytic site: a role in virus
attachment? J Virol 2010;84:6769-81.

[10] Monto AS, Petrie ]G, Cross RT, Johnson E, Liu M, Zhong W, et al. Antibody to
influenza virus neuraminidase: an independent correlate of protection. ] Infect
Dis 2015;212:1191-9.

[11] Monto AS, Kendal AP. Effect of neuraminidase antibody on Hong Kong
influenza. Lancet 1973;1(7804):623-5.

[12] Couch RB, Atmar RL, Franco LM, Quarles JM, Wells ], Arden N, et al. Antibody
correlates and predictors of immunity to naturally occurring influenza in
humans and the importance of antibody to the neuraminidase. ] Infect Dis
2013;207(6):974-81.

[13] Eichelberger MC, Couzens L, Gao Y, Levine M, Katz ], Wagner R, et al.
Comparability of neuraminidase inhibition antibody titers measured by
enzyme-linked lectin assay (ELLA) for the analysis of influenza vaccine
immunogenicity. Vaccine 2016;34(4):458-65.

[14] Sullivan SG, Feng S, Cowling BJ. Potential of the test-negative design for
measuring influenza vaccine effectiveness: a systematic review. Expert Rev
Vaccines 2014;13:1571-91.

[15] Nolte N, Kurzawa N, Eils R, Herrmann C. MapMyFlu: visualizing spatio-
temporal relationships between related influenza sequences. Nucl Acids Res
2015;43. W547-51.

[16] Luksza M, Lassig M. A predictive fitness model for influenza. Nature
2014;507:57-61.

[17] Neher RA, Bedford T. Nextflu: real-time tracking of seasonal influenza virus
evolution in humans. Bioinformatics 2015;31:3546-8.

[18] Li C, Hatta M, Burke DF, Ping ], Zhang Y, Ozawa M, et al. Selection of
antigenically advanced variants of seasonal influenza viruses. Nat Microbiol
2016;1(6):16058.

[19] Bedford T, Suchard MA, Lemey P, Dudas G, Gregory V, Hay A], et al. Integrating
influenza antigenic dynamics with molecular evolution. Elife 2014;3:e01914.

[2

3

[4

(5

(6

(7

[8

[9


http://www.eurosurveillance.org/images/dynamic/EE/V21N07/art21385.pdf
http://www.eurosurveillance.org/images/dynamic/EE/V21N07/art21385.pdf
http://onlinelibrary.wiley.com/doi/10.1111/j.1750-2659.2011.00277.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1750-2659.2011.00277.x/abstract
http://www.sciencedirect.com/science/article/pii/S0264410X15009056
http://www.sciencedirect.com/science/article/pii/S0264410X15009056
http://apps.who.int/iris/bitstream/10665/183954/1/WHO_HSE_PED_GIP_EPI_2015.1_eng.pdf?ua=1
http://apps.who.int/iris/bitstream/10665/183954/1/WHO_HSE_PED_GIP_EPI_2015.1_eng.pdf?ua=1
http://apps.who.int/iris/bitstream/10665/198067/1/WHO_HSE_PED_GIP_EPI_2015.2_eng.pdf
http://apps.who.int/iris/bitstream/10665/198067/1/WHO_HSE_PED_GIP_EPI_2015.2_eng.pdf
http://apps.who.int/iris/bitstream/10665/188785/1/9789241565097_eng.pdf
http://apps.who.int/iris/bitstream/10665/188785/1/9789241565097_eng.pdf
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0040
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0040
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0040
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0045
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0045
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0045
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0045
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0050
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0050
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0050
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0055
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0055
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0060
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0060
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0060
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0060
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0065
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0065
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0065
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0065
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0070
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0070
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0070
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0075
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0075
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0075
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0080
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0080
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0085
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0085
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0090
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0090
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0090
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0095
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0095

A. Hampson et al./Vaccine 35 (2017) 1104-1109 1109

[20] de Vries RD, Altenburg AF, Rimmelzwaan GF. Universal influenza vaccines: a
realistic option? Clin Microbiol Infect 2016. pii:S1198-743X(15)01031-9 [Epub
ahead of print].

[21] Hessel A, Savidis-Dacho H, Coulibaly S, Portsmouth D, Kreil TR, Crowe BA, et al.
MVA vectors expressing conserved influenza proteins protect mice against
lethal challenge with H5N1, HON2 and H7N1 viruses. PLoS ONE 2014;9(2):
e88340.

[22] Deng L, Cho K], Fiers W, Saelens X. M2e-based universal influenza A vaccines.
Vaccines 2015;3(1):105-36.

[23] Impagliazzo A, Milder F, Kuipers H, Wagner MV, Zhu X, Hoffman RM, et al. A
stable trimeric influenza hemagglutinin stem as a broadly protective
immunogen. Science 2015;349(6254):1301-6.

[24] Yassine HM, Boyington JC, McTamney PM, Wei (], Kanekiyo M, Kong WP, et al.
Hemagglutinin-stem nanoparticles generate heterosubtypic influenza
protection. Nat Med 2015;21(9):1065-70.


http://refhub.elsevier.com/S0264-410X(17)30037-3/h0100
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0100
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0100
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0105
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0105
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0105
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0105
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0110
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0110
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0115
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0115
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0115
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0120
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0120
http://refhub.elsevier.com/S0264-410X(17)30037-3/h0120

	Improving the selection and development of influenza vaccine viruses – Report of a WHO informal consultation on improving influenza vaccine virus selection, Hong Kong SAR, China, 18–20 November 2015
	1 Introduction
	2 Strengthening influenza surveillance activities to improve the availability of candidate vaccine viruses
	3 Improving the virological characterization and evaluation of candidate vaccine viruses
	4 Applying next generation sequencing (NGS) technology
	5 Potential role of enhanced evolutionary analysis and predictive modelling
	6 Development of pandemic and broadly protective (“universal”) vaccines
	7 Addressing regulatory requirements for influenza vaccines
	8 Conclusion
	References


