Influenza

Influenza is a contagious acute respiratory disease caused by
infection of the upper respiratory tract by influenza virus.
Influenza viruses belong to the Influenza A genus of the fam-
ily Orthomyxoviridae. The genome of influenza virus consists
of eight single-stranded RNA segments (HA, NA, M, NP, NS,
PA, PBI and PB2) that encode 11 proteins. Annual epidemics
of influenza occur when the antigenic properties of the viral sur-
face protein hemagglutinin (HA) and neuraminidase (NA) are
altered. HA is one of the major viral surface glycoproteins and is
involved in the binding of the virus to sialic acid on the surface
of susceptible cells.”* NA is also a viral surface glycoprotein that
cleaves terminal sialic acid residues from carbohydrate moieties
on the surface of infected cells, promoting the release of progeny
viruses. Influenza A viruses can be divided into subtypes on the

basis of genetic and antigenic differences in their HA and NA

proteins (HA, H1-H16; and NA, NI-N9, respectively). Two
mechanisms undetlie this altered antigenicity: antigenic shift,
caused by genetic rearrangement between human and animal
viruses after double infection of host cells (which can result in a
pandemic strain); and antigenic drift, caused by small changes in
HA and NA on the virus surface (which can generate epidemic
straing).
mcchamsms is thc/::ause of 1nﬂucn1.a epldcmﬁ:s By contrast, che

and NA are the central targets of protectwe humoral immune

transfer of antibodies to the conserved M1 or NP proteins fails
to confer protective immunity, while a DNA vaccine encoding
NA and HA is protective.”** Other studies have shown that the
expression of HA and NA in vivo from plasmid-based vaccines
is more protective than plasmid-based expression of internal viral
proteins.” Thus, HA and NA are important target antigens in
developing an effective influenza vaccine.

Innate Immunity Against Influenza Virus Infection

In natural influenza virus infections, the upper respiratory tract
is the initial site of infection. The invading virus is removed
primarily by muldiple nonspecific mechanisms (such as the
mucin layer, ciliary action and protease inhibitors), which can
prevent effective viral attachment to epithelial cells and viral
uncoating.’ Influenza virus that succeeds in passing through
this primitive defense line is recognized by the innate immune
system. The innate immune system consists of several classes
of pattern-recognition receptors, including Toll-like receptors

(TLRs), retinoic acid-inducible gene-I-like receptors (RLRs),

NOD-like receptors (NLRs) and C-type lectin receptors.
Genomic viral single-stranded RNA (ssRNA) and double-
stranded RNA (dsRNA) produced during viral replication have
been implicated as the molecular signals that trigger Type-I
interferon (IFN) production. Following virion endocytosis by
plasmacytoid dendritic cells (pDCs), virus genomic RNAs are
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recognized in endosomal/lysosomal compartments by TLR7
coupled with the cytosolic adaptor molecule MyD88.%%6 The
TLR7 signaling pathway activates interferon regulatory fac-
tor (IRF) 7, resulting in the production of vast amounts of
[FNa/B.** dsRNAs produced during viral replication are rec-
ognized by TLR3, which is expressed in human alveolar and
bronchial epithelial cells and in conventional dendritic cells.?-'
TLR3 signaling via the cytosolic Toll/IL-1 receptor domain-
containing adaptor (TRIF) protein activates IRF3, resulting in
the production of IFNB.*** In addition, these signaling path-
ways induce the production of pro-inflammatory cytokines,
such as tumor necrosis factor alpha (TNFa) and Interleukin-6
(IL-6), through activation of the transcription factor NFkB.
It is well known that the immune system has evolved redun-
dant mechanisms for innate viral recognition. In contrast to the
TLRs, which recognize viral nucleic acids in the endosomal/
lysosomal compartments, the RLRs detect viral rcphcanon

~within the cytosol of infected cells. Two cytoplasmic helicases,

retinoic acid-inducible gene-I (RIG-I) and melanoma differ-
entiation-associated gene 5 (MDAS), were initially identified
as sensors that can recognize the synthetic dsRNA polyino-
sine-polycytidylic acid (poly[I:C]).”?*" RIG-I and MDAS are
expressed in both immune cells and non-immune cells (such as
ﬁbroblasts)fand mduccftypc—lu IFN producuon»vxa IFNB pro-

IFNs in response to RNA viruses, including paramyxovirus,

" influenza virds and Japanese. enccphalms virus, whereas MDAS
is critical for the detection of picornavirus.”” Moreover, it has
responses. For example, stadiés havé demonstrated that passive -

beet shown that RIG-Fdetects 5=triphosphate ssRNA, such as
that which composes the influenza virus genome,# and short
(-1 kb) dsRNAs.** By contrast, MDAS preferentially detects
longer (>2 kb) dsRNAs, like poly(I:C).*

" Another type of cytoplasmic immune sensor for RNA is the
NLR. Recently, it was shown that one member of the NOD-
like receptor family, pyrin domain containing 3 (NLRP3), is
activated following influenza virus infection.®*¢ NLRP3 forms
a.complex, collectively called an inflammasome, with apopto-
sis-associated speck-like protein containing a caspase recruit-
ment domain (ASC) and caspase-1. Activation of Caspase-1
through NLRP3 and ASC is required to convert pro-IL-18,
pro-IL-18 and pro-IL33 into mature cytokines. IL-18 and
IL-18 are potent pro-inflammatory cytokines, and IL-33 pro-
motes immune responses mediated by Th2 cells. During influ-
enza virus infection, the activation of the inflammasome is
modulated by the pH change in the Golgi apparatus that occurs
duc to the influenza M2 protein, which functions as a proton-
selective ion channel.* Interestingly, it was revealed that the
NLRP3 inflammasomc is stimulated by aluminum hydroxide
gel, which is an approved adjuvant for a several vaccines.”™#

Recognition of viral infection by the innate immune system
bridges the transition between the innate and adaptive immune
responses. This i5 a particularly important aspect of innate
immunity, especially in the context of vaccine development.
These findings and observations have significant implications
for the design of effective adjuvants.
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Mucosal Immunity

Generally, antigen-presenting cells (APCs), including the mac-
rophages and DCs described above, are essential in the induction
of the adaptive immune response.*>* Exogenous viral antigens,
such as intact viruses, inactive viral particles, infected cells and
apoprotic cells, are taken up by APCs through endocyrosis and
provide a potential source of peptides that can bind to the major
histocompatibility complex (MHC) class I or II molecules in
the APCs.*' Naive CD4" T lymphocytes that recognize peptides
presented by MHC class II molecules differentiate to Thl or
Th2 lymphocytes in response to particular cytokines (IL-12 and
IFNy or IL-4, respectively). Thl cells secrete IFNy and IL-2,
which help induce IgG2a antibody (Ab) production by B cells
and also enhance the proliferation of CD8" cytotoxic T lympho-
cytes (CTLs),*** while Th2 cells secrete IL-4 and IL-S, which
help induce IgA, IgG1 and IgE Ab production by B cells.’> The
Abs produced during these processes contribute to viral neu-
tralization (NT) by binding viral antigens. CTLs recognize the.
antigenic peptides presented by MHC class I molecules on virus-
infected epithelial cells and destroy these infected cells, mainly
by releasing perforin and granzyme.>

In adaptive immunity, the mucosal immune system plays
an important role in preventing influenza virus infection-in the
upper respiratory. system In addition, secretory IgA (s- IgA) and
IgG Abs and CD8* CT1s aé involved in récovery from influ-
enza following viral infection in naive mice. The most notable
benefit of the mucosal immiine system is the presence of cross-
reactive s-IgA Abs, which play a fundamental role in mucosal
immunity. IgA-producing B~ cells ~disseminate ¢ the lamina
propria underneath the mucosal epithelium via general circula-
tion and are responsible for the s-IgA Ab production in mucosal
secretions. Dimeric IgA Abs are joined by a J-chain and bind
‘to a polymeric Ig receptor (pIgR) on the basolateral surface of
the epithelial cells. The antibodies are then carried to the apical
surface by transcytosis where they combine with the extracellular
region of plgR, a secretory component that is cleaved by a specific
protease to generate s-IgA 5% Blocking dimeric IgA transcytosis
in plgR-knockout mice immunized intranasally with an adju-
vant-combined influenza vaccine resulted in a failure to protect
against challenge with a heterologous influenza virus.*¢' [n addi-
tion, dimeric IgA can inhibit viral assembly within epithelial cells
during Ab transcytosis.”¢

While parenteral vaccination with inactivated virus can induce
immune responses, natural influenza virus infection is superior
in generating cross-protection against infection by variant viruses
that have murations within HA, which compose a particular sub-
type of the A-type virus in humans.**% Parenteral vaccination
with inacrivated virus can induce systemic IgG Ab responses but
not s-IgA Ab in the mucosal area, in contrast to natural influenza
virus infection. This result highlights the importance of cross-
protective s-IgA Abs. Mucosal immune responses are induced in
mucosal-associated lymphoid tissues. Subsequent infection then
induces a sccondary IgA Ab response in the local lymphoid tis-
sue. This T cell-dependent induction of an IgA response to influ-
enza virus infection can be generated in the absence of cognate
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interaction between CD4* T cells and B cells through MHC
class I1.% Thus, s-IgA Abs are involved primarily in the preven-
tion of influenza virus infection in the upper respiratory tract.

Vaccines

Currently available vaccines. The vaccines currently approved
for human use are divided largely into two groups: the paren-
teral inactivated vaccines, which include split-products, subunit
vaccines and whole-virion vaccines; and the live attenuated virus
vaccines. Subcutaneous administration of inactivated influenza
vaccines is an effective strategy in an epidemic caused by a homol-
ogous virus, as these vaccines induce specific serum IgG Abs.
However, this would be less effective in an epidemic caused by
a heterologous virus.*®%" A trivalent inactivated influenza vac-
cine containing ether disrupted split-viruses is approved for use in
individuals 26 months old, including those with chronic medical
conditions.®® Recently, Koyama et al. demonstrared that a forma-
lin-inactivated whole virus vaccine was more immunogenic than
an ether-split vaccine.”” Although the ether-split vaccine had no
effect on the innate immune system, which is required for the
induction of adaptive immunity, the formalin-inactivated whole
virus vaccine was able to activate pDCs but only through TLRY.
These results suggest that, by-itself, the spht roducxnhas a very
weak immunogenicity. , i

“Among’ “the live attenuated’ vaccines, one coﬁi—adapted
live attenuated influenza virus (LAIV) vaccine (Flumist®;

7 Medlmmune, Gan:hersburg, USA) was licensed in the USA in

2003. This vaccine can mimic. the natural course of influenza

* virds infection and’ plOVldCS Crosseprotective immunity against

variant types of viruses by inducing not only s-IgA and IgG Abs,
but also. CTL responses.®*®™ Currently, this LAIV vaccine is
licensed for use among healthy individuals aged 2 to 49 years, but
is not approved for use in those that are immunodeficient or for
pregnant women. Safety has not been established in persons with
underlying medical conditions that confer a higher risk of influ-
enza complications.®® Unfortunately, the major high-risk groups
for influenza complications, namely infants and che clderly, are
therefore unable to obtain this vaccine. Thus, although intranasal
administration of a LAIV vaccine has the advantage of inducting
a protective immune response against influenza virus infection,
its usage has been limited due to safety concerns.

Development of adjuvant-combined intranasal influenza
vaccines. A large number of studies have shown that a majority
of the protective immunity induced by influenza virus infection
is due to s-IgA and IgG Abs in the respiratory tract. S-IgA Abs
are carried to the mucus by transepithelial transport, and serum
IgG Abs are transported from the serum to the mucus by diffu-
sion>®6061646 Ty the upper respiratory tract, s-IgA Abs prevent
viral infection, while IgG Abs support s-IgA-mediated protection
by neucralizing newly synthesized viruses.”"”? In the lung, IgG
Abs play a dominant role in protection.”*”* As described above,
intranasal administration of a LAIV vaccine is better able to
induce cross-protective immunity against influenza virus infec-
tion, including the production of cross-reactive s-IgA Abs at the
mucosal surface, systemic IgG Abs and CTLs. However, this
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vaccine has some limitations in its clinical application. Intranasal

administration of an adjuvant-combined inactivated vaccine
may overcome these limitations. To date, there have been many
attempts to develop an inactivated vaccine that can be intrana-
sally administered. Since inactivated vaccine alone is insufficient
to elicit proper immune responses at the mucosal surface due to
its weak immunogenicity, adjuvant is required to enhance the
induction of these immune responses. An adjuvant is a com-
pound that can promote and modulate the immunogenicity of
a given vaccine. '

Cholera toxin B subunit containing a trace amount of whole
toxin (0.1%) (CTB*) has been used as an adjuvant to enhance
mucosal immune responses ' following intranasal vaccination.
In studies, this adjuvant has induced effective cross-protection
in the upper respiratory tract against variants (drift viruses)
within the influenza A virus subtype and against variants of the
B viruses.”>”® The strong cross-protection observed in the upper
respiratory tract was provided mainly by s-IgA Abs, whereas the
weak cross-protection documented in the lower respiratory tract
was provided by IgG Abs.”77® Although CTB* is an effective
adjuvant for producing s-IgA Abs, it also has some side effects,
including nasal discharge. Studies suggest that alternate nasal
inﬂuenfz/g_lgccinc adjutants, such as Escherichia coli heat-labile
enterofoxit (LT)s-whieh is strucpyrally and functipnally,sithilar
to cholera-to; fin (,QJT )f may also be clinically ﬁnsafe An intfand="
sal virosomal vaccine éaﬁlvéﬁféd’vwith LT HasBeenlinked to sev-"
eral cases of transient Bell’s palsy (facial paralysis).®® Therefore,
many attempts have been mide to identify an alternative adju-
vant for intranasally administered inactivatéd vaccines. Other
candidates include synthe‘tiz:”{lsR*l\f’f‘xs,s"&3 chitiror surf clain -
microparticles,*** and natural killer T-cell-specific glycolipid
ligand.3¢ _

Intranasal administration of an inactivated ether-split vac-
cine combined with synthetic dsSRNA poly(I:C), an agonist of
TLR3 and MDAS5,*"* confers effective cross-protection in the
upper respiratory tract against variants of influenza A- or B-type
viruses.®" Several viruses produce dsRNA during replication.
Thus, synthetic dsRNA probably acts as molecular mimic of
viral infection. Upon recognition of dsRNA, mammalian TLR3
induces the production of pro-inflammatory cytokines® and
IFNB,* that, in turn, enhance the primary Ab response to
subcutaneous immunized soluble material.®” In mice, intranasal
administration of an ether-split vaccine from A/PR8 (influenza
virus strain HIN1) together with a poly(1:C) adjuvant induced
strong anti-HA s-IgA and IgG Ab responses in nasal wash and
serum samples, respectively. In addition, intranasal administra-.
tion of a vaccine for either A/Bejjing (HIN1) or A/Yamagata
(HIN1) and poly(I:C) conferred complete protection against
A/PRS8 virus challenge in a mouse model of nasal infection, sug-
gesting that intranasal vaccination combined with poly(I: C) adju-
vant confers cross-protection against variant viruses. Although

systemic antigen-specific T-cell responses were induced by
intranasal vaccination with poly(I:C) adjuvant, T-cell responses
against heterologous influenza viruses were weak. Moreover,
TLR3 mRNA was upregulated upon intranasal administration
of a split vaccine and poly(I:C) in nasopharyngeal-associated
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lymphoid tissue.® However, it has been reported that poly(I:C)
induces a number of side effects in humans, including renal
failure and hypersensitivity.®® The most promising mucosal
adjuvant candidate is Polyl:PolyC, U (Ampligen®), a analogue
of poly(1:C) that contains uridine residues, resulting in unique
“mismatched” dsRNAs capable of undergoing accelerated hydro-
lysis.*? The safety of Ampligen® has been tested in clinical trials,
including a double-blind, placebo-controlled Phase 11T clinical
trail for chronic fatigue syndrome.®*!

The adjuvant effect of Ampligen® was evaluated by testing
the protection induced by intranasal administration of an inac-
tivated vaccine (A/Vietnam; H5N1) together with Ampligen®
against homologous and heterologous (A/Hong Kong and A/
Indonesia) H5N1 influenza virus challenge (Fig. 1).% Two groups
of mice were immunized either intranasally or subcuraneously
with 1 pg of A/Vietnam vaccine and 10 pg of Ampligen® and
then challenged by intranasal administration of 1,000 PFU of
H5N1 influcnza virus two wecks after the final immunization.
A third group of control mice were immunized intranasally with
10 pg of Ampligen® alone. All of the mice immunized intrana-
sally with vaccine and Ampligen® completely cleared virus in
the nasal cavity following homologous virus challenge. By con-
wash sarp*élés collected-from-mice jmmuaized subcutaneously
with vaccing and Ampligen®. All mice of both groups survived
after homologous A/Vietnam viral challenge. Ini thé heterolo-
gous virus challenge group (A/Hong Kong or A/Indonesia infec-

* tion), virus titers in the nasal wash of the intranasal vaccination

group were signi'ﬁcantly lower than those in the subcuraneous
vacéination group-Althdugh-intranasally immunized mice sur-
vived a potentially lethal infection with A/Hong Kong or A/
Indonesia viruses, most subcutaneously vaccinated, influenza
virus-challenged mice died (Fig. 1). These results clearly indi-
cate that intranasal administration of a HSN1 vaccine together
with Ampligen® adjuvant is more effective than subcutaneous
vaccination against homologous and heterologous H5N1 influ-
enza virus challenge.

In a separate study, mice were immunized three times intrana-
sally or subcutancously with a trivalent inactivated influenza vac-

- cine licensed in Japan for the 2005-2006 season together with

Ampligen®. The vaccine included A/New Caledonia (HIN1),
A/New York (H3N2) and B/Shanghai viral strains. The immu-
nized mice were challenged with A/Vietnam, A/Hong Kong or
Allndonesia H5N1 influenza viruses two weeks after the final
immunization. Mice immunized intranasally generated cross-
reactive mucosal IgA and serum IgG Abs, showed reduced levels
of H5N1 in nasal wash samples, and demonstrated higher sur-
vival after HSN1 virus challenge compared to non-immunized
animals. Subcutaneous vaccination failed to induce a cross-pro-
tective IgA Ab response and did not afford protection against

.lethal H5N1 viral infection.

The mucosal adjuvant activity of Ampligen® has also
been demonstrated in non-human primates (cynomol-
gus macaques).”” Intranasal vaccination with an inactivated
A/Vietnam vaccine combined with Ampligen®induced vaccine-
specific IgA Ab responses in the saliva and IgG Ab responses
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in serum and succeeded in reducing viral titer after homolo-
gous virus challenge. Vaccine-specific Ab responses induced
by intranasal immunization persisted at least for one year and
were sufficient to protect monkeys from homologous virus chal-
lenge one year after immunization (Ainai A, et al., unpublished
data). These results suggest that the intranasal administration
of an inactivated vaccine together with the syntheric dsRNAs,
poly(1:C) and Ampligen®, induces loncr—lastmg s-IgA and IgG
Ab responses at mucosal surfaces and in serum, respectively,
and that the mucosal immunity induced by intranasal vaccina-
tion is sufficient to prevent homologous and heterologous virus
infection.

Enhancement of mucosal adjuvant activity. For large scale or
global application of an effective vaccine, it is desirable to induce
strong immune responses using a small vaccine dose due to the
normally limited amount of commercially produced vaccines. In
an attempt to increase the mucosal immune responses, zymosan
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was combined with poly(I:C) as a mucosal adjuvant for intrana-
sal immunization of an ether-splic A/PR8 vaccine.”” Nasal IgA
and serum IgG Ab responses in mice immunized intranasally
with vaccine and both poly(I:C) and zymosan were significantly
increased relative to the responses in mice intranasally vaccinated
only with vaccine and poly(I:C) (Fig. 2). Zymosan, a cell wall
extract from S. cerevisiae that contains B-glucan (55%), mannan,
protein, lipid, chitin and an unknown TLR2 ligand, has been
used- for over 50 years as a model microorganism to investigate
phagocytosis and the inflammatory response both in vivo and
in vitro”* B-glucan is recognized by Dectin-1, a C-type lectin
that induces phagocytosis of microbial agents by DCs or macro-
phages.” Dectin-1 signaling is modulated by spleen tyrosine
kinase (Syk) and promotes NFxB activation.'®®!”! Zymosan alone
co-activates Dectin-1/Syk and TLR2/MyD88 signaling path-
ways, resulting in a synergistic increase in the production of [L-12
and TNFa.” In addition, simultaneous or sequential stimulation
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of MyD88-dependent and “FRIE-dependent signaling-pathways
by their respective ligands induces a synergistic increase in the
production of TNFa, IL-6 and IFN.' Reflecting these mecha-
nisms, vaccine uptake and the production of pro-inflammatory
cytokines and type-I IFN (IFNB) were significantly increased
by zymosan and poly(I:C) coadministration in cultures of bone
marrow-derived DCs in vitro.” These immunological events
were likely responsible for the significant induction of s-IgA and
IgG that were observed in nasal wash and serum samples, respec-
tively. Moreover, intranasal immunization with a A/PR8 vaccine
together with both poly(I:C) and zymosan effectively reduced
viral titer after challenge with the pandemic A(HIN1) 2009 virus
(Fig. 3), even though the antigenicity of the HA molecule of this
virus is largely different from that of seasonal influenza viruses.'?
These results suggest that using a combination of ligands on dif-
ferent innate immune sensors as adjuvants synergistically induces
higher amounts of cross-protective Abs following intranasal vac-
cination against influenza virus.

Conclusions

In 2009, we experienced the first pandemic in the 21* eentury,
and it was induced by an unpredicted strain of influenza virus.
In light of the fact that it is difficult to know when a pandemic
will occur or which strain of virus will cause i, it is in our best
interest to develop broadly effective and safe vaccines against
influenza virus. A broadly effective vaccine requires the induction
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- of rucosal immiinity, as mucosal-s-IgA plays an important role

in cross-protection. Vaccines designed to induce. mucosal immu-
nity are necessary for mitigating any new influenza pandemic.
As described in this review, one of the requirements of inducing
mucosal immunity is the administration of the vaccine at muco-
sal sites, such as the nasal mucosa. For this reason, intranasal
administration of an inactivated vaccine plus adjuvants and live
attenuated vaccines are promising candidates for inducing cross-
protective immunity against variant influcnza viruses. However,
for safety reasons, the ideal candidate for the induction of cross-
protective mucosal immunity may be an inactivated vaccine.
Our studies revealed that the synthetic dsRNAs, poly(I:C) and
Ampligen®, possess mucosal adjuvant activity following intra-
nasal administration of an inactivated vaccine. These synthetic
dsRINAs are sensed by TLR3 and MDAS in DCs, which have a
key role in orchestrating the innate immune system and adaptive
immunity. S-IgA Abs induced at the mucosal surface by intrana-
sal immunization with a vaccine plus Ampligen® were sufficient
to reduce virus titers in nasal wash samples following homolo-
gous or heterologous virus infection. Moreover, the production
of cross-protective s-IgA Abs in the nasal wash was synergisti-
cally enhanced by the addition of another pathogen recognition
receptor ligand adjuvant in addition to dsRNAs. Thus, intranasal
administration of an inactivated vaccine combined with mucosal
adjuvants represents a promising approach for the development of
safe and effective vaccines that may limit the impact of a poten-
tial influenza pandemic.
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Executive summary

o For almost 60 years, the WHO Global Influenza
Surveillance and Response System (GISRS) has been the
key player in monitoring the evolution and spread of influ-
enza viruses and recommending the strains to be used in
human influenza vaccines. The GISRS has also worked to
continually monitor and assess the risk posed by potential
pandemic viruses and to guide appropriate public health
responses.

o The expanded and enhanced role of the GISRS follow-
ing the adoption of the International Health Regulations
(2005), recognition of the continuing threat posed by avian
HS5N1 and the aftermath of the 2009 HINI pandemic
provide an opportune time to critically review the process
by which influenza vaccine viruses are selected. In addition
to identifying potential areas for improvement, such a
review will also help to promote greater appreciation by
the wider influenza and policy-making community of the
complexity of influenza vaccine virus selection.

e The selection process is highly coordinated and involves
continual year-round integration of virological data and
epidemiological information by National Influenza Centres
(NICs), thorough antigenic and genetic characterization of
viruses by WHO Collaborating Centres (WHOCCs) as part
of selecting suitable candidate vaccine viruses, and the
preparation of suitable reassortants and corresponding

reagents for vaccine standardization by WHO Essential
Regulatory Laboratories (ERLs).

e Ensuring the optimal effectiveness of vaccines has been
assisted in recent years by advances in molecular diagnosis
and the availability of more extensive genetic sequence
data. However, there remain a number of challenging
constraints including variations in the assays used, the
possibility of complications resulting from nomn-antigenic
changes, the limited availability of suitable vaccine viruses
and the requirement for recommendations to be made up
to a year in advance of the peak of influenza season
because of production constraints. ’
e Effective collaboration and coordination between
human and animal influenza networks is increasingly
recognized as an essential requirement for the improved
integration of data on animal and human viruses, the
identification of unusual influenza A viruses infecting
human, the evaluation of pandemic risk and the selection
of candidate viruses for pandemic vaccines.

e Training workshops, assessments and donations have
led to significant increases in trained laboratory personnel
and equipment with resulting expansion in both geo-
graphical surveillance coverage and in the capacities of
NICs and other laboratories. This has resulted in a sig-
nificant increase in the volume of information reported
to WHO on the spread, intensity and. impact of influ-
enza. In addition, initiatives such as the WHO Shipment
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Fund Project have facilitated the timely sharing of clini-
cal specimens and virus isolates and contributed to a
more comprehensive understanding of the global distri-
bution and temporal circulation of different viruses. It
will be important to sustain and build upon the gains
made in these and other areas.

e Although the haemagglutination inhibition (HAI) assay
is likely to remain the assay of choice for the antigenic
characterization of viruses in the foreseeable future, alterna-
tive assays — for example based upon advanced recombi-
nant DNA and protein technologies — may be more
adaptable to automation. Other technologies such as
microtitre neuraminidase inhibition assays may also have
significant implications for both vaccine virus selection and
vaccine development.

e Microneutralization assays provide an important
adjunct to the HAI assay in virus antigenic characteriza-
tion. Improvements in the use and potential automation of
such assays should facilitate large-scale serological studies,
while other advanced techniques such as epitope mapping
should allow for a more -accurate assessment of the quality
of a protective immune response and aid the development
of additional criteria for measuring immunity.

e Standardized seroepidemiological surveys to assess the
impact of influenza in a population could help to estab-
lish well-characterized banks of age-stratified representa-
tive sera as a national, regional and global resource,
while providing direct evidence of the specific benefits of
vaccination.

e Advances in high-throughput genetic sequencing
coupled with advanced bioinformatics tools, together with
more X-ray crystallographic data, should accelerate
understanding of the genetic and phenotypic changes that

underlie virus evolution and more specifically help to predict
the influence of amino acid changes on virus antigenicity.

e Complex mathematical modelling techniques are
increasingly being used to gain insights into the evolution
and epidemiology of influenza viruses. However, their value
in predicting the timing ai}d nature of future antigenic and
genetic changes is likely to be limited at present. The
application  of  simpler non-mechanistic  statistical
algorithms, such as those already used as the basis of anti-
genic cartography, and phylogenetic modelling are more
likely to be useful in facilitating vaccine virus selection and
in aiding assessment of the pandemic potential of avian
and other animal influenza viruses.

e The adoption of alternative vaccine technologies — such
as live-attenuated, quadrivalent or non-HA-based vaccines
— has significant implications for vaccine virus selection, as
well as for vaccine regulatory and manufacturing processes.
Recent collaboration between the GISRS and vaccine
manufacturers has resulted in the increased availability of
egg isolates and high-growth reassortants for vaccine pro-
duction, the development of qualified cell cultures and the
investigation of alternative methods of vaccine potency
testing. WHO will continue to support these and other
efforts to increase the reliability and timeliness of the global
influenza vaccine supply.

e The WHO GISRS and its partners are continually work-
ing to identify improvements, harness new technologies
and strengthen and sustain collaboration. WHO will
continue in its central role of coordinating worldwide
expertise to meet the increasing public health need for
influenza vaccines and will support efforts to improve.the
vaccine virus selection process, including through the
convening of periodic international consultations.

Please cite this paper as: Zhang et al. (2011) Improving influenza vaccine virus selection. Influenza and Other Respiratory Viruses DOI: 10.1111/j.1750-

2659.2011.00277.x.

Introduction

The historic initiative to establish a global network to
detect and identify new and potentially dangerous influenza
viruses predates the adoption of the WHO Constitution in
1948. With memories of the 1918-1919 influenza pandemic
still vivid, and the ever-evolving threat posed by influenza
recognized, the WHO Global Influenza Surveillance and
Response System (GISRS)T was formally established in
1952. Influenza thus became one of the first diseases to

-t Former WHO Global Influenza Surveillance Network (GISN),
which has been renamed as WHO Global Influenza Surveillance and
Response System (GISRS) since 24 May 2011, when the World Health
Assembly Resolution WHA 64.5 was adopted.

highlight the importance of internaticnal monitoring and
collaboration in protecting human health.

Following the re-emergence of human cases of highly
pathogenic avian H5NI influenza in 2003 and the adoption
of the International Health Regulations (2005), the GISRS
was strengthened and its role in protecting public health
enhanced. In addition to tracking the course and impact of
annual influenza epidemics and monitoring the evolution of
seasonal influenza viruses, the GISRS also acts as a global
alert mechanism for the emergence of influenza viruses with
the potential to cause a human pandemic. The Network
provides support to both seasonal and pandemic influenza
preparedness and fesponse activities in areas such as diag-
nostics, vaccine development, virological surveillance and
risk assessment. It also acts as the focus of WHO efforts to
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assist Member States in strengthening their national capac-
ity for the surveillance, diagnosis, characterization and shar-
ing of influenza viruses.

As a key player in global influenza risk assessment and
response, the GISRS continues to evolve and expand, and
as of December 2010 consisted of 135 National Influenza
Centres (NICs) in 105 countries, six WHO Collaborating
Centres (WHOCCs), 11 WHO H5 Reference Laboratories
and four WHO Essential Regulatory Laboratories (ERLs).
The GISRS also works to ensure the successful coordination
of WHO activities with those of external agencies su¢h as
the Global Outbreak Alert and Response Network
(GOARN), national regulatory authorities, academic and
veterinary institutes, and the pharmaceutical industry.

The first formal WHO recommendations on “influenza
vaccine composition were issued in 1971. Since 1998,
separate and appropriately timed recommendations for the
Northern and Southern Hemispheres have been issued each
year in Februiary and September, respectively. These bian-
nual recommendations are based upon the virological and
epidemiological information generated by the GISRS
and play a crucial role in the development, production and
availability of effective influenza vaccines.

The continuing threat posed by avian H5NI1, the
aftermath of the 2009 HIN1 pandemic, the increased
knowledge of influenza, and the development and availability
of new technologies provide a timely opportunity to review
the complex processes and issues involved in influenza
vaccine virus selection and to identify potential areas for
-improvement. This WHO informal consultation represents
the latest step in an ongoing process of GISRS strengthening
and was convened with the following objectives:

e to review the current vaccine virus selection process,
including its constraints and limitations;

e to identify opportunities for improving influenza surveil-
lance and representative virus sharing;

e to assess the potential for improving the assays and
technologies used for vaccine virus selection; and

® to assess the potential impact of new vaccine technolo-
gies on the vaccine virus selection process.

Participants were drawn from a broad and highly diverse
range of institutes and sectors including the .following;
WHOCCs, NICs, WHO ERLs, WHO H5 Reference Labora-
tories, national regulatory authorities, public health agen-
cies, academia, influenza vaccine manufacturers, and
veterinary laboratories and organizations.

The GISRS vaccine virus selection process

The primary goal of the GISRS vaccine virus selection
process (Annex 1) is to generate and analyse the data needed
to recommend the influenza vaccine viruses that will most
closely match the influenza viruses likely to be circulating
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during forthcoming influenza seasons.-Current vaccine tech-
nologies and production 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 process relies upon the earliest possible detection of
emerging antigenic variants and the most up-to-date infor-
mation on their potential future epidemiological signifi-
cance. Information must therefore be collected year round
on the continuous evolution and global circulation of human
influenza viruses to provide a sound basis for the biannual
WHO recommendations on the composition of influenza
vaccines for use in the Northern and Southern Hemispheres.
For countries in equatorial regions, epidemiological consid-
erations influence which recommendation (February or Sep-
tember) individual national and regional authorities
consider more appropriate.

Role of National Influenza Centres
National Influenza Centres (NICs) play a vital role in this
complex process. Their core activities include collating
epidemiological information, diagnosing cases of influenza A
and B infection, and identifying the subtype or lineage of
the viruses responsible. The primarily molecular diagnosis
of infection using RT-PCR techniques is based upon
standardized primers and probes provided by the GISRS.
Viruses must also be isolated to allow their antigenic identifi-
cation using the type- and subtype-specific reference reagents
provided in annually distributed WHO kits. Further detailed
characterization may include sequence analyses to monitor
genetic changes and assessment of virological traits such as
resistance to antiviral drugs. Sequence data are shared within
the GISRS using public databases such as GenBank and GI-
SAID EpiFlu. NICs in some settings then attempt to relate
potentially important virological changes observed with clin-
ical and epidemiological information and trends and may
even conduct serological studies to evaluate the immune sta-
tus of the population.

Weekly reports on the virological characteristics and epi-
demiology of circulating viruses are submitted to the WHO

FluNet — an internet-based data-query and reporting tool.

Information on the virus subtypes and lineages is collated,
together with observations of potential clinical or epidemi-
ological importance, and regular summaries of the geo-
graphical spread, intensity and impact of influenza are
produced by WHO.

If human infection with an avian or other animal influ-
enza virus is suspected, a suitably equipped NIC or other
national influenza reference laboratory can conduct preli-
minary diagnostic testing using RT-PCR protocols and/or
reagents for H5, H7 and H9 subtypes provided by WHO.
Such RT-PCR testing does not require high-level biocon-
tainment facilities. However, it is expected that the detec-
tion of any unusual influenza A virus distinct from known
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circulating viruses, especially one suspected to be of animal
origin or unsubtypable using current WHO reagents, will
immediately be reported to WHO and collaboration
urgently initiated with a WHO Collaborating Centre
(WHOCC). If the required laboratory biosafety facilities
and procedures are not available, then virus isolation
should not be attempted in the national laboratory and the
sample should be promptly sent to a WHOCC.

Role of WHO Collaborating Centres

The routine and timely sharing of representative circulating
influenza viruses and unusual viruses with a WHOCC is an
essential step in the vaccine virus selection process. The
criteria for forwarding viruses include their temporal,
geographical and age-group distribution, severity of cases
and virological characteristics such as unidentified subtype
and antiviral drug resistance. WHOCCs are then responsi-
ble for the systematic antigenic characterization of the
thousands of viruses forwarded each year by NICs and
other laboratories, and for the detailed genetic characteriza-
tion of a selected subset. Such detailed antigenic and
genetic characterization is a necessary step in monitoring
virus evolution and detecting any distinct antigenic variants
that may necessitate updating the seasonal vaccine compo-
sition. The process also allows for the identification and
characterization of animal viruses causing sporadic human
infections, assessment of the risk they pose and the poten-
tial development of candidate vaccine viruses as part of
pandemic preparedness.

Antigenic characterization

Of prime importance in immunity to influenza is the
production of antibodies to the virus haemagglutinin (HA)
protein. Such antibodies can neutralize the infectivity of
viruses, and their level in the blood has been shown to
correlate with the level of protection against infection with a
homologous virus. As a result, influenza vaccine virus selec-
tion has primarily been based upon the antigenic
characterization of virus HA using the haemagglutination
inhibition (HAI) assay. HAI tests provide a visual readout of
the ability of specific antibodies to prevent the attachment of
HA to red blood cells (RBCs) and thus prevent their aggluti-
nation. Antigenic drift in the HA of circulating viruses in
response to host immunity reduces the effectiveness of vac-
cines and is therefore the major consideration when recom-
mendations are made on the composition of influenza
vaccines.

The HATI test is likely to remain the assay of choice for the
antigenic characterization of virus HA for the foreseeable
future. Strain-specific antisera are produced by infecting
previously unexposed (‘naive’) ferrets with either vaccine
viruses, reference viruses representative of circulating viruses
or viruses that appear in HAI tests to be potential antigenic

variants. The resulting sets of reference viruses and antisera
are then used to evaluate the antigenic characteristics of the
HAs of recent isolates. Where antigenic differences are
detected, these are likely to affect human immunity against
the new variants. The HAI test is a surrogate for the more
complicated and time-consuming virus neutralization assay
used to clarify antigenic relationships when observed varia-
tions in HAI titre reflect, for example, changes in receptor
binding rather than differences in antigenicity.

Genetic characterization
A subset of between 10% and 20% of all viruses received is
selected for genetic sequencing and more detailed analysis
— principally of their HA and NA components. This subset
is selected to include representative circulating viruses, as
well as apparent antigenic variants and viruses from severe
or fatal cases. Phylogenetic analyses are carried out to
better understand the evolution of circulating viruses, their
degree of genetic heterogeneity and the emergence of new
genetic clades. Antigenic or other phenotypic variants may
thus be defined in terms of separate genetic clades with
distinct amino acid signatures. Relating the locations of
amino acid substitutions to antigenic, receptor-binding or
glycosylation sites on the 3D structure of the HA molecule
then helps to identify the individual substitutions associ-
ated with phenotypic (antigenic) changes. Identifying such
amino acid signatures also facilitates global monitoring of
the emergence, distribution and impact of different genetic
variants. This is pérticularly helpful when data on.emergent
variants are limited at the time of a WHO vaccine
consultation. Comparisons of the sequences found in clini-
cal specimens and virus isolates are also useful in revealing
amino acid substitutions which result from passage in
different substrates, mainly MDCK cells and eggs. Up-to-
date sequence data are shared within GISRS and made
publically available via the GISAID EpiFlu database.
Complete genome sequencing is necessary to identify
animal (including avian) viruses causing human infection
and is important in detecting the emergence of reassortant
viruses among co-circulating human viruses or between
human and animal viruses. WHOCCs maintain panels of
reference reagents for all influenza A subtypes. These
include H5 (especially H5N1), H9 and H7 avian viruses
and various HIN1 and H3N2 swine viruses, as well as
viruses present in other animals such as horses and dogs.

Studies using human sera

WHOCCs also collaborate with the WHO ERLs in serologi-
cal studies of representative human sera from previously
vaccinated individuals. Sera are provided by vaccine manu-
facturers and are used in HAI tests to assess whether or
not the antibodies induced by current vaccines are likely to
be effective against currently circulating viruses. The results
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provide important supplementary evidence for vaccine
composition decisions.

WHO recommendations on influenza vaccine com-

position

The principal criteria used to decide whether or not to rec-

ommend changes to influenza vaccine components include:

o the emergence of an antigenically and genetically distinct
variant among circulating - viruses (including a novel
influenza A virus with the potential to cause a pandemic);

e evidence of the geographical spread of such a distinct
variant and its association with outbreaks of disease,
indicating its future epidemiological significance;

e the reduced ability of existing vaccine-induced antibodies
to neutralize the emergent variant; and

o the availability of suitable candidate vaccine viruses.

To facilitate collaborative studies by the WHOCCs and
WHO ERLs and ensure that appropriate potential candi-
date vaccine viruses are identified in advance of the
WHO vaccine composition consultation, the most recent
virological and epidemiological data are shared and dis-
cussed via teleconferences held 6 and 2 weeks before the
WHO consultation. A summary of each teleconference is
promptly distributed to keep all NICs and vaccine manu-
facturers informed of the developing situation. In addi-
tion, potential candidate vaccine viruses are provided to
manufacturers.

During the formal biannual consultations, the technical
advisory group considers the cumulative antigenic and
genetic data on the viruses characterized by WHOCCs. The
data are set against the broader epidemiological context
collated by WHO and are supported by serological data
from WHOCCs and WHO ERLs, as well as by additional
information provided by NICs. HAI data obtained in the
different centres using a wide variety of reference viruses
and ferret antisera are correlated using common reference
reagents. In recent years, antigenic cartography has been
used to collate and statistically visualize the degree of
antigenic variation. The interpretation of HAI data may,
however, be complicated by the influence of changes in the
receptor-binding properties of natural viruses or by the
selection of variants during isolation and passaging in
different cell or egg substrates. Comparisons with sequence
data are made to relate any differences in antigenicity with
specific HA genetic clades and to more precisely define the
identity of antigenic variants. The results of virus neutral-
ization tests, which usually correspond to those of HAI
tests, are used to clarify the true antigenic relationships
between different viruses.
~ If the antigenic data, supported by genetic and serological
data, indicate that a new antigenic variant is spreading glob-
ally, then a change in that component of the seasonal vaccine
is considered to be warranted. The implementation of a rec-
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ommendation to update a vaccine component is, however,
contingent upon the availability of suitable vaccine viruses.
Only after all the factors have been taken into account is a
decision taken on whether or not to recommend a change in
influenza vaccine virus composition. The decision is
announced at an Information Meeting immediately follow-
ing each WHO consultation and published on the WHO
web site and in the WHO Weekly Epidemiological Record.

Since the re-emergence of human cases of highly patho-
genic H5N1 avian influenza in 2003, WHO has also
regularly reviewed the available antigenic and genetic data
on human and avian viruses in relation to the epidemiol-
ogy of H5N1 influenza among birds. To support the devel-
opment of safe and effective human H5N1 vaccines, WHO
has coordinated the development of a number of candidate
attenuated vaccine viruses (Annex 1) and made them avail-
able to vaccine producers. Clinical trials have been con-
ducted to evaluate the immunogenicity of different H5N1
vaccine formulations and the breadth of antibody responses
elicited. In addition, as part of pandemic preparedness,
WHO has coordinated the ongoing development and
updating of an inventory of H2, H7 and H9 candidate
vaccine viruses.

Vaccine development considerations

Important constraints on the vaccine virus selection process
include the tight timelines involved (Annex 1), particularly
in the Northern Hemisphere, where since recent years
seasonal  influenza activity tends to start increasing in
middle or late January in general. As a consequence, deci-
sions often have to be made relatively early in the influenza
season. In addition, post-infection ferret antisera against
potential antigenic variants are urgently required to define
their antigenic relationships to previously circulating
viruses. Panels of recent isolates must also be prepared to
assess the degree to which they are neutralized by antibod-
ies in the sera of previously vaccinated individuals. Finally,
potential new candidate vaccine viruses must be prepared
and evaluated for their suitability in vaccine production.
Ensuring the timely availability of viruses with suitable
growth properties is a crucial step in ensuring that suffi-
cient quantities of vaccine can be produced in time for
administration prior to the next influenza season. Although
cell culture has steadily replaced the use of embryonated
eggs for the primary isolation of viruses, candidate vaccine
viruses must still be isolated directly in eggs according to
current regulatory requirements. The limited availability of
egg isolates, particularly of recent H3N2 viruses which gen-
erally grow poorly in eggs, has led to the establishment of
Cooperative Research and Development Agreements (CRA-
DAs) and similar agreements between the vaccine industry
and a number of WHOCCs to increase the availability of
egg isolates for vaccine use.
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The GISRS vaccine virus selection process necessarily
involves a series of collaborative steps, including the selec-
tion of prototype antigenic variants and suitable vaccine
viruses, and the provision of standardizing reagents by the
WHO ERLs. The process thus impacts directly upon the
subsequent authorizing of vaccine composition by national
and regional regulatory authorities and upon the large-scale
production of vaccine by manufacturers. Mismatches have
occasionally occurred as a result of the emergence of variant
strains shortly after the recommendations have been made,
highlighting one of the unavoidable consequences of current
vaccine development and production constraints. Neverthe-
less, retrospective studies have shown that with very few
exceptions WHO vaccine virus recommendations have
closely matched the influenza viruses that have circulated
during the following influenza season. In addition, following
the out-of-season emergence of the pandemic A(HINI)
2009 virus, this closely integrated system demonstrated its
unique ability to very rapidly orchestrate the development
and provision of appropriate (suitably attenuated) candidate
vaccine viruses for pandemic vaccine production.

Improving influenza surveillance and
representative virus sharing

Global influenza surveillance has always presented a major
challenge as it is a highly demanding public health need
with a significantly uneven distribution of surveillance
capacity worldwide. Since the outbreak of severe acute
respiratory syndrome (SARS) in 2003, the re-emergence of
H5NT1 infection in humans and the 2009 HINI pandemic,
it has become ever clearer that surveillance and the prompt
sharing of viruses and information are central to the broad
range of influenza preparedness and response activities.

Enhancing NIC surveillance capacity
Although the known impact and the awareness of seasonal
influenza vary in different parts of the world, the threat
posed by avian H5N1 viruses has galvanized influenza
surveillance efforts in all countries. Improving surveillance
and acquiring the capacity to detect and report unusual
cases of influenza are essential components of global
pandemic planning and are enshrined in the International
Health Regulations (2005). Successful efforts to increase the
capacity of NICs and other laboratories have been made,
and in a number of settings the development, revision and
adoption of guidelines on strengthened national, regional
and global surveillance and collaboration is under way.
Global influenza surveillance has also been strengthened
through expanded geographical coverage and the collection
of more data of better quality. For example, in Africa there
are now 25 influenza laboratories in 21 countries, including
12 recognized NICs, almost all of which have the capacity

to conduct RT-PCR diagnosis of influenza infection. In less
than two years, the percentage of African countries with an
NIC increased from 17% to 26% with the number of coun-
tries with no influenza laboratory markedly decreasing,

Global, regional and national training workshops, assess-
ments and donations have all led to significant increases in
trained personnel, equipment procurement and laboratory
capacity, resulting in the increasingly widespread use of
molecular techniques such as real-time RT-PCR
and genetic sequencing. Recent WHO capacity-building
activities have included BSL-3 training courses for NICs to
promote safe practices when working with highly patho-
genic influenza viruses, and courses on virus isolation, gene
sequencing and antiviral resistance detection. Increased’
participation in both internal and quality
assurance programmes such as the WHO external quality
assessment project (EQAP) has contributed to marked
improvements in laboratory proficiency.

These and other efforts enabled a more effective
response to the emergence of the 2009 HIN1 pandemic
in many countries. However, the pandemic also revealed
significant limitations in the analysis and integration of
epidemiological and virological surveillance data. In addi-
tion, few early seroprevalence surveys were conducted to
allow for the timely assessment of the extent and impact
of the pandemic. The pandemic also revealed significant
gaps in laboratory infrastructure and personnel, equip-
ment procurement and funding, particularly in develop-
ing countries. Improvements and training in areas such
as web-based integration and analyses of clinical, epide-
miological and virological data are being implemented
but care must be taken to ensure that such activities are not
conducted at the expense of detection, characterization
and virus-sharing activities in less well-resourced settings.

external

Identified research priorities in influenza surveillance and
response include evaluation of the temporal and geographi-
cal circulation of influenza viruses and of the burden of
influenza. In all settings, establishing a sound evidence base
will support the development or updating of national,
regional and global policies, plans and guidelines. This in
turn could lead to greater acceptance of the use of influ-
enza vaccines, particularly seasonal vaccines, and assist in
the development of vaccination policies.

Virus and information sharing

The primary requirement of NICs will remain the prompt
diagnosis of influenza infection and the timely sharing of clin-
ical specimens and virus isolates — especially those obtained
from unusual, severe or fatal cases — backed up by appropriate
epidemiological and clinical information. Procedures should
be in place to ensure that the increasingly predominant use of
molecular diagnostic techniques, particularly real-time RT-
PCR, does not adversely affect the timely isolation and for-

|6

© 2011 Blackwell Publishing Ltd, Influenza and Other Respiratory Viruses

— 127 —



warding of viruses. Improved communication between NICs
and WHOCCs on how best to facilitate prompt virus sharing,
including discussion of the constraints faced, could improve
coordination and avoid potential delays.

A more systematic approach to engaging NIC information
and expertise would also lead to significant benefits. Such an
approach is likely to be facilitated by a number of develop-
ments in the use of WHO web-based tools. For example,
NICs with enhanced capabilities currently strengthen the col-
laborative characterization of viruses and aid early assess-
ment of the significance of genetic and antigenic changes by
sharing detailed virological information (especially HA
sequences) on selected viruses, either directly or via public
databases. As technologies advance, national patterns of sero-
positivity to circulating influenza viruses may also become
available on a more timely basis and could thus guide vaccine
use. This is particularly important given the increasing
emphasis now placed on assessing vaccine effectiveness.
Comprehensive NIC summary reports forwarded just prior
to each WHO consultation also provide highly beneficial
additional data to inform WHO recommendations on vac-
cine composition.

To overcome logistical and other obstacles to the safe
and efficient shipping of clinical specimens and virus iso-
lates to WHOCCs, a WHO Shipment Fund Project was
established. The project provides support to NICs and
other influenza laboratories in all countries by arranging
the transport of specimens and isolates along a guaranteed
cold chain, especially in settings where there are severe
financial and infrastructural constraints. As a direct result
of the project, and associated ‘infectious substances
shipping’ workshops conducted in all WHO regions, there
has been a significant increase in the number of countries
sharing specimens and isolates, especially following the
outbreak of the 2009 HIN1 pandemic. Furthermore, the
expansion and harmonization of the information currently
provided in the accompanying standard shipping form to
include information such as clinical outcome, patient vacci-
nation status or recent travel history would greatly enhance
understanding of the epidemiological context associated
with the spread of viruses.

Animal viruses :

A better understanding of the diversity and evolution of ani-
mal influenza viruses is essential for evaluating the pandemic
risk posed by subtypes currently causing sporadic human
infections (such as H5N1 and HIN2) and informing the
selection of candidate vaccine viruses. The emergence of
H5N1 in particular led to the establishment in 2005 -of the
OIE-FAO Network of Expertise on Animal Influenza (OF-
FLU) ~ a worldwide network of approximately 20 laborato-
ries and institutions thdt coordinates the global surveillance
of animal influenza. A number of joint WHO-OFFLU tech-
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nical initiatives on influenza at the human—animal interface
have been conducted (including successful collaboration
during the 2009 HIN1 pandemic) and reciprocal participa-
tion in annual meetings has taken place. There remains,

" however, considerable scope for improved coordination and

collaboration with the animal influenza surveillance sector,
especially in the collection and analysis of antigenic and
genetic data, the timely exchange of representative viruses
and reference reagents, and the conducting of serological
studies of human exposure to zoonotic infection.

Influenza is an important disease of many avian and
mammalian species with serious economic consequences
for livestock industries and has potential adverse impacts
on human food supplies. Despite this, animal influenza
surveillance coverage is limited with a shortage of epidemi-
ological data on the circulation of various viruses in differ-
ent countries. Efforts are now under way to establish
triggers for initiating enhanced surveillance that go beyond
animal disease notification and sporadic human infections.
Although there is increasing understanding of the interrela-
tionships between animal and human influenza and the
need for ‘integrated’ surveillance, full collaboration at both
national and global levels is currently constrained by a
number of practical, funding, regulatory and policy issues.
Maintaining a regular dialogue based upon the mutual
interests of the different networks will be an important

public health activity and may also help to enhance the

sustainability of animal influenza surveillance in particular
settings. A more formal collaborative mechanism might
allow for the improved integration of animal virus data
into the WHO candidate vaccine virus selection process.
Increased awareness of the content and extent of use of
animal influenza vaccines would also aid understanding of
their impact on virus evolution.

Improving the process of vaccine virus
selection

A range of laboratory assays and other techniques provide
the complementary information on changes in the
antigenic and genetic characteristics of influenza viruses
needed to select the most appropriate influenza vaccine
viruses. However, inherent limitations in the biological
assays used and significant variations in the results
obtained by different laboratories complicate the collation
and definitive interpretation of data. :

Assays for characterization of antigenic properties
and antibody responses

Because the HALI test outlined previously is a simple, rapid
and reproducible surrogate assay for virus neutralization, it
is widely used to measure the antigenic relationships
between different viruses as well as antibody responses to
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infection or vaccination. In addition, the test provides the
basis of the only current quantitative correlate of protection
against infection (serum HAI antibody titre >40) used to
standardize inactivated vaccines. However, variations in the
physical characteristics of RBCs obtained from different
species and differences in the receptor-binding properties of
different viruses influence both the sensitivity and the util-
ity of the assay. Furthermore, changes in receptor-binding
affinity or specificity associated with adaptation, antigenic
drift or the isolation and passage of viruses in eggs and cell
culture may also affect HAI titres. Standardization between
laboratories has also proved difficult, and the assay is cur-
rently not suitable for use in a fully automated system.

A range of practical refinements such as attempts to
develop ‘synthetic’ RBCs (for example using glycan-coated
beads) have been unsuccessful. Given the currently limited
knowledge of the principal natural receptors for influenza
viruses, such approaches are unlikely to circumvent the
virus-dependent shortcomings of assays based upon natural
RBCs which are therefore likely to remain the primary
approach to antigenic characterization for the foreseeable
future. Recent developments based on the use of panels of
recombinant HA do offer alternative or supplementary
microtitre or microarray binding-assay formats for
assessing antibody specificity and antibody inhibition of the
HA-glycan receptor interaction. Although such approaches
are relatively expensive and require a high degree of skill to
implement, they are potentially highly suited to automation
and in time may reduce the need for virus isolates. In
addition, such formats can readily be adapted to incorpo-
rate biosensor technologies to provide more quantitative
analyses of binding characteristics. A number of such assays
are currently being ‘validated using ferret and human
antisera.

The contribution of antibodies against virus NA in
conferring protection following natural infection or vacci-
nation is still not well understood. Studies of NA antigenic
variation have been limited, and the NA content of influ-
enza vaccines is not currently standardized. Although neur-
aminidase inhibition (NAI) assays were conducted more
routinely in the past, these were cumbersome to perform
and were complicated by the relatively low levels. of
antibodies against NA in post-infection ferret sera and by
interference from antibodies against HA. A number of
different NAI microtitre assay formats have recently been
developed. These have been used to correlate antigenic
changes with sequence variations in the NA component,
provide more precise information on the evolution of NA
and assess NA antibody responses following vaccination.
Improved understanding of antigenic drift in NA and of
the role of anti-NA antibodies in conferring immunity
might have significant implications for both vaccine virus
selection and vaccine development.

Microneutralization (MN) assays — based on measuring
virus replication, cell viability or NA activity — provide an
important adjunct to HAI tests in antigenic characteriza-
tion. MN assays are generally more sensitive and measure a
broader repertoire of functional antibodies that neutralize
viral replication, with potential advantages in the evalua-
tion of human serological responses. In addition, compari-
sons of MN and HAI tests for measuring antibody
responses in vaccinated individuals have shown a consistent
degree of correlation and have confirmed the utility of MN
assays in analyses of human antibody responses to H3
vaccine components. Techniques for simplifying assay for-
mats and making them more readily applicable to the
routine testing of low-titre viruses are under investigation,
and efforts are under way to use MN assays for H1 and B
viruses. This should facilitate the use of MN assays to over-
come the variable nature of interactions between viruses
and RBCs, and hence in interpreting ‘anomalous’ HAI
results which complicate vaccine virus selection. Pseudo-
type virus neutralization assays may also offer some advan-
tages in scale and standardization over conventional MN
assays for measuring serological responses to particular
viruses, especially highly pathogenic viruses. Purthermore,
ongoing improvements in automation will potentially
enable the more labour-intensive MN assay to be applied
to large-scale serological analysis. Epitope mapping using
genome fragment phage display libraries provides another
powerful technique for further dissecting the fine specificity
of antibody responses to vaccination and infection and
should allow for a better assessment of the quality of a
‘protective’ immune response and aid the development of
additional correlates of immunity.

Serological studies
To encourage the performance of seroepidemiological
surveys to assess the impact of influenza in a population,
countries should be supported in establishing well-charac-
terized serum banks of age-stratified representative sera as
a national, regional and global resource. Current advanta-
ges of the GISRS serological activities undertaken in sup-
port of vaccine virus selection include the use of shared
serum panels and. common antigens, with frequent consen-
sus obtained from participating WHOCCs and WHO ERLs.
Limitations include the large variability of HAI data, a
requirement for antibody standards and a need for MN or
other assays to resolve inconsistencies. The availability of
antibody standards would not only enhance the compara-
bility of serological data generated in different laboratories
and countries but also facilitate the comparison of antibody
responses to different vaccines.

Increasing attention to influenza vaccine effectiveness
studies will lead to the availability of more real-time data
for comparing clinical benefit with the degree of antigenic

| 8
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relatedness of vaccine and circulating viruses. Such studies,
especially  those based upon laboratory-confirmed
outcomes, should provide evidence of the specific benefits
of vaccination. Consistent studies providing estimates of
vaccine efficacy over successive influenza seasons should
improve understanding of the effects of small rather than
major antigenic differences between vaccine and circulating
viruses on clinical outcomes and should help to allay con-
cerns arising from a perceived vaccine mismatch caused by
the emergence of virus clades exhibiting little or no
antigenic drift.

Technological developments

Recent advances in high-throughput genetic sequencing
could potentially lead to a greatly enhanced understanding
of the genetic changes occurring in influenza viruses
and the evolutionary interactions that occur between
co-circulating viruses. In-depth analyses of the precise
mechanisms involved in the evolution and epidemiology of
influenza would require advanced bioinformatics tools to
comprehensively mine the data produced. Such an
approach should reveal, for example, the broader genetic
changes that underlie antigenic variation in HA and thus
allow for a better understanding of the relationship
between genetic evolution and antigenic drift. Increased
information from X-ray crystallography on the structural
features of the HAs of recent viruses and specific mutants,
together with developments in computer modelling, should
assist in attempts to predict the likely influence of amino
acid substitutions on the antigenic and receptor-binding
properties Further development of
high-throughput laboratory systems for integrated and
automated genetic and phenotypic analyses — from initial
sample accession to data management — offers the intrigu-
ing prospect of a futuristic standardized virtual network for
virus characterization in an epidemiological context. As
such systems will have broad implications, not only for
vaccine virus selection, but also for the organization and
conduct of global influenza surveillance, it is extremely
important that their development and deployment are
integrated with the activities of the WHO GISRS.

of new variants.

Mathematical modelling

Numerous mathematical modelling techniques have now
been used to gain insights int¢ the mechanisms that under-
lie both the evolution and the epidemiology of influenza
viruses. For example, exploratory models have been devel-
oped to generate and test various hypotheses to explain the
relatively restricted diversity of influenza viruses in terms
of constrained antigenic repertoire, and to explore the
underlying nature of immunity. They have also been used
to improve understanding of the extent of between-subtype
and between-type competition and of the potential conse-
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quences of such interactions for trends in the incidence of
seasonal influenza viruses.

Phylogenetic models have also been used to identify
changes in selective constraints in relation to antigenic drift
and inter-species transmission. When based upon the
amino acid substitutions associated with mammalian host
adaptation, such models may aid assessment of the
pandemic potential of avian and other animal viruses.
Phylodynamic modelling based upon available sequence
data, supplemented with antigenic data, has already been
successfully used to trace the emergence of new antigenic
and genetic variants and track their geographical spread.

However, in the absence of greatly improved under-
standing of the underlying evolutionary and biological
mechanisms and other processes involved, the capacity of
current mathematical modelling techniques to predict the
timing and nature of future antigenic and genetic changes
is limited. The intrinsically stochastic nature of influenza
evolution may make such predictive modelling extremely
challenging. Where changes occur over short time scales,
the application of simpler non-mechanistic statistical
algorithms, such as those used as the basis of antigenic
cartography, is likely to be more useful in facilitating vac-
cine virus selection than attempts to develop predictive
models from the existing complex dynamical models of
influenza evolution and transmission. Such predictive mod-
els might presently be better suited for use in understand-
ing the possible long-term effects of vaccination, optimizing
the timing and location of focused surveillance efforts and
predicting the possible consequences of the emergence of a
novel virus. Eventually, these models should be able to take
advantage of integrated immunological and antigenic sur-
veillance data to develop predictions of short-term dynam-
ics in specific locations.

Impact of new vaccine technologies

All new influenza vaccine technologies have implications
for vaccine virus selection and for regulatory and manufac-
turing processes. However, any potential requirement to
tailor the virus selection process to specific types of vaccine
is unlikely to be a crucial issue, especially if advances in
vaccine technology and speed of production lead to greater
flexibility in the timing of recommendations. Although
live-attenuated vaccines are not yet universally licensed, the
current vaccine composition recommendation process is
used. However, antibody response is not a good correlate
of protection for such vaccines.and the identification of a
true correlate might affect the requirement for annual
updating. Several quadrivalent vaccines are also now under
development that contain representative strains of the two
influenza B virus lineages (B/Victoria and B/Yamagata)
together with influenza A(HIN1) and A(H3N2) viruses.
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This raises a number of issues that could affect vaccine
supply, including the possibility of two poorly growing vac-
cine viruses; the likely variable impact of a fourth compo-
nent on vaccine yields and timing of manufacture; the
prioritization of influenza B lineage viruses in the context
of both trivalent and quadrivalent vaccine production; and
the need for a fourth set of reagents. Adjuvanted vaccines
have been licensed with the primary aims of inducing
better immune responses in certain age groups and allow-
ing ‘antigen sparing’. Although there has been no specific
intention to provide a broader spectrum of immunity to
circumvent the need for annual vaccine updates, different
products are likely to show a different breadth of response.
Providing recommendations in relation to product-specific
cross-reactivity over successive influenza seasons is unlikely
to be a feasible option for the WHO GISRS. In addition,
various types of recombinant vaccines are now under
development, including protein subunit, DNA, vector and
VLP vaccines — none of which are presently licensed.

In the case of non-HA-based vaccines, different guide-
lines will apply and all such vaccines are likely to impact
the current vaccine virus selection process in various ways
depending upon their precise type and mechanism of pro-
tection. The level of protection afforded by immunity to
NA is receiving continued interest. Currently, this compo-
nent is included as part of the candidate vaccine virus and
is selected on the basis of its sequence but not antigenicity.
Standardization of the NA component would require
antigenic characterization during the virus selection
process, while antigenic changes in NA in the absence of a
corresponding change in HA antigenicity may on its own
necessitate the updating of vaccine composition. For all
such vaccines, HA variant selection may become less crucial
than it is for current vaccines.

Although high-growth reassortants have been used to
manufacture influenza A vaccine components for many
years, their yields have been variable and there is continued
need to identify the molecular determinants of high yield
to engineer a more reliable and reproducible production
process. Reverse genetics, now used in the United States to
produce virus reassortants for live-attenuated vaccines, has
also been used to produce attenuated candidate H5N1
vaccine viruses suitable for inactivated vaccine manufac-
ture. This approach was, however, less successful than
classical reassortment in obtaining a suitable 2009 HIN1
pandemic vaccine virus, emphasizing the need for further
investigation of the applicability of reverse genetics in the
routine provision of suitable vaccine viruses.

Following the licensing of cell culture vaccines, the feasi-
bility of isolating seasonal vaccine viruses in qualified" cell

! Defined as cell lines accepted by regulatory authorities as suitable
substrates for vaccine manufacture.

lines is being evaluated in a collaboration involving a
number of WHOCCs and WHO ERLs under CRADAs with
vaccine manufacturers. These studies should provide the
basis for the introduction of a universal qualified cell cul-
ture system for providing mammalian cell-derived seasonal
influenza candidate vaccine viruses. This would result in a
greater choice of candidates, especially for recent H3N2
viruses, and may provide greater flexibility in responding
to the ‘late’ emergence of a variant necessitating a vaccine
composition change. Such virus isolates would not be sub-
ject to undesirable egg-selected changes and would poten-
tially provide a better match to the natural virus. However,
the relative merits of egg and cell culture candidate vaccine
viruses have still to be rigorously evaluated. Guidance on
quality assurance aspects has already been published by the
European Medicines Agency (EMA). The finalization of
new EMA regulatory guidelines may be accompanied by a
WHO technical document on harmonizing regulatory
approaches worldwide and the engagement of other regula-
tory authorities in vaccine-manufacturing nations.

Vaccine manufacturers and the WHO ERLs are also col-
laborating in an evaluation of cell culture-based reagents
for use in single radial immunodiffusion (SRID) potency
testing, due for completion in early 2011. In addition,
despite international consensus on the key quality specifica-
tions for 2009 HIN1 pandemic influenza vaccines, reagents
to calibrate the majority of candidate vaccines using con-
ventional potency tests only became available immediately
prior to the initiation of clinical trials. In some cases,
candidate vaccines were available ahead of the reagents.
Although national authorities proved flexible in accepting
the use of validated alternative potency tests to allow
clinical trials to proceed, newer methods such as high-per-
formance liquid chromatography (HPLC) and mass spec-
trometry are now being evaluated.

Conclusions and future perspective

The GISRS has a long history of success in recommending
influenza vaccine compositions that have closely matched
the combination of viruses circulating during subsequent
influenza seasons. Based upon the voluntary participation
of its many constituent partners, the GISRS enjoys strong
institutional and governmental support.

Global influenza surveillance' is the foundation of the
vaccine virus selection process. Efforts to enhance and
strengthen national, regional and global laboratory capac-
ity for virological surveillance and representative virus
sharing must continue. As part of this, improved integra-
tion of virological and disease surveillance data will be a
key aim and will help to build the foundations for
future studies of the impact and burden of influenza
worldwide.
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To strengthen the pandemic influenza preparedness,
collaboration between the GISRS and veterinary laborato-
ries and organizations such as OFFLU in relation to zoo-
notic influenza infection has been greatly enhanced and has
included the development of appropriate candidate human
However, there
remains considerable scope for improvement in this area,
including the more timely exchange of information, viruses
and reagents, and strengthened technical collaboration at all
levels.

Although  antigenic  characterization of promptly
forwarded virus isolates will remain the central criterion
for selecting influenza vaccine viruses in the foreseeable
future, technological developments (such as advanced
recombinant DNA and protein technologies, and high-
throughput sequencing and advanced bio-informatics tools)
will inevitably impact current GISRS surveillance and virus
selection activities. In the interests of global public health,
it will be important to integrate into the GISRS system
appropriate information and data generated by various
networks using emerging technologies.

Antigenic cartography has been adopted by the GISRS in
recent years as a means of integrating HAI data from dif-
ferent laboratories to allow for statistical comparison and
visual display. The development of new statistical
algorithms to complement the use of antigenic cartography
may further facilitate vaccine virus selection.

Greater emphasis should be placed on conducting
human serological studies which incorporate the use of
antibody standards to improve the comparability of results.
Such studies would improve current understanding of the
prevalence and spread of influenza, and complement the

vaccine viruses from animal viruses.

development of improved epidemiological models. Greater
collaborative effort is needed to generate randomly
sampled, representative and integrated serological, epidemi-
ological and evolutionary data that provide snapshots of
host and viral populations suitable for modelling hypothe-
ses on virus evolution and host immunity. The application
of advanced techniques for dissecting the fine specificity of
antibody responses to vaccination and infection should also
lead to improvements in understanding the quality of a
‘protective’ immune response and aid in the development
of additional correlates of immunity.

Recent collaboration between the GISRS and external
partners including academic institutions and vaccine man-
ufacturers has resulted in the increased availability of egg
isolates and high-growth reassortants. New approaches to
the generation of high-growth vaccine viruses involving
the use of reverse genetics and qualified cell cultures will
continue to be evaluated and developed, as will alternative
methods of vaccine potency testing. WHO will continue
to support these and other efforts to increase the reliabil-
ity and timeliness of global influenza vaccine supply.

New vaccine types currently under development may
allow more flexibility in the timing of recommendations
on vaccine virus composition. Conversely, alterations to
the virus selection process and additional information
may be needed in relation to new-generation vaccine
types with different compositions and mechanisms of
protection.

The WHO GISRS vaccine virus selection process lies at
the heart of global efforts to address the constantly evolving
threat posed by influenza. For decades, this highly collabo-
rative and complex process has ensured a continued supply
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of effective seasonal vaccines and was able to respond very
rapidly to the emergence of the 2009 HINI pandemic. If
the current limitations and constraints inherent in the
process are to be overcome, ongoing efforts by the WHO
GISRS and its partners must continue to identify improve-
ments, harness new technologies and strengthen collabora-
tion. WHO will continue in its central role of developing
and coordinating worldwide expertise to meet the increas-
ing public health need for influenza vaccines and will
support this process through the convening of periodic
international consultations on improving influenza vaccine
virus selection.

Annex 1: Process of influenza vaccine
virus selection and development?

The diagram shows that the individual steps in the selec-

tion of candidate vaccine viruses and development of

standardizing reagents for seasonal' influenza and for a

potential H5N1 influenza pandemic are essentially equiva-

lent. For seasonal vaccines the timelines are:

e Steps 1-4: the collection, isolation and thorough anti-
genic and genetic characterization of recent virus isolates
continues throughout the year;

e Step 4a: comparisons of the recognition of representative
recent viruses by vaccine-induced antibodies in human
sera are conducted 2-3 weeks before the biannual WHO
vaccine consultation meetings;

e Steps 5, 6a and 7a: candidate viruses for vaccine use are
reviewed and selected, and high-growth reassortants
prepared and characterized following identification of
(potential) antigenic variants — these steps are not solely
dictated by the recommendations of the WHO biannual
vaccine virus consultations.

e Step 8: Evaluation of their growth properties is
conducted in a timely manner around the time of the
WHO vaccine virus consultations and prior to authoriza-
tion of vaccine composition by national authorities.

e Step 9a: Preparation of the standardizing reagents for new
vaccine components is initiated once the particular vaccine
virus has been selected following the WHO recommendation.
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