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Preface

The pandemic caused by the 2009 A/HINT1 influenza virus has changed the manner
in which the world will respond to pandemics in the future and will have an
important place in history. Why is a relatively mild pandemic so important that it
will leave a mark on history? The fact is that this event has represented a test of the
global pandemic preparedness and has highlighted weaknesses and strengths of the
health protection system worldwide. The best strategy to protect mankind against
future pandemics is by vaccination. Thanks to the HSN1 avian influenza, during the
past 10 years our ability to control a pandemic has improved considerably. Never-
theless, the 2009 A/HINTI influenza pandemic has demonstrated the many weak-
nesses of the current pandemic preparedness plans. These weaknesses would have
been fatal had this pandemic resulted in the global spread of a more lethal influenza
strain. It can be said that this pandemic has provided a unique opportunity, a “fire
drill”, to identify the deficiencies that must be urgently addressed to develop a
better and more efficient plan for the next pandemics of the twenty-first century.

This second edition of “Influenza Vaccines of the Future” intends to provide the
grounds for developing such plans. The major points to be addressed for our future
preparedness plans include prediction of pandemics (viral evolution and epidemi-
ology), the features of the immune response to the virus, the development of safe
and effective vaccination strategies (including quick reaction by the productive
infrastructures), planning for vaccine distribution and coverage of populations at
risk, and the major need of global awareness and communication.

In this perspective, the first chapters cover the latest information on the complex
biology of the influenza virus and of its epidemiology in different areas of the world,
to come to the evolution of the HIN1 pandemic viruses and to the features of the
2009 HINI pandemic. This information is instrumental to the understanding of
human immunity to influenza and to the consequent development of vaccines.
Several chapters are dedicated to the latest studies in searching for new vaccine
antigens and effective adjuvants, in setting up predictive in vitro and in vivo
models, in identifying relevant correlates of protection, in tackling possible side
effects, in developing novel methodologies for vaccine production, in designing new
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Fig. 1 The development of influenza vaccines

approaches to prophylaxis and treatment. The path of progress of influenza vaccines
is summarized in the Fig. 1. Traditionally, we have used a different vaccine for every
single virus variant. However, today we can protect against a subgroup of strains
using oil-in-water adjuvants that induce an immune response able to cover the
diversity of closely related viruses. Hopefully, in future, universal vaccines will be
available which may be the final solution to pandemic and seasonal influenza.

The last chapters are dedicated to more perspective considerations, including the
economic and social impact and costs of pandemic influenza, and the strategies for
implementing global preparedness to the future threats.

The 2009 A/HINI influenza pandemic has confirmed that once a pandemic
begins, the time to react is limited. The only way to address and control a pandemic
is to be prepared. The response to the first influenza pandemic of the twenty-first
century benefited from the extensive preparation for an avian influenza pandemic
and the mild nature of the 2009 A/HINI1 swine influenza virus. However, the
pandemic demonstrated the limited ability to predict influenza pandemics, to antici-
pate levels of cross-protection, and to deliver vaccines in a timely manner, particu-
larly to low-income countries. The lessons learned from the 2009 HIN1 pandemic
are of paramount importance to develop more effective preparations against future
pandemics. We must exploit such information straight away. And get ready.
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Part 1
Evolution and Epidemiology



Influenza Virus: The Biology
of a Changing Virus

Samira Mubareka and Peter Palese

Abstract Influenza viruses are members of the family Orthomyxoviridae and
include influenza virus types A, B, and C. This introduction provides an overview
of influenza virus classification, structure, and life cycle. We also include a brief
review of the clinical manifestations of influenza and the molecular determinants
for virulence. The genetic diversity of influenza A viruses and their capability to
successfully infect an array of hosts, including avian and mammalian species, are
highlighted in a discussion about host range and evolution. The importance of viral
receptor-binding hemagglutinins and host sialic acid distribution in species-
restricted binding of viruses is underscored. Finally, recent advances in our under-
standing of the seasonality and transmission of influenza viruses are described, and
their importance for the control of the spread of these viruses is discussed.

1 Introduction

Influenza has had significant historical impact and continues to pose a considerable
threat to public health. Since the transmission of H5SN1 avian influenza from birds
to humans in 1997, virologists and public health officials alike anticipated global
human spread of this virus. More recently, however, pandemic spread of a novel
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HINI influenza virus arose from an unpredicted source; precursors of the pandemic
influenza A (HIN1) 2009 virus have been circulating among pigs for over a decade
[1, 2]. Additional reassortment events have led to the current pandemic influenza A
(HINT1) 2009 virus. Features observed in past pandemics, including atypical sea-
sonality and shifting of the burden of disease to younger populations, are evident
during the influenza pandemic of 2009.

Our understanding of the biology of influenza virus and its effect on the host has
advanced considerably in recent decades. Recent events in influenza virus research
have contributed to this progress [3]. These include the development of plasmid-
based reverse genetics systems [4, 5], the generation of the 1918 pandemic HIN1
influenza virus [6], improved access to biosafety level 3 facilities, the establishment
of international influenza virus sequence databases, and bioinformatics [7, 8].
Advances have also led to the production of FDA-approved antivirals for influenza,
and a heightened understanding of host—virus interactions resulted in the exploration
of novel therapies including immunodulatory approaches [9]. New vaccine tech-
nologies such as the use of live-attenuated vaccines [10-13] and the development of
novel vaccine production methods, including cell culture-based approaches, are the
benefits of scientific progress. Continued acceleration of influenza virus research
has direct implications for the development of improved vaccines, infection control,
and clinical management during pandemic and interpandemic periods.

2 Overview and Classification

Influenza viruses are members of the family Orthomyxoviridae and include influ-
enza virus types A, B, and C. Influenza viruses possess seven (influenza C) or eight
(influenza A and B) genome segments composed of negative sense single-stranded
RNA. These types differ in various aspects, the most important of which include
antigenicity, host range, pathogenicity, transmission, and seasonality. Standard
nomenclature for human influenza viruses includes type, geographic location of
isolation, isolate number, and year of isolation. For example, an influenza A virus
isolated in Panama in 1999 would be referred to as A/Panama/2002/1999. Subtypes
of influenza A viruses are described by hemagglutinin (HA) and neuraminidase
(NA) designations. To date, 16 HA and 9 NA subtypes have been described.
Influenza A viruses are mostly responsible for seasonal epidemics, global pan-
demics, and the burden of disease attributable to influenza. Clinical disease includes
systemic and respiratory manifestations, and rarely may be complicated by central
nervous system involvement, toxic shock, or multiorgan system failure [14, 15].
Circulating strains of influenza A viruses are targets for annual vaccination to
mitigate morbidity and mortality imparted by these viruses. In addition to infecting
humans, influenza A viruses circulate in other mammals, including swine and
horses. Waterfowl harbor several lineages of influenza A viruses and serve as a
reservoir. Transmission among wild and domestic fowl and mammalian species is
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an important characteristic of influenza A, enabling viral reassortment and emer-
gence of novel subtypes in susceptible human populations.

In contrast, influenza B virus has a restricted host range, circulating only in
humans, although the virus has been isolated in seals [16]. Influenza B virus
demonstrates seasonality and is responsible for human disease, although the clinical
manifestations are generally less severe compared with influenza A virus-associated
illness. Nonetheless, rare cases of encephalitis and septic shock have been described
in children [17, 18]. At present, the two major lineages are represented by influenza
B/Victoria/2/1987 and B/Yamagata/16/1988 viruses [19]. Re-emergence of the
Victoria lineage after a decade of absence was associated with an outbreak during
the 2001-2002 influenza season, affecting healthy but immunologically naive
children [20]. Influenza B virus is included in inactivated and live-attenuated annual
influenza vaccines.

Unlike influenza A and B, influenza C virus lacks neuraminidase and codes for a
single-surface hemagglutinin—esterase—fusion (HEF) glycoprotein. This virus does
not demonstrate marked seasonality and is not included in the annual influenza
vaccine, although it has been responsible for occasional outbreaks, predominantly
in children [21]. Illness in humans is generally mild and consists of an upper
respiratory tract infection. Influenza C has also been isolated in swine, raising the
possibility that this species may serve as a reservoir [22].

3 Structure and Genomic Organization

Influenza viruses are enveloped, deriving the lipid bilayer from the host cell
membrane during the process of budding. Viral particles are pleomorphic in nature
and may be spherical or filamentous, ranging in size from 100 to over 300 nm [3].
Spikes consisting of HA and NA project from the surface of virions at a ratio of
roughly 4:1 in influenza A viruses (Fig. 1) [3]. The viral envelope is also associated
with the matrix (M2) protein which forms a tetrameric ion channel.

The polymerase proteins PB1, PB2, and PA, the nucleoprotein (NP), and the
virion RNA comprise the ribonucleoprotein (RNP) complex. This complex is
present in the core of virions, which also includes the nuclear export and nonstruc-
tural protein (NEP/NS1). Influenza virus genes, gene products, and primary func-
tions are summarized in Table 1.

4 Influenza Virus Life Cycle

4.1 Attachment, Entry, and Nuclear Import

In humans, influenza viruses are transmitted by the respiratory route. Host cell-
ular receptors consist of oligosaccharides residing on the surface of respiratory
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viral RNAs -
with NP and polymerase complex

Fig. 1 Schematic structure and electron micrograph of influenza virus A. (a) The viral envelop
anchors the HA and NA glycoproteins and M2 protein and is derived from the host cell during the
process of budding. M1 lies beneath the viral envelope. NEP/NS1 and the core of the virion are
contained within. The core consists of eight segments of viral RNA associated with the polymerase
complex (PB2, PB1, and PA) and NP. Adapted from [1] and kindly provided by M.L. Shaw.
(b) Negatively stained electron micrograph of mouse-adapted influenza A WSN/33. Glycoprotein
spikes are visible on the surface of the virion. Kindly provided by M.L. Shaw

Table 1 Influenza A genes and primary functions of their encoded proteins

Genome Lengthin Encoded Proteinsizein Function
segment® nucleotides proteins amino acids

1 2341 PB2 759 Polymerase subunit, mnRNA cap recognition

2 2341 PB1 757 Polymerase subunit, endonuclease activity,
RNA elongation

PB1-F2* 87 Proapoptotic activity

3 2233 PA 716 Polymerase subunit, protease activity,
assembly of polymerase complex

4 1778 HA 550 Surface glycoprotein, receptor binding, fusion
activity, major viral antigen

5 1565 NP 498 RNA binding activity, required for replication,
regulates RNA nuclear import

6 1413 NA 454 Surface glycoprotein with neuraminidase
activity, virus release

7 1027 M1 252 Matrix protein, interacts with vRNPs and

glycoproteins, regulates RNA nuclear
export, viral budding

M2¢ 97 Integral membrane protein, ion channel
activity, uncoating, virus assembly
8 890 NSI1 230 Interferon antagonist activity, regulates host
gene expression
NEP/ 121 Nuclear export of RNA
NS2°¢

“Influenza A/Puerto Rico/8/1934
"Encoded by an alternate open reading frame
“Translated from an alternatively spliced transcript
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epithelial cells. Specificity of binding is imparted by the linkage of the penulti-
mate galactose (Gal) to N-acetylsialic acid (SA). a2,6 linkage (SAa2,6Gal) is
distributed in the human respiratory tract and is associated with binding to human
influenza virus HA. In contrast, avian hosts including waterfowl and domestic
poultry harbor sialic acid with o2,3 linkage (SAa2,3Gal) which is distributed in
the gastrointestinal tract, reflecting the fecal-oral mode of transmission of avian
influenza strains in these species [23]. Specificity of viral HA binding is imparted
by the receptor-binding pocket on the surface of the HA molecule (Fig. 2). The
HA is a rod-shaped trimer anchored in the virion’s envelope and contains three

Receptor
binding site
Globular head | Antigenic sites

Helix B

Helix A

Fusion peptide

Fig. 2 Ribbon structure of the 1918 influenza virus hemagglutinin. The sialic acid receptor-
binding site and the five antigenic sites are located on the globular head. This structure also
possesses a cleavage site where HA is cleaved into HA1 and HA2 for fusion of viral and
endosomal membranes and subsequent uncoating. Adapted from [1] and kindly provided by
J. Stevens and 1. Wilson
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primary ligand-binding sites on a globular head [24, 25]. Specificity of binding
has been linked to certain amino acid residues in the HA receptor-binding domain.
In H3 subtypes, amino acid 226 is one such residue, where the presence of leucine
allows binding of SAx2,6Gal, whereas the presence of glutamine at this position
permits binding of SAx2,3Gal. Amino acid changes in the HA of other subtypes,
such as H1 viruses (including the HIN1 virus responsible for the 1918 pandemic),
have been associated with adaptations in receptor-binding specificity, translating
into a switch in host specificity with disastrous consequences [26, 27]. Specifi-
cally, changes at amino acid position 225 impart the ability of A/New York/1/18
to bind both avian and human host influenza virus receptors [26]. Strains of the
2009 pandemic HIN1 influenza viruses retain amino acids (aspartic acids) at
positions 190 and 225 of the HA consistent with human sialic acid receptor-
binding specificity, although conflicting data exist regarding binding specificity
for these viruses. One approach utilizing carbohydrate microarrays suggests that
dual (human and avian) sialic acid receptor binding occurs [28]; data obtained
using a different approach, namely biotinylated a2,3- and o2,6-sialylated glycans,
suggest currently circulating pandemic viruses preferentially bind human sialic
acid receptors with o2-6 linkage [29]. The importance of these amino acid
residues to respiratory droplet transmission has recently been described using
the ferret transmission model. HIN1 viruses containing aspartic acids at residues
190 and 225 were capable of aerosol transmission. This contrasted with HIN1
viruses with glutamic acid and glycine at residues 190 and 225, respectively
(consistent with avian sialic acid receptor-binding specificity), which did not
transmit through the air [30]. Furthermore, other changes in the HA (and NA)
of an avian HIN2 after adaptation in the ferret conferred a more efficient respira-
tory transmission phenotype [31].

Several possible pathways for the entry of influenza viruses into host cells
have been postulated and recently reviewed [32]. Endocytosis is a multistep
process consisting of surface receptor-mediated binding, internalization, and
intracellular trafficking. Clathrin-mediated and clathrin-independent internaliza-
tion via caveolae and caveolae-independent endocytosis have been demonstrated
[33, 34]. An initial acidification step in early endosomes is followed by trafficking
to low-pH late endosomes, a process mediated by members of the Rab host
protein family. Fusion of influenza virus to the endosome is triggered by low
pH conditions and mediated by the fusion peptide of HA2 after cleavage of HA,
creating a pore in the endosome through fusion of viral and endosomal mem-
branes (Fig. 3) [3].

Subsequent steps in the uncoating process involve the influenza virus tetrameric
M2 protein, which is involved in the release of RNP into the host cell cytoplasm
through ion channel activity [35, 36]. Viral RNA (vVRNA) synthesis occurs in the
nucleus, and viral RNPs must therefore be imported. This process is primarily
mediated by viral NP, which coats viral RNA and possesses nuclear localization
signals (NLSs), including an unconventional NLS which binds host karyopherin-o
and is essential for energy-dependent RNP nuclear import [37, 38].
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Budding

\Attachment

Apical surface of host cell

b

Posttranslational
processing Ackaging

Translation

Endocytosis 1 I

|
———= mRNA
—_ 1I vF(u\;A y
———= cRNA
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Fig. 3 Influenza virus replication cycle. The virus is endocytosed after initial binding of the HA to
host cell sialic acid receptors. Acidification of the cleaved HA facilitates approximation of viral
and endosomal membranes and release of RNP. Transcription follows importation of RNPs into
the nucleus. Assembly occurs at the apical surface of the host cell where budding and release
occur. Adapted from [1] and kindly provided by M.L. Shaw. See text for detail

4.2 Transcription, Replication, and Nuclear Export

Viral RNA serves as a template for the production of messenger RNA (mRNA) and
subsequent transcription, as well as for the generation of complementary RNA
(cRNA), which is positive sense and functions as a template for the generation of
more VRNA (viral replication). RNA segments are coated by NP through nonspecific
interactions between the arginine-rich positively charged NP and the negatively
charged RNA phosphate backbone [3]. The viral polymerase complex consists of
tightly associated PB1, PB2, and PA and associates with NP-coated RNA without
disrupting this interaction [39]. PB1 is an endonuclease involved in both replication
and transcription and binds the promoter region of RNA segments [40]. It functions
as an RNA-dependent RNA polymerase and catalyzes RNA chain elongation.
Interaction with PA is required for this function and viral replication [41]. PB2
binds both NP and PB1 via separate binding sites [42]. Initiation of transcription is
reliant on PB2, which binds the cap on host pre-mRNA, and this cap serves as a
primer for transcription [43, 44]. In addition, interactions between PB2 and host
proteins may be species specific and potentially plays a role in restricting host range
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[45]. PA is a component of the polymerase heterotrimer, is cotransported into the
nucleus with PB1, and is thus important in the formation of this complex [46, 47].

Synthesis of mRNA begins with a host cell 5'-capped primer, generated by host
cell RNA polymerase II and obtained from host pre-mRNA [44]. Transcription is
thus initiated and synthesis on the template occurs in a 3’ to 5’ direction. A
polyadenylation signal consisting of 5-7 uridines at the 5" end of VRNA prema-
turely terminates transcription after inducing stuttering of the viral polymerase
[48-50]. The generation of NP and NSI1 tends to occur earlier after infection
compared with the generation of surface glycoprotein and M1 mRNAs [3].
Mechanisms for the regulation of gene expression remain evasive, although NP
has been implicated in the control of gene expression [51].

Viral replication requires the synthesis of VRNA, which is primer independent
and occurs through a cRNA intermediate. Nascent cRNA is therefore not capped or
polyadenylated upon termination. The notion that cRNA synthesis is initiated after
a switch from mRNA synthesis has been challenged [52].

RNP complexes subsequently associate with M1 at its C-terminal domain, and
aggregation of this complex leads to inhibition of transcription [53]. M1 also interacts
with NEP at its C-terminal domain [38, 54]. NEP, in turn, associates with host nuclear
export receptor Crm1 via the NEP N-terminal domain [54], thus orchestrating the
export of viral RNP from the nucleus.

4.3 Viral Assembly, Budding, and Release

Posttranslational modification of the HA consists of glycosylation in the Golgi
apparatus [55]. Along with viral RNP, protein components of the virion are
coordinately trafficked to the apical surface of the host cell for assembly into
progeny virus.

Two models for the packaging of viral RNA segments exist and include the
random incorporation [56, 57] and the selective incorporation models [58, 59]. The
latter implies that each RNA segment possesses a packaging signal, resulting in
virions with exactly eight segments. Putative packaging signals in coding regions of
polymerase genes, spike glycoprotein genes, and the NS gene have been identified
[58, 60-63].

Viral assembly is coordinated by the M1 protein, which associates with the
cytoplasmic tails of the viral glycoproteins [19, 64, 65], as well as RNP and NEP, as
described above. Lipid rafts navigate viral membrane glycoproteins to the apical
surface of the host cell [66, 67]. In addition, there is evidence that targeting of NP
and polymerase proteins to the apical surface also involves lipid rafts [68].

Genomic packaging and viral assembly occurs at the apical membrane and is
associated with accumulation of M1 and the formation of lipid rafts. The Ml
protein has also been implicated in viral morphology [69, 70]. Because the HA
binds cell surface sialic acid receptors, virions must be released. The NA functions
as a sialidase and cleaves sialic acids from the host cell and viral glycoproteins to
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minimize viral aggregation at the cell surface [71]. Balance between the HA and
NA is thus required for optimal receptor binding and destruction [64, 72]. In
addition to its receptor-destroying activity, NA is a viral spike glycoprotein and
important surface antigen [73].

5 Evolution

Among the influenza virus types, influenza A demonstrates the most genetic diver-
sity and is capable of successfully infecting an array of hosts, including avian and
mammalian species. Influenza A viruses exhibit an evolutionary pattern, which is
complex and consists of antigenic drift and shift. Drift occurs on an annual basis and
has been attributed to low fidelity of the RNA polymerase and subsequent selection
from immune pressure exerted by the host [74]. This results in antigenic diversity of
the hemagglutinin and neuraminidase glycoproteins and is one of the major chal-
lenges to vaccine production, requiring annual changes to vaccine components. The
HAT1 domain contains several epitopes and is the most dynamic as a consequence,
demonstrating clusters of antigenic variance over time [75]. Antigenic shift results
after a viral reassortment event where exchange of one or more of the viral segments
with that of another strain may result in a novel serotype, potentially diversifying the
host range of the virus. It is in this setting that pandemic strains have emerged in
immunologically naive populations in the past, including the H2N2 (with new HA,
NA, and PB1 segment) subtype in 1957 and the H3N2 influenza virus (with new HA
and PB1 segments) which caused a pandemic in 1968 (Fig. 4).

Since 1997, several avian influenza viruses, including H5N1, H7N2, H7N3,
H7N7, HON2, and HION7 subtypes, have infected humans [76], though limited
evidence for person to person spread exists [77, 78]. Lack of transmission among
humans remains a barrier to pandemic spread of these viruses. The HSN1 subtype
isolated from avian species has undergone genetic reassortment, and several geno-
types exist. Genotypes Z and V are largely responsible for outbreaks of highly
pathogenic influenza viruses (HPAI) in domestic birds in Southeast Asia beginning
in 2003 [77]. HSN1 viruses may also be divided into clades based on the genomic
analysis of the HA genes, and clade 2 is further divided into subclades; up to ten
clades have been identified in avian species, four of which have infected humans
[79, 80]. Less than 1% divergence from avian isolates has been reported in viruses
isolated from humans in Asia [7].

The pandemic influenza A (HIN1) 2009 virus has been described as a “triple
reassortant” of swine, human, and avian influenza viruses; the H1 gene from this
virus has been circulating among swine for decades, with limited drift compared
with genes of H1 viruses that have been circulating in humans, and is thus antigeni-
cally different from seasonal human HINI1 viruses. The pandemic influenza A
(HINT) 2009 virus is composed of six segments from the triple reassortant, includ-
ing a human PB1 segment, classical swine-origin HA, NP, and NS, and avian-origin
PB2 and PA segments that have been circulating in swine since approximately 1998.



12 S. Mubareka and P. Palese

A
-»"@
&
£
&
&
q'é‘
co &8
&g L
A g M "
s S&FF
& W
F &
& 2 Pandemic
g)\.
Pandemic
o
égi‘ Pandemic
&
2
=
Pandemic
1800 1925 1950 1975 2000 2025
YEAR

Fig. 4 Influenza A virus subtypes in humans. Three pandemics occurred during the twentieth
century, including the “Spanish” influenza pandemic of 1918, the “Asian” pandemic in 1958, and
the “Hong Kong” pandemic in 1968. HIN1 viruses re-emerged in 1977 and continue to circulate in
the human population, along with the H3N2 subtype. In addition, HSN1 viruses have been reported
to infect humans throughout Asia and Africa. Several other avian viruses have also recently caused
sporadic infection in humans. A swine-origin influenza virus (pandemic influenza A HIN1 2009
virus) emerged during the spring of 2009 and spread globally, inciting the World Health Organi-
zation to declare a pandemic in June of 2009. Adapted from [68]

The NA and M segments originate from a Eurasian lineage of swine influenza
viruses [1, 2, 81] (Fig. 5).

In order to tackle the challenge of understanding the evolution of influenza virus,
large-scale collaborative efforts such as the Influenza Genome Sequencing Project
have been undertaken. The presence of several cocirculating clades in the human
population has been described, accounting for reassortment. This can result in
limited vaccine effectiveness, as seen with A/Fujian/411/2002-like virus during
the 2003-2004 season [8]. Genetic evolution appears to be a relatively gradual
process; however, antigenic changes in the HA1 domain tend to cluster [75].
Ongoing changes of the H3 hemagglutinin in the human population result from
selective pressure exerted by the host immune system. In contrast, the H3 lineage in
birds has remained relatively stable [82]. The rate of change of the H3 subtype is
greater when compared with H1 viruses and influenza B, with estimated nucleotide
changes per site per year of 0.0037 for H3, 0.0018 for H1, and 0.0013 for influenza
B [83]. As greater numbers of influenza virus genome sequences become available
and we gain insight into antigenic patterns of change, this knowledge may be
applied to annual vaccine development. Prediction of future influenza sequences
could lead to more timely development of effective vaccines [84] though modeling
methods have yet to be validated.
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(H1N1 or H3N2)
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Fig. 5 Origins of pandemic influenza A HIN1 2009 virus. Swine (classical), human, and avian
influenza viruses reassorted in North America in 1998 to produce an H3N2 virus which circulated
in swine. Further reassortment with a Eurasian lineage of swine influenza virus resulted in the
current pandemic influenza virus which has spread globally in humans

6 Host Range

Influenza A virus is a zoonotic pathogen capable of infecting birds (waterfowl
and chickens), swine, horses, felines, and other species. Host range restriction of
different types of influenza viruses is observed. Species-restricted binding of
viruses is mediated by different types of receptor-binding hemaglutinins [85-89].
The distribution of different types of SA linkages has recently been elucidated in
humans though the type of cell infected (ciliated vs. nonciliated) is under debate
[90, 91]. SA with u2,6Gal linkage predominates on epithelial cells of the upper
airway, including nasal mucosa, sinuses, bronchi, and bronchioles [92]. In human
tracheobronchial epithelial (HTBE) cells, oligosaccharides with SA with o2,6Gal
linkage predominate on nonciliated epithelial cells [91] although these oligosac-
charides have been described on ciliated and goblet cells in the human airway [93].
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Lower airways contain SA with mostly 2,3Gal linkage, in addition to SA with
02,6Gal linkage [92, 94].

Host restriction is not absolute, and human infections with avian influenza
viruses (including H5N1, H9N2, and H7N7 viruses) have been extensively
described [95-100]. H5N1 binds type II pneumocytes and macrophages of the
lower respiratory tract in humans [92, 94, 101]. H5N1 infection of ciliated cells
in HTBE cell culture with limited cell-to-cell spread [90] and of human nasopha-
ryngeal, adenoid, and tonsillar ex vivo cell cultures has been shown [102]. Binding
of H5N1 viruses to saccharides terminating in o2,6Gal SA linkage has been
achieved by mutating HA amino acid residues at positions 182 and 192, suggesting
potential for adaptation to the human host [103].

Differences in influenza virus receptors among avian species have been
described and are reflected in differential binding of different types of avian
influenza viruses. Although chicken and duck influenza viruses preferentially
bind o2,3Gal-linked SA, viruses from chickens had greater affinity for SA where
the third sugar moiety was a B(1-4)GlcNAc-containing synthetic sialylglycopoly-
mer. Duck viruses preferred B(1-3)GalNAc sugar moieties in the third position
[104]. Distribution of influenza virus receptors reflects the sites of replication. In
chickens and waterfowl, SA with o2,3Gal linkage is found in the upper respiratory
tract and intestines. Some species demonstrate the ability to support replication of
both human and avian influenza viruses. The respiratory tract and intestines of quail
contain both «2,3Gal- and «2,6Gal-linked terminal sialic acids [105]. In swine,
oligosaccharides with both types of linkages may be found and suggest this species
serves as a mixing vessel where human, avian, and swine influenza viruses can
reassort [106, 107].

7 Clinical Manifestations, Pathogenesis, and Virulence

7.1 Clinical Manifestations

Uncomplicated influenza in humans is an upper respiratory tract infection charac-
terized by cough, headache, malaise, and fever (influenza-like illness). These
symptoms are nonspecific and are not predictive of influenza virus infection,
particularly in individuals <60 years old [108]. Pulmonary and extrapulmonary
complications may arise. The latter consist of central nervous system involvement
(encephalitis, acute necrotizing encephalopathy, Reye’s syndrome, and myelitis)
[14], myositis/rhabdomyositis [109], myocarditis [109, 110], increased cardiovas-
cular events [111], disseminated intravascular coagulation [109], and toxic and
septic shock (bacterial and nonbacterial) [15, 18, 109]. Pulmonary complications
include primary viral pneumonia, secondary bacterial pneumonia (see below), and
exacerbation of chronic lung disease [109, 112]. Acute lung injury (ALI)/acute
respiratory distress syndrome (ARDS), multiorgan failure, profound lymphopenia,
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and hemophagocytosis have been associated with H5SN1 infection and carry high
mortality rates [15, 95, 113-115].

Bacterial pneumonia following influenza virus infection is a well-recognized
complication of influenza since the pandemic of 1918 [116]. More recently, pediat-
ric deaths have been attributed to copathogenesis between influenza virus and
Staphylococcus aureus, accounting for 34% of pediatric deaths reported to the
CDC during the 2006-2007 influenza season [117]. In one case series, 43% of
coinfected cases involved methicillin-resistant S. aureus, thus contributing to
management challenges for these patients. Coinfection was also associated with a
worse prognosis compared with influenza virus or S. aureus infection alone [118].

To date, secondary bacterial lower respiratory tract infection has not been a
dominant feature in adults during the current 2009 pandemic but has been described
in children [119]. Severe pandemic 2009 influenza has been predominantly asso-
ciated with viral pneumonitis and subsequent ALI, particularly in pregnant women
in their third trimester [120] and indigeous people including Aborigines in Australia
[121], Maoris and Pacific Islanders in New Zealand [122], and First Nations People
in Canada [123].

7.2 Pathogenesis

Few human histopathological studies of uncomplicated influenza exist. Pathologi-
cal findings from postmortem examination of 47 fatal pediatric influenza A cases
included major airway congestion (90%), inflammation (73%), and necrosis (50%)
[112]. Lower airway pathology included hyaline membranes (67%), interstitial
cellular infiltrates (67%), and diffuse alveolar damage (DAD). Secondary pneumo-
nia, intraalveolar hemorrhage, and viral pneumonitis were noted in a quarter of
cases [112]. Fulminant DAD with acute alveolar hemorrhage and necrosis followed
by paucicellular fibrosis and hyaline membrane formation is observed in H5N1-
infected human lungs [124]. Extrapulmonary pathology includes reactive hemo-
phagocytosis in the hilar lymph nodes, bone marrow, liver, and spleen [125]; white
matter demyelination [124] and cerebral necrosis [101]; and acute tubular necrosis
of the kidneys [113]. Despite the presence of diarrhea and H5N1 virus replication in
the gastrointestinal tract of humans, no pathological lesions have been described in
the bowel [101, 114]. Immune dysregulation has been implicated in the pathogene-
sis of ARDS and reactive hemophagocytosis. Elevated levels of neutrophil, mono-
cyte, and macrophage chemoattractants (IL-8, IP-10, MIG, and MCP-1) and
proinflammatory cytokines (IL-10, IL-6, and IFN-v) are observed in H5SN1-infected
humans [95]. In addition, increased levels of IL-2 (in a human case) [113] and
RANTES (in primary human alveolar and bronchial epithelial cells) [126] have
also been reported. Contribution of proinflammatory mediators to lung pathology
has also been demonstrated using Toll-like receptor 3 knockout mice infected
with mouse-adapted WSN influenza A virus. These mice demonstrated enhanced
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survival despite higher virus replication and lower levels of RANTES, IL-6, and IL-
12p40/p70 compared with wild-type mice [127].

Likewise, host response has been implicated in the copathogenesis of bacterial
pneumonia post-influenza virus infection. Specifically, sensitization by type I
interferons [128], induction of IL-10 [129], and upregulation of interferon-o
[130] have been linked to secondary bacterial pneumonia after influenza virus
infection. Viral determinants for copathogenesis have also been elucidated and
include PB1-F2 and viral neuraminidase [131, 132].

7.3 Virological Determinants of Virulence

The HA, PA, PB1, PB2, PB1-F2, NA, and NS1 gene products have been implicated
in virulence. Virulence determinants have been explored using the reverse genetic
system for influenza viruses and mammalian (ferret and mouse) models for influ-
enza virus pathogenicity.

The polymerase gene complex, consisting of PA, PB1, and PB2 genes, is
involved in replication and transcriptional activity. A single-gene reassortant con-
taining the PB2 from A/Hong Kong/483/97 (H5N1, which is fatal in mice) in the
background of A/Hong Kong/486/97 (H5N1, causing mild respiratory infection in
mice) demonstrated a lethal phenotype in this animal model [133]. In addition,
reassortants containing polymerase complex genes from A/chicken/Vietnam/C58/
04 (H5N1), a nonlethal virus, in the background of A/Vietnam/1203/04 (H5N1)
influenza virus isolated from a fatal human case were attenuated in an animal model
[134]. When a single point mutation K627E in the PB2 gene was generated in A/
Vietnam/1203/04 [134] and in A/Hong Kong/483/97 [133], virulence was reduced
in mice, although in other studies this substitution did not reduce virulence sub-
stantially [135]. The molecular mechanism(s) responsible for virulence have yet to
be completely elucidated. Enhanced replication of viruses retaining a lysine at
position 627 in PB2 at the lower temperatures of the upper respiratory tract
(33°C) [136] may be responsible for robust transmission in mammals [137]. This
theory is supported by recent work demonstrating that replacement of the lysine at
position 627 with glutamic acid (avian consensus sequence) abrogates aerosol
transmission of a 1918 influenza A virus [30]. Currently circulating strains of
pandemic HINI influenza virus have a glutamine in PB2 at position 627. This
may account for reduced efficiency of aerosol transmission of this virus in ferrets,
compared with a seasonal HIN1 virus [29].

PB1-F2 is the gene product arising from a second reading frame of the PB1 gene
and has been implicated in immune cell apoptosis through the VDAC1 and ANT3
mitochondrial pathways [138]. Knockout of PB1-F2 did not alter viral replication,
but enhanced clearance of the virus and reduced lethality in mice was demonstrated,
suggesting that PB1-F2 may play a role in viral pathogenesis [139]. Enhanced
pathogenicity was observed in mice infected with recombinant influenza virus
containing the PB1-F2 gene from a highly pathogenic HSN1 virus isolated from
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a fatal human case in Hong Kong in 1997 [139]. Currently circulating strains of the
pandemic influenza A HIN1 2009 virus do not express PB1-F2.

Evasion of the host immune response is a key virulence determinant, permitting
viruses to establish sustainable infection. The innate immune system is the first line
of host defense, and the influenza virus possesses the ability to interfere with this
response. Type I interferons (IFN-a/B) are central to establishing an antiviral state
in host cells. Interferon antagonism has been primarily attributed to the NS1 protein
of influenza virus, which plays a multifunctional role in preventing the activation of
IFN transcription factors (for review, see [140, 141]).

The effect of avian influenza virus NS1 on IFN production has also been
explored. A/goose/Guangdong/1/96 virus with an NS1 that differs by one amino
acid from A/goose/Guangdong/2/96 at position 149 is lethal in chickens and
antagonizes IFNo/p [142]. In addition, the C-terminus of the NS1 protein contains
a PDZ ligand domain, capable of binding PDZ protein interaction domains of host
proteins, thus potentially disrupting host cellular pathways. Viruses causing patho-
genic infection in humans between 1997 and 2003 contained avian motifs at the
NS1 PDZ ligand-binding site. These and the motif found in the 1918 influenza virus
NS1 had stronger binding affinities to PDZ domains of human cellular proteins
compared with low pathogenicity influenza viruses [143].

Neurovirulence has been associated with glycosylation of the NA glycoprotein
[144]. The HA glycoprotein has also been associated with virulence. Although
cleavability of the HA gene has been primarily implicated in pathogenicity in
chickens, lethality has also been demonstrated in mice. Basic amino acids at the
HA cleavage site are determinants for HA cleavage and HA?2 fusion activity [145].
Enhanced cleavage of the HA by ubiquitous host proteases is made possible by the
presence of a polybasic cleavage site, contributing to the virulence of highly
pathogenic avian influenza viruses [146, 147]. Replacement of the polybasic
cleavage site in a high pathogenicity HSN1 virus from Hong Kong (HK483) with
an amino acid sequence typical of low pathogenicity viruses resulted in attenuation
[133]. Pandemic influenza A HIN1 2009 virus strains do not appear to have the
polybasic cleavage site.

Virulence determinants for the pandemic 2009 HINT1 virus are currently inves-
tigation. Data obtained from mammalian models early in the course of the spread
of this virus indicate that compared with a seasonal HIN1 influenza virus, strains
of the pandemic virus replicate more efficiently in the lower respiratory tract,
and are stronger inducers of proinflammatory mediators, and induce bronchopneu-
monia [148].

8 Seasonality and Transmission

Influenza A and B viruses exhibit marked seasonality, and this pattern dictates
the annual vaccination schedule. Several theories with respect to the mechanism(s)
responsible for this seasonal pattern have been proposed (for review, see [149]).
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Year-round human influenza virus activity in equatorial regions may be a reservoir
for annual outbreaks in the northern and southern hemispheres. As research pro-
gresses in this area, factors determining seasonality may be exploited for the control
of the spread of influenza virus [150].

Transmission of influenza virus among humans is poorly understood and the
mode(s) of spread are currently under debate [151, 152]. It is widely accepted that
influenza virus is transmitted by the respiratory route in humans, though the
contribution of small particle aerosols relative to large respiratory droplets is
unknown. In addition, the role of fomites is questionable. Until recently, ferrets
have served as the only animal model for the study of influenza virus transmission.
A novel mammalian model using the guinea pig has recently been developed to
overcome the limitations of the ferret model. Guinea pigs are highly susceptible to
infection with an unadapted human H3N3 (A/Panama/2002/1999, or Pan99) influ-
enza virus, with a 50% infectious dose of 5 PFU, and this virus grows to high titers
in the upper respiratory tract and to moderate titers in the lungs. Transmission of
Pan99 by direct contact and aerosol in this system is 100% (Fig. 6) [153]; however,
transmission efficiency may vary among influenza virus subtypes [154]. Environ-
mental factors such as temperature and relative humidity also appear to play a
substantial role [155, 156]. Control of influenza virus spread during interpandemic
and pandemic periods through vaccination [157] and physical means will be
paramount to abrogating person-to-person transmission and is crucial where viruses
are resistant to currently available antivirals.

9 Perspectives

Effective and timely vaccine development depends on in-depth understanding of
influenza virus biology. Although recent advances have been made, ongoing
research will be required to fulfill this goal. Identification and characterization of
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Fig. 6 Close range transmission of human influenza A among guinea pigs. Inoculated animals
placed in proximity to uninoculated animals (without direct contact) spread Pan99 to all exposed
animals. Adapted from [109]
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the molecular signatures required for transmission will be of utmost importance to
preventing further influenza virus pandemics. Globalization of HIN1 infection in
humans requires parallel efforts on behalf of virologists in conjunction with epide-
miologists and other members of the public health community to translate the
growing body of knowledge into means by which influenza spread can be controlled.
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The Epidemiology of Influenza and Its Control

Lone Simonsen, Cécile Viboud, Robert J. Taylor, and Mark A. Miller

Abstract In this chapter, we highlight how recent advances in influenza epidemi-
ology can inform strategies for disease control. Given the challenge of direct
measurement, influenza epidemiology has benefited greatly from statistical infer-
ence from the analysis of large datasets regarding hospitalization, mortality, and
outpatient visits associated with seasonal circulation of influenza viruses. These
data have allowed comparison of the impact of influenza in various climates and the
evaluation of the direct and indirect benefits of vaccination, the latter through the
vaccination of “transmitter populations” such as school children, to achieve herd
immunity. Moreover, the resolution of influenza epidemiology has undergone a
leap to the molecular level due to the integration of new antigenic and viral genomic
data with classical epidemiological indicators. Finally, the new data have led to an
infusion of quantitative studies from the fields of evolutionary biology, population
genetics, and mathematics. Molecular influenza epidemiology is providing deeper
insight into temporal/spatial patterns of viruses, the important role of reassortment
in generating genetic novelty, and global diffusion of virus variants — including the
role of the tropics, as a source of new variants. Higher resolution, contemporary,
and historic epidemiological data provide a more detailed picture of the effect of
age and other host characteristics on outcomes, as well as better estimates of the
transmissibility of pandemic and seasonal influenza viruses. New epidemiologic
and virologic data from the current A/HIN1pdm 2009 pandemic improve our
understanding of the emergence and establishment of new viral subtypes in
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human populations and their mortality and morbidity burden in the first years of
circulation. Re-examination of observational studies of vaccine effectiveness in
seniors is leading to reconsideration of seasonal and pandemic vaccine priorities,
while mathematical modelers have developed tools to explore optimal strategies for
mitigating on-going and future pandemics. The field of influenza epidemiology has
rapidly progressed in the past decade and become truly multidisciplinary. Progress
could be sustained in the next decade by further interdisciplinary studies between
virology, evolutionary biology, immunology, and clinical outcomes.

1 Introduction

Influenza viruses evolve continuously, challenging mammalian and avian hosts
with new variants and causing complex epidemic patterns with regard to age,
place, and time. Human influenza viruses cause disease through a variety of direct
and indirect pathological effects. The direct effects include destruction of infected
cells, damage to respiratory epithelium, and immunological responses that cause
general malaise and pneumonia. Indirect consequences of infection include sec-
ondary bacterial infections as a result of tissue damage and exacerbation of under-
lying comorbid conditions such as cardiovascular disease, renal disease, diabetes,
or chronic pulmonary disease [1, 2]. Given the lack of the conduct of laboratory
tests, the morbidity and mortality associated with influenza is frequently classified
into broad disease categories, such as pneumonia and influenza (P&I), respiratory
illness, or all-cause (AC) mortality determined through statistical inference, based
on seasonal coincidence of virus circulation and disease outcomes [3-5].

Given the difficulty of directly measuring influenza morbidity and mortality,
time series models have been developed to elucidate patterns of disease within
various age groups and populations [5—13]. Such models allow for quantification of
disease burden by season and severity of circulating strains [9]. Historical data have
also elucidated the links between influenza transmission across geographic regions
and population movements [14] and allowed comparison of the impact and trans-
missibility of past pandemics and epidemics in multiple countries [15-24]. Similar
models applied to prospective syndromic surveillance data have allowed the study
of the epidemiological signature of recurring and reemerging strains of influenza on
populations [25]. Mathematical modeling and statistical analyses of influenza
activity in tropical countries have rekindled interest into the seasonal drivers of
influenza and offered new insights into the circulation patterns of this virus at the
global and regional scales [26-28] (Fig. 1).

The field of influenza epidemiology has recently undergone a quantum leap in
resolution due to the increased availability of antigenic and viral genomic data and
the integration of these data with classical epidemiological indicators [29-32]. The
emerging field of molecular influenza epidemiology and evolution, or “phylody-
namics” [29], has provided a much clearer picture of the complex dynamics of global
influenza virus circulation and reassortment patterns. The growing number of available
influenza genome sequences from specimens collected around the world has started to
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Fig. 1 Comparison of influenza virus seasonal patterns in temperate and tropical countries in the
Americas. Pie charts represent the percent distribution of influenza virus isolation by month as
compiled from WHO data between 1997 and 2005 (color bar). Note the transition in seasonal
patterns from north to south. The latitude of the capital city is indicated for each country in the
legend. Adapted from Viboud et al. [27]

create a more coherent picture of the global epidemiology of influenza, in particular
the interplay between virus evolution, population immunity, and impact.

We highlight how influenza epidemiology through statistical inference tools has
helped refine existing strategies for influenza control. We begin by examining the
spatial and temporal spread of seasonal influenza, and how old and new analytical
tools are reshaping quantitative thinking in influenza epidemiology and control. We
examine historical patterns of disease observed during the three pandemics of the
twentieth century and discuss the epidemiology of the recent avian A/HS5N1
influenza threat and the current A/HIN1pdm 2009 pandemic. We review what is
known about the impact of vaccine in older age groups — the group with the greatest
influenza-related mortality burden — and a discussion of the implications of influ-
enza epidemiology for pandemic planning. We conclude with a short discussion of
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the epidemiology of “H1N1pdm,” the virus behind the current pandemic. Readers
looking for a more comprehensive treatment of the vast field of influenza epidemi-
ology may consider supplementing this chapter with some of the classical reviews
published over the last decades [2, 33-37].

2 Seasonal Influenza: New Insights

The disease burden of annual influenza epidemics varies greatly in terms of
hospitalizations and deaths. In the USA, clinical illness affects 5-20% of the
population and asymptomatically infects a larger number [36]. Infants, who are
exposed to influenza epidemics as a novel antigenic challenge after maternal
antibodies decline, may have attack rates as high as 30-50% in their first year of
life, depending on the frequency of contacts with older siblings [38]. For reasons
not fully understood, influenza viruses cause seasonal epidemics in the northern and
southern hemisphere during their respective winters. In the tropics, the timing of
activity is less defined, with sometimes year-round circulation or bi-seasonal peaks
during the year (Fig. 1) [27, 28, 39-42].

2.1 Methods Used to Estimate the Mortality
Burden of Influenza

Estimates of the number of influenza-related deaths are typically inferred through
statistical analysis. The syndromic diagnosis “influenza-like illness” is rarely labo-
ratory confirmed and is often caused by non-influenza respiratory viruses. More-
over, influenza may be an inciting factor that brings about death from secondary
bacterial pneumonia or an underlying chronic disorder. In these cases, the second-
ary infection or underlying disorders are typically identified as the cause of death
which may occur weeks after the initial viral infection. Because of these ascertain-
ment problems, determining the magnitude of influenza-related deaths requires
indirect approaches in which mathematical or statistical models are applied to
broad death categories. This approach was first used in 1847 by William Farr to
characterize an influenza epidemic in London and was further developed and
extensively used throughout the twentieth century. The refinements include Ser-
fling-like cyclical regression models [6, 12, 18, 21, 43—46] and Arima models [7, 8,
47, 48], which are applied to monthly or weekly time series of P&I or AC mortality.
Overall, investigators from at least 17 countries have used variants of these Ser-
fling-type models to estimate the mortality burden of influenza. Similar issues and
statistical approaches apply to the estimation of the influenza burden on hospitali-
zation [10, 11, 49]. The various statistical approaches all attribute “excess” health
outcomes (deaths or hospitalizations) in winter months to influenza. Such seasonal
approaches are not suited to studying disease burden of influenza in countries with
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tropical climates because they require an annual seasonal pattern of viral activity
interrupted by influenza-free periods.

More recently, the US Centers for Disease Control and Prevention (CDC) has
used an approach to measure hospitalization and mortality burden based on a new
generation of seasonal regression models integrating laboratory surveillance data
on influenza and respiratory syncytial virus (RSV) [5, 11]. In such models, winter
seasonal increases in deaths or hospitalizations are directly proportional to the
magnitude of respiratory virus activity. In the USA between 1980 and 2001,
Thompson et al. [5, 11] estimated that seasonal influenza epidemics were associated
with 17 deaths per 100,000 on average (range 6—28 per 100,000) depending on the
severity of the circulating strains. Reassuringly, different model approaches, with
and without the quantification of the number of viral isolates, yield similar average
estimates of the influenza mortality burden in the USA [13, 50, 51]. Estimates from
Europe and Canada are similar to those from the USA [44, 52, 53]. Viral surveil-
lance data with the integration of hospitalization or death indicators are particularly
useful for the study of influenza in the tropics where there is less seasonality.

2.2 Age and Time Variability in Influenza-Related Mortality
in Temperate Climates

Influenza-related deaths contribute ~5% (range 0-10%) of all winter mortality in
persons over 65 years of age in the USA, with similar proportion in Italy and
Canada [12, 53, 54]. Seasons dominated by the influenza A/H3N2 subtype are
typically associated with 2—3-fold higher mortality than seasons dominated by A/
HINI and influenza B viruses from the 1980s to 2009. The pattern is not always
uniform; there have been influenza A/H3N2-dominated seasons with little excess
mortality (e.g., 20052006 northern hemisphere season). The age-specific risk of
influenza-related (excess) mortality rates rises sharply past age 65 years (Fig. 2).
People aged >80 years are at approximately 11-fold higher risk than people aged
65-69 years. Moreover, in recent decades about 90% of all influenza-related deaths
occurred among seniors >635 years, 75% occurred among seniors aged >70 years,
and 55% occurred among seniors over 80 years [12]. As the population in the USA
and other developed countries has aged substantially over the last decades, the
crude number of influenza-related deaths has been rising. Because the risk of
influenza-related death increases exponentially with age in the later decades of
life, it is essential to standardize for age when comparing mortality impact in
different countries and over time [12, 54].

2.3 Burden and Circulation Patterns of Influenza in the Tropics

Because most seasonal influenza models (“Serfling approaches”) depend on winter
seasonality in the data, they are not generally useful for tropical countries. However,
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Fig. 2 Average age-specific rates of influenza-related excess deaths and hospitalizations for ten
seasons during 1990-2001 in the USA (estimated from Serfling regression models). Note the
characteristic U-shape of severe disease burden by age that characterizes seasonal influenza. Data
source: Vital Statistics from the National Center for Health Statistics (NCHS) and hospital
discharge data from Agency for Health Care Research and Quality (AHRQ)

such models can be used for unusually severe epidemics and pandemics, where the
excess disease burden is many fold greater than in average years [43]. Integration of
viral surveillance data with death or hospitalization indicators is the most useful
approach in tropical settings, although long-term historical surveillance data are
usually lacking [27]. A series of studies in Hong Kong and Singapore recently found
that annual influenza-related hospitalization and mortality rates in wealthy (sub)
tropical locations are similar to those in temperate countries [39—42]. In Hong Kong,
as in many other countries, the influenza is associated not only with pneumonia
outcomes but also with a wide range of chronic health conditions such as diabetes
and cardiovascular diseases [42]. In addition, influenza-related hospitalization rates
in Hong Kong vary with age as a U-shaped curve [41], in which young infants and
elderly people are at highest risk of severe outcomes, reminiscent of the age pattern
of epidemic influenza in the USA and other temperate countries.

The spread of influenza in the tropics has also proven to be an enigma. Influenza
seasonality in the southernmost temperate regions is 6 months out of phase with the
northern hemisphere. A study from Brazil found seasonal influenza activity starting
early in remote, less densely populated equatorial regions of the north (March—
April) and traveling in ~3 months to the more temperate areas of the south during
their winter season (June—July) [28]. This finding was contrary to what was
expected, given that the larger, well-connected, densely populated cities are located
in the south. If population movements were a driving factor like in the USA [14],
then the opposite traveling wave would have been expected. This study has inspired
further studies to investigate the circulation of specific influenza virus subtypes
during a season based on analysis of viral genomics data. Finding firm evidence of
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this unusual circulation pattern suggested from analysis of regional mortality data
also bears on considerations of use of southern or northern hemisphere vaccine
formulation and timing. Because of this study, Brazil is considering changing the
timing of vaccination in the north of Brazil to accommodate the early occurrence of
influenza in that area.

2.4 The Burden of Influenza in Infants and Y oung Children

For age groups other than those over 65 years of age, it can be difficult to measure
the relatively low seasonal impact of influenza mortality above the expected
baseline. However, for occasional severe seasons, a surge in P&I deaths can often
be seen in children and young adults. For example, the 2003—2004 season was
dominated by a new antigenic variant of A/H3N2 viruses (A/Fujian/2003) and was
unusually severe; in the USA, 153 children with documented influenza infections
died of primary or secondary pneumonia and sepsis [55]. Surprisingly, 47% of the
children who died had no known underlying risk conditions. The reason for this
unusual epidemic of pediatric deaths has not been resolved. As a result of this
experience, the CDC enhanced their influenza surveillance system with a reporting
system for children hospitalized with laboratory-confirmed influenza.

2.5 The Impact of Influenza on Morbidity

Very few quantitative data on mild influenza morbidity with known population
denominators are available. The most careful studies using the longest existing time
series come from the Royal Network of General Practitioners in the UK, which has
reported influenza-like illnesses on a weekly basis since 1966 [52, 56]. Such long-
term morbidity records are unique and have allowed the study of the 1968-1969
influenza pandemic transmission patterns based on case data [57]. In addition to the
UK, several countries have national sentinel surveillance systems in place (USA,
France, Netherlands, Australia, and New Zealand are examples). These are used to
detect the onset and peak timing of influenza epidemics, as well as the magnitude of
morbidity impact relative to surrounding seasons. In the USA, emergency room visit
time series are now being analyzed in the context of biodefense research and have
shed light on interannual and age-specific variability in influenza impact [25, 58].

In contrast, quantitative burden studies using samples of national hospital
discharge data and estimation approaches similar to those used for excess mortality
are more widely available, in particular since the 1970s [11, 49, 59, 60]. The
patterns of excess hospitalizations are quite similar to those of excess mortality,
with a U-shaped incidence reflecting the highest values in young children and
seniors (Fig. 2).
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2.6 The Relative Contribution of Influenza and RSV

One controversy in the literature concerns the relative contributions of influenza
and RSV to the winter increase in respiratory hospitalizations and deaths, especially
among seniors. The current CDC modeling approach simultaneously estimates the
influenza and RSV burden by correlating periods of excess mortality with their
respective period and magnitude of viral activity [5]. In the overall US population,
the CDC investigators estimate that the average seasonal RSV burden is approxi-
mately one-third of that of influenza for all seasons during the 1990s. However, the
relative contribution of RSV and influenza varies greatly with age.

For US infants of <12 months of age, the RSV contribution to mortality is more
than twofold greater than that of influenza (5.5 vs. 2.2 deaths per 100,000) based on
the CDC model [5]. Above 5 years of age, mortality due to influenza predominates
in the US data, similar to the age pattern of respiratory deaths in the UK [61]. For
seniors over age 65, the CDC model estimates the average seasonal RSV burden at
~10,000 deaths, which is approximately one-third the estimated deaths attributed to
influenza over the same period. But others disagree; several observational studies
set in the UK by Fleming et al. [62, 63] have argued that RSV has replaced
influenza as the major cause of respiratory mortality and hospitalization, in partic-
ular in the elderly. Further, in a recent laboratory-based study set in a large cohort
of seniors hospitalized with pneumonia, twice as many hospitalizations were
attributed to RSV as influenza [64]. But because influenza-related pneumonia is
most often due to secondary bacterial infections (quite distinct from primary RSV
pneumonia) that occur long after the triggering influenza infection has been
cleared, it is possible that this study substantially underestimated the influenza
burden [65].

Two recent studies carefully delineated the relative burden of influenza and RSV
in children, using seasonality in pediatric respiratory hospitalizations and focusing
the analysis on seasons when the influenza and RSV epidemics occurred at different
times [39, 66]. The authors subtracted hospitalization rates during periods of high
influenza circulation from baseline “peri-influenza” winter periods when neither
influenza nor RSV was circulating (Fig. 3). Using this approach, the authors
attributed a similar number of hospitalizations to RSV and influenza in children
under 5 years in the USA [66]. In a parallel study from Hong Kong, investigators
attempted to delineate the burden of RSV, influenza, and other respiratory patho-
gens in various age groups in this subtropical setting with less clear seasonality
[39]. Although influenza burden estimates in Hong Kong were similar to those of
the USA in most age groups [27], children under 5 years appeared to have
approximately tenfold higher rates of hospitalization in Hong Kong than in the
USA [39]. Such large discrepancies may reflect true geographical differences in
influenza transmission and impact, although they are perhaps more likely to result
from differences in access to hospital care. Indeed, young children in Hong Kong
tend to be rushed to the hospital when they have respiratory symptoms (Malik
Peiris, personal communication).
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Fig. 3 An analytic approach to estimate influenza-related hospitalization rates in USA and Hong
Kong children [39, 66]. This method relies on identifying the precise periods of influenza and RSV
viral circulation for each season studied. Influenza-related excess rates were calculated as the
difference in observed rates between periods of influenza and RSV circulation and those with low
circulation of both influenza and RSV

Finally, there are numerous studies on respiratory virus isolates from children
hospitalized with respiratory symptoms in tropical and subtropical settings. A
review of these studies attributes a substantial proportion of pediatric respiratory
hospitalizations to influenza A and B viruses [67]. Unfortunately, it is difficult to
compare findings across studies because they are often carried out using different
laboratory techniques and are set in different study years, seasons, and clinical
settings. These studies frequently present a systematic age pattern that suggests that
RSV is more important in infancy, with a gradual shift to influenza by about 5 years
of age as the pathogen more likely to cause severe respiratory illness.

2.7 Observational Transmission Studies

The transmission patterns of influenza were carefully documented in classic virus
surveillance studies that meticulously followed all respiratory illness episodes in a
large number of families in Cleveland, Ohio, Tecumseh, Michigan, Seattle, and
Washington in the 1950s through the 1970s [35, 68, 69]. Unfortunately, such
careful studies have not been repeated in contemporary populations, so little is
known about the consequences of increasing population movements and changes in
intrafamilial interactions. The result is that the existing mathematical models
employed to “forecast” the likely patterns and spread of a pandemic influenza
virus rely largely on parameter values of transmission and age group dynamics
that are decades old and may not reflect current realities.
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In parallel to careful family studies tracking the infection status of each individ-
ual, time series mortality data aggregated at the scale of cities, regions, or countries
can also be used as a proxy to estimate the transmissibility of influenza [16, 19, 20,
23, 24, 70-73]. Two crucial factors, the basic reproductive number, RO, and the
effective reproductive number, R, have been estimated for pandemic and epidemic
influenza. RO measures the average number of secondary infections per primary
case for a new pathogen invading a fully susceptible population (e.g., a pandemic
influenza virus), whereas R measures a similar quantity for a recurrent pathogen re-
invading a partially susceptible population (e.g., seasonal influenza virus). Current
estimates of RO and R are in the range of 1.7-5.4 for pandemics and 1.0-2.1 for
seasonal influenza epidemics. While these estimates of transmissibility are not as
high as for other respiratory viruses (e.g., for measles R is ~15), the generation time
for influenza is relatively short, on the order of 2—4 days. Consequently, in a 60-day
period, there could be R to R©®”? infections.

Overall, the use of time series of population-level data (hospitalizations, mortal-
ity) in large populations has provided a more complete picture of the transmissibil-
ity of influenza through space and time. One study correlated mortality peaks in US
influenza seasons for the last 30 years with daily transportation data and found that
epidemics spread across the country in an average of about 6 weeks and that
transmission was correlated with adult work travel patterns [14].

2.8 Syndromic Surveillance and Its Contributions to Influenza
Epidemiology

Use of real-time syndromic surveillance data is another area with substantial
promise in influenza epidemiology. Information technology now allows for the
rapid compilation and analysis of electronic health records from emergency rooms,
inpatient hospitals, and outpatient clinics. Syndromic surveillance efforts have
already provided a new level of insight into age and geographic patterns of impact
of influenza epidemics. In particular, a recent study that combined time series
analysis of age-specific emergency room visits with laboratory-confirmed timing
of influenza and RSV periods in New York City demonstrated that the burden of a
contemporary influenza epidemic varies greatly at the level of age cohorts in
children and adults, perhaps as a consequence of different historical exposures to
influenza [25].

2.9 Influenza Genomics and Molecular Epidemiology

Phylogenetic and antigenic studies of influenza viruses have increased our under-
standing of the emergence and spread of new influenza drift variants both locally
and globally. Begun in 2004, the Influenza Genome Sequencing Project, as well as
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an increased number of sequences published by other contributors, has resulted in
the publication of over 80,000 influenza genes from isolates around the world
isolated from numerous species. These data have led directly to advances in
molecular influenza epidemiology [31]. Studies emerging from this project have
demonstrated a high frequency of gene segment reassortment in A/H3N2 viruses,
perhaps more frequent around the time of transition to new antigenic variants [30].
Specifically, one possible mechanism leading to the emergence of antigenic novelty
is reassortment between dominant and subdominant lineages of past seasons.
Further, each A/H3N2-dominated season features multiple genetically distinct
cocirculating lineages that may or may not have similar antigenic properties [32].
Studies of recent epidemics of A/H3N2 in New York City and New Zealand have
shown that next season’s viruses are seeded by importation either from the opposite
global hemisphere or from the tropics and that there is no preferred hemisphere
leading the circulation of viruses [74]. This rapidly emerging area of molecular
influenza epidemiology has increased our understanding of viral circulation pat-
terns around the globe, and the genesis and spread of drift variants.

3 Pandemic Influenza: Lessons from Historical Data
and Modeling

Historic experience with influenza pandemics in the twentieth century has been a
prelude to the current pandemic with the global spread of novel A/HIN1pdm virus
[75]. The three pandemics of the twentieth century — the 1918 A/HIN1 “Spanish
influenza,” the 1957 A/H2N2 “Asian influenza,” and 1968 A/H3N2 “Hong Kong
influenza” — were highly variable in terms of mortality impact (Table 1). The
catastrophic 1918 pandemic resulted in 0.2% to as much as 8% mortality in various
countries around the world and an estimated global mortality of ~50 million people
[76]. The relatively mild 1968 pandemic, however, was not appreciably worse than

Table 1 Mortality impact and patterns of three most recent pandemics, compared with the
contemporary impact of seasonal influenza

Pandemic and virus Evolutionary history ~ Approximate Proportion of deaths in
subtype (segments involved)  global mortality persons <65 years of age
impact
1918-1919 A(HIN1) All avian (all eight ~50 M ~95%
segments)
1957-1958 A(H2N2) Reassortant ~1-2M ~40%
HA + NA + PB1
1968-1969 A(H3N2) Reassortant ~0.5-1 M ~50%
HA + PB1
Contemporary H3N2 No shift — only ~0.5-1M ~10%
seasons gradual genetic
drift

HA hemagglutinin, NA neuraminidase, PB1 polymerase, M million



38 L. Simonsen et al.

other severe seasonal epidemics in terms of total influenza-related deaths, whereas
the 1957 A/H2N2 pandemic was moderately severe [15, 18]. As of September
2009, in the northern hemisphere autumn season, the impact of the A/HINI
pandemic virus appears relatively mild, though it has an uncertain future of
mutating to a more virulent strain.

3.1 History Lessons from the Field of Archaeo-Epidemiology

Recent efforts to re-examine the 1918 Spanish influenza pandemic [77], as well as
that of later pandemics, have allowed for a more comprehensive view of pandemics
and highlighted their diversity in time and space. Historical vital statistics data have
been analyzed to provide a quantitative analysis of the last century’s three pan-
demics. For each of these pandemics, there was a quantitative and qualitative
change in the mortality patterns, as compared to seasonal influenza epidemics.
The shift of the mortality burden to younger ages has been a “signature” of each
pandemic and stands in marked contrast to the low mortality burden among young
people during typical influenza epidemics [15, 78]. This age shift was most
pronounced in the 1918 pandemic but occurred in all three pandemics for which
age group mortality data have been studied (Table 1; Fig. 4). During the initial
outbreak of the novel HINI1pdm virus (April 2009), a shift of morbidity and
mortality toward younger age groups was observed in Mexico [79] and remains a
characteristic of this virus.

Sero-archaeology studies of collections of serum from blood donors have been
informative about preexisting influenza antibodies and therefore indicate the past
circulation of historical pandemic viruses, even in tropical populations. These
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Fig. 4 Age-specific mortality impact of three historical pandemics contrasted with the average
impact of recent A/H3N2 epidemics in the 1990s. Based on a Serfling model applied to US all-
cause excess mortality data (and presented on a logarithmic scale)
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studies provide interesting pieces of the puzzle but have unfortunately fallen out of
fashion lately. For example, one collection of serum gathered before the 1968
pandemic showed that people born before 1892 had antibodies to the hemagglutinin
A/H3 antigen; this may partially explain the fact that seniors older than 77 years
were only at a decreased risk of death during that pandemic [15, 80]. In another
example, a sero-epidemiology study looking at influenza antibodies in a population
of women in Ghana following the 1968 pandemic showed that in the tropics, most
had become infected 5 years after the emergence of the A/H3N2 subtype [81].

A similar antigen recycling phenomenon may explain the low rates of morbidity
and mortality observed in people over the age of 50 years in the early months of
A/H1N1pdm virus circulation [79]. For almost all persons born from 1918 to 1957
(~52- to 91-year olds in 2009), the first exposure to an influenza A virus was to the
strains containing A(H1); those born from 1957 to 1968 (~41 to ~52) to A(H2);
those born since the 1968 pandemic (<41 years of age), most likely first saw A(H3).
Indeed, the A(H1) subtype was reintroduced in 1977 but rarely dominates [5],
suggesting that most people born after 1977 were first exposed to A(H3) viruses.
This is important because the concept of “original antigenic sin” postulates that the
first encounter with an influenza virus, likely in childhood, provides the strongest
immunity in later years [82]. Therefore, people born before 1957 may have the
greatest natural immunity to the currently circulating A/HIN1pdm pandemic virus
in 2009 [79].

Looking back to the 1918 A/HIN1 pandemic suggests that antigen recycling
may have also played a role and could partly explain the extreme case of mortality
age shift associated with this pandemic. In this pandemic, seniors were completely
spared, in stark contrast to the extreme mortality impact in the young adults, as
shown by age-specific mortality surveillance from New York City (Fig. 5) [17, 78].
This was further confirmed in an additional study of age-detailed mortality time
series from Copenhagen [22]. This phenomenon could be explained by immune
protection conferred by prior exposure (recycling) of an HINx virus in the late
nineteenth century. Alternatively, the atypical mortality spike in young adults in the
1918 pandemic may be explained by an unusual immune dysfunction causing a
“cytokine storm” [83, 84], which primarily affected young adults. These two
possibilities — recycling and immune pathology — cannot be resolved without
further experimental and epidemiological studies. This unfortunately leaves us
with a great unknown as we attempt to deal with the current pandemic: if the
pandemic virus contains a hemagglutinin antigen that has not previously circulated
in human populations — such as the current avian A/H5N1 virus in Asia — then the
recycling hypothesis would suggest seniors could be at great risk, as suggested by
one author [85]. In contrast, the immune pathology hypothesis suggests that
immune senescence might mitigate the full impact among seniors, leaving young
adults at highest risk of dying.

Comparative studies of pandemic influenza in multiple countries have revealed
many interesting insights. For example, a recent study used annual mortality data
from multiple countries to estimate the mortality burden of the 1918-1920 influenza
pandemic and uncovered substantial geographical differences in influenza-related
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mortality rates. The percentage of the population that died varied from 0.2% in
Scandinavia to 8% in some areas of India, representing a 40-fold difference in
mortality risk in these settings [76]. The underlying reasons for this substantial
variability are not well understood but might be revealed by additional historical
pandemic studies.

In a second example, analysis of excess mortality data from several countries put
a surprising spin on the 1968 pandemic [18]. An unexpected pattern of a “smolder-
ing” mortality impact in European and some Asian countries was revealed — a
relatively mild first wave of the emerging virus in the 1968-1969 season, followed
by a very severe 1969—1970 season. This is different from the classical impression
based on the North American experience that most of the impact occurs with the
first exposure to pandemic strains. It may be more common than previously thought
that the first wave of a pandemic virus results in low mortality, only to be followed
by a more dramatic impact a few months later. Indeed, this intriguing pattern was
not only observed in some countries during the mild 1968 pandemic but also
consistent with the herald wave experience in New York City and Scandinavia
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during the catastrophic 1918 pandemic [17, 22]. Further, historical mortality data
from the less-studied 1889-1892 pandemic in England also suggest a pattern of
successive pandemic waves where the first encounter was not the most lethal [86].
The reasons for this “smoldering” (or herald wave) pattern are still unknown and
may be partly related to on-going adaptation in newly emerged pandemic viruses
and preexisting population immunity.

3.2 Transmission Models Used to Predict Future Pandemic
Scenarios

Mathematical transmission models have been employed to simulate in detail the
possible spread of a new pandemic virus in a susceptible human population (e.g.,
[70, 71, 87, 88]). These models seek to predict the spatiotemporal dynamic of a
hypothetical pandemic virus and the effectiveness of intervention strategies such as
vaccination before an outbreak with a partially matched, low-efficacy vaccine,
distribution of antivirals for prophylaxis or treatment, school closure, case isolation,
and household quarantine. These models generally agree that a combination of
measures, if implemented early and with sufficient compliance, might bring about a
meaningful level of mitigation and substantially slow geographic spread.
Subsequent studies found that early, targeted, and layered use of nonpharmaceutical
interventions could greatly reduce the overall pandemic attack rate, provided the
intrinsic transmissibility (basic reproductive number, R0O) of the emerging virus is
not greater than two [89—91]. Mathematical models can be useful to estimate the
potential impact of interventions assuming a wide range of parameters. Further-
more, they can prioritize research by highlighting the most sensitive and uncertain
parameters for a desired outcome. Simulation models currently used for pandemic
planning still need to be tested against real disease data, and for this we must
continue to gather data on influenza morbidity, mortality, and viral genetic
sequences in both pandemic and seasonal influenza scenarios [92].

3.3 Predicting the Impact of Pandemics

Until spring 2009, concern has focused on the highly pathogenic variant of A/H5N1
influenza that emerged in Hong Kong in 1997 and remerged in 2003. A/H5N1 has
now spread to avian populations in more than 30 countries. It is present endemically
in Southeast Asia, causing regular die-offs in poultry and wild birds, and occasion-
ally affects humans. As of August 31, 2007, the World Health Organization (WHO)
had counted 327 laboratory-confirmed H5N1 cases and noted a very high case
fatality of ~61% (http://www.who.int/topics/avian_influenza/en/ 2007). While
HS5NI1 continues to be an economic problem in Asia, Africa, Europe, and the Middle
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East, the critical question for public health is whether it will gain the ability to
effectively transmit among humans. This could occur in one of the two ways: by
gradual mutations of avian H5NI1 viruses, or by reassortment with circulating
human influenza A viruses (H3N2 or HIN1), in humans or another animal. Several
comprehensive discussions of the threat of an avian influenza pandemic have been
published (e.g., [85, 93-96]).

There are still many uncertainties about the pandemic potential of the circulating
avian H5N1 virus, including its potential to effectively transmit between humans
and the evolutionary mechanisms that may concurrently affect its virulence. The
classical belief is that extremely pathogenic viruses are not well adapted to their
hosts — moribund patients do not transmit viruses as easily as those who remain
mobile. Further, the pathogenesis of novel pandemic viruses remains unclear, in
particular the proportions of severe disease caused by immune-mediated patholog-
ical responses, secondary bacterial infections (for which treatments exist), and
exacerbation of chronic illnesses. Modern medicine can mitigate some of the
pathological mechanisms and control secondary bacterial infections to a certain
extent; however, there is undoubtedly a different proportion of persons living with
chronic comorbid conditions now than was the case during previous pandemics.
Finally, we do not know the degree of cross-protection afforded by early exposure
to other influenza virus antigens [97]. If one simply applies the 1918 mortality
experience to today’s population, anywhere from 0.2% to 8% of a country’s
population could die, and the highest burden would be suffered by developing
countries [76].

The emergence of the HIN1pdm virus poses the threat of a potentially severe
pandemic in the months to come. Research efforts have intensified and a vaccine
has been developed, but many questions remain unanswered. We do not know
whether the HIN1pdm virus will reassort with seasonal influenza viruses. We do
not know what proportions of severe disease caused by immune-mediated patho-
logical responses, secondary bacterial infections, and exacerbation of chronic ill-
nesses it will cause nor do we know how well medical interventions will mitigate
the impact. In terms of mortality, although age groups with severe disease tend to be
under 60 years of age, there are more people living with comorbid conditions than
during previous pandemics. Thus, for the moment transmission dynamics, morbid-
ity and mortality impact, and the degree of immunity remain obscure.

4 Epidemiology and the Control of Influenza

Influenza vaccines were originally developed for use by the military and have been
shown to be highly effective in preventing infection in healthy adults [98]. Most
countries that use seasonal influenza vaccine have adopted a policy of targeting
influenza vaccination efforts to those at “high risk” of severe outcomes, including
those age 65 years and older, persons with certain chronic diseases and their close
contacts. Although current policy continues to emphasize vaccination of seniors,
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the “gold standard” evidence that this strategy effectively reduces influenza-related
mortality in that age group is not strong [99]. It has recently become evident that
influenza-related mortality has not decreased in at least some countries despite
major gains in vaccination coverage among people at highest risk [5, 12, 54, 100].
Because “gold standard” evidence from randomized clinical trials is scarce, epide-
miological tools and studies constitute the vast majority of the evidence base for
whether vaccination programs are beneficial. Paradoxically, observational studies
have consistently argued that about 50% of all winter deaths in seniors are pre-
ventable with influenza vaccination despite the relatively low immune response to
vaccine in this population [101].

4.1 The Scarce Evidence from Clinical Trials

Langmuir, who originally formulated the policy of targeting seniors and high-risk
population for vaccination, questioned whether the vaccine would really be effec-
tive in seniors who respond less vigorously to the vaccine than younger adults
[102]. Only a single randomized placebo-controlled clinical trial set in young
healthy seniors is available. It showed that vaccination effectively prevents influ-
enza illness in seniors aged 60—69 years but could not document significant benefits
in seniors >70 years [103]. The authors expressed concern that their nonsignificant
finding of 23% efficacy in seniors >70 years old indicated immune senescence
(a decline in immune response with age), although they also noted limitations on
the statistical power of their study to address this question. As both T-cell and
B-cell responses are impaired in older individuals, it is plausible that the vaccine
antibody response to the drifting influenza viruses and vaccine components is less
vigorous in seniors [104]. Consequently, immunologists have long perceived a need
for more effective vaccine formulations for this population, including the need for
adjuvants and a move back to whole-cell vaccine products. The recent emergence
of novel avian strains and development of vaccines against them has reopened
many of the discussions of immunogenicity and correlates of protection.

4.2 Evidence from Observational Studies

In the near-absence of randomized clinical trials, these cohort studies have long
provided the evidence base that supports influenza vaccine policy. Paradoxically,
the concerns about immune senescence and vaccine failure have existed in parallel
with cohort studies reporting extraordinarily large mortality benefits in vaccinated
seniors [105—-107]. In these studies, comparison of vaccinated and unvaccinated
seniors indicates that vaccination could prevent fully 50% of all deaths among
during winter months, implying that influenza causes half of all winter deaths
among seniors. Instead, meta-analyses consolidated the findings and produced
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estimates with tight confidence intervals. But only about 5% of all winter deaths can
be attributed to influenza in an average season according to excess mortality studies
[5, 12, 54]. Even in the 1968 A/H3N2 pandemic and in more recent seasons such as
1997-1998, when the vaccine was completely mismatched to the new circulating
variant of A/H3N2, the proportion of all deaths attributed to influenza never
exceeded 10% of all winter deaths among seniors [12].

A few researchers subsequently addressed this paradox directly and investigated
the possibility that unrecognized bias has led the majority of cohort studies to
systematically overestimate influenza vaccine benefits. In 2006, two published
reports clearly demonstrated that the senior cohort study findings are largely a
result of systematic mismeasurements [108, 109]. First, they showed that the
greatest mortality reductions occurred in early winter before influenza ever circu-
lated and were not specifically associated with the peak influenza period. Second,
they showed that the analytical adjustment techniques typically used in cohort
studies actually magnified the mismeasurement rather than reducing it. The authors
concluded that the magnitude of the unadjusted bias detected was sufficient to
account entirely for the observed benefit of 50% mortality reduction during the
entire winter period. This problem in the evidence base was also highlighted in a
recent Cochrane review and an editorial [106, 110]. The source of bias may be a
subset of frail seniors who are undervaccinated in the fall months for that season
and subsequently contribute substantially to mortality in the early winter months
[99]. Studies have substantiated that frail elderly are indeed vaccinated less often
than their healthy peers [111, 112]. Controlling for these biases yields far more
modest estimates of mortality reductions [113].

In summary, the emerging picture is a mixture of that residual selection bias,
counter-productive adjustment efforts, and low-specificity endpoints has led to
systematic overestimation in virtually all cohort studies published over the last
decades. Adjustments for selection bias may be possible, but only if high specificity
endpoints are studied. Beyond that, a commonly agreed set of standards for carrying
out and reporting observational studies that includes a framework for detection of
bias would be helpful. Also, previously published observational studies could
undergo reanalysis, guided by such expectations as that vaccine benefits should
be highest in peak influenza periods and for well-matched influenza vaccines. We
have recently proposed such a framework [99].

4.3 Revisiting the Evidence Base Supporting Strategies
Jor Protecting Populations with Vaccine

If we discount the biased cohort studies, the remaining studies suggest that the
benefits of the vaccine are in fact much less than previously thought to be —
probably lower than 30% in seniors >70 years of age. This assessment is based
on the “gestalt” of results from the randomized placebo-controlled clinical trial
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Fig. 6 Herd immunity and influenza vaccination. Encouraging evidence from the Japanese
experience of vaccinating school children between 1964 and 1996. The graph compares the
different phases of the vaccination program with baseline total death rates, rates of excess deaths
from all causes and pneumonia and influenza, in Japan, 1950-1998. Adapted from Reichert et al.
[117,122]

described earlier [103], a nested case—control study using laboratory-confirmed
endpoints from an RSV study [64, 65], and the excess mortality studies showing
little decline in mortality as vaccine coverage rose [12, 54]. None of these studies
are conclusive, but if these findings hold up in future studies, then there is ample
room for improvement of influenza vaccines, including better vaccine formulations,
adjuvants, or higher doses or combinations of live and killed vaccine doses
[114-116].

Japan is the only country that has implemented a policy of vaccinating school
children, with a strategy of reducing transmission in the community and thereby
indirectly protecting high-risk populations. Although Japan abandoned this policy
in 1994, an excess mortality study found evidence that it was associated with
substantially reduced excess mortality in elderly people for the decades it was in
place [117] (Fig. 6). Other studies have examined the value of inducing greater herd
immunity based on local community trials or mathematical models [118-121], but
unfortunately none have thus far proved conclusive enough to extend the policy of
school children vaccination nationally. To fully investigate the indirect benefits of a
school children vaccination program, it would be necessary to conduct a large
cluster-randomized study across the country; such a study has been proposed but
has not yet been undertaken [122].

4.4 Vaccines for the Control of Pandemic Influenza

Prior to spring 2009, a great deal of effort had been expended to develop and
clinically test several types of vaccines against HSN1 influenza, including inacti-
vated, live-attenuated, and DNA vaccine preparations. Several countries had stock-
piled million doses of “prepandemic” inactivated vaccines based on H5N1 strains.
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During May to August, 2009, a first vaccine against the HIN1pdm virus has been
developed with plans to vaccinate populations in the northern hemisphere autumn
months. National planning documents have set forth priorities for how to deploy an
effective vaccine as it becomes available, and detailed logistical plans have been
laid for vaccine distribution. WHO and national pandemic plans are reviewed in
Uscher-Pines et al. [123].

But uncertainties abound. We still do not know which age groups will be most at
risk, although a shift in mortality toward younger people is very likely. Whether this
shift will put young adults at greatest absolute risk (as was the case in 1918-1919),
or just higher relative risk (as in 1957-1958 and 1968—1969), cannot be predicted.
Although effective vaccines against HIN1pdm have already been developed and
are being manufactured in large quantities, just how quickly the billions of doses
required to vaccinate a substantial portion of the world’s population will be
available is unknown. Resource-poor countries fear that they will be able to obtain
vaccine for their populations only after wealthy countries have covered their own —
a fear that had already exacerbated tensions over sharing of HSN1 data and samples
[124]. For all these reasons, it is not clear that policy makers’ hopes that vaccines
will play a major role in limiting the global impact of the next pandemic will be
realized.

5 Remaining Questions in Influenza Epidemiology
and Considerations About the 2009 Pandemic

Many unsolved questions about influenza epidemiology remain [86, 125-127].
Solving these riddles will depend on the successful integration of many separate
fields, including immunology, phylogenetics, virology, and clinical ascertainment.
Exciting progress has recently been made in areas where mathematical modelers
and phylogenetic researchers have entered the influenza field [29, 31, 128, 129].
This cross-fertilization has, for example, produced useful new findings in molecular
influenza epidemiology, which may in turn lead to improved tools for the selection
of vaccine strains [130].

Regarding pandemic influenza, for more than a decade the world had been
bracing for a pandemic emerging from an avian H5N1 virus. Preparedness efforts
anticipated that a pandemic would likely originate in Asia and focused strongly on
surveillance of wild and domestic birds. Instead, the pandemic HIN1pdm virus
emerged in Mexico, displaying a complex evolutionary lineage drawn from gene
segments found in human, avian, and swine populations.

Fortunately, the HIN1pdm pandemic has thus far proved to be relatively mild,
and the mortality impact of the summer 2009 northern hemisphere wave was not
severe. Unlike seasonal outbreaks, however, the mortality and morbidity patterns of
HINIpdm show the “signature age shift” typical of influenza pandemics. Adults
aged 20-50 years are at highest risk of severe morbidity and mortality [79], whereas
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children experience high rates of illness but relatively few severe outcomes. Seniors
are largely spared from both illness and death, perhaps because of childhood
exposure to HINT1 viruses circulating during 1918—-1956.

Taken together, these features — a mild summer wave with elevated mortality in
young adults and sparing of seniors — resemble the first wave pattern of the 1918
pandemic in the USA [17] and Europe [22]. Of note, morbidity impact in the first
wave varied a great deal among US cities and regions [131]. For example, about 7%
of New Yorkers have experienced influenza-like illness during the early weeks of
the epidemic May 1-20, 2009, based on a phone survey [132], whereas other cities
experienced little or delayed elevation of influenza-like illness [131]. Such spatial-
temporal heterogeneity in timing of local epidemics remains unexplained.

Southern hemisphere countries, however, had the first encounter with the
HINIpdm virus under typical winter conditions. Reports from Argentina, New
Zealand, and Australia suggest that pandemic impact is heterogeneous. Argentina
experienced an emergency situation with severe overcrowding in hospitals and
intensive care units, whereas New Zealand or Australia experienced no more than
the equivalent of a severe A/H3N2 seasonal influenza epidemic [133]. Such varia-
bility between countries occurred during the 1918—1920 pandemic and was attrib-
uted to differences in access to care and overall mortality risk among developing
countries [76]. In this on-going outbreak, however, it is still too early to quantify
differences in disease burden with precision.

The case fatality rate is a key indicator of the severity of the HIN1pdm pandemic
and an important decision parameter for determining pandemic response. But it is
difficult to make an accurate estimate early in a pandemic. Because most HIN1pdm
cases are not confirmed by laboratory testing and therefore not included in the
“confirmed” tally, the case fatality rate tends to be greatly overestimated. In New
Zealand, a combined strategy integrating epidemiological surveillance and model-
ing led to a case fatality rate estimate of 0.005% [134], far lower than earlier
estimates based on early data from Mexico [135] and lower than the typical
seasonal case fatality rate of ~0.2%. It is important to consider that while the case
fatality rate — and perhaps even the total number of HIN1pdm-related deaths — may
be lower than in a typical seasonal influenza epidemic, the higher proportion of
deaths occurring in young adults results in a much higher burden of life years lost
than in a typical influenza season, where 90% of deaths occur in those over 65 years
of age [12].

Even though the similarities in the epidemiology of HIN1pdm and the 1918
pandemic are worrisome, as of September 2009, the pandemic is still relatively
mild. We simply cannot know whether the virus will cause more severe waves in
the coming months and years. A likely challenge will be the constant, dynamic real-
time reassessment of benefit/risk of vaccinating atypical target groups during a
pandemic. While policy makers plan to target vaccines to various groups, the
perceived benefits from individuals will be based on severity of illness and real or
temporally associated adverse reactions identified through surveillance and the
media. Rapid reassessments of risks and benefits will be crucial for the viability
of a vaccination program.
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One impending question regarding vaccines, however, is whether the HIN1pdm
virus will replace either or both of the influenza A viruses that had been circulating
previously, H3N2 and HINI. If all three cocirculate in the next season, the new
HINIpdm could be added as a component in the seasonal vaccine. But even if the
new H1N1pdm thoroughly dominates the 2009-2010 season in one country, the other
subtypes should probably still be included until the long-term pattern becomes clear.
For example, it is not unusual for influenza A/H3N2 viruses to account for >99% of
influenza specimens isolated in a country on a given year, only to become uncommon
the next year, when seasonal A/HINI1 or influenza B virus might dominate. To avoid
dropping any component too soon, it will be necessary to track subtype distribution
globally over at least a few years. If history is a guide, as immunity builds up in
younger population, the HINIpdm virus will cause seasonal epidemics, with a
proportionate shift in mortality to the older age groups.

Whatever the scenario, the epidemiological characteristics of a pandemic
directly affect the ethical principles that should be invoked when allocating limited
vaccine doses [136, 137]. For that reason, it is absolutely essential that real-time
surveillance data from the early phase of a pandemic continue to be freely shared
and rapidly interpreted to determine who is at risk and where scarce resources such
as pandemic vaccine and antivirals could best be used. Moreover, pandemic
planners should build sufficient flexibility into their plans to allow rapid shifts in
planned control strategies, as key epidemiological insights hopefully become avail-
able in the early pandemic phase. Continued influenza surveillance efforts in
temperate and tropical regions, combined with international sharing of epidemio-
logical and viral sequence data, are our best hope for limiting the impact of current
and future influenza pandemics.
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Epidemiology of Influenza in Tropical
and Subtropical Low-Income Regions

W. Abdullah Brooks and Mark C. Steinhoff

Abstract Influenza appears to be a major contributor to morbidity, hospitalization,
and likely mortality in the tropical and subtropical low-income countries; however,
its contribution has been largely underestimated due to a lack of data from these
regions. Limited available data indicate that influenza circulation in the tropics
differs in two respects from that in the temperate northern and southern hemi-
spheres. First, while seasonal influenza tends to occur primarily in the late fall and
winter in temperate zones, it appears to circulate year-round in tropics, with
seasonal influenza A peaks between March and September in many of tropical
settings, complementing temperate zone seasonality. This prolonged circulation
may partly account for its apparent higher incidence in those countries where data
are available. Virus circulation in East and Southeast Asia may determine seasonal
reintroduction and circulation elsewhere. Second, the fraction of infections result-
ing in clinically important illness, particularly childhood pneumonia, appears to be
higher in the tropics. Influenza may be responsible for a substantial fraction of the
childhood pneumonia and pneumonia-related mortality, both from primary infec-
tion and from interaction with respiratory bacterial agents in the tropical belt.
Introduction of influenza vaccine as a means to control influenza-related pneumonia
in young children may be warranted. Indeed, control of childhood pneumonia may
provide a mechanism for influenza vaccine uptake in these countries with wider
benefits to both disease burden and mortality reduction, as well as surge capacity for
vaccine production during pandemics. Concern about pandemic influenza has
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increased interest in vaccine use, including increased seasonal vaccine use, and
initiation of vaccine production in some countries. Continued and enhanced sur-
veillance in the tropics, particularly in East and Southeast Asia, is warranted both to
monitor burden and the impact of interventions, such as vaccination, and to identify
emergence and spread of novel viruses.

1 Purpose and Background

The purpose of this chapter is to summarize available influenza data from largely
underrepresented, high respiratory disease-endemic regions of the tropical and
subtropical belt. This will allow a comparison of the epidemiology between
regions, and in so doing, reveal important knowledge gaps in global influenza
epidemiology. At the same time, this comparison will permit, where data are
available, identification of clinical management and disease control opportunities.
Finally, it will facilitate identifying outstanding research and intervention needs to
the research community, policy makers, funding agencies, and other stakeholders.

A key focus of this review is the burden of childhood pneumonia, which is the
leading cause of child mortality worldwide, and which in 2000 caused 1.9 million
deaths in this age group [1]. This may be an underestimate due to misclassification
of neonatal deaths and inadequate surveillance in high pneumonia-endemic regions.
Importantly, over 90% of these global deaths occur in 40 developing countries, and
two thirds occur in just ten tropical and subtropical countries [2] (Fig. 1). The role
of invasive bacterial disease has been well described by both disease burden and
vaccine trials [2-8], leading to recommendations for vaccination against Haemo-
philus influenzae type b and Streptococcus pneumoniae infections [9, 10]. The
contribution of influenza, as well as other respiratory viruses, to childhood pneu-
monia is not well described [11], partly because influenza historically has been
perceived as a mild disease that is uncommon in the tropical belt [12]. The threat of
pandemic influenza, often arising in tropical regions, has increased interest in
influenza virus surveillance, defining the influenza disease burden and approaches
to vaccine intervention in this part of the world. This chapter will focus on
nonpandemic, seasonal influenza disease as the chapter by Simonsen et al. reviews
pandemic influenza disease.

2 Geographical Distribution

Global influenza disease burden data are spotty, as many developing countries do
not have an influenza surveillance system or adequate laboratory capacity for virus
detection. However, sites in sub-Saharan Africa, Latin America, as well as southern
and northern Asia have recently added influenza surveillance programs [13].
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A major factor in increasing surveillance capability has been the introduction of
nucleic acid technologies, including RT-PCR for virus detection, and reduced
reliance on cell culture. Despite these changes, most of the recent data are from
local outbreaks or passive sentinel hospital- or clinic-based studies, with very little
from population-based surveillance, which can provide denominators of at-risk
populations, and therefore incidence.

2.1 North/South East Asia and Pacific (1.99 Billion; 29%
of Global Population’)

A recent review of published data on human influenza from January 1980 through
December 2006 [14] identified 35 publications with sufficient detail to assess data
but found laboratory-confirmed data from only 9 of the 18 eligible countries from
the region, including Thailand, Taiwan, Hong Kong, Japan, Korea (South), Indo-
nesia, Myanmar, Malaysia, and Singapore (Table 1). Notably, no English-language
reports were found from the Republic of China or Vietnam though subsequent to
this survey there have been reports from these countries [15—17]. Only 5 out of 35
eligible studies from this selection included true incidence data for influenza. The
remainder of these studies concentrated on pneumonia etiological assessment and/
or hospitalizable illness, outpatient visits, febrile seizures, mortality, or other out-
comes. Two studies from Hong Kong and Singapore used indirect statistical
modeling methods to estimate influenza disease burden from local databases of
hospital discharge diagnosis, cause of death, and virological surveillance. Of the 15
studies that reported influenza-related pneumonia hospitalization, 14 (93%) used
cell culture for virus detection and reported a range of 0-12% of laboratory-
confirmed influenza among cases. All 13 outpatient studies used cell culture and
reported laboratory-confirmed influenza among 11-26% of tested patients.

Using passive surveillance, a report from Thailand estimated the annual influ-
enza incidence at 64-91 episodes/100,000 persons [14]. Among the other studies
with incidence rates, not all reported population-based estimates. A study in Hong
Kong reported an average of 10.5% of patients per week being influenza positive
(29.3 cases/100,000 hospital admissions), while another study from Hong Kong
estimated 4,051 excess hospitalizations for pneumonia and influenza and 15,873 for
respiratory and circulatory diseases, with year-round influenza circulation with
seasonal peaks occurring from January to March [14]; data from Hong Kong
(Yap et al.) reported influenza admissions among persons >65 years in the range
of 58.5 episodes/10,000 persons >65 years. Another Hong Kong-based study from
Chiu et al. estimated the attributable hospitalization risk to be over 280 episodes/
10,000 child-years among children <1 year, over 200 episodes/10,000 for children
1-2 years, 77 episodes/10,000 for children 2-5 years, and nearly 21 episodes/

!Country population estimates from UNICEF, 2008 with global total = 6.734 billion.
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10,000 for children 5-12 years in 1999 [14]. Regarding mortality rates, a study from
Hong Kong estimated 3—16% of all deaths among persons >65 years to be influenza
related, while another study from Singapore estimated influenza was associated
with 14.8 episodes/100,000 person-years for all-cause mortality or 3.8% of all
deaths. These hospitalization rates are substantially higher than those reported in
the USA, although mortality rates (Singapore) are similar [18, 19].

Regarding laboratory-confirmed illness, 11-26% of outpatients with influenza-
like illness were confirmed to have influenza in these studies. In terms of seasonal-
ity, those in more northern latitudes (Taiwan, Japan) reported winter seasonal
peaks, while those in the tropics reported year-round circulation with peaks during
the rainy seasons (May to September) [20-22] (Fig. 2).

Despite the relative wealth of the SE Asian region, until recently only half of the
countries had influenza-related illness or mortality data, and of these, a minority
reported disease burden rates with laboratory-confirmed influenza. Methodological
issues, including case definitions and spectrum bias in patient selection for passive
surveillance, make intercountry comparisons difficult. Importantly, the laboratory
diagnostic techniques used in these studies (typically tissue culture) substantially
underestimate true burden compared to newer assays, like multiplex polymerase
chain reaction (PCR) [23].

2.2  South Asia (1.5 Billion; 24% of World Population)

Published data from South Asia are more limited than for East Asia. Studies
published before 2004, the year when CDC began supporting influenza research
in the region [24], have been sporadic passive sentinel hospital-based studies,
typically studying the etiology of hospitalized febrile and respiratory illnesses.

There have been several reports from India reporting the prevalence of influenza
among inpatients and outpatients, and primarily relying on tissue culture for virus
identification [25-28]. There has been a recent report of a 3-year prospective
surveillance of respiratory disease in a cohort of children in rural North India,
utilizing a fluorescent antibody detection assay. This project reported an incidence
of influenza A respiratory infection of 141 (95% CI 108-179)/1,000 child-years in
children 0-3 years [29].

Recent prospective passive surveillance project carried out from 2004 to 2007 in
young children less than 3 years of age with respiratory illness in a peri-urban
region of Nepal showed that influenza virus circulation was perennial and present
for 9 months of each of the years [30]. Of 2,219 cases of World Health Organization
(WHO)-defined clinical pneumonia presenting to the study clinic, 11% of the cases
were associated with influenza virus as determined by multiplex PCR performed on
nasal aspirates compared to 15% with RSV. These two viruses accounted for two
thirds of all viruses detected [30, 31].

In Bangladesh, there have been several early and small-scale reports. Two of the
earliest were hospital-based reports on the prevalence of influenza among patients
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Fig. 2 (continued)

at a diarrhea hospital with influenza [32, 33]. One reported that there was no
discernable seasonal pattern to the viral infections [32] but neither provided burden
estimates. Among two more recent prevalence studies in children, one reported
neglible prevalence of influenza among a cohort of 252 newborns by RT-PCR [34],
while a pilot population-based prevalence study testing banked acute and convales-
cent serum by hemagluttinin inhibition (HI) among children <13 years under
surveillance for febrile diseases reported an acute influenza infection prevalence



62 W.A. Brooks and M.C. Steinhoff

o

Pune, India
Number and % of flu positive viruses
18°31'N
12 10%

= A(H3) + 9%

10 ’_\ === A Not Subtyped 1 8%
=5

8 = Percentage of Total + 7%

+ 6%

5%

\ /\ + 4%

Percent Positive

41NN 1 3%

\N\\ [\I I| 1 2%

\ 1 1%

W L 1
25

.13.’1":_;.17.19..21.3. R S S B e

Number of positive specimens

7 29 31 33 35 37 39 4 43 45 47 49 51

Weeks
Thailand
Number and % of flu positive viruses
" 15° N
5 10%
£ = AH1) N
- E— A(H3) F 9%
8 /=1 A Not Subtyped 8% o
% o B = L 7% ;
g e Percentage of Total | 6% g
3 \ o
g i 4% §
5 - gll 3% §
- | oo, &
& | X el fotn Al 1 f;"
F 1%
: LELLLELEL L i
z 1 3 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 47 48 50 52
Weeks
Singapore
Number and % of flu positive viruses
1°22' N

10%
== A(H1
' L 9%

m A(H3) o
—=3 A Not Subtyped - 8%
= B L 7%
P rcentage of Totall

L 6%

5%

I
A
30 - 4%
m ils‘ i \Z s + 3%
20
10 Ii—i/ D \ ? ﬂ i F 2%

Percent Positive

Number of positive specimens
N
S

F 1%
[LLEELEELEREREEEET

AL L e e e O

1 3 5 7 911 1315171921232527293133353739414345474951
Week

Fig. 2 Seasonal distribution of influenza in Asia. (a) Northeastern Asia. Source: WHO Global Atlas
of Infectious Diseases (http://gamapserver.who.int/Global Atlas/PDFFactory/FluNet/index.asp?act=
rmvCountries&rptGrp= 1). (b) South and Southeast Asia.

Source: WHO Global Atlas of Infectious Diseases (http://gamapserver.who.int/GlobalAtlas/
PDFFactory/FluNet/index.asp?act=rmvCountries &rptGrp=1)

of 16% (21 of 128) among children with fever and cough [24]. Since then, both
hospital- and population-based surveillances have been initiated and have
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generated new reports. Among 3,699 inpatients and outpatients at 12 hospitals
across Bangladesh, 385 (10%) were influenza positive by RT-PCR [35]. The high-
est influenza prevalence among patients visiting hospital occurred among those
between 6 and 20 years old. Population-based active surveillance in Dhaka using
tissue culture isolation and RT-PCR, on the other hand, demonstrated that for
seasonal influenza, 50% of acute infections in 2008 occurred among children
<5 years and 80% occurred among children <12 years, indicating that the primary
burden of influenza occurs among the young. The incidence for influenza among
children <5 years is reported at 102 episodes/1,000 child-years [36] and is 55.2
episodes/1,000 person-years among all ages.

Importantly, data from Bangladesh indicate that 28% of <5 years with influenza
infection develop clinical pneumonia and that nearly two thirds of these cases occur
among children <2 years [36]. Of the influenza viruses, there appears to be a nearly
threefold greater association between pneumonia and influenza A (H3N2) than
between seasonal influenza A (HIN1) and influenza B viruses, although all three
are substantially associated with pneumonia.

Both studies reported perennial virus circulation but with peak influenza
A seasonality occurring during the months between April and September.

Substantiating the surveillance data on childhood influenza disease burden, a
recent randomized vaccine trial in which 170 pregnant mothers were given triva-
lent-inactivated influenza vaccine during the third trimester demonstrated a 63%
reduction in rapid test-proven influenza respiratory illness among infants in their
first 6 months of life [37], strongly supporting a role for influenza in childhood
pneumonia and other respiratory illnesses.

All of these lines of evidence indicate substantial circulation of influenza in South
Asia, and a contribution to respiratory disease burden, particularly in young children.

2.3 Middle East/North Africa
(405 Million; 6% of World Population)

Most reports on influenza burden from the Middle East have come from Israel,
often via telephone surveys, and fewer studies have tried to estimate population-
based incidence combined with laboratory data. A study in Tel Aviv reported that
among 9,300 children during the 1997-1998 season, 38% had ILI symptoms, with
the highest incidence in the 3—15 year age group, specifically kindergarten and
school-aged children [38], who comprised 83% of all cases. On the basis of
laboratory-confirmed influenza from viral cultures of nasal swabs, incidence
among all children was estimated at 22 episodes/1,000 children/year.

A separate Israeli report from the same period covering 23 November 1997-27
March 1998 stated that among 18,684 individuals enrolled in two clinics, 5,947
(18.1%) were enrolled for ARI-like symptoms [39]. Influenza was associated with
21.6% of all patients tested during the period, with the highest incidence among
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children 5-14 years and adults >65 years. The seasonal peak occurred during
January. The incidence of influenza was highest among children 5-14 years (51.0
episodes/1,000 person-years), followed by the 0—4 years age group (13.9 episodes/
1,000 person-years). Cocirculation of both influenza A viruses (H3N2 and HIN1)
[39] as well as both lineages of influenza B viruses [40] has been reported.

A report among Lebanese children for the 2007-2008 season also confirmed
cocirculation of influenza A and B viruses [41], and a January peak, but could not
be used to estimate burden.

These studies suggest seasonal influenza circulation, with cocirculation of all
virus types, a higher disease burden among children, primarily school-aged, and a
winter peak similar to the remainder of the northern hemisphere.

2.4 Sub-Saharan Africa (821 Million; 12% of World Population)

Historically, data from sub-Saharan Africa consisted of outbreak reports, such as
those in Madagascar and the Democratic Republic of Congo [42].

Until recently, routine influenza surveillance including characterization of influ-
enza isolates has been conducted in only two African countries, Senegal and South
Africa [43], although the Gambia has reported influenza and other respiratory viral
infections in hospitalized children [44, 45]. There has been a report on circulating
influenza viruses in Kenya [46], and a recent study from Kenya in 2006-2007
shows the circulation of nine antigenically different influenza A H3N2 viruses in a
single season [47].

Within South Africa, surveillance has been conducted in three locations, Cape
Town, Durban, and Johannesburg, which were instrumental in documenting an
influenza outbreak in 1998 and have continued to document seasonal influenza
strains. In addition, there have been other reports of outbreaks of influenza A
(H3N2) [48] and of the complex pattern of influenza B virus circulation [49] in
southern Africa, but these reports do not provide population burden estimates.
Hospital data from HIV-positive and -negative children indicate that influenza
contributes substantially to severe lower respiratory tract infections in South Africa
[50], while pneumococcal vaccine trials suggest substantial burden from both
primary influenza infection and coinfection from bacterial pathogens [51]. Influ-
enza disease burden in the WHO African region remains underappreciated [43], and
expanded surveillance that provides disease burden estimates is needed.

2.5 Central and South America
(570 Million; 8% of World Population)

Thirteen national influenza centers are reported to exist in nine Latin American
countries, and all are reported to have the capacity for viral isolation and subtyping
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by HAI using WHO reference antisera [52]. Brazil, Chile, and Argentina employ
surveillance networks within their countries to capture representative data. These
sites in turn share samples with CDC for vaccine surveillance. Although a seeding
hierarchy of influenza A (H3N2) introduction into South America, by way of
Europe and North America from East and Southeast Asian strains, has been
hypothesized [53], based on antigenic and genetic analysis of hemagglutinin,
published data on influenza virus circulation from the region are limited. Early
CDC reports from the influenza reporting centers in Central and South America
indicated circulation of both influenza A and B viruses, with a peak season of May
to July [54, 55]. A later report from Brazil confirmed a seasonal southern traveling
wave of infection, beginning in March to April at the equator and traveling
southward toward the temperate areas during May to July [56]. Although this
study did not report incidence and morbidity per se, it attributed 0.03% of all 19
million deaths that occurred in Brazil between 1979 and 2001 to influenza (i.e.,
570,000 deaths or approximately 17,812 deaths/year). Apart from a recent study
from Nicaragua that reported an influenza incidence in 2007 among a cohort of
children 2—-12 years of 16.2/100 person-years [57], based on RT-PCR, there are no
recent incidence estimates from Central America.

From Brazil, a study of 184 children hospitalized with pneumonia reported that
9% of the cases were associated with influenza virus detection by PCR [58]. A
recent report from Peru of multihospital sentinel surveillance for influenza-like
illness during 20062008 reported an overall isolation of influenza in 35% and
influenza A in 25% of 6,835 ill patients [59]. This surveillance project also showed
the continuous presence of influenza virus during the 3 years of surveillance.

These limited data suggest that influenza circulates through the tropical and
subtropical belt of Central and South America and contributes substantively to
disease burden and mortality. Representative data from more countries in the region,
allowing comparisons between tropical and temperate areas, would be helpful in
better determining burden and seasonality, and approaches to vaccine utilization.

2.6 Comparison of Influenza Burden Between Tropical/
Subtropical Countries and North America/Europe
[North America (452 Million) and Europe (502 Million)
Together Equal About 14% of World Population]

Although the current viruses influenza A (H3N2), and pre-2009 (HIN1) and
influenza B have been in global circulation since 1977 [60], influenza epidemiology
in temperate and tropical/subtropical regions appears to differ in at least two
important respects.

First, there are differences in seasonality (Table 2). In North America and
Europe, influenza has an annual seasonal epidemic pattern, typically circulating
during winter, from November through March, peaking in January and February [60].
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Table 2 Global chronology of influenza disease and vaccine strategies

Issue Region
North South Tropical/subtropical
Influenza virus circulates November to May to October ~12 months
April (perennial)

Vaccine strain composition February, same  September, previous North or south®

announced year year
Timing of influenza October to April to June No recommendation

immunization December

“From WHO recommendation for 2008 influenza vaccine: “Epidemiological considerations will
influence which recommendation (September 2008 or February 2008) is more appropriate for
countries in equatorial regions.”

Source: http://www.who.int/csr/disease/influenza/recommendations2008south/en/index.html
(accessed October 2009)

The Middle East may be similar to the temperate north, with a winter seasonal peak
[41]. The southern hemisphere shows a March to September seasonality, including
Australia and New Zealand [61] which follow the temperate zone winter pattern. In
the tropics/subtropics, currently available data indicate that influenza infections
have a perennial pattern, often circulating year-round [12, 14, 21, 30, 35, 36] with
peaks between March and September [14, 16, 36, 56]. Thus, some of the northern
hemisphere tropical and subtropical areas show a complementary peak season to
the temperate north.

Second, there appear to be differences in disease burden (Table 1) both in
incidence and in the fraction of persons with lower airway complications, like
pneumonia, at least between the lower income tropical countries with higher overall
respiratory disease burden when compared to wealthier temperate countries.
Although based on limited data, there appears to be a consistently higher incidence
in the tropical belt than is typically reported in temperate areas. The discrepancy
between regions is most noteworthy among children. Average seasonal influenza
infection incidence among children in the northern hemisphere is estimated at 4.6%
per year for children 0-19 years and 9.5% per year for children <5 years [62].
Among children 6-23 months in the USA, influenza incidence is estimated at 22.0/
1,000 child-years and for children 5-7 years it is 5.4/1,000 child-years [60].

While the higher incidence in the tropics may be partially related to the perennial
circulation of influenza virus, resulting in greater exposure to influenza viruses, it
does not explain the higher fraction of lower respiratory complications. Indeed, most
interest lies with the more severe infections, measured by hospitalization and mortal-
ity. Estimates around hospitalization are sometimes divided between “pneumonia
and influenza” and “respiratory and circulatory” [18, 19], the former being a subset of
the latter. US data indicate a mean (SD) all-age pneumonia and influenza hospitali-
zation rate of 52.0 (25.2)/100,000 person-years and a rate of 114.8 (43.6)/100,000 for
respiratory and circulatory hospitalization associated with influenza [18]. The highest
rates exist for children <5 years, which is 113.9/100,000 person-years, and for
the elderly >65 years, for whom rates increase with increasing age from 229.7/
100,000 for persons 65-69 years to 1,669.2/100,000 for persons >85 years [18].
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Hospitalizations, particularly in children, represent, however, only a fraction of the
total influenza burden. One study estimated the burden of outpatient pneumonia
among US children to be 50 clinic visits and 6 emergency department (ED) visits/
1,000 children in 2002-2003 and 95 and 27 clinic and ED visits in 2003-2004,
making outpatient influenza disease burden among young children at least tenfold
greater than hospitalizations [63].

Published surveillance data on hospitalization or laboratory-confirmed influenza
pneumonia incidence are not available for Central and Latin America or Africa.
Hospitalization rates derived through statistical modeling reported by middle and
higher income centers in East and Southeast Asia are similar to those in the USA
[14]. These findings also reflect data from Korea and Japan, two of the world’s
wealthiest countries. Hospitalization rates among children <2 years in a recent
Hong Kong study based on viral culture data were overall four to six times greater
than those among comparable age groups in US studies, although they were only
marginally higher than US rates for children <5 years [64]. Importantly, hospitali-
zation rates were highest (103.8 cases/10,000 child-years) for children <1 year
during circulation of a novel variant of H3N2 [64]. Notably, this rate is substantially
lower than a previous estimate [65]. Differences in methodology as well as vacci-
nation rates between the Hong Kong and US studies may partially explain the
variation.

Population-based data from Bangladesh in children <5 years show an incidence
of 102 infections/1,000 child-years [36] or an annual 10.2% incidence. Prospective
serologic surveillance during a single year in a cohort of 140 Bangladeshi infants
(0—6 months) has shown attack rates of 32/100 infants (Henkle et al. submitted).
These data suggest that Bangladeshi children less than 5 years old have nearly five
times the infection rate of those less than 2 years old in the USA [60]. The rate for
influenza-associated pneumonia among children <5 years in Bangladesh is 28.6
episodes/1,000 child-years [36]. Hospitalization for childhood pneumonia is
uncommon in Bangladesh [5, 36, 66]; however, approximately 13% of all pneu-
monias are severe and should be hospitalized [67], representing a conservative
estimate for hospitalization rates. Using this figure would result in a hospitalization
rate for influenza pneumonia of 371.8/100,000 for South Asian children <5 years
compared with 113.9 for all influenza respiratory hospitalizations for children in the
USA, which is a 3.3-fold higher rate. On the basis of these data, it can be deduced
that the severe complication rate for influenza-associated lower airway obstruction
is substantially higher among Southeast Asian children than among US children and
is likely higher among children throughout the tropical belt than in temperate zones.
Importantly, routine influenza vaccine is either not in regular use or not even
available in most of these settings [14, 36].

The rates of flu-related pneumonia for tropical regions lacking reported data are
not likely to be lower than those for the USA and Europe and are likely higher.
Given the population sizes, these would represent a substantial contribution to
childhood pneumonia burden, as well as hospitalization and mortality for all
ages, as suggested by the Brazilian data [56]. Although there is little information
from prospective studies on the effect of HIV and other immunocompromising
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comorbidities [68], at least one study suggests that children with HIV may have a
higher burden than non-HIV infected children and benefit more from preventive
measures [51].

Given the high incidence of other pneumonia-causing pathogens in these
regions, notably S. pneumoniae and H. influenzae type b [69, 70], and the possibility
that their interaction with influenza may exacerbate pneumonia severity [71],
influenza may have an even greater impact on childhood pneumonia burden in
the tropical belt.

Recent data from Thailand indicate that not only the burden but also the costs of
influenza are substantial, resulting in up to 20% of household monthly income per
illness episode [72], which translates in up to over $62 million annually in eco-
nomic losses, of which decreased productivity accounts for 56% of the total cost
[73]. Additional economic analyses are needed from lesser developed countries for
a better understanding of the economic impact of influenza.

Data regarding groups at high risk for influenza disease are limited from tropical
regions, but it is likely that high-risk groups described in temperate regions also
experience high risk in the tropics. Studies should be undertaken among the very
young, the elderly, and those with chronic illnesses, and among healthy pregnant
women to assess the increased risk associated with nonpandemic influenza infection.

3 Global Influenza Circulation

The epidemiology of influenza in the tropics appears to play an important role in the
generation and dissemination of new variant influenza viruses. Until recently how
influenza virus subtypes spread around the world, factors underlying seasonality,
and even virus subtype distribution have been poorly understood [12, 40, 74, 75].
There has been debate as to whether seasonal epidemics result from persistence of
viruses from the previous season or from introduction from other regions. Examin-
ing the phylogenetic relationships between influenza A (H3N2) viruses isolated
between 1999 and 2005 in New Zealand and Australia and those from New York,
one study concluded that global viral migration was a major factor in seasonal
emergence at least for influenza A (H3N2) [61], although regional temporal rela-
tionships were not established. A study involving global antigenic and genetic
analysis of hemagglutinin (HA) from influenza A (H3N2) viruses isolated between
2002 and 2007 demonstrated temporally overlapping viral epidemics in the East
and Southeast Asian tropical region that create a regional viral network of continu-
ously circulating influenza viruses, one of which subsequently seeds Oceania, North
America and Europe, and South America along major air travel routes [53] (Fig. 3).

Together, these data argue against local reemergence of persistent influenza
virus from prior seasons and in favor of introduction from other regions. They
also underscore the importance of Asia in the overall ecology of influenza, at
least for the A (H3N2) virus, and that seasonality is a global and interactive
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Fig. 3 Schematic of the dominant seeding hierarchy of seasonal influenza A (H3N2) viruses.
Modified from Russell et al. [53]

phenomenon. These data also provide an explanatory mechanism for the genera-
tion, selection, and dissemination of novel antigenically drifted and pandemic
influenza viruses [53, 76].

4 Vaccine Strategies for Tropical/Subtropical Regions

Public health authorities in most tropical countries have generally not considered
influenza vaccine a high priority, partly because of the cost of the vaccine in relation
to other public health vaccines, and the need for annual distribution of influenza
vaccine [13, 77]. There is a growing interest in consideration of strategies for
seasonal and pandemic influenza immunization, and several countries have begun
production of influenza vaccines. Currently available data indicate that standard
trivalent-inactivated [15, 37] and -attenuated live vaccines [78—-81] are safe, immu-
nogenic, and effective in tropical regions.

The details of immunization strategies are complex in the tropical setting,
including the selection of vaccine strains to include in a vaccine and the timing of
annual immunization [82—84] (Table 2). One study from Bangladesh showed that
immunization of ten sequential monthly cohorts of young adults, who were then
followed for at least 6 months, resulted in a 36% overall reduction of clinical febrile
influenza-like respiratory illnesses during the 15-month project [37]. These prelim-
inary data from year-round immunization in a setting of perennial influenza virus
circulation demonstrate overall clinical effectiveness equal to that reported during
seasonal influenza immunization in temperate regions [60]. Another strategy, given
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the growing evidence of influenza burden in childhood illness in developing
countries, might be to use influenza vaccine as a means of controlling pneumonia
in young children [85] rather than seasonal influenza.

5 Summary

Influenza appears to be a major contributor to morbidity, hospitalization, and likely
mortality in the tropical and subtropical low-income regions; however, its contri-
bution has been largely underestimated due to a lack of data from these regions
[11]. It is also likely responsible for a substantial fraction of the childhood pneu-
monia and pneumonia-related mortality, both from primary infection and from
interaction with respiratory bacterial agents. Introduction of influenza vaccine as
a means to control influenza-related pneumonia in young children may be war-
ranted [85] and may provide a mechanism for influenza vaccine uptake in these
countries with wider benefits to both disease burden and mortality reduction, as
well as surge capacity for vaccine production during pandemics.

Concern about pandemic influenza has increased interest in vaccine use, includ-
ing increased seasonal vaccine use, and initiation of vaccine production in some
countries. Continued and enhanced surveillance in the tropics, particularly in East
and Southeast Asia, is warranted both to monitor burden and the impact of inter-
ventions, such as vaccination, and to identify emergence and spread of novel
viruses.
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The Origin and Evolution of HIN1 Pandemic
Influenza Viruses

Robert G. Webster, Richard J. Webby, and Michael Perdue

Abstract Despite extensive planning for the next influenza pandemic in humans,
nature has once again confounded the influenza experts. The emergence and
development of an HIN1 pandemic strain while an HINT1 virus was still circulating
in humans is an unprecedented event. Here, we examine the emergence of HINI
influenza viruses in the USA, Europe, and Asia from the natural aquatic bird
reservoir through intermediate hosts including pigs and turkeys to humans. There
were some remarkable parallel evolutionary developments in the swine influenza
viruses in the Americas and in Eurasia. Classical swine influenza virus in the USA
emerged either before or immediately after the Spanish influenza virus emerged in
humans in 1918. Over the next 50 plus years this swine influenza virus became
increasingly attenuated in pigs but occasionally transmitted to humans causing mild
clinical infection but did not consistently spread human to human. The remarkable
parallel evolution was the introduction of avian influenza virus genes independently
in swine influenza viruses in Europe and the USA, with almost simultaneous
acquisition of genes from seasonal human influenza. Influenza in pigs in both
Eurasia and America became more aggressive necessitating the production of
vaccines, and the incidence of transmission of clinical influenza to humans
increased. Eventually the different triple reassortants with gene segments from
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avian, swine, and human influenza viruses in pigs in Europe and America met and
mated and developed into the 2009 pandemic HINI1 influenza that is highly
transmissible in people, pigs, and turkeys. Whether this occurred in Mexico or in
Asia is currently unknown. The failure of the experts was to not recognize the
importance of pigs in the evolution and host range transmission of influenza viruses
with pandemic potential.

1 Introduction

Despite intensive pandemic planning and analysis of the available scientific knowl-
edge of influenza viruses, none of the experts forecast the emergence of an HIN1
influenza virus as the causative agent of the first pandemic of the twenty-first
century. Influenza once again confounded the experts. Since an HIN1 subtype of
influenza was circulating and causing seasonal influenza in humans, this subtype
was not on the “probable list.” Focus was on the HSN1 influenza virus that emerged
and spread to humans in 1997 [1, 2], also on the “possible list” were H2, H6, H7,
and H9 for these subtypes were either transmitted to intermediate hosts, occasion-
ally infected humans, or had caused a pandemic in humans previously.

The emergence of the HIN1 2009 pandemic influenza virus means that a
paradigm shift in our thinking must occur regarding the antigenic distance that
will permit a circulating subtype to reemerge, successfully transmit, and cause a
pandemic. Although we failed to predict the HIN1 2009, our preparedness for an
influenza pandemic has permitted a rapid response to the novel virus.

Although we did not “get it right” from the perspective of subtype, we do have a
much better understanding of the ultimate reservoirs of influenza in the aquatic
waterfowl of the world, of the probable roles of swine as the intermediate host,
novel strategies to produce vaccines and antivirals, and molecular markers of
pathogenicity. Here, we will consider the ultimate reservoirs of influenza virus in
the wild aquatic migratory waterfowl of the world and the interplay between
influenza in that reservoir and in pigs and people in the emergence of pandemic
HINI influenza viruses.

2 The Ultimate Reservoirs

There is general consensus that the wild migratory aquatic birds of the world are the
ultimate reservoirs of all influenza A viruses [3—5]. The generally benign infection
of their natural host without apparent disease signs together with intestinal replica-
tion, transmission through water, and thermal stability in water are all indicators of
viruses that are in equilibrium with their natural hosts [6]. One feature that is less
well understood is the phylogenetic separation of the 16 different HA subtypes of
influenza viruses in the world into two superfamilies — one in the Americas and the
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other in Eurasia [4]. This geographical separation is surprising because more than
six million aquatic birds are known to migrate between Eurasia and the Americas
through the Alaskan region (http://alaska.usgs.gov/science/biology/avian_influenza/
migrants_tables.html).

Each of the pandemics of the past century including the HIN1 Spanish 1918,
H2N2 Asian 1957, and H3N2 Hong Kong 1968 acquired a novel HA gene, as well as
anovel PB1 gene from the aquatic bird reservoir [7, 8]. Novel neuraminidase (NA)
genes were acquired less frequently in 1918 Spanish HIN1 and 1957 Asian H2N2.
While we understood the role of the novel HA and NA in circumventing the immune
response of the host, the importance of the PB1 gene is still largely unresolved.

The HIN1 Russian 1977 was a genuine reintroduction of a virus that had been
completely genetically conserved for 27 years [9] indicating that it had to have been
preserved in a frozen state. The novel HIN1 influenza virus that emerged in 2009
(see below) is a complex reassortant that obtained gene segments from avian
influenza viruses (presumably from the ultimate reservoir species), swine influenza
viruses, and human influenza viruses (Fig. 1); six of the gene segments were from
the American lineage viruses and two were from the Eurasian lineage.

3 Intermediate Hosts

Influenza viruses in their natural avian hosts replicate at a higher temperature
(40—42°C) than in mammalian species (37°C) and have an avian-type receptor
specificity preferentially binding to o2-3 terminal sialic acid that is different from
the receptor specificity of mammalian viruses (02-6 terminal sialic acid). While
influenza A viruses have been demonstrated to transmit directly from some avian
species to humans (e.g., HSN1 transmitted to humans in Azerbaijan, killing three
members of the family harvesting “down” from dead wild swans), a majority of
these transmissions have been transitory and have not led to the emergence of
transmissible viruses.

On the basis of epidemiological evidence, it was proposed that pigs may serve as
intermediate hosts in the transmission of influenza viruses from the wild bird
reservoir to humans [10]. Studies on the respiratory tract of pigs found both 02-3
and o2-6 sialic acid receptors [11] and pigs have a body temperature of 39°C.
Subsequent studies showed that all of the subtypes of avian influenza tested could
replicate in the respiratory tract of the pig [12].

Studies on the types of receptors for influenza viruses in avian species showed
that ducks possess mainly a2-3 sialic acid receptors [11], while some other species
such as the quail, pheasant, and turkey have dual receptor specificity [13, 14]. In the
live poultry market system that is common in Southeast Asia where ducks, chick-
ens, quail, pigeons, chukar, and pheasants are housed together, conditions are
optimal for interspecies spread and reassortment of influenza viruses. Thus, live
poultry markets plus backyard pig and poultry farming provide optimal conditions
for interspecies transmission.


http://alaska.usgs.gov/science/biology/avian_influenza/migrants_tables.html
http://alaska.usgs.gov/science/biology/avian_influenza/migrants_tables.html
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4 Transmission

Live poultry markets (wet markets) are the ultimate man-made “mixing vessel”
where domestic waterfowl can introduce the influenza viruses after exposure to
wild migratory waterfowl and provide avian hosts with different receptor specificity
and permit rampant reassortment to occur [15]. Epidemiological studies in Hong
Kong establish that wet markets are a risk factor in the genesis and transport of
novel viruses back to the farms [16]. The banning of waterfowl (ducks and geese)
and later quail from Hong Kong live poultry markets in 1998 vastly reduced the
subtypes of influenza viruses that were detectable and by 2005 the only subtype
found in prospective surveillance was HIN2 that was associated with subclinical
infection in chickens. The recognition of the impact of the live poultry market in the
genesis of influenza virus has led to the decision that they should be closed and that
poultry would be provided chilled or frozen. The acceptance of the biological
vulnerabilities of the wet market system (in the USA as well as in Asia) and its
importance in the evolution of influenza viruses has been slow. The ceremonial use
of live poultry at festival occasions is part of Asian culture and is hard to change.
There is slow acceptance of the high risk of genetic reassortment of influenza
viruses in live poultry markets, but Taiwan decided to close all wet markets in
2009 and the number of markets in Hong Kong and Shanghai, China is being
reduced. It is somewhat ironical that the number of live markets in the USA has
increased in 2009 and that the keeping of backyard chickens is being approved in
southern cities of the USA in 2009.

S HINI Influenza in Pigs, People, and Poultry
in USA 1918-1998

The HINT1 influenza virus that caused the 1918 Spanish influenza pandemic emerged
in swine in the USA either before 1918 or in 1918 [17]. It is probable that multiple
reassortant events were involved in the emergence of the 1918 Spanish influenza
virus, and it is unknown if the virus emerged from pigs to people or vice versa [18].
The early descriptions of swine influenza on midwestern farms in the USA were of a
serious respiratory disease that occurred in the winter months. Dr Richard Shope
who initially isolated the classical swine influenza virus [19] was convinced that the
virus disappeared from the pig population of USA during the summer months.
Subsequent studies showed that the classical HIN1 swine influenza virus circulates
year-round in pigs [20] but caused clinical disease signs only in the cooler months.
By the 1960s and later swine influenza had become very mild and was considered
almost a nonevent and did not merit the use of vaccine in the swine industry [20, 21].

Despite the mild clinical nature of swine influenza in pigs, there were intermit-
tent transmissions of the classical swine influenza virus to humans. From 1974 to
2005, there were 43 confirmed cases of classical swine HIN1 in humans in the USA
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with six fatalities [22]. The transmission that received the most attention occurred
in 1976 and is referred to as the Fort Dix incident [23]. In that incident, a young
soldier at Fort Dix military camp was infected with swine influenza and died. The
virus transmitted to 13 soldiers with mild disease signs and subsequent serological
studies indicated that at least 200 soldiers were infected. The scientific and public
health officials in the USA were greatly concerned that an outbreak of HINI1
influenza with catastrophic health impact similar to Spanish influenza was immi-
nent. A vaccine was prepared and a national vaccination program was initiated in
the USA.

In retrospect the response to the Fort Dix episode was an overreaction by the
health authorities. The 1976 HINI influenza virus failed to spread beyond the
initial focus, and the 1976 swine influenza vaccine was associated with a rare
occurrence Guillain—Barre syndrome (GBS) — an ascending paralysis. Conse-
quently, the vaccine program was stopped. The association between the 1976
HINI vaccine and the GBS has not been satisfactorily resolved. There were
some 40 million persons vaccinated with the swine influenza vaccine; there were
500 cases of GBS recorded with 25 deaths. The incidence of GBS was later
determined to be from 4.9 to 5.9 per million [24, 25] and became a major issue
when the threat of influenza disappeared and the risk from GBS outweighed any
benefit resulting in the cessation of the vaccine program. Extensive investigation
failed to establish an association between any vaccine lots and the GBS cases.
About 20% of the vaccine used was whole-inactivated virus and the remainder was
subunit vaccine. At that time, vaccine was much less pure than current 2009
vaccines and was not standardized for antigen content. GBS continues to occur
after a number of different virus infections but at a very low level and has
subsequently not been associated with influenza vaccination.

In the early 1980s, classical swine influenza was reported to cause infection in
domestic turkeys with mild infection and decrease in egg production [26] (Fig. 2).
Surveillance in turkeys from 1980 to 1989 in the USA recorded the presence of
avian-like HIN1 influenza viruses, classical swine influenza viruses, and the first
reported double reassortants of swine and avian origin influenza viruses in the USA
[27]. Preliminary characterization of the genotypes of these reassortants suggested
that they possessed the replication complex (PB2, PB1, PA, NP) from avian sources
and the remaining gene segments from classical swine influenza viruses. It could be
postulated that the turkey serves as the intermediate host for the introduction of
avian HINT1 genes into pigs for it is likely that transmission occurs in both direc-
tions between turkeys and pigs.

The first reported transmission of human H3N2 to pigs in the USA with produc-
tion of a double reassortant was in 1998 when A/Swine/North Carolina/35922/98
(H3N2) was isolated from pigs with respiratory disease in North Carolina [28]. This
virus possessed the PB1, HA, and NA from the then current human strain [A/
Nanchang/933/95 (H3N2)] and the other gene segments from classical swine influ-
enza virus (PB2, PA, NP, NS, M1, M2). While this virus caused respiratory diseases
in pigs, it did not establish a stable lineage and disappeared. However, in the same
year, a “triple reassortant” virus with gene segments from the circulating H3N2
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Fig. 2 Transmission of swine influenza to turkeys. Classical swine influenza virus transmitted to
turkeys in the USA in the early 1980s. The HIN1 virus from turkeys retained the ability to infect
humans [27]

human virus (PB1, HA, NA), classical swine influenza virus (NP, M, NS), and avian
influenza virus (PB2, PA) [28] emerged in pigs in USA (Fig. 3). It is tempting to
speculate that the double reassortant from North Carolina was a precursor of the
triple reassortant for the same gene package from A/Nanchang/933/95 (H3N2)
(PB1, HA, NA) appeared in the reassortant. The triple reassortant was highly
transmissible and spread rapidly to pigs throughout the USA [29] and caused disease
of sufficient severity to merit production and use of vaccines in the swine industry.

Thus, from 1918 to 1998, classical swine influenza virus remained antigenically
and molecularly stable without introduction of novel gene segments. In 1998 or
slightly before, the “monogamous” nature of the classical swine influenza changed
dramatically with the tendency to mate with both avian and human influenza
viruses. Consequently a number of different H1 and H3 influenza viruses with
either N1 or N2 NAs on the “triple reassortant” backbone emerged in pigs and
spread locally in the USA from 1998 to 2009.

6 European Swine Influenza

Classical HIN1 swine influenza of US origin had been introduced in Italy sometime
before 1976 [30]. Swine influenza in Europe evolved along similar lines but was
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different from that in the USA and was characterized by the introduction of a novel
wholly avian HINT1 virus in 1979 [31]. This avian HIN1 influenza virus was very
successful in pigs in Europe, established a permanent lineage, and replaced classi-
cal swine HINI influenza virus. Shortly after the introduction of avian HINI1
influenza virus into pigs, reassortants with human H3N2 influenza viruses were
detected in pigs in Italy [A/swine/Italy/526/83 (H3N2)]. These double reassortants
possessed the HA and NA from human influenza virus and the remaining gene
segments from the avian 1979 influenza virus [32]. Both the avian-like swine
influenza virus and the double reassortant possessing the human HA and NA
continued to circulate in pigs in Italy through 1979 and had a tendency to reassort
with human HIN1 and H3N2. Although no clinically apparent human infections
were reported in humans working with pigs in Italy, serological studies showed that
20% of them had serological evidence of infection with A/Port Chalmers/1/73
(H3N2) — a virus that had not circulated in humans for 20 years. A control group
of persons not working with swine did not show these antibodies [33]. Infection of
two children with mild respiratory diseases in the Netherlands in 1993 was caused by
an H3N2 virus antigenically like A/Port Chalmers/1/73 with the avian-swine-like
genome [34].

Reassortant influenza viruses possessing the HA from the circulating human
HINT virus, the N2 from swine, and the internal genes from the circulating avian
influenza virus in pigs were isolated from swine in Britain in 1994 [35]. In
Germany, an HIN2 that was a reassortant between swine HIN2 and swine H3N2
was isolated from pigs in 2005 [36].

Thus, a different lineage of avian HIN1 was present in pigs in Europe but like
the American swine virus with avian genes had a propensity to reassort with the
currently circulating human influenza viruses.

7 Asian Swine Influenza Viruses

Each of the swine influenza viruses that established stable transmissible lineages in
the USA and Europe has been detected in pigs in Asia. In addition, several swine
influenza lineages unique to Asia have been detected.

The first transmission of human H3N2 to swine was detected in Taiwan soon
after it appeared in humans in 1968 [37]. This transmission of H3N2 virus to swine
was very successful and its descendants have been maintained in pigs in China
through the present time [38]. It is noteworthy that these H3N2 viruses remained
antigenically conserved with little change in over 30 years presumably due to the
short life span of the majority of the pigs and the absence of immune selection.

Classical swine influenza virus and the triple reassortant from USA were intro-
duced into Asia — presumably by importation of American swine breeding stock
[39]. A novel HINI influenza virus containing all genes of avian origin was
detected in pigs in Southern China in 1996, but this lineage has apparently died
out [40].
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In Thailand, reassortants of classical swine influenza virus and the Eurasian
avian-like swine lineage have been reported. The HA, NA, and NS genes were from
classical swine influenza virus and the remaining gene segments were from the
European avian-like swine influenza virus [41, 42]. It is noteworthy that these
reassortants were isolated from humans in Thailand and the Philippines [43].
Thus, the recent influenza viruses from swine in Asia have properties similar to
influenza viruses from America in that they reassorted freely with human H3N2
viruses and had the capacity to infect humans.

In addition to the European and American swine lineage influenza viruses in pigs
in Asia, two avian influenza viruses have been isolated; these include H5N1
influenza viruses [44, 45] and HON2 viruses [46]. Both of these viruses (H5N1
and HION2) have transiently transmitted to humans but probably directly from avian
sources [2]. Neither the H5N1 nor the HON2 influenza viruses have established
stable lineages in pigs or have consistently transmitted in pigs or people.

8 Pandemics in Humans

From the above considerations, it appears that avian HIN1 influenza viruses have a
propensity to transmit to pigs. This occurred during the emergence of the HIN1
1918 Spanish influenza virus [8], in 1979 during the emergence of the Eurasian
avian influenza virus that became established in pigs [31], and prior to 1993 in Asia
that did not persist in pigs [40]. The precursors of the avian influenza virus genes in
the American triple reassortant that established itself in pigs in the USA in 1998 are
unresolved; whether the HIN1 viruses from turkeys in the USA were involved
remains to be established.

Whether transmission to pigs is a reoccurring intermediate step in the transmis-
sion of HIN1 influenza virus to humans or from humans to pigs is unresolved.
Regardless it is apparent that the influenza viruses of pigs and people frequently
exchange (Fig. 4) and participation of a PB1 gene of avian origin is involved. The
human pandemics and epidemics caused by HIN1 in the past century include the
1918 Spanish influenza pandemic, the HIN1 Russian epidemic, and the 2009
pandemic that is ongoing. The 1918 Spanish influenza has been described as the
“mother of all pandemics” [17] having killed directly or indirectly between 20 and
50 million persons worldwide. An initial mild wave in the spring of 1918 was
replaced by a lethal wave in the fall. Determination of the complete nucleotide
sequence of the 1918 Spanish influenza virus by Jeffrey Taubenberger and associ-
ates has permitted reconstruction of the 1918 influenza virus and establishment of
its biological properties in mice, ferrets, and macaques [47—49]. However, to date
no human archeological material of the mild 1918 wave has been sequenced;
consequently we have no knowledge of the molecular changes that occurred or
which gene segments were involved.

The reemergence of the HIN1 virus that disappeared in 1957 after the emer-
gence of the H2N2 Asian influenza virus was in all likelihood a laboratory accident.
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Fig. 4 Influenza in people and pigs. Each of the pandemic influenza viruses of humans since 1900
has spread to pigs. The exception may be the HZN2 Asian 1957 virus. The index human case of
H2N2 in South Central China reported that pigs in the village were sick

The reintroduced Russian 1977 HIN1 virus affected mainly children and young
adults born during the 27 years that the virus was frozen. The surprising feature of
the reintroduced HINT1 virus was that it competed with the then circulating H3N2
virus and established a successful parallel lineage.

The detection of two cases of swine-like HIN1 in humans in Southern California
in April 2009 although unusual was not unprecedented. However, when the virus
was characterized as a novel HIN1 influenza virus and associated with widespread
respiratory diseases in humans in Mexico, a pandemic threat was declared by the
World Health Organization (WHO) [50, 51]. The novel HIN1 possessed the HA
and the internal gene segments from the descendants of the triple reassortant
influenza virus circulating in pigs in the USA and the neuraminidase (NA) and
matrix (M) gene of Eurasian avian-like swine influenza virus (Fig. 1). This virus
spread rapidly in humans and by June 11, 2009, the WHO declared a pandemic
situation. The novel HIN1 virus of swine origin rapidly spread globally causing a
summer wave of illness in the USA and Europe and rapidly became the dominant
influenza virus strain in the southern hemisphere. Humans of middle and younger
age groups are most susceptible to infection, whereas those over 60 are less affected
and those over 80 are immune [52]. In healthy middle-aged people, the disease
signs are generally similar to seasonal influenza, but persons with health complica-
tions as well as pregnant women or obese people are at increased risk. Information
from the Australian experience with the first winter wave of pandemic HIN1
influenza indicated that the virus killed twice as many children less than 10 years
than seasonal influenza — 61% of the children had no underlying medical condition.
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The hospitalization rate was 45.7 per 100,000 for boys under 5 years and 35.4 for
girls. There was a marked increase in hospitalization in women aged 15-34 due to
the vulnerability of pregnant women. One of the two characteristics of the pan-
demic HINT virus that is different from seasonal HIN1 is the capacity to replicate
deep in the lungs which can result in pneumonia as well as long-term virus shedding
and increased patient loads in hospital intensive care facilities.

Antigenic and molecular characterization of the pandemic HIN1 influenza virus
indicates that the virus has remained antigenically stable and essentially identical
with the prototype A/California/4/09 (HIN1) virus [50, 51]. None of the molecular
markers in the HA, NA, PB2, or NS genes associated with high pathogenicity of the
1918 Spanish influenza or HSN1 influenza has been detected in the pandemic HIN1
[50, 51]. Why then is the pandemic HINI1 killing more young people and pregnant
women? It is clear that there are other characteristics of high pathogenicity that
remain to be elucidated and are likely multigenic.

9 Pandemic HIN1 2009 in Pigs and Poultry

Phylogenetic analysis of the pandemic HINI using Bayesian molecular clock
methods indicates that the closest ancestors of the virus existed 9.2—-17.2 years
ago [18]. This indicates that the ancestors of the current pandemic HINT1 virus have
been circulating in pigs for over a decade. Despite intensive planning for the current
pandemic, there is an enormous gap in our knowledge of influenza in swine
globally. Consideration should be given to the establishment of a global prospective
surveillance system in pigs similar to the Global Influenza Surveillance Network
(GISN) in humans.

Perhaps the best ongoing influenza surveillance in pigs was initiated in Hong
Kong in 1998 after the emergence of the novel HSN1 avian influenza virus that
transmitted to 18 humans. In that program, 526 nasal and tracheal swab samples and
100 sera from apparently healthy pigs collected at the central slaughterhouse are
analyzed virologically and serologically monthly. Although the virus isolation rate
is low (~1%), the serological rate approaches 50%. Virological analysis has
provided a gold mine of information on the genesis of swine influenza virus in
Asia [18]. These studies confirmed the presence of European swine influenza
viruses, American swine and human-like swine lineage viruses in pigs in Southeast
Asia. A novel reassortant A/Swine/Hong Kong/415/04 (HIN2) possessing the triple
reassortant swine influenza backbone from the USA and the matrix gene from the
European swine lineage was isolated in 2004 indicating reassortment between
European and American swine lineage influenza viruses.

The lack of swine influenza virus surveillance in South and Central America
leaves the place of origin of the 2009 novel HIN1 virus open to speculation. Has the
European swine influenza lineage been circulating in pigs in South and Central
America together with the triple reassortant from North America swine? Alterna-
tively was the novel HIN1 2009 virus generated in Asia and carried by inapparent
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infection in humans to Mexico? Future studies of the swine influenza viruses from
Hong Kong and virological surveillance in South America should answer these
questions.

Transmission of the novel HIN1 from humans to pigs has already occurred in
multiple countries including Canada, Australia, Argentina, and Ireland. Experimen-
tal and field studies indicate that in pigs the virus causes moderate respiratory
disease similar to classical and triple reassortant swine influenza. As in humans, the
virus tends to replicate deep in the lungs and cause pneumonia but is not isolated
outside the respiratory tract or from the intestines. Virus shedding tends to be longer
than for classical or triple reassortant swine influenza viruses and has been detected
for up to 16 days (Ian Brown, personal communication).

The novel 2009 HIN1 virus has also been isolated from turkeys in Chile and
Canada where it causes mild infection and a drop in egg production (http:/www.
oie.int/wahis/public.php?page=weekly_report_index&admin=0). Thus, the novel
HINT1 2009 is behaving much like earlier swine influenza viruses, and it is inevita-
ble that this virus will spread to pigs and turkeys globally.

There is reluctance by the pork industry in the USA to initiate prospective
surveillance of apparently healthy pigs for novel 2009 HIN1 influenza virus. The
difficulty is related to a possible drop in pork consumption as occurred in Asia in
2009. The reports of the novel HIN1 in pigs referred to in Asia as swine influenza
caused a two-thirds reduction in the consumption of pork. The novel HIN1 2009
virus is still referred to as swine influenza in Asia and the purchase of pork has
normalized. Pork is perfectly safe to consumers and the problem is one of education
and public relations for swine influenza has been part of the pork industry in the
USA for nearly 100 years. It is necessary from a public health perspective to initiate
prospective surveillance in apparently healthy pigs globally, along the line of the
GISN program of human surveillance. It would be a catastrophe if variation in
virulence or antigenicity of the HIN1 pandemic influenza virus occurred in pigs and
was not detected until humans again served as their own sentinels.

10 Perspective

Influenza in people and pigs is closely intermingled with exchange of viruses in
both directions. The optimal strategy for the control of influenza in people is the use
of vaccines which are covered in detail in other chapters. Since transmission of the
novel 2009 HIN1 virus from people to pigs has occurred in multiple countries,
persons working with pigs should be included in a high priority group to receive the
novel HIN1 vaccine. If the disease signs in pigs remain mild with mortality less
than 1%, it is unlikely that a vaccine will be widely used. However, if the morbidity
in pigs approaches 100% and if the severity of diseases increases, then a vaccine
will be sought.

The major unresolved issues continue to be whether the novel 2009 HIN1 will:

¢ Become more virulent as happened with the 1918 Spanish HIN1 influenza strain
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e Acquire resistance to oseltamivir and zanamivir
e Show rapid antigenic drift
¢ Evolve “silently” in swine or poultry and go undetected

Although the pandemic 2009 HIN1 influenza virus has remained antigenically
stable, the detection of multiple oseltamivir-resistant variants that to date are
sensitive to zanamivir and are not establishing transmissible lineages indicates
that variants are occurring but as yet have no survival advantage. History has taught
us that each of the above scenarios is possible either by mutation or by reassortant.
The presently circulating pandemic HINT1 is more severe in both healthy children
and medically compromised individuals. It is essential that virus surveillance and
characterization is done both in humans and in pigs and poultry at the human animal
interface so that we do not again fail to detect what is ongoing in the lower animal
reservoir.
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The Emergence of 2009 HIN1 Pandemic
Influenza

Benjamin Greenbaum, Vladimir Trifonov, Hossein Khiabanian,
Arnold Levine, and Raul Rabadan

Abstract The emergence of a novel HIN1 virus in Mexico and the USA in spring
2009 and its rapid spread around the globe has led the World Health Organization to
declare the first pandemic of the twenty-first century. Employing almost real-time
sequencing technologies and disseminating this information freely and widely has
permitted the most intensive investigation of the origins and evolution of an
influenza pandemic in the history of this disease. The small levels of sequence
diversity of the first isolates permitted a realistic estimate of when the 2009 HIN1
virus first entered the human population. The rate of change in influenza RNA
sequences permitted several groups to trace the origins of this virus to swine and a
reassortment of North American and Eurasian swine influenza. These virus strains
in turn have been traced back to swine, avian, and human virus reassortments
occurring years ago in swine, all the way back to the 1918-1930 HIN1 viruses.
The influenza virus sequence information spans the dimensions of time (90 years),
space (locations all over the world), and hosts (birds, humans, swine, etc.). The high
evolutionary rate of this virus and the growing amount of information is allowing
researchers to follow its changes in the search for possible factors that could
contribute to an increase in its virulence.

1 Introduction

In March 2009 a number of cases of acute respiratory illness were identified in
Mexico as a novel HIN1 influenza strain, currently referred to as S-OIV HINI,
HINI pdm, 2009 HINI or swine flu in the media. Along with this news came
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various, sometimes conflicting, reports about the new strain’s origins and virulence.
These were soon followed by reports of a number of cases in the USA during April,
initially in California and Texas [1, 2], but quickly throughout the rest of the
country. By mid-June 76 countries and all American states had reported cases of
the novel strain with particularly high concentrations in a set of densely populated
areas [3]. Simultaneous community level outbreaks in multiple regions around the
world raised the possibility that a new pandemic had emerged. On June 11, 2009,
the World Health Organization (WHO) declared the first influenza pandemic of the
twenty-first century [4]. In the USA, a number of cases of the novel strain continued
to occur over the summer, while the overall number of flu cases decreased [5].
Almost all of these anomalous summer cases were identified as the new strain.
Simultaneously, during the southern hemisphere’s winter flu season there has been
substantial circulation of the virus with some reports indicating that it may be the
dominant circulating strain in regions closely monitored by the WHO.

Unlike the three pandemics of the twentieth century, this strain has emerged
during an age when two important tools are available. Firstly, viral genomes can be
rapidly sequenced, allowing the RNA genomes of new isolates to be available for
researchers within days, even hours. Hence, one can track the genetic evolution of
the virus in an almost real-time fashion, especially when compared to previous
emerging diseases. Secondly, researchers have access to sequence data through the
internet and large databases, such as the Influenza Virus Resource at the National
Center for Biotechnology Information (NCBI) [6]. Within this resource are recent
sequences from the new strain as well as multiple sequences from current and
historical strains that have been circulating over the past 90 years in several
different hosts. The historical strains include multiple avian and swine isolates,
along with early isolates from the emergence of the human 1918 HINI, 1957
H2N2, and 1968 H3N2 pandemics, with many samples of those strains’ descen-
dants as they continued to evolve in the human population. This project also
coordinates dedicated efforts in a group of major cities in the northern and southern
hemispheres for the 2009 HINI strain, providing numerous, frequently updated
high-quality samples of the new strain.

As a consequence, this pandemic is the first to take place in the genomic
information age, where viruses can be rapidly sequenced and, just as importantly,
compared to both currently circulating and historical influenza strains in multiple
host species. This has allowed researchers over the critical first few months of the
pandemic to address the twin questions of where the virus came from and where it
may be headed with tools that were completely nonexistent in previous pandemics.
This is essentially an empirical test of previously held theories of how the virus
evolves, in addition to addressing related practical questions about vaccination and
surveillance. Many ideas about emergence and pandemics that were generated as a
consequence of recent sequence data and sequencing of historical strains will now
be utilized to understand this emerging pandemic. In this work we examine and
review information about the new influenza strain during the first few months of the
pandemic so as to understand its emergence and see how it compares with what was
expected from studies of previous pandemic strains. Throughout this work, we
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highlight how these new tools have provided a background for studying an
emerging influenza virus, while at the same time noting some holes in our current
tools and information, whose repair would improve the response to future pandemics.

2 The Origins

From the first release of the viral sequences from California, Texas, and Mexico in
April 2009 many groups applied different techniques to understand the origins of
the new virus [7-10]. These techniques include clustering, different phylogenetic
methods, and sequence alignment and similarity. The premises of all these methods
are similar: compare the new sequences with the ones deposited in databases, e.g.,
the aforementioned NCBI database.

2.1 Ancestral Strains

Influenza is a segmented, single-stranded, negative-sense RNA virus with eight
segments. When two influenza viruses coinfect the same cell, new viruses could be
generated containing segments from both parental strains, known as reassortment.
As a consequence of the reassortment process, the eight segments can have different
evolutionary histories. Figure 1 shows a phylogenetic tree of the HA segment in the
context of other H1 viruses. The HA of the recent HINT1 viruses is related to viruses
that have been circulating in pigs since 1930, and probably dating back to 1918.

For the 2009 HINI virus a comparison of all segments with strains in the
database shows a dual geographic origin, though both arms of this tree come
from a swine origin, rather than from human or avian sources as had been specu-
lated [7]. Six of the eight segments of the HIN1 2009 virus are closest to swine
viruses that had circulated in North America, while segments encoding the neur-
aminidase and matrix proteins were most similar to swine strains circulating in
Eurasia. This indicated that the virus was most likely to have originated as a
reassortment between two circulating swine viruses from these regions.

Looking further back in history to the most closely related ancestors of these two
sources for 2009 HIN1 among deposited strains, a more complicated picture begins
to emerge (Fig. 2) [11]. Within the six segments related to strains found in North
America the closest similarity is with HIN2 and H3N2 swine viruses isolated in
several parts of the USA and Canada around the turn of the twenty-first century
[12]. Swine HIN2 viruses were isolated since 1999 and were the result of a
reassortment between swine H3N2 viruses and classic swine HINI1 viruses.
Swine H3N2 viruses were the result of a triple reassortment between avian,
human, and swine viruses. The segments of swine origin from classical HIN1
viruses either descended directly from or had a common ancestor to the 1918
pandemic [13-15]. Classic swine HIN1 strains dominate recorded strains from
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Fig. 1 Unrooted phylogenetic distance tree of HA segment in HINI1 viruses since 1918 HA
isolated from humans is colored in blue, swine in pink, and birds in green

the earliest sequenced swine flu genomes, dating back from the first influenza
isolates in the 1930s until the mid-1990s. The second component of the triple
reassortant swine H3N2 is closest to human H3N2, originating in the 1968 pan-
demic, which was a reassortment between avian H3 influenza and the human H2N?2
strain of the 1957 pandemic (itself a reassortment of descendents from the 1918
HINI and avian H2N2) [16]. The final components of this strain are avian in origin
and are found in the polymerase complex segments PB2 and PA.

Since 1998, in addition to the classical HIN1 viruses, reassortant H3N2 and
HI1N2 viruses have been circulating in North American swine [17, 18]. The recent
discovery of these swine influenza strains may be due to the fact that the number of



The Emergence of 2009 HIN1 Pandemic Influenza 99

Classic
swine
HIN1

2009 Human HIN1

Human
H3N2

Avian
MNorth American swine
H3N2 and HIN2

2000 2009

Fig. 2 The history of the recent ancestors of the 2009 HIN1 pandemic strain HIN1. The recent
ancestors were isolated in swine in last two decades. Figure from Trifonov et al. [11]

sequences collected starting in the mid-1990s has increased exponentially as a
result of greater surveillance in swine populations. It is clear that in recent years,
all three strains have been cocirculating in swine. There have been sporadic cases of
human infection with swine viruses without a major outbreak, typically among
people in contact with pigs. These cases have been mostly asymptomatic compared
to seasonal influenza, but with higher recorded incidences of diarrhea (three out of
ten patients) than is usually expected. Diarrhea has also been reported in about 24%
of American S-OIV cases to date [19].

The Eurasian ancestors of pandemic 2009 HIN1 are HIN1 swine viruses that
have been circulating in swine since the end of the 1970s [20]. The origin of
several segments of these viruses was probably avian. It is interesting to note that
the relationship between pandemic HIN1 and Eurasian HIN1 swine viruses is
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distant, with the closest relatives dating to the 1990s. It is still unclear how these
segments have passed unnoticed for more than a decade, probably reflecting the
lack of systematic surveillance of swine viruses on a global scale, as shown in
Fig. 3 [11].

As the recent history of the ancestors of pandemic HIN1 show, viruses reassort
very frequently, especially swine viruses [21]. Pigs are documented to allow
productive replication of human, avian, and swine influenza viruses. This picture
of multiple cocirculating swine strains entering the human population after reas-
sorting has increased the interest in the “mixing vessel” theory of swine influenza
[22, 23]. This hypothesis asserts that, because swine can become infected with
swine, human, and avian strains, it offers the greatest opportunity to generate
diversity through reassortment. One possible explanation for the role of swine in
reassortment events is due to the fact that epithelial cells in the upper respiratory
tract of swine expresses both human and avian receptors [24].

The idea that emergent influenza viruses in humans typically come directly from
pigs, as a mediator of human, avian, and swine strains, has been suggested for the
origins for the 1957 and 1968 pandemic viruses, but is controversial for the 1918
pandemic strain, which appears to have a possible avian origin [15]. The current
HINT1 pandemic also supports the swine origin of a mixed influenza virus strain
with ancestors in swine, avian, and human strains. Hopefully, one outcome of the
attention drawn by this pandemic will be better surveillance of swine viruses so that
the appearance of new strains in swine and the frequency of reassortant strains in
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Fig.3 The number of sequences deposited in GenBank indicate the geographic and time diversity
of influenza isolates since the 1960s. Figure from Trifonov et al. [11]
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swine can be better observed in real time. The 2009 HINI strain was probably
circulating in swine populations prior to the outbreak but went undetected. The final
answer to where and when this virus emerged in humans will only be solved when
more data becomes available.

2.2 Recent Emergence

Influenza viruses, like many other single stranded RNA viruses, have very high
evolutionary rates. An examination of the genome sequences from the first isolates
of 2009 HINI1 from California, Mexico, and Texas showed a high degree of
similarity, suggesting a very recent common ancestor. One can estimate the time
to the most recent common ancestor by evaluating evolutionary rates that have been
determined in the past and comparing the genomes of the different 2009 HIN1
isolates. To get an idea of the order of magnitude of this numbers we can compare
two of the most distant early sequences, A/California/04/2009 and A/New York/18/
2009 which were isolated on the 1st and the 25th of April 2009, respectively. The
end of January 2009 can be considered to be a rough estimate of their most recent
common ancestor, simply by observing that there are 23 differences between their
13 kb genomes and that previous estimates of evolutionary rates of change are
4-5 x 1072 nucleotides per year [9, 15, 25, 26]. Employing Bayesian phylogenetic
methods, which provide a good way of estimating the time to the most recent
ancestor, these results suggest a common ancestor for April pandemic isolates
dating to January or February 2009 [25-27]. This is compatible with the initial
reports from Mexico of the start of the outbreak.

Phylogenetic and clustering techniques clearly show the initial formation of
clades, as expected from the natural propagation of the virus but with the caveat
that the sequences that are available are coming from only a few places in the world
due to limited sampling. A second interesting aspect of the early stages of the
epidemic was the branching pattern in sequences that occurred at different geo-
graphic locations. Namely a set of California strains segregated away from the
others in sequence distributions indicating that, even at that early stage in the
pandemic, a geographic segregation among early isolated strains was already
beginning. As a result, the hallmark strain A/California/07/2009 always appears
as part of a distinct group. As the number of viruses has continued to grow since the
emergence of the strain, this segregation, which was apparent early on, has
continued to be observed and expanded [28]. The A/California/07/2009 strain is
more closely related to several circulating Mexican strains then it is to the New
York strains, causing speculation that the California strain may be the start of the
pandemic or at least part of the original “clade” and the New York strains may be
from a somewhat later cluster. Nonetheless, this early appearance of differentiation
teaches a valuable lesson about influenza’s ability to mutate rapidly, which we will
address again later.
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2.3 The Increasing Diversity of the Pandemic Virus

As the virus spreads and mutates, the viral population diversifies. Figure 4 shows
the increase in the number of viral isolates that were deposited in GenBank since
late March 2009 (left) and how it corresponds to the diversity, measured as the
number of polymorphic sites in hemagglutinin. The number of polymorphic posi-
tions generated in a segment per unit length, S, should be proportional to size of the
viral population N:

oS
Fri kN(t)(1 = S)

This diversification of the whole genome is illustrated by the phylogenetic tree
shown in Fig. 5.

The amount of variation is somewhat different for different segments. In
particular, HA seems to accumulate substitutions faster than other segments,
suggesting that selection is playing a role in this protein. Table 1 shows a list of
site-by-site differences for the eight chromosomes among the two aforementioned
strains isolated in April 2009: New York/18 and California/04. As previously
noted, there are 23 changes between the two isolates, with 14 of those changes
being neutral (no amino acid changes). There are two or three differences per
segment, with the majority causing nonsynonymous changes in fairly established
patterns. The majority of the seven nonsynonymous changes occurred in HA. All
four of the coding changes recorded here lie in the HA1 domain, which encodes
the exposed and epitope containing portion of HA, corroborating previous studies
across influenza that this region is subject to a greater degree of positive selection
than the rest of the virus [29]. This includes one of the few observed transitions at
position 658.
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Fig. 4 The increase in the number of sequences corresponds to the increase in polymorphic sites
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Fig.5 Unrooted distance tree for the whole genome of the current 2009 HINI1 strain. Branch with
more than 85% confidence from bootstrapping are highlighted in red. The aforementioned
California/07 strain is marked by a blue diamond

3 Pathogenicity

The pathogenicity of the new virus was not clear when it was first identified.
Although much remains to be revealed about the causes of pathogenicity for
influenza A viruses in general, it has become clear that it depends on multiple
genes and differs between hosts. Since the HA protein mediates the binding of viral
particles to the host cell, the interplay between receptors exposed on the cell surface
and the receptor-binding specificity of the HA protein play an important role in the



104 B. Greenbaum et al.

Table 1 List of nucleotide

. el Segment Position Mutation Amino acid
and amino acid differences New York/
be‘Wee;mOg HS\{ é . 18-California/04
strains New Yorl an
California/04. PB2 1218 AG -
1872 T-C -
2163 A-G -
PB1 1758 G-A -
2033 A-G Asn-Ser
PA 670 T-C Ser-Pro
1986 G-T -
HA 298 T-C Ser-Pro
640 G-A Ala-Thr
658 A-T Thr-Ser
891 G-A -
1012 G-A Val-Il
1408 T-C -
NP 298 A-G 1l-Val
1143 A-G -
1248 A-G -
NA 317 A-G 11-Val
742 G-A Asp-Asn
1044 A-G -
MP 492 A-G -
600 A-G -
NS 366 G-A -
443 A-G -

viral infectivity [30-36]. Another known source of pathogenicity related to the HA
protein is its ability to be cleaved, as this event is required for viral infection and
plays an important role in the release of the virus from the cell [37]. One might also
suspect that the efficiency of the viral genome replication mechanism could be an
important source of increased viral titer and virulence. Indeed, multiple sites in the
PB2 gene have been confirmed as contributing to the infectivity of the influenza A
virus [38—42].

A mechanism by which influenza counteracts the host innate immune response is
via its NS1 protein, an interferon antagonist [43—47]. This is counteracted by
specific, stimulatory nucleotide sequences in RNA segments that trigger the innate
immune response to produce interferon and other cytokines, whose potentially toxic
overstimulation could lead to increased virulence. As an example, recent studies
suggest that the human innate immune system may induce selection against CpG in
a sequence specific context in human influenza segments by stimulating innate
receptors, while the innate immune system of birds does this less well, if at all [48,
49]. The result is that avian-like influenza viruses infecting humans likely produce
more interferon and cytokines, inducing selection for viruses that avoid this trigger.
While 1918 HINI and avian HSN1 present a high number of immunostimulatory
motifs, the 2009 HIN1 pandemic virus shows a similar number to the previously
seasonal HINT1 viruses, suggesting that the lack of these motifs could be part of the
low virulence observed in the pandemic virus.
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Another possible factor in pathogenicity is a protein in the PB1 segment called
PB1-F2 encoded in the +1 reading frame [50-52]. The absence of a full-length PB1-
F2 protein has been suggested to account for the low pathogenicity of 2009 HINI1
[53]. An analysis of the context this protein sequence within PB1 using Kozak’s
optimization rules for initiation of translation [54] shows that its poor expression is
probably due to inefficient translation initiation. Changes in this sequence that
regulate initiation of translation could enhance production of this protein. PB1-F2
induces apoptosis in human CD8" T cells and alveolar macrophages by binding to
mitochondria [51, 55] and increases the severity of primary viral and secondary
bacterial infections in mice [56, 57]. In isolates obtained since 1947 it is truncated
and inactivated by the presence of stop codons in classical swine HINI virus and
human HINTI virus, as well as in 2009 HINI. Its varying length leads one to
question its significance to the evolutionary fitness of influenza. The evolution of
PB1-F2 can be compared to PB1 and control reading frames within the same
segment (Fig. 6) that do not appear to encode proteins [58]. The length of the
controls is as conserved as PB1-F2. Furthermore, the probability of a long subse-
quence without stop codons in the +1 reading frame of a PB1 segment generated at
random is more than 0.9. PB1, PB1-F2 and the control segments show similar
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Fig. 6 Average number of stop codons in a window of length 90 for reading frames +1, +2, and -1
of the PB1 segment. Reading frame +1 contains PB1-F2 (codons 31-121) and contrl region PB1-
C1 (codons 646-743). Reading frame -1 contains the control PB1-C2 (codons 446-540)
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nucleotide evolutionary rates but very different rates at the amino acid level. This
can be explained entirely by negative selection in PB1, as previously observed
[59-61], implying that PB1-F2 has a similar contribution to the fitness of the virus
as other, nontranslated, sequences and so is of little or no evolutionary significance.

4 Previous Immunity

When the seasonal HIN1 human influenza virus reemerged in 1977, the main
concern was a lack of resistance in the population born after 1957, the year HIN1
was replaced by H2N2, as they had never been exposed to this viral subtype. As
expected, the spreading epidemic was almost entirely restricted to this population.
Even after more than two decades, when the publicly available extensive informa-
tion on the age distribution of patients who show symptomatic disease from the two
subtypes of seasonal human influenza across multiple geographical locations and
seasons is pooled, striking differences emerge, indicating that symptomatic flu due
to seasonal HIN1 virus is distributed mainly in a younger population relative to the
seasonal H3N2 virus [62]. These observations can potentially explain why two
different influenza strains can both circulate in the human population at the same
time. The partitioning of the population into young and old hosts may have
permitted both influenza stains to cocirculate. The more strains that can cocirculate
in a population and move from human to pig and avian to pig, the greater the
diversity of influenza strains generated and ultimately tested in the human popula-
tion. The analysis here of the origins of the 2009 HIN1 virus reflects this diversity
with contributions from HIN1 strains and H3N2 human and swine strains, as well
as HIN2 swine. These distinct characteristic age groups are possibly carried over
from previous pandemics and provide a recurring pattern of similar viruses that
depends upon the generation of the host and the appearance of a young population
that never was exposed to that virus strain. Perhaps there will come a time when a
vaccine can be constructed that will anticipate this recurrent pattern of virus strains
and break this pattern. If so it is likely a new pattern will nonetheless emerge as
these viruses rapidly evolve in response to their host’s immunity.

The preliminary studies regarding the age distribution of patents showing symp-
tomatic flu from S-OIV HINI virus indicate a similar distribution to the seasonal
HINI1, with the greater disease burden on the population younger than 25 years of
age [63, 64]. It also has been suggested that older populations may have preexisting
immunity to the novel virus. Likewise, the results from serological studies indicate
that 33% of those aged more than 60 have cross-reactive antibody responses to 2009
HINI, even before vaccination against the seasonal flu. A similar cross-reactive
antibody response is observed only in 6% of those aged between 18 and 40, and no
response exists among children. In addition, the vaccination against the seasonal flu
from the past four seasons does not change the amount of this response in any of
these age groups [65].
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5 Conclusion

Current data implies that the closest ancestors of 2009 HIN1 human infuenza virus
came from pigs a few years ago. Having circulated in pigs for several years the 2009
HINI strain probably emerged in humans very recently. The great similarity
between the circulating strains of this virus in humans suggests a recent common
ancestor which first emerged in January or February of 2009, though it remains
unclear how and where the pandemic started. This enigma can only be solved if we
fill in the gaps in swine influenza strains and more distant 2009 HINI-like
sequences are isolated from humans and swine. The analysis of the sequences
collected during this pandemic has clearly demonstrated the imperfections of the
surveillance system, especially in swine. Although pandemics could start anywhere
on the planet, a more comprehensive surveillance system could help to quickly
identify repeated isolations of potential strains that are candidates for breaking into
a human population that has no immunity to that strain.

The more distant origins of the swine HIN1 virus that led to the human 2009
HINI1 virus have also been traced. The HIN1 swine influenza strains derived from a
reassortment where six out of eight viral segments came from a North American
swine influenza virus and two segments (neuraminidase and matrix) came from a
Eurasian HINT strain of swine influenza virus. The former was itself a reassortment
of avian, human, and swine influenza. This evolutionary history supports the role of
swine in the reassortment of influenza virus strains from human, avian, and other
swine.

Continued observation of the evolution and diversification of the new virus can
alert us to possible changes that can affect its pathogenicity. Likewise, monitoring
different viral clusters, particularly in vaccine target areas, can help improve the
vaccine for the upcoming season. Mutations and reassortments in influenza make it
unpredictable. Any infectious disease is the result of a complicated interplay of
different factors, including the pathogen, the host, other possible pathogens that
coinfect the same host, and the environment. The unprecedented amount of geno-
mic information is the first step in understanding these complex host and pathogen
dynamics. The availability of electronic health records will allow the integration of
patient history into this picture [66]. Many new techniques are becoming available,
including high-throughput RNA sequencing directly from a host without interven-
tion of replication in culture or eggs imposing new selective forces upon viruses. In
addition, sequencing procedures of total host and viral RNA species along with
expression arrays can tell us a great deal about the response of the host, the innate
immune system, and how differences between viruses impact upon the host. This
type of procedure will detect single nucleotide polymorphisms or copy number
variations that can alter the host immune response and result in the evolution of
different viruses within that host. All of these new technologies and methods will
allow researches to generate an integrated genetic and molecular picture of the
disease beyond that provided by the traditional disciplines of virology, immunology,
and epidemiology.
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Influenza Vaccines Have a Short but Illustrious
History of Dedicated Science Enabling the Rapid

Global Production of A/Swine (HIN1) Vaccine
in the Current Pandemic

John Oxford, Anthony Gilbert, and Robert Lambkin-Williams

Abstract Vaccines for the swine flu pandemic of 2009 have been produced in an
exquisitely short time frame. This speed of production comes because of 50 years of
hard work by virologists worldwide in pharma groups, research laboratories, and
government licensing units. The present chapter presents the background frame-
work of influenza vaccine production and its evolution over 50 years. Isolation of
the causative virus of influenza in 1933, followed by the discovery of embryonated
hen eggs as a substrate, quickly led to the formulation of vaccines. Virus-containing
allantoic fluid was inactivated with formalin. The phenomenon of antigenic drift of
the virus HA was soon recognized and as WHO began to coordinate the world
influenza surveillance, it became easier for manufacturers to select an up-to-date
virus. Influenza vaccines remain unique in that the virus strain composition is
reviewed yearly, but modern attempts are being made to free manufacturers from
this yolk by investigating internal virus proteins including M2e and NP as “univer-
sal” vaccines covering all virus subtypes. Recent technical innovations have been
the use of Vero and MDCK cells as the virus cell substrate, the testing of two new
adjuvants, and the exploration of new presentations to the nose or epidermal layers
as DNA or antigen mixtures. The international investment into public health
measures for a global human outbreak of avian H5N1 influenza together with a
focus of swine influenza HIN1 is leading to enhanced production of conventional
vaccine and to a new research searchlight on T-cell epitope vaccines, viral live-
attenuated carriers of influenza proteins, and even more innovative substrates to
cultivate virus, including plant cells.
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1 Introduction

When the influenza A virus first emerged from a presumed avian reservoir at the
end of the ice age 10,000 or so years ago, there was a distinct difficulty in finding
new human victims. For example, at that time, only a few hundred settlers were in
the London region near the Royal London Hospital, now a community of four
million people. At that time a traveler would have to walk a 100 miles to find
another small settlement, perhaps at Stonehenge near Salisbury.

Nowadays we have a truly global community of six billion people, linked so that
two million people are moving each day by plane, while perhaps ten million are
journeying in their homelands. Influenza, like all viruses, is opportunistic. In 1918, it
had the unprecedented opportunity to spread at the end of the first global war. Ten
million soldiers began the move homewards, and every steamship was packed as they
fanned out from France to England, Europe, the USA, Canada, Australia, India, and
SE Asia [1-3]. How perfect for a virus spread by aerosol droplets, close contact, and
contamination of towels, cups, and every day utensils. A virgin population, which
had never before encountered the avian virus (HI1N1), was on the stage of this theater
of infection. Perhaps, a billion people were infected in the next 18 months, and 50-60
million died, making this by far the biggest outbreak of infectious diseases ever
recorded, with an impact many times greater than the so-called bubonic plague
outbreaks in Medieval Europe. However, more than two billion people survived.
The overall mortality was less than 1%, although in a few semi-closed societies of
hunter-gatherers in the Arctic, the mortality from the disease and subsequent starva-
tion as young hunters died and husky dogs attacked and ate the survivors exceeded
90% [4-T7]. It is well to remember that when HIN1 emerged in 1916/1917 and
became pandemic in 1918 everyone except for the over 70s were fully susceptible.
This is different from today where most people on planet earth have immune memory
to the HIN1 family of viruses and by definition to A/Swine flu. This explains why the
current HIN1 vaccine is immunogenic. While most people in the world were
infected, we are forced to view the innate protective power of our immune system
with awe [8, 9]. We are equipped with 100,000 genes, seven million years of
evolution, and 80,000 years of specialization since our emergence from Africa. In
contrast, influenza is a miniscule eight-gene vehicle. A recent study [10] of the
reproductive number (RO) of the 1918 virus suggests that, unexpectedly, it may
have been quite low, not exceeding three persons infected with a single case. The
current pandemic A/Swine HINT1 virus is not so different. This would place pan-
demic influenza not far above the lowly group of viruses such as small pox and SARS
and not reaching the heights that measles has attained. However, this unexpected
theoretical analysis, if it is not flawed, gives us more practical opportunities to break a
chain of infection of a pandemic with antivirals, hygiene, and vaccines [11-13]. We
are experimenting with these approaches at the present moment.

The new world of the twenty-first century, although harboring in some countries
a few old-fashioned attitudes, akin to “influenza and pneumonia is the old person’s
friend” nevertheless has the capability for the first time to defend itself against
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Mother Nature and her threat of influenza. For the first time in history, intense
surveillance by the World Health Organization (WHO), early identification of a
new pandemic influenza virus by molecular diagnostics, application of vaccination
and antiviral chemoprophylaxis, and possible quarantine and masks could actually
prevent a pandemic arising. For the expressed intention of WHO and the world
community of infectious disease researchers is to deflect the first wave of the first
pandemic of the twenty-first century. In this endeavor, our huge resources of natural
innate immunity, assisted by new vaccines, are already helping us. The formulation
of the vaccines and their stockpiling alongside antineuraminidase (NI) antivirals
has needed significant investment of time and money, and this started with a three
billion Euro investment from the USA and EU. We are presently gathering the fruits
of this investment with the outbreak of A/Swine (HIN1) virus.

Baroness Findlay of Glandaff put the epidemiology of influenza HSN1 situation
succinctly in the House of Lords Report of Pandemic Influenza [14] “We believe
the risk of a pandemic of human-to-human transmissible virus is to be taken very
seriously. We believe that it may not happen in the very short time. To explain why
we came to this stance; we believe that the problem, if it does emerge is more likely
to emerge in Asia. Asia is where fire fighting must be done today.” The Baroness
had just heard the background science that China alone holds 700 million domestic
ducks, a possible Trojan Horse of virus persistence, which approximates to 70% of
the world’s domestic duck population. Expert evidence from FAO had summarized
that China, Indonesia, and Vietnam represented the core of the problem, but only
160 million dollars were available at that point in 2005/2006 to help, and biose-
curity is not imposed strictly, while veterinary services are haphazard. The current
pandemic virus emerged from pigs but a continuing threat is another reassortant
event with HSN1 most likely in a coinfected child in Egypt or SE Asia where HSN1
viruses are endemic and where swine HIN1 viruses are spreading.

We are not the first generation of virologists to recognize the influenza pandemic
threat, but we are the first to have the knowledge of the avian and pig reservoir and
the tools to deal with the problem in a scientific manner. The world capacity for
influenza vaccine today of one billion doses did not arrive by accident: it came to us
from the hard work and dedication of four generations of dedicated scientists and
doctors. The intention here is to give just tribute to these pioneers and their new
discoveries. Using the vaccine methods developed over six decades, we can for the
first time confront influenza as it emerges, surround it, and actually prevent a
pandemic. We no longer need to be passive observers at a theater of infection.
Churchill coined the phrase “Give us the tools and we will finish the job.” Well, we
now have them and we will. Such is the essence and spirit of this chapter.

2 A Snapshot of the First Six Decades of Influenza Virology

The serendipitous discovery of infection of ferrets, which produce clinical signs,
and the cross-infection of a student from a ferret was the first technology foundation
stone [9]. Ferrets are used today as a key model to investigate new vaccines.
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The two most important technologies, which form the granite-like foundation of
influenza vaccine research, are the hemagglutination inhibition test (Fig. 1) and the
cultivation of virus in embryonated hen’s eggs (Fig. 2), first reported in 1941 and
1946, respectively [15, 16].

If one adds two other vital scientific observations that of Hobson et al. [17] who
correlated a HI titer of 40 with protective efficacy in volunteers in 1972 and then the
discovery of a single radial diffusion for standardization of the hemagglutinin (HA)
content of vaccines by Schild in 1973, it is quite apparent that the technologies are
all now well tried and tested [18]. The elucidation of the structure of the fragmented
influenza genome [19] has quickly led to techniques, genetic reassortment, and
correlation of functions with certain genes (Fig. 3). From a practical viewpoint,
some old much passaged viruses such as A/PR/8/34 (HIN1) grew to extraordinary
infectious titers in the egg allantoic cavity, exceeding a new wild-type virus by 100-
fold or more. Why not create a reassortant in the laboratory with six replicative
genes of A/PR/8/34 to give high replication while having the two new HA and
neuraminidase (NA) genes of the new epidemic virus? This technique proved to be
a masterstroke and in the last quarter of a century three laboratories, CSL in

Fig.1 The classic hemagglutination inhibition test. The test depends upon interaction of eight HA
units of virus that would normally agglutinate 0.5% turkey red blood cells. Preincubation of this
standard virus with dilutions of serum antibody abrogates the agglutinating property of the virus
(vertical rows 5 and 9). No antibody is detectable in rows 1-4, 6-8
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Fig. 2 Inoculation of embryonated hen’s eggs to grow influenza virus for vaccine. Virus is
inoculated through the shell of a 10-day-old embryonated hen’s egg and more rarely in the
research laboratory into the amniotic cavity (fop). After 2 days of incubation at 37°C, the clear
fluids are removed and titrated for HA by hemagglutination

Fig. 3 The influenza genome
is in eight fragments. The
genome could be labeled with
32P extracted and separated
on polyacrylamide gels

Melbourne, NIBSC in London, and Ed Kilbourne’s laboratory in New York, have
rushed each year to produce the new candidate vaccine viruses prefixed [IVR-, NIB-,
and X-, respectively. The almost made-to-order technique of gene reassortment
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with influenza was also central to producing host range mutants with attenuation
genes for live vaccines. Some of the starter and seed viruses for the current
production of A/California/4/09 HIN1 (Swine) vaccine used this biological tech-
nology, while others used reverse genetics to make a GM starter virus.

Undoubtedly the simultaneous discovery of the reverse genetics [20, 21] by the
three laboratories in New York, Wisconsin, and Oxford was a masterstroke in
technical advance, which has enabled mutations to be placed, at will, into the
genomes of the negative-strand viruses. The conjunction of older and newer
techniques with the licensing of the mammalian cell lines from monkey kidney
(Vero) [22], dog kidney (MDCK) [23], or human tissue (PER-6) has led directly to
the newly emerging influenza vaccines of the twenty-first century. We are using all
these techniques of the last 50 years to produce the A/Swine HINT1 vaccines of 2009
for the current pandemic.

3 The Historical Steps in Killed Vaccine Development

The first experiments on the attempted immunization of animals were made in the
USA by Francis Magill [24] and in England by Andrewes and Smith in 1937 [25].
The model is still vital today and the first experimental assessment of A/California/
04/09 HIN1 vaccine was made in this model. Mouse lung suspensions or filtrates
were used after inactivation with formaldehyde, and it was found relatively easy to
protect mice against intranasal infection with influenza. Immunization experiments
in man were accelerated when allantonic fluid preparations of virus formed the
starting material soon after the technique of allantoic inoculation of fertile hen’s
eggs was discovered [16]. The first field trial demonstrating short-term protection
by inactivated vaccine took place in the USA during a sharp epidemic of influenza
in 1943 (Commission Influenza 1944) [26].

Progress with the development of purer, more potent vaccines has proceeded
steadily since those early days, and technical advances with ultracentrifugation and
chromatography, by methods producing richer cultures and chemical inactivation
avoiding too great a modification of the surface HA and NA antigens have all
helped. To avoid the relatively high rate of local and general systemic reactions
caused by the older egg-grown inactivated whole-virus vaccines, chemical treat-
ment to disrupt the particle and to separate the wanted antigens (HA and NA) from
other constituents of the virus has led to a variety of different split or subunit
vaccines (Figs. 4-6). Ether extraction [27, 28], deoxycholate treatment [29], and
treatment with other detergents have been introduced. Some methods have
provided subunit vaccines causing fewer clinical side reactions than the older
whole-virus particle vaccines, but drawbacks have appeared, including that of
reduced antigenicity. Adjuvants of oily emulsions promised potent vaccines with
excellent antibody responses, and a few reactions were first encountered. However,
arare abscess at the site of inoculation caused much distress and this early approach
had to be abandoned. In spite of attempts to develop safer materials, none have yet
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Fig. 4 Whole-virus vaccine.
Influenza viruses are
pleomorphic with a fringe of
HA and NA spikes

Fig. 5 Split influenza virus
vaccine. The whole virus is
disrupted with detergent,
which dissolves the lipid
membrane releasing HA, NA,
and internal NP, seen as
“lamb tails”
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Fig. 6 Subunit influenza
virus vaccine. The split virus
is fractioned in a sucrose
gradient, and the HA and NA
subunits are separated from
NP and M, and standardized
by SRD and used for vaccine

been developed commercially until very recently when MF59 and A50 have been
formulated. Thus, after 60 years of work, the hope of an ideal inactivated vaccine
free from the induction of clinical reactions and yet potent immunogenically has
just been fulfilled with pandemic H5N1 vaccines and swine HIN1 vaccines.

In 1946, a major antigenic deviation of influenza A virus occurred with the
appearance of A/CAM/46 (HIN1) virus in Australia. In the USA and Europe,
outbreaks of influenza occurred early in 1947, which were due to the same virus;
some communities previously receiving vaccine containing PR8 and Weiss viruses
(HONT in the old classification and now reclassified HIN1) were attacked. This
time the vaccine did not protect against the new virus typified by the prototype
A/FM/1/47 (HIN1) [30, 31], and this led to realization of the enormous importance
of the updated antigenic make-up of inactivated vaccine.

Yet other difficulties have become appreciated, one of which is the inappropriate
antibody response occurring sometimes after inoculation, when the vaccine induces
cross-reacting antibody to heterologous viruses or the first virus in the subtype
which the vaccine first experienced, rather than that appropriate to the specific
antigen, HA, of the vaccine virus. This response is probably allied to the phenome-
non of “original antigenic sin.” Sometimes this aberrant response can be useful as
with A/Swine HINI vaccine. It is likely that the over 65s will produce recall
antibody to HIN1 viruses which infected them in the 1940s and that this virus is
somewhat related to the current A/Swine virus.
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4 Vaccine Purification Historical and Present

The starting materials for almost all types of inactivated vaccine are allantoic fluids
from fertile hen’s eggs previously inoculated with a seed culture, the yield of which
is enhanced using a recombinant virus, one parent of which is a high-yielding
laboratory strain (A/PR8/34) and the other acts as the donor of the requisite surface
HA and NA antigens from a wild-type virus [32]. The A/PR/8/34 virus donates six
genes and the wild-type virus two genes: the ensuing reassortant high growth
viruses are called 6/2 reassortants. Purification from unwanted egg material is
accomplished by ultracentrifugation on a zonal ultracentrifuge [33]. Whole-virus
particles thus separated are inactivated by formalin or B-propiolactone, the HA
content being as high as possible commensurate with the necessity to avoid febrile
reactions after inoculation. Children were sensitive to the older egg-grown whole-
virus vaccines; as many as 30% under 2 years developed fever after 0.25 ml of
vaccine and up to 8% of 6-year-old children were similarly affected after 0.5 ml
[34]. The precise constituent producing the fever was not clearly identified, but the
viral proteins were believed to be concerned [35, 36]. More modern whole-cell
virus vaccines produced in cell culture are more purified and produce fewer side
reactions.

Separation of the HA and NA by means of detergents such as Tween 80 or Triton
N101 produced split-virus or subunit vaccine, and general experience suggested
that these materials are less pyrogenic, but less immunogenic, than whole-virus
vaccine [37]. This was particularly well demonstrated by studies during the swine
influenza campaign in the USA in 1976, when many observers reported results,
which ultimately led to the recommended use in children of two doses of split-type
rather than whole-virus vaccines. Such recommendations continue at the present
time. In adults, too, the older egg-grown whole-virus vaccines gave a higher
proportion of febrile reactions than split virus [38]. However, this situation is
changing as whole-virus vaccines produced in Vero cells for example come to
the fore.

5 Early Progress: The Standardization of Potency,
Composition, and Dosage of Inactivated Vaccines

Former methods for assays of the potency of inactivated vaccine depended on
measuring the HA activities of the vaccines with erythrocyte suspensions using
the Salk pattern technique of Miller and Stanley [15]. In retrospect, this technique
was not hugely accurate especially for subunit and split viruses. In a major
technological breakthrough, Schild et al. [18] proposed a method of assay based
on single radial immunodiffusion (SRD) (Fig. 7). The HA antigen content of
vaccines was estimated using SRD tests in agarose gels containing specific HI
antibodies. The SRD method was modified and refined by Wood et al. [39]. It may
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Fig. 7 Single radial diffusion (SRD) test to standardize HA. Vaccine antigen is pipetted into
3-mm wells in an agar plate containing specific anti-HA, -NA, and -NP antibodies. After a few
hours incubation, a zone of precipitation is quantified and the area is proportional to the quantity of
HA in the vaccine

be gradually replaced now by HPMC technologies. The SRD technique was valid
for both whole-virus and split-virus vaccines and was quickly adopted for interna-
tional use and is still the gold standard. In this test, vaccine virus preparations and
reference antigen calibrated in terms of micrograms of HA are disrupted with
detergent, and dilutions of the treated antigens are introduced into wells in SRD
immunoplates. The size of the precipitation ring obtained for the vaccine is
compared with that obtained with a reference antigen of calibrated HA content
titrated on the same plate. The vaccine potency is measured in terms of micrograms
of HA per vaccine dose. Inactivated influenza vaccines frequently contain two or
more virus strains and the HA content of each component (15 ng) is assayed
independently.

6 HA Dosage of Vaccines and Relationship to HI
Antibody Response

It has been known for many years that the serological response to inactivated
vaccine depends on the previous experience of the recipient to infection by viruses
of the same subtype of influenza A virus as that present in the vaccine. Although a
single subcutaneous injection of (HIN1) vaccine gave as good a response as two
doses prior to 1957, the advent of the new pandemic A/Asian (H2N2) virus
produced a different effect. Thus, Holland et al. [40] demonstrated that two doses
at an interval of two or more weeks produced a better response to one dose and in
this regard the vaccine-induced immune response was much inferior to that noted
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before the change in virus subtype. Such an experience was again noted during the
first year of circulation of A/Hong Kong (H3N2) virus and also when the A/New
Jersey/76 (Hsw1N1) vaccine was used in children and young adults. Also, in the
circumstances of 1977-1978, when most persons under 25 years of age had no
previous antibody to the recirculating HIN1 virus, a two-dose regimen for children
and young adults produced a more satisfactory response than a single injection [41].
To reiterate, in 1977 an “old” HINI1 virus from the 1950s was accidentally released
from a laboratory and established itself as an epidemic virus. It was called a
“pseudo pandemic.” Everyone over 24 years had previous immunity. The contrast
between the effects of a single dose of vaccine in persons infected with HIN1
viruses at least 20 years earlier was very striking. These data have immediate
relevance today in terms of HSN1 vaccine and of course with the A/Swine vaccine.
The world is full of immune virgins as regards HSN1 but not in the case of A/Swine
HINI1. Most persons have immune memory to the HIN1 family, and therefore it
comes as no surprise that vaccines induce high levels of HI antibody.

Several factors are of importance in the determination of the quantity and the
precise composition of the antibody response to the surface antigens of the virus
present in inactivated vaccine. First and foremost, the quantities of HI and NI
antibodies induced by vaccine are broadly related to the quantity of antigen present
in a single dose. Second, the precise composition of the antibodies formed in
response to influenza A virus is important. Thus, reinforcement of previously
acquired antibodies by the orientation of the B-lymphocyte response to the first
infection by the particular subtype of virus experienced in childhood or later may
take precedence over the strain-specific antibody response to the vaccine virus.
Third, the precise response is influenced by the route by which the vaccine is
presented to the body’s immune system.

First then, several earlier studies reported a graded relationship between the
quantity of antigen inoculated and the antibody response that results. This was so in
the study of Mostow et al. [42], who gave increasing doses of vaccine in a single
injection containing 300—4,600 chick cell agglutination (CCA) units containing
A/Japan/57 (H2N2) virus groups of volunteers. The serum HI response was tested
with four different H2N2 viruses isolated 1962-1967 and also the homologous
virus. With more than a tenfold increase in HA from the least to the highest dose,
the geometric mean titer (GMT) of antibody increased only fivefold. Similar results
were obtained by Potter et al. [43], who inoculated student volunteers with vaccines
ranging in dosage from 5 to 400 IU and containing A/Port Chalmers/73 (H3N2)
virus. The vaccine was a surface-antigen detergent-treated material [44] adsorbed
to aluminum hydroxide gel. GMT HI serum titers increased against homologous
virus from 8- to 174-fold with the increase in dose of vaccine HA. Three other
H3N2 strains and A/Singapore/57 (H2N2) virus were also tested, and all three
H3N2 viruses showed graded HI antibody responses proportional in magnitude to
increase in antigen dose, as did the homologous virus.

The Pandemic Working Group of the MRC Committee on Influenza Vaccine
[45] gave graded doses of whole-virus vaccine containing the A/New Jersery/76
(Hsw1N1) strain to groups of volunteers in 1976. Those less than 44 years of age,
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who did not possess significant serum HI antibody to the virus before immuniza-
tion, showed a postvaccination antibody titer ranging from 64 to 148 GMT with a
nearly eightfold increase in dose from 8 to 61 pg of HA. Above this age, in those
45-64 with preexisting Hsw1 antibody, there was an increase in antibody titer from
7 to 36 times (GMT) with a change in HA concentration from 4 to 61 pg. Thus, the
effect of increasing the potency of this vaccine on the antibody response was much
greater in those sera, which indicated that they had been exposed to the antigen,
presumably by infection with a related virus, than in those with no such exposure.
Both whole and detergent-split-virus vaccines showed a relatively poor HI response
in volunteers less than 25 years of age whose initial serum had no significant
amount of prevaccination or postinfection HI antibody. In this group of subjects,
two doses of vaccine gave a better antibody response than did one, but the resultant
postvaccination GMT was half that obtained with a single dose of the vaccineover
25 years of age. This historical data is very relevant to us today as we analyze the HI
data from the current batches of A/Swine HIN1 vaccine where in the over 5 years a
single dose of vaccine is sufficient because of wide preexposure to members of the
HINI family of viruses. The younger groups had no prior immune memory to the
HINI family of virus, their experience being more orientated to H2N2 and H3N2
families.

These examples underline the practical importance of a considerable degree of
antigenic drift within a subtype comprising HI antibody response. Also, the recall of
antibodies induced by previous infection illustrates the general rule that an up-to-
date monovalent vaccine reinforces antibodies against former members of the
subtype, while also inducing specific antibodies to the vaccine virus. This was
clearly shown by direct comparison of monovalent and polyvalent vaccines such as
the MRC Committee on Influenza Vaccine’s trials [46—49].

The quantitative dose response already described for HI is also found with NI
antibody but is less consistent. Thus, Potter et al. [SO] noted that there was a two- to
sixfold increase in NI antibody as vaccine potency was increased from 5 to 400 IU
of HA. Yet the trial of A/New Jersey/76 (HswIN1) vaccine conducted by the
Pandemic Working Group of the MRC Influenza Vaccine Committee [45] found
only a slight increase in NI antibody after an increased dose from 100 to 200 IU
using 100 IU of HA in the vaccine. Nicholson et al. [41] gave a whole-virus vaccine
of the A/USSR/77 (HIN1) virus, which ranged in potency up to sixfold, and found,
in those under 25, a threefold increase in NI antibody. However, in those over
25 years of age, an increase in dose of vaccine had a less constant effect on NI
antibody formation. One possible reason for the variation in the effect of different
vaccines on the NI antibody is the lack of consistency in the NA content [51];
however, another possibility may be that immunological priming to the HA in the
vaccine can in some way suppress the immunogenicity of the NA antigen, which
may be physically associated with the HA.

The second important variable in the immune response to inactivated vaccine
arises from the relative amounts of cross-reactive and strain-specific antibodies that
are generated. The differentiation of these require special techniques such as SRD
and the adsorption studies. Webster et al. [52] compared, in adults, the response to
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an A/Port Chalmers/73 (H3N2) subunit vaccine to homologous and heterologous
H3N2 viruses. Most of the antibody was cross-reactive with A/Hong Kong/68 virus
but when higher doses of the vaccines were used, strain-specific A/Port Chalmers/
73 antibody was produced in addition to that against heterologous virus. Oxford
etal. [53, 54] compared whole- and split-virus vaccines containing A/Victoria/75 or
A/Scotland/74 viruses and using single radial hemolysis and adsorption techniques
showed that in an immunized adult, cross-reactive antibody was induced much
more frequently than specific antibody against homologous virus. They showed the
same phenomenon in adults during infection with A/Port Chalmers/73 virus, who
frequently also developed antibody rises to A/Hong Kong antigens from 1968.
Oxford et al. [54] used similar techniques to analyze sera from children aged
3-6 years immunized with a surface-antigen vaccine containing A/Victoria/75
(H3N2) antigens. Most children produced a strain-specific serum antibody to the
vaccine antigens, whereas adults similarly vaccinated tended to produce antibody
cross-reacting with all variants of the H3N2 subtype tested. Postepidemic sera from
those of various ages recently infected by A/Texas/77-like strain showed cross-
reactive antibody in adults but in contrast mostly strain-specific responses in
children. Strain-specific antibody is considered to be more protective.

7 The Route of Vaccination

The influence of the route of immunization with inactivated vaccine has been
studied in the past by many observers. The chief alternative to the subcutaneou-
s—intramuscular route is intradermal injection using a reduced amount of vaccine.
The advantages of this route are economy and the avoidance of febrile reaction. The
principal disadvantage is the fact that the antibody response is less consistent. It was
shown by Appleby et al. [55] that the GMT after intradermal vaccine was less than
half that obtained with subcutaneous vaccine, and this seemed logical in that only
one-tenth of the vaccine dose was given intradermally. McCarroll and Kilbourne [56]
found little difference in the antibody responses to intradermal and subcutaneous
vaccines in equivalent doses. Tauraso et al. [57] reinvestigated the question using a
two-dose regime before the arrival of the A/Hong Kong/68 (H3N2) epidemic. In the
equivalent amount of 0.1 ml of vaccine, antibodies formed in higher titer after
intradermal than subcutaneous vaccine. However, the titers after 0.5 ml of vaccine
subcutaneously were little different from intradermal injection of 0.1 ml. It is
considered advisable, however, in practice to limit intradermal vaccination when
the vaccine is in short supply or when, in children or the aged, reactions after
subcutaneous vaccine might pose problems.

The nasal route of inoculation either by instillation of drops or by spray was first
studied in detail by Waldman et al. [58]. Compared with the subcutaneous vaccine
in a dose of 0.5 ml, antibodies capable of neutralizing the virus A/Taiwan/64
(H3N2) increased to a greater extent in sputum and nasal secretions after repeated
nasal inoculation with a total volume of 3.6 ml vaccine. In contrast, the intranasal
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vaccine produced a much lower rise in serum antibody, the GMT being only one-
sixth that after subcutaneous vaccine. Waldman et al. [59], using an aerosol spray,
found that a better serum antibody response occurred with a small-sized particle
spray than a larger one, but the nasal antibody response was better after the latter or
with nasal drops. Absorption studies showed that a majority of the secretory
antibody (IgA) response in nasal secretion was cross-reactive with heterologous
viruses (A/Hong Kong/68 H3N2). Phillips et al. [60] compared subcutaneous or
intradermal vaccine in nurses with vaccine dropped intranasally. The subcutaneous
route produced the best serum antibody rises, and intradermal vaccine was superior
to the intranasal route in terms of antibody response. The nasal antibody titers after
immunization by either subcutaneous or respiratory routes paralleled those in
serum.

The fact that nasal antibodies increase after subcutaneous vaccine [61, 62] is
important because the lack of a good response in serum antibody in those given the
same vaccine intranasally is a limitation hardly offset by local nasal secretory changes.
Challenge of immunized groups of persons by live-attenuated virus also supports the
view that nasal antibodies play a supplementary role to serum HI antibody [63].

8 Early Quantification of Side Reactions to Vaccines:
Whole-Virus Versus Split and Subunit

The field trials of inactivated influenza A HIN1 vaccines in 1976 and 1977 added
to knowledge concerning the reactogenicity of different preparations. The split-
virus type of vaccine then used unquestionably caused fewer systemic febrile
responses in both children and adults. The fact that reactions with whole-virus
vaccines used at the time were unpleasantly severe for those without serum
antibodies to the vaccine virus before inoculation had not been fully appreciated.
In the case of children aged 6-18 in the American trials of A/New Jersey/76
(Hsw1N1) virus, the most potent vaccines caused fever in up to 63% of vaccines.
In the UK, the Pandemic Working Group of the MRC Committee on Influenza
Vaccine found that a dose of 61 pg of HA (1,000 IU) of whole-virus vaccine with
the same Hsw1N1 strain produced, in adults, local reactions in 50% and systemic
effects in over 60% of volunteers. Even the lower doses of 18-27 pg of HA
caused local reactions in 50% and systemic effects in 40%. The A/USSR/77
(HINT) virus vaccine trial in 1978 in Britain showed that adsorbed or aqueous
split-virus vaccine produced fewer reactions than did whole virus [51]. After a
second dose of the same vaccine, fewer volunteers experienced reactions than
seen after the first dose. Later studies of the endotoxin content of various pools of
inactivated type A or B vaccines using the limulus lysate test gave no hint
of a parallel between the occurrence of general reactions and the endotoxin
content [64].
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Neurological illness is a recognized sequel to immunization with a variety of
vaccines but had not previously been observed with any frequency after influenza
virus vaccines. Wells [65] noted the rare instance of Guillain—Barré syndrome
(GBS), which appeared in excess among the persons vaccinated with A/Swine
vaccine compared with the numbers in unvaccinated individuals. Of 1,098 persons
with GBS reported from October 1, 1976, to the January 31, 1977, 532 had received
vaccine before the onset of neurological symptoms. The overall risk of GBS was
calculated as ten cases per million vaccinated. The rate of occurrence during the
10-week swine vaccine period was five to six times greater than in unvaccinated
persons. However, the excess in number was greater in the second and third weeks
after inoculation than either the first or subsequent weeks. As reported by Langmuir
[66], GBS was not associated with a particular variety of vaccine or age group.
However, that numbers were slightly greater in those aged 2544 than in middle
aged or elderly persons, which appears to rule out the possibility that the syndrome
was, in some way, related to the absence of antibodies to the swine virus before
immunization, for most of those aged over 45 would have been exposed to antigens
of this virus many years before. After the swine influenza campaign was terminated,
surveillance was continued, and during the period 1978-1979, when 12.5 million
doses of ordinary inactivated vaccine were estimated to have been used, the related
risk of GBS was 1.4 times the incidence in unvaccinated persons. This risk was
regarded as not significant [67]. No clue to the cause of the marginally increased
risk of GBS in immunized persons in 1976 has yet been obtained but could be virus
strain related. No untoward effects have been noted in the billions of vaccines used
since 1979 to the present day.

9 Advent of the 1968 (H3N2) Pandemic Virus and Use
of Inactivated Vaccines

At the time when A/Hong Kong/68 (H3N2) virus was spreading in Asia, plans were
made by the MRC Committee on Influenza Vaccine to protect children in residen-
tial schools and other groups in a controlled manner. Inactivated polyvalent vaccine
containing two H2N2 viruses (A/England/64 and A/England/66) and a B strain
were compared with an H3N2 A/Hong Kong whole or deoxycholate-treated virus
vaccine in initial serological trials. Antibody formation even in those without
detectable serum HI antibody gave GMTs over 100 in those receiving A/Hong
Kong vaccine intramuscularly. However, controlled trials in two boarding schools
showed no convincing evidence of protection. In uncontrolled trials in other schools
either the polyvalent or the A/Hong Kong vaccine were given or no vaccine at all.
There were 12 schools where epidemics of influenza occurred in January and
February 1969 but no evidence of protection was found in those receiving A/HK
vaccines. The only clue obtained concerning the vaccine failure was first that only
one dose of vaccine had been given, and this is known to be inadequate to give
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a satisfactory antibody response in previously seronegative persons, and second,
there was an interval between vaccine administration and infection of 2—4 months.
These two factors may have combined to explain the absence of protection because
of the inadequacy of the antibody response at the time of challenge. It would be fair
to add that others [68, 69] did obtain protection from A/Hong Kong/68 whole-virus
vaccine during the first outbreak of influenza due to this virus in the USA. The use
of modern adjuvanted HSN1 vaccine in two doses is anticipated to give protective
effects. The current A/Swine vaccines produce protective HI antibody (>40) in
most persons over 5 years of age following a single dose. As emphasized above, this
reassuring situation is because most persons have prior immunity to the HIN1
family of viruses which circulated between 1918 and 1957 and then again from
1977 to the present day.

10 First Studies with Live Influenza Vaccines

The use of living but attenuated virus as an immunizing agent developed slowly
from the initial studies of Mawson and Swan [70] in Australia and the USSR. The
major difficulty of the lack of a laboratory test to indicate that cultured virus had lost
its pathogenicity, while retaining infectivity for man, meant that deliberate intrana-
sal inoculation of volunteers furnished the only way to select a suitable strain for
infection without causing clinical reaction. In spite of the widespread adoption of
live vaccines selected by this method and given as an intranasal spray in the USSR,
little interest was exhibited in most other countries. From 1956 onwards, trials took
place in volunteers in England and Wales to provide evidence of safety and
immunogenicity of cultured viruses and the drawback of a reduced infectivity of
well-attenuated viruses handicapped progress. The necessity to observe a match
between the antigens of epidemic viruses and those present in the vaccine was a
further drawback until the technique of reassortment of characters between two
strains, one of which was of proven attenuation, was utilized to yield seed viruses
with the desirable clinical and antigenic properties. Other disadvantages of live
viruses appeared during the intensive researches of the 1980s particularly in the
USA and in England [71, 72]. It cannot yet be claimed that the ideal live-attenuated
virus vaccine has been formulated, but reverse genetics and increased knowledge of
virulence genes have now lead to a resurgence of interest.

In the 1980s, genetic studies were intensively pursued in attempts first to define
the particular gene or combination of genes, donated by the attenuated virus that
confers the property of attenuation upon the reassortant strain. It was found that the
biological properties of excreted virus may be altered compared with those of the
original virus in the vaccine and the manner of this alteration was also studied
genetically. Such work is essential in achieving the goal of an effective and safe
vaccine virus for human use. Experimental inoculations were carried out initially in
small-scale tests in volunteers under semi-isolation to permit close observation
(see below).
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11 Host Range Virus Mutants as Live Vaccines

Multiple cultivation and passage of viruses either in animal hosts, such as ferrets
and mice, or in developing chick embryos or tissue cultures had been practiced even
before the use of temperature-sensitive (zs) or cold-adapted (ca) mutants was
suggested. Early workers in Britain used the PR8/34 virus as a host range mutant,
which, although noninfective for man, has retained animal pathogenicity even after
many passages in eggs. As a donor parent with good powers of multiplication in the
laboratory, PR8 was mated with various strains of wild-type influenza A viruses to
obtain recombinants with up-to-date surface HA and NA antigens. This method was
preferable to simple laboratory cultivation because some viruses failed to alter in
pathogenicity after as many as 30 serial passes in cultures [73], although other virus
strains appeared to become attenuated with only a few passages in eggs.

PR8 virus was chosen also by workers in Belgium who prepared reassortants
from a number of viruses, some of which were licensed for human use [74]. To
select recombinants with as high proportion of RNA components as possible
derived from the host range mutant PR8, Florent et al. [75] used RNA-RNA
hybridization to identify gene origins. Later the gene constellation of four of the
candidate vaccine viruses was determined, and Florent [76] found that some
clones of Beare and Hall’s [77] recombinants of PR8 and A/Englannd/69
(H3N2) containing five genes from PR8 were satisfactorily attenuated. How-
ever, one clone though containing six PR8 genes was nevertheless clinically
virulent to volunteers. A further genetic study of PR8 host range recombinants
using viruses tested clinically by Beare and Reed [78] was made by Oxford
et al. [79]. It was again found that recombinants from PR8 and A/England/69
viruses could contain only the surface HA and NA genes from wild-type virus
and yet retain virulence for man.

Additional attempts to stabilize the attenuation of candidate viruses were made
both by Beare at the Medical Research Council’s laboratories at Salisbury and the
RIT workers by rendering the virus resistant to an inhibitor present in normal horse
serum. This property was present in the RIT series of recombinants. It seems
strange that stabilization has not been pursued since nor has cultivation of host
range mutant viruses, such as PRS, at abnormally low temperatures, such as 25°C.
This method was found by Sabin [80] to be preferable to normal temperatures when
attenuating polio viruses, and it was exploited by both workers in the USA and
USSR.

Marker tests, which can be equated with attenuation of virulence for man, were
sought with relatively variable results. One such test used weanling rats that were
inoculated intranasally first with virus and later with cultures of Haemophilus
influenzae. Virulent virus induces bacteremia and meningitis, and using this method
Jennings et al. [81] successfully separated a number of reassortant viruses and
obtained some correlation with clinical virulence. Yet the host range mutant parent
PR8&/34 and RIT 4050, which are both attenuated in man, were classed as virulent
by the rat.
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A new approach at that time used an avian (duck) virus, which was found to have
only low pathogenicity for squirrel monkeys inoculated intranasally and was
proposed as a donor of attenuation. A reassortant with a virulent human A/Udorn/
72 (H3N2) virus behaved as did the avian parent in the squirrel monkey, although
immunizing the latter against the virulent parent. Clinical trials have suggested that
this virus is attenuated for man and is immunogenic but has not been investigated
since [82].

12 Temperature-Sensitive Virus Mutants as Live Vaccines

Most work on the development of viruses with restricted multiplication at tempera-
tures above the normal range for cultivation has been affected by Chanock,
Murphy, and associates at the National Institutes of Health, Bethesda [83]. The
technique used chemically produced mutation in virus RNA by cultivation in the
presence of the mutagenic agent 5-fluorouracil. After cultivation and plaquing at
33°C, 37°C, and 38°C, mutant viruses with the requisite temperature sensitivity
were obtained. Intranasal inoculation of hamsters confirmed temperature restric-
tion, in that much lower titers of virus were found in the hotter lungs than in the
cooler upper respiratory tract.

Spread from inoculated volunteers to adults in contact was not observed, and no
evidence of a change in virulence was found in viruses recovered from adult
recipients of vaccine [84]. However, in seronegative children, the A/Hong Kong/
68-1s-1 [E] virus produced mild febrile reactions and a virus that had lost its
properties was recovered from some who were infected.

A second series of zs-1a2 was then developed by combining two defective ts
viruses, each of which belonged to a different complementation group in respect of
the genetic defect. The progeny exhibited greater temperature restriction than the
ts-1[E] line of viruses. It was termed A/Udorn/72 ts-1A2, and it was recombined
with three further viruses; wild-type A/Victoria/3/75, A/Alaska/77 (H3N2), and
A/Hong Kong/77 (HIN1). These ts-1A2 viruses were highly immunogenic
and exhibited temperature restriction of multiplication in cell cultures and reduced
replication in the hamster lung. The A/Victoria/3/75-ts-1A2 recombinant retained
its ts properties after inoculation into doubly seronegative children. Unfortunately,
when the A/Alaska/77-ts-1A2 virus was similarly tested in a single child after tests
in adults had shown genetic stability, the nasal secretions of the vaccine yielded a
ts-positive virus that produced plaques at 39°C even though the child had shown no
symptoms or fever. The recombinant 1A2 virus with A/HongKong/77 (HIN1)
parent exhibited a capacity to infect 70% of doubly seronegative adults and was
attenuated compared with the wild-type parent. Nevertheless, it appeared possible
that a virus such as the A/Alaska-ts-1A2 might, if transferred to contacts from an
inoculated child, result in clinical illness, and clinical studies with this particular
virus were not pursued.
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13 Cold-Adapted Virus Mutants as Live Vaccines

Beginning with a strain of H2N2 virus recovered in Ann Arbor, Michigan, in 1960
by cultivation of throat washings in tissue cultures at 36°C, Maassab [85, 86]
evolved a virus, A/Ann Arbor/6/60 (H2N2), which has acted as a donor of attenua-
tion to other viruses by genetic reassortment. Earlier passages were made in chick
kidney tissue cultures followed by intranasal passages in mice and then a gradual
adaptation to lower temperatures, in tissue cultures and in developing hens’ eggs
inoculated allantoically, led to a virus with good powers of multiplication at 25°C.
The ca variant was found to retain the infectivity of the original strain for both the
mouse and the ferret, although it produced no deaths in mice and no fever or
turbinate lesions in ferrets, whereas the original virus was pathogenic for both
species. The virus proved to be temperature sensitive with a shut-off temperature
of 37°C [87]. Recombinants with wild-type viruses of both H2N2 and H3N2
subtypes were prepared, studied in the laboratory and in volunteers, and analyzed
genetically. The original A/Ann Arbor/6/60 (H2N2) virus was not, however, tested
in fully susceptible persons presumably because of the difficulty in that period of
finding seronegative adults. A few persons with low titers of serum neutralizing
antibodies (1:4 to 1:6) were inoculated and as judged by antibody responses,
became infected without undergoing clinical illnesses. More rigorous clinical
studies have been pursued with recombinants, in particular, those with H3N2
antigens, and details of the results have been brought together and earlier data
summarized by Kendal [72]. The donor ca parent has been more recently reassorted
with HSN1 genes.

It is clear that infectivity and immunogenicity were fully retained for seronega-
tive adults of whom 111 received H3N2 recombinants. Among those receiving
three of four recombinants, clinical reactions were minimal or negligible but with
the fourth, derived from the A/Scotland/74 parent, in 4 of 12 volunteers receiving
10*° and in 1 receiving 107 TCIDsy, there were clinical illnesses. Viruses re-
isolated from the vaccines retained #s properties and so did those given recombi-
nants of A/Victoria/75 (H3N2) and A/Alaska/77 (H3N2). However, some loss of ca
restriction was found in virus re-isolated from volunteers given the A/Scotland/74
recombinant.

Cold-adapted recombinants with A/USSR/77 (HIN1)-like virus have also been
studied in adult volunteers and found to be less immunogenic as judged by HI
antibody responses. A better response was obtained by Wright et al. [88] in children
in Nashville given 10%3 TCIDs, of strain CR 35 (HIN1) and none of 11 children
developed adverse clinical reactions even though eight became infected. All re-
isolated viruses retained the ts phenotype. The failure to elicit serum antibody
response in adults given this same virus recombinant is puzzling. Using the
ELISA enzyme-linked assay, Murphy et al. [89] found that by this more sensitive
method antibody rises could be demonstrated and the results tallied better with
the ability to re-isolate viruses from the inoculated volunteers than did the serum HI
responses.
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The Leningrad group of workers led by Smorodinstev [90] was the first to obtain
a virus indirectly attenuated by cultivation at 25°C. The group used strains selected
by inoculating volunteers with several viruses derived from cultures repeatedly
incubated at 25-26°C to speed up attenuation. Approximately 5—7 months were
required for the preparation and production of new strains even using genetic
recombination to incorporate new surface HA and NA antigens. Although Alexieva
et al. [91] found that cold cultivation was not successful in producing reliably
attenuated viruses for use in children, the technique was adopted for general use.
Genetic studies of the Leningrad viruses are described briefly by Kendal et al. [72],
and these parent ca viruses are currently the center of new interest for attenuated
HS5N1 vaccines.

Usually, preliminary studies were made in the USSR in 18-21-year-old sero-
negative adults who receive virus twice at intervals of 10—14 days administrated by
nasal spray. Viruses were attenuated by passage for varying periods at 25°C and
both donor viruses and recombinants proved temperature sensitive. In 1961-1964,
when H2N2 viruses were circulating, 5,165 children aged from 1 to 6 received the
ca A/Leningrad/57 (H2N2) virus. Some febrile reactions occurred but only in less
than 1% of the children. Further studies of recombinants with H3N2 or HIN1
antigens and the same Leningrad H2N2 parent after 47 serial passages under cold
conditions of cultivation (25°C) were conducted in children, half of whom had no
detectable serum antibody to the vaccine strain. No reactions occurred and over
90% of the children responded with antibody production. It is clear from the earlier
papers by Alexieva et al. [91, 92] that intranasal administration of children aged
7-15 were too reactogenic and that this is the reason why the peroral route has been
chosen for routine administration in the USSR.

A Japanese virus recovered in 1957, A/Okuda/57(H2N2), was found to be
attenuated for children and served as a donor of attenuation both in Japan and in
England. Zhilova et al., Japanese workers, [92] developed a recombinant virus
(KO-1) from ultraviolet-irradiated A/Okuda/57 and wild-type A/Kumamoto/22/76
(H3N2). Serial passaging in eggs in the presence of normal horse serum was
followed by plaque purification and later clinical tests in a few children. The M
(membrane) gene was found to have been donated by the Okuda parent. From
reassortants with other human viruses, a candidate WRL 105 virus was selected and
underwent clinical trials without harmful clinical effects [93] but has been little
investigated since that time.

14 Mammalian Cell Culture Vaccines

Cultivation of influenza viruses in mammalian cells rather than eggs initially
encouraged two manufactures to invest in cell culture fermenters for vaccine
production [22, 23]. Many more groups are now using these technologies to
produce the current A/Swine HINI1 vaccine. Capacity can be increased to cope
with a surge in demand for a pandemic virus vaccine. Moreover, the final vaccine
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has the theoretical advantage of the absence of egg proteins. The cell culture
vaccine virus is also easier to purify. Where clinical isolates of influenza viruses
are cultivated in mammalian cells and eggs in parallel, different antigenic variants
may be selected [94]. The biological variants have amino acid substitutions in the
receptor binding site in proximity to an antigenic site on the HA, and an amino acid
change in this region can alter antigenicity. Of the two virus subpopulations that can
be selected, the virus which is grown on MDCK (or Vero) cells rather than in eggs
appears more closely related to the wild-type clinical virus. There is some indica-
tion that cell-grown virus vaccines offer greater protection in animal models than
the corresponding egg-grown vaccine. These are all powerful arguments in favor of
the new generation of influenza vaccines being cultivated currently in Vero [22] or
MDCK [23] or Per 6 cells.

15 The Current Pandemic of A/Swine HIN1 and Vaccine
Production and Efficacy

Alongside 50 years of experience producing an immunogenic and safe vaccine, the
world capacity for influenza monovalent vaccine manufacture has expanded to
the present two billion doses. The preparation work and investment for HSN1 are
showing rewards with the current pandemic of A/Swine HIN1. Most manufacture
is still located within the EU, but production is increasing in the USA, Korea, Japan,
China, and most recently, India.

The international collaboration in face of the outbreak of A/California/4/09
(HIN1) in Mexico around Christmas 2008 to the present, the exchange of clinical
data and viruses enabled vaccine manufacture to start production by May/June
2009. By October 2009, the production of hundreds of millions of doses of a
monovalent vaccine containing 15 pg of HA and immunogenic after a single ion
dose in the over 5-year olds is a quite remarkable achievement. Many countries
have started to immunize at-risk groups, namely younger people <65 years of age
with diabetes, obesity, chronic heart, or lung problems, and the immunosuppressed
including pregnant women. It is forecast that up to 40-50% of some countries
could volunteer for the vaccine. It is especially important that medical and nursing
staff take the vaccine to protect both themselves and their patients. However, such
large vaccination campaigns open schisms in modern societies,which on the one
hand become very concerned about young persons dying but on the other hand
have prejudices about vaccines in general. In the first winter wave the over 65s,
unusually for a pandemic virus, are protected by prior experience of the HIN1
family and hence overall mortality is likely to be less than a seasonal year but the
mortality is likely to be in younger persons, thus exposing our Achilles heel.
Additionally nearly half the deaths to date have been in young persons without
comorbidities.
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Finally, within a year the virus is likely to mutate to allow it to infect the over 65
group, so, paradoxically, mortality in the second pandemic year could easily exceed
the first.

16 Unlike Historical Vaccines Could Newly Developed
Twenty-First Century Vaccines Induce Protection
Across the Different Virus Subtypes?

There are 16 known subtypes of the HA of influenza A virus. Only three subtypes
have caused pandemics in humans, H1, H2, and H3, while H5, H7, and H9
predominantly circulating in birds have crossed the species barrier into humans
and caused human outbreaks. We do not know whether these latter three subtypes
could mutate into human-to-human transmitters and thereby acquire pandemic
potential. At present, HSN1 is causing considerable concern in SE Asia. An
important question therefore is whether a vaccine could be engineered to give so-
called heterotypic or cross-subtype immunity to protect against all these potentially
pandemic viruses. It is well known that the internal proteins of influenza A virus
such as M1, M2 and NP are shared by all influenza A viruses. These internally
situated proteins are certainly immunogenic (particular NP) but could the immunity
induced, either T cell or antibody, be broadly reacting?

To back up the central core of this approach, it has been known for 40 years that
mice infected with an influenza A (HIN1) virus would later resist a lethal challenge
from an influenza A (H3N2) virus. Given the lack of genetic and antigenic related-
ness between the H1 and H3 proteins, or indeed the corresponding N1 and N2
proteins, this strong cross-immunity was attributed to an internal protein such as NP
or M. However, it has been difficult to construct a solid database and there has been
a lingering doubt about this so-called cross-protective immunity. Most virologists
deduced, virtually by elimination, that a cross-reactive portion of the HA (HA2)
could have provided the cross protection. Furthermore, this cross protection is
particularly seen in the mouse model, leading some to conclude that the mouse
recognized cross protection epitopes that perhaps humans did not.

Fundamental studies to correlate the genetics and immunology of NP and M
established the cytotoxic T-cell response to portions of these proteins. However, the
work clearly showed that M2 could be a cross-reactive immunogen, although a
relatively weak one [95]. The M2 protein is an integral membrane protein of
influenza A viruses that is expressed at the plasma membrane of virus-infected
cells and is also present in small amounts on virions. The important extracellular
domain, potentially targeted by antibodies and T cells, is conserved by virtually all
influenza A viruses. Even the 1918 pandemic virus differs only in one amino acid.
The first indication that the M2 was immunologically active was the observation
that an anti-M2 monoclonal antibody reduced the spread of virus cell culture. Not
unexpectedly, the antibody reacted with the extracellular domain of M2. Even more
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excitingly, the antibody reduced the replication of virus in mouse lungs. Immuni-
zation studies with M2 constructs, however, have given more mixed results.
Immunization of mice with DNA plasmid of M1 and M2 gene gave protection
mainly via T-helper cell activity. An alternative approach utilized a hepatitis B core
and M2 fusion protein. The cross protection resided in antibodies, although M2-
specific antibodies did not neutralize the virus in vitro. Presumably, protection was
mediated by an indirect mechanism such as complement-mediated cytotoxicity or
antibody-dependant cytotoxicity. However, the protection induced in the mouse
model was considerably less than that induced by a conventional sub unit HA/NA
vaccine.

It could be argued that weak heterotypic immunity may be present already in the
community and that this is helping to prevent the emergence of chicken influenza A
(H5N1) in SE Asia [96]. Certainly with evidence of tens of millions of domestic
birds infected since late 2003 in 13 countries in SE Asia, with only a handful of
human infections and only human-to-human transmission in family groups, there is
a possibility that the unique cocirculation since 1977 of two influenza A viruses
(HINT1 and H3N2) may have enhanced heterotypic immunity in most communities,
which in turn abrogates the emergence of chicken influenza A (H5N1) into humans.
It would be foolhardy, though, to take this argument to a fuller conclusion and relax
preparations for a new pandemic influenza A virus.

17 The Historical Use of Volunteers to Study Influenza
and Vaccines

At present, with the unprecedented research investment into influenza vaccines,
there are new discoveries of adjuvants and vaccine formulations to be tested as well
as fundamentals of virus transmission, infectiousness, and pathogenicity. The
ultimate test is in influenza-infected volunteers. This specialized work was initiated
over 60 years ago.

During the great pandemic of 1918, when the precise nature of the causative
microbe of the Spanish influenza had not been established, a group of American
scientists asked for young volunteers from the army and navy. The quest was to
probe the nature of the microbe that was already causing devastation in their own
country and where, by 1919, 500,000 young people were to die. However, this was
not the first study into the precise nature of the microbe. The infection had first been
documented a year earlier as a herald wave in the great city-sized military base and
encampment of Etaples [6, 12]. Here the British army constructed the largest
establishment [97] in its history, where 100,000 newly recruited soldiers each day
intermingled with thousands of wounded soldiers, pigs and, in the nearby villages
and markets, with ducks, domestic chickens, and geese. These are now recognized
as the necessary biological features of an epicenter for the creation of a pandemic
virus. We surmise, in retrospect, that an avian virus from a silently infected goose or
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duck could have crossed species either to a pig or to a soldier already infected
with a human strain of influenza. This is the mixing bowl hypothesis. Indeed,
common epidemic influenza was known to be circulating in the winter of
1916-1917 in Etaples. Another factor in Etaples could have been the hundreds
of tons of gases of 25 varieties contaminating the landscape of the nearby
Somme battlefield, as well as many of the wounded soldiers brought by the
night trains into the 12 hospitals on site and causing respiratory distress.
A group of pathologists there and at Abbeville, led by G. Gibson, raised the
question of the nature of the microbe. Could it be a Gram-negative bacterium
such as H. influenzae, already described by Pfeiffer as the cause of the previous
influenza pandemic of 1889? Or could it be a virus? Viruses were rather
unknown entities at that time but had been identified by their filter-passing
nature. Hence, Gibson’s experiment was quite simply to take sputum from a
soldier victim and filter it through a Berkefield candle filter, which would hold
back any known bacterium but allow the passage of the much smaller ultra-
filterable virus. But what then? Gibson had not even considered that a human
volunteer would receive the filtrate. In fact, he gave it to a series of macaques
and, inadvertently, to himself. He died and the macaques became ill. His
premature discovery of new virus influenza has lain undiscovered and hitherto
unquoted in the archives of the First World War [98].

Meanwhile, in the USA, a more vigorous decision had been taken, and army and
navy volunteers were infected intranasally with filtered material from Spanish
influenza victims. Some volunteers were placed 0.5 m from dying servicemen,
who coughed in their faces. The incredible result of this heroic endeavor is that not
a single volunteer became ill, whereas all around the USA their companions were
dying. It is more than possible that the volunteers had already been subclinically
infected in the early summer outbreak of 1918, which was less virulent than the
autumn virus and would be expected to give cross-immunity.

18 The MRC Common Cold and Influenza Quarantine
Unit in Salisbury (UK)

As soon as the Second World War was over, the Medical Research Council in the
UK established the Common Cold Unit in Salisbury at the Harvard Hospital. The
hospital was a donation from the USA to cope with expected bomb casualties from
London. In the event, this fully equipped multibuilding facility was used as an acute
surgical hospital for servicemen. With Christopher Andrewes as its first chief
scientist, the unit recruited volunteers to unravel the virological mysteries of
respiratory disease. For the next 40 years, a small team of virologists and clinicians
infected volunteers and discovered the first human coronavirus, the common cold
virus, and were the first to describe the clinical effects of interferons. Essentially
similar units were set up in the USA and USSR.
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19 Estimates of Vaccine Protection Obtained in the Past
by Deliberate Challenge in Quarantine Units

The considerable difficulties encountered in mounting field trials led to experiments
in which immunized volunteers were subjected to deliberate inoculation with live
virus in the form of either attenuated strain or modified wild-type strain. This
protocol was suggested by Henle et al. [99], who immunized a group of children
with inactivated influenza A (HIN1) virus vaccine and then inoculated them with
egg-cultured virus of the same subtype but recently isolated, by inhalation of an
aerosol. High rates of infection (75%) were produced in 28 unimmunized children
of whom 10 became ill. Those receiving vaccine either escaped subsequent infec-
tion or developed serological changes; only 1 child of the 42 vaccinated children
thus challenged became ill. Although this study illustrated the outstanding success
of the immunized protocol, there are probably few observers today who would be
prepared to submit their children to a similar risk of deliberately induced illness.
Ideally young adults 18—45 are used for quarantine experiments. Such a risk is, of
course, experienced during epidemics and Bell et al. [100] undertook a similar
experiment in adult volunteers some of whom were immunized with a single dose
of inactivated A/Japan/305/57 (H2N2) virus vaccine soon after the A/Asian epi-
demic began. The volunteers were isolated before being given intranasally pooled
nasopharyngeal washings from patients with influenza and this caused clinical
illness in 87% of volunteers previously given a placebo. As 50% of the vaccinated
volunteers developed fever after challenge in this experiment, the single injection
of inactivated vaccine proved relatively ineffective, presumably because of its
inadequate immunogenicity.

The information obtained by deliberate challenge of immunized volunteers has
been explored in the past using modified attenuated virus strains. Beare et al. [73]
did this in their comparison of inactivated or live influenza B vaccines in which a
challenge from the live virus B strain was used to assess the comparative efficacy of
the two vaccines. Reinoculation with live virus was resisted better by those receiv-
ing the same material a month previously than by those injected with inactivated
vaccine.

Couch [101] has reported a number of trials in volunteers after inactivated
vaccine using a low dose of an essentially unmodified H3N2 virus that had received
one or two passages in human embryonic kidney culture. It was first established by
Greenberg et al. [102] that previous infection by homotypic H3N2 virus gave
protection against deliberate exposure for up to 4 years after the original infection.
Comparison of inactivated vaccine A/HongKong/68 (H3N2) given intranasally or
subcutaneously showed that following challenge with live virus only those who had
developed a serum antibody response after vaccine by either route resisted infection.

In a further trial of an anti-NA inactivated vaccine made from an Heq1N?2 virus,
it was shown that a reduced frequency of illness and a reduced titer of virus in nasal
wash specimens resulted following live H3N2 virus challenge compared with the
findings in control subjects. The number of those who contracted infection was also
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reduced somewhat by the inactivated NA vaccine, thus supporting the suggestion of
Schulman et al. [103] that NA antibody, although incapable of neutralizing viral
infectivity, could limit the extent of viral replication. Beutner et al. [104] also
immunized children with an NA-specific vaccine and noted that antibody to NA had
a role protecting against illness rather than against infection. Slepushkin et al. [105]
and Monto and Kendal [106] came to similar conclusions with regard to NA
vaccine and the clinical evidence of protection from illness.

A series of experiments on volunteers, designed to obtain evidence of protection
from vaccines containing viruses that were homotypic or heterologous to the
challenge virus, is important in relation to the determination of the best composition
of inactivated vaccine. Potter et al. [43] gave one of four inactivated monovalent
H3N?2 virus vaccines to groups of students, measured their pre- and postimmuniza-
tion antibodies by HI and NI tests, and later challenged all the groups with a live
intranasal H3N2 virus (WRL 105). This virus was antigenically nearest to the
A/Port Chalmers/73 virus and vaccine from this latter strain and also that containing
A/Scotland/74 virus gave better protection against infection than earlier H3N2 virus
vaccines; the result thus correlated with the induced HI antibody titers.

Larson et al. [107] also challenged the immunity produced by inactivated
vaccine made from A/Port Chalmers/73 (H3N2) virus with that from a strain
developed by the Pasteur Institute [108]. This virus (30c) with an antigen closely
similar to A/England/72 (H3N2) was selected in the laboratory by a method
analogous to natural selection by antigenic drift, and thus represents the first
human attempt to anticipate antigen variation in nature. Challenge of those immu-
nized with one or the other vaccines showed that protection by the heterologous 30c
virus was about one-quarter as effective as that produced by the homologous A/Port
Chalmers/73 virus.

Experiences related by Couch also confirm [101] that antibody effective against
the homologous HA of the challenging virus is more protective than that formed by
heterologous antigen. Protection was also compared after inactivated vaccine
by intranasal or subcutaneous routes, which showed that the important mediator
of immunity was the serum IgG content of anti-HA rather than the respiratory
secretion content of specific IgA.

20 A New Retroscreen Quarantine Unit in London

We have established a new quarantine unit, based in London (http://www.retroscreen.
com), but very much centered upon the experience and ethos of the Common Cold
Unit of the past [109]. In a series of experiments over the past 2 years, we have
infected over 250 young volunteers with influenza A (H3N2), influenza B, and
influenza (HIN1) virus and more recently respiratory syncytial virus, and we now
have fully characterized virus pools [110]. In the USA, a quarantine unit had already
been established in Virginia and also at Baylor and pioneered work into the new
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Fig. 8 A volunteer room at the Common Cold and Influenza Unit, Harvard Hospital, Salisbury, in
the 1980s. Volunteers would stay for 2 weeks in this country-placed unit to be infected and
carefully studied for clinical symptoms

NA inhibitors of influenza using an influenza A virus isolated in 1991 [111]. So far
our own unit has focused on evaluating new influenza vaccines [112]. We use groups
of 20 young volunteers and quarantine them in a student hostel or hotel or phase I
clinical unit along with clinicians and scientists (Fig. 8). The MRC Common Cold
Unit was rooted strongly in the postwar era with deck chairs, free run rabbits, country
walks, afternoon cream teas, and two-course English meals. Our new unit reflects a
more diverse community, so chicken tikka is as common on the menu as roast lamb
and baked potatoes, but the wish of many of the volunteers is the same: to contribute
to knowledge.

21 Conclusion

Influenza A virus has a proven record as a “bioterrorist” virus but driven not in
Churchill’s words by the “evil forces of perverted science” but by the vast unfath-
omable laws of nature and emergence, reemergence, and resurgence of natural
disease. We are experiencing the attacks on pregnant women and younger persons
at the present moment with A/Swine HIN1 [113-115]. Information from the human
genome project, whereby a significant proportion of the 30,000 active genes are
already known to be involved in innate and acquired immunity, provides reassur-
ance that the immune system will continue to provide some protection against new
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viruses. This is excellently illustrated with A/Swine where most of the population
has immune memory to this HIN1 family of viruses.

Gauguin in his last great painting “Who are we, where have we come from,
where are we going?” asks crucial questions about the future of humankind. But it
was the medieval painter Breugel who asked the major question, yet to be answered
in the twenty-first century. His medieval painting “The Triumph of Death” shows a
horseman on a white charger scything at random and gathering souls during an
outbreak of Pasteurella pestis in medieval times. The question haunting the paint-
ing is “why do some persons survive while others die.” Even in 1918 in most
communities 99% of persons infected with the virus survived. But why did some
die and exactly how were they killed by such a minute and fragile form of life that
we know as the orthomyxovirus influenza? Was the immune reaction and ensuing
cytokine storm overwhelming or was virus replication in the endothelial cells of the
air sacs more important?

An extraordinary clear message is emerging, which tells us to build our public
health infrastructure and continue and expand our epidemiological vigilance and
surveillance against all these infectious viruses and bacteria. The virus cannot be
permanently dislodged from its avian and swine reservoir. For pandemic influenza,
every country needs a detailed and practical plan and a supply of antiviral drugs and
new vaccines at hand for an emergence of H5N1. This virus will be a lot more
difficult to deal with than A/Swine HIN1. We would then be “at the end of the
beginning” as regards protection of all citizens. Influenza was the twentieth cen-
tury’s weapon of mass destruction. Nature is the greatest bioterrorist of our world
and emerging viruses could do for us all, as easily and as quickly, or even more so,
than the Great Influenza of 1918, except for the fact that we now have the
ammunition to fight back: knowledge of virus transmission and how to break it
with disinfectants and social distancing, and effective antivirals and vaccines. The
current A/Swine HIN1 pandemic has exposed flaws in pandemic plans and also has
exposed many countries that have no preparation whatsoever.
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Influenza and Influenza Vaccination in Children

Romina Libster and Kathryn M. Edwards

Abstract Ecological and active population-based surveillance studies have clearly
shown the large burden of seasonal influenza disease in children, both in hospital
and in outpatient settings. Mortality and encephalitis due to seasonal influenza have
also been reported. The recent emergence of a novel HINI strain and its global
spread have also had a major impact on children. Two influenza vaccines are
licensed for use in children: trivalent inactivated and live-attenuated vaccines.
Both have been shown to be efficacious for the prevention of clinical and laboratory-
confirmed seasonal influenza. In recent comparative trials in young children, live-
attenuated vaccines were shown to be more effective than trivalent inactivated
vaccines for the prevention of laboratory-confirmed influenza. However, episodes
of wheezing were increased in the youngest children receiving live-attenuated
vaccine. Trivalent inactivated influenza vaccine has an excellent safety profile
and has been mainly associated with minor local pain and tenderness at the injection
site. Vaccine efficacy for the inactivated vaccine has been shown to be greater in
older children. Vaccines for the prevention of the novel HIN1 strain have also been
tested for safety and immunogenicity in children. The increased use of either
inactivated or live influenza vaccines directed at seasonal and pandemic strains
has the potential to reduce the influenza disease burden in children and to poten-
tially extend herd protection to those who are unvaccinated.
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1 Introduction

Over the past several years, a number of ecological studies have demonstrated the
excessive burden of influenza disease in children [1, 2]. Izurieta et al. [1] used local
viral surveillance to define periods when the circulation of influenza viruses pre-
dominated over that of respiratory syncytial virus (RSV) and calculated rates of
hospitalization for acute respiratory disease in children younger than 18 years of age
enrolled in two large health maintenance organizations (HMOs). Among children
without high-risk conditions, hospitalization rates in children younger than 2 years of
age were 231 per 100,000 person-months in one HMO and 193 per 100,000 person-
months in the other. In children 5-17 years of age, rates were 19 per 100,000 person-
months in one HMO and 16 per 100,000 person-months in the other. Finally, among
high-risk children 5-17 years of age, hospitalization rates were 386 per 100,000
person-months and 216 per 100,000 person-months in the two HMOs, respectively.

In another ecological study, Neuzil et al. [2] assessed the influenza burden in a
large cohort of children less than 15 years of age enrolled in the Tennessee
Medicaid program. Over a period of 19 years and a total of 2,035,143 person-years
of observation, the average number of hospitalizations each year for cardiopulmo-
nary conditions attributable to influenza was 10.4 per 1,000 children younger than
6 months of age, 5.0 per 1,000 for those 6—12 months, 1.9 per 1,000 for those
1-3 years, 0.9 per 1,000 for those 3-5 years, and 0.4 per 1,000 for those 5-15 years.
In addition, for every 100 children there were an average of 6-15 outpatient visits
and 3-9 courses of antibiotics attributable to influenza disease each year [2].

Rates observed in these ecological studies were confirmed through an active,
prospective, population-based surveillance network [3-5]. Children younger than
5 years of age residing in three US counties were enrolled during hospitalizations or
either outpatient or emergency department visits for acute respiratory tract infec-
tions or fever. Nasal and throat swabs were tested for influenza virus by viral culture
and polymerase chain reaction assay, and epidemiological data were collected [5].
Combining data from four influenza seasons, the average annual hospitalization
rates associated with influenza were 0.9 per 1,000 children (Table 1). The rates were
4.5 per 1,000 children less than 6 months of age, 0.9 per 1,000 children 623 months
of age, and 0.3 per 1,000 children 24-59 months of age. The estimated burden of
outpatient and emergency department visits associated with influenza was even
greater and depended upon the severity of the influenza season (Table 2). During
2 years of outpatient surveillance, there were between 50 and 95 clinic visits and
6-27 emergency department visits per 1,000 children per year. Remarkably, only
28% of the hospitalized children with laboratory-confirmed influenza and only 17%
of those seen in the outpatient settings with confirmed influenza were diagnosed
with influenza by their treating physician. This is despite the availability of rapid
diagnostic tests for the confirmation of influenza in young children [6-9]. Popula-
tion-based estimates from other US studies have provided comparable rates using
different study years, populations, and study methods [10-16].

Additional studies of influenza burden in children have also been conducted
in other countries. Montes et al. [17] determined the incidence of virologically
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Table 1 Rate of hospitalizations attributable to influenza per 1,000 children, according to age
group and study year®

Age group 20002001 2001-2002 2002-2003 2003-2004 2000-2004
0-5 months

Rate (95% CI) 2.4 (1.0-3.9) 4.3 (2.2-6.6) 2.3 (0.9-3.8) 7.2(5.3-9.2) 4.5(3.4-5.5)
6-23 months

Rate (95% CI) 0.6 (0.2-1.2) 0.9 (0.4-1.3) 0.4 (0.1-0.7) 1.5 (1.0-2.1) 0.9 (0.7-1.2)
24-59 months

Rate (95% CI) 0.2 (0.1-0.4) 0.3 (0.1-0.6) 0.04 (0.00-0.13) 0.6 (0.3-0.9) 0.3 (0.2-0.5)
0-59 months

Rate (95% CI) 0.6 (0.3-0.8) 0.9 (0.6-1.2) 0.4 (0.2-0.6) 1.5(1.2-1.9) 0.9 (0.8-1.1)

Modified from [5]
*Numbers are combined rates for three sites in the NVSN. CI denotes confidence interval. Counts
were weighted for days of surveillance and proportion of eligible children enrolled

Table 2 Outpatient visits for acute respiratory tract infection or fever associated with confirmed
influenza

Age group  Visits for acute respiratory Mean rate of visits  Estimated rate of

tract infection or fever for acute respiratory visits attributable

associated with confirmed tract infection or to influenza®

influenza fever, 1998-2002*

2002-2003 2003-2004 No./1,000 children  No./1,000 children

(95% CI) (95% CI)

% (95% CI) 2002-2003 2003-2004
Outpatient clinics
0-59 months 10.2 19.4 489 (387-591) 50 (35-71) 95(72-125)

(7.5-13.6) (16.0-23.1)

Emergency departments
0-59 months 5.9 (3.7-8.9)  28.8 94 (78-110) 6 (4-9) 27 (22-33)
(25.0-32.7)

Modified from [5]

CI confidence interval

“The mean rate of visits for acute respiratory tract infection or fever per 1,000 children was
calculated from the National Ambulatory Medical Care Survey/National Hospital Ambulatory
Medical Care Survey

PRates were calculated by multiplying the proportions of visits for acute respiratory tract infection
or fever associated with confirmed influenza (columns 2 and 3) by the mean rate of visits for acute
respiratory tract infections or fever, 1998-2002 (column 4)

confirmed influenza-related hospitalizations in children aged <5 years in southern
Spain during three study years. Their average yearly hospitalization rates were
410 per 100,000 children less than 6 months of age, 80 per 100,000 children
6—11 months of age, 70 per 100,000 children 12-23 months of age, and 50 per
100,000 children aged 24-59 months. These rates are nearly identical to those
reported by Poehling et al. [5]. In a retrospective, population-based study, Chiu
et al. [18] determined the annual laboratory-confirmed influenza-associated
hospitalization rates among children 15 years old or younger who lived in
Hong Kong. The adjusted rates of hospitalization attributable to influenza were
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2,800 per 100,000 children less than 1 year of age, 2,100 per 100,000 children
1-2 years of age, 900 per 100,000 children 2-5 years of age, 400 per 100,000
children 5-10 years of age, and nearly 100 per 100,000 children 10-15 years of
age. These rates are considerably higher than those reported from either Spain or
the USA [5, 17]. In a recent prospective population-based study, Chiu et al. [19]
evaluated virologically confirmed hospitalization rates due to influenza virus
infection in three consecutive seasons among children under 18 years old who
lived in Hong Kong Island. Each year different viruses circulated; during
2003-2004 H3N2 predominated, during 2004-2005 86% of the viruses were
H3N2, and during 2005-2006 94% of the viruses were HIN1. The highest rates
of hospitalization for influenza A were seen in children <2 years of age and for
influenza B in children aged 2-4 years. Hospitalization rates due to influenza
A during the 2004-2005 season were 1,038 cases per 100,000 children aged
<1 year. During the other two seasons, children 1 year of age had the highest
hospitalization rates at 955 and 546 cases per 100,000 populations during
2003-2004 and 2005-2006 periods, respectively. Only 7% of the subjects had
received influenza vaccination. Hospitalization rates reported in this study were
lower than those described in the previous study from Hong Kong but still higher
than those from other countries [20, 21]. Even with differences in rates, these
studies highlight the important burden of influenza in young children.

Mortality associated with influenza also occurs in children. During the
2003-2004 influenza season in the USA, 153 pediatric influenza-associated deaths
were reported to the Centers for Disease Control and Prevention (CDC) [22]. The
median age of those who died was 3 years, 96 children were younger than 5 years
old, and the highest mortality rate was noted in those less than 6 months of age. In
terms of mortality, 47 of the children died outside a hospital setting, 45 died within
3 days of illness onset, and bacterial coinfections were identified in 24% of the
children. Only 33% of the children had underlying medical conditions associated
with increased influenza risk.

A recent paper highlights the role of bacterial superinfection in the mortality
associated with influenza in children. One-hundred-sixty-six influenza-associated
pediatric deaths were reported during the 3-year study period (2004-2007) with
similar numbers of deaths during the first 2 years and increasing during the third
year (47, 46, and 73). The percent with bacterial coinfection increased each year
(6%, 15%, and 34%, respectively). The median number of days between onset of
symptoms and death ranged from 3 to 4 days with 75% of deaths occurring within
7 days. Staphylococcus aureus was the most commonly identified bacterial pathogen;
60% (15 patients) of the isolates were methicillin resistant (MRSA), and 6 were
methicillin susceptible (MSSA). The proportion of children with underlying high-
risk conditions, including asthma, seizure disorders, and neuromuscular diseases,
decreased from 55% in 2004-2005 period to 35% in 2006-2007. Most of the deaths
occurred in previously healthy children without underlying medical condition [23].

Another severe complication of influenza is encephalopathy and has been
described in Asian children, and less commonly in European and US children [24].
Influenza encephalitis has a fatality rate of nearly 30%, and nearly one third of the
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survivors are left with permanent disability. Influenza-associated encephalopathy
occurs early in the influenza illness and is manifested by confusion, seizures, and
progressive coma. Imaging studies show uniform cerebral edema with necrosis of
the thalamus and other deep brain structures noted in 10-20% of victims. Elevated
levels of proinflammatory cytokines have been measured in these patients and have
been postulated to contribute to disease pathogenesis [24, 25].

2 Emergence of Pandemic HIN1 Virus

Triple-reassortant swine influenza A viruses, containing human, swine, and avian
influenza genes, have been isolated from swine in the USA since 1998 [26, 27].
From 2005 to 2009, 12 cases of human infection with such viruses were reported in
the USA [28]. Then, in April 2009, the CDC identified two cases of human infection
with a novel swine-origin influenza A (HIN1) virus (S-OIV) characterized by a
unique new combination of gene segments that had not been previously identified
[29]. This virus rapidly spread throughout the world and by October 11, 2009, more
than 399,232 laboratory-confirmed cases with over 4,735 deaths had been reported
to World Health Organization (WHO). All these novel influenza HIN1 viral isolates
were found to be antigenically and genetically similar to the A/California/7/2009-like
pandemic HIN1 2009 virus [30].

Clinical characterization of 272 patients hospitalized with the novel HINI
influenza virus in the USA from April 2009 to mid-June 2009 indicated that 25%
of the patients were admitted to an intensive care unit, 7% died, and their median
age was 26 years (range 1.3-57). Forty-five percent of the patients were children
under the age of 18, 38% were between 18 and 49 years of age, and 5% were
65 years of age or older. Seventy-three percent of the patients had at least one
underlying medical condition that included asthma; diabetes; heart, lung, or neuro-
logic diseases; or pregnancy [31]. It was particularly striking that the proportion of
children admitted with the pandemic HIN1 who had an underlying medical condi-
tion (60%) was higher than the proportion that was reported for children who were
hospitalized with seasonal influenza (31-43%) [32, 33]. The morbidity and mortal-
ity associated with novel HIN1 2009 influenza virus infection appeared to be higher
in patients between 5 and 59 years old, a pattern that is uncommon during seasonal
influenza infections. Chowell et al. [34] reported a 87% of mortality with the novel
HINT1 2009 season compared with 17% during previous seasonal periods in patients
between 5 and 59 years old (Fig. 1).

3 The Role of Children in the Spread of Influenza Disease

During influenza infection, children shed higher titers of virus in the nasopharynx
than adults and act as effective disseminators of infection [6, 35]. The impact of
influenza in children was demonstrated in a study conducted in an elementary
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Fig. 1 Percentage distribution of deaths from severe pneumonia during the 2009 study period as
compared with influenza seasons from 2006 to 2008, in Mexico, according to age group [34].
Copyright © [2009] Massachusetts Medical Society. All rights reserved

school, where illness episodes, school absenteeism, medication use, parental
absenteeism from work, and the occurrence of secondary illnesses in other family
members were assessed [36]. For every 100 school children enrolled during the 37
school days of the influenza season, there were 28 illness episodes and 63 missed
school days attributable to influenza. In addition, for every 100 children followed,
influenza accounted for an estimated 20 days of work missed by their parents and
22 secondary illness episodes among other family members. These findings
support earlier observations made during an interpandemic influenza period in
Houston in 1978 [37]. As can be seen in Fig. 2, school absenteeism in Houston
preceded industrial absenteeism by several weeks, indicating that children have a
central role in the transmission of influenza to older family members within a
community.

4 Influenza Vaccination in Children

There are two seasonal influenza vaccines licensed for use in children, the trivalent
inactivated vaccine (TIV) given by intramuscular injection and the trivalent live-
attenuated influenza vaccine (LAIV) administered intranasally. TIV is licensed for
use in all children 6 months of age and older, while LAIV is licensed for use in
children, without a history of asthma, 2 years of age and older. Both of these
vaccines have been studied in a number of safety, immunogenicity, and efficacy
studies conducted in children of various ages. Because many other respiratory
viruses mimic the symptoms of influenza, vaccine efficacy trials that use clinical
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Fig. 2 Influenza morbidity in children precedes that in adults — Houston, 1978. Copyright
© [1978] Massachusetts Medical Society. All rights reserved [37]

outcomes of influenza-like illness (ILI) generally have lower estimates of vaccine
efficacy since they include a number of non-influenza cases. Efficacy trials that
assess laboratory-confirmed influenza are regarded as the gold standards by which
influenza vaccines are most appropriately judged. The results of such vaccine trials
with seasonal vaccines are summarized in the next sections.

S Efficacy of TIV

Although many pediatric studies of seasonal TIV have been conducted, a number of
them have been of relatively small sample size and have used ILI as the efficacy
outcomes of interest. Several reviews and meta-analyses of these trials provide a
comprehensive assessment of the published literature [38—42]. Four reports dis-
cussing TIV efficacy are highlighted here [39, 42-44].
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A comprehensive meta-analysis conducted by Manzoli et al. [42] evaluated all
the published randomized clinical studies of TIV for the prevention of ILI and
laboratory-confirmed influenza in healthy children and adolescents. Each trial was
assessed for the quality of randomization, concealment of group allocation, and
double blinding; studies judged to be inadequate were excluded. Data from nine
randomized clinical studies of TIV using ILI as the study endpoint determined
overall vaccine efficacy to be 45% [95% confidence interval (CI): 33-55%]. Data
from 11 trials of TIV using laboratory-confirmed influenza as the study endpoint
determined overall vaccine efficacy to be 62% (95% CI: 45-75%). TIV efficacy for
both ILI and laboratory-confirmed influenza improved with increasing age of the
children. These authors also attempted to determine vaccine efficacy for children
less than 2 years of age but found only three studies of relatively small sample size
[42]. One of these trials using ILI as the study endpoint showed a statistically
significant vaccine efficacy, but two additional trials evaluating culture-confirmed
influenza did not demonstrate significant vaccine efficacy [42]. Additionally, three
studies that evaluated the impact of vaccine on acute otitis also showed no overall
benefit of vaccine [42, 45, 46]. These authors concluded that in children younger
than 2 years of age, “the scarcity of data available suggests that any conclusion
should be avoided until further studies are published.”

Zangwill and Belshe [39] also assessed the overall vaccine efficacy of TIV in
another review and came to much the same conclusions. The results from five
clinical studies of children <9 years of age receiving two doses of TIV and using
laboratory-confirmed influenza as the efficacy criteria, showed a vaccine efficacy of
63% (95% CI: 45-70%). They also made several generalizations that mirror those
of Manzoli et al.; protective efficacy increased with age of the child and the range of
vaccine efficacy in children <5 years of age was broad and limited by the small
sample size of the few existing studies.

From 1985 to 1990, a randomized, placebo-controlled comparative trial of
inactivated and live vaccine for the prevention of laboratory-confirmed influenza A
disease in individuals 1-65 years of age was conducted at Vanderbilt University
[47]. Data from a subset of patients younger than 16 years were evaluated to
determine TIV efficacy based on culture-positive illness and seroconversion [43].
During the 5 years of the study, 791 children younger than 16 years received 1,809
doses of inactivated vaccine, live vaccine, or placebo. In these children, inactivated
vaccine was 91.4% and 77.3% efficacious in preventing symptomatic, culture-
positive influenza A HINI1 and H3N?2 illness, respectively. The efficacy of the
inactivated vaccine using seroconversion for HIN1 and H3N2 serotypes was 67.1%
and 65.5%, respectively. There were no statistically significant differences in
vaccine efficacy between the inactivated vaccine and live vaccine for either study
endpoint. The conclusion from that study was that inactivated vaccine was effica-
cious for the prevention of influenza disease in children 1-16 years old.

Finally, a recently published case—control study evaluated the effectiveness of
TIV in 103 matched pairs of children less than 5 years of age over eight influenza
seasons. Vaccine effectiveness (VE) for the prevention of laboratory-confirmed
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influenza among fully vaccinated children was 86% (95% CI: 29-97%) when
compared with unvaccinated children. VE for partially vaccinated children was
73% (95% CI: 3-93%). The small sample size of the study, its retrospective nature,
and the lack of underlying medical conditions were limitations [44].

6 Safety of TIV

Three large studies have assessed the safety of TIV in children and provide
assurance that the vaccine is well tolerated in this age group [48-50]. Hambidge
et al. [48] conducted a retrospective chart review of significant medically attended
events at eight managed care organizations that participated in the CDC-funded
Vaccine Safety Datalink (VSD). All children in this cohort who were 623 months
of age and had received TIV between January 1991 and May 2003 were assessed.
This represented 45,356 children who received a total of 69,359 TIV vaccinations.
Any medically attended event associated with TIV was evaluated in four risk
windows; 0-3, 1-14, 1-42, and 15-42 days after vaccination and compared with
two control periods, one before vaccination and the other after the risk window. The
results of this study indicate that there were very few medically attended events,
none were serious, and none were significantly associated with the vaccine.

In another VSD study, France et al. [49] evaluated children aged younger than 18
who received TIV from January 1993 to December 1999. Risks of outpatient,
emergency department, and inpatient visits during the 14 days after vaccination
were compared with the risks of visits in two control periods. A total of 251,600
vaccination episodes were assessed. Study participants incurred 1,165, 230, and 489
different diagnoses during the 14 days after vaccination in the outpatient, emer-
gency department, and inpatient settings, respectively. After medical record review
of all of these diagnoses, only impetigo in nine children 623 months of age was
significantly more common after vaccination when compared with the control
periods. The conclusion of this large safety study was that TIV was well tolerated.

Finally, a recent study evaluated serious adverse events (SAEs) reported to the
Vaccine Adverse Event Reporting System (VAERS), a passive surveillance system,
after TIV in children 623 months of age. Two health care professionals indepen-
dently reviewed all 104 SAEs reported to VAERS, including life-threatening
illness, hospitalization, prolongation of hospitalization, congenital abnormality, or
death in children 623 months of age vaccinated with TIV between 2003 and 2006.
The two most frequent SAEs were fever and seizures. New onset asthma or asthma
exacerbations were reported in only five patients, and causation was difficult to
determine. Fifteen patients died from 1 to 14 days after vaccination, most of them
were previously healthy children. One of them had myocarditis on autopsy. Despite
the limitations of the passive surveillance and the retrospective nature of the study,
the review did not identify previously unexpected SAEs and provided reassurance
that TIV administration was generally safe [50].
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7 Efficacy and Safety of LAIV

A number of studies have been published testing monovalent, bivalent, and triva-
lent experimental and manufacturing lot preparations of LAIV. One of the largest
was a multicenter, double-blind, placebo-controlled trial of trivalent LAIV con-
ducted in children 15-71 months old in the late 1990s [51]. In this pivotal study,
1,314 children were assigned to receive two doses of live-attenuated intranasal
vaccine and 288 children were assigned to receive one dose of either live-attenuated
vaccine or placebo. The strains included in the live-attenuated vaccine were
antigenically equivalent to those in the contemporary TIV vaccine. Ill subjects
were evaluated with viral cultures during the subsequent influenza season. A case of
influenza was defined as illness associated with isolation of wild-type influenza
virus from respiratory secretions. The intranasal vaccine was well tolerated with no
SAE:s reported. Among children who were initially seronegative, fourfold titer rises
were noted in 61-96% of the subjects, depending on the influenza strain. Cases of
influenza were significantly less common in the vaccine group than the placebo
group, and vaccine efficacy against culture-confirmed influenza illness was 93%
(95% CI: 88-96%). In addition, the one-dose LAIV regimen had 89% efficacy
against culture-confirmed disease. Vaccines were well tolerated in this study.

To determine the safety of LAIV, a randomized, double-blind, placebo-
controlled safety trial was conducted in nearly 10,000 healthy children 12 months
to 17 years of age given live vaccine or placebo in a 2:1 randomization scheme [52].
Children <9 years of age received two doses of either vaccine or placebo with
28-42 days between doses. Enrolled children were followed for 42 days after each
vaccination for all medically attended events. Acute respiratory tract events, sys-
temic bacterial infections, acute gastrointestinal tract events, and rare events poten-
tially associated with wild-type influenza were assessed, and none were found to be
increased in the vaccine group. However, a statistically significant increase in the
relative risk for reactive airway disease [4.06 (90% CI: 1.29-17.86)] was observed
in children 18-35 months of age. Based on the high efficacy rates obtained in the
Belshe et al. [51] study, but tempered by the safety concerns associated with
wheezing in this large study, at that time LAIV was licensed for use in children
over 5 years of age without a previous history of wheezing.

Given concerns over these reactive airway findings [52], another study was
conducted directly comparing the efficacy and safety of LAIV with inactivated
influenza vaccine in children 6-71 months of age with a history of recurrent
respiratory tract infections [53]. Children were randomized to receive two doses
of either LAIV (n = 1,101) or inactivated vaccine (n = 1,086) before the
20022003 influenza season. Participants were followed for culture-confirmed
influenza illness and vaccine safety. Overall, there were 52.7% (95% CIL:
21.6-72.2%) fewer cases of confirmed influenza caused by antigenically similar
strains after LAIV than after TIV. There were no differences between the groups in
the incidence of wheezing after vaccination.
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To further compare the safety and efficacy of the LAIV and TIV in asthmatic
children, Fleming et al. [54] randomized over 2,000 asthmatic children 6-17 years
of age to either TIV or LAIV in an open-label study during the 2002—2003 influenza
season. Participants were assessed for culture-confirmed influenza illness and
vaccine safety. When the incidence of culture-confirmed influenza illness was
compared between the two vaccine groups, the LAIV had significantly greater
relative efficacy 34.7% (95% CI. 3.9-56.0%). No significant differences were
noted between the two vaccine groups in the incidence of asthma exacerbations,
mean peak expiratory flow rate findings, asthma symptom scores, or nighttime
awakening scores. Runny nose and nasal congestion were more common in the
recipients of LAIV, and more injection site reactions were noted after TIV.

Tam et al. [55] evaluated the efficacy and safety of LAIV against culture-
confirmed influenza in a placebo-controlled trial during two influenza seasons in
Asia. In year 1, 3,174 children 12-36 months of age were randomized to receive
two doses of LAIV or placebo. In year 2, 2,947 subjects were again randomized to
receive one dose of LAIV or placebo. Vaccine efficacy in year 1 was 72.9% (95%
CI: 62.8-80.5%) against antigenically similar influenza subtypes and 70.1% (95%
CI: 60.9-77.3%) against any strain. In year 2, LAIV was effective against antigeni-
cally similar (84.3%; 95% CI: 70.1-92.4%) and any (64.2%; 95% CI. 44.2-77.3%)
influenza strains. No increase in wheezing episodes was noted in vaccine recipients
in either study year.

In another comparative efficacy study, Belshe et al. [56] compared the safety and
efficacy of LAIV and TIV in infants and young children during the 2004—2005
influenza season. Children 6-59 months of age, without a recent episode of wheez-
ing illness or severe asthma, were randomly assigned in a 1:1 ratio to receive either
LAIV or TIV in a double-blind manner. ILI was assessed with cultures and safety
was carefully monitored. Overall, there were 54.9% fewer cases of culture-
confirmed influenza in the LAIV recipients than in the TIV recipients (153 vs.
338 cases, p < 0.001). The better efficacy of live-attenuated vaccine was seen for
both antigenically well-matched and drifted viruses. Among previously unvacci-
nated children, wheezing within 42 days of administration of dose one of LAIV was
more common than with TIV. Rates of hospitalization for any cause during the
180 days after vaccination were higher among the recipients of LAIV who were
6—11 months of age (6.1%) than among the recipients of TIV (2.6%, p = 0.002).
Based on these results, LAIV was licensed down to 2 years of age in children
without a previous history of wheezing or asthma.

Belshe et al. recently summarized data from three efficacy trials of LAIV and
focused on children 2-7 years of age [57]. Overall, the efficacy of LAIV when
compared with placebo in seasons with matched strains varied from 69.2% (95%
CI: 52.7, 80.4) to 94.6% (95% CI. 88.6, 97.5),in seasons with primarily mismatched
strains was 87% (95% CI: 77.0, 92.6), and during late season epidemics was 73.8%
(95% CI: 40.4, 89.4). Compared with TIV, LAIV recipients experienced 52.5%
(95% CI: 26.7, 68.7) and 54.4% (95% CI: 41.8, 64.5) fewer cases of influenza
illness caused by matched and mismatched strains, respectively. Events noted to be
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significantly increased after one dose of LAIV were runny nose/nasal congestion,
muscle aches, decreased activity, and fever >100°F. Event rates after the second
dose were generally lower than after the first dose. Hospitalizations and medically
significant wheezing were not increased in these children. Similar findings were
reported in another reanalysis of LAIV clinical trials recently published [58].

Finally, a large open-label, nonrandomized, community-based trial of a LAIV
was conducted by Piedra et al. [59] and provides some of the most comprehensive
LAIV safety data available. Medical records of all children who received LAIV
were surveyed for SAEs and health care utilization 6 weeks after vaccination.
In four study years, 18,780 doses of LAIV were administered to 11,096 children.
A total of 4,529, 7,036, and 7,215 doses of LAIV-T were administered to children
who were 18 months to 4 years, 5-9 years, and 10—18 years of age, respectively.
During the four study years, 42 SAEs were identified, but none were attributed to
LAIV-T. Compared with the prevaccination period, there were no increases in
medically attended acute respiratory infections from 0 to 14 and 15 to 42 days
after vaccination in children of all ages. A relative risk of 2.85 (95% CI: 1.01-8.03)
for asthma events 15-42 days after vaccination was detected in children who were
18 months to 4 years of age during one study year, but was not significantly
increased for the other 3 years [vaccine year 2, RR: 1.42 (95% CI: 0.59-3.42);
vaccine year 3, RR: 0.47 (95% CI: 0.12-1.83); vaccine year 4, RR: 0.20 (95% CI:
0.03-1.54)]. They concluded that LAIV was safe in children [59].

8 HINI1 Vaccines

With the identification of the novel HIN1 strain, vaccine manufacturers rapidly
began the process to produce, test, and license vaccine. On September 15, 2009,
four influenza vaccine manufacturers received approval from the US Food and
Drug Administration for influenza A (HIN1) 2009 monovalent influenza vaccines
to be used in the prevention of influenza caused by the novel virus. Both live,
attenuated, and inactivated influenza A (HIN1) 2009 monovalent vaccines were
licensed, but none of the vaccines approved in the USA contained adjuvants.
Children from 6 months to 9 years of age were recommended to receive two
doses of the monovalent vaccine, while persons aged >10 were recommended to
receive only one dose [60]. Groups recommended to receive the vaccine included
pregnant women, household contacts of infants younger than 6 months, health care
and emergency services personnel, individuals between 6 months and 24 years of
age, and those aged 25 or older with underlying conditions that put them at high risk
of complications from influenza [61].

Vaccine was also produced in a number of other countries, with the first
vaccinations with the novel HIN1 vaccine occurring in China [62]. Two reports
of the safety and immunogenicity of the novel HIN1 vaccine have recently
appeared in the literature and more will likely appear in the next several months.
In one trial conducted in Australia, two doses of an inactivated, split virus 2009
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HINI1 vaccine were administered to healthy adults between the ages of 18 and
64 years. A total of 240 subjects, equally divided into two age groups (<50 and
>50 years), were enrolled and underwent randomization to receive either 15 or
30 pg of hemagglutinin antigen by intramuscular injection. Antibody titers were
measured using hemagglutination inhibition (HAI) and microneutralization assays
at baseline and 21 days after the first vaccination. By day 21 after vaccination,
antibody titers of 1:40 or more were observed in 96.7% of the subjects who received
the 15-pg dose and in 93.3% of those who received the 30-pg dose. Local pain and
tenderness were reported in 46.3% of subjects, and systemic symptoms were noted
in 45.0% of subjects. Nearly all events were mild to moderate in intensity [63]. In
another recently reported study 175 adults aged 18 to 50 received monovalent
influenza A/California/2009 (HIN1) vaccine with and without MF-59 adjuvant.
Subjects were randomly assigned to receive two intramuscular injections of vaccine
containing 7.5 pg of hemagglutinin on day O in each arm or one injection on day
0 and the other on day 7, 14, or 21; two 3.75-pg doses of MF-59-adjuvanted
vaccine, or 7.5 or 15 pg of nonadjuvanted vaccine, administered 21 days apart.
Antibody responses were measured by HAI assay and a microneutralization assay.
Preliminary data indicate that antibody titers, expressed as geometric means, were
generally higher at day 14 among subjects who had received two 7.5-pug doses of the
MF-59-adjuvanted vaccine than among those who received only one dose. Sero-
conversion rates after one dose of vaccine at day 21 were seen in 76% of the
subjects by HI and in 92% by microneutralization, and after two doses in 88-92%
and 92-96% of subjects, respectively. The most frequent local and systemic reac-
tions were pain at the injection site and muscle aches, noted in 70% and 42% of
subjects, respectively [64].

9 New Vaccine Approaches

Although both TIV and LAIV have been shown to be safe and effective in the
prevention of influenza infections, the fact that two doses of vaccine are required in
previously unimmunized young children, the need for annual reimmunization, and
the lag time required for vaccine development and release are substantial limita-
tions to the current vaccines. For these reasons, a number of new innovative
influenza vaccine approaches have been devised and will be summarized in this
section.

9.1 Adjuvants

Oil in water emulsion-based adjuvants have been shown to enhance the immuno-
genicity of a number of vaccines. One such adjuvant, MF-59, is already licensed
in Europe and has been used in more than 45 million people [65]. Initially, MF-59
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was combined with influenza vaccine and administered to the elderly, resulting in
improved antibody levels when compared with standard TIV. In a recently
published study, MF-59 has also shown to improve immune responses to influenza
vaccine in young children [66]. This observer-blinded randomized study com-
pared the immunogenicity, clinical tolerability, and safety of a MF-59-adjuvanted
inactivated influenza subunit vaccine with standard TIV in unprimed healthy
children between 6 and 36 months of age. Children were randomly assigned to
receive two doses of either MF-59 adjuvanted vaccine (n = 130) or unadjuvanted
split vaccine (n = 139). Then two subgroups of these children also received a
booster dose 1 year later. HAI antibody titers were measured against influenza A
and B strains included in the vaccines and against mismatched strains. Postvacci-
nation HALI titers to all three vaccine strains were significantly higher with the
adjuvanted vaccine (p < 0.001). In addition, adjuvanted vaccine induced signifi-
cantly higher cross-reactivity against mismatched strains. After a single dose, 91%
of the MF-95 group achieved seroprotection versus 49% (p < 0.001) receiving
TIV alone. In the MF-59 group, 99% of the children developed seroprotective
antibody to influenza B after the second dose when compared to only 33% in the
control group receiving unadjuvanted vaccines (p < 0.001). This difference was
even more pronounced in children between 6 and 11 months of age (100% vs.
12%, p < 0.001). Antibody titers remained significantly higher after 1 year in the
MF-59 group. Clinical tolerability and safety were generally comparable between
vaccine groups, although transient, mild solicited reactions were more frequent in
the adjuvanted vaccine group. A response to a third dose of both vaccines was also
evaluated in children from 16 to 48 months of age. Injection site pain was
significantly higher in the older (>3 years) recipients of the MF-59-adjuvanted
vaccine when compared with recipients of the unadjuvanted product (p < 0.01).
Yet, after both adjuvanted and unadjuvanted vaccines, reactions were of mild or
moderate intensity and short duration. Children who received the adjuvanted
vaccine during the previous season had higher antibody titers and seroprotection
rates when compared with those who received unadjuvanted vaccine. Immune
responses were significantly higher in the MF-59-adjuvanted group 3 weeks of the
third dose of vaccine. Seroprotection rates after both adjuvanted and unadjuvanted
vaccines were 100% for the two influenza A strains. However, seroconversion
rates after the adjuvanted vaccine were 100% for influenza B compared with 68%
after the unadjuvanted vaccine [67].

A recent review of 64 clinical trials of MF-59-adjuvanted influenza vaccine
including 27,998 individuals aged 6 months to 100 years also showed reassuring
safety data [68]. Solicited adverse events from O to 3 days after first vaccination
were higher in the MF-59 group and were consistent with previous observations
[69—73]. Hospitalization rates were lower in those who received MF-59-adjuvanted
vaccine, but in the elderly, rates were comparable. In the overall analysis, 12.3 per
1,000 elderly subjects who received MF-59 and 14.0 per 1,000 in the control group
died (adjusted RR 0.70, 95% CI: 0.54-0.91).
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9.2 Cell Culture-Derived Vaccines

All currently licensed influenza vaccines in the USA are produced in embryonated
hen’s eggs, making rapid production of new vaccines problematic. In addition, a
widespread epidemic of avian influenza could destroy the ability to produce such
vaccines. The use of recombinant baculovirus to express foreign proteins in insect
cells has been evaluated in several clinical trials [74]. A small study of this vaccine
was recently reported in healthy children aged 6-59 months. Children were rando-
mized into three groups; one group received two doses of TIV, another group
received 22.5 pg of recombinant HA antigen, and the third group received 45 ng of
recombinant HA antigen. In the younger children, the immunogenicity of TIV was
significantly better than that of the recombinant antigen. Serologic responses to
recombinant antigen were higher in the older children than the younger group but
were still lower when compared with TIV. No serious vaccine-related adverse
events occurred after either vaccine, and local and systemic reactions to both
vaccines were generally similar. However, in the younger children, selected local
and systemic symptoms were recorded significantly more frequently after the
higher dose than the lower dose of the recombinant antigen [75].

10 Can Herd Immunity for Influenza be Achieved?

There are a number of highly contagious infections, such as measles and varicella,
where immunization of a portion of the population confers protection to unimmunized
individuals by decreasing the circulation of the pathogen, a concept called herd
immunity. Several years ago, a study in Japan assessed the impact of influenza
immunization of school children on influenza mortality in elderly persons and others
at high risk [76]. From 1962 to 1987, Japanese school children were mandated to
receive TIV, and most were vaccinated; in 1987 the laws were relaxed and in 1994 they
were repealed. The study looked at influenza vaccination rates and death rates span-
ning this time period in Japan and compared them with data from the USA (Fig. 3).

After the vaccination program for school children was initiated in Japan, excess
mortality rates dropped from values three to four times those in the USA to values
similar to those in the USA. Routine vaccination of Japanese children was esti-
mated to have prevented 37,000-49,000 deaths per year, or about one death for
every 420 children vaccinated. As the vaccination mandate in Japan was relaxed,
vaccination rates dropped and excess mortality rates increased. In contrast, excess
mortality rates in the USA were nearly constant over the same period of time. The
data from Japan suggested that vaccinating school children against influenza
reduced influenza mortality among older persons, suggesting that herd immunity
was occurring with influenza vaccine [76].

A similar study was recently reported from the USA, where school children
were vaccinated with LAIV and its impact was assessed in their households and
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Fig. 3 Excess deaths attributed to both pneumonia and influenza and all causes, spanning the
years when the Japanese school immunization program was dismantled [76]. Copyright © [2001]
Massachusetts Medical Society. All rights reserved

community [77]. Eleven demographically similar clusters of elementary schools in
four states were chosen. Within each cluster, one school was selected to receive
vaccination (intervention school) and one or two schools in that cluster did not
participate (control schools). During a predicted week of peak influenza activity in
each state, all households with children in the intervention and control schools were
asked about influenza vaccination and influenza-like illness. Persons living in inter-
vention school households had significantly fewer influenza-like symptoms and out-
comes during the recall week than those in control school households, even though
they themselves might not have been immunized. This suggests that vaccinating
children protects their unimmunized contacts, the essential mechanism of herd
immunity.

11 Practical Implications for Influenza Vaccination of Children

For many years, all children with high-risk conditions associated with influenza
have been recommended to receive annual influenza vaccination. These conditions
include asthma or other chronic pulmonary diseases, significant cardiac disease,
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immunosuppressive disorders, human immunodeficiency virus infection, sickle cell
anemia, long-term aspirin therapy, chronic renal disease, chronic metabolic dis-
orders, and neurological disorders. Beginning with the 2006-2007 influenza season
in the USA, all children between 6 months and 5 years of age were recommended to
receive annual TIV to reduce the burden of both hospitalization and outpatient
visits associated with influenza. With the universal recommendations for influenza
vaccine in young children, studies were conducted to monitor vaccine uptake. Data
from the National Immunization Survey measured vaccination rates in children
6-23 months of age 1 year after the universal influenza recommendations were
issued. Although influenza immunization rates varied widely among the different
states, overall 33.4% of children between 6 and 23 months of age received one dose
of vaccine and 17.8% received two doses [78]. Continued assessments of influenza
vaccination rates in this population are ongoing.

Considerable discussion then occurred surrounding the question whether rou-
tine influenza vaccination of all school children might reduce disease in both
children and the community. A study conducted through the CDC-funded VSD
addressed the simple question of whether two doses of TIV could be delivered to
children <9 years of age who had not previously received vaccine [79]. A total of
125,928 children 6 months to 8 years of age were evaluated. Among children
6-23 months of age, a fairly high proportion of first time-vaccinated children
also received a second vaccination, with rates of 44% in 2001-2002, 54% in
2002-2003, and 29% in 2003-2004 (a season with vaccine shortages). In contrast,
among children 2—-8 years of age, the corresponding rates were only 15%, 24%,
and 12%. The fact that the majority of children who required two doses of vaccine
did not receive them highlights some of the difficulties that are encountered
in implementing universal vaccination of all school children in the primary care
setting.

Might school-based vaccine delivery circumvent some of these problems?
A recent report describing on-site administration of LAIV to all students in a
large, metropolitan public school system demonstrated that large numbers of
school children could be effectively immunized [80]. There were 53,420 students
in the system; 56% of the elementary school students, 45% of the middle school
students, and 30% of the high school students were immunized. This experience
clearly highlights that a vaccination campaign in a large public school system can
achieve relatively high coverage levels; however, considerable effort by the local
health department was expended in the process. The results of this school-based
immunization program were recently published and compared the impact of the
program on disease burden in two Tennessee counties. The school-based immuni-
zation program was operative in Knox County but not in Davidson County.
Twenty-two percent of Knox County children had laboratory-confirmed influenza
infections,while 18% of Davidson County were positive (p = 0.14). More school-
age than preschool-age children were influenza positive in both counties (27% vs.
14%, p < 0.001). Estimated influenza vaccine coverage in preschool-age children
was comparable (36% for Knox County and 33% for Davidson County). In
contrast, more Knox children aged 5-12 were vaccinated when compared with
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Davidson County (44% vs. 12%, p < 0.001). Despite a school-based influenza
campaign and universal vaccination recommendations, influenza was associated
with a significant burden of illness in children. Influenza was responsible for a
greater proportion of acute respiratory illness visits among school-age than pre-
school-age children, supporting the ACIP recommendation to all children from
6 months to 18 years old. The data obtained from this study also show a direct
benefit of the vaccination for school-age children but do not suggest any effect in
younger children. Further studies are needed to better appreciate the impact of
school-based vaccinations [81].

Given the evidence of the enormous burden of influenza infection in children
and recognizing that vaccinations are an effective way to decrease morbidity and
mortality, the Advisory Committee on Immunization Practices of the CDC first
recommended annual influenza vaccination for children between 6 and 23 months
of age in 2004. Then in 2006, the recommendations for universal influenza vacci-
nation were expanded to 24-59 months of life. Finally, in 2008, all children aged
5-18 years were recommended for universal vaccination [82]. However, despite
these strong recommendations, coverage levels remained suboptimal. During
the 2008-2009 influenza season, average vaccine coverage with one or more
vaccine doses in children aged 6—23 months was 47.8% (range 34.3—60.1%) and
full vaccination coverage was 28.9% (range 19.8-39.7%). Among children
aged 2—4 years vaccination coverage with one or more doses was 27.8% (range
17.3-38.1%) and full vaccination coverage was 21.8% (range 12.6-32.3%). Among
children aged 5-10 years, vaccine coverage with one or more doses was 16.3%
(range 9.4-23.7%) and full vaccination coverage was 12% (range 6.2—-19.7%).
Among children aged 11-12 years, 12.7% were fully vaccinated (range
6.6-18%), and among children aged 13-18 years, 9.1% (range 4.8-14.5%) were
fully vaccinated.

Vaccination coverage rates in children vary widely among countries worldwide.
A recently published population-based cross-sectional survey of 11 European
countries reported influenza vaccination rates ranging from 4.2% in Ireland to
19% in Germany. Generally, most countries recommend influenza vaccination for
all children older than 6 months with cardiac or renal diseases, diabetes, or
immunocompromised conditions. However, since 2007 Austria and Finland have
been the only European countries to also recommend universal influenza vaccina-
tion for healthy children aged 623 monthsof age [83]. Lopez-de-Andres et al. [84]
reported influenza vaccination rates in Spanish children of 6.8%, with higher
coverage rates in children with high-risk conditions (asthma and/or diabetes). In
Israel, the overall influenza vaccine coverage among children who visited the
pediatric emergency room was 4.1%, with coverage in high-risk children of 6.5%
and in children aged 624 months of 2.7% [85].

In summary, although influenza vaccination is the most effective method to
prevent morbidity and mortality [86], coverage remains low. Only a few countries
have a universal vaccination policy in children, while most recommend vaccination
only in high-risk medical conditions. Greater efforts are needed to increase vaccine
coverage among children worldwide.
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12 Conclusion

Given the clear evidence that both live and inactivated influenza vaccines can
prevent influenza disease, influenza vaccination should be offered to all children.
The recent evidence of improved vaccine efficacy for LAIV in young children also
suggests that it might be a better alternative to TIV in young children without a
history of asthma. Also, given that influenza disease is so rarely specifically
diagnosed [5] and that it can mimic other respiratory viral infections, it is impera-
tive that laboratory-based surveillance be conducted to assess vaccine efficacy
as influenza vaccine is utilized more broadly. The future for influenza prevention
is bright, but continued attention to measuring vaccine effect is needed to sustain
this effort.
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The Immune Response to Influenza A Viruses

Justine D. Mintern, Carole Guillonneau, Stephen J. Turner,
and Peter C. Doherty

Abstract The influenza A viruses are dangerous pathogens with the potential to
provoke devastating disease. The challenge for the medical research community is
to design preventive measures and therapeutic interventions that will limit the
severe consequences of pandemic influenza A virus infections. Vaccines have
long been available, but there is considerable scope for improvement as they target
only the prevailing influenza A virus strains, do not give broad immunity, and work
poorly in the elderly, the target group that is most at risk of fatal disease. Improved
vaccines will only emerge if the development strategy is based on a firm under-
standing of the host immune response to the virus. Here, we summarize the research
to date that details immune mechanisms participating in the control and elimination
of influenza A viruses.

1 Introduction

The influenza viruses are Orthomyxoviruses with an eight-segmented, negative-
sense, single-stranded RNA genome. There are three types: influenza A, B, and C.
The influenza A viruses that cause the most serious problems in humans are the
subject of this review. These pathogens are classified according to their two major
surface glycoproteins: hemagglutinin (HA or H) and neuraminidase (NA or N).
Infecting both mammalian and avian species, the highly contagious influenza A
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Fig. 1 Summary of the host immune response to influenza A virus

viruses are responsible for widespread morbidity and mortality [1]. In mammals,
infection is established in the upper and lower respiratory tracts, provoking an illness
that is associated with fever, myalgia, congestion, pharyngitis, and, in severe cases,
pneumonia. Early on, some of the very virulent influenza A viruses can induce a
“cytokine shock” syndrome mediated via the innate immune response pathway.
Fortunately, infection also elicits potent adaptive immunity and long-term memory,
though the virus can mutate readily, allowing strains with variant HA molecules to
cause successive pandemics. The current killed or subunit vaccines induce effective
antibody responses in normal adults, though they do not promote a virus-specific
CD8" T-cell response and memory and they are poorly immunogenic in those who
are even marginally immunologically compromised. The major task for immunolo-
gists interested in the problem that influenza virus poses is to develop better vaccines.
Most of our detailed knowledge about immunity to the influenza A viruses is derived
from the murine model that allows rigorous analysis due to the availability of an
extensive panel of defined analytical reagents. Here, we provide a comprehensive
summary of a large body of research examining the immune mechanisms that act to
control influenza A virus infection (Fig. 1). This information should provide a useful
basis for the informed design of novel, next generation influenza A virus vaccines.

2 Detection of Influenza A Virus

Invading influenza A viruses are detected in the host environment by “pattern
recognition receptors” (PRRs) [2]. Previously, the molecular target was considered
to be double-stranded viral RNA (dsRNA) recognized by the PRR, toll-like
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receptor 3 (TLR3) [3, 4]. A role for TLR3 was questioned, however, given that the
concentration of dsDNA is unlikely to be sufficient to signal TLR3 [5]. It is now
considered that influenza A virus infection does not generate dsRNA at all [6].
Instead, the influenza A virus polymerase generates single-stranded RNA (ssRNA)
with an uncapped 5’-phosphate that serves as the molecular signature identified by
the immune system [6]. The cytoplasmic RNA helicase, RIG-1 [6, 7], but not
MDAS [6, 8], is responsible for influenza A virus recognition, which occurs
independently of viral replication [7]. In addition to RIG-1, TLR7 is implicated
in influenza A virus detection. Expressed in the endosomal compartments of
plasmacytoid dendritic cells (DCs) and B cells, TLR7 detects influenza A virus
ssRNA [9, 10]. The participation of multiple PRRs in the surveillance of influenza
A virus may reflect cell type-specific roles [11]. Influenza A virus infection also
activates NOD-like receptor-associated inflammasomes that are critical for the
processing and release of IL-1P [12-14]. Once influenza A virus is recognized,
PRRs initiate multiple signaling cascades that facilitate both innate and adaptive
immunity to enable viral eradication.

3 Innate Immunity and the Influenza A Viruses

Innate immunity directed against influenza A virus provides an immediate and
rapid response to the pathogen. The pulmonary infiltrate of innate immune cells is
comprised mainly of natural killer (NK) cells, neutrophils, and macrophages. The
NK cell represents the major innate response element and is detected in the infected
lung as early as 48 h following influenza A virus infection [15, 16]. Protection is
thought to be mediated by both cytokine production (IFN-y and TNF-a) and direct
cytotoxicity of virus-infected cells [17]. Influenza A virus-infected cells are recog-
nized by NKp46 [18] and NKp44 [19] interaction with HA. The critical role for this
pathway in influenza control is illustrated by the fatal infection that occurs in mice
that lack NKp46 [20]. Together with NK cells, neutrophils also contribute to
influenza A virus clearance through the secretion of an array of proinflammatory
molecules that serve to limit viral replication [21-23]. Finally, alveolar macro-
phages (AMs) are also present in the innate pulmonary infiltrate, although they
form only a small contribution early, they are recruited in large numbers later by the
T-cell response. AMs represent the major phagocytic cell type resident in the lung
[24], acting to scavenge influenza A virus-derived antigen [25]. In addition, AMs
secrete proinflammatory cytokines including tumor necrosis factor (TNF)-a, inter-
leukin (IL-1)-B, IL-6, and interferon (IFN)-oi/p [26, 27] together with the chemo-
kines macrophage inflammatory protein (MIP)-1a, monocyte chemotactic protein
(MCP)-1, RANTES, and IFN-inducible protein (IP)-10 [21, 26, 28-30]. The mag-
nitude and duration of the potent AM inflammatory response are negatively regu-
lated via CD200R/CD200 [31]. The AM can also modulate adaptive T-cell
immunity to influenza A viruses [32]. Present in the lung during active viral
replication, AMs are fully susceptible to influenza A virus infection [26]. Unlike
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in epithelial cells, however, the infection is nonproductive with little, if any, virion
release [26, 33], though it does lead to subsequent apoptosis [33]. Depletion of
macrophages during influenza A virus infection results in elevated viral titers and
increased morbidity and mortality [21]. In contrast, macrophages can elicit damage
to the infected respiratory tissue [34]. Therefore, multiple immune cell types
participate in the immediate innate response to influenza A viruses.

The pulmonary infiltrate releases a torrent of innate immune molecules that are
considered to limit influenza A virus infection. A long list of cytokines and
chemokines are potentially involved. A major player is type I IFN, representing
the most potent cytokine attack against the virus [35]. So potent is the IFN response
that the influenza A viruses encode a protein (NS2) to disable this pathway
(described in Sect. 6). Nasal and pulmonary IFN-o and -B rise rapidly following
influenza A virus infection [36] and act to directly limit viral replication and induce
further cytokines and/or chemokine secretion that enhances recruitment and activa-
tion of multiple immune cell types. Type I IFN serves to enhance macrophage
function, promote antigen presentation by antigen-presenting cells (APCs), and
modulate adaptive immunity. The importance of this pathway is exemplified by the
severe pulmonary disease that develops following influenza A virus infection of
mice with disrupted type I IFN signaling [37, 38]. Plasmacytoid DCs are the major
producers of type 1 IFN in response to many viruses, including influenza A virus
[39-42]. Other cytokines implicated in influenza A virus immunity include TNF-o
[43], IL-6 [44, 45], IL-1 [46], IL-18 [47], and IL-12 [48, 49]. In contrast, mice that
lack functional IFN-y can efficiently clear influenza A viruses, suggesting only a
minor or redundant role for IFN-y in the response [50-52]. Chemokines with
defined roles in influenza A virus immunity include MIP-1a [53] and CCRS [54],
as illustrated by the elevated disease burden following infection of the chemokine-
deficient mice. Finally, while cytokines and chemokines are important in the
immune control of influenza A virus infections, their contribution can be detrimen-
tal as they elicit potentially fatal “cytokine shock” [55]. Recent studies dramatically
illustrate the devastating impact of increased inflammatory infiltrates on viral-
induced pathology. In animal models, infection with the reconstructed 1918 influ-
enza A virus promotes massive inflammatory infiltrates with significantly higher
levels of cytokines (IFN-y, TNF-a, IL-1, IL-6, IL-12, IL-18, and granulocyte-
colony-stimulating factor) and chemokines (MIP-2, MIP-1a/3, MCP-1) [21,
56-58]. Therefore, particularly early on, potent inflammatory antiviral activity
may be dangerous, rather than protective, to the host due to the deleterious impact
on lung pathology.

Collectins are collagen-like lectins that participate in innate immunity to viral
pathogens [59]. Collectin family members, the surfactant proteins A (SP-A), and
SP-D, are constitutively present in the fluids that line the respiratory tract [60].
Together with the mannan-binding lectin (MBL), SP-A and SP-D contribute to
influenza A virus clearance via a number of mechanisms. Hemagglutination and
viral infectivity are inhibited by SP-A [61, 62], SP-D [61, 63], and MBL [61, 64,
65]. In addition, complement-mediated lysis of influenza A virus-infected cells is
enhanced by MBL [66], while SP-A and SP-D promote the binding and uptake of
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influenza A viruses by neutrophils [61, 67] and SP-A promotes opsonization and
phagocytosis of influenza A virus by the AM population [68]. The sensitivity of
different influenza A viral strains to collectin-mediated defense correlates with the
degree of glycosylation of the HA glycoprotein [66, 69].

Defensins are cationic peptides produced by both leukocytes and epithelial cells.
Defensins can exert direct microbial activity or promote immunity by acting as
chemotactic agents. Examples of defensin-mediated anti-influenza A virus activity
include retrocyclin-2 (o-defensin) and human B defensin 3 inhibition of HA-
mediated membrane fusion [70]. The human neutrophil peptide (HNP) 1 (a-defensin)
directly inactivates influenza A virus [65, 71].

4 Humoral Immunity and the Influenza A Viruses

Humoral immunity provides host defense through B lymphocyte secretion of
antibody. Protective antibodies target antigenic structures exposed on the pathogen
surface. Antibody-mediated immunity contributes to defense against the influenza
A viruses [72-75] but is not always essential for optimal viral clearance [76, 77]. In
any case, the influenza A viruses elicit a diverse spectrum of antiviral antibody
responses. Natural antibodies present the first line of antibody-mediated defense
[78]. These are low-affinity antibodies that restrict early virus dissemination [78]
and promote the recruitment of viral antigen to the secondary lymphoid organs [79].
Natural antibodies reduce the overall load of influenza A virus and, as such, are
required for optimal specific IgG antibody responses [75, 80]. Secretion of natural
antibodies requires the transcriptional repressor Blimp-1: mice with Blimp-1-defi-
cient B cells are more susceptible to influenza A virus infection [81]. Although
natural antibodies are involved in the primary response to influenza A viruses, they
are not required for optimal protection from secondary challenge [82]. Furthermore,
while natural antibodies clearly display antiviral properties, effective virus clear-
ance requires the induction of neutralizing antibody. Such neutralizing antibodies
can be rapidly induced and possess high affinity (or avidity) for viral antigen.
Mostly, virus neutralization is thought to be optimally achieved via antibody-
mediated interference with viral binding to the host receptors required for cell
entry or egress. Consequently, the influenza virus HA is heavily targeted by
neutralizing antibodies [83, 84]. Crystallographic examination of HA in complex
with neutralizing antibodies shows that antibody binding can occur at the same site
as host receptor binding [85] or in distal regions where receptor binding is
obstructed by steric hindrance [86]. Anti-HA neutralizing antibodies can also
interfere with HA-mediated membrane fusion [87]. Similar to HA, NA is also
targeted by neutralizing antibodies [88]. Neutralizing antibodies represent the
major target of current influenza A virus vaccine strategies. While most neutraliz-
ing antibody strategies target HA or NA [89], the matrix protein 2 (M2) represents
an interesting potential vaccine candidate [90]. M2 is a transmembrane protein
expressed at the infected cell surface [91], but in contrast to HA and NA, is highly
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conserved among influenza A virus strains. Unfortunately thus far, M2-targeted
vaccine strategies have elicited only weak immunity that does not protect mice
from lethal challenge [92].

CD4* T-helper cells contribute to humoral immunity by promoting B-cell
differentiation into immunoglobulin class-switched, antibody-secreting cells. In
most studies, the production of anti-influenza A virus antibody is CD4* T-cell
dependent [74, 93-95], although exceptions are reported [73, 74]. Classically,
CD4™" T-cell help involves (1) the recognition of viral antigen and (2) the delivery
of an activation signal to the B cell via the TNFR family member, CD40. Mice
deficient in CD40 generate significantly impaired influenza A virus-specific anti-
body responses [93, 96]. Of interest, CD4" T cells can help B lymphocytes by
noncognate interactions that do not require specific influenza A virus antigen
recognition [93].

S T-Cell Inmunity and the Influenza A Viruses

5.1 Dendritic Cells

DCs enable pathogen-derived antigens to be presented in a context that facilitates
successful T-cell immunity [97]. Specialized in antigen presentation, the DCs
facilitate (1) the acquisition of antigen, (2) processing and presentation of antigenic
peptides in the context of host major histocompatibility complex (MHC) molecules,
and (3) the provision of costimulatory signals. Immunity to influenza A virus
infection requires DCs for both primary [98] and secondary T-cell responses [99,
100]. Many DC subsets are involved including the CCR2-dependent “inflamma-
tory” DCs [101, 102], while plasmacytoid DCs are dispensable for influenza A virus
clearance [103]. DC can control the magnitude of influenza A virus-specific T-cell
immunity via FasL-mediated apoptosis [104]. In the respiratory tract, an extensive
network of DC populations is present both in the lung [105] and in the draining
lymph node [106]. Furthermore, pulmonary infection recruits additional DC popu-
lations into the lung [107-109]. To acquire influenza A virus antigen, DC may
simply be directly infected with the virus. Infection induces the maturational
changes (upregulation of costimulatory molecules and MHC class II) that are
necessary for DC stimulation of T cells [110-112]. Infection can result in the
expression of influenza NA at the DC surface, with NA-mediated removal of sialic
acids serving to both enhance and inhibit DC function depending on the multiplicity
of infection [113, 114]. DCs can also acquire influenza A virus-derived antigen
released following the apoptotic lysis of infected respiratory cells [115, 116]. Once
antigen is acquired, lung DCs migrate to the lymph node that drains the respiratory
tract [107, 117, 118]. Migration occurs early after infection (24—48 h), and then the
DCs display a refractory state to further inflammatory stimuli [107]. The lymph
node also contains a resident DC set that has no direct access to the airways. Despite



The Immune Response to Influenza A Viruses 179

this, these resident DCs can also present influenza A virus-derived antigen [117].
Therefore, antigen transfer between the resident and migratory lung DC subsets
must occur [119, 120]. Most experiments indicate that MHC class I presentation of
influenza A virus-derived antigen in the lung draining lymph node ceases beyond
12-14 days [121, 122], although recently it has been suggested that antigen
presentation can occur for up to 2 months following infection [123]. MHC class
II presentation is also reported to persist for as long as 4 weeks after infection [124].
This is surprising given that infectious virus is cleared by day 10 [125]. Therefore, it
has been postulated that the respiratory lymph node DCs can serve as a reservoir for
antigen, with a depot being maintained well beyond the clearance of pathogen from
the infected respiratory tissue [123, 126]. This, however, remains a contentious
issue as the presence of an influenza A virus antigen depot was not detected in a
separate independent study [127].

5.2 Costimulation

The participation of DCs in adaptive immunity is critical due to the rich array of
costimulatory molecules expressed at the cell surface. A growing list of costimu-
latory molecules has been identified, most of which belong to either CD28/B7 [128]
or TNFR [129] families. Costimulation serves to enhance the antigen-specific
signals that are delivered through the T-cell receptor (TCR). As such, costimulation
is required for optimal T-cell immunity in many viral infections [130]. The major
pathway of costimulation is via the CD28/B7 interaction that plays an important
role in influenza A virus immunity. This signal contributes to the generation of
influenza A virus-specific T-cell immunity at multiple levels. For CD8" T cells,
CD28/B7 contributes to expansion [131-133], cytotoxicity, and/or effector cyto-
kine production [131, 134, 135], recruitment to the infected airways [134], and
survival [135]. In contrast, the hierarchy of T-cell response magnitude to individual
influenza A virus-derived epitopes (a phenomenon termed immunodominance
[136, 137]) is not altered in the absence of CD28/B7 signaling [138]. Mice deficient
in CD28/B7 also display impaired influenza-specific neutralizing antibody
responses [133]. While CD28/B7 plays a prominent part early in response to
influenza A virus infection, 41BB/41BBL is important for sustained CD8" T-cell
expansion and is critical for optimal recall responses [131, 133, 139]. Effective
CD4" T-cell immunity during influenza A virus infection also requires CD28/B7
[133], OX40/0X40L [140], and ICOS/ICOSL [141]-mediated costimulation. The
accumulation of T cells in influenza A virus-infected lungs depends on CD27/CD70
signaling [132, 142]. This is due to its impact on T-cell survival and/or migration to
the infected respiratory tract [132]. Together, multiple costimulatory signals are
delivered via the DCs to promote optimal adaptive immunity and, in turn, influenza
A virus elimination.
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5.3 CD8'T Cells

Effector CD8™ T cells, also known as cytolytic T lymphocytes (CTLs), are impor-
tant in the normal clearance of influenza A viruses [143]. Mice deficient in CD8"
T cells show delayed influenza A virus clearance, though they eventually control
infection with all but the most virulent viruses [144]. The influenza A virus-specific
CD8™" T-cell response has been extensively characterized utilizing murine models
of infection, particularly with the HKx31 (H3N2) and PR/8 (HIN1) influenza A
viruses. CD8" T cells are primed, are activated, and expand in the lung draining
lymph nodes during the first week or so after primary infection [121, 145]. Acti-
vated CD8" T cells then traffic to the respiratory airways and the infected lung to
mediate viral clearance [146]. The trafficking [147] and retention of CD8" T cells in
the lung [148] are dependent on LFA-1 expression. At the site of infection, CD8*
T cells target virus-infected cells that express peptide derived from influenza A
virus protein associated with major histocompatibility complex class [ (MHC I). An
array of epitopes is recognized in the C57BL/6 (B6) mouse model, with the
dominant epitopes (in terms of response magnitude) seen by CD8* T cells being
provided by the viral polymerase A (PA54.233) [149] and nucleoprotein (NP3g6.374)
[150, 151]. Subdominant epitopes are derived from the basic polymerase subunit 1
(PB1703.711) [152], the mitochondrial protein PB1-F2¢, 7o [152, 153], nonstructural
protein 2 (NS24.121) [151], and matrix protein 1 (M15.135) [154]. In the absence
of the dominant epitopes, subdominant epitope-specific CD8" T cells account for a
compensatory response, although a slight delay in viral clearance is observed [155,
156]. Depending on the experimental model, 30-90% of CD8* T cells recovered
from the respiratory tract are influenza A virus specific at the peak of the primary
response, illustrating their enrichment in the pneumonic lung [137, 151, 152, 157].
Epitope-specific CD8* T cells can be found widely dispersed throughout various
body organs, including the lung, spleen, bone marrow, blood, liver, and nondraining
lymph nodes [157, 158]. Once their target antigen is recognized, CD8" T cells exert
multiple effector functions. Cytokines such as IFNy, TNF-o, and IL-2 are secreted
by influenza A virus-specific CD8" T cells [159]. In addition, CD8" T cells mediate
direct cytolysis of influenza A virus-infected target cells by the exocytosis of
cytolytic granules that contain perforin and granzymes [160—163] and/or through
the expression of Fas-ligand (FasL) [164—166]. CD8" T cells also exert regulation
of the inflammatory process via the production of IL-10 [167].

Following influenza A virus clearance, virus-specific CD8" T cells decrease in
number until a plateau is reached approximately 2 months following infection [122,
157]. After primary infection, the codominant DbNP366,374 and DbPA224,233-spe-
cific CD8" T-cell populations contract at the same rate [157] to memory pools that
are approximately equivalent in number and represent 10% of the population at the
peak of the response [168]. Influenza A virus-specific CD8" T cells persist as a
stable population for the life of a laboratory mouse [157, 169, 170]. Retention of
memory CD8* T cells in nonlymphoid tissue, such as the lung, is mediated by
T-cell expression of VLA-1 [171]. Secondary challenge recruits the memory CD8*
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T cells that expand in the lymph nodes and promote viral clearance approximately
2 days earlier than after primary infection [157]. During secondary infection, the
NP3¢6.374 CD8" T-cell population is clearly dominant representing up to 80% of the
virus-specific CTL responses [122, 137, 151, 152]. This dominance is maintained in
the memory populations that persist following the peak of the secondary response
(day 8) [122]. The skewed immunodominance hierarchy observed in secondary
versus primary influenza A virus infection was initially thought to be largely a
consequence of differential antigen presentation [172], though it is now considered
that T-cell precursor frequency and antigen dose are likely to be important deter-
mining variables [173].

54 CD4"T Cells

Virus-specific CD4" T cells are important participants in influenza immunity [174,
175]. Although, acting alone, these cells do not normally eliminate virus [176],
they exert distinct roles in both humoral immunity (as discussed) and CD8" T-cell
responses. A vigorous, heterogenous CD4" T-cell response is elicited following
influenza A virus infection [175]. Again, the process of clonal expansion and
differentiations is initiated in the lung draining lymph node, with the peak response
in the respiratory airways occurring 6—7 days following infection [175]. This is
dominated by producers of the Thl cytokines, such as IL-2, IFN-y, and TNF-a
[177]. CD4" T cells also secrete IL-10 contributing to the regulation of the
inflammatory response [167]. Following influenza A virus clearance, CD4"
T cells demonstrate increased contraction in the respiratory tract compared with
influenza A virus-specific CD8" T cells [178, 179]. A major role for CD4" T cells
is the provision of “help” for optimal CD8" T-cell immunity. Although CD4*
T cells are not required for primary influenza-specific CD8" T-cell responses,
presumably due to the direct activation of DC by viral infection [180-182], they
are critical for the optimal establishment of CD8* T-cell memory. The absence of
CD4" T cells during primary influenza A virus infections leads to a significant
reduction in the size and magnitude of the secondary response and impaired viral
clearance [77, 180]. Activation of CD4" T cells requires antigen-specific signaling
via TCR recognition of antigens presented in the context of MHC class II mole-
cules. Until recently, the spectrum of influenza A virus CD4" T-cell epitopes was
much less well characterized than the panel known for the CD8" subset. Recently
however, 20-30 peptides were identified for the influenza-specific CD4* T-cell
response in C57BL/6 mice, with the majority being derived from the NP and HA
proteins [183]. There is some evidence that influenza MHC class II epitopes are
persisting for a substantial interval after the virus has been cleared from the host
[124]. Overall, the adaptive immune response to the influenza A viruses involves
complex interactions between a spectrum of functionally different cell types and
their secretions.
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6 Influenza A Virus Escape

The major influenza A virus escape mechanism rests in the inherent genetic
variation of these RNA viruses, combined with the selective pressure exerted by
HA-specific neutralizing antibody [184—186]. This process is known as “antigenic
drift.” Lacking proof reading capacity, the influenza A virus RNA polymerase
promotes the accumulation of nucleotide point mutations. Such mutations generate
approximately 3.5 amino acid substitutions per year [187]. Circulating viral sub-
types are then selected where substitutions have occurred and maintain viral fitness
[188] but abrogate immune recognition. For example, virus escape mutants are
poorly recognized by neutralizing antibody due to (1) introduced steric interference
with antibody binding [85], (2) virus conformational changes that render antibody
binding energetically unfavorable [86], or (3) the introduction of new oligosaccha-
ride attachment sites to surface glycoproteins that obscure antibody binding [189,
190]. Retention of amino acid substitutions at the HA membrane distal surface, an
area targeted by antibodies, is favored over those buried within the protein [83].
Virus-specific CTL immunity can also be targeted by antigenic drift [191]. Here,
viruses are selected with mutations that interfere with epitope binding to MHC class
I or with epitopes that are no longer recognized by the TCR. Both NP3gg.39; [192,
193] and NP4 5406 [194, 195] CTL peptides have shown evidence of antigenic drift.
Hypervariability within a CTL epitope correlates with the functional avidity of the
TCR [196]. Such antigenic drift can function to limit cross-protective immunity
against multiple influenza A virus strains and, as a consequence, contribute to
seasonal epidemics.

While antigenic drift represents a subtle mode of immune escape, influenza A
viruses can also undergo major antigenic variation to outmaneuver the immune
system. This takes place by “antigenic shift,” where infection of the same cell with
two distinct influenza A virus strains allows reassortment of the viral genomic
segments, generating a new hybrid influenza A virus. Reassortment can occur
following infection with different species-adapted viruses. For example, pigs can
be infected with both human and avian influenza A viruses. Simultaneous infection
may thereby generate a reassortment virus where the “human’ pathogen acquires an
“avian” virus HA or NA gene. In this case, for the HA and NA in particular, there
would be no prevailing immunity in the human population, leading to the possibil-
ity of a human pandemic [197, 198]. Such antigenic shift involving avian and
human strains has been implicated in two of the influenza A virus pandemics that
have occurred in the twentieth century; the 1957 H2N2 [199, 200] and 1968 H3N2
[187, 200] infections. Of interest, the influenza A virus that provoked the 1918
pandemic did not arise through antigenic shift. Instead the 1918 HIN1 virus, which
was responsible for millions of deaths worldwide, is believed to be an entirely avian
viral strain that mutated in a way that allowed it to infect humans [201, 202].

The nonstructural protein 1 (NS1) encoded by influenza A virus provides a mode
of immune escape that does not require manipulation of the genome. NS1 inhibits
the host cell IFNa/p response [203, 204], a major pathway of immune defense
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against the virus (as discussed). Type 1 IFN induction is antagonized by NSI1-
mediated suppression of IFN-induced proteins dsRNA-activated protein kinase,
2'-5'-oligo (A) synthetase [205-207], the transcription factors NFkB [208], and
the IFN regulatory factor-3 [209]. Containing an RNA-binding domain at its
N-terminus [208], it was previously considered that NS1 sequestered influenza A
virus dsRNA [210]. Instead, NS1 forms a complex with RIG-1, the cellular sensor
of influenza A virus uncapped ssRNA [6]. Therefore, NS1 acts to disable the host
mechanism for detection of viral-derived RNA and the induction of the IFN
response. Influenza A viruses lacking the NS1 protein are good vaccine candidates
as the absence of this immunomodulatory protein greatly enhances the immunoge-
nicity of the virus [211].

7 Heterotypic Influenza A Virus Immunity

Heterotypic immunity in this system is defined by cross-reactive, protective
responses between serologically different (HA-distinct) influenza A viruses. It
would obviously be advantageous if, for example, prior infection with a human
influenza A virus could generate immune memory that provides at least some
resistance to a highly pathogenic avian virus that suddenly adapted to transmit
between people [212, 213]. Clearly, promoting heterotypic immunity is a desirable
strategy for influenza A virus vaccine development. Described many decades ago
[214], heterotypic immunity has now been shown for many influenza A virus
combinations [215-218]. At least in mice, heterotypic immunity can both be long
lasting and provide protection against otherwise lethal virus challenge. The best
understood component of such responses is CTL immunity directed at generally
conserved, internal viral proteins [215, 217, 218]. However, there is also evidence
for the retention of a measure of heterotypic immunity in mice lacking CD8™ T cells
[216, 219]. In addition to the CD8" T effectors, CD4" T cells, nonneutralizing IgA
antibody, NKT cells, and yo T cells have all been considered as possible players
[217]. Immunization with a low dose of a cold-adapted, attenuated influenza A
virus provides one vaccination strategy that has the potential to induce at least some
degree of long-term, heterotypic immunity [220]. The promotion of such responses
is clearly a worthwhile focus for future vaccination strategies.

8 Influenza A Virus Immunity and Vaccination

Ultimately, studies of the immune response to influenza A virus aim to provide the
foundation for strategies that will combat influenza-mediated disease. Vaccination
is the major weapon to enable reduced morbidity, mortality, and economic damage
associated with widespread influenza A virus infection. The 2009 HINI pandemic
highlights the urgency of developing safe and effective vaccines to emerging
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influenza A virus strains. HSN1 avian influenza A virus is another immediate
concern. H5N1 is a highly pathogenic virus that possesses the capacity to provoke
a debilitating pandemic of greater severity than that of HINI. As such, much effort
has been employed to design a suitable HSN1 vaccine. Eliciting high titer neutra-
lizing antibody is a major priority of any vaccination strategy, although cell-
mediated immunity is also considered important. Cell-mediated immunity is
powerful in that it has the potential to provide universal protection against divergent
viral strains [221, 222]. Many vaccine formulations have been tested to date, but the
most widely utilized platform is the inactivated, attenuated H5N1 virus (whole
virion, subvirion, or surface antigen). Studies indicate that two doses of this
vaccine, together with an adjuvant such as MF59, elicit cross-protective immuno-
genic responses in healthy subjects [223-225]. Mechanisms underlying protection
include the expansion of antigen-specific CD4" T cells, which serves as a reliable
correlate of vaccine protection [226]. HSN1 vaccination studies provide valuable
lessons that are currently being harnessed for a swift and rapid response to the 2009
HINI pandemic.

9 Conclusion

The influenza A viruses pose intriguing challenges for vaccine design [227].
Moving beyond the currently available products will depend on exploiting our
understanding of immune defense mechanisms against this important and poten-
tially very dangerous group of human pathogens. Here, we have briefly summarized
a current view of how these viruses are controlled by elements of both innate and
adaptive host response, together with the escape strategies that influenza A viruses
exploit to survive in nature and to maintain transmission at the species level. An
ideal vaccine could be thought to induce high levels of neutralizing antibody and
CTL memory. This might optimally be achieved by promoting more effective DC
vaccination, perhaps via the pathway of driving the innate response in ways that
enhance T-cell immunity. An important caveat is, though, that much of our
understanding of (particularly) the innate and T-cell responses to the influenza A
viruses is based on mouse experiments. As we go forward to develop vaccine
candidates, it is important that the analysis of influenza virus cell-mediated immu-
nity, in particular, should be greatly extended in human subjects.
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Correlates of Protection Against Influenza

Emanuele Montomoli, Barbara Capecchi, and Katja Hoschler

Abstract Correlates of protection against influenza viruses have not been fully
defined, but it is widely believed that protection against influenza can be conferred
by serum hemagglutinin (HA) antibodies. The immune responses to injected
influenza vaccines are routinely assessed by titrating serological HA antibodies. It
is generally accepted that neutralizing and HA antibodies, as well as antibodies to
neuraminidase, can be detected in serum 3—4 weeks post primary infection or
vaccination. Serological assays commonly used to quantify antibodies specific for
influenza viruses include hemagglutination inhibition (HI), single radial hemolysis
(SRH), microneutralization (MN), ELISA and Western blot, of which, historically,
HI and SRH are the most widely applied methods, the latter being increasingly
replaced by MN. Each method used for antibody titration has different characte-
ristics, and the validity index and specific use (seroepidemiology, serodiagnosis,
response to vaccination, etc.) have to be considered while selecting the most
suitable assay. Recently, ELISA tests have been improved, thanks to the elucidation
of the structure of HA and the availability of this protein after recombinant
expression. While the amount of data collected by conventional assays (HI and
SRH) has permitted a fairly good optimization, serological measures are used to
characterize the number of antibodies before and after vaccination. HI is the assay
used most frequently for influenza antibody titration; however, it has low sensitivity
in detecting responses to avian viruses in mammalian sera and alternative serologi-
cal tests are needed. SRH utilizes a complement-mediated hemolysis reaction to
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measure the amount of antibody produced. This test appears to be as sensitive as the
MN assay. HI and SRH assays are not functional tests for measuring immunity to
influenza and suffer from several technical drawbacks. Improvements in these
assays will be a further step in the preparation of new influenza vaccines, particu-
larly for cell-derived products. Additional immunological assessments, such as cell-
mediated immunity and the role of neuraminidase, need to be explored to give
better insight into the overall effects of vaccination.

1 Introduction

The Centers for Disease Control and Prevention estimate that between 114,000 and
146,000 individuals are hospitalized each year because of influenza. Although the
exact tabulations of illnesses and complications attributable to influenza virus
infection are not available, the preceding estimates indicate that morbidity and
mortality caused by influenza are major health problems.

The influenza virus belongs to the family of Orthomyxoviridae and is classified
into three different types A, B and C on the basis of different epitopes, which are the
antigenic differences in their respective nucleocapsids. Influenza A and B are the
two types of influenza viruses that cause epidemic human disease. Influenza A
viruses are further categorized into subtypes, e.g., HIN1, H2N2, and H3N2 on the
basis of two surface antigens: hemagglutinin (HA) and neuraminidase (NA).
Influenza B viruses are not categorized into subtypes. Since 1977, influenza A
(H3N2 and HINT1 subtypes) and B viruses have been in global co-circulation. These
types are further separated into groups on the basis of their antigenic characteristics.
New influenza virus variants result from frequent antigenic change (i.e., antigenic
drift) arising from point mutations that occur during viral replication. Influenza B
viruses undergo antigenic drift less rapidly than influenza A viruses.

Influenza is characterized by the occurrence of frequent unpredictable epi-
demics, and much less frequent worldwide pandemics. Epidemics arise because
different strains of influenza are constantly generated through antigenic drift, and
individuals become less or not at all protected in some years. A pandemic is
responsible for higher morbidity and mortality than an epidemic because it affects
a larger proportion of the population. The burden of epidemics, however, is
cumulatively greater than that of pandemics. A worldwide pandemic is caused by
the spread of a new influenza subtype arising from an antigenic shift [1]. When such
a subtype enters the population, it is likely that antibodies against previously
circulating strains do not provide adequate protection; this lack of protective
immunity means that the new virus can easily infect exposed individuals.

If such a virus demonstrates the additional ability to transmit efficiently from
person to person, the result is a global outbreak of disease that affects a high
percentage of individuals in a short period of time and is likely to cause substan-
tially increased morbidity and mortality in all countries of the world. Over 50
million people are estimated to have succumbed to the most devastating influenza
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pandemic in 1918, the so-called “Spanish flu.” The “Asian flu” of 1957 has been
responsible for about 70,000 deaths in the USA only.

Past findings have identified the H2, HS5, H6, H7 and H9 subtypes of the
influenza A virus as the subtypes that are most likely to be transmitted to humans,
thus presenting a potential pandemic threat [2]. However, the current ongoing
pandemic, which was declared by the World Health Organization (WHO) in May
2009, is caused by the reassortment of the swine classical HIN1 with the PB1, HA,
and NA segments from a human H3N2 strain, and a triple reassortment of swine
classical HIN1, with the PB1, HA, and NA segments of a human H3N2 strain and
the PB2 and PA segments of the avian lineage [3, 4, 5]. However, the subtypes
mentioned before still pose a significant pandemic threat.

Influenza viruses cause disease across all age groups. Rates of infection are
highest among young children, but rates of serious illness and death are highest
among persons aged >65 years and persons of any age who have medical condi-
tions that place them at increased risk for complications from influenza [6]. Studies
on the morbidity and mortality associated with influenza suggest that hospitaliza-
tion rates for adults, with medical conditions that place them at high risk for
influenza, often increase fivefold during epidemics, leading to an average 172,000
excess hospitalizations during each epidemic in the USA [7]. This has important
economic consequences, with the annual productivity loss estimated to be more
than US$760 million and hospitalization costs to be in excess of US$300 million,
for each epidemic in the USA alone [8]. The total economic impact is considerable,
and in industrialized countries, total estimated costs (direct and indirect) may reach
approximately US$10-60 million per million population.

In an avian influenza virus, the HA, characteristically, has glutamine at position 226
and glycine at position 228 (human viruses have leucine at 226 and serine at 228), which
form a narrow receptor binding pocket that preferentially binds to host cell receptors
containing sialyloligosaccharides (SA) terminated by an N-acetyl sialic acid linked to a
galactose via an 02,3 linkage (the major form in the avian trachea and intestine).

While a correlate of protection has not been fully defined, challenge studies in
human volunteers indicate that protection against influenza can be conferred by
serum antibodies. The immune responses to injectable influenza vaccines are
routinely assessed using serological HA antibody measurements. It is generally
accepted that neutralizing HA antibodies, as well as antibodies to neuraminidase,
can be detected in serum approximately 1-2 weeks after primary infection and peak
at 3—4 weeks post infection [9].

2 Influenza Vaccines and Criteria for Licensure

Influenza surveillance information, regarding the presence of influenza viruses in
the community as well as diagnostic testing, can aid clinical judgment and guide
treatment decisions. Several commercial, rapid, diagnostic tests are available that
can be used by laboratories in outpatient settings to detect influenza viruses in a few
minutes. These rapid tests differ in the types of influenza viruses they can detect.
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Antiviral drugs are an adjunct to vaccination for the control and prevention of
influenza; however, these agents are not a substitute for vaccination. Four currently
licensed antiviral agents against influenza are available in the USA: amantadine,
rimantadine, zanamivir, and oseltamivir. With seasonal influenza, the decision to
prescribe an antiviral drug for the prevention or treatment of influenza must be
based on the certainty, or the high probability, that a person has been or will be
exposed to the virus, or on a diagnosis of influenza, and is usually only recom-
mended for patients with underlying medical conditions that increase the risk of
complications from an influenza infection. However, in the initial phase of the
current pandemic, antiviral drugs have been widely used in a healthy population in
the attempt to prevent or delay the onset of a full pandemic.

Amantadine and rimantadine are chemically related antiviral drugs that are
active against influenza A viruses only. Amantadine was approved in 1966 for
prophylaxis of influenza A/H2N2 infection and was, later, also approved for the
treatment and prophylaxis of influenza type A virus infections among adults and
children aged >1 year. Rimantadine was approved in 1993 for the treatment and
prophylaxis of infection among adults, and for prophylaxis among children. Neither
antiviral drug has been used widely due to their narrow spectrum of activity, the
rapid onset of resistance, and the related adverse effects [10]. Zanamivir and
oseltamivir are NA inhibitors that are active against both influenza A and B viruses.
The site of enzyme activity of the influenza NA is highly conserved between
different types, subtypes and strains of influenza, and has, therefore, emerged as
the target of this new class of antiviral agents that are effective in prevention and
treatment. In the US, both drugs were approved in 1999 for the treatment of
uncomplicated influenza infections. Zanamivir was approved for the treatment of
patients aged >7 years, and oseltamivir was approved for treatment of patients aged
>1 year and for prophylaxis in persons of age >13 years. These antiviral drugs are
only effective if started soon after the onset of disease.

Influenza vaccination is the primary method for preventing influenza and its
severe complications. Vaccination is associated with a reduction in influenza-
related respiratory illness and physician visits at all ages, in hospitalizations and
deaths among high-risk persons, otitis media among children, and work absente-
eism among adults. Vaccination with inactivated influenza virus currently repre-
sents the most important measure for reducing the impact of influenza.

The two types of vaccines which are currently licensed are inactivated vaccine
and attenuated vaccine. Inactivated vaccines, which are generally administered
parenterally are produced by the propagation of the virus in embryonated hen’s
eggs. The vaccine is available containing whole, split (chemically disrupted) and
subunit (purified surface glycoproteins) virus. To enhance the immunogenicity of
purified subunit antigens, several new adjuvants have been promoted [11, 12, 13].
The deve lopment of cell culture-based vaccines is an attractive alternative
approach to the use of hen’s eggs and is a potentially faster mechanism, as strains
do not need to be egg-adapted prior to production [14, 15].

Live attenuated vaccines that can be administered by nasal spray have been
licensed in the USA in 2003 and might soon be widely available in the rest of the
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world. This vaccine type has been shown to be as efficacious as the inactivated
vaccine [16, 17]. Live influenza vaccines elicit systemic and local mucosal immune
responses that include stimulating secretory immunoglobulin IgA in the respiratory
tract, which is a portal for the virus.

Rapid and early diagnosis of influenza virus infection is an important activity that
aids in the surveillance of circulating strains and enables the early vaccination or
prophylactic treatment of high-risk groups. Laboratory diagnosis of influenza is
generally made by detection of the virus or its genome in respiratory secretions by
virus culture or molecular methods (e.g. RT-PCR).

The influenza virus surface glycoprotein, HA, is a major antigenic determinant
in the production of virus-neutralizing antibodies generated during an infection or
immunization. Serological assays commonly used to quantify antibodies specific
for influenza viruses include hemagglutination inhibition (HI), single radial hemo-
lysis (SRH), virus microneutralization (MN), ELISA and Western blot; the most
widely used assays are HI and MN.

Serological measures are used to characterize the amount of antibody before and
after vaccination, and to compare the seroresponse in subjects with different
treatment regimens or other characteristics (dose, age, etc.). Measures that are
most frequently used are geometric mean titer (GMT), seroconversion, significant
titer increase, and seroprotection rate. Considerable discrepancies were found in the
use of serological measures in several studies [18].

Three criteria need to be fulfilled (and at least one of the assessments should
meet the indicated requirements) for the yearly vaccine registration in the European
Union (CPMP/BWP/214/96) [19]. A tabular presentation of these criteria is
provided in Table 1. As there are currently no criteria for the licensure of pandemic
vaccines, the serological results were analyzed using the CPMP criteria required for
the annual registration of seasonal vaccines. According to guideline CPMP/VEG/
4717/03 in the dossier on the structure and content for pandemic influenza vaccine
marketing authorization application [20], it is anticipated that mock-up pandemic
vaccines should at least be able to elicit sufficient immunological responses to
meet all three of the current standards set for existing vaccines in adults or older
adults, as defined in CPMP/BWP/214/96. All sera should be assayed for anti-HA

Table 1 Serological criteria to meet CPMP/BWP/214/96 requirements by age group [19]
Test HI SRH CPMP/BWP/214/96 criterion
Age group

18-6