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Preface

The pandemic caused by the 2009 A/H1N1 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 H5N1 avian influenza, during the

past 10 years our ability to control a pandemic has improved considerably. Never-

theless, the 2009 A/H1N1 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 H1N1 pandemic viruses and to the features of the

2009 H1N1 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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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/H1N1 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/H1N1 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 H1N1 pandemic

are of paramount importance to develop more effective preparations against future

pandemics. We must exploit such information straight away. And get ready.

Fig. 1 The development of influenza vaccines
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Part I
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 H5N1 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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H1N1 influenza virus arose from an unpredicted source; precursors of the pandemic

influenza A (H1N1) 2009 virus have been circulating among pigs for over a decade

[1, 2]. Additional reassortment events have led to the current pandemic influenza A

(H1N1) 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 H1N1

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

4 S. Mubareka and P. Palese



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

Influenza Virus: The Biology of a Changing Virus 5



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

Genome

segmenta
Length in

nucleotides

Encoded

proteins

Protein size in

amino acids

Function

1 2341 PB2 759 Polymerase subunit, mRNA cap recognition

2 2341 PB1 757 Polymerase subunit, endonuclease activity,

RNA elongation

PB1-F2b 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

M2c 97 Integral membrane protein, ion channel

activity, uncoating, virus assembly

8 890 NS1 230 Interferon antagonist activity, regulates host

gene expression

NEP/

NS2c
121 Nuclear export of RNA

aInfluenza A/Puerto Rico/8/1934
bEncoded by an alternate open reading frame
cTranslated from an alternatively spliced transcript

a b

0.2 µm

M1

NEP/NS2

Lipid envelope

HA

M2

NA

viral RNAs
with NP and polymerase complex

PB2
PB1

HA
PA

NP
NA
M

NS

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
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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 a2,3 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

Fusion peptide

Helix A

Helix B

Antigenic sites

Sa
Sb

Ca2

Ca1

Cb

Globular head

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 I. 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 SAa2,6Gal, whereas the presence of glutamine at this position

permits binding of SAa2,3Gal. Amino acid changes in the HA of other subtypes,

such as H1 viruses (including the H1N1 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 H1N1 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 a2,6-sialylated glycans,

suggest currently circulating pandemic viruses preferentially bind human sialic

acid receptors with a2-6 linkage [29]. The importance of these amino acid

residues to respiratory droplet transmission has recently been described using

the ferret transmission model. H1N1 viruses containing aspartic acids at residues

190 and 225 were capable of aerosol transmission. This contrasted with H1N1

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 H9N2 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 (vRNA) 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-a
and is essential for energy-dependent RNP nuclear import [37, 38].
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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

Attachment

Endocytosis

Fusion and
uncoating

Translation

Posttranslational
processing Packaging

Nucleus

mRNA

vRNA
(–)

cRNA
(+)

Budding

Low
pH

Apical surface of host cell

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
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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 50-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 30 to 50 direction. A

polyadenylation signal consisting of 5–7 uridines at the 50 end of vRNA prema-

turely terminates transcription after inducing stuttering of the viral polymerase

[48–50]. The generation of NP and NS1 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 incorporationmodels [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 M1

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

HA1 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 naı̈ve 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, H9N2, and H10N7 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 H5N1 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]. H5N1 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 (H1N1) 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 H1N1 viruses. The pandemic influenza A

(H1N1) 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.

Influenza Virus: The Biology of a Changing Virus 11



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.

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. H1N1 viruses re-emerged in 1977 and continue to circulate in

the human population, along with the H3N2 subtype. In addition, H5N1 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 H1N1 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]
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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 a2,6Gal 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 a2,6Gal
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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Classic or Eurasian Swine
(H1N1 or H3N2)  

1
2
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4
5
6
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8

North American Avian

1
2
3
4
5
6
7
8

Human H3N2

1 PB2 (avian) 

2 PB1 (human)

3 PA (avian) 

4 HA (classical swine) 

5 NP (classical swine) 

6 NA (Eurasian swine) 

7 M (Eurasian swine)

8 NS (classical swine) 

H1N1 Triple Reassortant

Fig. 5 Origins of pandemic influenza A H1N1 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
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Lower airways contain SA with mostly a2,3Gal linkage, in addition to SA with

a2,6Gal 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 a2,6Gal 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 a2,3Gal-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 a2,3Gal 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 a2,3Gal- and a2,6Gal-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 H5N1 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-g) are observed in H5N1-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-a
[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 H1N1 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 H1N1 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 H5N1 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 H1N1 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 IFNa/b [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 HA2 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 H5N1 virus from Hong Kong (HK483) with

an amino acid sequence typical of low pathogenicity viruses resulted in attenuation

[133]. Pandemic influenza A H1N1 2009 virus strains do not appear to have the

polybasic cleavage site.

Virulence determinants for the pandemic 2009 H1N1 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 H1N1 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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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 H1N1 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 intomeans bywhich influenza spread can be controlled.

Acknowledgments The work completed in this laboratory was partially supported by the W.M.

Keck Foundation, National Institutes of Health grants P01 AI158113, the Northeast Biodefense

Center U54 AI057158, the Center for Investigating Viral Immunity and Antagonism (CIVIA) U19

AI62623. S.M. is grateful for the Ruth L. Kirschstein Physician Scientist Research Training in

Pathogenesis of Viral Diseases Award (5T32A1007623-07) and support from Sunnybrook Health

Sciences Center, Toronto, ON, Canada.

References

1. Garten RJ, Davis CT, Russell CA, Shu B, Lindstrom S, Balish A, Sessions WM, Xu X,

Skepner E, Deyde V et al (2009) Antigenic and genetic characteristics of swine-origin 2009

A(H1N1) influenza viruses circulating in humans. Science 325:197–201

2. Shinde V, Bridges CB, Uyeki TM, Shu B, Balish A, Xu X, Lindstrom S, Gubareva LV,

Deyde V, Garten RJ et al (2009) Triple-reassortant swine influenza A (H1) in humans in the

United States, 2005–2009. N Engl J Med 360:2616–2625

3. Shaw ML, Palese P (2007) Orthomyxoviridae: the viruses and their replication. In: Knipe

DM, Howley PM (eds) Fields virology, 5th edn. Lippincott Williams & Wilkins, Philadel-

phia, pp 1647–1689

4. Fodor E, Devenish L, Engelhardt OG, Palese P, Brownlee GG, Garcia-Sastre A (1999)

Rescue of influenza A virus from recombinant DNA. J Virol 73:9679–9682

5. Neumann G,Watanabe T, Ito H, Watanabe S, Goto H, Gao P, Hughes M, Perez DR, Donis R,

Hoffmann E et al (1999) Generation of influenza A viruses entirely from cloned cDNAs.

Proc Natl Acad Sci USA 96:9345–9350

6. Tumpey TM, Basler CF, Aguilar PV, Zeng H, Solorzano A, Swayne DE, Cox NJ, Katz JM,

Taubenberger JK, Palese P et al (2005) Characterization of the reconstructed 1918 Spanish

influenza pandemic virus. Science 310:77–80

7. World Health Organization Global Influenza Program Surveillance Network (2005) Evolu-

tion of H5N1 avian influenza viruses in Asia. Emerg Infect Dis 11:1515–1521

8. Ghedin E, Sengamalay NA, Shumway M, Zaborsky J, Feldblyum T, Subbu V, Spiro DJ, Sitz

J, Koo H, Bolotov P et al (2005) Large-scale sequencing of human influenza reveals the

dynamic nature of viral genome evolution. Nature 437:1162–1166

9. Kugel D, Kochs G, Obojes K, Roth J, Kobinger GP, Kobasa D, Haller O, Staeheli P, von

Messling V (2009) Intranasal administration of alpha interferon reduces seasonal influenza A

virus morbidity in ferrets. J Virol 83:3843–3851

10. Steel J, Lowen AC, Pena L, Angel M, Solorzano A, Albrecht R, Perez DR, Garcia-Sastre A,

Palese P (2009) Live attenuated influenza viruses containing NS1 truncations as vaccine

candidates against H5N1 highly pathogenic avian influenza. J Virol 83:1742–1753

11. Hai R, Martinez-Sobrido L, Fraser KA, Ayllon J, Garcia-Sastre A, Palese P (2008) Influenza

B virus NS1-truncated mutants: live-attenuated vaccine approach. J Virol 82:10580–10590

12. Suguitan AL Jr, McAuliffe J, Mills KL, Jin H, Duke G, Lu B, Luke CJ, Murphy B, Swayne

DE, Kemble G et al (2006) Live, attenuated influenza A H5N1 candidate vaccines provide

broad cross-protection in mice and ferrets. PLoS Med 3:e360

13. Murphy BR, Coelingh K (2002) Principles underlying the development and use of live

attenuated cold-adapted influenza A and B virus vaccines. Viral Immunol 15:295–323

Influenza Virus: The Biology of a Changing Virus 19



14. Studahl M (2003) Influenza virus and CNS manifestations. J Clin Virol 28:225–232

15. Sion ML, Hatzitolios AI, Toulis EN, Mikoudi KD, Ziakas GN (2001) Toxic shock syndrome

complicating influenza A infection: a two-case report with one case of bacteremia and

endocarditis. Intensive Care Med 27:443

16. Osterhaus AD, Rimmelzwaan GF, Martina BE, Bestebroer TM, Fouchier RA (2000) Influ-

enza B virus in seals. Science 288:1051–1053

17. Newland JG, Romero JR, Varman M, Drake C, Holst A, Safranek T, Subbarao K (2003)

Encephalitis associated with influenza B virus infection in 2 children and a review of the

literature. Clin Infect Dis 36:e87–e95

18. Jaimovich DG, Kumar A, Shabino CL, Formoli R (1992) Influenza B virus infection

associated with non-bacterial septic shock-like illness. J Infect 25:311–315

19. Chen JM, Guo YJ, Wu KY, Guo JF, Wang M, Dong J, Zhang Y, Li Z, Shu YL (2007)

Exploration of the emergence of the Victoria lineage of influenza B virus. Arch Virol 152:

415–422

20. Hite LK, Glezen WP, Demmler GJ, Munoz FM (2007) Medically attended pediatric influ-

enza during the resurgence of the Victoria lineage of influenza B virus. Int J Infect Dis 11:

40–47

21. Matsuzaki Y, Abiko C, Mizuta K, Sugawara K, Takashita E, Muraki Y, Suzuki H, Mikawa

M, Shimada S, Sato K et al (2007) A nationwide epidemic of influenza C virus infection in

Japan in 2004. J Clin Microbiol 45:783–788

22. Yuanji G, Desselberger U (1984) Genome analysis of influenza C viruses isolated in 1981/82

from pigs in China. J Gen Virol 65(Pt 11):1857–1872

23. Wright PF, Neumann G, Kawaoka Y (2007) Orthomyxoviruses. In: Knipe DM, Howley PM

(eds) Fields virology, 5th edn. Lippincott Williams & Wilkins, Philadephia, pp 1714–1715

24. Eisen MB, Sabesan S, Skehel JJ, Wiley DC (1997) Binding of the influenza A virus to cell-

surface receptors: structures of five hemagglutinin-sialyloligosaccharide complexes deter-

mined by X-ray crystallography. Virology 232:19–31

25. Skehel JJ, Wiley DC (2000) Receptor binding and membrane fusion in virus entry: the

influenza hemagglutinin. Annu Rev Biochem 69:531–569

26. Glaser L, Stevens J, Zamarin D, Wilson IA, Garcia-Sastre A, Tumpey TM, Basler CF,

Taubenberger JK, Palese P (2005) A single amino acid substitution in 1918 influenza virus

hemagglutinin changes receptor binding specificity. J Virol 79:11533–11536

27. Stevens J, Blixt O, Tumpey TM, Taubenberger JK, Paulson JC,Wilson IA (2006) Structure and

receptor specificity of the hemagglutinin from an H5N1 influenza virus. Science 312:404–410

28. Childs RA, Palma AS, Wharton S, Matrosovich T, Liu Y, Chai W, Campanero-Rhodes MA,

Zhang Y, Eickmann M, Kiso M et al (2009) Receptor-binding specificity of pandemic

influenza A (H1N1) 2009 virus determined by carbohydrate microarray. Nat Biotechnol

27:797–799

29. Maines TR, Jayaraman A, Belser JA, Wadford DA, Pappas C, Zeng H, Gustin KM, Pearce

MB, Viswanathan K, Shriver ZH et al (2009) Transmission and pathogenesis of swine-origin

2009 A(H1N1) influenza viruses in ferrets and mice. Science 325:484–487

30. Van Hoeven N, Pappas C, Belser JA, Maines TR, Zeng H, Garcia-Sastre A, Sasisekharan R,

Katz JM, Tumpey TM (2009) Human HA and polymerase subunit PB2 proteins confer

transmission of an avian influenza virus through the air. Proc Natl Acad Sci USA 106:

3366–3371

31. Sorrell EM, Wan H, Araya Y, Song H, Perez DR (2009) Minimal molecular constraints for

respiratory droplet transmission of an avian-human H9N2 influenza A virus. Proc Natl Acad

Sci USA 106:7565–7570

32. Sieczkarski SB, Whittaker GR (2005) Viral entry. Curr Top Microbiol Immunol 285:1–23

33. Matlin KS, Reggio H, Helenius A, Simons K (1981) Infectious entry pathway of influenza

virus in a canine kidney cell line. J Cell Biol 91:601–613

34. Nunes-Correia I, Eulalio A, Nir S, Pedroso de Lima MC (2004) Caveolae as an additional

route for influenza virus endocytosis in MDCK cells. Cell Mol Biol Lett 9:47–60

20 S. Mubareka and P. Palese



35. Takeda M, Pekosz A, Shuck K, Pinto LH, Lamb RA (2002) Influenza a virus M2 ion channel

activity is essential for efficient replication in tissue culture. J Virol 76:1391–1399

36. Pinto LH, Holsinger LJ, Lamb RA (1992) Influenza virus M2 protein has ion channel

activity. Cell 69:517–528

37. Wang P, Palese P, O’Neill RE (1997) The NPI-1/NPI-3 (karyopherin alpha) binding site on

the influenza a virus nucleoprotein NP is a nonconventional nuclear localization signal.

J Virol 71:1850–1856

38. Cros JF, Garcia-Sastre A, Palese P (2005) An unconventional NLS is critical for the nuclear

import of the influenza A virus nucleoprotein and ribonucleoprotein. Traffic 6:205–213

39. Area E, Martin-Benito J, Gastaminza P, Torreira E, Valpuesta JM, Carrascosa JL, Ortin J

(2004) 3D structure of the influenza virus polymerase complex: localization of subunit

domains. Proc Natl Acad Sci USA 101:308–313

40. Jung TE, Brownlee GG (2006) A new promoter-binding site in the PB1 subunit of the

influenza A virus polymerase. J Gen Virol 87:679–688

41. Perez DR, Donis RO (2001) Functional analysis of PA binding by influenza a virus PB1:

effects on polymerase activity and viral infectivity. J Virol 75:8127–8136

42. Poole E, Elton D, Medcalf L, Digard P (2004) Functional domains of the influenza A virus

PB2 protein: identification of NP- and PB1-binding sites. Virology 321:120–133

43. Fechter P, Mingay L, Sharps J, Chambers A, Fodor E, Brownlee GG (2003) Two aromatic

residues in the PB2 subunit of influenza A RNA polymerase are crucial for cap binding.

J Biol Chem 278:20381–20388

44. Krug RM, Bouloy M, Plotch SJ (1980) RNA primers and the role of host nuclear RNA

polymerase II in influenza viral RNA transcription. Philos Trans R Soc Lond B Biol Sci

288:359–370

45. Labadie K, Dos Santos AE, Rameix-Welti MA, van der Werf S, Naffakh N (2007) Host-

range determinants on the PB2 protein of influenza A viruses control the interaction between

the viral polymerase and nucleoprotein in human cells. Virology 362:271–282

46. Kawaguchi A, Naito T, Nagata K (2005) Involvement of influenza virus PA subunit in

assembly of functional RNA polymerase complexes. J Virol 79:732–744

47. Fodor E, Smith M (2004) The PA subunit is required for efficient nuclear accumulation of the

PB1 subunit of the influenza A virus RNA polymerase complex. J Virol 78:9144–9153

48. Li X, Palese P (1994) Characterization of the polyadenylation signal of influenza virus RNA.

J Virol 68:1245–1249

49. Luo GX, Luytjes W, Enami M, Palese P (1991) The polyadenylation signal of influenza virus

RNA involves a stretch of uridines followed by the RNA duplex of the panhandle structure.

J Virol 65:2861–2867

50. Zheng H, Lee HA, Palese P, Garcia-Sastre A (1999) Influenza A virus RNA polymerase has

the ability to stutter at the polyadenylation site of a viral RNA template during RNA

replication. J Virol 73:5240–5243

51. Ye Q, Krug RM, Tao YJ (2006) The mechanism by which influenza A virus nucleoprotein

forms oligomers and binds RNA. Nature 444:1078–1082

52. Vreede FT, Brownlee GG (2007) Influenza virion-derived viral ribonucleoproteins synthe-

size both mRNA and cRNA in vitro. J Virol 81:2196–2204

53. Baudin F, Petit I, Weissenhorn W, Ruigrok RW (2001) In vitro dissection of the membrane

and RNP binding activities of influenza virus M1 protein. Virology 281:102–108

54. Akarsu H, Burmeister WP, Petosa C, Petit I, Muller CW, Ruigrok RW, Baudin F (2003)

Crystal structure of the M1 protein-binding domain of the influenza A virus nuclear export

protein (NEP/NS2). EMBO J 22:4646–4655

55. Gallagher PJ, Henneberry JM, Sambrook JF, Gething MJ (1992) Glycosylation requirements

for intracellular transport and function of the hemagglutinin of influenza virus. J Virol

66:7136–7145

56. Enami M, Sharma G, Benham C, Palese P (1991) An influenza virus containing nine

different RNA segments. Virology 185:291–298

Influenza Virus: The Biology of a Changing Virus 21



57. Bancroft CT, Parslow TG (2002) Evidence for segment-nonspecific packaging of the

influenza a virus genome. J Virol 76:7133–7139

58. Watanabe T, Watanabe S, Noda T, Fujii Y, Kawaoka Y (2003) Exploitation of nucleic acid

packaging signals to generate a novel influenza virus-based vector stably expressing two

foreign genes. J Virol 77:10575–10583

59. de Wit E, Spronken MI, Rimmelzwaan GF, Osterhaus AD, Fouchier RA (2006) Evidence for

specific packaging of the influenza A virus genome from conditionally defective virus

particles lacking a polymerase gene. Vaccine 24:6647–6650

60. Fujii K, Fujii Y, Noda T, Muramoto Y, Watanabe T, Takada A, Goto H, Horimoto T,

Kawaoka Y (2005) Importance of both the coding and the segment-specific noncoding regions

of the influenza A virus NS segment for its efficient incorporation into virions. J Virol 79:

3766–3774

61. Liang Y, Hong Y, Parslow TG (2005) Cis-acting packaging signals in the influenza virus

PB1, PB2, and PA genomic RNA segments. J Virol 79:10348–10355

62. Fujii Y, Goto H, Watanabe T, Yoshida T, Kawaoka Y (2003) Selective incorporation of

influenza virus RNA segments into virions. Proc Natl Acad Sci USA 100:2002–2007

63. Gog JR, Afonso ED, Dalton RM, Leclercq I, Tiley L, Elton D, von Kirchbach JC, Naffakh N,

Escriou N, Digard P (2007) Codon conservation in the influenza A virus genome defines

RNA packaging signals. Nucleic Acids Res 35:1897–1907

64. Schmitt AP, Lamb RA (2005) Influenza virus assembly and budding at the viral budozone.

Adv Virus Res 64:383–416

65. Chen BJ, Takeda M, Lamb RA (2005) Influenza virus hemagglutinin (H3 subtype) requires

palmitoylation of its cytoplasmic tail for assembly: M1 proteins of two subtypes differ in

their ability to support assembly. J Virol 79:13673–13684

66. Zhang J, Pekosz A, Lamb RA (2000) Influenza virus assembly and lipid raft microdomains: a

role for the cytoplasmic tails of the spike glycoproteins. J Virol 74:4634–4644

67. Barman S, Adhikary L, Chakrabarti AK, Bernas C, Kawaoka Y, Nayak DP (2004) Role of

transmembrane domain and cytoplasmic tail amino acid sequences of influenza a virus

neuraminidase in raft association and virus budding. J Virol 78:5258–5269

68. Carrasco M, Amorim MJ, Digard P (2004) Lipid raft-dependent targeting of the influenza A

virus nucleoprotein to the apical plasma membrane. Traffic 5:979–992

69. Bourmakina SV, Garcia-Sastre A (2003) Reverse genetics studies on the filamentous mor-

phology of influenza A virus. J Gen Virol 84:517–527

70. Elleman CJ, Barclay WS (2004) The M1 matrix protein controls the filamentous phenotype

of influenza A virus. Virology 321:144–153

71. Palese P, Tobita K, Ueda M, Compans RW (1974) Characterization of temperature sensitive

influenza virus mutants defective in neuraminidase. Virology 61:397–410

72. Mitnaul LJ, Matrosovich MN, Castrucci MR, Tuzikov AB, Bovin NV, Kobasa D, Kawaoka

Y (2000) Balanced hemagglutinin and neuraminidase activities are critical for efficient

replication of influenza A virus. J Virol 74:6015–6020

73. Colman PM (1994) Influenza virus neuraminidase: structure, antibodies, and inhibitors.

Protein Sci 3:1687–1696

74. Fitch WM, Leiter JM, Li XQ, Palese P (1991) Positive Darwinian evolution in human

influenza A viruses. Proc Natl Acad Sci USA 88:4270–4274

75. Smith DJ, Lapedes AS, de Jong JC, Bestebroer TM, Rimmelzwaan GF, Osterhaus AD,

Fouchier RA (2004) Mapping the antigenic and genetic evolution of influenza virus. Science

305:371–376

76. National Institute of Allergy and Infectious Diseases NIH (2007) http://www3.niaid.nih.gov/

news/focuson/flu/illustrations/timeline/

77. Horimoto T, Kawaoka Y (2005) Influenza: lessons from past pandemics, warnings from

current incidents. Nat Rev Microbiol 3:591–600

78. Wang H, Feng Z, Shu Y, Yu H, Zhou L, Zu R, Huai Y, Dong J, Bao C, Wen L et al (2008)

Probable limited person-to-person transmission of highly pathogenic avian influenza A

(H5N1) virus in China. Lancet 371:1427–1434

22 S. Mubareka and P. Palese

http://www3.niaid.nih.gov/news/focuson/flu/illustrations/timeline/
http://www3.niaid.nih.gov/news/focuson/flu/illustrations/timeline/


79. Webster RG, Govorkova EA (2006) H5N1 influenza-continuing evolution and spread. N

Engl J Med 355:2174–2177

80. Uyeki TM (2008) Global epidemiology of human infections with highly pathogenic avian

influenza A (H5N1) viruses. Respirology 13(Suppl 1):S2–S9

81. Dawood FS, Jain S, Finelli L, Shaw MW, Lindstrom S, Garten RJ, Gubareva LV, Xu X,

Bridges CB, Uyeki TM (2009) Emergence of a novel swine-origin influenza A (H1N1) virus

in humans. N Engl J Med 360:2605–2615

82. BeanWJ, Schell M, Katz J, Kawaoka Y, Naeve C, GormanO,Webster RG (1992) Evolution of

the H3 influenza virus hemagglutinin from human and nonhuman hosts. J Virol 66:1129–1138

83. Ferguson NM, Galvani AP, Bush RM (2003) Ecological and immunological determinants of

influenza evolution. Nature 422:428–433

84. Plotkin JB, Dushoff J, Levin SA (2002) Hemagglutinin sequence clusters and the antigenic

evolution of influenza A virus. Proc Natl Acad Sci USA 99:6263–6268

85. Suzuki Y, Ito T, Suzuki T, Holland RE Jr, Chambers TM, Kiso M, Ishida H, Kawaoka Y

(2000) Sialic acid species as a determinant of the host range of influenza A viruses. J Virol

74:11825–11831

86. Vines A, Wells K, Matrosovich M, Castrucci MR, Ito T, Kawaoka Y (1998) The role of

influenza A virus hemagglutinin residues 226 and 228 in receptor specificity and host range

restriction. J Virol 72:7626–7631

87. Rogers GN, D’Souza BL (1989) Receptor binding properties of human and animal H1

influenza virus isolates. Virology 173:317–322

88. Rogers GN, Paulson JC (1983) Receptor determinants of human and animal influenza virus

isolates: differences in receptor specificity of the H3 hemagglutinin based on species of

origin. Virology 127:361–373

89. Rogers GN, Pritchett TJ, Lane JL, Paulson JC (1983) Differential sensitivity of human,

avian, and equine influenza A viruses to a glycoprotein inhibitor of infection: selection of

receptor specific variants. Virology 131:394–408

90. Thompson CI, Barclay WS, Zambon MC, Pickles RJ (2006) Infection of human airway

epithelium by human and avian strains of influenza a virus. J Virol 80:8060–8068

91. Matrosovich MN, Matrosovich TY, Gray T, Roberts NA, Klenk HD (2004) Human and

avian influenza viruses target different cell types in cultures of human airway epithelium.

Proc Natl Acad Sci USA 101:4620–4624

92. Shinya K, Ebina M, Yamada S, Ono M, Kasai N, Kawaoka Y (2006) Avian flu: influenza

virus receptors in the human airway. Nature 440:435–436

93. Ibricevic A, Pekosz A, Walter MJ, Newby C, Battaile JT, Brown EG, Holtzman MJ, Brody

SL (2006) Influenza virus receptor specificity and cell tropism in mouse and human airway

epithelial cells. J Virol 80:7469–7480

94. van Riel D, Munster VJ, deWit E, Rimmelzwaan GF, Fouchier RA, Osterhaus AD, Kuiken T

(2006) H5N1 virus attachment to lower respiratory tract. Science 312:399

95. de Jong MD, Simmons CP, Thanh TT, Hien VM, Smith GJ, Chau TN, Hoang DM, Chau NV,

Khanh TH, Dong VC et al (2006) Fatal outcome of human influenza A (H5N1) is associated

with high viral load and hypercytokinemia. Nat Med 12:1203–1207

96. Kandun IN, Wibisono H, Sedyaningsih ER, Yusharmen HW, Purba W, Santoso H, Septiawati

C, Tresnaningsih E, Heriyanto B et al (2006) Three Indonesian clusters of H5N1 virus infection

in 2005. N Engl J Med 355:2186–2194

97. Oner AF, Bay A, Arslan S, Akdeniz H, Sahin HA, Cesur Y, Epcacan S, Yilmaz N, Deger I,

Kizilyildiz B et al (2006) Avian influenza A (H5N1) infection in eastern Turkey in 2006. N

Engl J Med 355:2179–2185

98. Butt KM, Smith GJ, Chen H, Zhang LJ, Leung YH, Xu KM, LimW,Webster RG, Yuen KY,

Peiris JS et al (2005) Human infection with an avian H9N2 influenza A virus in Hong Kong

in 2003. J Clin Microbiol 43:5760–5767

99. Koopmans M, Wilbrink B, Conyn M, Natrop G, van der Nat H, Vennema H, Meijer A, van

Steenbergen J, Fouchier R, Osterhaus A et al (2004) Transmission of H7N7 avian influenza

Influenza Virus: The Biology of a Changing Virus 23



A virus to human beings during a large outbreak in commercial poultry farms in the

Netherlands. Lancet 363:587–593

100. Fouchier RA, Schneeberger PM, Rozendaal FW, Broekman JM, Kemink SA, Munster V,

Kuiken T, Rimmelzwaan GF, Schutten M, Van Doornum GJ et al (2004) Avian influenza A

virus (H7N7) associated with human conjunctivitis and a fatal case of acute respiratory

distress syndrome. Proc Natl Acad Sci USA 101:1356–1361

101. Uiprasertkul M, Puthavathana P, Sangsiriwut K, Pooruk P, Srisook K, Peiris M, Nicholls JM,

Chokephaibulkit K, Vanprapar N, Auewarakul P (2005) Influenza A H5N1 replication sites

in humans. Emerg Infect Dis 11:1036–1041

102. Nicholls JM, Chan MC, Chan WY, Wong HK, Cheung CY, Kwong DL, Wong MP, Chui

WH, Poon LL, Tsao SW et al (2007) Tropism of avian influenza A (H5N1) in the upper and

lower respiratory tract. Nat Med 13:147–149

103. Yamada S, Suzuki Y, Suzuki T, Le MQ, Nidom CA, Sakai-Tagawa Y, Muramoto Y, Ito M,

Kiso M, Horimoto T et al (2006) Haemagglutinin mutations responsible for the binding of

H5N1 influenza A viruses to human-type receptors. Nature 444:378–382

104. Gambaryan AS, Tuzikov AB, Bovin NV, Yamnikova SS, Lvov DK, Webster RG,

Matrosovich MN (2003) Differences between influenza virus receptors on target cells of

duck and chicken and receptor specificity of the 1997 H5N1 chicken and human influenza

viruses from Hong Kong. Avian Dis 47:1154–1160

105. Wan H, Perez DR (2006) Quail carry sialic acid receptors compatible with binding of avian

and human influenza viruses. Virology 346:278–286

106. Shu LL, Lin YP, Wright SM, Shortridge KF, Webster RG (1994) Evidence for interspecies

transmission and reassortment of influenza A viruses in pigs in southern China. Virology

202:825–833

107. Castrucci MR, Donatelli I, Sidoli L, Barigazzi G, Kawaoka Y, Webster RG (1993) Genetic

reassortment between avian and human influenza A viruses in Italian pigs. Virology 193:

503–506

108. Call SA, Vollenweider MA, Hornung CA, Simel DL, McKinney WP (2005) Does this

patient have influenza? JAMA 293:987–997

109. Bhat N, Wright JG, Broder KR, Murray EL, Greenberg ME, Glover MJ, Likos AM, Posey

DL, Klimov A, Lindstrom SE et al (2005) Influenza-associated deaths among children in the

United States, 2003–2004. N Engl J Med 353:2559–2567

110. Nolte KB, Alakija P, Oty G, Shaw MW, Subbarao K, Guarner J, Shieh WJ, Dawson JE,

Morken T, Cox NJ et al (2000) Influenza A virus infection complicated by fatal myocarditis.

Am J Forensic Med Pathol 21:375–379

111. Davis MM, Taubert K, Benin AL, Brown DW, Mensah GA, Baddour LM, Dunbar S,

Krumholz HM (2006) Influenza vaccination as secondary prevention for cardiovascular

disease: a science advisory from the American Heart Association/American College of

Cardiology. J Am Coll Cardiol 48:1498–1502

112. Guarner J, Paddock CD, Shieh WJ, Packard MM, Patel M, Montague JL, Uyeki TM, Bhat N,

Balish A, Lindstrom S et al (2006) Histopathologic and immunohistochemical features of fatal

influenza virus infection in children during the 2003–2004 season. Clin Infect Dis 43:132–140

113. Chan PK (2002) Outbreak of avian influenza A(H5N1) virus infection in Hong Kong in

1997. Clin Infect Dis 34:S58–S64

114. Beigel JH, Farrar J, Han AM, Hayden FG, Hyer R, de Jong MD, Lochindarat S, Nguyen TK,

Nguyen TH, Tran TH et al (2005) Avian influenza A (H5N1) infection in humans. N Engl J

Med 353:1374–1385

115. Chotpitayasunondh T, Ungchusak K, Hanshaoworakul W, Chunsuthiwat S, Sawanpanyalert

P, Kijphati R, Lochindarat S, Srisan P, Suwan P, Osotthanakorn Y et al (2005) Human

disease from influenza A (H5N1), Thailand, 2004. Emerg Infect Dis 11:201–209

116. Morens DM, Taubenberger JK, Fauci AS (2008) Predominant role of bacterial pneumonia as

a cause of death in pandemic influenza: implications for pandemic influenza preparedness.

J Infect Dis 198:962–970

24 S. Mubareka and P. Palese



117. Finelli L, Fiore A, Dhara R, Brammer L, Shay DK, Kamimoto L, Fry A, Hageman J, Gorwitz

R, Bresee J et al (2008) Influenza-associated pediatric mortality in the United States: increase

of Staphylococcus aureus coinfection. Pediatrics 122:805–811
118. Reed C, Kallen AJ, Patton M, Arnold KE, Farley MM, Hageman J, Finelli L (2009) Infection

with community-onset Staphylococcus aureus and influenza virus in hospitalized children.

Pediatr Infect Dis J 28:572–576

119. CDC (2009) Surveillance for pediatric deaths associated with 2009 pandemic influenza A

(H1N1) virus infection – United States, April–August 2009. MMWRMorbMortal Wkly Rep

58:941–947

120. Jamieson DJ, Honein MA, Rasmussen SA, Williams JL, Swerdlow DL, Biggerstaff MS,

Lindstrom S, Louie JK, Christ CM, Bohm SR et al (2009) H1N1 2009 influenza virus

infection during pregnancy in the USA. Lancet 374:451–458

121. Massey PD, Pearce G, Taylor KA, Orcher L, Saggers S, Durrheim DN (2009) Reducing the

risk of pandemic influenza in Aboriginal communities. Rural Remote Health 9:1290

122. Baker MG, Wilson N, Huang QS, Paine S, Lopez L, Bandaranayake D, Tobias M, Mason K,

Mackereth GF, Jacobs M et al (2009) Pandemic influenza A(H1N1)v in New Zealand: the

experience from August 2009. Euro Surveill 14(34) pii:19319

123. Public Health Agency of Canada (2009) http://www.phac-aspc.gc.ca/fluwatch/08-09/

w33_09/index-eng.php. Accessed 3 Sept 2009

124. NgWF, To KF, LamWW, Ng TK, Lee KC (2006) The comparative pathology of severe acute

respiratory syndrome and avian influenza A subtype H5N1 – a review. Hum Pathol 37:381–390

125. To KF, Chan PK, Chan KF, Lee WK, Lam WY, Wong KF, Tang NL, Tsang DN, Sung RY,

Buckley TA et al (2001) Pathology of fatal human infection associated with avian influenza

A H5N1 virus. J Med Virol 63:242–246

126. Chan MC, Cheung CY, Chui WH, Tsao SW, Nicholls JM, Chan YO, Chan RW, Long HT,

Poon LL, Guan Y et al (2005) Proinflammatory cytokine responses induced by influenza A

(H5N1) viruses in primary human alveolar and bronchial epithelial cells. Respir Res 6:135

127. Le Goffic R, Balloy V, Lagranderie M, Alexopoulou L, Escriou N, Flavell R, Chignard M,

Si-Tahar M (2006) Detrimental contribution of the Toll-like receptor (TLR)3 to influenza A

virus-induced acute pneumonia. PLoS Pathog 2:e53

128. Shahangian A, Chow EK, Tian X, Kang JR, Ghaffari A, Liu SY, Belperio JA, Cheng G,

Deng JC (2009) Type I IFNs mediate development of postinfluenza bacterial pneumonia in

mice. J Clin Invest 119:1910–1920

129. van der Sluijs KF, van Elden LJ, Nijhuis M, Schuurman R, Pater JM, Florquin S, Goldman

M, Jansen HM, Lutter R, van der Poll T (2004) IL-10 is an important mediator of the

enhanced susceptibility to pneumococcal pneumonia after influenza infection. J Immunol

172:7603–7609

130. Sun K, Metzger DW (2008) Inhibition of pulmonary antibacterial defense by interferon-

gamma during recovery from influenza infection. Nat Med 14:558–564

131. McAuley JL, Hornung F, Boyd KL, Smith AM, McKeon R, Bennink J, Yewdell JW,

McCullers JA (2007) Expression of the 1918 influenza A virus PB1-F2 enhances the

pathogenesis of viral and secondary bacterial pneumonia. Cell Host Microbe 2:240–249

132. Peltola VT, Murti KG, McCullers JA (2005) Influenza virus neuraminidase contributes to

secondary bacterial pneumonia. J Infect Dis 192:249–257

133. Hatta M, Gao P, Halfmann P, Kawaoka Y (2001) Molecular basis for high virulence of Hong

Kong H5N1 influenza A viruses. Science 293:1840–1842

134. Salomon R, Franks J, Govorkova EA, Ilyushina NA, Yen HL, Hulse-Post DJ, Humberd J,

Trichet M, Rehg JE, Webby RJ et al (2006) The polymerase complex genes contribute to the

high virulence of the human H5N1 influenza virus isolate A/Vietnam/1203/04. J Exp Med

203:689–697

135. Maines TR, Lu XH, Erb SM, Edwards L, Guarner J, Greer PW, Nguyen DC, Szretter KJ,

Chen LM, Thawatsupha P et al (2005) Avian influenza (H5N1) viruses isolated from humans

in Asia in 2004 exhibit increased virulence in mammals. J Virol 79:11788–11800

Influenza Virus: The Biology of a Changing Virus 25

http://www.phac-aspc.gc.ca/fluwatch/08-09/w33_09/index-eng.php
http://www.phac-aspc.gc.ca/fluwatch/08-09/w33_09/index-eng.php


136. Massin P, van der Werf S, Naffakh N (2001) Residue 627 of PB2 is a determinant of cold

sensitivity in RNA replication of avian influenza viruses. J Virol 75:5398–5404

137. Steel J, Lowen AC, Mubareka S, Palese P (2009) Transmission of influenza virus in a

mammalian host is increased by PB2 amino acids 627K or 627E/701N. PLoS Pathog 5:

e1000252

138. Zamarin D, Garcia-Sastre A, Xiao X, Wang R, Palese P (2005) Influenza virus PB1-F2

protein induces cell death through mitochondrial ANT3 and VDAC1. PLoS Pathog 1:e4

139. Zamarin D, Ortigoza MB, Palese P (2006) Influenza A virus PB1-F2 protein contributes to

viral pathogenesis in mice. J Virol 80:7976–7983

140. Garcia-Sastre A, Biron CA (2006) Type 1 interferons and the virus-host relationship: a

lesson in detente. Science 312:879–882

141. Hale BG, Randall RE, Ortin J, Jackson D (2008) The multifunctional NS1 protein of

influenza A viruses. J Gen Virol 89:2359–2376

142. Li Z, Jiang Y, Jiao P, Wang A, Zhao F, Tian G, Wang X, Yu K, Bu Z, Chen H (2006)

The NS1 gene contributes to the virulence of H5N1 avian influenza viruses. J Virol 80:

11115–11123

143. Obenauer JC, Denson J, Mehta PK, Su X, Mukatira S, Finkelstein DB, Xu X, Wang J, Ma J,

Fan Y et al (2006) Large-scale sequence analysis of avian influenza isolates. Science

311:1576–1580

144. Li S, Schulman J, Itamura S, Palese P (1993) Glycosylation of neuraminidase determines the

neurovirulence of influenza A/WSN/33 virus. J Virol 67:6667–6673

145. Kawaoka Y, Webster RG (1988) Sequence requirements for cleavage activation of influenza

virus hemagglutinin expressed in mammalian cells. Proc Natl Acad Sci USA 85:324–328

146. Horimoto T, Kawaoka Y (1994) Reverse genetics provides direct evidence for a correlation

of hemagglutinin cleavability and virulence of an avian influenza A virus. J Virol 68:

3120–3128

147. Senne DA, Panigrahy B, Kawaoka Y, Pearson JE, Suss J, Lipkind M, Kida H, Webster RG

(1996) Survey of the hemagglutinin (HA) cleavage site sequence of H5 and H7 avian

influenza viruses: amino acid sequence at the HA cleavage site as a marker of pathogenicity

potential. Avian Dis 40:425–437

148. Itoh Y, Shinya K, Kiso M, Watanabe T, Sakoda Y, Hatta M, Muramoto Y, Tamura D, Sakai-

Tagawa Y, Noda T et al (2009) In vitro and in vivo characterization of new swine-origin

H1N1 influenza viruses. Nature 460:1021–1025

149. Lofgren E, Fefferman N, Naumov YN, Gorski J, Naumova EN (2006) Influenza seasonality:

underlying causes and modeling theories. J Virol 81:5429–5436

150. Stone L, Olinky R, Huppert A (2007) Seasonal dynamics of recurrent epidemics. Nature

446:533–536

151. Tellier R (2006) Review of aerosol transmission of influenza A virus. Emerg Infect Dis

12:1657–1662

152. Brankston G, Gitterman L, Hirji Z, Lemieux C, Gardam M (2007) Transmission of influenza

A in human beings. Lancet Infect Dis 7:257–265

153. Lowen AC, Mubareka S, Tumpey TM, Garcia-Sastre A, Palese P (2006) The guinea pig as a

transmission model for human influenza viruses. Proc Natl Acad Sci USA 103:9988–9992

154. Mubareka S, Lowen AC, Steel J, Coates AL, Garcia-Sastre A, Palese P (2009) Transmission

of influenza virus via aerosols and fomites in the guinea pig model. J Infect Dis 199:858–865

155. Lowen AC, Mubareka S, Steel J, Palese P (2007) Influenza virus transmission is dependent

on relative humidity and temperature. PLoS Pathog 3:1470–1476

156. Lowen AC, Steel J, Mubareka S, Palese P (2008) High temperature (30�C) blocks aerosol but
not contact transmission of influenza virus. J Virol 82:5650–5652

157. Lowen AC, Steel J, Mubareka S, Carnero E, Garcia-Sastre A, Palese P (2009) Blocking

interhost transmission of influenza virus by vaccination in the guinea pig model. J Virol

83:2803–2818

26 S. Mubareka and P. Palese



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/H1N1pdm 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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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/H5N1

influenza threat and the current A/H1N1pdm 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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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]
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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/

H1N1 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., 2005–2006 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 �65 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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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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discharge data from Agency for Health Care Research and Quality (AHRQ)
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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 Young 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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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, R0, and the

effective reproductive number, R, have been estimated for pandemic and epidemic

influenza. R0 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 Rmeasures a similar quantity for a recurrent pathogen re-

invading a partially susceptible population (e.g., seasonal influenza virus). Current

estimates of R0 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(60/4) to R(60/2) 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/H1N1pdm virus

[75]. The three pandemics of the twentieth century – the 1918 A/H1N1 “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

subtype

Evolutionary history

(segments involved)

Approximate

global mortality

impact

Proportion of deaths in

persons <65 years of age

1918–1919 A(H1N1) All avian (all eight

segments)

~50 M ~95%

1957–1958 A(H2N2) Reassortant

HA þ NA þ PB1

~1–2 M ~40%

1968–1969 A(H3N2) Reassortant

HA þ PB1

~0.5–1 M ~50%

Contemporary H3N2

seasons

No shift – only

gradual genetic

drift

~0.5–1 M ~10%

HA hemagglutinin, NA neuraminidase, PB1 polymerase, M million
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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/H1N1

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 H1N1pdm 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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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/H1N1pdm pandemic virus

in 2009 [79].

Looking back to the 1918 A/H1N1 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 H1Nx 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, R0) 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

H5N1 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 H5N1 viruses, or by reassortment with circulating

human influenza A viruses (H3N2 or H1N1), 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 H1N1pdm 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 H1N1pdm 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

The Epidemiology of Influenza and Its Control 43



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
for 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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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 H5N1 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.

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]
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During May to August, 2009, a first vaccine against the H1N1pdm 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 H1N1pdm 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 H5N1 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 H1N1pdm virus

emerged in Mexico, displaying a complex evolutionary lineage drawn from gene

segments found in human, avian, and swine populations.

Fortunately, the H1N1pdm 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

H1N1pdm 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 H1N1 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

H1N1pdm 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 H1N1pdm 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 H1N1pdm

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 H1N1pdm-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 H1N1pdm 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 H1N1pdm

virus will replace either or both of the influenza A viruses that had been circulating

previously, H3N2 and H1N1. If all three cocirculate in the next season, the new

H1N1pdm 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/H1N1 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 H1N1pdm 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 Population1)

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/

1Country population estimates from UNICEF, 2008 with global total ¼ 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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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
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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 (H1N1) 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 H1N1)

[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 theWHOAfrican 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 2006–2008 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 andmortality. Representative data frommore 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 (H1N1) 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, fromNovember throughMarch, peaking in January and February [60].
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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 associatedwith 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].

Table 2 Global chronology of influenza disease and vaccine strategies

Issue Region

North South Tropical/subtropical

Influenza virus circulates November to

April

May to October ~12 months

(perennial)

Vaccine strain composition

announced

February, same

year

September, previous

year

North or southa

Timing of influenza

immunization

October to

December

April to June No recommendation

aFrom 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)
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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 andH. 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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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

Fig. 3 Schematic of the dominant seeding hierarchy of seasonal influenza A (H3N2) viruses.

Modified from Russell et al. [53]
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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 H1N1 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 H1N1 pandemic strain while an H1N1 virus was still circulating

in humans is an unprecedented event. Here, we examine the emergence of H1N1

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 H1N1 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 H1N1

influenza virus as the causative agent of the first pandemic of the twenty-first

century. Influenza once again confounded the experts. Since an H1N1 subtype of

influenza was circulating and causing seasonal influenza in humans, this subtype

was not on the “probable list.” Focus was on the H5N1 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 H1N1 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 H1N1 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

H1N1 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 H1N1 Spanish 1918,

H2N2 Asian 1957, and H3N2 Hong Kong 1968 acquired a novel HA gene, as well as

a novel PB1 gene from the aquatic bird reservoir [7, 8]. Novel neuraminidase (NA)

genes were acquired less frequently in 1918 Spanish H1N1 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 H1N1 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 H1N1 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 a2-3 terminal sialic acid that is different from

the receptor specificity of mammalian viruses (a2-6 terminal sialic acid). While

influenza A viruses have been demonstrated to transmit directly from some avian

species to humans (e.g., H5N1 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 a2-3
and a2-6 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.
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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 H9N2 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.

5 H1N1 Influenza in Pigs, People, and Poultry

in USA 1918–1998

TheH1N1 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 H1N1 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 H1N1 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 H1N1

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 H1N1 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

H1N1 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 H1N1 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 H1N1 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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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 H1N1 swine influenza of US origin had been introduced in Italy sometime

before 1976 [30]. Swine influenza in Europe evolved along similar lines but was

Fig. 2 Transmission of swine influenza to turkeys. Classical swine influenza virus transmitted to

turkeys in the USA in the early 1980s. The H1N1 virus from turkeys retained the ability to infect

humans [27]
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different from that in the USA and was characterized by the introduction of a novel

wholly avian H1N1 virus in 1979 [31]. This avian H1N1 influenza virus was very

successful in pigs in Europe, established a permanent lineage, and replaced classi-

cal swine H1N1 influenza virus. Shortly after the introduction of avian H1N1

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 H1N1 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

H1N1 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 H1N2 that was a reassortant between swine H1N2 and swine H3N2

was isolated from pigs in 2005 [36].

Thus, a different lineage of avian H1N1 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 H1N1 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 H9N2 viruses [46]. Both of these viruses (H5N1

and H9N2) have transiently transmitted to humans but probably directly from avian

sources [2]. Neither the H5N1 nor the H9N2 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 H1N1 influenza viruses have a

propensity to transmit to pigs. This occurred during the emergence of the H1N1

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 H1N1 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 H1N1 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 H1N1 in the past century include the

1918 Spanish influenza pandemic, the H1N1 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 H1N1 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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The reintroduced Russian 1977 H1N1 virus affected mainly children and young

adults born during the 27 years that the virus was frozen. The surprising feature of

the reintroduced H1N1 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 H1N1 in humans in Southern California

in April 2009 although unusual was not unprecedented. However, when the virus

was characterized as a novel H1N1 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 H1N1 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 H1N1 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 H1N1

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.

H1N2

H3N2

H1N1

H1N1

H1N2
H3N2

H1N1
H2N2

H1N1

1950 1960 1970 1980 1990 200019401930192019101900

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 H2N2 Asian 1957 virus. The index human case of

H2N2 in South Central China reported that pigs in the village were sick
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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 H1N1 virus that is different from seasonal H1N1 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 H1N1 influenza virus

indicates that the virus has remained antigenically stable and essentially identical

with the prototype A/California/4/09 (H1N1) 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 H5N1 influenza has been detected in the pandemic H1N1

[50, 51]. Why then is the pandemic H1N1 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 H1N1 2009 in Pigs and Poultry

Phylogenetic analysis of the pandemic H1N1 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 H1N1 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 H5N1 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 (H1N2) 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 H1N1 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 H1N1 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 H1N1 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 H1N1 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?page¼weekly_report_index&admin¼0). Thus, the novel

H1N1 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 H1N1 influenza virus. The

difficulty is related to a possible drop in pork consumption as occurred in Asia in

2009. The reports of the novel H1N1 in pigs referred to in Asia as swine influenza

caused a two-thirds reduction in the consumption of pork. The novel H1N1 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 H1N1 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 H1N1 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 H1N1 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 H1N1 will:

l Become more virulent as happened with the 1918 Spanish H1N1 influenza strain
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l Acquire resistance to oseltamivir and zanamivir
l Show rapid antigenic drift
l Evolve “silently” in swine or poultry and go undetected

Although the pandemic 2009 H1N1 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 H1N1 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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24. Langmuir AD (1979) Guillain–Barré syndrome: the swine influenza virus vaccine incident in

the United States of America, 1976–77: preliminary communication. J R Soc Med

72:660–669

25. Langmuir AD, Bregman DJ, Kurland LT, Nathanson N, Victor M (1984) An epidemiologic
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Schultz-Cherry S, Solórzano A, Van Rooijen N, Katz JM, Basler CF (2005) Pathogenicity of

influenza viruses with genes from the 1918 pandemic virus: functional roles of alveolar

macrophages and neutrophils in limiting virus replication and mortality in mice. J Virol

79:14933–14944

49. Kobasa D, Jones SM, Shinya K, Kash JC, Copps J, Ebihara H, Hatta Y, Kim JH, Halfmann P,

Hatta M, Feldmann F, Alimonti JB, Fernando L, Li Y, Katze MG, Feldmann H, Kawaoka Y

(2007) Aberrant innate immune response in lethal infection of macaques with the 1918

influenza virus. Nature 445:319–323

50. Garten RJ, Davis CT, Russell CA, Shu B, Lindstrom S, Balish A, Sessions WM, Xu X,

Skepner E, Deyde V, Okomo-Adhiambo M, Gubareva L, Barnes J, Smith CB, Emery SL,

Hillman MJ, Rivailler P, Smagala J, de Graaf M, Burke DF, Fouchier RA, Pappas C, Alpuche-
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The Emergence of 2009 H1N1 Pandemic

Influenza
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Abstract The emergence of a novel H1N1 virus in Mexico and the USA in spring

2009 and its rapid spread around the globe has led theWorld 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 H1N1

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 H1N1 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 H1N1 influenza strain, currently referred to as S-OIV H1N1,

H1N1 pdm, 2009 H1N1 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 H1N1, 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 H1N1 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 H1N1 viruses is related to viruses

that have been circulating in pigs since 1930, and probably dating back to 1918.

For the 2009 H1N1 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 H1N1 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 H1N1 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 H1N2 and H3N2 swine viruses isolated in

several parts of the USA and Canada around the turn of the twenty-first century

[12]. Swine H1N2 viruses were isolated since 1999 and were the result of a

reassortment between swine H3N2 viruses and classic swine H1N1 viruses.

Swine H3N2 viruses were the result of a triple reassortment between avian,

human, and swine viruses. The segments of swine origin from classical H1N1

viruses either descended directly from or had a common ancestor to the 1918

pandemic [13–15]. Classic swine H1N1 strains dominate recorded strains from
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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 H2N2

strain of the 1957 pandemic (itself a reassortment of descendents from the 1918

H1N1 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 H1N1 viruses, reassortant H3N2 and

H1N2 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

Fig. 1 Unrooted phylogenetic distance tree of HA segment in H1N1 viruses since 1918 HA

isolated from humans is colored in blue, swine in pink, and birds in green
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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 H1N1 are H1N1 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 H1N1 and Eurasian H1N1 swine viruses is

Fig. 2 The history of the recent ancestors of the 2009 H1N1 pandemic strain H1N1. The recent

ancestors were isolated in swine in last two decades. Figure from Trifonov et al. [11]
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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 H1N1 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

H1N1 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

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 H1N1 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 H1N1 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 H1N1

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 � 10�3 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:

@S

@t
¼ kNðtÞð1� SÞ

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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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

Fig. 5 Unrooted distance tree for the whole genome of the current 2009 H1N1 strain. Branch with

more than 85% confidence from bootstrapping are highlighted in red. The aforementioned

California/07 strain is marked by a blue diamond
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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 H1N1 and avian H5N1 present a high number of immunostimulatory

motifs, the 2009 H1N1 pandemic virus shows a similar number to the previously

seasonal H1N1 viruses, suggesting that the lack of these motifs could be part of the

low virulence observed in the pandemic virus.

Table 1 List of nucleotide

and amino acid differences

between 2009 H1N1

strains New York/18 and

California/04.

Segment Position Mutation

New York/

18-California/04

Amino acid

PB2 1218 A-G –

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 Il-Val

1143 A-G –

1248 A-G –

NA 317 A-G Il-Val

742 G-A Asp-Asn

1044 A-G –

MP 492 A-G –

600 A-G –

NS 366 G-A –

443 A-G –
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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 H1N1

[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 H1N1 virus and

human H1N1 virus, as well as in 2009 H1N1. 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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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 H1N1 human influenza virus reemerged in 1977, the main

concern was a lack of resistance in the population born after 1957, the year H1N1

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 H1N1 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 H1N1 virus reflects this diversity

with contributions from H1N1 strains and H3N2 human and swine strains, as well

as H1N2 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 H1N1 virus indicate a similar distribution to the seasonal

H1N1, 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

H1N1, 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 H1N1 human infuenza virus

came from pigs a few years ago. Having circulated in pigs for several years the 2009

H1N1 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 H1N1-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 H1N1 virus that led to the human 2009

H1N1 virus have also been traced. The H1N1 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 H1N1 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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Swayne DE, Palese P, Katz JM, Garcı́a-Sastre A (2007) A two-amino acid change in the

hemagglutinin of the 1918 influenza virus abolishes transmission. Science 315:655–659

37. Kawaoka Y, Webster RG (1988) Sequence requirements for cleavage activation of influenza

virus hemagglutinin expressed in mammalian cells. Proc Natl Acad Sci USA 85:324–328

38. Subbarao EK, London W, Murphy BR (1993) A single amino acid in the PB2 gene of

influenza A virus is a determinant of host range. J Virol 67:1761–1764

39. Gabriel G, AbramM, Keiner B, Wagner R, Klenk HD, Stech J (2007) Differential polymerase

activity in avian and mammalian cells determines host range of influenza virus. J Virol

81:9601–9604

40. Van Hoeven N, Pappas C, Belser JA, Maines TR, Zeng H, Garcı́a-Sastre A, Sasisekharan R,

Katz JM, Tumpey TM (2009) Human HA and polymerase subunit PB2 proteins confer

transmission of an avian influenza virus through the air. Proc Natl Acad Sci USA

106:3366–3371

41. Geiss GK, Salvatore M, Tumpey TM, Carter VS, Wang X, Basler CF, Taubenberger JK,

Bumgarner RE, Palese P, Katze MG, Garcı́a-Sastre A (2002) Cellular transcriptional profiling

in influenza A virus-infected lung epithelial cells: the role of the nonstructural NS1 protein in

The Emergence of 2009 H1N1 Pandemic Influenza 109



the evasion of the host innate defense and its potential contribution to pandemic influenza.

Proc Natl Acad Sci USA 99:10736–10741

42. Steel J, Lowen AC, Mubareka S, Palese P (2009) Transmission of influenza virus in a

mammalian host is increased by PB2 amino acids 627K or 627E/701N. PLoS Pathog 5:

e1000252

43. Garcia-Sastre A (2001) Inhibition of interferon-mediated antiviral responses by influenza A

viruses and other negative-strand RNA viruses. Virology 279:375–384

44. Pichlmair A, Schulz O, Tan CP, N€aslund TI, Liljestr€om P, Weber F, Reis e Sousa C (2006)

RIG-I-mediated antiviral responses to single-stranded RNA bearing 50-phosphates. Science
314:997–1001

45. Diebold SS, Kaisho T, Hemmi H, Akira S, Reis e Sousa C (2004) Innate antiviral responses by

means of TLR7-mediated recognition of single-stranded RNA. Science 303:1529–1531

46. Imai Y, Kuba K, Neely GG, Yaghubian-Malhami R, Perkmann T, van Loo G, Ermolaeva M,

Veldhuizen R, Leung YH, Wang H, Liu H, Sun Y, Pasparakis M, Kopf M, Mech C, Bavari S,

Peiris JS, Slutsky AS, Akira S, Hultqvist M, Holmdahl R, Nicholls J, Jiang C, Binder CJ,

Penninger JM (2008) Identification of oxidative stress and Toll-like receptor 4 signaling as a

key pathway of acute lung injury. Cell 133:235–249

47. Jackson D, Hossain MJ, Hickman D, Perez DR, Lamb RA (2008) A new influenza virus

virulence determinant: the NS1 protein four C-terminal residues modulate pathogenicity. Proc

Natl Acad Sci USA 105:4381–4386

48. Greenbaum BD, Levine AJ, Bhanot G, Rabadan R (2008) Patterns of evolution and host gene

mimicry in influenza and other RNA viruses. PLoS Pathog 4:e1000079

49. Greenbaum BD, Rabadan R, Levine AJ (2009) Patterns of oligonucleotide sequences in viral

and host cell RNA identify mediators of the host innate immune system. PLoS ONE 4:e5969

50. Chen W, Calvo PA, Malide D, Gibbs J, Schubert U, Bacik I, Basta S, O’Neill R, Schickli J,

Palese P, Henklein P, Bennink JR, Yewdell JW (2001) A novel influenza A virus mitochon-

drial protein that induces cell death. Nat Med 7:1306–1312

51. Conenello GM, Palese P (2007) Influenza A virus PB1-F2: a small protein with a big punch.

Cell Host Microbe 2:207–209

52. Conenello GM, Zamarin D, Perrone LA, Tumpey T, Palese P (2007) A single mutation in the

PB1-F2 of H5N1 (HK/97) and 1918 influenza A viruses contributes to increased virulence.

PLoS Pathog 3:e141

53. Taia T, Wang R, Palese P (2009) Unraveling the mystery of swine influenza virus. Cell

137:983–985

54. Kozak M (1991) Structural features in eukaryotic mRNAs that modulate the initiation of

translation. J Biol Chem 266:19867–19870

55. Zamarin D, Garcia-Sastre A, Xiao X, Wang R, Palese P (2005) Influenza virus PB1-F2 protein

induces cell death through mitochondrial ANT3 and VDAC1. PLoS Pathog 1:e4

56. Zamarin D, Ortigoza MB, Palese P (2006) Influenza A virus PB1-F2 protein contributes to

viral pathogenesis in mice. J Virol 80:7976–7983

57. McAuley JL, Hornung F, Boyd KL, Smith AM, McKeon R, Bennink J, Yewdell JW,

McCullers JA (2007) Expression of the 1918 influenza A virus PB1-F2 enhances the patho-

genesis of viral and secondary bacterial pneumonia. Cell Host Microbe 2:240–249

58. Trifonov V, Racaniello V, Rabadan R (2009) The contribution of the PB1-F2 protein to the

fitness of influenza A viruses and its recent evolution in the 2009 influenza A (H1N1)

pandemic virus. PLoS Curr Influenza:RRN1006

59. Obenauer JC, Denson J, Mehta PK, Su X, Mukatira S, Finkelstein DB, Xu X, Wang J, Ma J,

Fan Y, Rakestraw KM, Webster RG, Hoffmann E, Krauss S, Zheng J, Zhang Z, Naeve CW

(2006) Large-scale sequence analysis of avian influenza isolates. Science 311:1576–1580

60. Obenauer JC, Fan Y, Naeve CW (2006) Response to comment on “Large-scale sequence

analysis of avian influenza isolates”. Science 313:1573

61. Holmes EC, Lipman DJ, Zamarin D, Yewdell JW (2006) Comment on “Large-scale sequence

analysis of avian influenza isolates”. Science 313:1573

110 B. Greenbaum et al.



62. Khiabanian H, Farrell G, St. George K, Rabadan R (2009) Differences in patient age

distribution between influenza A subtypes. PLoS ONE 4(8):e6832

63. CDC (2009) Novel H1N1 flu: facts and figures. CDC, Atlanta. Available at http://www.cdc.

gov/H1N1FLU/surveillanceqa.htm

64. Kelly H, Grant K, Williams S, Smith D (2009) H1N1 swine origin influenza infection in the

United States and Europe in 2009 may be similar to H1N1 seasonal influenza infection in two

Australian states in 2007 and 2008. Influenza Other Respir Viruses 3:183–188

65. CDC (2009) Serum cross-reactive antibody response to a novel influenza A (H1N1) virus after

vaccination with seasonal influenza vaccine. MMWR Morb Mortal Wkly Rep 58(19):

521–524

66. Rabadan R, Mostashari F, Calman N, Hripcsak G (2009) Next generation syndromic surveil-

lance: molecular epidemiology, electronic health records and the pandemic influenza A

(H1N1) virus. PLoS Curr Influenza:RRN1012

The Emergence of 2009 H1N1 Pandemic Influenza 111

http://www.cdc.gov/H1N1FLU/surveillanceqa.htm
http://www.cdc.gov/H1N1FLU/surveillanceqa.htm


Part II
Immunity and Vaccine Strategies



Influenza Vaccines Have a Short but Illustrious

History of Dedicated Science Enabling the Rapid

Global Production of A/Swine (H1N1) 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 H1N1 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 themove homewards, and every steamshipwas 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 (H1N1), was on the stage of this theater

of infection. Perhaps, a billion people were infected in the next 18months, 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% [4–7]. It is well to remember that when H1N1 emerged in 1916/1917 and

became pandemic in 1918 everyone except for the over 70s were fully susceptible.

This is different from todaywheremost people on planet earth have immunememory

to the H1N1 family of viruses and by definition to A/Swine flu. This explains why the

current H1N1 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 (R0) 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 H1N1 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 usmore 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 (H1N1) virus.

Baroness Findlay of Glandaff put the epidemiology of influenza H5N1 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 H5N1 most likely in a coinfected child in Egypt or SE Asia where H5N1

viruses are endemic and where swine H1N1 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.

Influenza Vaccines Have a Short but Illustrious History of Dedicated Science Enabling 117



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 (H1N1) 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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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

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 (top). 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
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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 H1N1 (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 H1N1 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 H1N1 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,

a rare 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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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 H1N1 vaccines.

In 1946, a major antigenic deviation of influenza A virus occurred with the

appearance of A/CAM/46 (H1N1) 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

(H0N1 in the old classification and now reclassified H1N1) were attacked. This

time the vaccine did not protect against the new virus typified by the prototype

A/FM/1/47 (H1N1) [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 H1N1 vaccine. It is likely that the over 65s will produce recall

antibody to H1N1 viruses which infected them in the 1940s and that this virus is

somewhat related to the current A/Swine virus.

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
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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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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 mg) 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 (H1N1) 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

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
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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 H1N1 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” H1N1 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 H1N1

viruses at least 20 years earlier was very striking. These data have immediate

relevance today in terms of H5N1 vaccine and of course with the A/Swine vaccine.

The world is full of immune virgins as regards H5N1 but not in the case of A/Swine

H1N1. Most persons have immune memory to the H1N1 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 mg 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 mg. 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 H1N1 vaccine where in the over 5 years a

single dose of vaccine is sufficient because of wide preexposure to members of the

H1N1 family of viruses. The younger groups had no prior immune memory to the

H1N1 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. [50] 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 (Hsw1N1) 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 (H1N1) 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

et al. [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 H1N1 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 mg 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 mg of HA

caused local reactions in 50% and systemic effects in 40%. The A/USSR/77

(H1N1) 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 25–44 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 H5N1 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 H1N1

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 (ts) 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 PR8, 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-ts-l [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 ts-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 (H1N1). 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 (H1N1)

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 H5N1 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

108.5 and in 1 receiving 107.5 TCID50, there were clinical illnesses. Viruses re-

isolated from the vaccines retained ts 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 (H1N1)-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 106.5 TCID50 of strain CR 35 (H1N1) 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

H5N1 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 H1N1

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 H1N1 vaccine. Capacity can be increased to cope

with a surge in demand for a pandemic virus vaccine. Moreover, the final vaccine

134 J. Oxford et al.



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 H1N1 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 H5N1 are

showing rewards with the current pandemic of A/Swine H1N1. 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

(H1N1) 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 mg 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 H1N1

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, H5N1 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 (H1N1) 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

(H1N1 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 (H1N1) 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 Heq1N2 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

H3N2 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 (H1N1) 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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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 H1N1 [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

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
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viruses. This is excellently illustrated with A/Swine where most of the population

has immune memory to this H1N1 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 H1N1. 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 H1N1 pandemic has exposed flaws in pandemic plans and also has

exposed many countries that have no preparation whatsoever.

Acknowledgments We are pleased to receive grant income from the EU to develop new influenza

vaccines.

References

1. Phillips H, Killingray D (2002) The Spanish influenza pandemic of 1918–1919: new

perspectives. Routledge Social History of Medicine Series. Routledge, UK

2. Churchill WS (1993) The Great War, vol 1 and 2. George Newnes Ltd, London

3. Crosby AW (1918) America’s forgotten pandemic. Cambridge University Press, New York

4. Medical Research Committee (1919) Studies of influenza in hospitals of the British armies in

France, 1918. Special report series no 36. HM Stationery Office, London, p 112

5. Ministry of Health (1920) Reports on the pandemic of influenza 1918–1919. Reports on

public health and medical subjects, no. 4. Stationery Office, London

6. Oxford JS (2000) Influenza A pandemics of the 20th century with special reference to 1918:

virology, pathology and epidemiology. Rev Med Virol 10:119–133

142 J. Oxford et al.



7. Macpherson WG, Herringham WP, Elliott TR, Balfour A (1927) Medical services diseases

of the war. Medical aspects of aviation and gas warfare and gas poisoning, vol 2. HMSO,

London

8. Collier L, Oxford JS (2007) Human virology: a text for students of medicine. Oxford

University Press, Oxford

9. Stuart-Harris CH, Schild GC, Oxford JS (1983) Influenza: the viruses and the disease.

Edward Arnold, London

10. Ferguson NM, Cummings DA, Cauchemez S, Fraser C, Riley S, Meeyai A, Iamsirithaworn

S, Burke DS (2005) Strategies for containing an emerging influenza pandemic in Southeast

Asia. Nature 437:209–214

11. Barry JM (2004) The great influenza, the epic story of the deadliest plague in history. Viking,

New York

12. Oxford JS (2005) Preparing for the first influenza pandemic of the 21st century. Lancet Infect

Dis 5:129–132

13. Oxford JS, Lambkin-Williams R, Sefton A, Daniels R, Elliot A, Brown R, Gill D (2005) A

hypothesis: the conjunction of soldiers, gas, pigs, ducks, geese and horses in Northern France

during the Great War provided the conditions for the emergence of the “Spanish” influenza

pandemic of 1918–1919. Vaccine 23:940–945

14. House of Lords Report on Pandemic Influenza (2005) HMSO, London

15. Miller GL, Stanley WM (1944) Quantative aspects of the red blood cell agglutination test for

influenza virus. J Exp Med 79:185

16. Burnet FM (1941) Growth of influenza virus in the allantoic cavity of the chick embryo. Aust

J Exp Biol Med Sci 19:291

17. Hobson D, Curry RL, Beare AS, Word-Gardner A (1972) The role of serum HI antibody in

protein against challenge infection with influenza A and B viruses. J Hyg 70:767–777

18. Schild GC, Wood TM, Newman RW (1975) A single radial immunodiffusion technique for

the assay of haemagglutinin antigen. Bull World Health Organ 52:223–231

19. Palese P, Schulman JL (1976) Mapping of the influenza virus genome: identification of the

haemagglutinin and neuraminidase genes. Proc Natl Acad Sci USA 73:2142–2146

20. Hoffman E, Neumann G, Kawaoka Y, Hoborn G, Webster RG (2000) A DNA transfection

system for generation of influenza A virus from eight plasmids. Proc Natl Acad Sci USA

97:6108–6113

21. Schickli JH, Flandorfer A, Nakaya T, Martinez-Sobrido L, Garcia-Sastre A, Palese P (2001)

Plasmid-only rescue of influenza A virus vaccine candidates. Philos Trans R Soc Lond B

Biol Sci 356:1965–1973

22. Kistner O, Barrett PN, Mundt W, Reiter M, Schober-Bendixen S, Dorner F (1998) Develop-

ment of a mammalian cell (Vero) derived candidate influenza virus vaccine. Vaccine

16:960–968

23. Palache AM, Brands R, van Scharrenburg G (1997) Immunogenicity and reactogenicity of

influenza subunit vaccines produced in MDCK cells or fertilised chicken eggs. J Infect Dis

176(Suppl 1):S20–S23

24. Francis T Jr, Nagill TP (1935) Immunological studies with the virus of influenza. J Exp Med

62:505

25. Andrewes CH, Smith W (1937) Influenza: further experiments on the active immunisation of

mice. Br J Exp Pathol 18:43

26. Commission on Influenza, Board of Influenza and Other Epidemic Diseases in the Arm

(1944) A clinical evaluation of vaccination against influenza. J Am Med Assoc 124:982

27. Davenport FM, Hennessy AV, Brandon FM, Webster RG, Barrett CD Jr, Lease GO (1964)

Comparisons of serological and febrile responses in humans to vaccination with influenza

viruses or their haemagglutinins. J Lab Clin Med 63:5–13

28. Brandon FB, Cox F, Lease GO, Timm EA, Quinn E, McLean IW Jr (1967) Respiratory virus

vaccines. III. Some biological properties of sephadex-purified ether-extracted influenza virus

antigens. J Immunol 98:800–805

Influenza Vaccines Have a Short but Illustrious History of Dedicated Science Enabling 143



29. Duxbury AE, Hampson AW, Sievers JGM (1968) Antibody response in humans to deox-

ycholate-treated influenza virus vaccines. J Immunol 101:62–67

30. Francis T Jr, Salk JE, Quilligan JJ Jr (1947) Experience with vaccination against influenza in

the spring of 1947. Am J Public Health 37:1013–1016

31. Loosli CG, Schoenberger J, Barnett G (1948) Results of vaccination against influenza during

the epidemic of 1947. J Lab Clin Med 33:789

32. Kilbourne ED (1969) Future influenza vaccines and use of genetic recombinants. Bull World

Health Organ 41:643–645

33. Reimer CB, Baker RS, van Frank RM, Newlin TE, Cline GB, Anderson NG (1967) Purifi-

cation of large quantities of influenza virus by density-gradient centrifugation. J Virol

1:1207–1216

34. Glezen WP, Loda FA, Denny FW (1969) A field evaluation of inactivated, zonal-centrifuged

influenza vaccines in children in Chapel Hill, North Carolina, 1968–1969. Bull World Health

Organ 41:566–569

35. Zakstelskaja LJa,YakhnoMA, IsacenkoVA,MolibgEV,Hlustov SA,Antonova IV et al (1978)

Influenza in the USSR in 1977: recurrence of influenza virus A subtype H1N1. WHO Bulletin

56:919

36. Salk JE (1948) Reactions to concentrated influenza vaccines. J Immunol 58:369

37. Potter CW, Jennings R, Clark A (1977) The antibody response and immunity to challenge

infection induced by whole inactivated and Tween-ether split influenza vaccines. Dev Biol

Stand 39:323–328

38. Ennis FA, Mayner RE, Barry DW, Manischewitz JE, Dunlap RC, Verbonitz MW, Bozeman

RM, Schild GC (1977) Correlation of laboratory studies with clinical responses to A/New

Jersey influenza vaccines. J Infect Dis 136 (Suppl):S397–S406

39. Wood JM, Schild GC, Newman RW, Seagroatt V (1977) Application of an improved single-

radial-immunodiffusion technique for the assay of influenza haemagglutinin antigen content

of whole virus and subunit vaccines. Dev Biol Stand 39:193–200

40. Holland WW, Isaacs A, Clarke SKR, Heath RB (1958) A serological trial of Asian influenza

vaccine after the autumn epidemic. Lancet 271:820–822

41. Nicholson KG, Tyrrell DAJ, Harrison P, Potter CW, Jennings R, Clark A (1979) Clinical

studies of monovalent inactivated whole virus and subunit A/USSR/77 (H1N1) vaccine;

serological responses and clinical reactions. J Biol Stand 7:123–136

42. Mostow SR, Schoenbaum SC, Dowdle WR, Coleman MT, Kaye HS, Hierholzer JC (1970)

Studies on inactivated influenza vaccines. II. Effect of increasing dosage on antibody with

resistance to influenza in man. Am J Med 92:248–256

43. Potter CW, Jennings R, Nicholson K, Tyrrell DAJ, Dickinson KG (1977) Immunity to

attenuated influenza virus WRL 105 infection induced by heterologous, inactivated influenza

A virus vaccines. J Hyg (Lond) 79:321–332

44. Brady MI, Furminger IGS (1976) A surface antigen influenza vaccine. 1. Purification of

haemagglutinin and neuraminidase proteins. 2. Pyrogenicity and antigenicity. J Hyg (Camb)

77:161–172

45. PandemicWorking Group of Medical Research Council’s Committee on Influenza and Other

Respiratory Virus Vaccines (1977) Antibody responses and reactogenicity of graded doses of

inactivated influenza A/New Jersey/76 whole-virus vaccine in humans. J Infect Dis 136:

S475

46. Medical Research Council Committee on Influenza Vaccine (1953) Clinical trials of influ-

enza vaccine. Br Med J 2:1–7

47. Medical Research Council Committee on Influenza Vaccine (1957) Clinical trials of influ-

enza vaccine. Br Med J 2:1–7

48. Medical Research Council Committee on Influenza Vaccine (1958) Trials of an Asian

influenza vaccine. Br Med J 1:415–418

49. Medical Research Council Committee on Influenza Vaccine (1964) Clinical trials of oil-

adjuvant influenza vaccine, 1960–3. Br Med J 2:267–271

144 J. Oxford et al.



50. Potter CW, Jennings R, Phair JP, Clarke A, Stuart-Harris CH (1977) Dose-response relation-

ship after immunisation of volunteers with a new surface-antigen-adsorbed influenza virus

vaccine. J Infect Dis 135:423–431

51. Kendal AP, Bozeman FM, Ennis FA (1980) Further studies of the neuraminidase content of

inactivated influenza vaccines and the neuraminidase antibody responses after vaccination of

immunologically primed and unprimed populations. Infect Immun 29:966–971

52. Webster RG, Kasel JA, Couch RB, Laver WG (1976) Influenza virus subunit vaccines. II.

Immunogenicity and original antigenic sin in humans. J Infect Dis 134:48–58

53. Oxford JS, Schild GC, Potter C, Jennings R (1979) The specificity of the antihaemagluttinin

antibody response induced in man by inactivated vaccines and by natural infection. J Hyg

(Camb) 82:51–56

54. Oxford JS, Haaheim LR, Slepushkin A, Werner J, Kuwert E, Schild GC (1981) Strain

specificity of serum antibody to the haemagglutinin of influenza A (H3N2) viruses in

children following immunisation or natural infection. J Hyg (Camb) 86:17–26

55. Appleby JC, Himmelweit F, Stuart-Harris CH (1951) Immunisation with influenza virus a

vaccines: comparison of intradermal and subcutaneous routes. Lancet 257:1384–1387

56. McCarroll JR, Kilbourne ED (1958) Immunisation with Asian strain influenza vaccine –

equivalence of the subcutaneous and intradermal routes. N Engl J Med 259:618–621

57. Tauraso NM, Gleckman R, Pedreira FA, Sabbaj J, Yahwak R, Madoff MA (1969) Effect of

dosage and route of inoculation upon antigenicity of inactivated influenza virus vaccine

(Hong Kong strain) in man. Bull World Health Organ 41:507–516

58. Waldman RH, Case JA, Fulk RV, Togo Y, Hornick RB, Heiner GG, Dawkin Jun AT, Mann

JJ (1968) Influenza antibody in human respiratory secretions after subcutaneous or respira-

tory immunisation with inactivated virus. Nature 218:594–595

59. Waldman RH, Wigley FM, Small PA Jr (1970) Specificity of respiratory secretion antibody

against influenza virus. J Immunol 105:1477–1483

60. Phillips CA, Forsythe BR, Christmas WA, Gump DW, Whorton EB, Rogers I, Rudin A

(1970) Purified influenza vaccine; clinical and serological response to varying doses and

different routes of immunisation. J Infect Dis 122:26–32

61. Potter CW, Stuart-Harris CH, McClaren C (1972) Antibody in respiratory secretions follow-

ing immunisation with influenza virus vaccines. In: Perkins FT, Regamey RHS (eds)

International symposium series immunological standardisation, vol 20. Karger, Basel, p 198

62. Ruben FL, Potter CW, Stuart-Harris CH (1975) Humoral and secretory antibody responses to

immunisation with low and high dosage split influenza virus vaccines. ArchVirol 47:157–166

63. Downie JC, Stuart-Harris CH (1970) The production of neutralising activity in serum and

nasal secretions following immunisation with influenza B virus. J Hyg (Camb) 68:233–244

64. Ennis FA, Dowdle WR, Barry DW, Hochstein HD, Wright PF, Karzon DT, Marine WM,

Meyer HM Jr (1977) Endotoxin content and clinical reactivity to influenza vaccines. J Biol

Stand 5:165–167

65. Wells CEC (1971) A neurological note on vaccinations against influenza. Br Med J

3:755–756
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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 H1N1 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 H1N1 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 6–23 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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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

Table 1 Rate of hospitalizations attributable to influenza per 1,000 children, according to age

group and study yeara

Age group 2000–2001 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]
aNumbers 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

tract infection or fever

associated with confirmed

influenza

Mean rate of visits

for acute respiratory

tract infection or

fever, 1998–2002a

Estimated rate of

visits attributable

to influenzab

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

(95% CI)

No./1,000 children

(95% CI)

% (95% CI) 2002–2003 2003–2004

Outpatient clinics

0–59 months 10.2

(7.5–13.6)

19.4

(16.0–23.1)

489 (387–591) 50 (35–71) 95 (72–125)

Emergency departments

0–59 months 5.9 (3.7–8.9) 28.8

(25.0–32.7)

94 (78–110) 6 (4–9) 27 (22–33)

Modified from [5]

CI confidence interval
aThe 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
bRates 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)
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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 H1N1. 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 aureuswas 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 H1N1 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 (H1N1) 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

toWorld Health Organization (WHO). All these novel influenza H1N1 viral isolates

were found to be antigenically and genetically similar to the A/California/7/2009-like

pandemic H1N1 2009 virus [30].

Clinical characterization of 272 patients hospitalized with the novel H1N1

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 H1N1 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 H1N1 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

H1N1 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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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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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.

5 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 H1N1 and H3N2 illness, respectively. The efficacy of the

inactivated vaccine using seroconversion for H1N1 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 6–23 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 6–23 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 6–23 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 6–23 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

SAEs 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 ¼ 1,101) or inactivated vaccine (n ¼ 1,086) before the

2002–2003 influenza season. Participants were followed for culture-confirmed

influenza illness and vaccine safety. Overall, there were 52.7% (95% CI:

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 ¼ 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 H1N1 Vaccines

With the identification of the novel H1N1 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 (H1N1) 2009 monovalent influenza vaccines

to be used in the prevention of influenza caused by the novel virus. Both live,

attenuated, and inactivated influenza A (H1N1) 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 H1N1 vaccine occurring in China [62]. Two reports

of the safety and immunogenicity of the novel H1N1 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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H1N1 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 mg 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-mg dose and in 93.3% of those who received the 30-mg 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 (H1N1) vaccine with and without MF-59 adjuvant.

Subjects were randomly assigned to receive two intramuscular injections of vaccine

containing 7.5 mg of hemagglutinin on day 0 in each arm or one injection on day

0 and the other on day 7, 14, or 21; two 3.75-mg doses of MF-59-adjuvanted

vaccine, or 7.5 or 15 mg 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-mg 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 ¼ 130) or unadjuvanted

split vaccine (n ¼ 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 HAI 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 0 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 mg of recombinant HA antigen, and the third group received 45 mg 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

receiveTIV, andmostwere vaccinated; in 1987 the lawswere 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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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 ¼ 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 6–23 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 6–24 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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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

Fig. 1 Summary of the host immune response to influenza A virus
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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 50-phosphate that serves as the molecular signature identified by

the immune system [6]. The cytoplasmic RNA helicase, RIG-1 [6, 7], but not

MDA5 [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-1b [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-g 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)-a/b [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

The Immune Response to Influenza A Viruses 175



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-a 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-a
[43], IL-6 [44, 45], IL-1 [46], IL-18 [47], and IL-12 [48, 49]. In contrast, mice that

lack functional IFN-g can efficiently clear influenza A viruses, suggesting only a

minor or redundant role for IFN-g in the response [50–52]. Chemokines with

defined roles in influenza A virus immunity include MIP-1a [53] and CCR5 [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-g, TNF-a, IL-1, IL-6, IL-12, IL-18, and granulocyte-

colony-stimulating factor) and chemokines (MIP-2, MIP-1a/b, 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].

5 T-Cell Immunity 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
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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/OX40L [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 (H1N1) 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 I (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 (PA224-233) [149] and nucleoprotein (NP366-374)

[150, 151]. Subdominant epitopes are derived from the basic polymerase subunit 1

(PB1703-711) [152], the mitochondrial protein PB1-F262-70 [152, 153], nonstructural

protein 2 (NS2114-121) [151], and matrix protein 1 (M1128-135) [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 IFNg, TNF-a, 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

NP366-374 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].

5.4 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 Th1 cytokines, such as IL-2, IFN-g, 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.

The Immune Response to Influenza A Viruses 181



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 NP388-391 [192,

193] and NP418-426 [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 H1N1 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/b 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 NS1-

mediated suppression of IFN-induced proteins dsRNA-activated protein kinase,

20–50-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 gd 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. H5N1 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 H1NI. As such, much effort

has been employed to design a suitable H5N1 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]. H5N1 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., H1N1, 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 H1N1 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, H5, 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 H1N1 with the PB1, HA,

and NA segments from a human H3N2 strain, and a triple reassortment of swine

classical H1N1, 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 anN-acetyl sialic acid linked to a
galactose via an a2,3 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

18–60 years >61 years

Geometric mean

ratio (pre- to

post-vaccination)

>2.5 >2

Seroprotection Titer � 40 �25 mm2 >70% of

subjects

>60% of

subjects

Seroconversion or

significant

increase

Negative at pre-

vacc and post-

vacc titer � 40

negative at pre-vacc

and post-vacc

titer � 25 mm2

>40% of

subjects

>30% of

subjects
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antibody against the prototype strains by HI or SRH tests. In the interpretation of HI

and SRH immunogenicity results, criteria established from the Committee for

Medical Products for Human use (CHMP) are to be taken into consideration.

Vaccines against strains with pandemic potential need to follow the Guidance in

the dossier on structure and content for influenza vaccines derived from strains with

a pandemic potential for use outside of the core dossier of marketing authorization

(CHMP/VWP/263499/2006). This guideline addresses the content of marketing

authorization applications for inactivated avian influenza vaccines produced in eggs

or in cell cultures. The recommendations include the same three criteria as the

seasonal vaccines (i.e., seroconversion rate, seroprotection, and significant increase

in GMT) as defined in CHMP/BWP/214/96, with seroconversion rates being the

most important. This guideline also is valid for vaccines containing, or derived

from, influenza strains with a high pandemic potential from other animals (e.g., pig)

or those of non-H1/H3 human origin.

As discussed for the European Region, licensure of “new” seasonal and pan-

demic influenza vaccines in the USA needs to be supported by the submission of

clinical data. Immunogenicity bridging studies should be conducted to compare the

immune response observed in the clinical endpoint efficacy study with that elicited

in other populations. Suitable endpoints may be the hemagglutination inhibition

antibody responses to each viral strain included in the vaccine. Studies should be

powered to assess the primary endpoints, GMT, and rates of seroconversion, which

is defined as the percentage of subjects with either a pre-vaccination HI titer < 1:10

and post-vaccination HI titer � 1:40 or a pre-vaccination HI titer � 1:10 and a

minimum fourfold increase in post-vaccination HI antibody titer.

Identification of an immune correlate of protection during the course of a clinical

endpoint efficacy study may facilitate the design and interpretation of such bridging

studies.

The same criteria should be adopted for licensure of pandemic influenza vaccines.

The hemagglutination inhibition (HI) antibody assay has been used to assess sea-

sonal vaccine activity and may be appropriate for the evaluation of the pandemic

influenza vaccine. Appropriate endpoints may include: (1) the percentage of subjects

achieving an HI antibody titer � 1:40, and (2) rates of seroconversion, defined as the

percentage of subjects with either a pre-vaccination HI titer < 1:10 and a post-

vaccination HI titer � 1:40 or a pre-vaccination HI titer � 1:10 and a minimum

fourfold increase in post-vaccination HI antibody titer. In a pre-pandemic setting it is

likely that most subjects will not have been exposed to the pandemic influenza viral

antigens. Therefore, it is possible that vaccinated subjects may reach both suggested

endpoints. Thus, for studies that enroll subjects who are immunologically naı̈ve to

the pandemic antigen, one HI antibody assay endpoint, such as the percentage of

subjects achieving an HI antibody titer � 1:40, may be considered.

Other endpoints and the corresponding immunologic assays, such as the micro-

neutralization assay, might also be used to support the approval of a pandemic

influenza vaccine.

For both seasonal and pandemic vaccines, the same EMEA criteria, reported in

Table 1, may support an accelerated approval in the USA.
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3 In Vitro Assays to Assess Protective Antibody Levels

3.1 Hemagglutination Inhibition

HI is easy to use, can be rapidly performed with little equipment and the reagents

are cheap and widely available: reasons which have contributed to its status as the

most employed assay for serum influenza antibody titration. It is one of the

“classic” methods in influenza serology and was standardized in 1942 [21].

Although HI is not a functional test for measuring immunity to influenza, it is the

most commonly used reference method for the assessment of anti-HA antibody

levels and the results are usually concordant with the MN test when used with

seasonal influenza A strains. The method can be performed using an inactivated

virus and is based on the ability of influenza virus to agglutinate red blood cells

(RBCs) and the inhibition of this agglutination by anti-HA antibodies. The

biological relevance of the assay is rooted in the fact that agglutination is mediated

by the receptor binding site of the HA, which is also a common target for neutraliz-

ing antibodies, and therefore, quantification of these antibodies by HI is both a

correlate of protection and a widely accepted surrogate marker for prediction of

vaccine efficacy and the immunity to infection from specific strains.

The HI antibody titer is expressed as the reciprocal of the highest serum dilution

showing complete inhibition of hemagglutination using four or eight viral hemag-

glutination units (Fig. 1). The HI reaction is as immunity to influenza strain specific.

The rationale for the use of this assay to predict immunity is derived from observa-

tions in human challenge experiments. There is a positive linear correlation

between pre-challenge antibody titers and percentage protection and also an inverse

relationship between antibody titers and disease severity, and virus shedding [22,

23, 24]. Most results indicate that after vaccination (inactivated vaccine) HI titers

between 30 and 40 confer protection from infection in 50% of the subjects [25],

while higher antibody titers, in the range of 120 to 160, protect around 90% of the

subjects [24]. While HI titers > 40 are considered as the threshold beyond which

serious illness is unlikely to occur, a fourfold increase in HI titer between samples

taken before and after vaccination is the minimum increase considered necessary

for classification as seroconversion. These findings are reflected in current CPMP

recommendations for the immunogenicity of influenza vaccines [19] (Table 1).

However, despite the establishment of this assay as the standard technique for the

measurement of antibodies to an influenza virus, the HI test sometimes suffers from

technical drawbacks and it has been shown in several international comparative

studies that both HI andMN can show considerable variability between laboratories.

HI assays are influenced by the binding avidity of the virus and by the species of the

RBCs used. Another important source of variation in the HI test seems to be the

difference in the sensitivity of RBCs from individual animals of the same species.

Furthermore, an antibody to NA can sterically block the access to the HA of

the virus by the RBC receptors and thereby inhibit hemagglutination. One of the

minor disadvantages of the assay is the fact that sera have to be treated with
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receptor-destroying enzyme (RDE), prior to testing, in order to remove nonspecific

inhibitors as these may bind virus, and could therefore interfere with the assay. For

H1 and H3 strains, this test has the advantage of good sensitivity and shows good

reproducibility, but as mentioned earlier, the variability in results between labora-

tories can be significant. On the other hand, the HI shows relatively low sensitivity

for antibody to influenza B virus [26]. It is possible to increase assay sensitivity by

ether treatment of the virus, but this can also be a source of variability, and can

potentially reduce the strain specificity of the test [27, 28 29].

It has been shown in various studies that the sensitivity of the HI was apparently

too low to detect responses to avian viruses in mammalian sera, so that alternative

serological tests were needed [30] or modifications had to be introduced to the

standard protocol – one of which is the use of subunit HA rather than intact virus

and this has been shown to improve assay sensitivity [31].

It is now understood that the reason for the observed low sensitivity and the

resulting underestimation of antibody levels to avian and other viruses with pan-

demic potential arises from the altered binding specificity with respect to their

cellular sialic acid receptor between human and non-human influenza viruses.

The receptor specificity of influenza viruses correlates with their ability to

agglutinate RBCs from different species. Human viruses preferentially bind to

oligosaccharides containing N-acetylneuraminic acid a2,6-galactose (NeuAc

a2,6Gal), while avian and equine influenza strains bind to NeuAc a2,3Gal. Many

animal species, including the horse and cow, have high amount of NeuAc a2,3Gal

Fig. 1 Basics of horse RBC HI assay. V-bottomed 96-well plates; RDE-treated sera; 1:5 starting

dilution; serial twofold dilutions in final volume of 25 ml; virus; A/Vietnam/1203/2004 (H5N1)

BPL-inactivated; 4 HAU in 25 ml volume; horse RBCs; collected in citrate dextrose acid (ACD)

solution; washed and standardized to 1% v/v in PBS/0.5% BSA; added to assay in 50 ml volume;

60 min incubation time (at room temperature) to allow horse RBC to settle
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receptors but virtually no NeuAc a2,6Gal receptors in erythrocytes. Chicken RBCs
have less NeuAc a2,6Gal and more NeuAc a2,3Gal, turkey RBCs have more

NeuAc a2,6Gal than chicken RBCs [21]. Therefore, seasonal H1 and H3 influenza

viruses preferentially agglutinate chicken, or turkey, but not horse or cow RBCs,

whereas avian viruses preferentially agglutinate RBCs from the horse or cow.

In accordance with these hypotheses, the sensitivity of the HI assay is largely

determined by the type of erythrocytes used, and themeasurement of HI titers against

avian viruses has been significantly improved by use of horse erythrocytes. Turkey

erythrocytes could be responsible for the relative insensitivity of HI in the detection

of H5 antibody [32, 33]. The main problem with horse HI is a horse-to-horse

variation, and specificity is reduced with increasing age of the erythrocytes, therefore

it is recommended to use blood within 1 week after collection.

3.2 Single Radial Hemolysis

SRH was developed in 1975 [34]. It is routinely used for the detection of influenza-

specific and rubella IgG antibodies. The test utilizes antibody diffusion in agar gel

to measure the antibody content of the test sera. Complement-mediated hemolysis,

induced by influenza antigen-antibody complexes, produces easily discernible

zones, the sizes of which are proportionate to concentrations of specific antibody

in the sera (Fig. 2) [35, 36]. Antibody responses to natural infections and vaccina-

tions are readily detected by this method. Advantages of this assay are that sera do

not need to be pre-treated to inactivate nonspecific inhibitors, sera can be analyzed

without dilution, only a pre-incubation of samples at 56�C for 30 min is needed to

inactivate the complement, the test is easily standardized, and it may be more

sensitive than HI, particularly for the pandemic H5 strains. This test appears to be

as sensitive as the MN assay [37].

Fig. 2 Single radial hemolysis reactions of human serum in agarose gel immunoplates containing

guinea-pig complement (final concentration 1:30) and chicken erythrocytes (1%) treated with

A/Port Chalmers/1/73 (H3N2) virus. The clear areas represent zones of lysed erythrocytes

produced by antibody to hemagglutinin. The wells in the top row contain serial, twofold dilutions

(1:1 to 1:64) of a potent human serum having an HI titer of 1:2,560 with A/Port Chalmers/1/73

(H3N2) virus. The bottom row contains similar dilutions of a serum with an HI titer of 1:256 [34]
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SRH is usually performed in PVC immunoplates, which are prepared using

sheep RBCs for H1 or H3 antibody detection. The amount of live or inactivated

whole influenza virus used to sensitize the RBCs is 2,000 UE/ml in a 10% RBC

suspension, and 5 ml of heated-inactivated serum is added to wells in SRH plates.

After incubation for 18 h at 4 �C and 3 h at 37�C, the halos of hemolysis are

measured and areas are calculated. Areas of hemolysis equal or higher than 25 mm2

are considered seroprotective. In the case of H5 strains, better results were obtained

using turkey erythrocytes.

The SRH test works well with inactivated viruses, so serology of H5N1 can be

safely analyzed at a biosafety level 2 containment facility. Although this test can

detect H5N1 antibody, it cross-reacts with nonspecific antibodies that are present in

both human and rabbit sera. Therefore, a preliminary screen for cross-reactivity and

confirmatory tests with an alternative technique are recommended.

SRH is suitable for screening a large number of samples. This feature has made

the test useful for rapid screening of antibodies against newly detected influenza

variants, making it valuable for large-scale sero-epidemiological studies. The test

allows smaller differences in antibody level to be detected than is possible by

conventional HI tests. It has a good correlation with the MN assay for pandemic

H5 strains and is EMEA approved.

When a comparison between the HI and SRH tests for seasonal strains was made

(Fig. 3), a close correlation between the antibody potencies measured by both test

systems was observed. Serum samples with high HI titers (1:1,256–1:5,120) gave

zone diameters of 9–11 mm (hemolysis area 64–95 mm2). Of the 15 samples shown

in Fig. 3 and HI tests (titer<1:10), ten were also negative by SRH [34]. Completely

different results were achieved when comparing HI with SRH and MN for H5

strains (Fig. 4).

Fig. 3 Correlation between HI titer and SRH zone diameter for A/Port Chalmers/1/73 (H3N2)

virus in 37 human serum samples [34]

208 E. Montomoli et al.



7.5 μg HA

Haemagglutination inhibition (H5N3)

Microneutralisation (H5N3)

Single radial haemolysis (H5N3)

Single radial haemolysis (H5N1)

Time (days) Time (days)

MF59-adjuvanted Non-adjuvanted

15 μg HA

30 μg HA

100

80

60

40

20

0

100

80

60

40

20

0

100

80

60

40

20

0

100

80

60G
eo

m
et

ri
c 

m
ea

n
 a

n
ti

b
o

d
y 

ti
te

r 
(m

m
2 )

G
eo

m
et

ri
c 

m
ea

n
 a

n
ti

b
o

d
y 

ti
te

r 
(i

n
ve

rs
e 

o
f 

d
ilu

ti
o

n
)

40

20

0

0 21 42

p=0.0004

p=0.0001

p=0.0002

p=0.0079

p=0.0247

p=0.0001

p=0.0001

p=0.0001

0 21 42

a

b

c

d

Correlates of Protection Against Influenza 209



3.3 Microneutralization

The MN assay (or virus neutralization assay, VN) requires infectious virus as the

antigen. The advantages of the MN assay are that it is more sensitive than HI, more

specific, and is suitable for automation [39]. This assay detects functional anti-HA

antibodies, which are highly specific for the subtype in question. Moreover, this

assay can be developed quickly upon recognition of a novel virus and can be used

even before suitable recombinant or purified viral proteins become available for use

in other assays. In addition, the MN protocol can be optimized to also measure

responses against other envelope glycoproteins, i.e., NA; this is in contrast to the HI

assay that only measures responses against the HA component. The MN test seems

to be advantageous when antibody levels are low, with negligible or negative titers

in the HI test under the same conditions [40, 41].

MN tests have not been used widely in serological studies of seasonal influenza

because they are lengthy (overnight test at minimum) compared to HI and SRH, and

therefore were not as practical for screening large numbers of samples [31].

However, their use has rapidly increased over the past years when they were used

for the analysis of strains with pandemic potential, even though the need for live

virus results in the necessity of a higher containment facility when working with

these strains. At the front line of an outbreak, especially in resource-limited regions,

biosafety level 3, or higher, laboratory facilities are not always available. This

safety issue has been overcome by the routine availability of reverse genetics (RG)

viruses as challenge virus [42, 43] and has helped to allow wide implementation of

this assay format. When assays are required to test for antibodies against highly

pathogenic (HP) viruses – e.g., H5N1 – RG viruses are often used to circumvent the

need for high containment and thus improve the safety of the assay. RG viruses

are created by reassorting the genes for the HA and NA of an HP virus with the

remaining genes of a low pathogenic (LP) virus (e.g., A/Puerto Rico/8/34), usually

in a 12 plasmid rescue system [44]. This results in a LP virus with the backbone of

the LP donor and the surface proteins of the HP virus and can serve as the input

virus in neutralizations and other serological assays.

For the MN assay, a recognized correlate of protection does not yet exist;

however, a fourfold increase in titer after vaccination has been used in the literature

to assess immune responses to H5 viral antigens byMN [45, 46, 47]. Moreover, titers

>80 are used as surrogate for the description of exposure in a population as these

seem to have been indicative of infection with H5N1 during the outbreak of H5 in

1997 [31, 47]. While there is discrepancy between these two cut-off values, various

considerations have to be kept in mind: these titers are used to describe two distinct

circumstances (vaccination versus infection), proper correlates of protection have

Fig. 4 Geometric mean titers of antibody for MF59-adjuvanted and conventional surface-antigen

H5N3 vaccine before and after two and three doses of vaccine. (a) Hemagglutination inhibition

test using H5N3 antigen. (b) Microneutralization using H5N3 antigen. (c) Single radial hemolysis

using H5N3 antigen. (d) Single radial hemolysis using H5N1 antigen [38]
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yet to be defined and lastly, it is also known that MN titers determined by different

laboratories may vary, so that no absolute titers can be specified at the moment.

The use of a standard – created from pooled plasma of subjects immunized with

clade 1 A/Vietnam/1194/2004 vaccine (whole virus formulation) – with a known

neutralization titer has been proposed and established by WHO as an International

Standard for antibodies to A/Vietnam/1194/2004 for the immunogenicity assess-

ment of H5N1 vaccines.

Based on the sensitivity and specificity of the analysis described, the MN assay is

now routinely used as part of sero-epidemiological investigations in outbreaks of

avian influenza to detect antibody against H5 and H7 viruses [48, 49]. MN assays

are usually performed in 96-well plates, where sera (heat-inactivated for 30 min

at 56 �C) are tested by mixing with an equal volume of influenza virus at 100�
TCID50. After incubation of serum and virus to allow neutralization, susceptible

cells are added or the mixture is transferred onto a cell monolayer to allow

infection. After incubation for at least 14 h, the cells are fixed and the presence of

viral protein is detected by ELISA using a monoclonal antibody to the influenza

nucleoprotein. Alternatively, remaining infectivity can be detected in the culture

medium using simple hemagglutination of animal RBCs [50] or by inspection of the

cytopathic effect of the infection on the cell monolayer.

Figure 5 shows the relationship between HI and MN antibody titers against

seasonal strains. The MN antibody titers are slightly higher than the HI titers against

the homologous strains. This figure also demonstrates that correlation is dependent

on the strain analyzed. A decrease in correlation between MN and HI was also

observed during the detection of antibodies that may be present in sera from

individuals receiving the H5N1 Vietnam vaccine (Fig. 6).

3.4 Pseudotyped Assays

Pseudotyped viral particles have been extensively used to express glycoproteins

from a wide variety of high containment viral pathogens. With the pseudotype

system, only the envelope of interest, such as HA from influenza virus, is required,

with no possibility of recombination or virus escape. The particles undergo abortive

replication and do not give rise to replication-competent progeny. Pseudotypes are

generated by co-transfection of different plasmids: the envelope gene construct,

which contains the the retroviral gag-pol construct encoding the structural proteins

(expressed from gag) and the enzymatic proteins (expressed from pol) responsible
for processing the structural proteins and ensuring the integration of a transfer gene,

and additionally the rev gene is included for efficient processing; the transfer

gene construct: this is only carrying the packaging signal to ensure the efficient

incorporation of the marker gene into the particles and to regulate its expression

once the gene is integrated. The most common marker genes used encode for the

GFP, b-gal or luciferase. For influenza, the neuraminidase is also required for

the release of HA-pseudotyped particles from the surface of the producer cells.
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It can be either supplied from an exogenous font, or encoded by a plasmid. These

pseudotypes, collected from the culture supernatant of the producer cells, encode

the reporter gene and bear the envelope glycoprotein on the surface. The transfer of

the marker gene to target cells depends on the function of the envelope protein,

therefore, the titer of neutralizing antibodies against the envelope can be measured

by a reduction in marker gene transfer [53] (Fig. 7).

Pseudoparticles expressing H5 from H5N1 influenza virus have been amply

produced and used to set up a pseudotype neutralization assay (PPN) [54, 55, 56,

57]. As pseudoparticles are unable to replicate, the PPN assay has the great advan-

tage of being able to be carried out at BSL2, and therefore is compatible with the

containment level available in most laboratories. Moreover, by using luciferase as

the reporter gene, it is promptly adaptable to high-throughput formats to evaluate

immunogenicity of several pandemic vaccine formulations; and in principle, it can

be easily standardized among different laboratories. Finally, the PPN assay allows a

rapid and easy assessment of cross-neutralizing response by using pseudotypes

bearing hemagglutinins (HA) from different clades without the need to have access

to multiple clinical isolates which are often difficult to obtain and handle.

This assay has been recently used to determine the neutralizing antibody

responses to influenza H5N1 in vaccinated individuals. Neutralizing titers measured

by the PPN assay are significantly correlated to those obtained by the other well

established serological methods, such as MN, HI or SRH described above (Fig. 8).

The PPN assay is being proposed as a valid alternative to the classical serological

methods, in particular, for the evaluation of cross-reactive antibody response to

highly pathogenic wild-type influenza viruses, with the ultimate goal of introducing

it into routine use [57]. Of course, this will require an international effort to

standardize and validate the assay.

Further development of b-Gal-based pseudotype assays will allow wider appli-

cation as an ELISA-type assay that can be performed in laboratories without

specialized equipment.

In addition, these pseudotypes are readily exploitable for the development of

novel entry and exit assays which can be used to screen new antiviral compounds.

For example, the requirement of NA for the release of HA-pesudotyped particles

was exploited during the development of a high-throughput assay to evaluate

neuraminidase inhibitors [58].

�

Fig. 5 Relationship between HI and neutralizing antibody (MN) titers against A/Yamagata/120/

86 (HlNl) (a), A/Fukuoka/C29/85 (H3N2) (b), A/Shisen/2/87 (H3N2) (c), B/Nagasaki/1/87

(d) and B/Osaka/152/88 (e). The serum antibodies were measured by MN and HI tests. When

they were titrated against vaccine strains (A; B; D) differences between the MN and HI titers were

small, when they were titrated against heterologous strains the differences were large. The

possibility that non-infectious virus particles consume neutralizing antibodies and thus result in

lower actual titers, as suspected in the neutralization tests with heterologous strains, seems

unlikely because the ratio between infectivity and the hemagglutination titer to A/Shisen/2/87

(H3N2) was not lower than that of other strains. Therefore, these observations seem to indicate that

the neutralization test is more specific than the HI test [51]
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3.5 Other Assays

Antibodies against viral neuraminidase can inhibit its enzyme activity [59, 60] and

reduce the number of viral particles that are released after infection and replication.

Fig. 7 H5N1 HA retroviral pseudotypes. MLV(HA) and HIV(HA) pseudotype construction and

neutralization assay for influenza A H5N1 [54]
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Fig. 6 Correlation between microneutralization (MN) and horse RBCs HI titers using samples

from subjects vaccinated with A/Duck/Singapore/97 (H5N3) vaccine (MF59 adjuvated; n ¼ 48),

(R ¼ correlation coefficient) [52]
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Fig. 8 Comparison of PPN with HI, SRH and MN titers. Scatterplots showing the correlation

of antibody logarithmic titers measured by PPN versus HI (a), SRH (b) and MN (c) assays

performed against the vaccine strain A/Vietnam/1194/2004 (H5N1). Total number of sera

assayed is 226. Graphs show the linear regression fitted to the data by using Excel. Pearson’s
correlation analysis was used to assess the correlation coefficient (R) between PPN log10 titers

and MN, HI log10 titers or SRH areas. In panel c, vertical dashed line indicate the value of MN

log10 titer ¼ 1.9 (corresponding to a titer of 1:80), the proposed threshold of protective anti-

bodies, horizontal dashed line indicate the corresponding value of PPN log10 titer ¼ 2.55

(corresponding to a titer of 1:357) [57]
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These inhibiting antibodies do not neutralize infectivity: they are important deter-

minants for the course of disease [61], and it has been shown in mice that they have

the potential to protect against lethal doses of highly pathogenic avian influenza

viruses. Antibodies against NA were found to decrease viral replication in the lungs

and reduce disease severity upon subsequent challenge [62]. Furthermore, it has

been observed that antibodies against a subtype matched NA might be partially

cross-protective in the event of a pandemic with a new HA subtype [63, 64]. This

partial protection of cross-reactive NA antibodies has since been demonstrated in

mice using the H5N1 virus [65]. Additionally, the seasonal influenza vaccine may

boost cross-reactive immunity to H5N1 which might be mediated by N1 and

involve either cellular or humoral responses [66]. Consequently, hopes for cross-

protection by anti-N1 antibodies in a pandemic caused by H5N1 have raised an

increasing interest in workable NI assay protocols over the past few years.

Assays for the quantitation of NA inhibition antibodies have been recently

adapted from the standard [67] to the 96-well format (Sandbulte and Eichelberger,

personal communication) in which neuraminidase activity is determined by colori-

metric analysis of sialic acid release from fetuin, which is the substrate.

To date no correlate of the protection afforded by NA inhibiting antibodies

has been determined, although NI titers as low as 4 have been associated with

resistance to viral replication and illness in human challenge studies [68]. The NI

assay is not widely used yet and it requires the generation of RG viruses with

matched NA and mismatched HA subtype to avoid interference of anti-HA anti-

bodies in sera [69].

ELISA-type assays are generally a good tool to determine antibody titers to

various pathogens in serum and bodily fluids, and are often commercially available.

This assay type is suitable for screening a large number of samples and therefore

offers the possibility of automation, but the assay has no correlate of protection.

Moreover, their diagnostic value in influenza serology is limited, as shown in

various experiments to determine titers against influenza of the H1 [70, 71] and

H5 [31, 72] subtypes. The reason for this is the prevalence of anti-HA antibodies in

the human population. Influenza infection is usually first experienced in childhood

and re-infection occurs over a lifetime. As a result, the majority of adults show

some degree of antibody reactivity with HA of currently circulating strains. This

leads to nonspecific reactivity of adult human sera in ELISA which measures all

antibodies, not just the functional antibodies, and therefore, most likely results from

cross-reactive epitopes common to HAs of different influenza subtypes [53]. Use of

HA1 instead of full length HA can improve specificity, but not completely prevent

cross-reactivity, so results determined using this assay format might be misleading

in the prediction of immunity.

However, when combined with Western blotting (WB), ELISA shows improved

specificity and retains improved sensitivity when compared with the MN assay and

WB combination [31, 52, 73].

WB is useful only for confirmation. This technique is too laboratory intensive to

be considered a diagnostic test for screening several thousand sera, and is generally
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used as a secondary serological test to confirm other EMEA-accepted serological

tests, i.e., MN assay or ELISA.

The sensitivities of WB and ELISA are generally higher than MN, and specifi-

cities of MN are higher than WB and ELISA, particularly for pandemic strains

(Table 2). To determine whether the MN assay and/or ELISA could be used to

detect H5-specific antibody in single serum samples, the relative sensitivities and

specificities of the assays were compared (Table 2). The test using the MN assay

was notably superior to that of ELISA. When combined with WB, each test

improved in specificity; however, the maximum sensitivity and specificity were

still achieved by a combination of the MN assay and theWB [31]. The ELISA and

WB tests detected antibodies of lower avidity and/or quantity than that required for

detection by the MN assay.

There are two realistic options for the rapid development of neutralization assays

to make them more widely applicable for pandemic strains: the use of reverse

genetics to engineer a safer, attenuated virus by deletion of the polybasic cleavage

site in HA, as is done for the development of inactivated vaccines for pandemic

influenza [74, 75], or the construction of viral pseudotypes bearing the influenza

HA glycoproteins as surrogate viruses for use in neutralization assays. The first

option has its inherent problems, i.e., the issue of possible reversion to the wild-type

virus via genetic reassortment [76].

Table 2 Sensitivities and specificities of serologic assays for detection of antibodies to

H5N1 virus

Values (%)

Age groupa Parameterb Individual serologic testsc Combination of testsd

N E W N-W E-W

Child Sensitivity (n ¼ 8) 88 100 100 88 100

Specificity (n ¼ 24) 100 92 83 100 100

Adult Sensitivity (n ¼ 85) 80 80 80 80 80

Specificity (n ¼ 85) 93 62e,f 85 96 84e

aSerum samples from individuals from 1 to 14 years of age (child) or from individuals 18 to

59 years of age (adult)
bSensitivity, number of H5N1 virus-infected patients testing positive for antibody divided by the

total number of patients with confirmed H5N1 infections tested. Specificity, number of control

age-matched sera tested minus the number of control sera testing positive for antibody divided by

total number of control sera
cTests for determination of H5N1 virus positivity (N microneutralization test,WWestern blotting,

E ELISA)
dCombination of tests. Microneutralization test with A/Hong Kong/156/97 virus followed by

western blot confirmation with rHA of A/Hong Kong/156/97 virus (N-W) and ELISA with rHA

of A/Hong Kong/156/97 virus followed by western blot confirmation with rHA of A/Hong

Kong/156/97 virus (E-W)
eNumber of samples, 50
fStatistical analysis for positive association between test result and known status of samples was

not significant (Fisher exact test; P ¼ 0.067). All other assays were significant (P ¼ 0.003) [31]
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4 Conclusion

The traditional HI method, performed using turkey RBCs, offers a simple and

speedy assay format for the detection of human antibodies to currently circulating

seasonal influenza strains, particularly H1 and H3; this assay may be useful for

large serosurveys as an initial screening tool. Detection of antibodies to avian

influenza viruses in mammalian species, including humans, using this traditional

HI method, has generally failed, even in cases where infection was confirmed by

virus isolation; however, change of RBC species from turkey to horse has increased

the assay sensitivity to the level of the MN assay. The HI assay is considered the

“golden standard” in influenza serology and is less difficult and less time consum-

ing to perform than the MN or SRH assays.

SRH assay requires only a small amount of whole inactivated virus, thus there is

no need to adapt the virus to rapid growth. This feature has made this test useful for

rapid screening of antibodies against newly detected influenza variants. It can be

valuable in large-scale sero-epidemiological studies of new influenza virus variants.

SRH has a big disadvantage as it can detect antibodies to internal virus antigens in

addition to those antibodies directed against surface glycoproteins, and may lack

specificity for the detection of antibodies to HA. However, interpretation of results

is complicated as the relationship between HI titer and the hemolytic area obtained

may not be easy to determine.

The MN assay is specific and more sensitive than the HI assay, and is suitable for

automation. However, the assay time is generally longer than that of the HI. Further-

more, live, titrated virus (by TCID50 determination or plaque assay) is required, and

thus, a high containment laboratory is needed when testing pandemic strains.

An ELISA test specific for HA antibodies requires highly purified antigen, which

can be difficult to obtain in sufficient amounts and also suffers from reduced

specificity compared to assays measuring functional antibodies.

The PPN is as sensitive as horse erythrocyte HI or MN for the detection of

antibodies against H5N1. It is safer, and can be applied in a high-throughput format

for human and animal influenza surveillance and for the evaluation of vaccines. To

achieve maximum sensitivity in serological assays, the selection of virus isolated

from the same influenza outbreak, or the use of an antigenically equivalent strain is

required for an optimal antigenic match. Competent molecular virology labora-

tories could produce HA pseudotype virus within 2–3 weeks of the availability of

viral RNA. Further studies are underway, making use of a panel of H5 retroviral

pseudotypes with HA components derived from H5N1 viruses involved in the

recent human and avian outbreaks.

Development of such assays will be an important further step in preparation of

new influenza vaccines, not only for pre-pandemic and pandemic products, but also

for cell-derived vaccines. Additional immunological assessments such as cell-

mediated immunity and NA inhibition need to be explored to give more insight

into the overall effects of vaccination.
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The Role of Animal Models In Influenza

Vaccine Research

Catherine J. Luke and Kanta Subbarao

Abstract A major challenge for research on influenza vaccines is the selection of

an appropriate animal model that accurately reflects the disease and the protective

immune response to influenza infection in humans. Vaccines for seasonal influenza

have been available for decades and there is a wealth of data available on the

immune response to these vaccines in humans, with well-established correlates of

protection for inactivated influenza virus vaccines. Many of the seminal studies on

vaccines for epidemic influenza have been conducted in human subjects. Studies in

humans are performed less frequently now than they were in the past. Therefore, as

the quest for improved influenza vaccines continues, it is important to consider the

use of animal models for the evaluation of influenza vaccines, and a major chal-

lenge is the selection of an appropriate animal model that accurately reflects the

disease and the protective immune response to influenza infection in humans.

The emergence of highly pathogenic H5N1 avian influenza (AI) viruses and the

threat of a pandemic caused by AI viruses of this or another subtype has resulted in

a resurgence of interest in influenza vaccine research. The development of vaccines

for pandemic influenza presents a unique set of obstacles, not the least of which is

that the demonstration of efficacy in humans is not possible. As the correlates of

protection from pandemic influenza are not known, we rely on extrapolation of the

lessons from seasonal influenza vaccines and on data from the evaluation of

pandemic influenza vaccines in animal models to guide our decisions on vaccines

for use in humans. The features and contributions of commonly used animal models

for influenza vaccine research are discussed. The recent emergence of the pandemic

2009 H1N1 influenza virus underscores the unpredictable nature of influenza

viruses and the importance of pandemic preparedness.
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1 Influenza Viruses

Influenza is a negative-sense, single-stranded RNA virus belonging to the family

Orthomyxoviridae. Orthomyxoviridae consist of four genera: influenza A, influenza
B, influenza C and Thogoto viruses. The proteins of influenza A viruses are encoded

by genes on eight RNA segments. Influenza A viruses are widely distributed in

nature and can infect a wide variety of birds and mammals, including humans.

Influenza A virus subtypes are classified on the basis of the antigenicity of their

surface glycoproteins, hemagglutinin (HA) and neuraminidase (NA) [1, 2] into 16

HA subtypes and 9 NA subtypes, and all of these subtypes have been found to infect

birds [2, 3]. Waterfowl and shorebirds are the natural reservoirs of AI viruses.

In their natural hosts, most AI infections are not associated with clinical disease,

and the viruses are generally thought to be in evolutionary stasis [4]. In humans,

relatively few subtypes of influenza A viruses have caused sustained outbreaks of

disease; viruses bearing H1, H2, and H3 HA genes and N1 and N2 NA genes have

circulated in the human population during the twentieth century. H1N1 viruses

appeared in 1918 and circulated until 1957, when they were replaced by H2N2

viruses. These, in turn, were replaced in 1968 by H3N2 viruses, which continue to

circulate. In 1977, H1N1 viruses reappeared and have continued to co-circulate

with the H3N2 viruses. Influenza A and B viruses continue to cause epidemics in

humans each winter.

In addition to the seasonal influenza epidemics, the potential also exists for an

influenza pandemic at any time. A pandemic occurs when an influenza strain with a

novel HA subtype (with or without a novel NA subtype) appears and spreads in a

susceptible human population. In the twentieth century, influenza pandemics

occurred in 1918, 1957, 1968, and most recently, in 2009, with the emergence of

the swine-origin pandemic H1N1 influenza virus. The influenza pandemic of 1918

was associated with severe morbidity and significant mortality but the pandemics of

1957 and 1968 were milder [5]. To date, disease caused by the pandemic 2009

H1N1 influenza virus does not appear to be more severe than disease seen with

epidemic influenza, but there is a significant difference in the age groups most

affected, with the majority of cases of pandemic 2009 H1N1 infection and hospi-

talization occurring in children and young adults and the highest mortality occur-

ring in adults aged 24–49 years.

AI viruses in their natural reservoir in waterfowl and shorebirds are one source

fromwhich novel HA and NA subtypes are introduced into the human population. An

influenza virus with a novel HA and/or NA can be introduced into the human

population by direct spread from either wild birds or domestic poultry, as was seen

when an H5N1 AI virus infected humans in 1997 [6]. Alternatively, avian and human

influenza viruses can reassort, generating a virus that can efficiently spread in humans,

as happened in the 1957 H2N2 and 1968 H3N2 pandemics [7]. The pandemic 2009

H1N1 influenza virus is derived from influenza viruses that were circulating in pigs

rather than birds. This virus is a reassortant, bearing gene segments that were origi-

nally derived from avian, human and classical swine influenza viruses [8].
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Influenza A viruses also infect and cause disease in a wide variety of mammalian

species, including swine, horses, ferrets, mink, dogs, seals, and whales. The cur-

rently circulating highly pathogenic AI H5N1 viruses that emerged in Asia in 2003

can also infect and cause lethal infection in felids, including tigers, leopards and

domestic cats [9, 10].

Although several animal species can be infected with influenza A viruses

naturally and experimentally, an ideal animal model for studying infection and

immunity to human influenza has not been identified. Several animal species are

permissive to infection with influenza A and B viruses to varying degrees and some

exhibit clinical signs of illness and pathological changes in the respiratory tract that

are similar to those seen in human influenza. In this chapter, we discuss the main

features of the animal models used for the evaluation of influenza vaccines, their

advantages and disadvantages, and their contribution to research on vaccines

against influenza in humans. We also discuss the role of animal models in the

development of vaccines against pandemic influenza. Veterinary vaccines for

swine, equine, avian and canine influenza can be evaluated in their natural hosts

and are not discussed.

2 Influenza Vaccines

Vaccines have been available for epidemic or “seasonal” influenza since the 1940s.

Inactivated influenza virus vaccines are still largely the same as they were when

first developed. They are still generally produced in embryonated hen’s eggs. There

has been much investment recently in the development of cell-based influenza

vaccines, of which at least two are licensed in Europe and several others are in

development in Europe and the United States. Live attenuated influenza vaccines

were first licensed in the United States in 2003, and are currently approved for

annual use in healthy individuals between 2 and 49 years of age.

A serum hemagglutination inhibiting (HAI) antibody titer of 1:32 or 1:40 or

greater is associated with protection from seasonal influenza [11–13], and this is

used as a measure to predict the protective efficacy of the seasonal inactivated

influenza virus vaccines. The correlates of protection for live attenuated vaccines

are less clear-cut. These vaccines elicit systemic and mucosal immune responses

and mucosal antibodies in the respiratory tract are believed to play a major role in

the protection afforded by these vaccines [14–16].

Antigenic drift describes the gradual change in the antigenicity of an influenza

virus which allows the virus to escape neutralization by antibodies that have already

been induced by prior infection or immunization with previously circulating strains.

Antigenic drift results from point mutations in and around antibody-combining sites

in the HA and NA proteins. Influenza virus vaccines are unusual in that one or more

of the components of the trivalent vaccine formulation may have to be changed

annually to keep pace with antigenic drift of the virus, but as long as a licensed

manufacturing process is used, the change in composition of the vaccine is consid-

ered a strain change and is not treated as a new vaccine. Approval of seasonal
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influenza vaccines for use in humans requires limited testing in animals, and an

evaluation of immunogenicity in humans is required in Europe but not in the United

States.

In recent years, a resurgence of interest in the improvement of seasonal influenza

vaccines, and the looming threat of a possible influenza pandemic have spurred

efforts to develop vaccines that could thwart the spread of an emerging pandemic

virus. Extensive pre-clinical characterization of these new vaccines in animals will

be necessary. Many researchers are engaged in efforts aimed at developing “uni-

versal” influenza vaccines that can protect against both epidemic and pandemic

strains by targeting the more conserved antigens of the virus, such as nucleoprotein

(NP) or the matrix protein (M), thus eliminating the need for having to constantly

update the composition of the annual seasonal influenza vaccine. The immune

responses to candidate universal vaccines are entirely different from those elicited

by the currently licensed seasonal inactivated influenza virus vaccines, where

protective immunity is based mainly on neutralizing antibodies produced against

the HA protein. Animal models in which different types of immune responses can

be evaluated are needed.

One of the major challenges faced during the development of pandemic influ-

enza vaccines is that the correlates of protection from AI viruses of pandemic

potential are not known. Efficacy of these novel influenza vaccines cannot be

established in humans, so estimates of efficacy are based on the information

gleaned from challenge studies in animals.

3 Animal Models for Influenza

Despite the diversity of mammalian species infected by influenza viruses in nature

only a few species are amenable to study in the laboratory. Tables 1–3 and the

following sections summarize the features of the most commonly used small animal

models in the study of influenza, and their respective utilities in the evaluation of

influenza vaccines are summarized in Table 4. Commonly used laboratory animal

species may not be fully permissive for infection with wild-type, non-adapted

isolates of influenza viruses, and can vary in susceptibility to infection with specific

virus strains and subtypes. Other variables that can influence the outcome of

infection are the use of anesthesia, route of virus administration and the volume

of inoculum used.

3.1 Rodent Models

Rodent models of infectious diseases are attractive for a number of scientific and

practical reasons. They are small and relatively inexpensive to purchase and house.

Many inbred strains are available and a battery of immunological reagents are

available for some species.
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Table 1 The use of the mouse model for the evaluation of vaccines against influenza

Influenza virus

subtypes tested

Findings References

Human influenza

H1N1, H3N2,

H2N2

Human influenza virus isolates require adaptation to

cause illness (lethality) in mice

Infection under anesthesia results in viral pneumonia

Clinical signs include ruffled fur, hunching, labored

breathing, unsteady gait, hypothermia, and

weight loss

Inflammation is observed in the respiratory tract

[18, 31, 32, 181]

Reconstructed 1918

H1N1 pandemic

virus

Causes illness in mice and replicates efficiently

in the respiratory tract without prior adaptation

Up to 13% loss of body weight is observed

Lethal to mice with an MDTa of 4.5 days

No extrapulmonary spread observed

Necrotizing bronchitis and bronchiolitis, and moderate

to severe peribronchial and alveolar edema present

[138]

HPAIb H5N1 Most isolates cause severe illness and death without

prior adaptation

Replicate efficiently in the respiratory tract without

prior adaptation

Cause significant weight loss

Most isolates are lethal in mice with a MDT of 6-8 days

Some isolates are detected in extrapulmonary sites

including the brain

Variable virulence in mice is observed with isolates from

Hong Kong from 1997, and 2003–2004, and viruses

isolated from Europe and South America

[100–104, 133,

148]

H7 HPc and LPd isolates replicate efficiently in respiratory

tract of mice without prior adaptation, with some

viruses causing weight loss and death

Extrapulmonary spread to the brain and spleen observed

following intranasal infection with some isolates

Histopathologic observations following intranasal

infections with human isolates include necrosis and

inflammation throughout the respiratory tract, but no

lesions in the brain, heart, spleen, liver or kidneys

Histopathological lesions are observed following

intranasal infection with HP avian isolates

[115–119]

H9N2 Replicate efficiently in lungs of mice without prior

adaptation

Conflicting reports of lethality in mice

Adaptation by passage in mouse lungs results in

increased virulence

Replication in brain reported following intranasal

infection with non-adapted and mouse-adapted

viruses

[132–137, 182,

183]

H6 Varying replication efficiency in respiratory tract

depending on isolate

Replication more efficient in the lower respiratory tract

than in the upper respiratory tract

[132, 145]

(continued)
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Table 1 (continued)

Influenza virus

subtypes tested

Findings References

A/teal/W312/HK/97 (H6N1) and A/quail/HK/1721-30/

99 (H6N1) lethal for mice when administered at high

titers

Significant weight loss (average 24%) is observed in

infected mice

Pandemic 2009

H1N1

Replicate efficiently in the upper and lower respiratory

tract

Some isolates cause weight loss and are lethal when

administered at high titers

[171, 172]

aMDT mean time to death
bHPAI highly pathogenic avian influenza
cHP highly pathogenic
dLP low pathogenicity

Table 2 The use of the ferret model for the evaluation of vaccines against influenza

Influenza virus

subtypes tested

Findings References

Human influenza

H1N1, H3N2,

H2N2 viruses

Efficient replication of non-adapted isolates in

respiratory tract

Isolated report of the presence of an H3N2 human

influenza virus in the brain

Signs of illness include fever, sneezing, rhinorrhea,

and weight loss

Mild inflammatory changes are observed upon

histopathological examination of lungs of infected

animals

[17, 147, 184,

185]

Reconstructed 1918

H1N1 pandemic

virus

Replication to high titers in respiratory tract

Severe disease observed including lethargy, anorexia,

severe weight loss and high fever

Infection is lethal in 2/3 of inoculated animals; death

occurs by Day 11

Virus is not detected in brain or heart

Necrotizing bronchiolitis, and moderate to severe

alveolitis with edema observed upon

histopathological examination

[156]

HPAIa H5N1 Efficient replication in respiratory tract and evidence

of extrapulmonary spread to brain, spleen and

intestines

Most isolates cause severe disease, including

fever, rhinitis, sneezing, severe lethargy, hind

limb paresis and diarrhea

Many isolates cause lethal infection in ferrets

Histopathologic observations include inflammatory

changes in the lungs (bronchioloitis, bronchitis,

interstitial pneumonia) and inflammation

in the brain

[104, 147, 149]

(continued)
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Table 2 (continued)

Influenza virus

subtypes tested

Findings References

H6 Replicate to varying levels in the respiratory tract,

with lower titers of virus in the upper respiratory

tract than in the lungs

Transient weight loss observed with Eurasian and

North American isolates

Transient elevation in body temperature

[145, 155]

H7 Replicate to varying levels in the respiratory tract

Some HP H7 viruses replicate in the brain.

A/NL/219/2003 (H7N7) HPAI causes severe disease

with neurologic symptoms and mortality

HP H7 viruses generally replicate to higher titers in the

lungs than LP H7 viruses and duration of replication

is longer

[115, 116]

Pandemic 2009

H1N1

Viruses replicate efficiently in the upper and lower

respiratory tract

Viruses replicate to higher titers in the lungs than

seasonal H1N1 influenza viruses

Some isolates caused signs of illness (weight loss, fever),

severe illness and death

One isolate was detected in rectal swabs

[171, 172, 176]

AIb subtypes H1N1,

H2N1, H6N2,

H2N2, H2N3,

H3N2, H10N7,

H3N6, H7N7,

seal H7N7 isolate

Efficient replication in the upper respiratory tract

No signs of illness with any of these isolates

[155]

aHPAI highly pathogenic avian influenza
bAI avian influenza

Table 3 The use of the hamster model for the evaluation of vaccines against influenza

Influenza virus subtypes

tested

Findings References

Human influenza H3N2 Non-adapted isolates replicate in the upper and lower

respiratory tract.

No clinical signs of infection are observed

[35–37,

161]

HPAIa H5N1 Non-adapted A/HK/483/97 (H5N1) resulted in lethal

infection with deaths of all inoculated animals by

Day 6 post-inoculation

Virus is detectable in the lungs and brain

[161]

H9N2 Non-adapted A/HK/1073/99 (H9N2) replicates to high

titers in the lungs but is not detected in the brain

Infection is not lethal

[161]

H9N5 Non-adapted A/dk/HK/702/79 (H9N5) replicates

efficiently in the lungs

Infection is not lethal

[161]

aHPAI highly pathogenic avian influenza
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3.2 Mice

Mice have been used for influenza vaccine research from the earliest days of the

study of influenza virus biology. Shortly after the first human influenza virus was

isolated from ferrets in 1933 by Wilson Smith and colleagues at the National

Institute for Medical Research in London [17], it was discovered that human

influenza viruses would cause disease in mice only if they were first adapted to

the species by serial passages in the lungs [18]. This was subsequently found to be

true for all human influenza virus isolates. One of the most commonly used human

influenza viruses in mice is influenza A/Puerto Rico/8/34 (PR8), an H1N1 virus

with a complex passage history, including several passages in ferrets, and hundreds

of passages in eggs and mice (CB Smith, CDC, Atlanta, GA, personal communica-

tion). This virus is well adapted to mice and causes a lethal infection. The need for

adaptation through serial passage of human influenza viruses is one of the major

drawbacks of using mice in influenza research, because many mutations can arise

during adaptation to the murine host; [19–22] these can alter their replication

kinetics, and can result in the ability of the virus to escape the host innate immune

responses [23].

Influenza viruses that cause disease and are lethal for mice provide a useful

endpoint for vaccine efficacy studies. Depending on the strain of virus used, mice

may become lethargic, anorexic, develop ruffled fur, and may also exhibit neuro-

logical symptoms of infection, in addition to weight loss, which is often the primary

objective measure of the severity of infection. Body temperature is not a useful

Table 4 Comparison of the utility of commonly used animal models in the evaluation of influenza

vaccines

Species Utility in vaccine evaluation

Mouse Determination of level of replication of live attenuated vaccine candidates in

comparison to wild-type viruses

Evaluation of antibody responses to vaccination by HAIa assay, Nt Abb assay, ELISAc

Evaluation of cellular immune responses to vaccination

Evaluation of vaccine efficacy and effects of adjuvants

General safety test for manufactured candidate vaccine

Ferret Determination of level of replication of live attenuated vaccine candidates in

comparison to wild-type viruses

Evaluation of antibody responses to vaccination by HAI assay, Nt Ab assay, ELISA

Limited evaluation of cellular immune responses to vaccination

Evaluation of vaccine efficacy and effects of adjuvants

Toxicology studies

Hamster Determination of level of replication of temperature-sensitive live attenuated vaccine

candidates

Evaluation of vaccine immunogenicity by HAI assay, Nt Ab assay and ELISA

Evaluation of vaccine efficacy
aHAI hemagglutination inhibition
bNtAb neutralizing antibody
cELISA enzyme linked immunosorbent assay
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measurement in mice because hypothermia can occur following infection with

mouse-adapted viruses. Irrespective of whether an influenza virus induces morbid-

ity or mortality in mice, the level of replication of influenza viruses in the lungs is

the most informative endpoint for efficacy studies in mice since even a modest

reduction in titer of infectious virus in the lungs can be associated with survival

from lethal infection [24, 25]. Mice immunized with influenza viruses or vaccines

develop serum HAI and neutralizing antibodies, the titers of which correlate with

protection from subsequent challenge. Studies by Virelizier [26] demonstrated that

antibody alone could protect against influenza infection in mice. Passive transfer of

immune serum to naive mice resulted in a reduction in the replication of virus in

the lungs and protected the recipient mice from lethal influenza pneumonitis, but

did not prevent tracheitis or replication of virus in the upper respiratory tract [27].

The observation that passively transferred serum antibodies can reduce pulmonary

viral replication but not viral replication in the upper respiratory tract is not unique

to influenza A. Similar observations have been reported with influenza C virus

[28], respiratory syncytial virus (RSV) [29] and severe acute respiratory syn-

drome-associated coronavirus (SARS-CoV) infections [30]. Measuring the

amount of virus in various tissues in cases where high levels of serum antibody

are present, for example, when vaccines are administered with adjuvant, should be

done by quantitative molecular methods to rule out the possibility of ex vivo

neutralization by serum antibody during tissue preparation. Such ex vivo neutrali-

zation has been shown to account for a reduction of up to 300-fold in detectable

virus in the lungs of mice that had undergone passive transfer of immune serum

against SARS-CoV [30]. The use of nasal and bronchiolar wash samples, instead

of tissue homogenates, for viral quantitation was also employed as a solution to

this issue [28].

The level of anesthesia can influence the outcome of influenza infection in mice.

Mice infected under anesthesia develop pneumonia, while infection is limited to the

upper respiratory tract when awake mice are infected [31, 32]. The volume of

inoculum administered intranasally also influences the extent to which virus is

distributed in the respiratory tract [32]. Immunologically, the lack of a functional

Mx gene in standard laboratory strains of mice is a disadvantage of this model for

studies in which the innate immune response to infection is important [33, 34].

However, the ready availability of mice, their relatively low cost, the available

variety of genetic backgrounds and targeted genetic defects, and the immunological

reagents available still make the mouse an attractive and heavily utilized animal

model for studies on influenza.

3.3 Hamsters

Influenza virus infection of hamsters with non-adapted human influenza viruses

does not result in clinical disease, but the virus replicates to high titers in the nasal

turbinates and lungs following an intranasal infection [35–37]. As with mice, the

hamster represents a readily available small animal model that can be used for
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pre-clinical evaluation of candidate vaccines, but it has not been as extensively used

as mice for studies of inactivated influenza virus vaccines. The body temperature of

Golden Syrian hamsters is about 39�C, while that of mice is 37�C. Thus, hamsters

have been used for the evaluation of live attenuated temperature-sensitive vaccines

with shut-off temperatures �38.8�C [38].

3.4 Guinea Pigs

Guinea pigs can be infected with non-adapted human influenza viruses, although

the amount of virus needed to infect guinea pigs is about ten times more than the

amount needed to infect hamsters or ferrets [39]. Infection of guinea pigs with

A/England/42/72 (H3N2) did not result in febrile illness or other clinical signs of

influenza infection. The virus was isolated from the nasal washes of animals

infected with influenza A/England/42/72 (H3N2), A/Hong Kong/1/1968 (H3N2)

or A/FM/1/47 (H1N1) viruses, but titers of virus shed in the nasal secretions were

not as high as those observed following experimental infection of ferrets. Infection

of guinea pigs with influenza A/HK/1/68 (H3N2) virus resulted in pneumonia,

which developed slowly and was reversible. This model was used to study the

effects of environmental pollutants or drugs on the respiratory tract [40]. Lowen

and colleagues [41] reported that guinea pigs of the Hartley strain are highly

susceptible to non-adapted influenza A/Panama/2007/99 (H3N2) virus. Intranasal

infection resulted in virus replication in the nose and lungs, with higher titers of

virus being recovered from the lungs. The virus could be recovered from the upper

respiratory tract for up to 9 days post inoculation, whereas shedding declined to

undetectable levels in the lungs by day 5. Virus replication was not associated with

any effects on body temperature or weight of the animals, and no other clinical

signs of illness were observed.

3.5 Rats

Common laboratory strains of rat are described as “semi-permissive” for influenza

infection, and infant rats are of some utility in the evaluation of live attenuated

influenza vaccines, but they have not been used extensively to study influenza

infection [42–44].

The cotton rat (Sigmodon hispidus) has been used in the laboratory as a model

for several infectious diseases (reviewed in [45]). In particular, the cotton rat model

was extensively used in the development of therapeutic antibody treatments for

RSV and has provided much useful information for vaccine development against

this pathogen. Sadowski and co-workers reported that intranasal administration of

human influenza virus to lightly anesthetized, outbred young adult cotton rats

resulted in virus replication in the respiratory tract, the production of pulmonary
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lesions and a strong immune response [46]. In recent years, there has been some

renewed interest in the cotton rat as a laboratory animal model for human influenza

virus infection. Species-specific reagents that permit more detailed analysis of viral

pathogenesis and immune responses in this species have been developed [45] and

inbred cotton rats are now available. The advantages of this model include the fact

that cotton rats can be infected by non-adapted human influenza viruses, inbred

animals are available, the virus replicates in the upper and lower respiratory tract,

some clinical parameters can be measured, and viral infection results in histopatho-

logical changes in the lungs that are similar to those seen during natural infection of

humans [47]. To date only a limited number of human influenza viruses have been

evaluated in cotton rats.

3.6 Ferrets

Ferrets are exquisitely susceptible to infection with human influenza viruses. The

initial isolation of a human influenza virus by Smith and colleagues was from

ferrets [17]. The ferret model of influenza has remained the same since this

fortuitous discovery, and, in the opinion of many researchers, the ferret remains

the ideal small animal model for influenza research. Ferrets can be infected with

non-adapted human influenza virus isolates. Influenza virus infection in ferrets is

primarily an upper respiratory tract infection, and infected ferrets exhibit clinical

signs of infection similar to those seen during human influenza including fever,

rhinitis and sneezing. The disadvantages of the ferret as a model for studying

influenza vaccines include expense, special housing requirements, a limited number

of suppliers, difficulties in obtaining animals that are seronegative for influenza

virus, their exquisite sensitivity to other respiratory pathogens and ease of acquiring

infection from their handlers, and the lack of species-specific reagents, although this

last point does not present an obstacle for the evaluation of HAI and neutralizing

antibody responses. In addition, the high body temperature of ferrets (average

temperature of 38.8�C)may limit their utility in the evaluation temperature-sensitive

live attenuated influenza vaccines.

3.7 Non-Human Primates

Non-human primates have not been used extensively for influenza vaccine research.

From a practical standpoint, these animals are expensive and they have not proven

to be the best model for the study of vaccines for influenza. Old World and New

World species of monkeys have been evaluated as models of human influenza

infection. It was determined early in the days of the study of influenza virus biology

that non-human primate species were not as susceptible to human influenza viruses

as their human relatives. Burnet reported in 1941 [48] that clinical signs of infection
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were only apparent in cynomolgus macaques when they were infected via the

intratracheal route as opposed to the intranasal route. Interestingly, mortality was

observed in animals inoculated with the “W.S. Egg” strain, which was a mouse-

adapted human influenza virus that had been passaged in eggs. Burnet reported that

pathological changes consistent with those seen in human influenza infection were

observed in the lungs of infected monkeys. The observation that intratracheal

infection in monkeys might be required to achieve clinical signs of infection was

supported by studies conducted by Saslaw and colleagues [49] in Rhesus macaques.

Intratracheal infection of Rhesus macaques with a lung filtrate from mice infected

with mouse-adapted A/PR/8/34 (H1N1) virus resulted in clinical signs of illness on

day 2 post infection (p.i.), which resolved by day 4 p.i., whereas no signs of illness

were apparent in monkeys inoculated with the same virus preparation intranasally,

although both groups of animals showed hematological and serological evidence of

infection.

Cynomolgus macaques were explored as a model for the evaluation of the

immunogenicity and efficacy of an immunostimulating complex (ISCOM) influ-

enza vaccine by Rimmelzwaan and colleagues [50]. Cynomolgus macaques inocu-

lated intratracheally with the human influenza A/Netherlands/18/94 (H3N2) virus

did not develop clinical signs of illness but virus could be recovered from lung

lavage, nasal swabs and pharyngeal swab samples. Histopathological examinations

were not performed.

Pigtailed macaques (Macaca nemestrina) were infected with a recombinant

human influenza A/Texas/91 (H1N1) virus following virus administration via the

trachea, tonsils and conjunctiva [51]. The animals exhibited clinical signs of

infection, including loss of appetite, weight loss, nasal discharge and moderate

fever, and histopathological observations that were consistent with progressive

pneumonia. Virus was recovered from lung tissue at day 4 p.i. but not at day 7 p.i.

New World monkeys – including squirrel and cebus monkeys – have been

evaluated as models for influenza vaccine studies. Murphy et al. [52] demonstrated

that adult squirrel monkeys could be infected with intratracheally administered

human influenza viruses. Mild illness that manifested as afebrile coryza was seen

and, although radiographic evidence of pneumonia was not observed, the animals

shed virus from the respiratory tract. Further studies evaluated the ability of AI

viruses to replicate and cause illness in this species [53]. Different viruses caused

varying degrees of clinical illness; some influenza viruses were completely attenu-

ated in squirrel monkeys, while others replicated efficiently and caused clinical

signs which were of a severity similar to that seen in human H3N2 influenza

infection. Squirrel monkeys were employed to evaluate the level of attenuation of

avian/human influenza virus reassortants, in a study comparing the replication of

reassortants in chimpanzees and human volunteers [54]; the findings in squirrel

monkeys were not predictive of the level of attenuation of the reassortant viruses in

humans.

Cebus apella and Cebus albifrons monkeys were evaluated as models for

influenza infection by Grizzard et al. [55]. The monkeys were inoculated either

intranasally or intratracheally with two human influenza A viruses: A/Victoria/75
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(H3N2) and A/New Jersey/76 (H1N1). All animals that received the A/Victoria/75

(H3N2) strain developed clinical signs of illness, and showed evidence of infection

by either virus shedding or serology. Radiographic evidence of pulmonary disease

was only seen in animals inoculated intratracheally with A/Victoria/75 (H3N2).

Eight of ten animals inoculated intratracheally with the A/New Jersey/76 (H1N1)

virus had mild upper respiratory tract illness, but only one of ten animals shed virus.

However, all of these animals seroconverted. Histopathological evidence of inflam-

mation in the lungs and trachea was seen in animals inoculated intratracheally with

either strain, although the lesions in the animals that received A/Victoria/75 (H3N2)

were more severe.

Chimpanzees are considered to be a valuable animal model to study infections of

humans because of their close evolutionary relationship with the human species.

However, the use of chimpanzees as animal models in research is logistically

difficult. They are extremely expensive animals that require long-term care and

stringent isolation since they are susceptible to several human pathogens. Chim-

panzees have been used for some studies of influenza [54, 56, 57]. Influenza A and

B viruses replicated to high titer in seronegative chimpanzees, but viral replication

was not associated with illness. The advantages of studying influenza in this species

include the fact that chimpanzees have the same body temperature as humans, their

lower respiratory tract can be repeatedly sampled safely, they display permissive-

ness for vectored vaccines, similar to humans (for example, vaccinia-based vac-

cines), they are evolutionarily close to humans, and this may mean that similar host-

range restrictions for replication of viruses may be present which could facilitate

the selection of live attenuated candidate vaccines for testing in humans.

There is renewed interest in the use of non-human primates for evaluation of

vaccines for pandemic influenza (see Vaccines for pandemic influenza below).

4 Animal Models in Influenza Vaccine Research

The three general areas of vaccine research and development in which animal

models are utilized are the evaluation of vaccine safety, immunogenicity and

efficacy. The following sections describe the use of animal models in each of

these aspects of the pre-clinical evaluation of influenza vaccines.

4.1 Safety

In the early days of clinical testing of live attenuated vaccines against seasonal

influenza, it was recognized that an animal model that could predict the attenuation

of these vaccines would allow more rapid progression to immunogenicity and

efficacy testing. Ideally, systematic comparisons of the behavior of attenuated

virus vaccine candidates in animal models and in humans are needed to achieve
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this end. Researchers began to address this question in the late 1970s and early

1980s, and the infant rat was extensively investigated as a model to predict the

restriction in the replication of live attenuated influenza vaccines in humans

[42–44]. In general, attenuation in the infant rat model correlated with attenuation

in humans, although there were exceptions. Other species evaluated for this purpose

include mice, hamsters, ferrets, and chimpanzees.

Although vaccine safety can only be fully assessed when a vaccine is adminis-

tered to human subjects, regulatory authorities usually recommend standard tests

for pre-clinical evaluation of the safety of new canidiate vaccines. The primary

safety concern for inactivated influenza virus vaccines is reactogenicity, and for

live attenuated influenza vaccines, it is their level of attenuation and their genetic

stability. Standard toxicology tests on new vaccine candidates are often performed

in rabbits, although current WHO guidelines for nonclinical evaluation of vaccines

recommend that toxicology studies be performed in an animal species that most

closely reflects the immune response to the vaccine in humans, or is “sensitive to

the biological effects of the vaccine”, and use the same dose and route of adminis-

tration to be studied in clinical trials [58]. The design and results of such studies

should be reviewed with special attention to experimental details such as the route

of administration, volume and quantity of virus in the inoculum, and whether or not

anesthesia was used, particularly for live attenuated vaccines, because each of these

factors can influence the outcome. Toxicity following administration of very high

doses of live influenza virus to animals via a variety of routes has been reported in

the literature. For example, administration of 109 EID50 of influenza virus adminis-

tered intranasally resulted in complete pulmonary consolidation and death in mice,

and this pathology occurred despite restricted replication of virus in lung tissue

[59]. Henle and Henle [60] reported inflammation in the gut, damage to the liver

and spleen, and death in mice given high doses of influenza virus intraperitoneally.

Similar findings were observed in rats, rabbits and guinea pigs. Lung inflammation

was observed in ferrets administered high titer live attenuated influenza viruses

intranasally [61] and systemic signs of illness were reported in human volunteers

who received attenuated influenza viruses at doses that exceeded 107 TCID50

[62–64]. In these studies, signs of clinical illness, including fever and other sys-

temic signs, appeared within 48 h of administration of the virus, which is more

rapid, in general, than the appearance of symptoms associated with a productive

influenza virus infection. The systemic symptoms did not correlate with the titer

of virus shed in respiratory secretions, or with the occurrence of respiratory

symptoms. The occurrence of systemic illness in humans following administration

of high doses of influenza virus in the absence of high levels of virus replication

may be explained by the innate immune response to an abortive infection of

epithelial cells.

The current procedures for marketing approval of vaccines for seasonal influ-

enza do not involve extensive safety testing in animals. In the US, a standard

general safety test, which is designed to detect extraneous toxic components in

the vaccine preparation, is usually performed with the final drug product in mice

and guinea pigs [65]. This test is performed for both inactivated and live attenuated
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virus vaccines. For inactivated influenza virus vaccines, the vaccine can be admi-

nistered via either the subcutaneous or intraperitoneal route for the guinea pig test,

whereas only intraperitoneal route can be used for other types of vaccine. The

vaccine formulation must also be certified to be free of endotoxin.

New vaccine candidates or novel preparations (including vaccines prepared by

currently licensed methodologies that are now formulated with adjuvant) require

extensive pre-clinical safety testing. In addition to tests such as repeat dose toxicol-

ogy testing and general safety testing, some tests would be appropriate depending on

the specific type of vaccine, e.g., demonstration of attenuation of live attenuated

vaccines compared to the wild-type parent virus in more than one animal species

[16, 66, 67], and biodistribution studies for plasmid-based vaccines [68–72].

Ferrets have been used to assess the attenuation of cold-adapted live attenuated

vaccines against influenza [73]. These studies showed that cold-adapted 6-2 reas-

sortant vaccine viruses generated from human influenza viruses failed to replicate

in the lower respiratory tract of ferrets. Since ferrets are a good model for influenza

infection in humans, they can also be used in toxicological studies of influenza

vaccines.

The attenuation phenotype of several live attenuated influenza vaccine candi-

dates was evaluated using the hamster model [35, 37]. For the small number of

temperature-sensitive, cold-adapted reassortant influenza viruses tested in ham-

sters, and later in humans, there was a general correlation between the level of

replication in hamsters and humans. However, in studies with AI/human influenza

virus reassortants, the findings in hamsters did not accurately predict the level of

attenuation of the viruses in humans [74]. Such data are important because they

demonstrate that the genetic determinants of attenuation of influenza viruses are

different in different species.

Non-human primate species have not been extensively used in studies the safety

of influenza vaccines. Chimpanzees were used in several studies to evaluate the

level of attenuation and the safety of candidate live attenuated vaccines [74].

Regulatory authorities in Europe require neurovirulence testing of live attenuated

influenza vaccines and inactivated vaccines that are to be administered intranasally

[75]. Since influenza viruses are not central nervous system pathogens in humans,

the wisdom of such requirements, which were designed to determine the safety of

live attenuated vaccines for truly neurotropic viruses such as poliovirus, can be

questioned. The neonatal rat was recently proposed as a model for the study of

neurovirulence of intranasally administered influenza vaccines [76], and a few

influenza strains have been evaluated in this model. Some viruses replicated in

the brain following intranasal administration, but pronounced lesions or dramatic

behavioral changes were not demonstrated in infected animals.

4.2 Immunogenicity

The vast majority of studies conducted in animals for influenza vaccine research are

those that evaluate the immune response to candidate vaccines. Although it is clear
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that the immune responses to vaccines in animals are not often identical to and

may not be directly predictive of those seen in humans, the first step in the proof-

of-principle for a new vaccine is to establish its immunogenicity in animals before

proceeding to clinical evaluation. The immune responses measured in the animal

model should be relevant to the desired response in humans. Such studies may

provide useful information regarding the regimen and routes of vaccination and

can guide the design of clinical trials.

4.3 Strain-Specific Immunity Directed Against the HA

It is well established that the primary correlate of protection for inactivated whole-

virus or subunit influenza vaccines administered parenterally is serum antibody

directed against the HA protein. Most studies that are conducted to evaluate

immune responses to influenza vaccines are done in mice and ferrets. The measure-

ment of antibody responses in animal models is very straightforward, since HAI and

neutralizing antibody assays do not require species-specific reagents. Limited

studies have been conducted to evaluate the guinea pig as a model to study

immunity to influenza virus. Phair and colleagues [39] demonstrated that infection

of guinea pigs with unadapted human influenza viruses resulted in resistance to

challenge with a homologous virus, and that passive transfer of hyperimmune

serum to naive guinea pigs also conferred protection against infection. However,

the levels of HAI antibody detected in the serum following infection were lower

than those observed in ferrets or hamsters, and infected guinea pigs did not produce

detectable levels of local antibody in their nasal secretions. In addition, high levels

of nonspecific inhibitors of hemagglutination were present in guinea pig sera,

making measurement of specific HAI antibodies problematic [39]. Phair et al.

did, however, demonstrate that guinea pigs exhibited a delayed-type hypersensitiv-

ity response to influenza infection which resembled that seen in humans, although

this response did not appear to be involved in resistance to infection.

Humoral immune responses to the HA of human influenza viruses and vaccines

have been studied extensively in ferrets. Early studies determined that naive ferrets

were not protected against influenza infection by vaccination with killed virus [77].

These observations were confirmed in later studies using formalin-inactivated

vaccines [78]. However, killed vaccine, administered with an adjuvant to naive

ferrets, provided partial protection against infection [79]. Thus, immune responses,

in the ferret, to vaccination with inactivated virus vaccines against human influenza

viruses do not appear to be identical to those seen in humans, since humans do not

generally require an adjuvant to achieve protective levels of HAI antibodies. In

contrast to the findings with inactivated influenza viruses, immunization with live

influenza virus resulted in protection against subsequent challenge [78]. An expla-

nation for this difference may be that in ferrets, influenza infection is primarily an

upper respiratory tract infection, and adjuvant is required to elicit higher levels of
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serum antibody needed to restrict replication of virus in the upper respiratory tract.

Several studies have demonstrated that higher levels of serum antibody are required

to provide protection against respiratory viruses in the nose of animals than in the

lungs [27–29].

4.4 Heterosubtypic Immunity

In recent years, particularly since the emergence of the highly pathogenic H5N1

viruses in Asia in 2003, and the challenges in developing H5N1 vaccines, there has

been a resurgence of interest in heterosubtypic immunity – the ability of an immune

response elicited by a particular influenza A virus to protect against an influenza A

virus of a different subtype. Heterosubtypic immunity against influenza has been

demonstrated in a number of studies in mice but the precise mechanism of this

immunity is not clear [24, 80–82]. Previously, it was thought that this phenomenon

was mediated by cellular immune responses, but recent studies suggest that anti-

bodies are the primary mediators of heterosubtypic immunity [82] and that the

diversity of the antibody repertoire is important [83].

Heterosubtypic immunity has also been observed in ferrets [84, 85], although

there was some debate as to the length of time for which such immunity persists.

McLaren and Potter [84] reported that it did not persist beyond 10 weeks after

vaccination, but in another study, protection against infection with a heterosubtypic

virus was observed 18 months following immunization [86]. In both cases, hetero-

subtypic immunity did not prevent infection but it did limit virus replication

following challenge.

The utility of the cotton rat model in addressing the issue of heterosubtypic

immunity was explored [87]. The endpoints in this study were respiratory rate, virus

replication in the lungs and nasal tissues, and pulmonary histopathology. A statisti-

cally significant reduction in respiratory rate was seen following challenge with

A/Wuhan/359/95 (H3N2) in cotton rats that had been immunized with either the

homologous virus or with a virus of a different subtype, A/PR/8/34 (H1N1), 4

weeks earlier, compared to non-immunized animals. This reduction in respiratory

rate correlated with a statistically significant reduction in virus titers in the lungs

and nasal tissues in immunized animals. Cotton rats that were immunized with the

heterosubtypic A/PR/8/34 (H1N1) virus had the same extent of alveolitis, intersti-

tial pneumonia and airway debris as non-immune, infected animals, and, like the

cotton rats that were immunized with homologous virus, they had more severe early

peribronchiolitis than was observed during primary infection. This peribronchiolitis

could be indicative of a memory response in the heterosubtypic immune animals.

However, the heterosubtypic-immune cotton rats had less bronchiolar epithelial

damage than those animals immunized with homologous virus.

The role of heterosubtypic immunity through prior exposure or vaccination in

humans, although inferred from retrospective analysis of data from influenza
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pandemics [88], is extremely complex and cannot be readily determined. Studies in

young infants and children on the effect of pre-existing immunity on replication and

immunogenicity of heterosubtypic attenuated influenza viruses suggested that

heterosubtypic immunity in humans is weak [89].

4.5 Immune Responses to Other Influenza Proteins

An approach that is being explored in the development of novel vaccines for

influenza is that of universal influenza vaccines that target the conserved proteins

of the virus – NP, M1, and M2. A number of modalities, such as NP and M DNA

vaccines [90–92], baculovirus-expressed recombinant M2 protein [93], M2 pep-

tides [94] and recombinant M2 protein incorporated into hepatitis B core antigen

[95–97], have been tested in mice, and prevent death but not illness following

challenge with a heterologous virus. In the case of candidate universal vaccines for

influenza, new animal models and assays that can measure antibody and cellular

responses to viral antigens other than the HA and NA are needed . As the immune

responses to these conserved antigens are not well characterized in humans, at

present, it is not clear whether these responses are accurately reflected in animal

models. Undoubtedly, more information will be obtained in this area in the future as

candidate universal vaccines are evaluated in clinical trials.

Recently, there has also been interest in the role of immune responses to the NA

component of seasonal vaccines in protection against related subtypes of influenza,

including potential pandemic strains [98]. Antibodies to the NA protein can modu-

late the severity of influenza illness [99] but the NA content of inactivated influenza

virus vaccines is not currently standardized.

4.6 Efficacy

Animal models are also used to evaluate the efficacy of new candidate influenza

vaccines. The most commonly used animal models for such studies are mice and

ferrets. In mice and ferrets, it has been established that antibodies against the HA

can prevent infection or ameliorate disease following challenge with influenza

virus. Reduction in virus titer in the lower respiratory tract following a challenge

correlates with protection, so quantitative virology is the most relevant measure of

vaccine efficacy for vaccines designed to generate antibody responses to HA.

Additional endpoints such as morbidity, mortality and pathological findings may

provide supporting evidence of protection from infection and disease. Although

demonstration of vaccine efficacy in an animal model is not an absolute require-

ment in the pre-clinical evaluation of a candidate vaccine from a regulatory

standpoint, it does provide evidence that immune responses to the vaccine are

biologically relevant.
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5 Vaccines for Pandemic Influenza

The direct transmission of HPAI H5N1, H7N7 and low pathogenicity AI (LPAI)

H9N2 viruses from birds to humans, associated in many cases with severe morbid-

ity and mortality, has raised concerns about the emergence of one of these viruses as

a pandemic virus and has, therefore, prompted efforts to develop vaccines against

AI viruses of pandemic potential. Evaluation and characterization of a suitable

animal model for these other influenza virus subtypes is a critical step in the

development of such vaccines.

6 Animal Models

In the following section we describe the features of the animal models that have

been developed to study AI viruses, and their contributions to the evaluation of

pandemic vaccines. In addition, the predictive value of the various animal models

in the evaluation of safety and immunogenicity of several live attenuated pandemic

influenza candidate vaccines, that have been evaluated in clinical trials, will be

discussed.

6.1 Mice

Mice have been used in pre-clinical studies of inactivated and live attenuated

pandemic influenza virus vaccines. Reports in the scientific literature that describe

characterization of the replication, pathogenicity and the immune response of AI

viruses in mice focus on viruses of the H5, H6, H7, and H9 subtypes.

6.1.1 H5N1 Viruses and Vaccines

Several studies demonstrated that H5N1 viruses that were isolated from human

cases in Hong Kong in 1997 cause disease and death in mice without prior

adaptation [100–102]. These viruses varied for their ability to cause disease and

death in BALB/c mice and generally fell into two distinct groups – those that were

highly virulent, and those with low virulence for mice – and one virus (A/HK/156/

97) was of intermediate virulence in two of the studies [101, 102]; however, Gao

et al. [100] found this isolate to be one of the most highly virulent in this model. The

50% lethal dose of H5N1 viruses that were highly virulent for mice was 10–1,000

times lower than that of low virulence strains, they replicated to titers that were up

to 1,000 times higher in the lungs of mice early in the course of infection, and they

replicated in extrapulmonary sites, including the brain. Viral antigen was observed

by immunohistochemistry in the lungs of mice infected with A/HK/483/97 (H5N1),
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a highly virulent strain, and A/HK/486/97 (H5N1), a less virulent strain, and was

associated with necrotic bronchi. Viral antigen was also observed, in both glial cells

and neurons, in the brain of mice infected with the highly virulent influenza A/HK/

483/97 (H5N1) virus, a finding also reported by Gao et al. [100]. In addition,

Gao et al. reported the presence of viral antigen in cardiac myofibers of mice

infected with the highly virulent influenza A/HK/483/97 (H5N1) virus. The ability

of the H5N1 viruses to replicate and cause disease and death in mice did not

correlate with their ability to kill chickens [102], and the relevance of replication

of these viruses in extrapulmonary sites in mice to the disease in humans is not

clear, although a general correlation between the level of virulence in mice and the

severity and outcome of disease in humans was observed with 11 of 15 viruses

evaluated [101]. Dybing and colleagues [103] reported that infection of mice with

highly pathogenic H5 AI viruses that were isolated from Scotland [influenza A/ck/

Scotland/59 (H5N1)], Italy [influenza A/ck/Italy/1485-330/97 (H5N2)], Queretaro

[influenza A/ck/Queretaro/7653-20/95 (H5N1)] and England [influenza A/tk/

England/91 (H5N1)], caused little or no disease in BALB/c mice. HPAI H5N1

influenza viruses isolated from humans in Asia in 2004 caused weight loss, ruffled

fur, listlessness and pronounced leukopenia, and were lethal in mice without prior

adaptation, and replicated outside the respiratory tract [104]. In the same study,

HPAI H5N1 viruses isolated from birds, and a single human isolate, were less

virulent for mice.

Lu et al. [102] used the BALB/c mouse model to evaluate the immunogenicity

and efficacy of a vaccine against H5N1 influenza, based on an antigenically related

non-pathogenic AI virus, A/duck/Singapore-Q/F119-3/97 (H5N3). They found that

two doses of inactivated vaccine were required to elicit HAI antibody responses of a

magnitude that would be protective in human influenza in the majority of vacci-

nated animals, and that the addition of an alum adjuvant resulted in higher levels of

HAI antibody and a greater seroconversion rate. These findings generally agreed

with the observations made in humans when a similar vaccine was tested in clinical

studies: two doses of vaccine were necessary to achieve acceptable levels of

antibody, and the addition of adjuvant, in this case MF59 (instead of alum used in

the studies in mice), increased the magnitude of the antibody response as well as the

seroconversion rate [105–107]. The efficacy of this vaccine in mice was determined

by measuring the level of virus replication in the lungs and protection against lethal

challenge with an H5N1 isolate that was highly virulent for mice.

The efficacy of several different H5N1 virus vaccines has been evaluated in mice

and in all cases, the vaccines were found to be immunogenic and protective in mice

(reviewed in [108]). When tested in Phase I studies in humans, inactivated H5N1

virus vaccines were found to be suboptimally immunogenic, requiring high doses

[109, 110] to elicit neutralizing and HAI antibody responses. The administration of

whole virion vaccines and inactivated virus vaccines with adjuvant increased the

immunogenicity in mice and in humans [109, 111]. It is unclear whether data

obtained in mice with pandemic influenza vaccines are predictive of vaccine

immunogenicity in humans since pre-clinical data for the specific vaccine formula-

tions that have been tested in humans to date have not been reported.
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Cold-adapted live attenuated vaccine candidates against H5N1 AI viruses have

been evaluated in pre-clinical studies in mice [66]. H5N1 vaccine candidates,

bearing the modified HA and the NA from various HPAI H5N1 human isolates

and the six internal protein genes from the A/Ann Arbor/6/60 cold-adapted (ca)
donor virus, were restricted in replication in the lungs of mice compared to the

corresponding wild-type virus, were found be immunogenic and conferred pro-

tection against challenge with homologous and heterologous wild-type viruses,

although two doses of the vaccine virus were required to fully protect mice against

replication of homologous wild-type viruses in the lungs [66]. Another live atte-

nuated cold-adapted candidate H5N1 vaccine, a 7:1 reassortant virus which derived

the HA from the low pathogenicity virus A/duck/Potsdam/86 (H5N2) and the

remaining genes from the A/Leningrad/17/57 (H2N2) cold-adapted virus that is

the donor virus for the seasonal live attenuated vaccine used in Russia, was

evaluated in mice [112–114]. Only a single dose of this live vaccine virus was

evaluated, but similar findings were reported: it was restricted in replication in the

respiratory tract of mice and was immunogenic. The ability of the live attenuated

H5N2 virus to elicit local IgA antibody responses in nasal washes has been

demonstrated in mice. Modest levels of neutralizing antibodies were detected

6 weeks after a single dose of the H5N2 live attenuated vaccine, and the vaccine

conferred protection against lethal challenge with a wild-type HPAI H5N1 virus.

The predictive value of the mouse model for the evaluation of the safety and

immunogenicity of these vaccines is discussed below in the section entitled “Clini-

cal Evaluation of Live Attenuated Candidate Vaccines for Pandemic Influenza”.

6.1.2 H7 Viruses and Vaccines

Representative low pathogenicity and highly pathogenic H7 AI viruses from both

the Eurasian and North American lineages replicated in mice without prior adapta-

tion [115, 116]. Highly pathogenic H7 viruses demonstrated extrapulmonary spread

to the spleen and brain, as has been observed with HPAI H5N1 isolates, although H7

viruses were detected in the brain earlier during infection (day 1 p.i. for H7 and day 4

for H5) [116]. de Wit et al. [117] reported that intranasal infection of mice with the

non-adapted HPAI A/Netherlands/219/2003 H7N7 virus, that was isolated from a

fatal human case, resulted in severe illness, as indicated by weight loss, lethargy,

ruffled fur, and lethality. The rate of loss in body weight was similar over a range of

doses of virus between 3 � 103 and 3 � 106 EID50. The virus was detected in the

spleen, liver, kidneys and brain, as well as in the lungs of mice. This model was used

for the evaluation of the immunogenicity and efficacy of candidate H7 influenza

vaccines [117]. A single dose of an ISCOM vaccine and two doses of a subunit

vaccine failed to protect mice against lethal infection with the A/NL/219/2003 (H7N7)

virus, with one exception. Mice vaccinated with two doses of 1 mg or 5 mg ISCOM

vaccine exhibited a small temporary loss in body weight but otherwise appeared

healthy after challenge. Vaccination with two doses of the ISCOM vaccine resulted

in at least a 1,000-fold reduction in virus replication in the lungs, and near-complete
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reduction of extrapulmonary replication of the challenge virus. However, in all

vaccinated mice, virus was still present in the lungs at high titers.

Munster et al. [118] reported that the human HPAI H7N7 viruses A/NL/219/

2003 and A/NL/33/2003 both caused lethal infection in mice when administered

intranasally at a high dose (dose not specified). At a dose of 5 � 102 TCID50,

influenza A/NL/219/2003 virus, which was isolated from a fatal human case,

resulted in loss of body weight, ruffled fur, lethargy, and respiratory problems

from day 2 p.i. and infected mice were euthanized on day 5 p.i., whereas in mice

that were infected intranasally with 5 � 102 TCID50 of influenza A/NL/33/2003

virus, isolated from a human with conjunctivitis in the same outbreak, no signs of

illness or loss in body weight were observed up to day 7 p.i. The influenza A/NL/

219/2003 virus replicated to a titer that was more than 1,000-fold higher compared

to the titer in the lungs of mice infected with the influenza A/NL/33/2003 virus, and

it was isolated from the brain, spleen, liver, and kidney of all infected animals.

Influenza A/NL/33/2003 virus was isolated from the brain of only one out of three

mice, and was not detected in the other organs examined. Histopathological find-

ings in all mice infected with influenza A/NL/219/2003 virus included necrosis and

inflammation throughout the respiratory tract that was pronounced in the trachea

and became progressively milder in the bronchi, bronchioles, and alveoli. In

contrast, lesions in the respiratory tract were only observed in one out of four

mice infected with the influenza A/NL/33/2003 virus, and were characterized as

mild to moderate cell necrosis, with neutrophil infiltrates in the trachea, bronchi,

and bronchioles. Lesions were not observed upon histopathological examination of

the brain, heart, spleen, liver or kidneys of mice infected with either virus. Viral

antigen expression was limited to the tissues of the respiratory tract in mice infected

with either virus, but was more abundant in mice infected with the influenza A/NL/

219/2003 virus. Rigoni and colleagues [119] reported that HPAI H7N1 viruses

isolated from chickens and ostriches could infect and replicate in mice without

adaptation, and were associated with disease signs of varying severity. Bronchitis,

tracheitis, alveolitis, and brain lesions were observed in mice infected with three

HPAI H7N1 influenza viruses. However, the influenza A/ostrich/2332/00 virus

caused more severe lesions and spread more rapidly in the lungs and brain than

the other two viruses (influenza A/ostrich/984/00 and influenza A/ck/5093/99)

[119].

Low pathogenicity H7 viruses replicated to high titers in the upper and lower

respiratory tract of mice, but were not lethal, even at high doses. Immunogenicity of

these viruses was also evaluated in mice [116].

Several reassortant viruses, bearing the HA or NA genes from H7 avian influ-

enza viruses and the internal protein genes from A/PR/8/34 (H1N1) [PR8], have

been described. Jadhao et al. [120] and Pappas et al. [121] reported the evaluation of

the egg-based PR8 reassortant H7 influenza virus vaccines in mice. An H7N7-PR8

reassortant was generated which derived its HA from the low pathogenicity A/

mallard/Netherlands/12/2000 (H7N3) virus and its NA from the low pathogenicity

A/mallard/Netherlands/2/2000 (H10N7) virus. An H7N2-PR8 vaccine was gener-

ated with the HA and NA from the low pathogenicity A/turkey/Virginia/4529/02
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(H7N2) virus. Mice immunized with two doses of the formalin-inactivated H7N7-

PR8 or H7N2-PR8 vaccines, with or without alum, mounted a serum HAI antibody

response that increased after the second vaccination. Antibody responses were

generally higher when the vaccine was administered with an adjuvant. Mice that

received two doses of the vaccine were protected from lethal challenge with highly

pathogenic H7 influenza viruses. Evaluation of these vaccines in clinical trials is

planned.

The immunogenicity and efficacy of a cell-based H7N1 avian influenza split

virion vaccine, derived from the HPAI A/chicken/Italy/13474/99 (H7N1) virus,

have been studied in mice [122]. Low titers of HAI antibodies were detected in the

sera after two doses of 12 or 20 mg of HA. Titers were generally higher if vaccine

was administered with an adjuvant. Vaccinated mice shed significantly less virus

than unvaccinated animals following intranasal challenge with the HPAI A/ck/

Italy/13474/99 (H7N1) virus and were protected from both disease and weight loss.

Vaccination also conferred significant protection against lethal challenge. The

same vaccine was tested in a Phase I clinical trial in sixty healthy adults [123].

Two doses were administered, with or without adjuvant. Serum HAI and neutraliz-

ing antibody titers, after two doses, were low, but were higher in the individuals

who received an adjuvant (21 vs. 50% for the 12 mg dose and 23 vs. 62% for the

24 mg dose). Antibody secreting cells were also detected in those individuals

with detectable HAI or neutralizing antibody titers, which were associated with

IL-2 production.

The mouse model has also been employed for the evaluation of the attenuation,

immunogenicity and protective efficacy of a candidate cold-adapted, live attenu-

ated, influenza vaccine of the H7N3 subtype [124]. The HA and NA genes of this

vaccine virus were derived from the low pathogenicity AI virus A/chicken/British

Columbia/CN-6/2004 (H7N3), and its six internal protein genes were from the

A/Ann Arbor/6/60 ca virus that is the backbone of FluMist®. In mice, the vaccine

virus did not cause weight loss, and was restricted in replication in the lower

respiratory tract compared to the low pathogenicity wild-type parent virus and an

antigenically related HPAI H7N3 wild-type virus, and it appeared to have delayed

replication kinetics in the upper respiratory tract compared to the wild-type parent

virus. A single dose of the H7N3 ca vaccine virus was immunogenic in mice and

provided complete protection against lethality and pulmonary replication following

challenge with H7 influenza viruses of the North American lineage. Two doses of

vaccine were required to confer protection against H7 influenza viruses of the

Eurasian lineage.

6.1.3 H9 Viruses and Vaccines

Human infections with H9N2 AI viruses were first reported in 1999 [125, 126] and,

although the illness in the infected individuals was relatively mild, there is still

concern over the pandemic potential of H9 viruses because viruses of this subtype
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are highly prevalent in birds [127–131]. The pathogenicity of human and avian H9

influenza viruses in mice has been studied by several laboratories, with a view of

establishing an animal model that can be used to study strategies for prevention of

pandemic influenza, including vaccines and antiviral drugs. Some H9 influenza

viruses replicate in the respiratory tract of mice without prior adaptation [128,

132–134], but serial passage of the A/quail/Hong Kong/G1/97 (H9N2) virus in

mice resulted in an increase in the virulence and in the extrapulmonary spread and

lethality of this virus in intranasally infected mice [132, 133]. Data from different

laboratories that have used the same H9N2 virus to infect mice are not consistent.

Some of the factors that can influence the outcome of infection are anesthesia, dose,

volume and route of virus administration, and passage history. It is difficult to

compare studies when complete information is not provided. For example, in

studies reported by Lu et al. [134], the human influenza A/Hong Kong/1073/99

(H9N2) virus replicated efficiently in the lungs of mice but failed to cause death or

signs of disease, significant weight loss or to spread to extrapulmonary sites.

However, Leneva et al. [132] reported that infection of mice with this virus resulted

in 40% mortality and significant weight loss in the surviving mice. In these

discordant studies, mice were anesthetized with CO2 [134] or with metofane

[132], were infected by the same route using virus that had been propagated in

embryonated eggs, at approximately the same dose (106 EID50), but inoculum

volumes used were not stated in either study, so it is not clear why this virus was

lethal in one study and not in the other. Similarly, a lethal challenge of mice with the

human influenza A/Hong Kong/1073/99 (H9N2) virus was reported as part of a

study to determine the efficacy of an M2 liposome vaccine [135], although this

virus did not cause disease or lethality in the hands of other investigators [134, 136,

137] . All laboratories delivered virus intranasally to anesthetized mice. However,

in the study reported by Ernst et al. [135], mice were anesthetized intraperitoneally

with ketamine/xylazine, whereas in the other two studies, inhalational anesthesia

was used, which may have resulted in a lighter state of anesthesia.

The mouse model has been used to evaluate the level of attenuation and the

protective efficacy of a candidate cold-adapted, live attenuated, H9N2 vaccine

bearing the HA and NA from the influenza A/ckHK/G9/97 (H9N2) virus and the

internal protein genes from the influenza A/Ann Arbor/6/60 cold-adapted virus

[136]. The H9N2 live attenuated vaccine was restricted in replication and protected

mice from challenge with homologous and heterologous wild-type H9N2 influenza

viruses.

6.1.4 1918 H1N1 Pandemic Virus

Like the highly pathogenic H5N1 AI viruses, the fully reconstructed recombinant

1918 H1N1 pandemic influenza virus was highly lethal in mice without prior

adaptation [138]. The mean time to death in mice infected intranasally was

4.5 days. However, in contrast to the highly pathogenic H5N1 influenza viruses,

this virus was not detected in extrapulmonary tissues. Histopathological findings

246 C.J. Luke and K. Subbarao



included necrotizing bronchitis and bronchiolitis, moderate to severe alveolitis and

severe peribronchial and alveolar edema.

The mouse model appears to be potentially useful for the evaluation of pandemic

influenza vaccines. Most AI viruses studied in mice, to date, can replicate without

adaptation, although the outcome of infection with some AI viruses is clearly

different, depending not only on the particular virus being studied but also on the

laboratory in which the studies were conducted. It is important that AI viruses

continue to be evaluated in mice, using standardized inoculation procedures and

doses and with the measurement of the same endpoints so that the utility of this

model can be maximized for the evaluation of pandemic influenza vaccines.

6.1.5 H6 Viruses and Vaccines

Although most of the pandemic influenza vaccine development efforts have focused

on the subtypes of AI that have caused infections in humans, namely H5N1, H7, and

H9 viruses, in theory, AI viruses of all subtypes have the potential to cause pan-

demics and therefore it is prudent to develop animal models to study the pathoge-

nicity of these viruses and to evaluate experimental vaccines that may be needed in

the future. There is concern regarding the pandemic potential of H6 AI viruses, since

these viruses are highly prevalent in many avian species around the world

[139–143]; they have a high propensity to reassort, and an H6N1 virus, A/teal/

W312/Hong Kong/97, has been implicated as the donor of the internal protein genes

of the H5N1 AI viruses that emerged in 1997 [140, 144]. In addition, there is

serological evidence of human infections with H6 AI viruses in China [143].

The replication, pathogenicity and immunogenicity of several H6 AI viruses

have been studied in mice [145]. Fourteen temporally and antigenically diverse H6

AI viruses of various NA subtypes, from both the Eurasian and North American

lineages, were evaluated in BALB/c mice. Following intranasal inoculation of 105

TCID50 of virus, replication of varying efficiency was observed in the respiratory

tract of mice. Eleven of the 14 viruses replicated in the lower respiratory tract, ten in

the upper respiratory tract; only one of the viruses failed to replicate to detectable

levels in mice. Higher titers of the viruses were observed in the lungs of mice

compared to the nasal turbinates. Two viruses from Hong Kong, A/teal/W312/HK/

97 (H6N1) and A/quail/HK/1721-30/99 (H6N1) caused significant weight loss,

illness, and death in mice, but their replication appeared to be limited to the

respiratory tract. H6 AI viruses that replicated well in the lungs elicited high

neutralizing antibody titers in infected mice, but the immunogenicity of H6 viruses

did not correlate with their efficiency of replication in the respiratory tract. The

cross-reactivity of the neutralizing antibodies was not an accurate predictor of

protection. Live attenuated, cold-adapted candidate vaccines were generated from

three of the H6 AI viruses studied [146]. Immunogenicity and efficacy of the

candidate vaccines were evaluated in mice. A single intranasal dose of each vaccine

virus elicited serum neutralizing and HAI antibody, and fully protected mice

against replication of the wild-type parent H6 AI virus in the lower respiratory
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tract. Cross-reactive antibody titers against heterologous H6 viruses were signifi-

cantly lower than against the homologous parent virus. A second dose of vaccine in

mice boosted the antibody titers, and improved cross-protection against the heter-

ologous H6 AI viruses. As had been seen in the initial studies in mice, the level of

neutralizing antibody elicited by the H6 candidate vaccines was a poor predictor of

their ability to cross-protect against antigenically distinct H6 AI viruses. A candi-

date A/teal/HK/97 (H6N1) cold-adapted vaccine elicited the broadest cross-protec-

tive response, and this vaccine virus is currently undergoing evaluation in human

clinical trials.

6.2 Ferrets

6.2.1 H5N1 Viruses and Vaccines

The ability of a limited number of AI subtypes to replicate and cause disease in

ferrets has been investigated, and not surprisingly, the behavior of H5 subtype

viruses has been the most studied. Zitzow and colleagues [147] demonstrated that

two H5N1 influenza viruses isolated from human cases of infection in Hong Kong

in 1997 were capable of replication not only in the respiratory tract, but also in the

brain, spleen and intestines of ferrets. Virus replication was associated with clinical

signs of disease such as severe lethargy, sneezing, rhinitis, hind limb paresis and, in

some cases, diarrhea, and some H5N1 viruses were lethal to ferrets. However, the

hierarchy in the severity of disease seen with the different H5N1 1997 isolates upon

infection of mice, was not observed in ferrets: influenza A/HK/483/97 and A/HK/

486/97 were equally virulent after intranasal infection of ferrets, whereas the A/HK/

483/97 virus was more virulent in mice than the A/HK/486/97 virus was in several

studies [100–102, 148]. As with mice, the significance, with respect to humans, of

disease signs and the extrapulmonary replication of H5N1 viruses in ferrets is not

clear, particularly since, in the same study, Zitzow et al. reported the isolation of a

human H3N2 influenza virus from the brain of ferrets following intranasal infec-

tion. Similar studies have been conducted using human and avian H5N1 viruses

isolated in 2004–2005 [104, 149]. Govorkova et al. [149] evaluated four human

H5N1 influenza isolates and nine avian H5N1 isolates from Asia from 2004. A wide

spectrum of infectivity, severity of disease and lethality was observed in ferrets

inoculated with these viruses. The H5N1 viruses isolated from humans and two of

the avian isolates caused severe disease in ferrets with some lethality. However, it is

difficult to draw general conclusions regarding the behavior of these viruses in this

model because of the small numbers of animals used (only two animals per group

for all but one of the viruses tested), and the variability in infectivity of the viruses

examined. For example, although the influenza A/Vietnam/3046/2004 virus caused

severe disease in two out of two the inoculated ferrets, it was lethal in only one

animal, and virus was only recovered from the nasal washes. In contrast, the

influenza A/Vietnam/3062/2004 virus, which was also lethal in one out of two
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ferrets inoculated, was recovered from the lungs, brain, spleen, and intestine of

these animals. Similarly, Maines et al. [104] evaluated H5N1 isolates from Asia

from 2004 using the ferret model. Although the viruses used in this study were

different from those used by Govorkova et al. (with the exception of A/Vietnam/

1203/2004), similar findings were reported: the human isolates caused severe

disease, with some lethality, in ferrets. Again, small numbers of animals were

used (three per group for most of the isolates tested) and some variability in

infectivity and severity of disease was observed. In the study conducted by Zitzow

et al., gross pathological changes observed in ferrets infected with highly virulent

HPAI H5N1 viruses included focal areas of redness in the lungs, consolidation of

the lungs and rare discoloration of the liver, petechiae on the liver and lesions on the

intestines and kidneys [147]. Maines et al. [104] reported the presence of hemor-

rhage in the adipose tissue surrounding the liver, kidney and bladder in two-thirds

of infected ferrets. Histopathological findings in the lungs of infected ferrets

included acute bronchiolitis, bronchopneumonia, interstitial pneumonia with sup-

purative exudates in the bronchi, bronchioles and adjacent alveolar spaces, promi-

nent epithelial necrosis and marked intraalveolar edema by day 3 p.i., and

bronchitis, bronchiolitis and pneumonia observed on days 6–7 p.i. [104, 147,

149]. Inflammatory changes were also evident in the brain of ferrets infected with

highly virulent HPAI H5N1 viruses at days 5–6 p.i., including in the glial nodules

with perivascular infiltration of lymphocytes and polymorphonuclear leukocytes in

the brain parenchyma, neuronophagia and lymphocytic infiltrates in the choroid

plexus [147, 149]. Viral antigen was observed by immunohistochemistry in neurons

in the same areas of the brain as the inflammation [104]. Govorkova et al. [149]

reported histopathological changes in the liver, including diffuse vacuolization of

the hepatocellular cytoplasm, mononuclear infiltrates, periportal hemorrhage, and

hepatocellular necrosis. Generally, the viruses isolated from avian species caused

less severe disease than those isolated from humans.

The number of ferrets inoculated with each virus was small and ferrets are an

outbred species, so the significance of the variability in data such as virus replica-

tion and clinical illness are difficult to interpret. Until the scientific community has

more experience with the behavior of AI viruses in animal models, it would be

prudent to compare new isolates with well-characterized strains and to study these

pathogens in more than one model.

The ferretmodel has also been used to evaluate the efficacy of several experimental

inactivated [150, 151] and live attenuated [66, 112, 114] vaccines against H5N1

influenza. Inactivated H5N1 vaccines were immunogenic and protective in the ferret

model [150, 151]. However, inactivated H5N1 vaccines that were tested in clinical

trials were suboptimally immunogenic [109, 110]. The attenuation of cold-adapted

live attenuated H5N1 vaccines has been demonstrated in ferrets. These vaccine

candidates were also immunogenic and protective against challenge with homologous

and heterologous H5N1wild-type viruses in ferrets [66]. Protection from lethal H5N1

infection and the level of replication of the challenge virus in the lungs and other

tissues are the endpoints used for evaluation of efficacy in this model. Van Riel et al.

[152] demonstrated that the pattern of attachment ofH5N1 influenza human isolates in
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the respiratory tract of ferrets was similar to that seen in the human respiratory tract;

the virus attached predominantly to type II pneumocytes, alveolar macrophages and

nonciliated cuboidal epithelial cells of the terminal bronchioles in the lower respira-

tory tract and became progressively rarer more proximally, i.e., towards the trachea.

This pattern of H5N1 virus attachment, predominantly in the lower respiratory tract, is

thought to be related to the distribution of a-2,3 sialic acid receptors [153]. However,
other investigators found that H5N1 influenza viruses were able to infect ex vivo

cultures of the human upper respiratory tract, i.e., nasopharyngeal, adenoid and

tonsillar tissues, despite the lack of a-2,3 sialic acid receptors in these tissues [154].

The tropism of H5N1 influenza viruses in the respiratory tract of humans and other

species remains equivocal and further studies, in which a number of different isolates

are evaluated in larger numbers of animals, are needed.

6.2.2 H7 Viruses and Vaccines

The behavior of AI viruses of the H7 subtype has been studied in ferrets. Human

isolates of highly pathogenic H7N7 influenza viruses replicated to higher titers in

the upper and lower respiratory tract of ferrets than low pathogenicity H7N2

influenza viruses isolated from humans. The H7N7 viruses also replicated in non-

respiratory tissues [115]. The H7N7 isolate A/NL/219/2003 caused severe illness,

including significant weight loss, caused neurological symptoms and was lethal in

2 out of 3 ferrets inoculated. Another highly pathogenic H7N7 AI virus, A/NL/230/

2003, and the low pathogenicity H7N2 viruses evaluated in this study, did not cause

severe disease and were not lethal in this model. Joseph et al. [116] demonstrated

that the pattern of antigenic relatedness of H7 subtype AI viruses, determined using

post-infection ferret sera, was similar to that observed in mice. The ferret model

was used to evaluate attenuation, immunogenicity and efficacy of the H7N3 ca live
attenuated vaccine virus [124]. The vaccine virus was restricted in replication in the

upper respiratory tract of ferrets and did not replicate to detectable levels in the

lungs or in the brain. Neutralizing antibodies were detected in the sera of ferrets

immunized with a single dose of the H7N3 ca vaccine 4 weeks after immunization,

and a second dose of vaccine provided a boost in the antibody response. Two doses

of vaccine significantly reduced the replication of homologous and heterologous

highly pathogenic H7 influenza viruses in the lungs of ferrets and prevented their

spread to the brain and the olfactory bulb.

Ferrets immunized with an inactivated vaccine derived from an H7N1-PR8

reassortant based on HPAI A/chicken/Italy/13474/99 (H7N1), with alum adjuvant,

mounted a serum HAI (GMT 76) and neutralizing antibody (range 42–200)

response after two 24 mg doses of vaccine [122]. Cross-reactive HAI titers against

heterologous Eurasian and North American H7 viruses were detectable but low

(titer 8–160). Vaccination of ferrets resulted in reduced signs of illness, shedding of

virus from the upper and lower respiratory tract and systemic spread following

challenge with HPAI A/chicken/Italy/13474/99 (H7N1).
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6.2.3 Other AI Subtypes

There are few reports in the scientific literature that describe the replication and

clinical signs resulting from infection of ferrets with other AI subtypes. Hinshaw

et al. [155] demonstrated that AI viruses of the H2, H3, H6, H7, and H10 subtypes,

as well as an H7N7 virus isolated from a seal, replicated in the upper respiratory

tract of ferrets, but elicited low or undetectable levels of antibody. None of these AI

isolates tested caused any signs of disease in infected ferrets. Replication, patho-

genesis, and immunogenicity of AI viruses of the H6 subtype were evaluated in the

ferret model. Following evaluation in the mouse model of infection, four AI viruses

of the H6 subtype that replicated to varying degrees in mice were studied in ferrets

[145]. As in mice, the viruses replicated to lower titers in the upper respiratory tract

than in the lungs, although the difference in titers was much less than in mice (~10-

fold lower titers in ferrets vs. 10–1,000-fold difference seen in mice). All four

viruses replicated to a peak titer of about 107 TCID50/g in ferret lungs, although the

peak titer occurred at different timepoints post-infection. Transient weight loss and

fever were observed in ferrets infected with the A/teal/HK/97 and A/quail/HK/99

viruses that were lethal in mice, but also in ferrets that received the influenza

A/mallard/Alberta/85 (H6N2) virus, which caused no signs of illness in mice.

Ferrets infected with influenza A/duck/HK/77 (H6N9) did not exhibit weight loss

or fever, but, unlike mock-infected ferrets, they failed to gain weight during the

period of observation. Antibody responses elicited by an infection in ferrets gener-

ally correlated with those seen in mice, but, as in the mouse model, the antibody

responses did not correlate with virus replication. In the ferret model, live attenu-

ated, cold-adapted H6 AI candidate vaccine viruses were attenuated compared to

the corresponding wild-type H6 virus. None of the vaccine viruses caused signs of

illness in ferrets, nor did they replicate in the lungs. A single intranasal dose of the

vaccine viruses elicited serum neutralizing and HAI antibodies in ferrets, and, as in

mice, conferred complete protection in the lower respiratory tract following wild-

type virus challenge. The levels of neutralizing antibody induced in ferrets by these

vaccine viruses did not accurately predict the outcome of challenge with hetero-

logous H6 viruses. The H6 AI viruses generally behaved in a similar fashion in

ferrets and in mice, but species-specific differences in the cross-reactive antibody

responses were observed.

6.2.4 1918 H1N1 Pandemic Virus

The reconstructed 1918 H1N1 influenza virus replicated to high titers in the upper

respiratory tract of ferrets following intranasal inoculation [156]. All inoculated

ferrets exhibited severe signs of disease that included lethargy, anorexia, sneezing,

rhinorrhea, severe weight loss and high fever from day 2 p.i., and two out of three

animals succumbed to infection by day 11. Unlike the highly pathogenic H5N1

viruses in ferrets, viral replication was not detected in tissues outside the respiratory

tract. Necrotizing bronchiolitis, moderate to severe alveolitis and edema were
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observed in the lungs of infected ferrets on day 3 p.i. The presence of viral antigen

in the upper and lower portions of the bronchi, bronchial and bronchiolar epithe-

lium and in the hyperplasic epithelium within the alveoli was observed.

6.3 Cats

There are few reports in the literature on influenza infection in cats. In studies

conducted by Paniker and Nair in the 1970s [157, 158], intranasal infection of

anesthetized cats with influenza A/Hong/Kong/1968 (H3N2) virus freshly isolated

from human cases or laboratory- and egg-adapted isolates did not result in clinical

signs of influenza but virus was recovered from pharyngeal secretions, and infec-

tion induced HAI antibodies and was transmitted to contact animals. Infected cats

did not display clinical signs of influenza. Hinshaw and colleagues [155] later

demonstrated that intranasally administered H7N7 and H7N3 AI viruses replicated

in the upper respiratory tract of cats without clinical signs of disease, and the cats

developed HAI antibodies after infection.

6.3.1 H5N1 AI Viruses

There was little interest in influenza infection and immunity in cats until the recent

re-emergence of highly pathogenic avian H5N1 viruses in Asia, when it was

reported that a number of big cats, namely tigers and leopards in the zoos in

Thailand, became infected with HPAI H5N1 viruses, apparently after they were

fed infected chicken carcasses [9]. Infection in many of these felids was fatal, and

later, anecdotal reports of H5N1 infection in domestic cats in areas where there

were outbreaks of H5N1 infection in avian populations contributed to a surge in

interest in H5N1 influenza in cats. The pattern of attachment of a human H5N1

influenza virus to respiratory tract tissues of a cat was similar to that seen with

human tissue [152].

Experimental infection of European short haired cats with an H5N1 virus

isolated from a human in Vietnam in 2004 resulted in clinical disease, virus

replication in respiratory and extra-pulmonary tissues, and pathological changes

consistent with H5N1 infections in humans [10, 159]. Clinical signs, including

significant elevation in body temperature, decreased activity, conjunctivitis and

labored breathing were seen in cats experimentally infected intratracheally or by

feeding on infected chicks [10]. Similar disease symptoms were observed in

sentinel cats that became infected from being housed with cats that had been

infected intratracheally. Illness in contact cats became apparent about 3 days later

than in the cats infected via the intratracheal route. Peak viral titers in the throat

swabs of the intratracheally infected cats were ~104.5 TCID50/ml, whereas the peak

titers observed in nasal swabs ranged from 102.5 to 105.0 TCID50/ml [159]. The

virus was also recovered from rectal swabs of cats infected by feeding on infected

chicks, but the titers of virus in these samples varied widely. In addition, cats

infected through feeding had lesions in the intestines. In animals infected

252 C.J. Luke and K. Subbarao



intratracheally or by feeding, the virus was also recovered from extra-pulmonary

tissues, most often from the brain, liver, kidney and heart. Infected sentinel cats did

not have detectable virus in tissues outside the respiratory tract; however, patho-

logical changes were observed in the adrenal glands in one of the two sentinel cats

infected in this manner. These studies demonstrated that HPAI H5N1 viruses are

capable of extrapulmonary spread in cats, and can cause severe disease and even

death in animals infected intratracheally or by feeding on infected bird carcasses.

These observations also raise the possibility that the gastrointestinal tract may serve

as a source for HPAI infection in cats.

Karaca et al. [160] studied the immunogenicity of a fowlpox-based H5 vaccine

in cats. HAI antibodies were detected in serum of cats following a single subcuta-

neous dose of the vaccine, and a significant boost in antibody titers was observed

following a second vaccination.

It remains to be seen if cats will be used extensively in the evaluation of vaccines

against pandemic influenza.

6.4 Hamsters

6.4.1 H9 Viruses and Vaccines

Saito and colleagues conducted a study to evaluate the replication and pathogenic-

ity of influenza viruses of various subtypes in Syrian hamsters [161]. The influenza

A/HK/1073/99 (H9N2) virus replicated to high titers in the lungs, but was not lethal

to hamsters and was not detected in the brain. The HPAI H5N1 influenza A/HK/

483/97 virus, that was highly virulent in mice, was also lethal in hamsters, with all

animals succumbing to infection by day 6 p.i., and, as in mice, virus was recovered

from the brain of the infected hamsters. Avian H9N2 and H9N5 isolates could

replicate in the lungs of hamsters, but did so to lower titers compared to human

isolates. The human H9N2 virus elicited low levels of neutralizing antibody in

infected hamsters, whereas the avian H9N2 isolate did not elicit detectable neu-

tralizing antibody. The behavior of this limited number of AI isolates in the Syrian

hamster model suggests that the effects of this viruses may be similar to that

observed in mice, and further evaluation of this model for evaluating the efficacy

of pandemic influenza vaccines is warranted.

6.4.2 Non-Human Primates

There is renewed interest in the use of non-human primates for immunogenicity

studies of pandemic vaccines; this is based on the presumption that immune

responses in these animals, which have a closer evolutionary relationship to

humans, may be more predictive of the responses in humans than in smaller animals

like mice and ferrets. To date, few data are available on the serological responses of

non-human primates to AI virus vaccines.
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6.4.3 H5N1 AI Viruses

The use of cynomolgus macaques as a model for influenza virus infection in

humans was revisited following the emergence of the highly pathogenic H5N1 AI

viruses in 1997 [162]. The initial human H5N1 influenza isolate, A/Hong Kong/

156/1997, isolated from a fatal case of influenza in a child [6], was inoculated at

multiple sites, including the trachea, tonsils and conjunctiva. Three of four animals

developed fever within 2 days, and one showed signs of anorexia and acute

respiratory distress. High titers of virus were recovered from lungs on day 4 p.i.,

and the virus was also isolated from the trachea, tracheobronchial lymph nodes and

the heart. The virus was not recovered from these tissues on day 7 p.i. The virus was

also recovered from bronchioalveolar lavage from 2 out of 2 animals on days 3 and

5 p.i.; from pharyngeal swabs of two animals on day 5 p.i., and from nasal swabs of

one animal on days 3 and 7. Viral RNA was detected by RT-PCR in the brains of

two animals on day 4 p.i., and in the spleen of all four animals tested on day 7 p.i.

Pathological changes in the lungs of infected animals included pulmonary consoli-

dation, necrotizing broncho-interstitial pneumonia and flooding of alveoli with

edema fluid, fibrin, erythrocytes, cell debris, macrophages, and neutrophils, and

inflammatory changes were seen in multiple organs [163].

Infection of Rhesus macaques with avian H5N1 isolates, reported by Chen et al.

[164], indicated that results of intranasal inoculation varied depending on the

influenza virus isolate used. Clinical signs of infection, including elevation in

body temperature, anorexia and increased respiratory rate were observed in maca-

ques inoculated with the following H5N1 viruses: A/bar-headed goose/Qinghai/1/

2005, A/great cormorant/Qinghai/3/2005 and A/duck/Guangxi/35/2001. Patholog-

ical changes were seen in the lungs of all of the infected animals, but were more

pronounced in the monkeys inoculated with the duck isolate. However, the only

virus to be re-isolated from infected animals was A/duck/Guangxi/35/2001, and this

virus was isolated from respiratory tract secretions and tissues and also from the

spleen, liver and the heart.

The Rhesus macaque model has been used to evaluate the immunogenicity and

efficacy of a candidate live attenuated cold-adapted H5N1 vaccine [113]. The

vaccine virus derives its HA and NA from the clade 2.3 A/Anhui/2/2005 (H5N1)

virus and the six internal protein genes from the cold-adapted A/AA/6/60 ca virus.

The multibasic cleavage site in the HA gene was removed. Animals were inocu-

lated intranasally with 107 EID50 of the vaccine virus on days 0 and 28. Serum

antibodies in the vaccinated macaques were detected by ELISA 2 weeks following

the first dose, with an apparent boost after the second dose. Four weeks after the first

dose of vaccine all animals had detectable levels of neutralizing antibodies in the

serum. After the second dose of vaccine, HAI and neutralizing antibodies were

detected in the sera of all the vaccinated animals. HAI and neutralizing titers against

a heterologous H5N1 virus were two to fourfold lower than against the homologous

virus. T cell responses, measured by IFN-g ELISPOT, were detected following the

second dose of the vaccine. Three weeks after the second vaccination, the macaques

were challenged intratracheally with 106 EID50 of either the parent A/Anhui/2/2005
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(H5N1) virus, or the A/bar headed goose/Qinghai/1/2005 (H5N1) virus. Control

animals had symptoms of illness including anorexia, fever and loss of appetite from

day 1 post-challenge. Four control animals were euthanized on day 3 post-challenge

and the remaining 4 animals gradually recovered. None of the vaccinated animals

exhibited any clinical signs of illness. Pathological changes in the lungs of the

unvaccinated control animals were more severe than in the vaccinated animals, and

viral antigen was only detected in cells of the control animals. Virus was not

isolated from any organs of vaccinated animals, whereas high titers of virus were

detected in the respiratory tissues of the control animals.

Rudenko et al. described the evaluation of the safety, immunogenicity and

protective efficacy of a live attenuated cold-adapted vaccine virus, which is based

on the low pathogenicity A/duck/Potsdam/86 (H5N2) virus, as a candidate vaccine

against H5N1 in Java macaques [165]. This vaccine candidate is a 7:1 reassortant,

and derives its HA from A/duck/Potsdam/86 (H5N2) and its NA and internal

protein genes from the donor virus for the live attenuated influenza vaccines used

in Russia, A/Leningrad/17/57 (H2N2). Monkeys vaccinated with two doses of the

H5N2 cold-adapted vaccine virus, 21 days apart, did not exhibit signs of illness,

and virus was recovered from 2 out of 4 animals, at titers between 101.2 and 104.2

EID50/ml between days 3 and 5 after the first dose. The dose of vaccine virus used

was not reported. The H5N2 cold-adapted vaccine virus elicited only modest HAI

responses in the vaccinated macaques. The animals were challenged with the HPAI

A/chicken/Kurgan/02/2005 (H5N1) isolate. Vaccinated animals developed a fever,

but it was of a lower grade and of a shorter duration than that observed in the control

animals, and shedding of challenge virus occurred in vaccinated animals, but it was

for a shorter duration than in the control animals. These data suggest that there may

be a small protective effect of the H5N2 cold-adapted vaccine virus against

heterologous H5 virus challenge, however, the numbers of animals used was

small and the immune responses that were observed were not consistent between

animals. The H5N2 cold-adapted vaccine has been evaluated in Phase 1 and Phase

2 clinical trials in small numbers of volunteers [166]. The vaccine was evaluated at

two different dose levels, and two doses were found to be safe and immunogenic in

47–55% of subjects. HAI antibodies were detected in the serum of the vaccine

recipients and IgA antibodies were detected by ELISA in nasal wash samples.

Qualitatively, these responses were similar to those observed in the mouse model.

The level of replication of the vaccine virus in humans was not reported.

6.4.4 1918 H1N1 Pandemic Virus

Cynomolgus macaques were evaluated as a model for studying the reconstructed

1918 H1N1 pandemic influenza virus [167]. Monkeys were infected by multiple

routes – intratracheally, orally, on the tonsils and conjunctiva – based on the earlier

studies with HPAI H5N1 influenza viruses in this species [162]. Animals infected

with the reconstructed 1918 virus had severe clinical illness, high levels of virus

replication in the respiratory tract and severe pathological changes in the lungs
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compared to control animals infected with a recombinant human H1N1 influenza

virus, A/Kawasaki/173/01 [167].

There may be a place for non-human primates as models for the evaluation of

pandemic influenza vaccines, but the currently available data are not sufficient to

support the use of these animals for immunogenicity or efficacy studies. Further

studies are needed to characterize AI infection and the immune responses to AI

viruses and vaccines in these species.

Clinical Evaluation of Live Attenuated Candidate Vaccines for Pandemic Influenza

The development of live attenuated vaccines against influenza viruses with pan-

demic potential has rapidly progressed from pre-clinical evaluation to early stage

clinical testing in recent years. Data from both mouse and ferret models suggested

that vaccine viruses of H5, H6, H7, and H9 subtypes, though restricted in replica-

tion in the respiratory tract compared to wild-type viruses, elicited serum antibody

responses and were protective against both lethal challenge and pulmonary and

extra-pulmonary replication following wild-type virus challenge. In addition, cross-

protection against heterologous wild-type viruses was observed to varying degrees.

Studies in non-human primates also showed that live attenuated H5 influenza virus

vaccines could replicate in the respiratory tract and elicit serum HAI responses

[113, 165].

In clinical trials involving small numbers of healthy adults, live attenuated cold-

adapted H5N1 vaccine candidates, based on the clade 1 viruses A/Vietnam/1203/

2004 and A/Hong Kong/213/2003, were found to be highly restricted in replication

and poorly immunogenic [168]. A live vaccine virus, based on the A/Vietnam/

1203/04 (H5N1) virus, when administered in two doses at 107.5 TCID50 per dose,

failed to elicit neutralizing antibody in the serum of vaccinees and elicited serum

HAI antibody in only 10% of the study subjects. Serum IgA and nasal wash IgA

responses were detected in 52% and 19% of subjects, respectively; serum or local

IgA responses had not been measured in ferret studies. Although the underlying

reasons have not yet been elucidated, the poor predictive value of the mouse and

ferret models with respect to replication and immunogenicity of these particular

vaccine candidates was unexpected.

Rudenko et al. reported that a live attenuated cold-adapted vaccine, with the HA

from a low pathogenicity avian H5N2 virus, elicited serum HAI and neutralizing

antibodies in about 50% of volunteers after two doses, and resulted in the produc-

tion of local IgA in the respiratory tract in 65% of vaccinees [166]. The level of

shedding of the vaccine virus in volunteers was not determined. The reasons for the

superior immunogenicity of the H5N2 ca vaccine virus, compared to the H5N1

vaccines based on the A/AA/6/60 ca in these small clinical studies, are not fully

understood. It is possible that the donor cold-adapted H2N2 virus used to generate

the H5N2 ca vaccine virus is less attenuated than the A/AA/6/60 ca donor virus,

resulting in a vaccine virus that replicates more efficiently, however, this cannot be

confirmed since replication of the H5N2 ca vaccine virus in humans was not

reported. Given the poor predictive value of the mouse and ferret models with

256 C.J. Luke and K. Subbarao



respect to the replication and immunogenicity of clade 1 live attenuated H5N1

vaccines in humans [66, 168], it will be interesting to see how the A/Anhui/2/2005

cold-adapted vaccine described by Fan et al. [113] behaves in human clinical trials.

The H7N3 ca vaccine virus was highly restricted in replication in Phase I clinical
studies but elicited an immune response in over 90% of subjects [169]. However,

serum IgA, and not HAI or neutralizing antibody, was the most frequently observed

indication of immunogenicity of this vaccine in humans, with a serum IgA response

being detected in 71% of subjects, and 62% and 48% of the subjects developing a

fourfold or greater rise in HAI or neutralizing antibody, respectively. Studies in mice

and ferrets did not accurately predict such restricted replication of the vaccine virus

and it is difficult to determine the predictive value of the mouse and ferret studies in

terms of immunogenicity, since the number of human subjects in whom the vaccine

was evaluated was small, and serum IgA responses were not studied in animals.

An H9N2 ca vaccine was evaluated in a Phase I clinical trial in humans [170].

Despite being highly restricted in replication, the vaccine virus was immunogenic

in all subjects in at least one assay (HAI or neutralization assay). Again, the degree

of restriction of replication of the vaccine virus in humans was not predicted by

studies in mice.

Pandemic 2009 H1N1 Influenza Vaccines

The emergence of the pandemic 2009 H1N1 influenza virus prompted a rapid

response from the research community and vaccine manufacturers to develop a

vaccine against the emerging virus. Inactivated and live attenuated vaccines, based

on the A/California/07/2009 (H1N1) virus, were produced using the same

manufacturing process and regulatory infrastructure as for seasonal influenza vac-

cines in order to make vaccine available expeditiously. The pandemic 2009 H1N1

vaccines were evaluated in limited clinical trials to support licensure but extensive

pre-clinical testing in animals was not performed. Inactivated and live attenuated

vaccines for the novel H1N1 influenza virus were licensed in September 2009 in the

US. Animal models, however, will be needed for the continued study of the

pandemic 2009 H1N1 influenza virus and for the evaluation of alternative

approaches to develop vaccines against this pathogen. Several laboratories have

reported studies of pandemic 2009 H1N1 influenza virus isolates in laboratory

animals. These studies are summarized in the following section.

6.5 Mice

Pandemic 2009 H1N1 influenza viruses isolated from humans replicated efficiently

in the respiratory tract of BALB/c mice without prior adaptation [171, 172].

However, differences in the severity of disease caused by the A/California/04/

2009 (H1N1) isolate were reported by the two laboratories. Maines et al. reported

that the A/California/04/2009 (H1N1) isolate was highly infectious in the mouse

model, with a 50% mouse infectious dose (MID50) of between 100.5 and 101.5
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plaque forming units (PFU), but this virus and two other isolates (A/Texas/15/2009

and A/Mexico/4108/2009) were not lethal in mice; whereas Itoh and co-workers

reported that the A/California/04/2009 (H1N1) virus was lethal in mice at an LD50

of 105.8 PFU, and that mortality was also observed in mice infected with another

isolate, WSLH34939 (LD50 of 104.5 PFU). In both studies, weight loss was

observed in mice following infection with A/California/04/2009, but the disease

was far more severe in the study conducted by Itoh et al. In both studies, the peak

virus titer in the lungs at day 3 post-infection was similar (between 105.8 and 107.8

PFU), and virus replication was restricted to the respiratory tract. Higher levels of

virus replication and more severe pathological changes were observed in the lungs

of mice infected with the pandemic 2009 H1N1 influenza virus compared to those

inoculated with a recent seasonal human H1N1 influenza virus. Prominent bronchi-

tis and alveolitis, with positive staining for viral antigen were observed on day 3 p.i.

in mice infected with A/California/04/2009, with signs of regeneration present by

day 6 p.i. [171]. Mice that were inoculated with the seasonal H1N1 virus had

progressed to bronchitis and peribronchitis by day 6 p.i., but there was much less

extensive staining for virus antigen in the tissues from these animals.

An inactivated split-virion vaccine for pandemic 2009 H1N1 influenza, admi-

nistered with or without adjuvant (MF59), was evaluated in mice [173]. These

studies suggested that a single dose of vaccine required an adjuvant to elicit a serum

HAI response that was predictive of protection. Interim data from human clinical

studies demonstrated that a single dose of 7.5 mg of HA, administered with MF59,

did indeed elicit serum antibody responses that were predictive of protection,

according to the criteria for the licensure of seasonal influenza vaccines [174].

However, data from recipients of the same vaccine administered without adjuvant

were not reported [174]. Interim data from clinical trials of an inactivated pandemic

2009 H1N1 influenza vaccine suggest that, surprisingly, a single dose of unadju-

vanted vaccine is sufficiently immunogenic to meet the criteria established for the

licensure of seasonal influenza vaccines [175]. The preliminary data from clinical

trials of the pandemic 2009 H1N1 vaccine show evidence of immunologic priming

to the novel H1N1 virus. The complex previous immunologic experience of

humans with influenza viruses, either by prior infection or vaccination, cannot be

emulated easily in experimental animals.

6.6 Ferrets

The replication and virulence of pandemic 2009 H1N1 viruses, compared to recent

seasonal H1N1 human influenza viruses, were evaluated in ferrets [171, 172, 176].

Beyond a mild level of inactivity, overt clinical signs of influenza were not

observed in ferrets inoculated with A/California/04/2009 [171, 172]. More pro-

nounced clinical features, some resulting in euthanasia, were observed in ferrets

inoculated with virus isolates from Texas and Mexico [172], but not in animals that

received pandemic 2009 H1N1 virus isolates from Wisconsin, the Netherlands and
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Japan [171]. The clinical symptoms seen in ferrets did not reflect the severity of

infection in the patients from whom the viruses were isolated.

In general, the pandemic 2009 H1N1 viruses and recent seasonal H1N1 influ-

enza viruses replicated efficiently and to similar levels in the upper respiratory tract

of ferrets, but the pandemic 2009 H1N1 viruses achieved higher titers in the lungs

[171, 172, 176]. The virus was also detected in rectal swabs and tissue samples

taken from the intestinal tract of infected ferrets [172]. There have been sporadic

reports of gastrointestinal symptoms in human cases of pandemic 2009 H1N1

influenza infection [177], but this does not appear to be common, and the signifi-

cance of this observation, with respect to pathogenesis of infection with these

viruses, is not clear.

Pathologic changes were observed in the respiratory tract of ferrets inoculated

with either seasonal or pandemic H1N1 viruses, but the changes were more

extensive and more severe in ferrets infected with the pandemic 2009 H1N1

viruses. Itoh et al. reported similar levels of viral antigen in the nasal mucosa of

animals that received either seasonal or pandemic virus. The lungs of ferrets

inoculated with the seasonal H1N1 virus A appeared mostly normal, whereas

A/California/04/2009-infected ferrets had more severe bronchopneumonia with

prominent expression of viral antigen in the peribronchial glands and in a few

alveolar cells. Similarly, ferrets inoculated with a pandemic H1N1 isolate from the

Netherlands had mild to moderate, multi-focal, necrotizing rhinitis, tracheitis,

bronchitis and bronchiolitis on day 3 p.i. with viral antigen observed in many

cells in the nasal cavity, trachea, bronchus, and bronchioles while the pathologic

changes and the presence of viral antigen were limited to the upper respiratory tract

and were less extensive, respectively, in ferrets inoculated with seasonal H1N1

influenza [176]. By day 7 p.i., most of the virus-infected cells had been cleared from

the respiratory tract of ferrets inoculated with either the seasonal or pandemic H1N1

virus. The pandemic 2009 H1N1 influenza viruses were also found to efficiently

transmit via direct contact and respiratory droplets. In summary, the pandemic 2009

H1N1 viruses replicated more efficiently than seasonal H1N1 influenza viruses in

the lower respiratory tract of ferrets. This increased level of replication was

associated with more severe pathologic changes in the lower respiratory tract, but

did not generally result in more severe clinical illness.

6.7 Non-Human Primates

As described above, there have been several reports of the use of non-human

primate species as models for studies of influenza infection and for the evaluation

of experimental influenza vaccines. To date, there is only one report of infection of

non-human primates with pandemic 2009 H1N1 influenza viruses. Itoh and collea-

gues studied the infection of cynomolgus macaques with A/California/04/2009

(H1N1) virus [171]. As with the previous studies of avian H5N1 influenza viruses

in this model, multiple routes of inoculation were used to establish infection:
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animals were inoculated with a total dose of 107.4PFU via the intratracheal,

intranasal, ocular and oral routes. Macaques inoculated with the A/California/04/

2009 (H1N1) virus experienced a greater increase in body temperature than animals

that received a recent seasonal H1N1 virus, but they exhibited no other clinical

signs of infection. The pandemic 2009 H1N1 virus replicated more efficiently in

both the upper and lower respiratory tracts of macaques, achieving titers of between

104.3 and 106.9PFU in the lungs on day 3 p.i. High titers of virus (>105PFU) were

still detected in the oro/nasopharynx, tonsil and bronchi of one animal on day 7 p.i.,

but it had been cleared from the other respiratory tissues.

Pathologic changes were observed in animals inoculated with either pandemic

or seasonal H1N1 influenza viruses, but these lesions were more severe in the

animals that received the pandemic 2009 H1N1 virus. On day 3 p.i., an edema-

tous exudate and inflammatory infiltrates in the alveolar spaces with severe

thickening of the alveolar walls were observed. Cells which appeared to be

type I pneumocytes, that were positive for viral antigen, were distributed in the

inflammatory lesions, and many type II pneumocytes were also positive for virus

antigen. A thickening of the alveolar wall was also observed in large sections of

lungs from monkeys infected with the seasonal H1N1 influenza virus, with

prominent inflammatory cells in the alveolar wall. However, cells staining posi-

tive for viral antigen were sparse, and were only type I, not type II, pneumocytes.

By day 7 p.i., the lung pathology remained more severe in the animals that

received the pandemic virus than in those infected with the seasonal influenza

virus, and many antigen-positive cells were still visible; however, regenerative

changes were also evident.

7 Correlates of Protection from AI Viruses and Regulatory

Concerns

Despite the fact that the correlates of protection from AI virus infections in humans

are not known, the criteria for licensing pandemic influenza vaccines are based on

the previous experience with vaccines against seasonal influenza. In Europe and the

United States, regulatory authorities have published guidances for vaccine manu-

facturers that attempt to balance the need for expedited approval of pandemic

influenza vaccines with the requirements for the demonstration of safety and

immunogenicity of candidate vaccines.

In the United States, for example, a guidance for vaccine manufacturers,

published in 2007 [178], states that licensure of both inactivated and live attenuated

vaccines for pandemic influenza should be based on the percent of subjects achiev-

ing an HAI antibody titer of 1:40 or greater, and on the rate of seroconversion,

which is defined as a fourfold or greater rise in post-vaccination HAI antibody titer.

This could be particularly problematic for live attenuated AI vaccines, since

experience with seasonal live influenza vaccines indicates that serum antibody

levels do not correlate with the efficacy of such vaccines. Results from clinical
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trials conducted so far with live attenuated AI vaccines suggest that the measure-

ment of immune responses other than serum HAI and neutralizing antibody, for

example, serum IgA levels in pre-clinical studies, may be of value. Efficacy studies

in animal models, although not an absolute requirement, may at least provide

evidence that biologically relevant immune responses are elicited by candidate

vaccines.

This guidance is intended to allow for rapid marketing approval of pandemic

influenza vaccines that are produced using manufacturing processes that are already

validated for seasonal influenza vaccines so that the licensure of the pandemic

vaccine is essentially a strain change. Such approval requires much more limited

testing of the candidate vaccines in animal models. In the European Union, man-

ufacturers are required to submit information on the production and pre-clinical

testing of a “mock-up” pandemic vaccine. In the event of a pandemic, a vaccine

made in the same way as the mock-up vaccine, but based on the nascent pandemic

virus, will be produced and will be subject to limited pre-clinical characterization,

including immunogenicity studies in animals on at least one batch of the product

[179]. Efficacy studies of the actual pandemic vaccine formulation in animals are

not required. However, extensive pre-clinical testing of the vaccine candidate is

required for new vaccine modalities and formulations, including formulations of

approved vaccines with adjuvants.

In the US, a regulatory mechanism was introduced under what is commonly

referred to as the “animal rule” [180] for obtaining marketing approval of vaccines

for which efficacy studies in healthy human volunteers are either unethical or not

feasible. This regulation stipulates that, in cases where efficacy of vaccines in

humans cannot be definitively determined, marketing approval for a vaccine may

be granted based on “adequate and well-controlled animal studies”, provided the

basis for vaccine efficacy is reasonably well understood, and that the animal

responds to the vaccine in a manner that is predictive of the response in humans.

Studies in more than one animal species would typically be required, unless a single

animal model is available that can faithfully predict the efficacy of a vaccine in

humans. It is unclear, at this time, whether this rule will eventually be applied to

vaccines for pandemic influenza. In any event, it is critical that the predictive value

of the available animal models for immunogenicity and efficacy of pandemic

influenza vaccines be determined systematically using the same vaccine formula-

tions that are progressing into clinical studies.

8 Conclusion

Although several animal species support the replication of human and AI viruses, a

survey of the literature leads to the conclusion that there is no single ideal animal

model for the evaluation of influenza vaccines. Some animal models are more

suitable than others in predicting the attenuation of live virus vaccines, or more

closely reflect the human immune response to vaccines. Animal models certainly
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play a crucial role in the evaluation of influenza vaccines, but the limitations of the

models must be taken into account when decisions regarding which vaccine

candidates should move forward into clinical trials are made.

The evaluation of vaccines for pandemic influenza presents additional chal-

lenges, in that, the correlates of protection from AI viruses are not known, and so

there may be a greater need for reliance on data from animal studies for these

vaccines. It is critical that the behavior of AI viruses with pandemic potential be

characterized in a range of animal models. Even from limited observations, it is

clear that replication of AI viruses and their ability to cause disease in animals

depends on the host species, and is subtype and even strain specific. To date, the

level of replication and the immunogenicity of live attenuated AI candidate vaccine

viruses seen in animal models have not accurately predicted the behavior of these

vaccine viruses in humans. Therefore, pre-clinical safety, immunogenicity and

efficacy data from animal studies must be carefully considered in the evaluation

of pandemic influenza vaccines.
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Live Attenuated Influenza Vaccine

Harry Greenberg and George Kemble

Abstract The development of the live, attenuated influenza vaccine (LAIV),

based on the cold-adapted (ca), attenuated ca A/Ann Arbor/6/60 and ca B/Ann

Arbor/1/66 backbones, has spanned several decades. The vaccine contains three

vaccine strains, two attenuated influenza A strains and one attenuated influenza B strain;

these vaccine strains are genetic reassortants, each harboring two gene segments

from the currently circulating wild type virus conferring the appropriate antigens

(e.g., A/H3N2, A/H1N1 or B) and the remaining six gene segments of the live,

attenuated influenza A or influenza B donor virus. Both donor viruses have complex

genetic signatures that control the key biological traits of the resulting genetic

reassortants, including temperature-sensitivity in vitro and attenuation in an animal

model, and the overall attenuation of the vaccine. Studies in humans have demon-

strated that the attenuated vaccine strains can elicit humoral antibodies as well as

cellular immunity; both responses are generally more readily detectable in children

than in adults. A number of different clinical studies in children and adults have

shown that this vaccine can reduce the burden of influenza illness in vaccinated

subjects, including seasons in which the circulating wild type strain has antigeni-

cally drifted from the antigens included in the vaccine. These attributes of the live

vaccine, as well as others including the ability to produce substantially more

vaccine doses per egg than inactivated influenza vaccine make it a potentially

useful platform to generate an effective vaccine, to combat both annual seasonal

influenza and future influenza pandemics.
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1 Introduction

One key principle in determining whether a vaccination strategy is likely to be an

effective means of controlling disease is the observation that natural infection by a

pathogen results in the protection of the individual from subsequent illness with the

same or highly related pathogens. Natural infection with wild-type influenza virus

elicits a highly protective and long-lasting immune response that protects the

individual from suffering influenza illness following re-exposure to the same, or

similar, strain of influenza. Historical analyses have shown that individuals infected

with an A/H1N1 strain in the early 1950s were protected from illness when the

same virus circulated nearly 25 years later [1]. Despite this long-lasting and highly

effective immunity, adults are susceptible to influenza-like illness on a regular

basis. This apparent paradox is not due to waning or ineffective immune responses,

but rather to the fact that the influenza virus continually evolves in the human

population by undergoing genetic changes in all its genes including those encoding

the major antigens on the virion surface, which are targets of protective immunity.

These ongoing changes in the two surface proteins, the hemagglutinin (HA) and

neuraminidase (NA) glycoproteins, lead to antigenic drift. At some point, the newly

evolved drifted influenza strain differs sufficiently from its progenitor so that the

immunity built up to the progenitor in the human population is no longer capable of

efficiently reacting with the new influenza strain, and the drifted variant is now

poised to cause a new epidemic wave of disease. This evolving pattern of mutations

resulting in diminished immunity in the population takes place continually and it is

the rule that every year at least one of the circulating influenza strains has mutated

sufficiently to require a change in vaccine content in order to preserve high levels

of efficacy.

Immune responses to influenza can be measured in many different compartments

including IgG and IgA in the serum, secretory IgA in the nasal secretions, and T, B,

and NK cells in the periphery as well as various lymphoid tissues, especially those

in the respiratory tree. Functional antibodies that neutralize the virus or prevent it

from binding its cognate receptor, frequently designated as hemagglutination inhi-

biting (HAI) antibodies, can be found in the serum and occasionally in nasal

secretions; the cellular immune responses and additional antibody responses target

a variety of regions on the viral HA, NA, and other proteins encoded by the virus

particularly M, NP, and NS. Several of the immune responses to the virus have been

correlated with protection from disease, especially the quantity of HAI or neutraliz-

ing antibodies in the serum and potentially, the titer of serum antibody to NA as

well. Despite the presence of these multiple measures of immunological memory

and effector functions and availability of substantial information correlating some

of these measures with protection, the fundamental role each has in preventing

illness following re-exposure to influenza remains to be elucidated. Due to the

complexity of the immune response to influenza infection and the lack of a detailed

mechanistic understanding of the specific components of the response that provide

protection, designing an optimally effective vaccine that targets only a limited
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subset of viral peptides or antigens has been difficult. A vaccine strategy that

effectively mimics the immune response elicited by natural infection would be

expected to provide an effective, cross-reactive, and long-lasting immunity.

2 Background

Inactivated influenza vaccines were first put into use over 50 years ago for the

military. In the late 1960s, the process of cold-adaptation was applied to the influenza

virus for the purpose of generating a live attenuated vaccine with the hope that such a

vaccine would generate broader and higher levels of immunity. In 2003, following

decades of research and development, a live attenuated influenza vaccine (LAIV)

based on the ca A/Ann Arbor/6/60 and ca B/Ann Arbor/1/66 backbones was

licensed in the United States. This vaccine is used for active immunization to prevent

influenza-like illness in children and adults, 2 through 49 years of age and is

currently manufactured in specific pathogen-free embryonated chicken eggs. The

vaccine is a trivalent blend of three LAIV vaccine strains, A/H1N1, A/H3N2, and B,

each recommended annually by the U.S. Public Health Service to antigenically

match the strains expected to circulate in the upcoming influenza season. The

material is blended such that the dose of each strain is approximately 7 log10 of

infectious particles and is filled into sprayer devices that deliver the vaccine liquid

into the nasal passages. The original licensed vaccine formulation was stored frozen

until immediately prior to use, while the current vaccine is stored at refrigerator

temperature, 2–8�C. The first 2 decades of LAIV clinical studies, many sponsored by

the U.S. National Institutes of Health (NIH), were performed using monovalent and

bivalent formulations of the vaccine delivered by nasal drop rather than spray and

have been extensively reviewed previously [2]. This chapter describes the key

studies during the development and characterization of the trivalent formulation of

LAIV.

3 Development of Cold-Adapted Influenza Vaccine Strains

Live attenuated vaccines that are delivered by the same route of entry as the wild-

type pathogen are expected to induce an immune response that is similar to the

natural pathogen without eliciting the typical signs or symptoms associated with

illness. This approach does not require a predetermined knowledge of the identity

or structure of the crucial protective antigens nor a defined mechanistic understand-

ing of the immune effector functions that mediate protection. In the 1960s, John

Maassab at the University of Michigan set out to attenuate influenza virus for

vaccine use through a process designated cold-adaptation. Forcing the virus to

replicate efficiently at lower than normal temperatures was predicted to result in

changes to its genetic makeup making it less fit to replicate at normal and elevated
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body temperatures, thereby attenuating the strain. The A/Ann Arbor/6/60 (H2N2)

strain was isolated from a patient and serially passaged at reduced temperatures in

both eggs and chicken cells along with biologically cloning the progeny at several

intervals [3]. Biological characterization demonstrated that the resulting virus was

cold adapted (ca), as defined by its ability to replicate to titers at 25�C that were

within 2 log10 of titers obtained at 33�C, and temperature sensitive (ts), as defined
by replication of the virus at 39�C that was debilitated by at least 2 log10 compared

to its replication at 33�C [4]. These newly acquired properties of the cold-adapted

progeny, designated ca A/Ann Arbor/6/60, distinguished it from its parent as well

as most wild-type influenza strains. The spectrum of temperatures at which the ca
virus replicated well was lower than the wild-type viruses that caused disease.

Of note, further characterization of ca A/Ann Arbor/6/60 in the highly susceptible

ferret model demonstrated that it was attenuated compared to wild-type influenza

viruses. In contrast to the parental wild-type A/Ann Arbor/6/60 strain, the ca virus

was unable to replicate in the lung tissues of ferrets or elicit signs of influenza-like

illness [5]. Following the success of adaptation of influenza A, Massaab and his

colleagues later isolated and cold-adapted an influenza B virus in a similar manner.

This virus, designated ca B/Ann Arbor/1/66, had similar ca, ts and attenuated (att)
properties as its influenza A counterpart [6]. This virus was even more restricted at

higher temperatures than caA/Ann Arbor/6/60, in that it was significantly restricted
in replication at temperatures as low as 37�C. These two strains provide the genetic
background of all LAIV strains, imparting their ca, ts, and att properties to the

vaccine.

The influenza virus genome is comprised of eight different RNAs or gene

segments. Individual monovalent LAIV strains are derived by combining the

gene segments encoding the two surface glycoproteins, HA, and NA, of a contem-

porary field isolate of influenza with the remaining six internal gene segments of the

appropriate camaster donor virus (MDV), either ca A/Ann Arbor/6/60 or ca B/Ann
Arbor/1/66. The resulting 6:2 genetic reassortant combines the attenuation inherent

to the MDVs with the antigens needed to elicit a neutralizing immune response that

should prevent disease caused by currently circulating strains of influenza.

4 Basic Properties of the Vaccine

4.1 Genetic Basis of Biological Properties of the Vaccine

Sequence analysis and comparison of the genomes of ca A/Ann Arbor/6/60 and ca
B/Ann Arbor/1/66 to their respective parental strains confirmed that a number of

changes had accumulated during passage. Which of these changes were key to

controlling the newly acquired biological properties was not immediately evident

by merely examining the sequences. The first studies to determine the genetic basis
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of the ca, ts, and att phenotypes were performed by creating reassortant viruses via
co-infection of a cell with two biologically distinct strains, the MDV, and, typically,

a wild-type field isolate. The gene segments of these two viruses would reassort and

the resulting progeny could be isolated from each other and independently char-

acterized for retention, loss, or modification of the specific phenotype and their

genetic composition. Because there was little control over which segments would

reassort, distinct strains were used to facilitate selection and screening for the

desired progeny. These studies helped identify the contribution of the PB1 gene

segment to the ts phenotype of ca A/Ann Arbor/6/60. Sometimes, however, the

results were misleading in that the loss of a biological property was not due to a

specific mutation or set of mutations but rather to an incompatibility of gene

segments from two diverse parental influenza strains, also known as the constella-

tion effect. One of the best-documented constellation effects was observed with the

MDV-A M gene segment. A recombinant wild-type virus harboring the M gene

segment of MDV-A was attenuated in animals leading to the conclusion that

specific mutations in this gene segment were responsible for the att phenotype
[7]. However, later work showed that a similar recombinant harboring the M gene

segment from the parental wild-type A/Ann Abor/6/60 strain was also attenuated

[8]. The biological result was not due to the one nucleotide difference in the M gene

segments between ca and wild-type pair; rather the phenotype was due to the

inability of the MDV-A M gene segment, derived from A/Ann Arbor/6/60, to

interact optimally with the other gene segments of the divergent field isolate.

The introduction of reverse genetics enabled biological traits to be associated

with specific nucleotides without having to account for potential problems caused

by constellation effects. Using reverse genetics recombinant viruses are derived

directly from cDNA clones of the viral gene segments, allowing recombinant

viruses with only one or a defined set of changes to be produced. No selection

system or extensive screening procedure is required to obtain the desired recombi-

nant virus; the genome of the recombinant virus accurately reflects the genetic

content of the cDNAs used to produce it. To map and study the impact of the

genetic changes between the wild-type and ca virus pairs two derivatives of A/Ann
Arbor/6/60 and B/Ann Arbor/1/66 were produced, one contained the nucleotides

present in the MDV, the other encoded either eight or nine amino acid changes in

the internal gene segments, respectively, representing the wild-type progenitors.

The changes resulting in the wild-type progenitor sequence were expected to result

in non-ts and non-att properties; these properties were confirmed following

biological characterization. Recombinant viruses were then derived by making

individual or grouped changes in the wild-type or MDV version of the strain and

evaluating the resulting phenotype. The culmination of these studies demonstrated

that five nucleotide positions distributed between the PB1, PB2, and NP gene

segments of A/Ann Arbor/6/60 controlled both the ts and att properties [9]. Studies
with B/Ann Arbor/1/66 revealed that three positions (two in PA and one in NP)

controlled the ts phenotype, an additional two nucleotides in M controlled the att
phenotype, and another subset of three changes in PA and PB2 were responsible for
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the ca phenotype [10,11]. The robustness of these genetic signatures was demon-

strated by placing only the minimal set of changes into divergent influenza strains

and demonstrating the accompanying transfer of the biological traits. For example,

the five changes responsible for controlling ts and att of MDV-A were introduced

into A/PR8/34 (H1N1) and the resulting recombinant virus acquired both the ts and
att phenotypes [12]. Similar studies with ca B/Ann Arbor/1/66 and B/Yamanashi/

166/98 were conducted with similar results [10].

Further molecular and biochemical studies have revealed several different

mechanistic differences between the MDVs and their respective parental wild

type strains responsible for the poor replication at elevated temperatures. For

MDV-A, the amount of mRNA and protein synthesized at the restrictive tempera-

ture is not significantly impacted; however, the amount of vRNA was reduced and a

significant block in the export of vRNP from the nucleus was observed. Virions

released from cells incubated at 39�C, were highly irregular in shape and the

quantity of M1 protein was greatly reduced [13]. All of these defects combine to

restrict the replication of MDV-A at higher temperatures. Studies of MDV-B

revealed defects in the RNA polymerase functions of the PA and NP proteins at

the restrictive temperature (37�C) resulting in poor protein synthesis and vRNA

production at this temperature. The M1 protein of MDV-B was also contributing to

restricted replication at higher temperatures and was packaged inefficiently into

virions at higher temperatures [14]. The fundamental mechanisms restricting the

replication of these vaccine strains at elevated temperatures are a result of

the complex genetic signatures underlying them and work at multiple points of

the replication cycle to provide a robust and stable set of attenuating changes to the

vaccine.

4.2 Genetic Stability of the Vaccine in Manufacturing

Influenza virus, like other RNA viruses, has an RNA-dependent RNA polymerase

that lacks a proofreading function. Picking and sequencing individual plaque

isolates demonstrated an observed mutation frequency of one change per 10,000

nucleotides resulting in a rate of 1.5 � 10�5 mutations per replication cycle [15].

Because of this inherent capacity of influenza virus gene segments to change, the

genetic stability of the vaccine was characterized both within the context of the

manufacturing process as well as following intranasal administration. In general,

manufacturing of the bulk vaccine only requires the seed material to be passaged

once or twice in embryonated eggs. To evaluate the stability of the genetic elements

during manufacture, the genomic sequences of bulk vaccine and its progenitor seed

materials were analyzed, represented by over nine different strains distributed

among nine independent seed materials and over 50 bulk vaccine stocks. Compar-

isons of the genomic sequences of these materials demonstrated that in all cases the

bulk vaccine was identical to the seed material. These data demonstrated that the

vaccine’s genetic composition is stable and unchanged within the parameters used

to manufacture the vaccine on a large scale [16].
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4.3 Genetic Stability of the Virus In the Respiratory
Tract and Transmission

Following intranasal administration, the vaccine virus infects and replicates in

epithelial cells of the upper respiratory tract resulting in an immune response.

Characterizing the genetic stability of the vaccine in humans is an important

element for understanding the properties of the vaccine. Over the course of multiple

decades studying monovalent, bivalent, and trivalent formulations of this vaccine in

clinical studies, no revertants of the vaccine have been identified [2]. To evaluate

the stability of the vaccine following replication in the upper respiratory tract of

humans, a prospective shedding and transmissibility study was designed. Young

children were selected due to the relatively longer duration and greater level of

shedding of the vaccine following administration. Therefore, this population was

expected to represent the most permissive setting for detecting revertants if they

were to arise. In the study of genetic stability, 98 children aged 9–16 months were

vaccinated with LAIV and nasal swab samples were taken at frequent and regular

intervals. Of the children in the study, 86% shed at least one of the three strains in

the vaccine with peak titers ranging from 1 to 8 days post vaccination and the last

isolate shed 21 days post vaccination. The ca and ts phenotypes were preserved in

all the shed viruses tested (135 of 250 isolates were tested) [17]. Of the isolates, 54

were chosen at random and their genomes sequenced in their entirety and compared

to the sequences of the strains used to vaccinate the children. These analyses

revealed that some genetic changes had occurred in a majority of shed isolates

and in some cases the mutations were shared by multiple isolates [18]. These

changes could have arisen during replication in the upper respiratory tract or

could have preexisted in the vaccine material at a level not detected by sequence

analysis of the bulk material. To address the latter hypothesis, samples of the

vaccine material were obtained, amplified by RT-PCR and individual clones were

sequenced. Interestingly, in most cases, the change(s) evident in the isolate shed

from the child were representative of changes that preexisted in the bulk vaccine

material. Despite the presence of these mutations, all isolates invariably retained

their characteristic biological properties, confirming the exquisite genetic stability

that had been previously described in observational studies.

A corollary concern associated with genetic stability and vaccine shedding is the

potential for person-to-person transmission of the virus. Shedding of the vaccine

from an individual is a necessary predecessor for transmission to an unimmunized

contact; however, shedding is not necessarily sufficient for transmission to occur.

The study of the genetic stability of the vaccine in children was also designed to

assess the probability of transmission of the vaccine virus. Young children in a

daycare setting were expected to increase the likelihood of detecting a transmission

event should it occur due to the relatively high level of shed virus in respiratory

secretions, relatively high level of susceptibility to vaccine take, and the general

absence of hygienic practices among young children that generally inhibit trans-

mission of viruses in adults. In addition to the 98 children vaccinated with LAIV,
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97 children received placebo. These children were intermixed and placed in cohorts

that played together in a daycare environment for at least 4 h every day for 3 or

more days each week. Nasal swabs were obtained at regular and frequent intervals

from each child and the presence of vaccine virus was assessed. Vaccine virus was

recovered from 80% of the vaccinated children and in only one confirmed case from

a placebo recipient [17]. The influenza B vaccine virus recovered from the placebo

recipient was shed on only one day and matched the genetic signature of an

influenza B vaccine virus shed by a vaccinated member of the same playgroup

several days earlier. The transmitted vaccine isolate was shown to retrain its

characteristic ca and ts properties and exhibited the attenuation phenotype in

ferrets; additionally, the placebo child had no signs or symptoms distinguishable

from other children in the study. These results were applied to the Reed-Frost model

that indicated a 0.58% probability of vaccine transmission occurring from a single

contact of a vaccinated young child with an unvaccinated young child [17]. The

likelihood of transmission from a vaccinated adult would be expected to be

substantially lower, since adults shed virus less frequently and in lower amounts

than children. In a study designed to characterize the shedding of LAIV in adults,

vaccine was recovered from nasal swabs of only 50% of individuals 3 days after

vaccination and, by 10 days after vaccination only 5% of individuals had vaccine

detectable in their nasal swab [19]. This low probability of transmission combined

with the vaccine’s genetic stability give additional confidence in the use of LAIV in

children.

5 Basis of the Immune Response

Infection with wild-type influenza virus leaves the individual with a strong immu-

nological memory that will prevent the same or antigenically similar variant from

causing disease again in the same individual for decades. This immunological

memory can be detected in many different compartments including local mucosal

immunity, serum antibody, and T cells. The immune response to vaccination with

LAIV has been studied in multiple different settings and the immune response is

qualitatively similar but quantitatively less than that elicited by natural infection;

immunity can be documented by mucosal IgA, serum HAI and neutralizing anti-

bodies and cellular T and B cell responses. This observation is not surprising given

that the vaccine stimulates immunity by replication in the upper respiratory tract

similar to that of the wild-type virus. Despite finding evidence for vaccine-induced

immunity at both local and systemic compartments, the specific functional role of

any particular immune response and validated correlates of protection from influ-

enza disease in vaccinated individuals remains unproven.

LAIV elicits a robust immune response in young children, particularly those that

are seronegative for influenza at the time of vaccination [20–22]. Seroconversion

rates, measured by the presence of hemagglutination inhibition antibody in the

serum, can be as high as 80–90% or more in young children after two doses of
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vaccine. Seroconversion rates typically are lower for children or adults who have

preexisting antibody at the time of vaccination [23]; however, at least in children,

preexisting immunity from prior influenza infection or vaccination does not appear

to result in reduced protection following LAIV [24]. The presence of antibody at the

time of immunization may both limit the extent of replication of the vaccine in the

upper airways, evidenced by lower rates of shedding, as well as mask the boosting

of the immune response using relatively crude measures of immunogenicity such as

HAI antibody in the serum. Other immune responses to LAIV have been docu-

mented in children including secretory IgA in nasal secretions and IgG and IgA

antibody secreting cells (ASC) in the circulation 7–10 days after immunization

[25,26]. T cellular immune responses have been evaluated in children. Children 6 to

<36 months of age had measurable IFNg secreting cells in their PBMCs by 13 days

after LAIV; these responses were not evident in children vaccinated intranasally

with heat inactivated LAIV or intramuscularly with inactivated vaccine [27].

Following immunization of children aged 5–9 years, blood was collected at 10

and 28 days post vaccination and stimulated with the A/H3N2 strain ex vivo. Both

the CD4 and CD8 influenza-specific T cells were increased in these children

compared to their pre-vaccination values; additionally, these increases were greater

than those observed for TIV-immunized children in the same study and the CD8þ

T cells induced by vaccination underwent a number of specific phenotypic changes

[28–30]. Of note, in this same population antibody-secreting B cells were also

detected in the periphery within 7–10 days post vaccination.

Immunological markers in adults have been more difficult to measure. Virtually

all adults have had multiple encounters with wild-type influenza and potentially

influenza vaccination during their lifetime and have readily measurable levels of

influenza antibody in their serum prior to vaccination. In contrast to studies in

young seronegative children, vaccination of adults with LAIV infrequently pro-

duces a measurable increase in serum HAI antibody titers. Recent studies on T cell

immunity following vaccination had similar results. One study found no demon-

strable increases in CD4, CD8, or NK activity when cells were stimulated ex vivo

either 10 or 28 days following vaccination, however virus specific CD8 cells were

shown to have decreased CD27 expression following LAIV, consistent with the

presence of effector CD8 cells [28,29]. A separate study described a modest

twofold increase in IFNg PBMCs by ELISPOT in both adult LAIV and TIV

vaccines [31]. Flow cytometry of these cells demonstrated that the cells elicited

by LAIV, but not TIV, had a CD4þ/CD69þ/CD18þ/MIP1a phenotype consistent

with functional tissue-tropic lymphocytes. The levels of pre-vaccination influenza

specific CD4 and CD8 cells increased with age of the subjects and that adults

had significantly higher baseline quantities than children [29]. The level of pre-

vaccination influenza specific CD4þ T cells seems to be a critical determinant of

whether or not vaccines experience a subsequent rise in either CD4 or CD8 T cells

[30]. The relatively modest absolute increase in the cellular response may again be

due to a higher level of influenza immunity prior to vaccination in adults; however,

despite the lack of a large quantitative increase, the phenotypic properties of the

virus specific T cells appear to be influenced by LAIV. In contrast to the T cell and
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HAI responses, adults were generally shown to have increased influenza-specific

antibody-secreting B cells in the blood 7–10 days post LAIV vaccination. While

only 16% of the adults had a serological response measured by a fourfold or greater

increase of HAI antibody following immunization, approximately 80% of the

subjects had a measurable increase in the number of influenza-specific IgG-secreting

antibody-secreting cells in the periphery and this was true for individuals who had

been vaccinated in the prior year as well [25,26]. These data clearly demonstrated

that LAIV elicited a readily detectable B cell response in most adults, which is

consistent with the clinical experience that LAIV is highly efficacious in an adult

population aged 18–49 [32,33]. The current immunological markers typically used

to assess the function of influenza vaccines, such as HAI in the serum, may not be

sufficiently sensitive nor monitor the appropriate compartment to detect a func-

tional immune response to LAIV and better assays that can readily distinguish

between preexisting and vaccine induced antibody are needed.

Vaccine studies often rely on correlate markers to demonstrate that the vaccine

will perform as expected under the conditions being studied. A robust correlate of

protection is an immunological marker that when present coincides with protection

from disease upon subsequent exposure to the wild-type virus and the lack of which

correlates with susceptibility to illness. Due to high rates of efficacy demonstrated

for LAIV combined with the difficulty in using traditional serum-based influenza

assays to measure an immune response in adults, these markers have been difficult

to identify for LAIV. In children, particularly young children who are immunologi-

cally naive to influenza, vaccination with LAIV elicits a robust immune response

that can be detected in multiple compartments. One study evaluated potential

correlates of protection by inoculating children with either vaccine or placebo,

followed by a relatively long interval at which point samples were taken to measure

humoral immune responses, and then these children were given another dose of a

monovalent vaccine strain. By correlating the level of immune response using a

variety of immunological assay systems with shedding of the challenge vaccine

virus, the utility of the various assays for predicting protective immunity was

assessed [20]. First, the presence of serum HAI antibody strongly correlated with

the absence of shed challenge virus. These data demonstrated that at least in

children, a positive correlation existed for this marker. However, when the two

groups of children who were seronegative at the time of challenge were compared,

there was a significant increase in the number of children who shed vaccine in the

placebo group compared to the LAIV-vaccinated group. These data led to the

conclusion that the absence of serum HAI did not correlate completely with

susceptibility. The same trends were observed when secretory nasal IgA was used

as the marker. The observation that the presence of these markers correlates with

protection helps identify potentially useful immunological measures; however, the

observation that absence of these markers does not correlate with susceptibility

argues that other important immune mechanisms may be overlooked when only

serum HAI or secretory IgA are evaluated. Studies have demonstrated that LAIV

elicits both humoral and cellular immune responses and those responses can be

found at both mucosal and peripheral sites. A more recent study combining clinical
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efficacy with the IFNg ELISPOT assay has suggested that a threshold number of

IFNg secreting T cells may eventually be identified that correlates with vaccine

induced protection from disease, however, further studies will be needed to define

the threshold among different strains, seasons and populations [27]. The functional

immune mediators that govern protection from disease have not yet been eluci-

dated, may be multi-factorial and may differ among populations as well. Further

study will be needed to identify practical correlates for vaccine efficacy as well as

detailed immunological profiling to understand the functional components of an

effective immune response and how it controls disease.

6 Performance of the Vaccine in Clinical Studies

Vaccines derived from ca A/Ann Arbor/6/60 and ca B/Ann Arbor/1/66 have been

extensively characterized in clinical studies. Prior to the mid 1990s, monovalent

and bivalent forms of these vaccines were evaluated in over 15,000 subjects in a

number of different clinical studies, many of which were sponsored by the NIH [2].

More recently, studies focused on both the frozen and refrigerator stable trivalent

formulations of LAIV, have been conducted in a wide range of settings in indivi-

duals from 6 months to over 80 years of age.

The efficacy of the trivalent form of the vaccine has been evaluated in a number of

settings in different age cohorts throughout the world. The vaccine has reproducibly

been shown to prevent influenza-like illness (ILI) caused by all three influenza types

including, A/H1N1, A/H3N2, and B. A meta analysis of placebo-controlled studies

measured the mean efficacy of two doses in previously unvaccinated young children

of 77% (95% CI: 72, 80), with efficacy of 85, 76, and 73% against A/H1N1,

A/H3N2, and B, respectively; the mean efficacy of one dose in previously vacci-

nated children was 87% (95% CI: 81, 90) [27,34–42]. In addition, a single dose of

vaccine, while not optimal, has been shown to provide a high degree of clinical

efficacy among previously unvaccinated young children [37,43]. Interestingly, three

studies were conducted in which LAIV was compared to TIV-vaccinated subjects.

In the largest of these studies, which included over 8,000 children and approximately

491 isolates from children who had modified CDC-ILI, LAIV was shown to reduce

the burden of illness by nearly 55% compared to TIV. Of note, all the A/H3N2

strains circulating in this study were antigenically mismatched to the two vaccines

and the children vaccinated with LAIV had 79% fewer cases of modified CDC-ILI

compared to the TIV group [35]. In two other studies, one conducted in children with

recurrent respiratory illness and the other in older children with asthma, LAIV was

also shown to be more efficacious than TIV [38,39].

Two placebo controlled field studies in adults have been reported using either

effectiveness endpoints [44] or culture confirmed prevention of influenza-like

illness in adults 60 years or older [45]. Additional comparative efficacy and

effectiveness trials in adults have evaluated LAIV and TIV. In a study in which

serosusceptible subjects were challenged with wild type virus, laboratory documented
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illness was observed in 7% of LAIV recipients, 13% of TIV recipients, and 45% of

placebo subjects demonstrating that both vaccines were efficacious [33]. In a series of

field studies in young adults TIV was shown to be more efficacious than LAIV,

however, both groups had less illness than observed in the placebo group. In a study

conducted in the 2007–2008 influenza season, 1952 subjects were enrolled and the

inactivated vaccine was shown to have an efficacy of 72% (95%CI, 48–84) compared

to the placebo and LAIV had an efficacy of 29% (95%CI,�14 to 55) compared to the

placebo resulting in a relative efficacy of 60% (95% CI 33–77) for the inactivated

vaccine [46–48]. These two vaccines have also been studied in military personnel,

who can be exposed to high rates of morbidity due to influenza illness. In a retrospec-

tive cohort analysis, LAIVwasmore effective than TIV at preventing influenza illness

in recruits and TIV was slightly more effective in nonrecruits [49]. In an analysis of

more than a million nonrecruits, TIV was more effective at lowering health care

encounters for pneumonia and influenza thanLAIV, and the latterwas shown effective

in only one of the three seasons analyzed. However, LAIV was effective in the subset

of vaccine naı̈ve service members and similar to the effectiveness of TIV [50]. The

varying results of these studies in adults compared to studies in children, where LAIV

has appeared to bemore efficacious thanTIV,may reflect the interaction ofLAIVwith

the immune system of the adult host.

In controlled studies, the most common adverse events in children were runny

nose or nasal congestion, low-grade fever, decreased activity, and decreased appe-

tite. In the youngest children, who received two doses of vaccine, no significant

differences were observed following the second dose. In adults, the most common

adverse events are runny nose/nasal congestion, cough, and sore throat, which were

all short lived. The reactogenicity of the vaccine is consistent with replication of a

live attenuated virus in the nasal epithelium of the subject. In a large safety database

study performed in Northern California Kaiser Hospital system, a 3.5-fold increase

in asthma events were noted within 42 days of vaccination in the pre-specified age

stratum of 18–35 months [51]. The observation was further investigated in the large

efficacy study of LAIV and TIV in young children. In this latter study in the

age stratum less than 24 months of age (6–23 months) there were 3.2% of children

in the LAIV group who had medically attended wheezing events within 42 days of

vaccination compared to 2.0% in the TIV group. This difference was significant.

There was no significant difference in rates after 42 days or in the children

24 months of age or older [36].

7 LAIV Results During Circulation of Antigenically

Different Strains

Influenza virus continually evolves; changes in the HA molecule give rise to

variants that are capable of escaping from the preexisting immunity in the popula-

tion. Predicting which of these variant drifted strains will give rise to the next
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epidemic wave of seasonal influenza is an annual challenge addressed by the global

public health authorities. In general, matching the vaccine antigen to the upcoming

season’s influenza strain should result in the best opportunity to produce effective

influenza vaccines; however, because of the continuous nature of antigenic drift, it

is not a rare instance when strains chosen for inclusion in the vaccine do not match

well with the epidemic virus. Immunity elicited by LAIV may provide for a larger

margin of error for antigenic mis-matching than occurs after inactivated vaccine

administration. LAIV has been shown to provide protection against significantly

antigenically drifted variants in several clinical settings. In 1997–1998, children

were immunized with a trivalent blend of LAIV containing the A/Wuhan/359/95

(H3N2) strain. The virus that circulated in the community that year was designated

A/Sydney/05/97 (H3N2) and was antigenically quite distinct from the H3N2

antigen contained in the vaccine. Despite this level of mismatch, the vaccine

conferred efficacy greater than 85% against the A/Sydney/05/97 H3N2 virus [35].

That same season, LAIV was also shown to be effective in adults by monitoring

febrile upper respiratory tract infections and other associated medical utilizations

[44]. In the head to head study of LAIV and TIV in children, LAIV reduced

modified CDC-ILI caused by an antigenically drifted A/H3N2 strain by 79%

compared to TIV [36].

While the relationship between the importance of serum antibody responses and

protection remains undefined, evaluation of the reactivity of serum antibodies to

drifted strains have been performed [21,22]. Young children vaccinated with LAIV

develop a robust immune response to vaccination that can be measured by a rise in

serum HAI and neutralizing antibody titers. Children immunized with LAIV con-

taining the A/Panama/2007/99 strain developed high levels of HAI and neutralizing

antibody following one dose; in contrast only a minority of children receiving one

dose of TIV with the same antigen responded to the vaccine. Notably, antibodies

from children vaccinated with LAIV had significant reactivity to the drift variant

that circulated through the community that year, the A/Fujian-like (H3N2), whereas

the children receiving TIV had little to no reactivity to this strain [22].

8 Influenza Vaccination on Large Population

Influenza vaccination has been shown to have indirect benefits to others in the

community who are not vaccinated. In Japan, the implementation of mandatory

TIV vaccination of school-aged children with inactivated influenza vaccine resulted

in a significant drop in the rate of pneumonia and influenza (P and I) mortality in the

elderly. The rate of P and I mortality remained low for the duration of mandatory

vaccination program and returned to higher baseline levels within 2 years after the

program was abolished, demonstrating the powerful impact of reducing the burden

of illness in young children on the community at large [52,53]. Two large field

studies of the LAIV vaccine have been reported in which the impact of vaccination

on both the vaccinated population and the non-vaccinated population were studied.
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In a large open-label study in the Temple-Bolton area of Texas, LAIV was

administered to several thousand children and the rates of medically attended

acute respiratory illness were measured and compared to a similar control commu-

nity. LAIV vaccination significantly reduced illness in the vaccinated individuals in

the intervention community even in years in which a drift strain circulated through

the community [54,55].

9 LAIV Technology and Pandemic Preparedness

Application of an effective and widely available vaccine is the best solution to

prevent significant morbidity and mortality resulting from a severe influenza

pandemic. A vaccine that has the ability to elicit an immune response in individuals

who have had limited exposure to influenza, protect against disease caused by

drifted strains, ease of administration, and the potential for rapid large scale

manufacturing would be a good solution for a pandemic response. LAIV technol-

ogy has the potential to match these characteristics. Extending the understanding of

seasonal LAIV is a major component of pandemic planning during interpandemic

periods. The emergence of a pandemic is the result of adaptation of the novel

pandemic strain to humans, regardless of whether it originated in fowl, swine or

other species. This adaptation is demonstrated by efficient human to human trans-

mission combined with efficient replication in respiratory tissues. These properties

of the pandemic strain are similar to those of annual epidemic strains in susceptible

humans and predict that the pandemic LAIV strain will perform in a predictable

manner in the manufacturing infrastructure and, importantly, be effective in pre-

venting influenza illness, similar to seasonal LAIV strains.

A second element of pandemic planning was undertaken to construct and

characterize several prototype LAIV pandemic strains to subtypes that were not

fully adapted to humans. These studies were focused on determining whether

constructing libraries of potential LAIV pandemic strains long before a pandemic

occurred. Several LAIV vaccine candidates have been constructed that express HA

and NA of avian influenza subtypes H9N2, H7N3, and H5N1. By using reverse

genetics to construct these vaccine candidates the HA of highly pathogenic wild-

type H5N1 strains, as well as highly pathogenic strains of other subtypes, could be

modified by removing the multibasic amino acid proteolytic cleavage site between

HA1 and HA2, one of several virulence determinants in the wild type strains, prior

to constructing the vaccine candidate. All of these prototype pandemic LAIV

strains were highly attenuated in chickens, mice, and ferrets, and yet produced

immune responses that protect mice and ferrets from challenge with antigenically

similar as well as antigencially drifted strains [56–58]. Furthermore, murine studies

of the H5N1 LAIV candidates with and without the multibasic cleavage site,

demonstrated that removal of the multibasic cleavage site contributed to the

attenuation of the vaccine candidate and, as a result of lower levels of replication,
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reduced the immunogenicity in this model [59]. These same prototype pandemic

LAIV strains were evaluated in small scale clinical studies in adults. The replication

of each of these vaccine candidates was highly restricted in seronegative adults and

the immune response varied by strain. Measuring serum antibodies by a combina-

tion of HAI, ELISA, and neutralization assays resulted in 100, 90, and 52% of the

subjects exhibiting evidence of immune response following two doses of the H9N2,

H7N3, and H5N1 LAIVs, respectively [60–62]. Each of these prototype pandemic

LAIVs was highly attenuated, likely more than typical seasonal LAIV strains,

possibly as a result of the presenting the human immune system with a vaccine

expressing atypical, avian HA and NA antigens.

Several aspects of a pandemic are likely to be different than a typical seasonal

epidemic and these unique features will alter the normal course of actions taken by

public health authorities as well as vaccine manufacturers. First, the pandemic is

likely to spread quickly and on a global scale. An effective vaccine will need to be

administered to a large portion of the world’s population. Currently, the annual

worldwide distribution of influenza vaccines is only adequate for 300 million doses,

far short of the six billion people who will need the vaccine. In addition, the nature

of the pandemic antigen will be atypical; it will be comprised of an HA that has not

circulated previously and vaccine seed strains will need to be quickly assembled.

LAIV technology has the potential, capacity to prevent disease caused by antigeni-

cally drifted strains. A second essential feature of an effective pandemic strategy is

rapid and large-scale production capacities. The dose of 7 log10 infectious particles

of LAIV is a small antigenic mass compared to TIV. One dose of LAIV represents

less than approximately 1% of an inactivated (15 mg) vaccine dose of antigen. This
efficiency translates into the potential to rapidly produce large quantities of bulk

LAIV compared to inactivated vaccine. The capacity to produce large amounts of

LAIV rapidly combined with its potential for cross-protection, ease of administra-

tion and high degree of efficacy in immunologically naive populations make this a

promising candidate for pandemic preparedness.

10 Conclusion

The utilization of this novel vaccine technology continues to be refined and

improved. Recent studies in children should enable greater use of this vaccine in

this highly susceptible and vulnerable population. The current manufacturing

methods used to make LAIV are based on production technologies that are over

50 years old; more modern production methods including manufacturing in cell

culture substrates, are being developed. In addition, the generation of the 6:2

reassortant viruses used to initiate seed strain is being refined and integrated with

the use of reverse genetics technology. Finally, the attributes that make this vaccine

effective in young children is being further explored and developed to apply to

pandemic solutions.
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Cell Culture-Derived Influenza Vaccines

Philip R. Dormitzer

Abstract Conventional egg-based vaccine manufacture has provided decades of

safe and effective influenza vaccines using the technologies of the 1930–1960s.

Concerns over the vulnerability of the egg supply in the case of a pandemic with a

high pathogenicity avian influenza strain have spurred the development and licen-

sure of mammalian cell culture-based influenza vaccines, the first major technolog-

ical innovation in influenza vaccine since the mid-twentieth century. Mammalian

cell culture provides a readily expansible, secure substrate for influenza vaccine

manufacture, free from the need to suppress the bioburden associated with eggs.

Most current cell culture-based vaccines still rely on seed viruses isolated in eggs.

Conversion to a fully egg-free process is likely to increase the range of seed viruses

available and improve the match between vaccine seed strains and circulating

strains. The risk of adventitious agent introduction during manufacture in thor-

oughly characterized mammalian cell substrates is certainly low and probably

significantly lower than the risks in egg-based manufacture. In clinical trials,

cell-based influenza vaccines have proven safe and equivalent in immunogenicity

to egg-based influenza vaccines. The higher containment that is possible with cell-

based production proved valuable during the 2009 pandemic, when large-scale

production of vaccine bulks could begin in cell culture manufacturing systems at

biosafety level 3, while egg-based production was delayed, waiting for the

biosafety level of the pandemic stain to be decreased. For cell-based production

to replace egg-based production of influenza vaccine, the new technology will need

to demonstrate its robustness over multiple strain changes and its economic

competitiveness.
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1 Introduction

Like the Apollo space program, the global system of influenza vaccine production

is a testament to what could be accomplished with mid-twentieth century technol-

ogy, applied with creativity and determination. Even in the early twenty-first

century, the goal of making a vaccine that is updated with up to three new strains

every year (indeed, twice a year due to the staggered seasonality of the hemi-

spheres), combined with the occasional pandemic vaccine, remains the most

impressive feat in vaccinology. We look at the first manned moon landing in

1969 and ask “How could this have been accomplished with a guidance system

that had only 38K of memory?” Although biology has undergone a revolution since

that time, most of the technology in conventional influenza vaccines dates from the

Apollo era or earlier [1]. Indeed, some of the technologies are relics of an agrarian

past. Conventional flu vaccine manufacture still relies on production in fertilized

chicken eggs, release tests based on bleeding immunized sheep, and immunogenic-

ity tests based on mixing human serum with red blood cells from turkeys, chickens,

horses, or guinea pigs. The standard assays required for testing flu vaccine antigen

content (single radial immunodiffusion – SRID) and immunogenicity (hemaggluti-

nation inhibition – HI) have simple visual read-outs that require no analytic

equipment more sophisticated than a ruler. Their simplicity is a strength, but it

also reflects their exclusive reliance on components that were readily available

around the time of the Second World War. The assays carry with them the

variability and idiosyncrasies of tests devised before well-defined, pure biological

reagents and modern analytical tools were generally available.

Fertilized, farm-fresh eggs (used 9–12 days after laying) are an essential com-

ponent of conventional influenza vaccine production. They are used to isolate

viruses from clinical specimens, generate reassortant viruses, and produce the

prodigious quantities of virions from which vaccine antigens are extracted. With

a productivity of approximately one vaccine dose per egg, the hundreds of millions

of doses administered each year require hundreds of millions of eggs delivered on

schedule within a defined manufacturing season. Planning starts approximately a

year in advance. Chickens must beget more chickens to have enough inseminated

female chickens to lay all the fertilized eggs needed. Were a severe avian influenza

outbreak to wipe out the flocks, influenza vaccine production would collapse. What

if the same virus strain also caused severe disease in humans? Because high

pathogenicity H5N1 avian influenza strains can infect humans with high lethality

(but, fortunately, with low transmissibility between humans thus far), such a

scenario is well within the realm of possibility. Concerns about the reliability of

the egg supply have been a chief motivator for efforts to develop cell culture-based

influenza vaccine production. The reasons for the continued use of eggs include

regulatory barriers, decades of experience with egg-based manufacture, technical

challenges with cell-based manufacture, and the large investments required for

updating the dominant technology used for human influenza vaccine production.
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The barriers are surmountable. Veterinary flu vaccines have been produced in

cultured mammalian cells for years. One cell culture-based seasonal trivalent

influenza vaccine (Optaflu® from Novartis Vaccines) is licensed in the EU, and

two cell culture-based monovalent influenza vaccines (Celtura® from Novartis

Vaccines and Celvapan® from Baxter) were deployed as part of the 2009 pandemic

response. Attenuated seed virus generation by reverse genetics for high pathoge-

nicity H5N1 strains [2] and the introduction of cell culture-based manufacturing are

the first fundamental technological advances in influenza vaccines used for protec-

tion of human populations since the discovery of efficient growth of influenza

viruses in embryonated chicken eggs in 1930s and early 1940s [3], the introduction

of “splitting” to separate HA and NA from nucleocapsids in 1964 [4], the develop-

ment of cold-adapted live-attenuated vaccines in 1965 [5], the purification of

influenza viruses by continuous flow ultracentrifugation in 1967 [6], and the

generation of high growth vaccine strains by reassortment in 1969 [7].

2 Isolation of Viruses for Vaccine Seeds

Avian influenza viruses are the primary repository of influenza genetic diversity,

although pigs and horses are also potential sources of zoonotic strains [8]. All 16

hemagglutinin (HA) and 9 neuraminidase (NA) types of influenza A viruses circu-

late among waterfowl. In birds, influenza is primarily an enteric infection. Avian

influenza viruses enter bird intestinal epithelial cells after attaching to a-2,3-linked
sialoside moieties on cell surface glycoproteins or glycolipids [9]. The adaptation of

avian viruses to infect humans efficiently requires mutation of the receptor binding

region of HA so that it can mediate virus attachment to a-2,6-linked sialosides, the

predominant sialoside linkage found in epithelium of the human upper respiratory

tract [10]. A difference in overall contour facilitates the discrimination between

these glycans by HA [11]. Sialosides with an a-2,3 linkage have a gently angled

structure (resulting in a “cone-like” topology); those with an a-2,6 linkage have a

more sharply angled structure (resulting in an “umbrella-like” topology) [12].

Nevertheless, a single amino acid substitution can be sufficient to alter the preferred

sialoside linkage bound by HA [13, 14]. Because the dominant antibodies that

neutralize influenza virus bind near the sialoside recognition site [15, 16], preventing

virus attachment to cells [17], adaptation of influenza virus to replication in humans

alters the antigenic region that is the main target of protective antibodies.

When human respiratory secretions are injected into eggs to isolate influenza

viruses for vaccine seeds, the virus must re-adapt from its mammalian sialoside

specificity to replicate efficiently in avian cells by attaching to a-2,3-sialosides. The
allantoic cavity is the principal compartment of embryonated chicken eggs in which

influenza viruses replicate [3]. The cells of the allantoic membrane primarily bear

a-2,3-sialosides on their surface [14]. To facilitate adaptation to growth in the

allantoic cavity, virus from clinical samples is selectively inoculated into the
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relatively small amniotic cavity [3]. The amniotic membrane bears both a-2,6- and
a-2,3-linked sialosides [14]. Presumably, replication in the amniotic cavity expands

the number and sequence diversity of viruses, increasing the chances that a variant will

arise with a-2,3-sialoside specificity and become competent for replication in the

allantoic cavity [18]. This switch in receptor specificity again selects for a mutation in

the dominant antigenic region around the receptor binding site. Thus, egg-isolated

virus strains and the HA in vaccines derived from them have an obligate sequence

difference and, in many cases, a detectable antigenic difference from the strains that

cause human disease [19, 20]. During the adaptation of B strains to growth in eggs, the

loss of a glycosylation site can cause substantial antigenic changes [21].

MDCK cells bear both a-2,3- and a-2,6-sialosides on their surface [14]. There-

fore, MDCK cells support the isolation of the influenza viruses shed from the

mammalian cells that line the human respiratory tract with no obligate change in

receptor specificity [22]. Accordingly, isolation rates are substantially higher on

MDCK cells than in eggs and are higher still on anMDCK cell line (MDCK-SIAT1)

engineered by the introduction of the cDNA of human 2,6-sialyltransferase to

increase the proportion of a-2,6-linked sialosides on the cell surface [23, 24]. The

difference in isolation rates is greatest for H3N2 strains. Since the introduction of

this subtype into humans in the pandemic of 1968, H3N2 influenza viruses have

adapted to human hosts and correspondingly become more difficult to isolate in

eggs. In 2006 and 2007, of 264 H3N2 clinical specimens inoculated into both eggs

and MDCK cells at the US Centers for Disease Control, only 4% produced viral

isolates in eggs, but 65% produced viral isolates in MDCK cells [25]. The greater

permissiveness of mammalian cells for the isolation of human influenza strains has

led to their widespread use to isolate viruses for the purpose of epidemiologic

surveillance. However, as of the writing of this chapter, these cell-isolated viruses

may not be used for vaccine seeds. If a promising strain is identified by culture on

mammalian cells, an attempt is made to re-isolate the strain from the original clinical

specimen in eggs. This re-isolation is not always successful, restricting the range of

seeds available for manufacture, including mammalian cell-based manufacture, to

only those viruses that can be isolated in eggs [25]. Once the virus, shed from

humans and isolated in mammalian cells during surveillance, is adapted to eggs

and sent to cell-based vaccine manufacturers, it must then be re-adapted back to

growth in mammalian cells. The re-adaptation typically requires two to three

passages. This alternation between substrates wastes weeks during the tight annual

vaccine production cycle, and there is no evidence that egg-adaptivemutations in the

receptor binding region revert upon subsequent passage in mammalian cells.

Has the limited choice of influenza vaccine seeds imposed by continued reliance

on egg isolation had a public health impact? During the 2003/2004 influenza

season, no strain that was antigenically “like” the A/Fujian/411/2002 H3N2 strain

could be isolated in eggs in time for vaccine preparation [26]. Therefore, the

vaccine contained the antigenically mismatched A/Panama/2007/99 H3N2 strain.

Retrospective analyses indicated that the vaccine had decreased effectiveness

compared to vaccines produced during years in which the vaccine H3N2 strain

was well matched to circulating H3N2 strains [27]. That influenza season was
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unusually severe and marked by an increase in pediatric mortality [28]. The degree

to which a better matched vaccine would have ameliorated the severity of the

influenza season is unknown.

As of the writing of this chapter, all seasonal influenza vaccines in commercial

use are produced from influenza strains that have been passaged through chicken

eggs, regardless of whether their final manufacture is in cultured mammalian cells

or chicken eggs. Therefore, the strains have one or more amino acid sequence

differences and possibly antigenic differences from the circulating strains that cause

human disease. How significant are such differences for the efficacy of influenza

virus vaccines? There are no human data to definitively answer this question,

because no influenza virus that has been propagated exclusively in mammalian

cells has been used in a clinical trial that could answer this question. The results of

animal studies are not definitive. Infection of small numbers of ferrets with egg-

isolated and MDCK-isolated viruses cross-protects the animals against influenza

viruses grown on either substrate equivalently, but such experiments would only

detect gross differences in efficacy [22]. Immunization of ferrets with formalin-

inactivated MDCK-grown virus provided better protection against either MDCK-

grown or egg-grown challenge virus than did formalin-inactivated, antigenically

distinguishable egg-grown virus with a single amino acid difference in HA from the

MDCK-grown virus [29]. Although this finding suggests that an all-cell-produced

vaccine might have enhanced efficacy, this interpretation is tempered by the

obscure mechanism of the difference in efficacy, which did not correspond to the

degree of antigenic relatedness of the immunizing and challenge viruses.

Manufacturers and World Health Organization (WHO) Collaborating Centers

have launched a multilateral effort to introduce mammalian cells to vaccine seed

isolation [30]. Manufacturers of non-live influenza vaccines obtain strains from a

common set of Collaborating Center laboratories, and it is impractical for these

laboratories to isolate viruses for each manufacturer on a different cell line.

Therefore, comparative studies will identify a common cell line that permits

efficient isolation followed by ready adaptation to the various manufacturing

processes. Isolation of viruses in mammalian cells could even facilitate the adapta-

tion of additional strains to growth in eggs. The expanded pools following efficient

isolation and expansion in mammalian cells will have greater sequence diversity

than the small number of viable viruses present in the original clinical specimens.

This higher viral titer and expanded diversity could increase the likelihood of

successful adaptation of a strain to eggs.

3 Reassortment and Backbone Selection

To make vaccine seeds for inactivated vaccines from influenza type A strains, the

HA and NA genome segments of egg-adapted clinical isolates are reassorted onto

the “backbone” of A/Puerto Rico/34, an attenuated, egg-adapted strain [7]. To make

the cold-adapted live-attenuated vaccine manufactured by MedImmune, the HA
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and NA of A strains are reassorted onto A/Ann Arbor/6/60 and the HA and NA of

B strains are reassorted onto B/Ann Arbor/1/66 [31]. During reassortment, the

individual genome segments of two or more viruses that coinfect a single cell are

swapped in the progeny viruses – a mating process analogous to the assortment of

chromosomes during sexual reproduction of eukaryotes. The backbone consists of

the genome segments encoding the matrix protein (M), the nonstructural proteins

(NS1 and NS2), the nucleoprotein (NP), and the polymerase complex (PA, PB1,

and PB2). Selective pressure against viruses bearing the HA and NA of the

backbone strain is provided by antisera specific for these determinants [7]. An

ideal 6:2 reassortant would contain only the HA and NA genome segments of the

clinical strain on a full set of other genome segments from the intended backbone

donor. In practice, one or more backbone genome segments of the clinical isolate

may also be incorporated into reassortants that are selected for manufacture.

The egg-adapted current backbones may not be optimal for the productivity of

mammalian cell-based manufacture. Therefore, new cell-adapted backbones may

increase the efficiency of manufacture in mammalian cells. Wild type strains that

grow efficiently in mammalian cells can provide donors for cell-adapted backbones.

Because HA and NA are major determinants of viral growth, selecting a backbone

donor requires comparing consistent sets of HA and NA pairs on alternative back-

bones. With a donor selected, reverse genetics can allow the rational modification of

backbone genome segments to increase productivity from cultured cells and consis-

tency of downstream processing. Efficient polymerase complexes resulting in rapid

replication in mammalian culture are found in some highly virulent strains, such as

the 1918 pandemic H1N1 virus and a variant of PR8 with high virulence for mice

[32, 33]. Therefore, safe vaccine manufacture with engineered highly productive

strains may be facilitated by additional mutations, such as NS-1 deletions or

truncations, that attenuate the viruses in mammals, including humans, while pre-

serving replication efficiency in some mammalian cells [34–36]. In principle,

reverse genetic engineering of backbones could produce strains that are produced

more efficiently in eggs, too. The ability to manipulate both the cell and the virus in

cell culture production systems allows greater application of modern viral and

cellular genetics to cell optimize influenza virus vaccine manufacture.

4 Eliminating Adventitious Agents from Vaccine Seeds

The possibility that passage of influenza viruses from human secretions through

eggs provides a “filter” that prevents the propagation of potential adventitious

agents has been cited as a potential advantage of egg-based seed generation and

manufacture [25]. Concerns have been also been raised that mammalian cell

substrates themselves could be a source of adventitious agents [25]. From 1955 to

1963, simian virus 40 (SV40) from primary monkey kidney cells contaminated

batches of polio virus vaccine [37], although there is no evidence of increased

cancer risk in those who received polio virus vaccine during that period [38].
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Cell lines, like intact organisms, can harbor endogenous retroviruses with the

potential for re-activation [39]. For this reason, cell lines used for manufacture of

vaccines undergo rigorous testing for absence of adventitious agents. Tests include

PCR for known agents, enzymatic assays to detect viral polymerases, electron

microscopy to detect viral particles, inoculation of cultured cells, and inoculation

of animals [40]. In addition, influenza vaccine processing includes steps to elimi-

nate or inactivate adventitious agents [41]. Chickens also carry viruses, such as

Rous sarcoma virus, avian leukosis virus, and reticuloendotheliosis virus, which

could potentially be introduced into egg-based manufacturing. Therefore, eggs used

for manufacture of vaccines for the USA must be derived from flocks certified to be

free of a list of specific pathogens, the production process must be shown to

eliminate listed agents, or the absence of the agents from the vaccine must be

demonstrated [40]. There is a key difference in the adventitious agent testing

possible for cultured cell-based and egg-based production. Representative frozen

aliquots of a banked continuous cell line are scrutinized for microbiological safety

before a vaccine produced from equivalent frozen aliquots of that cell bank is

licensed. It is not possible to apply the same level of rigor in biological control to

the hundreds of millions of freshly laid eggs used in vaccine production each year.

A model for systematically assessing the risk of adventitious agent introduction

by different influenza vaccine manufacturing schemes has been developed [41].

This model weighs the relative ability of viruses found in human nasopharyngeal

secretions or in chickens to propagate in eggs or several mammalian cell types, to

survive inactivation and other steps in the downstream manufacturing process, and

to cause disease in a vaccine recipient. Analyzing available data using this model

indicates that the use of eggs to isolate the virus seeds used for mammalian cell

manufacture does not “filter” viruses found in human nasopharyngeal secretions

more effectively than isolation on MDCK cells, but it does risk introducing avian

viruses [41]. The physical hardiness of some prevalent avian viruses, particularly

reoviruses, renders chicken eggs a chief potential source of agents that are relatively

difficult to inactivate during the downstream processing of vaccines [41]. The risk

that an adventitious agent will survive manufacturing is much lower for split and

subunit influenza vaccines than it is for live-attenuated vaccines. The manufacture

of non-live vaccines includes a virus inactivation step, typically using chemical

agents such as b-propiolactone or formalin. These agents would destroy the infec-

tivity of a live-attenuated vaccine. In addition, the “splitting” of most inactive

influenza virus vaccines (except for whole virus vaccines) – that is, the use of

detergents and sometimes solvents to separate HA and NA from the nucleoprotein

core – adds an additional inactivation step that is particularly effective against

enveloped viruses [41].

The use of eggs rather than cultured cells for isolation of seed viruses and for

reassortment precludes the use of plaque purification, the chief technique employed

in modern research settings to ensure that a viral isolate is clonal – a pure,

genetically homogeneous (to the degree that an RNA viral quasi-species can be

homogeneous) population derived from a single infectious virus. The direct visual-

ization and harvesting of well-separated plaques on a cultured cell monolayer under
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a semi-solid overlay allow assurance that a single virus isolate is being obtained and

allow the selective isolation of viruses with a large-plaque phenotype, which may

correlate with efficient growth in culture [42]. Although decades of experience

indicate that the blind technique of terminal dilution cloning in eggs is an adequate

procedure to provide seeds for safe influenza vaccine manufacture, plaque purifica-

tion in cultured cells can provide an additional margin of safety and selectivity.

The risk that adventitious agents from clinical samples could be introduced into

the vaccine manufacturing process will be eliminated when the generation of

influenza vaccine seeds by gene synthesis followed by reverse genetic rescue

becomes the industry standard [2, 43, 44]. Current reverse genetics rescue starts

by reverse transcribing DNA clones from viral RNA purified directly from an

original clinical specimen or from a cultured virus isolated from such a specimen.

The purification of RNA under biochemically harsh conditions can greatly reduce

the risk of adventitious agent carry-over. Generating influenza-encoding DNA by

chemical synthesis [44] could completely eliminate this source of adventitious

agent risk. In a synthetic scheme, wet bench experiments with patient-derived

specimens would generate sequence information. That information would be trans-

mitted electronically to a DNA synthesizer to make the nucleic acids used for virus

rescue, breaking any conceivable chain of adventitious agent transmission from an

influenza patient’s specimen to a vaccine lot. This advance in the hygiene of

influenza vaccine manufacture will only be possible by using cultured cells to

generate vaccine seeds.

5 The Cell Lines Used in Influenza Vaccine Manufacture

Several influenza vaccine manufactures are developing cell-based production pro-

cesses. Details of these processes and their productivities are, in general, proprie-

tary. Thus, a survey of the published literature would necessarily give an

incomplete and dated impression of the state of the field. Therefore, this section

does not attempt to provide a comprehensive review or a comparison of the relative

merits of different manufacturers’ processes, but rather focuses on key issues in the

development of cell-based influenza vaccine manufacturing. Detailed reviews of

information that can be gleaned from published literature on different manufac-

turers’ cell-based processes are available [45, 46]. This chapter also does not review

advances in making recombinant influenza virus vaccines containing antigens from

sources other than cultured influenza viruses. Such candidates as purified protein,

virus-like particle, vectored, and peptide vaccines are reviewed elsewhere [47].

As of the writing of this chapter, five cell culture-based influenza vaccines have

been licensed for human use. In 2001, Influvac TC® from Solvay (seasonal triva-

lent, split, produced in MDCK cells) was licensed in the Netherlands but was never

commercially distributed due to manufacturing delays [45, 48]. In 2002, Influject®

from Baxter (seasonal trivalent, whole virion, produced in Vero cells) was licensed

in the Netherlands, but subsequent phase II/III trials of this vaccine were suspended
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due to a higher than expected rate of fever and associated symptoms among

vaccinees [45]. In 2007, Optaflu® from Novartis Vaccines (seasonal trivalent,

subunit, produced in MDCK cells) was approved in the EU [48]. In 2009, Celvapan®

from Baxter (H1N1 pandemic, monovalent, whole virion, produced in Vero cells)

was authorized in the EU and sold commercially. In 2009, Celtura® from Novartis

Vaccines (H1N1 pandemic, monovalent, MF59-adjuvanted subunit, produced in

MDCK cells) was authorized in the EU and sold commercially. Sanofi Pasteur,

MedImmune, GlaxoSmithKline, and Crucell all have or have had programs to

develop cell culture-based influenza vaccines.

There are distinctions between the approaches taken by different manufacturers.

For example, Celvapan® is produced by growing wild type virus in Vero cells that

adhere to microcarrier beads. Of the cell lines used to produce influenza vaccines,

Vero cell lines have the longest history in vaccine manufacture. They were first

used to produce inactivated poliovirus and rabies virus vaccines in the 1980s [49].

Because Vero cells at limited passage number do not form tumors when injected

into infant nude mice [50], the defined passage cells used in vaccine manufacture

are considered nontumorigenic. Optaflu® and Celtura® are produced from conven-

tional egg-isolated and (for type A strains) reassorted seeds obtained from WHO

Collaborating Centers and adapted to replicate efficiently in a proprietary MDCK

33016 cell line that grows in suspension culture [48]. Infection of suspended, rather

than adherent, cells simplifies the upstream manufacturing process. The Crucell

vaccine candidate is also produced in a suspension cell line, PER.C6, a human fetal

retinoblast cell line that was immortalized through a defined genetic manipulation –

the introduction of the E1 minigene of adenovirus type 5 [51]. Vero and MDCK

cells were isolated as continuous cell lines by empiric techniques [46, 48, 49].

Influenza viruses, with the exception of highly pathogenic H5N1 strains with

furin-cleavable HA, require the addition of exogenous trypsin to cleave HA into the

HA1 and HA2 fragments, activating the viruses for infection [16]. Trypsin can also

loosen the attachment of adherent cells, a constraint during manufacture with

adherent cell lines. The cell culture media used in influenza vaccine manufacture

are always serum-free and generally animal-product-free, although trypsin and

insulin of animal origin may be added. Animal-product-free preparations of insulin

and trypsin-like serine proteases are available [52]. There is a movement toward

chemically defined media, in which the chemical constituents are explicitly deter-

mined, for cell-based vaccine manufacture.

6 Egg-Based and Cell-Based Vaccine Production Processes

Production in cell culture allows greater control of infection parameters than egg-

based production. Media can be changed or supplemented during the infection.

Oxygen content, nutrient levels, agitation, and pH can be monitored and adjusted.

Known multiplicities of infection can be optimized for each virus strain. A produc-

tion process based on the infection of cultured cells is more complicated than the
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“fermentations” for most biopharmaceutical products [53]. In a standard fermenta-

tion, all cells in a culture produce a product continuously, possibly after induction,

with steady accumulation of a secreted or retained product. Standard parameters of

cell number, cell viability, pH, lactate production, oxygen tension, and product

accumulation are monitored. All of these parameters are also relevant for an

influenza virus infection. However, the proportion of cells infected, the production

and release of virus, level of tryptic activity, and virus-mediated cell lysis must also

be monitored for a well-controlled process. To limit the size of the viral seed pool,

starting multiplicities of infection may be very low. Therefore, as the infection

progresses, the initially infected cells undergo apoptosis and lysis, while other

cells are just entering productive infection. Rates of virus production, HA produc-

tion, and virus release from cells may change during the infection as may the

morphology of released virus and even the viral genotype. The infection continues

during the separation of virus and cells at harvest, which may take hours for

thousands of liters of infected culture. The product, for a subunit influenza vaccine,

is primarily HA. Yet, HA on budded spherical viruses, on budded filamentous

viruses, or retained on cell membranes may behave quite differently in the down-

stream purification. Therefore, a number of virological parameters, in addition to the

usual fermentation parameters, must be monitored to optimize infection. Successful

optimization requires close collaboration between virologists and process engineers.

The complexity of infection optimization is particularly challenging due to the

short interval between the announcement of a new vaccine strain and the start of the

validation runs needed for a seasonal vaccine update or pandemic vaccine release.

The constraints of a product license limit the permissible adjustments of the process.

Therefore, a well-designed and efficient optimization strategy is an essential com-

ponent of cell-based influenza vaccine manufacture. For egg-based processes, many

years of experience provide a database of historically optimal parameters for each

viral subtype. This experience provides a starting point for annual optimization of

egg-based production. That experience is now being obtained, in a compressed time

frame, for mammalian cell-based manufacturing processes.

The material harvested after infection in egg-based and cell-based manufacture

is different. Egg allantoic fluid has a high content of non-influenza proteins.

Harvested cell culture medium is relatively low in protein but contains the trypsin

or trypsin-like proteases added to promote virus spread. The harvest of cell culture

production is sterile (except for influenza virus); the harvest of egg-based produc-

tion is not. Flocks of chickens used to produce the eggs used in vaccine manufacture

may be specific pathogen-free or may meet the lower standards of a “clean” flock

[82]. Neither specific pathogen-free nor clean chickens are germ-free. They have an

abundant bacterial flora. Eggs pass through a hen’s cloaca (Latin for “sewer”), the

common orifice of the chicken digestive, urinary, and reproductive tracts. Eggs for

vaccine manufacture are sanitized to reduce their bacterial load.

The infection in cell-based manufacture takes place in one or a few large (up

to thousands of liters) tanks or bags. The cell culture medium is sterile, and sterility

is maintained throughout the closed production process. In contrast, egg-based

manufacture is an inherently open process. Each egg must be opened for virus
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inoculation, incubated after the shell is breached, and then accessed again to harvest

the virus-containing allantoic fluid. In this process, there is opportunity for the

introduction of agents from workers or the environment and for the leakage of

influenza virus-containing fluid from the eggs. Although a variety of precautions

are taken to minimize the microbiological risks of egg-based manufacture, problems

with bioburden do occur. Serratia marcescens contamination of vaccine bulks at an

egg-based manufacturing plant in Liverpool, UK, led to a plant shutdown and a

severe influenza vaccine shortage in the USA in 2004–2005 [54]. If one of the tanks

used in cell-based manufacture were contaminated, the loss of product would be

large, but readily detected and isolated.Monitoring the sterility of the vast number of

eggs used in traditional manufacture is a much more daunting challenge. To limit

bioburden, traditional manufacture requires the addition of antibiotics to eggs at the

time of virus inoculation and in some cases the addition of antimicrobial compounds

to downstream process streams, until the final sterile filtration of the product. Cell-

based manufacture can be antibiotic-free from start to finish.

After the virus is separated from other components of the harvests, most com-

monly by continuous flow ultracentrifugation [6], the downstream processing of

egg-based and cell-based vaccines is similar, except for the bioburden control

requirements for egg-based vaccines and one additional requirement for cell-based

vaccines – control of host cell DNA size and content. Continuous cell lines, because

they have been immortalized, have undergone one of the phenotypic changes

associated with malignant transformation. Suspension cell lines are anchorage

independent, another phenotype associated with malignancy. Some suspension

cell lines, including MDCK 33016 cells, can establish tumors in highly immunode-

ficient infant nude mice [51, 55]. The tumors are not mouse tumors; they are foci of

MDCK cells. Such dog kidney cell colonies would be rejected in amouse (or human)

with a functioning immune system. Downstream processing of vaccines produced in

MDCK 33016 cells includes multiple filtration steps, detergent treatment steps, and

an inactivation step. The redundancy of the cell removal is such that the risk of any

individual ever receiving an MDCK cell from immunization, even if every individ-

ual who has ever lived or will live until the sun burns out were to receive a flu vaccine

every year for 100 years, is estimated at less than 1 in 1012 [55].

There is a theoretical concern that the genes responsible for the immortalization

and, in some cases, anchorage independence of production cell lines could be

present in cell culture-based vaccines, be taken up by host cells, and bring about

malignant transformation of a host cell [56]. To alleviate this concern, the host cell

DNA content of cell culture-produced, injectable vaccines is limited to less than

10 ng per dose, and the size of DNA fragments is limited to less than 200 base pairs,

precluding the presence of intact oncogenes [40, 49, 56]. DNA can be eliminated at

multiple process steps, including cell separation, virus purification, splitting, and

chromatographic polishing. To further limit DNA content, in-process material may

be digested with benzonase. b-Propiolactone, commonly used to inactivate viruses

in vaccines, also fragments DNA [57]. The use of a known immortalizing gene

to generate “designer” cell lines, such as PER.C6 [58], creates the ability to assay

the presence or absence of the specific transforming gene in a vaccine product.
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Although the transmissibility of some tumors by cell-free extracts was first demon-

strated by studying chicken sarcomas in 1911 [59] (the phenomenon is now known

to be caused by an avian virus, Rous sarcoma virus, that transmits the src oncogene

[60]), the tumorigenic potential of chicken cells and the oncogenic potential of

residual egg DNA in vaccines have not been subjected to the same level of scrutiny

as that applied to cultured cells and residual cultured cell DNA. Egg-based influ-

enza vaccines are not subject to restrictions on host cell DNA content or size. This

disparity reflects, in part, the more relaxed safety standards that prevailed when

egg-based vaccines were first introduced. In fact, clinical experience has given no

indication that human immunization with any vaccine, whether produced in eggs or

cultured cells, predisposes to tumors.

HA content is a key release criterion for inactivated influenza vaccines. For

subunit vaccines, this determination is based on SRID, a technique in which the

vaccine antigen, often treated with Zwittergent, is placed in a well cut into in a layer

of agarose that has been impregnated with a polyclonal, strain-specific sheep

antiserum against a crude preparation of HA [61]. As the vaccine antigen diffuses

into the gel, a zone of immunoprecipitation between the vaccine antigen and the

sheep antiserum forms, visible by scattered light or protein staining. The diameter

of the zone of precipitation is considered proportional to the antigen content of the

vaccine. The sheep antisera and fixed virus antigen standards are provided by

regulatory authorities. The antigens used as standards and as sheep immunogens

are produced in eggs. Therefore, a question has been raised whether such egg-

produced reagents are suitable for the assay of mammalian cell-produced influenza

vaccine antigens [25]. The use of cell-produced reagents to assay cell-produced

vaccines would normalize for any relevant differences in posttranslational modifi-

cation between mammalian cell-produced and egg-produced HA. On the other

hand, if the sheep are immunized with HA that is not completely pure, the elicited

antiserum will contain a mixture of antibodies against HA and antibody against the

impurities from the egg or mammalian cell substrate. Use of reagents derived from

the same platform as the vaccine antigen may therefore result in an overestimation

of HA content, because both HA and substrate-derived contaminants could form

immunoprecipitates. Cross-platform assays (using antisera against egg-produced

HA to assay cell-produced vaccines and vice versa) could prevent this potential

error. Limited data on cross-platform potency assays have been published [62], and

further studies comparing same platform and cross-platform immunoassays are

needed to guide this regulatory decision.

7 Clinical Testing of Cell-Based Influenza Vaccines

Clinical trials have assessed the safety, immunogenicity, and protective efficacy of

cell-based influenza vaccines [49, 63–74]. In published trials, the reactogenicity,

safety, and immunogenicity of cell culture-based vaccines appear to be generally
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equivalent to those of comparable egg-based vaccines – whether MDCK-produced,

Vero-produced, seasonal trivalent, H5N1 monovalent prepandemic, H1N1 mono-

valent pandemic, subunit, split, whole virus, or adjuvanted. There are modest

exceptions. In trials of a Vero-produced H5N1 whole virion vaccine, there appeared

to be less reactogenicity compared with historical egg-produced comparators

[65, 74]. In one trial of a MDCK-produced seasonal subunit vaccine, there was a

modest increase in mild-to-moderate local pain on injection relative to an egg-

produced comparator [63], although this has not been a consistent finding with such

vaccines. The cell culture-produced vaccines could differ from each other and from

egg-produced vaccines in their posttranslational processing, particularly glycosyla-

tion. Although the more authentic glycosylation of mammalian cell-based vaccine

antigens is a potential advantage, the clinical data to date do not provide evidence

that these differences significantly affect immunogenicity, as measured by HI or

single radial hemolysis (SRH). This is consistent with absence of functional anti-

influenza antibodies known to bind glycans. Glycan masking of influenza epitopes

has been well documented [16, 75], and HA produced in different substrates does

vary in the bulkiness of its oligosaccharides [76], raising the possibility of antigeni-

cally relevant differences. It remains to be determined whether differences in

immunogenicity between egg-produced and mammalian cell-produced vaccines

will emerge when mammalian cell isolation is substituted for egg isolation of

seed viruses for seasonal influenza vaccines produced in cell culture.

A chief contra-indication to immunization with egg-based vaccines is egg

allergy, which has a prevalence estimated between 0.5% and 2.5% [77]. Egg

allergens include ovalbumin and ovomucoid, contaminants found in egg-based

vaccines [77]. This risk is eliminated by the use of mammalian cell-based vaccines.

Questions have been raised whether immunization with influenza vaccines pro-

duced in MDCK cells, which were derived from a dog kidney, might elicit

hypersensitivity responses in those with dog allergies. The chief dog allergens are

found in dander and saliva [78] and have not been detected in MDCK cells [79].

Cultured mast cells, sensitized with IgE from dog-allergic human subjects, do not

degranulate upon exposure to an MDCK-produced influenza vaccine [79]. The

prevalence of dog allergy is high. Although data are incomplete for many groups,

dog allergy is reported in greater than 4% of some pediatric populations in devel-

oped countries [78, 80]. Yet, no excess of hypersensitivity reactions has been

observed in clinical comparisons of immunization with MDCK-produced and

egg-produced influenza vaccines. Thus, available data do not indicate that the

dog origin of MDCK cells increases the risk of hypersensitivity reactions to

MDCK-produced vaccines. Does immunization with vaccines produced in mam-

malian cells increase the likelihood of autoimmunity? The clinical trial experience

with cell-based influenza vaccines gives no indication of such an association. The

more than 25 years of benign experience with simian Vero cell-produced vaccines,

including inactivated rabies vaccines and inactivated and live polio vaccines, is

particularly encouraging [49].
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8 Role of Cell-Based Vaccine Manufacture in the Response

to the Swine-Origin H1N1 Influenza Pandemic

The 2009–2010 swine-origin influenza pandemic provided a live test of cell-based

manufacture for pandemic response. Much of the initial motivation for the

development of cell-based manufacture was the need to ensure a rapid expansion

of the influenza vaccine supply in the event of a pandemic. In fact, in 2009, egg

supplies were not the main limiting factor for vaccine supply. This was, in part, the

result of pandemic preparedness activities to increase the egg supply. However, the

early days of the pandemic were marked by a scramble among influenza vaccine

manufacturers to secure sufficient supplies of suitable eggs. The slower pace of

identifying a suitable vaccine seed, producing sheep antisera for vaccine release,

and staffing vaccine production facilities was more rate limiting, giving time to

obtain the eggs needed. As these slower components of the pandemic response are

accelerated in the future, egg supply could again become limiting, and the egg

supply remains vulnerable to catastrophic depletion in an avian influenza pandemic.

Cell culture-based influenza vaccine manufacturing demonstrated a little antici-

pated benefit during the 2009 H1N1 pandemic response. In the opening days of the

pandemic, the pathogenicity of the pandemic strain was not known, and reassortants

on a PR8 backbone were not available. Consequently, in the EU, the pandemic strain

was handled at BSL3, precluding large-scale testing or production in open egg-based

manufacturing. Vaccine bulks could, however, be produced at scale in BSL3 cell

culture-based manufacturing facilities in Marburg, Germany (Novartis Vaccines),

and Bohumil, Czech Republic (Baxter). The first GMP batch of a H1N1 vaccine

candidate produced by a manufacturer that adheres to western quality standards was

produced on June 12, 2009, at the Novartis flu cell culture facility. The time

advantage provided by cell culture production enabled the start of clinical trials

[66] with a reassortant-derived cell culture vaccine even before calibrated SRID

reagents had been supplied by regulatory authorities. In contrast, large-scale pro-

duction at Novartis egg-based manufacturing facilities in Siena and Rosia, Italy,

could not start until the beginning of July, once reassortant strains were available and

biosafety levels had been lowered. Had the Novartis MDCK-based manufacturing

facility also been licensed for growth of genetically modified organisms at BSL3, a

potential influenza vaccine seed rescued by reverse genetics on a PR8 backbone in

Novartis research laboratories in mid-May could have been tested at scale weeks

before reassortant seeds were received from a WHO collaborating center.

9 The Future of Cell-Based Influenza Vaccine Manufacture

The replacement of egg-based influenza vaccine manufacture by cell culture-based

manufacture seems inevitable, but the pace remains uncertain. The current system

of egg-based manufacture involves the isolation of viruses from the nasal and

pharyngeal washings of people with respiratory illnesses, the propagation of these
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viruses in fertilized eggs tainted with the other cloacal output of chickens, and an

open manufacturing process in which bacterial contamination must be suppressed

with antimicrobial agents. Thus, egg-based conventional vaccines, although

demonstrated to be acceptably safe through decades of experience, are the product

of a process that can reasonably be described as “earthy.” When reverse genetic

seeds remove human secretions from the process (except as a source of sequence

information); cell culture removes the possibility of contamination by chicken flora;

and closed manufacturing processes greatly reduce the risk of contamination during

manufacture, regulatory authorities and even the public may demand that their

vaccine supply be produced by processes that conform to modern standards.

Economics is likely to drive the pace of the transition. Much of the development

of flu cell culture has been funded through public–private partnerships to increase

pandemic preparedness. The US Flu Cell Culture Facility, which recently opened in

Holly Springs, North Carolina, was built through a partnership between Novartis

and the United States Biological Advanced Development and Planning Authority

[81]. To expand to exclusively privately funded manufacturing sites, flu cell culture

vaccines will need to be profitable. The productivity of flu cell culture is a moving

target, as the technology matures. The reliability of strain changes in the egg-based

processes is built on decades of experience. Egg-based processes will only be

abandoned when the new mammalian cell-based processes prove that they can

deliver sufficient vaccine supplies as reliably as the egg-based processes.

Finally, the current hybrid egg-based seed generation followed by cell-based

production process is proving to be as safe, immunogenic, and effective as the all

egg-based processes. Collaborative efforts between manufacturers and public

health agencies are underway to enable the production of entirely cell-based

reassortant vaccines [25, 30]. In some years, in which no well-matched egg isolate

is available, the cell-based vaccines could be dramatically more effective than egg-

based vaccines. In non-mismatch years, the HA antigens of cell-based vaccines are

expected to be more similar to the HA antigens of circulating strains by at least one

amino acid in the receptor binding site. The clinical impact of this improved strain

match remains to be determined. Finally, in the event of an avian influenza

pandemic that causes high mortality among both humans and chickens, the advan-

tages of cell-based manufacture could be of historic importance.
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Conserved Proteins as Potential Universal

Vaccines

Alan Shaw

Abstract In the current climate of an emerging pandemic (October 2009) and the

need to vaccinate large populations in a short period of time, the traditional egg-

based inactivated vaccine has been pushed, in terms of manufacturing capacity, to a

remarkable degree. However, the enormity of the challenge to produce enough

vaccine to cover areas beyond USA and Europe has led many investigators to look

for a less cumbersome vaccine. Conserved antigens are clearly an attractive alter-

native as they offer the prospect of protection against a wider variety of influenza

challenges.

1 Introduction

Influenza vaccines based on inactivated virus propagated in eggs have been avail-

able since the 1940s. The main antigenic component in these vaccines is viral

hemagglutinin (HA). The low-fidelity replication apparatus of the influenza virus

creates mutations, some of which alter the antigenic structure of HA, allowing the

virus to escape the host’s immune response. This leads to a need to update

the composition of the vaccine to reflect the antigenic profile of the “new” HA.

And the cycle starts over again.

With the advent of modern rDNA methods and a growing understanding of the

immunology of influenza, there has been a movement to identify and develop

influenza vaccine targets that could circumvent the need for annual revamping of

a vaccine. Ideally, these new targets would be conserved antigens not subject

to immunological drift. Several candidates fit this specification; the M2 ion channel,

the HA cleavage site, a fusion intermediate of HA, and a couple of “internal”
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proteins that could be good T-cell targets. This review will concentrate on the

approaches that have either been in clinical studies or are likely to be clinical

candidates, but the most promising laboratory studies will be highlighted as well.

2 M2 Ion Channel

The M2 Ion channel is a 97 amino acid transmembrane protein that serves as a

conduit for protons to affect a change of pH inside the virion. M2 was discovered by

Robert Lamb at The Rockefeller University in 1980 when nucleic acid sequencing

became feasible. M2 was identified as a second, overlapping, reading frame on gene

segment 7 of the influenza virus, which had been previously identified as the gene

for the M (matrix) protein [1]. The existence of a corresponding protein was

confirmed by making antiserum against a peptide segment of M2 coupled to KLH

and finding an immunoreactive species in infected cell lysates [2]. M2 was shown

to be an ion channel [3], the target of the original antivirals, amantidine, and

rimantidine. Antibody against the M2 ectodomain, the 23 amino acid section of

M2 protruding out from the surface of the virus and displayed on infected cells,

Fig. 1 M2e
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reduces the rate of spread of the virus in culture [4] and in vivo [5]. Most

importantly for vaccine applications, this ectodomain sequence is highly conserved

among the influenza viruses that have infected man. The sequence is also well

conserved among the avian influenza viruses (Table 1). The ectodomain of M2 is a

parallel homotetramer [6]. This suggests that M2e has some higher order structure

that may be of interest to the immune system.

M2 would appear to be an attractive vaccine target based on these properties.

There are, however, some drawbacks. The ectodomain is short, only 23 amino acids,

and present in a very low copy number on the virus. Infected cells display a much

higher density ofM2.M2 does not elicit a robust immune response in humans during

the course of natural infection [7]. Serum surveys of healthy individuals reveal a

3–5% rate of weak seropositivity for anti-M2e (VaxInnate, unpublished results).

These serum surveys were used byMerck and by VaxInnate (see below) to establish

background levels of anti-M2e in normal adults. The screening assays were based on

recognition of the M2e as a peptide bound to a plastic microtiter plate.

So, here we have an interesting, conserved flu virus antigen, but it is not very

immunogenic. Several solutions to this problem have been developed.

One of the earliest attempts at making an M2e vaccine began in the 1990s in

Walter Fiers’ group at the University of Ghent, Belgium. Prior experience with

hepatitis B core antigen showed that HBcAg would self-assemble into a particulate

array. Further studies showed that a variety of peptide antigens could be inserted

into or appended to HBcAg as a means of making these peptides more immuno-

genic. Fiers’ team produced a vaccine that carried three tandem copies of the 23aa

M2 ectodomain at the C-terminus of each HBcAg monomer that should display 240

copies of M2e trimer per assembled particle. This vaccine provided good protection

in murine challenge studies [8]. Acambis licensed this vaccine from the University

of Ghent and carried out further development. Three versions of this vaccine were

tested in a clinical trial in 2007. Volunteers received two doses of vaccine. The first

Table 1 Sequence alignment of M2e of influenza viruses
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vaccine contained the HBcAg-M2e particle alone. The second contained the parti-

cle adsorbed to alum, and the third contained the particle on alum with added

QS21 adjuvant. Ninety percent seroconversion against M2e was seen in the third

vaccine group (http://www.cidrap.umn.edu/cidrap/content/influenza/general/news/

jan0408vaccine.html). In 2008, Acambis became part of Sanofi-Pasteur vaccines

where this program may be advanced with a different adjuvant.

Walter Fiers’ group has gone on to make a second M2e vaccine that is based on

the leucine zipper structure GCN4 fused to the M2e sequence. This molecule forms

a tetramer that mimics the tetrameric structure on M2e on infected cells [9]. This

vaccine also protected mice from lethal challenge.

Fig. 3 OMPC-Merck

Fig. 2 Acambis HBcAg
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Merck Research Laboratories made an M2e vaccine candidate based on the 23aa

M2e sequence, produced as a synthetic peptide, conjugated to the surface of the

outer membrane protein complex (OMPC) of Neisseria meningitidis, the carrier

moiety of Merck’s Haemophilus influenzae group B conjugated polysaccharide

vaccine [10]. This vaccine prevented severe disease and death in mice upon

challenge with a lethal intranasal dose of live influenza virus. Follow-on work

explored the effect of conjugating the M2e peptide to OMPC via the N- or the C-

terminus. The C-terminal coupling was superior. For comparison with other known

M2e vaccines, Merck also made a virus-like particle vaccine based on the hepatitis

B core antigen with the M2e sequence inserted into the immunodominant epitope.

This vaccine was immunogenic in mice but less so in monkeys, compared to the

OMPC conjugates [11].

The M2e-OMPC conjugate vaccine was tested in a clinical study. Two dose

levels of the conjugate were delivered IM on aluminum adjuvant in a three-dose

series. Both dose levels were immunogenic, with the higher dose giving a higher

antibody titer. A follow-on study of this vaccine incorporating a virosomal adjuvant

including QS21 showed further improvement in immunogenicity.

VaxInnate began their influenza vaccine program with a peptide-based M2e

candidate, VAX101. The short length of the ectodomain, 23 amino acids, allows

the production of the antigen by standard peptide synthesis methods. VaxInnate’s

strategy for making vaccines relies on covalent attachment of a Toll-Like Receptor

ligand to the antigen of interest. The TLR2 ligand, tri-palmitoyl cysteine (Pam3-cys)

was attached to the M2e peptide sequence N-terminus. Mice vaccinated with two

doses of 3-300 mg of Pam3-cys were protected from a lethal challenge with mouse

adapted H1N1 PR8/34 virus, although solid protection required a large dose.

Fig. 4 Flagellin, VaxInnate
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Alanine scanning across the M2e sequence showed that the target of protective

immunity was in the center of the M2e peptide and corresponded with the binding

site of the14C2 monoclonal antibody described by Zebedee and Lamb [12]. Formu-

lation of the lipopeptide was difficult, as one might imagine. Addition of a surfactant

improved the immunological performance of the lipopeptide. This suggested that the

N-terminal location of the Pam3-cys could be suboptimal; the natural presentation of

M2e has the N-terminus free and the C-terminus at the virus or cell membrane.

Attempts to make M2e peptide with Pam3-cys at the C-terminus were unsuccessful,

largely due to the constraints of commercial peptide synthesis techniques.

Lagging slightly behind the peptide program, VaxInnate had a second vaccine

platform based on fusing the genetic sequence for flagellin to the genetic sequence of

a given protein antigen. Flagellin is the ligand for TLR5 and serves to target the

chimeric protein to antigen-presenting cells where it is processed and presented to T-

cells. This strategy has been applied to the M2e sequence. Four tandem copies of the

M2e sequence are appended to the C-terminus of flagellin. This protein is produced

very efficiently in E. coli. Mice vaccinated with 0.3–3.0 mg doses (a two-dose

regimen) are protected from death and significant disease following a lethal intranasal

challenge with live influenza virus [13]. This vaccine was taken into clinical trials in

normal healthy adults. The first study established 1 mg of the fusion protein delivered
intramuscularly as the optimal dose with 100%. Note that the M2e component of the

fusion protein is one-sixth of the total mass; so in terms of antigen mass, this optimal

dose is about 0.17 mg. Lower doses were explored by various injection methods

(subcutaneous, intradermal, intramuscular), and greater than 50% seroconversion

was achieved with as little as 30 ng given ID twice 28 days apart [14].

There are multiple views of how to use a vaccine based onM2e. Can it be a stand-

alone vaccine administered once very few years? Should M2e be used as an adjunct

to an HA-based vaccine? Either way, some protective value of M2e vaccination on

its own will need to be demonstrated. As a first step to answer the latter question,

VaxInnate carried out an adjunct study with Drs. Keipp Talbot and Kathy Edwards at

Vanderbilt [15]. A licensed trivalent inactivated vaccine (TIV), Fluvirin, was co-

administered with 1ug of the M2e vaccine, VAX102, at the same anatomical site.

Antibody raised against the M2e component was similar in quantity to what was seen

in the initial study of VAX102 alone, suggesting that TIV does not interfere with the

immune response to M2e. The hemagglutination-Inhibiting antibody (HAI) directed

to the HA component of TIV was somewhat elevated, about 50% greater (but not

quite statistically significantly, due to the small sample size of 20 per group) for both

the A/H1N1 and the A/H3N2 components in the presence of M2e. Interestingly, the

HAI titers were unaffected by M2e. This suggests that an M2e vaccine could be

combined with an HA based vaccine.

Fig. 5 Dynavax, CpG
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Dynavax has a vaccine candidate based on the conserved nucleoprotein, a T-cell

target, fused genetically to eight tandem copies of the M2e ectodomain. This

chimeric protein is then conjugated chemically to a proprietary CpG-containing

oligonucleotide, a TLR9 ligand. While there is no published information on this

vaccine, it contains the elements of what should be a good candidate. This vaccine

has just recently (July 2010) entered clinical studies.

Cytos AG has produced an M2e vaccine based on appending the M2e sequence

to the immunodominant epitope of hepatitis B core antigen similar to but earlier

than Merck’s effort. While the resulting virus-like particle was immunogenic in

mice, protection was deemed inferior to classical inactivated vaccine [16]. Cytos

has recently initiated a second M2e vaccine effort based on expressing the M2e

sequence on the surface of the dsRNA bacteriophage Qb [17]. This vaccine,

delivered intranasally to mice, afforded superior protection when compared to the

core protein vaccine.

Gerhard at the Univeristy of Pennsylvania, and Zhao and colleagues at the

State Key laboratory in Beijing have produced peptide arrays of the M2e sequence

using multi-antennerary “lysine tree” strategies [18–20] and report heterosubtypic

protection in animals.

Theraclone has discovered a pair of human monoclonal antibodies that recog-

nize the N-terminus of the M2e homo tetramer [21]. These antibodies, TCN031 and

TCN032 were derived from individuals seropositive against M2e expressed on

HEK293 cells. Both antibodies bind to M2e on HEK293 cells, and they bind to

M2e on the surface of influenza virus, something that the original 14C2 monoclonal

antibody did not do well. Conversely, TCN031 and TCN032 do not bind to the

monomeric M2e peptide bound to plastic, the usual format for measuring M2e

antibody. Alanine scanning of the M2e peptide sequence shows that TCN031 and

Fig. 6 Bacteriophage QB,

Cytos
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032 bind to the first five amino acids, SLLTE. This suggests that the N-terminal tip

of the M2e has a conformation that is not found in monomeric peptides. In mice,

post challenge administration of these antibodies affords 60-80% protection from

death, suggesting a potential for therapeutic use.

It is worth noting here that the Theraclone screen, based on M2e expressed on

HEK293 cells identified only antibodies that recognized the tip of the M2e homo-

tetramer; no clones recognizing the central 14C2 epitope were found. Conversely,

the VaxInnate serological screen identified reactivity to monomeric peptide bound

to plastic. The lesson to be learned here is that the design of your screen determines

what you find!

3 Mechanism of Action

From the body of work described above, it is clear that the M2 ectodomain can be

immunogenic when the right techniques are applied. Antibody raised against M2e

can protect animals from death and severe disease.

What is known about M2e immunity that can be cobbled together into a

mechanism of action?

First, we know from Zebedee and Lamb that a monoclonal antibody, 14C2,

can reduce the rate of spread of influenza virus in a plaque assay. In the presence

of 14C2, you get the same number of plaques as you would without the antibody,

but the plaques are much smaller. This implies some sort of direct effect on

the virus.

We know that there is very little M2 in or on an influenza virus; copy number has

been estimated to be 10–20 per virion. On the other hand, there is a substantial

amount of M2 displayed on infected cells. This suggests that an antibody-dependent

cellular cytotoxicity activity may be involved. Antibody-mediated killing of

infected cells could reduce replication and mitigate disease. The Merck group,

however, looked at the disease in mice lacking NK cell function and saw no

significant difference.

Perhaps, like many things in biology, the effect is due to a combination of

effector mechanisms.

The other question is, “What do antibodies recognize when they react with

M2e?” The monoclonal 14C2 has been shown to recognize the central portion

of the M2e sequence. Passive immunization with 14C2 confers protection in

mice. Monoclonal antibodies derived from mice at Merck [22] and from humans

at TheraClone and at Kirin pharma [23] recognize the N-terminus of the M2e

sequence in the form of a dimer. These latter monoclonals also bind to M2e on

the surface of the virus while 14C2 does not. Whether this makes a difference

in humans in vivo remains to be seen. The next step for the M2e vaccine is a

double-blind, placebo-controlled field study to reveal efficacy against influenza

disease.
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4 Other Conserved Antibody Targets

There are two non-M2 targets for antibody-mediated immunity on the surface of

influenza virus. The first is the “cleavage site” or “cleavage fragment,” an approxi-

mately 25 amino acid sequence on the stalk of the hemagglutinin molecule. As part

of the virus entry into the cell, a proteolytic cleavage must take place at a specific

site on the stalk of HA [24, 25]. The cleavage site contains a number of basic amino

acids on the N-terminal side and a highly conserved hydrophobic sequence on the

C-terminal side as shown in Table. 2. Proteolytic cleavage at one of the basic

residues results in the hydrophobic segment rearranging itself into a hydrophobic

pocket and triggering a transition state of the structure of the stalk. This is an

attractive target, but the hydrophobic nature of the sequence may present a chal-

lenge with respect to formulation.

As part of their attempt to make a truly universal influenza vaccine, the Merck

group developed a peptide that covered the cleavage site and conjugated it to

OMPC. Since the M2 of the influenza B virus does not have an ectodomain, the

cleavage site of the B virus was the only other available alternative. OMPC-

cleavage site vaccine was quite effective at preventing disease and death in chal-

lenge studies [26].

Table 2 Highly conserved

hydrophobic sequence in the

C-terminal part of the HA

cleavage site

Fig. 7 HA cleavage site,

Merck
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The second conserved element of hemagglutinin is a newly identified transition

state of the stalk. Two groups, one at Harvard [27] and the other at Crucell [28, 29],

isolated, broadly neutralizing monoclonal antibodies from humans, which recog-

nize and stabilize the transition state of the postcleavage stalk. These antibodies

bind to a hydrophobic pocket just underneath the globular head of HA. Interes-

tingly, these antibodies all use the VH1-69 germline gene. Given the breadth of

influenza viruses that can be neutralized by these antibodies, the authors raise the

possibility of using these antibodies as passive prophylaxis or passive therapy at

doses in the range of 10–15 mg/kg. There could be some limitation to this approach.

As a model, we can consider Synagis®, a neutralizing monoclonal antibody against

respiratory syncytial virus developed byMedImmune. Synagis is dosed at 15 mg/kg

in premature or otherwise fragile infants. Multiplying the price of a dose of Synagis

to treat a 100 kg adult (the author) yields a cost of just over $20,000. Significant

economies in manufacturing will be needed. Alternatively, if one could stabilize

this antibody target without having the antibody in the way, a new active vaccina-

tion approach becomes available. An elegant engineering effort at Merck, the

Indian Institute of Science, and the Nehru Center for Advanced Scientific Research

[30] has yielded a subtype-specific vaccine candidate.

Given the overall conserved general structure of the HA molecule, it is tempting

to think in terms of a “consensus” HA vaccine. One good example of this is a DNA

vaccine with a sequence that encodes a consensus H5 hemagglutinin [31]. Plasmid

DNA carrying the consensus H5 HA sequence provided broad protection against

challenge with reassortant H5 virus and with some wild-type H5 viruses. If the dose

of DNA required to achieve this type of response can be attained in man, this

becomes an attractive idea.

5 T-Cell Targets

While the major focus of influenza immunology has been on antibody responses to

surface-exposed antigens, there has been no shortage of effort directed to T-cell

targets of “internal” influenza proteins. Matrix protein and nucleoprotein have

received the most attention due to their conservation and relative abundance in

the virion and in infected cells. Early attempts at vaccination against internal

proteins, NP in particular, began with “naked DNA” as the immunogen [32].

Intramuscular injection of plasmid DNA encoding NP conferred protection in

mice against nasal challenge. Work continues today to refine this attractive idea

by including the matrix protein along with NP [33] and with formulations of DNA

that enhance uptake. Presentation of the NP sequence via viral vectors of various

types has also been explored with promising results [34].

Any discussion of influenza immunity eventually leads to a “T-cells versus

humoral immunity” debate. Most of the time, the debate ends in recognition that

antibody plus T-cells of the appropriate phenotype are both desirable for optimal

protection.
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6 Summary

In the current climate following the 2009 pandemic and the need to vaccinate large

populations in a short period of time, the traditional egg-based inactivated vaccine

has been pushed, in terms of manufacturing capacity, to a remarkable degree.

However, the enormity of the challenge to produce enough vaccine to cover areas

beyond the USA and Europe has led many investigators to look for a less cumber-

some vaccine. Conserved antigens are clearly an attractive alternative [35] as they

offer the prospect of protection against a wider variety of influenza challenges.
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Emulsion-Based Adjuvants for Improved

Influenza Vaccines

Derek T. O’Hagan, Theodore Tsai, and Steven Reed

Abstract Emulsions have a long history of use as potent and effective adjuvants in

humans for a range of vaccines, particularly for influenza. Although older mineral

oil- and water-in-oil-based emulsion adjuvants did not have an overall safety and

tolerability profile to allow them to be acceptable for widespread use, a newer

generation of oil-in-water adjuvants has been recently developed, based on the use

of the biodegradable oil squalene. These adjuvants have shown particular value in

the development of new generation vaccines to offer enhanced protection against

both seasonal and pandemic strains of influenza virus. The first oil-in-water emul-

sion adjuvant included in an approved flu vaccine was MF59, which was originally

licensed in Europe in 1997 as an improved influenza vaccine for the elderly. In the

very recent past, MF59 and related adjuvants have shown their value by offering

the possibility of significant antigen dose reductions and higher potency products in

the face of the H1N1 pandemic emergency and other pandemic threats. The recent

H1N1 global problem allowed the opportunity for widespread use of emulsion-

based adjuvants in a range of population groups in a number of countries, in which

strict monitoring of safety was the norm. Importantly, this widespread use allowed

the safety profile of squalene-based emulsion adjuvants to be further substantiated

in large and diverse populations of humans, including young children and pregnant

women. It is our confident prediction that the coming years will see wider use and

further licensures for oil-in-water emulsion adjuvants, particularly for improved flu

vaccines.
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1 Introduction

Early in the development of nonliving vaccines for widespread human use, mod-

ifications were made to enhance their potency. Martin Arrowsmith, the protagonist

of the great American novel by the same name, is described as spending time in the

laboratory preparing “lipovaccines” and expressing dismay at those promoting the

superiority of vaccines suspended in “ordinary salt solutions” [1]. The first genera-

tion of lipovaccines, consisting of homogenized dried bacterial cells in lipids,

reported in 1916 [2–4], was developed to overcome the relatively poor efficacy of

killed bacterial vaccines, which required relatively high doses and multiple injec-

tions to induce protective immunity. This was in contrast to an alternative vaccine

platform used at the time, live-attenuated organisms (e.g., smallpox) that provided

suitable protection from a single dose.

Lipovaccine technology was used in human subjects, including the US military

[5, 6], as an approach to increase vaccine potency, which enabled the use of

decreasing doses of bacterial cells (dose sparing), as well as decreasing the number

of injections required for protection (doseage sparing). These same challenges

remain with us today, particularly in relation to influenza vaccines. Currently, a

majority of influenza vaccines are produced in eggs, and since this technology is

limited in capacity, global supplies are inadequate. Therefore, dose sparing through

the use of adjuvants is a safe and practical means to increase vaccine supply. Also,

because of the need to respond rapidly to new influenza outbreaks and to reduce the

number of doses required to achieve the desired immune response, this represents

another role for adjuvants in influenza vaccines. In addition, adjuvants are used to

broaden the immune response to emerging influenza variants, as well as to increase

responses in the elderly. This early history in lipovaccines has ultimately led to the

development of safe emulsions as vaccine adjuvants.

2 Emulsion Technologies

Emulsions are defined as liquid dispersions of two immiscible phases, usually oil

and water, either of which may comprise the dispersed phase or the continuous

phase to provide water-in-oil (w/o) or oil-in-water (o/w) emulsions, respectively.

Emulsions are generally unstable and need to be stabilized by surfactants, which

lower interfacial tension and prevent coalescence of the dispersed droplets. Stable

emulsions can be prepared through the use of surfactants that orientate at the

interface between the two phases and reduce interfacial tensions, since surfactants

comprise both hydrophobic and hydrophilic components. Although charged surfac-

tants are excellent stabilizers, nonionic surfactants are widely used in pharmaceuti-

cal emulsions due to their lower toxicity and lower sensitivity to the destabilizing

effects of formulation additives. Surfactants can be defined by their ratio of

hydrophilic to hydrophobic components (hydrophile to lipophile balance, HLB),
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which gives information on their relative affinity for water and oil phases. At the

high end of the scale, surfactants are predominantly hydrophilic and can be used to

stabilize o/w emulsions. In contrast, oil-soluble surfactants are at the lower end of

the scale and are used mainly to stabilize w/o emulsions. Polysorbates (Tweens) are

commonly used surfactants with HLB values in the 9–16 range, while sorbitan

esters (Spans) have an HLB in the range of 2–9. Extensive pharmaceutical experi-

ence has shown that a mixture of surfactants offers maximum emulsion stability,

probably due to the formation of more rigid films at the interface. The physico-

chemical characteristics of emulsions, including droplet size, viscosity, and so

on, are controlled by a variety of factors, including the choice of surfactants, the

ratio of continuous to dispersed phases, and the method of preparation. For an

emulsion to be used for administration as an injection, stability and viscosity are

important parameters, as too is sterility. In general, stability is enhanced by having

smaller sized droplets, while viscosity is decreased by having a lower volume of the

dispersed phase.

3 The History of Emulsions as Adjuvants

3.1 Water-in-Oil Emulsion Adjuvants

The desire to increase vaccine potency through association with lipid ultimately

resulted in the development of emulsions as adjuvants. Following on from the

lipovaccine technology, Freund et al. in 1937 [7] and for many years thereafter

[8–10] developed and used w/o emulsions, in which antigen was suspended in an

aqueous phase and then emulsified into oil. Early versions included paraffin oil,

with Arlacel A as the emulsifier, and the inclusion of dried Mycobacterium cells.

Such emulsions are still referred to as complete Freund’s adjuvant (CFA or FCA).

Typically, these emulsions contain >50% mineral oil. Freund also developed

emulsions that did not contain bacteria (incomplete Freund’s adjuvant, FIA or

IFA) and applied them experimentally to a number of vaccine preparations

[8–11]. However, CFA was found to be unacceptably reactogenic for use in

human vaccines, and sensitization to the mycobacterial component compromised

its ability to be used in booster immunizations. Painful local reactions with frequent

granuloma formation were observed when administered subcutaneously, and exten-

sive granuloma formations and nerve involvement could occur when administered

intramuscularly [12].

Improvements in oil-rich emulsions were made through eliminating the myco-

bacterial cells from the preparations and improving the quality of oils used (IFA)

[13]. Unfortunately, preclinical studies suggested that oil-based adjuvants could be

tumorigenic [14].

Nevertheless, IFA was developed and tested clinically for influenza vaccines,

including landmark papers from Jonas Salk and others [15–17] that were proceeded
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by nonhuman primate studies for safety evaluation, followed by large-scale human

trials [18–20]. Overall these studies demonstrated the acceptable safety and potency

of the adjuvanted vaccines, including a dose sparing effect (up to 1,000-fold), the

durability of antibody responses, and, in Salk’s studies, a suggestion of increased

breadth of response. Importantly, long-term follow-up studies of army recruits

(approximately 18,000 having received IFA-adjuvanted influenza vaccine) indi-

cated that there were no serious safety effects attributable to the vaccines [21, 22].

Hence, these studies helped to alleviate the concerns raised in the preclinical

models that oil-based adjuvants could be tumorgenic. Nonetheless, human vaccines

containing IFA did not manage to gain broad acceptance. During the period of

1964–1965, 900,000 persons in the UK received a licensed seasonal influenza

vaccine containing IFA, and 40 individuals developed local nodular reactions, 9

of which required surgical treatment [23]. On the basis of these observations, which

had similarities to the reactions observed in experimental animals, the influenza

vaccine was withdrawn from the market [23, 24]. This withdrawal essentially killed

the future use of mineral oil-based emulsion adjuvants for human vaccines. Never-

theless, subsequent long-term (35 years) analysis of the army recruits who had

received the mineral oil emulsions has shown that not only were there no significant

adverse events associated with the emulsion, but there was also a statistically

significant reduction in certain forms of cancers in the recruits who had received

the adjuvant [25].

It had been thought that much of the toxicity associated with the w/o emulsions

was related to the presence of free fatty acids, either in the source materials or

resulting from hydrolysis over time of the oil or surfactant [26]. Attempts to

improve upon these emulsions included the development of adjuvant 65, an emul-

sion which consisted of approximately 50% peanut oil [27]. This formulation was

tested in 182 volunteers with influenza vaccine and gave higher antibody titers of

increased duration than those seen in individuals receiving aqueous vaccine, with

minimal differences in reactogenicity between the two groups. Follow-up studies

led to influenza vaccine formulated in adjuvant 65 being given to more than 16,000

individuals, with increased immune responses, broadening of immune responses,

and greater persistence of antibody responses [28]. Local reactions were deemed to

be minor with the adjuvant 65 vaccine, comparing favorably to unadjuvanted

vaccine. Interestingly, a formulation combining adjuvant 65 with polyI:polyC,

now known to activate innate immunity through toll-like receptor 3 (TLR3),

significantly added to the potency of the adjuvant for influenza vaccine in monkeys

[28]. However, the use of peanut oil emulsions did not advance significantly, partly

due to potential safety concerns in individuals with peanut allergies.

More recent w/o emulsions have included the introduction of purified, metabo-

lizable oils and emulsifiers. The most notable of these emulsions is the Montanide

adjuvants (Seppic, Paris, France) which are based on purified squalene and squa-

lane, emulsified with a highly purified mannide mono-oleate surfactant. These

emulsions have been evaluated in clinical trials, notably for malaria, HIV, and

cancer [29]. Several clinical studies with ISA51 and ISA720, two of the Montanide

adjuvants, have reported on potent immune responses, although safety results seem
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to be somewhat questionable, with the incidence of adverse events and severe

adverse events increasing with antigen dose and the number of administrations

[30, 31].

Despite the ultimate failure of the oil-rich emulsions in terms of their adoption

into licensed human vaccines, the use of these preparations demonstrated, over

several decades, the value of adjuvanting influenza and other human vaccines.

However, the mechanism through which w/o emulsions potentiate the immune

response to vaccine antigens is unclear. It had been thought that these high oil

content w/o emulsions functioned through a “depot effect,” releasing antigen over

time, but such a concept appears inconsistent with the observed kinetics of immune

responses following administration of such adjuvanted vaccines. Moreover, studies

in which immune response remained strong despite early excision of injections sites

in experimental animals would argue against this mechanism of action [32]. The

real mechanism of effect may be due to a combination of increased antigen uptake

through association with lipid and antigen-presenting cell (APC) activation from

the adjuvant components. However, overall safety concerns with high lipid content

adjuvants led to emphasis on the development of standardized methods to produce

formulations with lower lipid content that would neither form depots nor induce

local granuloma and/or ulceration.

3.2 Oil-in-Water Emulsion Adjuvants: The Early Years

Extensive experience in animals and humans, first with lipovaccines, then with w/o

emulsions, firmly established the value of formulations containing lipid for adju-

vanting nonliving organisms to create more effective vaccines. Attempts to improve

the safety of oil-containing adjuvant formulations while maintaining potent

immune-stimulatory properties have led to the development of several emulsions

with reduced oil content, typically <5% oil. The most advanced of these o/w emul-

sion adjuvants is MF59, but several others are in various stages of development. The

underlying principles behind the development of these new emulsion formulations,

in addition to using lower amounts of oil, were to use metabolizable oil (as opposed

to mineral oil in the Freund’s formulations), use nontoxic emulsifiers instead of

Arlacel A, and retain efficacy while reducing toxicity.

Early work by Ribi et al. [33] described the use of o/w emulsions containing

squalene, a metabolizable cholesterol precursor obtained from shark liver and

Tween 80 surfactant, to which immunostimulants such as monophosphoryl lipid

A (MPL), a glycolipid purified from Gram-negative bacteria and/or mycobacterial-

derived components were added to create the Ribi adjuvant systems. Another early

program was described by Syntex Corp. (reviewed by Allison [34]), which deve-

loped the Syntex adjuvant formulation (SAF), a 5% squalane, prepared by hydro-

genation of squalene, o/w emulsion, that included polysorbate (Tween) 80 as an

emulsifier. Formulations also included Pluronic 121, a block copolymer, and

muramyl dipeptide (MDP), an adjuvant peptide based on a structure derived from
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mycobacterial cell walls. Thus, SAF and the Ribi adjuvant series (reviewed in [35])

represented a significant advance over the Freund formulations. Both Ribi adju-

vants and SAF were tested in a variety of animal models, and the safety and efficacy

profile was appropriate to allow clinical evaluation in cancer vaccine trials. Other

early emulsions included the Hjorth formulations, which were also squalene based

(reviewed in [34]).

The most advanced o/w emulsions currently in development include AS03

(reviewed below) and AS02 from GSK. AS03 is a squalene- and vitamin E-based

emulsion, extensively developed for influenza vaccines. AS02 is an emulsion that

contains MPL and QS-21, a purified molecule derived from saponin. The addition

of MPL and QS-21 results in a formulation that has potent B- and T-cell-stimulating

properties and has been extensively tested with malaria vaccine candidates, among

others. AS02 and AS01, a liposomal formulation, are in advanced clinical develop-

ment for malaria, tuberculosis, and other vaccine candidates [29].

3.3 The Development of Oil-in-Water Emulsions as Adjuvants
for Flu Vaccines

There are several reasons why adding adjuvants to influenza vaccines is important.

These include (1) to enhance protective immune responses in the elderly, the

population in which the vast majority of influenza deaths occur, (2) to allow antigen

dose sparing to increase the global vaccine supply, (3) to induce a rapid immune

response in the case of the emergence of a pandemic, and (4) to induce a broader

immune response to protect against serotypes not present in the administered

vaccine. Today, the o/w adjuvant formulations represent the best approach to

provide the necessary safety profile while fulfilling at least some of these perfor-

mance criteria.

There are currently two o/w emulsions in licensed influenza vaccines and at least

two others in development. By far the greatest experience is with MF59 (Novartis

Vaccines and Diagnostics), which is a component of licensed vaccines for both

seasonal and pandemic influenza and will be discussed in detail below. The other

emulsion adjuvant that is a component of a licensed pandemic influenza vaccine is

AS03 (GlaxoSmithKline Biologicals, GSK). Other emulsions in development for

influenza vaccines include AF03 (Sanofi Pasteur) and SE (Infectious Disease

Research Institute) (Table 1). All of these emulsions are squalene based, generally

with a content of 2–4%, with different surfactants to stabilize the emulsions. In

addition, AS03 contains a-D-tocopherol (vitamin E), which has been claimed to

have adjuvant properties of its own. The mechanisms of action of o/w adjuvants

will be discussed later with respect to MF59 but generally include activation of

APCs leading to increased antigen uptake, increase of cytokine production, and

influencing APC migration to draining lymph nodes through upregulation of che-

mokine receptors.
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AS03 (GSK) is being developed for both seasonal and pandemic influenza

vaccines, including prepandemic vaccines to prime individuals against H5 to

induce at least partial immunity against related influenza variants. Vaccines con-

taining ASO3 have been evaluated in thousands of individuals. ASO3-H5N1

vaccine has been reported to be safe in both adults and children [36, 37]. The

vaccine has been reported to be immunogenic, to be dose sparing, and to induce

cross-clade immune responses [38, 39]. Pandemrix™, an AS03-H5N1 pandemic

vaccine, and Prepandrix™, a prepandemic AS03-H5N1 vaccine, have been

approved in Europe.

In addition to the pandemic influenza studies, AS03 has been developed for

enhancing the efficacy of Fluarix™, GSK’s seasonal influenza vaccine, in the

elderly. A current trial is in progress to determine the effect of ASO3 in enhancing

protection against disease. Early studies compared adjuvanted versus unadjuvanted

Fluarix™ and indicated the possibility that including ASO3 could lead to increased

T-cell responses and broadened serological responses in elderly subjects (reviewed

in [24]). At an earlier stage of development is AF03, the Sanofi Pasteur squalene-

based emulsion. This adjuvant has been evaluated as a H5N1 vaccine candidate in

251 healthy adults [40], was found to be adequately safe and immunogenic, and

demonstrated both a dose sparing and an immune broadening effect [24]. These

results further enforce the utility of o/w emulsions as a safe and effective approach

to enhance vaccine potency. The use of such adjuvants comprises an important and

necessary solution to develop vaccines to emerging threats, such as pandemic

influenza, which cannot be adequately addressed with traditional, unadjuvanted

vaccines.

Although emulsions are the most advanced novel adjuvants, many other

attempts have been made to develop successful adjuvants based on a range of

related technologies. In the 1980s, a number of groups worked on the development

of new adjuvant formulations, including emulsions, ISCOMs, liposomes, and micro-

particles [41]. These approaches had the potential to be more potent and effective

Table 1 The most advanced

o/w emulsion adjuvants
Adjuvant emulsions of oil in water: content per adult dose

MF59 (Novartis)

Squalene 9.75 mg, polysorbate 80 1.175 mg, sorbitan trioleate

1.175 mg

AS03 (GSK)

Squalene 10.68 mg, DL-a-tocopherol 11.86 mg, polysorbate

80 4.85 mg

AF03 (Sanofi Pasteur)

Squalene-containing emulsion (2.5% emulsion) no further

details published

AS02 (GSK)

Squalene 10.68 mg, DL-a-tocopherol 11.86 mg, polysorbate

80 4.85 mg

3-D monophosphoryl lipid-A (10–50 mg depending on

application)

QS21 (10–25 mg depending on application)
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adjuvants than insoluble aluminum salts, which were the only adjuvants included in

licensed human vaccines at that time. Unfortunately, alum has been shown to be a

poor adjuvant for split and subunit influenza vaccines, which comprise the majority

of the currently licensed products. Many of the novel adjuvant approaches

contained immune potentiators of natural or synthetic origin, which were included

to enhance the potency of the adjuvant. However, the inclusion of immune poten-

tiators often raised concerns about the safety of the adjuvant technology. On the

basis of the long history of emulsions as adjuvants, including FIA, several groups

investigated the development of improved emulsion formulations as adjuvants. As

discussed, Syntex developed an o/w emulsion adjuvant (SAF) using the biodegrad-

able oil, squalane, to deliver a synthetic immune potentiator, called N-acetyl-
muramyl-L-threonyl-D-isoglutamine (threonyl-MDP) [42]. The closely related

immune potentiator, N-acetyl-L-alanyl-D-isoglutamine (MDP), had been originally

identified in 1974 as the minimal structure isolated from the peptidoglycan of

mycobacterial cell walls, which had adjuvant activity [43]. However, MDP was

pyrogenic and induced uveitis in rabbits [44], making it unacceptable as an adjuvant

for human vaccines. Therefore, various synthetic derivatives of MDP were pro-

duced, in an effort to identify an adjuvant molecule with an acceptable safety

profile; threonyl-MDP was one of these synthetic compounds. More recently, it

has been shown that MDP activates immune cells through interaction with the

nucleotide-binding domain, which acts as an intracellular recognition system for

bacterial components [45]. In addition to threonyl-MDP, SAF also contained a

pluronic polymer surfactant (L121), which was included to help bind antigens to the

surface of the emulsion droplets. Unfortunately, clinical evaluations of SAF as an

adjuvant for an HIV vaccine showed it to have an unacceptable profile of reacto-

genicity [46]. As an alternative to SAF, Chiron vaccines used squalene, a similar

biodegradable oil, to develop an o/w emulsion as a delivery system for an alterna-

tive synthetic MDP derivative, muramyl-tripeptide phosphatidylethanolamine

(MTP-PE). MTP-PE was lipidated to allow it to be more easily incorporated into

lipid-like formulations and to reduce toxicity [47]. Unfortunately, clinical testing

also showed that emulsions of MTP-PE displayed an unacceptable level of reacto-

genicity, which made them unsuitable for routine clinical use [48, 49]. Although the

emulsion formulation of MTP-PE enhanced antibody responses against influenza

vaccine in humans, the level of adverse effects observed made this adjuvant

unsuitable for widespread clinical use [48]. Nevertheless, additional clinical studies

undertaken at the same time highlighted that the squalene-based emulsion alone

(MF59), without any added immune potentiator, was well tolerated and had com-

parable immunogenicity to the formulation containing the MTP-PE [49, 50]. These

observations resulted in the further development of the MF59 o/w emulsion vehicle

alone as a vaccine adjuvant.

In preclinical studies with influenza vaccine, it was confirmed that the immune

potentiator, MTP-PE, was not required for MF59 to be an effective adjuvant [51].

A key early study highlighted the ability of MF59 adjuvant to enhance protective

immunity to flu virus challenge [52]. The use of MF59 adjuvant allowed a dose

reduction of flu vaccine (50- to 200-fold lower doses) and improved protection
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against challenge for more than 6 months after vaccination [52]. MF59-induced

enhanced antibody titers in comparison with flu vaccine alone, even at very low

antigen dose. Moreover, the addition of MF59 to flu vaccine offered improved

survival against challenge with influenza virus in mice and also reduced viral titers

in the lungs of challenged mice. The enhanced protection afforded by the inclusion

of MF59 in the vaccine was long lived and allowed a significant dose reduction in

the amount of antigen needed to induce protection. Moving beyond the mouse

model, MF59 was also shown to be an effective adjuvant for flu vaccine in a range

of alternative preclinical animal models [51]. Importantly, in follow-up studies, it

was shown that MF59 was able to enhance the immune responses to flu vaccines in

both young and old animals [53]. Old mice (18 months old in these studies)

typically have poor responses to flu vaccines, as do elderly humans, but the

inclusion of MF59 in the vaccine restored the response of the old mice back up to

the level of response achieved in young mice. Moreover, MF59 was also shown to

induce a potent T-cell response to the flu vaccine, in both young and old mice.

Pushing the mouse model further, MF59 was also shown to be an effective adjuvant

in old mice, which had previously been infected with influenza, a situation more

similar to that found in humans, who are often reinfected annually with circulating

flu strains [53]. These preclinical studies highlighted the huge potential of MF59 to

be used as an adjuvant for an improved flu vaccine, potentially allowing antigen

dose reduction, while enhancing protective antibody and T-cell responses, for

extended time periods. The ability of MF59 adjuvant to offer a significant reduction

in the protective dose for flu vaccines has subsequently become very important in

the pandemic flu vaccine setting.

The small droplet size of MF59 adjuvant emulsion, generated through the use of

a microfluidizer in the preparation process, is crucial to the potency of the adjuvant,

and also enhances emulsion stability and allows the formulation to be sterile filtered

for clinical use. Overall, our early clinical experience with o/w emulsions served to

highlight the need for careful selection of immune potentiators to be included in

adjuvant formulations. The experience with MF59 showed that o/w emulsions can

be highly effective adjuvants, with an acceptable safety profile, which may not need

the addition of immune potentiators.

4 The Current Status of Emulsion Adjuvants for Flu Vaccines

MF59 is a safe and potent emulsion-based vaccine adjuvant that has been licensed

in more than 20 countries, for more than 12 years, for use in an influenza vaccine

focused on elderly subjects (Fluad®). The safety profile of MF59 is well established

clinically through a large safety database (>26,000 subjects) and through pharma-

covigilance evaluations of greater than 55 million doses that have been distributed.

The MF59 adjuvant has a significant impact on the immunogenicity of flu vaccines

in the elderly, who generally respond poorly to traditional influenza vaccines due

to age-related impairment of their immune responses called immunosenescence.
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Moving beyond the elderly population, the MF59 adjuvant has also been shown to

have a significant impact on the immune response to flu vaccines in adults who are

chronically ill with a range of diseases and, consequently, also respond poorly to

traditional flu vaccines. Moreover, Fluad also shows enhanced immunogenicity in

very young subjects, while displaying a similar reactogenicity profile to licensed

vaccines in this population. Moving beyond seasonal flu vaccines, MF59 has also

been shown to have a significant impact on the immunogenicity of potential

pandemic flu vaccines and has enabled vaccines to achieve titers that might be

expected to offer protection, with relatively low doses of vaccine. Moreover, the

addition of MF59 to the vaccine allows for more broad cross-reactivity against viral

strains not actually included in the vaccine. This is a key attribute, since it is

difficult to predict exactly which strain might emerge and cause a pandemic.

MF59 adjuvant recently received approval for licensure in Europe for all 27

member states for inclusion in a pandemic vaccine against H1N1 (Focetria®) for

use in all subjects aged 6 months and older. This same vaccine adjuvant is also

under consideration for approval for inclusion in a prepandemic vaccine (Aflu-

nov®). Beyond its use in influenza vaccines, MF59 adjuvant has also been shown to

be a potent adjuvant for a wide range of alternative vaccines, including those based

on recombinant proteins, particulate antigens, and protein–polysaccharide conju-

gates. In most studies in which a comparison has been made, MF59 has been shown

to be more potent for both antibody and T-cell responses than aluminum-based

adjuvants. Moreover, clinical evaluations have established that the MF59 adjuvant

is safe in a wide range of subjects from only a few days old to greater than 100 years

of age. Hence, MF59 has broad potential to be used as a safe and effective vaccine

adjuvant for a broad range of vaccines to be used in populations with a wide age

range. The use of o/w adjuvants represents an important and necessary solution to

develop vaccines to emerging threats, such as pandemic influenza, which cannot be

adequately addressed with traditional, unadjuvanted vaccines.

4.1 The Composition of MF59

MF59 is a low oil content o/w emulsion. The oil used for MF59 is squalene, which

is a naturally occurring substance found in plants and in the livers and skin of a

range of species, including humans. Squalene is an intermediate in the human

steroid hormone biosynthetic pathway and is a direct synthetic precursor to choles-

terol. Therefore, squalene is biodegradable and biocompatible, since it is naturally

occurring. Shark liver oil comprises 80% squalene and shark liver provides the

natural source of the squalene, which is used to prepare MF59. MF59 also contains

two nonionic surfactants, Tween 80 and Span 85, which are designed to optimally

stabilize the emulsion droplets. Citrate buffer is also used in MF59 to stabilize pH.

Although single-vial formulations can be developed with vaccine antigens dis-

persed directly in MF59, MF59 can also be added to antigens immediately

before their administration. Although a less favorable option, combination before
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administration may be necessary to ensure optimal antigen stability for some

antigens but not for flu.

4.2 Manufacturing of MF59

Details of the manufacturing process for MF59 at the 50-l scale have previously

been described [54]. The process involves dispersing Span 85 in the squalene phase

and Tween 80 in the aqueous phase before high-speed mixing to form a coarse

emulsion. The coarse emulsion is then passed repeatedly through a microfluidizer to

produce an emulsion of uniform small droplet size (165 nm), which can be sterile

filtered and filled into vials. Methods have also been published to allow the

preparation of MF59 on a small scale for use in research studies [55]. MF59 is

extensively characterized by various physicochemical criteria after preparation.

4.3 The Mechanism of Action of MF59 Adjuvant

Early studies designed to determine the mechanism of action of MF59 focused on

the possibility of the creation of a “depot” effect for coadministered antigen, since

there had been suggestions that emulsions may retain antigen at the injection site.

However, early work showed that an antigen depot was not established at the

injection site and that the emulsion was cleared rapidly [56]. The lack of an antigen

depot with MF59 was confirmed in later studies [57], which also established that

MF59 and antigen were cleared independently. Subsequently, it was thought that

perhaps the emulsion acted as a “delivery system” and was responsible for promo-

ting the uptake of antigen into APCs. This theory was linked to earlier observations

with SAF, which contained a pluronic surfactant that was thought to be capable of

binding antigen to the emulsion droplets to promote antigen uptake [42]. However,

studies with recombinant antigens showed that MF59 was an effective adjuvant,

despite no evidence of binding of the antigens to the oil droplets [56]. A direct

effect of MF59 on cytokine levels in vivo was also observed in separate studies,

suggesting that the delivery method alone was too simplistic an explanation [58].

To gain a better understanding of the mechanism of action of MF59, we have

studied the early steps of the immune response on human cells in vitro and in mouse

muscle in vivo. We have shown that there are at least two human target cells for

MF59, monocytes and granulocytes, and that MF59 has a range of effects, including

increased antigen uptake, the release of chemoattractants, and the promotion of cell

differentiation. The observation of increased antigen uptake is in line with previous

findings in mice [59]. The most readily induced chemoattractant was the chemo-

kine, CCL2, which is involved in cell recruitment. Previous work had shown a

reduction of MF59-induced cell recruitment into the muscle in CCR2-deficient

mice [60], which is consistent with our observations on human cells. Moreover,
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experiments on gene expression profiles at the injection site are also consistent with

the key role of chemokines [61]. In addition, CCL2 was found in serum after

injection of MF59 into mouse muscle, providing further consistency between

in vitro and in vivo observations. MF59 also induces phenotypic changes on

human monocytes that are consistent with a maturation process toward immature

dendritic cells (DCs). There is an impressive consistency between data obtained

in vitro from human cells and data obtained in vivo from mouse. These observations

suggest that MF59 induces a local proinflammatory environment within the muscle,

which promotes the induction of potent immune responses to coadministered

vaccines. Figure 1 summarizes the mechanism of action of MF59.

Hence, we conclude that during vaccination, adjuvants like MF59 augment the

immune response at a range of intervention points. Through induction of chemo-

kines, they increase recruitment of immune cells to the injection site, they augment

antigen uptake by monocytes at the injection site, and they enhance differentiation

of monocytes into DCs, which represent the gold-standard cell type for priming

naive T cells. A particularly important feature of MF59 is that it strongly induces

the homing receptor CCR7 on maturing DCs, thus facilitating their migration into

draining lymph nodes where they can trigger the adaptive immune response specific

Fig. 1 A model for the mechanism of action of MF59 following immunization with the licensed

seasonal influenza vaccine containing MF59 (Fluad). Adapted from [62]
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to the vaccine antigen. Nevertheless, further studies are necessary to better define

the precise mechanism of action of MF59 and these studies are ongoing.

4.4 Preclinical Experience with MF59

Preclinical experience with MF59 is extensive and has been reviewed on several

occasions previously [63–65]. MF59 has been shown to be a potent adjuvant in a

diverse range of species, in combination with a broad range of vaccine antigens, to

include recombinant protein antigens, isolated viral membrane antigens, bacterial

toxoids, protein–polysaccharide conjugates, peptides, and virus-like particles.

MF59 is particularly effective for inducing high levels of antibodies, including

functional titers (neutralizing, bactericidal, and opsonophagocytic titers) and is

generally more potent than alum.

In one study, we directly compared MF59 and alum for several different

vaccines and confirmed that MF59 was generally more potent, although alum

performed well for bacterial toxoids, particularly diphtheria toxoid [66]. MF59

has also shown enhanced potency over alum when directly compared in nonhuman

primates with protein–polysaccharide conjugate vaccines [67] and with a recombi-

nant viral antigen [55]. In preclinical studies, MF59 is the most potent adjuvant

for flu vaccines in comparison with various readily available alternatives (Fig. 2).

In one study, we compared a number of adjuvants for flu vaccine in mice and

showed that MF59 significantly outperforms alternatives, including alum, for both

antibody and T-cell responses [68]. Moreover, we have recently shown that MF59

offers enhanced protection against challenge with pandemic flu strains in mice [69],

which is consistent with our earlier work on interpandemic strains [52]. Moreover,

heterologous protection is achieved against challenge strains in ferrets [70]. In

addition to immunogenicity studies, extensive preclinical toxicology studies have

been undertaken with MF59 in combination with a range of different antigens in a
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Fig. 2 Serum hemagglutination inhibition titers in mice against the three strains of influenza virus

included in seasonal vaccines (H3N2, H1N1, and B) in combination with adjuvants. The adjuvants

evaluated included MF59 o/w emulsion, aluminum (Alum), calcium phosphate (CAP), poly-

lactide co-glycolide microparticles (PLG), CpG oligonucleotide (CpG), and the vaccine alone

(nil). MF59 was the most potent adjuvant for all three strains
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number of species. In these studies, it has been shown that MF59 is neither

mutagenic nor teratogenic and did not induce sensitization in an established guinea

pig model to assess contact hypersensitivity. The favorable toxicological profile

established for MF59 allowed extensive clinical testing for MF59 with a number of

different vaccine candidates and the approval of a flu vaccine containing MF59 in

Europe in 1997.

4.5 Clinical Experience with MF59 Adjuvant: Fluad Seasonal
Influenza Vaccine

Fluad, an MF59-adjuvanted seasonal influenza vaccine, was licensed in Italy in

1997 and is now registered in 29 countries worldwide. Fluad was approved on the

basis of a clinical development program in more the 20,000 subjects that showed

the MF59-adjuvanted vaccine was well tolerated and more immunogenic than

conventional nonadjuvanted seasonal trivalent inactivated vaccines (TIV). The

adjuvanted vaccine was associated with a low incidence of transient local adverse

reactions that were mostly mild or moderate in severity and that did not increase in

incidence following subsequent immunizations over 3 years [71, 72] (Fig. 3).

Compared with unadjuvanted inactivated vaccine comparators, only local pain,

erythema, induration, and myalgia occurred significantly more often in the adju-

vanted vaccine recipients, while other systemic adverse events including fever and

malaise occurred at similar frequencies in both groups [73]. In most countries

where it is registered, Fluad is indicated only for adults over 60 or 65 years of age.

Fluad was initially developed for vaccination of senior adults to fill the medical

need for an improved influenza vaccine for this age group in whom conventional

MF59 - adjuvanted vaccine; Fluad

Year 1 n= 2,112 (13 studies)

Year 2 n= 492 (five studies)

Year 3 n= 150 (two studies)

Comparator vaccines
Year 1 n= 1,437 (13 studies) 
Year 2 n= 330 (five studies)
Year 3 n= 87 (two studies)

Year

E
ve

n
t 

in
ci

d
en

ce
 (

%
) 

 

Pain Erythema Induration Malaise Headache Myalgia Fever

0
10

20

30

40

1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3

50

60

70

80

90

100

*

*

*
*

*Non-overlapping 95% confidence intervals for MF59-and non-adjuvanted vaccine recipients 

Fig. 3 MF59-adjuvanted vaccine, Fluad, was well tolerated in the elderly after three consecutive

annual vaccinations. A meta-analysis of 20 prospective, randomized, observer-blinded clinical

studies in elderly subjects (>65 years); subjects received up to three doses 1 year apart of MF59-

adjuvanted subunit influenza vaccine or nonadjuvanted subunit or split vaccines. Adapted

from [71]
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influenza vaccines are less immunogenic and less efficacious compared with

younger adults [74, 75]. For this reason, most of the early clinical trials with

Fluad were performed in subjects over 65 years old. In this population, the adju-

vanted vaccine has induced higher geometric mean titers (GMT), seroconversion

rates, and seroprotection rates compared with unadjuvanted vaccine comparators,

depending on the vaccine strain composition. GMT HI antibody responses to Fluad

typically have been 1.5- to 2.0-fold higher than to unadjuvanted comparators

(Fig. 4, right panel). Importantly, higher antibody responses have been seen in the

subset of even more frail older adults over 75 years of age [78]. In addition, Fluad

has been evaluated in a number of small trials in other patient populations in whom

immune response to TIV frequently is lower. Fluad has provided higher HI anti-

body responses, to varying degrees, in patients with renal transplantation, patients

on chronic glucocorticoid therapy, HIV-infected patients on therapy, and senior

adults with chronic diseases [79–81].

Fluad is also more immunogenic in adults 18–60 years old with chronic diseases

than nonadjuvanted vaccines. In one published study, geometric mean ratios were

higher for the MF59-adjuvanted group (Fluad) for all three vaccine strains [82]

(Fig. 5).

In addition to augmenting the antibody response in senior adults, MF59 also

induces antibody responses that are more broadly cross-reactive [82, 83]. Broader

reactivity in a seasonal influenza vaccine is a genuine advantage, as influenza

viruses regularly undergo antigenic drift, resulting in periodic mismatches between

strains contained in the vaccine and those prevailing in the community. In studies of

responses to the H3N2 component of Fluad versus an unadjuvanted vaccine that

was otherwise identical (AGRIPPAL), Ansaldi showed that Fluad induced HI titers
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Fig. 4 MF59-adjuvanted vaccine induces strong immune responses in children and the elderly.

Left panel shows an observer-blinded, randomized study in healthy children (6 to <36 months;

N ¼ 222) involving two doses 4 weeks apart of Fluad (n ¼ 104) or a nonadjuvanted plain split

vaccine (n¼ 118). Right panel shows a randomized, observer-blinded study in elderly (>65 years;

N ¼ 192) involving a single dose of Fluad (n ¼ 94) or a nonadjuvanted plain subunit vaccine

(n ¼ 98). Adapted from [76] and [77]
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that were significantly higher, not only to the H3N2 strain contained in the vaccine,

but also to the predominant circulating H3N2 strains that circulated in each of the

following 3 years, each of which had drifted yet further from the previous year’s

strain [84]. Moreover, the Fluad-induced HI responses to the H3N2 strains that

circulated 1 and 2 years later would have met CHMP criteria for the annual update

for those strains, whereas responses to the unadjuvanted vaccine would not have

[85]. The implication of these observations is that the adjuvanted vaccine might

mitigate against the poorer antibody responses expected from periodic mismatches

of the recommended vaccine composition with strains circulating in the commu-

nity. To put this in another way, the adjuvanted vaccine induced cross-reactive

antibody responses to strains that emerged 1–3 years in the future and that might not

yet have circulated in nature at the time the vaccine was manufactured. The fact that

these results pertained to H3N2 strains is significant, as that subtype contributes

disproportionately more to seasonal influenza morbidity and mortality than the

other subtypes.

The higher HI antibody titers induced by Fluad could be expected to lead to

increased vaccine efficacy over unadjuvanted TIV. A large-scale observational study

of 150,000 senior adults, comparing the effectiveness of Fluad with AGRIPPAL

in reducing influenza-related hospitalizations, showed a 23% lower rate of pneu-

monia and influenza hospitalizations in recipients of Fluad compared to unadjuva-

nated vaccine [86]. Puig-Barbera et al. have described the effectiveness of Fluad

(compared with no influenza vaccination) in preventing emergency admissions for

pneumonia, cardiovascular events, and cerebrovascular events in senior adults [87,

88]. The two case–control studies over two seasons showed significantly reduced

hospitalization rates for pneumonia, cardiovascular disease, and cerebrovascular

disease in adults over 65 years of age with adjusted odds ratios of 0.31, 0.13, and
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Fig. 5 Fluad is more immunogenic in adults 18–60 years old with chronic diseases than non-

adjuvanted vaccines. Geometric mean ratio of hemagglutination inhibition response in adults

(18–60 years of age) with chronic diseases who were immunized with an MF59-adjuvanted

subunit influenza vaccine versus a similar group immunized with a vaccine without MF59.

Geometric mean ratios were higher for the MF59-adjuvanted group (Fluad) for all three vaccine

strains. Adapted from [82]
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0.07, respectively. Considerable efforts were made to account for confounding host

factors and to focus the analysis on the period when influenza virus circulated in the

community, addressing many of the criticisms of observational studies of influenza

vaccination in the elderly [74].

At the other end of the age spectrum, young children also have a reduced

immune response to TIV, necessitating two doses for primary immunization, and

compared with healthy young adults, vaccine efficacy also is lower in this age group

[76]. Two trials have evaluated the safety and immunogenicity of Fluad compared

with a licensed inactivated split vaccine comparator in young children (6–36months

of age and 6–59 months of age who had never received influenza vaccine). In the

first trial, the MF59-adjuvanted vaccine induced significantly higher HI antibody

titers at every time point that was studied – 3 weeks after dose one, 3 weeks after

dose two, and 6 months after dose two – for all three subtypes (Fig. 4, left panel). In

the Fluad group, the proportion of subjects achieving an HI titer of 40 or higher

exceeded 70% for all three subtypes, meeting the CHMP criterion for seroprotec-

tion in young adults (NB: the CHMP has not established annual update criteria for

children). Moreover, for the H3N2 strain, 91% of the Fluad recipients reached an HI

titer of �40 after just one dose, suggesting the possibility that, for some antigens,

the addition of MF59 could sufficiently augment the immune response in immuno-

logically naı̈ve hosts to obviate the need for a two dose primary schedule. The

sustained higher HI antibody response, for at least 6 months following the second

dose, could be important, as the seasonal influenza vaccine is routinely being

delivered in August (in the northern hemisphere), 6 months before the usual peak

month of transmission in February of the following calendar year, and 8 months

before the usual end of seasonal transmission in April. This is of particular

importance for pediatric vaccination as influenza B often is transmitted in the

spring, and children under 14 years of age are affected disproportionately by that

subtype.

In the same pediatric study, cross-reactive responses to Fluad and the split

vaccine comparator also were evaluated in HI tests against strains that were

antigenically mismatched to those in the vaccine [76]. As was seen in senior adults,

Fluad recipients mounted significantly higher HI antibody titers to mismatched

strains of all three subtypes and, for the H1N1 and H3N2 subtypes, CHMP criteria

would have been met for geometric mean ratio response (Fig. 6). For the B subtype,

however, the antigenic variant that was chosen for testing was not a heterovariant

but was a representative of the B/Yamagata lineage while the vaccine contained a

B/Victoria lineage strain. The GMT HI titer elicited to the Victoria lineage-virus

was just 11, showing that the antigenic distance between the two B lineages is too

great for the adjuvant effect of MF59 to bridge.

A randomized controlled efficacy field trial comparing Fluad versus active

comparators in More than 3,000 6-<72 month old children showed that Fluad

was 86% efficacious against laboratory confirmed influenza while unadjuvanted

influenza vaccine was 43% efficacious, resulting in a relative efficacy of Fluad over

unadjuvanted vaccine of 75% (Novartis data on file).
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Fluad was shown to be well tolerated among infants and children in these trials

(Fig. 7). Although local adverse events occurred more often in the Fluad recipients,

only induration at the injection site occurred at a significantly higher frequency

[76]. The safety of novel adjuvants in this age group has elicited concern, particu-

larly with respect to the potential for exacerbation of or induction of autoimmune

phenomena. All of the pediatric Fluad trials and trials of adjuvanted pandemic

influenza vaccines (see below) have been under the oversight of independent data

monitoring boards; thus far, none of the trials have been interrupted for safety
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reasons and no significant safety signals have emerged. Nevertheless, larger scale

safety evaluations are needed.

4.6 Safety Evaluations of MF59

More than 45 million doses of Fluad have been distributed commercially, and an

analysis of pharmacovigilance reports for the product was undertaken for an

interval that covered the distribution of approximately 27 million doses [73].

Reports of all adverse events, SAEs, and certain adverse events of specific interest,

including allergic events, acute disseminated encephalomyelitis, encephalitis, Guil-

lain–Barré syndrome, other neurologic events, and blood–vascular disorders

occurred at a low rate, well below those reported in the literature. Because of the

passive nature and low sensitivity of reporting to pharmacovigilance systems,

proportional reporting with similar vaccines is a more appropriate indicator of

safety signals than comparisons with rates from epidemiological studies. Compared

with AGRIPPAL, the unadjuvanted influenza vaccine counterpart to Fluad, report-

ing rates of the above adverse events were similar, indicating no detectable increase

in risk for these adverse advents associated with MF59 (unpublished data, Novartis

Vaccines).

A more systematic analysis of the safety of MF59 has been undertaken, by

compiling data from 64 clinical trials in which MF59-adjuvanted and unadju-

vanted influenza antigens were studied, providing an opportunity to evaluate the

safety of MF59 in isolation. The database, comprising approximately 27,998

subjects, included mainly older adults (65%) in the MF59-adjuvanted group

[89]. The median duration of follow-up was approximately 6 months. The analysis

focused on SAEs, including hospitalizations and deaths, and specific events, such

as the new onset of chronic disease, autoimmune disorders, and cardiovascular

events. When randomized trials were examined, reports for these outcomes were

no higher in the MF59-adjuvanted group compared with the unadjuvanted vaccine

recipients.

Additional safety data on events leading to hospitalization will be forthcoming

from the observational study in senior adults mentioned above.

Despite the absence of any data indicating the induction of antibodies against

squalene contained in vaccines, some members of the public have associated

administration of vaccines and of squalene with Gulf War syndrome. Several

reviews of the available data and an epidemiological study among Navy Seabees

found no association between squalene antibodies and symptoms of Gulf War

syndrome [89]. In addition, it is not generally appreciated that naturally occurring

antibodies to squalene are present among healthy individuals. A study comparing

anti-squalene antibodies in recipients of Fluad and AGRIPPAL found no difference

in antibody rises in the two groups, indicating that MF59 adjuvant neither raises

the levels of preexisting antibodies nor induces new antibody responses against

squalene [90].
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4.7 Pandemic Influenza Vaccines Containing MF59:
Avian Influenza Viruses

Pandemic viruses, by definition, are of a subtype that is not currently circulating and

usually are novel antigens to which the majority of the population is immunologi-

cally naı̈ve. Stimulating a protective immune response to such novel antigens has

been shown to require two or more primary vaccination doses, and at least for the

H5N1 subtype, requires formulations containing a larger quantity of antigen per

dose than is present in the 15 mg/strain contained in the seasonal vaccine. The

logistical challenges of vaccinating entire populations with two pandemic vaccine

doses and the capacity of individual countries and the world to produce sufficient

quantities of viral antigen are challenges to public health systems and governments.

Moreover, as with seasonal strains, the H5N1 virus continues to evolve into

numerous genetically and antigenically distinguishable clades thus far – with

further antigenic variation among viruses within the clades.

These difficulties potentially can be ameliorated or even overcome by the use of

emulsion-adjuvanted formulations. Ninety micrograms of unadjuvanted H5N1 split

HA in two doses provides an HI antibody titer �40 in % of healthy young adult

subjects, and administering more doses with even higher antigen content is margin-

ally successful in inducing high antibody titers in a suitable proportion of subjects

[91]. Substantially less antigen can be used – as little as 1.9 or 3.75 mg of HA is

equally or more immunogenic when adjuvanted with an emulsion adjuvant

[40, 92–94]. A head-to-head study comparing a subunit H5N1 that was adminis-

tered unadjuvanted or adjuvanted with alum or with MF59 found that 15 mg of

MF59-adjuvanted antigen was significantly more immunogenic than either 45 mg of
unadjuvanted or 30 mg of alum-adjuvanted antigen, indicating the potential for

MF59 to provide dose sparing, and furthermore, the ineffectiveness of alum as an

adjuvant in this circumstance [95].

The antigen dose sparing potential of MF59 was seen even more dramatically in

a study of an H9N2 avian influenza virus vaccine in which formulations containing

3.75–30 mg of antigen were studied [96]. All of the adjuvanted formulations

provided significantly higher neutralizing antibody titers compared with their

unadjuvanted counterparts. Of interest, one dose of the adjuvanted 15-mg formula-

tion was more immunogenic than two doses of the unadjuvanted 15-mg vaccine,

suggesting again the potential for MF59 to boost primary antibody responses

sufficiently, at least for some antigens, that just one dose could be clinically useful.

The ability of 3.75 mg of H5N1 antigen to induce potent immune response in

humans in the presence of MF59 adjuvant was recently shown using a flu cell

culture-derived influenza vaccine (Fig. 8).

One licensed MF59-adjuvanted H5N1 vaccine has been registered (Focetria®),

under the European “mock-up” procedure, as a pandemic vaccine to be used upon a

pandemic declaration. Its registration was based on a series of clinical trials using a

7.5-mg HA formulation containing MF59 in the same quantity present in the

licensed adjuvanted seasonal vaccine. Two doses in adults 18–64 years old, ado-

lescents 9–17 years old, children 3–8 years old, and infants 6 months to 2 years old
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provided HI antibody titers meeting CHMP criteria ([58], Novartis data on file).

The approved formulation used a reverse genetics-derived clade 1 A/Vietnam/

1204/2007 (H5N1) strain; however, formulations using clade 2.2 and clade 2.3.4

also have been manufactured.

Recipients of the clade 1 A/Vietnam/1204 vaccine mentioned above not only

made antibodies at putatively protective levels to the vaccine antigen after primary

two-dose vaccination, but in young adults, also elicited cross-reactive antibodies to

that degree to a clade 2.2 antigen. The responses in senior adults nearly reached

those levels. In a pseudotype neutralization assay, primary responses in young

adults also were shown to be broadly reactive to clade 2.1 and 2.3.4 antigens [98].

The cross-reactivity of antibody responses of an H5N1 vaccine to viruses in

other clades is of considerable importance, as it would be desirable if individuals

primed against an antigen in one clade could respond with an anamnestic response

to protective antibody levels after a single booster dose of the vaccine produced

against the H5N1 virus that actually emerged in a pandemic. Because the emer-

gence of such a pandemic cannot be predicted, induction of persistent immune

memory, lasting years, would be desirable.

Data in support of such priming are available from a small cohort of young

adults who were immunized with MF59-adjuvanted or unadjuvanted H5N3 vac-

cine, an antigen that is antigenically related to H5N1 clade 0 viruses [99–101]. The

subjects were reconvened 7 years later and boosted with two doses of adjuvanted

H5N1 vaccine [102]. Those who previously had received unadjuvanted H5N3

vaccine needed both doses to produce significant neutralizing antibodies to the

H5N1 clade 1 antigen. On the other hand, those who previously had been primed

with the adjuvanted H5N3 vaccine responded within 7 days of the first adjuvanted

H5N1 dose with high levels of neutralizing antibodies not only to the homologous
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clade 1 antigen but also to the H5N3 (clade 0 equivalent) antigen and to clade 2.1,

2.2, and 2.3.4 antigens, representing the clades responsible for nearly all the

reported cases of H5N1 disease. Before booster vaccination, H5N1 viral-specific

memory B cells were present more abundantly among the subjects who had been

primed years earlier. Memory B cells were higher in number and peaked earlier

among the adjuvant-primed subjects at day 21 after vaccination – correlating with

the levels of neutralizing antibodies.

These observations are consistent with preclinical data in ferrets, mentioned

below, of the priming effect of adjuvanted seasonal vaccine on responses to A/CA/

07/2009 (H1N1) antigen. Together, the data suggest that MF59 broadens the

primary and memory immune responses to coadministered antigens. This attribute

of the adjuvanted response could be of practical importance in the context of

prepandemic preparation, as persons at high risk or critical infrastructure workers

who were primed potentially could be protected with a single dose of pandemic

vaccine as soon as it became available, even if the respective antigens were at some

antigenic distance.

Operationally, it is of interest that the priming schedule for the MF59-adjuvanted

H5N1 vaccine could be separated between dose one and dose two by as long as 1 year

(Novartis data on file). Importantly, when the second dose was derived from a

different clade (dose one was a clade 1 antigen, and dose two was a clade 2.2

antigen), responses to the second dose were highly cross-reactive to both antigens,

meeting CHMP criteria for viruses in both clades (Novartis data on file). This

suggests that annual revaccinations with updated formulations representing newly

emerging clades could lead to protection with a single dose. These annual updates

could be administered in conjunction with annual seasonal influenza vaccination, as

coadministration of the adjuvanted H5N1 vaccine and seasonal inactivated vaccine

did not interfere with responses to either seasonal or avian influenza antigens

(Novartis data on file).

The still emerging H1N1 pandemic has focused attention on the inadequacy of

the global influenza vaccine supply, as the WHO has estimated that only 4.9 billion

monovalent doses of vaccine can be produced by all manufacturers within a year.

But that assessment is based on the formulations proposed by manufacturers which

includes approximately two billion doses that are adjuvanted [103]. The antigen

dose sparing potential of MF59 and other emulsion adjuvants on responses to H5N1

virus has been contrasted with alum which has shown variable results. While

emulsion adjuvants such as MF59 have provided high immune responses indepen-

dent of antigen dose above approximately 6 mg, antibody responses to unadjuvanted
and alum-adjuvanted vaccines correlate with antigen dose, and to achieve puta-

tively protective levels, amounts of subunit and split antigens greater than 15 mg are
needed [104].

As adjuvants themselves must be manufactured with some lead time, minimi-

zing the quantity of adjuvant in a pandemic formulation to its smallest effective

dose would be desirable. In fact, when combined with 3.75 or 7.5 mg of subunit

H5N1 antigen, half of the usual quantity of MF59 contained in Fluad was as

immunogenic as 15 mg of antigen with a full dose of MF59 [97] (Fig. 8).
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4.8 Pandemic H1N1 Virus

The distant antigenic and genetic relationship of seasonal H1N1 virus to the novel

pandemic H1N1 virus suggested that adjuvanted vaccines would be needed to stimu-

late protective immunity. The early emerging clinical trial data, however, have

indicated that a single 15-mg dose of unadjuvanted hemagglutinin is sufficient to

stimulate putatively protective antibody levels in both young and senior adults but that

two doses were needed in children [105].

As has been seen with H5N1 virus, the addition of MF59 to subunit H1N1

antigen allowed for considerable antigen sparing [106]. A 3.75-mg antigen dose

adjuvanted with a full antigen of MF59 was highly immunogenic in adults after

either one or two doses. A combination of 7.5 mg of antigen with half of the usual

complement of MF59 was as immunogenic as 15 mg of unadjuvanted antigen and

unlike the unadjuvanted vaccine, a single adjuvanted dose was highly immunogenic

in children. The former formulation used a cell culture-derived antigen which could

prove to be the future of influenza antigen production.

The pandemic H1N1 virus has not yet been observed to drift antigenically from

the viruses that were isolated from Mexico and California early in the outbreak.

However, as the virus becomes resurgent in the northern hemisphere in the fall of

2009, increased immune pressure from persons who were infected in the spring

potentially could lead to emergence of heterovariantsthat might not be neutralized

by the current A/CA07/2009 formulated vaccine. When such heterovariants emerge,

as they surely will, it will be of considerable interest to determine if the MF59-

adjuvanted vaccine provides cross-neutralization.

The public health deployment of these MF59-adjuvanted vaccines in millions of

doses will provide additional safety data as well as effectiveness data that should

greatly aid further evaluations of the adjuvant in clinical practice. Thus far, no

safety signals have emerged with the distribution of more than 100 million doses of

MF59-adjuvanted pandemic H1N1 vaccine, which has included tens of thousands

of pregnant women and children.

4.9 MF59 with Other Antigens

MF59 has been used in early phase clinical trials with a number of antigens,

including herpes simplex, HIV, hepatitis B and C, and cytomegalovirus (CMV)

candidate vaccines [107–110]. Of note, MF59 has been used as an adjuvant for

pediatric vaccines with CMV and HIV viral antigens [110–113]. Seronegative

toddlers immunized with CMV glycoprotein B showed antibody titers that were

higher than those found in adults naturally infected with CMV. Moreover, the MF59-

adjuvanted vaccine was well tolerated in this age group. A recent phase II study

of the MF59-adjuvanted CMV glycoprotein B vaccine in naı̈ve post-postpartum

women showed promise, demonstrating 50% efficacy (95% confidence interval,
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7–73) in preventing infection, expressed as person-years over a 42-month follow-up

interval [114].

4.10 Additional Oil-in-Water Adjuvant Formulations
in Development

One of the advantages of o/w emulsion formulations is that they can be used with

other immune-stimulating molecules to further improve vaccines to address critical

issues for which current vaccines may not be optimal. Examples include combining

o/w emulsions with toll-like receptor (TLR) agonists. In development are AS03-

MPL (GSK) and MF59 combinations (Novartis), as well as MPL-SE (Infectious

Disease Research Institute), which has been clinically evaluated in therapeutic

vaccines against leishmaniasis. Such combination adjuvants may help address

issues critical to future vaccine development, including rapid response, induction

of protective immunological memory, broadening of the immune response, and, of

increasing importance, developing more effective vaccines for the elderly. In

preclinical studies, combination adjuvant formulations based on MF59 have been

shown to induce enhanced immune responses, particularly enhanced T-cell

responses with a more Th1 profile [115].

5 The Future

Although MF59 has been used in a licensed seasonal influenza vaccine in Europe

for more than a decade, and ASO3 has recently obtained licensure as a pandemic

and a prepandemic vaccine, neither of these adjuvants are yet licensed in the USA.

The adoption of emulsion-adjuvanted vaccines in the USA will require further

demonstrations of safety, particularly if a pediatric indication is sought or if

repeated annual exposure is anticipated, as with seasonal influenza vaccine. How-

ever, the willingness of regulatory authorities and public health officials to accept

the licensure of a vaccine containing the novel MPL adjuvant in a HPV vaccine is

encouraging, as it provides a precedent for a licensure path and for clinical

acceptance of other novel adjuvants, including emulsions.
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Lessons Learned from Clinical Trials in 1976 and

1977 of Vaccines for the Newly Emerged Swine

and Russian Influenza A/H1N1 Viruses

Robert B. Couch

Abstract An explosive local outbreak of respiratory disease in the US in 1976 with

a swine influenza A/H1N1-like virus [A/New Jersey/76 (H1N1)] and the appearance

of another A/H1N1 virus [A/USSR/77 (H1N1)] in the subsequent year led to

extensive clinical trials of vaccines as preparations for public use. Two whole

virus (WV) and two subunit (SV) vaccines of each virus were evaluated in all age

groups for safety and immunogenicity. A/NJ WV vaccines were more reactogenic

and more immunogenic than SV vaccines, particularly in children. Increase in the

dosage led to increase in reactogenicity, which was significant for one WV vaccine

that contained more antigen, but reactogenicity was best associated with the pres-

ence of WV particles of varied morphology. Although this result led to the concept

that WV vaccines were not acceptable for children, WV A/USSR vaccines were not

reactogenic in adults as were the A/NJ vaccines.

Patterns of antibody response by age, dosage, and number of doses were similar

for both A/NJ and A/USSR vaccines. Increasing dosage increased the frequency

and magnitude of responses and mg of HA related better to this finding than

CCA units used initially for dosage of A/NJ vaccines. “Primed” persons (exposed

to A/H1N1 viruses circulating before 1957) responded to single doses of vaccine.

One dose of WV vaccine induced acceptable antibody responses among most

unprimed persons but SV vaccines required two doses. For WV vaccine, one

dose of high dosage vaccine (60–118 mg HA) was as immunogenic as two doses

of lower dosage among adults; two doses as low as 2.5 mg HA were immunogenic in

children. For “primed” persons, doses of 15–20 mg HA induced adequate responses.

These principles of dosage, morphology and priming as major determinants of

reactogenicity and immune responses have been replicated since 1976–1977 and
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seem likely to be replicated again in the current vaccine trials with the 2009

swine-like A/H1N1 virus.

1 Introduction

An explosive outbreak of febrile respiratory disease in military recruits occurred at

Fort Dix, New Jersey, USA in January 1976. The cause of the outbreak was

identified as a swine influenza A (H1N1)-like virus; it was designated as A/NJ/76

(H1N1). The outbreak was about 4 weeks in duration and primarily involved basic

combat training units as very little spread to other units occurred and none to the

surrounding community. Influenza authorities, government officials, and industry

representatives convened and concluded that an influenza pandemic caused by

A/NJ-like (A/NJ) viruses was possible; authorities proceeded to organize vaccine

production and clinical trials in preparation for immunization of the public during

the fall of 1976. Those clinical trials were an extensive effort coordinated by the

US. Federal Drug Administration (FDA), National Institutes of Allergy and Infec-

tious Diseases (NIAID), and the Centers for Disease Control (CDC). Results of the

trials are contained in a supplement to the Journal of Infectious Diseases [1].
Approximately 1 year later, a new strain of influenza A/H1N1 virus was identi-

fied in the Soviet Union as a cause of influenza outbreaks, particularly among

younger people. The strain was designated A/USSR (H1N1) virus and was shown to

be similar to A/H1N1 viruses detected almost 30 years earlier in humans and

distinct from A/NJ (H1N1) virus [2]. Vaccine clinical trials with this virus were

organized by NIAID to provide guidance for vaccines for public use; results are

contained in Reviews of Infectious Diseases [3].
These two experiences with type A/H1N1 virus vaccines preceding a potential

influenza A/H1N1 pandemic are the only large, organized vaccine clinical

trials with the A/H1N1 influenza virus performed prior to the current trials with

the A/H1N1 virus that emerged in Mexico in the spring of 2009. Both the A/NJ/76

and the newly emerged A/H1N1/2009 virus are swine-like viruses.

The author of this report participated in both the A/NJ/76 and A/USSR/77

vaccine trials which are summarized in this chapter.

2 The Vaccines and Evaluations

The transition from quantitation of vaccine antigen using chick cell agglutinating

(CCA) units to quantitation of the HA of each strain in influenza vaccines occurred

with the 1976–1977 vaccine trials. The A/NJ vaccines were formulated in CCA

units and later tested for HA content; the A/USSR vaccines were formulated in mg
of HA and later tested for CCA units.
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The variables evaluated in the trials were vaccine manufacturer (four manufac-

turers), vaccine type [whole virus (WV) or split virus (SV)], dosage, schedule (one

or two doses), and age (children, adults, or elderly people). Two manufacturers

supplied whole virus vaccines [Merck Sharp and Dohme (MSD) and Merrell

National1 (MN) for A/NJ that became Connaught1 (C) for A/USSR] and two

supplied subunit vaccines [Wyeth and Parke-Davis (PD)]. In addition to CCA and

HA content, evaluations of the vaccines included protein quantity, endotoxin

content, and viral mass of each WV A/NJ vaccine [4, 5]. Clinical evaluations

were of reactogenicity and serum anti-HA antibody responses.

3 Reactogenicity

A tendency for increasing reactogenicity with increasing dosage was noted in the

A/NJ trials but the most striking difference was between the WV and SV vaccine

reactogenicity in children [6]. The WV vaccines clearly induced greater systemic

reactions in children than did the SV vaccines. Reactogenicity of 1,567 children

in the initial single-dose trial is summarized in Table 1.

Systemic reactogenicity after the SV vaccines was considered similar to those of

placebo recipients (although more mild local reactions occurred with SV). How-

ever, both WV vaccines induced significantly greater systemic reactogenicity

among both the 3–5 and 6–10 year age groups, including more instances of fever;

the MSD vaccine was more reactogenic than the MN vaccine. A later study with

smaller numbers of children evaluated dosages considered acceptable for reactions

(low dosages for WV vaccines); a second dose was given one month later, and an

Table 1 Comparison of reactogenicity among children after whole and split virus A/New Jersey

(H1N1) inactivated influenza vaccines

Vaccine Dosagea Reaction Indexb

CCA HA 3–5 Years (N) 6–10 Years (N)

Wyeth 43 0.13 (30)

87 4 0.24 (38) 0.36 (50)

PD 54 0.04 (26)

108 – 0.07 (43) 0.20 (50)

MN 32 0.55 (64)

64 6 0.52 (50) 0.68 (95)

MSD 46 0.99 (71)

93 14 0.47 (17) 1.28 (89)

Placebo – 0.25 (104) 0.28 (93)

PD Parke-Davis, MN Merrell National; MSD Merck Sharp and Dohme
aApproximate CCA and HA/0.5 ml; PD not available as was A/Swine/31 virus
bMean score for fever, headache, malaise, abdominal symptoms; >0.6 considered significant

1Now Sanofi Pasteur.
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11–18-year-old group was added. Dosages were not identical but the higher reac-

togenicity after WV vaccine was confirmed and included the 11–18 years group.

The reaction index was generally lower after the second vaccination; this was most

notable for the WV vaccines.

Reactogenicity among adults with A/NJ vaccines was varied among dosages and

groups. Only the MSD vaccine exhibited a significant increase in systemic reacto-

genicity (Table 2); 12.8% of those given the 800 CCA vaccine developed fever,

more than double that of any other group [7]. Local reactogenicity was increased

with increasing dosages but severe reactions were rare.

A number of laboratory studies of the A/NJ vaccines were conducted to better

understand the differences in reactogenicity and immunogenicity between vac-

cines. There was no correlation between systemic reactivity and endotoxin con-

centrations, rabbit pyrogenicity, protein concentration, or neuraminidase content

[4]. Vaccine mass (for WV vaccines) was determined by chromatographic separa-

tions; an increase in mass correlated with an increase in reactivity of the MSD

vaccines. In further comparisons of the two WV vaccines, electron micrographs of

each WV vaccine were obtained; the MSD vaccine contained more intact virus

particles with a greater variety of shapes than did the MN vaccine. This difference

was associated with a greater HA concentration, a higher viral mass and greater

systemic reactivity for the MSD vaccine than for similar CCA levels of the other

WV vaccine and both SV vaccines.

A comparison of reactogenicity among adults for the A/NJ and A/USSR vac-

cines prepared by the four manufacturers is shown in Table 2. The Reaction Index

(RI) for all A/USSR vaccines was low. There is no consistent increase in reacto-

genicity with increasing dosage, as seen with the A/NJ vaccines. An increase in the

RI with increasing dosage was noted among children but all were clinically

acceptable [8]. Protein and endotoxin content of the A/USSR vaccines varied;

viral mass was not reported.

Table 2 Comparison of reactogenicity among adults after A/New Jersey (H1N1) and A/USSR

(H1N1) inactivated influenza vaccines

Vaccine Strain CCA/HAa RIb CCA/HAa RIb CCA/HAb RIb

Wyeth NJ 174/8 0.47 335/23 0.30 661/65 0.28

USSR 107/16 0.26 451/61 0.39

PD NJ 217/– 0.34 431/– 0.31 739/– 0.52

USSR 102/10 0.37 296/43 0.00

MN/CL NJ 128/12 0.44 301/26 0.27 697/51 0.58

USSR 186/19 0.34 805/59 0.31

MSD NJ 185/28 0.49 356/60 0.90 736/118 2.15

USSR 81/12 0.21 391/45 0.34

PD Parke-Davis,MN/CLMerrell-National which became Connaught Laboratories and is currently

Sanofi Pasteur, MSD Merck Sharpe and Dohme
aCCA/HA CCA ¼ Actual chick cell agglutinating units/mg HA per 0.5 ml; PD for A/NJ not

available as was A/Swine/31 virus
bReaction Index ¼ Mean score for fever, headache, malaise, nausea; A/USSR RI includes children
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This experience with influenza A/H1N1 inactivated vaccines provided an under-

standing of reactogenicity that influenced many vaccine-related decisions that are

still in place today. A summary of the major findings regarding reactogenicity is in

Table 3. WV vaccines are considered more reactogenic than SV vaccines, particu-

larly among children. While this is generally true, the comparisons of reactions for

the various vaccines and dosages in Table 2 indicate that this is not a uniform finding

for WV vaccines, at least not among adults. Reports from trials of A/Hong Kong/68

(H3N2) vaccines indicate that high reactogenicity of WV vaccines was not seen

among children [9]. Thus, rejecting WV vaccines as an option for inactivated

vaccines because of a potential for increased reactogenicity seems inappropriate,

particularly since available data suggest WV vaccines are generally more immuno-

genic than SV vaccines (see below). Using the HA content as a basis for vaccine

dosage provided a better correlate for reactogenicity than did the CCA content.

4 Immunogenicity

Both one-dose and two-dose immunogenicity studies with the A/NJ inactivated

vaccines were conducted in children [6]. The one-dose trial exhibited a high

frequency and magnitude of responses only in the children given high dosages of

WV vaccine, but the level of reactogenicity was considered unacceptable. For this

reason, a second trial was done in children that used dosages of the vaccines

considered acceptable for reactogenicity. Results of that two-dose trial are shown

in Table 4. The lower dosages used were lower for both CCA and mg HA in each

age group for the two WV vaccines than for the two SV vaccines. Despite the lower

dosages, responses to the WV vaccines were similar to, and usually better than,

those for higher dosages of SV vaccine. In general, responses to one dose were

deficient for all vaccines at the dosages tested but were satisfactory after two doses.

Table 3 Summary of reactogenicity of inactivated influenza A/H1N1 vaccines in the 1976–1977

clinical trials

Local reactions after all A/NJ vaccines and dosages in all age groups were clinically acceptable

and were frequently within the range for placebo

A trend for increasing systemic reactions with increasing dosage of A/NJ vaccine was noted,

particularly among children. The trend related better to HA than CCA content

Whole virus A/NJ vaccines induced more systemic reactions than split-product vaccines,

particularly among children. These reactions occurred 6–24 h after vaccination

One whole virus A/NJ vaccine was the most reactogenic vaccine and related best to high viral

mass, characterized as intact viral particles of varied morphology that included filamentous

forms

Reactions after A/USSR vaccines were clinically acceptable and about the same for whole and

split virus among both adults and children although children were only given SV vaccines

Systemic reaction scores were lower after a second dose than the first dose for both A/NJ and

A/USSR vaccines

Reactions among adults after a dose of 200 CCA of the A/NJ vaccine and 20 mg of HA of the

A/USSR vaccine were about the same and were low for all vaccines
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Despite an estimated dosage of only 2.5 mg of HA, the good responses to two doses
of either of the two WV vaccines among 6–36-month-old children were notable. A

10 mg HA dosage of the PD vaccine was comparable for this age group but the

responses to the 6.5 mg HA dosages of Wyeth vaccine were lower.

One- and two-dose trials were also performed in subjects aged 17–24 years

(Table 5). A trend for increasing antibody responses with increasing dosages was

seen and, as was seen in children, satisfactory antibody responses to one dose were

seen only in the group given the higher dosages of the reactogenic MSD vaccine

[7]. The HA dosages for the two higher CCA dosages of MSD vaccine were 60 and

118 mg. Responses to two doses of the lower dosages (20–40 mg HA) were

satisfactory for the PD, MN, and MSD vaccines but not for the SV Wyeth vaccine

that was of lower dosage (13 mg HA; GMT 39, 52% �1:40).

Older persons (�25 years) were given a single dose only of each vaccine as these

older persons exhibited good antibody responses to one dose [7]. Prior to vaccina-

tion, HAI titers �1:10 were seen in 15.4% of those aged 25–34 years, in 28.1% of

those aged 35–51 years, and in 94.9% of those �52 years [7]. A comparison of

responses of a group aged 22–43 years and one �52 years old at one clinical trial

site is shown in Table 6 [10, 11]. Satisfactory responses to A/Swine/31 (H1N1)

were seen among those given one and two doses of the inappropriate A/Swine/31

(H1N1) vaccine provided by Parke-Davis. Among those aged 22–43 years, vac-

cines of higher dosage (>20 mg HA) induced satisfactory responses and, again,

were highest for the reactogenic MSD vaccines. One dose (12–60 mg HA) induced

very good responses among all subjects �52 years of age.

Table 4 Comparison of serum antibody responses after A/New Jersey (H1N1) inactivated

influenza vaccines among children

Vaccine CCA/

HAa
AB 6–36 Mob CCA/

HAa
Ab 3–5 Yrb CCA/

HAa
Ab 6–10 Yrb CCA/

HAa
Ab 11–18 Yrb

GMT % �40 GMT % �40 GMT % �40 GMT % �40

Wyeth

1 dosec 97/6.5 5.4 0 194/13 8.6 7 194/13 8.7 43 388/26 14.1 25

2 dosesc 15.9 25 65.9 83 65.6 79 90.6 82

PD

1 dosec 95/10 9.3 10 190/20 17.1 18 190/20 23.3 38 380/40 27.9 41

2 dosesc 63.1 89 65.9 78 102.3 93 86.7 88

MN

1 dosec 26/2.5 18 21 51/5 13.2 15 102/10 14 13 204/20 17.8 52

2 dosesc 86.3 89 51.3 84 41.2 77 53.7 74

MSD

1 dosec 14/2.5 18.5 29 28/5 26.7 47 55/10 25.9 44 110/20 41.5 54

2 dosesc 59.8 92 82.4 91 54.7 84 71.6 96

PD Parke-Davis, MN Merrell-National which became Connaught Laboratories and is now Sanofi

Pasteur, MSD Merck Sharpe and Dohme
aCCA/HA Actual chick cell agglutinating units/m HA per 0.5 ml
bAb responses by age group for GMT ¼ geometric mean hemagglutination-inhibition titer and %

with titer �1:40
c1 dose no. ¼ 10–63, 2 doses no. ¼ 9–31
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Table 5 Comparison of serum antibody responses after A/New Jersey (H1N1) inactivated

influenza vaccines among subjects 17–24 years of age

Vaccine CCA/HAa Antibodyb CCA/HAa Antibodyb CCA/HAa Antibodyb

GMT % �40 GMT % �40 GMT % �40

Wyeth

1 dosec 174/8 10 21 335/23 19 31 661/65 24 34

2 dosesc 194/13 39 52

PD

1 dosec 217/NDd 13 34 431/NDd 8 20 739/NDd 17 45

2 dosesc 190/20 94 82

MN

1 dosec 128/12 22 44 301/26 34 51 697/51 31 46

2 dosesc 204/20 72 83

MSD

1 dosec 185/28 42 56 356/60 66 84 736/118 82 91

2 dosesc 221/40 125 94

PD Parke-Davis,MNMerrell-National (which became Connaught Laboratories and is now Sanofi

Pasteur), MSD Merck Sharpe and Dohme
aCCA/HA Actual chick cell agglutinating units/m HA per 0.5 ml
bGMT Geometric mean hemagglutination-inhibiting antibody titer; �40 ¼ % with �1:40 titer
cSeparate clinical trials
dHA not determined as HA was A/Swine/31 not A/New Jersey/176

Table 6 Comparison of serum antibody responses after A/New Jersey (H1N1) inactivated

influenza vaccines among subjects 22–43 and �52 years of age

Vaccinea

Age Gp (yrs)b
CCA/HAc Antibodyd CCA/HAc Antibodyd CCA/HAc Antibodyd

GMT % �40 GMT % �40 GMT % �40

Wyeth 174/8 335/23 661/65

22–43 26 39 48 75 94 76

PD 217/NDe 431/NDe 739/NDe

22–43 89 95 181 94 166 85

�52 265 98 286 100

MN 128/12 301/26 697/51

22–43 40 63 26 57 84 75

�52 164 98 232 100

MSD 185/28 356/60 736/118

22–43 105 78 174 100 136 88

�52 191 98 246 98

Placebo 0/0

22–43 <10 0

�52 52 72
aPD Parke-Davis, MN Merreill-National (which became Connaught Laboratories and is now

Sanofi Pasteur), MSD Merck Sharpe and Dohme. 22–43 years given A/NJ vaccine; �52 years

given A/NJ/76 – A/Victoria/75 (H3N2) vaccine. Wyeth vaccine not provided
b22–43 years, all 224 were <1:10 HAI in prevaccination sera; 6/405 �52 years were <52 years

with a high risk condition
cCCA/HA Actual chick cell agglutinating units/m HA per 0.5 ml
dGMT Geometric mean hemagglutination-inhibiting antibody titer; �40 ¼ % with �1:40 titer
eHA not determined as HA was A/Swine/31 not A/New Jersey/76
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The effect of age on antibody responses is shown in Fig. 1 from Parkman et al.

[7]. Responses after one dose are variable but generally good for both SV and WV

vaccines among those �25 years of age but were significantly better after one dose

of WV vaccine than for SV vaccines among those �25 years.

Antibody responses to A/USSR (H1N1) vaccines are summarized in Table 7.

Dosages were proposed to be 2.3, 7, 20, and 60 mg of HA; results for the three lower
projected dosages are shown in the table. Because of the reactogenicity seen with

WV A/NJ vaccines, SV only was given to children; results for those aged 3–6 and

7–12 years are shown [8]. None of the single-dose groups developed a satisfactory

response (1.3–16 mg HA), while all of the groups exhibited relatively good

responses after two doses. Responses to one dose among those 20–25 years old of

either SV or WV were generally good but not to the lower dosages (3–6.3 mg HA);

responses to two doses were very good including to the lower dosages [12].

Responses to one dose of vaccine containing 10–19 mg HA in those aged 55–88

years old were very good and a second dose of the SV and WV vaccines added very

little to the response. Patterns of responses to one and two doses of vaccine for all

subjects in the A/USSR vaccine trials are shown in Fig. 2 from La Montagne et al.

[5]. Increasing dosages induced increasing frequencies of antibody response for

those �25 years after one dose. For those aged 13–25 years, an optimal response

frequency, which was equivalent to the response after two doses of the middle-dose

(10–19 mg HA) vaccine, was seen after one dose of a high-dosage (43–61 mg HA)

vaccine; no benefit ensued in this age group from a second dose of a high-dosage

vaccine. The greatest value for a second dose was seen in those �12 years of age.

A summary of the immunogenicity findings for the A/NJ and A/USSR vaccines

is presented in Table 8. The patterns of serum anti-hemagglutinin antibody

100

80

60

40

20

20 30 40

AGE (years)

P
E

R
C

E
N

T
 w

it
h

 H
A

I  
  1

:4
0

50

Antibody Response to:

Whole Virus Vaccine
Split Virus Vaccine

A/New Jersey
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from Parkman et al. [7]
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responses were similar for both the A/NJ and A/USSR vaccines. Increasing the

dosage of the vaccine increased the frequency and magnitude of responses and one

dose of a higher dosage vaccine frequently elicited a response similar to two doses

of a lower dosage vaccine. For the most unprimed age groups (younger children),

two doses were almost always needed. Among the healthy “primed,” as defined by

age, a single moderate dosage (15–20 mg HA) of vaccines was generally adequate.

While WV vaccines appeared more immunogenic (and reactogenic) for A/NJ virus,

they were not for A/USSR virus vaccines. The greater immunogenicity of A/NJ

WV vaccines was at least partly due to a higher HA content.

5 Comment

These clinical trials in humans with two sets of influenza A/H1N1 vaccines con-

stituted the most extensive experience with inactivated whole virus and split-product

influenza virus vaccines ever undertaken to that time. Altogether, almost 10,000

Table 7 Comparison of serum antibody responses after A/USSR (H1N1) inactivated influenza

vaccines

Vaccinea

Age Gp (Yr)

CCA/

HAb
Antibodyc CCA/

HAb
Antibodyc CCA/

HAb
Antibodyc

GMT % �40 GMT % �40 GMT % �40

Split virusd W 12/2

PD 12/1.3

W 37/6

P 36/3.4

W 107/16

P 102/103–6 yre

1 dose 10 10 13 22 15 22

2 doses 40 61 54 71 57 67

7–12 yrse

1 dose 13 16 12 21 23 39

2 doses 37 74 36 58 57 77

Split virusd W 37/6

P 36/3.4

W 107/16

P 102/1020–25 yre

1 dose 14 18 29 60

2 doses 38 82 48 87

55–88e

1 dose 189 100

2 doses 215 100

Whole virusd C 61/6.3

M 20/3

C 186/19

M 81/1220–25e

1 dose 21 25 32 77

2 doses 48 83 47 92

55–88e

1 dose 56 83

2 doses 61 87
aVaccines were PD Parke-Davis, W Wyeth, Connaught Laboratories formerly Merrell-National,

now Sanofi Pasteur, MSD Merck Sharpe and Dohme
bCCA/HA Actual chick cell agglutinating units/estimated m HA per 0.5 ml
cAntibody responses; GMT geometric mean titer; % �40 ¼ % with titer �1:40
dVaccines were SV ¼ Wyeth and Parke-Davis; responses to each vaccine pooled; WV ¼ Con-

naught (C) and MSD (M); responses to each vaccine pooled
eNo. – 3–6 ¼ 18–31, 7–12 ¼ 28–32 (86%.<1:10 pre); 20–25 ¼ 12–17 (all<1:10); 55–88 ¼ 21–23

(all >1:10 pre)

Lessons Learned from Clinical Trials in 1976 and 1977 of Vaccines 367



volunteers of ages 0.5–100 years participated in the trials. The trials confirmed many

immunological concepts noted in earlier vaccine trials and expanded our under-

standing of vaccine responses. Reinforced principles included that increasing dosage

increases antibody responses and two doses of a low dosage (<10 mg HA) will

induce a greater response than one dose. These concepts were particularly noticeable
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Fig. 2 Cumulative serum hemagglutinin-inhibiting (HAI) antibody responses to the A/USSR/77

(H1N1) vaccines for all subjects in the trial. Each panel illustrates the proportion of individuals

who attained serum titers of HAI antibody of �1:40 after the first injection (hatched bar) and after

the second injection (solid bar). The results are shown by ages of the subjects. The HA dosage of

vaccine administered [P pediatric (SV, 1.3–2 mg), L low (SV, 3.4–6 mg;WV, 3–6.3 mg),Mmedium

(SV, 10–16 mg; WV, 12–19 mg), or H high (SV, 43–61 mg; WV, 45–59 mg)], ages of the subjects,
and number of individuals who received the first and second vaccinations are shown along the

abscissa. Reprinted from La Montagne et al. [5]

Table 8 Summary of immunogenicity of inactivated influenza A/H1N1 vaccines

The patterns of antibody responses by age, dosage, and number of doses were similar for both sets

of vaccines – A/New Jersey (H1N1) and A/USSR (H1N1) virus vaccines

Increasing the dosage of the vaccine increased the frequency and magnitude of antibody responses

Expressing vaccine dosage as mg of HA related better to responses than CCA units

A higher dosage of vaccine frequently induced antibody responses similar to two doses of lower

dosage vaccine

Two doses of vaccine were almost always needed for satisfactory antibody responses among

children

A single dose of vaccine of moderate dosage (15–20 mg HA) induced a satisfactory antibody

response among those “primed” because of past exposure to related HA antigens. Age was

adequate for this determination

Whole virus vaccines appeared more immunogenic than split-product vaccines for A/New Jersey

virus but not for A/USSR viruses although A/USSR WV vaccines were not tested in children

Long-term persistence of A/H1N1 serum antibody was demonstrated (�25 years)
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among persons unprimed to H1 antigens. Priming was shown to be a major determi-

nant of enhanced responses and was age-related as determined by a likely exposure

to H1 antigens of influenza viruses circulating in earlier years; the years of A/H1N1

circulation were 1918–1956.

Responses to WV vaccines were not consistent in that reactogenicity and

immunogenicity were both greater for A/NJ vaccines than for SV vaccines while

for A/USSR they were similar. The increased reactogenicity and immunogenicity

for the A/NJ WV vaccines could at least partly be caused by the increased HA

content. However, for the MSD vaccine, the increased reactogenicity and apparent

immunogenicity appeared to be also partly due to the structure of virus particles in

the vaccine; the MSD vaccine contained more intact particles, including both

spherical and filamentous particles, than did the MN whole virus vaccine. This

adjuvant-like effect for WV vaccines was not seen for the A/USSR WV vaccines

but virus particle structure of the two WV vaccines was not provided. Thus, WV

vaccines may not be uniformly more reactogenic nor immunogenic than SV

vaccines.

A number of additional variables were examined with the A/NJ vaccines. An

Intradermal (ID) immunization study with 0.1 ml vaccine of WV vaccine (MN

vaccine) was inferior to 0.5 ml IM among unprimed persons after one dosage and an

ID–IM sequence was no better than an IM–IM sequence [13]. Responses to ID were

similar to IM among those with some prior antibody. Local reactions were greater

among those given ID vaccine but systemic reactions were greater and also among

those given vaccine IM. A number of studies were conducted among persons of

“high risk” [1]. The increased reactogenicity of WV vaccines was noted in these

studies, but the vaccines were otherwise considered safe and immunogenic in

subjects with multiple sclerosis, asthma, pulmonary disease, heart disease, cancer,

and some other disorders.

The 1976–1977 vaccine trials did not explore some other vaccine variables of

interest; these include timing for dose two. A 3-week interval between doses is

commonly used by European investigators but a 4-week interval was used in the two

dose studies of 1976–1977. A 2-week interval between vaccinations was explored in

the past and responses were suboptimal ([14, 15] and own unpublished data). The

value of adjuvants was not explored in the 1976–1977 trials but incomplete Freund’s

adjuvant was used in some A/H2N2 vaccines in 1957 and an adjuvant effect was

demonstrated [15]. It was stated that using IFA with a 100 CCA dose induced an

antibody response similar to a 400 CCA dose without IFA.

Safety and immunogenicity trials are being performed currently with the newly

emerged influenza A/H1N1 virus. All vaccines in the USA 2009 trials are split-

product or subunit vaccines; it seems likely that these trials will largely confirm the

conclusions from the earlier A/H1N1 vaccine trials. On the basis of the 1976–1977

experience, it is predicted that persons �85 years of age have a high likelihood of

possessing antibody and resistance to the 2009 A/H1N1 virus and that most �55

years old will possess antibody and a high level of “priming”; a single vaccination

of moderate dosage should induce substantial responses in both of these popula-

tions. Because other A/H1N1 viruses have been causing human infections since
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1977 and have been included in seasonal vaccines, a considerable portion of the

population should be primed and exhibit satisfactory antibody responses to a single

moderate dosage (10–20 mg of HA) of vaccine although a higher dosage would

probably induce a greater response. A precise age for priming cannot be set as in the

1976–1977 trials but lower frequencies of priming will be encountered with reduc-

ing age so that two doses of vaccine will be required for an adequate response in

younger persons. If these predictions are correct, the concepts and principles

developed in the 1976–1977 trials with inactivated influenza virus vaccines will

be reinforced.
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Occurrences of the Guillain–Barré Syndrome

(GBS) After Vaccinations with the 1976 Swine

A/H1N1 Vaccine, and Evolution of the Concern

for an Influenza Vaccine-GBS Association

Robert B. Couch

Abstract Implementation of a public vaccination program with A/New Jersey

(A/NJ) vaccines in 1976 led to the recognition of an increased risk among vacci-

nated persons of developing the neurological disorder known as Guillain–Barré

Syndrome (GBS). The attributable risk was 8.8 among adults in the 6-week period

after vaccination or about 1 case per 100,000 vaccinations. Skepticism of the

statistically significant association was resolved with a subsequent careful assess-

ment in two states in the USA that confirmed the association. Subsequent efforts to

confirm an association between other influenza vaccines and occurrence of GBS

have mostly failed to identify an association but a suggestion of about one case of

GBS per one million vaccinations has been reported. GBS has been associated with

various other infections, illnesses, vaccinations, and other disorders. Campylobac-
ter jejuni infections are accepted as inducing a risk for GBS and evidence suggests

antiganglioside immune responses that react with the nerve myelin sheath as the

mechanism. To assess this possibility, A/NJ and some other influenza vaccines

were all shown to induce antiganglioside antibodies in mice; however, a relation of

this finding in mice to GBS in humans has not been provided.

More recently, reports have indicated a risk of GBS after clinical influenza that is

greater than the risk after influenza vaccination, suggesting that influenza vaccina-

tion may actually protect against GBS. Influenza, influenza vaccinations, and their

role in the occurrences of GBS are evolving subjects. At present, however, occur-

rence of GBS cannot be considered an inherent risk of influenza vaccination.
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1 Introduction

In the fall of 1976, the USA implemented a public health program of vaccination of

the population with influenza A/New Jersey/76 (A/H1N1) vaccines so as to prevent

a pandemic from the swine-like (H1N1) virus that had emerged at Fort Dix, New

Jersey, USA. That program led to recognition of a risk for occurrence after

vaccination of the neurological disorder known as the Guillain–Barré Syndrome

(GBS). That experience and the current status of understanding of an influenza

vaccine-induced risk for GBS are summarized in this chapter.

2 The A/New Jersey Vaccine Experience

The nationwide campaign for immunization of all citizens in the USA in 1976 with

influenza A/New Jersey (A/NJ) vaccine encountered numerous difficulties during

the decision, organization, and implementation [1]. The final event that led to

discontinuation of the public health program was the apparent increase in GBS

among vaccine recipients in the setting of no apparent spread of the swine A/H1N1

virus in the population.

A subsequent organized GBS surveillance effort in the USA identified 1098

cases during the vaccination period, 532 of which had occurred after vaccination

with the A/NJ vaccine [2]. Calculations of the risk of GBS after A/NJ vaccination

indicated a significant attributable risk of 8.8 among adults in the 6-week period

after vaccination. This corresponds to about one case per 100,000 vaccinations;

almost 50 million vaccinations were performed. Additional convincing data for this

association was the pattern of an increase in the GBS rate after vaccination with a

peak in weeks two and three and a subsequent return to the baseline rate for

unvaccinated persons (Fig. 1). Risk appeared about the same for all four vaccines

distributed; a number of potential confounding variables were excluded.

Subsequent to this landmark report, substantive questions were raised about the

quality of the data leading to the “conclusive” epidemiologic association [4, 5].

Additionally, other reports appeared that confirmed and did not confirm the associ-

ation [3, 6, 7]. In an attempt to resolve the concerns, a new study was mounted to

review all cases of GBS in the states of Michigan and Minnesota during the

vaccination period using neurologists for formulating diagnostic criteria and

reviewing all cases [8]. Some cases used in the earlier association report were

discarded but the relative risk for GBS after A/NJ vaccination remained about as

proposed in the initial report. Overall, these various reports provide very strong

evidence that vaccination with A/NJ vaccine in 1976 increased the risk for deve-

loping the GBS in a 6–8 week period after vaccination; the reason(s) for this

epidemiological association are unknown.
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3 The Guillain–Barré Syndrome

GBS is a neurologic disorder consisting of a constellation of neurological signs and

symptoms of unknown cause. There are no objective tests available for establishing

the diagnosis in a suspect case. Because of lack of uniformity in reported cases, the

National Institute of Neurological and Communicative Disorders in the USA and

the Brighton Collaboration provided definitions of the syndrome that have, for the

most part, been followed [9–11]. The syndrome is an acute illness characterized by

progressive motor weakness of more than one limb that tends to be symmetrical and

is accompanied by areflexia. Mild sensory findings and cranial nerve involvement

may be present and recovery generally occurs. Strong support for a diagnosis of

GBS is provided by finding an albumin-cytologic dissociation (elevated protein and

reduced cell concentration) in cerebrospinal fluid and typical electrophysiologic

abnormalities.

Descriptions of GBS over many years have specified that most cases (about two-

thirds) seemed to follow an episode of illness [12, 13]. In a review of GBS, Lineman

identified 1,100 cases with about 60% having followed an infection, most com-

monly a nonspecific acute viral or bacterial infection of the respiratory tract [14].

Subsequently, reports have emphasized enteric infections and noted association

with cytomegalovirus infections, infectious mononucleosis and numerous other

infections and maladies. Until recently (see later), it was thought that influenza
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infections did not convey a risk for GBS despite the fact that a history of an acute

viral-like respiratory illness was known to be the most common preceding event

[15–17]. Associations with immune disorders and events have included GBS after

vaccinations; in earlier reports this association was seen more commonly after

rabies vaccinations or use of tetanus antitoxin. Many vaccinations have now been

followed by GBS and caused some concern; these have included various live and

inactivated vaccines, viral and bacterial vaccines, protein and carbohydrate vac-

cines, and adjuvanted and nonadjuvanted vaccines (references available upon

request).

Incidence rates of GBS have varied but are generally about one case per 100,000

persons per year [17, 18]. This low rate has compounded the problem of identifying

and proving a specific cause for the GBS. Clusters of cases have been noted,

sometimes associated with a discrete preceding outbreak such as acute gastroente-

ritis [19]. The GBS rate increases with increasing age is somewhat more common in

males and, possibly, in whites.

4 A/New Jersey Vaccine and Pathogenesis of GBS

The GBS is primarily a polyradiculopathy of spinal nerve roots. The major histo-

pathology is edema and disorganization of the myelin sheath that progresses to a

mild inflammatory reaction and to Swann cell proliferation in the late stages [20].

Although the specific pathogenesis of the GBS is unknown, it is thought by most to

be induced by an aberrant immune response that leads to reaction with the nerve

myelin sheath or other axonal sites and results in impaired transmission of impulses

through peripheral nerves [13, 21–23]. This possibility is most completely explored

for GBS following Campylobacter-associated enteric infections [24, 25].

Campylobacter jejuni apparently has surface polysaccharides that are similar to

gangliosides of nerve sheaths. Molecular mimicry is proposed as the mechanism for

induction of ganglioside antibodies that react with nerve tissue and induce the

pathology that impairs nerve impulse transmissions [24, 25]. Clusters of GBS

associated with Campylobacter infections and gastroenteritis outbreaks that could

be from Campylobacter infections are compatible with this specific infection being

a precipitating event for GBS [24–26].

Whatever the exact relationship between infection, antiganglioside antibody,

and GBS, it is clear that ganglioside antibody is not useful as a diagnostic test for

GBS. Whether this antibody, in conjunction with cofactors or coevents, describes a

pathogenetic circumstance for all cases of GBS is uncertain.

In an effort to assess ganglioside antibody induction and GBS after A/NJ

vaccinations in 1976, residual A/NJ vaccines were used for immunizing mice and

testing for ganglioside antibodies [27]. All of the A/NJ/76 vaccines induced anti-

GM1 antibodies, the antibody of interest. If this antibody mediates GBS, it would

be reasonable to suggest that a high frequency of responses occurs but that antibody

mediates clinical disease in only a low percentage of cases. On the other hand, this
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same report immunized mice with two different seasonal influenza vaccines and

two A/H5N1 vaccines and all induced ganglioside antibodies. Although the number

of H5 vaccinations is too small for detecting a GBS relationship, no relationship

was noted for the two seasonal vaccines evaluated. Unfortunately, this provocative

report has apparently not been followed by the indicated studies that would further

clarify the significance of the finding. Thus, at present, it seems most reasonable to

regard the influenza vaccination–ganglioside antibody–GBS relationship as no

more than an interesting, suggestive observation that could use resolution for

significance.

5 GBS and Influenza Vaccines Other than the A/New

Jersey Vaccine

In order to verify whether the A/NJ–GBS association was an inherent risk of

influenza vaccination, the American Center for Disease Control conducted surveil-

lance for an association in 3 years subsequent to the A/NJ vaccination period. For

three separate vaccination years, 1978–1979, 1979–1980, 1980–1981, no associa-

tion of GBS and prior influenza vaccination was detected [28–30]. However, a

borderline significant increased risk for GBS was reported after an investigation of

influenza vaccinations in 1992–1994 that was precipitated by reports to the vaccine

adverse event reporting system (VAERS) in the USA; the validity of this associa-

tion has been questioned [31, 32]. Some other reports of an association between

influenza vaccination and GBS have appeared as well as reports of no association

[32–38]. Reports utilizing VAERS data to support an association between influenza

vaccinations and GBS have been refuted by the CDC with the strong statement “the

rate of an adverse event cannot be approximated from VAERS data” [39]. Thus,

although it is possible that a small increase in risk for the GBS may follow

vaccination with seasonal influenza vaccines, present knowledge suggests it is

equally plausible to believe that there is no increased risk.

6 Recent Contributions

The most significant recent data on the influenza vaccine–GBS relationship are

data supporting a risk for GBS after influenza infections [32, 40, 41]. Using the

self-controlled case series method, an approach thought superior to cohort and

case–control studies, Stowe et al. [32] found the relative incidence of GBS after

influenza vaccination in the UK General Practice Database to be 0.76 within 90

days while GBS after an influenza-like illness was 7.35 within 90 days and 16.67

within 30 days. A similar relationship for GBS and clinical influenza-like illness

was reported by Sivaden-Tardy et al. (Fig. 2), which was further supported by
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objective evidence of actual influenza virus infection in the GBS cases [41]. Also of

interest is the fact that none of the GBS cases after influenza infection developed

ganglioside antibodies. These recent reports offer the intriguing possibility that

influenza vaccinations may protect against any increased risk for development of

GBS after clinical influenza that might exist.

7 Comment

A summary of the evolution of the influenza vaccine-GBS association is provided

in Table 1. It seems clear that vaccination with the A/NJ influenza vaccine in 1976

increased the risk for developing GBS; however, numerous efforts since 1976 have

failed to confirm a risk for GBS attributable to influenza vaccination. Thus, it seems

reasonable to conclude that GBS does not constitute an inherent risk from influenza

vaccinations. It remains possible that influenza vaccinations may, on rare occa-

sions, serve as a contributing factor to occurrences of GBS and account for the

reports that have suggested a minor increase in risk; for some unknown reason, a

contribution of significance occurred in the fall of 1976 when a nationwide vacci-

nation campaign was conducted to prevent a pandemic with swine influenza

Table 1 Summary of the Influenza vaccine Guillain–Barré Syndrome (GBS) Association

l There was a significant increased risk for developing GBS in the 6–8 week period after

vaccination with the swine influenza A/H1N1 vaccine in 1976. The reason(s) for this increase

are unknown.
l The GBS is a paralytic syndrome of unknown cause that is presumed to be an immunopathologic

disorder resulting from an immune reaction with nerve tissue.
l Ganglioside antibodies are proposed as the mediator for the immunopathological reaction

leading to GBS and data are available to support this hypothesis, particularly for GBS after

Campylobacter infections. Available data are insufficient to support this as a mechanism for an

influenza vaccine-induced GBS.
l The many studies reported on influenza vaccinations and GBS since 1976 have either failed to

identify a risk for GBS or have reported a very low frequency risk (~one per million

vaccinations).
l Recent studies of influenzal illnesses and GBS have reported a significant risk for GBS after

clinical influenza. GBS after a nonspecific acute viral-like respiratory illness has been an

accepted association for decades.
l Influenza, influenza vaccinations, and their role in occurrences of GBS are evolving subjects. At

present, occurrence of GBS cannot be considered an inherent risk of influenza vaccination.

<

Fig. 2 (continued) coefficients between residual cases of GBS caused by an unidentified agent at

month t and ILI at month t – lag, for lags of �3 to 3. Horizontal dashed lines indicate 5%

significance level of a two-sided test of association. Reprinted from Sivadon-Tardy et al. [41] with

permission
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A/H1N1 viruses. The similarities between the swine influenza A/H1N1 experience

in 1976 and that ongoing at the present time (2009), with swine influenza A/H1N1

vaccinations are obvious. The magnitude of the current vaccination effort should

clarify any relationship between influenza vaccination and occurrence of the GBS.
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Human Monoclonal Antibodies for Prophylaxis

and Treatment of Influenza

Wouter Koudstaal, Fons G. UytdeHaag, Robert H. Friesen, and JaapGoudsmit

Abstract Influenza viruses continue to be challenging targets for vaccination

because of their rapid evolution and tolerance for changes in their antigenic

structure. Moreover, the efficacy of influenza vaccines is suboptimal in the elderly,

the group at highest risk of infection-related complications, as a consequence of

immunosenescence. In order to protect this vulnerable group, measures not reliant

on the immune system are thus required. Passive immunotherapy using monoclonal

antibodies (mAbs) represents such an approach, but its development has long been

hampered by the lack of mAbs with potent heterosubtypic neutralizing activity.

Recently, a novel class of antibodies has been discovered that, instead of blocking

viral attachment to the host cell by binding to the globular head of the HA,

recognize a site in the membrane-proximal HA stem and neutralize the virus by

inhibiting the conformational changes required for membrane fusion and uncoating

of the virus. In accordance with its functional importance, this epitope is conserved

among all group 1 influenza viruses. Several such antibodies have already been

shown to be protective in mice when given before and after lethal H5N1 or H1N1

challenge. These promising results justify clinical evaluation of broadly neutraliz-

ing anti-influenza mAbs as novel therapeutic agents for the prevention and treat-

ment of influenza infections, which, given the increasing resistance to the leading

antiviral drug oseltamivir, are urgently needed. The challenge that lies ahead now is

the identification of an equally conserved epitope in group 2 influenza viruses, in

particular, in those of the H3 subtype.
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1 Introduction

Influenza viruses belong to the orthomyxovirus family of enveloped viruses with a

segmented negative-stranded RNA genome [1]. Of the three influenza genera,

influenza A, B, and C, only the first two are associated with significant human

disease and cause annual epidemics during autumn and winter in temperate regions

and circulate throughout the year in some tropical countries, with one or two peaks

during rainy seasons. Such “seasonal influenza” is characterized by sudden onset of

fever, cough, headache, muscle and joint pain, sore throat, and runny nose.

Although most people recover within a week without requiring medical attention,

influenza results in about three to five million cases of severe illness and up to

500,000 deaths worldwide every year, particularly among the very young, elderly,

and chronically ill [2]. Furthermore, influenza A viruses occasionally cause major

pandemics involving multitudes of these numbers of severe illness and death.

2 Immune Response to Influenza

Invading influenza A viruses are detected by “pattern recognition receptors” (PRRs)

which recognize products of influenza virus replication and initiate a signaling

cascade that culminates in an antiviral response. A pulmonary infiltrate of innate

immune cells comprising natural killer cells, neutrophils, and macrophages

mediates protection through both direct cytotoxicity of virus-infected cells and

release of a torrent of innate immune molecules that limit infection. Furthermore,

low-affinity “natural” antibodies form a first line of antibody-mediated defense

against influenza by restricting virus dissemination and promote the recruitment of

viral antigen to the secondary lymphoid organs [3, 4]. Here, an adaptive antibody

response is mounted in germinal centers formed by B cells that, helped by T cells,

clonally expand and differentiate. This differentiation is characterized by isotype

switching (e.g., from IgM to IgG) and the introduction of randommutations in the Ig

genes of the B cells (somatic hypermutation). Such somatic mutations result in B

cell receptors with varying affinities for viral antigen. B cells able to bind the antigen

with high affinity and specificity exit the germinal center as terminally differentiated

antibody-producing plasma cells or memory B cells. Next to antibodies, cytotoxic

CD8þ T cells have been shown to contribute to controlling influenza virus infection,

but are outside the scope of this chapter (for review, see [5]).

3 Vaccination Against Influenza

The most effective way to prevent influenza or severe outcomes from the illness is

vaccination and influenza vaccines have been available and used for more than

60 years [6]. Influenza viruses are challenging targets for vaccination as their
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segmented RNA genomes facilitate rapid evolution. Firstly, because RNA poly-

merases inherently lack proofreading capability, point mutations readily accumu-

late in the viral genome. When such mutations lead to amino acid substitutions in

the major surface glycoproteins, hemagglutinin (HA) and neuraminidase (NA), the

virus may escape from antibodies induced by vaccination against, or previous

infection with, a closely related strain. This “antigenic drift” causes the regular

occurrence of influenza epidemics by allowing viral escape from herd immunity.

Furthermore, when two different influenza A viruses coinfect the same cell, pro-

geny virions with new combinations of the RNA segments, so-called “reassortants”,

can be formed. When such a reassortant contains HA and NA segments derived

from a bird or swine influenza virus against which humans have no immunity, an

event called “antigenic shift”, it may cause a pandemic, if it is easily transmitted

from human to human. As vaccination is effective only when the vaccine viruses are

well-matched with circulating viruses, the WHO biannually (once for the Northern,

and once for the Southern Hemisphere) recommends a vaccine composition that

targets the three most representative strains of each subtype (H1N1, H3N2, B) in

circulation. Despite these recommendations, antigenic mismatches between the

vaccine virus strain and the circulating strain may occur that negatively influence

vaccine effectiveness [7]. Between 1997 and 2007, there were five occurrences

of mismatch, and 11 occurrences of partial mismatch across the three vaccines

strains in Europe and the USA [8]. Although influenza illness affects people of all

ages, adults over 65 years of age account for approximately 90% of all influenza-

related mortality [9]. Vaccination programs currently recommend that older

adults should be vaccinated against influenza, as well as people who live with,

or care for older adults [10, 11]. The benefit of vaccinating the elderly against

influenza is subject of much controversy. Current influenza vaccines may be less

effective among older adults than among younger adults [11–15] and prevent

laboratory-confirmed influenza in only 30–40% of people over 65 years of age

[12]. This is caused by changes that occur in the immune system with advancing

age resulting in a reduced immune response and reduced capacity to produce

antibodies [16, 17].

4 Treatment

For the treatment and/or prophylaxis of influenza infections, two classes of drugs

are currently available: the adamantanes or M2 inhibitors, and the neuraminidase

(NA) inhibitors. However, the adamantanes (amantadine and rimantadine) are

associated with several toxicities, particularly of the central nervous system, rapid

emergence of drug-resistant strains, and are not active against influenza B viruses

[18, 19]. Compared to the adamantanes, the two licensed neuraminidase (NA)

inhibitors zanamivir (Relenza) and oseltamivir (Tamiflu) are associated with little

toxicity and are less prone to selecting for resistant influenza viruses [20, 21].

Nevertheless, emergence of resistance after oseltamivir treatment has been reported
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for both seasonal and avian influenza strains [22–26]. Moreover, during the

2007–2008 influenza season, oseltamivir resistance among H1N1 viruses increased

significantly worldwide, apparently unrelated to oseltamivir use [27] and oseltami-

vir-resistant H1N1 viruses are now circulating on all major continents [28, 29].

Although, to date, these viruses are usually susceptible to zanamivir, the increasing

use of zanamivir monotherapy because of the increasing resistance to oseltamivir

may well lead to the development of zanamivir resistance [30]. In addition, the use

of zanamivir is limited to patients who can actively use an inhaled drug, which

excludes young children, impaired older adults, or patients with underlying airway

disease [31]. Influenza thus continues to cause significant morbidity and mortality

each year. The shortcomings of our current defenses against influenza are further-

more illustrated by the current pandemic. The causative subtype H1N1 virus from

swine emerged from Mexico and the United States in March and April 2009, which

was too late for inclusion in the vaccine for the Northern Hemisphere 2009/2010

influenza season. Although considerable effort has been expended and vaccines to

combat this new H1N1 virus are now being produced, the availability is limited.

Given the speed with which oseltamivir resistance became widespread among

seasonal H1N1 viruses [31, 32], it is worrisome that the first oseltamivir resistant

pandemic H1N1 influenza viruses have been isolated [33, 34]. Clearly, there is a

dire need for more universal countermeasures to fight influenza.

5 Passive Immunotherapy

Pioneered by von Behring and Kitasato, in 1890, the administration of hyperim-

mune sera from immunized animals was shown to provide options for treatment of

infectious diseases [35]. Serum therapy has been widely used for the treatment of

bacterial and viral infections (reviewed in [36]). Unfortunately, therapy with

animal-derived serum products often had significant side effects because of the

immune response against the animal-derived antibodies, the most severe being

serum sickness. Human convalescent-phase serum products were and are being

used with greater success than animal-derived serum products for the prevention of

viral infections such as rabies, hepatitis A and B, varicella zoster, and pneumonia

caused by respiratory syncytial virus (RSV) [37]. The fact that neutralizing anti-

bodies are a major component of immune protection against influenza and are the

established immune correlate of protection for influenza vaccines implies that

passive immunotherapy may also be a viable option for the treatment of influenza.

This notion is supported by the observations that treatment with convalescent blood

product improved the clinical outcome in severely ill influenza patients during the

1918 Spanish Flu pandemic as well as in influenza infections with the highly

pathogenic avian H5N1 virus [38–40]. A major disadvantage of serum-derived

polyclonal antibody preparations is that only a small proportion of the total IgG

content will be directed against influenza and only a fraction hereof will be able

to neutralize the virus. As a consequence, several doses are often required for
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effectiveness [41]. Other disadvantages include batch-to-batch variation and risk of

pathogen transmission. Such limitations can be overcome by using monoclonal

antibodies (mAbs). MAbs are attractive biologic drugs because of their exquisite

specificity, low toxicity, and well-understood mechanisms of action [42]. Initially,

therapeutic mAbs were generated in mice and used directly in humans. However,

mouse antibodies often elicited human anti-mouse responses that impaired their

efficacy. To attenuate such adverse reactions, mouse mAbs were engineered,

somewhat laboriously, to look more like human antibodies. More recent improve-

ments in mAb isolation, screening, and production technologies have provided

access to fully human mAbs which has led to remarkable results in the treatment

of cancer and inflammatory diseases [43]. However, only one mAb, palivizumab, is

currently licensed for an infectious disease (RSV).

6 Neutralizing Influenza

Three viral proteins have domains that are exposed to the outside environment:

HA, NA, and matrix protein 2 (M2). Whereas antibodies against NA and M2 have

been shown to reduce viral titers, morbidity, and viral shedding [44–55], it is only

antibodies directed against HA that can effectively neutralize the viral infection.

Three HA monomers form a trimeric HA spike protruding from the viral mem-

brane. Each monomer is synthesized as a precursor protein that is cleaved into two

subunits (HA1 and HA2) by host cell proteases. The major part of the HA1

subunit forms a “globular head” region that contains the receptor-binding sites

required for binding of the virus to target cells, while the HA2 subunit forms a

membrane-anchored “stem region” which contains a fusion peptide and is respon-

sible for viral entry by mediating fusion of the viral envelope with the endosomal

membrane [56]. Antibodies against HA may neutralize the virus through blocking

viral attachment to the sialyl receptors on host cells or through interfering with

HA conformational changes at low pH within the endosome, thereby preventing

fusion and uncoating of the virus [57–60]. No less than sixteen antigenically

distinct subtypes of HA have been detected [61] which are principally defined

as serotypes between which polyclonal antisera to the respective HA subtypes

show little cross-neutralizing activity. Moreover, since the structures of HA

antigenic sites do not only vary between, but also within subtypes, cross-neutra-

lizing mAbs have been rarely described in the literature [62]. Interestingly,

Yoshida et al. recently described a mouse mAb, recognizing an epitope on the

globular head of HA that is shared between H1, H2, H3, H5, H9, and H13

subtypes [63]. Although passive immunization of mice with this mAb conferred

heterosubtypic protection, escape mutants resistant to this antibody could be

generated in a single round of in vitro selection [63]. To minimize such immuno-

logical escape, functionally important regions that are highly conserved among

different HA subtypes should be targeted.
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7 Human mAbs Against Influenza

MAbs against influenza viruses have been studied for decades, but their potential – and

thus development – as “passive” immunotherapy for influenza has not progressed

much because of the failure to produce fully human mAbs with broad heterosubtypic

neutralizing activity. However, improved technologies have increased access to fully

human mAbs [43, 64], and considerable effort has been directed to the generation of

human mAbs against influenza viruses in recent years. A number of mAbs with

potential for use in passive immunization have been described. Simmons et al. [65]

used an improved method for EBV immortalization of memory B cells to isolate

mAbs from human donors who recovered from H5N1 infection and described four

mAbswith neutralizing activity in vitro and both prophylactic and therapeutic efficacy
in mice challenged with highly pathogenic H5N1 viruses. Interestingly, two of the

mAbswere able to neutralize both clade 1 and clade 2H5N1 viruses in vitro, and three
were therapeutically active in vivo against a virus from each of these clades [65]. Also,

using EBV, but with a different protocol, Yu et al. [66] immortalized memory B cells

from humanswho had naturally been exposed to the 1918 pandemic virus and isolated

five mAbs with potent neutralizing activity. These antibodies cross-reacted with the

antigenically similar HA of a 1930 swine influenza strain, but did not cross-react with

HAs ofmore recent human influenza viruses [66]An alternative approachwas used by

Sun et al. [67] who used a combinatorial Fab antibody phage library from a patient

recovered from H5N1 infection and isolated one mAb able to neutralize only clade

2 H5N1 viruses and one able to cross-neutralizemost of the clade 0, clade 1, and clade

2 viruses tested. Passive immunization of mice with either mAb resulted in protection

from lethal infection with a clade 2 virus. Although some of these mAbs show some

degree of cross-neutralizing activity between different viral isolates, they have in

common that they bind to epitopes on the globular head of HA1 which, given the

remarkable antigenic diversity of this region, limits their therapeutic potential.

Recently, however, Throsby et al. [68] described a panel of 12 mAbs that

showed broad heterosubtypic neutralizing activity against antigenically diverse

H1, H2, H5, H6, H8, and H9 influenza subtypes. Epitope mapping studies indicated

that instead of binding to the globular head of the HA, these antibodies recognize a

highly conserved hydrophobic pocket in the membrane-proximal stem of the HA.

In a subsequent study, the epitope and mechanism of neutralization of one of these

antibodies, CR6261, were characterized in detail [69]. Cocrystals of CR6261 Fab,

with the HA ectodomains of human 1918 H1N1 pandemic virus (A/South Carolina/

1/1918; SC1918/H1) and a highly pathogenic avian H5N1 virus (A/Vietnam/1203/

2004; Viet04/H5), confirmed that CR6261 binds in the HA stem, distant from

strain-specific antibodies (Fig. 1).

As mentioned, during viral maturation the HA monomers are proteolytically

cleaved into two disulphide-linked chains, HA1 and HA2. Although HA1 consists

primarily of the membrane-distal receptor domain, its N- and C- terminal regions

extend towards the viral membrane and are intertwined with the exterior surface

of HA2. HA2 constitutes the core fusion machinery in the stalk region and is
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dominated by the long central CD-helix (residues 75–126) that forms a trimeric

coiled-coil and the shorter A-helix (residues 38–58). MAb CR6261 interacts pri-

marily with the HA2 A-helix, but also contacts HA1 residues in the stem region.

Unexpectedly, the interaction is mediated exclusively by the heavy chain (Fig. 1,

inset). The HCDR1 forms hydrogen bonds with five consecutive turns of the

A-helix and nonpolar interactions with a hydrophobic patch at the junction between

the A-helix and HA1, whereas the conserved hydrophobic tip of the HCDR2, and

a residue from HCDR3 interact with a second hydrophobic patch closer to the

membrane– proximal end of the A-helix. Furthermore, residues of Framework

Region 3 were shown to interact with the first hydrophobic patch.

The location of this epitope suggested that instead of blocking viral attachment

to the host cell by binding to the globular head of the HA, CR6261 might mediate its

neutralizing activity by inhibiting membrane fusion. Therefore, the ability of this

mAb to prevent conversion of SC1918/H1 and Viet04/H5 HAs to the postfusion

state upon exposure to low pH was assessed. Hereto, the fact that the HA prefusion

state is highly protease resistant, while the postfusion state is much more suscepti-

ble to protease degradation [70] was exploited. Both HAs are converted to their

Fig. 1 Broadly neutralizing CR6261 binds in the HA stem distant from other strain-specific

antibodies using only its heavy chain. Left panel: Comparison of the binding sites of Fab CR6261

(heavy chain in yellow, light chain in orange) that recognizes the HA stem and strain-specific

antibodies that bind to the HA1 globular head domain. The strain-specific antibodies are depicted

in green (BH151), copper (HC63), dark red (HC45), and blue (HC19). The HA trimer is shown as

a surface representation, with the HA1 and HA2 from one protomer colored in purple and cyan,
respectively. Inset: Close-up view of the interaction of CR6261 with the A-Helix. HA1 and HA2

are colored in purple and cyan, respectively. The HCDRs 1, 2, and 3 of the CR6261 VH domain

are highlighted in red, blue, and green, respectively. CDR1 runs along the side of the A-helix,

interacting with five consecutive helical turns. In contrast, the light chain makes no contacts with

the HA. Adapted from Ekiert et al. [69]
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protease-susceptible postfusion form at pH 4.9 or 5.3, but not at pH 8.0 (Fig. 2a, b,

lanes 7–9).

Importantly, this conversion is prevented in the presence of CR6261 (Fig. 2a, b,

lanes 10–12). In accordance, the cocrystal structure of SC1918/H1 HA with

CR6261 was in the prefusion state, despite the fact that the crystals were grown

at pH 5.3, below the pH of membrane fusion (Fig. 2c). The conformational changes

Fig. 2 CR6261 recognizes a functionally conserved epitope in the stalk region and inhibits the

pH-induced conformational changes in the SC1918/H1 and Viet04/H5 HAs. CR6261 protects

SC1918/H1 (a) and Viet04/H5 (b) HAs from the pH-induced protease sensitivity associated with

membrane fusion. Exposure to low pH renders the SC1918/H1 and Viet04/H5 HAs sensitive to

trypsin digestion (lanes 7 and 8 versus 9), but CR6261 prevents conversion to the protease

susceptible conformation (lanes 10–12). The CR6261-SC1918-H1 crystals were grown at pH

5.3, which also indicates that CR6261 blocks the extensive pH-induced conformational changes.

(c) Titration of SC1918-H1 trypsin resistance versus varying pH treatments (followed by neutrali-

zation to pH 8.0). The pH resulting in 50% conversion to protease sensitive conformation is 5.76

(95% confidence interval, 5.70–5.82). (d) Superposition of the A helix from SC1918/H1 (green)
and an H3 HA (yellow) reveals that the CR6261-interacting surface is highly conserved among all

subtypes. Helix positions are labeled according to the SC1918/H1 sequence, with the percent

similarity across all subtypes (H1 to H16, from an analysis of 5,261 sequences) indicated in

parentheses. (e and f) HA2 undergoes a dramatic and irreversible conformational change between

the pre- and postfusion states. This results in the translocation of the A helix (red) from its initial

position near the viral envelope (e) toward the target membrane at the opposite end of the HA

trimer (f). The zipping-up of coil H along the outside of the A and B helices is thought to drive the

fusion reaction. The orientation of helix C (yellow) is roughly identical in (e) and (f). (g) Polar

residues on the CR6261-interacting surface of the A helix form a network of interactions with coil

H in the postfusion state. These residues are well positioned to play a critical role in the late stages

of membrane fusion, explaining the exceptional conservation the CR6261 epitope on the A helix
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that are induced by low pH and lead to fusion of the viral envelope with the

membrane of the endosomal vesicle are quite dramatic. Low pH exposure converts

the connecting segment between the A- and CD-helices to an additional a-helical
segment, extending the central HA2 trimeric coil towards the target endosomal

membrane and dragging the A-helix and N-terminal fusion peptide along with it

(Fig. 2e, f). Subsequent rearrangements in HA2 are thought to bring the viral and

target membranes into close proximity for fusion [71, 72]. MAb CR6261 thus

appears indeed to neutralize the virus by stabilizing the prefusion state and pre-

venting the pH-dependent fusion of viral and cellular membranes. The heterosub-

typic neutralizing activity of CR6261 is in line with the functional importance of its

epitope, which seems to segregate with a previously characterized division of HAs

in group 1 that includes the H1, H2, H5, H6, H8, H9, H11, H12, H13, and H16

subtypes, and group 2 that includes the H3, H4, H7, H10, H14, and H15 subtypes

[61, 73–75]. In fact, the CR6261-interacting surface with the A-helix is highly

conserved among all subtypes (Fig. 2d, g), possibly because polar residues in this

area play a critical role in the late stages of membrane fusion. Parts of the epitope

other than the A-helix dictate the apparent restriction of CR6261 to group 1 viruses.

Similar mAbs with a similar mode of action and heterosubtypic neutralizing

activity against group 1 viruses have subsequently been described by Sui et al. [76].

Furthermore, Kashyap et al. [77] isolated three mAbs that neutralized both H1 and

H5 viral strains from phage-display libraries generated from B cell populations of

patients who survived H5N1 infection, although the mechanism of neutralization of

the mAbs described in this study remains to be determined.

Strikingly, out of ~50 different human germline genes, all the heterosubtypic

neutralizing mAbs are derived from the same germline gene, VH1-69 [68, 76, 77].

The unusual shape, and the unique presence of two hydrophobic residues at the tip,

of the HCDR2 loop encoded by this germline gene contributes to the unusual ability

of these mAbs to bind to conserved hydrophobic pockets. Preferential use of the

VH1-69 germline is also reported for antibodies against HCV [78–80] and an HCV

E2-specific antibody derived from the VH1-69 germline was shown to inhibit

fusion [81]. Similarly, a broadly cross-neutralizing antibody directed against HIV

protein gp41 blocks a conformational change that is necessary for fusion by

insertion of the hydrophobic tip of its VH1-69 HCDR2 loop into a conserved

hydrophobic pocket [82, 83]. Binding to hydrophobic pockets may thus represent

a general mechanism by which mAbs can lock viral envelope proteins into a

nonfusogenic conformation and neutralize viruses.

Why are broadly neutralizing mAbs not generally generated and expanded

during successive rounds of influenza infection and repeated vaccination? The

explanation may lie in the fact that the humoral immune response against influenza

is highly restricted [84, 85], and focused on subtype and strain-specific epitopes

[86, 87]. Put simply, the immunodominant antibody response directed against

highly exposed epitopes (on the globular head) may overwhelm the antibody

response to more conserved (and less exposed) epitopes.

The approaches that have recently led to the successful isolation of broadly

neutralizing mAbs are in line with this notion as the single-chain variable region
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fragment (scFv) libraries screened for broadly neutralizing H5N1 mAbs were built

from B cells of unimmunized donors [76], and donors recently vaccinated with the

seasonal influenza vaccine [68], respectively. The fact that Kashyap et al. likely

have found similar antibodies from a convalescent phage display library indicates

that the restriction of the immune response to subtype and strain-specific epitopes is

not complete. However, of the more than 300 unique antibodies reactive to H5N1

viral antigens recovered in this study were directed, only three were able to

neutralize both H1 and H5 subtype viruses.

To access a more diverse immune repertoire, Throsby et al. constructed a

combinatorial library built on a IgMþ/CD27þ subset of B cells (Fig. 3).

This approach is based on the hypothesis that this subset contains a diverse

repertoire of antibodies against conserved epitopes on pathogens. Despite their

CD27 expression and mutated V genes, characteristics tightly linked to the memory

B cell phenotype, the origin and role of this subset of B cells is controversial. It has

been proposed that circulating B cells with this phenotype are linked to marginal

zone B cells and have a primary role in T-independent immunity [89, 90], while

others argue that they are formed as part of an intermediate differentiation step in

Fig. 3 Construction of IgM+ memory B cell libraries. (a) Donor lymphocytes were isolated by

Ficoll-plaque from heparinized blood and stained for the phenotypic markers CD27, CD24, and

IgM. CD24+ CD27+ cells were gated and the IgM+ cells within this gate sorted directly into Trizol

for RNA extraction. (b) RT-PCR was performed using a pool of 50 oligonucleotide primers that

cover all VH gene families and a 30 oligonucleotide primer that anneals in a region of the CH1

domain of Cm distinct from other immunoglobulin isotypes. (c) Using cDNA generated in this

way, 10 individual scFv libraries were constructed as described previously [88]. Donors 1020,

1030, and 1050 had been vaccinated with the Dutch 2005 seasonal influenza vaccine 7 days prior

to collection of blood. All libraries demonstrated a high percentage of correct scFv ORF’s and

diversity based on unique HCDR3 sequence. Adapted from Throsby et al. [68]
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normal T-dependent germinal center immune responses [91]. Anyway, several

reports have highlighted a role for IgM in the early stages of protection from

experimental influenza virus challenge, including subtypes to which mice are

immunologically naı̈ve [92–94]. The success in identifying mAbs with hetero-

subtypic neutralizing activity that, given the limited number of somatic muta-

tions, represent an immediate germline response [95], validates the strategy of

using the IgMþ/CD27þ subset of B cells. Although Sui et al. isolated mAbs with

similar mode of action, they used a much larger library (in total 2.7 � 1010 vs.

2 � 108 members).

8 Perspectives

Development of clinical interventions against influenza is challenged by the large

variety of viral subtypes, the antigenic variability within subtypes and the potential

for antiviral resistance to emerge. The recently identified class of antibodies that

neutralize influenza by inhibiting membrane fusion are particularly attractive can-

didates for mAb-based immunotherapy due to the fact that they are fully human,

demonstrate potent neutralizing activity against a wide spectrum of viral subtypes,

and, in accordance with the high conservation of the epitope, escape mutants

resistant to these antibodies are not readily generated in vitro [68, 76]. Several

such antibodies have already been shown to be protective in mice when given

before and after lethal H5N1 or H1N1 challenge [68, 76] and clinical evaluation is

currently being initiated. Since the broadly neutralizing human mAbs described

here do not neutralize influenza viruses that belong to group 2, identification of a

highly conserved epitope in these viruses would further enhance the applicability of

human mAb-based passive immunotherapy. Such therapy would be particularly

beneficial for the groups at the highest risk of severe disease due to seasonal

influenza – the elderly and immunocompromised – but may also be indispensable

for the general public during a pandemic.

Furthermore, highly conserved epitopes may provide leads for the design of

antivirals or, given the progress in the field of structure-based antigen design [96],

can potentially be exploited for the generation of a universal influenza vaccine.
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Part III
Economic and Social Implications



Learning from the First Pandemic

of the Twenty-First Century

Giuseppe Del Giudice and Rino Rappuoli

Abstract The response to the first influenza pandemic of the twenty-first century

was facilitated by years of preparation for a possible pandemic caused by the avian

influenza H5N1. The threat of an H5N1 pandemic had led to an increase in

manufacturing capacity, to the development of influenza vaccines made in cell

culture instead of eggs, to the development of innovative adjuvants and to the

establishment of clear rules to license pandemic vaccines. Most of these tools have

been used and validated by the H1N1 pandemic. The main lesson learned is that oil-

in-water adjuvants can be safely used in large scale and in all ages and conditions,

including pregnant women. Adjuvants increase the titer of the antibody responses

and broaden the epitopes recognized by antibodies so that they can neutralize also

drifted viruses. In addition, they induce long lasting B- and T-memory cells.

A further advantage of the use of adjuvants is the ability to use lower doses of

vaccine, thus multiplying the manufacturing capacity up to fourfold. Cell-based

vaccines have been established as a new technology to produce influenza vaccines.

Both adjuvants and cell cultures are expected to change not only the way we will

address future pandemics but also the waywe approach seasonal influenza, changing

a field that has been stagnant for too many decades.

1 Of Birds and Humans: The Lessons Learned

Since 1580 at least ten influenza pandemics have occurred, with an average of one

pandemic every 42 years. Analysis of the most recent and more accurate data

predicts one pandemic every 30 years. The last pandemic was in 1968, 40 years

ago. Therefore, common sense and mathematical models predicted that we had to

be prepared for a new pandemic.
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During the past 12 years, all the events that were expected to happen before a

pandemic did happen, and all these events indicated avian influenza viruses as the

most likely cause of the next pandemic. First, a new virus carrying a hemagglutinin

(HA) with a new antigenic specificity (H5) that had never been isolated in humans

before jumped from chicken into men in Hong Kong and killed six people in 1997.

This early outbreak was contained by culling chickens in the Hong Kong area. The

virus momentarily disappeared, but it was not dead at all: it was successfully

breeding, multiplying, and expanding in birds in South East Asia [1], until it

suddenly blew up again in humans in 2003 and 2004 in Vietnam, Thailand,

Indonesia, China, etc. The virus had clearly escaped any control and was so

widespread that culling hundreds of millions of chickens in the areas of outbreak

had provided only a temporary relief and not been able to limit the spread of the

virus. The virus in fact was spreading to the rest of Asia and outside, to Turkey,

Egypt, and Africa through migratory birds as vectors. Concomitantly with this

geographic spreading, the H5N1 virus, like all influenza viruses, underwent anti-

genic drift, and today many genetically and antigenically distinct clades and sub-

clades of the virus have been identified. As of today, more than 440 cases have been

reported since 2003, with an overall mortality rate higher than 60%. The appear-

ance and the worldwide spreading of the swine-origin H1N1 virus have not stopped

the transmission of the H5N1 virus from birds to humans. As recently as 2009, 47

new cases have been reported in Egypt (36 cases, 4 deaths), in China (seven cases,

four deaths), and in Vietnam (four cases, all fatal) [2]. All human cases of H5N1

infection derived from close contacts with poultry. Although in a few cases close

contacts among people may have caused the infection, till now the H5N1 virus has

not adapted itself to humans and does not seem to represent an immediate threat,

even less now with the appearance of the H1N1 virus of swine origin. One cannot,

however, underscore the risk of the potential recombination of the two viruses as

they both circulate in the same areas.

At the beginning of 2009, the threat of pandemic due to avian influenza viruses

appeared very high, based both on the number of cases occurring in several

countries and the very high fatality rate. Although the H5N1 virus was expected

to be the most likely cause of the pandemic, other viruses such as the H9N2 and the

H7N7 were also under strict observation because, despite the fewer cases they

caused, they had the potential to kill the human host as in the case of the H7N7 virus

[3, 4]. Because only H1, H2, and H3 viruses had been thus far reported from

humans, it was reasonably supposed that human beings were immunologically

naı̈ve toward virus strains bearing novel HAs, there being the consequent intrinsic

risk of high mortality in case of adaptation to humans. All these (and other)

considerations prompted many academic laboratories, biotech companies and vac-

cine manufacturers to develop a plethora of vaccines potentially active against

avian influenza viruses. More commonly, these vaccines are prepared in eggs, using

the same technology used to manufacture seasonal influenza vaccines. The vaccines

consist of whole inactivated virus, detergent-split virus, or purified HA and neur-

aminidase (NA) subunits. All these vaccines have been widely tested both in animal

models and in extensive clinical studies. Some of them have also been approved in
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Europe for a prepandemic use or for a pandemic use through a mock-up application

which turned out instrumental for fast approval of vaccines against the pandemic

H1N1 virus. Other approaches to the development of vaccines against avian

influenza have been represented by live-attenuated vaccines, use of virus-like

particles produced in baculovirus, vaccines based on conserved proteins such as

the external domain of the M2 protein, and others, which, however, have been less

extensively investigated in both the preclinical and clinical settings.

The results of many of the preclinical and clinical studies with H5N1-based

vaccines have been discussed in details in recent chapters and reviews [5–7]. The

question which now needs to be asked is: which lessons did we learn from the

experience with vaccines against avian influenza? A corollary logical question is

then: can we apply at least part of this learning to the development and use of the

vaccine against the pandemic H1N1 influenza? And against the seasonal influenza

in general? In the sections below, we attempt to analyze the new knowledge

acquired and discuss how this knowledge could (and should) be exploited for the

development of better vaccines against influenza and toward a better use of existing

or novel influenza vaccines.

1.1 The Need of Adjuvants

A critical lesson learned from the trials of avian influenza vaccines is the impor-

tance of adjuvants, particularly of oil-in-water adjuvants in enhancing the quantity

and in shaping the quality of protective antibody responses.

Adjuvants represent the best known way to enhance the immunogenicity of

vaccines. Most vaccines which are licensed worldwide contain adjuvants. The

influenza vaccine is one of the very few vaccines which are given without adju-

vants. This is very likely because the individuals are already immunologically

experienced with influenza antigens, thanks to previous annual vaccinations and/

or thanks to previous contacts (clinically overt or not) with the influenza virus. In

such a context, the vaccination acts through the expansion of an already existing

pool of memory cells without any need for further “help” from an adjuvant.

Aluminum salts (including alum) are the most utilized vaccine adjuvants world-

wide and, until 2009, the only adjuvants admitted for human use in the USA.

However, the use of these adjuvants to enhance the immunogenicity of influenza

vaccine has consistently failed. Adsorption of influenza virus HA onto aluminum

phosphate had been shown to increase the immunogenicity of the vaccine in mice

[8]. However, when this aluminum phosphate-adsorbed influenza vaccine was

tested in healthy military recruits, it did not enhance the antibody response over a

nonadjuvanted vaccine [9]. Despite the failure demonstrated by these studies,

during the 1960s and the 1970s, many of the influenza vaccines (whole-virion,

split, or subunit) commercially available both in Europe and in the USA were

still prepared together with aluminum salts. We had to wait until the 1980s to

see the removal of these adjuvants based on the overwhelming evidence that the
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adjuvant did not increase the immunogenicity of the vaccine, while it increased its

reactigenicity [10–12]. The potential use of aluminum salts has been recently recon-

sidered for the development of vaccines against the influenza virus A H5N1. Some

controversial results have been reported. Indeed, if some enhancement was

observed, it was lower than that provided by the oil-in-water adjuvants in dose

sparing and in increasing the responsiveness to the vaccine at all ages, including

elderly individuals [5–7].

In the 1950s, it had already been shown that the immunogenicity of influenza

vaccines could be significantly enhanced by the use of mineral oil adjuvants. These

adjuvants allowed significant dose sparing [13], enhancement of the antigen-specific

antibody response [14], and persistence of these antibodies, which were still

detectable 2–9 years later [15–17]. However, this adjuvant, which was nonme-

tabolizable and nonexcretable, caused serious adverse events, such as sterile

abscesses in almost 3% of the vaccinees, and raised concerns about possible

long-term effects. An almost 20-year follow-up of these subjects did not show

any increased mortality attributable to the mineral oil adjuvant, not even in

those subjects who had had sterile abscesses [18]. Nevertheless, the unaccept-

ably high frequency of local side effects prevented for several years the devel-

opment of novel, potent oil-based adjuvants. We had to wait until the mid-1990s

to see the development of the first oil-in-water adjuvant, referred to as MF59

[19], which was finally licensed for use together with an inactivated subunit

influenza vaccine in >65-year-old subjects [20]. The successful approach to the

development of a strong and safe adjuvant such as MF59 was to reduce the

amount of the oil in the emulsion from 50% to 4–5% and to replace the

nonmetabolizable oil with a fully metabolizable, such as squalene, which is a

physiological component of the human body, as precursor of cholesterol and

adrenal hormones [20].

The very first demonstration of the need for adjuvants for the induction of an

optimal response with avian influenza vaccines came in 2001 with the publication

in the Lancet of the results of a clinical study using the nonpathogenic H5N3 as a

source of antigens (at that time the reverse genetics was not available yet and the

pathogenic H5N1 strains were lethal for embryonated eggs) and MF59 as the

adjuvant [21]. This pioneer study provided most of the useful information available

today and paved the way for further vaccine development. In essence, this study

showed that the conventional, nonadjuvanted vaccine did not elicit a significant

protective antibody response, as compared to the MF59-adjuvanted vaccine. These

data were confirmed later by many other groups showing that even increasing the

vaccine dosage to 90 mg or more did not induce neutralizing antibodies in the

majority of the vaccinees [22]. Instead, the MF59-adjuvanted vaccine allowed three

essential features for a pandemic vaccine: (1) dose-sparing not only for H5-based

vaccines [21], but also for H9N2 vaccines [23]; (2) broadening of the neutralizing

antibody response [24], and (3) induction of strong immunological memory

[25–27]. All these features were typical of the oil-in-water adjuvant MF59, and

not of adjuvants in general, since alum consistently failed to enhance the neutralizing

antibody response to H5N1 at levels comparable to those achieved with MF59
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[28, 29]. The very promising data obtained with MF59 prompted other groups to

develop oil-in-water adjuvants also based on squalene [30]. One of these, referred

to as AS03, is being actively utilized for the development of a vaccine against

H5N1 [31] and is part of a vaccine used in various countries against the pandemic

H1N1. Another squalene-based emulsion, referred to as AF03, is still at early stages

of development [30] and is mainly addressed at the development of H5N1 influenza

vaccines [32]. Many of the features exhibited by MF59-adjuvanted avian influenza

vaccines were then reproduced also by these other oil-in-water adjuvants (see later).

1.2 Dose-Sparing and Increased Dose Availability

As mentioned earlier, the first consequence of using oil-in-water adjuvants in the

formulation of avian influenza vaccine was the possibility to use amounts of antigens

lower than 15 mg, the conventional dose of HA used in the seasonal vaccines. This

was first demonstrated in adult volunteers immunized with 30, 15, or 7.5 mg of

subunit H5N3 vaccine with or without MF59. Indeed, the highest antibody response

was observed in the subjects who had received the lowest dose of the vaccine, 7.5 mg
[21]. The possibility of dose sparing was then demonstrated also with the H9N2

vaccine. In this study, the levels of specific antibody obtained with 3.75 mg ofMF59-

adjuvanted vaccine after one single dose were similar to those reached after two

doses of 30 mg of nonadjuvanted vaccine. A second dose ofMF59-adjuvanted H9N2

vaccine significantly enhanced the level of neutralizing antibodies [23].

Similar data were then obtained by other groups using split H5N1 vaccines

formulated with other oil-in-water adjuvants, such as AS03 and AF03. Indeed,

doses as low as 3.75 mg or even 1.9 mg of H5N1 vaccine induced significant

neutralizing antibody titers in vaccinated volunteers [32, 33].

Taken together, all these findings speak in favor of the possibility of significantly

increasing the potential coverage of the human population vaccinated against a

pandemic due to the significant reduction of the dose necessary to reach protective

levels of circulating antibodies. In the absence of specific knowledge of the

evolution of the threat of avian influenza, with the spread of the new H1N1

pandemic virus, and the need to still cover against the seasonal influenza, all this

has seen in parallel an increased investment of vaccine manufacturers to enhance

the capacity of production of both monovalent pandemic vaccines and trivalent

seasonal vaccines. From the surveys conducted during summer 2009, it has been

estimated that the total capacity worldwide for seasonal trivalent vaccines has

increased from 400 to more than 900 million doses per year, with the potential to

produce more than four billion doses in case of reduced output of seasonal trivalent

vaccines [34]. This would translate into an increased availability of pandemic

vaccine even for developing countries although, in this case, other issues (such as

cost, storage, and distribution) will have to be solved by the cooperation between

the World Health Organization (WHO), the governments, and other nongovern-

mental organizations [35].
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1.3 Broadening of the Antibody Response to Drifted Influenza
Virus Strains

An ideal vaccine against influenza should contain conserved internal viral proteins

(e.g., NP, M1, and M2e) to induce protective immune responses against all the

possible drifted (and possibly shifted) variants of the virus. This would avoid the

continuous (almost yearly) change in the vaccine composition necessary to adapt

the strains used for the vaccine to those which are expected to circulate that year. In

addition, the use of conserved internal viral proteins would also induce cell-

mediated immune effector mechanisms to complement the antibody response

elicited against HA and NA present in the currently used vaccines. Despite various

efforts toward this end (see the chapter “Conserved Internal Proteins as Potential

Universal Vaccines” by A. Shaw), these vaccines have not turned the corner.

However, the data available so far clearly show that inactivated influenza vaccines

can confer significant seroprotection against drifted influenza virus strains when

they are prepared together with oil-in-water adjuvants.

This was first shown with subunit H5N3 vaccines adjuvanted with MF59 [24].

While the subjects who had been vaccinatedwith the nonadjuvanted vaccine had no or

very poor detectable neutralizing antibody responses against drifted H5N1 virus

strains, the majority of the subjects with the MF59-adjuvanted H5N3 (clade 0-like,

isolated in 1997) vaccine had protective levels of antibodies against the heterologous

clade 1 virus isolated inVietnam and in Thailand, isolated in 2003–2004. In summary,

the data had shown that MF59-adjuvanted vaccines could induce protective immunity

against viruses not fully matching the vaccine strain and could cover the antigenic

drifts of the virus occurring over 6–7 years at least. This data opened the way to the

concept of the prepandemic vaccination, in other terms the possibility to vaccinate

before the formal declaration of the pandemic since the data proved that priming with

a mismatched virus induced cross-protective immunity. For a rigorous foundation of

the prepandemic vaccination approach, it remained to be shown that the immunologi-

cal memory induced by this priming could also be boosted by a vaccine containing a

driftedH5N1virus. This was formally proven in subsequent studies and is discussed in

the next section on adjuvant-driven immunological memory.

Subsequent studies with H5N1 vaccines have amply confirmed these pioneer

findings originally obtained with H5N3-based vaccines. We know now that immu-

nization with H5N1 (clade 1) vaccines containing MF59 or other oil-in-water

adjuvants such as AS03 or AF03 induces antibodies against a wide panel of drifted

strains, for example, those belonging to the subclades 2.1, 2.2, and 2.3 [32, 36–39].

The induction of antibodies against heterovariant virus strains in humans was

paralleled by a stronger efficacy of the adjuvanted vaccine in ferrets challenged

with various heterovariant H5N1 virus strains [40, 41]. Cross-clade antibody

responses have also been reported in subjects vaccinated with whole-virion H5N1

vaccine unadjuvanted [42] or adjuvanted with aluminum hydroxide [43]. As none

of these vaccines were tested in the same clinical study, it is difficult to make a

direct comparison of the height and the extent of this antibody response.

406 G. Del Giudice and R. Rappuoli



Antigenic mismatch between the seasonal vaccine virus strains and the circulating

virus strains is not a rare event, and it can affect influenza vaccine efficacy and

effectiveness [44]. Mismatch is caused by the accumulation of point mutations at

antigenic sites on the HA and NA proteins (antigenic drift), which occur between

the time that WHO makes its recommendation for vaccine composition and the

period of subsequent exposure to the circulating strain. This leads to the appearance

of new antigenic determinants. Although occurring in both type A and type B

viruses, the antigenic drift occurs more frequently in the influenza A (H3N2) viral

subtype [44]. It has been shown that the antigenic drift causes a decrease in vaccine-

induced immunogenicity in elderly people [45]. In older subjects with a high

(�80%) postvaccination seroprotection rate against the homologous vaccine strain,

the rate of sero-protection against the drifted circulating strains dropped to 4–75%,

based on the circulating and on the vaccine strains, and on the age groups [46–48].

In addition, antigenic mismatch can have a strong impact on vaccine effectiveness,

as demonstrated by a study for the period 1995–2005, when the vaccine effective-

ness among older adults (�65 years of age) dropped during the seasons with a

drifted strain (1997–1998 and 2002–2003) to values below 30% [49].

The finding that MF59-adjuvanted H5N3 vaccine induced neutralizing antibo-

dies also against drifted H5N1 virus strains suggested that the same could take place

with the seasonal influenza vaccines. Indeed, this was the case. Several clinical

studies have now shown that the seasonal MF59-adjuvanted influenza vaccine

induces strong antibody responses against heterovariant strains [46, 48, 50]. Thus,

MF59-adjuvanted influenza vaccine provides greater seroprotection in the case of

antigenic drift than nonadjuvanted vaccines. For example, significantly

(P < 0.0001) more older adults receiving MF59-adjuvanted influenza vaccine

containing A/Panama/2007/99 (H3N2) were seroprotected against the drifted vari-

ant A/Wyoming/3/2003 (H3N2) than those receiving nonadjuvanted split-virus

vaccine or nonadjuvanted subunit vaccine (98%, 80% and 76%, respectively)

[46]. The enhanced seroprotection against a large panel of drifted H3N2 [48] and

B virus strains [50] has been confirmed in other studies in elderly people and more

recently also in 6–36 month-old children [51], showing that this wide breadth of

cross-protection is a general phenomenon induced by MF59.

1.4 Induction and Persistence of Immunological Memory

Vaccination with inactivated influenza vaccine without adjuvant works, thanks to

an immunological memory, which is acquired with age through clinically overt or

asymptomatic infections and is maintained via yearly vaccinations and/or

subsequent contacts with the influenza viruses. It is difficult to discriminate

which part of the memory is due to the infection and which one is provided by

the vaccination. The development of vaccines against the avian H5N1 virus allowed

to dissect the priming of the immune response, the induction of the immunological

memory, and its persistence over time. In this context, it was possible to discover
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the critical role played by adjuvants and, in particular, by the oil-in-water adjuvant

MF59, in the induction and persistence of immunological memory against influenza

viruses.

Most of the clinical studies carried out so far with H5N1 vaccines have clearly

shown their relatively poor immunogenicity, not only because of the need for strong

oil-in-water adjuvants, but also because of the necessity of two doses of vaccines to

induce protective titers of neutralizing antibodies in the majority of the vaccinees.

The question was then to evaluate whether an immunological “signal” could be

measured after one single dose of the H5N1 vaccine to formally show that success-

ful priming had taken place, even if antibody titers were generally poor in most of

the people. Indeed, after one single immunization with MF59-adjuvanted H5N1

subunit vaccine (clade 1), there was a significant increase in the frequency of HA-

specific (using a panel of overlapping peptides spanning the entire length of the

HA) central memory CD4þ T cells committed to produce IL-2 (with or without

TNF-a), but not IFN-g. The frequency of these cells did not increase after the

second dose of the vaccine 3 weeks later and persisted at frequencies higher than

baseline for 6 months, when it increased after a booster dose and was maintained at

high levels later on [52]. It is interesting that these CD4þ T cells induced by the

MF59-adjuvanted vaccines were mostly directed against epitopes which were

conserved among the HA of the various H5N1 clades. Nevertheless, these cells

also recognized epitope-containing sequences that varied in the HA of clade 2.1 and

of H5N3 virus strains [52]. It is remarkable that a threefold increase in the

frequency of H5-specific memory CD4þ T cells after a single dose of MF59-

adjuvanted vaccine was predictive of a rise in neutralizing antibody titers above

1:80 after the booster dose 6 months after the first dose and also their persistence

over time after the booster dose [52].

The persistence of the immunological memory can be demonstrated clinically by

boosting individuals previously immunized with the same or a slightly different

(heterovariant) vaccine. This, however, needs to wait for a sufficient long period of

time between priming and boosting. The first example of this approach was shown

in those subjects who had received the H5N3 vaccine adjuvanted with MF59 or

otherwise [21]. Only the subjects previously primed with the adjuvanted vaccine

exhibited a fast and strong rise in the titers of anti-H5N3 antibodies when boosted

16 months later with the same vaccine, whereas those who had received the

nonadjuvanted vaccine mounted a detectable, but still much lower, response even

after being boosted with the adjuvanted vaccine [25].

In order to understand how long the immunological memory at the B-cell level

persisted over time and to evaluate the breadth of this memory in terms of cross-

reactivity with H5N1 virus strains appeared from 2003 to 2007, these same sub-

jects, and other subjects who had received the MF59-adjuvanted H5N3 vaccine

twice [53], were boosted 6–8 years later with an MF59-adjuvanted subunit vaccine

based on a clade 1 virus strain. Previously unprimed subjects immunized for the

first time with the MF59-adjuvanted vaccine served as a control. One single

injection with this vaccine induced a poor rise in the frequency of H5N1-specific
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memory B cells in previously unprimed subjects and also in the subjects who had

been primed 8 years earlier with the nonadjuvanted H5N3 vaccine. The frequency

of these cells increased (doubled) after a second booster dose. On the contrary, the

frequency of memory B cells sharply and rapidly increased (up to 12% of all

circulating IgG-producing memory B cells) after one single dose of the adjuvanted

H5N1 vaccine in the subjects who had been previously primed with the MF59-

adjuvanted H5N3 vaccine [27]. This significant and rapid increase in memory B

cells was paralleled by a massive production of anti-H5N1 antibodies as detected by

hemagglutination inhibition (HI), microneutralization (MN), and single radial

hemolysis (SRH). Indeed, only 7 days after the booster dose with MF59-adjuvanted

H5N1 clade 1 vaccine, all subjects primed 6–8 years earlier with the adjuvanted

H5N3 vaccine had antibody titers that significantly exceeded the “protective”

threshold of 1:40, not only against the homologous clade 1 virus strain, but also

against other clade 1 strains, and against various strains belonging to the subclades

2.1, 2.2, and 2.3. A second dose of the vaccine did not increase the serum antibody

response. This broad neutralizing antibody response persisted at high, protective

levels for at least 6 months [26, 27]. Individuals who had been previously primed

with the nonadjuvanted H5N3 vaccine mounted an anti-H5N1 antibody response

post-boost but with slower kinetics and reaching levels much lower than the

subjects primed 6–8 years earlier with the adjuvanted vaccine. Remarkably, all

these subjects had post-booster antibody titers to the original priming H5N3 virus,

similar to or lower than those detectable against the boosting H5N1 virus [26, 27],

strongly suggesting that at least in these conditions — using the MF59 adjuvant in

both the priming and boosting vaccine — no original antigenic sin was observed.

These data proved that strong immunological memory is induced upon vacci-

nation with adjuvanted H5N1 influenza vaccines, that it persists for not less than

8 years, and that it can be strongly and rapidly boosted by a heterovariant

adjuvanted vaccine. The induction of immunological memory and the possibility

of boosting with heterovariant strains have now been shown with other vaccine

combinations, using nonadjuvanted split vaccines [54], adjuvanted split vaccines

[55], or nonadjuvanted whole-virion vaccines [56]. It is clear from all these data

that the best responses are observed when both the priming and the boosting are

performed with adjuvanted vaccines. However, it has been reported that the anti-

H5N1 response after boosting with an AS03-adjuvanted split H5N1 vaccine can

be negatively affected in subjects who had been previously primed with a non-

adjuvanted heterovariant vaccine [55]. It is not clear whether this is due to an

original antigenic sin. Should this be the case and considering that this was not

observed with inactivated subunit vaccine adjuvanted with MF59 [26, 27], one

can speculate that differences in the vaccine preparation (i.e., split versus purified

subunit) and/or in the adjuvant preparation (i.e., AS03 versus MF59, which,

although oil-in-water and squalene-based, contain substantial differences in

their formulations – see chapter “Adjuvants for Influenza Vaccines: the Role of

Oil-in-Water Adjuvants” by D.T. O’Hagan et al.) affect the antibody response to

the influenza vaccine.
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2 Of Pigs and Humans: How to Apply This Learning?

When the scientific community, the public health authorities, the regulatory agen-

cies, and all national and international bodies were actively working on the pre-

paredness plans to counteract the risks of an influenza pandemic caused by avian

viruses, and when the discussions on the opportunity and feasibility of prepandemic

vaccination with vaccines based on avian virus strains were at their peak, suddenly

the alert of cases of influenza infections caused by an A/H1N1 influenza virus of

swine origin in Northern America was given in April 2009. Soon the virus started to

spread and in a couple of months affected all continents, until the WHO declared

the pandemic. In several ways, the event of a pandemic caused by an A/H1N1 virus

was unexpected. We were expecting a pandemic due to a non-H1/non-H3 virus.

Most of the people were actively working on the development and stockpiling of

H5N1-based vaccines because of the very high number of cases in wild and

domestic birds in Asia, Europe, and Africa, and in the humans in Asia and Africa,

which is an exceptionally high lethality rate. Some people were still pledging to

prepare vaccines against other avian viruses, such as H9N2 and H7N7. Second,

most of the preparedness focused on virus strains of avian origin, and none at all on

strains from pigs. Finally, the entire community was watching at the appearance and

evolution of novel influenza strains from Far-East Asia with a westward propaga-

tion, while the pandemic originated from the West and exhibited an eastward

propagation.

As the virus strain causing the pandemic was an A/H1N1, which has coexisted

with humans since the Spanish flu pandemic of 1918, the question was immediately

asked as to whether there were similarities between this novel virus that had popped

out from North American pigs and the A/H1N1 virus that composes the trivalent

seasonal vaccines and whether the seasonal vaccine would have been able to induce

antibodies to cross-react with the novel virus. The genetic analysis of the new,

pandemic A/H1N1 virus and the prediction of the structure of its HA, inferred by

the amino acid sequence, are clearly against this possibility (see the chapter “The

Origin and Evolution of H1N1 Pandemic Influenza Viruses” by R.G. Webster

et al.). In addition, the very first serological studies confirmed later by comprehen-

sive studies using serum samples from subjects of all ages immunized with seasonal

influenza vaccines showed that neutralizing antibodies induced by the seasonal

inactivated influenza vaccine poorly recognized the novel A/H1N1 virus, suggesting

that novel B-cell epitopes were expressed by this virus. More specifically, such

cross-reactive antibodies were undetectable in children below the age of 9, while

they were detectable in 12–22% of adults between 18 and 64 years of age and in

5% of older adults. Interestingly, a proportion of older adults had cross-reactive

antibodies which preexisted the vaccination with the seasonal vaccines [57]. These

findings are in agreement with the epidemiological observation that people

older than 65 years are less susceptible to the novel A/H1N1 virus than younger

people [58].
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All these data suggest that a vaccine against the novel A/H1N1 virus was

necessary since most of the people were clearly immunologically naı̈ve (at least

based on their neutralizing antibodies). On the other side, the data in the older

subjects suggested that some immunological memory could exist between the novel

and the seasonal A/H1N1 viruses. The questions then arose as to whether the

lessons learned toward preparedness for a pandemic due to avian influenza viruses,

such as H5N1 viruses, could be applied to the development and the use of vaccines

against the novel A/H1N1 virus. The need for adjuvants and the induction and

persistence of immunological memory will be discussed in the next sections.

2.1 Adjuvants and A/H1N1 Vaccines?

When the genetic data of the novel A/H1N1 virus became available and when the

first data on the poor cross-reactivity of antibodies between seasonal and pandemic

viruses were reported, it was immediately considered that the vaccine against this

new virus had to share some key characteristics of the vaccines already developed

against the avian H5N1 viruses. For example, because the vaccine was expected to

be given to immunologically naı̈ve individuals who had never seen this virus

earlier, the vaccine had to contain a strong adjuvant, an oil-in-water adjuvants

such as MF59 or AS03, and had to be given twice to reach sustained protective

levels of antibodies that met the criteria fixed by regulatory agencies such as the

FDA and the EMEA. These expectations, mainly the one related to the double doses

required for effective priming, influenced the decision of national authorities on the

number of doses required to cover the population included in the national plans of

immunization.

It was, therefore, surprising to see the first results of the clinical trials when they

were published. Indeed, in contrast to all expectations, the vaccine against the

pandemic A/H1N1 virus was immunogenic (i.e., met the regulatory criteria for

licensure) even in the absence of adjuvants when the dosage of antigen in the

formulation was increased. In addition, and strikingly, one single dose was immu-

nogenic enough to meet these criteria.

In a study carried out in Australia with a split-virion A/H1N1 influenza vaccine

(A/California/7/2009) from CSL, 240 subjects aged between 18 and 64 years

received twice either 15 or 30 mg of vaccine, 21 days apart. Three weeks after the

first dose, 95% and 89% of subjects who had received 15 or 30 mg of vaccine,

respectively, had HI antibody titers above 1:40. These percentages became 98%

and 96%, respectively, after the second dose. The second dose of vaccine only

slightly increased the geometric antibody titers already achieved after the first

immunization [59]. It is interesting to note that the initiation of this study (last

week of July 2009) coincided with the first pandemic wave in Australia, and one

volunteer tested positive for the novel A/H1N1 infection during the 21 days after

the first vaccination. In addition, the authors of this clinical study report that 45% of

the subjects had received the 2009 seasonal influenza vaccine before being enrolled
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in the pandemic vaccine study [59]. It would then be important to understand the

potential contribution of natural (subclinical) infection with the pandemic A/H1N1

virus and/or of the prior seasonal influenza infections and/or vaccination with the

seasonal influenza vaccine in the priming of an immunological memory that would

have been then boosted by the pandemic vaccination. Indeed, almost 27% of the

subjects participating in this study had HI antibodies above the level of 1:40 at

baseline [59].

The question still remains open even after a second study with the same split-

virion nonadjuvanted vaccine from CSL. This study was carried out in Australia

with the same dosages and the same dose regimen in 370 healthy infants and

children 6 months to less than 8 years of age [60]. Again, after one single dose of

nonadjuvanted split vaccine, 92.2% and 97.7% of children receiving 15 or 30 mg of
vaccine, respectively, had HI antibody titers exceeding 1:40. The geometric anti-

body titers post-first dose ranged between 113 in those below 3 years with the

lowest dose and 268 in those above 3 years with the highest dose. Unlike the

previous study in adults [59], in the study in children the second dose significantly

increased the levels of serum HI antibody titers [60]. This study was carried out

(August 2009) in areas in Australia where the notification of the novel A/H1N1

influenza infection had started to decline. In addition, 40% of the infants and

children enrolled had been previously vaccinated with the 2009 seasonal influenza

vaccine. Finally, even before vaccination with the pandemic vaccine, a high

proportion (9.2% to 33.3%) of the infants and children had levels of HI antibodies

to the A/H1N1 virus in the ratio of 1:40.

The data from these two studies suggest that this H1N1 vaccine is particularly

immunogenic at all ages, including in young children, and more immunogenic than

the avian H5N1 vaccines, the seasonal H1N1 vaccines, and the swine H1N1

vaccines developed during the 1970s and used only in the USA. For the H5N1

vaccine, two doses were required to obtain a sustained “protective” antibody

response at all ages. For the seasonal H1N1 vaccine, two doses are necessary to

induce good priming in young children. For the swine H1N1 influenza vaccine of the

1970s, one dose was enough for adults, but two doses were required for children

below the age of 9 [61]. The difference between these three vaccines and the

pandemic one tested in Australia is that the H5N1 virus never circulated in areas

where the vaccines were tested and there is no H5N1 vaccination ongoing. Simi-

larly, the swine H1N1 virus of the 1970s did not circulate outside New Jersey.

Furthermore, the H1N1 virus that appeared in 1918 disappeared in 1957. This means

that the <24-year-old subjects who required two doses of vaccine had never been

exposed to the H1N1 virus, which would reappear in 1997, after the study with the

A/New Jersey H1N1 vaccine [61]. In addition, during the 1970s, seasonal influenza

vaccination was not recommended in children and was poorly implemented even in

adults. The seasonal H1N1 virus tends to circulate less than the H3N2 virus,

depending on the seasons. Instead, the novel A/H1N1 virus was amply circulating

during the period of study. To conclude, one cannot rule out that subclinical

infection with the virus had happened and that this may have contributed to specific

immunological priming that would have then been boosted by the vaccination.

412 G. Del Giudice and R. Rappuoli



This hypothesis has now been substantiated by a cross-sectional study carried out in

the UK, which shows a high prevalence of anti-novel H1N1 antibodies during the

first wave of infection [62] Unfortunately, in these clinical studies with the vaccine

against the novel A/H1N1 virus, serum samples were not taken earlier than 21 days

post-first dose to evaluate the kinetics of the antibody response, as performed, for

example, in studies aimed at investigating the immunological memory induced by

vaccinations with H5-based vaccines several years earlier [26, 27].

In a study carried out from July to August 2009 in China, 2,200 subjects received

7.5, 15, or 30 mg of a split-virion A/California/7/2009 H1N1 vaccine produced by

Hualan Biological Bacterin Company and formulated with or without alum as an

adjuvant [63]. Again, a single 15-mg administration without adjuvant was sufficient

to induce HI antibody titers above 1:40 in 74.5% of subjects between 3 and 11 years

of age, in 97% of those between 12 and 60 years of age, and in 79% of those 61

years of age or older. The GMTs were lower in the youngest group (3–11 years)

compared with the older groups. As expected by the previous experience with

H5N1 vaccines, the addition of alum did not influence the antibody response. It

is interesting that, like in the Australian studies, a second dose of vaccine did

not affect the HI antibody titers in the subjects 12 years of age or older, while it

significantly enhanced the response in the younger group (3–11 years). It should

be noted that the frequency of subjects with antibody titers higher than 1:40

before immunization was much lower than that found in the Australian trial,

ranging between 1% and 6% [63]. Similar results were obtained in a much larger

(>12,000 subjects) multicenter, double-blind, randomized, placebo-controlled study

carried out from August to September 2009 in China, using the same formulations

with or without alum, plus two whole-virion formulations containing 5 or 10 mg of

HA plus alum [64]. Essentially, this larger trial reported immunogenicity data

very similar to those of the first, smaller study in terms of seroprotection rates at

baseline by age groups, seroprotection rates after the first and the second dose, and

as GMT in the younger compared with the older groups after the first and the second

dose. Interestingly, in this study, the addition of alum to the vaccine formulations

clearly suppressed the antibody response in comparison with the same nonadju-

vanted formulation. There is no evidence of an ongoing wave of pandemic at the

time when these two studies were carried out. However, there was no information

on the status of previous immunizations with seasonal vaccines or on the status

of previous influenza infections, mainly in consideration of the high rates of

asymptomatic infections.

Results not different from these reported from China were also obtained with a

single dose of 6 mg of HA of a split-virion vaccine produced in Hungary and

adjuvanted with aluminum phosphate, and given in August 2009 to 203 adults and

152 elderly individuals. The immunogenicity of this vaccine was not affected when

it was given at the same time with a trivalent inactivated seasonal vaccine [65].

The effect of previous vaccination on the immune response to the pandemic

vaccine before vaccination has been very well demonstrated in >18-year-old

subjects who received a single dose of a split-virion vaccine from Sanofi-Pasteur

in two randomized, placebo-controlled studies carried out in the USA during the
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first half of August 2009 (>800 adults/elderly). This effect was less, or not at all,

evident in children below the age of 9 (>400 children) [66]. In these studies,

seroprotection rates (HI titers above 1:40) were consistently higher than 90% in

adults and elderly individuals who received 7.5, 15, or 30 mg of HA. However, these
frequencies went down to 69% and 75% in children between 3 and 9 years and to

45% and 50% in 6–35-month-old children immunized with 7.5 or 15 mg of HA,

respectively [66]. These studies strongly suggest that previous priming with sea-

sonal vaccine may improve the immune responsiveness to subsequent vaccination

with the pandemic A/H1N1 vaccine. Indeed, the antibody response was much lower

in young children expressed both as seroprotection/seroconversion and as GMT.

It is very likely that a second dose of vaccine would have significantly increased the

immune response to vaccination. Unfortunately, the results of the second immuni-

zation were not reported.

Using a cell culture-derived subunit A/H1N1 vaccine from Novartis, it was possi-

ble to show in a study carried out in adults in the UK at the end of July that one dose of

vaccine was sufficient to induce seroprotection in 72% and 52% byHI and in 76% and

67% byMN in subjects receiving 3.75 or 7.5 mg of HAwithout adjuvant, respectively.

These percentages increased to >90% by HI and to 100% by MN in the subjects

immunized with the same dosages of vaccine in the presence of the oil-in-water

adjuvant MF59 [67]. An important finding of this study was that these antibody titers

and seroprotection rates were reached just 2 weeks after the vaccination. As expected,

a second dose of the vaccine increased the immunogenicity parameters. In a rando-

mized study carried out in Costa Rica in 3–17-year-old children, both unadjuvanted

(15 and 30 mg) and MF59-adjuvanted (7.5 mg) egg-derived A/H1N1 vaccines from

Novartis met the criteria for immunogenicity. The vaccine with low antigen

and adjuvant was clearly more immunogenic after one single dose than the higher

dosages without adjuvant, in the younger age group (3–8 years of age) [68]. Seropro-

tection rates by HI higher than 98%were also reported after one single dose in 18–60-

year-old adults vaccinated in Germany with a split-virion vaccine from GSK given

without adjuvant or adjuvanted with the AS03, squalene-based adjuvant [69].

2.2 Immunological Memory: Priming by Previous Influenza
Infection/Vaccination

As mentioned above, the results of these trials are surprising. On the basis of the

poor antigenic similarities between seasonal and pandemic A/H1N1 viruses and

the poor cross-reactivity between the two viruses, it was expected that more than

one priming dose would have to be administered, mainly in young children, and that

strong adjuvants, such as MF59 or other oil-in-water emulsions, would be needed.

One hypothesis that could explain these findings is that a certain level of cross-

priming takes place through natural infections (clinically overt or asymptomatic) or

through vaccination with trivalent seasonal vaccines that contain the A/H1N1 virus

component. These hypotheses are clearly motivated not only by the results of the
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clinical studies in the USA with the Sanofi-Pasteur vaccine [66] but also by the

Australian trials carried out during the eve of the A/H1N1 pandemic in a population

that had largely received the seasonal influenza vaccines [59, 60].

This hypothesis has been now formally proven in ferrets. Animals immunized

with two doses, 1 month apart, of seasonal trivalent inactivated vaccine with or

without MF59 did not mount any detectable antibody response against the novel

A/H1N1 virus, either by HI or by MN. HI and MN antibodies became detectable in

the ferrets that had received the seasonal influenza vaccine first followed by the

nonadjuvanted A/H1N1 vaccine 1 month later. Intermediate antibody titers were

achieved with one single dose of MF59-adjuvanted A/H1N1 vaccine. However, the

strongest HI and MN antibody response was detected in those ferrets first primed

with the seasonal vaccines (better if adjuvanted with MF59) followed by the

A/H1N1 vaccine adjuvanted with MF59 [70]. A striking finding of this study was

that this antibody response was mirrored by the decrease in the A/H1N1 viral load

in the upper and lower respiratory tract. Indeed, if two doses of the seasonal vaccine

were totally unable to affect the viral load in the lungs and in the throats of the

ferrets, previous priming with seasonal vaccine followed by the nonadjuvanted

A/H1N1 or a single immunization with the adjuvanted vaccine in unprimed animals

significantly reduced the viral load in the lungs. However, previous priming with

the MF59-adjuvanted seasonal vaccine followed by vaccination with the MF59-

adjuvanted A/H1N1 vaccine totally prevented the viral colonization not only in the

lower, but also in the upper respiratory tracts [70].

A few conclusions can be drawn from this study. First, a previous priming via

vaccination (or very likely via previous clinically overt or asymptomatic influenza

infection) significantly enhances the immunogenicity and the efficacy of the

A/H1N1 vaccine. Second, this priming is not necessarily evident through the

detection of cross-reacting antibodies. It is likely that this priming takes place

through cross-reactive CD4þ T cells primed by the seasonal vaccination that

provide help to B cells to produce antibodies to the A/H1N1 virus after boosting

with this vaccine. It is known that seasonal and novel A/H1N1 viruses share several

CD8þ T cell epitopes [71]. The same can easily be the case for CD4þ epitopes.

Another, not mutually exclusive, hypothesis is that low-affinity, cross-protective

memory B cells or high-affinity, but rare, memory B cells primed by seasonal

vaccination are further expanded by the adjuvanted 2009 A/H1N1 vaccine. The

known effect of MF59 in inducing CD4þ T cells and memory B cells can be in

favor of these hypotheses [27, 52]. These hypotheses, however, are difficult to

address in ferrets but could be approached in well-designed clinical trials, ideally in

populations who are immunologically naı̈ve to influenza, such as young children.

Finally, the best immunogenicity and efficacy of the A/H1N1 vaccine (prevention

of viral infection both in the lung and in the upper respiratory tract) is observed

when all vaccines are given in the presence of MF59. This finding suggests that if

nonadjuvanted H1N1 vaccines are immunogenic enough to meet all the criteria

required for licensure of the vaccines, the use of adjuvants, and of MF59, in

particular, can dramatically affect the quality of the immune response, thereby

improving the efficacy of the vaccine.
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2.3 Shaping of the Repertoire of the Influenza B-Cell
Epitopes by Adjuvants

The progress in the understanding of the mechanisms of action of certain families of

adjuvants has tremendously boosted the research in a field which, until very

recently, has remained very empirical and mostly confined to the mere observation

of in vitro and in vivo effects. The discovery that several adjuvant families exert

their action through binding to toll-like receptors and that the most utilized adju-

vants, the aluminum salts, work via the inflammasome using pathways involving

IL-1b [72] has paved the way for further development of novel adjuvants, with the

ultimate goal of evoking the most appropriate immune response depending on the

targeted vaccine.

As a matter of fact, not all adjuvants exert their action in the same manner. For

example, there are adjuvants that neither interact with toll-like receptors nor follow

the inflammasome pathway. One of these adjuvants is the oil-in-water MF59, which

exerts its immunopotentiating effects at local (muscle) level and then at the level of

draining lymph nodes, without interacting with toll-like receptors or with inflamma-

some [73]. We have mentioned several times earlier the effects of the adjuvants on

the enhancement of the immune response to seasonal and pandemic (avian and

swine) influenza vaccines. One question that still remains unanswered is through

which mechanismsMF59 broadens the immune response when it favors the produc-

tion of antibodies that are able to neutralize not only the homologous virus strain

present in the vaccine, but also a large panel of virus strains that underwent antigenic

drift in their HA, sometimes over a large period of time [26, 27, 48]. One simplistic

hypothesis would be that this is due to the larger amount of antibodies induced by

MF59, which would now be able to cross-neutralize drifted virus strains. Another

hypothesis is that MF59 affects the quality of the immune response by inducing

antibodies against epitopes in the vaccine antigens that otherwise would have not

been recognized if the vaccine was without adjuvants or with other adjuvants.

To answer this question and to elucidate if and how MF59 affected the antibody

repertoire against influenza antigens, serum samples from subjects vaccinated with

plain, with aluminum hydroxide-adjuvanted, or with MF59-adjuvanted H5N1 vac-

cines were analyzed by whole-genome fragment phage display libraries (GFPDL)

followed by surface plasmon resonance technologies. The results obtained were

striking [74]. While sera from subjects vaccinated with nonadjuvanted or with

aluminum-adjuvanted vaccines mostly recognized fragments of the HA2 region,

the oil-in-water adjuvant MF59 induced epitope-spreading from HA2 to HA1 and

allowed the appearance of antibodies to neuraminidase. Moreover, a nearly 20-fold

increase in the frequency of HA1/HA2 specific phage clones was observed in sera

after MF59-adjuvanted vaccine administration when compared with responses after

the administration of unadjuvanted or alum-adjuvanted H5N1 vaccines. Addition-

ally, MF59-adjuvanted vaccines induced a two- to threefold increase in the fre-

quency of antibodies reactive with properly folded HA1 (28-319), a fragment that

absorbed most neutralizing activity in immune sera [74]. It is important to note that
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this fragment was recognized by cross-reacting neutralizing monoclonal antibodies

and by sera from immune subjects who had recovered from a natural infection with

the H5N1 virus [75]. The adjuvant-dependent increased binding to conformational

HA1 epitopes correlated with broadening of cross clade neutralization and pre-

dicted improved in vivo protection. Finally, antibodies against potentially protec-

tive epitopes in the C-terminal of neuraminidase, close to the sialic acid binding

enzymatic site, were also induced primarily following vaccination with MF59-

adjuvanted vaccine, but not with plain nor with alum-adjuvanted vaccines [74].

These data clearly show that MF59 profoundly shapes the repertoire of the B-cell

epitopes recognized by protective antibodies that are not only directed against HA

but also against the NA. Remarkably, this is not an effect merely linked to the

quantity of antibodies induced and would not be detected by the conventional

serological assays used to evaluate the immunogenicity of influenza vaccine and,

ultimately, to license them. As a direct consequence of these findings, it is very likely

that the same principle applies to all influenza vaccines, including the vaccine against

the novel pandemic A/H1N1 virus. These analyses are now in progress with a special

focus on the priming of the B-cell repertoire (for example in young children) as

compared with the boosting of this repertoire (for example at older ages).

3 Conclusions: Rethinking Influenza

The threat of avian influenza and the reality of the influenza pandemic due to a virus

of swine origin have had a tremendous impact on the field of influenza in general. It

has boosted a striking technological progress. The reverse genetics has been

developed which has allowed the preparation of virus seeds suitable for the

preparation of vaccines [76]. Vaccines have been produced and licensed using

in vitro cell cultures instead of the conventional embryonated eggs [77]. The use

of pseudoparticles has permitted a rapid and safe evaluation of neutralizing and

cross-neutralizing antibodies against wide panels of virus strains [38]. The role of

adjuvants in the preparation of stronger influenza vaccines is being better under-

stood and has pushed various vaccine manufacturers to develop their own adjuvants

for influenza vaccines after the original introduction of MF59 in the influenza

vaccine arena in 1997 (this chapter and chapter “Adjuvants for Influenza Vaccines:

the Role of Oil-in-Water Adjuvants” by D.T. O’Hagan et al.).

This influenza pandemic is teaching us a lot on the gaps and the needs that still

remain in the field of influenza vaccine development and in the field of influenza

vaccination. These needs will force us to completely rethink influenza as a whole,

from the understanding of the virus biology and evolution (could we predict the

appearance of an A/H1N1 pandemic virus? From pigs? From North America?) to

the vaccine preparation (more attention to novel delivery systems, to internal

conserved proteins, etc.), from the methodologies to appropriately analyze the

protective immune response evoked by the different vaccines in different age

groups (more emphasis on cell-mediated immunity, on the priming of the immune
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response in younger ages, on the persistence of memory, and on counteracting the

waning of the immune responsiveness in the elderly) to a more precise understanding

of the epidemiology in developing countries (in the tropics, influenza does not exhibit

the seasonal peaks of transmission as in temperate climates), from the present use of

the influenza vaccines, which is oriented toward the elderly, to a broader, universal

use of these vaccines [78].

A last word should be added concerning the safety of influenza vaccines and of

adjuvanted influenza vaccines in particular. Thanks to the need to implement the

pandemic vaccination in a large proportion of the world, important clinical research

has been undertaken, with the intrinsic risk of observing a high rate of coincidental

side effects, to quantify the baseline risk of acquiring a large panel of diseases

(chronic, neurological, autoimmune, etc.) in various populations [79–81]. The

information available so far on the use of the pandemic A/H1N1 vaccines in several

million individuals worldwide strongly speaks in favor of the safety of these

vaccines. This very good safety also applies to vaccines adjuvanted with MF59 or

with AS03, which represent the vaccines mostly utilized in Europe. This informa-

tion is particularly important due to the particular risks caused by the pandemic

A/H1N1 infection in some populations such as children [82] and pregnant women

[83]. The safety of these adjuvants, for example, MF59, has been shown in these

groups of people as well [84, 85]. More data are being reported from the experience

in some countries such as the UK [86], and further data will become available in

the next months. It is hoped that through this experience and learning, vaccine

adjuvants will become more and more useful in the development of other novel

vaccines.
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after a single vaccination against 2009 influenza A H1N1 in USA: a preliminary report of two

randomized controlled phase 2 trials. Lancet 375:41–48

67. Clark TW, Pareek M, Hoschler K, Dillon H, Nicholson KG, Groth N, Stephenson I (2009)

Trial of 2009 influenza A (H1N1) monovalent MF59-adjuvanted vaccine. N Engl J Med

361:2424–2435

68. Arguedas A, Soley C, Lindert K (2009) Responses to 2009 H1N1 vaccine in children 3 to 17

years of age. N Engl J Med 362:370–372

69. Roman F, Vaman T, Gerlach B,Markendorf A, Gillard P, Devaster JM (2009) Immunogenicity

and safety in adults of one dose of influenza A H1N1v 2009 vaccine formulated with and

without AS03-adjuvant: preliminary report of an observed-blind, randomized trial. Vaccine

28:1740–1745

70. Del Giudice G, Stittelaar KJ, van Amerongen G, Simon J, Osterhaus ADME, Stohr K,

Rappuoli R (2009) Seasonal vaccine provides priming against A/H1N1 influenza. Sci Transl

Med 1:12re1

71. Greenbaum JA, Kotturi MF, Kim Y, Oseroff C, Vaughan K, Salimi N, Vita R, Ponomarenko J,

Scheuermann RH, Sette A, Peters B (2009) Pre-existing immunity against swine-origin H1N1

influenza viruses in the general human population. Proc Natl Acad Sci USA 106:20365–20370

72. O’Hagan DT, De Gregorio E (2009) The path to a successful vaccine adjuvant – “the long and

winding road”. Drug Discov Today 14:541–551

73. Mosca F, Tritto E, Muzzi A, Monaci E, Bagnoli F, Iavarone C, O’Hagan D, Rappuoli R, De

Gregorio E (2008) Molecular and cellular signatures of human vaccine adjuvants. Proc Natl

Acad Sci USA 105:10501–10506

74. Khurana S, Chearwae W, Castellino F, Manischewitz J, King LR, Honorkiewicz A, Rock MT,

Edwards KM, Del Giudice G, Rappuoli R, Golding H (2010) MF59-adjuvanted vaccines

expand antibody repertoires targeting protective sites of pandemic H5N1 influenza virus. Sci

Transl Med 2:15ra5

422 G. Del Giudice and R. Rappuoli

http://www.hpa.org.uk/web/HPAwebFile/HPAweb_C/1252326272372
http://www.hpa.org.uk/web/HPAwebFile/HPAweb_C/1252326272372


75. Khurana S, Suguitan A Jr, Rivera Y, Simmons CP, Lanzavecchia A, Sallusto F, Manischewitz J,

King LR, Subbarao K, Golding H (2009) Antigenic fingerprinting of H5N1 avian influenza

using convalescent sera and monoclonal antibodies reveals potential vaccine and siagnostic

tools. PLoS Med 6:e1000049. doi:10.371

76. Wood JM, Robertson JS (2004) From lethal virus to life-saving vaccine: developing inacti-

vated vaccines for pandemic influenza. Nat Rev Microbiol 2:842–847

77. Ulmer JB, Valley U, Rappuoli R (2006) Vaccine manufacturing: challenges and solutions. Nat

Biotechnol 24:1377–1383

78. Rappuoli R, Del Giudice G, Nabel GJ, Osterhaus AD, Robinson R, Salisbury D, Stoehr K,

Treanor JJ (2009) Rethinking influenza. Science 326:50

79. Black S, Eskola J, Siegrist CA, Halsey N, MacDonald N, Law B,Miller E, Andrews N, Stowe J,

Salmon D, Vannice K, Izurieta H, Akhtar A, Gold M, Oselka G, Zuber P, Pfeifer D, Vellozi C

(2009) The importance of an understanding of backgrounds rates of diseases in evaluation of

vaccine safety during mass immunization with pandemic influenza vaccines. Lancet 374:

2115–2122

80. Klein NP, Ray P, Carpenter D, Hansen J, Lewis E, Fireman B, Black S, Galindo C, Schmidt J,

Baxter R (2009) Rates of autoimmune diseases in Kaiser Permanente for use in vaccine

adverse event safety studies. Vaccine 28:1062–1068. doi:10.1016

81. Evans D, Cauchemez S, Hayden FG (2009) “Prepandemic” immunization for novel influenza

viruses, “swine” flu vaccine, Guillain-Barré syndrome, and the detection of rare severe
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Economic Implications of Influenza

and Influenza Vaccine

Julia A. Walsh and Cyrus Maher

Abstract The objective of this chapter is to review and summarize the current

economic estimates of influenza and the cost-effectiveness of its vaccines. We

reviewed the published assessments of the economic costs of human seasonal and

pandemic influenza internationally. Seasonal influenza costs Germany, France, and

the USA between $4 and $87 billion annually. Depending upon the intensity of

transmission and severity of disease, pandemic influenza may cause as many as 350

million deaths and result in economic losses topping $1 trillion – an impact great

enough to create a worldwide recession. We then reviewed 100 papers primarily

from more than a dozen countries which studied the cost-effectiveness of influenza

vaccine in children, adults, and the elderly. These studies demonstrate that in-

fluenza vaccination is quite cost-effective among children 6 months to 18 years

old, in health care workers and pregnant women, and in high-risk individuals.

Remarkably, compared with the other recently introduced vaccines for children,

such as rotavirus and pneumococcal polysaccharide, vaccinating children and

school attendees results in societal cost savings because it obviates lost productivity
and wages among infected individuals and their caretakers. Vaccination for chil-

dren is recommended in the USA and in Canada, but public health policy makers in

Europe have undervalued this vaccine and not recommended it so widely.

1 Introduction

Annual seasonal outbreaks of influenza result in substantial socioeconomic costs. In

addition to the health care costs incurred by sick patients needing outpatient care

and hospitalization, the societal costs of lost productivity and ancillary costs are
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substantial. When children become ill, parents take time off from work to care for

them and take them for treatment. Ill employees are absent from work, and even

when present in the workplace, their productivity can be substantially reduced,

while increasing the risk of transmission to coworkers. Retirees suffer some of the

most severe complications of influenza and may require more assistance from

family members and informal caregivers resulting in societal costs that exceed

the usual medical expenditures.

Pandemic influenza that occurs only once every few decades results in much

greater socioeconomic costs than annual seasonal influenza. During pandemics,

more cases of influenza occur, but more importantly because of widespread fear of

infection, people stop working, shopping, going to social and cultural events and

venues where large numbers gather. The impact on the economy can be enormous

depending upon the severity of the pandemic.

An efficacious influenza vaccine can avert most of the disease, deaths, and

socioeconomic consequences, if vaccination programs effect high coverage

among those at risk. Among some high-risk populations such as children and

elderly, the societal savings from annual vaccination can sometimes outweigh the

costs of the vaccination program. However, in other populations such as young

adults, the costs of annual vaccination to prevent seasonal disease may substantially

exceed any cost savings in health care and societal costs. When the societal cost

savings are high, then vaccination becomes a high priority for public health.

This chapter will review three main topics in economics of influenza and

vaccination:

1. Macroeconomic estimates of the societal costs of pandemic influenza

2. Estimates of the societal costs of the annual seasonal outbreaks

3. Cost-effectiveness of annual vaccination for the prevention of seasonal out-

breaks. The variation in cost-effectiveness values that result from comparisons

among different target groups, methods, and locations will be reviewed

2 Methods

2.1 Societal Costs of Pandemic Influenza

Initial search at http://www.pandemicflu.gov provided four references on the eco-

nomic implications of pandemic flu. Further sources were identified by performing

a general internet search, as well as a query of the Web of Science and PubMed

databases up to September 5, 2009, utilizing the terms: (flu OR influenza) AND

pandemic AND (cost* OR macroeconomic* OR economic* OR death* OR morta-

lity OR impact* OR effect*) AND (worldwide OR global OR “united states”).
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2.2 Societal Costs of Seasonal Influenza

Sources were identified by performing a general internet search, as well as a query

of the Web of Science and PubMed databases up to September 5, 2009, utilizing the

terms: (flu OR influenza) AND seasonal AND (cost* OR macroeconomic* OR

economic* OR death* OR mortality OR impact* OR effect*) AND (worldwide OR

global OR “united states”).

2.3 Cost-Effectiveness: Children

We searched Web of Science and PubMed databases up to September 5, 2009,

using the following Boolean search: (flu OR influenza) AND (cost* OR economic*

OR pharmacoeconomic*) AND (child* OR infant* OR toddler*). The bibliogra-

phies of retrieved studies were reviewed to identify studies that may have been

missed by these search criteria. This approach produced 417 potentially relevant

articles.

These abstracts were assessed and only studies published within the last 15 years

that contained an original, quantitative economic comparison of vaccination of

children against seasonal influenza (compared with no intervention) were included.

This produced a list of nine references that were then analyzed in detail. Of these,

the study published by [1] was excluded for failing to include the indirect costs of

influenza. Additionally, the paper published by [2] the same year was left out

because the cohort study was based on a small number (N ¼ 303) of vaccinated

and nonvaccinated individuals with wide variation in average costs (e.g.,

$131.43 � 1058).

To compare results of the papers, metrics were converted to the prevailing

measure in the literature, which was dollars saved per child vaccinated. Schmier

et al. [3] presented their results in dollars saved per family with school-age children,

which was converted by assuming an average of 1.4 school-age children in families

with children between 5 and 18 years. All foreign currencies were converted to US

dollars according to the exchange rate during the year of the study (http://www.

oanda.com/convert/fxhistory), and all dollar values were adjusted to 2009 dollars

using general (as opposed to health care) inflation rates, given that the majority of

the costs of influenza were found to be nonmedical.

2.4 Cost-Effectiveness: Elderly

We searched Web of Science and PubMed databases up to September 5, 2009,

using the following Boolean search: (flu OR influenza) AND (cost* OR economic*

OR pharmacoeconomic*) AND elderly. The bibliographies of retrieved studies
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were reviewed to identify studies that may have been missed by these search

criteria. This approach produced 436 potentially relevant articles, which were

filtered using criteria similar to those applied to the articles on influenza in children.

This produced a list of 12 references which were then analyzed in greater detail. Of

these, the studies published by [4, 5], were excluded as their analyses were based on

a small number of people with no significant difference in incidence of influenza-

like illness (ILI) and hospitalizations between those vaccinated and those not

vaccinated.

For those studies reporting costs per year of life saved, foreign currencies were

converted to dollars using exchange rates from the year of the study and then

adjusted to 2009 dollars using general inflation rates as described above. For

those reporting benefit-to-cost ratios, no such conversions were necessary.

3 Results

3.1 Macroeconomic Costs of Seasonal Influenza

The seasonal influenza epidemics that occur throughout the world each year wreak

billions of dollars in economic damage, in addition to killing hundreds of

thousands. Figure 1 illustrates the estimated societal costs (in 2009 dollars) for

the USA (approximately $240/capita), France ($80/capita), Germany ($50/capita),

Thailand ($0.50–$1/capita), and Australia [$5/capita (health care costs only)], the

Average cost of seasonal influenza

$87.1 billion
 (total costs)90

100

Not graphed:
Thailand [6]
Total Costs: $23.9M-$62.9M
Healthcare Costs: $10.5M-$27.6M

Australia [7]
60

70

80

Total Costs: not calculated
Healthcare Costs: $115M

40

50

$10.4 billion
(healthcare costs)
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30

$4 billion
(total costs)

$3.8 billion
(total costs)$522 million

(healthcare costs)
0

10

Germany [9]France [9]
Country

USA [8]

Fig. 1 National estimates of direct and indirect costs of seasonal influenza (2009 US dollars)
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only countries for which such an analysis has been undertaken. Even in Thailand, a

middle-income country, average costs to society total $40 million annually [6],

while the toll is significantly greater in higher income countries ($4–$88 billion)

[8, 9]. The differences in these per capita estimates stem from differences in health

care costs in value of a day of lost productivity and absenteeism for the sick person

and his/her caretaker during illness.

The majority of these costs are not from increased health care expenditures

(hospitalizations, ambulatory care visits, drugs, and over-the-counter treatments,

etc.) but rather from lost productivity due to illness in jobholders or their depen-

dents. Indeed, these “indirect” costs of illness to be two to seven times greater than

the “direct” costs (Fig. 1). Furthermore, because these calculations do not include

reduced productivity of employees who come to work despite illness, they are an

underestimate.

3.2 Macroeconomic Costs of Pandemic Influenza

Figure 2 presents the predicted economic costs of a pandemic (adjusted to 2009

dollars) in the USA performed by several different international agencies. Even a

mild pandemic would cost the USA nearly $100 billion and take as many as two

million lives (Fig. 3). Worldwide, a pandemic could result in as many as 350 million

Predicted Economic Cost of Pandemic Flu to the United States
Under Different Scenarios 
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[11]

World Bank (2008)
[12]

Lowy Institute for
International Policy (2006)

[13]
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*Does not include economic costs of efforts to avoid infection

Fig. 2 Predicted economic cost of pandemic flu to the USA under different scenarios (2009

US dollars)
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lives (Fig. 4), with economic costs predicted to range from several hundred billion

(1,000 million) dollars for mild disease to several trillion (million million) dollars

for a more severe scenario (Fig. 5). Under the last estimate, the slowdown caused by

the disease would be expected to precipitate a worldwide recession [10–14].

Predicted Number of Deaths in the United States from Pandemic Influenza
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Fig. 3 Deaths from pandemic flu in the USA
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Fig. 4 Predicted worldwide deaths from pandemic flu
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Surprisingly, Fig. 6 demonstrates that 60% of the costs of a pandemic are

predicted to result not from infection, but from people’s effort to avoid infection

[12]. These estimates are based on observations of the SARS epidemic in Hong

Kong and Canada, where many remained in their homes, avoiding places of work,

markets, restaurants, and so on, until the fear of infection subsided.

3.3 Cost-Effectiveness of Vaccination

Given the high societal costs of seasonal influenza and the catastrophic potential of

pandemic flu, strategies for mitigating the flow of this disease through populations

are of crucial human and economic importance. Although there are several strate-

gies to address the spread of influenza, the low cost and relatively good efficacy

(25–85%) of vaccination mean that it is still preferred over other measures such as

targeted antiretroviral therapy and, in more extreme cases, quarantine of those who

are ill and their susceptible associates through closure of schools and workplaces

[15]. This review focuses on vaccination against influenza in the main target

groups: children, elderly, and adults.

The studies were conducted in the USA and more than a dozen other countries,

and most take the societal perspective for costs and include indirect costs of lost

productivity from absenteeism and time off from work.

The societal cost of a vaccination program ideally be calculated as a net cost
using the following simplified formula:

Predicted Worldwide Economic Cost of Pandemic Flu Under Different Scenarios
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Fig. 5 Predicted worldwide economic cost of pandemic flu (2009 US dollars)
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Net Cost of Vaccination Program ¼
Cost of the Vaccination Program þ Cost of Side Effects from the Vaccine

� Cost of Healthcare Averted Resulting from Illnesses Prevented

� Cost of Lost Productivity Averted Resulting from Illnesses Prevented

When estimating cost-effectiveness, the net cost of the program is compared

with the illness and disability prevented usually in terms of years of life saved

(YOLS), quality adjusted life years (QALYs), or disability adjusted life years

(DALYs). When the net costs are less than zero, as is the case in most of the studies

of children vaccination, then the program saves society money.

Influenza vaccine has extremely few, rare, and usually mild side effects when

they occur so that many of the studies do not include any estimates of costs of side

effects. Unfortunately, many of the published cost-effectiveness assessments use

different methods to estimate costs of health care and lost productivity so that the

results are difficult to compare.

3.3.1 Children

Figure 7 reports estimates from nine studies for the cost-effectiveness of annual

influenza vaccination in children to prevent seasonal influenza. Nearly all of the

12%

28%

60%

Mortality Illness and Absenteeism

Efforts to Avoid Infection

Part of economic impact due to:

Efforts to avoid infection cause 
most of the costs during a pandemic

World Bank 2006 [12]

Fig. 6 Distribution of

estimated societal costs

during a pandemic
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analyses demonstrate cost savings to society from vaccination. When health care

costs are considered alone, there are no net savings (i.e., the cost of vaccination

exceeds the cost of averted health care expenditures in most cases) [2,16–23]. Net

savings result only when societal costs of lost productivity are included. Important

parameters that affect the results from each of these papers are outlined in Table 1.

The inconsistencies in the assumptions and methods are substantial and explain the

wide range in results.

Nonetheless, cost savings from childhood vaccination remains robust across a

wide range of model input values and assumptions. These include vaccine effec-

tiveness estimates from 25% to 85% (higher efficacy improves cost-effectiveness),

attack rates from 13% to 40% (higher attack rates improve cost-effectiveness), and

vaccine coverage from 20% to 100% (variable results on cost-effectiveness), and

vaccination program costs of $0–$60 (higher vaccine costs decrease cost-effective-

ness). The target age group for vaccination varied from day care center attendees,

school children, and all children 6 months to 18 years. Some of the studies included

only illness in those children in the target age group receiving the vaccine; others

included secondary cases in families and general population averted resulting

from childhood vaccination. In all studies, indirect benefits such as fewer days

off from work for parents to care for sick children greatly exceeded the direct

savings from the obviated medical expenses.

Ages Studied:
[a] 6 mo-18 yrs
[b] 5 yrs-18 yrs
[c] 6 mo-14 yrs
[d] 6 mo-36 mo
[e] 6 mo-5 yrs
[f] 6 mo-15 yrs
[g] 3 yrs-14 yrs
[h] 6 mo- 36 mo 

*The only study that includes a model of the spread of infection

*
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3.3.2 Elderly

Summarized in Fig. 8 are the findings from ten studies of the cost-effectiveness of

vaccinating the elderly against seasonal influenza, measured in dollars per year of

life saved. Only one study (Scuffham and West, England and Wales) demonstrated

cost savings [22]. Others showed that vaccination of the elderly costs $700 to

$15,500 per year of life saved (YOLS) [24–31]. Most of the studies only include

the direct health care costs as lost economic productivity is assumed to be minimal

among the elderly.

A selection of important assumptions included in each of these investigations is

presented in Table 2. These models apply varying assumptions, including vaccine

efficacies from 18% to 60%, attack rates from 1% to 15%, and vaccination

coverages from 37% to 100%. Despite these variations, all studies found the cost/

YOLS to be less than $50,000. Interventions less than this threshold are usually

considered cost-effective and of societal value for resource allocation.

3.3.3 Working Adults

A number of articles have assessed cost–benefit and cost-effectiveness of influenza

vaccination in healthy adults [35–40]. Similar to the analyses of influenza vaccina-

tion in children and in the elderly, the studies have involved a variety of population
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groups (adults 50–64, 18–50, 25–64 years; health care workers, pregnant women,

etc.). Similarly, the studies applied a variety of methods, including simulation

models, observational models, and randomized double-blind placebo-controlled

trials with varied assumptions for some of the key factors.

Despite these differences, the majority of the studies demonstrate that vaccina-

tion of high-risk individuals, health care workers, and pregnant women is likely to

be cost-effective.

4 Discussion

4.1 Cost-Effectiveness and Cost–Benefit Analysis:
Methodological Issues

Although the data, when viewed as a whole, clearly demonstrate influenza vacci-

nation to be quite cost-effective, there were several methodological inconsistencies

noted during our review.

First, several studies estimating cost-effectiveness for country #1 applied

disease incidence rates from country #2 but cost data from country #1. It is

probable that this was done because incidence rates were not available for country

#1. However, the authors may draw conclusions based on data that were not

necessarily representative of the country for which they were doing the analysis.

Several studies did not include one-way, two-way, or multi-way sensitivity

analyses to test the robustness of the results to the lack of confidence in the

assumptions.

Second, there were several studies that directly compared health outcomes for

people who chose to be immunized with those who chose not to be immunized. It is

common knowledge among epidemiological researchers that the groups of indivi-

duals who seek medical care are different in many ways from the groups of

individuals who do not. Although not every study can be a randomized controlled

trial, for those that are not, care should be taken to eliminate confounding by

controlling for the differences between intervention and control groups that are

unrelated to vaccination. In many of these studies, no such precautions were taken.

Finally, a few studies made an attempt to include the effects of herd immunity. In

order to do this, authors must model the spread of infection through the population

or make assumptions about transmission rates from infected to susceptibles. Influ-

enza is one of the most transmissible human infections. When herd immunity is

included, the estimates of benefits of vaccination rise.

This review includes results from studies using live-attenuated intranasal vac-

cine and the inactivated injectable vaccine. The estimated vaccine efficacy and

community effectiveness of these vaccines overlapped and cost-effectiveness/

benefit results were similar; therefore we reviewed them together.
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4.2 Policy Implications

Despite these methodological problems, the consistency of findings across a wide

range of methods and study populations demonstrates that among most population

groups influenza vaccination is highly cost-effective.

Table 3 lists estimates for the cost-effectiveness of several other recently intro-

duced vaccines that are widely recommended for children and preteens. Influenza

vaccination in these age groups is generally cost saving compared with the societal

costs of several thousand dollars for saving only one quality adjusted life year

(QALY) for human papilloma virus (HPV) vaccine and more than one hundred

thousand for only one year of life saved (YOLS) for pneumococcal vaccine. The US

Advisory Committee on Immunization Practices recommends that all children (or

preteens in the case of HPV) receive the vaccines listed in Table 3 plus an annual

influenza vaccination. Canada recommends vaccination of the entire population

annually. A few European countries recommend annual vaccination of children,

despite the benefits demonstrated in this review, and only recommend vaccination

for the elderly and those with chronic illness. Public health policymakers and health

providers have undervalued influenza vaccination despite clear benefits.
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