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Introduction

At the beginning of the twenty-first century, the worldwide market for vaccines
demonstrated a strong growth. Sales of innovative virus-like particles (VLP)
vaccines, such as Prevnar against pneumococcal bacteria and Gardasil, the first
preventive human papilloma virus cancer vaccines, contributed to this industry’s
success. According to industry forecasts, sales of preventive and therapeutic vac-
cine products will continue to grow and provide a lucrative market in the coming
years for the pharmaceutical industry. To keep this trend intact, the vaccine
manufacturers have to heavily rely on the development of innovative vaccines
based on the recent progress in vaccinology (e.g., systems or cutting-edge
“omics” approaches) and aggressively move from traditional manufacturing pro-
cesses into novel approaches focusing on improving stability, updating formulation,
and delivery methods. In the last few decades vaccine technologies have undergone
fundamental changes, taking advantage of the profound understanding of the
human immune system and its ability to mount protective and therapeutic immune
responses against infections and malignancies. The development of novel cost-
effective vaccine technologies with attractive risk-benefit ratio is fueling the phar-
maceutical industry’s interest in the vaccine market and will provide lucrative
opportunities.

Vaccine technologies based on viral-vectored platforms continued to be very
attractive for vaccine manufactures as exemplified by recent approval of
IMOJEV™, the first yellow fever 17D-vectored vaccine to control Japanese enceph-
alitis in Southeast Asian countries, and alipogene tiparvovec (Glybera®™), an adeno-
associated virus serotype 1 (AAV1)-based gene therapy for the treatment of patients
with lipoprotein lipase (LPL) deficiency. In this book, we would like to focus
mostly on viral-vectored vaccines as a prophylactic strategy to control emerging
and reemerging human infections and as a therapeutic approach for cancer.

Replication-competent, “live-attenuated,” antiviral vaccines (attenuated strains
of poliovirus, yellow fever, measles, mumps, and rubella) are among the most cost-
effective and widely used public health interventions. Currently, advances in
molecular virology and creative design of replication-competent vaccines provide



vi Introduction

new opportunities for rational design and development of the next generation of
antiviral vaccines with optimally balanced safety and efficacy features. In the first
chapter of the book, Yoshihiro Kawaoka and Gabriele Neumann, pioneers of
reverse genetics approach for influenza research, provide their view on how this
technology will improve safety and efficacy of the current influenza vaccines
because “influenza vaccine protection is markedly lower than for most routinely
recommended vaccines and is suboptimal.” Notably, reverse genetics approaches
are well positioned for the development of influenza vaccines again highly patho-
genic A/H5N1 viruses and other potential pandemic influenza strains.

One of the obvious advantages of live-attenuated antiviral vaccines as well as
viral-vectored vaccines is the expression of vaccine antigens in the context of
natural viral infections, which activate innate immune responses and effectively
process and present protective antigens to MHC molecules. In Chap. 2, Chad Mire
and Thomas Geisbert describe current approaches to design vaccines against deadly
Marburg and Ebola viruses. Unprecedented outbreak of Ebola hemorrhagic fever
currently ongoing in West Africa, which the WHO has already declared a global
public health emergency, and re-emerging of Ebola virus in the Democratic Repub-
lic of Congo, is a strong reminder that we are still poorly prepared to these
devastating infections caused by highly pathogenic filoviruses. Although no
vaccines or antiviral drugs for filoviruses are currently available for human use
(WHO has recently backed treatment of Ebola patients with an experimental
ZMapp drug, a mixture of 3 monoclonal antibodies against Ebola virus glycopro-
teins), remarkable progress has been made in developing preventive vaccines
against Marburg and Ebola viruses in nonhuman primate models. Most of these
vaccines are based on viral vectors including recombinant adenoviruses,
alphaviruses, paramyxoviruses, and rhabdoviruses, and lead candidates are
currently in early stage of clinical development.

Empirical methods which were used to develop very successful antiviral vac-
cines in the past (e.g., polio, yellow fever, mumps) are not currently applicable due
to higher safety requirements raised by regulatory agencies. Although new gener-
ation of live-attenuated vaccines provides a very attractive risk-benefit ratio, safety
is the major “inherent” weakness of these vaccines, and regulatory agencies express
grave concerns regarding viral escape and reversion to wild type. In addition, public
vaccine perception changed dramatically from the means of preventing devastating
infectious diseases in the twentieth century to 100 % safe medical intervention in
the twenty-first century. In Chap. 3, Peter Pushko and Irina Treryakova summarize
current status of alphavirus-based replicon vaccines as an attractive alternative
to live-attenuated platform. Alphavirus-vectored vaccines are replication-
incompetent, cannot spread from cell-to-cell, and lack any DNA or nuclear stages
during cytoplasmic expression of foreign antigens. Due to the presence of intrinsic
RNA-dependent RNA polymerase activity, replicons are capable of self-
amplification resulting in high levels of expression of antigen of interest. For
vaccination or therapeutic purposes, replicons have to be packed or encapsidated
into VLP vectors to target cells for antigen (transgene) expression. These vaccines
stimulate innate immune responses, possess intrinsic systemic and mucosal


http://dx.doi.org/10.1007/978-3-7091-1818-4_2
http://dx.doi.org/10.1007/978-3-7091-1818-4_3

Introduction vii

adjuvant activities, and practically have no anti-vector immunity concerns. The first
clinical trials have shown excellent safety and immunological profiles. Several
alphavirus replicon vaccine candidates are currently in clinical development as
preventive measures to control infectious diseases and as therapeutic cancer
vaccines.

Antiviral vaccines are among the most effective biomedical interventions as it
was proved by global eradication of smallpox in 1979 and rinderpest disease in
cattle in 2011. Notably, vaccinia virus, which replaced cowpox virus, as the
smallpox vaccine is currently being explored for the development of viral-vectored
approaches for preventive, immunotherapeutic, and oncolytic applications. Suc-
cessful immunization against polio and measles is a promising move to global
eradication of these infections as well. In Chap. 4, Konstantin Chumakov summa-
rizes current status of polio eradication campaign which resulted in virtual elimi-
nation of the disease in almost the entire world with the exception of a few
countries. Meanwhile, he provides arguments that polio eradication is a much
more complex issue in comparison with eradication of smallpox. While the WHO
eradication efforts may sooner or later result in complete cessation of wild polio-
virus transmission, vaccination against poliomyelitis still has to be continued for the
foreseeable future due to significant differences in the nature and epidemiology of
polio and smallpox viruses. Notably, novel post-eradication polio vaccines with a
new target profile will be required to maintain high population immunity and to
ensure the global polio eradication.

New emerging and reemerging viral infections are attractive and challenging
targets for novel vaccine technologies as it has been discussed in Chap. 2. Almost
all newly discovered emerging pathogens are zoonotic infections. Among them,
hantaviruses are an excellent example of how environmental changes affect natural
virus-host balance and result in unexpected public health challenges. Hantaviruses
are a fast-growing group of rodent-borne viruses causing two clinically distinct
diseases, hantavirus pulmonary syndrome (HPS) in the Americas and more preva-
lent hemorrhagic fever with renal syndrome (HFRS) in Eurasia. The first hantavirus
vaccines were rodent brain-derived inactivated extracts produced in China
and South Korea. In Chap. 5, Eugeniy Tkachenko and coauthors overview current
epidemiology of hantavirus infections and the development of new generation of
cell culture-based vaccines against hantaviruses including expression of hantavirus
proteins in different vectors, viral-vectored vaccines, VLPs, alphavirus replicons,
and DNA immunization against hantaviruses.

Several DNA preventive vaccines against different targets are currently in early
stages of clinical development. However, poor immunogenicity in humans is the
major obstacle for these vaccines, and they are mostly used as a prime in a vector
prime-protein boost immunization. Tremendous improvements in design of DNA
vaccines and methods of their delivery provide hope that these vaccines will likely
be commercially available in the nearest future in the area of therapeutic cancer
vaccines (the second part of the book). In Chap. 6, Peter Pushko and coauthors
have described novel vaccine technology that is based on an infectious DNA
(iDNA) platform and combines advantages of DNA immunization and efficacy of
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replication-competent vaccines. This technology is based on transcription of the
full-length genomic RNA of the live-attenuated virus from plasmid DNA in vivo.
The authors have provided proof-of-concept results using available attenuated and
experimental vaccines, yellow fever 17D vaccine, Chikungunya (181/25), and
Venezuelan equine encephalitis virus (TC-83), cloned in plasmid DNA under
control of CMV promoter. Notably, only a few pg of iDNA was required to launch
a live-attenuated virus and induce robust protective immune responses in mice. This
approach eliminates many deficiencies of live-attenuated vaccines because iDNA is
genetically and chemically stable, is easy to produce and control, and does not
require cold chain. More importantly, DNA-launched vaccine is “manufactured” in
vaccinated individuals and does not require traditional vaccine manufacturing.
Further successful development of this technology has the potential to revolutionize
the way we make live-attenuated vaccines.

In Chap. 7, Nikolai Petrovsky describes the various carbohydrate-based adju-
vants and their potential to replace more traditional adjuvant such as aluminum salts
and oil emulsions across a wide variety of human and veterinary vaccine applica-
tions using traditional antigens, viral vectors, or DNA to protect against infectious
disease and for treatment of cancer and allergy.

The next five chapters in this book focus on the advancements in immunother-
apies against chronic infections and cancer with particular focus on combinatorial
immunotherapies involving viral-based vectors as treatment modalities. Unlike
prophylactic vaccines against infections where vaccines are administered to healthy
individuals with a competent and to a certain extent unbiased immune system,
therapeutic vaccines are administered to diseased individuals whose immune sys-
tem has lost battle against the targeted indication, and therefore either has been
tolerized or severely compromised. Therefore, the efficacy requirements are quite
different for prophylactic versus therapeutic vaccines. All that is required from
prophylactic vaccines is to prime competent immune system of healthy individuals
for the generation of high titers of neutralizing antibodies and/or cell-mediated
immunity against targeted infection agent. With the exception of some challenging
infections, prophylactic vaccines against many deadly infections for the most part
have been quite successful. In contrast, the development of effective therapeutic
vaccines against chronic infections and, most importantly, cancer has been a rather
daunting task with a limited success, primarily due to the nature of vaccine
formulations and the genetic and disease status of patients.

The genetic makeup of the patient will eventually dictate the efficacy of a
vaccine. In particular, patients who have deficiency in genes required for mounting
effective innate and/or adaptive immune responses will fail to respond to a vaccine
formulation effective in individuals competent for these genes. For example, a
significant portion of Caucasians are deficient for a functional toll-like receptor
(TLR) TLR4 gene, which is important for the generation of both innate and
adaptive immune responses. As such, these individuals will not benefit from a
vaccine formulation that includes TLR4 as adjuvant. The negative impact of aging
on the immune responses has also been well characterized and involves various
arms of the immune system, including innate, adaptive, and regulatory immunity.
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Although elderly individuals generate fewer naive immune cells, they appear to
have a normal number of lymphocytes, which composed of mostly memory B and T
cells. Some of the age-related changes also include functional incompetence due to
alteration of molecules involved in immune activation, expansion, and acquisition
of effector function. As such, the therapeutic efficacy of vaccine will require a
rational design based on not only the genetic makeup but also the age of the patient.

Standard treatments for cancer and the stage of cancer also play major roles in
the efficacy of therapeutic vaccines. Patients with excessive chemo- or radiotherapy
and large tumor burden will likely have compromised immune responses and, as
such, manifest limited vaccine efficacy. In this context, patients in early stages of
cancer who had a successful first-line therapy and minimal prior chemotherapy
present an ideal population. Chemo- or radiotherapy administered at right dose and
time may enhance the efficacy of the vaccine by reducing tumor burden and
overcoming various immune evasion mechanisms. The formulation, dose, and
frequency of vaccine administration are additional parameters that need to be
considered based on the patient population and type and aggressiveness of the
tumor being targeted. Finally and most importantly, effective vaccine formulations
need to overcome various immune evasion mechanisms utilized by chronic infec-
tions and progressing tumor.

Advancements in molecular medicine have resulted in sophisticated tools to
dissect the genetic makeup of individuals and the complexity of cellular and
molecular nature of immune responses, requirements for effective immune activa-
tion, and, most importantly, the impact of infections on the evolution of the immune
system. This accumulated knowledge has led to reevaluation of approaches for the
development of therapeutic vaccines and, most importantly, raised awareness to
refrain from applying the rules of prophylactic vaccines for the design of therapeu-
tic vaccines. Without question, this is an exciting time for the vaccine field, and the
enthusiasm and confidence in therapeutic vaccines have never been this high.
However, given the complex interactions between the tumor and the immune
system and the ability of individual tumor to evade the immune system by immune
editing or generation of various immune evasion mechanisms, the full promise of
therapeutic vaccines may only be realized through a combinatorial approach using
vaccines with standard treatments that may work in synergy. In particular, the use
of immune adjuvants in vaccine formulations will have the most significant impact
on the efficacy of the vaccines. Adjuvants or adjuvant systems that target all three
arms of the immune system, i.e., innate, adaptive, and regulatory, for the generation
of the desired effector immune responses at the expense of immune evasion
mechanisms have a great chance to succeed.

The chapter by Anton V. Borovjagin et al. provides a brief overview of various
types of recombinant vaccines and focuses on those involving viral vectors and
their applications for prevention and treatment of infectious diseases and cancer. A
special emphasis in the chapter is given to vaccine development strategies using
human adenovirus (Ad) as a very popular antigen delivery and expression platform.
Various genetic modification strategies allowing for infectivity enhancement and
transductional or transcriptional retargeting of Ad-based vectors to target tissues are
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discussed along with strategies to circumvent preexisting virus-specific immune
responses and liver tropism, the major obstacles for Ad clinical applications.
Strategies involving Ad-based delivery of antigens associated with infectious
agents, cancer, or other diseases are discussed. The chapter also highlights the
clinical milestones in vaccine development and summarizes recent and ongoing
clinical trials with Ad-based cancer vaccines.

In Chap. 9, Kevin J. Harrington discuses the use of viral vectors engineered to
express genes, with particular focus on sodium-iodide symporter (NIS), that drive
uptake of radioisotopes into cancer cells for both detection and antitumor efficacy.
The results of preclinical and clinical trials of various replication-competent and
replication-deficient viral vectors expressing NIS genes are discussed. This chapter
also addresses issues relating to combination of virotherapy and standard anticancer
therapies, including external beam radiotherapy, cytotoxic chemotherapy, and
novel agents.

The comprehensive chapter by Caroline Jochems and colleagues discusses the
use of TRICOM poxvirus-based vaccines as off-the-shelf vaccine platform either
alone or in combination with other standard-of-care regimens for the treatment of
cancer. This concept involves co-expression of B7-1, ICAM-1, and LFA-3
costimulatory molecules for T cells in combination with selected tumor-associated
antigens. Extensive preclinical and clinical data on the use of TRICOM poxvirus-
based vaccines alone and in combination therapies have been presented. Further-
more, the potential of this vaccine concept with various other standard-of-care
treatments, such as irradiation and chemotherapy, as well as other new treatment
modalities, such as immune checkpoint blockers, has been discussed.

In Chap. 11, Tasha Hughes and Howard L. Kaufman discuss oncolytic immu-
notherapy for the treatment of cancer with particular focus on the herpesviruses.
The chapter discusses the rationale behind oncolytic immunotherapy and various
viruses used for this purpose and highlights the clinical data generated using
oncolytic herpesvirus encoding GM-CSF.

The chapter by Rajesh K. Sharma et al. focuses on the importance of adjuvants
for the development of therapeutic vaccines. The TNF ligand costimulatory mole-
cules were presented as adjuvants with significant potential to confer therapeutic
efficacy of vaccines against cancer and chronic infections. This is because of the
demonstrated role of these ligands in inducing CD8" primary T-cell responses and
establishing and maintaining long-term memory. Extensive discussion was devoted
to a recombinant, novel form of 4-1BBL (SA-4-1BBL). Significant data in preclin-
ical tumor models have demonstrated that SA-4-1BBL targets all three arms of the
immune system and generates robust effector responses against the progressing
tumor while overcoming various immune evasion mechanisms.

Finally, vaccines in general and viral-vectored vaccines in particular for preven-
tive and therapeutic applications are rapidly evolving and complex. As such, we as
editors attempted to gather experts with novel and innovative vaccine technologies
to contribute to his book. It is hoped that the presented vaccine concepts and
technologies will not only contribute to the development of this rapidly evolving
field but also serve as an educational material for students, postdoctoral fellows,
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junior researchers, and clinicians. The coeditors, Drs. Igor Lukashevich and Haval
Shirwan, are grateful to the contributors for providing their comprehensive view on
cutting-edge technologies included in this book. We also would like to thank
Claudia Panuschka and Ursula Gramm for their superb technical help with this
project and Springer for this opportunity.

Igor S Lukashevich
Haval Shirwan
Louisville, KY
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Part I
Preventive Viral-Vectored Vaccines



Chapter 1

Reverse Genetics Approaches for Rational
Design of Inactivated and Live Attenuated
Influenza Vaccines

Yoshihiro Kawaoka and Gabriele Neumann

Abstract Influenza viruses are a major cause of respiratory infections in humans.
The disease caused by these viruses ranges from nonapparent to deadly infections
with multiorgan failure. The severity of the disease is determined by the infecting
strain, the immune and health status of the infected individual, and various genetic
factors that are currently poorly defined. Inactivated and live attenuated vaccines
are available for human use. Inactivated influenza vaccines are safe but their
efficacy is suboptimal. Live attenuated influenza vaccines elicit stronger immune
responses than inactivated vaccines and are more efficacious in children than
inactivated vaccine preparations. In addition, some concerns exist over the bio-
safety of live attenuated influenza vaccines. Accordingly, the efficacy of current
influenza vaccines needs to be improved. Reverse genetics is a technology for the
generation of influenza viruses from cloned cDNA, which allows the introduction
of mutations at will. This technology has been used extensively to develop novel
live attenuated vaccine candidates that possess attenuating mutations in one or
several viral proteins, elicit cross-protective antibodies, and replicate efficiently.
Reverse genetics has also made possible the development of vaccines to highly
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pathogenic influenza viruses. These vaccine viruses lack a multi-basic cleavage site
in the viral hemagglutinin protein that is recognized by ubiquitous proteases; hence,
these viruses can no longer cause systemic infections. The development of such
vaccines could not have been achieved without reverse genetics. Here, we review
the state of influenza vaccines and the use of reverse genetics to develop improved
vaccine viruses.

Influenza viruses belong to the family Orthomyxoviridae, which comprises
influenza A, B, and C viruses, Thogoto viruses, and Dhori viruses. Influenza viruses
are typed into influenza A, B, and C viruses based on antigenic differences of the
viral nucleoprotein (NP) and matrix protein (M1). Influenza A viruses are further
subtyped into currently 18 hemagglutinin (HA, H1-H18) and 11 neuraminidase
(NA, N1-N11) subtypes based on the antigenic properties of the two viral surface
glycoproteins, hemagglutinin (HA) and neuraminidase (NA). With the exception of
the HI7N10 and H18N11 influenza viruses, which were recently identified in bats,
influenza A viruses of all subtypes have been isolated from waterfowl, suggesting
that aquatic birds serve as their natural reservoir. Influenza A and B viruses cause
respiratory disease in humans with important public health consequences. Influenza
C viruses cause mild respiratory infections in children but seldom severe illness and
are not considered a threat to humans; for this reason, they will not be discussed
here in detail. Influenza A viruses are also a great concern in veterinary medicine
because they cause frequent outbreaks in poultry, pigs, horses, and dogs. Influenza
A virus outbreaks in poultry can result in high levels of mortality (up to 100 %) and
substantial financial losses. However, this article will focus on human influenza
virus infections.

1.1 The Influenza Viral Life Cycle

The genomes of influenza A and B viruses consist of eight single-stranded RNAs of
negative polarity, that is, the viral RNAs (vVRNAs) are not infectious, unlike those of
RNA viruses with a genome of positive polarity. The HA protein (encoded by the
HA vRNA) is the major viral antigen and mediates virus binding to sialic acid-
possessing receptors on host cells. The virus is internalized via receptor-mediated
endocytosis. Acidification of the late endosome leads to an irreversible conforma-
tional change in HA, which triggers the fusion of the endosomal and viral mem-
branes. The ion channel function of the viral M2 protein (which is encoded by a
spliced mRNA derived from the M vRNA) leads to the acidification of the interior
of the virion and the subsequent release of viral ribonucleoprotein (VRNP) com-
plexes into the cytoplasm from whence they are transported to the nucleus. vVRNP
complexes, the functional units of influenza virus replication and transcription,



1 Reverse Genetics Approaches for Rational Design of Inactivated and Live. .. 5

comprise VRNA; the three viral polymerase subunits PB2, PB1, and PA (encoded
by VRNAs of the same name); and the nucleoprotein, which is encoded by the NP
VRNA. Using vVRNAs as a template, the viral polymerase complex first synthesizes
viral mRNAs that are exported to the cytosol and translated by the host translation
machinery. During replication, the viral polymerase complex also synthesizes a
positive-sense copy of the VRNA, termed cRNA, which is then transcribed to yield
large amounts of VRNAs. The VRNAs are exported from the nucleus in the form of
vRNPs and transported to the plasma membrane, where newly assembled viruses
pinch off. The NA protein (encoded by the NA vRNA) is important for efficient
virus release because its enzymatic activity cleaves sialic acid and prevents the
formation of large virus aggregates on the cell surface. In the virion, the M1 matrix
protein (translated from an unspliced mRNA derived from the M vRNA) is the
major viral structural protein that forms a shell underneath the host cell-derived
membrane. The NS vRNA encodes two proteins, the NS1 interferon antagonist
protein (derived from an unspliced mRNA) and the NS2 (=NEP, nuclear export
protein, derived from a spliced NS mRNA), which mediates the nuclear export of
vRNP complexes. Many influenza A viruses also encode the PB1-F2 protein
(encoded by a second open reading frame in the PB1 vRNA), which plays a role
in the regulation of apoptosis and the innate immune response. Influenza A viruses
thus encode 10 or more proteins. The genome organization and coding strategies of
influenza B viruses differ slightly from those of influenza A viruses; these differ-
ences will not be described here but are readily obtainable in textbooks on influenza
viruses (Palese and Shaw 2007; Wright et al. 2007). Given the segmented nature of
their genomes, influenza viruses can exchange gene segments (“reassort”) in cells
infected with two different influenza A or B viruses; however, reassortment does
not occur between viruses of different types (i.e., reassortment does not occur
between influenza A and B viruses). Reassortment plays a major role in influenza
virus evolution; most significantly, several pandemics have been caused by
reassortant viruses (see below).

1.2 Influenza Virus Epidemics and Pandemics

The burden of influenza virus infections on human health is huge. Influenza A and B
viruses cause annual epidemics (i.e., local outbreaks) that affect 5—15 % of human
populations and cause ~3,000-49,000 deaths in the USA per year (Thompson
et al. 2010) and 250,000-500,000 deaths per year worldwide (http://www.who.
int/mediacentre/factsheets/2003/fs211/en/). The annual costs of influenza epi-
demics in the USA are estimated at $71-167 billion due to work and school
absenteeism, doctor’s visits, and medical costs (http://www.who.int/mediacentre/
factsheets/2003/fs211/en/). Epidemics are caused by “antigenic drift” variants that
are no longer recognized by the majority of anti-influenza antibodies in humans,
resulting in humans being reinfected with influenza A and B viruses throughout
their lifetime. These antigenic drift variants possess point mutations in the epitopes
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of HA that prevent virus neutralization by the antibodies present in humans. This
constant change of viral antigenic properties requires the update of influenza
vaccines every 1-3 years.

Influenza A, but not influenza B, viruses also cause worldwide outbreaks (i.e.,
pandemics) associated with high morbidity and increased mortality. Pandemics are
caused by viruses to which humans are immunologically naive. In 1918, the
“Spanish influenza” was caused by an influenza virus of the HIN1 subtype that
was transmitted to humans from birds either directly or indirectly via other animals.
This pandemic had devastating consequences and killed ~50 million people.
Descendants of the 1918 pandemic virus circulated in humans until 1957, when
they were replaced by a human/avian reassortant virus that possessed H2 HA, N2
NA, and PB1 genes of avian virus origin, while its remaining genes were derived
from the HINI viruses previously circulating in humans. This so-called “Asian
influenza” claimed about one million lives worldwide. The H2N2 viruses circulated
in humans for 11 years, before they were replaced in 1968 by a human/avian
reassortant H3N2 virus that possessed H3 HA and PB1 genes of avian virus origin,
whereas its remaining six genes were derived from the previously circulating
human influenza viruses. In the USA, 30,000-40,000 deaths were attributed to
the 1968 “Hong Kong influenza.” In 1977, viruses of the HIN1 subtype (similar to
those circulating in the mid-1950s) reappeared in humans and co-circulated in
humans with H3N2 viruses for the next 32 years. In 2009, a reassortant HIN1
virus possessing genes of human, avian, and swine influenza virus origin caused the
first pandemic of the twenty-first century. The death toll of the 2009 HINI
pandemic was estimated at ~280,000 deaths worldwide (Dawood et al. 2012).

Over the past century, only influenza A viruses of the HIN1, H2N2, and H3N2
subtypes have circulated widely in human populations. Occasionally, humans are
infected by avian influenza viruses of other subtypes. The most prominent
example are highly pathogenic avian influenza HSN1 viruses, which emerged
more than a decade ago in Southeast Asia and are now enzootic in poultry
populations in parts of Asia and the Middle East. As of January 24, 2014, these
viruses have caused 650 confirmed human infections with a case fatality rate of
nearly 60 % (http://www.who.int/influenza/human_animal_interface/EN_GIP_
20140124CumulativeNumberHS5N 1cases.pdf?ua=1). Because these viruses may
acquire the ability to efficiently transmit among humans (Herfst et al. 2012; Imai
et al. 2012), which would inevitably cause a pandemic due to the lack of antibodies
in humans to these viruses, considerable efforts have been made to develop
vaccines to avian HSN1 viruses (see Sect. 1.7.2.1).

Humans have also been infected with avian influenza viruses of the H7 subtype.
These infections are typically mild and self-limiting, but a highly pathogenic H7N7
virus caused a sizeable outbreak in humans in the Netherlands in 2003, which was
likely associated with limited human-to-human transmission and caused the death of
one individual (Fouchier et al. 2004; Koopmans et al. 2004). This event spurred
the development of vaccines against viruses of this subtype. Since February of
2013, avian influenza viruses of the H7N9 subtype have infected >450 people in
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China; more than >120 of these individuals succumbed to the infection (http://www.
cidrap.umn.edu/sites/default/files/public/downloads/topics/cidrap_h7n9_update_
080414.pdf) (China Mission Report 2013; Centers for Disease Control and Preven-
tion 2013a; Gao et al. 2013). The high case fatality rate, the lack of antibodies in
humans to this subtype of influenza viruses, and reports of potential human-to-
human transmission of H7N9 viruses have created an urgent need for vaccines
against these viruses.

Human infections have also been reported with avian influenza viruses of the H9
subtype, usually resulting in mild infections. Nonetheless, because humans lack
protective antibodies to viruses of this subtype, candidate vaccines have been
generated and tested [reviewed in Chen and Subbarao (2009), Keitel and Atmar
(2009)].

1.3 Inactivated Influenza Vaccines

Protection against influenza virus infection is primarily achieved through anti-
bodies to HA that prevent virus infection (“neutralizing antibodies’). Antibodies
to NA do not prevent virus infection, but interfere with efficient virus release and
spread. To elicit such antibodies, the currently approved influenza vaccines present
the HA (or HA and NA) proteins to the human immune system in the form of
inactivated vaccines, live attenuated vaccines, or recombinant HA protein (the
latter will not be discussed here in detail).

Inactivated vaccines to human influenza viruses have been commercially avail-
able in the USA since 1945. Today, trivalent vaccines (composed of type A HIN1
and H3N2 viruses and a type B virus) and quadrivalent vaccines (composed of type
A HIN1 and H3N?2 viruses and two type B viruses that represent the two lineages of
influenza B viruses that have co-circulated in humans in previous years) are
available. For the influenza A virus components, reassortants are generated that
possess at least the HA and NA genes of the recommended vaccine strain and the
remaining genes of the A/Puerto Rico/8/34 (PR8; HIN1) virus. This virus was
selected as a vaccine backbone because it confers efficient replication in embryo-
nated chicken eggs, the most common substrate for influenza vaccine propagation.
Two approaches exist for the generation of reassortant vaccine viruses. In “classi-
cal” reassortment approaches, cells are coinfected with PR8 and a recommended
vaccine strain, and reassortants possessing at least the HA and NA genes of the
recommended vaccine strain are selected. Given that coinfection of cells results in
28 —-256 gene combinations, the selection of desired vaccine viruses can be cum-
bersome and may delay vaccine production. In an alternative approach (“reverse
genetics,” described in detail in Sect. 1.6), influenza viruses are generated from
plasmids, allowing the desired gene combination to be engineered. Vaccine master
strains generated through classical reassortment or reverse genetics are typically
amplified in embryonated chickens eggs. Alternatively, Madin-Darby canine kid-
ney (MDCK) cells can now be used in the USA and Europe for human influenza
vaccine virus propagation; in Europe, African green monkey kidney (Vero) cells
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are also used for this purpose. Amplified vaccine master strains are then chemically
inactivated, purified, typically treated with detergents to generate “split” and
“subunit” vaccines, mixed to generate trivalent or quadrivalent vaccines, and
usually administered intramuscularly. For the influenza B virus component(s), the
recommended wild-type strains are chemically inactivated. The generation of
vaccines to highly pathogenic avian H5N1 influenza viruses faces additional safety
challenges, which are discussed in Sect. 1.7.2.1.

The influenza vaccine manufacturing process requires 4—6 months; accordingly,
vaccine viruses are recommended by the WHO each February for the following
influenza season in the Northern Hemisphere and each August for the following
influenza season in the Southern Hemisphere. Between these recommendations and
the start of the influenza seasons, novel antigenically drifted variants may emerge
that lead to an antigenic mismatch with the recommended vaccine strain. Such
mismatches can markedly reduce the efficacy of the influenza vaccine and are a
major challenge in influenza vaccine development.

1.4 Live Attenuated Influenza Vaccines

Live attenuated influenza vaccines (LAIV) were developed to mimic natural infec-
tion, which is believed to induce more efficacious immune responses than vacci-
nation with inactivated viruses. The vaccine master strains currently used in the
USA were derived in the 1960s by passaging the A/Ann Arbor/6/60 (H2N2) and
B/Ann Arbor/1/66 viruses at successively lower temperatures in primary chicken
kidney cell cultures (Maassab 1969). This strategy resulted in the accumulation of
several mutations in several internal viral genes that confer the temperature-
sensitive, cold-adapted, and attenuated phenotypes of the vaccine viruses. For
annual vaccine production, the internal genes of the type A and B master strains
are combined with the HA and NA genes of the recommended vaccine strains
through classical reassortment or reverse genetics as described above. Live atten-
uated influenza vaccines are administered intranasally as a spray. They were
licensed in the USA for human use in 2003 and are now also marketed in Great
Britain and Germany.

The immunogenicity of LAIV would be expected to be superior to that of
inactivated vaccines. Inactivated vaccines elicit primarily serum IgG responses,
whereas LAIVs also stimulate mucosal IgA and T-cell responses (Belshe
et al. 1998, 2000; Ghendon 1990), resulting in broader immune responses. On the
other hand, inactivated vaccines have a better biosafety profile than LAIV, which
could reverse to their wild-type phenotypes and/or undergo reassortment with
circulating influenza viruses (however, no such events have been reported to
date). As with inactivated vaccines, the development of LAIV against highly
pathogenic avian H5NI1 influenza viruses requires additional safety precautions
(see Sect. 1.7.2.1).
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1.5 Efficacy of Current Influenza Vaccines

Numerous studies have assessed the efficacy of trivalent inactivated and live
attenuated influenza vaccines (Jefferson et al. 2007, 2010a, b, 2012; Osterholm
et al. 2012a, b). A recent meta-analysis found that “during some influenza seasons
vaccination offers substantially more protection for most of the population than
being unvaccinated” (Osterholm et al. 2012a) but continued with the statement,
“influenza vaccine protection is markedly lower than for most routinely
recommended vaccines and is suboptimal” (Osterholm et al. 2012a). In children,
live attenuated influenza vaccine is superior to trivalent inactivated vaccine (Jef-
ferson et al. 2012). In the elderly, a paucity of data does not allow definite
conclusions regarding vaccine efficacy (Jefferson et al. 2010a). In adults, low-to-
high levels of protection may be achieved by trivalent inactivated and live attenu-
ated vaccines, depending on the antigenic match between the vaccine strains and
the strains circulating during the influenza season (Jefferson et al. 2007, 2010b). In
addition, other factors clearly contribute to vaccine efficacy. For example, the
efficacy of the H3N2 vaccine was low in the elderly in the 2012-2013 influenza
season (Centers for Disease Control and Prevention 2013b), even though the
recommended vaccine viruses were antigenically similar to the circulating strains
that season. Taken together, there is a clear need to improve current influenza
vaccines. Reverse genetics, which allows the artificial generation and modification
of influenza viruses, may lead to vaccine improvements through the introduction of
mutations into the viral genome.

1.6 Reverse Genetics for the Artificial Generation
of Influenza Viruses

Reverse genetics, that is, the artificial generation of influenza viruses, requires that
all eight influenza VRNAs and the polymerase and NP proteins are provided to
initiate viral replication and transcription. The intracellular synthesis of influenza
vRNAs in the nucleus of cells can be achieved with the use of cellular RNA
polymerase I, which synthesizes ribosomal RNA in the nucleus of eukaryotic
cells (Neumann et al. 1994). For influenza virus reverse genetics, cDNAs encoding
the full-length viral RNAs are cloned between the RNA polymerase I promoter and
terminator sequences (Neumann et al. 1999). The resulting eight plasmids are then
transfected into human embryonic kidney (293T) cells, which have high transfec-
tion efficiency. The 293T cells are then cotransfected with four protein expression
plasmids that yield the three viral polymerase proteins and NP. In cells transfected
with all 12 plasmids, the cellular RNA polymerase I first synthesizes all eight
vRNAs, which are then replicated and transcribed by the viral polymerase and
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Fig. 1.1 Generation of influenza viruses from cloned cDNAs (reverse genetics). Cells are
cotransfected with eight plasmids for the transcription of the eight influenza A viral RNAs and
with four protein expression plasmids for the synthesis of the polymerase and NP proteins. Cellular
RNA polymerase I synthesizes viral RNAs, which are replicated and transcribed by the viral
polymerase and NP proteins, resulting in the expression of all viral proteins and the amplification
of the viral RNAs, leading to influenza viruses. Figure modified after Neumann and Kawaoka,
2001, Virology 287:243-250

NP protein, resulting in authentic influenza viruses (Neumann et al. 1999)
(Fig. 1.1). This system has proven to be very efficient, although it requires the
simultaneous introduction of 12 plasmids into a single cell. Since the first report of
influenza virus generation from plasmids, several modifications have been
described that reduce the number of plasmids required, use different promoter or
terminator sequences for the transcription of the VRNAs, or allow influenza virus
generation in human, monkey, canine, and avian cells (note that the RNA poly-
merase I promoter is species-specific and that the human promoter originally used
limited the system to human and closely related cells).

In vaccine virus generation, reverse genetics is now used to specifically generate
desired gene constellations: cells are simply transfected with plasmids encoding the
recommended HA and NA genes and the internal genes of PR8 or attenuated Ann
Arbor viruses to generate master strains for inactivated vaccine or LAIV
production.
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1.7 Rational Design of LAIV

The ideal live attenuated influenza vaccine should (1) be genetically stable so that
the wild-type phenotype is not restored, (2) replicate to high titers in embryonated
chicken eggs and/or MDCK and Vero cells to ensure timely and cost-effective
production of large quantities of vaccine, (3) efficiently stimulate humoral and
innate immune responses, and (4) be sufficiently attenuated in humans to prevent
adverse reactions to the vaccine. The production of LAIV against avian influenza
viruses that may cause pandemics in humans (so-called pandemic viruses) presents
additional challenges because these viruses pose significant risks to humans. Addi-
tional challenges lie in the development of LAIV that cannot reassort with circu-
lating influenza viruses and provide protection against viruses of different HA
subtypes (heterosubtypic cross-protection).

1.7.1 Modifications of the NS Gene for Virus Attenuation

The NS1 protein serves as the major viral interferon antagonist that counteracts host
cell innate immune responses triggered upon influenza viral infection. NS1 inter-
feres with the induction of interferon beta IFNf) mRNA synthesis, IFNf signaling,
and the IFNp-stimulated synthesis of antiviral proteins such as Mx, PKR, and
RNaseL/OAS [reviewed in Ehrhardt et al. (2010), Hale et al. (2008)]. NS1 also
interferes with the virus-induced activation of RIG-I, which leads to the activation
of IRF-3 and NF-xB and hence the further stimulation of IFN responses [reviewed
in Ehrhardt et al. (2010); Hale et al. (2008)]. Most influenza A virus NS1 proteins
range in length from 217 to 237 amino acids; the first ~77 amino acids confer
binding to RNA (Qian et al. 1995), while the remaining two-thirds of the protein
(the so-called effector domain) mediate interaction with several host proteins.

The expression of full-length NS1 protein is not obligatory for the viral life cycle
since viruses with NS1 C-terminal deletions of various lengths have been found in
nature. Garcia-Sastre et al. (1998) and Talon et al. (2000) first demonstrated that a
PR& virus lacking the NS1 gene (except for the first 10 amino acids which overlap
with NEP) replicated to appreciable titers in IFN-deficient systems such as Vero
cells, STAT '~ mice, and 6-day-old embryonated chicken eggs but was signifi-
cantly attenuated in IFN-competent systems including MDCK cells, 10- to
14-day-old embryonated chicken eggs, and wild-type (BALB/c or C57BL/6)
mice. In mouse embryo fibroblasts and human 293T cells infected with an
NS1-deleted virus, the IFNa- and IFN-mRNA levels were higher than those in
cells infected with wild-type PR8 virus (Wang et al. 2000). Collectively, these
studies indicated that the lack of wild-type NS1 results in high amounts of IFN in
infected cells, which ultimately restricts virus replication; hence, NS1-deficient
viruses may be attractive candidates for improved LAIV.
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Because the attenuation level is vital for the development of live attenuated
vaccines, NS1 proteins of different lengths have been tested, ranging from deletion
constructs (encoding only the 10 amino acids shared with NEP) to truncated
versions that express the N-terminal 73, 99, or 126 amino acids of NS1 (among
other candidates tested) (Chambers et al. 2009; Egorov et al. 1998; Ferko
et al. 2004; Garcia-Sastre et al. 1998; Hai et al. 2008; Kappes et al. 2012; Maamary
et al. 2012; Mueller et al. 2010; Park et al. 2012; Pica et al. 2012; Quinlivan
et al. 2005; Richt et al. 2006; Romanova et al. 2009; Solorzano et al. 2005; Steel
et al. 2009; Talon et al. 2000; Vincent et al. 2007; Wacheck et al. 2010; Wang
et al. 2008; Wressnigg et al. 2009a, b; Zhou et al. 2010). These C-terminally
truncated LAIV candidates have been tested in the background of PRS8 virus
(Egorov et al. 1998; Ferko et al. 2004; Garcia-Sastre et al. 1998; Maamary
et al. 2012; Mueller et al. 2010; Park et al. 2012; Pica et al. 2012; Talon
et al. 2000), “seasonal” human influenza A and B viruses (i.e., influenza viruses
currently circulating in humans) (Baskin et al. 2007; Hai et al. 2008; Wacheck
et al. 2010; Wressnigg et al. 2009a, b), pandemic 2009 HIN1 viruses (Zhou
et al. 2010), and highly pathogenic H5N1 viruses (Maamary et al. 2012; Park
et al. 2012; Romanova et al. 2009; Steel et al. 2009). In addition, several LAIV
candidates have been tested as veterinary vaccines for the protection of swine
(Kappes et al. 2012; Richt et al. 2006; Solorzano et al. 2005; Vincent et al. 2007),
horses (Chambers et al. 2009; Quinlivan et al. 2005), or poultry (Wang et al. 2008).

Viruses possessing C-terminally truncated NS1 proteins are replication compe-
tent but attenuated in IFN-competent systems. Typically, the level of attenuation
increases with the length of the C-terminal deletion, although exceptions have been
noted. In animal models including mice (Ferko et al. 2004; Hai et al. 2008;
Maamary et al. 2012; Mueller et al. 2010; Pica et al. 2012; Quinlivan et al. 2005;
Steel et al. 2009; Talon et al. 2000; Wressnigg et al. 2009a; Zhou et al. 2010), ferrets
(Zhou et al. 2010), macaques (Baskin et al. 2007), pigs (Kappes et al. 2012; Loving
et al. 2013; Richt et al. 2006; Solorzano et al. 2005; Vincent et al. 2007), horses
(Chambers et al. 2009; Quinlivan et al. 2005), and poultry (Steel et al. 2009; Wang
et al. 2008), these LAIV candidates were attenuated to various extents, induced
cell-mediated and humoral immune responses, and/or provided protective immu-
nity against challenges with homologous influenza viruses (Baskin et al. 2007; Hai
et al. 2008; Kappes et al. 2012; Maamary et al. 2012; Pica et al. 2012; Richt
et al. 2006; Steel et al. 2009; Vincent et al. 2007; Wang et al. 2008; Wressnigg
et al. 2009a; Zhou et al. 2010). Some studies also reported cross-reactive immunity
against antigenically mismatched challenge viruses (Hai et al. 2008; Kappes
et al. 2012; Richt et al. 2006; Steel et al. 2009; Vincent et al. 2007; Wang
et al. 2008). In addition to NS1 C-terminally truncated LAIV candidates, a virus
possessing an internal deletion of five amino acids (amino acid positions 196-200)
in NS1 (which also leads to an internal deletion of amino acid positions 39—43 of
the NEP protein) was tested (Zhou et al. 2010). This deletion was found in a highly
pathogenic HSN1 virus isolated from pigs (A/swine/Fujian/1/2003) and attenuated
another highly pathogenic HSN1 virus (A/swine/Fujian/1/2001) in chickens (Zhu
et al. 2008). The LAIV candidate possessing this internal deletion in NS1 was
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highly attenuated in mice and ferrets but elicited strong neutralizing antibody
responses and protected animals from challenge with homologous virus (Zhou
et al. 2010).

Influenza A and B LAIV candidates that lack the entire NS1 protein (except for
the 10 amino acids that overlap with NEP) have been tested in the genetic back-
ground of PR8 virus (Ferko et al. 2004; Garcia-Sastre et al. 1998; Mueller
et al. 2010), seasonal human influenza A and B viruses (Hai et al. 2008; Wacheck
et al. 2010; Wressnigg et al. 2009b), and highly pathogenic H5N1 viruses (Park
et al. 2012; Romanova et al. 2009). These viruses are essentially replication
incompetent in IFN-competent systems, although an influenza B virus lacking
NSI1 replicated to detectable titers in MDCK cells and C57BL/6 mice (Hai
et al. 2008). NS1-deficient vaccine candidates will therefore need to be amplified
in IFN-incompetent systems. Alternatively, cell lines expressing NS1 could be used
to overcome the growth restriction of NS1-deficient viruses in IFN-competent
systems (van Wielink et al. 2011). Seasonal HIN1 and highly pandemic H5N1
NS 1-deficient vaccine candidates did not cause disease symptoms in mice, ferrets,
and/or macaques and were not shed from these animals (Park et al. 2012;
Romanova et al. 2009; Wressnigg et al. 2009b). They, however, elicited enhanced
IFN responses, strong B- and T-cell-mediated immune responses, and protective
immunity against homologous (Park et al. 2012; Romanova et al. 2009; Wacheck
et al. 2010; Wressnigg et al. 2009b) and heterologous (Romanova et al. 2009;
Wacheck et al. 2010) as well as heterosubtypic (Park et al. 2012) challenge viruses.
An NSl1-deficient seasonal HIN1 vaccine candidate was tested in phase I and II
clinical trials and found to be safe and well tolerated with adverse events similar to
those observed in a control group (Wacheck et al. 2010). The vaccine candidate also
elicited virus-specific antibodies in a dose-dependent manner.

In addition to its role in IFN suppression, NS1 is also involved in the regulation
of viral RNA synthesis and viral mRNA splicing and translation. Interestingly,
some C-terminally truncated NS1 proteins reduce the levels of HA mRNA and
protein expression (Falcon et al. 2004; Maamary et al. 2012; Solorzano et al. 2005)
but have lesser or no effect on other viral gene segments. Given that HA is the major
viral antigen, reduced levels of this protein may lower vaccine immunogenicity.
Reverse genetics was therefore employed to introduce two mutations (G3A and
C8U) into the NS VRNA promoter (Maamary et al. 2012); these mutations had
previously been shown to increase viral replication/transcription (Neumann and
Hobom 1995). The resulting virus retained the attenuating phenotype conferred by
the truncated NS1 protein but expressed increased levels of HA compared with a
control virus that lacked the promoter mutations (Maamary et al. 2012).

Most of the NS1 vaccine candidates have been generated by inserting a stop
codon at the desired position in the NS1 gene. One study reported revertants that
eliminated the stop codon, resulting in the expression of wild-type NS1 or mutant
NS1 lacking 4 or 57 internal amino acids (Brahmakshatriya et al. 2010). These
mutations emerged after only five passages of the candidate LAIV in chickens, and
the resulting mutants were more pathogenic than the candidate virus
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(Brahmakshatriya et al. 2010). Hence, the genetic stability of all LAIV vaccine
candidates must be thoroughly assessed and monitored.

1.7.2 Modifications of the HA Gene for Virus Attenuation

1.7.2.1 Modification of the Multi-basic Cleavage Site
for the Development of Vaccines Against Highly Pathogenic
Influenza Viruses

The fusion of the viral and endosomal membranes (an event that releases the virus
genetic material into the cytoplasm) is initiated by the HA fusion peptide (formed
by the N-terminus of the HA2 subunit), which becomes exposed after HA is cleaved
into HA1 and HAZ2. This cleavage event is therefore essential for efficient virus
replication. Highly pathogenic influenza viruses possess a hallmark cleavage site
sequence that comprises several basic amino acids. Because this cleavage motif is
recognized by ubiquitous proteases, highly pathogenic avian influenza viruses can
spread systemically. By contrast, viruses of low pathogenicity possess a single basic
amino acid at the cleavage site and are restricted to organs in which proteases that
recognize such a motif are expressed (i.e., the respiratory tract of mammals or the
respiratory and intestinal tracts of avian species).

The development of vaccines to highly pathogenic influenza viruses faced
biosafety obstacles because these viruses pose a considerable risk to the public
and therefore had to be handled in biosafety level 3 laboratories. Large-scale
vaccine production at this biosafety level is costly. In addition, because highly
pathogenic influenza viruses kill chicken embryos, high titers of these viruses
cannot be obtained in embryonated chicken eggs. Reverse genetics was, therefore,
used to generate vaccine strains in which the multi-basic HA cleavage site was
replaced with a single basic amino acid; conventional methods would not have
allowed the development of safe vaccines against highly pathogenic influenza
viruses. The resulting vaccine candidates possess the internal genes of PRS8, the
wild-type NA segment of a highly pathogenic HS5 or H7 virus, and the modified HA
segment of a highly pathogenic HS or H7 virus [reviewed in Keitel and Atmar
(2009)]. These vaccine viruses maintained their antigenic properties against the
highly pathogenic virus but can be efficiently propagated in embryonated chicken
eggs and safely handled in biosafety level 2 containment. In the USA, an
inactivated HSN1 vaccine was approved for use in humans in 2007 (http://www.
fda.gov/BiologicsBloodVaccines/Vaccines/ApprovedProducts/ucm112838.htm).
The rapid evolution of highly pathogenic H5N1 viruses and their diversification
into several clades and subclades requires constant reevaluation of vaccine strains;
to date, a number of candidate vaccines against different HSN1 (sub)clades have
been developed, which could be used for expedited vaccine production in the event
of a pandemic.
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Inactivated vaccines to highly pathogenic HSN1 viruses are of poor immunoge-
nicity in humans, likely because of the lack of prior exposure to viruses of this
subtype [reviewed in Keitel and Atmar (2009)]. LAIV candidates possessing the
H5N1 virus-derived NA and modified HA genes have therefore been evaluated
[reviewed in Chen and Subbarao (2009)]. However, no LAIV H5NI1 vaccine has
been approved to date, primarily due to biosafety concerns.

Candidate vaccines have also been developed for viruses of the H7 (Cox
et al. 2009; de Wit et al. 2005; Jadhao et al. 2008; Jiang et al. 2010; Joseph
et al. 2007, 2008; Min et al. 2010; Pappas et al. 2007; Park et al. 2006; Szecsi
et al. 2006; Toro et al. 2010; Whiteley et al. 2007) and H9 subtypes (Atmar
et al. 2006; Cai et al. 2011; Hehme et al. 2002; Karron et al. 2009; Pushko
et al. 2005, 2007; Stephenson et al. 2003), and live attenuated H7N3 (Talaat
et al. 2009) and HON2 (Karron et al. 2009) viruses have been evaluated in clinical
trials. However, no vaccine against H7 or H9 influenza viruses has yet been
approved for human use.

1.7.2.2 1Is a Universal Vaccine Attainable?

Current influenza vaccines provide limited protection against antigenic drift vari-
ants and little to no protection against influenza viruses of other subtypes. The
constant changes in the antigenic properties of these viruses and our inability to
predict the HA subtype that will cause the next pandemic leave us in a constant need
to catch up with a fast-evolving virus. “Universal” vaccines that protect against
viruses of all subtypes, or at least against antigenic drift within a subtype, are
therefore the “holy grail” of influenza vaccinology.

Phylogenetic and sequence analyses can be used to infer ancestral HA sequences
that are located at the base of phylogenetic lineages or clades. Using such analyses,
a candidate vaccine has been generated that expresses the ancestral, inferred HA
protein at the base of clade 2 avian HS5N1 viruses (Ducatez et al. 2011). This
computationally designed HA was stable, and the resulting virus was immunogenic;
however, it did not provide a significant increase in cross-protection compared with
vaccine viruses based on the natural clade 2 avian HSN1 HA proteins (Ducatez
et al. 2011).

Over the past years, several studies have documented the presence of broadly
cross-protective antibodies in humans and mice naturally or experimentally
infected with influenza viruses. Almost all of these antibodies bind to the HA
stalk region, which is much more conserved among the different subtypes than
the highly variable head region, which possesses the antigenic epitopes. HA pro-
teins can be divided into two large phylogenetic clusters that include H1, H2, HS5,
He6, H8, H9, H11, H12, H13, H16, and H17 (group 1) or H3, H4, H7, H10, H14, and
H15 (group 2) HA proteins. Several stalk-specific antibodies have now been
identified that cross-react within group 1 (Corti et al. 2010; Ekiert et al. 2009;
Okuno et al. 1993; Sui et al. 2009; Tan et al. 2012; Throsby et al. 2008) or group
2 (Corti et al. 2011; Ekiert et al. 2011; Wang et al. 2010) HAs; one of these
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antibodies reacts with HAs of both phylogenetic groups (Corti et al. 2011). One
study also identified a stem-specific antibody that provides protection against
influenza A and B viruses (Dreyfus et al. 2012). Broadly cross-reactive antibodies
have now also been identified that bind to the HA head region (Dreyfus et al. 2012;
Ekiert et al. 2012); however, these antibodies appear to be generated at low
frequencies, in contrast to the more numerous antibodies against immunodominant
epitopes in the HA head. Hence, the challenge is to develop vaccines or vaccination
strategies that elicit robust, neutralizing antibody responses to the HA stalk while
suppressing immunodominant responses to the major epitopes in the HA head.
Toward this goal, “headless” HAs were tested that lacked the immunodominant
head region (Steel et al. 2010). In mice, headless HAs elicited antibody responses
that were more cross-reactive than those obtained with full-length HA. Moreover,
vaccination with headless HAs provided some (although not complete) protection
from homo- and heterosubtypic virus challenge (Steel et al. 2010). In another
approach, chimeric HAs have been tested that possess the stalk region of one
subtype (e.g., the H1 HA stalk region) but the head region of a different subtype
(e.g., the H9 or H6 head region) (Hai et al. 2012; Krammer et al. 2013; Margine
et al. 2013). The underlying idea was that by repeated immunization with the same
HA stalk domain, but different HA head domains, stalk-specific antibodies would
be boosted. In fact, sequential immunization of mice with viruses expressing H9/H1
(H9 head + H1 stalk) and H6/H1 (H6 head + H1 stalk) HAs protected mice against
homologous and heterologous H1 virus challenge, demonstrating that neutralizing
stalk-specific antibodies can be elicited (Krammer et al. 2013). Importantly, these
mice were also protected against heterosubtypic H5NI1 challenge (Krammer
et al. 2013), proving the cross-protective potential of stalk-specific antibodies. In
initial experiments, the chimeric HAs were expressed from DNA plasmids or
provided as soluble protein; however, a recent study expressed the chimeric influ-
enza A virus HA from a reverse genetics-engineered virus (Krammer et al. 2013).
Because live virus infection induces more cross-protective antibodies than does
vaccination with inactivated vaccine (Margine et al. 2013), the use of reverse
genetics to develop live attenuated vaccines that elicit protective, stalk-specific
antibodies may be vital to develop broadly cross-protective influenza vaccines.

1.7.2.3 Increased HA Stability for Higher Vaccine Yield
and Long-Term Potency

In the acidic environment of the late endosome, HA undergoes an irreversible
conformational change that leads to membrane fusion and the release of vVRNPs
into the cytosol (see Sect. 1.1). The optimum pH for fusion differs among HAs
(Galloway et al. 2013; Reed et al. 2010; Scholtissek 1985a, b; Zaraket et al. 2013b),
which likely affects the infectivity of the particular viruses. The heat stability of HA
proteins at 50 °C serves as a reliable surrogate for HA stability. Moreover, the
thermal stability of HA in itself is an important factor because it can directly affect
vaccine potency. In fact, for vaccines against the pandemic 2009 HINI1 virus, a
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decrease of HA antigen content over time was noticed that led to revised vaccine
expiration dates (http://www.hc-sc.gc.ca/ahc-asc/media/advisories-avis/_2010/2010_
54-eng.php; http://www.health.state.mn.us/divs/idepc/immunize/mnvfc/bfaxarchive/
bf15dec09.pdf; http://ama.com.au/seasonal-flu-vaccine-and-young-children). This
decline in potency correlated with the low thermal stability of the HA protein in the
vaccine preparation (Farnsworth et al. 2011; Robertson et al. 2011). Moreover,
ferret-transmissible HS viruses possessed mutations in HA that affected thermal
and acidic stability and compensated for the loss of thermal stability that resulted
from mutations in the receptor-binding pocket (Herfst et al. 2012; Imai et al. 2012)
(our unpublished data). Together, these findings renewed interest in the identifica-
tion of mutations that increase HA stability and could affect vaccine virus yield
and potency over time.

Reed et al. (2009) identified several mutations in HA that affect the optimum pH
for fusion. Reverse genetics was subsequently used to demonstrate that a virus
possessing one of these mutations possessed increased resistance to heat inactiva-
tion and low-pH treatment (Krenn et al. 2011). This virus replicated efficiently in
mice (Krenn et al. 2011) and ferrets (Zaraket et al. 2013a) and elicited higher
antibody titers in mice than did a control virus (Krenn et al. 2011). Reverse genetics
thus provides an ideal platform to identify mutations that affect HA stability and
fusogenicity and to test mutations such as these in the background of vaccine strains
for increased virus yield and/or stability.

1.7.3 Modifications of Other Viral Genes for Virus
Attenuation

Many attenuating mutations have been described in viral proteins other than HA
and NS1. However, most of these mutations reduce virus growth in cultured cells
and/or eggs and may thus not allow efficient vaccine production. This hurdle could
be overcome by using cell lines that express the respective wild-type protein,
resulting in efficient vaccine virus growth in such helper cells. Cell lines expressing
the viral polymerases (Ozawa et al. 2013), the PB2 polymerase subunit (Ozawa
et al. 2011; Victor et al. 2012), NS1/NS2 (Portela et al. 1986), or the M2 protein
(Hatta et al. 2011; Octaviani et al. 2010; Watanabe et al. 2009) have been
established to date.

The M1 matrix protein is the major structural component of the virus. It also
executes a critical role in the nuclear export of VRNP complexes, presumably by
forming a bridge between vVRNP complexes and the viral nuclear export protein. A
lab-adapted human influenza A virus (A/WSN/33, HIN1; WSN) with mutations in
the nuclear localization signal of M1 replicated comparably to wild-type virus in
MDCK cells but was attenuated in mice (Xie et al. 2009). It elicited a strong
antibody response and protected mice against not only homologous WSN virus
but also against challenges with viruses possessing the HA and NA genes of a
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human H3N2 virus or the modified HA and NA genes of a highly pathogenic HSN1
virus (Xie et al. 2009).

Mutations in the putative zinc finger motif of M1 did not affect the replication
kinetics of WSN virus in MDCK cells (Hui et al. 2003) or embryonated chicken
eggs (Hui et al. 2006). Interestingly, however, such viruses were attenuated in
murine and human cells, and in mice (Hui et al. 2006), suggesting a host-specific
role of the zinc finger motif in M1. Mice immunized with an M1 zinc finger mutant
were protected against lethal challenge with WSN virus (Hui et al. 2006), demon-
strating the potential of M1 zinc finger mutants as LAIV.

The ion channel M2 protein allows proton influx from acidic endosomes into the
interior of the virion, resulting in the destabilization of interactions between M1 and
VRINP complexes, allowing these complexes to be released into the cytoplasm. M2
possesses a long cytoplasmic tail of 54 amino acids. Viruses encoding truncated M2
tails are viable but usually attenuated in cell culture (Hatta et al. 2011; Iwatsuki-
Horimoto et al. 2006; McCown and Pekosz 2005, 2006; Watanabe et al. 2008,
2009). However, deletion of 11 amino acids from the C-terminus of the cytoplasmic
tail attenuated the resultant virus in mice, but not in cell culture (Hatta et al. 2011;
Watanabe et al. 2008). An H5N1 vaccine candidate encoding this truncated M2 and
an avirulent-type HA cleavage site (see Sect. 1.7.2.1) protected mice against
challenge with lethal doses of homologous and heterologous H5N1 viruses
(Watanabe et al. 2008). A virus lacking the transmembrane and cytoplasmic
domains of M2 grew as efficiently as wild-type virus in a cell line expressing M2
and protected mice against challenge with a lethal dose of wild-type virus
(Watanabe et al. 2009).

The temperature-sensitive (ts) phenotype of the A/Ann Arbor/6/60 (H2N2)
master donor virus has been mapped to five mutations in the viral replication
complex (PB2-N265S, PB1-K391E, -E581G, -A661T, and NP-D34G) (Jin
et al. 2003). Transfer of these PB2 and PB1 mutations to an avian HON2 virus
resulted in insufficient attenuation in chickens (Song et al. 2007); however, an
additional mutation in PB1 (an HA-tag epitope at the C-terminus of PB1) resulted
in further attenuation (Hickman et al. 2008; Song et al. 2007). These changes were
also introduced into turkey and swine viruses that share the polymerase genes with
the pandemic 2009 HIN1 virus (Pena et al. 2011; Solorzano et al. 2010), resulting
in attenuated replication at elevated temperatures of 39 and 41 °C. An LAIV
candidate possessing the pandemic 2009 HIN1 HA and NA genes and pandemic
2009-like internal genes with the attenuating mutations in PB2 and PB1 was highly
attenuated in mice and pigs but protected animals against challenge with a lethal
dose of pandemic 2009 HINI virus (Pena et al. 2011). In another study, six
mutations in the PB2 protein of a human H3N2 influenza virus (PB2-E65G,
-P112S, -N265S, -W552F, -W557F, and -W564F) conferred a s phenotype, were
genetically stable, attenuated in mice and ferrets, and significantly reduced the
replication rates of homologous challenge virus in mice and ferrets (Parkin
et al. 1997).

Attempts have also been made to attenuate influenza virus by rearranging the
viral genes. In one example, the NEP open reading frame (ORF) was cloned
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downstream of the PB1 OREF, separated by a foot-and-mouse-disease virus (FMDYV)
2A cis-acting cleavage sequence (Pena et al. 2013). In the original location of the
NEP OREF, a foreign gene (such as a second HA gene of a different subtype) could
now be inserted (Pena et al. 2013). However, due to the modified PB1 gene, the
resulting H9—H5 bivalent virus was significantly affected in its replicative ability,
limiting its usefulness for large-scale vaccine virus production (Pena et al. 2013).

1.7.4 Modifications of Viral Genes for High-Growth
Backbones

The high replicative ability of a vaccine candidate in its respective growth substrate
(embryonated chicken eggs or cultured cells) is important to produce large vaccine
quantities in a short period of time. High-growth capability is particularly important
in the event of a severe pandemic, when there will be an overwhelming demand for
vaccine to the novel virus. Attempts have therefore been made to improve the
growth characteristics of the current vaccine backbone (i.e., PR8 virus). One study
compared the growth properties of the PR8 Cambridge isolate [termed PR8(Cam-
bridge); one of the isolates used for vaccine production] with another isolate [PR8
(UW)], which was found to replicate more efficiently in embryonated chicken eggs
than PR8(Cambridge) when tested with the HA and NA genes of a highly patho-
genic H5N1 viruses (Horimoto et al. 2007). Similar findings were made in MDCK
cells (Murakami et al. 2008). Further testing showed the highest virus titers for a
vaccine virus possessing the HSN1 HA and NA genes; the PB2, PB1, PA, NP, and
M genes of PR8(UW) virus; and the NS gene of PR8(Cambridge) virus (Murakami
et al. 2008). This effect was mediated by a tyrosine residue at position 360 of PB2
and a glutamic acid residue at position 55 of NS1 (Murakami et al. 2008).

As briefly described earlier, vaccine viruses are typically generated by
coinfecting cells with the PR8 virus and the circulating virus to which the vaccine
should provide protection, followed by negative selection with antibodies to PRS.
Retrospective analyses demonstrated that an appreciable number of past vaccine
viruses possessed a 5+ 3 gene constellation in which the HA, NA, and PB1 genes
were derived from the wild-type virus, while the remaining five genes originated
from PR8 (Cobbin et al. 2013; Fulvini et al. 2011; Ramanunninair et al. 2013). In
addition, replacement of PR8-PB1 with wild-type PB1 (derived from the strain
recommended for vaccine production) improved the growth of PR8-based vaccine
candidates (Rudneva et al. 2007; Wanitchang et al. 2010). Based on these obser-
vations, a follow-up study identified five amino acid changes in PR8 PB1 (G180E,
S216G, S361R, Q621R, N654S) that increased the replication properties of PR8
and a vaccine candidate possessing the HA and NA genes of a seasonal H3N2 virus
(Plant et al. 2012). Similar to the PB1 gene, replacement of the PR8 M gene with
that of a wild-type strain affected viral growth properties and improved the HA
content of the vaccine candidate (Abt et al. 2011). In another approach, an influenza
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B virus was serially passaged in embryonated chicken eggs, resulting in high-
growth variants with mutations in the PB2 and NP proteins, in addition to mutations
in HA (Lugovtsev et al. 2005).

Collectively, several strategies have been explored to improve the replicative
ability of the PR8 vaccine backbone. Systematic studies utilizing reverse genetics
will be needed to identify changes in the PR8 and Ann Arbor virus backbones that
increase growth properties in embryonated chicken eggs, MDCK cells, and/or Vero
cells.

1.7.5 Vectored (Bivalent) Vaccines

Several RNA viruses have been tested as vaccine vectors, including Newecastle
disease virus (NDV), parainfluenza virus 5 (PIVS), and Sendai virus (see below).
These viruses can infect humans but cause no or only mild disease in infected
people. With few exceptions, humans lack antibodies to these viruses, thus trigger-
ing strong immune responses upon infection. DNA virus vectors such as vaccinia or
adenoviruses are not discussed here because the challenges they face, such as
genome integration, differ from those of RNA virus vectors.

NDV is an avian paramyxovirus that can infect poultry populations with high
rates of mortality, depending on the virulence of the infecting strain. Lentogenic
strains (i.e., those of low virulence in chickens) are used in poultry as live attenu-
ated vaccines against velogenic strains (i.e., those causing high mortality in
chickens). Humans exposed to NDV may develop mild conjunctivitis. A reverse
genetics system was established for NDV in 1999 (Peeters et al. 1999), which
opened the door to exploit NDV as a vaccine vector. Several live NDV vaccine
candidates expressing an influenza viral protein have since been tested for their
potential use in humans (Cornelissen et al. 2012; DiNapoli et al. 2007, 2010; Ge
et al. 2007; Nakaya et al. 2001). Most of these vaccine candidates express the
influenza virus HA protein from an additional open reading frame in the NDV
genome. A live attenuated NDV expressing the influenza HA protein of a highly
pathogenic H5N1 virus elicited serum IgG and mucosal IgA antibodies in African
green monkeys (DiNapoli et al. 2007, 2010) and provided protection against a lethal
dose of H5N1 challenge virus (DiNapoli et al. 2010). Numerous studies have also
tested various influenza HA-vectored NDV vaccines (using different NDV strains
and inserting HA at different positions in the NDV genome) as poultry vaccines to
influenza and have found these vaccines overall safe and efficacious (Cornelissen
et al. 2012; Ferreira et al. 2012; Ge et al. 2010; Lardinois et al. 2012; Lee
et al. 2013; Nayak et al. 2009; Niqueux et al. 2013; Ramp et al. 2011; Romer-
Oberdorfer et al. 2008; Sarfati-Mizrahi et al. 2010; Schroer et al. 2009, 2011;
Swayne et al. 2003; Veits et al. 2006, 2008). To assess the potential of these viruses
as bivalent vaccines, most studies also tested the protective efficacy against NDV
infection and found various levels of protection (Ge et al. 2007, 2010;
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Lee et al. 2013; Nayak et al. 2009; Park et al. 2006; Sarfati-Mizrahi et al. 2010;
Schroer et al. 2009, 2011; Steel et al. 2008; Swayne et al. 2003; Veits et al. 2000).

In another approach, a recombinant influenza virus expressing an H5 HA served
as a vector for the expression of the NDV hemagglutinin/neuraminidase protein
(Park et al. 2006). This virus was attenuated in primary normal human bronchial
epithelial (NHBE) cells and protected mice against challenge with an HS5
HA-expressing virus (Steel et al. 2008). In chickens, this bivalent vaccine candidate
elicited high levels of protection against NDV and H5N1 virus (Steel et al. 2008).

PIVS5 (formerly known as simian virus 5, SV5) is a paramyxovirus that infects
many different cell types; replicates efficiently in cultured cells, including Vero
cells; infects humans but does not cause disease in them; and can be genetically
modified (Murphy and Parks 1997) to express additional genes. Different PIVS5
constructs have been tested that express influenza virus H3N2 HA (Tompkins
et al. 2007) or HSN1 HA (Li et al. 2013a, ¢; Mooney et al. 2013) or the influenza
virus NP (Li et al. 2013b) from different positions of the PIV5 genome. PIVS5
vectors expressing HA triggered serum and mucosal antibody responses, as well as
T-cell responses to HA in mice, and protected against (lethal) challenge with
influenza viruses (Li et al. 2013a, c; Mooney et al. 2013; Tompkins et al. 2007).
PIVS5 vaccine candidates expressing NP elicited humoral and T-cell responses to
this protein; in addition, they provided partial protection against HSN1 challenge
virus and complete protection against challenge with an HINI1 influenza virus
(Li et al. 2013b).

A bivalent vaccine was also designed to protect against human parainfluenza and
influenza virus (Maeda et al. 2005). In this approach, an influenza virus was
modified to express the ectodomain of the hemagglutinin/neuraminidase protein
of human parainfluenza virus instead of the influenza virus neuraminidase protein
(Maeda et al. 2005). Such a virus can be efficiently amplified in eggs but is
attenuated in mice. More importantly, vaccinated mice developed antibodies and
were protected against challenge with both human parainfluenza and influenza
viruses (Maeda et al. 2005).

Sendai virus, a member of the family Paramyxoviridae, infects mice, rats,
guinea pigs, and hamsters. An attenuated live Sendai virus expressing the HA
protein of PR8 from an additional open reading frame induced influenza virus-
specific IgG and IgA antibodies in mice and provided immunity against lethal
challenge with PR8 virus (Le et al. 2011).

Recently, bivalent influenza vaccine candidates have been generated that
express HA proteins of two different subtypes. In one study, the overlapping
open reading frames of the M1 and M2 genes of an influenza HIN2 virus were
separated into two gene segments, and the extracellular domain of M2 was
substituted with the HA1 coding region of PR8 HA (Wu et al. 2010). The resulting
nine-segment virus (expressing the PR HA head domain and the transmembrane
and intracellular domains of M2 from the additional viral RNA) was genetically
stable, elicited antibodies to the H9 and H1 HAs, and protected against challenges
with HIN2 and HIN1 viruses (Wu et al. 2010). Another study replaced the PB2
open reading frame with a “foreign” H1 or H5 HA, so that two different HAs were
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expressed by the virus (Uraki et al. 2013). This virus lacks PB2 but can be
propagated efficiently in cells expressing this protein (see Sect. 1.7.3). In mice,
this bivalent virus provided protection against the vector virus (PR8) and against the
pandemic 2009 HINT1 or highly pathogenic H5SN1 viruses, respectively, from which
the additional HAs were derived (Uraki et al. 2013).

1.8 Conclusion

Reverse genetics has had a substantial impact on influenza virus vaccine generation
and development. It is now used to generate annual influenza vaccines, has allowed
the development of vaccines to highly pathogenic influenza viruses, and is exten-
sively used to develop novel, improved influenza vaccines.
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