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ABSTRACT

Highly pathogenic avian influenza virus (HPAI) and the H5N1 subtype in particular,
poses a formidable pandemic threat. Current HPAI vaccine candidates suffer from poor
immunogenicity, and there are challenges associated with sufficient production and
distribution. Parainfluenza virus 5 (PIV5) provides an appealing approach for live virus
vectored vaccines. It can be produced quickly and safely in cell culture which is especially
important in the event of a pandemic. Here, we have inserted the HA gene of
A/Vietnam/1203/04 (H5N1) into the PIV5 genome with the goal of testing the efficacy and
mechanism of protection of recombinant PIV5-H5 vaccine vectors. The natural gradient of
mRNA translated in PIV5 is dictated by the proximity of the gene to the 3’ UTR. Thus, we
tested expression and immunogenicity of H5 vaccine vectors where the HA gene is inserted
in distinct locations in the PIV5 genome. We show here that vaccination with rPIV5-H5 is
safe and effective as a vaccine vector and that it provides protection against highly
pathogenic H5N1 challenge. Neuraminidase (NA) is a glycoprotein on the surface of the
virus as well as virus-infected cells and is responsible for cleavage of sialic acid residues as
the virus buds from the cell at the end of the replication cycle. NA is more conserved than

HA, the current influenza vaccine target, which increases the likelihood of achieving



broader protection if used as a vaccine antigen. In this study, we extend the work with
rPIV5-H5 to show that vaccination with rPIV5-N1 primes an NA-specific antibody response
and T cell response and confers complete protection against homologous influenza virus
challenge and significant cross-protection against heterologous influenza virus within the
same subtype. There is also evidence of limited cross-protection against virus of a different
subtype (H3N2). Because PIV5 is not sialic acid-restricted for replication, it is possible to
utilize alternate routes of administration. We continue this work by showing that rPIV5-H5
is effective at providing protection against HPAIV H5N1 when administered

intramuscularly as well as intranasally.
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CHAPTER 1
INTRODUCTION

Influenza A virus, a negative-strand, enveloped RNA virus in the family
Orthomyxoviridae [1], is a continuing public health problem, infecting up to 15% of
the world’s population in its epidemic (seasonal) form [2] and inflicting significant
morbidity and mortality in the United States and worldwide[3]. Influenza A
pandemics have occurred sporadically over the course of history with varying
degrees of severity, but have only been well documented for about the past 100
years. The 1918 “Spanish flu” was responsible for over 50 million deaths worldwide
[4]. The recent pandemic HIN1 in 2009 is a milder example, causing under 20,000
(laboratory confirmed) deaths worldwide [5]. Aquatic birds are considered the
primary reservoir for influenza A virus[6] and every pandemic virus studied to date
has contained gene segments of avian origin [7].

Historically, it was thought that avian viruses would have to reassort or adapt to
infect or cause disease in humans until, in 1997, eighteen humans in Hong Kong
were infected with highly pathogenic avian influenza virus (HPAIV) subtype H5N1,
and 6 of those persons died [8]. Subsequent research has suggested that the 1918
“Spanish flu”, the deadliest influenza pandemic in recorded history, was potentially
generated by a similar mechanism [9]. HPAI viruses are now considered a potential

pandemic threat. Related H5N1 HPAI viruses continue to smolder in Eurasia and as



of November 2011, the WHO has reported 571 human cases with a total of 335
deaths [10]. H5N1 is unable to transmit between humans at this time, however,
there is significant concern that the virus could mutate such that efficient spread
would be possible [11]. With an approximately 60% case fatality rate, a pandemic
HPAI H5N1 virus would cause significant morbidity and mortality, as well as major
socioeconomic disruption [12].

Vaccination with an effective vaccine is considered the most effective approach
to prevent disease or the transmission of potentially pandemic viruses in humans.
The most widely used licensed vaccine for the prevention of seasonal influenza virus
infection is an inactivated vaccine, which is grown in embryonated chicken eggs, and
requires months of production time between strain identification and vaccine
delivery, and millions of eggs [13]. Even though this method represents the only US
Food and Drug Administration (FDA)-approved H5N1 vaccine, there are a number
of drawbacks in using this method of production for HPAI H5N1, including safety
and production issues. Furthermore , these vaccines are poorly immunogenic and
require multiple doses to generate a neutralizing antibody response [14]. Similar
issues are shared with H5N1 vaccine seed viruses generated by reverse-genetics
[15, 16], with some evidence indicating they are actually worse in terms of
immunogenicity in the absence of an adjuvant [17]. There is clearly a need for
other options for H5N1 vaccines.

There are a number of candidate vaccines in clinical trials at this time (reviewed

in [18]), including inactivated viruses formulated with a variety of adjuvants, such



as oil-in-water, and live-attenuated influenza vaccines [19, 20]. These approaches
do not, however, address the concerns of using an egg-based vaccine for
prepandemic preparedness.

Other vaccine options that are being explored include recombinant DNA and
viruses, which have been shown to protect against homologous and heterologous
influenza challenge, including H5N1 [21-24]. These finding suggest that virus
vectored vaccines may be an effective method of obtaining robust, protective
immune responses with the potential of generating a vaccine with cross-protective
qualities. This would be ideal in the face of a largely unknown emerging pandemic
strain upon a serologically naive population.

The goal of the studies described here is to develop a novel, safe, and effective
vaccine against influenza. The specific hypothesis is that parainfluenza virus 5
(PIV5) will be a safe viral vector for the delivery of influenza antigens, and that
vaccination with recombinant PIV5 expressing influenza proteins will be
immunogenic and provide protection against influenza virus challenge.

PIV5, a non-segmented, negative-stranded RNA virus (NNSV) in the Rubulavirus
genus in the family Paramyxoviridae, was chosen as a vaccine vector based on a
number of favorable qualities, including the absence of a DNA phase in the life cycle,
which eliminates the likelihood of host genome alteration, as well as a stable
genome, making it an ideal candidate for foreign gene insertion and vaccine use [24,
25]. PIV5 is capable of infecting a large range of cell types[26] and, because it causes

very little cytopathic effect (CPE) in those cells, is able to grow to high titers in



common cell lines, including VERO cells[27], a vaccine-approved cell line. This
would address existing problems associated with egg-based vaccine development.
PIV5 also infects a large range of mammals, including humans, without causing
clinical disease[28]. PIV5 also has a gradient of gene expression relative to
proximity to the leader sequence [29]. It may be possible to exploit this aspect and
maximize vaccine immunogenicity by inserting the vaccine antigen close to the
leader sequence. Similarly, altering the immune-suppressive mechanisms of PIV5
may enhance vaccine efficacy[30, 31]. A common concern with the use of vaccine
vectored vaccines is pre-existing immunity to the vector. Evidence exists that
antibodies against PIV5 are not protective, [32] which alleviates many concerns
about cross-reacting antibodies of ubiquitous paramyxovirus infections as well as
concerns regarding the use of PIV5 in a prime-boost regimen.

The vaccine antigens chosen for expression in the PIV5 vector were chosen
based on ubiquitous knowledge that sufficient antibodies to HA are protective
against influenza virus infection [33] and that antibodies to NA contributes to
resistance to influenza in humans [34] and, because it is more conserved than NA,
increases the likelihood of broader immunity [35]. These genes are inserted into
PIV5 by reverse-genetics techniques. A similar construct expressing the HA from
A/Udorn/72 (H3N2) (rPIV5-H3) has been shown previously to be protective
against homologous influenza virus challenge [24]. Here, we propose to examine the

safety and protective efficacy of rPIV5 constructs individually expressing the HA



(H5) protein from HPAIV H5N1 and the NA protein from HPAIV H5N1 and the 2009
pandemic HIN1 virus. This proposal examines the following specific aims:
Specific Aim 1: To test the safety and efficacy of a PIV5-vectored vaccine expressing
the HA of HPAIV H5N1 (rPIV5-H5). The working hypotheses are that the expression
of HA is safe and immunogenic, that insertion of the HA closer to the leader
sequence will increase vaccine efficacy, and that vaccination with rPIV5-H5 will
induce HPAIV H5N1 neutralizing antibodies and protect against challenge.
Specific Aim 2: To test the efficacy of PIV5-vectored vaccines expressing the NA
protein of HPAIV H5N1 and the 2009 pandemic HIN1 virus. The working
hypotheses are that NA will be expressed in its functional form and that
immunization with rPIV5-NA will induce robust anti-NA antibodies that protect
against homologous and heterologous influenza challenge.
Specific Aim 3: To investigate the efficacy of PIV5 as a vaccine vector when
administered intramuscularly as well as intranasally. The working hypotheses are
that PIV5 will be efficacious as a vaccine vector when administered intramuscularly.
Knowledge obtained from thorough investigation of the specific aims outline
above will contribute to the effort for the better design of influenza vaccines, more
specifically, to virus vectored influenza vaccines with a focus on the challenges

associated with pandemic influenza virus emergence.
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CHAPTER 2
LITERATURE REVIEW

Influenza A Virus Overview

Influenza virus is a negative strand, enveloped RNA virus in the family
Orthomyxoviridae [1]. Orthomyxoviridae includes four genera: influenza A,
influenza B, influenza C, and thogotovirus[1]. These categories are based on
differences in the nucleoprotein (NP) and matrix protein (M1). Influenza types A
and C infect a wide variety of species whereas type B infects only humans. Type A is
the only influenza virus associated with pandemics and is the cause of the majority
of influenza cases in humans. This review will focus primarily on influenza A.

Influenza A causes significant morbidity and mortality each year. Circulating
seasonal influenza strains (HIN1 and H3N2) infect up to 15% of the world’s
population each year and cause an average of 225,000 hospitalizations and a range
of 3349 to 48, 614 deaths in the United States every year over the past 30 years|2, 3,
36]. The annual worldwide influenza burden is estimated by the World Health
Organization (WHO) to be approximately 1 billion infections, 3-5 million cases of
serious disease, and 300,000 to 500,000 deaths [2]. Influenza pandemics, which
have occurred sporadically throughout history, although only well documented in

the last century, have been of varying degrees of severity. The most notable was the
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“Spanish flu” in 1918, which killed an estimated 50 to 100 million people
worldwide[37].

Influenza A has a segmented, negative sense RNA genome encoding eleven
proteins. The genome is comprised of eight segments, including surface
glycoproteins hemagglutinin (HA) and neuraminidase (NA), matrix (M),
nucleoprotein (NP), nonstructural genes (NS), and three polymerase segments
(PB1, PB2, and PA)[6]. Multiple gene segments have been demonstrated to be
important for infection, replication, and pathogenicity, including the polymerase
genes (PA, PB1, and PB2)[9, 38] and hemagglutinin[39].

Influenza A is further subtyped by its two major surface glycoproteins
hemagglutinin (HA), neuraminidase (NA). There are 16 HA subtypes[40] and 9 NA
subtypes[6]. All 16 HA and 9 NA subtypes were originally isolated from wild aquatic
bird populations [41]. Avian influenza viruses have been further classified as highly
pathogenic avian influenza viruses (HPAIV), such as H5N1, or low pathogenicity
avian influenza viruses (LPAIV) based on the presence of a polybasic cleavage site
(some H5 and H7 subtypes, only). This is considered a primary pathogenicity
determinant. LPAIV have a monobasic cleavage site.

Infection and Clinical Features: Infection begins when influenza virus infects
respiratory epithelial cells. In most cases of human influenza infection, this occurs in
the upper respiratory tract. Exceptions include human infection by avian influenza
viruses, notably HPAIV H5N1, details and implications of which will be discussed in

detail below.
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Typical, uncomplicated infection in adults manifests as tracheobronchitis
with minor small airway involvement [1]. High fever, cough, myalgias, and malaise
are common symptoms and, although the high fever will wane typically within six
days of onset of illness, cough and malaise can persist for up to two weeks [1].
Symptoms are similar in children, but can be accompanied by febrile convulsions
and there is a higher incidence of gastrointestinal effects [42]. Lower respiratory
tract complications are more common in children and the elderly, and include
primary viral pneumonia, combined viral-bacterial pneumonia, and secondary
bacterial pneumonia [1]. Systemic influenza infection is uncommon in typical
epidemic influenza infection, however it appears to occur more commonly with
H5N1 HPAIV [43], which will be discussed further below.

Protective immunity: Influenza infection establishes protective and long-term
immunity, which is a feature that makes vaccination such a favorable choice for
epidemic and pandemic control. Unfortunately, this protection is largely limited to
the specific strain of virus and is ineffective against drift and, especially, shift
variants, which is problematic for vaccine development. This will be discussed
further below. A thorough understanding of the nature of the immune response to
influenza (reviewed thoroughly by Mintern et al. [44]) and correlates of protection,

are critical for vaccine design.
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Immune Response to Influenza A Infection

Recognition: Upon invasion of respiratory mucosa, influenza A viruses are
recognized by multiple pattern recognition receptors (PRRs) in the cell [45] which
leads to the initialization of signaling leading to activation of innate and cell-
mediated immune effectors. The primary signature is the single-stranded RNA
(ssRNA) generated by the viral polymerase in the cytoplasm [46] and it is
recognized by the host RNA helicase, RIG-1 [47], and toll-like receptor (TLR)-7 in
the endosomal compartments of B cells and plasmacytoid dendritic cells (DCs) [48,
49]. TLR-3, expressed on respiratory epithelial cells, is also an important receptor,
recognizing dsRNA, leading to activation of the TRIF IRF3 pathway to stimulate
interferon [50]. Release of IL-1b, which is important in initiating a number of
responses such as cell recruitment and apoptosis, is stimulated upon activation of
NOD-like receptor-associated inflammasomes [51-53].

Innate Immune Response: The primary barriers to influenza infection are
inhibitory factors in the mucus that reduce the ability of influenza A to infect cells
[54]. The initial response to influenza A infection in the lungs is comprised of rapid
innate immune mediators including alveolar macrophages (AMs), neutrophils, and
natural killer (NK) cells [44]. AMs are the major resident phagocytes in the lungs
[55], taking up influenza A antigens [56] and secreting proinflammatory cytokines
such as TNF-q, IL-1, IL-6, and interferon (IFN)-a/p [57, 58] as well as a variety of
chemokines [59, 60]. They also play a role in modulating adaptive T cell immunity

[61]. AMs also secrete IL-12 which aids in T helper cell development and activates
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NK cells [62], which are detectable in the lungs within 48 hours of influenza
infection [63]. Upon interaction of NK cell receptors NKp46 [64] and NKp44 [65]
with HA on infected cells, protection is likely mediated by expression IFN-y and
TNF-a as well as direct cytotoxicity of infected cells [66].

Although produced by most innate immune mediators, plasmacytoid
dendritic cells (pDCs)[67] are the largest producers of type I IFN [68], which is
possibly the most important cytokine in the initial response to influenza infection.
This is highlighted by the fact that influenza viruses have evolved mechanisms to
circumvent the type I IFN response [69]. Pulmonary levels of type I IFNs a and 3
increase rapidly and directly limit viral replication [70], enhance recruitment of
immune mediators[71], and function as parts of a variety of feedback loops leading
to enhancement of macrophage function, antigen presentation by APCs, and
modulation of adaptive immunity.

Although integral to the early response to influenza, as well as other
pathogens, proinflammatory cytokines and chemokines must be tightly regulated as
collateral damage can be caused to the already weakened respiratory environment
by excessive inflammation [72]. In extreme cases, hyper-induction of
proinflammatory cytokines has the potential to lead to a lethal “cytokine shock”
[73]. This has been extensively studied in the context of the 1918 “Spanish flu” virus
[74, 75] as well as H5N1 and is believed to play a major role in development of acute
respiratory distress syndrome (ARDS) and high fatality rate associated with both

viruses [76]. This will be discussed in greater detail below.
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Other components of the innate immune response against influenza A
viruses includes collectins and defensins. Collectins, collagen-like lectins lining the
respiratory tract, such as mannan-binding lectin (MBL) [77] and surfactant proteins
(SP)-A and -D [78], limit infection and orchestrate viral clearance in a number of
ways [79, 80], including compelement activation, opsonization, neutralization, and
agglutination. Defensins are cationic host defense peptides produced by leukocytes
and epithelial cells that aid in the killing of phagocytized pathogens [81] or act as
chemotactic agents to promote immunity.

Adaptive Immunity

Humoral Immune Response: The humoral immune response is mediated by
antibodies secreted by B lymphocytes and is the target mechanism for most
influenza vaccines. Immunity to respiratory pathogens is induced on two fronts:
mucosal and systemic. Because mucosal immunity is the initial site of infection, it is
of interest in vaccine research. Protective antibodies against influenza are able to
bind directly to the glycoproteins on the surface of the virion and neutralize the
virus thus preventing infection.

Upon initial viral entry, constitutive, non-neutralizing low-affinity antibodies
of the IgM subtype serve to limit early virus dissemination and to aid in targeting
viral antigen to secondary lymphoid organs [82, 83]. Neutralizing antibodies,
primarily IgG, are high affinity/avidity antibodies specific for the viral antigen and
are rapidly induced. They primarily target the HA protein as neutralization of this

glycoprotein impairs viral entry into the cell [84, 85]. NA is also targeted by
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neutralizing antibodies [34], although antibodies against NA are not, strictly
speaking, capable of preventing infection to the degree that HA-neutralizing
antibodies are. This will be discussed further in the discussion of use of HA, NA, and
others, as vaccine antigens.

Although discussed primarily the context of cell-mediated protection, CD4+
T-helper cells promote B cell differentiation into immunoglobulin class-switched,
antibody-secreting cells, and thus contribute to humoral immunity in an important
way. This occurs via the recognition of viral antigen and delivery of an activation
signal to the B cell by the CD40 ligand [86].

Mucosal immune system: The inductive sites of the mucosal immune system
are the mucosal-associated lymphoid tissues (MALT), where antigen is taken up my
APCs and presented to T and B cells for the production of mucosal antibody, IgA. In
rodents, the upper respiratory tract where the mucosal immune response is induced
is the nasopharyngeal-associated lymphoid tissues (NALT) [87]. Here, antigens are
taken up by M cells prime T and B cells, which drain to the cervical lymph nodes and
circulate back to the lamina propria of the lining of the respiratory, and other
mucosal tracts[88, 89]. Here, secretory IgA (sIgA) antibodies, consisting of dimeric
IgA and the secretory component, which is the cleavage product of the major
receptor responsible for IgA being transported into mucosal secretions, polymeric
IgA (pIgA) [90], are released. sIgA primarily specific to HA and NA in nasal

secretions [91] inhibits influenza virus entry at mucosal surfaces
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Cell-Medjated Immune Response

Dendritic Cells: A number of dendritic cell (DC) subsets reside in the lungs
[92] and the draining lymph node [93]. Upon pulmonary infection, a number of
other DC populations are recruited [94] for the antigen uptake, processing, and
presentation of antigenic peptides in the context of major histocompatibility
complex (MHC) molecules to T cells. They can also be directly infected with virus
with similar results [95]. They are required for primary responses [95] as well as
memory T cell responses that are required upon subsequent infection [96]. Soon
after antigen acquisition, lung DCs migrate to the draining lymph node [94, 97]
where antigen presentation ensues.

DC costimulation is an essential function that serves to enhance the antigen-
specific signals that are being delivered through the T cell receptor (TCR). The
CD28/B7 interaction between DCs and CD8+ T cells is particularly important for
influenza A immunity, and known functions include stimulations of T cell expansion
[98], cytotoxicity, effector cytokine production, recruitment to the site of infection
[99], and survival [100]. Other important costimulatory interactions includes the
CD8+ T cell expansion and recall (41BB/41BBL)[101] and accumulation of T cell at
the site of infection [98, 102].

CD8+ T Cells: Effector CD8+ T cells, also known as cytolytic or cytotoxic T
lymphocytes (CTLs), function in viral clearance [102] by directly targeting and
destroying virus-infected cells either by the release of perforin and granzymes or

Fas/FasL interaction (the death receptor) [103, 104]. CTLs are primed by antigen
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presented in the context of major histocompatibility complex (MHC)-I by APCs, but
sometimes cross-presentation by CD4+ T cells is required [105]. After priming,
activated CTLs migrate to the lung draining lymph nodes where, in the presence of
antigen, they expand approximately within the first 7-10 days of primary infection
[106, 107]. Activated CD8+ T cells then traffic to the infected airways to mediate
viral clearance [108] by targeting infected cells expressing influenza A peptide in the
context of MHC I, the most immunodominant of which are conserved internal
proteins PA and NP [109]. Following antigen recognition, CD8+ T cells exert a
number of effector functions, including production of cytokines such as IFN-y, TNF-
a, and IL-2 [110], direct cytolysis of virus-infected cells via perforin and granzymes
[111], or through Fas-ligand expression [104]. CD8+ T cells also regulate the
inflammatory process by producing IL-10 [112].

Following clearance, virus-specific CD8+ T cell levels decrease until they
level off approximately 2 months following infection [113], becoming memory pools
approximately 10% of the fully expanded population [114]. Upon subsequent
infection, memory T cells expand in the lymph nodes and promote viral clearance
approximately 2 days earlier than in primary infection [113]. Notably, memory T
cells do not provide sterilizing immunity against subsequent infection. This will be
discussed further below in the context of targeting T cells in vaccine development.

CD4+ T Cells: CD4+ T cells (T helper cells) are not typically associated with
direct virus elimination (although there is evidence that primed CD4 effector cells

have a perforin-mediated cytotoxic effect in the early stages of infection [115]), they
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are important for regulating humoral (as discussed previously) and CD8+ T cell
functions. A strong CD4+ T cell response is induced upon influenza A virus infection,
and clonal expansion and differentiation occurs more or less concurrently with
CD8+ T cells, with the peak response in the airways occurring 6-7 days following
infection [116]. Unlike CD8+ T cells, however, CD4+ T cells require antigen to be
presented in the context of MHC class II, which is presented only on a limited
number of cells. Following virus clearance, CD4+ T cells contract more quickly than
CD8+ T cells [117].

The primary role of CD4+ T cells is their role as T helper cells, in which they
mediate B cell differentiation and production of neutralizing antibodies [115, 118],
direct CD8 (cytotoxic) T cell responses by secreting Th1 cytokines, such as IFN-y, IL-
2, and TNF-a ([116, 119]reviewed in [120]), and, importantly, aid in the rapid
response of CD8+ memory T cells [121]. They also assume a regulatory role
expressing IL-10 [112]. Mice lacking functional CD4+ T cells have been shown to be

impaired in their response to influenza infection[122].

Emergence of Novel Influenza Strains

Antigenic Drift: Influenza virus infection leads to robust, life-long immunity
against the offending influenza strain. Unfortunately, mutations that result from the
lack of proof reading ability of the influenza A RNA polymerase, combined with the
selective pressure applied by HA- and NA-specific neutralizing antibody [123], lead

to poor immune recognition by neutralizing antibodies. HA in particular has a high
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amino acid substitution rate and nonsynonymous substitutions significantly exceed
synonymous substitutions indicating a selective advantage for novel amino acid
sequences in this region[124, 125]. This is commonly referred to as “antigenic drift”.
Point mutations in the HAs of drift variants can decrease or eliminate immune
recognition by a number of mechanisms, including steric obstruction of receptor
binding [126] and by modification of the HA surface such that it is unrecognizable to
antibodies [127]. Although T cell epitopes are far more conserved, mostly due to the
absence of immune pressure, they too are susceptible to antigenic drift [128]. This
can lead to a decrease in functional avidity of the TCR [129] and ultimately limit
cross-protective immunity. It is because of antigenic drift in the HA that the seasonal
influenza vaccine must be reformulated yearly [130]. This will be discussed further
below.

Antigenic Shift: Influenza A can also undergo major antigenic changes referred
to as “antigenic shift”, which happens far less frequently than antigenic drift, which
is constantly ongoing. This occurs when two distinct influenza viruses infect the
same cell and there is reassortment of the viral genomic segments, yielding a novel
influenza A virus with an entirely new combination of proteins. When infection
occurs in a “mixing vessel”, such as pigs [131], that can be infected by multiple
species-adapted viruses, such as avian and human viruses, reassortment can occur
between these viruses. This will lead to a novel influenza strain, and in the event
that a human influenza virus acquires a major avian virus segment, such as HA or

NA, and retained the ability to replicate in humans, there would be no immunity in
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the human population and the emergence of a pandemic influenza virus could occur

[1,132].

Pandemic Influenza

A pandemic influenza virus is one that, as previously described, is sufficiently
different from seasonal, circulating strains that the populations has little to no
immunity to the virus. The virus must also be able to spread easily from person to
person [133].

History of Pandemic Influenza: Pandemics have occurred sporadically
throughout the 20t century, occurring in 1918, 1957, 1968, and 2009. Three of
these four were results of a reassortment event (antigenic shift), with the exception
of the 1918 “Spanish flu”. The H2N2 virus that caused the 1957 “Asian flu” contained
the HA (H2), NA (N2), and PB1 genes from an avian virus, with the remaining gene
segments from a previously circulating human virus [38, 134]. The 1968 “Hong
Kong influenza” H3N2 virus was composed of avian HA (H3) and PB1 segments with
the remaining segments being of human origin [38, 135]. The 2009 swine-origin
pandemic influenza was composed of avian NA and M gene segments, swine-origin
HA, NP, and NS gene segments, and a human PB1 segment, yielding a triple-
reassortant virus[136].

Notably, the HIN1 virus responsible for 1918 “Spanish flu”, which is believed
to be the most severe pandemic in history, arose by infection and adaptation of an

avian influenza virus directly into humans [7, 9].
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In addition to humans and the natural reservoir, wild aquatic and shore
birds, influenza A is capable of infecting a wide range of mammals and birds,
including domestic poultry and swine, horses, seals, dogs, cats, whales, and a
number of other species[137](reviewed in [131]). The variety of possible hosts for
influenza A increases the number of opportunities for mixed infection and possible
reassortment.

Efficient infection and replication play important roles in the emergence of a
pandemic influenza virus. As infection begins when the influenza HA binds to the
sialic acid (SA) receptor on the host lung epithelial cell surface [6, 39, 138], the
specificity and affinity to the receptors are major determinants of host range[139].
Human influenza virus strains, such as circulating H1 and H3 viruses, preferentially
recognize SA receptors with a2,6 galactose (GAL) linkages[140], which are found in
high quantities on human columnar epithelial cells in the upper respiratory
tract[141]. In contrast, avian viruses preferentially bind to «a-2,3 GAL sialic
acids[140, 142] as these are predominant in the avian intestinal tract [139]. a-2,3-
linkages are also found in the upper and lower respiratory tract of humans but are
much less abundant [143, 144]. Nonetheless, some avian influenza viruses, such as
HPAIV H5N1, have been able to infect humans, which will be discussed further
below. The difference in the amino acid sequence of these receptors has been
determined to be as few as one to two amino acids [145-147]. The reassortment
event leading to the emergence of the 1968 Hong Kong pandemic involved a two

amino acid change in an H3 duck strain and a circulating H2N2 human strain [138].
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In order for the virus to enter the cell, the HA must cleave into two domains,
HA1 and HAZ2. If this does not occur, the terminal end of the HA1 domain is unable to
fuse with the host endosomal membrane and the virus is unable to enter the cell.
Therefore, if the appropriate host cell protease, usually a trypsin-like protease,
required for cleavage is not present, infection is prevented[148, 149]. Notably, these
differences in binding sites and protease cleavage are considered to be integral

features in the highly virulent nature of HPAIV H5N1.
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Highly pathogenic avian influenza H5N1

Highly pathogenic avian influenza virus (HPAIV), such as H5N1, is defined by
the CDC as “a virus that occurs mainly in birds, is highly contagious among birds,
and can be deadly to them, especially domestic poultry. Though relatively rare,
sporadic human infections with this virus have occurred and cause[d] serious illness
and death[150]."

HPAIV H5N1 in Humans: The first HPAIV H5N1 outbreak in humans occurred
in Hong Kong in 1997. Until then, the virus was known only to infect birds[151].
Since its emergence, the virus has continued to evolve. Beginning in December 2003,
an epizootic of HPAIV H5N1 has spread across a total 38 countries [137]. During this
time, 15 countries have reported a total of 571 cases causing 335 deaths (as of
December 2011)[10]. Most infections have occurred from close contact with
infected birds[152], it is suspected that limited human-to-human transmission has
occurred in family clusters[153] in Viet Nam[154], Thailand, and Indonesia[155].
Based on this criteria, the WHO has declared HPAIV a Phase 3 Pandemic Alert
Period[11].

As of March 2009, ten genetically and antigenically distinct clades have been
identified, although most human cases have been caused by clade one and two with
the majority being from clade [156]. A third sublineage, detected through
surveillance of live bird markets (LBMs), has been found in southern China, among

other places, and has caused infections in both poultry and humans.
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Polybasic cleavage site as virulence mechanism: HPAIV H5N1 differs from low
pathogenicity avian influenza virus (LPAIV) in that it contains a polybasic cleavage
site in the hemagglutinin protein, as discussed above. The multiple basic amino
acids at this site are not restricted to cleavage by secreted trypsin-like proteases
found only in the respiratory and gastrointestinal tracts, as is LPAIV, but can be
cleaved by ubiquitous intracellular subtilisin-like proteases, such as furin, enabling
the virus to replicate and spread in a largely unrestricted manner[157, 158]. This
has been linked directly to enhanced virulence [159].

Binding site: Like other avian influenza viruses, HPAIV H5N1 preferentially
binds to a-2,3-linked sialic acids which are present in low numbers on human nasal
epithelial cells and alveolar epithelial cells in the lungs[143, 144]. Replication is
most efficient in the alveolar epithelial cells in the lungs with antigen detected in
pneumocytes [160] in the deep airways, which could be responsible for the
observed inefficient human-to-human transfer[143]. There remains to be debate as
to whether or not this is the case as ex vivo data demonstrating nasopharyngeal,
adenoid, and tonsillar tissue infection with H5N1 is possible. As these tissues lack a-
2,3-linked sialic acids, it suggests other binding sites must be involved [161, 162].

In studying the reassortant 1957 and 1968 pandemic viruses, it was
observed that the adaptations of the AIV HA glycoproteins to the a-2,6-linked sialic
acids enabled the novel viruses to more readily infect humans and spread more
efficiently [138, 163]. Analysis of the 1957 and 1968 viruses further suggests that

the AIV PB1 gene is also important [164]. Generally speaking, polymerase genes are



25

also believed to be important as there are a number of amino acids identified in
human viruses but not in avian strains[9].

It is notable that, like the 1918 “Spanish flu” virus, H5N1 is an avian virus
that jumped directly into humans, as discussed above. Thus, comparisons between
these two viruses are considered especially relevant. Mutations in the PB2 region of
the viral polymerase of the “Spanish flu” HIN1 virus appear to play a role in the
viruses’ ability to be spread via aerosol [165]. A study on HPAIV H9N2, another
potentially pandemic strain, revealed that as few as five amino acid substitutions
was sufficient for HON2, another potential pandemic strain, to be transferred by
respiratory droplets in ferrets[166]. Given the ability for influenza viruses to readily
mutate, there is a very real possibility that H5N1 could be the next pandemic[137].

Pathogenesis of HPAIV H5N1 in humans: When HPAIV H5N1 infection occurs
in humans, usually after close contact with infected birds, rules such as age,
underlying clinical factors such as an immune-compromised state, and other factors
that are typically associated with an increased risk for seasonal influenza infection
do not seem to apply.

HPAIV H5N1 is almost universally associated with a considerably worse
clinical outcome (approximated >60% mortality in reported human cases) than
seasonal influenza and there seems to exist some variation in severity between
H5N1 clades. The 1997 Hong Kong virus (clade 0) and Egypt (clade 2.2) have a
milder disease presentation than other H5N1 viruses [167, 168]. Patients with

severe H5N1 infection have a rapid onset of primary viral pneumonia associated
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with leukopenia, gastrointestinal symptoms, and mild liver and renal dysfunction
[168]. Post mortem findings include diffuse alveolar damage with hyaline
membrane formation, patchy interstitial infiltrates and pulmonary congestion with
varying levels of hemorrhage. These are indicators of acute respiratory distress
syndrome (described below). Macrophages, neutrophils, and activated lymphocytes
comprise the majority of cellular infiltrates [169, 170].

Pathogenicity Determinants: There are several different mechanisms and
combinations of mechanisms that have been postulated to be important
pathogenesis determinants in H5N1 infection and may explain the associated severe
disease and high mortality. These include the ability of the virus to disseminate
beyond the respiratory tract (altered tissue tropism from seasonal influenza),
efficient viral replication resulting in higher and prolonged viral replication and
burden directly leading to cytolytic damage, and mechanisms for evading and
modulating the host immune responses, including the stimulation of a hyper-
immune response [137, 171]. The high levels of pro-inflammatory cytokines
observed in mice infected with HSN1 as well as the 1918 pandemic virus [76]are
believed to play a major role in the development of acute respiratory distress
syndrome (ARDS), which is characterized by inflammation in the lung parenchyma
causing impaired gas exchange and eventual hypoxemia and multiple organ
failure[73]. ARDS is considered to be the ultimate cause of the lethality of these

viruses in human [172]. Furthermore, the almost complete lack of cross-reactive
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antibodies against H5N1 from previously encountered influenza strains is likely a

contributing factor to the inordinately high viral loads.

Vaccine Antigens and Correlates of Protection

Hemagglutinin: Hemagglutinin (HA) is currently the primary target of most
influenza vaccines. As discussed previously, high affinity/avidity, neutralizing,
receptor-blocking antibodies against the hemagglutinin (HA) glycoprotein on the
surface of the virion are effective in preventing influenza infection [33, 173]. Upon
recognition of viral invasion, these neutralizing antibodies prevent entry into the
cell [84, 85] by binding at the same site as host receptor binding [174]. HA-specific
antibodies can also interfere with HA-mediated membrane fusion [175].

Sufficient HA-specific antibody titers are considered to be protective against
influenza infection, thus HA-specific antibody titers are the method by which
vaccine efficacy is gauged. The standard assay, as determined by the CDC [176], is
the hemagglutination inhibition (HI) assay, taking into account both seroconversion
as well as the amount of HA contained in the vaccine [130, 177].

In order for neutralization to occur and to maximize vaccine efficacy, the
circulating virus strain must mirror the vaccine strain. It is because of this that the
seasonal vaccine is reformulated nearly every year as the epidemic strains exhibit
antigenic drift, as mentioned previously [178]. The WHO closely monitors and
organizes the selection of prevailing strains for any given year. This method is less

than desirable for pandemic strains as they emerge very quickly and often without
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warning, making it difficult to prepare exactly matched vaccines before the virus has
spread. Methods to increase the breadth and strength of immunity, such as
adjuvanting, are being investigated for use with potentially pandemic vaccines [179-
181]. Adjuvanting could also allow for less antigen to be used, allowing for more
efficient vaccine production and administration [182]. This will be discussed further
below.

Neuraminidase: Secondary to HA in immunogenicity is the neuraminidase
(NA) glycoprotein. NA is also present on the surface of the virus as well as virus-
infected cells and is responsible for cleavage of sialic acid residues as the virus buds
from the cell at the end of the replication cycle[1]. Approximately four times less NA
is expressed on the surface of the virion than HA [183] which is at least partially
responsible for the observed skewing of the natural host response towards HA. The
disparity in immune pressure could be responsible for the significantly lower
mutation rate observed in NA as compared to HA [184, 185]. A higher degree of
conservancy, however, does increase the likelihood of the possibility of broader
protection if used as a vaccine antigen.

Like HA, NA is targeted by antibodies [34] which, unlike HA-specific-
neutralizing antibodies which function primarily to interfere with initial attachment
and entry [186-188], function essentially by trapping the progeny virus inside the
cell thus reducing viral spread[189]. The antiviral drug oseltamivir works in a
similar fashion, which will be discussed in the section on antiviral drugs. By

trapping the virus on the surface of infected cells, it can enhance susceptibility of
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CTL or NK-cell recognition and killing. NA-inhibiting (NI) properties of NA-specific
antibodies are also believed to aid in protection by activation of the classical
complement pathway [190], through ADCC [191], and through antibody-mediated
opsonophagocytosis [192]. These all contribute to increased resistance to influenza
infection in humans [34, 187, 188]. Targeting NA also offers the possibility of some
degree of intersubtypic cross-protection against homologous or heterologous NA
proteins as has been demonstrated with use of DNA vaccines in the mouse model
[35, 193]. There is also evidence that antibodies from previously circulating HIN1
viruses may provide limited protection against HPAIV H5N1 in spite of major
antigenic differences [35]. Similar results were obtained when comparing the
contribution of seasonal H1N1-specific antibodies to the cross-protection observed
in some infected with the 2009 pandemic H1IN1 virus [194] Most evidence to date
indicates that NA is a poor inducer of heterosubtypic immunity [193] (reviewed in
[195)]).

Mucosal antibodies, as discussed above, are an important consideration in
vaccine design because they are induced at the primary site of infection. sIgA
primarily specific to HA and NA in nasal secretions[91] inhibits influenza virus entry
at mucosal surfaces and is induced well by live attenuated vaccines[196, 197] but is
not well induced by inactivated vaccines[198].

Together, antibody titers against HA and NA correlate with resistance to
infection both experimentally [199] and naturally [200]. IgA, IgM, and IgG specific

to HA and/or NA can be detected within 10-14 days of primary infection. IgA and
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IgM will begin to decline after peaking at 2 weeks post-infection, whereas IgG
continues to climb until it peaks at 4-6 weeks[201].

Matrix-2 Protein: The influenza M2 protein is a transmembrane, ion channel
forming protein expressed at the surface of the infected cell [202]. Unlike HA and
NA, M2 is relatively conserved across influenza subtypes and has been investigated
as a candidate for a universal influenza vaccine [203], although evidence suggests
that increasing selection pressure on the M2 protein by the presence of M2-specific
antibodies may result in further diversification of the M2 sequence, and that the
observed conservation of the protein is likely due to the lack of natural selection on
the protein [204]. The adamantane anti-viral drugs work to block the M2 ion
channel, but are now largely ineffective due to widespread resistance and is now
largely ineffective due to widespread resistance [205].

Antibodies against M2 have been demonstrated to be immunogenic and
effective at protecting against otherwise lethal challenges in mice, ferrets, and non-
human primates [206-209], although these antibodies are not neutralizing and
protection conveyed by these antibodies is limited. M2-specific antibodies
contribute to NK-cell activity [210] and it is likely that M2-specific antibodies are
protective through antibody-dependent cytotoxicity.

Evidence in the mouse model suggests it could be used in conjunction with
other antigens and/or in a prime-boost strategy [23, 211]. Some studies have shown

evidence that indicates M2 is not protective against lethal challenge in natural
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influenza reservoirs such as chickens [212] and pigs [213] and that disease may be
exacerbated.

Due to the cross-reactivity observed in M2-specific antibodies, it is possible
that M2 could be used in passive monoclonal antibody transfer therapy, which has
been shown to protect against lethal challenge in mice [214].

Memory and effector T cells also appear to play a role in M2-based
protection, as has been demonstrated by depletion of CD4+ and CD8+ T cells during
influenza challenge [23].

Nucleoprotein: Like vaccines targeting M2, vaccines targeting the
nucleoprotein (NP) are appealing because the NP is extremely conserved thus they
have the potential to induce heterosubtypic immunity. Unlike, M2, which is an
external protein, NP is an internal protein, and vaccines targeting conserved
internal proteins are primarily interested in the induction of cytotoxic T cells (CTLs)
[105], although there is also evidence that non-neutralizing NP-specific IgG plays a
limited role in protection [215]. CTLs have been shown to be directed to not only NP
[216, 217], but M1, NS1, and the polymerases (PA, PB1, and PB2)[218] as well,
making these potentially important targets for broadly protective influenza vaccines
[219-222] (reviewed in [105]).

Targeting internal influenza antigens in a vaccine would require endogenous
expression of the antigen, such as that observed in viral infection, which limits
mechanisms of vaccine delivery to methods that ensure peptide is processed and

presented to the CTL in the proper context, which includes plasmid delivery (DNA
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vaccine), direct peptide delivery, and viral vectors. This will be discussed further in
the discussion of vaccines below.

CTL-based protection is believed to be primarily based on the clearance of
infected cells[223] which correlates with T cell levels [224]. T cells do not seem to
play a role in prevention of infection[201]. Likewise, NP-based vaccines relying
mostly on primed CTLs will not abrogate morbidity entirely as there is an interval of
time between infection and virus clearance, although mortality has been shown to
be reduced or eliminated [216]. This has been demonstrated on a DNA-based
platform [225], when administered with other antigens [226, 227] and appears to
be especially promising in a prime-boost system [211, 228]. This could provide a
level of immunity against novel pandemic strains in a population that would
otherwise likely be completely naive.

Worthy of mention is the disparity in vaccine success between the mouse
model and humans, especially in vaccines with conserved antigens. Although NP
and M2-based vaccines have repeatedly provided protection in mice, when used in
ferrets, which are a much better influenza model for humans, protection was
generated against low doses of HS5N1 but not against more rigorous challenge.
Further studies are needed [229].

Heterosubtypic Immunity: As discussed above, the most robust natural
immunity against influenza (mediated by neutralizing antibodies) is restricted to
the specific strain that caused the original infection. Heterosubtypic immunity,

which would provide cross-protective responses between serologically distinct
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influenza viruses, would obviously be beneficial not only for seasonal influenza
vaccination, possibly eliminating the requirement for repeated yearly
administration, but also for pandemic preparedness. Pandemics typically occur
without warning and spread quickly throughout a naive population. This is
especially troubling in the event that a HPAIV were to mutate such that it could be
transmissible between humans. Even a vaccine providing partial protection against
such a virus would be advantageous.

Heterosubtypic immunity primarily against conserved viral proteins has
been demonstrated in the mouse model for a number of different influenza virus
strains [230-233] and has been shown to be long lasting and protective against an
otherwise lethal influenza challenge. Mechanisms of heterosubtypic immunity are
attributed primarily to CD8+ cytotoxic T lymphocytes (CTL) [234, 235] and CD4+ T
helper cells [236], but heterosubtypic immunity is not well understood and
evidence shows it is likely a system of redundancy [232].

A cold-adapted, live-attenuated influenza vaccine has been shown to have
some potential to yield cross-protective immunity [237]. The generation of a vaccine
capable of inducing heterosubtypic immunity, the ultimate, of course, being the
“universal” influenza vaccine that could not only lessen disease, but protect

completely, is obviously the “holy grail” of influenza vaccine research.
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Influenza treatment and prevention

Vaccination is the gold standard influenza intervention strategy because an
effective vaccine strategy is able to prevent influenza infection. However, antiviral
drugs are also an important countermeasure for both seasonal and potential
pandemic influenza viruses as they can reduce the severity and duration of illness
and limit spread. Antiviral drugs are also important in bridging gaps in protection
caused by immune-compromised vaccine recipients (the elderly, etc).

Antiviral drugs: Currently licensed anti-influenza drugs include two
adamantanes, amantadine and rimantadine, and two NA inhibitors, oseltamivir
(Tamiflu®) and zanamivir (Relenza ®). Adamantanes work by blocking the M2 ion
channel, which prevents virus uncoating and release of genome segments into the
cytoplasm [1]. NA inhibitors (oseltamivir and zanamavir) work by interfering with
viral release from the cells [238] as well as entry into the cells [239]. NA-inhibitors
have been shown to prevent H5N1 viral infection in mice [240]. These drugs can be
useful as an adjunct to routine vaccination, however, they can only be used after
infection has occurred and resistance is a growing problem[241]. A large fraction of
the circulating H5N1 isolates are resistant to adamantanes [205] and, although
resistance to NA-inhibitors is less prevalent than resistance to adamantanes among
HPAIVs, resistant isolates have been identified [242-244].

Other drugs with anti-influenza effects include Ribavarin (Virazole®),

Viramidine, and T-705. These drugs are generally broad spectrum RNA virus
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inhibitors and work at various stages of transcription and genome replication
(reviewed in [245]).

RNA interference: RNA interference (RNAi) involves the use of antisense
(DNA) oligomers and short, interfering RNA (siRNA) molecules to specifically target
sequences in influenza virus mRNA, blocking translation, and thus suppressing the
expression of viral genes (reviewed in [246]). RNAi has been shown to be
efficacious in the treatment of severe influenza in mouse and avian models [247,
248] as well as a number of other virus infections.

Passive immunotherapy: Passive immunotherapy with human or humanized
anti-influenza antibodies is also a possibility for treatment of influenza and would
be potentially useful in severe cases of pandemic influenza. During the 1918
pandemic, a reduction in mortality was observed in patients treated with serum
from convalescent survivors [249] and it has been shown to be a potential option
for H5N1 infection [250]. This has also been demonstrated extensively in the mouse
model (reviewed in [245]).

Influenza Vaccines

Vaccination remains the most important method of influenza prevention and
control in the population. At present, two types if influenza vaccines are licensed for
clinical use against seasonal influenza in the United States: inactivated vaccines
(whole and subvirion) and live attenuated vaccines (LAIVs). Inactivated vaccines
are the most common and are licensed worldwide, although licensure of LAIVs

(cold-adapted) for use against seasonal influenza is growing [251].
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Both are inactivated vaccines and LAIVs are egg-derived, a process requiring
up to seven months, in a worse-case scenario, but on average 5-6 months from
strain choice to vaccine administration [252]. The process begins with vaccine
strain choice. As mentioned previously, each year, the WHO updates the vaccine
strains to match the circulating strains detected by their extensive surveillance
network. After vaccine strains are agreed upon, usually in February, “reference
strains”, which include the HA and NA genes of the circulating viruses as well as
other components of the virus that are known to grow well in eggs[253]. In lieu of
the former “egg-passaging”, in the event of a virus that grows poorly in eggs,
reverse-genetics techniques are being used to improve the efficiency of this
process[254]. Viruses are then grown in embryonated chicken eggs, purified from
the allantoic fluid, and further processed for inactivated or LAl vaccines.

Inactivated vaccines: After grown in eggs and purified, virus can be
inactivated using formaldehyde or [(-propiolactone (BPL) for whole virus
formulations, or purified treated with ether or detergent for split or subunit vaccine
formulations to yield the inactivated vaccine, which is the most common of influenza
vaccines. There are ongoing efforts to produce cell-based influenza vaccines which
will be discussed further below. Inactivated vaccines are delivered intramuscularly
or subcutaneously into individuals with the goal of priming neutralizing antibodies
against the HA antigen. The vaccine is generally effective, although efficacy is often
reduced in the very young, elderly, and otherwise immune compromised

individuals[255]. Efficacy can also be reduced in years where the vaccine is poorly
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matched to circulating strains. Whole inactivated virus has been shown to prime a
broader immune response than more purified formulations (split or subunit), likely
due to the presence of the viral RNA which has been shown to activate TLR-7 [256].
Purified formulations, however, are better tolerated.

Live attenuated vaccines: Live attenuated influenza vaccines (LAIVs) are cold-
adapted such that their replication is limited. After being grown in and purified from
eggs, they are administered intranasally as an aerosol, depositing the live virus in
the nasopharynx[257]. Live attenuated strains are composed of the HA and NA of
interest (the circulating strain from which we seek protection) and the internal
segments of an attenuated master donor strain, of which there are two, and
influenza A and an influenza B virus. Attenuation is polygenic, reducing the
likelihood of a reassortment event leading to reversion to the fully virulent
strain[258]. LAIVs are grown in embryonated hen eggs, as described above. In the
case of the 2009 pandemic HIN1 virus, the live attenuated vaccine generated by
reverse genetics grew very well[259].

The live attenuated vaccine has been shown to be 78-100% effective in
susceptible adults and children [260] but a number of barriers must be overcome
before the LAIV can become the primary influenza vaccine, such as approval for use
in all ages groups. As of right now, the LAIV vaccine is only approved for healthy
individuals ages 2 to 49 years of age and requires a specialized device for

administration [36]. Live attenuated vaccines take advantage of mucosal immunity
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and thus may provide broader immunity against circulating strains as discussed
previously.

Regardless of the advantages of LAIV, there is extreme concern about
reassortment with other vaccine or circulating influenza virus strains[261], which
could cause an attenuated HPAIV H5N1 virus to revert back to the highly pathogenic
phenotype, although it has been tested [20] showing evidence of complete
protection against homologous virus challenge in mice and chickens [262]. The
success from these studies has not been duplicated in humans (reviewed in [263]).
Reverse genetics generated H5N1 strains have also proven to grow quite poorly in
eggs, which will be discussed further below [17].

As of late, a new approach to developing a live attenuated vaccine involving
the influenza NS1 protein has been taken. The NS1 protein is a nonstructural
protein that has been shown to be implicated in suppressing the host immune
response, most specifically the innate response [264, 265] by inhibition of the IFN-
a/p response [266] by complexing with the cellular sensor of influenza ssRNA, RIG-I
[46]. Studies in the mouse model have shown that alteration or deletion of the NS1
protein enhances the humoral and cellular immune response [267] and blocks virus
replication [262, 267, 268] and that it is efficacious and appears to be safe when
administered intranasally and generates neutralizing antibodies[269].

Current H5N1 vaccines: The current egg-based methods of influenza vaccine
generation present a number of problems not only for seasonal influenza, but for

pre-pandemic preparedness. In the event of a pandemic, the requirement of having
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the strain months in advance of distribution is problematic not only in timing but in
resources. Pandemics typically occur with little to no warning. Measures must be
taken to reduce the time between strain selection and vaccine distribution,
especially for HPAIV vaccines, which come with a host of their own problems.

The same vaccine designs that are used for seasonal influenza vaccination
have been attempted for HPAIV but attempts have been met with a number of
issues. Compounding the number of drawbacks already associated with seasonal
influenza preparation, HPAIV is extremely virulent and kills the embryo in the
inoculated egg before the virus reaches the reasonably high titers required for
efficient vaccine development [270]. This increases the requirement of eggs to
generate sufficient quantities of antigen for vaccination. To complicate the matter
further, the primary antigen in influenza vaccine development, hemagglutinin (HA)
appears to be poorly immunogenic in the case of H5N1[17, 271]. Early inactivated
HPAIV H5N1 vaccines were developed using two Clade 1 viruses, a 2003 H5N1
isolate from Hong Kong and 2004 isolates from Vietnam. These inactivated (2003)
and subunit (2004) vaccines required two doses to generate sufficient protective
neutralizing antibodies, which further increases the egg requirement, although
evidence suggests the MF59 adjuvant increases immunogenicity[272]. Adjuvanting
will be discussed further below. The US Food and Drug Administration (FDA)
approved an inactivated subunit vaccine for H5N1 in late February 2007 to be used
in the event of a pandemic in spite of evidence of limited effectiveness[17]. There

appears to be little or no cross-protective neutralizing antibodies between clade 1
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and clade 2 vaccines. Overshadowing all of these hurdles is the safety and
production issues inherent in working with H5N1, which is classified by the
CDC/USDA as a select agent, and the high cost associated.

There are efforts underway to generate cell-based HPAIV vaccines using
wild-type virus and this has been met with a reasonable amount of success
(reviewed in [273]). Whole inactivated virus vaccines generated from clade 1 and
clade 2 H5N1 viruses grown in Vero cells provided cross-protective immunity in the
mouse model [274]. A similar vaccine in Vero cells was shown to be immunogenic
and well-tolerated in humans [275]. Unfortunately, these methods still require high
containment facilities for production with all the accompanying safety issues and
high cost.

Reverse genetics has been used to generate live attenuated reassortant
viruses to be used as seed viruses in an attempt to circumvent the need to propagate
the highly pathogenic original strains [15, 16](reviewed in [15]). Some of these
reverse genetics generated seed viruses include cell-adapted strains [273, 276],
which would be useful in reducing the pressure on egg-based vaccines, although
there are concerns about the introduction of adventitious or oncogenic elements in
the absence of the natural filter present in eggs [277]. These viruses contain the
immunogenic glycoproteins from HPAIV (HA and NA) on the backbone of a low
virulence human influenza strain [278, 279]. These viruses could potentially be used
to generate antigen for inactivated vaccine or be used directly as a live-attenuated

vaccine. Unfortunately, these viruses have proven to grow as poorly as HPAIV in
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eggs and appear to be even less immunogenic than the wild-type protein, requiring
as much as six times more antigen than the standard vaccine [17, 271]. There is also
evidence that over attenuation 7n vivo can occur [278]. The WHO continues to
determine the antigenic characteristics ideally suited for pre-pandemic vaccines and
for stockpiling[280].

Immunomodulators: Adjuvants, as mentioned previously, have the ability to
enhance immunogenicity of a vaccine by activating the innate immune system
directly, by recruiting immune mediators to the vaccine site, or a combination
thereof. HA-based adjuvanted vaccines, including phospholipids or oil-in-water
emulsions, such as squalene-based MF59 (Novartis [281]) or ASO03
(GlaxoSmithKline [282]) [283, 284], have been approved for use in Europe. MF59
works in a TLR-independent fashion by targeting muscle cells to create an
immunocompetent environment [285], including the attraction of mononuclear
cells and aiding in the differentiation of monocytes into DCs [286]. MF59 has also
been shown to be a potent inducer of CD4+ T helper cells [287]. The use of
adjuvants is especially important for HPAIV vaccines, such as H5N1, as their wild-
type HA proteins are not exceptionally immunogenic [179, 182, 272]. It is also
possible that adjuvanting H5N1 vaccines could boost cross-reactivity [180, 181] and
since it is so difficult to precisely predict what strain might emerge, in the event of a
pandemic, any broadening of protection would be welcome. H5 inactivated vaccines
administered with aluminum hydroxide or aluminum phosphate adjuvants [288,

289] have demonstrated enhanced immunogenicity.
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Immune stimulating complexes (ISCOMs) represent a subclass of adjuvants.
ISCOMS are comprised of phospholipids, cholesterol, and purified saponins from the
tree Quillaja saponaria Molina [290]. The antigen is either encapsulated in the lipid
structure or can simply be administered in tandem. ISCOMs generate a broad and
robust immune response (reviewed in [291], and significantly improved an
inactivated subunit vaccine against H5N1 [292]. A host of other adjuvants for
influenza vaccines are being tested (reviewed in [293]), including toll-like receptors
TLR-4[294], purified bacterial proteins [295], cytokines and chemokines[296, 297]
and others[298].

Recombinant protein: Recombinant HA protein (rHA)-derived vaccines are
also in development and in late stages of clinical trials. This method is not unlike
inactivated vaccines in the final stages but circumvents some of the problems
associated with egg- and mammalian-cell-based vaccine development. The HA from
the selected vaccine strain is cloned into a baculovirus vector, which is used to infect
insect cells, generating insect cells that express the HA protein of interest [299]. This
HA protein is then purified and used to formulate a trivalent vaccine [300]. Efficacy
and safety have been demonstrated, although a large dose was required to generate
an appreciable neutralizing antibody response, and this method has been submitted
to the FDA for approval [301].

Virus-like particles: Virus-like particles (VLPs) (reviewed in [302]) are non-
infectious, non-replicating particles containing immunologically relevant viral

structures They are generated in a similar fashion as rHA protein and thus also offer
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an alternative to egg- or mammalian-cell-based vaccines. VLPs For influenza, these
are generally generated by expressing HA, NA, and the matrix protein (M1) in
baculovirus vectors. Yeast, mammalian, or insect cells are then infected with the
baculovirus vectors expressing the influenza genes, and due to the presence of the
M1 protein, which is a structural protein involved in viral assembly and budding, the
influenza proteins spontaneously assemble and bud from infected cells, forming
particles that resemble wild-type virions but are not actually infectious. VLPs have
been shown to be effective against HON2 [303], H3N2 [304], and H5N1 [305, 306],
in some cases providing protection against heterologous challenge. They have been
shown to be protective against homologous and heterologous HPAIV H5N1
challenge in ferrets in a dose-dependent manner [307]. VLPs are generally
considered to be safe considering the absence of functional replication machinery
and are in Phase I/Ila clinical trials for evaluation of safety and immunogenicity
against clade 2 H5N2 (A/Indonesia/05/2005) [277].

VLPs have also been produced in plants, such as MNicotiana benthiama
expressing the HA from a low pathogenicity HIN1 virus as well as the HA from
HPAIV H5N1 and were shown to be immunogenic and protective in low doses
against homologous virus challenge as well as heterologous virus challenge when
boosted [308]. Other vaccine concepts have been tested with plants (reviewed in
[309]), including a transgenic potato expressing a Hepatitis B virus B antigen [310].

DNA Vaccines: DNA-based vaccines (reviewed in [311]) have been studied

extensively for the past two decades. DNA vaccines, in short, are bacterial plasmids
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containing a strong promoter that is active in eukaryotic cells, the gene of
interest[311] (sometimes modified [312]), nucleotide sequences (cytidine
phosphate guanosine, or CpG) that stimulate the innate immune system via TLR-9
(reviewed in [313]), and usually a selection marker required for production of the
plasmid in bacteria. When administered, traditionally intramuscularly, the plasmid
primes the immune system by being transferred into antigen presenting cells
(APCs), either by direct transfection or indirectly by transfecting muscle cells [314].

Other methods of administration, including gene gun, epidermal
administration [315], and electroporation [316] have been investigated with hopes
of increasing cellular uptake.

DNA vaccines have the potential to induce broad, long-term immunity. Trials
in animals have shown promising results expressing HA [317] and NA [35, 193], and
due to a lack of heterologous protection, much work has been done to broaden
protection by expressing more conserved antigens [217], consensus-based HA
[318], and a combination thereof [21, 319]. DNA-based vaccines targeting conserved
sequences of HPAIV H5N1 have yielded partial protection against HPAIV challenge
[225, 320] results of clinical trials have not shown such promise [315, 321, 322],
with vaccines achieving some level of protective antibody but only after multiple
administrations at high doses. This is likely in part due to insufficient protein
expression. DNA vaccines are also being tested for a number of other pathogens and

diseases, including SARS, HIV, malaria, and cancer [323].
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Drawbacks to use of DNA vaccines include potential integration into host
chromosomes, and increasing use of methods such as electroporation to increase
cellular uptake of the plasmid has been shown to potentially increase the likelihood
of integration [324]. Extensive research has also been done to ensure that anti-DNA
antibodies do not induce autoimmune disease [325].

Notably, DNA vaccines have emerged as important priming agents in prime-
boost regimens, often using viral vectors as the booster [326]. A prime-boost
regimen has a number of advantages, including greater breadth of immunity
(humoral and cell-mediated, perhaps), a decrease in the likelihood of escape
mutants, and greater antigen recognition in the genetically diverse human
population. DNA vaccines have been studied extensively as part of a prime-boost
regimen with certain virus vectored vaccines and they appear to complement each
other well, as DNA vaccines are often not immunogenic enough on their own and
some viral vectors suffer from pre-existing immunity to the vector[327].

Virosomes: Virosomes are spherical unilamellar liposomal vesicles produced
by mixing purified influenza virus with phospholipids [328-330]. These vesicles are
endocytosed and the antigen is processed as usual, inducing cellular immunity by
the MHC I pathway [331]. As reduced immunogenicity is a problem in the elderly,
virosomal vaccines have been efficacious in closing the gap [332-334].

Virus-vectored vaccines: Virus-vectored vaccines are the main focus of this
work. A variety of vector viruses that are either incapable of replication or replicate

without causing disease are being tested as carriers for influenza vaccine antigens.
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Virus candidates that have been studied in both replicating and non-replicating
form include DNA viruses such as adenoviruses and vaccinia viruses (poxviruses).
Primarily replication-defective candidates are positive-strand RNA viruses such as
alphaviruses, attenuated or chimeric flaviruses, and replicating vectors include
baculovirus and assorted negative-sense, negative-stranded RNA viruses (NNSV).
Until the advent of reverse genetics in 1994 [335], NNSVs were not able to be used
as viral vectors[336], but now represent a major field of study due to the number of
advantages of using such a virus as a vector. Other vectors include adeno-associated
viruses and herpesviruses, but, as they are not relevant vectors for influenza, they
are outside the scope of this review.

There are a number of inherent advantages of using viruses as vaccine
vectors to induce protective immunity against other viruses (and other pathogens
as well). Virus vectors are able to embody the benefits of a live, attenuated version
of the pathogen itself and are especially useful when, due to any number of possible
reasons, a live attenuated version of a pathogen is not feasible. Furthermore, viral
vectors can be chosen or engineered to specifically target to a certain cell population
to optimize priming of a naturally relevant, protective response.

Virus vectored vaccines are also an important component to the extensively
studied prime-boost regimes, especially those involving DNA vaccine priming, as has
been discussed previously. Here, virus-vectors studies for use as an influenza

vaccine will be reviewed.
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Adenovirus: Adenoviruses (genus Mastadenovirus) are DNA viruses and are
responsible for a wide range of species-specific diseases caused by a wide range of
serotypes. The high rate of infection in humans by different serotypes complicates
the use of adenovirus vectors, and preexisting immunity is of primary concern.

Replication and Expression features: Recombinant adenoviruses (rAd) have

been constructed such that they are replication incompetent in human cells
(although they can also be used as replicating vectors). They are able to
accommodate gene inserts from 7-10 kb depending on the construction and
deletion of viral genes (reviewed in [337] and are able to express the inserted gene
(vaccine antigen) at high levels. These viruses can be grown quickly and without the
need for eggs in qualified cell lines designed for use with a replication deficient
virus[338]. Adenoviruses infect dendritic cells, among a wide range of other cells,
leading to efficient antigen presentation to the immune system [339].

As a Vaccine Vector for Influenza: rAd-vectored influenza HA-based vaccines

have been shown to be immunogenic in non-human primates against the 2009
pandemic H1N1 virus [340] and in humans against seasonal influenza virus strains
via multiple routes of administration (epicutaneous, intranasal, etc) [341]. rAd has
also been tested as a vector for HPAIV H5N1 in a number of models. Hoelscher et al.
and others have shown that replication-incompetent rAd expressing the HA from
H5N1 provides protection against HPAIV H5N1 challenge, homologous and in some
cases antigenically distinct [226, 342, 343]. Cross-protection against assorted

influenza strains has also been shown using rAd expressing M2 [23], NP [228, 344],
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M2+NP [227], as has a system expressing HSN1 HAs from both Clade 1 and Clade 2
in tandem with the conserved NP genes [345]. CAdVax, a next-generation rAd
platform involving the removal of certain regions of the adenovirus genome
allowing for insertion of multiple target genes, has expanded possibilities for
antigen expression. Holman et al. showed that multiple HA antigens, NA, and M1 can
be expressed together and in their native form [346]. Non-human rAd strains have
also been investigated, and may be important in the use of rAd vectors in the face of
preexisting immunity.

The rAd vector has been used not only as an influenza vaccine platform, but
with a number of other viruses, including HIV [347-349], hepatitis B virus [350],
SARS coronavirus [351], Marburg and Ebola viruses [352, 353], West Nile Virus
[354], and Dengue virus [355, 356]. The latter four utilize the CAdVax platform. rAd
has also been investigated in the field of cancer vaccine research [357].

Safety and Preexisting Immunity: As a DNA virus, there is concern that viral

genes could be integrated into the host genome. Adenovirus seroprevalence in the
human population is another area of concern [358]. Evidence in mice, non-human
primates, and humans indicates that existing antibodies against the vector might
interfere with vaccine efficacy, especially if multiple vaccinations with the same or
different antigens are administered [359]. This could reduce initial efficacy, as well
as prohibit the use of a prime-boost system using the same vector. Some studies
indicate that choosing serotypes sufficiently unlike one another, thereby limiting

cross-reactivity, as well as choosing strains that are rare in the human population,
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such as a non-human strain [360], may be enough to circumvent the problem of pre-
existing immunity reducing vaccine efficacy[361, 362] and has been studied for
influenza [363]. Other strategies to avoid the effects of preexisting immunity include
a simple increase in vaccine dosage (although dosage of rAd-vectored vaccines
required is already relatively high [364]), the use of a heterologous prime-boost
system (such as DNA-prime, rAd-boost system [365]), which has been shown to be
efficacious in protecting against lethal influenza virus challenge, including H5N1
[225], and alternate routes of administration [359]. This has the potential to work in
a similar way for other viral vectors.

Vaccinia virus: Poxviruses are a family of large double-stranded DNA viruses
and include smallpox and avipox, such as canarypox and fowlpox, which have been
utilized as replication-deficient viral vectors.

Replication and Expression features: They have large genomes capable of

maintaining a large amount of transgenic material, especially avipox viruses, which
are able to infect, but not replicate in, human cells. They are able to express large
amounts of transgene, often using their own promoters. A downside to such a large
genome is competition for antigen presentation pathways. Replication of poxviruses
occurs in the cytoplasm which, as previously discussed, eliminates the chance of
viral gene integration into the host genome. Although replication deficient, it can
easily be grown in qualified cell lines [366].

As Vaccine Vectors for Influenza: Particular emphasis has been placed on

modified vaccinia virus Ankara (MVA) poxviruses. The original study for use of MVA
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as a vector-based vaccine for influenza involved the insertion of the HA and NP gene
from A/Puerto Rico/8/34, a circulating HIN1 virus, into a recombinant MVA
(recMVA) vector. It was shown to induce neutralizing antibody- and CTL-mediated
protection [367]. recMVA has also been explored as a vaccine against HPAIV H5N1,
and was shown to protect mice (when given in two high titer doses) [368] and non-
human primates against homologous and cross-clade challenge [369]. A multi-
valent vaccinia virus-based H5N1 vaccine expressing the HA, NA, and NP from
A/VN/1203/04 and the M1 and M2 from A/CK/Indonesia/PA/2003 induced
protective neutralizing antibodies in mice when adjuvanted with IL-15 [370].
recMVA has been studied extensively for use as an HIV vaccine as well as other
viruses [371], bacteria, including Mycobacterium tuberculosis [372], and malaria
caused by Plasmodium spp., as well as a variety of tumor-associated antigens for
cancer immunotherapy [373] and, interestingly, allergies [374].

Safety and Preexisting Immunity: recMVA has been determined to be safe in

humans, including immunocompromised patients, and has already been in use as a
smallpox vaccine [375, 376]. Furthermore, unlike adenovirus, repeated vaccination
with the same strain is possible because pre-existing antibodies to MVA do not
appear to significantly interfere with vaccine efficacy [377, 378]. Nonetheless,
studies investigating methods to avoid vector-specific pre-existing immunity have
indicated that using a prime-boost system, such as DNA[365], other viral vectors

(reviewed in [379]), or other immunomodulators can aid in the circumvention of
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interference from vector-based immunity. Similar to adenovirus, a mucosal route of
vaccination has also been suggested [380].

Alphavirus: Alphaviruses are single-stranded, positive-sense RNA viruses in
the Togavirus family. They are zoonotic, arthropod-vectored viruses only entering
human populations sporadically, suggesting low-seroprevalence [326].

Replication and Expression Features: Alphaviruses are naturally targeted to

dendritic cells, replicating in the cytoplasm and delivering the vaccine antigen
directly to the immune system. They are extremely immunogenic [381], which is
attributed to the extremely high level of protein expression [382] and recognition
by various pathogen-recognition receptors (PRR) during replication, leading to a
robust innate immune response. They also induce apoptosis in infected cells which
is important in cross-priming of the immune system [383].

Transgene Expression: Alphavirus-vectored vaccines are typically

engineered as non-replicating virus replicon particles (VRP) with the structural
genes deleted [384]. This provides room for the inserted vaccine antigen gene and
allows for the inserted gene to be the primary immunogen.

As a Vaccine Vector for Influenza. Alphaviruses typically used for vaccine

development are Venezuelan equine encephalitis virus (VEE), Sindbis virus (SIN),
Semliki forest virus (SFV), and VEE-SIN chimeras [349]. SIN expressing the HA and
NP from A/PR/8/34 (H1N1) [385] and VEE expressing the HA from HPAIV H5N1
[386] have been shown to be effective against homologous influenza challenge in

mice and chickens, respectively. VEE-VRPs were also tested expressing the NA from
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HPAIV in chickens with mixed results [387] and VEE-VRPs expressing the HA from
assorted influenza strains was shown to be immunogenic in swine [388]. Alphavirus
vectors have also been tested as vaccines against a number of other viruses,
including HIV [349], Hendra, and Nipah [389] and have been used in gene therapy
as a prophylaxis against tumors [390].

Drawbacks to the use of alphaviruses include cytotoxicity and difficulty and
high cost associated with production [390] although recombinant alphaviruses are
less so.

Baculovirus: Baculovirus (Autographa californica multicapsid
nucleopolyhedrovirus) naturally infects insect cells and is capable of transducing
mammalian cells in cell culture, which is the primary method by which recombinant
HA influenza vaccines are produced (as discussed previously).

Baculoviruses primarily prime the innate branch of the immune system in
both TLR-9-dependent and -independent fashions. Baculoviruses also have been
shown to have the potential to drive strong systemic and mucosal immune
responses by intranasal and oral administration [391]. An oral route of
administration is an alternative to intranasal immunization for driving a mucosal
antibody response, including the potential for providing protection in the lungs
[392], without the concern for patients with respiratory diseases (asthma, etc)

[393].

As a Vaccine Vector for Influenza: Pseudotyped baculoviruses are created by

integrating the antigen of interest into the fusion protein of the baculovirus, which is
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naturally translocated to the plasma membrane and integrated into the envelope
[394]. This aspect has been exploited in the investigation of pseudotyped
baculoviruses as a vector platform for avian influenza [394], where hemagglutinin-
inhibiting antibodies and cellular responses have been observed to be induced in
the mouse model [395]and were shown to be protective against HPAIV H5N1 in
both the mouse model and non-human primate model [396, 397].

Negative sense, single-stranded RNA viruses (NNSVs): NNSVs (order
Mononegavirales) includes paramyxoviruses (Paramyxovirudae) such as measles
virus, mumps virus, Sendai virus, Newcastle disease virus, human respiratory
syncytial and metapneumoviruses, human parainfluenza viruses 1-4, and
parainfluenza virus 5 (PIV5); filoviruses (Filoviridae) Ebola and Marburg viruses;
Borna disease virus which is alone in the family Bornaviridae, and rhabdoviruses
vesicular stomatitis virus (VSV) and rabies virus in the family Rhabdoviridae.

As mentioned previously, not until as of late has it been possibly to utilize
NNSVs as vaccine vectors due to the inability to manipulate RNA genomes. Using
reverse genetics, it is now possible to recover NNSVs from cDNAs by expressing the
proteins required for viral transcription and replication simultaneously with a
plasmid encoding the RNA genome [398]. Compared to positive strand RNA viruses,
the NNSV genome is stable. A recombinant PIV5 expressing GFP maintained
expression of the gene for at least 10 generations [399], while positive strand RNA
viruses often delete their inserted genes very quickly. NNSVs are also able to

accommodate large gene inserts compared to some other potential vector genomes,
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while maintaining a relatively small genome such that competition for antigen
presenting pathways is minimized. Their genomes are also quite simple and well
understood, especially when compared to large, complex genomes such as those
found in the Poxviridae family. A very provocative feature of NNSVs is the gene
transcription gradient, whereby genes closer to the leader sequence are transcribed
more abundantly than genes distal to the leader sequence. By inserting a gene closer
to the 3’ promoter, expression of the gene of interest could be increased

In terms of vaccine production, NNSVs offer another egg-free alternative.
Furthermore, most replicate in VERO cells, which is a WHO-approved vaccine cell
line. Most can also be administered intranasally, providing the opportunity for
mucosal as well as robust systemic immunity, both antibody and cell-mediated.
Several NNSVs are currently being used for vaccine development, including
vesicular stomatitis virus (VSV) and a number of viruses in the family
Paramyxoviridae to be discussed in detail below.

Vesicular stomatitis virus: Vesicular stomatitis virus (VSV) is a highly lytic,
negative-sense, single-stranded RNA virus (NNSV) in the family Rhabdoviridae and
is the first NNSV to be discussed in this review. VSV is primarily an infection of
livestock [400], although some serotypes do infect humans, causing primarily mild
“flu-like” symptoms [401] , although serious conditions such as encephalitis have
also been reported [402]. There appears to be low seroprevalence in most areas of

the world, however, infection induces a protective neutralizing antibody response to
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the envelope glycoprotein which would limit the use for homologous prime-
boost[326].

Genome, Replication, and Expression features: VSV has a relatively small

genome at 11 kb and can accommodate an insert of up to 4.5 kb [403] and is able to
express foreign glycoproteins on the surface of the virion [404]. VSV is a highly lytic
virus that targets dendritic cells, and by interacting with TLR-7, stimulates a strong
type I interferon response [49]. VSV has also been shown to prime a robust cell-
mediated immune response [405].

As a Vaccine Vector for Influenza: rVSV expressing the HA protein from

assorted low pathogenicity influenza viruses has been shown to be protective
against otherwise lethal challenges [406, 407], including when administered post-
exposure [408]. rVSV expressing NP has been shown to induce a robust CD8+ T cell
response, although it was not protective on its’ own [409]. When tested against
HPAIV H5N1, cross-clade neutralizing antibodies were induced and protection was
elicited against a similar, but antigenically distinct, H5N1 strain [410]. Taking
advantage of the increase in transcription levels proximal to the 3’ end of the
genome of VSV [411], the authors inserted the H5 gene closer to the leader
sequence, and were able to show sterilizing, cross-clade immunity in mice using a
prime-boost system [412] as well as cross-clade neutralizing antibodies in non-
human primates [413]. rVSV expressing the HA from a HPAIV H7N1 has been shown

to be protective against challenge in chickens [414].
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VSV has also shown particular promise as a potential HIV vaccine [415] and has also
been investigated as a vaccine against hepatitis C virus (HCV), hantavirus, and
Mycobacterium tuberculosis (reviewed in [400]).

Safety and Preexisting Immunity: Neurotropism and neurovirulence is a

major safety concern with VSV as natural and lab-adapted strains have been shown
to be neurovirulent in rodents [416]. Attenuated strains have been shown to be less
neurovirulent in non-human primates, but not sufficiently [417]. Over-attenuation
could lead to reduced immunogenicity, possibly requiring multiple doses of the
vaccine, and pre-existing immunity to the vector would limit boosting in most cases,
although a heterologous prime-boost system could be used. Replication
incompetent strains are also being developed in the event that rVSV cannot be
sufficiently attenuated for human use, however, special requirements for growth of
these mutants would likely be a limiting factor for mass production [418].
Paramyxoviruses

There are a number of paramyxoviruses that have been explored as vector
candidates, including measles virus, Newcastle disease virus, human parainfluenza
viruses, and parainfluenza virus 5. Measles virus has been tested as a vector for
simian immunodeficiency virus (SIV) [419] and HIV [420]; and human
parainfluenza viruses (and chimeras) have been tested as vaccine vectors for Ebola
virus [421], RSV [422], and other pathogens. Neither are relevant in the field of

influenza research and are therefore outside the scope of this review.
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Newcastle Disease Virus: NDV is an avian paramyxovirus in the genus
Avulavirus. There are three subgroups of NDV strains: velogenic strains, which are
extremely virulent and cause systemic infection; mesogenic strains, which also
cause systemic infection but it is less severe; and lentogenic strains, which are
primarily restricted to the respiratory tract and have been attenuated for use as
live-attenuated vaccines in poultry (reviewed in [423]). When mesogenic or
lentogenic NDV was administered to non-human primates it was highly attenuated,
apparently restricted to the respiratory tract, and expressed high levels of foreign
antigen[424]. This is attributed to natural host-range restriction.

As a Vaccine Vector for Influenza: When engineered to express influenza

proteins, NDV is another egg-free possibility, as it has been shown to grow to high
titers in Vero cells [425]. DiNapoli et al. has shown that a live-attenuated mesogenic
strain expressing the HA protein of HSN1 HPAIV (A/VN/1203/04) generated high
titers of neutralizing antibodies in serum following a single intranasal (IN) and
intratracheal (IT) dose in nonhuman primates[426] and a similar model was
effective against HPAIV challenge in mice[427]. INDV expressing the HA or NA from
HPAIV H5N1 was shown to be protective against challenge virus in the lungs in non-
human primates [428] As a respiratory virus, NDV requires respiratory tract
delivery [429], which is advantageous as a needle-free alternative, but could be
problematic in patients with respiratory illnesses (asthma, etc).

NDV has been studied extensively as a vaccine vector in chickens. Nayak et al.

demonstrated use rNDVs expressing each HA, NA, and M2 and showed that neither
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NA or M2 alone were protective against HPAIV challenge [212]. Importantly, NDV is
being used as a dual vaccine in poultry against influenza as well as a number of
other avian diseases [430-432].

NDV has also been shown to be immunogenic and induce protective
immunity against other viruses, including RSV [433], and was shown to be
immunogenic against simian immunodeficiency virus (SIV) [212], SARS-coronavirus
[434], and Ebola virus (EBOV) [435]. It has also emerged as a candidate vector for
cancer therapy (reviewed in [436]).

Safety and Preexisting Immunity: NDV is serologically distinct from human

paramyxoviruses thus pre-existing immunity to the vector would not be a problem,
although vaccination with NDV-vectored vaccines generates protective immunity to
the vector so it is unlikely that repeated use of the vector would be possible [424].
This makes NDV an unlikely candidate for influenza vaccination in humans as
repeated vaccination is required in the absence of a universal influenza vaccine
antigen.

Parainfluenza virus 5: Parainfluenza virus 5 (PIV5), formerly known as
simian virus 5 (SV5) and canine parainfluenza virus 2, is a paramyxovirus in the
genus Rubulavirus. It is a prototypical paramyxovirus originally isolated from
monkey cells in culture in 1956 [27, 437], although it has since been determined to
not be a virus of wild monkeys. PIV5 infects a wide range of species, including
humans [438, 439] but does not appear to cause disease [438, 440, 441]. The only

possible exception is that it is believed to be a cause for kennel cough in canines
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[442] although evidence for this is scarce. PIV5 is closely related to human
parainfluenza viruses, but antibodies against PIV5 do not appear to be neutralizing
[32] although complement has been shown to play a role in the aggregation of
virions, but not lysis [443].

Replication and Expression: PIV5 is capable of infection a wide range of cell

types, including the vaccine-approved VERO cell line in which it can grow to high
titers [29], suggesting it's potential as an egg-free, low cost influenza vaccine
alternative. A major factor distinguishing PIV5 from most paramyxoviruses is that
PIV5 has only very slight cytopathic effect (CPE) on the cells [27, 444] (although a
recent study suggests otherwise[445]) and is able infect nondividing cells. Like
other paramyxoviruses, the genome of PIV5 is subject to the gradient of gene
expression, which can be utilized to increase transgene expression. Furthermore,
the pleomorphic structure of PIV5 provides flexibility to accommodate changes in
sizes of PIV5’s genome [446], removing many of the restrictions on insert size seen

with other vectors.

As a Vaccine Vector for Influenza: Tompkins et al. showed that rPIV5
expressing the H3 from a seasonal H3N2 influenza strain is protective against an
otherwise lethal challenge [24]. rPIV5 expressing vaccinia virus (VACV) antigens
has also been shown to induce VACV-neutralizing antibodies and partial protection
against VACV challenge [447]. As PIV5 is a major component of this research, it will

be discussed at length below.
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Parainfluenza virus 5

Parainfluenza virus 5 (PIV5), also known as canine PIV2 and formerly known
as simian virus 5 (SV5), is a non-segmented negative stranded RNA virus (NNSV) in
the Rubulavirus genus in the family Paramyxoviridae. 1t is well studied as a
prototypical paramyxovirus but not as a viral vector platform and is the primary
focus of this review.

PIV5 was first isolated from rhesus and cynomolgus monkey kidney cells in
1956 [27, 437]. Because it was isolated from monkey cells it was assumed to have
originated in monkeys, however, serological testing in wild monkeys has shown that
there is no exposure to the virus. PIV5 has been shown to infect humans [438, 439]
although there is no convincing, reproducible evidence showing that it PIV5 is
linked with any human diseases despite speculation that PIV5 might be associated
with illnesses such as multiple sclerosis (MS), Creutzfeldt-Jakob disease (C]JD), and
hepatitis [438, 440, 441]. Despite this, the implication of PIV5 in human diseases has
been a subject of controversy and two possible scenarios have been proposed to
explain why. The first is that monkey cell lines are commonly used to isolate human
viruses and have been shown to be persistently contaminated with PIV5. One would
not necessarily detect the presence of the PIV5 as it often shows minimal cytopathic
effect (CPE) [27, 441]. Another possibility is the existence of cross-reacting
antibodies between other similar human paramyxoviruses, including parainfluenza

virus type 2 [448] and mumps virus [449].
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Although PIV5 is capable of infecting a wide range of species, including humans,
there is no evidence that PIV5 causes clinical disease in humans. PIV5 is believed to
be a cause for kennel cough in dogs [442]and killed PIV5 is a component of the
commercial vaccine “Vanguard” (Pfizer, Inc).

PIV5 Replication: The PIV5 genome is the smallest of all of the paramyxovirus
genomes at 15,246 nt in length, contains seven genes, and encodes eight known
viral proteins [446]. The hemagglutinin-neuraminidase (HN), a surface
glycoprotein, is involved in virus entry and release from host cells. Upon HN

mediated adsorption to the cell, the fusion (F) protein, another surface glycoprotein,

mediates cell-to-cell and virus-to-cell fusion in a pH-independent manner, allowing
negative sense nucleocapsid release into the cytoplasm.
Once in the cytoplasm, transcription and genome replication begins. The

nucleocapsid protein (NP), phosphoprotein (P), and large RNA polymerase (L)

proteins comprise the viral ribonucleoprotein (vRNP). Primary transcription begins
as the vRNP begins production of leader RNAs and mRNAs from the input virion
nucleocapsid. The viral polymerase (P-L) initiates transcription of the positive-
sense genome template at the 3’ end of each gene, proceeding to the end of each
gene where the gene end (GE) region terminates transcription and guides the
production of capped and polyadenylated viral mRNAs by a stuttering mechanism.
The RNAP continues through the intergenic region (IG) then, upon encountering the
gene start (GS) region, restarts mRNA synthesis the start site of the next gene. This

process continues down the length of the viral genome, ending at the 5’ end.
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Reinitiation at the GS region is imperfect, leading to a gradient of transcription that
decreases in a step-wise fashion from 3’ to 5’ [29].

Although there are only seven genes in the PIV5 genome, it encodes eight
proteins. V and P mRNAs originate from the same V/P gene which contains two
overlapping open reading frames. The V mRNA is faithfully transcribed and the P
mRNA is transcribed through pseudo-templated transcription, a process of RNA
editing [450]. During transcription of the V protein, the viral RNA polymerase
stutters, recognizes a specific sequence in the V/P gene, and inserts two non-
templated G residues. As a result, the V/P gene is transcribed into two mRNAs and
eventually translated into the V and P protein which share an N-terminus but not a
C-terminus [451].

When sufficient viral proteins have been produced in primary transcription,
the negative sense genome is replicated to produce a full-length complementary
copy called the antigenome, which is then used as a template to direct synthesis of
genomic RNA, beginning by synthesis of short trailer RNA. Replication efficiency is
dependent on the requirement that the nucleotide chain be in even replicates of six,
known as “the rule of six”. PIV5 does not require strict adherence to the rule of six,
whereas other paramyxoviruses, such as Sendai virus, do [452]. Unassembled N
then begins to encapsidate the trailer RNA, leading to the synthesis of encapsidated
negative-sense genomes. These can then go on to be additional templates for mRNA
synthesis in secondary transcription, templates for the production of additional

antigenomes, or for incorporation into budding virions as the helical RNP core [29].
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After the genome is replicated, the virions must be assembled and bud from the
infected cell. During budding, the nucleocapsid and the M protein are shuttled to the
plasma membrane where they join viral glycoproteins HN, F, and SH which arrive
via the exocytic pathway (Golgi and ER). The M protein is believed to play multiple
important roles in virus assembly at the plasma membrane, including linking the
vRNP with the viral glycoproteins as well as recruiting host factors to assist in
budding [453, 454]. During virus assembly, the M protein links the NP of the vRNP
with the cytoplasmic tails of the glycoproteins (reviewed in [455]), thereby securing
the viral envelope (comprised of viral glycoproteins) to the vRNP core. The
glycoproteins stud the viral envelope as spike proteins. The neuraminidase (N)
portion of the HN protein functions much like the neuraminidase protein of
influenza, possessing sialidase activity that cleaves the sialic acid bonds and
releasing the virion from the infected cell. Other nonessential proteins include the V
protein and the small hydrophobic (SH) protein. These will be discussed further
immediately below.

PIV5 immunomodulatory mechanisms: The PIV5 genome includes two
nonessential accessory proteins, the V protein and the SH protein, both of which are
important in host interactions and immune evasion. The_V protein has been shown
to be important for RNA synthesis regulation [451] as well as circumvention of the
antiviral state. The V protein has been shown to block interferon o and 8 production
and interfere in interferon signaling in a number of ways [456]. During infection of

epithelial- and fibroblast-like cells, the V protein has been shown to target STAT1
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for degradation. STAT1 is a necessary component for transcription of IFN-
stimulated gene factor 3 (ISGF-3) and gamma-activated factor, and without these
complexes, IFN I and II-production is inhibited [457, 458]. Polyubiquitination of
STAT1 and STAT2 has also been shown [459]. The V protein has also been shown to
inhibit IFN-f induction by interference with intracellular dsRNA signaling [460] and
by sequestering IRF-3 in the cytoplasm [461]. PIV5 is unable to interfere with
interferon induction in the mouse model, rendering growth inefficient [462].

The C-terminal domain of the V protein has also been shown to interact with
the DNA binding protein (DDB1), which is involved in the repair of damaged DNA.
This interaction results in slowing of the cell cycle [463]. The V protein also appears
to have the ability to block the intrinsic apoptotic pathway, as mutation of the
conserved cysteine region induced ER stress-related cell death [30].

The small hydrophobic (SH) protein is a 44-AA residue type II integral
membrane protein that blocks a tumor necrosis factor (TNF)-mediated extrinsic
apoptosis pathway [31, 444, 464].

In addition to the activity of the V protein, PIV5 is able to regulate viral RNA
production during replication which reduces host cell responses [465, 466]. PIV5
with a mutation in the V protein establishes a highly productive infection of myeloid
dendritic cells but with very little cytokine secretion or upregulation of maturation
markers [26], whereas wild type PIV5 generated a robust, TLR-7-dependent IFN-a

response, as well as CD80 and CD86 upregulation [467]. Arimilli et al. showed that



65

rPIV5 expressing flagellin can enhance PIV5-mediated activation of dendritic cells
through TLR5 [468].

PIV5 as a vaccine vector: As discussed above, the advent of reverse genetics
enabled easy manipulation of the NNSV genome and allowed for insertion and
expression of transgenes. There are a number of advantages to using NNSVs as viral
vectors. Because of the gradient of gene expression related to distance from the
leader sequence, transgenes can be inserted closer to the leader sequence to
increase expression [29]. Unlike DNA virus vectors, the cytosolic replication of PIV5
and other NNSVs dictates that there can be no integration of viral genes into the
host genome. Furthermore, unlike icosahedral viruses, PIV5 virions have many
forms and shapes. This pleomorphic structure provides flexibility to accommodate
changes in sizes of PIV5’s genome [446]. This is an advantage for insertion of foreign
genes as the changes to the viral genome will probably not be tightly restricted by
virion structure. The genome of PIVS5 is stable, maintaining gene inserts for more
than 10 generations [399]. This is an advantage over positive strand RNA viruses as
they often quickly delete inserted genes. Recombination in NNSVs is extremely
unlikely and has never been observed in nature (reviewed in [469]).

PIV5 is capable of infecting a wide range of cell types, including a variety of
human cell lines both established and primary [29]. These cell lines include VERO
cells, a cell line approved for vaccine production, in which it can grow to high titers.
Unlike most paramyxoviruses, PIV5 has only very slight CPE on the cells [27],

although recent evidence suggests otherwise [445].
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As with all live replicating vaccine vectors, pre-existing immunity to the

vector is a concern. PIV5 is closely related to human parainfluenza viruses, but
antibodies against PIV5 do not appear to be neutralizing [32] although complement
has been shown to play a role in the aggregation of virions, but not lysis [443].
The advantages of a virus-vectored vaccine, as discussed previously, include the
breadth of the possible immune response, both humoral and cell-mediated. Efficient
priming of high avidity cytotoxic T lymphocytes is an important part of this goal and
numerous studies have shown the importance of a high avidity CTL response [110,
470]. Parks and Alexander-Miller showed that rPIV5 is an efficient inducer of high
avidity acute-phase and memory T cells [471], especially when administered
intranasally.

Unlike inactivated vaccines which are typically limited to intramuscular
administration, PIV5, like other viral vectored vaccines, can be administered
intranasally. This is advantageous, as described earlier, because influenza initiates
the infection process at a mucosal site. This is beneficial in that it could be
administered to patients with respiratory problems (asthma, chronic obstructive
pulmonary disorder, etc) that would otherwise be limited by a live replicating
vaccine (such as the live attenuated influenza vaccines). Examples of other NNSVs
administered intramuscularly include VSV [408, 414], although this can be
performed to avoid excessive vector-mediated disease (although it should be noted
that even with intramuscular vaccination of VSV, mice still exhibited clinical signs of

disease) [408]. NDV has been used as an intramuscular vector for other diseases
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[472] but mucosal vaccination has been shown to be necessary for adequate
protection against influenza [426, 429] and other viruses [435]. Similar results have
been observed using a Sendai virus vector [473, 474].

rPIV5 mutants: It may also be possible to increase potential immunogenicity
of PIV5 as a vaccine vector by taking advantage of some of the immune evasion
mechanisms PIV5 employs, such as those modulated by the V protein and the SH
protein. As discussed above, PIV5 is able to circumvent apoptosis that is typical of
paramyxovirus-infected cells. The SH protein is involved in inhibition of TNF-a-
mediated apoptosis, which was demonstrated by the creation of a mutant PIV5 virus
lacking the SH protein (PIV5ASH) [31]. Similarly, a recombinant PIV5 lacking the
conserved C-terminus induces apoptosis via the intrinsic apoptotic pathway
(PIV5VAC) [30]. Insertion of a vaccine antigen into either PIV5ASH or PIV5VAC has
the potential to increase the possible mechanisms of antigen presentation, as
antigens from apoptotic cells are often taken up by professional antigen presenting
cells (APCs) and presented in the context of MHC class ILI.

Previous work: rPIV5-vectored vaccines have been shown to be safe and
immunogenic in mice and ferrets when delivered intranasally and to be completely
cleared from the lungs within 7-9 days without evidence of systemic infection and
inducing minimal pathogenesis [475]. Tompkins et al. showed that a low dose (104
PFU) of rPIV5 expressing the H3 (rPIV5-H3) from a seasonal H3N2 influenza strain

(A/Udorn/72) is protective against an otherwise lethal challenge [24]. rPIV5
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expressing vaccinia virus (VACV) antigens has also been shown to induce VACV-

neutralizing antibodies and partial protection against VACV challenge [447].
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Abstract

Highly pathogenic avian influenza virus (HPAI) and the H5N1 subtype
in particular, poses a formidable pandemic threat. Current HPAI vaccine candidates
suffer from poor immunogenicity, and there are challenges associated with
sufficient production and distribution. Parainfluenza virus 5 (PIV5) provides an
appealing approach for live virus vectored vaccines. It can be produced quickly and
safely in cell culture which is especially important in the event of a pandemic. We
have previously shown that using reverse genetics techniques, the hemagglutinin
(HA) gene from influenza A virus strain A/Udorn/72 (H3N2) can be inserted as an
additional gene between the HN and L genes in the PIV5 genome (rPIV5-H3) and
that it provides substantial immunity against influenza A infection in BALB/c mice.
Here, we have inserted the HA gene of A/Vietnam/1203/04 (H5N1) into the PIV5
genome with the goal of testing the efficacy and mechanism of protection of
recombinant PIV5-H5 vaccine vectors. The natural gradient of mRNA translated in
PIV5 is dictated by the proximity of the gene to the 3° UTR. Thus, we tested
expression and immunogenicity of H5 vaccine vectors where the HA gene is inserted
in distinct locations in the PIV5 genome. The H5 HA was inserted between the SH
and HN genes (ZL46), and between the HN and L genes (ZL48). Using a BALB/c
mouse model, we show that both PIV5-H5 constructs are avirulent and capable of
inducing a broad H5-specific immune response. H5 expression was enhanced in
ZL46 as compared to ZL48 which, coupled with greater immunogenicity in mice,

suggests that inserting the gene of interest closer to the leader sequence enhances
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vaccine efficacy. Vaccination with these constructs reduces weight loss and lung
virus titers upon A/VN/1203/04 challenge with protection comparable to
vaccination with whole inactivated A/VN/1203/04 or protection conferred
following a sub-lethal infection with recombinant A/VN-PR8 infection. The
protection conferred by passive transfer of IgG from vaccinated mice indicates that

neutralizing antibodies are associated with vaccine efficacy.
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Introduction

Influenza is a continuing public health problem, inflicting significant
morbidity and mortality each year. Seasonally circulating strains infect up to 15%
of the world’s population each year and cause an average of 226,000
hospitalizations and 36,000 deaths in the United States every year [3] as well as
millions of deaths worldwide. Pandemics have occurred sporadically over the
course of history with varying degrees of severity, but have only been well
documented for about the past 100 years. The 1918 “Spanish flu” was responsible
for over 50 million deaths worldwide (reviewed in [4]). The recent pandemic HIN1
in 2009 is a milder example, causing under 20,000 (laboratory confirmed) deaths
worldwide [5]. Aquatic birds are considered the primary reservoir for influenza A
virus[6] and every pandemic virus studied to date has contained gene segments of
avian origin [7]. Historically, it was thought that avian viruses would have to
reassort or adapt to infect or cause disease in humans until, in 1997, eighteen
humans in Hong Kong were infected with highly pathogenic avian influenza (HPAI)
A virus subtype H5N1 and 6 of those persons died [8]. Subsequent research has
suggested that the 1918 ‘Spanish flu’, the deadliest influenza pandemic in recorded
history, was potentially generated by a similar mechanism [9]. HPAI viruses are now
considered a potential pandemic threat. Related H5N1 HPAI viruses continue to
smolder in Eurasia and as of June 22, 2011, the WHO has reported 562 human cases

of H5N1 with a total of 329 deaths [476]. With an approximately 60% case fatality
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rate, a pandemic HPAI H5N1 virus would cause significant morbidity and mortality,
as well as socioeconomic disruption [12].

Vaccination with an effective vaccine is considered the most effective
approach to prevent disease or the transmission of potentially pandemic viruses in
humans. The most widely used licensed vaccine for the prevention of seasonal
influenza virus infection is an inactivated vaccine, which is grown in embryonated
chicken eggs, and requires months of production time between strain identification
and millions of eggs [13]. There are a number of drawbacks in using this method of
production for HPAI H5N1, including safety and production issues. The highly
virulent nature of this virus prevents its use as a seed virus for embryonated hen
eggs as it kills the embryo before sufficient virus titers can be reached, resulting in
the need for other options for H5N1 vaccines. A variety of H5N1 vaccine seed
viruses are being generated via reverse-genetics [15, 16], however data thus far
suggests that in the absence of an adjuvant, these vaccines are even less
immunogenic than inactivated H5N1 and have an even higher antigen
requirement[17]. In early 2007, the US Food and Drug Administration (FDA)
approved an H5N1 vaccine to be used in the event of a pandemic in spite of evidence
of poor immunogenicity and requirement of multiple doses to generate a
neutralizing antibody response [14]. There are a number of candidate vaccines in
clinical trials at this time (reviewed in [18]), including inactivated viruses
formulated with a variety of adjuvants, such as oil-in-water, and live-attenuated

influenza vaccines [19, 20]. These approaches do not, however, address the
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concerns of using an egg-based vaccine for prepandemic preparedness. Other
vaccine options that are being explored include recombinant DNA and viruses,
which have been shown to protect against homologous and heterologous influenza
challenge, including H5N1 [21-24]. These finding suggest that virus vectored
vaccines may be an effective method of obtaining robust, protective immune
responses.

Parainfluenza virus 5 (PIV5), formerly known as simian virus 5 (SV5), is a
non-segmented negative stranded RNA virus (NNSV) in the Rubulavirus genus in
the family Paramyxoviridae. The benefits of using PIV5 as a vaccine vector have
been previously described [24, 25]; and briefly include the absence of a DNA phase
in the life cycle, which eliminates the likelihood of host genome alteration, as well as
a stable genome, making it an ideal candidate for foreign gene insertion and vaccine
use. PIV5 is capable of infecting a large range of cell types[26] and, because it causes
very little cytopathic effect (CPE) in those cells, is able to grow to high titers in
common cell lines, including VERO cells[27], a vaccine-approved cell line. Use of
recombinant PIV5 (rPIV5) as an influenza vaccine vector would address the existing
problems associated with the requirement of eggs to grow influenza virus for
vaccine development. PIV5 also infects a large range of mammals, including humans,
without causing clinical disease[28].

In previous studies, it was shown that the hemagglutinin (HA) gene from
influenza A virus strain A/Udorn/72 (H3N2) (rPIV5-H3) could be inserted between

the HN and L genes of PIV5, that PIV5 expressing H3 could be recovered, and that
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mice immunized with rPIV5-H3 were protected against homologous influenza virus
challenge[24]. Here, we show that a rPIV5 expressing the HA from HPAI
A/Vietnam/1203/04 (H5N1) (rPIV5-H5) can be rescued and that the HA can be
inserted not only between the HN and L genes of PIV5, but alternatively further
upstream, between the SH and the HN genes, taking advantage of the transcription
gradient based on proximity to the leader sequence observable in all
paramyxoviruses. We show that insertion between SH and HN increases HA
expression compared to insertion between the HN and L genes and that this
increase in expression enhances efficacy of the vaccine. Using a mouse model of
influenza virus infection, we show that vaccination with rPIV5-H5 primes both H5-
specific T cell and antibody responses, with neutralizing serum antibody being

sufficient for protection from HPAI H5N1 challenge.
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Results

Rescue of recombinant PIV5-H5 viruses The HA gene of highly pathogenic
avian influenza virus A/Vietnam/1203/04 (H5N1) was synthesized using an
oligomer-based system. The gene was codon-optimized to ensure maximum
expression in mammalian systems and the polybasic cleavage site was removed and
replaced with an avirulent sequence (fig 3.1a). The codon-optimized HA gene was
then inserted into the full length genome of PIV5 between the SH and HN genes
(ZL46) and between the HN and L genes (ZL48). After obtaining the rescued virus,
full length genome sequencing (fig 3.1b) was carried out to confirm the recombinant
virus. There is no mutation in ZL46 virus, and there is a single mutation, S21G in the
NP protein of ZL48 virus.

Expression of HA in rPIV5-H5 infected cells To confirm HA was being
expressed on the surface of infected cells, immunofluorescence staining was
performed. VERO cells infected with rPIV5-H5 were stained with an anti-HA (H5)
antibody or a monoclonal antibody specific for the V/P proteins of PIV5 (anti-V/P).
Expression of H5 as well as V/P was detected in both ZL46 and ZL48-infected cells,
confirming that HA is being expressed in cells infected with rPIV5-H5. As expected,
PIV5-infected cells were positive only for V/P (figure 3.1c). We hypothesized that
there would be a higher level of HA expression in ZL46 compared to ZL48, since the
H5 gene was inserted closer to the leader sequence in ZL46. To test this, VERO cells
were infected with PIV5, ZL46, or ZL48. Cell lysate was harvested 48 hours post-

infection, separated by SDS-PAGE, and analyzed by western blot. A band at 75 kDa,



111

the size of the HAO monomer is clearly visible in ZL46 and ZL48 infected lysate,
while 46 kDa PIV5 V/P band is present in all infected groups groups. To determine
the relative amounts of HA being expressed, we compared the densities of the bands
and ZL46 is expressing approximately 3.25 times more HA protein than ZL48 (figure
3.1e). To ensure that cells were infected with equivalent amounts of virus, the
density of the V/P protein was also measured and determined to be approximately
the same for all groups. These results confirm our hypothesis that proximity to the
leader sequence affects the expression levels of the inserted HA gene.

Incorporation of HA into the rPIV5-H5 virion We have previously shown that
PIV5 expressing recombinant H3 incorporated the influenza HA into the PIV5 virion
[24]. To test whether the H5 HA was also incorporated into the virion independent
of the location of the gene within the PIV5 genome, we utilized dynamic light
scattering (DLS) and gold nanoparticle (AuNP) labels to detect HA on the surface of
the virion. Cleared virus culture supernatants of PIV5, ZL46, ZL48, and rg A/VN-PR8
were incubated with AuNP-labeled anti-HA (H5) antibodies and then measuring
aggregation of the AuNP probes as previously described [477]. The degree of AuNP
aggregation correlates with the presence of virus containing specific HA, with
increases in virus increasing aggregation and Z-shift. An increase in the mean
hydrodynamic diameter (z-average) of 8 or 14 nm was observed for ZL46 and ZL48,
respectively, compared to PIV5, indicating that there was aggregation of the AuNP
probes upon introduction of the viruses, suggesting that HA is present on the

surface of the virion. The mean diameter observed for PIV5 was approximately the
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same size as culture supernatant or allantoic fluid alone. The positive control,
rgA/VN-PR8, had a mean diameter of 113.67 nm.

Growth of rPIV5-H5 in vitro and in vivo To determine if insertion of the HA
gene caused attenuation or enhanced replication of the recombinant compared to
the parent strain, growth curves were performed on PIV5, ZL46, and ZL48. MDBK
cells were infected with 0.01 plaque forming units (PFU) per cell and samples of
supernatant were taken at 24 hour time points from time zero through day seven
and quantified via plaque assay. Insertion of the HA slightly slowed growth in vitro
compared to the wild-type PIV5, however both of the recombinants achieved peak
titers similar to the wild type PIV5, albeit delayed by 1 day (figure 3.2a). To
determine if there were changes in growth in vivo, BALB/c mice were inoculated
with 10° pfu of PIV5, ZL46, or ZL48 intranasally (IN), euthanized in groups on days
1, 3, 6, and 8 post-inoculation and their lungs analyzed for virus by plaque assay. No
significant difference was observed between PIV5, ZL46, and ZL48 on day 1 post-
infection, however by day 3 post-infection, there was significantly more virus in
PIV5-infected mice (p<0.001) compared to ZL46 oand ZL48, although there was
limited virus in all three groups (figure 3.2b). By day 6 post-infection there was little
difference between PIV5, ZL46, and ZL48 and the virus had cleared by day 8 post-
infection (data not shown). Taken together, these data indicates that although
insertion of the HA into PIV5 may slightly attenuate the virus in vivo, the virus is still

able to grow.
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Pathology of rPIV5-H5 in BALB/c mice One of the key benefits to the use of
PIV5 as a vaccine vector is that it does not cause clinical disease [441]. To confirm
that insertion of the H5 gene does not alter the pathogenicity of the virus, BALB/c
mice were inoculated with 10® PFU PIV5, ZL46 and ZL48 intranasally and monitored
daily for weight loss as a symptom of clinical disease and cohorts of mice were
euthanized on day 6 or day 13 for histopathologic analysis. There was no weight
loss in any of the PIV5-infected mice, while mice inoculated with the attenuated
reverse genetics A/VN-PR8 virus lost more than 15% of their starting body weight
before recovering (figure 3.3a). For histopathologic analysis, sections of lung were
H&E stained and levels of pulmonary infiltrate subjectively scored 0-3 with
O=normal (as compared to mock infected) 2=mild, and 3=moderate lymphoid
aggregates and total scores determined. In general, the lung histopathology was
characterized by mild to medium perivascular and peribronchial infiltrates that
were mostly lymphocytes, however PIV5 was associated with the largest
inflammatory response, whereas ZL46 and ZL48 were slightly attenuated (figure
3.3b). Lungs from ZL46 and ZL48 infected mice showed mild infiltrates (figure 3d
and 3e, respectively), while lungs from wild type PIV5 infected mice had extensive
perivascular cuffing bronchial infiltrates (Figure 3f), which correlates with the
attenuated growth observed in figure 2, and suggesting that the rPIV5 viruses
containing the H5 HA maintain an avirulent phenotype.

Immunogenicity of rPIV5-H5 in BALB/c mice We previously demonstrated

that vaccination with rPIV5 expressing an H3 HA induced HA-specific, virus
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neutralizing antibody responses. To determine the antibody response in rPIV5-H5
immunized mice and to assess whether location of the HA gene within the PIV5
genome altered immunogenicity, BALB/c mice were vaccinated with PIV5, ZL46,
ZL48, rg A/VN-PR8 administered IN, or [-propiolactone (BPL)-inactivated
A/Vietnam/1203/04 (iA/VN/03/04) administered intramuscularly (IM). The mice
were bled on day 21 post-immunization, boosted with the same vaccine on day 28,
and bled on day 28 post-boost. The sera were then analyzed for H5-specific IgG by
ELISA. As expected, no HA-specific IgG was detected in mice vaccinated with rPIVS5,
whereas high titers of HA-specific IgG were detected in mice immunized with ZL46
and ZL48 (figure 3.4a). These antibody titers were comparable to iA/VN/03/04 and
sub-lethal rg A/VN-PR8 infection. Importantly, there was a consistent increase in
antibody titer after the second immunization, suggesting that pre-existing
antibodies to PIV5 or the HA do not prevent boosting. To assess functionality of
antibodies produced, sera were tested for neutralizing activity against rg A/VN-PR8
(H5N1) in a virus micro-neutralization assay. Again, mice vaccinated with PIV5 did
not produce antibodies capable of neutralizing rg A/VN-PR8, whereas serum from
mice vaccinated with rPIV5-H5 had high H5N1 neutralizing antibody titers at levels
comparable to mice infected with rg A/VN-PR8 infection or vaccinated with
inactivated A/VN/1203/04 (figure 3.4b). One of the benefits of using a live virus-
vectored vaccine is the potential to generate a cross-clade protective immune
response[478]. To assess this possibility with rPIV5 vaccines, we tested immune

sera against a second reverse genetics influenza virus expressing the HA and NA
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from A/Anhui/01/2005 (clade 2.3.4) on a A/PR/8 backbone, rg A/Anhui-PR8 [479].
Sera from mice primed and boosted with rPIV5-H5, iA/VN/03/04, rg A/VN-PRS,
and rg A/Anhui-PR8 were tested for the presence of neutralizing antibodies against
rgA/VN-PR8 as well as rgA/Anhui-PR8. Similar to the control vaccinations, while
titers were consistently higher against homologous virus, vaccination with ZL46 and
7148 primed neutralizing antibody responses to the cross-clade virus (figure 3.4c).
Thus, vaccination with rPIV5-H5 vaccines induces potent specific and cross-clade
virus neutralizing titers.

Another benefit of using a live virus-vectored vaccine is the potential to
prime cell-mediated immune responses in addition to antibody responses. To assess
the T lymphocyte responses after PIV5 vaccination, BALB/c mice were immunized
IN with PIV5, ZL46, or ZL48 or a sub-lethal dose of rg A/VN-PR8. On day 12 post-
immunization, mice were euthanized and the mediastinal lymph nodes were
isolated, re-stimulated with inactivated A/VN/1203/04 or irrelevant antigen, and
assessed for IFN-y producing lymphocytes by ELISpot assay. There was no
significant response to iA/VN/03/04 restimulation by lymphocytes from PIV5-
infected mice, however vaccination with either ZL46 or ZL48 primed a significant
iA/VN/03/04-specific IFN- y producing lymphocyte population (figure 3.4d). While
the T cell response in rg A/VN-PR8 infected mice was about 4-fold greater than the
response in ZL46-vaccinated mice, this is certainly attributable to the priming of
additional immunodominant T cell responses to other influenza proteins (NP, M1,

NA, etc), while the ZL46 and ZL48 responses are restricted to the HA protein alone.
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In light of the HA-focused response, these data suggest that vaccination with rPIV5-
H5 induces potent a cell-mediated immune responses.

Protection against HPAI HSN1 challenge in mice vaccinated with rPIV5-H5 To
determine if vaccination with rPIV5-H5 ZL46 and ZL48 provides effective protection
against highly pathogenic H5N1 (A/Vietnam/1203/04) infection, BALB/c mice
were immunized IN with PIV5, ZL46, ZL48, or iA/VN/1203/04 IM. Twenty-eight
days post-vaccination, mice were challenged with 10 LDso influenza A/VN/1203/04
(IN), and monitored daily for morbidity and mortality. A subset of mice was
euthanized on day 3 post-challenge and tissue collected to assess lung virus titers.
Mice vaccinated with PIV5 lost nearly 30% of their pre-challenge body weight
before succumbing to infection, whereas mice vaccinated with rPIV5-H5 ZL46, Z148,
or inactivated A/VN/1203/04 only lost 3-5% of their pre-challenge body weight
(figure 3.5a). All mice vaccinated with rPIV5-H5 ZL46 or ZL48 survived, as did
control animals vaccinated with inactivated A/VN/1203/04, while 100% of PIV5-
immunized control mice succumbed to the infection or had to be euthanized (figure
3.5b). Similarly, there was no detectable virus in the lungs of mice vaccinated with
ZL46, 7148, or inactivated A/VN/1203/04 on day three post-challenge, whereas
mice vaccinated with wild-type PIV5 had high titers of virus (figure 3.5c). This
confirms that a single immunization with rPIV5-H5 is effective at protecting against
H5N1 HPAI challenge at a level comparable to high-dose (256 HAU) vaccination

with inactivated A/VN/1203/04 virus.
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Antibody produced in rPIV5-H5 vaccinated mice confers protection against
H5N1 HPAI HA-based influenza vaccines, including vaccines against HPAI H5N1
viruses are generally considered to protect against infection by induction of HA-
specific neutralizing antibody responses [130, 212]. We found that while PIV5-H5
vaccines induce potent, HA-specific neutralizing antibody responses, vaccination
also primed robust T cell responses. Thus it was unclear whether the serum
antibody response was sufficient to protect against H5N1 challenge. To test this,
immune serum was collected from mice immunized with PIV5, ZL46, ZL48, or a
sub-lethal dose of rg A/VN-PR8 IN, or the equivalent of 256 HAU inactivated
A/VN/1203/04 IM. IgG was purified from serum and quantified. Two-hundred pg of
purified IgG was transferred to individual BALB/c mice intraperitoneally (IP) and
the following day, the mice were challenged with 10 LDso HPAI
A/Vietnam/1203/04. Following challenge, mice were monitored daily for morbidity
and mortality and a subset of mice was euthanized on day 3 post-challenge and
tissues collected to assess lung virus titers. Mice given IgG from control PIV5-
vaccinated mice exhibited a steady decrease in body weight and were euthanized or
succumbed to the infection by day 9 post-challenge. In contrast, mice receiving
antibodies from ZL46-vaccinated mice were largely protected, losing only 10% of
their body weight before recovering. Antibodies from ZL48-vaccinated mice delayed
and reduced weight loss as compared to the PIV5 group, but protection was
incomplete and all of the mice, except for one, succumbed to infection or had to be

euthanized (figure 3.6a, b). As expected, mice receiving antibodies transferred from
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the positive control mice (iA/VN/03/04 or rg A/VN-PR8) experienced limited
weight loss and all survived. Influenza virus titers in the lungs reflected the
morbidity and mortality data. Although not statistically significant, virus titers in the
lungs of mice that received antibodies from ZL46-vaccinated mice were
approximately one log lower than mice receiving antibodies from PIV5-vaccinated
mice, while there were significant differences between the virus titers of mice
receiving antibodies from A/VN-PR8 or iA/VN/03/04-vaccinated mice (p<0.05 and
p<0.01, respectively) (figure 3.6¢). Since protection was incomplete in some groups,
we determined the quantity of neutralizing antibodies present per pug of IgG used for
the passive transfer. Twice the amount of serum IgG from ZL48-vaccinated mice was
required to neutralize 100 TCID50 of rg A/VN-PR8 as compared to ZL46-vaccinated
mice (figure 3.6d). This lower amount of neutralizing IgG generated by a single
immunization with ZL48 was insufficient to protect against the stringent HPAI
challenge., however IgG generated by a single immunization with rPIV5-H5

ZL46was sufficient to protect against lethal HPAI H5N1 infection.
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Discussion

There are a variety of live viral vectors being tested as influenza vaccine
candidates at this time, including recombinant adenovirus[23, 360] and a number of
NNSVs such as vesicular stomatitis virus (VSV)[407, 478] and Newcastle disease
virus (NDV)[480]. It is important to find the balance between safety and
immunogenicity, as there are specific risks associated with each (reviewed in
[336]), for example, VSV is a highly neurotropic virus[481]. The NNSVs have a
number of benefits over other vaccine vectors (reviewed in [25]) and among NNSVs,
PIV5 has the greatest number, including genomic stability, the ability to replicate to
high titer in vaccine approved cell lines (Vero), safety, and limited pre-existing
immunity. Here we show that rPIV5 expressing the hemagglutinin from an H5N1
HPAI virus is safe (Fig. 3) and immunogenic in mice, inducing both virus
neutralizing serum antibodies and Th1 T cell responses (Fig. 4). Moreover, a single
immunization protects mice against a lethal challenge with the highly pathogenic
virus A/VN/1203/04 (Fig. 5).

While HA-based vaccines are generally considered to confer antibody
mediated protection, live-attenuated and viral vectored vaccines offer the
opportunity to induce robust T cell responses, which can contribute to protection
[227, 479, 482-488]. Immunization with rPIV5-H5 primed robust influenza virus-
specific T cell responses, which produced IFN-y upon restimulation with whole
influenza virus (figure 3.4d). While the response was only 25% of the response seen

in influenza-infected positive control mice, those animals responding to all of the
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antigens in the virus, including the immunodominant nucleoprotein and other
conserved antigens, suggesting that the HA-specific response primed by rPIV5-H5
was very robust.

Serum hemagglutination inhibiting (HI) antibodies are considered a
correlate of protection for current licensed inactivated vaccines [173]. A four-fold
increase in or minimum HI titer of 40 is generally considered to be protective [176].
While not established as a correlate of protection in humans, virus neutralizing
antibody (VN) responses are also associated with protection [489]. A single
immunization with rPIV5-H5 (ZL46) induced a neutralizing antibody titer of 1:100
(Fig 4b), which has been shown to be protective in mice and ferrets (unpublished
results). A second immunization with rPIV5-H5 boosted neutralizing antibody
responses, increasing VN titers for both ZL46- and ZL48- immunized mice (Fig. 4b).
Moreover, sera from boosted mice contained cross-clade VN antibodies, neutralizing
another H5N1 virus rg-Anhui-PR8 (A/Anhui/1/2005; Fig. 4d). Serum from
immunized mice was collected, IgG purified, and transferred to naive mice. Mice
given 200pg of IgG from ZL46 immunized mice were completely protected from
lethal challenge with A/VN/1203/04. Protection was comparable to protection seen
with IgG from mice immunized with high-dose whole, inactivated virus or infected
with rg/VN-PR8, where there would be antibodies to the neuraminidase and
potentially other viral antigens, that could contribute to protection (i.e. M2 or NP
[23] [215, 490]). Taken together, these results demonstrate that rPIV5-H5 primes

potent serum VN antibody responses that are sufficient to protect against lethal



121

H5N1 HPAI challenge and meeting an established correlate of immunity for
influenza vaccines.

As with other NNSVs, gene expression in PIV5 increases with relation to
proximity to the leader sequence, which is the only de facto promoter of PIV5. Genes
closest to the leader sequence are transcribed the most and this decreases in a
stepwise manner as distance increases[491]. Therefore, insertion of the HA gene
closer to the leader sequence has the potential to increase HA expression in an
adjuvant-like fashion. To test this, we inserted the gene between the SH and HN
genes (rPIV5-ZL46) as well as between the HN and L genes (rPIV5-ZL48) (figure
3.1a) and observed an increase in HA expression greater than three-fold when the
gene was inserted between SH and HN (figure 3.1d). ZL46 and ZL48 proved to be
equally as efficacious in our HPAI H5N1 challenge (figure 3.5), however, when equal
amounts of IgG from ZL46 or ZL48-vaccinated mice were transferred to naive
recipients, better protection was achieved by ZL46 (figure 3.6¢c-d). ZL46 generally
induced higher numbers of IFN-y T cells and serum IgG titers (Fig. 4) and a micro-
neutralization assay performed on the purified IgG used for passive transfer showed
that ZL46 immunization induced a higher quality of antibody with a greater amount
of VN antibody per microgram of IgG (figure 3.6a). This confirms our hypotheisis
that movement of the transgene closer to the leader sequence, increasing HA
expression provides a boost in vaccine efficacy. It is possible, however, that a point
mutation observed in the NP protein of ZL48 could be having an effect on

downstream gene expression. It seems unlikely, as we have no indication that the
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mutation is hindering expression of other PIV5 genes (figure 3.1d, e) or growth
(figure 3.2). Moerover, we tested correctedZL48 that does not contain this mutation
and found that while it is immunogenic and can provide protection from H5N1
challenge, it is inferior to ZL46, like the “mutant” ZL48 described here (data not
shown).

The ability to “adjuvant” a vaccine antigen by moving a gene closer to the
leader sequence would make PIV5 an especially attractive vector for vaccinating
with conserved influenza antigens, such as M2 or NP. Improved expression of these
antigens might enable the induction of heterosubtypic immunity with a single
immunization, which would be appealing for use “off the shelf” in the face of a
looming pandemic while matched vaccines were being generated [492]. As PIV5
does not induce apoptosis, further adjuvanting of the virus could be accomplished
by creating a PIV5 mutant that induces apoptosis[30] [31] or increasing the
interferon response [493].

Live-attenuated influenza vaccines have shown similar efficacy, albeit not as
robust, however there are issues with use of live-attenuated influenza vaccines
against potentially pandemic viruses as there is the potential for reassortment with
circulating viruses (REF). For other virus-vectored vaccines, there is the potential
for reversion to virulence of over-attenuation. rPIV5 cannot reassort with
circulating influenza virus. We did not observe any pathology associated with PIV5-
vaccination (figure 3.3) and there is no conclusive evidence that PIV5 causes disease

in humans [438, 441, 494] or any animal with the possible exception of kennel
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cough in canines, although it has not been confirmed [442, 495]. This, and the ability
to grow for an extended period of time in cell culture without the induction of
CPE[27], makes PIV5 an especially promising vaccine candidate.

Especially with the use of a live, replicating vaccine vector, it is crucial that
safety be a factor in development. It has been shown previously that insertion of an
HA into the genome of PIV5 does not enhance virulence of PIV5[24]. However, the
use of an HA from a highly pathogenic strain of avian influenza as well as multiple
insertion sites, one that could increase HA expression, prompted us to ensure that
these rPIV5-H5 constructs are relatively benign. There was no observed increase in
morbidity nor was there an increase in pathology in the lungs (figure 3.3).
Interestingly, insertion of the HA seems to have reduced lung pathology compared
to the parent PIV5 strain. This could be due to mild attenuation in vivo, which is
further suggested by reduced replication both in the lungs (figure 3.2b) as well as in
vitro (figure 3.2a). In light of concerns regarding inflammation in the lungs and the
development of asthma, in vivo attenuation would be favorable, especially
considering adequate protective efficacy is being achieved even with this
attenuation.

Another potential safety issue associated with using the H5 from highly
pathogenic avian influenza is the extremely remote possibility of recombination.
The highly pathogenic phenotype of H5N1 avian influenza is dictated largely by the
presence of a polybasic cleavage site in the HA[149]. To address concerns regarding

possible, although extremely unlikely, recombination between rPIV5-H5 and a
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circulating influenza virus, the polybasic cleavage site was removed from the HA
(H5) and replaced with an avirulent sequence. In the event that a new recombinant
influenza virus were to arise with this HA as a component, it would not be of the
highly pathogenic phenotype. It is important to note that recombination in NNSVs,
such as PIV5, is unlikely and has never been observed in nature[496].

There is evidence that some cross-reactivity exists between PIV5 and
ubiquitous paramyxoviruses such as mumps and human parainfluenza virus 2[497-
499]. It is possible that this cross-reactivity could reduce the efficacy of this vaccine.
However, as neutralizing antibodies in mice do not seem to prevent PIV5
infection[32], it seems unlikely that cross-reactive antibodies to PIV5 in humans
would prevent PIV5 vaccination. This is reinforced by our observation of a prime-
boost effect in rPIV5-H5 vaccinated mice (figure 3.4a, b).

While there are a number of live recombinant virus vector vaccines in
development, these results provide compelling evidence placing PIV5 above the
other candidates. Previous work has shown PIV5 to be safe an effective at priming
protective immune responses to seasonal influenza virus infection [24]. Here we
confirm safety with a different recombinant gene, that of HPAI H5N1 influenza virus
and show potent protective immunity conferred by virus neutralizing serum
antibody. Moreover, we can enhance the immunogenicity by moving the
recombinant gene closer to the leader sequence, increasing gene expression during

infection. These results, combined with the appealing production profile and
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extensive use by veterinarians demonstrating safety make rPIV5 a prime candidate
as a virus-vectored vaccine for prevention of influenza virus infection.
Materials and Methods

Influenza viruses used include rg A/VN-PR8, rg A/Anhui-PR8 and
A/Vietnam/1203/04 (H5N1). A/VN-PR8 and A/Anhui-PR8, provided by Rubin
Donis (CDC) were propagated in the allantoic cavity of embryonated hen eggs at
37°C for 48-72 hours. B-propiolactone (BPL)-inactivated A/Vietnam/1203/04 was
provided by Richard Webby from St. Jude Children’s Research Hospital. The HPAI
virus was propagated in the allantoic cavity of embryonated hen eggs at 37°C for 24
hours. All viruses were aliquoted and stored at -80°C. All experiments using live
highly pathogenic H5N1 avian influenza viruses were reviewed and approved by the
institutional biosafety program at the University of Georgia and were conducted in
biosafety level 3, enhanced containment following guidelines for use of Select
Agents approved by the CDC.

Mice Female 6 to 8 week old BALB/c mice (Charles River Labs, Frederick,
MD) were used for all studies. Mouse immunizations and studies with BSL2 viruses
were performed in enhanced BSL2 facilities in HEPA filtered isolators. Mouse HPAI
infections were performed in enhanced BSL3 facilities in HEPA filtered isolators
following guidelines approved by the institutional biosafety program at the
University of Georgia and for use of Select Agents approved by the CDC. All animal
studies were conducted under guidelines approved by the Animal Care and Use

Committee of the University of Georgia.
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Cells Monolayer cultures of BSR-T7 cells were maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM) containing 10% fetal bovine serum (FBS), 10%
tryptose phosphate broth (TPB) and 400 pg/ml G418. BHK cells were maintained in
DMEM containing 10% FBS, 100 IU/ml penicillion, and 100 pg/ml streptomycin.
Madin-Darby Bovine Kidney (MDBK) and Madin-Darby Canine Kidney (MDCK) cells
were cultured in DMEM with 5% FBS, 5% L-glutamine, and an
antibiotic/antimycotic  solution (10,000 IU/ml penicillin, 10,000 ug/ml
streptomycin, and 25ug/ml amphotericin B) (Cellgro Mediatech, Inc). VERO cells
were cultured in Minimum Essential Medium (MEM) (Thermo/Hyclone) with 10%
FBS and antibiotic/antimycotic. All cells were incubated at 37°C, 5% CO-.

Construction of recombinant viruses Two recombinant PIV5 plasmids
containing HA gene, ZL46 (rPIV5-H5-SH/HN) and ZL48 (rPIV5-H5-HN/L) were
generated. To generate ZL46 plasmid, the plasmid BH276 containing full length
genome of PIV5 was used as the vector. The unique NgoMIV site in the 5' UTR of HN
gene was used for cloning. Because there is a NgoMIV site in HA gene, we introduced
the compatible Xmal site into the primers. The gene end (GE), intergenic region and
gene start (GS) sequence between SH and HN gene was added into the primer to
stop HA gene transcription and start HN gene transcription. The primers pZL137
(5'-CATTGCCCGGGATGGAAAAAATCGTGCTGCTGTT-3") and pZL138 (5'-
GCACACCCGGGGTGTTCGGGCCTATTTTTTCTTTAAAATCAAATGCAAATCCTGCACTGC
AGGCTTC-3") were applied to amplify HA gene, Xmal site in the two primers were

underlined, the GE/GS set between SH and HN gene was in bold. To generate ZL48
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plasmid, the plasmid BH311 containing full length genome of PIV5 and an extra
EGFP gene insertion between HN and L gene was used as the vector. Two Notl sites
flanking the EGFP gene was used for cloning. The primers pZL139 (5'-
ATCAGTAGCGGCCGCATGGAAAAAATCGTGCTGCTGTT-3") and  pZL141 (5'-
ATCAGTAGCGGCCGCATCAAATGCAAATCCTGCACTGCAGGCTTC

-3") were applied to amplify HA gene, Notl sites in the two primers were
underlined.

Virus rescue and sequencing The plasmids, pZL46 encoding full length
genome of PIV5 with HA gene insertion between SH and HN gene, pZL48 encoding
full length genome of PIV5 with HA gene insertion between HN and L gene, and
three helper plasmids pPIV5-N, pPIV5-P, and pPIV5-L encoding N, P, and L proteins,
were co-transfected into BSR-T7 cells at 95% confluency in 6-cm plates with Plus
and Lipofectamine (Invitrogen). The amounts of plasmids used were as follows: 5
pug pZL46/pZL48, 1 pg pPIV5-N, 0.3 pg pPIV5-P, and 1.5 pg pPIV5-L. After 3h
incubation, the transfection media was replaced with DMEM containing 10% FBS
and 10% TPB. After 72h incubation at 37°C, the media were harvested, and cell
debris was pelleted by low speed centrifugation (3,000 rpm, 10 min). Plaque assays
on BHK cells were used to purify the single clone of recombinant viruses.

The full length genome of plaque-purified single clone of ZL46 and ZL48 viruses
were sequenced. Total RNAs from ZL46 and ZL48 viruses-infected MDBK cells were

purified using the RNeasy kit (Qiagen Inc, Valencia, CA). cDNAs were prepared using
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random hexamers and aliquots of the cDNA were then amplified in PCR reactions
using appropriate oligonucleotide primer pairs.

PIV5 and rPIV5 virus stocks were grown in MDBK cells (<p20) for 5-7 days
in DMEM containing 2% FBS until their hema-adsorption titers plateaued. Media
was collected and clarified by centrifuging at 3000 rpm for 10 minutes in an
Eppendorf tabletop centrifuge (5810 R). Bovine serum albumin (BSA) was added to
the clarified supernatant to bring the total solution to 1% BSA. The virus stocks
were then aliquoted and frozen quickly in dry ice and stored at -80°C. Virus titers
were then determined by plaque assay on VERO cells (described below).

Virus Quantitation: PIV5 titers were determined by plaque assay on VERO
cells. VERO cells were incubated with serial dilutions of virus samples made in
DMEM with 1% BSA and antibiotic/antimycotic. Virus sample was then removed
and overlayed with 1:1 low-melt agarose and DMEM with 2% FBS and
antibiotic/antimycotic and incubated at 37°C for 5-6 days. To detect plaques, the
monolayers were then fixed with 10% buffered formalin and immunostained. Cells
were permeabilized with 1X PBS with 2% FBS, 0.1% sodium azide, and 0.5%
saponin (permeabilization buffer). PIV5 was detected using a 1:1000 dilution of
antibodies specific to the shared region of the V and P proteins of PIV5 (V/P) for
1hr. Horseradish peroxidase (HRP)-tagged goat-anti-mouse IgG (H&L) secondary
antibody (Invitrogen) was then added and incubated for 30min. To visualize
plaques, TMB peroxidase substrate (prepared according to manufacturer’s

instructions) was added (Vector Labs, Inc). The plates were then washed and dried
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and the plaques were counted. Influenza titers were determined either by TCIDso
assay as previous described [227] or by plaque assay on MDCK cells. MDCK cells
were incubated for 2 hours at 37°C with serial dilutions of virus samples made in
MEM with 1 mg/ml 7PCK-treated trypsin (Worthington Biochemical). Diluted virus
samples were then removed and monolayers were overlayed with 1.2%
microcrystalline cellulose Avicel[500] with 1 mg/ml TPCK-treated trypsin. Plates
were incubated for 72 hours, the overlay gently washed off with PBS, fixed with cold
methanol/acetone (40:60%), air-dried, counter-stained with crystal violet, and
plaques visualized.

Fluorescence VERO cells were grown in 24-well plates and infected with
PIV5, ZL46, or ZL48 at a multiplicity of infection (MOI) of 5 PFU/cell. At 24 hour
post-infection, cells were fixed with 5% buffered formalin for 10min at room
temperature. Cells were then permeabilized with permeabilization buffer and then
incubated for 1hr with a 1:1000 dilution (1pg/ml) of anti-HA (H5) A/VN/1203/04
monoclonal antibody (BEI Resources). A 1:250 dilution of PE goat anti-mouse Ig
(BD Pharmingen) was applied for 45min to detect HA. To detect PIV5, V/P-specific
antibodies (diluted 1:1000) were then added and incubated for 1hr. To visualize
PIV5, an Alexa Fluor-488-labeled secondary antibody (Invitrogen), diluted 1:500,
was added and incubated for 30min and then washed. 0.5mL PBS was added to each
well and fluorescence was examined using an AMS EVOS fl fluorescent microscope.

Cells were washed extensively between each step with PBS.
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Western Blot VERO cells were infected with an MOI of 5 PFU/cell of PIV5,
ZL46, and ZL48. Cells were lysed using PBS with 2mM ethylenediaminetetraacetic
acid (EDTA), Roche Complete Mini protease inhibitor (Roche Applied Science), and
1% Triton-X-100 (octyl phenoxy polyethoxyethanol)(Sigma) 24 hours post-
infection. Separation and western blotting was performed as described [501].
Hyper-immune serum from rg A/VN-PR8-infected mice was used as a primary
antibody to detect HA and V/P-specific monoclonal antibodies were used to detect
V/P. Precision Plus Protein WesternC (BioRad) was used as a standard. Band
density was assessed using ImageQuant™ TL software.

Dynamic light scattering (DLS) DLS was performed as described[477]. Anti-
HA (H5) A/VN/1203/04 (BEI resources) was used. IgG was purified from serum
using a NAb Protein G Spin Kit (Thermo) according to manufacturer instructions.
Purified IgG was then desalted using zeba spin desalting columns (Thermo)
according to manufacturer instructions. Desalted IgG was then concentrated using
Amicon Ultra-4 Centrifugal Filter Units (Millipore) according to manufacturer
instructions to a final volume of approximately 2mLs. Protein was quantified using a
Pierce BCA (bicinchoninic acid) Protein Assay kit (Thermo) according to
manufacturer instructions. PIV5, ZL46, ZL48, rg A/VN-PR8, virus culture
supernatant, allantoic fluid, and PBS were assayed.

Virus growth in vitro Virus diluted to a MOI of (0.01 PFU/cell) in DMEM with
1% BSA and antibiotic/antimycotic was added to a confluent monolayer of MDBK

cells. The plate was incubated for 1-2 hours at 37°C. Diluted virus was then
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removed, the monolayer rinsed with 1X PBS, and replaced DMEM with 1% BSA and
antibiotic/antimycotic. Samples of supernatant were collected every 24 hours up to
seven days, beginning immediately after fresh medium was placed on the
monolayers. Supernatant was quickly frozen in dry ice and stored at -80°C. Virus
titer was determined by plaque assay on VERO cells for each time point.

Immunization For vaccination with PIV5 and rPIV5-H5, 10¢ PFU PIVS5, rPIV5-
ZL46, or rPIV5-ZL48 in 50ul PBS was administered intranasally to mice
anesthetized with 2,2 2-tribromoethanol in tert-amyl alcohol (Avertin; Aldrich
Chemical Co). For sub-lethal rg A/VN-PR8 infection, 2000 PFU virus in 50ul PBS was
administered as described for PIV5 vaccination. For BPL inactivated A/VN/1203/04
vaccination, the approximate equivalent of 256 hemagglutination units (HAU)/ml in
50ul PBS was then injected into each of the caudal thigh muscles. Blood was
collected on day 21 post-immunization. If boosted, this process was repeated on day
28 post-prime. Mice were monitored daily and, for some experiments, body weights
recorded every other day.

Virus growth in vivo 8 week-old BALB/c mice were vaccinated as described
above and groups were euthanized on days 1, 3, 6, and 8. Lungs were collected and
homogenized in 1.0ml PBS and homogenates cleared by centrifugation. Cleared
homogenate was then aliquoted and frozen at -80°C. Cleared homogenate was then
assayed for virus titer by plaque assay on VERO cells as described above. 2-way
ANOVA with Bonferroni post-test was used to compared ZL46 and ZL48 to PIV5

using Graphpad Prism.
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Histopathology Mice were vaccinated with PIV5, ZL46, and ZL48 as described
above. Lungs were removed on days 6 and 13 post-immunization, fixed in 10%
buffered formalin, sectioned, embedded in paraffin, and sectioned at 4 microns. The
sections were then deparaffinized and rehydrated before being stained with
hematoxylin and eosin staining. Inflammation was scored by an AVCP board
certified veterinary pathologist who was not aware of the treatment groups. Scores
of PIV5, ZL46, and ZL48 were compared to PIV5 and compared between construct
groups at each time point by two-way RM ANOVA.

ELISA HA (H5)-specific serum antibody titers were measured using an IgG
ELISA. Immulon 2 HB 96-well microtiter plates ( ThermolLabSystems) were coated
with 2 pg/ml recombinant H5 protein and incubated at 4°C overnight. Plates were
then washed with KPL wash solution (KPL, Inc) and the wells blocked with 200 pl
KPL Wash Solution with 5% non-fat dry milk and 0.5% BSA (blocking buffer) for
1hr at room temperature. Serial dilutions of serum samples were made (in blocking
buffer) and transferred to the coated plate and incubated for 1hr. To detect bound
serum antibodies, 100ul of a 1:1000 dilution alkaline phosphatase-labeled goat anti-
mouse IgG (KPL, Inc) in blocking buffer was added per well and incubated for 1hr at
room temperature. Plates were developed by adding 100ul pNPP phosphatase
substrate (KPL, Inc) per and the reaction allowed to develop at room temperature.
Optical density (OD) was measured at 405 nm on a Bio-Tek Powerwave XS plate
reader. The IgG titer was determined to be the lowest serum dilution with an OD

greater than the mean OD of naive serum plus 2 standard deviations.
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Microneutralization Assay Influenza neutralizing antibody titers were
measured in serum by a micro-neutralization assay with an ELISA endpoint. Heat
inactivated serum was serially diluted in DMEM with 1% BSA,
antibiotic/antimycotic , and 1 pg/ml TPCK trypsin. Diluted serum was then
incubated 1000 TCIDso rg A/VN-PR8 or rg A/Anhui-PR8 for two hours at 37°C.
MDCK cells were then added and incubated at 37°C for 18-24 hours. At the end of
the incubation, wells were fixed with ice cold methanol and acetone (80:20
respectively) and an ELISA was performed as described above. The neutralization
titer was determined to be the lowest serum dilution capable of neutralizing 1000
TCIDso rg A/VN-PR8 or A/Anhui-PR8, as determined by any OD readout higher than
the following: ((mean OD of virus only wells-mean OD of cell only wells) divided by
(24+mean OD of cell only wells)).

Lymphocyte Harvest 10 days post-vaccination with PIV5, ZL46, ZL48, or rg
A/VN-PR8, mediastinal lymph nodes (MLN) from mice were harvested, pooled, and
homogenized. Lymphocytes were depleted of erythrocytes using Gey’s Balanced Salt
solution (Sigma-Aldrich) for 5min at room temperature and debris removed. Cells
were then counted using a Z2 Coulter Particle Count and Size Analyzer (Beckman
Coulter).

Enzyle-linked Immunosorbert Spot (ELISpot ) Assay ELISpot to detect T-
cell responses in lymphocytes to inactivated A/VN/1203/04 were performed as
described [23]. Cells were re-stimulated with inactivated A/VN/1203/04 (the

equivalent of 10 HAU per well), Ebola GP P2 EYLFEVDNL as an irrelevant peptide
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(1ug/ml), and Concanavalin A (2ug/ml) in 50ul Complete Tumour Medium (CTM).
Spots were counted using AID ViruSpot Reader (Cell Technology, Inc).

HPAI A/Vietnam/1203/04 (H5N1) challenge experiments BALB/c mice
were first vaccinated with wild type PIV5, rPIV5-ZL46, rPIV5-ZL48 IN, or inactivated
A/VN/1203/04 IM as described above. 21 days post-vaccination, the mice were bled
for serum analysis via the tail vein. On day 24 post-vaccination, mice were
anesthetized and inoculated intranasally with 10 LDso A/Vietnam/1203/04 diluted
in 50ul PBS. Mice were then monitored daily for morbidity and mortality with body
weights measured every other day. On day 3 post-challenge, groups of mice were
euthanized and their lungs collected into 1.0ml PBS and homogenized. Homogenate
was then cleared by centrifugation. A TCIDso assay was then used to determine virus
titers in cleared homogenate as described [227].

Generation, purification, quantification of hyper-immune serum To
generate hyper-immune serum, mice were vaccinated with PIV5, ZL46, ZL48, rg
A/VN-PR8, and iA/VN/1203/04 as described above. Mice were boosted on day 28
and serially bled. IgG was purified from serum using a NAb Protein G Spin Kit
(Thermo) according to manufacturer instructions. Purified IgG was then desalted
using zeba spin desalting columns (Thermo) according to manufacturer
instructions. Desalted IgG was then concentrated using Amicon Ultra-4 Centrifugal
Filter Units (Millipore) according to manufacturer instructions to a final volume of
approximately 2.0mLs. Protein was quantified using a Pierce BCA (bicinchoninic

acid) Protein Assay kit (Thermo) according to manufacturer instructions.
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Passive antibody transfer: 200pug purified IgG from PIV5, ZL46, ZL48,
iA/VN/03/04, and rgA/VN-PR8 vaccinated mice was administered intraperitoneally
to naive mice. Mice were challenged with HPAI A/Vietnam/1203/04 the day after
transfer. Challenge was performed as described. Groups of mice were euthanized on
day 3 for assessment of lung virus titers and the remaining mice were monitored as
described. Lung virus titers were analyzed using one-way ANOVA followed by pair-
wise comparison using Bonferroni’s post-test.

Statistical Analyses were performed using GraphPad Prism®.
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Figure 3.1: Recovery of rPIV5-H5 viruses A. Schematic diagram of the rescue of
infectious PIV5 containing HA gene from its cDNA clone. Plasmid pZL46 encoding
full length genome of PIV5 with HA gene insertion between SH and HN gene, pZL48
encoding full length genome of PIV5 with HA gene insertion between HN and L gene
that was flanked by a bacteriophage T7 RNA polymerase (RNAP) promoter (PT7)
and a hepatitis delta virus ribozyme followed by a T7 transcriptional terminator
(T7-T). The plasmids contain three extra G residues after the T7 RNAP promoter
and prior to the PIV5 leader (Le) sequence to increase T7 RNAP transcription
initiation efficiency. A full-length anti-genome sense PIV5 with HA gene insertion
RNA transcript can be transcribed from the T7 RNAP promoter with the exact trailer
sequence generated by cleavage with hepatitis delta virus ribozyme. The filled boxes
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indicate the seven intercistronic regions. The plasmids pCAGGS-NP, pCAGGS-P, and
pCAGGS-L each contain the cDNA for the PIV5 NP, P, and L proteins, respectively.
BSR-T7 cells were co-transfected with pZL46 or ZL48, and the three helper plasmids
pCAGGS-NP, pCAGGS-P, and pCAGGS-L. The transfection media were replaced with
DMEM containing 10% FBS and 10% TPB after 3 hr incubation and the cultures
were incubated for 72 hr. PT7, T7 RNA polymerase promoter; Le, leader sequence of
PIV5; Tr, trailer sequence of PIV5; Ribo, ribozyme from hepatitis delta virus; T7-T,
bacteriophage T7 RNA polymerase terminator. (B) Sequencing results of HA gene in
ZL46 and ZL48 viruses. ZL46 and ZL48 viruses were rescued. The whole genomes of
ZL46 and ZL48 viruses were sequenced using appropriate oligonucleotide primers.
The sequencing results of HA gene in ZL46 and ZL48 viruses were shown. The
arrows indicated the ORF of HA gene. (C) Immunofluorescence of VERO cells
infected with PIV5, ZL46, and ZL48. At 24 hours post-infection, cells were fixed and
stained with anti-H5 (red) and anti-V/P (green) antibodies. Micrographs were taken
at 20x magnification and the scale bar is representative of 200um. (D) VERO cells
infected with PIV5, ZL46, ZL48 (MOI=5) were lysed, separated on SDS-PAGE gel,
transferred to PVDF, and blotted with a monoclonal antibody specific to the V/P
proteins of PIV5 and hyper-immune serum from mice infected with rg A/VN-PR8 to
detect HA. Sizes (kDa) and positions of HA and V/P are indicated (D). Using
ImageQuant software, densitometry analysis was performed on the bands. Data
represents relative volume of the bands (E). No HA band was detectable at 75 kD in
PIV5-infected VERO cells (*).
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Figure 3.2: Growth of rPIV5-HS5 in vitroand in vivo

(A) MDBK cells were infected with an MOI of 0.01 PFU/cell. Samples of supernatant
were collected at 24 hour intervals up to 7 days post-infection. Viral titers in the
media were determined via plaque assay on VERO cells. (B) BALB/c mice were
infected with 1076 PFU PIV5, ZL46, or ZL48 IN. Groups of mice were euthanized for
determination of lung virus titer by plaque assay on days 1, 3, 6, and 8. No virus was
detectable in the lungs on day 8 (data not shown). 2-way ANOVA with Bonferroni
post-test comparing ZL46 and ZL48 to PIVS5. Significance is indicated (*p<0.05;***
p<0.001).
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Figure 3.3: Pathology induced by vaccination with rPIV5-H5 in mice

BALB/c mice (n=5) were immunized with 10*6 pfu PIV5, ZL46, ZL48, 2000 pfu rg
A/VN-PR8 in., and the equivalent of 512 HAUs inactivated A/VN/1203/04 IM.
Weights of the mice were monitored and presented as the mean percentage + SEM
of their pre-challenge body weights (n=5). (B) BALB/c mice (n=3) were infected
with PIV5, ZL46, or ZL48 (10¢ PFU in 50 ul PBS). Animals were euthanized on days 6
and 13 p.i. and their lungs removed and fixed. Lungs were sectioned, H&E stained,
and analyzed. For each animal, levels of pulmonary infiltrate were subjectively
scored 1-3 with 1=normal (as compared to mock infected) 2=mild and 3=medium
infiltration and total scores determined. Presented are means of the total scores +
SEM for each group. Scores of PIV5, ZL46, and ZL48 were compared to PIV5 and
compared between construct groups at each time point by two-way RM ANOVA and
statistical significance is indicated by asterisks (* p<0.05; **p<0.01; ***p<0.001).
(C-F) Photographs of stained lung sections (C) Representation of score 1=normal
(mock day 6) (D) Rep. of score 2=mild (ZL46 day 13) € Rep. of score 3=medium
(PIV5 day 6) (F) Perivascular infiltrates (score 3=medium)(PIV5 day 6)
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Figure 3.4: Humoral and cell-mediated immune responses to immunization with
rPIV5-HS5 in mice

BALB/c mice (n=5 per group) were immunized with PIV5, ZL46, ZL48, a sub-lethal
dose of rg A/VN-PRS8, and with iA/VN/03/04. Mice were bled on day 21 post-
immunization, boosted on day 28, and bled on day 21 post-prime. Serum was pooled
for analysis. (A) HA (H5) specific antibody titers were measured in serum samples
using an IgG (H&L) specific ELISA. 9 represents the limit of detection (B) rg A/VN-
PR8-neutralizing antibody titers in post-prime and post-boost serum and (C) rg
A/VN-PR8- and rg A/Anhui-PR8-neutralizing antibody titers were measured by
virus micro-neutralization assay. 3 represents the limit of detection. (D) IFN-y
producing lymphocytes (pools of n=3 mice per group) in the mediastinal lymph
nodes on day 12 post-vaccination as determined by ELISpot analysis. Data is
presented as mean + SEM.
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Figure 3.5: Efficacy of rPIV5-H5 as a vaccine vector (protection against HP
A/VN/1203/04.

BALB/c mice were immunized IN or IM with rPIV5-H5 or inactivated
A/VN/1203/04, respectively. 28 days p.i., the mice were challenged IN with 10 LDsg
A/VN/1203/04. (A) Weights of the mice were monitored and presented as the
mean percentage + SEM of their pre-challenge body weights (n=9). (B) Percent of
mice surviving post-challenge. (C) Challenge virus titer in the lungs on day 3 post-
challenge (n=5 per group) as measured by TCIDso on MDCK cells. Data are
presented as mean log transformed TCIDso/ml lung homogenate + SEM. The limit of
detection was 100 TCIDso/ml.
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Figure 3.6: Antibody from rPIV5-HS5 is sufficient for protection against HPAI HSN1
(A)The amount of neutralizing antibody per pg purified IgG from hyper-immune
serum from BALB/c mice vaccinated with PIV5, ZL46, Z1L48, rg A/VN-PRS8, or
iA/VN/03/04 was determined by microneutralization assay. Bars are
representative of the reciprocal of ng IgG per ml required to neutralize 1000 TCID50
rgA/VN-PR8. 200ug of purified IgG from each group was transferred to a recipient
mouse IP. The following day, the mice were challenged with 10 LD50 HPAI H5N1
A/VN/1203/04 and monitored for (B) weight loss and (C) mortality. On day 3 post-
challenge, lungs were harvested and challenge virus determined via TCIDso (D).
Error bars are representative SEM. Data was analyzed using one-way ANOVA,
followed by pair-wise comparison using Bonferroni’s post-test.
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CHAPTER 4
VACCINATION WITH RECOMBINANT PIV5 EXPRESSING NEURAMINIDASE
PROVIDES HOMOLOGOUS AND HETEROLOGOUS PROTECTION AGAINST

INFLUENZA VIRUS CHALLENGE
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Abstract

Highly pathogenic avian influenza viruses (HPAIV) are considered a potential
pandemic threat. Vaccination is considered the most effective measure for
controlling influenza. Current vaccination methods suffer from a number of
drawbacks, including safety and production issues. Viral-vectored vaccines offer an
egg-free alternative. Parainfluenza virus 5 (PIV5), a non-segmented, negative-
stranded RNA virus (NNSV) in the family Paramyxoviridae, is a favorable vector
candidate for a number of reasons, including a simple, stable, and well-understood
genome, making it an ideal candidate for foreign gene insertion and vaccine use.
Neuraminidase (NA) is a glycoprotein on the surface of the virus as well as virus-
infected cells and is responsible for cleavage of sialic acid residues as the virus buds
from the cell at the end of the replication cycle. NA is more conserved than HA, the
current influenza vaccine target, which increases the likelihood of achieving broader
protection if used as a vaccine antigen. In this study, we show that vaccination with
rPIV5-N1 primes an NA-specific antibody response and T cell response and confers
complete protection against homologous influenza virus challenge and significant
cross-protection against heterologous influenza virus within the same subtype.
There is also evidence of limited cross-protection against virus of a different

subtype (H3N2).
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Introduction

Highly pathogenic avian influenza viruses (HPAIV) are considered a potential
pandemic threat. As of November 2011, the WHO has reported 571 human cases
with a total of 335 deaths [10]. H5N1 is unable to transmit between humans at this
time, however, there is significant concern that the virus could mutate such that
efficient spread would be possible [11]. With the approximately 60% case fatality
rate observed in reported cases, a pandemic HPAI H5N1 virus would cause
significant morbidity and mortality, as well as major socioeconomic disruption [12].

Vaccination with an effective vaccine is considered the most effective
approach to prevent disease or the transmission of potentially pandemic viruses in
humans. The most widely used licensed vaccine for the prevention of seasonal
influenza virus infection is an inactivated vaccine, which is grown in embryonated
chicken eggs, and requires months of production time between strain identification
and vaccine delivery, and and millions of eggs [13]. Even though this method
represents the only US Food and Drug Administration (FDA)-approved H5N1
vaccine, there are a number of drawbacks in using this method of production for
HPAI H5N1, including safety and production issues. Similar issues are shared with
H5N1 vaccine seed viruses generated by reverse-genetics [15, 16], with some
evidence indicating they are actually worse in terms of immunogenicity in the
absence of an adjuvant [17]. There is clearly a need for other options for H5N1

vaccines.
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There are a number of candidate vaccines in clinical trials at this time
(reviewed in [18]), including inactivated viruses formulated with a variety of
adjuvants, such as oil-in-water, and live-attenuated influenza vaccines [19, 20].
These approaches do not, however, address the concerns of using an egg-based
vaccine for prepandemic preparedness.

Other vaccine options that are being explored include recombinant DNA and
viruses expressing influenza proteins, which have been shown to protect against
homologous and heterologous influenza challenge, including H5N1 [21, 23, 24, 225].
These finding suggest that virus vectored vaccines may be an effective method of
obtaining robust, protective immune responses with the potential of generating a
vaccine with cross-protective qualities. This would be ideal in the face of a largely
unknown emerging pandemic strain upon a serologically naive population.

Parainfluenza virus 5 (PIV5), a non-segmented, negative-stranded RNA virus
(NNSV) in the Rubulavirus genus in the family Paramyxoviridae, is a favorable
vector candidate for a number of reasons, including the absence of a DNA phase in
the life cycle, eliminating the chance of host genome alteration, as well as a stable
genome, making it an ideal candidate for foreign gene insertion and vaccine use [24,
25]. PIV5 is capable of infecting a large range of cell types[26] and, because it causes
very little cytopathic effect (CPE) in those cells, is able to grow to high titers in
common cell lines, including VERO cells[27], a vaccine-approved cell line. This

would address existing problems associated with egg-based vaccine development.
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PIV5 also infects a large range of mammals, including humans, without causing
clinical disease[28].

Hemagglutinin (HA) is currently the primary target of most influenza
vaccines. High affinity/avidity, neutralizing, receptor-blocking antibodies against
the hemagglutinin (HA) glycoprotein on the surface of the virion are effective in
preventing influenza infection [33, 173]. The second most abundant protein
expressed on the surface of influenza is the neuraminidase (NA) glycoprotein. NA is
also present on the surface of the virus as well as virus-infected cells and is
responsible for cleavage of sialic acid residues as the virus buds from the cell at the
end of the replication cycle[1]. NA is more conserved than HA which increases the
likelihood of achieving broader protection if used as a vaccine antigen.

Like HA, NA is targeted by antibodies [34] which, unlike HA-specific-
neutralizing antibodies that function primarily to interfere with initial attachment
and entry [186-188], function essentially by trapping the progeny virus with the
infected cell, thus reducing viral spread[189]. The antiviral drug Oseltamivir, a small
molecule NA inhibitor licensed for prophylaxis and treatment of influenza virus
infection, works in a similar fashion. In addition, by trapping the virus on the surface
of infected cells, it can enhance susceptibility of infected cells to CTL or NK-cell
recognition and Kkilling. These all contribute to increased resistance to influenza
infection in humans [34, 187, 188].

NA-targeted vaccines have been shown to provide protection against HPAIV

H5N1 in mice [35] and in non-human primates [428], among others. Targeting NA
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also offers the possibility of some degree of intersubtypic cross-protection against
homologous or heterologous NA proteins as has been demonstrated with use of
DNA vaccines in the mouse model [35, 193]. There is also evidence that antibodies
from previously circulating HIN1 viruses may provide limited protection against
HPAIV H5N1 in spite of major antigenic differences [35].

It has previously been demonstrated that vaccination with rPIV5 expressing
the hemagglutinin (HA) gene from influenza A virus strain A/Udorn/72 (H3N2)
(rPIV5-H3) is safe and protective against homologous influenza virus challenge in
mice[24]. Here, we demonstrate that separate rPIV5 constructs expressing the NA
from HPAI A/Vietnam/1203/04 (H5N1) (rPIV5-N1 (VN)) and the NA from
A/California/04/09 (H1N1) can be rescued and express NA in its active form. Using
a mouse model of influenza virus infection, we show that vaccination with rPIV5-N1
primes an NA-specific antibody response and T cell response and confers complete
protection against homologous influenza virus challenge and significant cross-
protection against heterologous influenza virus within the same subtype. There is
also evidence of limited cross-protection against virus of a different subtype

(H3N2).
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Results

Rescue of recombinant PIV5-N1 viruses The plasmids containing the PIV5
cDNA with NA insertion were flanked by a T7 RNAP promoter and a hepatitis delta
virus ribozyme followed by a T7 terminator (T7-T) (Fig. 4.1A). pZL108 encoding full
length genome of PIV5 with HIN1-N1 gene insertion between HN and L gene,
pZL116 encoding full length genome of PIV5 with H5SN1-N1 gene insertion between
HN and L gene and three helper plasmids, pPIV5-NP, pPIV5-P, and pPIV5-L encoding
NP, P, and L proteins respectively, were co-transfected into BSR-T7 cells. After
obtaining the rescued virus, full length genome sequencing was carried out to
confirm the recombinant virus. There is no mutation in ZL108 and ZL116 viruses.
The sequencing results of NA gene in ZL108 and ZL116 viruses were shown in Fig.
1B.

To ensure insertion of the NA gene did not have an effect on viral growth
kinetics, an in vitro growth curve was performed. There was no apparent effect on
viral growth (data not shown). The viruses PIV5-N1(VN) and PIV5-N1(CA),
expressing the NA of A/VN/1203/04 and A/CA/04/09, respectively, were then
tested for NA expression by infecting Vero cells and assaying NA expression by
immunofluorescence using antisera generated against the parent viruses. Both
PIV5-N1 viruses express NA during infection (Fig 4.1b).

Expression and activity of NA on rPIV5-N1 virions To determine if NA is being
expressed on the surface of the recombinant viruses and to determine if it was

functional, a neuraminidase assay was performed on equivalent titers of PIV5,
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rPIV5-N1 (VN), rPIV5-N1 (CA), and rPIV5-H5 (figure 4.2). rgA/VN-PR8 and
A/CA/04/09 were included and normalized to relative neuraminidase activity of the
chosen rPIV5-N1 groups (data not shown). PIV5 and rPIV5-H5 exhibit baseline
neuraminidase activity levels resulting from PIV5 vector HN activity, whereas
rPIV5-N1 (VN and CA) neuraminidase levels are significantly elevated, to levels
similar to rgA/VN-PR8 and A/CA/04/09 influenza viruses. When treated with a high
dose of oseltamivir, an influenza NA-inhibitor, neuraminidase activity in rPIV5-N1
(VN and CA) was decreased to PIV5 background levels (baseline HN activity),
whereas rgA/VN-PR8 and A/CA/04/09 were completely inhibited. This indicates
that not only is NA expressed on the surface of rPIV5-N1 (VN and CA), but it is
expressed in its active and native form.

Immunogenicity of rPIV5-N1 (VN and CA) in BALB/c mice We have shown
previously that vaccination with rPIV5 expressing HA from H3N2 or H5N1 (chapter
3) induces an HA-specific, virus neutralizing antibody response. To determine if
vaccination with rPIV5-N1 induces an NA-specific antibody response, BALB/c mice
were primed and boosted with PIV5, rPIV5-N1 (VN), or rPIV5-N1 (CA) administered
intranasally (IN) or rgA/VN-PR8 or A/CA/04/09 influenza viruses administered
intramuscularly (IM). Mice were bled on day 21 post-prime, boosted on day 28, and
bled again on day 7 post-boost. Serum was then assessed for A/VN/1203/04- and
A/CA/04/09- specific IgG antibodies by ELISA. Little to no A/VN/1203/04 or
A/CA/04/09-specific IgG was detected in mice vaccinated with PIV5, whereas

substantial levels of influenza-specific IgG were detected in mice immunized with
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rPIV5-N1 (VN and CA) (Fig 4.3a). Although antibody levels specific for homologous
viruses were higher, heterologous antibodies were also detected. To determine
whether the NA-specific antibodies could block specific neuraminidase activity,
serum was analyzed by a 2-(40methylumbeliferyl)-a-D-N-acetylneuraminic acid
(MUNANA)-based NA-inhibition assay. Pooled sera from primed and boosted mice
were tested against viruses rgA/VN-PR8 and A/CA/04/09homologuous for NA as
well as against a second reverse genetics influenza virus expressing the HA and NA
from A/Anhui/01/2005 (clade 2.3.4) on a A/PR/8 backbone (rgA/Anhui-PR8
(H5N1))[479]. Sera were also tested against a heterosubtypic virus,
A/Philippines/2/82 (H3N2) to further investigate the possibility of cross-inhibition.
Serum from PIV5-vaccinated mice did not cause a measurable inhibition of NA
activity against any virus strain tested, whereas serum from mice vaccinated with
rPIV5-N1 (VN and CA) inhibited neuraminidase activity of homologous and
heterologous viruses (Fig. 4.3b-e). In fact, sera from PIV5-N1 vaccinated mice
inhibited neuraminidase activity as least as well or better than homologous virus
immunization. Thus, vaccination with rPIV5-N1 (VN and CA) vaccines induces
potent specific and cross-strain NA-inhibiting antibody titers.

One advantage of live virus-vectored vaccines is the potential to prime a cell-
mediated immune response, which can contribute to protection from infection.
Thus, we assessed virus-specific T cell responses of PIV5-N1 vaccinated mice and
compared them to influenza-infected mice. BALB/c mice were immunized IN with

PIV5, rPIV5-N1 (VN or CA), or a sub-lethal dose of rg A/VN-PR8 or A/CA/04/09. On
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day 12 post-immunization, mice were euthanized and the mediastinal lymph nodes
were isolated, re-stimulated with inactivated A/VN/1203/04, A/CA/04/09, PIV5, or
irrelevant antigen, and assessed for IFN-y producing lymphocytes by ELISpot assay.
Vaccination with rPIV5-N1 (VN or CA) induced a cross-specific T cell response, as
compared to PIV5-vaccinated mice which showed no significant response (figure
4.4). While mice infected with influenza viruses showed more IFN-producing cells,
they were responding to the entire virus, as opposed to the NA alone. Also, the
influenza primed-lymphocytes had a higher non-specific response, responding to
whole PIV5 or irrelevant peptide, suggesting a portion of the response was not
antigen specific (fig. 4).

Protection against homologous and heterologous influenza virus challenge To
determine if vaccination with rPIV5-N1 (VN or CA) provides effective protection
against highly pathogenic HS5N1 (A/Vietnam/1203/04), H1N1
(A/California/04/09), and heterosubtypic H3N2 (A/Philippines/2/82) infection,
BALB/c mice were immunized IN with PIV5, rPIV5-N1 (VN), rPIV5-N1 (CA). Control
animals were immunized IM with 2000 PFU rgA/VN-PR8, A/CA/04/09, or
A/Philippines/2/82 X79. Mice were boosted on day 21 post-prime. Seven days post-
boost, mice were challenged IN with 10 LDso of influenza A/VN/1203/04 or
A/CA/04/09, and monitored daily for morbidity and mortality. A subset of mice
from each challenge group was euthanized on day 3 post-challenge and lung tissue
collected to assess lung virus titers by TCID50. All mice vaccinated with PIV5

declined in body weight and were euthanized or succumbed to infection. For the
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H5N1 challenge, homologous immunization (rPIV5-N1 (VN)) provided complete
protection from morbidity and mortality (Fig. 4.5a and b), and reduced H5N1 virus
titers in the lungs to below detectable levels (fig. 5c). Mice vaccinated with the
heterologous neuraminidase, rPIV5-N1 (CA) were partially protected from
morbidity and mortality (Fig 4.5 a and b) and had reduced lung virus titers (Fig.
4.5c). For the HIN1 challenge, vaccination with rPIV5-N1 (CA) and rPIV5-N1 (VN)
provided complete protection from weight loss and mortality (Fig 5 d and e);
however lung virus titers were only slightly reduced (Fig. 4.5f). Curiously, virus was
reproducibly detectable in the lungs even in mice vaccinated with homologus virus,
A/CA/04/09 (Fig. 4.5f). A subset of vaccinated mice were challenged with 10 LDso of
the heterosybtypic virus A/Philippines/2/82 X79 as a subtype control. Strikingly,
rPIV5-N1 (CA) immunization provided partial protection against morbidity and
mortality following H3N2 challenge (Fig 4.5g and h) although there was no
reduction in lung virus titers observed (Fig. 4.51). There was no apparent protection
from H3N2 challenge in mice vaccinated with rPIV5-N1 (VN).Taken together, these
results indicate that immunization with recombinant PIV5 vaccines expressing
influenza neuraminidase can provide robust protection against homologous and
cross-strain influenza virus challenges at a level comparable to high-dose IM
vaccination with homologous influenza virus strains. Moreover, rPIV5-N1
immunization can potentially induce heterosubtypic immunity.

To determine the mechanism of protection, antibodies were purified from

hyper-immune serum and passively transferred to naive mice. Mice were then
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challenged with HPAI H5N1 A/VN/1203/04 or A/CA/04/09 and monitored for
morbidity and mortality (Fig. 4.6). Although mice challenged with HPAI H5N1 were
not protected by the transfer of antibodies (Fig. 4.6 a and b), antibody transfer was
sufficient for partial protection against homologous challenge by A/CA/04/09 (Fig.c
and d). It is possible that this difference is a result of the nature of the challenge
viruses or insufficient antibody transfer, although it is possible that T cells are

playing a significant role in protection. This is yet to be elucidated.

Discussion

The results of this study indicate that the use of NA as a vaccine antigen
expressed by the live virus vector PIV5 offers the potential for cross-protective
immunity not possible with use of HA. We demonstrate that rPIV5-N1 incorporates
functional NA in its virion (Figure 4.2) and that rPIV5-N1linfected cells express NA
(Figure 4.1). Mice immunized with rPIV5-N1 generate robust, cross-reactive IFN-y
producing T cell responses and NAI serum antibody responses (Figures 4.4 and 4.3,
respectively). Finally, rPIV5-N1 immunization protects against homologous,
heterologous, and in the case of pH1N1 H1 immunization partial heterosubtypic
challenge (Figure 4.5) and it appears antibody is playing a significant role in
protection (Figure 4.6). In all cases, the rPIV5-N1 immunization was at least as
effective as immunization with homologous virus, which induces HA-specific

neutralizing antibody responses as well at potentially cross-protective responses to
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conserved antigens (i.e. M2, NP, etc). Taken together, these results show that rPIV5-
N1 is a promising vaccine candidate for seasonal and pandemic preparedness.

Neuraminidase remains largely unexplored as a vaccine antigen for
influenza, even though it is only second in immunogenicity to HA. This is likely
attributed to the belief that immunity to NA provides incomplete protection against
influenza infection. The cross-protective capabilities of NA, however, indicate that it
most certainly should be studied, especially in the context of a potentially pandemic
influenza virus such as HPAI H5N1, where the human population is largely naive
and any cross-protection would be useful[502]. There is evidence that antibodies
resulting from seasonal HIN1 infection may have offered protection in humans
against the 2009 pandemic HIN1 [194] and that antibodies from both of the
aforementioned viruses may provide limited protection against HPAIV H5N1 [35,
503].

Another possible reason NA has generally not accompanied HA in influenza
vaccine preparations is the observed immunodominance of HA. Approximately four
times less NA is expressed on the surface of the virion than HA [183] which is at
least partially responsible for the observed skewing of the natural host response
towards HA. The disparity in immune pressure could be responsible for the
significantly lower mutation rate observed in NA as compared to HA [184, 185]. The
broader protection observed is attributed to this increased degree of conservancy.

Here, we utilized PIV5 to recombinantly express NA in the absence of HA,

avoiding the potential immunodominance of the HA from reducing NA-specific
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antibody responses. Indeed, sera from rPIV5-N1consistently inhibited NAI activity
better than sera from homologous influenza virus immunized mice (Figure 4.3
b,c,d). While we did compare efficacy of heterologous virus in the challenge, we
could not eliminated the contribution of conserved antigens to immunity and so
could not effectively compare rPIV5-NA to whole influenza immunization in that
model.

A number of studies have divided NA subtypes into three groups: N1, N5, and
N8; N7 and N9; and N2, which is its own group. Sequence homology between groups
ranges from 40-46%, which is consistent with the 46% sequence homology we
obtained between A/Philippines/2/82 X79 NA and A/VN/03/04 NA (data not
shown). Within groups, the sequence homology is typically between 54 and 68%,
and within subtypes it is typically greater than 90% [193, 504]. Most evidence to
date indicates that NA is a poor inducer of heterosubtypic immunity [193]
(reviewed in [195]). Here, we saw cross reactivity by ELISA and NA inhibition assay
between sera from H5N1 NA- and pandemic HIN1 (pH1N1) NA-primed mice and
limited heterosubtypic immunity between pH1N1 NA-reactive sera and H3N2 NA.
Moreover, this cross-reactive antibody response correlated with protection from
lethal challenge. Similar to our findings, Chen et a/ recently demonstrated that sera
from pH1IN1 vaccinated ferrets cross-reacted with NA from H5N1 in a NA inhibition
assay[503]. Chen et al’s. analysis of homology between H5N1, HIN1, pHIN1 and
H3N2 neuraminidases showed 88% homology between A/CA/04/09 and

A/VN/1203/04 NA proteins as compared to 81% homology between A/CA/04/09
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and A/SD/6/07, a HIN1 seasonal influenza vaccine strain prior to the 2009
pandemic. Many of the shared amino acids were located near the enzymatic site
[505], potentially explaining the corss-reactivity and corss-inhibition of NA activity.

The cross-strain-inhibiting antibodies observed in this study, combined with
the previous observations by Sandbulte et al [35] and Chen at a/ [503], indicates
that it is likely that antibodies play the dominant role in NA-based protection. Here,
immunization with rPIV5-N1 did induce robust IFN-y producing T cell responses.
We did not formally test the contribution of these T cell responses to protection,
however this possibility could be assessed by a passive antibody transfer study,
which would confirm whether antibodies from mice primed with rPIV5-N1 are
sufficient for protection. In any event, the addition of the NA-specific T cell
responses could provide added benefit, which is one of the advantages of a using a
live virus-vectored vaccine.

Neuraminidase as a vaccine antigen would not necessarily stand alone, but
could be combined with HA or other conserved viral antigens (e.g. matrix or
nucleoprotein). It has been shown that when administered individually, as opposed
to together on the virion during a natural infection, the immune response is more
balanced between HA and NA [189]. Thus, rPIV5-N1/rPIV5-HA cocktails could be
used to prime potent HA and NA-specific antibody responses, providing neutralizing
and NAI antibody responses with increased potential for cross-protection. Another

potential option worth exploring is the possibility that a rPIV5 construct could be
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engineered to express both HA and NA, although the immunodominance profile

would have to be carefully studied.

Materials and Methods

Influenza viruses used include rg A/VN-PR8, rg A/Anhui-PRS,
A/California/04/09, A/California/07/09, and A/Vietnam/1203/04 (H5N1).
A/Philippines/2/82 X79 (H3N2), a 2:6 reassortant with A/PR8/34 was provided by
Suzanne Epstein (FDA). rgA/VN-PR8 and rgA/Anhui-PRS8, provided by Rubin Donis
(CDC) were propagated in the allantoic cavity of embryonated hen eggs at 37°C for
48-72 hours. A/California/04/09 and A/California/07/09, provided by Alexander
Klimov (CDC) were grown in cell culture on MDCK cells. 3-propiolactone (BPL)-
inactivated A/Vietnam/1203/04 was provided by Richard Webby from St. Jude
Children’s Research Hospital. The HPAI virus was propagated in the allantoic cavity
of embryonated hen eggs at 37°C for 24 hours. All viruses were aliquoted and stored
at -80°C. All experiments using live highly pathogenic H5N1 avian influenza viruses
were reviewed and approved by the institutional biosafety program at the
University of Georgia and were conducted in biosafety level 3, enhanced
containment following guidelines for use of Select Agents approved by the CDC.

Mice Female 6 to 8 week old BALB/c mice (Charles River Labs, Frederick,
MD) were used for all studies. Mouse immunizations and studies with BSL2 viruses
were performed in enhanced BSL2 facilities in HEPA filtered isolators. Mouse HPAI

infections were performed in enhanced BSL3 facilities in HEPA filtered isolators
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following guidelines approved by the institutional biosafety program at the
University of Georgia and for use of Select Agents approved by the CDC. All animal
studies were conducted under guidelines approved by the Animal Care and Use
Committee of the University of Georgia.

Cells Monolayer cultures of BSR-T7 cells were maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM) containing 10% fetal bovine serum (FBS), 10%
tryptose phosphate broth (TPB) and 400 pg/ml G418. BHK cells were maintained in
DMEM containing 10% FBS, 100 IU/ml penicillion, and 100 pg/ml streptomycin.
Madin-Darby Bovine Kidney (MDBK) and Madin-Darby Canine Kidney (MDCK) cells
were cultured in DMEM with 5% FBS, 5% L-glutamine, and an
antibiotic/antimycotic solution (10,000 IU/ml penicillin, 10,000 ug/ml
streptomycin, and 25ug/ml amphotericin B) (Cellgro Mediatech, Inc). VERO cells
were cultured in Minimum Essential Medium (MEM) (Thermo/Hyclone) with 10%
FBS and antibiotic/antimycotic. All cells were incubated at 37°C, 5% CO..

Construction of recombinant viruses Two recombinant PIV5 plasmids
containing NA gene, ZL108 (rPIV5-H1IN1-N1-HN/L) and ZL116 (rPIV5-H5N1-N1-
HN/L) were generated. To generate the two recombinant plasmids, the plasmid
BH311 containing full length genome of PIV5 with an extra EGFP insertion between
HN and L gene was used as the vector. The double NotI site flanking at EGFP ORF
was used for cloning. The primers pLW3 (5'-
CAGTAGCGGCCGCTAAAATGAATCCAAACCAA-3") and pLW4 (5-

CAGTAGCGGCCGCTTACTTGTCAATGGTAAATGGCAAC- 3') were applied to amplify
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H1N1-N1 gene, pZL281 (5'-GGCCAGCGGCCGCCAAAATGAATCCAAATCAGAAGATAA-
3") and pZL282 (5'-ATATAGCGGCCGCCTACTTGTCAATGGTGAATG-3") were applied
to amplify H5N1-N1 gene, Notl site in the two primers were underlined. Total RNAs
from HIN1 and H5N1 viruses-infected MDCK cells were purified using the RNeasy
kit (Qiagen Inc, Valencia, CA). cDNAs were prepared using random hexamers and
aliquots of the cDNA were then amplified in PCR reactions using the above
oligonucleotide primer pairs.

Virus rescue and sequencing The plasmids, pZL108 encoding full length
genome of PIV5 with HIN1-N1 gene insertion between HN and L gene, or pZL116
encoding full length genome of PIV5 with H5N1-N1 gene insertion between HN and
L gene, and three helper plasmids pPIV5-NP, pPIV5-P, and pPIV5-L encoding NP, P,
and L proteins, were co-transfected into BSR-T7 cells at 95% confluency in 6-cm
plates with Plus and Lipofectamine (Invitrogen). The amounts of plasmids used
were as follows: 5 pg pZL108/pZL116, 1 pg pPIV5-N, 0.3 pg pPIV5-P, and 1.5 pg
pPIV5-L. After 3h incubation, the transfection media were replaced with DMEM
containing 10% FBS and 10% TPB. After 72h incubation at 37°C, the media were
harvested, and cell debris was pelleted by low speed centrifugation (3,000 rpm, 10
min). Plaque assays were used to purify the single clone of recombinant viruses.

The full length genome of plaque-purified single clone of ZL108 and ZL116
viruses were sequenced. Total RNAs from ZL108 and ZL116 viruses-infected MDBK

cells were purified using the RNeasy kit (Qiagen Inc, Valencia, CA). cDNAs were
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prepared using random hexamers and aliquots of the cDNA were then amplified in
PCR reactions using appropriate oligonucleotide primer pairs.

PIV5 and rPIV5 virus stocks were grown in MDBK cells (<p20) for 5-7 days
in DMEM containing 2% FBS until their hema-adsorption titers plateaued. Media
was collected and clarified by centrifuging at 3000 rpm for 10 minutes in an
Eppendorf tabletop centrifuge (5810 R). Bovine serum albumin (BSA) was added to
the clarified supernatant to bring the total solution to 1% BSA. The virus stocks
were then aliquoted and frozen quickly in dry ice and stored at -80°C. Virus titers
were then determined by plaque assay on VERO cells (described below).

Virus Quantitation. PIV5 titers were determined by plaque assay on VERO
cells. VERO cells were incubated with serial dilutions of virus samples made in
DMEM with 1% BSA and antibiotic/antimycotic. Virus sample was then removed
and overlayed with 1:1 low-melt agarose and DMEM with 2% FBS and
antibiotic/antimycotic and incubated at 37°C for 5-6 days. To detect plaques, the
monolayers were then fixed with 10% buffered formalin and immunostained. Cells
were permeabilized with 1X PBS with 2% FBS, 0.1% sodium azide, and 0.5%
saponin (permeabilization buffer). PIV5 was detected using a 1:1000 dilution of
antibodies specific to the shared region of the V and P proteins of PIV5 (V/P) for
1hr. Horseradish peroxidase (HRP)-tagged goat-anti-mouse IgG (H&L) secondary
antibody (Invitrogen) was then added and incubated for 30min. To visualize
plaques, TMB peroxidase substrate (prepared according to manufacturer’s

instructions) was added (Vector Labs, Inc). The plates were then washed and dried
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and the plaques were counted. Influenza titers were determined either by TCIDso
assay as previous described [227] or by plaque assay on MDCK cells. MDCK cells
were incubated for 2 hours at 37°C with serial dilutions of virus samples made in
MEM with 1 mg/ml TPCK-treated trypsin (Worthington Biochemical). Diluted virus
samples were then removed and monolayers were overlayed with 1.2%
microcrystalline cellulose Avicel[500] with 1 mg/ml TPCK-treated trypsin. Plates
were incubated for 72 hours, the overlay gently washed off with PBS, fixed with cold
methanol/acetone (40:60%), air-dried, counter-stained with crystal violet, and
plaques visualized.

Virus growth in vitro Virus diluted to a MOI of (0.01 PFU/cell) in DMEM with
1% BSA and antibiotic/antimycotic was added to a confluent monolayer of MDBK
cells. The plate was incubated for 1-2 hours at 37°C. Diluted virus was then
removed, the monolayer rinsed with 1X PBS, and replaced DMEM with 1% BSA and
antibiotic/antimycotic. Samples of supernatant were collected every 24 hours up to
seven days, beginning immediately after fresh medium was placed on the
monolayers. Supernatant was quickly frozen in dry ice and stored at -80°C. Virus
titer was determined by plaque assay on VERO cells for each time point.

Fluorescence VERO cells were grown in 24-well plates and infected with
PIV5, rPIV5-N1 (VN), or rPIV5-N1 (CA) at a multiplicity of infection (MOI) of 5
PFU/cell. At 24 hour post-infection, cells were fixed with 5% buffered formalin for
10min at room temperature. Cells were then permeabilized with permeabilization

buffer and then incubated for 1hr with a 1:1000 dilution (1pg/ml) of PIV5, V/P-
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specific monoclonal antibody. A 1:250 dilution of PE goat anti-mouse Ig (BD
Pharmingen) was applied for 45min to detect HA. To detect NA, hyper-immune
serum generated to each virus (rgA/VN-PR8 or A/CA/04/09). To visualize NA, an
Alexa Fluor-488-labeled secondary antibody (Invitrogen), diluted 1:500, was added
and incubated for 30min and then washed. 0.5mL PBS was added to each well and
fluorescence was examined using an AMS EVOS fl fluorescent microscope. Cells
were washed extensively between each step with PBS.

Immunization For vaccination with PIV5 and rPIV5-N1, 10¢ PFU PIV5, rPIV5-
N1 (VN), or rPIV5-N1 (CA) in 50ul PBS was administered intranasally to mice
anesthetized with 2,2 2-tribromoethanol in tert-amyl alcohol (Avertin; Aldrich
Chemical Co). For rgA/VN-PR8, A/CA/04/09, or A/Philippines/2/82 X79 IM
vaccination, 2000 PFU in 50ul PBS of each virus was injected into the caudal thigh
muscle. Blood was collected on day 21 post-immunization. For boosting, this
process was repeated on day 28 post-prime. Mice were monitored daily and, for
some experiments, body weights recorded every other day.

ELISA A/VN/1203/04 or A/CA/04/09-specific serum antibody titers were
measured using an IgG ELISA. Immulon 2 HB 96-well microtiter plates
(ThermoLabSystems) were coated with approximately 10 HAU inactivated
A/VN/1203/04 or A/CA/04/09 diluted in PBS and incubated at 4°C overnight.
Plates were then washed with KPL wash solution (KPL, Inc) and the wells blocked
with 200 pl KPL Wash Solution with 5% non-fat dry milk and 0.5% BSA (blocking

buffer) for 1hr at room temperature. Serial dilutions of serum samples were made
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(in blocking buffer) and transferred to the coated plate and incubated for 1hr. To
detect bound serum antibodies, 100ul of a 1:1000 dilution alkaline phosphatase-
labeled goat anti-mouse IgG (KPL, Inc) in blocking buffer was added per well and
incubated for 1hr at room temperature. Plates were developed by adding 100ul
pNPP phosphatase substrate (KPL, Inc) per and the reaction allowed to develop at
room temperature. Optical density (OD) was measured at 405 nm on a Bio-Tek
Powerwave XS plate reader. The IgG titer was determined to be the lowest serum
dilution with an OD greater than the mean OD of naive serum plus 2 standard
deviations.

Neuraminidase Assay and Neuraminidase Inhibition Assay The neuraminidase
(NA) assay and neuraminidase inhibition (NAI) assay were performed using NA-
Fluor™ Influenza Neuraminidase Assay kit. Virus stocks (rPIV5 constructs and
influenza viruses) were titered for neuraminidase activity according to the NA-
Fluor™ Influenza Neuraminidase Assay kit (Applied Biosystems) according to
manufacturer’s instructions. The virus dilution used for the Neuraminidase
Inhibition Assay was normalized for each virus as the highest dilution on the linear
range of relative fluorescence units (RFU). To determine NA expression of rPIV5-N1
recombinant viruses, equivalent titers of PIV5 and rPIV5-N1 were assayed with
some groups treated with 10,000 nM Oseltamivir and RFU readouts were taken to
assess knockdown. NAI assays were also performed to detect neuraminidase-

inhibiting serum antibodies. Two-fold dilutions of serum was performed with an
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initial dilution of 1:4. The assay was then performed according to manufacturer’s
instructions. Oseltamivir was included as a control.

Lymphocyte Harvest 12 days post-vaccination with 106 PFU PIV5, rPIV5-N1
(VN), rPIV5-N1 (CA), or 1000 PFU rgA/VN-PR8 IN, mediastinal lymph nodes (MLN)
from mice were harvested, pooled, and homogenized. Lymphocytes were depleted
of erythrocytes using Gey’s Balanced Salt solution (Sigma-Aldrich) for 5min at room
temperature and debris removed. Cells were then counted using a Z2 Coulter
Particle Count and Size Analyzer (Beckman Coulter).

Enzyme-linked Immunosorbert Spot (ELISpot ) Assay ELISpot to detect T-
cell responses in lymphocytes to inactivated A/VN/1203/04 or A/CA/04/09 were
performed with lymphocytes harvested above as described [23]. Cells were re-
stimulated with inactivated A/VN/1203/04 or A/CA/04/09 (the equivalent of 10
HAU per well), Ebola GP P2 EYLFEVDNL as an irrelevant peptide (1ug/ml), and
Concanavalin A (2pug/ml) in 50ul Complete Tumour Medium (CTM). Spots were
counted using AID ViruSpot Reader (Cell Technology, Inc).

Influenza virus challenge experiments BALB/c mice were first vaccinated
with wild type PIV5, rPIV5-N1 (VN), rPIV5-N1 (CA) IN (as described above), or
2000 PFU rgA/VN-PR8, A/CA/04/09, or A/Philippines/2/82 in 50 ul PBS IM. 21
days post-vaccination, the mice were bled for serum analysis via the tail vein. On
day 24 post-vaccination, mice were anesthetized and inoculated intranasally with
10 LDso A/Vietnam/1203/04, A/California/04 /09, or A/Philippines/2/82 diluted in

50ul PBS. Mice were then monitored daily for morbidity and mortality with body
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weights measured every other day. On day 3 post-challenge, groups of mice were
euthanized and their lungs collected into 1.0ml PBS and homogenized. Homogenate
was then cleared by centrifugation. A TCIDso assay was then used to determine virus
titers in cleared homogenate as described [227].

Passive antibody transfer: 200pg purified IgG from PIV5, rPIV5-N1 (VN),
rPIV5-N1 (CA), rgA/VN-PRS8, and A/CA/04/09 vaccinated mice was administered
intraperitoneally to naive mice. Mice were challenged with HPAI
A/Vietnam/1203/04 or A/CA/04/09 the day after transfer. Challenge was
performed as described. Mice were monitored for morbidity and mortality and
previously described.

Statistical Analyses were performed using GraphPad Prism®.
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Figure 4.1 Recovery of rPIV5-NA viruses (A) Schematic diagram of the rescue of
infectious PIV5 containing NA gene from its cDNA clone. Plasmid pZL108 encodes
full length genome of PIV5 with HIN1-NA gene insertion between HN and L gene,
pZL116 encodes full length genome of PIV5 with H5N1-NA gene insertion between
HN and L gene. The plasmids pCAGGS-NP, pCAGGS-P, and pCAGGS-L each contain
the cDNA for the PIV5 NP, P, and L proteins, respectively. BSR-T7 cells were co-
transfected with pZL108 or ZL116, and the three helper plasmids pCAGGS-NP,
pCAGGS-P, and pCAGGS-L. The transfection media were replaced with DMEM
containing 10% FBS and 10% TPB after 3 hr incubation and the cultures were
incubated for 72 hr. (B) Sequencing results of NA gene in ZL108 and ZL116 viruses.
ZL108 and ZL116 viruses were rescued. The whole genomes of ZL108 and ZL116
viruses were sequenced using appropriate oligonucleotide primers. The sequencing
results of NA gene in ZL108 and ZL116 viruses were shown. The arrows indicated
the ORF of NA gene.
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Figure 4.2: NA is being expressed on the surface of the virion in its active form. (A)
Immunofluorescence of VERO cells infected with PIV5, rPIV5-N1 (VN), and rPIV5-
N1 (CA) at an MOI of 5. At 24 hours post-infection, cells were fixed and stained with
anti-PIV5 (V/P)/PE (red) and serum generated against the parent viruses/FITC
(green) antibodies. Micrographs were taken at 20x magnification and the scale bar
is representative of 200um. (B) Equivalent titers of PIV5, rPIV5-N1 (VN), rPIV5-N1
(CA), and rPIV5-H5; and rgA/VN-PR8 and A/CA/04/09 (normalized to max RFU
output of the rPIV5-N1 groups) were incubated with oseltamivir and without.
MUNANA substrate was then added and NA activity measured. Treatment with
oseltamivir reduced neuraminidase levels in rPIV5-N1 (VN & CA) to PIV5 and
rPIV5-H5 baseline levels, whereas rgA/VN-PR8 and A/CA/04/09 NA levels were
eliminated completely.
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Figure 4.3: Vaccination with rPIV5-N1 induces influenza neuraminidase-inhibiting
antibodies. Mice were primed and boosted with 106 PFU PIV5, rPIV5-N1 (VN),
rPIV5-N1 (CA) IN, or 2000 PFU rgA/VN-PRS8, A/CA/04/00, or A/Philippines/2/82
X79 IM. On day 7 post-boost, mice were bled and their serum antibodies assessed
for (A) A/VN/1203/04 or (B) A/CA/04/09-specific IgG antibodies by ELISA. Serum
was also tested for antibodies capable of inhibiting neuraminidase of rgA/VN-PR8
(C), rgA/Anghui-PR8 (D), A/CA/04/09 (E), and A/Philippines/2/82 X79 (F).
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Figure 4.4: rPIV5-N1 primes a cross-reactive T cell response BALB/c mice (n=5 per
group) were immunized with PIV5, rPIV5-N1 (VN), rPIV5-N1 (CA), or a sub-lethal
dose of rgA/VN-PR8, A/CA/04/09, or A/Philippines/2/82 X79. IFN-y producing
lymphocytes in the mediastinal lymph nodes on day 12 post-vaccination as
determined by ELISpot analysis. Data is presented as mean + SEM.
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Figure 4.5: Efficacy of rPIV5-N1 as a vaccine vector (protection homologous and
heterologous challenge). BALB/c mice were immunized IN or IM with PIV5, rPIV5-
N1 (VN), or rPIV5-N1 (CA), or IM with rgA/VN-PR8 or A/CA/04/09. On day 28 post-
priming, mice were boosted. Seven days post-boosting, mice were challenged IN
with 10 LDso A/VN/1203/04 (A, B, C), A/CA/04/09 (D, E, F), or A/Philippines/2/82
X79 (G, H, I). Weights of the mice were monitored and presented as the mean
percentage + SEM of their pre-challenge body weights (n=10) (A, D, G). Percent of
mice surviving post-challenge (B, E, F). Challenge virus titer in the lungs on day 3
post-challenge (n=5 per group) as measured by TCIDso on MDCK cells. Data are
presented as mean log transformed TCIDso/ml lung homogenate + SEM. The limit of
detection was 100 TCIDso/ml (C, F, I).
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Figure 4.6: Antibodies from rPIV5-N1 play a significant role in protection.

200ug of purified IgG from each group was transferred to a recipient mouse IP. The
following day, the mice were challenged with 10 LD50 HPAI H5N1 A/VN/1203/04
(A, B) or A/CA/04/09 (C, D) and monitored for (A, C) weight loss and (B, D)
mortality. On day 3 post-challenge, lungs were harvested and challenge virus
determined via TCIDso (D). Error bars are representative SEM.
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CHAPTER 5
RECOMBINANT PIV5 VACCINE PROTECTS AGAINST HPAI H5N1 INFECTION WHEN

DELIVERED INTRANASALLY OR INTRAMUSCULARLY.

Alaina Jones Mooney, Zhuo Li, Jon D. Gabbard, Daniel A. Dlugolenski, Scott K.
Johnson, Ralph A. Tripp, Elizabeth MI Uhl, Biao He, S. Mark Tompkins. To be
submitted to Vaccine.
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Abstract

Highly pathogenic avian influenza viruses (HPAIV) are considered a potential
pandemic threat. Mass vaccination is considered the most effective method of
controlling influenza in humans. There are a number of drawbacks associated with
current vaccine strategies, including poor immunogenicity and safety and
production issues. Viral-vectored vaccines offer an egg-free alternative.
Parainfluenza virus 5 (PIV5), a non-segmented, negative-stranded RNA virus
(NNSV) in the family Paramyxoviridae, is a favorable vector candidate for a number
of reasons, including a simple, stable, and well-understood genome, making it an
ideal candidate for foreign gene insertion and vaccine use. We have previously
shown that PIV5 expressing HA from H5N1 is protective against HPAIV H5N1
challenge when administered intranasally. Because PIV5 is not sialic acid-restricted
for replication, it is possible to utilize alternate routes of administration. Here, we
extend our previous work to show that rPIV5-H5 is effective at providing protection

against HPAIV H5N1 when administered intramuscularly as well as intranasally.
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Introduction

Influenza is a negative-sense, segmented RNA virus in the family
Orthomyxoviridae. It is classified into subtypes based on the major antigenic surface
glycoproteins, hemagglutinin (HA) and neuraminidase (NA). Thus far there are 17
different HA subtypes and 9 different NA subtypes [506], all containing segments of
avian origin [7]. Influenza has the capacity to reassort, whereby gene segments are
exchanged creating a new influenza virus to which the population is
immunologically naive. It was believed reassortment was necessary for human
infection until, in 1997, eighteen humans in Hong Kong were infected with highly
pathogenic avian influenza (HPAI) A virus subtype H5N1 and 6 of those persons
died [8]. It is now believed that the 1918 ‘Spanish flu’, the deadliest influenza
pandemic in recorded history, was generated by a similar mechanism [9]. HPAI
viruses are now considered a potential pandemic threat and since their emergence
in humans there has been a reported total of 571 cases causing 335 deaths (as of
November, 2011) [10].

Vaccination is considered the most effective approach of controlling seasonal
influenza as well as potentially pandemic viruses in humans. Inactivated vaccines
grown in embryonated chicken eggs remain the standard. They are most widely
used for prevention of seasonal influenza [13]. There are a number of limitations
with this production strategy for HPAI H5N1, including egg-based limitations, which
could severely limit the response if this virus were to become a pandemic virus.

There are a number of candidate vaccines in clinical trials at this time (reviewed in
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[18]), including inactivated viruses formulated with a variety of adjuvants, such as
oil-in-water, and live-attenuated influenza vaccines [19, 20]. These approaches do
not, however, address the concerns of using an egg-based vaccine for prepandemic
preparedness.

We have shown previously that parainfluenza virus 5 (PIV5), a non-segmented
negative stranded RNA virus (NNSV), expressing the HA from HPAI H5N1 (rPIV5-
H5) is a safe and effective vaccine against HPAI H5N1 (A/VN/1203/04) in mice.
Vaccination primes a T cell response as well as a protective neutralizing antibody
response. While intranasal (IN) immunization is appealing, having the potential for
induction of mucosal antibody responses and avoiding the use of needles for
vaccines, there are potential drawbacks. There are potential contraindications
regarding the use of live, intranasal virus as a vaccine in immune-compromised
populations. An injectable vaccine may avoid this issue and provide opportunity for
mass vaccination in agricultural applications. Here, we extend our previous work,
comparing the efficacy of rPIV5-H5 vaccines delivered by alternate routes and show
that rPIV5-H5 is protective against HPAI H5N1 challenge when administered not

only intranasally, but intramuscularly as well.
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Results
A recombinant PIV5 construct expressing the HA (H5) from HPAI H5N1 was
previously generated and shown to be protective against influenza virus challenge
in mice (see chapter 3). Immunization with rPIV5-H5 generated a high serum
neutralizing antibody titer that conferred protection with passive transfer. It was
shown previously that HA is incorporated into the surface of the rPIV5-H5 virion, so
we also sought to determine if inactivated rPIV5-H5 would be efficacious as a
vaccine against H5N1 influenza. To determine if rPIV5-H5 is immunogenic when
administered intramuscularly (IM), mice were vaccinated with rPIV5-H5 IN with
live virus (ZL46), and IM with live or inactivated (iZL46) virus. A last group of mice
was given inactivated A/VN/1203/04 (iA/VN/1203/04) as a positive control. Mice
were bled on days 7, 14, and 21, and their sera assessed for HA-specific IgG and
influenza neutralizing antibodies. Mice vaccinated intransally and intramuscularly
with rPIV5-H5 (ZL46) produced high levels of IgG (figure 5.1a) and neutralizing
antibodies (figure 5.1b), with IN administration yielding slightly higher titers. Mice
vaccinated with inactivated ZL46 (iZL46) produced barely detectable levels of IgG
and neutralizing antibody, indicating that live virus may be required for sufficient
immunogenicity. As expected, PIV5-vaccinated mice produced no detectable HA-
specific IgG antibodies or rgA/VN-PR8-neutralizing antibodies (figure 5.1a&b).
One of the primary benefits of using an intranasal vaccine is the propensity to
induce a mucosal immune response. To assess differences in the IgA in mice

vaccinated with rPIV5-H5 IM versus IN, mice were vaccinated with PIV5, rPIV5-H5
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(ZL46) IM or IN, or inoculated with a sub-lethal dose of rgA/VN-PR8 and nasal
washes and bronchial alveolar lavages (BAL) performed on days 14 or 21. No IgA
was detectable in the nasal lavage or BAL fluid in mice vaccinated IM with rPIV5-H5
(data not shown). This was not unexpected as this route of administration does not
take advantage of the mucosal route. Intranasal administration of rPIV5-H5 induced
robust IgA response in both the nasal passages and lungs and was higher at day 14
than at day 21 (figure 5.1c&d). The mucosal IgA response in influenza-inoculated
mice continued to rise after day 14, possibly due to the longer time of virus
replication before clearance as compared to the rPIV5 (data not shown).

To assess differences in T cell priming with route of administration, mice
vaccinated IM or IN with rPIV5-H5 or rgA/VN-PR8 were euthanized on day 12 post-
infection and lymph node lymphocytes assayed for influenza-specific, IFN-y
producing T cells. Intranasal vaccination with rPIV5-H5 or influenza virus primed
robust influenza-specific T cell responses, but also had increased non-specific
activation as compared to IM-immunized mice (figure 5.1e). IM vaccination with
rPIV5-H5 (ZL46) primed an A/VN/1203/04-specific T cell response more
effectively that IM administration of rgA/VN-PR8, showing and advantage over IM
vaccination with influenza virus, as T cells could play a role in protection against
influenza virus infection. .

To determine if this mucosal response is necessary for protection against
influenza virus infection, i.e. if IM immunization with rPIV5-H5 could protect against

challenge, mice were vaccinated with PIV5, rPIV5-H5, or rgA/VN-PRS8, delivered IN
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or IM. A group of mice were also vaccinated with inactivated PIV5-H5 IM (iZL46) to
determine if the weak IgG responses detected (Figure 1a) were protective. On day
28 post-immunization, mice were challenged with 10 LDso HPAI H5N1
A/VN/1203/04. Consistent with observed antibody titers, mice vaccinated with
rPIV5-H5 IM were protected from morbidity and mortality associated with HPAI
H5N1 challenge similarly to mice vaccinated IN (figure 5.2a&b). Protection was not
observed in mice vaccinated with inactivated rPIV5-H5 (iZL46), confirming that live
virus, and presumably replication, is required for induction of protective immunity.
Interestingly, although virtually no weight loss was observed, there was no
reduction in viral load in the lungs on day 3 post-challenge in mice vaccinated IM,
whereas mice vaccinated IN had no detectable virus in the lungs (figure 5.2c). So,
while both routes of administration are protective (as measured by weight loss and
survival), induction of mucosal IgA response and/or the increased IFN-y T cell
numbers associated with IN immunization are limiting infection and virus

replication in the lung.
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Discussion

Unlike influenza virus, which generally replicates in airway epithelial cells,
PIV5 has the potential for broader cellular tropism. This feature makes it an
appealing candidate for use as a live intramuscular vaccine. However, this also
presents the possibility that it could disseminate to other tissues. Previous studies
found no evidence of pathology in other tissues after IN PIV5 infection, although
they did not look for virus in these tissues [24], suggesting IM immunization with a
rPIV5 vector would be safe, however it would be interesting to assess where virus
may be going in the event that it is not restricted to the airway by the route of
administration or the immune response.

Inactivated rPIV5-H5 was not efficacious as a vaccine. It is possible that the
amount of HA incorporated into the virion is simply insufficient to effectively prime
a protective antibody response against influenza infection. Alternatively, the
influenza virus may contain other antigens or PAMPs that more effectively prime
the response (i.e. act as an adjuvant) and the PIV5 virus lacks these stimulatory
molecules. In either case, replication competent rPIV5-H5 overcame this deficiency,
priming both T cell and neutralizing antibody responses that protected against
homologous HPAI challenge. With the potential for broad cellular tropism, PIV5 is
likely replicating in the muscle tissue at the site of immunization; however, it would
be interesting to see if the virus is infecting lympjoid cells and replicating in draining
lymph nodes, thus priming an enhanced immune response as compared to

inactivated virus.
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Mucosal antibodies have been associated with protection from both homologous
and heterosubtypic immunity ([507-509]. Here, we found that IM administration of
a live rPIV5-H5 vaccine failed to induce mucosal IgA responses (figure 1 c and d),
but protected against lethal H5N1 challenge (Figure 5.2 a and b). Mucosal
immunization (IN) with the same vaccine primed virus neutralizing serum antibody
titers equivalent to IM administration (figure 5.1 a and b) and also induced virus-
specific lung and nasal IgA (figure 5.1 c and d). These mice were also protected from
mortality associated with a lethal H5N1 infection, but moreover, had no detectable
virus in the lung on day 3 post-infection, whereas mice without detectable IgA (IM
immunized groups) has virus titers similar to negative controls (Figure 5.2c).
Together, these results show IN and IM administration of the live rPIV5 vaccine to
be effective, however the IN delivery is likely the most effective route of
administration.

Although we have repeatedly shown intranasal administration of rPIV5-H5 to be
safe in mice (chapter 3 and [24]), live replicating virus-vectored vaccines can be of
concern for asthmatic or immune-compromised patients. The option of IM
administration without modification of the vaccine would be provide an appealing
alternative to IN immunization, without a modification of the vaccine platform. This
is in contrast to the current alternatives, where either a live-attenuated influenza
virus vaccine or a split, inactivated wild type virus vaccine is delivered IN or IM,
respectively [251]. It has the potential to marry the advantages of an egg-free

influenza vaccine system with the convenience of the choice between IN and IM.
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Materials and Methods

Influenza viruses used include rg A/VN-PR8 and A/Vietnam/1203/04
(H5N1). rgA/VN-PR8, provided by Rubin Donis (CDC) were propagated in the
allantoic cavity of embryonated hen eggs at 37°C for 48-72 hours. -propiolactone
(BPL)-inactivated A/Vietnam/1203/04 was provided by Richard Webby from St.
Jude Children’s Research Hospital. The HPAI virus was propagated in the allantoic
cavity of embryonated hen eggs at 37°C for 24 hours. All viruses were aliquoted and
stored at -80°C. All experiments using live highly pathogenic H5N1 avian influenza
viruses were reviewed and approved by the institutional biosafety program at the
University of Georgia and were conducted in biosafety level 3, enhanced
containment following guidelines for use of Select Agents approved by the CDC.

Mice Female 6 to 8 week old BALB/c mice (Charles River Labs, Frederick,
MD) were used for all studies. Mouse immunizations and studies with BSL2 viruses
were performed in enhanced BSL2 facilities in HEPA filtered isolators. Mouse HPAI
infections were performed in enhanced BSL3 facilities in HEPA filtered isolators
following guidelines approved by the institutional biosafety program at the
University of Georgia and for use of Select Agents approved by the CDC. All animal
studies were conducted under guidelines approved by the Animal Care and Use
Committee of the University of Georgia.

Cells Madin-Darby Canine Kidney (MDCK) cells were cultured in DMEM with
5% FBS, 5% L-glutamine, and an antibiotic/antimycotic solution (10,000 [U/ml

penicillin, 10,000 ug/ml streptomycin, and 25ug/ml amphotericin B) (Cellgro
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Mediatech, Inc). VERO cells were cultured in Minimum Essential Medium (MEM)
(Thermo/Hyclone) with 10% FBS and antibiotic/antimycotic. All cells were
incubated at 37°C, 5% COx.

Construction of recombinant viruses rPIV5-H5 (ZL46) was generated as
described previously (chapter 3). Briefly, a recombinant PIV5 plasmids containing
the HA gene was ZL46 (rPIV5-H5-SH/HN) generated. To generate ZL46 plasmid, the
plasmid BH276 containing full length genome of PIV5 was used as the vector. The
gene end (GE), intergenic region and gene start (GS) sequence between SH and HN
gene was added into the primer to stop HA gene transcription and start HN gene
transcription. The HA gene was them amplified. Viruses were then rescued and
sequenced as described previously.

PIV5 and rPIV5 virus stocks were grown in MDBK cells (<p20) for 5-7 days in
DMEM containing 2% FBS until their hema-adsorption titers plateaued. Media was
collected and clarified by centrifuging at 3000 rpm for 10 minutes in an Eppendorf
tabletop centrifuge (5810 R). Bovine serum albumin (BSA) was added to the
clarified supernatant to bring the total solution to 1% BSA. The virus stocks were
then aliquoted and frozen quickly in dry ice and stored at -80°C. Virus titers were
then determined by plaque assay on VERO cells (described below).

Virus Quantitation: PIV5 titers were determined by plaque assay on VERO cells.
VERO cells were incubated with serial dilutions of virus samples made in DMEM
with 1% BSA and antibiotic/antimycotic. Virus sample was then removed and

overlayed with 1:1 low-melt agarose and DMEM with 2% FBS and
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antibiotic/antimycotic and incubated at 37°C for 5-6 days. To detect plaques, the
monolayers were then fixed with 10% buffered formalin and immunostained. Cells
were permeabilized with 1X PBS with 2% FBS, 0.1% sodium azide, and 0.5%
saponin (permeabilization buffer). PIV5 was detected using a 1:1000 dilution of
antibodies specific to the shared region of the V and P proteins of PIV5 (V/P) for
1hr. Horseradish peroxidase (HRP)-tagged goat-anti-mouse IgG (H&L) secondary
antibody (Invitrogen) was then added and incubated for 30min. To visualize
plaques, TMB peroxidase substrate (prepared according to manufacturer’s
instructions) was added (Vector Labs, Inc). The plates were then washed and dried
and the plaques were counted. Influenza titers were determined either by TCIDso
assay as previous described [227] or by plaque assay on MDCK cells. MDCK cells
were incubated for 2 hours at 37°C with serial dilutions of virus samples made in
MEM with 1 mg/ml TPCK-treated trypsin (Worthington Biochemical). Diluted virus
samples were then removed and monolayers were overlayed with 1.2%
microcrystalline cellulose Avicel[500] with 1 mg/ml TPCK-treated trypsin. Plates
were incubated for 72 hours, the overlay gently washed off with PBS, fixed with cold
methanol/acetone (40:60%), air-dried, counter-stained with crystal violet, and
plaques visualized.

Immunization For vaccination with PIV5 and rPIV5-H5, 10 PFU PIV5 or rPIV5-
ZL46 in 50ul PBS was administered intranasally to mice anesthetized with 2,2,2-
tribromoethanol in tert-amyl alcohol (Avertin; Aldrich Chemical Co). For sub-lethal

rg A/VN-PR8 infection, 2000 PFU virus in 50ul PBS was administered as described



196

for PIV5 vaccination. For rgA/VN-PR8 intramuscular vaccination, 2000 PFU
rgA/VN-PR8 was administered in 50 ul PBS in the caudal thigh muscle. Blood was
collected on day 21 post-immunization. Nasal washes and bronchial alveolar lavages
(BAL) were performed on days 14 or 21 post-vaccination using 0.5 or 1ml PBS
respectively.

ELISA HA (H5)-specific serum antibody titers were measured using an IgG
ELISA. Immulon 2 HB 96-well microtiter plates (7hermoLabSystems) were coated
with 2 pg/ml recombinant H5 protein and incubated at 4°C overnight. Plates were
then washed with KPL wash solution (KPL, Inc) and the wells blocked with 200 pl
KPL Wash Solution with 5% non-fat dry milk and 0.5% BSA (blocking buffer) for
1hr at room temperature. Serial dilutions of serum samples were made (in blocking
buffer) and transferred to the coated plate and incubated for 1hr. To detect bound
serum antibodies, 100pl of a 1:1000 dilution alkaline phosphatase-labeled goat anti-
mouse IgG (KPL, Inc) in blocking buffer was added per well and incubated for 1hr at
room temperature. Plates were developed by adding 100ul pNPP phosphatase
substrate (KPL, Inc) per and the reaction allowed to develop at room temperature.
Optical density (OD) was measured at 405 nm on a Bio-Tek Powerwave XS plate
reader. The IgG titer was determined to be the lowest serum dilution with an OD
greater than the mean OD of naive serum plus 2 standard deviations.

Microneutralization Assay Influenza neutralizing antibody titers were measured
in serum by a micro-neutralization assay with an ELISA endpoint. Heat inactivated

serum was serially diluted in DMEM with 1% BSA, antibiotic/antimycotic, and 1
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pg/ml TPCK trypsin. Diluted serum was then incubated 1000 TCIDso rg A/VN-PR8
for two hours at 37°C. MDCK cells were then added and incubated at 37°C for 18-24
hours. At the end of the incubation, wells were fixed with ice cold methanol and
acetone (80:20 respectively) and an ELISA was performed as described above. The
neutralization titer was determined to be the lowest serum dilution capable of
neutralizing 1000 TCIDso rg A/VN-PRS, as described in chapter 3.

Lymphocyte Harvest 12 days post-vaccination with PIV5, ZL46, or rg A/VN-
PR8, mediastinal lymph nodes (MLN) from mice were harvested, pooled, and
homogenized. Lymphocytes were depleted of erythrocytes using Gey’s Balanced Salt
solution (Sigma-Aldrich) for 5min at room temperature and debris removed. Cells
were then counted using a Z2 Coulter Particle Count and Size Analyzer (Beckman
Coulter).

Enzyle-linked Immunosorbert Spot (ELISpot) Assay ELISpot to detect T-cell
responses in lymphocytes to inactivated A/VN/1203 /04 were performed as
described [23]. Cells were re-stimulated with inactivated A/VN/1203/04 (the
equivalent of 10 HAU per well), Ebola GP P2 EYLFEVDNL as an irrelevant peptide
(1pg/ml), and Concanavalin A (2pg/ml) in 50pul Complete Tumour Medium (CTM).
Spots were counted using AID ViruSpot Reader (Cell Technology, Inc).

HPAI A/Vietnam/1203/04 (H5N1) challenge experiments BALB/c mice were
first vaccinated with wild type PIV5, rPIV5-ZL46, or rgA/VN-PR8 as described
above. 21 days post-vaccination, the mice were bled for serum analysis via the tail

vein. On day 24 post-vaccination, mice were anesthetized and inoculated
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intranasally with 10 LD50 A/Vietnam/1203/04 diluted in 50pul PBS. Mice were then
monitored daily for morbidity and mortality with body weights measured every
other day. On day 3 post-challenge, groups of mice were euthanized and their lungs
collected into 1.0ml PBS and homogenized. Homogenate was then cleared by
centrifugation. A TCID50 assay was then used to determine virus titers in cleared
homogenate as described [227].

Statistical Analyses were performed using GraphPad Prism®.
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Figure 5.1: Humoral and cell-mediated immune responses to immunization with
rPIV5-H5 in mice vaccinated intranasally and intramuscularly

BALB/c mice (n=5 per group) were immunized with PIV5 IN, ZL46 IN or IM,
inactivated ZL46 IM, or inactivated A/VN/1203/04 IM. Mice were bled on day 21
post-immunization. Serum was pooled for analysis. (A) HA (H5) specific antibody
titers were measured in serum samples using an IgG (H&L) specific ELISA. The
dotted line represents the limit of detection. (B) rg A/VN-PR8-neutralizing antibody
titers in post-immunization serum. Mice were immunized IN or IM with PIV5, ZL46,
or a sub-lethal dose of rgA/VN-PR8 and nasal washes (C) and bronchial alveolar
lavages (BAL) (D) were performed on days 14 or 21. Samples were pooled for
analysis by HA-specific IgG ELISA. (E) IFN-y producing lymphocytes (pools of n=3
mice per group) in the mediastinal lymph nodes on day 12 post-vaccination as

determined by ELISpot analysis. Data is presented as mean + SEM.
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Figure 5.2: Effect of administration route on protection against HP A/VN/1203/04
BALB/c mice were immunized IN or IM with PIV5, rPIV5-H5 (ZL46), inactivated
rPIV5-H5 (iZL46) IM, a sublethal dose of rgA/VN-PR8 IN, or rgA/VN-PR8 IM. 28
days p.i., the mice were challenged IN with 10 LDso A/VN/1203/04. (A) Weights of
the mice were monitored and presented as the mean percentage + SEM of their pre-
challenge body weights (n=8). (B) Percent of mice surviving post-challenge. (C)
Challenge virus titer in the lungs on day 3 post-challenge (n=5 per group) as
measured by TCID50 on MDCK cells. Data are presented as mean log transformed

TCID50/ml lung homogenate + SEM. The limit of detection was 100 TCID50/ml.
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CHAPTER 6
CONCLUSIONS

The studies described here were designed to develop a novel, safe, and effective
vaccine against influenza. The hypothesis addressed is that parainfluenza virus 5
(PIV5) will be a safe viral vector for the delivery of influenza antigens, and that
vaccination with recombinant PIV5 expressing influenza proteins will be
immunogenic and provide protection against influenza virus challenge. The specific
aims addressing this hypothesis were:

Specific Aim 1: To test the safety and efficacy of a PIV5-vectored vaccine
expressing the HA of HPAIV H5N1 (rPIV5-H5). The working hypotheses are that the
expression of HA is safe and immunogenic, that insertion of the HA closer to the
leader sequence will increase vaccine efficacy, and that vaccination with rPIV5-H5
will induce HPAIV H5N1 neutralizing antibodies and protect against challenge. The
data in chapter 3 indicates that the HA from HPAIV H5N1 inserted into PIV5 is
expressed at high levels and that relative proximity to the leader sequence increases
expression. HA insertion does not increase virulence of the vector. Vaccination with
rPIV5-H5 induces a strong HA-specific neutralizing antibody response as well asa T
cell response. Immunity generated by vaccination with rPIV5-H5 is protective

against HPAIV H5N1 challenge and antibodies are sufficient for protection.
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Specific Aim 2: To test the efficacy of PIV5-vectored vaccines expressing the NA
protein of HPAIV H5N1 and the 2009 pandemic HIN1 virus. The working
hypotheses are that NA will be expressed in its functional form and that
immunization with rPIV5-NA will induce robust anti-NA antibodies that protect
against homologous and heterologous influenza challenge. The data in chapter 4
indicates that rPIV5-N1 expresses neuraminidase in high levels and in its functional
form. Vaccination with rPIV5-N1 induces neuraminidase inhibiting antibodies in
mice as well as a robust T cell response. Vaccination with rPIV5-N1 is protective
against homologous and heterologous challenge with HPAIV H5N1 and the 2009
pandemic H1N1 virus. There is also evidence that vaccination with rPIV5-N1 can
induce heterosubtypic protection in mice. Although the studies in chapter 4 indicate
that antibody was not sufficient for protection against HPAIV H5N1, antibody was
sufficient for protection against the 2009 pandemic H1N1 virus. It is possible that
under different circumstances, antibodies generated by rPIV5-N1 vaccination would
be sufficient for protection against HPAIV H5N1 (higher antibody dose, etc),
although it is possible that T cells play a significant role in protection as well.

Specific Aim 3: To investigate the efficacy of PIV5 as a vaccine vector when
administered intramuscularly as well as intranasally. The working hypotheses are
that PIV5 will be efficacious as a vaccine vector when administered intramuscularly.
The data in chapter 5 indicates that rPIV5-H5 induces a robust antibody response
when administered intramuscularly, although not as robust as when administered

intranasally. Intramuscular vaccination was unable to produce a detectable mucosal
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antibody response, whereas intranasal vaccination induced a strong IgA response in
the lungs and nasal passages. It is possible this IgA response is responsible for the
differences in protection observed when vaccinated mice were challenged with
HPAIV H5N1, where mice given the intramuscular vaccine were unable to clear
virus by day three post-challenge although there was no virus detectable in mice
vaccinated intranasally. It is also possible that this disparity can be explained by a
higher quantity or quality in the systemic antibody response as well.

Together, these findings indicate that PIV5 is an excellent viral vaccine vector
for pandemic influenza. It induces a strong immune response and protects
completely at low doses. It is also able to effectively accommodate more non-
traditional antigens such as neuraminidase. PIV5 can also be used via alternate
routes of administration, which has the potential to remove the necessity for
alternate preparations of vaccine to be administered in different ways.

The knowledge obtained from investigation of the specific aims outlined
above demonstrates that PIV5 is a good candidate as a viral vector for influenza
virus vaccines. This work has added to our understanding of influenza vaccines and
the benefits associated with the use of efficacious viral vectored vaccines in
pandemic preparedness. This will aid in better vaccine design for not only pandemic

influenza, but influenza in general.



