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1. Introduction
Avian influenza virus (AIV) infections have been frequently reported in wild and domestic
birds. Depending on the virus strain and host species, these infections may lead to different
clinical pictures. The ailment caused by AIV may range from respiratory illness to a highly
fatal systemic disease in birds. Highly pathogenic (HP) AIV of subtypes H5 and H7 can cause
an acute systemic disease in poultry, and mortality may reach up to 100% (Alexander, 2000).
Low pathogenic (LP) strains are not such fatal, yet they cause high morbidity, low production
and subsequent huge economic losses due to trade implications and embargo (Capua and
Marangon, 2003; Halvorson, 2002). Additionally, they pose a permanent threat to the poultry
industry due to their ability to mutate and adapt to HPAIV at any stage as evidenced by
outbreaks in Pennsylvania (1983–1984), Mexico (1993), Australia (1994), Pakistan (1994),
Italy (1999–2001), and Chile (2002) (Hall, 2004; Swayne, et al., 2008). Therefore, both LP
and HP strains of H5 and H7 subtypes isolated from poultry are notifiable to the World
Organization for Animal Health (OIE) (Swayne, et al., 2008).

AIV infections are not limited to birds only. AIV may cross species barrier causing infections
in humans and other mammals which may be fatal depending on the subtype and strain of
AIV. Probably one of such phenomenon occurred in the Spanish flu pandemic of 1918, when
HPAIV (H1N1) infected humans and killed more than 50 million people worldwide. Later
pandemics of Asian (H2N2), Hong Kong (H3N2), and Russian (H1N1) influenza were less
severe and were caused by reassortant viruses. During the Hong Kong outbreak (1997), a
different subtype H5N1 managed to cross the species barrier causing 6 human deaths out of
18 confirmed human cases (Shortridge et al., 2000). H5N1 viruses emerged again in 2003 and
continue to cause disease not only in poultry but also in humans. Outbreaks of HPAIV in
poultry and the increasing number of people who became infected have raised the concerns
that this could trigger a new human influenza pandemic (Capua, et al., 2004). H5N1
infections of five family members in Abbottabad, Pakistan in 2007, and eight family members
in northern Sumatra, Indonesia, are thought to be the result of human-to-human transmission
(Yang et al., 2007). But most of confirmed human infections reported so far, were due to
direct contact between humans and the infected poultry or objects contaminated by their
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faeces (Shortridge et al., 2000; WHO, 2005; Tam et al., 2002). Effective control of avian
influenza in poultry may therefore also be important for controlling AIV infections in
humans.

The culling of infected poultry and physical containment of the contaminated area is a timehonoured method to control H5- and H7-AIV infections in poultry. However, this approach is
less effective when the outbreak is widespread and involves multiple avian and mammalian
species (Ge et al., 2007). Controlled vaccination of poultry along with culling of infected
animals offers probably the most effective strategy to control such outbreaks (Lipatov et al.,
2004). Conventional homologous and heterologous inactivated vaccines, and vaccine based
on recombinant fowl pox virus are currently available for immunisation of birds. But
unfortunately most of the inactivated vaccines either fail to prevent shedding of virus or do
not allow discrimination of infected from vaccinated animals (DIVA), or both. Moreover,
most of these vaccines are grown in eggs, which proved to be time-consuming and unsuitable
for controlling worldwide outbreaks (Thomas et al., 2006). The recombinant fowl pox virus
vaccine is based on naturally occurring avian pathogen. Therefore, there might be a preexisting immunity against the vector itself. Vector vaccines based on non-avian pathogen
vectors, which express influenza virus antigens, provide an attractive alternative to
conventional inactivated influenza virus vaccines. As only one or some influenza virus
antigens are expressed, vector vaccines per se represent marker or DIVA vaccines. These
vaccines may meet safety concerns if antigens of these vectors, which are important for virus
replication, are deleted or modified. Vector-vaccines trigger cell-mediated immunity since
antigenic epitopes will be presented by MHC-I molecules, which may help to achieve sterile
immunity. Vector vaccines may be produced at large scale in cell cultures in a reasonable
time. Therefore, current study was aimed to generate effective and safe virus-vector vaccines
against avian influenza, which will provide the basis for DIVA and reduce the shedding of
virus as well.

2.1. Avian influenza virus
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2.1. Avian influenza A virus

2.1.1. Taxonomy and classification
All avian influenza viruses belong to the family Orthomyxoviridae. Members of this family
possess a segmented RNA genome of negative polarity, and are further classified into five
genera (Table 1). The genera of influenza viruses A, B, and C differ in their antigenic
properties of their nucleoproteins (NP) and matrix (M) proteins, and in the number of RNA
segments. Influenza A viruses are further sub-typed into 16 H and 9 N serotypes based on the
haemagglutinin (HA) and neuraminidase (NA) antigens, respectively. Influenza A viruses
infect birds, humans, sea mammals, pigs, horses, and dogs, therefore may be called avian,
human, mammalian, swine, equine and, canine influenza A viruses, respectively (Horimoto
and Kawaoka, 2001; Wright et al., 2007). Based on their pathogenic properties, avian
influenza A viruses are further classified as low pathogenic avian influenza viruses (LPAIV)
and highly pathogenic avian influenza viruses (HPAIV) (OIE, 2008).

Table 1. Taxonomy of Orthomyxoviridae
Family
Orthomyxoviridae

Genus
Influenza A

Species
Influenza A virus

Serotypes
H1-16N1-9

Host
Avian, human,
equine, swine,
and canine spp.

Influenza B

Influenza B virus

Human, seal

Influenza C

Influenza C virus

Human, pig

Isavirus

Infectious salmon

Atlantic salmon

anaemia virus
Thogotovirus

Thogoto virus
Dhori virus

Batken virus

Tick, mosquito,

Dhori virus

mammals
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2.1.2. Virion structure, transcription and proteins
Influenza A viruses are spherical particles of approximately 50-120 nm in diameter or
filamentous particles of about 300 nm in length (Wright et al., 2007) (Fig. 1). The virus
genome usually consists of eight RNA segments of negative polarity. RNA segments one to
six are transcribed in a monocistronic manner to generate polymerase basic protein 2 (PB2),
polymerase basic protein 1 (PB1), polymerase acidic protein (PA), haemagglutinin (HA),
nucleoprotein (NP) and neuraminidase (NA) proteins, respectively. The RNA transcripts of
the seventh and eighth segment are spliced to generate two mRNAs in each of them, which
are translated into matrix 1 (M1) and ion channel protein (M2), and non-structural protein 1
(NS1) and nuclear export protein (NEP/ NS2), respectively (Horimoto and Kawaoka, 2001).

HA is one of the major surface glycoprotein of influenza virus. It is an integral membrane
protein of the viral envelope. It mediates binding of the virion to host cell receptors and fusion
between the virion envelope and endosomal membranes. HA is co- and post-translationally
modified by glycosylation, acylation and proteolytic cleavage. Proteolytic processing of HA
results in the generation of two subunits, HAl and HA2, which are linked by disulfide bonds.
HA forms homotrimers that are build up of a stalk and globular head. The head contains the
receptor-binding cavity as well as most of the antigenic sites of the molecule. The carboxyterminal region of HA2 contains the hydrophobic transmembrane sequence and a short
cytoplasmic sequence which is modified by palmitatylation (Webster et al., 1992). HA is a
major immunogenic viral antigen. It is under permanent selection pressure by the host
immune system (Horimoto and Kawaoka, 2001). The high error-prone rate of the viral RNA
polymerase generates an extremely high variability of the antigens. Therefore, influenza
serotypes differ in the amino acid sequence of the HA1 molecule by at least 30% (Webster et
al., 1992).

The second major surface antigen NA is also an integral membrane protein which is
synthesised at the rough endoplasmic reticulum (Horimoto and Kawaoka, 2001). It forms
mushroom-shaped tetramers and acts as a receptor destroying enzyme, which assists in the
release of virion (Colman et al., 1987; Paulson, 1985). A limited number of M2 tetramers are
also incorporated into the virus envelope. This protein acts as H+ ion channel and facilitates
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the uncoating process during the virus entry by exposing viral core to low pH (Pinto et al.,
1992). NP is the major structural protein of ribonucleoprotein complexes (RNPs). After
translation, it is transported into the cell nucleus, where it binds to and encapsidates the viral
RNA. The RNPs also contain PB1, PB2, and PA, which are involved in RNA replication and
transcription activities. Additionally, NP is believed to play a role in switching viral RNA
polymerase activity from mRNA synthesis to cRNA and vRNA synthesis (Webster et al.,
1992). The primary sequence of NP is highly conserved and is therefore targeted for cellular
immune responses and heterotypic immunity. The matrix (M1) protein forms a sheet
underneath the viral envelope and is the most abundant protein in mature virion. It is found in
the nucleus and cytoplasm of infected cells and plays a key role in assembly and budding
(Webster et al., 1992; Horimoto and Kawaoka, 2001). Moreover, M1 in combination with the
nuclear export protein (NEP) mediates the export of RNPs from the nucleus (Webster et al.,
1992). NS1 is the only protein that is not packaged in viral particles but is expressed in host
cells where it counteracts the activity of interferon, regulates splicing, and exports cellular
mRNAs from the nucleus (Horimoto and Kawaoka, 2001; Capua and Mutinelli, 2001).

Fig. 1. Schematic diagram of avian influenza A virus
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2.1.3. Antigenic variation
Influenza A viruses are dynamic in nature and continuously evolve by antigenic drift and
antigenic shift (Wright et al., 2007). Antigenic drift refers to a gradual change in the
antigenicity of a virus by accumulated point mutations. This is a result of continuous
immunological pressure on the HA and NA antigens of virus. It is the reason why vaccine
strains of human influenza have to be updated every year. An antigenic drift is also observed
with avian influenza virus (AIV) but less pronounced compared to human influenza viruses.
This might be due to the limited immunological pressure by short-lived birds (Horimoto and
Kawaoka, 2001). But there are strong evidences that antigenic drift in AIV may be
catastrophic and turn LPAIV to HPAIV. For example, the Pennsylvanian outbreaks from
April to September 1983 were associated with the isolations of H5N2 influenza viruses which
were of low pathogenicity in laboratory tests. This virus caused mild to severe respiratory
disease and egg production problems in layers, but mortality was low, usually 0 to 15%.
However, in October (1983) the mortality increased substantially and the disease with clinical
signs of classical HPAI was reported. Viruses from these outbreaks were confirmed by
laboratory tests as highly pathogenic H5N2 (Eckroade et al., 1984). In another series of
outbreaks in Mexico during May to December 1994, the viruses were reported to be H5N2,
low pathogenic for poultry. But in January 1995, several flocks in the states of Puebla and
Querétaro, Mexico, which had shown high mortality and lesions characteristic of HPAI, were
reported to be infected with HPAI virus of H5N2 subtype (Senne et al., 1996). In 1994, the
epizootic began in the northern part of Pakistan and spread to 156 out of 286 poultry farms in
100 km radius. The mortality of the disease was 50-100%, affecting 2.2 million birds (Naeem,
1998). Nucleotide sequencing of the haemagglutinin cleavage site region of the HA gene
indicated variations in different isolates, supporting the argument of the genetic drift in AIV
(Alexander et al., 1996).

In contrast, an antigenic shift represents a drastic and abrupt change in the viral antigenicity,
which results a novel reassortant influenza virus. Antigenic shift occurs by reassortment of
gene segments between distinct influenza viruses after infecting a common host cell
(Scholtissek et al., 1990). Pig has been reported as a principal candidate for the role of
intermediary or mixing vessel, in this regard (Horimoto and Kawaoka, 2001). Genetic
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reassortment between H1N1 avian and H3N2 human viruses in European pigs (Castrucci et
al., 1993) and their transmission to children in The Netherlands (Claas et al., 1994) supports
this hypothesis. Genetic studies, together with biochemical analysis, indicated that the Asian
and Hong Kong pandemic strains, which had killed more than 3 million people, were also
generated by reassortment between human and avian viral genes (Horimoto and Kawaoka,
2001). Though in theory, nearly 256 different genomes are possible if 2 sets of 8-segmented
RNA recombine (Horimoto and Kawaoka, 2001). But in nature such an extensive
reassortment may not be possible. For example, reassortment between available HA and NA
genome segments may result 144 possible HA×NA combinations but only 103 combinations
are reported so far (Kaleta et al., 2005). Moreover, it has been reported that reassortment can
only take place among the members of the same influenza genus (Wright et al., 2007).

2.1.4. Epidemiology and evolution
Avian influenza viruses have been isolated from birds, sea mammals, humans, pigs, horses
(Webster et al., 1992), dogs and cats (Amonsin et al., 2007) showing varying degrees of
illness. Except occasional deaths, aquatic birds (ducks, shorebirds and gulls) show no or a
little signs of a disease, whereas domestic poultry is affected to a higher extent, indicating that
AIV have achieved an optimum level of adaptation in wild aquatic birds. All 16 HA and 9 NA
serotypes of AIV have been isolated from these birds and are maintained in aquatic
populations. Extensive ecological and phylogenetic studies suggest that waterfowl is a
principal reservoir for these viruses (Fig. 2) (Horimoto and Kawaoka, 2001). AIV replicates in
the intestine of aquatic birds wherefrom they might be transmitted via faeces to other aquatic
birds, domestic poultry, and mammals. Shore birds and wild migratory birds may play an
important role in long distance dissemination of AIV. Though humans can be experimentally
infected by avian influenza viruses (Beare and Webster, 1991), direct AIV infections in
humans are very rare in nature (Horimoto and Kawaoka, 2001; WHO, 2005; Iwamia et al.,
2009). Humans are largely affected by either direct exposure to AIV-infected poultry
(Shortridge et al., 2000; Tam et al., 2002; WHO, 2005), or after adaptation or reassortment of
avian influenza viruses in pigs (Claas et al., 1994), humans (Iwamia et al., 2009) or other
mammalian hosts (Horimoto and Kawaoka, 2001). Phylogenetic analysis of NP, HA, and NA
proteins revealed that human and porcine influenza virus lineages are closely related,
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indicating that they share a common ancestor (Webster et al., 1992). Dogs and cats are
reported to be infected by avian influenza, possibly due to eating cadaver of infected poultry
(Amonsin et al., 2007). Wet live markets of birds play a key role in disseminating the AIV to
other avian species and mammals and may represent starting point for an influenza pandemic
(Halvorson, 2002; Webster, 2004). Moreover, these locations offer a convenient opportunity
for AIV to mutate, adapt and maintain as a reservoir (Halvorson, 2002) especially in Asia.
Phylogenetic analysis of the NP gene revealed that AIV has been evolved to seven hostspecific lineages, two in horses (equine I and equine II), one in gulls, one in North American
birds, one in Eurasian birds, one in swine, and one in humans. Two geographically separated
sub-lineages in birds suggest that southern and northern hemisphere migration of birds play a
pivotal role in the transmission of AIV (Horimoto and Kawaoka, 2001).

Fig. 2. Habitat and dissemination of avian influenza A viruses (modified from Horimoto
and Kawaoka, 2001)

2.1. Avian influenza virus

9

2.1.5. Transmission, pathogenesis and clinical picture
Since birds excrete substantial amounts of virus in faeces. Contaminated feed, water,
equipments, litter, or cages may disseminate the virus (Horimoto and Kawaoka, 2001,
Halvorson, 2002). Transmission by aerosol and faecal-oral route is very common in densely
populated areas of shore birds. In most cases of experimental and natural settings, viruses get
access to the gut, and mucosal tissue of the ocular, nasal, or respiratory tract. Since these
tissues consists of several distinct cell types, the initial target cells of AIV and the specific cell
types essential for the virus replication have been inadequately defined. It has been shown that
during the course of a single-cycle infection, human viruses preferentially infected nonciliated
cells, whereas avian influenza viruses as well as egg-adapted human influenza virus variants
with AIV-like receptor specificity mainly infected ciliated cells (Matrosovich et al., 2006).
This pattern correlates with the predominant localization of receptors for human influenza
viruses (α 2-6-linked sialic acids) on nonciliated cells and of receptors for AIV (α 2-3-linked
sialic acids) on ciliated cells. These findings suggest that although AIV can infect human
airway epithelium, their replication may be limited by a non-optimal cellular tropism
(Matrosovich et al., 2004).

The factors determining the pathogenicity of influenza virus are still unresolved. Most of
studies carried out on highly pathogenic AIV showed that broader tissue tropism and the
ability to replicate systemically are important factors determining high pathogenicity in
domestic poultry. Though pathogenicity has multiple aspects, the cleavability of HA is one of
the major virulence factors (Horimoto and Kawaoka, 2001; Stephenson et al., 2004; Katz et
al., 2006). The mono-basic cleavage site of HA of low pathogenic strains is cleaved by
proteases limited to the respiratory tract of mammalian species and the intestinal tract of avian
species, respectively. Hence, no systemic spread and subsequent onset of severe disease is
observed. In contrast, HA of HPAIV contains a polybasic cleavage site and is cleaved by
proteases present in many tissues, resulting in systemic infections (Bosch et al., 1981). This
phenomenon may be evidenced by the systemic infections of highly pathogenic avian H5N1
viruses that have infected poultry and humans in Asia and Africa, and H7N7 transmitted to
humans in The Netherlands in 2003 (To et al., 2001, Lipatov et al., 2004). Nevertheless,
carbohydrate side chains in the vicinity of the cleavage site may prevent access of proteases

10

2. Review of Literature

and hence virulence is reduced (Bosch et al., 1981, Stephenson et al., 2004). Moreover,
studies carried out on different avian species revealed that AIV, which were highly
pathogenic for one species, may not necessarily be highly pathogenic for other avian species
(Alexander et al., 1986). Ducks may be resistant to AIV that readily kills chickens and turkey
(Horimoto and Kawaoka, 2001). Correspondingly, pathogenesis and clinical disease produced
in poultry by HPAIV may vary from sudden death to overt clinical signs of fowl plague
depending on the species, age and type of bird, specific characteristics of the viral strain
involved, and environmental factors in natural settings (OIE, 2008). The signs and symptoms
after natural infection of HPAIV in chickens include rales, coughing, snicking and dyspnoea,
excessive lacrimation, sinusitis, cyanosis of unfeathered skin (especially the combs and
wattles), oedema of the head and face, ruffled feathers, nervous system disorders, reduced
vocalization, marked reduction in feed and water intake, and diarrhoea (OIE, 2008; Horimoto
and Kawaoka, 2001). Similar signs of disease were reported after experimental infections of
chickens with HPAIV (Kobayashi et al., 1996; Veits et al., 2008; Aiki-Raji et al., 2008).
LPAIV may cause only a mild or no clinical disease in chickens but severe disease in turkeys
(Alexander, et al., 1986; Horimoto and Kawaoka, 2001).

2.1.6. Pathology
Gross pathological findings in HPAIV experimentally infected chickens include subcutaneous
oedema, congestion, and haemorrhages at head, neck, conjunctiva and palate, pale
discoloration of visceral organs, congestion and focal haemorrhages on lungs, skeletal
muscles and mucosa of proventriculus, multiple reddish pin-point necrotic foci in pancreas,
atrophy of thymus, and swelling of kidneys and bursa (Kobayashi et al., 1996; Perkins and
Swayne, 2001). Histopathological studies revealed focal microgliosis and necrosis, vascular
endotheliosis, and infiltration of mononuclear cells in and around blood vessels. Additionally
non-suppurative leptomeningitis in the central nervous system, degeneration and necrosis of
skeletal muscles, focal necrosis with fibrinous exudation in the spleen, focal degenerative
necrosis in pancreas and adrenals were recorded in chickens infected with HPAIV. The
cardio-vascular system revealed focal mononuclear cell infiltration in the pericardium of the
heart, pulmonary congestion in lungs, and swelling of the microvascular endothelium,
systemic congestion, perivascular mononuclear cell infiltration, and thrombosis in chickens
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infected with highly virulent viruses (Kobayashi et al., 1996; Perkins and Swayne, 2001).
AIV antigen (NP) has been immuno-histochemically detected in vascular endothelial cells and
peri-vascular parenchymal cells in most of the viscera. The signals for the AIV-antigen were
also detected in cardiac myocytes, tissue macrophages of the liver, spleen and thymus, and
mononuclear cells and epithelial/endothelial cells in the air/blood capillary wall of the lung.
Additionally, ependymal, glial and neuronal cells in brain, acinar and islets cells of pancreas,
and tubular cells in kidney were shown to be positive for AIV antigen suggesting the systemic
spread and replication of HPAIV in chickens (Kobayashi et al., 1996; Perkins and Swayne,
2001).

2.1.7. Immunobiology
Though the innate immune responses act as a first line of defence against AIV infections in
avian and mammalian species but the former species are not well studied. Most of the
information for the role of innate immune responses is based on the human, murine, or
porcine models. The mucin layer, ciliary actions and protease inhibitors in the respiratory
tract, pH conditions and peristaltic movements of the gut may prevent virus entry and
uncoating. Epithelial cells and macrophages may respond to AIV infection by releasing
cytokines and chemokines that stimulate the immune systems. But sometimes hyper response
of these soluble factors may also be harmful for the host, leading to unwanted complex
immune reactions (Wright et al., 2007). An increase in the level of soluble interleukin-2
receptor, interleukin-6 and interferon-γ was demonstrated in patients infected with the H5N1
outbreak in Hong Kong in 1997. In addition to hypercytokinemia, infections by HPAIV are
complicated further by the haemophagocytic syndrome (To et al., 2001). In a porcine model,
infection of alveolar macrophages led to induction of tumour necrosis factor alpha (TNF α)
(Wright et al., 2007). In contrast to the majority of human, avian and swine influenza viruses,
H5N1 appeared to be resistant to the antiviral effects of interferon (IFNγ and IFNα) and
tumour necrosis factor α (Seo et al., 2002), indicating that some highly pathogenic viruses
have managed to evade the innate immune response of the host.
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2.1.7.1. Humoral immunity
In the course of Influenza A virus infections, antibodies against HA, NA, NP, M1 and M2 are
produced. However, only antibodies to HA and NA but not to NP and M1 are able to prevent
infection and illness in humans and laboratory animals (Wright et al., 2007). Monoclonal
antibodies against M2 prevented viral plaque formation in cell culture and were also reported
to be protective in a murine model when transferred passively (Treanor et al., 1990). The level
of serum antibodies (IgG) directed to HA and NA is inversely correlated with the severity of
disease. Mucosal antibodies (IgA) restrict virus replication in the respiratory tract and in the
gut (Clements et al., 1986). HA antibodies are found to neutralise virus and prevent infection,
whereas antibodies to NA limit virus release and hence restrict the systemic virus spread
(Wright et al., 2007). Vaccination of animals with vector vaccines expressing HA of influenza
A viruses completely protected mice (Schwartz et al., 2007; Publicover et al., 2005) and
chickens (Taylor et al., 1988; Beard et al., 1991; Webster et al., 1991; Swayne et al., 2000;
Luschow et al., 2001; Veits et al., 2006; Ge et al., 2007) from lethal doses of highly
pathogenic AIV, confirming the protective role of HA antibodies. Infection of CD8+ T cell
knockout mice with LPAIV showed that the humoral immune response is not only involved in
virus neutralisation but also in the clearing of virus in the absence of cellular immunity
(Nguyen et al., 2001).

2.1.7.2. Cellular immunity
The role of cellular immunity in the clearance of influenza virus infections is not well defined
in chickens and humans due to unavailability of matching B or HLA subtypes. Instead it is
well studied in the murine model. There are two major subsets of T lymphocytes. T cells
positive for CD8 are generally restricted to MHC-I and are involved in the cytotoxic T cell
response (CTL). T cells of the CD4+ phenotype (T helper cells) are mainly restricted to
MHC-II, and help B cells in antibody production and CTLs in proliferation (Wright et al.,
2007). CTLs either recognise HA, NP, or PB2 antigens of influenza A viruses (Fleischer et
al., 1985) and appear in the blood of infected or whole-antigen vaccinated individuals on days
6 to 14, and largely disappear by day 21 (Ennis et al., 1981). A role of CD8+ T cells in
protective immunity has been discerned from studies in CD8+ deficient (β2-microglobulin-/or +/-) mice. After challenge with a nonlethal influenza virus, the β2-M(-/-) mice showed a
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significantly delayed pulmonary viral clearance. Furthermore, after challenge with a more
virulent influenza virus, β2-M(-/-) mice revealed a significantly higher mortality rate compared
to control mice (Bender et al., 1992). Furthermore, CD8+ T cells can promote the recovery
from otherwise lethal secondary viral infections in mice that lack mature B cells or antibodies.
Cloned influenza-specific CTLs have been shown to passively transfer protection from AIV in
mice (Thomas et al., 2006). Despite a protective role of CD8+ T cells, vaccination with
dominant influenza virus T cell determinants alone did not provide full protection against
challenge (Andrew and Coupar, 1988; Tite et al., 1990).

2.1.8. Diagnosis
Depending on the diagnostic facility, reliability and the purpose of the diagnostic test, a
variety of diagnostic methods for the direct and indirect detection of influenza virus are
available. These methods can generally be classified as conventional or modern molecular
laboratory techniques. The conventional techniques for the diagnosis of AIV are described in
detail in the diagnostic manuals of World Organisation for Animal Health (OIE) (Alexander,
2005) and European Union (CEC, 2006) (Alexander, 2008). These techniques are based on
virus isolation and characterisation of the virus. Isolation of influenza virus from clinical
samples in embryonated poultry eggs is the gold standard method for the detection and
isolation of replicating influenza virus (Burnet, 1936; Wright et al., 2007). Samples from
tracheal and cloacal swabs, or faeces or pooled organs samples are inoculated into the
allantoic cavity of 9-11 days old embryonated (SPF) eggs (Alexander, 2005; Alexander,
2008). The agar gel immune-diffusion assay is performed to confirm that the
haemagglutinating agent is influenza A virus. For further subtyping, haemagglutination
inhibition assays with monoclonal antibodies directed to different serotypes are usually
performed (Alexander, 2008). As an alternative approach, virus may be isolated and
propagated on MDCK cells, primary chicken fibroblasts, primary chicken kidney cells, or
primary monkey kidney cells supplemented with trypsin (Wright et al., 2007). In order to
determine the pathogenicity of virus isolates, an intra-venous pathogenicity index (IVPI) test
is performed. According to EU regulations, 0.1 ml of diluted viral suspension is injected into
ten 6-weeks old SPF chickens, and birds are examined at 24-hours intervals for 10 days. IVPI
is generated on the basis of bird mortality and severity of sickness scores (Alexander, 2008).
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Though, conventional methods are labour intensive, time-consuming and require a large
number of embryonated eggs, and large stocks of antisera (Lee et al., 2004; Alexander, 2008),
at present these conventional techniques are the methods of choice at least for initial
identification of influenza virus.

During the past decade there have been enormous developments and improvements in the
molecular and other techniques for the diagnosis of AIV. A number of antigen and antibody
capture assays have been developed during the recent years. Some ELISAs and assays are
designed to recognise all avian influenza viruses, whereas others are very specific to detect
HPAIV of H5 and H7 subtypes. In this regard, FLOCKTYPE® recAIV ELISA kit (Labor
Diagnostik Leipzig), ID Screen® Influenza A Antibody (NP) Competition ELISA, ID
Screen® Influenza N1 Competition (ELISA), ID Screen® Influenza H5 Antibody
Competition ELISA kit, ID Screen® Influenza H7 Antibody Competition ELISA kit, and ID
Screen® Influenza A Antigen Capture ELISA kit (ID-VET, Innovative Diagnostics,
Montpellier - France) are widely used for poultry samples in Europe and Directigen_ Flu A
kit (Becton Dickinson Microbiology Systems, Franklin Lakes, NJ, USA) in the USA
(Alexander, 2008). Extensive molecular and phylogenetic studies of AIV, molecular
determinants of pathogenicity and latest advancements in the amplification techniques of
nucleic acids have also improved the diagnosis of AIV. Avian influenza virus specific nucleic
acids can be rapidly detected by real-time RT-PCR, nucleic acid sequence-based
amplification (NASBA), or loop-mediated isothermal amplification (LAMP) methods
(Pasick, 2008). A real-time reverse transcriptase PCR (rRT-PCR) assay based on the avian
influenza virus matrix gene was developed first time in 2002 (Spackman et al., 2002).
Additionally, H5 and H7 haemagglutinin subtype specific probes were developed for the
rapid subtyping of HPAIV with a one-step RT-PCR protocol (Spackman et al., 2002). Realtime RT-PCR methods were also used for quantitation and competitive AIV replication
studies with subtypes H5 and H7 (Lee and Suarez, 2004). These real-time RT-PCR methods
are not only used for diagnosis of field virus but also frequently used for the detection of
shedding after challenge (Veits et al., 2008; Veits et al., 2006). In addition to this, a variety of
microarray based assays has been described for subtyping influenza A viral isolates (Li et al.,
2001; Sengupta et al., 2003; Kessler et al., 2004; Dawson et al., 2006). In these assays,
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immobilized capture sequences were used that range in length from 16 to 500 nucleotides and
had employed low-density formats with as few as 15 distinct capture oligonucleotides
(Dawson et al., 2006; Townsend et al., 2006), to high-density formats incorporating as many
as 463 influenza specific capture sequences (Sengupta et al., 2003). All require RT-PCR
amplification of influenza virus RNA prior to hybridising with capture sequences
immobilised on the microarray. More recently, a pyrosequencing based diagnostic assay for
H5N1 viruses has been developed that is capable of rapidly determining information about an
isolate's clade, strain, receptor specificity, glycosylation status and HA0 cleavage site
(Pourmand et al., 2006). An RT-PCR amplified 768-bp product of the H5 HA gene is used in
pyrosequencing reactions that employ 10 specific sequencing primers (Pasick, 2008).

2.1.9. Prevention and control
There is no general worldwide strategy for controlling and preventing avian influenza virus
infections in poultry and humans. Some communities eradicate epidemics by culling of
infected flocks along with coordinated surveillance, while others rely upon inactivated
vaccines with or without active surveillance (Capua et al., 2004). In certain areas of the world
even wild and aquatic birds are scrutinised to prevent future flu pandemics, whereas in other
areas infected poultry get access to live wet markets presenting a continuous source of
infection (Webster, 2004). Some nations have their own national strategies for example stock
piling antivirals to reduce the number of deaths in case of a pandemic (McCullers, 2008).
Others are unaware of even basic management during a pandemic. By and large following
strategies are practiced today for controlling AIV infections in poultry.

2.1.9.1. Surveillance and stamping out
In the face of large scale outbreaks in poultry, surveillance efforts have been increased and
weekly reports of influenza activity are published by the World Health Organisation (WHO),
the World Organisation for Animal Health (OIE), and the Centers for Disease Control (CDC)
in Atlanta, USA (Wright et al., 2007). Despite extensive surveillance activity worldwide and
particularly in China and Far East Asia by these organisations, certain areas with wild bird
populations and farming still remain unattained due to objective nature of the surveillance.
The diagnosis of HPAIV triggers governments to eradicate the disease, usually by ‘stamping
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out’, which means killing of birds and inactivation of the carcasses (Halvorson, 2002). The
European Union issued a new stamping out directive (92/40/EC) for avian influenza in 1992
(Capua and Marangon, 2003). According to this policy, member countries of the EU are not
allowed to generally vaccinate poultry against HPAIV. Emergency vaccination may be
permitted under special circumstances along with strict surveillance (FAO, 2006). The EU
further tries to control HPAIV by restricting the import of birds and poultry products without
quarantine or avian influenza free certification (EU, 2008). The culling of infected poultry is
the time-honoured method to control avian influenza virus infections also in other developed
countries of the world. Particularly, this strategy was successful in Hong Kong in 1997 and in
The Netherlands in 2003 by reducing the viral load and the likelihood of transmission to
humans (Lipatov, 2004). However, stamping out policy is ethically questionable and poor or
developing countries are not willing to follow this strategy because of the huge economic
losses and loss of important protein source for the poor masses (Capua and Marangon, 2003).
Moreover, this method is less effective when the outbreak has spread widely and involves
multiple avian and mammalian species (Ge et al., 2007). It is believed that ring vaccination of
poultry along with culling of infected animals would represent an effective strategy to control
such outbreaks (Lipatov et al., 2004).

2.1.9.2. Vaccination
During the HPAIV H5N1 outbreaks in several Asian countries in 2004, no H5N1 infections
were recorded in poultry or humans in Hong Kong. This phenomenon was potentially
dedicated to changes in live poultry marketing practices since 1997 in Hong Kong (Sims et
al., 2003). These included not only the improvement in biosecurity measures but also use of
inactivated vaccines on poultry farms in the region (Webster et al., 2004; Lipatov et al.,
2004). Since inactivated AIV vaccines are very effective in preventing clinical disease and
controlling LPAIV infections, current legislation against general vaccination of poultry in
developed countries have promoted AIV circulation in commercial poultry (Halvorson, 2002).
Unfortunately, attempts to control infections of poultry by H5 and H7 subtype viruses with
vaccines without monitoring field exposure and application of the stringent control measures
have been unsuccessful in eradicating H5N2 infections in Mexico and H7N3 infections in
Pakistan (Capua and Marangon, 2004; Swayne and Suarez, 2000). Vaccination of birds with
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inactivated vaccines protected the birds against clinical signs and mortality (Capua and
Marangon, 2004). However, virus was still able to replicate and was shed from clinically
healthy vaccinated birds due to inability of inactivated vaccines to induce sterile immunity
(Capua and Marangon, 2004). Additionally, these vaccines did not meet the requirements for
DIVA diagnosis. This usually result in huge economic losses due to import bans and
interference with seroepidemiology efforts (Capua and Marangon, 2003; Halvorson, 2002).
Though this problem was tackled in Italy in 2000 by using homologous H but different N
strain for vaccination, this approach is probably not suitable because the diagnosis may
interfere with circulating LPAIV. Therefore, vaccination of poultry is still prohibited in many
countries. Moreover, egg-grown inactivated vaccines are probably not efficient to combat an
HPAIV pandemic. The production is time-consuming (Thomas et al., 2006) and requires large
number of SPF embryonated eggs which is probably difficult to produce during world wide
outbreaks of AIV. In addition, HPAIV is highly lethal for chicken embryos, which results in
low production titres (Katz et al., 2006). Though, there is a theoretical possibility of genedeleted mutants that would allow use of live AIV vaccines, but application of such vaccines
have inherent dangers for gene reassortment with field viruses for generation of disease
causing strains (Swayne, 2004). Generation of modern vaccines by reverse genetics,
recombinant DNA plasmids, or recombinant viral vector vaccines are relatively recent
developments (Katz et al., 2006). DNA vaccines are shown to be partially protective in mice
(Fynan et al., 1993). However, optimised consensus DNA vaccines which were fully
protective in ferrets, mice and macaques (Laddy et al., 2008), respectively, failed to prevent
HPAIV infections in chickens (Kodihalli et al., 2000).

2.1.9.2.1. Recombinant vector vaccines
Vector vaccines expressing influenza virus antigens provide an attractive alternative to
conventional inactivated influenza virus vaccines. As only some influenza virus antigens are
expressed, vector vaccines per se represent marker or DIVA vaccines. Moreover, intracellular
transcription and replication of the vector allows the respective antigen to be presented by
MHC-I complexes thereby stimulating T cell immunity (Natuk et al., 2006). In the past,
several recombinant fowl pox viruses expressing the H5 antigen have been developed (Beard
et al., 1991; Swayne et al., 2000; Taylor et al., 1988; Webster et al., 1991; Webster et al.,
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1996) and one has been licensed and is currently in use in Mexico (Swayne and Suarez,
2000). Others have used infectious Laryngotracheitis virus (ILTV) or NDV vectors expressing
H7 or H5 haemagglutinin (Luschow et al., 2001; Nakaya et al., 2001; Park et al., 2006; Veits
et al., 2006; Ge et al., 2007). All these vector vaccines were shown to provide protection
under experimental conditions. However, there are still concerns left with respect to their
safety and efficacy particularly under field conditions. Most of these vectors are based on
naturally occurring avian pathogens. Therefore, there might be a pre-existing immunity to the
vector itself. Moreover, the use of some vaccines is restricted to species in which the vector
can replicate. For example, ILTV does not infect turkeys and can therefore be used in
chickens only. Replication-competent viral vectors, in particular those based on RNA viruses,
might mutate and revert to virulence. In this respect, replication-incompetent viral vectors
may represent an interesting alternative vaccine approach (Toro et al., 2007; Toro et al.,
2008). There may be various theoretical possibilites for vaccination of poultry against AIV
but the choice becomes very much limited, when it comes to apply them in the field (Table 2)
(Rautenschlein and Zimmer, 2007).

Table 2. Comparison of theoretical possibilities of vaccination against avian influenza virus (adopted from Rautenschlein and
Zimmer, 2007)

Attenuated live

Inactivated

Replicating vector

Non-replicating

vaccine (Prohibited)

vaccine

vaccine*

vector vaccine*

Safety

+

+++

+++

+

+++

DIVA

-

-

+++

+++

+++

Sterile immunity

++?

-

-?

+++

++?

Mucosal immunity

+++

-

+

+++

+++

Humoral immunity

+++

+++

++

+++

+++

Cellular immunity

+++

+

+++

+++

+++

Cross immunity

++

+

+

+

+

Boostering

+

+++

+++

+

+++

Use of adjuvants

No

Yes

No

No

No

Storage stability

+

+++

+++

+

+

+++

+

+

+++

+++

Ease of application

DNA vaccine

*Characteristics depend on the type of vector used for the expression of avian influenza virus protein.
+++ = good possibility, very good, high; ++ = partially possible, good, moderate; + = hardly possible, bad, - = not possible, very bad,
missing; ? = questionable.
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2.2. Vesicular Stomatitis Virus (VSV)
VSV are non-segmented negative strand RNA viruses of the family Rhabdoviridae. There are
many strains of VSV, but Indiana, New Jersey, Chandipura and Piry strains are well studied.
The virus is endemic in South and Latin America and infects a broad range of animals
including cattle, horses, and swine. Insects are believed to transmit the virus. Though, rarely
causing fatal disease, VSV causes symptoms resembling those associated with foot-andmouth disease virus. However, laboratory adapted VSV strains are rarely pathogenic (Lyles
and Rupprecht, 2007, Lichty et al., 2004).

The vesicular stomatitis viruses are bullet shaped particles of 180 nm long and 80 nm wide
(Lyles and Rupprecht, 2007) (Fig. 3). They possess lipid envelope, which they derive from
the host cell. G protein is the only surface glycoprotein (G) involved in viral attachment, entry
and fusion (uncoating) activities. VSV G has been proposed to bind to phosphatidyl serine,
which is found primarily on the inner leaflet of the plasma membrane (Schlegel et al., 1983)
and this may be the one reason of VSV infecting poorly to polarized epithelial cells via the
apical plasma membrane (Fuller et al., 1984). In contrast, later experiments have shown that
phosphatidyl serine is not the receptor for VSV (Coil and Miller, 2004). Instead, it seems
likely that nonspecific electrostatic and hydrophobic interactions mediate attachment of VSV
to the cell, enabling VSV to infect virtually all animal cells (Lyles and Rupprecht, 2007).
Therefore, VSV has broad tissue tropism and is considered very suitable as a vaccine or a
therapeutic vector (Lichty et al., 2004). The matrix (M) protein of VSV is considered as the
brain of the virus. It suppresses the expression of antiviral gene products (such as IFN) by
interrupting the host transcription programs and by blocking the nuclear export of mRNA. In
this way VSV manages its own replication in an unabated manner in the cytoplasm of the cell
(Lichty et al., 2004). The matrix protein is thought to be involved in characteristic rounding of
cells followed by programmed cell death (apoptosis) after infection with VSV. The induction
of apoptosis by the matrix protein probably results in the blockade of host-cell gene
expression, because mutations to the matrix protein that abrogate this blockade also reduce its
cytotoxicity in most cells (Kopecky et al., 2001, Kopecky and Lyles, 2003). Additionally, the
M protein is thought to be involved in replication of the VSV, and budding of the virus
(Lichty et al., 2004). The large number (about 1200 copies/ genome) of nucleoproteins (N
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protein) encapsidates the RNA genome to form a nucleocapsid (Lyles and Rupprecht, 2007).
The nucleocapsid is associated with lesser amounts of the large polymerase (L) protein and
phosphoprotein (P). The P protein mediates binding of L with the N protein-RNA template,
whereas the L protein is responsible for all of the RNA synthesis activities (Lyles and
Rupprecht, 2007). The RNA genome of VSV consists of approximately 11,200 nucleotides.
The five protein-encoding genes are in the order of 3’-N-P-M-G-L-5’ (Lyles and Rupprecht,
2007) (Fig. 3).

Fig. 3. Schematic diagram of vesicular stomatitis virus
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A Recombinant VSV genome can carry up to 4.5 kb of foreign RNA genes, expressing them
at high levels and still replicate efficiently (Haglundb, 2000). Due to the fact that, VSV
replicates in the cytoplasm and has a negative-stranded RNA genome it is unable to undergo
natural recombination or reassortment (Lichty et al., 2004). It is considered as an attractive
option to be used as a vaccine vector. Live attenuated VSV vectors expressing a variety of
foreign viral proteins have been demonstrated to induce strong immune responses and solid
protection against different viral pathogens in animal models. Single intranasal vaccination of
mice with a recombinant VSV expressing an influenza virus haemagglutinin (HA) protein
provided complete protection from lethal challenge with influenza virus (Roberts et al., 1998).
In another experiment, vaccination with VSV vectors expressing env and gag genes protected
rhesus monkeys completely from pathogenic AIDS virus challenge (Rose et al., 2001).
Additionally, recombinant VSV vectors expressing herpes simplex virus type 2 gD have been
shown to elicit robust CD4+ Th1 immune responses and protection of mice and guinea pigs
against vaginal challenge (Natuk et al., 2006). Vesicular stomatitis virus vectors expressing
avian influenza H5 HA induced cross-neutralising antibodies and long-term protection of
mice from H5N1 virus (Schwartz et al., 2007). In addition to this, single-cycle VSV vectors
lacking the essential glycoprotein G gene have been generated and were shown to induce
protective immunity in mice (Kahn et al., 2001; Publicover et al., 2005).

3. Aims of study

23

3. Aims of study
The primary goal of this study was to generate a safe, marker vaccine for protection of poultry
against HPAIV infections. A recombinant VSV vector vaccine was thought to be a promising
candidate in this regard, due to many advantages of VSV over other vector systems. In
poultry, VSV infections in nature have not been reported therefore, it may be considered that
there is no pre-existing immunity in birds against this vector. Additionally, VSV has a broad
tissue and species tropism, therefore the vector vaccine could also be utilised in other species.
Deletion of the G gene of VSV leads to a non-transmissible and safe vector vaccine. VSV
based vector vaccines has been shown to induce robust immunity by stimulating the humoral
and cellular branch of the immune system.

VSV based AIV vaccines provided complete protection against HPAIV in mammalian
models; its protective ability in poultry has not been investigated. To study VSV-based vector
vaccines in chickens, VSV based replicons expressing HA, NP, M1 and M2 of
A/FPV/Rostock/34 (H7N1) were aimed to be generated. The HPAIV antigens were aimed to
be introduced into two versions of VSV vectors, cytopathogenic as well as noncytopathogenic. In order to render the vector safe, G gene of VSV was intended to be deleted
and replaced by the AIV antigen. The important goal was to evaluate immune potential of
single cycle VSV-vector based vaccines in SPF chickens via intramuscular, intranasal, oral,
and ocular routes, and in-ovo. The protective efficacy of the vector vaccine especially against
heterologous HPAIV in chickens was also aimed to be evaluated. In addition to characterise
the vectors, the production capacity of recombinant VSV in cell culture, and the storage
stability of these vaccines was to be analysed. Final goal was to analyse whether vaccinated
chickens comply with the DIVA principle for differentiating infected from vaccinated
animals.
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4.1. Materials

4.1.1. Eukaryotic cells
All Eukaryotic cell lines were supplied by the Institute of Virology, University of Veterinary
Medicine Hannover, Germany, if not otherwise stated.
Cells
BHK-21

BHK-G43

Description
Baby hamster kidney cells, German Collection of Microorganisms and Cell
Culture, Braunschweig
BHK-21 cells expressing the VSV-G gene in an inducible manner (Hanika et
al., 2005)
Stably transfected BHK-21 cells expressing T7 RNA polymerase under the

BSR-T7

control of CMV promoter (Buchholz et al., 1999), provided by Prof. Dr. KarlKlaus Conzelmann, Max-von-Pettenkoffer-Institute, Munich, Germany

CEF

Chicken embryo fibroblasts, provided by the Clinic for Poultry, University of
Veterinary Medicine Hannover

HEK-Blue™

Commercial cell lines expressing the SEAP reporter gene under the control of

IFN-α/β cells

ISG54 promoter (InvivoGen)

MDCK-II

Madin-Darby canine kidney cells

Vero

An established cell line derived from African Green tailed Monkey

4.1.2. Bacteria
Bacteria
XL1-Blue MRF

Description
recA1, endA1, gyrA96, thi-1, hsdR17, supE44, relA1, lac [F’, proAB,
lac1, qZ, ∆M15, Tn 10 (Tetr)] (Stratagene)

4.1.3. Viruses
All virus strains were provided by PD Dr. Gert Zimmer, Institute of Virology, University of
Veterinary Medicine Hannover, Germany; if not, otherwise stated.
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Virus

Description

VSV*

Cytopathogenic VSV (Indiana) expressing GFP

VSVncp*21

Non-cytopathogenic VSV (Indiana) expressing GFP

VSV*∆G

Cytopathogenic VSV (Indiana) expressing GFP but lacking VSV-G-gene

VSVncp*∆G

Non-cytopathogenic VSV (Indiana) expressing GFP but lacking VSV-G-gene

MVA-T7

Modified recombinant Vaccinia Virus Ankara (Sutter et al., 1995) expressing
T7 RNA polymerase
A/FPV/Rostock/34 (H7N1) and A/chicken/Italy/445/99 (H7N1), provided by

H7N1

Dr. Wolfgang Garten, University of Marburg and Ilaria Capua (Istituto
Zooprofilattico Sperimentale delle Venezie, Padova, Italy), respectively.

H7N7

H5N2

A/duck/Potsdam/15/80 (H7N7), provided by Prof. Dr. S. Rautenschlein,
Clinic for Poultry, University of Veterinary Medicine Hannover, Germany
A/Teal/Föhr/Wv1378-79/03 (H5N2), provided by FLI, Federal Research
Institute for Animal Health, Insel-Riems, Germany

4.1.4. Synthetic oligonucleotides
Synthetic oligonucleotides were synthesised by InvitrogenTM
Primer
HA7-S(MluI)
HA7-AS(BstEII)
H7-NP-S(MluI)
H7-NP-AS(BstEII)
H7-M1-S(MluI)

Sequence
TTCCGGACGCGTCACTATGAACACTCAAATCCTGGTTTTCGCC
CT T
TTCCGGGGTAACCTTATATACAAATAGTGCACCGCATGTT
TTCCGGACGCGTCACTATGGCGTCTCAAGGCACCAAACGGTC
T
TTCCGGGGTAACCTTAATTGTCATACTCCTCTGCATTGTCT
TTCCGGACGCGTCACTATGAGTCTTCTAACCGAGGTTGAAAC
GTAC

H7-M1-AS(BstEII) TTCCGGGGTAACCTCACTTGAATCGTTGCATCTGCACTCC
H7-M2-S(MluI)
H7-M2-S(EcoRI)

TTCCGGACGCGTCACTATGAGTCTTCTAACCGAGGTTGAAAC
GCCT
AACCGGGAATTCAAGATGAGTCTTCTAACCGAGGTTGAA
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H7-M2-AS(XhoI)
H7mut-S

H7mut-AS
sHA7-AS(BstEII)
H5-S(MluI)
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AACCGGCTCGAGCTCCAGCTCTATGTTGACAAAATG
GTTCCCGAACCTTCCAAAGGCAGAGGCCTGTTTGGCGCTATA
GCAGGGTTT
AGCGCCAAACAGGCCTCTGCCTTTGGAAGGTTCGGGAACGTT
CTTCATCCC
TTCCGGGGTAACCTTATTTGTAGCCACTACTCAATTTGACT
AACCGGACGCGTCACTATGGAGAAAATAGTGCTTCTTCTTGC
A

H5-AS(BstEII)

AACCGGGGTAACCTTAAATGCAAATTCTGCACTGCAATG

H5-AS(BspHI)

AGCAATCATGAAAAG TGGATTGGA

H5N1-HAS(HindIII)

CGCGAAGCTTAGCAAAAGCAGGGGTTCAATCTGTCAA

H7N7-S4-S

AGCAAAAGCAGGGGATACAAAATGAAC

H7N7-S4-AS

AGTAGAAACAAGGGTGTTTTTTCCAA

GFPE3L-AS
(NheI)
E3L-GFP-S (XhoI)
E3L-GFP-S
(HindIII)
E3L-GFP-AS
(HindIII)
GFP-E3L-AS
(BglII)

GGTTCCGCTAGCTCAGAACCGGATGATCACGTAGCCCAG
GGTTCCCTCGAGAAAATGAGCAAAATCTACATCGACGAG
GGCCTTAAGCTTGCCACCATGAGCAAAATCTACATCG

GGCCTTAAGCTTGAACCGGATGATCACGTAGCCCAG

GGCCTTAGATCTTCAGAACCGGATGATCACGTAGCCCAG

H7-NP3-S(EcoRI)

AACCGGGAATTCTCTGCAGCATTTGAAGACCTGAGA

H7-NP3-AS(SalI)

AACCGGGTCGACTTAATTGTCATACTCCTCTGCATTG

TA7

CACCGCTGAGCAATAACTAGCAT

pEGFP-N1 fwd

GTCGTAACAACTCCGCCC

pEGFP-N1 rev

GTCCAGCTCGACCAGGATG

pEGFP-C1 fwd

GATCACTCTCGGCATGGAC

pEGFP-C1 rev

CATTTTATGTTTCAGGTTCAGGG
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4.1.5. Plasmid vectors
Plasmid
pTM1

pTM1-HA

pTM1-G

Description
Expression plasmid containing a T7 promoter and a T7 termination
signal and an IRES from EMC (Moss et al., 1990)
pTM1 plasmid expressing the HA gene of A/FPV/Rostock/34
(H7N1) provided by Dr. Wolfgang Garten, University of Marburg
pTM1 plasmid expressing the G gene of VSV (Indiana) provided by
PD Dr. Gert Zimmer
Expression plasmid vector containing the CMV promoter, the

pCDNA3.1/Zeo (+)

polyadenylation signal from the bovine growth hormone gene, and
zeocin resistance factor (Invitrogen)

pVSV*

Expression plasmid containing the VSV genome with additional
transcription unit driving the expression of GFP

pTM1-N, -P, -L

pTM1 plasmid encoding for N, P and L genes of VSV

pEGFP-N1

Plasmid expressing GFP in eukaryotic cells (Clontech)

pEGFP-C1

Plasmid expressing GFP in eukaryotic cells (Clontech)

4.1.6. Enzymes, buffers and reagents
Enzymes

Source

Restriction endonucleases and buffers
MluI (10U/µl)

MBI Fermentas

NheI (10U/µl)

MBI Fermentas

BstE II (10U/µl)

New England Biolabs

BamHI (10U/µl)

MBI Fermentas

XhoI (10U/µl)

MBI Fermentas

Eco RI (10U/µl)

MBI Fermentas

Eco 91I (10U/µl)

MBI Fermentas

HindIII (10U/µl)

MBI Fermentas

PstI (10U/µl)

MBI Fermentas

BglII (10U/µl)

GIBCO
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Xba I (10U/µl)

MBI Fermentas

Restriction endonuclease (R+, B+, O+, G) buffers

MBI Fermentas

Polymerases, ligases and other enzymes
Taq DNA polymerase (5U/µl) and 10×Buffer

MBI Fermentas

Pfu DNA polymerase (2.5U/µl) and 10×Buffer

MBI Fermentas

Pwo DNA polymerase and 10×Buffer

MBI Fermentas

T4 DNA ligase (5U/µl) and Buffer

MBI Fermentas

Calf Intestinal Alkaline Phosphatase (CIAP)

MBI Fermentas

Streptavidin-peroxidase (HRP)-complex

Amersham/Pharmacia

4.1.7. PCR and gel electrophoresis components
Product

Source

2´-deoxynucleoside 5’-triphosphates (dNTPs)

MBI Fermentas

DEPC-Water

MBI Fermentas

MgCl2 (25mM)

MBI Fermentas

100×BSA

MBI Fermentas

Gene Ruler 100bp leader Plus DNA marker

MBI Fermentas

Lambda DNA EcoRI/HindIII DNA marker

MBI Fermentas

6 x loading dye solution

MBI Fermentas

4.1.8. Kits, assays, substrate, and reagents systems
Product

Source

QIAquick PCR Purification Kit

Qiagen

QIAquick Gel Extraction Kit

Qiagen

Rneasy Mini Kit

Qiagen

QIAfilter Plasmid MIDI und MAXI Kit

Qiagen

Nucleo Spin kit 8/96 virus core kit

Macherey & Nagel

Original TA Cloning Kit

Invitrogen

Titan One tube RT-PCR system

Roche

SuperScriptTM III First-Strand Synthesis System for RT-PCR

Invitrogen
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one step RT-PCR kit (Superscript™ III One-Step RT-PCR
system with Platinum® Taq DNA polymerase)
FLOCKTYPE® recAIV (NP-ELISA)

Invitrogen
Labor Diagnostik Leipzig

ID Screen® Influenza A Antibody (NP) Competition ELISA

ID-VET, innovative
diagnostics
ID-VET, innovative

ID Screen® Influenza N1 Competition (ELISA)

diagnostics

BCA Protein Assay

Pierce

BM Chemiluminescence Blotting Substrate (POD)

Roche

Super Signal West Dura

Pierce

Lipofectamine 2000 (Transfection reagent)

Invitrogen, GibcoBRL

SuperFect® (Transfection reagent)

Qiagen

AEC (3-amino-9-ethylcarbazole)

Sigma Aldrich

H2O2

AppliChem

Mifepristone

Sigma Aldrich

4.1.9. Antibodies
Product
Rabbit PC antiA/FPV/Rostock/34/ (H7N1)

Dilution in 1% BSA in
PBS
1:1000

Source
Dr. Wolfgang Garten, University
of Marburg

Rabbit anti-NP

1:1000

FLI, Insel-Riems

Mouse anti-NP

1:1000

Serotec

Mouse anti-Matrix

1:1000

Serotec

Mouse anti-flag (clone M2)

1:400

Sigma

Chicken anti-H5

1:100

Dr. Jutta Veits, FLI, Insel-Riems

Mouse anti-VSV-G

1:500

PD Dr. Gert Zimmer

Anti-rabbit IgG-Cy3

1:500

Sigma

Anti-mouse IgG-Cy3

1:500

Sigma

Anti-mouse IgG-HRP

1:1000

Dako

Anti-chicken-rhodamine

1:500

Biomol
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Anti-chicken IgY-FITC

1:500

Sigma

Anti-rabbit IgG-HRP

1:1000

Sigma

1:500

GE Health Care

1:500

Sigma

Streptavidin-biotinylated
HRP complex
Anti-mouse IgG-Biotin

4.1.10. Chemicals
Product

Source

Acetylated Trypsin

Sigma

Agar

Roth

Agarose

Biozym

Albumin fraction V

Appli Chem

Aminocaproic acid

Sigma

Ampicillin

Roth

Ammonium per sulphate (APS)

BIO-RAD

Bako-Trypton

Roth

Blocking reagent

Roche

Boric acid

Roth

Bromophenol blue

Merck

BSA (Bovine Serum Albumin)

Roth

Calcium chloride

Roth

Complete Protease inhibitor cocktail

Roche

Crystal violet

Merck

DABCO (1,4-Diazobicyclo-(2,2,2,)-octane)

Sigma

DAPI (4-6-Diamino-2-phenylindol-di-hydrochloride)

Sigma

DMEM (Dulbeco’s Modified Eagle Medium), powder

GIBCO BRL

DMSO (Di-methyl sulfoxide)

Roth

Di-Natrium hydrogen phosphate

Roth

Doxycyclin

Sigma

DTT (1,4-Dithiotreitol)

Roth
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EDTA (Ethylene diamine tetra acetate)

Roth

EMEM (Eagle’s Minimum Essential Medium), powder

GIBCO BRL

Ethanol

Merck

Ethidium bromide, 1% solution

Sigma

FBS (Foetal Bovine Serum) or FCS (Foetal Calf Serum)

Biochrom

Gentamicin sulfate (50mg/ml)

Calbiochem, PAA Laboratories

Glycerine

Roth

Glycine

Roth

Ham's F-12 with Glutamax (25%), powder

Biochrom

Hygromycin (50mg/ml)

Roche

IPTG (Isopropyl-1-β-D-thio-1-galactopyranose)

Eurobio

Kanamycin

Roth

Lysozyme

Boehringer, Mannheim

Magnesium chloride

Roth

Magnesium sulphate

Roth

Manganese chloride

Merck

2-Mercaptoethanol

Fluka

Methanol

Roth

Methylcellulose

Sigma

MOPS (3-(n-Morpholino)-propansulfonic acid

Roth

Mowiol

Calbiochem

2-propanol

Roth

Potassium acetate

J. T. Baker

Potassium dihydrogen phosphate

Roth

Potassium chloride

Roth

Non-essential amino acids, 100×

Biochrom, PAA Laboratories

NON IDET P40

Roche

Paraformaldehyde (PFA)

Fluka

Penicillin

GIBCO BRL

Poly acrylamide solution 30%

Roth
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Potassium acetate

Merck

Potassium chloride

Roth

Potassium hydrogen phosphate

Roth

Protein A-Sepharose beads

Sigma

Pyruvate

Invitrogen

Sucrose

Roth

SDS (sodium dodecyl sulphate)

Roth

Sea plaque agarose

Biozym

Streptomycin

GIBCO BRL

Sulfo-NHS-Biotin

Pierce

TEMED (N, N, N , N –tetramethyldiamine)

Roth

TRIS (Tris-Hydroxymethylaminomethane)

Roth

Triton X-100

Roth

Trypsin

Roth

Trypton

Roth

Tween-20

Roth

Versen

Roth

Yeast extract

Roth

Zeocin

Invivogen

4.1.11. Culture media for bacteria
Product

Composition

Mass/volume

LB (Luria Bertani)-medium,

Trypton

10 g

pH 7.0

NaCl2

10 g

Yeast extract

5g

dH2O

up to 1000 ml

For preparation of LB agar, 20 g of agar-agar was added to 1 litre LB-medium and
autoclaved. When the medium was cooled to 50°C, ampicillin (50 mg/ml) was added (final
concentration 50µg/ml) and the medium was poured into petri dishes.
SOC medium

Trypton

2%
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NaCl2

10 mM

Yeast extract

0.5%

KCl2

2.5 ml

MgCl2 x 6 H2O

10 mM

Glucose

20 mM

CaCl2

10 mM

Glycerine

15% (v/v)

Potassium acetate

30 mM

Rubidium chloride

100 mM

Manganese chloride

50 mM

MOPS

10 mM

CaCl2

75 mM

Glycerine

15% (v/v)

Rubidium chloride

100 mM

4.1.12. Cell culture media
Product

Composition

Mass/volume

DMEM (Dulbecco’s Minimal

DMEM powder

13.53 g

Essential Medium), pH 6,9

NaHCO3

2.2 g

dH2O

up to 1000 ml

Double concentrated DMEM,

DMEM powder

27.06 g

pH 6.9

NaHCO3

4.4 g

dH2O

up to 1000 ml

EMEM (Eagle’s Minimum

EMEM powder

9.6 g

Essential Medium), pH 7

NaHCO3

2.2 g

dH2O

up to 1000 ml

The powder was provided from GIBCO BRL Life Technologies company. Per litre of
medium, 0.05 g of streptomycin sulphate and 0.006 g of penicillin G (Sigma) were added.
MEM (2×) with glutamine was also supplied by GIBCO BRL Life Technologies.
All reagents were sterile-filtrated.
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4.1.13. General buffers and solutions for molecular biology and cell culture
Product
PBS, pH 7.5

Composition

Mass/volume

NaCl

8g

KCl

0.2 g

Na2HPO4

1.15 g

KH2PO4

0.12 g

MgCl2 x 6 H2O

0.1 g

CaCl2 x 6 H2O

0.132 g

dH2O

up to 1000 ml

NaCl

8g

KCl

0.2 g

Na2HPO4

1.15 g

KH2PO4

0.12 g

dH2O

up to 1000 ml

Versen-Trypsin 0.125%,

NaCl2

8.0 g

pH 7.0

KCl

20 g

Na2HPO4 x 12 H2O

2.31 g

KH2PO4 x 2 H2O

0.20 g

CaCl2

0.13 g

MgSO4 x 7 H2O

0.10 g

Trypsin

1.25 g

Versen (EDTA)

1.25 g

Streptomycin

0.05 g

Penicillin G

0.06 g

dH20

up to 1000 ml

PBSM, pH 7.5

Mifepristone

Stock solution was diluted in absolute ethanol to give a

(stock solution: 1mM in

concentration of 10-6M. Cells were induced at 10-9M by

Ethanol)

diluting the practical solution in media by 1:1000.

3% PFA (paraformaldehyde)

PFA

3g

Storage -20°C and 4°C

PBSM (dissolved at 80°C)

up to 100 µl
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Acetylated trypsin

1 mg

Culture media

1 ml

Sterile filtered and stored at -20°C. Used at the concentration of 5µg/ml of media
DAPI staining solution

1% BSA

0.2% Titron X-100

0.1M Glycine PBS

Mowiol

DAPI

1 µg

Ethanol

1 ml

BSA or Albumin fraction V

1g

PBS

100 ml

Titron X-100

2 ml

PBSM

add up to 1000 ml

Glycine

7g

PBS

up to 1000 ml

Mowiol

2.5 g

Glycerol

6.0 g

H2O

6.0 ml

The constituents were mixed by stirring overnight at room temperature. 12 ml of 0.2 M TRIS/
HCl pH8.5 were added to the solution and stirred at 50°C for 10 minutes. The solution was
centrifuged at 5000×g for 15 minutes. Aliquots were stored at -20°C.

4.1.14. Buffers and solutions for DNA analysis
Product
TE (Tris-EDTA) buffer

10 X TBE buffer

10 X TAE buffer, pH 8.0

DNA loading dye

Composition

Mass/volume

TRIS/HCl, pH 8.0

10 mM

EDTA

1 mM

TRIS

108 g

Boric acid

53.4 g

EDTA

7.4 g

dH2O

up to 1000 ml

TRIS

40 mM

Sodium acetate X 3 H2O

20 mM

dH2O

up to 1000 ml

Bromophenol blue

0.25%
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Sucrose in H2O

40% w/v

Ethidium bromide (DNA

Ethidium bromide

1g

staining solution) stock

dH2O

add 100 ml

For use, stock solution diluted 1:2000 in dH2O to achieve 1×concentration.

4.1.15. Buffers and solutions for protein analysis
Product
0.1 % Tween 20 in PBSM

Composition

Mass/volume

Tween-20

2 ml

PBSM

up to 1000 ml

dH2O

3.4 ml

30% acryl amide/bisacrylamide mix

0.83 ml

1 M Tris-HCl, pH 6.8

0.63 ml

10% SDS

50 µl

10% ammonium per sulphate (APS)

50 µl

TEMED

5 µl

12% SDS Separating gel for

dH2O

1.7 ml

PAGE

30% acryl amide/bisacrylamide mix

2.0 ml

1 M Tris-HCl, pH 8.8

1.3 ml

10% SDS

50 µl

10% ammonium per sulphate (APS)

50 µl

TEMED

2 µl

SDS running buffer

SDS

10 g

(10X stock solution)

Tris

30 g

Glycine

144 g

dH2O

up to 1000 ml

1 M Tris HCl, pH 6.8

100 mM

SDS

4%

Glycerol

20 %

Bromophenol blue

0.02 %

1 M Tris

300 ml

Stacking gel for PAGE

SDS sample buffer (2X)

Anode buffer I, pH 9.0
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Ethanol or Methanol

200 ml

dH2O

500 ml

1 M Tris

25 ml

Ethanol

200 ml

dH2O

775 ml

Amino-n-caproic acid

5.25 g

1 M Tris

25 ml

Ethanol

200 ml

dH2O

775 ml

Fixation solution for protein

Methanol

400 ml

gels

Concentrated acidic acid

100 ml

H2O

500 ml

Sodium deoxycholate

0.5 %

NONIDET P40

1%

Tris HCl, pH 7.5

50 mM

NaCl

150 mM

Protease inhibitor „Complete“

1 table

Anode buffer II, pH 7.4

Cathode buffer, pH 9.0

NP40-lysis buffer

1 tablet of complete inhibitor (leupeptin, pepstatin, PEFA block) were added to 50 ml of
NP40-lysis buffer and mixed thoroughly
DTT solution (1M)

Blocking reagent

DTT

3.09 g

H2O

20 ml

Blocking reagent powder

0.50 g

PBSM

100 ml

Protein A-Sepharose (50%)

Protein A-Sepharose was suspended in water, washed

slurry

three times with water and stored at 4°C

4.1.16. Protein mass standards
Product

Source

Pre-stained PAGE ruler/ Pre-stained PAGE ruler plus

MBI Fermentas

BCA protein assay

Pierce
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4.1.17. Consumables
Products

Source

Cell culture flasks (25cm2, 75cm2 and roller flasks)

Nunc

96-well cell culture plates

Costar, Nunc

U-bottom 96-well plates

Greiner

6 well/ 24 well cell culture plates (60 mm, 10 cm)

Greiner

Sterile Filter

Schleicher & Schuell

Nitrocellulose

Schleicher & Schuell

Whatman 40 filter paper

Whatman

1 ml syringe

BRAUN

Needles (0.90×40 mm) or (0.70×30 mm)

BRAUN

5 ml syringe

Omnifix

Parafilm PM 996

Parafilm

4.1.18. Equipments and instruments
Equipment/ instrument

Source

Analytical balance Model 1712 MP 8, Lauda 100

Sartoriøus

Aspirator

Hirschmann

Autoclave Model A5

Webeco

Blotting chamber

Keutz

CO2 incubators

Hereaus

Coolers, refrigerators and freezers

Liebherr

Flow cytometer Coulter EpicsXL

Beckman Coulter

Fluorescence Microscope Axiophot 2

Zeiss

Gene Quant RNA/DNA Calculator

Pharmacia Biotech

Incubator 37°C

Hereaus

Ice machine

Jürgens

Light Microscopes

Zeiss, Leica

Microwave MWS 2820

Bauknecht

Microwave

AEG

Neubauer chamber

Assistent, Germany
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Jürgens

Chemiluminescence, fluorescence detection plate reader, GENios Pro Tecan
Pipettes (Research)

Eppendorf

Protein electrophoresis system

Keutz

Shaking incubator Model 3033

GFL
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Vortex (REAX2000)

Heidolph
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Water purification system

SG Sanyo

Water bath
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Table top (5417R, 5417C)

Eppendorf

Megafuge 1.0 R

Hereaus

Optima LE-80K Ultracentrifuge

Beckman Coulter
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4.2. Methods

4.2.1. Molecular methods (for Nucleic acids)

4.2.1.1. AIV-RNA extraction
MDCK-II cells were infected with AIV using an MOI of 0.5. Twenty four hours post
infection the cells were trypsinised and pelleted by centrifugation. The cells were solubilised
with lysis buffer and homogenised by passing several times through 20 G (0.90 × 40 mm)
needle. An equal volume of ethanol was added to the lysate, mixed and applied to RNeasy
Mini spin columns (QIAGEN). Total RNA bound to the membrane while any contaminants
were removed by washing buffer. The total RNA was eluted in RNase-free water and
quantified photometrically with the Gene Quant RNA/DNA Calculator.

4.2.1.2. Reverse transcription and polymerase chain reaction (RT-PCR)
The Titan One tube RT-PCR system was used to obtain cDNA of M1, M2 and NP antigens of
A/FPV/Rostock/34 (H7N1) from total RNA of infected MDCK-II cells. Following solutions
were prepared for the standard reaction:
Master mix 1

Master mix 2

dd H2O

Vol Final
ume concentration
added up to 25µl*

dNTPs (10 mM)

1 µl

0.2 mM

Forward primer (10 µM)

2 µl

0.4 µM

Reverse primer (10 µM)

2 µl

0.4 µM

RNA template

2 µl

1 µg

DTT solution (100 mM)

2.5 µl

2 mM

RNase inhibitor (40 U/µl)

0.5 µl

0.2 U

Total

25µl

Reagents

Reagents
dd H2O

Vol Final
ume concentration
added up to 25 µl

5×RT-PCR
10 µl
buffer with
1.5 mM Mg2+
Enzyme mix

1 µl

Total

25 µl

*volume of ddH2O was used to adjust to the final volume.

1×
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The two solutions were mixed in a (200 µl-PCR) tube and the enzyme reactions were run in a
thermal cycler under the following conditions:
Cycles

Temperature and time conditions

RT

50°C to 60°C for 30 min (minutes)

1×

Denaturation of template at 94°C for 2 min
• Denaturation of template at 94°C for 10 s (seconds)

10×

• Annealing at 55°C for 30 s1
• Elongation at 68°C 1:30 min
• Denaturation of template at 94°C for 10 s

25×

• Annealing at 55°C for 30 s
• Elongation at 68°C for 1:30 + 5 s increase after each cycle

1×

Prolonged elongation at 72°C for 7 min
Storage at 4°C

1

The annealing temperature correlates with the melting point of the primers i.e.

Tm = 69.3°C + 0.41 × (G+C %) °C at pH 7.0.

4.2.1.3. Polymerase chain reaction (PCR)
The polymerase chain reaction (PCR) was performed to amplify segments of double-stranded
DNA using thermostable DNA polymerases from either Thermus aquaticus (Taq) or
Pyrococcus furious (pfu), the later showing proof reading activity. For a standard PCR the
following reagents were mixed:
Reagents

Volume

dd H2O

added up to 50µl

10× polymerase buffer with Mg2+

5 µl

1×

dNTPs (10 mM)

1 µl

0.2 mM

Forward primer (10 µM)

2 µl

0.4 mM

Reverse primer (10 µM)

2 µl

0.4 mM

DNA template

x µl

50 ng

Pfu DNA polymerase*

1 µl

2.5 U

Total

50µl

*Pfu DNA polymerase was added at 75°C.

Final concentration
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The standard reaction conditions for PCR were:
Cycles
1×

Temperature and time of activity
Denaturation of template at 95°C for 2 min
• Denaturation of template at 95°C for 30 s

10×

• Annealing at 55°C for 30 s
• Elongation at 72°C for * min
• Denaturation of template at 95°C for 30 s

8×

• Annealing at 55°C for 30 s
• Elongation at 72°C for * min + 10 s increase after each cycle

1×

Prolonged elongation at 72°C for 7 min
Storage at 4°C

*Elongation time was adjusted according to the DNA polymerase and DNA fragment length.
Taq = 1min/ 2kbp, Pfu = 1min/ 0.5kbp.

The PCR products were separated by an agarose gel by electrophoresis, stained with ethidium
bromide, and analysed with a UV-transilluminator.

4.2.1.4. Site-specific mutagenesis
Mutations were introduced into the HA gene of A/FPV/Rostock/34 (H7N1) to change the
polybasic (SKKRKKR) cleavage site into dibasic (SKGR). Two Pfu-PCR reactions, one
hybridisation, an extension reaction followed by pfu-PCR amplification were performed to
create site-specific mutations (Fig. 4). The first pair of primers consisting of HA forward
(HA7-S-MluI) and mutant HA reverse (H7mut-AS) was used to amplify a DNA fragment that
contained the mutation site together with upstream sequences. The second primer pair
consisting of mutant HA forward (H7mut-S) and HA reverse (HA7-AS-BstEII) was used in a
separate PCR to amplify a DNA fragment that contained the mutation(s) together with
downstream sequences. The mutations were located in the overlapping region of the amplified
fragments. The DNA fragments were purified following gel electrophoresis.
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1. Pfu PCR
HA forward primer

Mutant reverse primer

2. Pfu PCR
Mutant forward primer

HA reverse primer

3. Hybridisation
and extension

HA forward primer

HA reverse primer
4. Pfu PCR

Fig. 4. Site specific mutagenesis of HA of AIV

In order to join the 5´ and 3´ ends of the target gene the overlapping fragments were mixed,
denatured, and annealed to generate heteroduplexes. With the help of Pfu-DNA polymerase a
complete double stranded cDNA was generated. Following reagents were mixed for
hybridisation of DNA fragments:
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Reagents

Volume

dd H2O

Final concentration

adjusted to 50µl
2+

10× enzyme buffer with Mg

5 µl

1×

dNTPs (10 mM)

1 µl

0.2 mM

PCR product I (HA1)

1 µl

30 ng

PCR product II (HA2)

1 µl

20 ng

PfuDNA polymerase

1 µl

2.5 U

Total

50µl

The standard reaction conditions for the hybridisation were:
Cycles
1×

Temperature and time of activity
Denaturation of template at 95°C for 1 min
• Denaturation of template at 95°C for 2 min

2×

• Annealing at 60°C for 2 min
• Elongation at 72°C for 4 min

1×

Prolonged elongation at 72°C for 7 min
Storage at 4°C

The resulting product was amplified by a standard Pfu-PCR reaction using the HA forward
and HA reverse primers.

4.2.1.5. Generation of cDNA for soluble (HA) antigen
The reverse primer (sHA7-AS-BstEII) was designed to contain complementary sequences
upstream of the HA trans-membrane domain. A Pfu-PCR was performed using this primer
and the HA forward primer (HA7-S-MluI) to obtain HA segment encoding the extracellular
HA domain:
HA forward

Transmembrane domain
cDNA template (HA)
Modified reverse primer

cDNA of soluble-HA
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4.2.1.6. PCR product purification
The QIAquick PCR Purification Kit (QIAGEN) was used to purify DNA from any (PCR)
reagents and enzymes. The samples were applied to a silica-gel membrane. DNA was bond to
the membrane in the presence of high salt concentrations, while contaminants passed away
through the column. After a washing step, DNA was eluted with 10mM Tris buffer (pH 8.5).

4.2.1.7. TA vector cloning
Before introduction of PCR product into a vector, 3' A overhangs were introduced into the
PCR products according to following protocol:
Reagents

Volume

Final concentration

dd H2O

Adjusted to 50µl

10× Taq buffer

5 µl

1×

MgCl2 (25 mM)

4 µl

2 mM

dNTPs (10 mM)

1 µl

0.2 mM

ATP (10 mM)

1 µl

0.2 mM

DNA template

x µl

5 µg

TaqDNA polymerase

1 µl

5U

Total

50µl

The mixture was mixed thoroughly and incubated at 72°C for 30 min in a thermal cycler. The
product was ligated into a TA-vector using pGEM®-T Easy Vector Systems (Promega).

4.2.1.8. Sequencing and data analysis
All DNA sequencing was performed by MWG biotech (Martinsried). 1-2 µg DNA (pGEM
vector clones) were sent in a 1.5 ml eppendorf tubes after drying in a vacuum-dryer. The
sequence data was aligned to the corresponding GenBank data using the BLAST algorithm
(http://searchlauncher.bcm.tmc.edu/seq-search/nucleic_acid-search.html). The DNA clones
with consensus sequences (Appendix-I) were selected for further applications.
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4.2.1.9. Cleavage of DNA with restriction enzymes
Restriction endonucleases cleave double stranded DNA at specific nucleotide sequences
known as restriction sites. For this, cDNAs were incubated for 12 hours with 5-10 U of the
respective restriction enzymes. The buffer system as recommended by the manufacturer and
the optimal temperatures were used for the reactions.

4.2.1.10. Analysis and isolation of PCR products and DNA fragments by gel
electrophoresis
PCR products were analysed by 1-2% agarose gel electrophoresis in TBE buffer. A DNA
ladder was usually applied to the first slot of the gel and the samples were loaded on to the
remaining slots. The electrophoresis was performed at 80-100V for 1 hour, the gel was
stained in ethidium bromide solution for 5-10 minutes and rinsed in water for 10 minutes. The
DNA was analysed with a UV-illuminator and photographs were taken. For gel extraction of
DNA, 0.8% agarose gels in TAE buffer were used. The reference DNA ladder and an aliquot
of the sample were applied to the first two slots; the remaining sample was loaded into slots 4
to 6 while slot number 3 remained empty. The electrophoresis was performed at 80V for 1
hour. The gel slice containing DNA ladder and one sample excised and stained with ethidium
bromide followed by washing in water. The stained gel was illuminated with ultraviolet light
and the regions of the gel containing the DNA fragments were marked. The corresponding
regions were cut from the unstained part of the gel and collected in tubes and processed for
gel extraction.

4.2.1.11. Gel extraction of DNA
The QIAquick Gel extraction Kit (QIAGEN) was used to extract DNA from the agarose gel.
The gel containing DNA was dissolved in the buffer supplied with kit at 50°C. The samples
were applied to a tube containing a silica-gel membrane. The DNA adsorbed to the silica
membrane in the presence of high concentrations of salts while contaminants passed away
through the column. DNA was eluted by Tris buffer or water and quantified subsequently.
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4.2.1.12. Dephosphorylation
Cleavage of plasmid DNA with a single restriction endonuclease results in complementary
overhangs, which may re-ligate. To prevent this self-ligation, the cleaved and purified
plasmid vector (5µg in 45µl) was incubated with 2µl of calf intestinal alkaline phosphatase
(CIAP) and 5µl of the recommended buffer at 37°C for 40 min. The DNA was purified from
reaction reagents with the QIA quick PCR purification kit (QIAGEN).
4.2.1.13. Ligation
Ligation of two DNA molecules is possible if they contain either blunt ends or single strand
complementary overhangs. Therefore, plasmid vectors and PCR fragments were treated with
the same restriction endonucleases. The ligation reactions were performed with 5-10 U of
bacteriophage T4 DNA ligase in the recommended reaction buffer. A molar ratio of plasmid
vector to PCR DNA fragment of 1:5 was used. The ligation reaction was performed at 14°C
for 16 hours (overnight) in a final volume of 20 or 40 µl.

4.2.1.14. Preparation of chemicompetent E. coli
A single colony of E. coli XL-1 Blue bacteria was picked from an agar plate and propagated
in 10 ml of LB medium (TetR) at 37°C overnight with vigorous agitation. About 5 ml of
overnight culture was inoculated into 250 ml of LB medium and incubated under similar
conditions till an optical density (OD600) of 0.6 was reached. The culture was chilled on ice
for 10 minutes and pelleted by centrifugation at 2800×g for 10 minutes at 4°C. The bacteria
were resuspended in 75 ml ice-cold TFB I buffer and centrifuged as described above. The
pellet was resuspended in 10 ml TFB II buffer and aliquots of 100 µl each were frozen in
liquid nitrogen and stored at -80°C.

4.2.1.15. Heat-shock transformation of E. coli (molecular cloning)
A frozen aliquot of chemicompetent E. coli was thawed on ice, 4 µl (20-50 ng) of plasmid
DNA was added to the cell suspension and incubated on ice for 30 minutes. The bacteria were
incubated for 30 seconds in a pre-heated (42 °C) water bath (heat-shock) to trigger uptake of
plasmid DNA. The tubes were immediately transferred into an ice bath and cooled for 2
minutes. After addition of 250 µl of LB medium, the cultures were agitated for 60 minutes at
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37°C. Finally the bacteria (50-100 µl) were plated on agar plates containing the appropriate
selection antibiotic(s) and incubated for 18-24 hours at 37°C.

4.2.1.16. Colony PCR
A colony PCR was performed with appropriate primers to select the bacterial clones that
contained the recombinant plasmid DNA of choice. A PCR master mix for 12 reactions was
prepared with the following reagents:
Reagents

1×reaction

12×reaction

dd H2O

11 µl

132 µl

10× Taq buffer

1.5 µl

18 µl

MgCl2 (25 mM)

1.2 µl

14.4 µl

dNTPs (10 mM)

0.3 µl

3.6 µl

Forward primer (10 µM)

0.45 µl

5.4 µl

Reverse primer (10 µM)

0.45 µl

5.4 µl

TaqDNA polymerase

0.1 µl

1.2 µl

Total

15 µl

180 µl

Each PCR tube received 15 µl of the reaction master mix. An individual clone of E. coli was
picked with a sterile pipette tip and dispersed first into the reaction mix and then into a
corresponding 1.5 ml tube containing 250 ml of LB-medium. The LB-medium tubes were
incubated on a thermo mix block at 37°C for 1 hour. Simultaneously, the PCR reaction was
performed under the following conditions:
Cycles
1×

Temperature and time conditions
Denaturation of template at 95°C for 2 min
• Denaturation of template at 95°C for 30 s

20×

• Annealing at 55°C for 30 s
• Elongation at 72°C for * min1

1×

Prolonged elongation at 72°C for 7 min
Storage at 4°C

1

Elongation time for Taq DNA polymerase was calculated at the rate of 2000 nt/min.

4.2. Methods

49

The PCR products were analysed by gel electrophoresis in TBE buffer. The corresponding
cultures of two positive clones were used to inoculate either 25 ml or 100 ml of LB medium
for midi or maxi plasmid DNA preparations, respectively.

4.2.1.17. Plasmid DNA preparation
The bacterial cultures were harvested by centrifugation at 4500×g, 4°C for 15 min. The
plasmid DNA isolation was performed with QIAfilter Plasmid Midi or Maxi Kits (Qiagen)
according to manufacturer’s protocol.

4.2.1.18. Determination of DNA concentration
The DNA concentration was determined photometrically at 260 nm absorbance with the Gene
Quant RNA/DNA calculator and calculated by the following formula:
OD260 × dilution factor × 50 = amount of DNA in µg/ml

4.2.1.19. Construction of recombinant VSV Plasmids
A cDNA encoding the full-length antigenomic (positive-strand) vesicular stomatitis virus
RNA (strain Indiana; GenBank accession number J02428) was assembled in the pUC18
plasmid. The cDNA was placed under control of the T7 promoter sequence and was followed
by the hepatitis delta ribozyme and the T7 terminator sequences according to a previous
report (Lawson et al., 1995). Unique MluI and BstEII restriction enzyme sites were introduced
upstream and downstream of the VSV glycoprotein G ORF, respectively. An additional
transcription unit comprising the consensus transcription start sequence, XhoI and NheI
restriction sites, and a transcription stop sequence were introduced into the G-L intergenic
region (Schnell et al., 1996). The enhanced green fluorescent protein (eGFP) gene was
amplified from the pEGFP-N1 plasmid (Clontech) by Pfu PCR and cloned into the XhoI and
NheI sites resulting in the plasmid pVSV*. The HA open reading frame of A/FPV/Rostock/34
(GenBank accession number M24457) was amplified from the plasmid pTM1-HA(H7) and
cloned into the MluI and BstEII restriction sites of pVSV* thereby replacing the VSV G gene.
The resulting plasmid was designated pVSV*∆G-HA. The NP and M1 genes of
A/FPV/Rostock/34 (GenBank accession numbers M21937 and X05905, respectively) and HA
gene of A/Teal/Föhr/Wv1378-79/03 (H5N2), were amplified by RT-PCR using total RNA
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from virus-infected MDCK cells as a template and cloned into the MluI and BstEII restriction
sites of pVSV* resulting in the plasmid pVSV*∆G-NP, pVSV*∆G-M1, and pVSV*∆GHA(H5N2), respectively. Likewise, M2 gene of A/FPV/Rostock/34 (GenBank accession
number X05905/ M55475.1) was amplified by RT-PCR using total RNA from the virusinfected MDCK cells as template. Owing to the smaller (antigenic) size of M2, it was coupled
with 3flag sequences to generate M2-flag. The M2-flag was also cloned into pVSV* into the
MluI and BstEII restriction sites to generate pVSV*∆G-M2-flag. Additionally, cDNA for
soluble HA (solHA), and mutant HA (mutHA) were generated as mentioned earlier (sections:
4.2.1.3 and 4.2.1.4.) and cloned into the MluI and BstEII restriction sites of pVSV* to
generate pVSV*∆G-solHA and pVSV*∆G-mutHA constructs, respectively. Mutations to the
matrix protein of VSV abolish the nucleo-cytoplasmic blockade and reduce its cytotoxicity in
most cells (Kopecky et al., 2001; Kopecky and Lyles, 2003). Therefore, VSV plasmid, which
contains the mutant M (Mncp) is the non-cytopathogenic construct and may be designated as
VSVncp (VSV non-cytopathogenic). In order to generate the non-cytopathogenic version of
recombinant VSV plasmids, the same AIV genes were excised from the corresponding
recombinant cytopathogenic VSV vector and introduced into MluI and XhoI sites of a noncytopathogenic vector (VSV*ncp21). And in this way pVSVncp*∆G-HA, pVSVncp*∆G-NP,
pVSVncp*∆G-M1, pVSVncp*∆G-HA(H5N2), pVSVncp*∆G-solHA, or pVSVncp*∆GmutHA were generated. However, pVSVncp*∆G-M2-flag was generated by replacing the
cDNA of M gene in pVSV*∆G-M2-flag with cDNA of Mncp using the XbaI and MluI
restriction enzymes.

4.2.2. Cell culture methods

4.2.2.1. Preparation of Chicken Embryo Fibroblasts (CEF)
Chicken embryos were obtained from 10-days old SPF eggs. The shell was disinfected and
removed and the embryo was decapitated with pair of scissors. All the developing visceral
organs were excised and the remaining trunk was immersed twice in sterile PBS to remove
blood and unwanted tissues. It was transferred to a dish with trypsin EDTA and passaged
through a 50 ml syringe. Subsequently, fresh trypsin (10 ml trypsin/embryo) was added and
stirred for 15 minutes. The suspension was cleared with filtering cloth, and centrifuged twice
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at 1000×g for 15 min to get rid of erythrocytes and other substances. The cells were
suspended in media (Leibovitz and Mc Coy’s medium 1:1 + penicillin 100U/ ml,
streptomycin 100mg/ ml, and 2 mM Glutamine), counted, and adjusted to a final
concentration of 7.5×105 fibroblasts/ ml using the following formula:

Mean cell count× no. of quarters× dilution factor× chamber volume/No. of cells required.

4.2.2.2. Cell culture
All established cell lines were cultivated in 75 cm2 cell culture flasks (Nunc) with 20 ml of
appropriate media (Table 3). The cells were maintained at 37°C in a humidified incubator
ventilated with 5% CO2. The cells were passaged twice or three times per week. They were
washed with sterile PBSM and detached from the surface using Versen-Trypsin at 37°C. The
cells were resuspended in 10 ml of pre-warmed medium and one-tenth of the cell suspension
was further cultivated in 20 ml fresh media.

Table 3. Cells and their culturing media
Cells

Medium (+Pen-strep)

BHK-21

EMEM + 5% FBS

BHK-G43

EMEM + 5% FBS (+ Zeocin and Hygromycin after
every third passage)

BHK-gp64

EMEM + 5% FBS

MDCK II

EMEM + 5% FBS

Vero cells

DMEM + 5% FBS

A549

DMEM + 5% FBS

HEK-Blue™IFN-α/β cells

DMEM + 5% FBS

CEF

Leibovitz and Mc Coy’s medium 1:1 + 1% Glutamine +
4% FBS

4.2.2.3. Cryopreservation of cells
Cells grown to confluency in a 75 cm2 flask were washed with PBSM and detached by Vtrypsin treatment. The cells were sedimented by centrifugation (1000×g, 4°C, 10 min) and
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resuspended in FBS with 10% DMSO. Aliquots (1 ml) were slowly frozen in a Cryo-boy i.e.
propanol box and stored at -80°C. For reutilisation, the frozen aliquots were rapidly thawed in
a 37°C water bath, suspended in 10 ml of pre-warmed medium and centrifuged for 5 minutes
at 250×g. The cells were resuspended in 20 ml of medium and maintained as described above.

4.2.2.4. Transfection of eukaryotic cells
Eukaryotic cells were seeded on either 24-well plates with cover slips (1 ml/ well), 6-well
plates (2.6 ml/ well) or 60 mm2 culture dishes (5 ml/ dish) at 2×105 cells/ ml. After reaching
90% confluency, the cells were transfected with mixture of expression plasmid and
Lipofectamine 2000 at a ratio of 1µg of DNA/ 2 µl transfection reagents in 50 µl medium.
The medium was changed 6 hours after transfection, and expression studies were carried out
12 to 24 hours post transfection.

4.2.3. Virological methods

4.2.3.1. Rescue of recombinant VSV viruses lacking G gene
Recombinant VSV were generated according to the method described by Lawson et al., 1995,
and modified by Roberts et al., 1999; Publicover et al., 2005; Majid, et al., 2006; and Hey,
2008. BHK-G43 cells were seeded in 6 well plates (2.5 ml, 2×105cells/ ml) and expression of
VSV-G was induced with 10-9M mifepristone for 6 hours. The BHK-G43 cells were infected
for 1 hour with MVA-T7 (MOI = 5.0). The cells were washed with sterile PBS and inoculated
with 2 ml of medium containing 5% FBS and 10-9M mifepristone. To each pair of wells,
transfection mix was added, which was prepared as follow:

Amount of DNA
Lipofectamine 2000
Incubation

pVSV*∆G-/
pVSVncp*∆G(AIV antigenome)
5 µg

pTM1-N

pTM1-P

pTM1-L

Medium

1.5 µg

2.5 µg

1 µg

500 µl

20µl
Mixed and incubated at room temperature for 20 min.

500µl
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The cells were incubated with transfection reagents at 37°C and 5% CO2 for 5 hours.
Thereafter, the cells were washed and incubated with each 2.5 ml of fresh EMEM with
antibiotics, 10-9M mifepristone, and 5% FBS. The cell culture supernatants were harvested 2
days after transfection, filtered (0.22 µm Millipore), and applied to pre-induced BHK-G43
cells for propagation of virus.

4.2.3.2. Propagation of VSV*∆G replicons
VSV*∆G replicons were propagated on BHK-G43 cells. The cells were seeded in flasks or
dishes and were induced with 10-9M mifepristone for 6 hours to induce expression of VSV-G.
The induced cells were infected with recombinant VSV*∆G replicons at low (0.1-1.0) MOI
for 1 hour. After washing, the cells were inoculated with fresh EMEM without antibiotics but
with 10-9M mifepristone and incubated for 12-16 hours or till a CPE was detectable. The cell
culture supernatant was collected and centrifuged (1500×g, 4°C) to remove any cellular
debris. In some cases the virus was concentrated by ultracentrifugation (25,000 rpm, 4°C, SW
32 rotor) followed by resuspension in one-tenth volume of PBS. The aliquots were stored at
4°C for immediate use. For longer storing, the aliquots were frozen in liquid nitrogen and kept
at -80°C. For mass production of vaccines, roller bottles or large volume culture flasks (Nunc,
Greiner) were used.

4.2.3.3. Propagation and inactivation of avian influenza viruses (AIV)
Avian influenza viruses were propagated either on CEF, MDCK-II cells or in embryonated
chicken eggs. The cells were seeded in flasks or culture dishes and grown to 90% confluency.
They were infected with AIV using an MOI of 0.1. If low pathogenic AIV was propagated on
MDCK-II cells, acetylated trypsin (5µg/ ml) was added into medium. When a CPE was
apparent, the cell culture supernatant was harvested and centrifuged to remove cellular debris.
For propagation of AIV in-ovo, 10-days old SPF eggs were inoculated with 0.1 HAU/ 100 µl
viral suspensions into the allantoic cavity of the egg. When the embryo was killed by the virus
or after 4 days in all other cases, the eggs were chilled at 4°C for 1 hour. Subsequently, the
chorio-allantoic fluid was collected and centrifuged to remove any debris. Virus was purified
and concentrated by ultracentrifugation at 130,000×g through a sucrose cushion (20% w/v
sucrose in PBSM) and resuspended in one-tenth volume of sterile PBS. For inactivation of the
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virus, an equal volume of 3% PFA (final concentration of PFA 1.5%) was added to the virus
suspension and incubated at 4°C for 48 hours. The reaction was stopped by adding 0.1M
glycine in PBS solution. Any residual PFA or glycine was removed by centrifugation. The
efficacy of inactivation was confirmed by inoculation of embryonated chicken eggs with the
preparations.

4.2.3.4. Pseudotyping of VSV*∆G replicons with baculovirus gp64
BHK-21 cells stably expressing the glycoprotein (gp64) of the baculovirus Autographa
californica (BHK-gp64) in a regulated manner were seeded in T75-flasks or culture dishes.
Confluent cells were induced with 10-9M mifepristone for 6 hours and subsequently infected
for 1 hour with VSV*∆G-HA at an MOI of 0.5. Virus which did not enter the cells was
neutralised with anti-VSV sera for 30 minutes. Thereafter, the cells were washed and
incubated for 18 hours at 37°C and 5% CO2 with media containing mifepristone. The cell
culture supernatant was harvested and purified by centrifugation.

4.2.3.5. Titration of viruses
All VSV*∆G replicons were titrated on BHK-21, CEF, or Vero cells. The cells were seeded
in 96-well plates and duplicate wells were inoculated with 10-fold serial virus dilutions. After
8 to 12 hours at 37°C and 5% CO2, cells expressing GFP were detected with a fluorescence
microscope. Virus titres were calculated and expressed as fluorescence forming unit (ffu) per
millilitre according to the following formula:
No. of GFP expressing cells × dilution factor × volume of inoculums/ ml = ffu/ ml

In some cases a plaque assay was performed. BHK-G43 cells were treated with mifepristone
for 6 hours and infected at 37°C for 1 hour with serial dilutions of VSV*∆G replicons. The
cells were washed with PBS and overlaid with molten 0.9 % plaque agarose in MEM and
incubated at 4°C for 10-20 min to solidify the agarose. The cells were incubated at 37°C and
5% CO2 for 48 hours and subsequently stained overnight in the dark with 0.1% crystal violet
in 10% formalin. The next day, the agarose was taken off and the plates washed with tape
water. The plaques were counted and virus titres were calculated and expressed as plaque
forming unit per milliliter (pfu/ml). Avian influenza viruses were titrated by using either
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conventional plaque assay, haemagglutination assay, or by an immuno-plaque assay. In the
case of low pathogenic AIV, acetylated trypsin was added to the plaque agarose to ensure
proteolytic activation of HA. Immuno-plaque assay was performed on MDCK-II cells in 96well plates. The cells were infected with serial virus dilutions and fixed 16 hours after
infection. The cells were permeablised with 0.2 % Titron X-100 and incubated with a
monoclonal antibody directed to NP antigen of AIV and subsequently incubated with
secondary anti-mouse IgG conjugated with horse radish peroxidase. The cells were stained
with AEC peroxidase substrate for 30 minutes at room temperature. TCID50 (tissue culture
infectious dose 50 %) was calculated according to Spearman-Kärber method (Hierholzer et
al., 1996). EID50 (embryo infectious dose 50%) titres were determined by infecting ten 10days old embryonated SPF chickens.

4.2.3.6. Antigen expression by VSV*∆G replicons
Expression studies were carried out on CEF or BHK-21 cells by immunofluorescence and
Western blot techniques. For immunofluorescence, 1 ml of mammalian cells (2×105 cells/ ml)
or CEF (7.5×105cells/ml) were seeded in 24-well plates containing sterile glass cover slips (12
mm in diameter) and grown to 90 to 95% confluency. The cells were inoculated for 1 hour at
37°C and 5% CO2 with VSV replicons using an MOI of 3.0. The medium was changed and
infected cells were incubated at 37°C and 5% CO2 for nine hours. For Western blot and
surface biotinylation studies, CEF, BHK-21, or Vero cells were seeded in 6-well plates and
infected and processed as mentioned above.

4.2.4. Methods for protein analysis

4.2.4.1. Immunofluorescence analysis
Infected or transfected cells were washed thrice with PBS and fixed with 3% PFA for 20 min.
The fixed cells were washed twice with 0.1 M glycine in PBS to inactivate residual PFA. For
detection of intracellular antigens, the cells were permeablised with 0.2 % Titron X-100 in
PBS for 5 minutes. 30 µl drops of primary antibodies diluted in 1% BSA were placed on
parafilm. The cover slips were applied inversely on these drops and incubated for 1 hour at
room temperature and in a humidified atmosphere. The cells were washed thrice with PBS to
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remove unbound antibodies and incubated 1 hour with secondary antibody conjugated with a
fluorescent dye. Following three washing steps with PBS and one with ddH2O, the cover slips
were mounted on microscopic slides using mowiol as mounting medium. The samples were
analysed with a Zeiss Axioplan 2 microscope and photomicrographs were taken. In case of
transfection studies in 6-well plates, the sera were added directly into wells and results were
analysed after washing.

4.2.4.2. SDS polyacrylamide gel electrophoresis (PAGE)
A discontinuous SDS polyacrylamide gel electrophoresis was performed according to the
method described by Laemmli (Laemmli, 1970). The gel formats were 50 mm × 80 mm ×
0.75 mm. The total acrylamide concentration was 12% in separating gel. The protein samples
were mixed with 2× sample SDS buffer (+10% DTT, optionally), boiled for 5 minutes at
94°C and loaded onto the slots along with pre-stained protein mass standards. The
electrophoresis was run at 80V till samples passed from stacking gel and 110V till the
samples reached the bottom of the separating gel.

4.2.4.3. Western blotting (semi-dry blotting technique)
After the electrophoresis run was stopped, the stacking gel was cut off and the proteins in the
separating gel were transferred to a nitrocellulose membrane using the semi-dry blotting
method (Kyhse-Andersen, 1984). On the graphite anode plate of the electro-blotter apparatus
were placed in the following order:
a. 6 pieces of filter paper (50 mm × 80 mm) soaked in anode I buffer
b. 3 pieces of filter paper (50 mm × 80 mm) soaked in anode II buffer
c. nitrocellulose membrane (50 mm × 80 mm)
d. polyacrylamide gel
e. 9 pieces of filter paper (50 mm × 80 mm) soaked in cathode buffer.

The electro-blotter was closed, and connected to a power supply. The protein transfer to the
nitrocellulose membrane was performed at 0.8 mA/ cm2 for 72 minutes. After the transfer, the
nitrocellulose was immersed overnight at 4°C in blocking reagent solution to block any nonspecific binding sites on the membrane. The membrane was washed three times (10 minutes
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each) with PBSM containing 0.1% Tween 20, incubated for 1 hour at room temperature with
primary antibody diluted in PBSM, and washed again (three times, 10 minutes each). The
secondary antibody conjugated with biotin was diluted 1:1000 in PBSM and incubated with
the membrane for 1 hour followed by three washing steps with 0.1% Tween 20 in PBSM. The
membrane was then incubated with a streptavidin-biotinylated horse radish peroxidase
complex (diluted 1:1000) for 1 hour at room temperature followed by three washing steps.
Finally, 1 ml of substrate (BM Chemiluminescence Blotting Substrate (POD) or West Dura
Substrate Solution) was applied to the membrane and incubated for 1 to 2 minutes. The
resulting chemiluminescence was detected with a super-cooled CCD camera (Chemi-Doc
system, BioRad).

4.2.4.4. Cell surface biotinylation and immunoprecipitation
BHK-21 cells or CEF were seeded in 6 well plates and infected with VSV replicons using an
MOI of 3.0 to 10. Nine hours post infection, the cell culture medium was aspirated and cells
were washed with ice-cold PBS buffer. The cell surface proteins were labelled by incubating
the cells twice for 10 min at 4°C with 250 µl of sulfo-NHS-LC-biotin (Pierce, 0.5 mg/ml in
PBS). The reaction was stopped by rinsing the cells with 0.1M glycine in PBS. In addition,
the cells were incubated with the same buffer for 20 minutes at 4°C and subsequently washed
once with chilled PBS. The cells were lysed by adding 600 µl of NP-40 lysis buffer to each
well. The cells were incubated with the lysis buffer for 10 minutes at 4°C, scrapped from the
dish and transferred to a centrifuge tube. Insoluble material was removed by centrifugation at
16,000×g for 30 min at 4°C. The supernatants with the soluble proteins were transferred to
fresh 1.5 ml tubes. To 500 µl supernatant were added 50 µl of 50% slurry of protein ASepharose and 1 µl of polyclonal rabbit anti-H7N1 serum and agitated overnight at 4°C. The
immunoprecipitates were collected after centrifugation at 16,000×g for 3 min and washed
three times with NP-40 lysis buffer, and eluted by heating the beads for 10 min at 95°C in
2×SDS sample buffer. The immunoprecipitates were separated by SDS–12% PAGE under
reducing conditions and transferred to nitrocellulose membranes by the semi-dry blotting
technique. The membrane was incubated with blocking reagent overnight at 4°C and
agitation, washed three times with PBS containing 0.1% Tween 20, and incubated with
streptavidin-peroxidase (1:1000) for 1 h at room temperature. The nitrocellulose membrane

58

4. Materials and Methods

was thoroughly washed and incubated for 1 min with a chemiluminescence substrate (BM
Chemiluminescence Blotting Substrate (POD) or West Dura Substrate Solution). Emission of
chemiluminescence was detected with Chemi-Doc system (BioRad).

4.2.5. Immunological methods

4.2.5.1. Animal (immunisation) experiments (SPF eggs, SPF chickens)
All immunisation experiments were carried on either specific pathogen-free (SPF)
embryonated chicken eggs (VALO®) or SPF chickens. The SPF embryonated chicken eggs
(VALO®) were purchased from Lohmann LSL-LITE, Cuxhaven, Germany. In order to obtain
SPF chickens, the SPF eggs were incubated in the hatchery unit of Clinic for Poultry,
University of Veterinary Medicine Hannover, Germany. After hatching the birds were shifted
to the Animal Isolation unit of Clinic for Poultry. They were raised under isolation conditions
according to the animal welfare guidelines. The animals were provided water and feed ad
libidum. Animal experiments were carried on 504 SPF chickens and eggs under the sanction
and permission (reference no. 33.12-42502-04-06/1199 AIV 504) from “Niedersächsisches
Landesamt für Verbraucherschutz und Lebensmittelsicherheit”, Germany. Immune efficacy
and potential of different vaccine candidates were analysed in these experiments, with respect
to different dose and route regimes. In order to challenge the vaccinated chickens with
HPAIV, the birds were shifted to BSL-3 facility at the Friedrich-Loeffler-Institute (FLI),
Federal Research Institute for Animal Health, Insel-Riems, Germany.

4.2.5.2. Vaccination methods
SPF chickens were immunised via intramuscular (IM), intranasal and ocular (INO), or oral
(IO) routes. IM vaccination was performed by injecting the vaccine in either breast muscles
(M. pectoralis major and M. pectoralis minor) or leg muscles (M. semitendinosus, M. Biceps
femoris, M. abductor superficialis) using a 1-ml disposable syringe attached with (0.90 × 40
mm, 20G) needle. For immunisation via the INO and IO routes, the vaccines were applied as
drops to the respective organs or cavities using disposable syringes. In-ovo vaccination was
carried out by injecting the vaccines into the chorio-allantoic cavity of embryonated SPF eggs
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using 1-ml disposable syringe attached with needle (0.70 × 30 mm, 22G). Three-fourth of the
needle was inserted into the egg under sterile conditions.

4.2.5.3. Collection of blood and mucosal fluid samples
Blood from wing vein (Brachial vein, Cutaneous ulnar vein) of birds was collected before and
after primary immunisation, after booster immunisation, after challenge, and at the
termination of the experiment. To encourage the clotting, blood was incubated at 37°C for 2
hours followed by retraction of the clot at 4°C for 4 hours or overnight. In order to collect
sera, the clotted blood samples were centrifuged at 1500×g and 4°C for 10 minutes. Lacrimal
fluids were obtained by application of 4.0 mm2 whatman 40 filter paper into the eyes corner.
The filter papers were immersed in 400 µl of either ELISA dilution buffer or PBS containing
1% Pen-Strep. Tracheal washings were obtained after forceful washing of 3-5cm long tracheal
pieces with 500 µl of PBS containing 4% Pen-Strep and using disposable syringe attached
with needle. The mucous, debris, and other wastes were removed by repeated centrifugation.
Gut lavages were obtained from 3 cm long duodenum after cleaning the contents physically
followed by immersion and agitation of the segment in 1 ml PBS containing 4% Pen-Strep.
The debris was removed by repeated centrifugation. All samples were stored at -20°C and
thawed and mixed well before use.

4.2.5.4. Haemagglutination inhibition (HI) assay
The Haemagglutination inhibition assay is a routine method to assess antibody titres. It is
based on the ability of certain antibodies to prevent the haemagglutination activity of AIV. In
this work, U-bottomed 96-well plates were used. Each well received 25 µl of PBS, whereas
the first row received 25 µl of each sample serum and PBS. Using a multi-channel pipette, the
sera were serially diluted at a 2-fold basis. The last row did not receive any serum and served
as a control for viral HA activity. AIV (8 HAU/ 25 µl) was added to each well and incubated
at 4°C for 1 hour. Finally, each well received 50 µl of 1% chicken erythrocytes. The reaction
was allowed to take place for 1 hour at 4°C. The HI titre was determined by the reciprocal
dilution causing complete inhibition of erythrocyte agglutination.
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4.2.5.5. Neutralisation assay (NA)
To analyse the ability of chicken sera to prevent AIV infection in MDCK-II cells, 50 µl of 2fold serially diluted sera were incubated in quadruplets with 50 µl of AIV (100 to 200
TCID50/ 50 µl) and incubated at 37°C for 1 hour with shaking. MDCK-II cells (100 µl,
105cells/ ml) were added to each well and incubated overnight at 37°C with 5% CO2 supply.
The following day, cells were washed with PBS and fixed for 20 minutes with 3% PFA. The
reaction was stopped with 0.1 M glycine in PBS, and the cells were washed with PBS. For the
permeabilisation, the cells were incubated with 0.2% Titron X-100 in PBS for 10 min and
then washed with PBSM buffer. The cells were stained with mouse monoclonal antibody (50
µl/ well, 1:1000 in 1% BSA) directed against the NP antigen. Subsequently, the cells were
washed three times to remove unbound antibodies and incubated for 1 hour at room
temperature with anti-mouse immunoglobulin conjugated with HRP (50µl/ well, 1:1000 in
1% BSA). To wash away any unbound secondary antibodies, cells were rinsed three times
with PBS. Finally cells were incubated with HRP substrate (AEC + buffer + 3% H2O2) for 30
minutes. Cells stained by red precipitates were detected under a light microscope. Cells
showing no positive signals at all indicated that the respective serum dilution completely
neutralised the virus and prevented the cells from infection. The neutralisation doses 50
(ND50) is defined as the inverse serum dilution causing complete virus neutralisation in 50%
of the wells and was calculated by the following formula:

ND50 = -log SD50
SD50 = L1.0 –Lint (S-0.5);
SD50 = serum dilution preventing infection in 50% wells
L1.0 = log of highest serum dilution with reaction rate (R) = 1.0
Lint = log of dilution interval
S = sum of reaction rates
0.5 = constant
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4.2.5.6. Antibody-antigen binding assay
This assay was performed to assess the ability of chicken sera to bind to HA antigen of AIV.
BSR-T7 cells were seeded either on cover slips, in 24-well plates, or in 6-well plates. The
cells were transfected with 1-2 µg/ well of pTM1-HA (vector expressing HA of H7N1 virus
under T7 promoter). The cell culture medium was changed 5-hours post transfection and cells
were incubated overnight at 37°C with 5% CO2 supply. The cell culture medium, was
aspirated, the cells were fixed with 3% PFA and washed twice with 0.1 M glycine in PBS.
Subsequently, the cells were incubated with chicken sera (1: 50) for 1 hour at room
temperature and washed three times with PBS. The cells were treated with FITC-labelled antichicken IgG. To remove out unbound antibodies, the cells were washed three times with PBS
and once with H2O and analysed by fluorescence microscopy.

4.2.5.7. Enzyme-linked immunosorbent assay (ELISA)
Commercially available FLOCKTYPE® recAIV (LDL) and ID Screen® Influenza A
Antibody (NP) Competition ELISA (ID-Vet) were used to detect NP-binding antibodies in
serum or mucosal fluids of vaccinated chickens. The ID Screen® Influenza N1 Competition
(ELISA) was used to detect antibodies that recognised the NA (N1) antigen of AIV in chicken
sera. The ELISA test titres were calculated using software recommended by manufacturers
according to the following formula:
ODsample – MV ODNC
S/P ratio =
MV ODPC – MV ODNC
OD = Optical density; MV = Mean value; PC = Positive control; NC = Negative control

End point titres were calculated from the S/P ratio at a 1:500 dilution using the following
equation:
Log10 titre = 1.54 (Log10 S/P) + 3.77
Negative test results were classified into titre group 0 and positive test results into titre groups
1 to 18 depending on the S/P ratio.

62

4. Materials and Methods

4.2.5.8. Determination of IFN
IFN was determined by either IFN-bioassay or reporter gene assay. The IFN bioassay was
performed according to the procedures described previously (Sekellik and Marcus, 1986;
Rautenschlein et al., 1998). Briefly, CEF were plated overnight at a cell density of 4 × 105
cells ml−1 in Leibovitz's L-15 and McCoy's 5A medium (1 : 2) supplemented with antibiotics
(50 U ml−1 penicillin and 50 µg ml−1 streptomycin) and 1% FBS. The CEFs were incubated
with serially diluted test samples at 37°C for 16–24 h. The test culture fluids were replaced
with the medium containing VSV* (4 × 104 TCID50 well−1) and incubated for 48 h.
Expression of GFP reporter was determined under fluorescent microscopy. The IFN activity
of the test samples is expressed in unit ml−1 (U ml−1). One unit is defined as the highest
dilution of the sample that caused complete protection of VSV infection in CEF
(Rautenschlein et al., 1998). In order to determine the bioactive type I IFN, the reporter gene
assay was performed using HEK-Blue™ IFN-α/β cells (InvivoGen) in accordance with the
manufacturer’s protocol. Precisely, 1 ml of cell suspension containing 107 HEK-Blue™ IFNα/β cells/ ml was seeded into each well of 24 well plates. The cells were infected while
seeding with the VSV*∆G replicons at the MOI of 10.0, or left uninfected as control. The
cells were maintained in DMEM medium containing 1% FBS at 37°C and 5% CO2 supplying
incubator. The cell supernatant was collected at 9 hours post infection and SEAP activity was
determined in the cell culture supernatant after addition of recommended substrate.

4.2.6. Pathological methods

4.2.6.1. Clinical pathology of birds
The clinical picture of disease was recorded according to the guide lines of the World
Organisation for Animal Health (OIE, 2008). But one modification was made in scoring the
challenged birds showing peri-orbital swelling. Birds were examined at 24-hour intervals for
21 days after challenge. At each observation, each bird was scored 0 if normal, 1 if showing
peri-orbital swelling, 2 if sick, 3 if severely sick or dead. The judgement of sick and severely
sick birds was subjective to clinical assessment. ‘Sick’ birds would show one of the following
signs (except peri-orbital swelling) and ‘severely sick’ more than one of the following signs:
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respiratory involvement, depression, diarrhoea, cyanosis of the exposed skin or wattles,
oedema of the face, and/or nervous signs.

4.2.6.2. Necropsy of birds
Dead or exsanguinated birds were examined in either the Section Hall of the Clinic for
Poultry, University of Veterinary Medicine Hannover, Germany or the BSL-3 pathological
laboratory at FLI, Federal Institute for Animal Health, Insel-Riems, Germany. The birds were
physically examined for any gross injury, damage or lesions and then further processed for a
detailed systemic pathological analysis. All the organs were checked for any pathological
lesions or abnormalities. Representative specimens from normal and affected organs were
collected in 10% buffered formalin for further immuno-histochemical and histopathological
analysis.

4.2.6.3. Histopathology and immuno-histochemistry
After fixation of tissue specimen, excessive tissue and un-even surfaces were trimmed off.
The trimmed tissue blocks were applied to histology cassettes and subsequently processed by
dehydration, clearing, and infiltration steps using an automatic tissue processor (Shandon).
The tissue blocks were embedded in paraffin wax and sections 3 to 5 µm thick were obtained
with a manual microtome. Paraffin sections were mounted on positively charged SuperFrost
Plus microscope slides (Menzel, Braunschweig, Germany), dewaxed, rehydrated, and stained
with haematoxylin and eosin (HE). Immuno-histochemistry was performed to analyse the
distribution of HPAIV antigens. After dewaxing and rehydration steps the sections were
incubated with a rabbit anti-NP serum diluted 1: 500 in Tris-buffered saline. The sections
were washed and incubated with biotinylated goat anti-rabbit IgG1 (Vector, Burlingame, CA;
diluted 1: 200 in TBS) as linker-antibody for the avidin biotin-complex (ABC) method.
Bound antibody was visualised by incubating the sections with 3-amino-9-ethylcarbazole
substrate (DAKO AEC substrate-chromogen system; Dako, Carpinteria, CA). The sections
were counterstained with Mayer’s haematoxylin and sealed with aqueous medium (Aquatex;
Merck, Darmstadt, Germany).
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4.2.6.4. Diagnosis of viral shedding
To analyse the shedding of challenge virus, oro-pharyngeal and cloacal swabs were collected
and suspended in 1 ml of medium. In order to disengage virus from the swabs, the tubes were
shaken vigorously for 30 min at room temperature and the suspension was transferred to fresh
tubes and proceeded for RNA extraction and real time RT-PCR.

4.2.6.4.1. real time RT-PCR
RNA was extracted from 150 µl of each swab suspension with an automated system
(freedom evo, Tecan) using the Nucleo Spin kit 8/96 virus core kit (Macherey & Nagel). A
real-time RT-PCR for amplification of the influenza A virus M gene was performed
according to the methods described by Spackman et al., 2002, and adopted by Veits et al.
2006, as a duplex assay on an MX3000p cycler (Stratagene). The one step RT-PCR kit
(Superscript™ III One-Step RT-PCR system with Platinum® Taq DNA polymerase
(Invitrogen)) was used. The temperature profile was: 30 min 50°C, 2 min 94°C, followed by
42 cycles of 30 sec at 94°C, 30 sec at 57°C and 30 sec at 68°C. Threshold curves (ct) were
calculated and graphs were plotted using the Mxpro-Mx30005P software.

4.2.6.4.2. Isolation of AIV in eggs
Similar volumes (150 µl) of swab suspensions were inoculated in 10-days old SPF eggs and
were incubated at 37°C in a humidified atmosphere. When the embryos died, the eggs were
chilled at 4°C for 24 hours and allantoic fluids were collected. In case, if the embryos were
alive even after five days of incubation, the eggs were chilled for 24 hours at 4°C. The
allantoic fluids collected from previous embryos were further passaged on fresh 10-days old
embryonated SPF eggs to ensure that these samples were free from any replicating virus. All
the harvested samples were analysed with the haemagglutination assay to assess the virus
titres and to ensure that the embryos were killed by virus.

4.2.7. Statistical analysis
Arithmetic means and standard deviations were calculated with Microsoft Excel 2003
software. In order to assess the significance of pair wise difference, Student's t-Test was
performed using http://www.physics.csbsju.edu/stats/t-test.html, an online programme.
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4.2.8. Overview of steps to achieve the research goal
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5.1. Generation of non-transmissible recombinant VSV replicon vectors expressing
HPAIV genes and GFP as a reporter

5.1.1. Generation of recombinant VSV plasmid vectors
The VSV-G protein is the only surface glycoprotein of VSV, responsible for attachment and
cell entry (Roberts et al., 2004; Majid, et al., 2006), hence essential for replication of the
virus. To generate a non-transmissible vector, the VSV-G gene was replaced by cDNA
encoding for the haemagglutinin (HA) of A/FPV/Rostock/34 (H7N1) (Fig. 5). The vector was
engineered to express GFP from an additional transcription unit downstream of HA
(pVSV*∆G-HA), to ease detection and titration of the recombinants. VSV vectors expressing
NP (pVSV*∆G-NP), M1 (pVSV*∆G-M1), and M2-flag (pVSV*∆G-M2-flag) of HPAIV
were generated by replacing HA in pVSV*∆G-HA with cDNA of these genes. The same AIV
genes were excised from a respective cytopathogenic vector and introduced into a noncytopathogenic vector (VSV*ncp21) to generate pVSVncp*∆G-HA, pVSVncp*∆G-NP,
pVSVncp*∆G-M1, or pVSVncp*∆G-M2-flag. Furthermore, a soluble version (solHA), and a
cleavage mutant of HA (mutHA) of H7N1 and HA of A/Teal/Föhr/Wv1378-79/03 (H5N2)
were introduced into these plasmid vectors to generate pVSV*∆G-solHA, pVSVncp*∆GsolHA, pVSV*∆G-mutHA, pVSVncp*∆G-mutHA and pVSV*∆G-HA (H5N2), respectively.
Plasmids expressing GFP but neither of AIV antigens were also generated as vector controls.

5.1.2. Rescue of the vaccine candidate viruses
Using the recombinant VSV plasmids, twelve different vaccine candidates were generated
(Table 4). These non-transmissible VSV replicons were propagated in the helper cell line
BHK-G43, which provided VSV-G in trans. The VSV vectors were titrated on BHK-21 cells,
Vero cells or chicken embryo fibroblasts (CEF) using GFP expression as a reporter.

5.1. Generation of recombinant VSV replicons
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Fig. 5. Genome maps of recombinant VSV vectors (open reading frames). The VSV
genome encodes for the nucleoprotein (N), phosphoprotein (P), matrix protein (M),
glycoprotein (G), and the RNA polymerase (L). The G gene was replaced by HA
using MluI and NheI restriction sites to generate VSV*∆G-HA. GFP indicated by
asterisk (*) was placed in an additional transcription unit downstream of HA.
VSV*∆G-NP, VSV*∆G-M1 and VSV*∆G-M2-flag were generated by replacing
HA in VSV*∆G-HA with either NP, M1, or M2-flag, respectively. Similarly,
soluble HA and mutant HA and HA of H5N2 were introduced. VSV*∆G and
VSVncp*∆G are the vectors (controls) expressing neither of AIV antigens but the
GFP. All VSVncp constructs were generated by subcloning in the MluI and XhoI
restriction sites of VSVncp*∆G vector either HA, NP, M1, M2-flag, solHA, or
mutHA excised from the cytopathogenic vector.
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Table 4. Rescued vaccine candidates and their titres
cytopathogenic vector

non-cytopathogenic vector

Virus

titre (ffu/ml)1

Virus

titre (ffu/ml)

VSV*∆G-HA

1×108

VSVncp*∆G-HA

1×108

VSV*∆G-NP

2×108

VSVncp*∆G-NP

1×108

VSV*∆G-M1

2×108

VSVncp*∆G-M1

1×108

VSV*∆G-M2-flag

7×108

VSVncp*∆G-M2-flag

1×109

VSV*∆G-mutHA

1×109

VSVncp*∆G-mutHA

1×109

VSV*∆G-solHA

2×109

VSV*∆G-HA(H5N2)

1×108

1

ffu/ml, fluorescent forming unit per milliliter

5.2. Expression of AIV antigens by recombinant VSV replicons

5.2.1. Detection by immunofluorescence
BHK-21 cells grown on cover slips were infected with recombinant VSV (Table 4) or control
vectors (VSV*∆G, VSVncp*∆G), using a multiplicity of infection of 3 ffu/cell (Fig. 6-A and
B). Chicken embryo fibroblasts (CEF) were also infected with VSV*∆G-HA, VSV*∆G-NP
and VSV*∆G, to assess whether these vectors can infect primary chicken cells and express
AIV antigens (Fig. 6-C). Nine hours post infection; the cells were fixed and analysed by an
indirect immunofluorescence test with polyclonal anti-H7N1 or monoclonal antibodies
directed to either HA, NP, M1, or the flag epitope, respectively. Successful infection of the
cells was indicated by GFP expression. HA antigens were detected on the cell surface while
NP antigen was primarily detected in the nucleus of infected CEF and BHK-21 cells.
However, M1 and M2 antigens were detected in the cytoplasm and associated with the plasma
membrane of infected cells, respectively. These data together demonstrate that VSV-based
vectors not only infect chicken and mammalian cells but also effectively derive expression of
AIV antigens. Cells that were infected with control vectors (VSV*∆G or VSVncp*∆G) did
not bind to any of the antibody but reported infection via GFP expression.
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PC, Anti-H7N1

A. BHK-21 cells infected with VSV*∆G vectors

Fig. 6. Expression of AIV antigens by VSV*∆G replicons detected by indirect
immunofluorescence. BHK-21 cells and CEF were grown on cover slips and
infected with either VSV*∆G or VSVncp*∆G replicons at MOI of 3. Cells were
fixed at 9 hours post infection with 3% PFA and permeablised in case of NP, M1
and M2 antigens using 0.2 % Titron X100. GFP expression was detected in BHK21 cells infected with either (A) cytopathogenic (VSV*∆G) vectors, or (B) noncytopathogenic (VSVncp*∆G) vectors, and in (C) CEF infected with
cytopathogenic (VSV*∆G) vectors. HA of H7N1, soluble HA and mutant HA
were detected on the cell surface using rabbit polyclonal (PC) anti-H7N1 sera. HA
of H5N2 was detected using chicken anti-H5 serum. NP antigen was detected
with a mouse monoclonal antibody (mAb) directed against NP of avian influenza
virus A. M1 and M2 were detected using mAb against M1, and mAb directed
against the flag epitope, respectively. No antigen was detected in cells infected
with either VSV*∆G or VSVncp*∆G.
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VSV*∆G

VSV*∆G-M2-flag3

VSV*∆G

VSV*∆G-HA(H5N2)

VSV*∆G

VSV*∆G-solHA

VSV*∆G

VSV*∆G-mutHA

VSV*∆G

Anti-chicken-Rho

Anti-mouse-Cy3

Anti-mouse-Cy3

VSV*∆G-M1

Anti-rabbit-Cy3
Anti-rabbit-Cy3

PC anti-H7N1

PC anti-H7N1

Chicken anti-H5

mAb anti-flag

mAb anti-M1

A. BHK-21 cells infected with VSV*∆G replicons (continued.......)
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VSVncp*∆G

VSVncp*∆G-NP

VSVncp*∆G

VSVncp*∆G-M1

VSVncp*∆G

VSVncp*∆G-M2-flag3

VSVncp*∆G

VSVncp*∆G-mutHA

VSVncp*∆G

Anti-mouse-Cy3

Anti-mouse-Cy3

Anti-rabbit-Cy3

VSVncp*∆G-HA

Anti-mouse-Cy3
Anti-rabbit-Cy3

PC anti-H7N1

mAb anti-flag

mAb anti-M1

mAb anti-NP

PC anti-H7N1

B. BHK-21 cells infected with VSVncp*∆G replicons (continued.......)
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VSV*∆G

VSV*∆G-NP

VSV*∆G

Anti-rabbit-Cy3

VSV*∆G-HA

Anti-mouse-Cy3

mAb anti-NP

PC anti-H7N1

C. CEF infected with VSV*∆G replicons (continued........)

5.2.2. Detection by surface biotinylation and immunoprecipitation, and Western blotting
In addition to expression, antigenic size, conformity and processing for HA and NP in chicken
cells were ensured by infecting CEF with either VSV*∆G expressing HA and NP or H7N1
(AIV) (Fig. 7-A and B) and detecting by Western blot technique. Following
immunoprecipitation of cell surface biotinylated HA from lysates of VSV*∆G-HA-infected
CEF, two bands of 50 kDa (HA1) and 26 kDa (HA2) were detected by Western blot with the
polyclonal anti-H7N1. This indicated that HA was correctly proteolytically processed and
transported to the cell surface. In addition to protein bands corresponding to HA1, and HA2, an
additional band of NA was detected when H7N1-infected cells were analysed. NP was
detected as a single band of approximately 56 kDa in total lysates of VSV*∆G-NP or
A/FPV/Rostock/34 (H7N1)-infected cells, whereas no signal was obtained with VSV*∆G or
mock-infected cells. For expression of M2, Vero cells were infected with recombinant VSV
expressing M2 antigen of AIV (Fig. 7-C). Protein bands of 22 kDa (monomeric M2), 44 kDa
(dimeric M2) and 122 kDa (polymeric M2) were detected with monoclonal antibodies.
However, under reduced conditions only one protein band of approximately 22 kDa was
detected from cell lysate. These data suggest that vaccine candidates not only infect but also
express AIV antigens in permanent mammalian cell lines as well as in primary chicken cells
and are processed accordingly.
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Fig. 7. Detection of AIV antigens by Western blot technique. Chicken embryo fibroblasts
were infected with either VSV*∆G replicons, H7N1 or mock at an MOI of 3.0. (A)
At 8 h p.i., cell surface proteins were labelled with sulfo-NHS-LC-biotin. HA was
immunoprecipitated from cell lysates, separated by SDS-PAGE under reducing
conditions, and blotted onto a nitrocellulose membrane. Biotinylated HA antigen was
detected with streptavidin-peroxidase by chemiluminescence. (B) Cell lysates were
analysed by Western blot using monoclonal antibodies directed to the influenza NP
antigen. (C) Whole cell lysates of infected Vero cells were prepared, separated by
SDS-PAGE under reducing and non-reducing (-) conditions. The cell lysates were
analysed by Western blot using monoclonal antibodies directed against flag epitope.
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5.3. Characterisation of recombinant VSV replicons
Safety, immunogenicity, and stability are the very fundamental prerequisites for any vaccine.
Experiments were carried to assess the safety and storage efficacy of some of the vaccine
candidate viruses.
5.3.1. VSV*∆
∆G replicons expressing AIV antigens are single cycle vectors
Since HA of AIV is a virus envelope glycoprotein like VSV-G, it may replace G functionally
(Kretzschmar et al., 1997) resulting in a transmissible virus (vector). Therefore, different
experiments were carried to investigate this possibility. In the first experiment, BSRT7 cells
were transfected with either pTM1-G, pTM1-HA or mock (Fig. 8-A). Six-hours post
transfection, the cells were infected with VSV*∆G-HA for 1- hour and virus which could not
enter the cells was neutralised by treating cells with anti VSV-G sera. The cell supernatants
were collected 14 hours after infection and analysed for infectious virus by titration on fresh
BHK-21 cells. The supernatant collected from cells transfected with pTM1-G contained
infecting virus of 2.4×104 ffu/ml whereas those transfected with either pTM1-HA or mock
contained significantly lower titres of 50 ffu/ ml and 10 ffu/ ml, respectively. Likewise, when
BHK-21 cells were treated with these harvests only the cells treated with pTM1-G harvest
expressed GFP; indicating the infectious progeny virus only generated in cells supplied with
VSV-G. In another experimental setting, Vero cells, BHK-21 cells and BHK-G43 cells, either
pre-treated with mifepristone for induction of VSV G expression or left untreated, were
infected with transcomplemented VSV*∆G-HA. The cells were subsequently incubated with
a neutralising antibody to inactivate the viruses that had not entered the cells (Fig. 8-B).
Twelve hours post infection, GFP expression was detected by fluorescence microscopy
indicating that infection was successful (Fig. 8-B, first cycle). When the cell culture
supernatant of infected cells was inoculated with fresh cells, GFP fluorescence was detected
only if cell culture supernatant from mifepristone-treated BHK-43 cells was used (Fig. 8-B,
second cycle). In contrast, cell culture supernatant from untreated BHK-G43 cells or from
BHK-21 or Vero cells did not contain any infectious virus particles indicating that HA was
unable to substitute for VSV G functions. Furthermore, it was observed that VSV*∆G-HA
propagated to high titres (3 x 108ffu/ml) only in induced BHK-G43 cells but failed to
propagate in un-induced BHK-G43, BHK-21, or Vero cells (Fig. 9). Therefore, VSV*∆G-HA
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was classified by the German Central Commission for Biosafety in Berlin, into biosafety level
1 category (“safe”).
A. Pseudotyping of VSV*∆
∆G replicons

Fig. 8. Complementation of VSV*∆
∆G replicons. (A) BSRT7 cells were transfected with
either pTM1-G, pTM1-HA or mock. Six-hours post transfection, the cells were
infected with VSV*∆G-HA for 1 hour and incubated with neutralising VSV serum.
Virus released in the supernatant was analysed by fluoresce microscopy and
titration on BHK-21 cells. (B) BHK-G43 either induced or non-induced, BHK-21
and Vero cells were infected with VSV*∆G-HA. Nine hours post infection, the cell
culture supernatants were inoculated with fresh cells. Infection was monitored by
fluorescence microscopy.
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B. VSV*∆
∆G-HA is a single cycle virus (continued......)

Fig. 9. Replication kinetics of VSV*∆
∆G replicons. BHK-G43 either induced or noninduced, BHK-21 and Vero cells were infected with VSV*∆G-HA at an MOI of
0.5. Cell culture supernatants were collected at 6, 12 and 24 hours post infection
and titrated on BHK-21 cells. Titres represent the mean values of three experiments
and were calculated according to the number of green fluorescence expressing cells
and were expressed in ffu/ml (fluorescence forming units per milliliter).

5.3. Characterisation of recombinant VSV replicons

77

5.3.2. Temperature and time combination affects the stability of VSV*∆
∆G replicons
Maintenance of cold chains during storage and transportation of vaccines incur tremendous
economic costs. Therefore, stability and functional integrity of the vectors, i.e., (VSV*∆GHA and VSVncp*∆G-HA) was investigated under different temperatures over different time
periods (Fig. 10). It was found that vaccine candidates remained functionally stable and titres
were unaltered if stored for three weeks at 4°C temperature. In contrast, the titres remained
unaffected for 4-weeks or longer when vaccine candidates were stored at -80°C, or
lyophilised before storage at 4°C. Interestingly, loss of one log in titre was observed during
freeze-thaw cycle. It was further experienced that addition of 5 to 10% of FBS increased the
stability of the vaccine (data not shown). From these data it was concluded that the vaccines
can be stored at 4°C up to 3-weeks without loss of infectivity. For longer storage times it is
recommended to either lyophilise and store at 4°C or store the virus suspension at -80°C.

Fig. 10. Stability of vector vaccines. Aliquots of VSV*∆G-HA and VSVncp*∆G-HA were
stored at either 4°C, -80°C or -80°C plus lyophilisation over a period of 4 weeks and
titrated at the indicated times. Titres represent the mean values of three experiments
and are shown in ffu/ml.
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5.3.3. Cytopathogenic (VSV*∆
∆G) vector vs. non-cytopathogenic (VSVncp*∆
∆G) vector
Cytotoxicity of VSV is attributed to both the glycoprotein (G) and the matrix protein (M).
Cytotoxicity is reduced when VSV lacks G but much of its cytotoxicity is due to its matrix
protein which shuts off host transcription machinery and nuclear transport; thereby blocking
interferon induction and promotes programmed cell death (Lichty et al., 2004). In our lab, the
matrix protein gene of VSV had been mutated previously to render VSV non-cytopathogenic
(VSVncp*∆G) (Hey, 2008). This virus did not inhibit cellular protein expression. In addition
to this, cytotoxicity, apoptosis, and induction of caspase-3/7 activity was much diminished
(Hey, 2008). Moreover, reporter gene expression was detectable in Vero cells even 14 days
after infection with VSVncp*∆G. To analyse the persistence of infection in IFN-competent
cells, CEF were infected with either VSV*∆G-HA or VSVncp*∆G-HA (Fig. 11). Apoptotic
vesicles were predominantly observed in cells infected with VSV*∆G-HA at 24 hours post
infection. Persistence of reporter gene expression (GFP) was recorded in VSVncp*∆G-HA
infected CEF even 36 hours after infection.
5.3.3.1. Non-cytopathogenic (VSVncp*∆
∆G) vector induces interferon (IFN)
To characterise the different vectors for their IFN-inducing ability, an IFN bioassay was
performed. VSV is sensitive to IFN activity and its infection is prevented in presence of IFN.
Therefore, IFN-competent CEF were infected with either VSV*∆G, VSV*∆G-HA,
VSVncp*∆G, or VSVncp*∆G-HA and supernatants were collected 24 hours post infection
(Fig. 12-A). Fresh CEF were pre-treated with serially diluted supernatants for 24 hours and
infected with VSV*. Significant antiviral activity (200 to 300 IFN U/ml) was recorded in the
supernatants of VSVncp*∆G and VSVncp*∆G-HA treated CEF which prevented infection of
VSV*. In contrast, such activity was minimal in CEF treated with VSV*∆G and VSV*∆GHA supernatants. Interestingly, it was found that conditioned supernatant (IFN) prevented
only VSV infections in CEF where as it failed to prevent infections of HPAIV (Fig. 12-B).
For further confirmation of these results a gene reporter assay was performed with HEKBlue™ IFN-α/β cells (InvivoGen). These cells are specifically designed for the detection of
biologically active type I IFNs (IFNα and IFNβ), by expressing the SEAP reporter gene under
the control of ISG54 promoter, a well-known IFN-stimulated promoter. HEK-Blue™ IFN-α/β
cells were infected with either VSV*∆G, VSV*∆G-HA, VSVncp*∆G, VSVncp*∆G-HA
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using an MOI of 5, or were left uninfected (mock). Infection with VSVncp* replicons resulted
in 20 to 30-fold higher activity of SEAP (indicative of IFN) as compared to mock- or VSV*infected cells (Fig. 12-C). These findings indicate that non-cytopathogenic VSV vectors
induce type I IFNs.

VSVncp*∆G-HA

36 hours post
infection

24 hours post
infection

12 hours post
infection

VSV*∆G-HA

Fig. 11. Infection of cytopathogenic and non-cytopathogenic vector replicons in CEF.
CEF infected with either VSV*∆G-HA or VSVncp*∆G-HA were observed at 12,
24 and 36 hours post infection by fluorescence microscopy. Apoptotic vesicles are
indicated by arrows ( ).
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Fig. 12. Induction of IFN by different vaccine vectors. (A) CEF were infected with the
indicated VSV replicons and medium was collected 24-hours post-infection. Serial
dilutions of conditioned media were incubated with fresh CEF for 24-hours. Pretreated CEF were infected with VSV*. The IFN activity of the test samples is
expressed in units ml−1 (U ml−1). One unit is defined as the highest dilution of the
sample that caused complete protection of VSV* infection in CEF. (B) Infectivity
of VSV* and FPV in CEF treated with VSVncp replicons infected supernatants,
was analysed. (C) HEK-Blue™ IFN-α/β cells were infected with indicated
VSV*∆G replicons at an MOI of 5. SEAP activity was determined in the cell
culture supernatant at 9 hours post infection. “α” indicates significant differences
(p<0.002, Student’s t-Test, non-adjusted) compared to mock.
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5.4. Immunisation experiments
Immune efficacy and potential of different vaccine candidates were analysed in either specific
pathogen-free (SPF) chickens or embryonated eggs, with respect to different dose and route
regimes.

5.4.1. Vaccine trial-01 (Comparison of cytopathogenic and non-cytopathogenic
replicons)
This trial was designed to assess the immune potential of cytopathogenic and noncytopathogenic vector vaccines, which were applied to birds by different routes (Table. 5).
Three-week old SPF chickens were inoculated with recombinant VSV replicons expressing
either HA, NP, or M2 of HPAIV. Control birds received either PBS, vector (VSV*∆G or
VSVncp*∆G), or inactivated H7N7 antigens along with Freund’s adjuvant. The birds were
boostered with the same treatment, dose and route after two-weeks of primary immunisation.
Blood was collected before (pre-immune sera) and after 2-weeks of primary immunisation
(primary immune sera) and 3-weeks and 5-weeks after boostering (booster sera). Tracheal
washings and lacrimal fluids were collected at the termination of the experiment. Sera and
fluids were assessed for the humoral immune response of the inoculated birds.
In order to investigate the humoral immune response of birds to the vector vaccine (VSV*∆GHA), an immune fluorescence test was conducted (Fig. 13). BSRT7 cells were transfected
with plasmid expressing HA (pTM1-HA) of H7N1 avian influenza virus and infected cells
were detected with pre- and post-immune sera of birds of group A (PBS) and of group D
(VSV*∆G-HA). A positive signal was only found with cells treated with post-immune sera of
group D birds indicating that VSV*∆G-HA induced antibodies in inoculated chickens.
Haemagglutination inhibition (HI) assay was performed with pre-immune and post-immune
sera of vaccinated birds using different AIV strains (Table 5). No detectable inhibiting
antibodies were found in pre-immune sera (data not shown), indicating that SPF chickens
were free from anti-AIV antibodies. Likewise, control birds in group A, C and K which
received either PBS or only vector did not show any inhibiting antibodies in primary or
booster immune sera. All birds immunised with either inactivated H7N7+adjuvant (B) or
VSV*∆G-HA (D) developed low amounts of HI antibodies after primary immunisation.
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However, HI titres increased significantly after booster immunisation and mean titres reached
up to 1600 and 1390 HIU against homologous virus and 720 and 375 HIU against
heterologous virus in sera of group B and D birds, respectively. All the birds, who received
either VSVncp*∆G-HA or mutHA irrespective of route, generated very low HI titres in
primary immunisation and surprisingly failed responding to booster immunisation. No HI
titres were detected in sera of birds, which received VSV*∆G-M2flag treatment twice.
Moreover, none of chicken sera, irrespective of treatment and route could inhibit
haemagglutination activity by A/Teal/Föhr/Wv1378-79/03 (H5N2) AIV.

PBS inoculated bird sera

Post-immune sera

Pre-immune sera

VSV*∆G-HA inoculated birds sera
Bird no. 1
Bird no. 2

Fig. 13. Detection of AIV antigen-binding antibodies in sera of VSV*∆G-HA inoculated
birds. BSRT7 cells were transfected with pTM1-HA(H7N1). Twenty-four hours
post-transfection, the cells were treated with 50-fold diluted pre- or post-immune
sera of either VSV*∆G-HA (group D) or PBS (group A) inoculated birds. The cells
were stained with FITC-labelled anti-chicken antibodies and analysed by
fluorescence microscopy. Green fluorescence indicates AIV antigen binding
antibodies.

Table 5. Haemagglutination inhibition (HI) activity of chicken sera against different AIV strains (Trial-01)
Immunisationa

Group

A/duck/Potsdam/15
/80 (H7N7)

A/Teal/Föhr/Wv13
78-79/03 (H5N2)

A

PBS

dose
(ffu)
250µl

B

30µg/
200µl
107

IM

3

60g(3/3)

720(2/2)

145(3/3)

1600(2/2)

<20(0/3)

<20(0/2)

C

Inactivated H7N7
+ adjuvantb
VSV*∆G

IM

3

<20(0/3)

<20(0/3)

<20(0/3)

<20(0/3)

<20(0/3)

<20(0/3)

D

VSV*∆G-HA

107

IM

3

60(3/3)

1390(3/3)

35(3/3)

375(3/3)

<20(0/3)

<20(0/3)

E

VSV*∆G-NP

107

IM

3

<20(0/3)

20(3/3)

<20(0/3)

20(3/3)

<20(0/3)

<20(0/3)

7

IM

3

<20(0/3)

<20(0/3)

<20(0/3)

<20(0/3)

<20(0/3)

<20(0/3)

7

treatment

F

VSV*∆G-M2flag

10

route

n

1°d

2°

1°

2°

1°

2°

IM

3

<20e(0/3)f

<20(0/3)

<20(0/3)

<20(0/3)

<20(0/3)

<20(0/3)

G

VSV*ncp∆G-HA

10

IM

3

20(3/3)

<20(0/3)

<20(0/3)

<20(0/3)

<20(0/3)

<20(0/3)

H

VSV*ncp∆G-HA

107

IO

3

40(3/3)

40(3/3)

20(3/3)

<20(0/3)

<20(0/3)

<20(0/3)

I

VSV*ncp∆G-HA

107

INO

3

20(3/3)

<20(0/3)

<20(0/3)

<20(0/3)

<20(0/3)

<20(0/3)

J

VSV*ncp∆GmutHA
VSV*ncp∆G

107

IM

2

40(2/2)

20(2/2)

20(2/2)

<20(0/2)

<20(0/2)

<20(0/2)

107

IM

3

<20(0/3)

<20(0/3)

<20(0/3)

<20(0/3)

<20(0/3)

<20(0/3)

K
a

A/FPV/Rostock/34
(H7N1)c

SPF chickens were inoculated twice with the indicated treatments. The experiment was terminated 3 weeks after booster immunisation

by exsanguinations of the birds. bFreund’s incomplete adjuvant was used after mixing equal volume of antigen suspension. cAIV
strains at the rate of 8 H.U./25µl used in the assay. dPrimary (1°) and booster (2°) immune sera were diluted in PBS. eNo titres were
detected. fNumber of birds positive (>20 HIU) out of total tested birds. gGroup mean titres are shown in haemagglutination inhibition
units (HIU).
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When booster sera were analysed for neutralising antibodies against A/FPV/Rostock/34
(H7N1) AIV in MDCK II cells, only sera collected from birds which had received either
VSV*∆G-HA or inactivated H7N7+adjuvant showed high amounts of neutralising antibodies
against AIV (Fig. 14-A). Very similar results were obtained when a neutralisation assay was
performed with tracheal washings collected after booster immunisation of chickens (Fig. 14B). Some neutralising activity was recorded in lacrimal fluids of birds who received either
VSV*∆G-M2-flag or VSVncp*∆G-HA, in addition to birds inoculated with either VSV*∆GHA or inactivated H7N7+adjuvant (Fig. 14-C). Owing to the fact that NP is an intracellular
protein and antibodies against NP cannot neutralise the virus, an NP-ELISA was performed
(Fig. 15). Substantial titres of NP antigen-binding antibodies were recorded not only in
booster sera but also in tracheal washings, and lacrimal fluids of birds, which received either
VSV*∆G-NP or inactivated H7N7+adjuvant.
A.

Fig. 14. Detection of neutralising antibodies in serum of immunised chickens. (A) Sera,
(B) tracheal washings and (C) lacrimal fluids were collected 5-weeks after booster
vaccination, and analysed for their ability to neutralise infection of MDCK-II cells
by A/FPV/Rostock/34 (H7N1). Neutralising titres are defined as the inverse serum
dilutions causing complete virus neutralisation in 50% of the wells (ND50). In
addition to individual values, mean values of each group are given by horizontal
lines.
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B.
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A.

B.

Fig. 15. Immune response of vaccinated birds against NP antigen. The immune response
against NP antigen was assessed in (A) Primary and booster sera, (B) tracheal
washings and lacrimal fluids of birds inoculated with either PBS (group A),
inactivated H7N7 antigen+adjuvant (group B), VSV*∆G (group C), or VSV*∆GNP (group E) using FLOCKTYPE® recAIV Screening ELISA. ELISA titres were
calculated using the Labor Diagnostik Leipzig (LDL) software.
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5.4.2. Vaccine trial-02 (Comparison of route and dose)
The first vaccine trial revealed that the intramuscularly inoculated cytopathogenic vector
expressing HA was more efficient than VSVncp*∆G-HA. The second experiment was
designed to assess the importance of both dose and route for efficacy of VSV*∆G-HA (Table
6). Eighteen-day old embryonated SPF eggs and 2.5-week old SPF chickens were divided into
13 groups each group consisting of either 8 eggs or 7 chickens on day 0 of primary
immunisation. Group D, E, F and G were immunised with low doses (1×106 ffu) of VSV*∆GHA via intramuscular, intranasal and ocular, oral and in-ovo routes, respectively. H, I, J and K
groups were immunised with the same vaccine but using 13-times higher doses (3×107 ffu)
via similar routes. Group A and B received 107ffu of only vector (VSV*∆G) via
intramuscular and in-ovo routes, respectively whereas, group C birds were intramuscularly
inoculated with considerably high doses of 50µg/ 200µl/ bird of formalin-inactivated H7N7
antigens mixed with oil-emulsion adjuvant. Additionally, group L and M received 3×107 ffu
of VSVncp*∆G-HA either intramuscularly or in-ovo, respectively. The birds were boostered
after 2.5-weeks of primary immunisation with the same treatment, dose and route except the
in-ovo which were boostered by the IM route. Chickens were bleed to collect blood before
and after each immunisation and blood was processed to obtain sera.

Sera collected before (pre-immune sera) and after 2.5-weeks of primary immunisation
(primary immune sera), and 3-weeks after boostering (booster sera) were investigated for
haemagglutination inhibiting antibodies against various strains of AIV (Table 6). Significant
amounts of haemagglutination inhibiting antibodies against H7 strains of AIV were detected
in primary immune sera from all birds of groups C to M except the control birds (A and B). In
primary immune sera, no significant differences were found between the two dose regimes,
type of vector and the different inoculation routes. Post booster increase of antibody titre was
only recorded in sera of low and high dose groups of birds who received the VSV*∆G-HA
vaccine intramuscularly and this increase was statistically non-significant. On the contrary,
the birds of all other groups showed similar or lower titres compared to primary immune sera.
Correspondingly similar but approximately one-fold lower HI activity was recorded from
booster sera of vaccinated birds against heterologous (H7N7) AIV. Moreover, no HI activity
against A/teal/Föhr/Wv1378-79/03 (H5N2) was detected in any case (data not shown).

Table 6. Haemagglutination inhibition activity of chicken sera against different AIV strains (trial-02)
Immunisationa
Group

A/FPV/Rostock/34 (H7N1)c

dose
(ffu)

1°

2°

route

n route

n

1°

2°

1°

2°

VSV*∆G

1×107

IM

7

IM

7

<20d(0/7)

<20(0/7)

<20(0/7)

<20(0/7)

B

VSV*∆G

7

1×10

I/ovo

8

IM

6

<20(0/6)

<20(0/6)

<20(0/6)

<20(0/6)

C

50µg/
200µl
1×106

IM

7

IM

7

40e(7/7)f

120(7/7)

120(7/7)

240(7/7)

D

Inactivated
H7N7+adjuvantb
VSV*∆G-HA

IM

7

IM

6

45(6/6)

110(6/6)

20(6/6)

40(6/6)

E

VSV*∆G-HA

1×106

INO

7

INO

7

60(7/7)

20(2/5)

20(7/7)

<20(0/5)

F

VSV*∆G-HA

1×106

IO

7

IO

7

40(7/7)

20(4/7)

20(7/7)

<20(0/7)

G

VSV*∆G-HA

1×106

I/ovo

8

IM

4

100(4/4)

20(1/4)

20(4/4)

<20(0/4)

H

VSV*∆G-HA

3×107

IM

7

IM

4

149(7/7)

160(4/4)

40(7/7)

20(4/4)

I

VSV*∆G-HA

7

3×10

INO

7

INO

6

87(6/6)

28(5/6)

38(5/6)

<20(0/6)

J

VSV*∆G-HA

3×107

IO

7

IO

7

263(7/7)

20(3/7)

58(6/7)

<20(0/7)

K

VSV*∆G-HA

3×107

I/ovo

8

IM

2

400(2/2)

20(2/2)

80(2/2)

<20(0/2)

L

VSV*ncp∆G-HA

3×107

IM

7

IM

7

166(7/7)

20(2/7)

67(6/7)

<20(0/7)

M

VSV*ncp∆G-HA

3×107

I/ovo

8

IM

6

176(6/6)

<20(0/6)

58(6/6)

<20(0/6)

treatment
A

a

Haemagglutination inhibition
A/duck/Potsdam/15/80 (H7N7)

SPF chickens (eggs) were immunised twice with the indicated treatments. bWater in oil-emulsion was used for inactivated vaccine

during 1° and 2° immunisation, respectively. cAIV strains at the rate of 8 H.U./25µl used in the assay. dNo titres were detected. eGroup
mean titres shown in haemagglutination inhibition units (HIU). fNumber of birds tested positive (>20 HIU) out of total in the group.
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A neutralisation assay was performed to test primary immune sera with H7N1 on MDCK-II
cells (Fig. 16-A). Compared to negative control birds, highly significant antibody titres
(p<0.05) were detected in sera from bird groups, which had received intramuscularly
inactivated H7N7+adjuvant or high doses of VSV*∆G-HA. In contrast, very low titres were
found in sera from birds, which had received low doses of VSV*∆G-HA intramuscularly or
high doses via intranasal and ocular, oral and in-ovo routes. Like HI assay of booster sera,
neutralisation assay also showed significant titres of neutralising antibodies only in the
booster sera of birds which received either inactivated H7N7+adjuvant or VSV*∆G-HA
intramuscularly (Fig. 16-B). Lavages which were collected 3-weeks post boostering from
trachea, eye, or gut showed detectable amounts of neutralising antibodies in birds from all
groups except those which were inoculated with the control vector (Fig. 16-C-D-E).
A.

Fig. 16. Detection of neutralising antibodies in serum of immunised chickens. (A)
Primary immune sera collected at 2.5-weeks post immunisation and, (B) booster
immune sera, (C) tracheal washings, (D) lacrimal fluids and (E) gut lavages
collected from vaccinated SPF chickens 3-weeks after booster were analysed for
their ability to neutralise A/FPV/Rostock/34 (H7N1) and inhibit infection of
MDCK-II cells. Neutralising titres are defined as the inverse serum dilutions
causing complete virus neutralisation in 50% of the wells (ND50). Mean values of
each group are indicated by horizontal lines. Statistically significant differences
(p<0.05, Student’s t-Test, non-adjusted) against control are indicated by “α”.
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E. (continued...........)

5.4.3. Vaccine trial-03 (Challenge experiment)
This trial was mainly designed to determine the protective efficacy of cytopathogenic vectors
expressing either HA or NP of HPAIV A/FPV/Rostock/34 (H7N1). Three weeks-old SPF
chickens were divided into groups A, B, C, and D and were inoculated intramuscularly with 2
x 107 ffu of either VSV*∆G-HA, a mixture of VSV*∆G-HA and VSV*∆G-NP (2 x 107 ffu,
each), VSV*∆G, and 250 µl virus-free EMEM, respectively (Table 7). Three weeks after the
first immunisation, the animals were boostered with the same vector vaccines using the same
dose, and route. Two weeks after the second immunisation, ten birds from each group were
shifted to BSL-3 facility and challenged oculo-nasally with 107 EID50 of highly pathogenic
heterologous AIV A/ck/Italy/445/99 (H7N1). Five birds per group were exsanguinated to
collect blood and mucosal fluids in order to assess the pre-challenge immune status of
vaccinated chickens and the remaining were kept in the isolation facility as controls of
challenge. Blood was collected from all birds at three and two weeks after primary and
booster immunisations, respectively, and three weeks post challenge from surviving birds.
The lavages from eye and trachea were collected from the birds, which were not challenged.

Group

Immunisation-I
(2.5-weeks-old birds)a

A

VSV*∆G-HA

dose
(ffu)
1×107

B

VSV*∆G-HA
VSV*∆G-NPb
VSV*∆G

1×107
1×107
1×107

treatment

C

Immunisation-II
(6-weeks-old birds)

VSV*∆G-HA

dose
(ffu)
3×107

VSV*∆G-HA
VSV*∆G-NP
VSV*∆G

3×107
2×107
3×107

treatment

route

Table 7. Haemagglutination inhibition activity of chicken sera against different AIV strains (trial-03)

IM
IM
IM

n

A/FPV/Rostock/34
(H7N1) c

A/ck/Italy/
445/99
(H7N1)

A/duck/Potsdam
/15/80 (H7N7)

1°d

2°

2°

2°

24

22e(12/14)f

284α(12/13)

284α(10/10)

110α(12/13)

24

38(9/10)

320α(9/10)

157α(9/10)

132α(9/10)

24

<4 (0/14)

<4(0/14)

<4(0/14)

<4(0/14)

Conditioned
Conditioned
250µl IM 24
250µl
<4(0/14)
<4(0/14)
<4(0/14)
<4(0/14)
EMEM
EMEM
a
SPF chickens were immunised twice, and 10 birds from each group were moved to BSL-3 facility for challenge with HPAIV

D

A/ck/Italy/445/99 (H7N1) via oculo-nasal route.
b
c

VSV*∆G-HA and VSV*∆G-NP were applied intramuscularly after mixing equal titre/volumes of vaccine suspension.

8 HA units /25µl of AIV suspension were used in the assay.

d

Primary (1°) and booster (2°) immune sera.

e

Mean titres of group shown in HI units.

f

Number of birds tested positive (>8 HIU) per total in the group.

α

Significant differences (p<0.05) compared to control birds and primary chicken sera were calculated using Student’s t-Test

(non-adjusted).
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5.4.3.1. Antibody profile of birds
Sera were analysed for haemagglutination inhibiting antibodies against homologous and
heterologous AIV (Table. 7) Control animals that had received VSV*∆G or vehicle did not
show any HI activity. In contrast, sera collected from chickens 3 weeks after the first
immunisation with either VSV*∆G-HA or a mixture of VSV*∆G-HA and VSV*∆G-NP
showed low HI titres against A/FPV/Rostock/34 (H7N1). HI titres increased significantly
after the second immunisation reaching mean titres of 284 (HA group) and 320 HI units
(HA+NP group), respectively (p<0.05). This indicates that application of the same vector
vaccine induced a clear booster effect. All immunised animals except one in the HA+NP
group responded to the recombinant VSV vaccines. Sera from boostered animals also showed
significant HI activity towards the heterologous strain A/chicken/Italy/445/99 (H7N1) and the
more distantly related virus A/duck/Potsdam/15/80 (H7N7). However, lower HI titres were
detected with these strains compared to the homologous A/FPV/Rostock/34 (H7N1). In
contrast, no HI activity against A/Teal/Föhr/Wv1378-79/03 (H5N2) was detected. Serum
antibodies capable to neutralise H7N1 in cell culture were not found in VSV*∆G or mockinfected animals, but sera collected two weeks after the first immunisation with VSV*∆G-HA
showed low neutralisation titres (Fig. 17-A). The ND50 values increased considerably
following the second immunisation with the same vector vaccine reaching mean ND50 values
of 344. The humoral response was fairly variable between individual chickens with 795, 798,
and 501 as the highest and 145, 150, and 38 as the lowest ND50 titres. Sera of boostered
animals also showed neutralisation activity (mean ND50 value of 148) against the distantly
related virus A/duck/Potsdam/15/80 (H7N7) (Fig. 17-B). Surprisingly, animals that had been
vaccinated with both VSV*∆G-HA and VSV*∆G-NP produced lower neutralisation antibody
titres against A/FPV/Rostock/34 (H7N1) and A/duck/Potsdam/15/80 (H7N7) than animals
that had received only VSV*∆G-HA. Mean ND50 values in tracheal washings from birds of
group A and B were 23 and 11, respectively (Fig. 17-C). Mean ND50 values of 11 and 9 were
detected from the lacrimal fluids of birds of group A and B, respectively (Fig. 17-D). These
values were found to be significant (p=0.002) when compared to ND50 values in control birds.
The humoral immune response against NP antigen was assessed by ELISA (Fig. 23-A).
Compared to control birds, significant (p<0.0001) NP-antigen recognising antibodies were
detected in sera from birds immunised with a mixture of VSV*∆G-HA and VSV*∆G-NP.
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Fig. 17. Detection of neutralising antibodies in serum of immunised chickens. Primary
(circles) and booster (rhombs) immune sera collected 2 and 3 weeks post
immunisation, respectively, were analysed for their ability to neutralise (A)
A/FPV/Rostock/34 (H7N1), and (B) A/duck/Potsdam/15/80 (H7N7) AIV infections
in MDCK-II cells. (C) Tracheal washings and (D) lacrimal fluids collected after 2
and 5 weeks of booster from vaccinated SPF chickens were analysed for
neutralising antibodies against A/FPV/Rostock/34 (H7N1). Neutralising titres are
defined as the inverse serum dilutions causing complete virus neutralisation in 50%
of the wells (ND50). In addition to individual values, mean values of each group are
indicated by horizontal lines. Significant differences (p<0.05) were calculated by
Student’s t-Test (non-adjusted) and are indicated by “α”.
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5.4.3.2. Challenging vaccinated birds with heterologous HPAIV
Two weeks after booster vaccination, chickens were challenged with heterologous H7N1
HPAIV A/chicken/Italy/445/99 (107 EID50), which was applied oculo-nasally. The birds were
monitored for development of disease, challenge virus shedding for three weeks, and finally
exsanguinated to collect organ samples for immunochemistry and histopathological studies.
5.4.3.2.1. Clinical signs and pathology of birds
Development of clinical picture and course of disease was observed in challenged birds, and
clinical scores were assigned accordingly (Fig. 18). First symptoms of disease were observed
on the second day after challenge in the mock- and VSV*∆G-vaccinated animals.
A.

Fig. 18. Clinical picture of challenged birds. (A) Birds were observed daily and clinical
symptoms were scored. Birds showing only signs of peri-orbital swelling were
assigned 1 (yellow), ill 2 (orange), severely ill or death 3 (red) and no sign 0 (grey).
All vector vaccinated birds survived except one in group B, whereas all control
birds died between days 3-5 after infection.
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a

b

c

d

e

f

Fig. 19. Symptoms of fowl plague disease in chickens. Birds infected with
A/ck/Italy/445/99 (H7N1) showed (a) peri-orbital swelling (arrow), (b) anorexia,
apathy, and diarrhoea (arrow), (c) ruffled feathers and haemorrhagic lesions of
comb (arrow) and (d) legs, (e) depression, and (f) collapse.
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Symptoms included anorexia, apathy, diarrhoea, ruffled feathers, cyanosis and necrosis of the
comb and wattles, oedema of head, and haemorrhages on legs, depression (drooping of wings
and neck), and death by collapse (Fig. 19). All control birds died between days 3 and 5 post
challenge. Most chickens that had received either VSV*∆G-HA or VSV*∆G-HA with
VSV*∆G-NP showed no signs of disease for the whole observation period (21 days post
challenge). However, some animals in these two groups showed temporary peri-orbital
swelling but recovered latest by day 8 post-challenge. All VSV*∆G-HA-vaccinated birds
survived challenge with heterologous HPAIV A/chicken/Italy/445/99 (H7N1) while one bird
of group B (HA+NP) developed severe signs of disease and was exsanguinated on day 7. This
chicken was tested positive for NP antigen in heart and brain suggesting that it died due to
AIV infection. Post-mortem diagnosis of all dead birds was performed and birds were
observed for pathological lesions (Table 8).
Table 8. Necropsy of vaccinated and non-vaccinated, challenged and non-challenged
birds
Group Treatment
Challenge Findings

A

VSV*∆G-HA

Yes
No

No bird showed AIV specific lesions except
congestion of lung in some (n= 5) birds.
No AIV-related lesions
One bird showed multifocal haemorrhages on

B

VSV*∆G-HA+

Yes

pericardium, swelling of kidneys, congestion of lung
and duodenum

VSV*∆G-NP
No

No AIV-related lesions
Most of birds showing congestion of lungs, brain
pancreas and duodenum, swelling of pancreas,

C

VSV*∆G

Yes

kidneys, testis, caeca, and small intestine, multifocal
haemorrhages on pericardium, haemorrhagic lesions
in proventriculus, and oedematous fluid around skull.

D
*

No

No AIV related lesions

Conditioned

Yes

Refer to group C

EMEM

No

Refer to group C

No treatment

No

No AIV related lesions
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Subcutaneous oedema and congestion of head, haemorrhagic necrosis of comb and wattles,
haemorrhagic lesions on legs were predominantly found in infected control birds (Fig. 20).
The systemic involvement in these birds was evidenced by pin-point multiple reddish foci on
pericardium, congestion of lung and intestine, haemorrhages in proventriculus, swelling of
kidneys, testis, caeca and pancreas, and affected cloaca. The vaccinated birds, which survived
the challenge infection were exsanguinated at day 21 post infection and systematically
observed for any lesion. No AIV-related lesions were recorded in these birds.
a

c

d

f

g

b

e

Fig. 20. Pathological lesions in AIV-challenged birds. Dead birds were observed for
pathological lesions. Non-vaccinated but challenged birds showed (a) necrosis of
comb, (b) sub-dermal head oedema, (c) congestion of lung, and swelling of kidneys
and testis, (d) multifocal haemorrhages on the pericardium, (e) haemorrhages in the
proventriculus, (f) congestion of duodenum, and (g) haemorrhagic lesions in cloaca.
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5.4.3.2.2. Immuno-histochemistry and histopathology
Tissue specimens collected from vaccinated-challenged, vaccinated-non-challenged, and nonvaccinated-non-challenged birds were analysed for the presence of NP antigen by immunohistochemistry. All samples taken from challenged birds vaccinated with either VSV*∆G-HA
(group A), or a mixture of VSV*∆G-HA and VSV*∆G-NP (group B), and samples from birds
neither vaccinated nor challenged were found free from AIV antigen except one bird from
group B (Fig. 21-A). On the contrary, challenged control birds (groups C and D) were found
strongly positive for AIV NP-antigen (Fig. 21-B). In these birds antigen was predominantly
found in vascular endothelial cells of cerebrum, cerebellum, heart, pancreas, liver, lungs,
trachea, nasal sinuses, oesophagus, proventriculus, small intestine, caeca, colon, bursa,
thymus, and testis. In addition to this, strong signals for NP antigen were found in neurons,
microglia, ependymal cells of cerebrum and cerebellum. Myocardial and endothelial cells of
heart, epithelial cells of paranasal sinuses, lymphocytes and heterophils in spleen, islets and
endothelial cells in pancreas, hepatocytes in liver, tubular epithelium in kidneys, glandular
epithelium in oesophagus were also found positive to NP antigen. Furthermore, connective
tissue cells and endothelium in trachea, alveolar macrophages, heterophils and endothelial
cells in lungs, non vascular endothelial cells of adenomeres of proventriculus, lymphocytes
and mucosal epithelium of small intestine, colon, and caeca, lymphocytes and heterophils in
thymus and bursa, endothelial cells in nictating membrane of eye, connective tissue cells of
dermis in skin, and Leydig cells in testis were showing signals for the presence of NP antigen.
These data indicate that A/chicken/Italy/445/99 (H7N1) spreads systemically in birds
infecting many organs and tissues including neurons.
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A. Vaccinated and challenged birds
a

b

c

d

e

f

g

h

i

Fig. 21. Immuno-histochemical analysis of organs for NP antigen. Representative
specimens from each visceral organ of all vaccinated, non-vaccinated, challenged
and non-challenged birds were analysed for the presence of challenge virus (NP)
antigen. (A) Major organs (a) cerebrum, (b) cerebellum, (c) grey and white matter of
cerebellum, (d) duodenum, (e) heart, (f) kidney, (g) lung, (h) pancreas, and (i) spleen
of either VSV*∆G-HA and VSV*∆G-HA plus VSV*∆G-NP vaccinated, or nonvaccinated, non-challenged birds showed no AIV antigen signals. (B) Detection of
NP antigen in organs of birds inoculated with either VSV*∆G or vehicle. Organs
detected positive include (j) cerebrum, (k) brain-ependyma, (l) heart, (m) nasal
cavity, (n) lungs, (o) nictating membrane of eye, (p) oesophagus, (q) duodenum, (r)
caeca (s) pancreas, (t) liver, (u) kidneys, (v) thymus, (w) spleen, (x) bursa, (y)
proventriculus, (z) skin, and (a*) testis.
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B. Mock-vaccinated (control) and challenged birds
j

k

l

m

n

o

p

q

r

s

t

u

v

w

x

y

z

a*
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5.4.3.2.3. Virus shedding
To determine whether challenge virus is shed from vaccinated chickens, oro-pharyngeal and
cloacal swabs were collected from infected birds at daily intervals starting from day 0 post
challenge. The samples were analysed for the presence of segment 7 RNA by real-time RTPCR (Fig. 22). In addition, embryonated chicken eggs were inoculated with the representative
samples of corresponding ct-values to isolate infectious virus (Table 9).

A. Oro-pharyngeal swabs

α

Fig. 22. Shedding of challenge virus. (A) Total RNA was extracted from oro-pharyngeal and
(B) cloacal swab samples collected from SPF chickens at the indicated times post
challenge with A/chicken/Italy/445/99 (H7N1). Real-time RT-PCR was performed
for detection of viral RNA encoding the M gene. Mean threshold cycle (Ct) values
and standard deviations from ten animals per group are given. VSV*∆G-HAvaccinated (A), VSV*∆G-HA+VSV*∆G-NP-vaccinated (B), VSV*∆G-inoculated
(C), and medium-inoculated (D) chicken groups are represented by circles, triangles,
rhombs, and squares, respectively. Significant differences (p < 0.01) compared to
mock-vaccinated or VSV*∆G-vaccinated control birds were calculated by Student’s
t-Test (non-adjusted) and are indicated by “α”.
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B. Cloacal swabs

α

It was not possible to isolate infectious influenza virus from samples with Ct values higher
than 37. Oro-pharyngeal swabs collected from mock-vaccinated or VSV*∆G-vaccinated birds
gave rise to mean Ct values of 32 at day 2 which decreased to 20 at day 4. RT-PCR analysis
of cloacal swab samples resulted in mean Ct values of 30 at day 2 which went down to 18 at
day 4. This indicates that significant amounts of virus were shed before the animals died. Oropharyngeal swabs collected from VSV*∆G-HA-vaccinated animals on days 2-4 post
challenge showed mean Ct values ranging from 34 to 36. In cloacal swabs, Ct values below
38 were found only at days 4 and 5. After day 6, only Ct values equal or higher than 38 were
detected in all samples. These findings suggest that some virus was transiently shed from
VSV*∆G-HA-vaccinated chickens but to a significantly reduced extent as compared to
control birds. Chickens vaccinated with both VSV*∆G-HA and VSV*∆G-NP revealed Ct
values below 38 on days 2-5 in oro-pharyngeal swabs, and on days 4-7 in cloacal swabs,
respectively. Thus, simultaneous vaccination with VSV*∆G-NP and VSV*∆G-HA did not
result in further reduction of virus shedding.
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Table 9. Isolation of replicating shed virus in embryonated SPF eggs
Haemagglutination activity

HPAIV (H7N1) 107 EID50

Number of eggs positive/
inoculated
2/2

HPAIV (H7N1) 104 EID50

2/2

4(1/2)

29

3/3

8(1/3)

30

3/3

4(3/3)

31

3/3

6(1/3)

32

1/3

2(1/3)

33

3/3

12(2/3)

34

1/3

12(1/3)

35

0/3

<2(0/3)

36

3/3

24(3/3)

37

1/3

<2(0/3)

38

0/3

<2(0/3)

39

0/3

<2(0/3)

42

0/3

<2(0/3)

PBS

0/3

<2(0/3)

Inoculums/Ct value-sample

a

10a(2/2)b

Mean HA titres, bNo. of eggs’ harvest tested positive (>2 HAU) per total

5.4.3.2.4. Differentiation of infected from vaccinated animals (DIVA)
Since the VSV∆G replicon vaccines expressed HA and NP but not other AIV antigens, they
were expected to meet the DIVA principle. To test this hypothesis, a competitive ELISA for
detection of antibodies that bind to the NA antigen of subtype N1 was used (Fig. 23-A). When
serum was collected from vaccinated birds directly before challenge, NA-specific antibodies
were not detected. However, when serum was sampled 3 weeks after challenge of the
vaccinated birds, all birds had seroconverted and were tested positive for NA antibodies. Only
one bird in the HA+NP group, which was killed on day 7 (bird no. 19 in Fig. 23) did not
produce NA-specific antibodies, probably because time was too short to allow
seroconversion. In addition to this, NP-antibody ELISA may be used to discriminate between
animals immunised with recombinant VSV vector vaccine that expresses other than NP
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antigen, from infected ones. A competitive ELISA for detection of antibodies that bind to NP
antigen was performed with sera of vaccinated and challenged birds (Fig. 23-B). Birds
immunised with both VSV*∆G-HA and VSV*∆G-NP developed immunity against NP before
and after challenge, whereas birds immunised with only VSV*∆G-HA were found negative
before challenge and became significantly positive (p<0.0001) after challenge. These results
together indicate that chickens vaccinated with the VSV∆G replicons can easily be
discriminated from infected ones.

A. Competitive NA-ELISA

Fig. 23. Discrimination of infected from vaccinated animals (DIVA). Sera were collected
from SPF chickens at 14 days after second immunisation with the indicated VSV*∆G
replicons (grey) and 21 days after challenge with A/chicken/Italy/445/99 (H7N1) (black).
Sera were tested for the presence of (A) NA-antibodies and (B) NP antibodies by a
competitive ELISA using either anti-N1-peroxidase or anti-NP-peroxidase conjugate as a
tracer, respectively. The scale indicates the percentage of inhibition of tracer by NA or NP
sera binding to immobilised antigen. Percentages lower than 60 were considered positive.
Significant differences (p<0.0001) between two treatments were calculated by Student’s tTest (non-adjusted) and are shown by “α”.
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B. Competitive NP-ELISA (continued......)
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5.4.4. Vaccine trial-04 (Analysis of modified VSVncp*∆
∆G replicons)
The previous trials revealed that birds vaccinated with VSVncp*∆G-HA vector, generated
very low titres in the primary immune response and failed responding to the booster
immunisation. This phenomenon together with expression studies suggested that the
VSVncp*∆G is capable of infecting chicken cells. But there may be some factors released
during infection which attenuated its expression and prevented its infection during booster
vaccination. Moreover, it was mentioned earlier that VSVncp*∆G replicons do not shut off
host transcription activity and induce large amounts of IFN. It was therefore, speculated that
IFN and downstream signalling events may interfere with the VSV infection and subsequent
antigen expression. The introduction of IFN antagonist into the VSVncp*∆G vector may
increase its potential as a vaccine vector.
5.4.4.1. Generation of VSVncp*∆
∆G vector expressing AIV antigen and IFN antagonist
E3L is a vaccinia virus double-stranded RNA-binding protein, which inhibits the IFNmediated antiviral innate immune response in mammals (Li et al., 2003). It was further
reported that E3L inhibits the IFN-induced double stranded RNA-dependent protein kinase
(Chang et al., 1992), 2-5A synthetase (Rivas et al., 1997), Adenosine deaminase A-I editing
activity (Liu et al., 2001) and the suppressor of RNA silencing (Li et al., 2003). In order to
study the expression patterns of E3L and for ease of detection, codon-optimised E3L was
fused in frame to either 3´ or 5´terminus of GFP of pEGFP-N1 or pEGFP-C1 vectors, to
generate E3LGFP and GFPE3L chimeric-protein genes. When BHK-21 cells were transfected
with the expression plasmids, GFPE3L formed aggregates in the cytosol, whereas E3LGFP
was distributed throughout the cytoplasm (Fig. 24). Unlike uncoupled GFP which was present
in cytoplasm and nucleus, E3LGFP or GFPE3L were predominantly found in the cytoplasm
of transfected cells. To study the impact of E3L on VSV replicons vaccine, E3LGFP and
GFPE3L were introduced into pVSVncp*∆G-HA to generate VSVncp∆G(E3LGFP)-HA and
VSVncp∆G(GFPE3L)-HA replicons (Fig. 25).
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pEGFP-C1-E3L

GFP

Phase contrast

pEGFP-N1-E3L

Fig. 24. Transient expression of GFP coupled to E3L. BHK-21 cells grown on cover slips
were transfected with 1µg of DNA of either pEGFP-N1-E3L or pEGFP-C1-E3L.
The cells were analysed for GFP expression by fluorescence microscopy. E3LGFP
was evenly distributed in the cytosol whereas GFPE3L showed granular aggregates
in the cytosol of transfected cells.

VSVncp∆G
(E3LGFP)-HA
VSVncp∆G
(GFPE3L)-HA

N

P

Mncp

HA

E3LGFP

L

N

P

Mncp

HA

GFPE3L

L

Fig. 25. Genome maps of recombinant VSV vectors expressing vaccinia virus E3L
protein. The codon-optimised E3L was genetically tagged at the C or N
terminus resulting in E3LGFP and GFPE3L chimeric-protein genes. These
genes were introduced into the VSVncp*∆G-HA genome by using XhoI and
NheI restriction sites.
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5.4.4.2. Characterisation of VSVncp*∆
∆G vector expressing AIV-HA and IFN antagonist
VSVncp∆G(E3LGFP)-HA and VSVncp∆G(GFPE3L)-HA replicated to very high titres (5×
109ffu/ ml) on mifepristone-treated BHK-G43 cells. Moreover, syncytia formation was
predominant in these cells (Fig. 26). Expression of HA was detected on the surface of infected
BHK-21 cells by indirect immunofluorescence (Fig. 27). GFPE3L was found to be evenly
dispersed in the cytoplasm of VSVncp∆G(E3LGFP)-HA-infected cells, whereas GFPE3L
aggregates were detected in cells infected with VSVncp∆G(GFPE3L)-HA. The induction of
IFN by E3L-expressing VSV replicons was studied by a classical IFN bioassay (Fig. 28).
Supernatants collected from either VSVncp∆G(E3LGFP)-HA- or VSV*∆G-HA-infected CEF
did not prevent VSV infection of CEF, indicating that no or negligible amounts of IFN were
released.

In

contrast,

supernatants

collected

from

CEF

infected

with

either

VSVncp∆G(GFPE3L)-HA, VSVncp*∆G-HA, or VSVncp∆G* prevented infection of VSV
even at higher dilutions (300-350 IFN U/ml), indicating that significant amounts of antiviral
IFN were induced by these vectors. When the VSV vectors were used to infect HEK-Blue™
IFN-α/β cells that express secreted alkaline phosphate under control of IFN-stimulated
promoter (ISG54), 30-fold increase of SEAP activity was detected in the case of
VSVncp∆G(GFPE3L)-HA and VSVncp*∆G-HA (Fig. 29). In contrast, no significant reporter
activity was found if the cells were infected with either VSVncp∆G(E3LGFP)-HA,VSV*∆GHA, VSV*∆G or mock. These findings indicate that VSVncp∆G(E3LGFP)-HA, was able to
surpass IFN synthesis, whereas VSVncp∆G(GFPE3L)-HA was not. Compared to
VSVncp*∆G-HA and VSV*∆G-HA, VSVncp∆G(E3LGFP)-HA showed a significant
cytotoxic effects in infected CEF cells, evidenced by apoptotic vesicles (Fig. 30). Moreover,
the persistence of VSVncp∆G(E3LGFP)-HA in CEF was remarkably decreased as compared
to VSVncp*∆G-HA replicons.
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VSVncp∆G(E3LGFP)-HA

GFP

Phase contrast

VSVncp∆G(GFPE3L)-HA

Fig. 26. Syncytia formation by VSVncp*∆G vectors expressing E3L. BHK-G43 cells were
treated

with

mifepristone

for

6

hours

and

infected

with

either

VSVncp∆G(E3LGFP)-HA or VSVncp∆G(GFPE3L)-HA. Cells were analysed 14

PC anti-flu, Anti-rabbit-Cy3

hours after infection by fluorescence microscopy.

VSVncp∆G(E3LGFP)-HA

VSVncp*∆G

VSVncp∆G(GFPE3L)-HA

VSVncp*∆G

Fig. 27. Expression of AIV antigens by VSV*∆G-E3Lreplicons. BHK-21 cells grown on
cover

slips

were

infected

with

either

VSVncp∆G(E3LGFP)-HA,

VSVncp∆G(GFPE3L)-HA or VSVncp*∆G replicons at MOI of 3. Cells were fixed
with 3% PFA 9 hours post-infection. HA was detected on the surfaces of infected
cells using rabbit anti-H7N1 serum.
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Fig. 28. Detection of IFN induced by vaccine vectors by IFN-bioassay. (A) Supernatants of
CEF infected with the indicated VSV*∆G replicons were incubated with fresh CEF
after serial dilutions and infected with VSV*. The IFN activity of the test samples
is expressed in units ml−1 (U ml−1). One unit is defined as the highest dilution of the
sample that caused complete protection of VSV infection in CEF. “α” indicates
significant increase (p<0.05, Student’s t-Test, non-adjusted).

Fig. 29. Detection of IFN induced by vaccine vectors by SEAP-reporter gene assay.
HEK-Blue™ IFN-α/β cells were infected with the indicated VSV*∆G replicons at
MOI of 5-10. SEAP activity was analysed in the cell culture supernatant of infected
cells. Significant (p<0.002, Student’s t-Test, non-adjusted) differences compared to
mock are indicated by “α”.
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VSVncp*∆G-HA

VSVncp∆G(E3LGFP)-HA

36 hours

24 hours

12 hours

VSV*∆G-HA

Fig. 30. Cytotoxicity of vaccine vectors in CEF. CEF infected with either VSV*∆G-HA or
VSVncp*∆G-HA or VSVncp∆G(E3LGFP)-HA were analysed at 12, 24 and 36
hours post infection for GFP expression by fluorescence microscopy. Large
amounts of apoptotic vesicles are produced by VSVncp∆G(E3LGFP)-HA-infected
CEF after 24 hours.

5.4.4.3. Antibody profile of vaccinated chickens
In order to assess immunogenicity of VSVncp∆G(E3LGFP)-HA, this vector construct was
inoculated twice intramuscularly in SPF chickens (Table 10). The immunogenicity was
compared with VSV*∆G-HA and VSVncp*∆G-HA using different combinations of treatment
during primary and booster immunisation. Additionally, VSV*∆G-solHA and VSV*∆GmutHA constructs were analysed during this experiment. Blood was collected before and after
3 and 2 weeks of primary and booster immunisation, respectively. Lavages were collected at
the termination of experiment. Serum and the lavages were analysed to assess the immune
profile of chickens.

Table 10. Haemagglutination inhibition activity of chicken sera against different AIV strains (trial-04)
Immunisation-I
(3-weeks old birdsa)
treatment

A

VSVncp∆G-E3LGFP-HA

VSVncp∆G-E3LGFP-HA

2×107

IM

10

29c(10/10)d

122(10/10)

10(9/10)

96(6/10)

B

VSVncp∆G-E3LGFP-HA

VSV*∆G-HA

2×107

IM

10

27(10/10)

178(10/10)

12(10/10)

128(8/10)

7

IM

10

24(10/10)

221(10/10)

11(8/10)

116(8/10)

7

C

a

VSV*∆G-HA

VSVncp∆G-E3LGFP-HA

2×10

n

A/FPV/Rostock/34
(H7N1) b
1°
2°

A/duck/Potsdam/1
5/80 (H7N7)
1°
2°

D

VSV*∆G-HA

VSV*∆G-HA

2×10

IM

10

20(10/10)

314(10/10)

10(8/10)

138(10/10)

E

VSV*∆G-HA

VSV*∆G-HA

2×107

INO

10

13(7/10)

15(10/10)

9(6/10)

<8 (0/10)

F

VSV*∆G-HA

VSVncp*∆G-HA

2×107

IM

10

16(10/10)

94(7/10)

9(6/10)

59(6/10)

G

VSVncp*∆G-HA

VSVncp*∆G-HA

2×107

IM

9

15(8/9)

<8(0/9)

9(6/9)

<8(0/9)

H

VSV*∆G-sol-HA

VSV*∆G-sol-HA

2×107

IM

9

13(9/9)

<8(0/9)

8(6/9)

<8(0/9)

7

I

VSV*∆G-mutHA

VSV*∆G-mutHA

2×10

IM

9

20(9/9)

<8(0/9)

11(5/9)

<8(0/9)

J

VSV*∆G

VSV*∆G

2×107

IM

5

9(5/5)

<8(0/5)

<8(0/5)

<8(0/5)

K

Conditioned EMEM

Conditioned EMEM

200µl

IM

4

8(4/4)

<8(0/4)

<8(0/4)

<8(0/4)

SPF chickens raised under isolation conditions were immunised twice with the indicated treatments. The experiment was terminated 3

weeks after booster immunisation by exsanguinations of the birds.
b
c

dose

Immunisation-II
(5-weeks old birds)
treatment

route

Group

8 HAU/25µl of AIV suspension used in the assay.

Mean titres of group.

d

Number of birds tested positive (>8 HIU) per total.
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Haemagglutination inhibition assays were performed with homologous (H7N1) and
heterologous (H7N7 and H5N2) AIV (Table 10). The mean HI titres of primary immune sera
from intramuscularly vaccinated VSVncp∆G(E3LGFP)-HA (group A and B) and VSV*∆GHA (group C, D, and F) birds were very similar. No significant titres were recorded in sera
from birds either INO vaccinated VSV*∆G-HA (group E), or IM-vaccinated VSVncp*∆GHA (group G), VSV*∆G-solHA, VSV*∆G-mutHA or VSV*∆G. A significant (p<0.01)
increase in booster titres was observed when VSVncp∆G(E3LGFP)-HA immunised birds
were boostered with either the same vaccine (122 HIU) or VSV*∆G-HA (178 HIU).
Similarly, HI titres increased significantly (p<0.002) when VSV*∆G-HA immunised birds
were boostered with either the same vaccine (314 HIU) or VSVncp∆G(E3LGFP)-HA (221
HIU). Nevertheless, significant increase (p<0.01) in mean booster titres was also observed in
VSV*∆G-HA immunised birds when boostered with VSVncp*∆G-HA (group F) but not all
the birds responded to booster. In contrast, VSVncp*∆G-HA immunised birds (group G)
failed to show any booster effect. Likewise, chickens immunised with VSV*∆G-HA via
intranasal and oral routes (group E) did not show any substantial titres after booster
immunisation. Surprisingly, no ample amount of inhibiting antibodies were recorded in birds
vaccinated with either VSV*∆G-solHA (group H) or VSV*∆G-mutHA (group I). None of the
control birds (group J and K) showed any detectable amounts of inhibiting antibodies.
Similarly, sera from all groups of birds did not inhibit haemagglutination activity by H5N2
(AIV) (data not shown). Whereas, sera from these birds also inhibited H7N7 activity, but the
titres were approximately 2-fold lower than against H7N1.

Neutralisation assays were performed to assess the neutralising activity in sera against
homologous AIV in MDCK-II cells (Fig. 31-A). Average titres of 180, 250, 220, and 372
ND50 were detected in booster sera from birds of groups A, B, C, and D, respectively, which
received either VSV*∆G-HA or VSVncp∆G(E3LGFP)-HA. These titres were statistically
significant than the titres of control birds. Compared to mock and the birds vaccinated with
VSV*ncp∆G-HA twice, significantly increased mean neutralising antibody titres were
recorded in sera of birds which were vaccinated with VSV*∆G-HA but boostered with
VSV*ncp∆G-HA. Significantly lower average ND50 values were found in the birds of groups
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E, G, H, I, J, and K which were inoculated with either VSV*∆G-HA oculo-intranasally or
intramuscularly VSV*∆G-sol-HA, VSV*∆G-mut-HA, VSV*∆G, or medium, respectively. In
tracheal washings and lacrimal fluids, neutralising antibodies were detected not only in
groups A, B, C, D, and F, but also in some birds of groups E and G which were primarily
immunised with either VSV*∆G-HA oculo-nasally, or VSVncp*∆G-HA intramuscularly, and
intramuscularly boostered with VSVncp*∆G-HA (Fig. 31-B and C). On the contrary, no
activity was found in birds of groups H, I, J, and K which were inoculated intramuscularly
either with VSV*∆G-solHA, VSV*∆G-mutHA, VSV*∆G or conditioned media, respectively.
A. Sera

Fig. 31. Detection of neutralising antibodies in serum of immunised chickens. (A) Sera,
(B) tracheal washings, and (C) lacrimal fluids were collected 3-weeks after booster
immunisation from vaccinated SPF chickens, and analysed for their ability to
neutralise A/FPV/Rostock/34 (H7N1) in MDCK-II cells. Neutralising titres are
defined as the inverse serum dilutions causing complete virus neutralisation in 50%
of the wells (ND50). Mean values of each group are indicated by horizontal lines.
Significant differences (p<0.01) to control birds are indicated by “α” and were
calculated by Student’s T-test (non-adjusted).
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B. Tracheal washings (continued........)

C. Lacrimal fluids
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5.4.5. Vaccine trial-05 (In-ovo vaccination)
This trial was designed to assess the minimal dose of VSV*∆G-HA required to generate an
immune response in-ovo (Table 11). Afterwards the animals were boostered intramuscularly
or oculo-intranasally. 18-days-old, embryonated SPF eggs were inoculated with 2×107ffu
(group A), 2×106ffu (B), 2×105ffu (C), and 2×104ffu (D) of VSV*∆G-HA, respectively. Twoweeks after hatching the birds were boostered with 2×107ffu of VSV*∆G-HA,
intramuscularly. Fifteen eggs were left untreated during primary immunisation but received
2×107ffu of VSV*∆G-HA, intramuscularly, after the age of 2-weeks (group E). In contrast,
fifteen eggs received the 2×107ffu of VSV*∆G-HA, once (group F). As already seen in
previous trials, VSV-G complemented VSV*∆G-HA failed to induce a good immune
response when delivered intranasally, therefore, this vector was pseudotyped with the
baculovirus glycoprotein gp64 on a transgenic BHK-21-gp64 cell line to obtain VSV*∆GHA(gp64). In group H, birds were vaccinated in-ovo with VSV*∆G-HA and boostered oculointranasally with this pseudotyped virus. In group G, eggs were immunised with 2×107ffu of
VSV*∆G-HA and then boostered after hatching with the same vaccine and dose via oculointranasal route. Control groups I and J were inoculated with VSV*∆G or conditioned media.

Serum was collected two and three weeks after hatching and booster immunisation,
respectively, and sera were analysed by haemagglutination inhibition assays against
homologous (H7N1) and heterologous (H7N7 and H5N2) AIV (Table. 11). Very low
antibody titres were detected in sera collected from birds 2 weeks after hatching. However
after booster, a significant increase in antibody titres was detected in groups A, B, C, and D
(p<0.005). This indicates that a dose of 2×104ffu of VSV*∆G-HA is as good as 2×107ffu for
in-ovo primary immunisation. Mean titres of 83 were observed in group F birds, which had
received a single dose of VSV*∆G-HA. No difference in titres was observed in birds, which
were oculo-nasally boostered with either VSV*∆G-HA (group G) or VSV*∆G-HA(gp64)
(group H) indicating VSV*∆G-HA pseudotyped with baculovirus gp64 did not improve the
efficacy of VSV replicons when applied oculo-nasally. No HI activity was observed in sera
from control birds (I and J). Likewise, a significant increase in the neutralising antibody titres
in sera of groups A, B, C, D, and F birds was observed compared to control birds (Fig. 32).

Table 11. Haemagglutination inhibition activity of chicken sera against different AIV strains (trial-05)

Group
A

Immunisation-I (In-ovo) a
(18-days-old SPF eggs)
dose
treatment
n
(ffu)
VSV*∆G-HA
2×107 15
6

7

n

1°

2°

1°

2°

15

25d(9/13)e

58(10/10)

11(3/13)

16(4/10)

2×10

15

VSV*∆G-HA

2×10

IM

13

30(14/15)

100(15/15)

12(4/15)

24(6/15)

C

VSV*∆G-HA

2×105

15

VSV*∆G-HA

2×107

IM

10

24(8/13)

76(13/13)

10(4/13)

31(8/13)

D

VSV*∆G-HA

2×104

15

VSV*∆G-HA

2×107

IM

10

36(10/12)

70(12/12)

11(3/12)

25(5/12)

E

VSV*∆G-HA

2×107

15

IM

10

36(8/10)

14(7/10)

8(2/10)

<8(0/10)

15

VSV*∆G-HA

2×107

IM

10

23(9/10)

83(10/10)

8(2/10)

36(7/10)

15

VSV*∆G-HA

2×107

INO

10

31(7/10)

29(7/10)

8(1/10)

<8(0/10)

7

VSV*∆G-HA

2×107

H

VSV*∆G-HA

7

2×10

15

VSV*∆G-HA(gp64)

2×10

INO

10

29(7/10)

28(7/10)

16(1/10)

<8(0/10)

I

VSV*∆G

2×107

15

VSV*∆G

2×107

IM

10

13(8/12)

17(6/12)

<8(0/12)

<8(0/12)

J

Conditioned
EMEM

200µl

15

Conditioned EMEM

200µl

IM

10

9(7/14)

12(7/12)

<8(0/14)

8(3/12)

In-ovo vaccination was made by injecting into chorio-allantoic cavity of embryonated SPF eggs.

b

SPF chickens were raised under isolation conditions and the experiment was terminated 3 weeks after booster immunisation by

exsanguinations of the birds.
8 HAU/25µl of AIV suspension used in the assay.

d
e

A/duck/Potsdam
/15/80 (H7N7)

VSV*∆G-HA

G

c

A/FPV/Rostock/
(H7N1) c

B

F

a

Immunisation-II
(2-weeks-old SPF birds) b
dose
treatment
route
(ffu)
VSV*∆G-HA
2×107
IM

Mean titres of the group.

Number of birds detected positive (>8 HAU) per total birds of the group tested.
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Fig. 32. Detection of neutralising antibodies in serum of immunised chickens. Serum was
collected 3-weeks after booster from vaccinated SPF chickens, and analysed for
their ability to neutralise A/FPV/Rostock/34 (H7N1) in MDCK-II. Neutralising
titres are defined as the inverse serum dilutions causing complete virus
neutralisation in 50% of the wells (ND50). Mean values of each group are indicated
by horizontal lines. Significant differences (p<0.003) to control birds are indicated
by “α” and were calculated by Student’s t-Test (non-adjusted).
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Active surveillance and stamping out policy is currently time-honoured method for
controlling avian influenza infections in poultry. But this approach might not be suitable if the
outbreak is widespread and involves multiple avian and mammalian species (Ge et al., 2007).
Moreover, developing countries are not willing to follow this approach because of the huge
economic losses and shortage in the quality protein (Capua and Marangon, 2003). Controlled
vaccination of poultry along with culling of infected animals may be more suitable strategy
controlling such outbreaks (Lipatov et al., 2004). Conventional inactivated vaccines fail to
provide sterile immunity and often do not allow differentiation of infected from vaccinated
animals (DIVA) (Halvorson, 2002; Katz et al., 2006; Thomas et al., 2006; Capua and
Marangon, 2003). In addition to this, in most cases their production is time consuming,
expensive and requires large number of embryonated eggs (Halvorson, 2002; Katz et al.,
2006; Thomas et al., 2006; Capua and Marangon, 2003). DNA vaccines were shown to be
partially protective in mice (Fynan et al., 1993), but failed preventing HPAIV infections in
chickens (Kodihalli et al., 2000). In contrast, recombinant vector vaccines protected mice and
chickens from lethal doses of HPAIV (Schwartz et al., 2007; Publicover et al., 2005; Taylor
et al., 1988; Beard et al., 1991; Webster et al., 1991; Swayne et al., 2000; Luschow et al.,
2001; Veits et al., 2006; Ge et al., 2007). Moreover, these vaccines allowed antigens to be
presented by MHC-I complexes thereby stimulating T cell immunity (Natuk et al., 2006).
Therefore, recombinant vector vaccines represent an alternative option for preventing AIV
infections in poultry.

6.1. Recombinant VSV∆G replicons are single cycle and safe for vaccination
The generation of recombinant VSV from transfected cDNA was first reported in 1995
(Lawson et al., 1995). VSV vectors expressing a variety of foreign viral proteins have been
demonstrated to induce protective immunity in animal models (Roberts et al., 1999; Rose et
al., 2001; Roberts et al., 2004; Lichty et al., 2004; Natuk et al., 2006; Schwartz et al., 2007).
In addition, expression of different antigens was also achieved with VSV vectors lacking
essential glycoprotein G gene (VSV∆G) (Roberts et al., 1999; Publicover et al., 2005; Hanika
et al., 2005; Majid et al., 2006; Hey, 2008). This is an attractive approach with respect to
safety issues because these viruses were reported to be single-cycle or non-transmissible
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vectors (Publicover et al., 2005; Majid et al., 2006; Hey, 2008). Likewise, single-cycle VSV
replicons expressing either HA, NP, M1, M2, or modified antigens of AIV were generated in
the present work. Though previous studies showed that HA of influenza virus is incorporated
into VSV particles (Kretzschmar et al., 1997), the current study demonstrated that HA was
not able to substitute for VSV-G functions. No infectious progeny virus was released from
mammalian cells following infection with VSV*∆G-HA. The inability of HA to substitute
VSV G functions can be explained by previous observations that showed that HA is inactive
when expressed in the absence of either the ion channel protein M2 (Takeuchi and Lamb,
1994) or the receptor-destroying enzyme NA (Ohuchi et al., 1995). Furthermore, RNA
recombination has been frequently observed with positive-strand RNA viruses (Gallei et al.,
2004; Gallei et al., 2005). However, this phenomenon was rarely seen with non-segmented
negative-strand RNA viruses (Spann et al., 2003, Collins et al., 2008). In addition, the VSV
RNA genome will not recombine with or integrate into host’s chromosomal DNA because the
VSV replication and transcription activities take place only in the cytosol and no cDNA
intermediates are generated. Therefore, VSV*∆G-HA was classified by German Central
Commission for Biosafety in Berlin, into biosafety level-1.

6.2. Immunogenicity of VSV*∆G (cytopathogenic) replicons in chickens
Initial studies on VSV as a vaccine vector showed that VSV expressing the HA protein of the
influenza virus strain WSN elicited high neutralising antibody titres in mice (Roberts et al.,
1998). It was also reported that VSV lacking G not only induced high antibody titres but
protected mice against a lethal challenge with HPAIV (Roberts et al., 1999; Schwartz et al.,
2007). However, no data are available regarding the immunogenicity and protective efficacy
of recombinant VSV vector vaccines in chickens. The current study was designed to evaluate
a single-cycle VSV vector that expressed different antigens of HPAIV in SPF chickens and
chicken embryos. When the birds were intramuscularly immunised with VSV*∆G-HA, they
generated low amounts of haemagglutination inhibiting serum antibodies. A significant
increase in the titres of inhibiting and neutralising antibodies was observed when the chickens
were boostered intramuscularly with the same vaccine. Since VSV-G is not expressed in cells
infected with VSV*∆G, the immune response against the single VSV envelope glycoprotein
appears to be too low to neutralise the vector when applied again (Roberts et al., 1999). A
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basic limitation of live viral vectors is that animals develop neutralising antibodies to the
vector which may prevent subsequent boosting (Letvin, 1998; Roberts et al., 1999). This
problem can also be avoided by prime-booster protocols with VSV vectors containing
glycoprotein from different serotypes (Rose et al., 2000).

It has been recently reported that mucosal immunity acquired by natural infections with
influenza viruses at the respiratory tract is more effective and cross-protective against
subsequent variant virus infection than immunity induced by inactivated vaccines (Ichinohe et
al., 2008). In the current study, substantial quantities of neutralising antibodies were detected
from tracheal washings and gut lavages of birds vaccinated with VSV*∆G-HA which may act
as a first line of defence against AIV infections. Antibodies directed against the NP antigen
were also detected in sera, lacrimal fluids, and tracheal lavages of birds vaccinated with
VSV*∆G-NP. Since the birds were vaccinated via intramuscular route, the detection of
antibodies in mucosal fluids indicates the secretion or diffusion of serum antibodies into
mucosal layers (Davelaar et al., 1982; Ewert, 1977; Russell, 1993; Toro et al., 1993).

For comparison, birds were immunised intramuscularly with high doses (30-50µg/bird) of
formalin-inactivated AIV along with Freund’s incomplete adjuvant. This resulted in slightly
higher antibodies titres than those achieved following immunisation with either VSV*∆GHA, or VSV*∆G-NP. However, this difference was not statistically significant. Thus,
recombinant VSV vector vaccine can trigger systemic humoral immune responses that are
comparable to those induced by inactivated vaccines and even without requirement of
adjuvant and large amounts of antigen.

No significant titres were detected in serum and lavages when VSV*∆G-HA was applied via
the oral or oculo-nasal routes. Previous studies showed that VSV does not efficiently infect
polarised epithelial cells via the apical plasma membrane (Fuller et al., 1984). Using a
replication-competent VSV vector this problem may be less important for vaccination. If
VSV succeeds in infection of some less polarized cells in the epithelium, progeny will be
released from the basolateral domain (Fuller et al., 1984; Zimmer et al., 2002). This way
infection is disseminated to subepithelial tissues and lymphoid organs. However, VSV*∆G
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replicons are not able to spread and inefficient infection of epithelial cells might not be
sufficient to trigger a mucosal immune response. Accordingly, previous work in mice showed
that single-cycle VSV vector vaccines are less effective than replication-competent ones when
applied nasally (Publicover et al., 2004; Simon et al., 2007). Psuedotyping of lentiviral
vectors with gp64 of baculovirus (BV) improved apical transduction of the virus (Patrick and
McCray, 2006, Patrick et al., 2008). Moreover, it has been shown gp64 was involved in
binding of BV to host cells (Hefferon et al., 1999), and was necessary and sufficient for the
low-pH-triggered membrane fusion that occurs during BV entry by endocytosis (Blissard and
Wenz, 1992; Hohmann and Faulkner, 1983; Monsma and Blissard, 1995; Volkman et al.,
1984). It was therefore, interesting to see whether pseudotyping of VSV*∆G-HA with gp64
of baculovirus would improve mucosal vaccination. But, unfortunately VSV*∆G-HA
pseudotyped with gp64 failed to improve immune responses in chickens when applied oculonasally. Though it was shown that gp64 of baculovirus successfully pseudotyped VSV (Hey,
2008), however, the number of incorporated gp64 molecules might not be enough for
transduction of oculo-nasal epithelium in chickens. Further investigations are required in this
regard.

M2 is a minor protein component of the influenza virus envelope (Zebedee et al., 1988).
Because of its highly conserved primary sequence, M2 has been considered as an antigen that
may induce a broad and cross-reactive immunity to different influenza A virus subtypes.
Black and co-workers detected antibodies directed against M2 in sera from humans and
ferrets recently infected with influenza A virus (Black et al., 1993). Others demonstrated that
antibodies directed against M2 can restrict influenza virus replication in cell culture and in
infected mice (Zebedee et al., 1988; Treanor et al., 1990; Frace et al., 1999). Additionally,
vaccination of mice with recombinant baculovirus expressing M2 was shown to enhance viral
clearance from infected lungs and to provide protection from lethal challenge with a
heterologous influenza A virus (Slepushkin et al., 1995). Despite the fact that expression of
M2 in VSV*∆G-M2-flag-infected cells was detected by immunofluorescence and Western
blot in the current study, no significant haemagglutination and neutralising activity was
observed in sera collected from birds vaccinated with VSV*∆G-M2-flag. This may be due to
the inability of the M2-antibodies to completely neutralise the virus (Cytos, 2006). On the
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contrary, monoclonal antibodies against M2 of influenza A have always been detected by
ELISA (Slepushkin et al., 1995, Frace et al., 1999). Therefore, the same approach may be
applied in future investigations.

6.3. Protection of chickens by VSV*∆G-HA and VSV*∆G-NP from lethal doses of
HPAIV
The humoral immune response is believed to principally account for protection against
influenza viruses. Previously, it was shown that different viral vectors expressing only HA of
AIV induced a strong humoral immune response and protected chickens from HPAIV (Taylor
et al., 1988; Beard et al., 1991; Webster et al., 1991; Swayne et al., 2000; Luschow et al.,
2001; Veits et al., 2006; Ge et al., 2007). In the present study, SPF chickens were immunised
twice with either VSV*∆G-HA, or a mixture of VSV*∆G-HA and VSV*∆G-NP. The
vaccinated birds survived the challenge of heterologous HPAIV (A/ck/Italy/445/99 H7N1).
Except some birds, which showed peri-orbital swelling due to the oculo-nasal application of
the challenge virus, the vector-vaccinated birds remained apparently healthy during the whole
period of observation. In contrast, all control birds developed severe clinical disease and died
3 to 5days after challenge. It has been reported that viral vector-driven expression of HPAIV
NP antigen alone failed to protect chickens against a lethal virus challenge (Stitz et al., 1990;
Brown et al., 1992). However, it is believed that a cytotoxic T cell response directed against
highly conserved T cell epitopes in the NP and M1 proteins may provide cross-protection
against drift viruses or even viruses of other subtypes (Rimmelzwaan et al., 2007; McMurry
et al., 2008). Since previous work showed that single-cycle VSV*∆G replicons can trigger a
robust cellular immune response in mice (Publicover et al., 2005), we immunised chickens
with VSV*∆G-NP in addition to the VSV*∆G-HA replicons. However, no additional
beneficial effect was observed when chickens were immunised with both VSV*∆G-NP and
VSV*∆G-HA compared to birds vaccinated only with the latter. This may be largely due to
the host shut off activity by cytopathogenic VSV vector, which may interfere with MHC-I
presentation of viral peptides and subsequent induction of robust cellular immune response in
chickens. A more detailed analysis of the antigen presentation and cytotoxic T cell response
in immunised chickens must show whether the cellular arm of the immune system plays any
substantial role in protection against influenza viruses.

6.4. Immunogenicity of recombinant VSV (non-cytopathogenic) replicons in chickens
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6.4. Immunogenicity of VSVncp*∆G (non-cytopathogenic) replicons in chickens
When SPF chickens were immunised with non-cytopathogenic VSV (VSVncp) vectors, the
humoral immune response was extremely low or non-detectable irrespective of the antigen
and the route used. However, when VSV*∆G-HA-vaccinated birds were boostered with
VSVncp*∆G-HA intramuscularly, the majority of the birds showed a significant increase (but
lower than cp + cp) in antibody titres. This indicates that VSVncp*∆G vectors are too
attenuated to stimulate a robust immune response but may be sufficient for booster. It was
found that VSVncp*∆G vectors are less cytopathogenic (Hey, 2008), and induce type-1 IFN.
Since VSV is highly sensitive to IFN, it can be concluded that IFN-induced signalling
pathways interfered with the intracellular replication of VSVncp*∆G-HA in chicken cells and
thereby decreased antigen expression. E3L is a vaccinia virus expressed double-stranded
RNA-binding protein, which inhibits the IFN-mediated antiviral innate immune response in
mammals (Li et al., 2004; Chang et al., 1992; Rivas et al., 1997; Liu et al., 2001). In order to
counteract the effects of IFN, the E3L gene was introduced into the VSVncp*∆G-HA vector
genome. Following immunisation with VSVncp∆G-(E3LGFP)-HA, chickens showed a
similar immune responses to those of birds which received VSV*∆G-HA. Thus, it was
possible to generate a VSV vector without host-shut off activity but nevertheless, less
sensitive to IFN. This might represent a promising vector for stimulating the cellular arm of
the immune system.

6.5. In-ovo vaccination
Automated in-ovo vaccination is an efficient method for mass immunisation of poultry and is
commonly used in broiler production (Avakian et al., 2007). It has been demonstrated
previously, that in-ovo administration of inactivated whole avian influenza virus vaccine as an
oil-water emulsion induced an immune response in chickens (Stone et al., 1997). More
recently, it has been shown that in-ovo administration of a non-replicating human adenovirus
vector encoding an avian influenza virus hemagglutinin induced protective immunity against
highly pathogenic avian influenza virus (Toro et al., 2007). In consistence with these reports,
in the current study, VSV*∆G-HA-vaccinated 18-days old embryos (SPF-eggs) generated low
immune response that was detected after 2-weeks of hatching. Whether this immune response
was sufficient to protect birds from AIV challenge needs to be investigated in the future.
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However, no significant difference was observed in HI activity of sera from 2-weeks-oldbirds, in-ovo-vaccinated with either 104ffu, 105ffu, 106ffu, or 107ffu of VSV*∆G-HA. When
in-ovo vaccinated birds were boostered intramuscularly 2-weeks after hatching, antibody
titres increased significantly. However, no significant difference was observed between birds
immunised in-ovo followed by intramuscular boostering and birds that were immunised only
once at the age of 2-weeks. This suggests that primary in-ovo vaccination did not contribute
significantly to the immune response.

6.6. Challenge antigen load and shedding
A primary objection to the use of inactivated vaccines is that the vaccinated birds appear
healthy but may secret virus (Halvorson, 2002). Such a phenomenon was observed in the field
when an inactivated Newcastle disease (ND) vaccine was used during the Californian
outbreak of velogenic ND virus (Beard, 1986). Likewise, inactivated vaccines against avian
influenza have been reported to protect birds against clinical disease and mortality (Capua and
Marangon, 2004). However, the challenge or field virus was still able to replicate and shed
from clinically healthy vaccinated birds (Capua and Marangon, 2004). The replication and
shedding of challnge virus from the vaccinated birds is attributed to the inability of
inactivated vaccines to trigger robust cellular and mucosal immune response. In contrast,
viral-vector vaccines were reported to reduce the shedding of challenge virus (Veits et al.,
2006; Ge et al., 2007; Veits et al., 2008), and trigger robust cellular immune responses (Natuk
et al., 2006). In the current study, challenge virus antigen was detected immunohistochemically in many organs of all non-vaccinated and challenged birds. Whereas all the
major organs and tissues from vaccinated birds were found to be free from challenge virus
antigen, indicating that recombinant VSV vector vaccine prevented spread, colonisation and
replication of challenge virus. Additionally, real time RT-PCR and egg isolation data revealed
that challenged control birds shed substantial amounts of virus via oro-pharyngeal and cloacal
routes before they died. In contrast, vaccinated birds shed significantly reduced amounts of
challenge virus for only a brief period of time and recovered completely by 6th or 7th day after
challenge. The absence of AIV antigen in the organs of VSV vaccinated birds and significant
reduction in the shedding of challenge virus, increases further the suitability of VSV based
vaccine to be used in the field to control avian influenza virus infections in poultry.

6.7. DIVA
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6.7. Differentiation of Infected from Vaccinated Animals (DIVA)
Since the conventional inactivated vaccines do not provide basis to discriminate infected from
vaccinated animals, export bans are imposed once the poultry or poultry products are detected
positive to H7 or H5 subtype of AIV. These bans incur huge economic losses and remain
intact until the population has been declared negative to H5 or H7 diagnosis (Capua and
Marangon, 2003). This problem of conventional vaccines was tackled during the H7N1 Italian
outbreak in 2000 by using an H7N3 vaccine strain (A/ck/Pakistan/95/H7N3) containing a
homologous HA but a different NA subtype. A diagnostic test was developed for detection of
antibodies directed against distinct NA (Capua and Marangon, 2003). Others have used
reverse genetics to generate reassortant AIV strains, which can be differentiated from the
outbreak virus (Lee et al., 2004). In addition to other drawbacks of inactivated vaccines,
these DIVA approaches may interfere with the detection of circulating low pathogenic AIV
that contain the same HA and NA subtype. In contrast, vector vaccines provide an attractive
alternative strategy as only one or few AIV genes are expressed. In the current study, it was
found that all VSV replicons-vaccinated birds were negative for NA antibodies but became
positive after challenge. In addition to this, all birds vaccinated with VSV*∆G-HA were
negative before but became positive in the NP-ELISA after challenge. These commercially
available tests provide a very reliable basis for DIVA diagnosis.
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6.8. Outlook
The goal of this study was to generate a recombinant marker vaccine that protects poultry
from AIV infections and reduces shedding of the challenge virus. The recombinant VSV*∆GHA vaccine when inoculated intramuscularly to SPF chickens alone or in combination with
VSV*∆G-NP seems to achieve this goal. Further investigations may be recommended to
assess and improve the remaining VSV replicons.

VSVncp*∆G-HA replicons expressing the IFN antagonist, induced a substantial amount of
humoral immunity comparable to that of VSV*∆G-HA. The ability of these replicons to
protect poultry from HPAIV still needs to be evaluated in future studies. Though VSV*∆GM2-flag did not generate neutralising antibodies in birds in the current study, the contribution
of M2 to AIV protection should also be studied in combination with VSV replicons
expressing HA or HA and NP both. The VSV*∆G-M1 construct expressed the M1 antigen of
AIV in cell cultures; the immune stimulating potential of this replicon needs to be
investigated.

Mucosal (oral, nasal and ocular) applications of recombinant VSV vector vaccine failed to
generate a significant humoral immune response in chickens. This may be attributed to
limited ability of VSV to infect polarised epithelium. In-vitro studies have shown that
pseudotyping of VSV with glycoprotein of influenza C improves the infectivity of VSV to
polarised epithelium. Pseudotyping of lentiviral vectors with baculovirus glycoprotein (gp64)
also improved the mucosal applications of the vector. In the current study, pseudotyping of
VSV replicons with the glycoprotein (gp64) of baculovirus could not improve the mucosal
applications of the VSV vector. Further attempts need to be made to pseudotype VSV with
the glycoproteins of other viruses to possibly enhance the ability of VSV to infect polarised
epithelium for intranasal applications of the vaccine.

In-ovo vaccination generated some humoral immune response, which was detected in sera of
inoculated birds at 2 weeks after hatching. The in-ovo vaccinated birds have to be challenged
with AIV to assess whether these titres are sufficient to protect birds from AIV infections.

6.8. Outlook
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In order to consider the recombinant VSV vaccine for mammalian applications, the vaccine
should not interfere with the field diagnosis of VSV. During the current study, only one serum
sample was found positive to VSV diagnosis out of twenty serum samples collected from
recombinant VSV vaccinated birds (submitted to FMD reference laboratory at FLI, InselRiems, Germany). Further investigations may be carried out to assess whether the
recombinant VSV vaccinated animals do not affect VSV diagnosis.

By and large, only the humoral but not the cellular immune responses induced by vaccines in
chickens were assessed during the current study. This was due to lack of tools to analyse
cellular immune responses in chickens. Future studies may be designed to develop these tools
to be able to analyse the cellular immune responses in chicken.
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SUMMARY:
Generation and Evaluation of a DIVA (Differentiating Infected from Vaccinated
Animals) Vector Vaccines for Protection of Poultry against Avian Influenza virus
infections
Nazeer Hussain Kalhoro

Avian influenza viruses (AIV) pose a permanent threat to poultry and some strains have a
strong zoonotic potential. General vaccination is not allowed for controlling AIV infections in
poultry in many countries. Currently available inactivated vaccines do not often provide the
basis for DIVA, and fail to provide sufficient protection and sterile immunity. Despite the
recent developments in recombinant vector and DNA based vaccines against AIV, there is
still need for a vaccine candidate which can prevent AIV infections in poultry and provide the
basis for DIVA. In this regard, a recombinant vector vaccine based on non-transmissible
vesicular stomatitis virus (VSV) may be promising AIV vaccine candidate.

In this study, single-cycle VSV replicons were generated, which expressed either HA, NP,
M1 or M2 antigen of highly pathogenic avian influenza A/FPV/Rostock/34 (H7N1).
Mutations in the matrix protein of VSV rendered the viral vector non-cytopathogenic;
therefore, the AIV antigens were simultaneously cloned into non-cytopathogenic VSV
(VSVncp) vectors. Since no progeny virus was produced after infection of noncomplementing cells with VSV replicons expressing HA, the vector was classified as
biosafety level 1 organism (“safe”). As these viruses were non-transmissible therefore; they
were propagated on helper cell line (BHK-G43), which provided VSV-G in trans. When
specific pathogen free (SPF) chickens were intramuscularly vaccinated with the VSV
cytopathogenic vector expressing either HA or NP antigens, they generated a substantial
humoral immune response. Anti-HA and anti-NP antibodies were detected in sera, lacrimal
fluids, tracheal washings and gut lavages of vaccinated birds. Booster vaccination with the
same replicons resulted in a significant increase in the HA and NP antibody titres of birds.
When these birds were challenged with a lethal dose (107 EID50) of highly pathogenic
heterologous AIV (A/ck/Italy/445/99 (H7N1)), they were protected from disease and death.
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Vaccinated birds showed a significant reduction in the shedding of challenge virus and their
organs were free from challenge virus antigen at three weeks post challenge. Owing to the
fact that VSV hardly infects polarised epithelium, oral, intranasal, or ocular application of
these VSV replicons failed to generate a significant immune response in chickens. Moreover,
pseudotyping of these vectors with glycoprotein of baculovirus (gp64) could not improve the
mucosal application of the vector.

Non-cytopathogenic VSV replicons were found to be less apoptotic and induced interferon
(IFN), which attenuated their infection and expression in-vivo. Birds vaccinated with noncytopathogenic VSV replicons failed to show a significant humoral immune response. In
order to counter the IFN effect, E3L of vaccinia virus was introduced into the noncytopathogenic vector expressing HA of HPAIV. Due to the introduction of the IFN
antagonist into VSV vectors, inoculated birds generated immune responses comparable with
those of birds immunised with the cytopathogenic vector. Furthermore, in-ovo vaccination
with non-transmissible VSV replicons expressing HA of HPAIV was found to be safe and
effective. No adverse effects were observed when the vector-vaccines were applied either inovo, orally, intranasally, ocularly, or intramuscularly. The DIVA strategy was applicable for
the HA and NP antigen expressing VSV vector vaccines, on the basis of commercially
available NA- or NP-ELISAs.
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ZUSAMMENFASSUNG:
Herstellung und Evaluierung von DIVA (Unterscheidung von infizierten und
vakzinierten Tieren ) Vektor-Impfstoffen zum Schutz des Geflügels vor Infektionen mit
aviären Influenzaviren
Nazeer Hussain Kalhoro

Aviäre Influenzaviren (AIV) stellen eine permanente Bedrohung für Geflügel dar und einige
Stämme besitzen zudem ein hohes zoonotisches Potential. Eine generelle Vakzinierung von
Geflügelbeständen ist in vielen Ländern nicht erlaubt. Einer der Hauptgründe hierfür ist die
Tatsache, dass die momentan verfügbaren Totimpfstoffe meist keine Basis für einen DIVAImpfstoff darstellen und auch nicht in der Lage sind, einen ausreichenden Schutz und eine
sterile Immunität zu bewirken. Trotz neuester Entwicklungen auf den Gebieten der
rekombinanten Vektoren und DNA-basierenden Vakzinen gegen AIV besteht immer noch die
Notwendigkeit zur Entwicklung eines geeigneten Impfstoffs. Ziel sollte es sein, einen AIVImpfstoff zu entwickeln, der einen Schutz gegen AIV beim Geflugel induziert, die
Virusausscheidung verhindert oder zumindest reduziert und zudem eine Basis für einen
DIVA-Impstoff bietet. Rekombinante Vektorvakzinen, welche auf der Grundlage eines nichtübertragbaren Virus der vesikulären Stomatitis (VSV) hergestellt wurden, scheinen vor
diesem Hintergrund ein vielversprechender Ansatz zu sein.

Es wurden „single-cycle” VSV-Replikons hergestellt, welche entweder das HA-, NP-, M1oder M2-Antigen des hochpathogenen aviären Influenzavirus Stamm A/ck/Rostock/34
(H7N1) exprimierten. Das Matrix Protein des VSV enthielt mehrere Mutationen, die dazu
führten, dass der virale Vektor nicht-zytopathogen war. Nach Infektion von nichtkomplementierenden Zellen mit VSV-Replikons, welche das AIV HA-Antigen exprimierten,
konnte keine Produktion von Tochterviren beobachtet werden, weswegen der Vektor als
Biosicherheitslevel 1 Organismus („sicher“) eingestuft wurde. Es wurde gezeigt, dass diese
Vektoren nicht replikationsfähig sind, weswegen sie auf einer Helferzelllinie (BHK-G43)
vermehrt wurden, welche in trans das Glykoprotein von VSV (VSV-G) bereitstellte.
Spezifische Pathogen-freie Hühner (SPF-Hühner) wurden intramuskulär mit zytopathogenen
Vektoren welche entweder das HA- oder das NP-Antigen exprimierten vakziniert
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Nach 14 Tagen konnte eine humorale Immunantwort detektiert werden. HA- oder NPAntikörper wurden in Serum, Tränenflüssigkeit, Tracheal- und

Darmspülungen

nachgewiesen. Eine Booster-Vakzinierung mit demselben Replikon führte zu einem
signifikanten Anstieg der Antikörpertiter dieser Tiere. Wurden diese Hühner mit einer
lethalen Dosis (107 EID50) des hochpathogenen, heterologen AIV (A/ck/Italy/445/99 (H7N1))
belastet, waren sie vor Erkrankung und Tod geschützt. Vektor-vakzinierte Hühner zeigten
eine signifikante Reduktion bei der Ausscheidung des Belastungsvirus. Außerdem waren ihre
Organe frei von AIV-Antigenen. Aufgrund der Tatsache, dass VSV polarisierte Epithelien nur
in einem sehr geringen Maß infizieren kann, waren oral, intranasal oder ocular verabreichte
VSV-Replikons nicht in der Lage, eine signifikante Immunantwort in Hühnern hervorzurufen.
Pseudotypisierung der VSV-Replikons mit einem Baculovirus Glykoprotein (gp64) konnte
die mukosale Applikation des Vektors nicht verbessern. Es konnte beobachtet werden, dass
nicht-zytopathogene VSV-Replikons weniger Apoptose hervorriefen und Interferon (IFN)
induzierten, was wiederum zu einer Abschwächung der Infektion und Expression der AIVAntigene in vivo führte.

Hühner, welche mit nicht-zytopathogenen VSV-Replikons vakziniert worden waren, zeigten
keine

signifikante

humorale

Immunantwort.

Um

dem

Effekt

der

IFN-Induktion

entgegenzuwirken, wurde das Gen für das E3L-Protein des Vaccinia Virus in den nichtzytopathogenen Vektor eingesetzt, welcher außerdem das HA des HPAIV exprimierte. Durch
die Insertion des IFN-Antagonisten in den VSV-Vektor waren Hühner, welche mit diesem
Vektor inokuliert worden waren in der Lage, eine humorale Immunantwort zu bilden, die mit
der von Hühnern, welche mit dem zytopathogenen Vektor immunisiert worden waren,
vergleichbar war. Weiterhin konnte gezeigt werden, dass eine in-ovo Vakzinierung mit nichtübertragbaren VSV-Replikons, die das HA von AIV exprimieren sicher und effektiv ist. Auch
nach oraler, intranasaler, und intramuskulärer Verabreichung wurden keine abweichenden
Effekte beobachtet. Durch die Möglichkeit, kommerzielle ELISA Systeme zur Detektion von
anti-NA und anti-NP Antikörpern einzusetzen, kann die DIVA-Strategie erfolgreich beim
Einsatz der VSV-HA Replikons angewendet werden.
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Appendix-I: Sequences
A/FPV/Rostock/34 (H7N1) HA (GenBank accession number M24457)
ATGAACACTCAAATCCTGGTTTT
M N T Q I L V F
CGCCCTTGTGGCAGTCATTCCCACAAATGCAGACAAAATTTGTCTTGGACA
A L V A V I P T N A D K I C L G H
TCATGCTGTATCAAATGGCACCAAAGTAAACACACTCACTGAGAGAGGAGT
H A V S N G T K V N T L T E R G V
AGAAGTTGTCAATGCAACGGAAACAGTGGAGCGGACAAACATCCCCAAAAT
E V V N A T E T V E R T N I P K I
TTGCTCAAAAGGGAAAAGAACCACTGATCTTGGCCAATGCGGACTGTTAGG
C S K G K R T T D L G Q C G L L G
GACCATTACCGGACCACCTCAATGCGACCAATTTCTAGAATTTTCAGCTGA
T I T G P P Q C D Q F L E F S A D
TCTAATAATCGAGAGACGAGAAGGAAATGATGTTTGTTACCCGGGGAAGTT
L I I E R R E G N D V C Y P G K F
TGTTAATGAAGAGGCATTGCGACAAATCCTCAGAGGATCAGGTGGGATTGA
V N E E A L R Q I L R G S G G I D
CAAAGAAACAATGGGATTCACATATAGTGGAATAAGGACCAACGGAACAAC
K E T M G F T Y S G I R T N G T T
TAGTGCATGTAGAAGATCAGGGTCTTCATTCTATGCAGAAATGGAGTGGCT
S A C R R S G S S F Y A E M E W L
CCTGTCAAATACAGACAATGCTTCTTTCCCACAAATGACAAAATCATACAA
L S N T D N A S F P Q M T K S Y K
AAACACAAGGAGAGAATCAGCTCTGATAGTATGGGGAATCCACCATTCAGG
N T R R E S A L I V W G I H H S G
ATCAACCACCGAACAGACCAAACTATATGGGAGTGGAAATAAACTGATAAC
S T T E Q T K L Y G S G N K L I T
AGTCGGGAGTTCCAAATATCATCAATCTTTTGTGCCGAGTCCAGGAACACG
V G S S K Y H Q S F V P S P G T R
ACCGCAGATAAATGGCCAGTCCGGACGGATTGATTTTCATTGGTTGATCTT
P Q I N G Q S G R I D F H W L I L
GGATCCCAATGATACAGTTACTTTTAGTTTCAATGGGGCTTTCATAGCTCC
D P N D T V T F S F N G A F I A P
AAATCGTGCCAGCTTCTTGAGGGGAAAGTCCATGGGGATCCAGAGCGATGT
N R A S F L R G K S M G I Q S D V
GCAGGTTGATGCCAATTGCGAAGGGGAATGCTACCACAGTGGAGGGACTAT
Q V D A N C E G E C Y H S G G T I
AACAAGCAGATTGCCTTTTCAAAACATCAATAGCAGAGCAGTTGGCAAATG
T S R L P F Q N I N S R A V G K C
CCCAAGATATGTAAAACAGGAAAGTTTATTATTGGCAACTGGGATGAAGAA
P R Y V K Q E S L L L A T G M K N
CGTTCCCGAACCTTCCAAAAAAAGGAAAAAAAGAGGCCTGTTTGGCGCTAT
V P E P S K K R K K R G L F G A I
AGCAGGGTTTATTGAAAATGGTTGGGAAGGTCTGGTCGACGGGTGGTACGG
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A G F I E N G W E G L V D G W Y G
TTTCAGGCATCAGAATGCACAAGGAGAAGGAACTGCAGCAGACTACAAAAG
F R H Q N A Q G E G T A A D Y K S
CACCCAATCGGCAATTGATCAGATAACCGGAAAGTTAAATAGACTCATTGA
T Q S A I D Q I T G K L N R L I E
GAAAACCAACCAGCAATTTGAGCTAATAGATAATGAATTCACTGAGGTGGA
K T N Q Q F E L I D N E F T E V E
AAAGCAGATTGGCAATTTAATTAACTGGACCAAAGACTCCATCACAGAAGT
K Q I G N L I N W T K D S I T E V
ATGGTCTTACAATGCTGAACTTATTGTGGCAATGGAAAACCAGCACACTAT
W S Y N A E L I V A M E N Q H T I
TGATTTGGCTGATTCAGAGATGAACAGGCTGTATGAGCGAGTGAGGAAACA
D L A D S E M N R L Y E R V R K Q
ATTAAGGGAAAATGCTGAAGAGGATGGCACTGGTTGCTTTGAAATTTTTCA
L R E N A E E D G T G C F E I F H
TAAATGTGACGATGATTGTATGGCTAGTATAAGGAACAATACTTATGATCA
K C D D D C M A S I R N N T Y D H
CAGCAAATACAGAGAAGAAGCGATGCAAAATAGAATACAAATTGACCCAGT
S K Y R E E A M Q N R I Q I D P V
CAAATTGAGTAGTGGCTACAAAGATGTGATACTTTGGTTTAGCTTCGGGGC
K L S S G Y K D V I L W F S F G A
ATCATGCTTTTTGCTTCTTGCCATTGCAATGGGCCTTGTTTTCATATGTGT
S C F L L L A I A M G L V F I C V
GAAGAACGGAAACATGCGGTGCACTATTTGTATA
K N G N M R C T I C I

A/FPV/Rostock/34 (H7N1) NP (Clone 10) (GenBank accession number M21937)

ATGGCGTCTCAAGGCACCAAACGGTCTTATGAGCAGAT
M A S Q G T K R S Y E Q M
GGAAACTGGTGGAGAGCGCCAGAATGCTACTGAGATCAGAGCATCTGTTGG
E T G G E R Q N A T E I R A S V G
GAGAATGGTTAGTGGAATCGGAAGATTCTACATACAGATGTGCACTGAACT
R M V S G I G R F Y I Q M C T E L
CAAGCTCAGCGACTACGAAGGAAGGCTGATCCAGAACAGCATAACAATAGA
K L S D Y E G R L I Q N S I T I E
GAGAATGGTTCTCTCTGCATTTGATGAAAGGAGGAATAGGTACCTGGAGGA
R M V L S A F D E R R N R Y L E E
ACATCCCAGTGCTGGAAAGGACCCTAAGAAAACTGGAGGTCCAATCTATAG
H P S A G K D P K K T G G P I Y R
ACGGAGAGATGGAAAATGGGTGAGAGAACTGATCTTGTACGACAAAGAGGA
R R D G K W V R E L I L Y D K E E
AATCAGGAGAATTTGGCGCCAAGCGAACAATGGAGAGGACGCAACTGCTGG
I R R I W R Q A N N G E D A T A G
TCTCACCCATTTGATGATCTGGCATTCCAATCTGAATGATGCCACGTATCA
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L T H L M I W H S N L N D A T Y Q
GAGAACAAGAGCCCTTGTGCGTACTGGGATGGACCCCAGAATGTGCTCTCT
R T R A L V R T G M D P R M C S L
GATGCAAGGTTCAACTCTCCCGAGGAGATCTGGAGCTGCTGGTGCAGCGGT
M Q G S T L P R R S G A A G A A V
GAAGGGAGTTGGGACAATGGTAATGGAACTGATTCGGATGATAAAGCGGGG
K G V G T M V M E L I R M I K R G
AATCAATGACCGGAATTTCTGGAGAGGCGAGAATGGACGGAGAACAAGAAT
I N D R N F W R G E N G R R T R I
TGCTTATGAGAGAATGTGCAACATCCTCAAAGGAAAATTTCAAACAGCAGC
A Y E R M C N I L K G K F Q T A A
ACAACGAGCAATGATGGATCAGGTGCGGGAAAGCCGGAATCCTGGGAATGC
Q R A M M D Q V R E S R N P G N A
TGAAATTGAAGACCTCATCTTCCTGGCACGATCTGCACTCATACTTAGGGG
E I E D L I F L A R S A L I L R G
ATCAGTGGCTCATAAGTCCTGCCTGCCTGCTTGTGTATATGGACTTGCTGT
S V A H K S C L P A C V Y G L A V
GGCCAGTGGGTACGACTTTGAGAGAGAAGGATACTCTCTGGTCGGAATAGA
A S G Y D F E R E G Y S L V G I D
TCCTTTCCGTCTGCTCCAAAACAGCCAGGTATTCAGCCTCATCAGACCAAA
P F R L L Q N S Q V F S L I R P N
TGAAAATCCAGCACATAAGAGTCAACTGGTATGGATGGCATGCCATTCTGC
E N P A H K S Q L V W M A C H S A
AGCATTTGAAGACCTGAGAGTGTCAAGCTTCATCAGGGGGACAAGAGTGGT
A F E D L R V S S F I R G T R V V
CCCAAGAGGACAACTATCCACCAGAGGAGTCCAAATTGCTTCAAATGAGAA
P R G Q L S T R G V Q I A S N E N
CATGGAGACAATGGATTCCAGCACTCTTGAACTGAGGAGCAGATACTGGGC
M E T M D S S T L E L R S R Y W A
TATAAGGACCAGAAGCGGAGGAAACACTAACCAGCAGAGGGCATCTGCAGG
I R T R S G G N T N Q Q R A S A G
ACAAATCAGCGTACAACCCACTTTCTCTGTACAGAGAAATCTCCCTTTCGA
Q I S V Q P T F S V Q R N L P F E
GAGAGCGACAATCATGGCAGCATTTACAGGGAACACTGAAGGCAGAACGTC
R A T I M A A F T G N T E G R T S
GGACATGAGGACTGAGATCATAAGAATGATGGAGAGTGCCAGACCAGAAGA
D M R T E I I R M M E S A R P E D
TGTGTCTTTCCAGGGGCGGGGAGTCTTCGAGCTCTCGGACGAAAAGGCAAC
V S F Q G R G V F E L S D E K A T
GAGCCCGATCGTGCCTTCCTTGGACATGAGTAATGAGGGATCTTATTTCTT
S P I V P S L D M S N E G S Y F F
CGGAGACAATGCAGAGGAGTATGACAATTAA
G D N A E E Y D N *
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A/FPV/Rostock/34 (H7N1) M1 (GenBank accession number X05905)
ATGAGTCTTCTAA
M S L L T
CCGAGGTTGAAACGTACGTTCTCTCTATCATCCCATCAGGCCCCCTCAAAG
E V E T Y V L S I I P S G P L K A
CCGAGATCGCGCAGAGACTTGAAGATGTCTTTGCAGGGAAAAACACAGACC
E I A Q R L E D V F A G K N T D L
TTGAGGTTCTCATGGAATGGCTAAAGACAAGACCAATCCTGTCACCTCTGA
E V L M E W L K T R P I L S P L T
CTAAAGGGATTTTGGGGTTTGTGTTTACGCTCACCGTGCCCAGTGAGCAAG
K G I L G F V F T L T V P S E Q G
GACTGCAGCGTAGACGCTTTGTCCAAAATGCCCTAAATGGGAATGGGGATC
L Q R R R F V Q N A L N G N G D P
CAAATAACATGGATAAAGCCGTCAAACTATACAGGAAGTTGAAAAGGGAGA
N N M D K A V K L Y R K L K R E I
TAACATTCTATGGAGCTAAGGAAGTGGCACTCAGTTACTCTACTGGAGCAC
T F Y G A K E V A L S Y S T G A L
TTGCCAGTTGTATGGGCCTCATATACAACAGAATGGGAACTGTGACCACAG
A S C M G L I Y N R M G T V T T E
AGGTGGCATTTGGCCTAGTGTGTGCCACTTGTGAGCAGATTGCTGATTCAC
V A F G L V C A T C E Q I A D S Q
AGCATCGGTCTCACAGACAGATGGTGGCTACCACCAATCCACTAATCAGGC
H R S H R Q M V A T T N P L I R H
ATGAGAACAGAATGGTAATGGCCAGCACTACAGCTAAGGCTATGGAGCAAA
E N R M V M A S T T A K A M E Q M
TGGCTGGGTCAAGTGAACAGGCAGTGGAGGCCATGGAGGTTGCTAGCCAGG
A G S S E Q A V E A M E V A S Q A
CTAGGCAGATGGTGCAGGCAATGAGGACAATTGGGACTCATCCTAGCTCCA
R Q M V Q A M R T I G T H P S S S
GTGCTGGTCTGAAAGATGATCTTCTTGAAAATTTGCAGGCCTACCAGAAAC
A G L K D D L L E N L Q A Y Q K R
GGATGGGAGTGCAGATGCAACGATTCAAGTGA
M G V Q M Q R F K *
A/FPV/Rostock/34 (H7N1) M2 (GenBank accession number X05905/ M55475.1)
ATGAGTCTTCTAACCGAGGTTGAAACGCCTACCAGAAACGGATGGGAGCGC
M S L L T E V E T P T R N G W E R
AGATGCAACGATTCAAGTGACCCTCTCATTATTGCCGCAAGTATCATTGGG
R C N D S S D P L I I A A S I I G
ATCTTGCACTTGATATTGTGGATTCTTAATCGTCTTTTCTTCAAATGTATT
I L H L I L W I L N R L F F K C I
TATCGTCGCCTTAAATACGGTTTGAAAAGAGGGCCTTCTACGGAAGGAGTG
Y R R L K Y G L K R G P S T E G V
CCTGAGTCTATGAGGGAAGAATATCGGCAGGAACAGCAGAGTGCTGTGGAT
P E S M R E E Y R Q E Q Q S A V D
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TTGACGATGGTCATTTTGTCAACATAGAGCTGGAGCTCGAGGATTACAAG
V D D G H F V N I E L E L E D Y K
GATGACGACGATAAGGACTATAAGGACGATGATGACAAGGACTACAAAGAT
D D D D K D Y K D D D D K D Y K D
GATGACGATAAATAG
D D D K *
Haemagglutinin (HA) A/Teal/Föhr/Wv1378-79/03
TCACTATGGAGAAAATAGTGCTTCTTCTTGCAATAGTCAGTCTTGTTAAAA
T M E K I V L L L A I V S L V K S
GTGACCAGATTTGCATTGGTTACCATGCAAACAACTCGACAGAGCAGGTTG
D Q I C I G Y H A N N S T E Q V D
ACACAATAATGGAAAAGAATGTTACTGTCACGCACGCCCAAGACATACTAG
T I M E K N V T V T H A Q D I L E
AAAAGGCACACAACGGGAAGCTTTGCAGCCTAAATGGAGTGAAACCTCTCA
K A H N G K L C S L N G V K P L I
TTTTGAGGGATTGTAGTGTAGCTGGATGGCTCCTCGGAAACCCCATGTGTG
L R D C S V A G W L L G N P M C D
ACGAATTCCTCAATGTGCCAGAATGGTCTTACATAGTGGAGAAAGACAACC
E F L N V P E W S Y I V E K D N P
CAGTCAATGGCCTCTGCTACCCAGGGGATTTCAACGACTATGAAGAACTGA
V N G L C Y P G D F N D Y E E L K
AACACCTATTGAGTAGCACAAACCATTTTGAGAAAATTCAAATCATCCCCA
H L L S S T N H F E K I Q I I P R
GAAGTTCTTGGTCCAATCATGATGCCTCATCAGGGGTGAGCTCTGCATGCC
S S W S N H D A S S G V S S A C P
CATATAATGGGAGGTCCTCCTTCTTCAGAAATGTGGTGTGGCTTATCAAAA
Y N G R S S F F R N V V W L I K K
AGAACAGTGCATACCCAACAATAAAGAGGAGTTACAATAATACCAACCAAG
N S A Y P T I K R S Y N N T N Q E
AAGATCTTTTGGTACTGTGGGGGATTCATCATCCTAATGATGCGGCAGAGC
D L L V L W G I H H P N D A A E Q
AGACGAAGCTCTATCAAAACCCAACCACTTACGTTTCAGTTGGAACATCAA
T K L Y Q N P T T Y V S V G T S T
CACTGAACCAGAGGTCAGTACCAGAAATAGCTACTAGACCCAGAGTAAACG
L N Q R S V P E I A T R P R V N G
GGCAAAGTGGAAGAATGGAGTTCTTCTGGACAATTTTAAAACCGAATGATG
Q S G R M E F F W T I L K P N D A
CCATCAATTTCGAGAGCAATGGAAATTTTATTGCTCCAGAATATGCATACA
I N F E S N G N F I A P E Y A Y K
AAATTGTCAAGAAGGGAGACTCAGCAATCATGAAAAGTGGCCTGGAATATG
I V K K G D S A I M K S G L E Y G
GTAACTGCAACACCAAGTGTCAAACTCCAATGGGTGCGATAAACTCTAGCA
N C N T K C Q T P M G A I N S S M
TGCCATTCCACAACATACATCCTCTCACCATTGGGGAATGCCCCAAATACG
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P F H N I H P L T I G E C P K Y V
TGAAATCAGATAGATTAGTCCTTGCGACTGGACTCAGGAATGTCCCTCAAA
K S D R L V L A T G L R N V P Q K
AAGAAACAAGAGGACTATTTGGGGCTATAGCAGGCTTTATAGAAGGAGGGT
E T R G L F G A I A G F I E G G W
GGCAAGGCATGGTAGACGGTTGGTATGGATACCACCATAGCAACGAGCAGG
Q G M V D G W Y G Y H H S N E Q G
GGAGTGGATACGCTGCAGATAAAGAGTCCACTCAAAAAGCAATAGATGGAA
S G Y A A D K E S T Q K A I D G I
TCACTAATAAGGTCAACTCAATCATTGACAAAATGAACACTCAGTTTGAGG
T N K V N S I I D K M N T Q F E A
CCGTTGGAAAGGAGTTCAATAACTTGGAAAGGAGGATAGAGAATTTGAACA
V G K E F N N L E R R I E N L N K
AGAAGATGGAAGATGGATTTCTAGATGTCTGGACTTATAATGCTGAACTTC
K M E D G F L D V W T Y N A E L L
TGGTTCTCATGGAAAATGAGAGAACTCTAGACTTTCATGACTCAAATGTTA
V L M E N E R T L D F H D S N V K
AGAACCTTTACGACAAGGTTCGACTACAGCTTAGGGATAATGCAAAGGAGC
N L Y D K V R L Q L R D N A K E L
TGGGTAATGGTTGTTTCGAGTTCTATCACAAATGTGATAATGAATGTATGG
G N G C F E F Y H K C D N E C M E
AAAGTGTAAGAAACGGAACATATGACTACCCGCAGTATTCAGAAGAGGCAA
S V R N G T Y D Y P Q Y S E E A R
GACTAAATAGAGAGGAAATAAGTGGAGTAAAATTGGAATCAATGGGAACTT
L N R E E I S G V K L E S M G T Y
ACCAAATACTGTCAATTTATTCAACAGTGGCGAGTTCCCTAGCACTGGCAA
Q I L S I Y S T V A S S L A L A I
TCATGGTAGCTGGTCTATCTTTCTGGATGTGCTCCAATGGATCATTGCAGT
M V A G L S F W M C S N G S L Q C
GCAGAATTTGCATTTAA
R I C I *
(GFP)-E3L clone 3
(GFP)-(Polylinker)-ATGAGCAAAATCTACATCGACGAGCGGAGCG
(GFP)-(Polylinker)-M S K I Y I D E R S D
ACGCCGAGATCGTGTGCGCCGCCATCAAGAACATCGGCATCGAGGGCGCCA
A E I V C A A I K N I G I E G A T
CAGCCGCCCAGCTGACCCGGCAGCTGAACATGGAAAAGCGGGAGGTGAACA
A A Q L T R Q L N M E K R E V N K
AGGCCCTGTACGACCTGCAGCGGAGCGCCATGGTGTACAGCAGCGACGACA
A L Y D L Q R S A M V Y S S D D I
TCCCCCCCAGATGGTTCATGACCACCGAGGCCGACAAGCCCGACGCCGACG
P P R W F M T T E A D K P D A D V
TGATGGCCGACGCCATCATCGACGACGTGAGCCGGGAGAAGAGCATGCGGG
M A D A I I D D V S R E K S M R E
AGGACCACAAGAGCTTCGACGATGTGATCCCCGCCAAGAAGATCATCGACT

10. Appendix-I

10. Appendix-I

D H K S F D D V I P A K K I I D W
GGAAGGACGCCAACCCCGTGACCATCATCAACGAGTACTGCCAGATCACCA
K D A N P V T I I N E Y C Q I T K
AGCGGGACTGGTCCTTCCGGATCGAGAGCGTGGGCCCCAGCAACAGCCCCA
R D W S F R I E S V G P S N S P T
CCTTCTACGCCTGCGTGGACATCGACGGCCGGGTGTTCGACAAGGCCGACG
F Y A C V D I D G R V F D K A D G
GCAAGAGCAAGCGGGACGCCAAGAACAACGCCGCCAAGCTGGCCGTGGACA
K S K R D A K N N A A K L A V D K
AGCTGCTGGGCTACGTGATCATCCGGTTCTGA
L L G Y V I I R F *
E3L-(GFP) (clone 2)
ATGAGCAAAATCTACATCGACGAGCGGAGCGACGCCGAG
M S K I Y I D E R S D A E
ATCGTGTGCGCCGCCATCAAGAACATCGGCATCGAGGGCGCCACAGCCGCC
I V C A A I K N I G I E G A T A A
CAGCTGACCCGGCAGCTGAACATGGAAAAGCGGGAGGTGAACAAGGCCCTG
Q L T R Q L N M E K R E V N K A L
TACGACCTGCAGCGGAGCGCCATGGTGTACAGCAGCGACGACATCCCCCCC
Y D L Q R S A M V Y S S D D I P P
AGATGGTTCATGACCACCGAGGCCGACAAGCCCGACGCCGACGTGATGGCC
R W F M T T E A D K P D A D V M A
GACGCCATCATCGACGACGTGAGCCGGGAGAAGAGCATGCGGGAGGACCAC
D A I I D D V S R E K S M R E D H
AAGAGCTTCGACGATGTGATCCCCGCCAAGAAGATCATCGACTGGAAGGAC
K S F D D V I P A K K I I D W K D
GCCAACCCCGTGACCATCATCAACGAGTACTGCCAGATCACCAAGCGGGAC
A N P V T I I N E Y C Q I T K R D
TGGTCCTTCCGGATCGAGAGCGTGGGCCCCAGCAACAGCCCCACCTTCTAC
W S F R I E S V G P S N S P T F Y
GCCTGCGTGGACATCGACGGCCGGGTGTTCGACAAGGCCGACGGCAAGAGC
A C V D I D G R V F D K A D G K S
AAGCGGGACGCCAAGAACAACGCCGCCAAGCTGGCCGTGGACAAGCTGCTG
K R D A K N N A A K L A V D K L L
GGCTACGTGATCATCCGGTTCAAGCTTCGAATTCTGCAGTCGACGGTACCG
G Y V I I R F K L R I L Q S T V P
CGGGCCCGGGATCCACCGGTCGCCACC-(GFP)
R A R D P P V A T -(GFP)
Polylinker
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