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Avian influenza virus (AIV) is an extraordinarily diverse pathogen that causes significant morbidity in
domesticated poultry populations and threatens human life with looming pandemic potential.
Controlling avian influenza in susceptible populations requires highly effective, economical and broadly
reactive vaccines. Several AIV vaccines have proven insufficient despite their wide use, and better tech-
nologies are needed to improve their immunogenicity and broaden effectiveness. Previously, we devel-
oped a ‘‘mosaic” H5 subtype hemagglutinin (HA) AIV vaccine and demonstrated its broad protection
against diverse highly pathogenic H5N1 and seasonal H1N1 virus strains in mouse and non-human pri-
mate models. There is a significant interest in developing effective and safe vaccines against AIV that can-
not contribute to the emergence of new strains of the virus once circulating in poultry. Here, we report on
the development of an H5 mosaic (H5M) vaccine antigen formulated with polyanhydride nanoparticles
(PAN) that provide sustained release of encapsulated antigens. H5M vaccine constructs were immuno-
genic whether delivered by the modified virus Ankara (MVA) strain or encapsulated within PAN. Both
humoral and cellular immune responses were generated in both specific-pathogen free (SPF) and
commercial chicks. Importantly, chicks vaccinated by H5M constructs were protected in terms of viral
shedding from divergent challenge with a low pathogenicity avian influenza (LPAI) strain at 8 weeks
post-vaccination. In addition, protective levels of humoral immunity were generated against highly
pathogenic avian influenza (HPAI) of the similar H5N1 and genetically dissimilar H5N2 viruses.
Overall, the developed platform technologies (MVA vector and PAN encapsulation) were safe and
provided high levels of sustained protection against AIV in chickens. Such approaches could be used to
design more efficacious vaccines against other important poultry infections.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Influenza group A viruses infecting chickens belong to the fam-
ily orthomyxoviridae [1] with 16 hemagglutinin (HA1-16) and 9
neuraminidase (NA1-9) glycoproteins that decorate the virion
spherical surface. Infection with influenza group A viruses results
in either mild respiratory distress (coughing, sneezing, ocular/nasal
discharge) or a highly contagious respiratory and/or neurological
disease accompanied with sudden death [2]. The former is caused
by low pathogenic avian influenza (LPAI) while the latter is caused
by highly pathogenic avian influenza (HPAI) which includes
hemagglutinin serotype 5 (HA5) or HA7 [2,3]. The disease is preva-
lent worldwide and associated with severe economic losses among
broilers (meat producing) and layers (egg producing). To date, six-
teen subtypes of influenza virus are known to infect birds with all
outbreaks of the highly pathogenic isolates belonging to influenza
A viruses of subtypes H5 and H7. Recently, viruses of low
pathogenicity were shown to mutate into highly pathogenic
viruses after circulation in poultry population [4–6]. During a
1983–1984 epidemic in the US, the H5N2 virus initially caused
low mortality, but within six months became highly pathogenic
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resulting in 90% mortality in poultry farms [7]. Although there
have been no reported cases of H5N1 virus in domesticated poultry
in the US, the same serotype was responsible for several devastat-
ing outbreaks in poultry, worldwide [8]. Recently, the Eurasian ori-
gin H5N1 virus was recently found in a green-winged teal (bird
type) in Washington state. In this report, we evaluated novel
approaches to develop effective vaccine constructs against H5N1
serotypes of LPAI that could be also effective against infections
with HPAI isolates.

In endemic regions, the main option for reducing the impact of
influenza in poultry flocks is vaccination. Several approaches have
been tested against AIV including inactivated whole virus, subunit
hemagglutinin protein, and recombinant vector vaccines [9,10]. For
inactivated vaccines, the production of HPAI, for certain strains,
can be lethal to produce in eggs with a long lead time (up to
9 months), which is problematic for emergency vaccination during
an outbreak [11–13]. Additionally, growth of wild type HPAI
strains presents biosafety and biosecurity challenges. On the other
hand, certain viral vectors such as Fowlpox and Newcastle Disease
virus, while efficacious, fail to protect chickens pre-immunized
with such vectors due to maternally derived antibodies (MDA)
[14,15]. Other viral vectors such as turkey herpes virus (HVT),
can safely stimulate strong antibody and T cell responses, even in
the presence of MDA [16]. Interestingly, synthetic biodegradable
polyanhydride nanoparticles (PANs) have been shown to provide
controlled release of encapsulated antigens in several animal
models (rodents, pigs, cattle, poultry) from a single vaccine dose
[17–27], resulting in long-lived immunity, similar to modified live
vaccines (MLV). Unfortunately, the potential rise of new virulent
strains from genetic re-assortment, in addition to the potential
reversion to wild type [28] heighten the concerns of the safety of
MLV in poultry. Alternatively, PANs-based vaccines (nanovaccines)
were found to be safe with no untoward impact on host tissues and
overall health [29,30]. More importantly, these nanovaccines were
highly protective against several pathogens [24], including AIV
[22]. In addition, PAN-based vaccines induce the robust cellular
and humoral immune responses to influenza, and are able to elicit
coveted resident memory cell response when delivered by mucosal
routes [23]. Similar to other nanovaccine technologies (PLGA, LNPs,
PAMs), PAN-based vaccines are also potent but with a sustained
antigen-release kinetics that can last several months [31–35].

Previously, mice and monkeys vaccinated with mosaic HA anti-
gen were protected against multiple strains of HPAI [36–38]. In the
present study, we evaluated both nanoparticle encapsulation and
MVA in chickens to deliver a mosaic H5 antigen (H5M) comprised
of >2000 H5N1 HA sequences from Genbank [36]. Our results indi-
cated that H5M antigen was successfully delivered in chickens
from both PAN adjuvanted or encoded through MVA vector, com-
pared to unadjuvanted, inactivated vaccine. Vaccinated chickens
were found to generate robust cellular and humoral responses
against AIV. More importantly, protective levels of immunity were
reached against LPAI when challenged 8 weeks post-vaccination,
and HI titers from vaccinated chicks were able to neutralize several
HPAI isolates.
2. Materials and methods

2.1. Animal immunization and challenge studies

For all animal studies, serum samples collected prior to vaccina-
tion were confirmed to be negative for H5 hemagglutinin inhibit-
ing antibodies against inactivated PR8-H5M. The initial study
aimed to examine the immunogenicity of vaccine constructs in
chickens (immunogenicity study). In this study, 1 day old SPF
chicks (Charles Rivers Laboratories) were vaccinated with nH5M
(30 mg inactivated PR8-H5M encapsulated in 1 mg nanoparticles),
108 PFU MVA-H5M, or 108 PFU MVA-GFP (n = 14/group) adminis-
tered one via the intramuscular (IM) route. Blood samples were
collected from all chicks at 21 days post vaccination for HI titers
(see below).

For the protective efficacy study, groups of Cornish rock cross
chickens (n = 8/group) were obtained from a local farm at one
day of age and vaccinated at two days of age with nH5M (20 mg
inactivated PR8-H5M encapsulated in 2 mg nanoparticles), inac-
H5M (20 mg inactivated PR8-H5M), 108 plaque forming units
(PFU) MVA-H5M, or as a negative control 108 PFU MVA expressing
green fluorescent protein, MVA-GFP, in 100 lL PBS by IM thigh
muscle injection. Blood samples were collected prior to vaccination
at day 1, and at 7, 10, 14 days, and 8 weeks post-vaccination.
Chickens were challenged at eight weeks of age by choanal instil-
lation of 104 50% tissue culture infectious dose (TCID50). The isolate
A/northern pintail/Alaska/622/2012 LPAI H5N2 was used for the
challenge. Oral/choanal slit/tracheal and cloacal swabs were
obtained at days 2, 4 and 8 using flocked nylon swabs collected
in brain heart infusion broth (BHI). Also, chicks were euthanized
at day 3 post challenge and lungs collected for virus quantification.
Lungs were homogenized in MACS (Miltenyi Bio) tubes, and undi-
luted supernatants clarified and collected from cellular material by
centrifugation at 3000 RCF for 15 min for viral titration. To deter-
mine viral titer, viral samples were used to infect MDCK cells
grown to 90% confluency in 96-well plates. Cells were fixed 3 days
later with 10% formalin/0.1% crystal violet (v/v) in PBS and viral
titers were determined by observing overt cytopathic effects
(CPE) with the aid of a light microscope and calculating the TCID50

[39].

2.2. Viruses and cells

Chicken embryo fibroblasts (CEFs) and Madin-Darby canine kid-
ney (MDCK) cells were obtained from Charles River Laboratories,
Inc. (Wilmington, WA, USA) and American Type Culture Collection
(ATCC; Manassas, VA, USA), respectively. Cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS) and antibiotics. The CEFs were used
for propagating modified vaccinia Ankara (MVA). Recombinant
H5N1 virus encoding the H5 mosaic protein [36,37] was con-
structed using reverse genetics as described previously [40].
Recombinant H5N1 virus containing the H5 mosaic HA protein
[1,2] was generated using reverse genetics as described previously
[3]. First, the HA gene encoding H5M nucleic acid sequences [1]
was generated by introducing mutations into the HA gene of
A/chicken/Vietnam/NCVD5/2003 (H5N1) virus [4] with synthe-
sized nucleotide fragment and mutation primers (IDT, Coralville,
IA, USA) by PCR. Additionally, the multi basic cleavage site (MBS,
RERRRKKR) of the H5 mosaic HA protein was changed to code for
the RETR apathogenic form. This modified DNA fragment was
cloned into the reverse genetics plasmid pHH21 and used to
generate a virus containing the H5 mosaic HA gene (PR8-H5M),
with all other influenza genes from the A/Puerto Rico/8/34 (PR8;
H1N1) virus. Generation, growth, and genetic characterization of
seed PR8-H5M virus was conducted by the Kawaoka laboratory.
All experimental studies with H5N1 viruses were conducted in
biosafety level 3+ facilities in compliance with the University of
Wisconsin-Madison Office of Biological Safety.

2.3. Inactivation and purification of PR8-H5M virus

Inactivated PR8-H5M virus antigen was prepared by infecting
MDCK cells grown to 90% confluency at a multiplicity of infection
of 0.01 in serum-free DMEM supplemented with 2 mg/mL TPCK
treated with trypsin, 0.5% bovine serum albumin and 20 mM
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HEPES (influenza growth media), and harvesting at 72 h post infec-
tion when full cytopathic effects (CPE) were observed. Infected cell
culture flasks were frozen and thawed once to lyse cells, and virus
containing supernatants were clarified and separated from cell
debris by centrifugation at 3000 RCF. Virus containing super-
natants were chemically inactivated by addition of formaldehyde
to a final concentration of 0.2 g/L followed incubation at 4 �C for
7 days, after which chemical inactivation was verified by infection
of MDCK cells in influenza growth media. Inactivated supernatants
were layered onto a 20% sucrose cushion and ultra-centrifuged in a
SW-28 rotor at 112,000 RCF for 3.5 h at 4 �C. Pellet and supernatant
fractions at each step were saved for analysis by SDS-PAGE and
Western blot. Post sucrose cushion pellets were resuspended in
protein free DMEM. Total protein was quantified by Bradford assay.

2.4. Nanoparticle synthesis and characterization

Synthesis of polyanhydride (20:80 CPTEG:CPH) nanoparticles
(NP) containing inactivated PR8-H5M antigen (nH5M) was con-
ducted as described previously [22]. Briefly, 20:80 CPTEG:CPH poly-
mer, composed of 1,8-bis(p-carboxyphenoxy)-3,6-dioxaoctane
(CPTEG) and 1,6-bis(p-carboxyphenoxy)hexane (CPH), was synthe-
sized viamelt polycondensation. InactivatedPR8-H5Mwasdialyzed
to nanopure water and lyophilized overnight. Next, 20:80 CPTEG:
CPH polymer containing 1 wt% PR8-H5M was dissolved 20 mg/mL
in methylene chloride. The solution was sonicated to ensure even
distribution of the antigen before precipitating into chilled pentane
(1:250 methylene chloride:pentane). The resulting nanoparticles
were collected via vacuum filtration. The final dose formula was
20 mg/2 mg of inactivated PR8-H5M to nanoparticle ratios. Antigen
release kinetics were characterized by incubating the PAN particles
in PBS and measuring protein released at regular intervals with a
microBCA assay as described previously [41].

2.5. Electron microscopy

Transmission Electron Microscopy (TEM) of inactivated PR8-
H5M samples were negatively stained for electron microscopy
using the drop method. A drop of sample was placed on a Piolo-
formTM (Ted Pella, Inc.) carbon-coated 300 Mesh Cu grid, allowed
to adsorb for 30 s, and the excess removed with filter paper. Next, a
drop of methylamine tungstate or uranyl acetate (Nano-W, Nanop-
robes Inc.) was placed on the still wet grid, and the excess
removed. The negatively stained sample was allowed to dry, and
was documented in a Philips CM120 (Eindhoven, The Netherlands)
transmission electron microscope at 80 kV. Images were obtained
using a SIS MegaView III digital camera (Soft Imaging Systems,
Lakewood, CO). For nanovaccine constructs, particle size and mor-
phology were observed with scanning electron microscopy (FEI
Quanta 250, FEI, Hillsboro, OR). The average diameter of PAN was
quantified using ImageJ software [42].

2.6. Serology and cellular immunity tests

The hemagglutination (HA) titer for inactivated PR8-H5M and
other LPAI/HPAI viruses used in this study was defined by serially
diluting samples in quadruplicate wells in a 96-well plate, followed
by addition of 0.5% washed chicken erythrocytes. The endpoint
hemagglutination titer per volume is defined as the final dilution
that results in complete agglutination of erythrocytes [43]. For
the hemagglutination inhibition (HI) assay, four hemagglutinating
units were added to serial dilutions of serum samples in an equal
volume of PBS for a total volume of 50 lL. Serum-virus mixtures
were incubated at 37 �C for 30 min. After which, 50 lL of a 0.5%
suspension of chicken erythrocytes was added to the serum-virus
mixture and incubated at 4 �C for 1 h. The endpoint hemagglutina-
tion inhibition (HAI) is defined as the final dilution that results in
complete inhibition of agglutination of erythrocytes.

For a sub-group of vaccinated chicks (n = 4) from the immuno-
genicity study, single-cell suspensions of mononuclear cells from
spleens were prepared using standard techniques and used for
intracellular cytokine staining. Briefly, 106 cells per well were pla-
ted on flat-bottom tissue-culture-treated 96-well plates. For stim-
ulation, total cells were infected at an MOI of 0.1 with A/northern
pintail/Alaska/622/2012 LPAI H5N2, and antigen presentation was
allowed to proceed for 8 h before the addition of brefeldin A (1 lL/
mL, GolgiPlug, BD Biosciences) followed by 12 h of cytokine accu-
mulation. After stimulation and prior to antibody staining, cells
were stained for viability with eFluor� 780. Cells were stained
for surface markers (CD4-AF488, CD8-PE, BIO-RAD), and then pro-
cessed with Cytofix/Cytoperm kit (BD Biosciences, Franklin Lakes,
NJ), followed by intracellular staining with rabbit anti-chicken
interferon gamma (IFNc) antibody (Rockland, Limerick, PA) and
goat anti-rabbit IgG AF-647 (Thermo-Fisher). Permeabilized cells
were transferred to FACS buffer for acquisition. All samples were
acquired on an Attune NxT Flow Cytometer (Thermo-Fisher). Data
were analyzed with FlowJo software ((BD Biosciences).

2.7. Western blotting

Viral fractions were boiled in Laemmli sample buffer (BioRad,
Hercules, CA, USA) and resolved on a 4–20% SDS-PAGE gel (Biorad)
by electrophoresis using a Mini-PROTEAN 3 system (BIO-RAD, CA).
Polyacrylamide gels were electroblotted onto nitrocellulose mem-
branes using a Turboblot� system. Membranes were blocked in 5%
(W/V) skim milk and probed with polyclonal anti-influenza virus
H5 HA antibody (BEI resources: NR-2706) and mouse anti-goat
HRP-conjugated secondary antibody. Membranes were developed
using a solid phase 3,30,5,50-tetramethylbenzidine (TMB) substrate
system.

2.8. Statistical analysis

Statistical analyseswere performedusingGraphPad software (La
Jolla, CA). Antibody and viral titers, and cellular immune responses
were compared using an ordinary one-way ANOVA test with multi-
ple comparisons where p < 0.05 = *, p < 0.005 = **, p < 0.0005 = ***

were considered significantly different among groups.
3. Results

3.1. Synthesis and characterization of nanoparticle encapsulated PR8-
H5M

The PR8-H5M virus grew productively in MDCK cell culture.
After inactivation and purification, a yield of approximately of
1 mg purified, inactivated protein was obtained for each infected
T-150 flask of MDCK cells (approx. 20–30 million cells per flask).
Purification of virus by ultracentrifugation resulted in high recov-
ery of virus as no HA antigen was detected in supernatants follow-
ing purification, while the pellet fractions contained HA antigen
(Fig. 1A, Western blot). Purified PR8-H5M exhibited multiple virion
morphologies with clearly intact surface proteins (Fig. 1B). As these
aggregates were too large for encapsulation (>100 nm) in nanopar-
ticles, preparations were briefly (<3 s) sonicated in 1.5 mL micro-
centrifuge tubes using a bucket style sonicator. This sonication
thoroughly disrupted large aggregates and virions, and generated
small (<100 nm) particles that maintained envelope proteins
(Fig. 1B). The morphology following nanoparticle encapsulation
was consistent with prior reports [22]. The average particle
diameter estimated by analysis of SEM images was 165 nm.
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Fig. 1. Characterization of the nH5M (H5M nanoparticle) vaccine constructs. (A) Western blot analysis with anti H5N1 virus polyclonal anti H5 antibody of PR8-H5M samples
during purification. Lanes are as follows. 1: MDCK virus growth media (negative control). 2: PR8-H5M post clarification pt. 3: PR8-H5M post clarification supernatant. 4: PR8-
H5M post sucrose cushion purification supernatant. 5: PR8-H5M post sucrose cushion purification pellet (final PR8-H5M prep). 6: HA positive control of A/Vietnam/1203/04
stockpiled vaccine virus. (B) Electron micrographs of PR8-H5M virus. i: PR8-H5M virus after purification, TEM scale bar 50 nm. Ii–iii: PR8-H5M virus after sonication, TEM
scale bar 50 nm (i, ii) and 800 nm (iii). iv: PR8-H5M after nano-encapsulation (nH5M) SEM scale bar 1 mm. (C) Release kinetics of nH5M particles were characterized by
incubating the PAN particles in PBS and measuring protein released at regular intervals with a microBCA.
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In vitro, release of antigen from nH5m particles was linear over the
first 8 days of incubation, releasing �15% total protein, then
plateaued up to 16 days (Fig. 1C).

3.2. Generation of protective antibodies against multiple strains of
LPAI and HPAI viruses

To determine if nanoparticle and MVA vectored vaccines were
immunogenic, SPF chicks were vaccinated with nH5M and MVA-
H5M vaccines at one day of age. Immunogenicity and protection
were compared to unadjuvanted vaccine as to observe any increase
in immunity as due to PAN adjuvanticity. All chicks had detectable
HAI antibodies against the PR8-H5M virus at 21 days after vaccina-
tion (Fig. 2A). In the second study of the commercially sourced
chicks, the vaccinated chicks developed detectable HAI titers by
D7 post vaccination (Fig. 2B). At all time points, nanoparticle
encapsulation increased HAI titers relative to non-encapsulated
antigen. By day 14 all chicks in all groups had detectable HAI titers
with geometric mean (GMT) endpoint titers as follows: MVA-GFP
<= 10, inac-H5M = 15, nano-H5M = 21.5, MVA-H5M = 132.5. These
results demonstrate that H5M vaccines can rapidly elicit antibody
responses in chickens with a single immunization.

To determine the breadth of the antibody response elicited by
the used vaccine constructs, pooled serum samples from vacci-
nated chickens were tested against multiple clades of H5N1 HPAI
virus, as well as two recent LPAI H5N2 viruses. Both nH5M and
MVA-H5M elicited HAI antibodies against all strains of H5 viruses
tested (Table 1), indicating the breadth of the antibody responses
induced by the H5M-based vaccines.

3.3. Protective efficacy of mosaic HA antigen delivered by MVA or
polyanhydrides

To evaluate cross protection against a contemporary influenza
threat during the lifespan of a broiler, chickens were challenged
with LPAI H5N2 (A/northern pintail/Alaska/622/2012 virus) at
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Fig. 2. Humoral immune responses induced by H5M-based vaccine constructs. One
day old chicks were immunized with different vaccine constructs. Blood samples
were collected at different times post immunization for hemagglutination inhibi-
tion assay (HAI). (A) The geometric mean titers (±SD) of HAI antibodies against
parent PR8-H5M at 3 weeks after vaccination for the immunogenicity study. (B) The
geometric mean titers (±SD) of HAI antibodies against parent PR8-H5M virus after
vaccination for the efficacy study.

Table 1
HAI titers against distant AIV isolates in pooled serum samples isolated from chikens
vaccinated with MVA-H5M or nH5M.

AIV strain MVA-H5M nH5M

A/Vietnam/1203/04 H5N1 HPAI 1:80 1:80
A/Indonesia/5/2005 H5N1 HPAI 1:40 1:80
A/Hong Kong/482/97 H5N1 HPAI 1:40 1:40
A/Chicken/Qalubia-Egypt/1/08 H5N1 HPAI 1:10 1:20
A/northern pintail/Alaska/622/2012 H5N2 LPAI 1:20 1:20
A/American green-winged teal/Alaska/472/2014

H5N2 LPAI
1:10 1:20
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8 weeks of age. At this age, all immunized chickens had variable
levels of detectable HAI antibodies (Fig. 2). After challenge no
major morbidity in terms of body weight changes were observed
(Fig. 3A), however significant levels of viral shedding in negative
control and inactivated vaccines (Fig. 3B) were detected in swab
choanal and cloacal swab samples. Nanoparticles encapsulating
the same dose of inactivated antigen reduced shedding levels
and duration (Fig. 3B). No shedding was observed in MVA-H5M
vaccinated chicks. While viral loads in lungs were highest in PBS
control and inactivated chicks, reduced loads were observed in
nH5M and MVA-H5M vaccinated chicks (Fig. 3C). These results
demonstrate that both nH5M and MVA-H5m vaccines were highly
immunogenic and provided protection to a divergent influenza
strain.

3.4. Mosaic vaccine constructs elicit significant cellular immune
responses

Because chicks vaccinated with nH5M had relatively low HAI
titers against homologous virus, we hypothesized that the protec-
tion against viral shedding was augmented by cellular immunity
since PAN-based vaccines have been shown to promote CD8+ T cell
responses in contrast to inactivated vaccines [23]. The numbers of
IFNc-producing influenza-specific CD4+/CD8+ T cells in spleen after
vaccination were quantified by intracellular cytokine staining
(ICCS). The percentage of influenza-specific IFNc producing CD8+

T cells was significantly higher in both MVA-H5M (p < 0.05) and
nH5M (p < 0.05) than cells in spleens of chickens from the PBS
group (Fig. 4A). Interestingly, cellular responses from PAN
vaccination seemed to be skewed towards CD8+ T cell responses,
and in contrast, the MVA-H5M elicited IFNc secreting CD4+ T cells
with a frequency significantly higher (p = 0.05) than PBS control
chicks (Fig. 4B). Representative dot plots for ICCS are shown
(Supplemental Fig. 1).

4. Discussion

LPAI viruses continuously circulate within and between wild
bird and poultry populations and have a high degree of recombina-
tion and genetic diversity [44–47]. While these viruses typically
cause low morbidity and mortality in domesticated poultry, there
is significant evidence that LPAI viruses contribute to HPAI genetic
diversity through gene swapping, and can even gain virulence and
spontaneously give rise to HPAI strains directly [4,48–50]. It is
encouraging that these H5M vaccines provided immunogenicity
and protection to LPAI strains that are nearly 10% divergent in
terms of the H5 amino acid similarity. Limiting the spread of a
broad number of AI strains could be important to prevent evolu-
tion of viruses in populations where vaccines that provide poor
cross protection may drive undesirable evolution of AI viruses
[51,52]. Previous studies demonstrated that mosaic H5 hemagglu-
tinin delivered by an MVA vector was highly immunogenic in mice
and monkeys [36,37,38]. In the present study, we demonstrate
effectiveness of adjuvanted H5M antigen-based vaccines in an
avian model. Further, these results demonstrate the effectiveness
of both MVA and polyanhydride nanoparticles as viable vaccine
vectors that could be used to combat other avian diseases. The util-
ity of these vaccine vectors and nano-formulations to poultry vac-
cination efforts is highlighted by the rapid immunity elicited using
only a single dose regimen.

The PR8-HM5 virus first characterized in these studies appears
to be an excellent source of H5 AI virus antigen. Since HPAI virus is
lethal to egg layers, the global demand for HPAI vaccine may not be
met by egg-based vaccine manufacturing strategies in the event of
a mass outbreak in chickens [53]. WT LPAI and HPAI viruses often
do not grow to high antigenic densities in widely used mammalian
cell lines, complicating the production of AI antigen for use in poul-
try and humans in such pandemic situations. The recombinant
PR8-H5M virus, encoding a completely in silico derived H5 gene,
grew to remarkably high antigenic densities in MDCK culture. As
this H5M gene lacks the multi-basic cleavage site, growing this
virus at decreased biosecurity levels should be considered.
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In this study, PAN-delivered H5M (nH5M) and MVA-H5M based
vaccines elicited HAI antibodies against multiple strains of influ-
enza virus. Neutralizing and HAI antibodies against the influenza
globular head of HA are known to provide complete protection
against viral replication [54]. Typically, vaccines elicit neutralizing
antibodies that are very specific to the vaccine or closely related
viruses, leading to low efficacy and breadth in practice [55,56].
Previous studies demonstrated that the MVA-H5M vaccine was
superior to traditional vaccines based on a wild type H5 HA
sequence [37], with the ability to broaden neutralizing antibodies
against the influenza A/Egypt/01/08 strain while maintaining
responses to prototypical H5N1 clades. The A/Egypt/01/08 strain
is considered to have the potential to transmit between humans
with few mutations [57]. Our current studies demonstrate equally
broad protection against both Clade 0 to recent Clade 2 strains.
Further, H5M vaccines elicited antibodies and protection to highly
divergent LPAI field strains.

Another important aspect of AI control is differentiating vacci-
nated from infected animals (DIVA). While NS specific ELISAs
may allow for DIVA analysis using nH5M vaccines containing
whole antigen, further refinement of the nH5M vaccine, perhaps
using virion splitting techniques, may be required for DIVA
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Fig. 4. Evaluation of cellular immune responses elicited by MVA-H5M and nH5M against influenza virus. Chicks were vaccinated by IM injection of MVA-H5M, nH5M or PBS
(immunogenicity study) on day 28 after injection, the percentage of IFN-c-producing CD8+ (A) or CD4+ (B) in splenocytes were quantified by intracellular cytokine staining.
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viability. MVA based vaccines that express individual viral proteins
are fully compatible with DIVA analysis.

Interestingly, both MVA and PAN based vectors elicited cellular
immune responses to live virus detected ex vivo. Of note, this study
was able to measure IFNc responses by ICCS and flow cytometry in
chicken immune cells, which while possible, has been shown to be
challenging in prior studies, as only low levels of IFNc secreting
cells were detected with peptide or mitogens [58]. Indeed, the fre-
quency of IFNc cells demonstrated by this assay may only repre-
sent a fraction of the total IFNc secreting population, and an
even smaller fraction of the total antigen specific T cells. In this
study, we used live virus for stimulation, which may have more
efficiently loaded antigen on MHC I of antigen presenting cells, in
contrast to other studies that stimulated with non-infectious
antigen.

Overall, this report described the delivery of mosaic HA antigen
by 2 independent approaches for chicken immunization. PANs pro-
vided sustained release kinetics of encapsulated antigen, resulting
in long-lived, high avidity antibody titers induced with otherwise
suboptimal doses of antigen, similar to earlier reports [17,18,24].
Previously, PANs have been shown to be a versatile vaccine adju-
vant/delivery platform capable of enhancing the immune response
to recombinant proteins, and can be delivered by multiple routes
[17,18,24]. Also, presented studies demonstrated the efficacy of
MVA as a vaccine vector in chickens, worthy of further considera-
tion for poultry immunization programs. As discussed before, MVA
vaccines are highly safe as they only known undergo abortive
replication in vivo [59], and to date no reports have demonstrated
productive replication of virus in a viable host. They are highly
stable and are easy to propagate and purify, and like PAN based
vaccines, can be delivered by multiple routes. It is noteworthy that
prior studies in chickens have compared recombinant NDV and
MVA vectors expressing HA antigen to induce immunity to H5N1
challenge, with similar efficacy [60]. While it is well known that
viral vectors are highly efficient at stimulating T cell responses,
these results demonstrate that PAN based vaccines can elicit
CD8+ T cell responses in chickens independent of in vivo expression
of antigen. While likely due to more efficient cross presentation by
PAN particles, these mechanisms are currently unknown in chick-
ens for PAN particles. Further studies in chickens to define the
exact types of memory/resident/effector T cell types elicited by
these and other vaccines, as well as further understanding of
how replicating and non-replicating vaccines induce CD4 and
CD8 responses, are critical to design better T cell inducing vaccines.
In conclusion, these studies demonstrate proof of concept that
adjuvanted H5M-based vaccines elicit robust immunity in chick-
ens, and that both PAN and MVA constructs are promising vaccine
vectors in poultry.
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