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Abstract

Despite an intensive vaccine program influenza infections remain a major health problem, due to
the viruses’ ability to change its envelope glycoprotein hemagglutinin (HA), through shift and
drift, permitting influenza to escape protection induced by current vaccines or natural immunity.
Recently a new variant, H7N9, has emerged in China causing global concern. First, there have
been more than 130 laboratory-confirmed human infections resulting in an alarmingly high death
rate (32.3%). Second, genetic changes found in H7N9 appear to be associated with enabling avian
influenza viruses to spread more effectively in mammals, thus transmitting infections on a larger
scale. Currently, no vaccines or drugs are effectively able to target H7N9. Here, we report the
rapid development of a synthetic consensus DNA vaccine (pH7HA) to elicit potent protective
immunity against the H7N9 viruses. We show that pH7HA induces broad antibody responses that
bind to divergent HAs from multiple new members of the H7N9 family. These antibody responses
result in high-titer HAI against H7N9. Simultaneously, this vaccine induces potent polyfunctional
effector CD4 and CD8 T cell memory responses. Animals vaccinated with pH7HA are completely
protected from H7N9 virus infection and any morbidity associated with lethal challenge. This
study establishes that this synthetic consensus DNA vaccine represents a new tool for targeting
emerging infection, and more importantly, its design, testing and development into seed stock for
vaccine production in a few days in the pandemic setting has significant implications for the rapid
deployment of vaccines protecting against emerging infectious diseases.
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1. Introduction

In recent decades, both high pathogenicity avian influenza (HPAI) and low pathogenicity
avian influenza (LPAI) H7 viruses have caused large poultry outbreaks in Italy [1], the
Netherlands [2, 3], Canada [4], the United Kingdom [5], the United States of America [6],
and Mexico [7]. During viral circulation in poultry, with the exception of the 1999 H7N1
outbreak in Italy, these H7 viruses have acquired the ability to be transmitted from poultry to
humans and cause disease and mortality [8, 9]. The outbreak of the highly pathogenic H7N7
influenza virus in Netherlands in 2003 resulted in an estimated 450 human cases and one
death [3]. The newly emerged Chinese avian influenza A (H7N9) virus is one subgroup
among the larger group of H7 viruses [10]. As of July 4™, 2013, there have been a total of
133 laboratory-confirmed cases and 43 people have died, indicating a very high mortality
rate (32.3%) [11]. The H7N9 virus exhibits several genetic features of mammalian influenza
viruses, including the specificity of their HA protein binding to mammalian cellular
receptors [12, 13]; a deletion in NA stalk associated with increased virulence in mammals
[14]; and an important mutation in the PB2 protein that is essential for the efficient
replication of avian viruses in mammalian species [15]. The efficient transmission of H7N9
virus in ferrets suggested that human-to-human transmission of this virus might be possible
under appropriate conditions [16]. As a result, the emergence of the novel H7N9 has raised
concerns about its pandemic potential, as well as that of related influenza viruses.

As there is no vaccine currently available for the prevention of avian influenza H7N9
infection in humans [17], there remains an urgent need to develop a protective vaccine
against H7N9 infection. New synthetic DNA vaccines have emerged as an attractive
approach against various infectious diseases and cancers. Conceptually, DNA vaccines have
many useful attributes over traditional vaccination strategies, such as live-attenuated
vaccines, protein/peptide-based vaccines [18-20]. While DNA vaccines have been shown to
be capable of eliciting balanced CD4* and CD8" T cell responses as well as humoral
immune responses in small-animal models [21], their progress in the clinic historically has
been hampered by difficulties in generating sufficiently potent T cell and humoral responses
in humans [22, 23]. Until recently, the DNA platform has been used primarily in prime-
boost strategies along with viral vectors and proteins, thus creating an inordinately long
testing and development window for addressing emerging pandemics rapidly. In order to
address the technical hurdles associated with weak vaccine-induced immunity, we have
recently applied many synthetic DNA design strategies, including codon/RNA optimization,
the addition of highly efficient immunoglobulin leader sequences [24-26], use of
‘centralized” immunogens to broaden immunity and remove dependence on any individual
viral sequence [27, 28], new formulations [29] combined with highly efficient DNA delivery
methods such as in vivo electroporation (EP) [30, 31], to improve the induction of immune
responses induced by DNA vaccines in small animals, macaques [31, 32], and most recently
and importantly, in humans [33, 34]. Here we present the first adaptation of this newly
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developed synthetic platform deployed to approach the feasibility of developing a protective
vaccine against a rapidly emerging pathogen in real time.

We developed a synthetic H7N9 HA DNA vaccine using a combination of strategies in gene
optimization. The DNA vaccine was delivered by EP and its immunogenicity was evaluated
in mice. We observed that this vaccine was capable of inducing strong H7 HA-specific
polyfunctional CD4 and CD8 effector T cell memory responses. In addition, the vaccine was
able to elicit protective levels of HAI titers to the H7N9 strain A/Anhui/1/2013. Challenge
of mice with a lethal dose of A/Anhui/1/2013 virus confirmed 100% protection from
influenza-driven mortality. The rapid development of potential seed stock production, in just
a few days, combined with the improved immune profile of this platform support the further
study of synthetic H7N9 HA vaccine antigens in combination with electroporation delivery
against diverse emerging pathogens.

2. Materials and methods

2.1. Influenza H7N9 Hemagglutinin DNA Vaccine Design and Development

To design a H7N9 hemagglutinin DNA vaccine, the hemagglutinin (HA) sequences of the
first four identified H7N9 human isolates were retrieved from The Global Initiative on
Sharing All Influenza Data (GISAID). All HA sequences were aligned using MegAlign
(DNASTAR, Madison, WI) and a consensus HA sequence (H7HA) was developed,
codon/RNA optimized and subsequently synthesized by GenScript. The synthesized H7THA
was cloned into the expression vector pGX0001, which is under the control of the
cytomegalovirus immediate-early promoter. This construct was named pH7HA.

2.2. Phylogenetic Analysis of H7N9 HA protein sequences

Twenty-four primary HA protein sequences of human H7N9 virus isolates were retrieved
from GISAID. The alignment applied in the phylogenetic study was performed using Clustal
x (version 2.0) and a phylogenetic tree was constructed based on Neighbor-joining
evaluation of the alignment.

2.3. Indirect Immunofluorescent assay

An indirect immunofluorescent assay was utilized to confirm H7HA gene expression as
described previously [35]. Briefly, human rhabdomyosarcoma (RD) cells were plated on
two-well chamber slides (BD Biosciences), at a density to obtain 60-70% confluency the
next day in complete DMEM medium with 10% FBS (GIBCO) and allowed to adhere
overnight. The cells were transfected with pH7HA and the control plasmid pGX0001 (1 ug/
well) using TurboFectin™8.0 Transfection Reagent (OriGene) according to the
manufacturer’s instructions. Forty-eight hours later, the cells were washed gently three times
with 1XPBS and fixed on slides using ice cold methanol for 10 min. The cells were
incubated with anti-H7N9 HA mouse monoclonal antibody (Sino Biological Inc., Cat#
11082-MM04) at a 1:400 dilution for 2h at room temperature. The slides were then
incubated with the Alexa 555-conjugated anti-mouse secondary antibody (Cell Signaling
Technology) for 60 min in the dark, and analyzed by fluorescent microscopy (Leica
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DM4000B, Leica Microsystems Inc, USA) using the SPOT Advanced software program
(SPOT™ Diagnostic Instruments, Inc).

2.4. Immunization of Mice

Female 8-week-old BALB/c mice were purchased from Jackson Laboratory. Their care was
in accordance with the guidelines of the National Institutes of Health and the University of
Pennsylvania Institutional Animal Care and Use Committee (IACUC).

Mice were immunized with 25 ug of pH7HA by intramuscular injection (IM) into the
quadriceps muscle followed by in vivo electroporation (EP) using the CELLECTRA®
adaptive constant current electroporation device (Inovio Pharmaceuticals Inc.). Two 0.1
Amp constant current square-wave pulses were delivered through a triangular 3-electrode
array consisting of 26-gauge solid stainless steel electrodes. Each pulse was 52 milliseconds
in length with a 1 second delay between pulses. The mice received two immunizations, three
weeks apart. Serum samples were collected pre-immunization and two weeks after the
second vaccination time point for the ELISA and Hemagglutination Inhibition (HAI) assays.
Four weeks after the second immunization, the mice were sacrificed for analysis of cellular
immune responses.

2.5. H7N9 HA-specific Antibody Determination

The measurement of 1gG antibodies specific for H7HA was performed by ELISA in both
immunized and control mice. The plates were coated with 0.5 ug/ml of H7N9 A/Shanghai/
1/2013 influenza HA protein, A/Anhui/1/2013 influenza HA1 protein and A/Hangzhou/
1/2013 HA1 protein (Sino Biological Inc.), respectively, and standard ELISA was carried
out [27]. Endpoint titers were determined as previously described [36]. The mathematical
formula used to calculate the endpoint titer cutoffs is expressed as the standard deviation
multiplied by a factor that was based on the number of negative controls (naive sera) (n =
10) and the confidence level (95%). The endpoint titer is reported as the reciprocal of the
last dilution that remained above the endpoint cutoff.

2.6. Hemagglutination Inhibition Assay

Sera samples were treated with receptor-destroying enzyme (RDE, 1:3 ratio) at 37°C
overnight for 18-20 hours followed by complement inactivation at 56°C for 45 minutes.
Starting with a 1:10 dilution in PBS, twofold serial dilutions of RDE-treated serum were
serially diluted down on 96-well VV-bottom microtiter plates. Four hemagglutinating dose of
AJANhui/1/13 was added to each well and the serum-virus mixture were incubated at room
temperature for 1.5 h. Following incubation, 50 pl horse red blood cells (1% cells + 0.5%
Bovine Serum Albumin Fraction V in 0.85% saline solution) were added to each well and
incubated for 1.25 h at room temperature. The HAI antibody titer was scored as the
reciprocal of the highest dilution that did not exhibit agglutination of red blood cells. Each
assay was performed in duplicate.

2.7. IFN-yELISpot assay

Mouse IFN-y ELISpot assay was performed as described previously [35]. A set of peptides
spanning the entire consensus H7HA protein, each containing 15 amino acid residues
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overlapping by 8 amino acids, were synthesized from GenScript (Piscataway, NJ). The
entire set of peptides was pooled at a concentration of 2 ug/ml/peptide into 4 pools as
antigens for specific stimulation of the IFN-v release. Concavalin A (Sigma—Aldrich, St.
Louis, MO), at 5 ug/ml, and complete culture medium were used as positive and negative
control, respectively. The average number of spot forming cells (SFC) was adjusted to 1 x
108 splenocytes.

2.8. Intracellular Cytokine stain for Flow Cytometry

Splenocytes were added to a 96-well plate (1x10%/well) and were stimulated with H7
peptide for 5-6 hours at 37°C/5% CO, in the presence of Protein Transport Inhibitor
Cocktail (Brefeldin A and Monensin) (ebioscience) according to the manufacturers’
instructions. The Cell Stimulation Cocktail (plus protein transport inhibitors) (phorbol 12-
myristate 13-acetate (PMA), ionomycin, brefeldin A and monensin) (ebioscience) was used
as a positive control and R10 media for as negative control. In cultures being used to
measure degranulation, anti-CD107a (FITC; clone 1D4B; Biolegend) was added at this time
to enhance staining. The cells were then fixed and stained as described as elsewhere [37].
Briefly, the cells were washed in FACS buffer (PBS containing 0.1% sodium azide and 1%
FCS) before surface staining with flourochrome-conjugated antibodies. Cells were washed
with FACS buffer fixation and permeabilization using the BD Cytofix/Ctyoperm™ (BD,
San Diego, CA, USA) according to the manufacturer’s protocol followed by intracellular
staining. The following antibodies were used for surface staining: LIVE/DEAD Fixable
Violet Dead Cell stain kit (Invitrogen), CD19 (V50; clone 1D3; BD Biosciences) CD4
(\V500; clone RM4-5; BD Biosciences), CD8 (PE-TexasRed; clone 53-6.7; Abcam), CD44
(A700; clone IM7; Biolegend). For intracellular staining the following antibodies were used:
IFN-y (APC; clone XMG1.2; Biolegend), TNF-a (PE; clone MP6-XT22; ebioscience), IL-2
(PeCy7; clone JES6-SH4; ebioscience), CD3 (PerCP/Cy5.5; clone 145-2C11; Biolegend).
All data were collected using a LSRII flow cytometer (BD Biosciences) and analyzed using
FlowlJo software (Tree Star, Ashland, OR) and SPICE v5.2 (free available from http://
exon.niaid.nih.gov/spice/). Boolean gating was performed using FlowJo software to examine
the polyfunctionality of the T cells from vaccinated animals. For flow cytometry, cells were
gated on singlets using FSC-H by FSC-A followed by gating on LIVE-DEAD (dump
channel), CD3* CD4* CD8~ T and CD3* CD8* CD4™ T cells to examine the CD4* and
CD8* T-cell populations.

2.9. Virus Challenge in Mice

Twenty female BALB/c mice were divided into two groups (n=10): the naive and
immunized group. The mice in the immunized group were immunized with 25 pg of pH7HA
twice, three weeks apart. Four weeks after the second immunization, the mice were
anesthetized with isoflurane and subsequently challenged by intranasal administration (bolus
delivery into the nostrils using a standard micropipette) of 100 x LD5q of A/Anhui/1/13
influenza virus in 50 pl Dulbecco’s Modified Eagle Medium (DMEM) plus 2% Fetal Bovine
Serum (FBS). After challenge, the animals were weighed daily for 14 days and monitored
for clinical signs of influenza infection using an approved scoring sheet. All surviving
animals were monitored for a total of 28 days. All procedures and the scoring method were
approved by the Institutional Animal Care Committee at the National Microbiology
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Laboratory (NML) of the Public Health Agency of Canada (PHAC) according to the
guidelines of the Canadian Council on Animal Care. All infectious work was performed in
the ‘Biosafety Level 4’ (BSL4) facility.

2.10. Statistical analysis

3. Results

Standard and paired student’s t-tests were applied to analyze statistical significance of all
quantitative data produced in this study. A p < 0.05 was considered statistically significant.

3.1. Development of a novel H7N9 HA DNA immunogen

The H7N9 HA consensus sequence was generated from the first four H7N9 HA sequences
isolated from humans published in GISAID (The Global Initiative on Sharing All Influenza
Data). Phylogenetic analysis indicated that the sequence identity between any two H7 HA
proteins of these human isolates could be as low as 95.9%, while the identities between the
consensus HA and primary HA proteins were 97.5% and above. The consensus approach to
antigen development for influenza, therefore, is not dependent upon any one viral isolate
that may not represent the totality of the pandemic in real time. The relevant placement of
the consensus H7 HA sequence is indicated in Fig. 1A. After generating the consensus HA
sequence, codon and RNA optimizations were performed, as previously described [27]. The
synthetic H7HA gene, which is 1683 bp in length, was synthesized, sequence verified, and
was subcloned into the expression vector pGX0001 at BamHI and Notl sites and named
pH7HA (Fig. 1B) in just a few days.

3.2. Expression of pH7HA DNA vaccine

To determine the expression of the H7HA construct, an indirect immunofluorescent assay
was carried out using an anti-H7N9 HA mouse monoclonal antibody. High membrane
expression was observed by fluorescent microscopy in the pH7HA-transfected cells (Fig.
1C), supporting the idea that the expressed HA protein was a surface protein and the protein
exhibited a relatively native conformation. As a control, expression was not detected in
pGX0001 (null vector)-transfected cells.

3.3. Induction of cross-reactive antibodies by H7HA DNA immunogen

Upon confirming expression of the pH7HA construct, we first investigated whether this
immunogen was capable of driving cross-reactive antibody responses. Mice were
immunized twice, three weeks apart, with pH7HA and the serum samples collected at pre-
vaccination and at two weeks post the second immunization were utilized for the ELISA
assay. As shown in Fig. 2A, 2B and 2C, we were able to detect high-titer vaccine-induced
antibody responses against three different HA proteins in the immunized mice. The average
HA-specific antibody endpoint titers against A/Shanghai/1/2013 HA, A/Anhui/1/2013 HA1
and A/Hangzhou/1/2013 HA1 were 222,074 (range 50,000-1,581,111), 368,019 (range
50,000-1,581,111) and 315,542 (range 50,000-1,581,111), respectively (Fig. 2D). These data
indicated that vaccination with pH7HA elicited strong and broad antibody responses.
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3.4. Induction of protective antibodies by H7HA DNA immunogen

In order to test whether the cross-reactive antibodies may be protective, we next employed a
standard Hemagglutination Inhibition assay (HAI) to test the ability of the pH7N9 plasmid
to generate functional antibodies with HAI activity. Due to the timing of the emergence of
the H7N9 strains and our animal experiments, only the A/Anhui/1/2013 H7N9 strain was
quantified at the resource lab and available for this test. Accordingly it was used to
determine a serum HAI antibody titer induced by the vaccination. As depicted in Fig. 2E,
two weeks after two immunizations, pH7HA induced protective HAI titers (=1:40) in every
immunized animal (n=10) with a GMT titer of 1:130 in the pH7HA-immunized mice.

3.5. Induction of potent antigen-specific effector T cell memory responses

It is suggested that cell mediated immunity is crucial to virus clearance, with the number of
IFN-vy secreting cells correlating with the efficacy of live, attenuated influenza vaccine in
children [38]. Therefore, after confirming pH7HA elicited protective antibody responses, we
explored pH7HA'’s ability to induce antigen-specific cellular immune responses. C57BL/6
mice were immunized twice with pH7HA, sacrificed four weeks post the second
immunization (Fig. 3A), and the IFN-y ELISpot assay was performed. As shown in Fig. 3B,
the average response against four pools of H7HA overlapping peptides in the mice
immunized with pH7HA was 504 + 132 SFU/10° splenocytes, while minimal background
spots were observed in naive mice. Clearly, strong IFN-y responses were induced by
vaccination with pH7HA.

Subsequently, we characterized the phenotype and cytokine profile production of the
memory T cells generated. Herein, we studied the longevity and quality of CD4 and CD8
effector T cell memory induced by the HTHA DNA vaccine. Four weeks after the last
vaccination, mice were sacrificed and splenocytes were stimulated in vitro with H7HA
pooled peptides and the production of IFN-y, TNF-a, and IL-2 by CD4* CD44* and CD8*
CD44™ T cells was analyzed. The H7THA DNA vaccine elicited significant HA-specific
CD4* T cells producing all three cytokines (Fig. 4A), and a significant number of these cells
were double positive (67%) and triple-positive (7%) (Figs. 4B-C). The triple positive and
TNFa*IL2* double positive T cell phenotypes normally represent effector memory and
central memory T cells (2), indicating the induction of a memory like CD4 T cell immune
response by our HA vaccine. In terms of CD8 T cells, we found that vaccination with
pH7HA elicited substantially higher frequencies of HA-specific IFNy*CD8 T cells, with up
to 3.7% of total splenic CD44*CD8* T cells (Fig. 5A) producing either IFN-y* alone
(0.76%), dual IFNy*/TNFa* (2.7%) or triple IFNy*/IL-2*/TNFa™* (0.28%) (Figs. 5A-C). To
further characterize the vaccine-induced T cells, we next analyzed the cytotoxic potential of
the induced CD8* T cells undergoing degranulation. Therefore, cultures were stained with
an antibody to CD107a, which is a marker for degranulation, and we observed that CD8 T
cells from the vaccinated mice showed a significant increase of antigen-specific
(IFNy*CD107a*: 3.8%) degranulation compared to naive mice. These results are indicative
of the vaccine’s potent ability to induce cytolytic T cell responses with the potential ability
to clear H7N9 influenza infected cells. In addition, the vaccine also induced a high
frequency of TNF-a producing HA-specific CD4 (0.4%) and CD8 T cells (3.2%), with a
modest but significant increase in IL-2 responses (0.2% and 0.3%, respectively) compared to
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the naive group (Fig. 4A and 5A). Interestingly, the proportional order of effector CD4 and
CD8 T cell subpopulations in response to H7 HA stimulation was similar, with IFNy*/
TNFa* being greater than IFNy*/IL2*/TNFa™. The high frequencies of effector cells
secreting IFNy (CD8: 3.7%; CD4: 0.3%), IFNy*/TNFa* (CD8: 3.1%; CD4: 0.24%), and
IFNY*/IL2*/TNFa* among the HA-specific CD4 and CD8 T cell populations are indicative
of strong vaccine potency induced by pH7HA vaccination (Figs. 4 & 5). Overall, the
frequency hierarchy of effector CD4 and CD8 memory T cells expressing one (1+), any
combination of two (2+), or all three cytokine (3+) by flow cytometry were CD4*CD44*: 1+
(26%), 2+ (67%), 3+ (7%) and CD8+CD44+: 1+ (50%), 2+ (35%), 3+ (15%). Taken
together, we observed that strong effector and memory T cells, as well as protective
antibody responses induced by this vaccination approach. The magnitude of the T cell
responses are similar to those induced by viral infection rather than weak responses which
are generated by traditional DNA immunization [39].

3.6. Vaccination with pH7HA elicits complete protection against H7N9 virus challenge

To determine if vaccination with pH7HA could elicit protective immunity to a lethal viral
challenge, mice were immunized with pH7HA twice, three weeks apart, then challenged
with a lethal dose of the H7N9 virus A/Anhui/1/2013 four weeks post the final
immunization, and then monitored for weight loss for 14 days (Fig. 6A). According to the
protocol established prior to the study, animals falling below the threshold of 70% of their
initial body weight were humanely euthanized. As shown in Fig. 6B and 6C, in naive group,
one mouse lost 30% of its body weight by day 6 post-challenge, five mice exhibited 30%
weight loss by day 7 post-challenge, and the rest of four mice lost 30% of their body weight
by day 8. In contrast, all vaccinated mice (n=10) survived to day 28 post challenge with no
observed pathogenic effects or weight loss at which time the study was ended. These data
support that the synthetic DNA vaccine-induced immune responses could protect against
influenza H7N9 infection.

4. Discussion

The emergence of deadly H7N9 influenza virus in Eastern China invokes questions about
the origins of influenza pandemics, the risk to humans of avian influenza viruses, and their
potential ability to infect humans and be stably transmitted by humans. In the current
situation the entire population is at risk and the potential for a severe pandemic is of great
concern. Our study details the rapid development of a synthetic H7N9 HA DNA vaccine
efficiently delivered in vivo by EP capable of eliciting not only strong effector T cell
memory responses, but also broadly reactive antibody responses. More importantly, we
confirmed that immunization with the pH7HA DNA vaccine induced protective HAI titers
in all immunized animals and resulted in 100% protection from mortality and morbidity due
to influenza H7N9 infection. To date, this is the first report demonstrating that an H7/N9 HA
DNA vaccine can protect against this newly emergent influenza subtype.

Current vaccination platforms require significant development and production timelines to
address pandemics. Given the mortality rate of H7N9 and its potential to infect a large
number of humans, it is important to develop strategies that can thwart a potential growing
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pandemic. An ideal influenza vaccine platform for rapid deployment should include: 1)
technologies that can be rapidly and straightforwardly utilized to design an effective vaccine
against multiple known and new strains, 2) a delivery mechanism that can quickly induce
cellular and humoral immune responses against new antigens in humans, 3) an approach that
is rapid from design to scale up and mass production, with a relevant clinical track record
and 4) an approach that is very stable for distribution purposes. Here we show that the
enhanced DNA approach can exhibit these properties using the H7N9 pandemic as a
demonstration platform. From computer immunogen design to having the immunogen in
hand for animal studies is as short as 2-3 days under a pandemic setting. Immunization data
is available in three weeks of this receipt. Seed stock is generated in just 3-4 days without
any amplification or selection required thus limiting potential mutations being induced in the
process of immunogen development. Distribution for production can begin as early as 5
days post pathogen detection. Using this approach, millions of doses could be produced at
scale within a few months of identification of the pathogen [29, 40]. In addition the stability
of DNA and the lack of requirement of any viral amplification step ensure fidelity in the
process. Furthermore the growing safety record of DNA in the clinic in adults, the elderly
and children all are important in suggesting the potential of this improved potency platform
[41].

The surface HA protein of the influenza virus contains two structural elements (head and
stalk) that differ in their potential utility as vaccine targets. Antibodies targeting areas of the
HA globular head region (HA1) can drive HAI activity and viral neutralization. In this
study, due to the limited availability of H7N9 virus strains, we tested HAI titers against A/
Anhui/1/2013. However, high-titer cross-reactive binding antibodies against A/Anhui/
1/2013 HA1 and A/Hangzhou/1/2013 HA1 regions were confirmed in all vaccinated mice.
High titer binding was also observed against A/Shanghai/2013. Therefore, vaccination with
pH7HA DNA vaccine appears to induce broadly reactive antibodies against multiple H7N9
strains. Efforts to perform additional HAI assays against more H7N9 virus strains are
ongoing as stocks become available. However, from our past research on the H5 influenza
model system [42], and the data presented for the H7 vaccine, it appears that breath of HAI
would be similar.

HAI antibody is the major correlate of protection for flu vaccines. Although all immunized
mice exhibited greater than 1:40 protective HAI titer in this study. Older designed DNA
vaccines generally did not elicit workable levels of antibody in humans [22, 23]. Recently,
by using a similar combination of approaches in gene optimization and delivery, we have
successfully demonstrated that all human subjects immunized with a novel HPV E6/E7
DNA vaccine could induce strong de novo anti-HPV antibody responses, and the antibody
titers remained high even 6 months after the last immunization [33]. The strong and long-
lasting antibodies measured in this clinical study are encouraging for the development of
HAI antibody dependent influenza DNA vaccines. Furthermore, these studies suggest that a
potential human dose could be in the range of just 500 pg to 1 mg per immunization.

Cellular immune responses play an important role in influenza virus infection [43]. Many
studies have shown that CD8* T cells are induced following infection with influenza virus
and play a critical role in rapid clearance of influenza virus, thus limiting pathogenesis [44,
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45]. CD4* T cells are also induced following influenza virus infection and play a role in
maintaining CD8" T cell memory response and providing help for B cells for rapid antibody
production [46, 47]. Previous studies have identified 113 CD4 T cell and 35 CD8 T cell
epitopes within the HA antigen [48] and some of these epitopes have been shown to confer
protection in humans [49, 50]. The current study showed pH7HA could induce both potent
polyfunctional effector CD4 and CD8 T cell memory responses. The percentage of antigen-
specific CD8 cells secreting IFNy*CD107a™ increased significantly, indicating potential
ability of this vaccine to induce cytolytic T cell responses to clear influenza H7N9 infected
cells. These data support the idea that the synthetic vaccine could induce both antigen-
specific antibody and T cell responses, which would be important for protection during a
pandemic.

Herein we report on the development of a highly potent, synthetic, H7/N9 HA DNA vaccine
which in combination with an adaptive constant current electroporation delivery platform is
capable of eliciting robust cellular immune responses, broadly cross-reactive antibody
responses and generating complete protection from lethal challenge with just a few week
development and vaccination regime. The potent synthetic DNA vaccine platform eliminates
many of hurdles that limited the rapid development and deployment of a vaccine against an
emerging pandemic. The lack of a requirement for any recombination or in vivo production,
as with some recent competing technologies, both quickens the production time line as well
as eliminates a major potential source of errors in seed development. New production
methods for DNA are further shortening this production timeline with a platform exhibiting
a growing safety record in the clinic. Further study of this new platform for development of
vaccines to combat pandemic infections, including influenza is warranted.
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Figure 1.

The H7N9 HA DNA vaccine design and its expression (A) Phylogenetic tree based on
neighbor-joining evaluation of H7HA alignment. Asterisks indicate location of consensus
sequence. The strains used to generate the consensus HA are indicated. (B) The plasmid
map of the H7HA plasmid. (C) Immunofluorescence assay of pH7HA. The transfected RD
cells expressing H7HA protein showed typical red fluorescence. An anti-H7N9 HA mouse
monoclonal antibody served as the source of primary antibody.
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Figure 2.

Robust HA-specific 1gG antibody titers and hemagglutination-inhibition titers in the sera of
the immunized mice. (A) 1gG antibodies against H7N9 A/Shanghai/1/2013 influenza HA
protein. (B) 1gG antibodies against H7N9 A/Anhui/1/2013 influenza HA protein. (C) 1gG
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antibodies against H7N9 A/Hangzhou/1/2013 influenza HA protein. (D) HA-specific 1gG
endpoint titers. (E) Hemagglutination-inhibition titers against A/Anhui/1/2013. Each
BALB/c mouse was immunized intramuscularly followed by electroporation with 25 pg of
pH7HA DNA twice, three weeks apart. Mice (n=10) were bled before and two weeks after
second immunization. IgG antibody titers and hemagglutination-inhibition titers were
measured by endpoint enzyme-linked immunosorbent assay (ELISA) and hemagglutination-
inhibition assay, respectively. Error bars represent 1 standard deviation from the mean.
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Naive Immunized

HA-specific cellular immune response induced in the immunized mice. (A) Immunization
schedule. (B) Total IFN-y responses induced by pH7HA. Frequencies of HA-specific IFN-vy-
secreting cells per million splenocytes after two DNA immunizations with pH7HA were
determined by IFN-y ELISpot assay. The splenocytes were isolated from each mouse (n=5),
stimulated in vitro with four overlapping HA peptide pools for 24 h and IFN-vy secreting
cells were determined by ELISpot assay. Naive mice were included as a negative control.
The values are the means * standard error of the means.
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Figure 4.

Cytokine frequencies and phenotypic profiles of specific CD4 T cells after pH7HA
immunization. Cytokine recall responses to H7 HA were measured 4 weeks after last
immunization by ICS and flow cytometry. CD4 T cells were identified by CD3 expression
and further gated as CD44+. (A) The percentage of total CD44+CD4 T cells expressing
IFN-y in response to H7 HA stimulation. (B) Average percentage of HA-specific
CD44+CD4 double-positive-producing cells. (C) Multiparameter flow cytometry was used
to determine the percentages of multifunctional CD4 T cell cytokine profile of H7HA. The
bar chart shows the percentage of specific CD44+CD4 T cells displayed as triple, double, or
single positive CD4 T cells. Pie charts show the relative proportion of each cytokine
subpopulation to H7 HA stimulation. Background staining from cells stimulated with
medium alone has been subtracted. Data represent the mean+SEM of five mice per group
with ***P < 0.001, **P < 0.01, *P < 0.05 using Student’s t-test. Figure 5. Cytokine
frequencies and phenotypic profiles of specific CD8 T cells after pH7HA immunization.

Vaccine. Author manuscript; available in PMC 2015 May 19.




1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

Yan etal. Page 20

= 59 25 Naive H7
o § _— & H7 S 0.266 o117
£ 35 — i o~ p<0.001
5 4 [ Naive . 2r 4
) t i EN n
o= T W
£ 8 31 S Z 3 —k—
- B4 z
(] by L] w
£ %o 2- £z, =
B 3£
©
91 - 3 3 14
2+
= g = b 4 0.0483
O o amn So P
IFN-y IL-2 TNF-a Naive H7 TNF-o
ik = Naive D+
3.0
m H7 15e T 5
1.01 i ) 3 p<0.001
T [
¥ 4
©
k¥ * 's 5 %
0.3 =2
o g 3 u
a
@
0.2 O 21
O °
P
0.1 3 1
' o
O
| | N
- i M | x 0 e
- ' Naive H7
IFNg + - + +
L o f - - 5.04 of[7.e7 434
TNFa g B
Pie Slice =] m} ]

W+
|
—— CD107a——>

0.155

IFNoy —————————>

0.489

H7

Figure 5.
Cytokine frequencies and phenotypic profiles of specific CD8 T cells after pH7HA

immunization. Cytokine recall responses to H7 HA were measured 4 weeks after last
immunization by ICS and flow cytometry. CD8 T cells were identified by CD3 expression
and further gated as CD44+. (A) The percentage of total CD44+CD8 T cells expressing
IFN-vy in response to H7 HA stimulation. (B) Average percentage of HA-specific
CD44+CD8 double-positive-producing cells. (C) Multiparameter flow cytometry was used
to determine the percentages of multifunctional CD8 T cell cytokine profile of H7THA. The
bar chart shows the percentage of specific CD44+CD8 T cells displayed as triple, double, or
single positive CD8 T cells. Pie charts show the relative proportion of each cytokine
subpopulation to H7 HA stimulation. (D) Antigen-specific cytolytic degranulation T cells
were measured by degranulation marker expression, CD107a and IFN-y. Background
staining from cells stimulated with medium alone has been subtracted. Data represent the
mean+SEM of five mice per group with ***P < 0.001, **P < 0.01, *P < 0.05 using
Student’s t-test.
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Figure 6.
Protection from H7N9 A/Anhui/1/2013 virus challenge in the immunized mice. (A)

Experimental schedule of challenge study. The mice (n=10) were immunized with 25 ug of
pH7HA twice, three weeks apart. Four weeks after the second immunization, the mice were
challenged intranasally with a lethal dose of A/Anhui/1/2013 H7N9 virus and monitored
daily for weight loss and mortality. (B) Weight loss of each individual surviving mice in
both naive and immunized groups. The data are plotted as percentage of the weight on day
1. (C) Kaplan-Meier survival curve showing the percent survival following challenge. All
surviving animals were monitored for a total of 28 days.
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