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Abstract

Equine influenza A (H3N8) virus is a leading cause of infectious respiratory disease in horses
causing widespread morbidity and economic losses. As with influenza in other species, equine
influenza strains continuously mutate, requiring constant re-evaluation of current vaccines and
development of new vaccines. Current inactivated (killed) vaccines, while efficacious, only offer
limited protection against multiple strains and require frequent boosts. Ongoing research into new
vaccine technologies, including gene-based vaccines, aims to increase the neutralization potency,
breadth, and duration of protective immunity of new or existing vaccines. In these hypothesis-
generating experiments, we demonstrate that a DNA vaccine expressing the hemagglutinin protein
of equine H3N8 influenza virus generates homologous and heterologous immune responses, and
protects against clinical disease and viral replication following homologous H3N8 infection in
horses. Furthermore, we demonstrate that a needle-free delivery device is as efficient and effective
as conventional parenteral injection using a needle and syringe. The observed trends in this study
drive the hypothesis that DNA vaccines offer a safe, effective, and promising alternative approach
for veterinary vaccines against influenza, and applicable to combat equine influenza.
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1. Introduction

Equine influenza (EI) is considered one of the most important and common infectious
respiratory disease of equids (11-13, 60). As in other species, El is a difficult target for
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vaccination due to continuous and frequent viral mutations, requiring constant evaluation
and development of new vaccines. Yet despite intensive vaccination efforts, transmission
and outbreaks of equine influenza still occur (44), causing major economic losses to the
horse industry and posing a serious threat to equine welfare by causing high morbidity and
periodically, mortality in infected horses.

While current inactivated whole virus vaccines are efficacious in inducing robust antibody
responses, they are limited in their ability to induce broad-based immune responses and do
not always fully protect against infection (37, 41, 53). In addition, these vaccines require
egg-based production methods which are inefficient and require large bio containment
facilities. Research has focused on exploring alternative vaccine technologies that can confer
broad, long-lived protection against infection (44), with more efficient production methods
(64). Recent studies have utilized modified live viruses (MLV)(8,9, 35, 57), pox virus
vectors (5, 45, 54), DNA technology (35), and adjuvants (21, 55) to develop improved
vaccines, some of which are now in commercial use.

MLV vaccines have been shown to be protective and immunogenic, but carry the risk of
reversion to virulence and other complications, especially in animals that are immune-
compromised or pregnant (53). Alternatively, licensed canarypox-vectored vaccines may be
a valuable alternative to older MLV technologies, as previous studies have demonstrated full
and durable protection from viral shedding (17, 36, 54). However, each of these require the
use of live viruses which require advanced bio containment facilities and bio safety
measures. DNA vaccines are a logical alternative since they are safer to produce, and may
provide more complete clinical protection than pox-vectored vaccines (53). Also, DNA
vaccines can be tailored quickly and specifically to respond to outbreaks of novel strains,
while encoding multiple immunogens to elicit broad-based protection. While there are
currently no licensed DNA vaccines for use against El in the horse, a DNA vaccine has been
licensed for use against West Nile Virus (58). In other species, DNA vaccines have been
licensed for use against infectious hematopoietic necrosis virus in salmon, as well as
melanoma in dogs (28).

In the current study, our primary goal was to conduct a series of hypothesis-generating
experiments to develop and test novel EI DNA vaccines encoding the viral HA in the equine
influenza challenge model. We have previously demonstrated the safety and
immunogenicity of DNA vaccines in nonhuman primates and human clinical trials (29, 52,
62). We have also established efficacy, safety, and protection of DNA vaccines against
H5N1 influenza in mice and chickens (48), as well as classic and pandemic H1N1 influenza
in pigs (20). Here, we test the immunogenicity of monovalent and trivalent CMV/R-HA
DNA vaccine constructs for EI in mice, and assess immune responses and protection against
H3N8 challenge in ponies. The experimental schema and animal numbers used in this
experiment are consistent with previous publications (9, 21, 59).

We have previously shown efficacy and efficiency of novel vaccination methods in various
animal models, particularly needle-free delivery (20, 48, 56). Needle-free delivery offers the
potential to enhance immune responses to DNA vaccination (16) and could facilitate wide-
scale administration of vaccines by eliminating the need for handling and disposal of sharps.
Here, we evaluate the efficiency of needle-free vaccine delivery in horses, as this method is
ideally suited to administer multiple doses to large animals in farm settings.

Vaccine. Author manuscript; available in PMC 2013 June 06.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ault et al. Page 3

2. Materials and Methods

2.1 Immunogen and plasmid construction

Plasmids encoding HA from influenza A/equine/Ohio/1/2003 (H3N8) (GenBank
#ABA39846), influenza A/equine/Bari/2005 (H3N8) (GenBank #ABM47075), and
influenza A/equine/Newmarket/2/93 (H3N8) (GenBank #X85088) were synthesized by
GeneArt (Regensburg, Germany). Amino acids 1-345 (HA1 subunit) of influenza A/equine/
Aboyne/1/2005 (H3N8) HA were fused with amino acids 346-565 (HA2 subunit) of
influenza A/equine/Hong Kong/1/1992 (H3NS8) to generate full-length HA gene as the
conserved portion of HA2 of A/equine/Aboyne/1/2005 is not available in the NCBI protein
database. All HA genes were synthesized using mammalian preferred codons as described
(27) and cloned into CMV/R expression vector (3) for efficient expression in mammalian
cells. Hereafter the virus strains are referred to as Ohio/03, Bari/05, and Aboyne/05.

2.2 Serum neutralization test (SNT)

We utilized a 50% Tissue Culture Infectious Dose (TCIDsp) reduction assay to determine
serum neutralizing antibody titers. Confluent Madin-Darby canine kidney (MDCK) cells,
grown in 96-well tissue culture plates, were used for all serum neutralization test (SNT)
assays. Sera were serially diluted 2-fold using infection medium (Medium 199 (GIBCO) + 1
pg/ml TPCK Trypsin) and virus added to the diluted sera to yield final concentrations of 200
TCIDgq units of virus per well. Serum-virus mixtures were incubated at room temperature
for 60 min and then were added to washed MDCK cells, with each serum dilution plated in
quadruplicate. Media controls (no virus), and virus controls (no serum) were included on
each plate. Plates were incubated at 37°C for 2 hr, then washed twice with PBS, filled with
infection medium, and incubated for a further 48 hr. Results were read by both HA assay of
supernatant from each well and by staining wells with crystal violet to visualize lysis of the
monolayers. SNT titers were calculated as 50% endpoints (50) for the greatest serum
dilution giving complete inhibition of virus growth.

2.3 Mouse Immunogenicity Studies

All animal procedures were approved by the Institutional Animal Care and Use Committee
of the VVaccine Research Center, NIAID, NIH (Bethesda, MD), in accordance with the Guide
and for the Care and Use of Laboratory Animals. Groups of five mice were immunized
intramuscularly with a total of 20pg CMV/R DNA plasmids expressing Ohio/03 HA, Bari/
05 HA, and/or Newmarket/2/93 HA in a monovalent or multivalent vaccine. Mice were
immunized three times at 2 week intervals. Pooled sera (5 mice/group) collected two weeks
after the last immunization were evaluated using the serum neutralization test described
above. Serum endpoint dilutions were calculated as the greatest dilution sufficient to
completely neutralize 200 TCID50 units of three H3N8 viruses (Ohio/03, Newmarket/2/93
and Canine/KY/06) in 50% of wells. Canine/KY/06 is a related, heterologous H3NS8 strain
that causes flu in dogs, and was selected to evaluate the potential for cross-protective
immune responses. Convalescent serum from an Ohio/03 H3N8 influenza-infected horse
was used as the positive control.

2.4 Influenza virus preparation

Ohio/03 challenge virus was originally isolated in embryonated hens’ eggs from a
nasopharyngeal swab taken from a clinical case. The allantoic fluids from the second egg
passage of this isolate were used for the experimental challenges. Virus content was titrated
by 50% Egg Infectious Dose (EIDsgg) or TCIDsgg assays.

Vaccine. Author manuscript; available in PMC 2013 June 06.
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2.5 Experimental Ponies

All animal procedures were approved by the Institutional Animal Care and Use Committees
of the University of Kentucky (Lexington, KY) and the VVaccine Research Center, NIAID,
NIH (Bethesda, MD). All animal work was carried out in accordance with the EC Directive
86/609/EEC. Animals were maintained from birth at the Veterinary Science Research Farm
of the University of Kentucky. Prior to the start of the study, health data and immunologic
parameters were determined and ponies of both sexes (1-2 years of age at time of first
vaccination) were randomly assigned to experimental groups. Ponies consisted of the
following mixed breeds: Shetland blood, Welsh blood, Florida swamp pony blood. All
ponies were seronegative for detectable antibody to equine influenza virus and had no
history of signs of influenza infection prior to the start of the study. Ponies were housed at 2/
stall, in directly adjacent stalls with free airflow between, and pairings were based on which
ponies were compatible with each other, with no regard to the vaccine group which was
unknown to the veterinarian or staff. During immunizations, ponies were held in individual
isolation stalls and were pastured between immunizations. Animals were identified by
microchip. At the end of the study, all animals were returned to the university farm for other
use.

2.6 Experimental Design

Ponies were assigned to one of 4 groups, consisting of 4 ponies per group. In accordance
with the experimental schedule indicated in Figure 1, animals in the first two groups were
immunized with 4 mg per dose of monovalent DNA expressing the HA gene of A/Equine/
Ohio/03 in 1 ml PBS, either by intramuscular injection using a needle and syringe (Group 1)
or needle-free delivery system (Pharmalet®, Pharmalet, Inc., Golden, CO)(Group 2), using
spring-powered jet technology to effectively deliver vaccines sub-dermally. Group 3 ponies
were immunized with a trivalent DNA mix of three plasmids expressing the HAs of Ohio/
03, Bari/05, and Aboyne/05 via the NF device. 1.33mg of each of the 3 DNA components
was delivered for a total of 4mg per dose of DNA in 1ml PBS. Group 4 control animals
received sham DNA (CMV/R plasmid with no insert) via the PharmaJet® at the same total
dose and volume as the experimental groups. All injections were given in the
brachiocephalicus/serratus cervicus muscles. For all groups, 0.5mL DNA was administered
at two separate injection sites for a total volume of 1mL. Each of the two injection sites were
on the same side of the shaved lateral neck approximately 8 cm apart. Each site was
monitored for adverse reactions to the vaccine at 24 and 48 hours following immunization.

2.7 Serological analysis

As indicated by the schedule in Figure 1, venous blood samples were collected via jugular
venipuncture prior to the first vaccination and weekly or bi-weekly thereafter. Other blood
samples were drawn on Days -1, 0, 7, 14, and 21 post-challenge for serological analyses. All
sera were tested for the presence of antibody to influenza A H3N8 strains Ohio/03
(American lineage/Florida clade 1), Richmond/07 (American lineage/Florida clade 2), and
Aboyne/05 (Eurasian lineage) (6, 7) using the single radial hemolysis (SRH) (43, 63) and
hemagglutination-inhibition (HI) (43) assays. Richmond/07 was used as the third antigen in
these assays since it is antigenically and genetically very similar to the third component of
the multivalent DNA vaccine — Influenza/A/eq/Bari/2005 — which was not obtainable at the
time of assay. A positive control serum was included in each assay. For SRH analysis, sheep
erythrocytes were used and zones of hemolysis were measured after a 20 hr incubation
period. All sera were tested for non-specific lysis. SRH antibody levels were expressed as
the area of hemolysis (mm?2). Seroconversion was defined as an increase in SRH value of
>25 mm? or 50% (42). For HI analysis, all sera were pre-treated with trypsin-periodate as
described (4) and assays were done using 2-fold dilutions starting from a 1:10 dilution with
viruses at 8 HA units per well and 0.5% chicken erythrocytes.

Vaccine. Author manuscript; available in PMC 2013 June 06.
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2.8 Challenge

Seven weeks after the third immunization, vaccinated and control ponies were challenged
with wild-type Ohio/03 H3N8 virus as previously described (8) in a large-animal isolation
facility. Challenge virus (2.1 x 108 EIDsg units in 7 ml allantoic fluid plus 25 ml PBS) was
nebulized using a DeVillbis Ultra-Neb 99 nebulizer, and pumped into a 21.5m3 tented stall
where it was inhaled by a group of 4-6 ponies for 45 minutes (39, 57). Each such group of
ponies included both vaccinates and controls. The dose administered was equivalent to
approximately 107 E1Dsg per cubic meter of tented stall volume. This dose reliably induces
typical clinical signs of disease and active virus shedding for 5-8 days post-infection in
influenza-naive horses (9, 39, 57).

2.9 Clinical monitoring

For assessment of clinical protection following experimental challenge with virus, thorough
physical examinations and assessments were performed by two experienced, certified
veterinarians on all horses daily for 8 days after virus administration. Adverse reactions to
immunization were monitored by daily visual inspection of the vaccination site which was
circled with ink. Clinical examinations included measurements of rectal temperature,
respiratory rate, auscultation of lung sounds, quality/quantity of nasal discharge, palpation of
submandibular and parotid lymph nodes, general demeanor, and presentation of nasal
discharge or spontaneous coughing. Examinations and clinical scoring were done as
previously described by a licensed veterinarian blinded to the vaccination status of the
horses (Table 1).

2.10 Viral shedding and quantitation via RT-PCR and EIDsgq

Nasopharyngeal swabs were collected on the day prior to challenge, and daily for 8 days
post challenge. Dacron swabs were inserted 10-15 cm up the nasal meatus, immersed in 1
ml of PBS/5% glycerol/1% antibiotic solution and stored at 4°C until testing. Virus RNA
content was also measured by quantitative real-time RT-PCR (qRT-PCR)(33). One step
gRT-PCR was performed using /n vitro-transcribed (IVT) RNA as a standard. The IVT-
RNA concentration was determined mathematically and the genome copy humber was
calculated (33). Viral shedding was detected by inoculation of 0.1ml undiluted nasal swab
sample into each of three embryonated 10-day-old hen eggs followed by 3 days incubation
at 35°C. Allantoic fluids were then harvested and tested for detectable virus by
hemagglutination (HA) assay, as previously described (43). EID50 was performed in the
same manner, except that serial ten-fold dilutions of the nasal swab samples were done using
PBS + 1% bovine serum albumin. Each dilution was then injected into four embryonated
hens’ eggs (0.1ml/egg) and incubated as before. Allantoic fluids were then tested by HA
assay for virus growth and the EID50 titer was calculated as previously described (50).

2.11 Inflammatory cytokine response post-challenge

Venous blood samples were taken on the day prior to challenge, and daily for 6 days post-
challenge. These were collected into PAXgene (Qiagen, Valencia, CA) tubes, which contain
a stabilizing additive to preserve the RNA expression profile (47). RNA was isolated as per
manufacturer’s recommendations and quantified by OD,gg and later reverse transcribed into
cDNA. Reverse transcription conditions and FAM-labeled primer probes for Granzyme B
(GrzB), IFNYy, IL-1pB, IL-6, TNF-a and B-GUS were as previously described (9). Equine B-
glucuronidase (B-GUS) was used as an endogenous control to normalize for differences in
RNA isolation and cDNA synthesis (1, 15, 51). Relative quantitative RT-PCR was carried
out on the Applied Biosystems 7900 HT Fast Real-Time PCR System (31) as previously
described (9). The 2~2ACT method for analyzing relative gene expression from real-time
quantitative PCR experiments was employed for analysis of data (9, 31). The average of the
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samples taken prior to challenge (Day -1) was chosen as the calibrator sample and results are
expressed as relative quantities (RQ). Each sample was tested in duplicate for each of the
cytokine targets and the endogenous control.

3. Results

3.1 Mouse Immunogenicity Studies

Studies were initially performed in mice to verify the immunogenicity of DNA plasmids
against different equine influenza A H3N8 viruses. Microneutralization data showed that
mice immunized with DNA expressing Bari/05 or Ohio/03 HA elicited high titer
neutralizing antibodies against homologous and in some cases heterologous viruses (Bari/05
HA-immunized tested against Ohio/03), suggesting cross-neutralization (Fig. 2). However,
immunization with Newmarket/2/93 HA (either monovalent or trivalent) only elicited
detectable neutralization titers against Newmarket/2/93, with the exception of the bivalent
group combined with Ohio/03 HA. Since no Bari/05 viruses were available for
microneutralization, specific anti-Bari/05 activity was not determined. Interestingly,
although Canine/KY/06 HA was not encoded in any vaccine, low levels of cross-reactive
neutralizing antibodies against Canine/KY/06 were detected in most groups. These
preliminary mouse data indicated that the Ohio/03 and Bari/05 HAs elicited optimal
neutralizing activity in mice, prompting their use as the basis for further investigation in the
equine influenza model.

3.2.1 Hemagglutination inhibition (HI) responses—Control ponies remained
seronegative for influenza virus by HI throughout the vaccination period. Both monovalent
and trivalent needle-free vaccine groups showed robust HI titers against Ohio/03, Aboyne/
05, and Richmond/07 antigens after the second immunization, while the monovalent NS
group showed moderate titers (Fig. 3 A-C). Additionally, these titers were more stable in the
needle-free groups than in the needle/syringe group in the period up to the challenge, and
interestingly, appeared to be minimally affected by the second boost. All vaccinated animals
showed antibody responses.

3.2.2 Single radial hemolysis (SRH) responses—As another method to confirm
antibody responses, SRH assays were performed on horse serum. All animals were
seronegative by SRH before immunization and controls remained seronegative throughout
the vaccination period. Trends similar to the HI assay results were observed in response to
Ohio/03, Aboyne/05, and Richmond/07 (Fig. 4 A—C). Homologous and heterologous
neutralizing antibody responses were observed following the first immunization, which were
amplified by the first boost, and less by the second boost. Like the HI results, all vaccinated
animals showed responses, as well as large anamnestic responses following challenge with
Ohio/03 virus (Fig. 4).

3.3 Clinical responses of ponies to vaccination and challenge

Vaccination was followed by daily monitoring of the injection site (skin above the
brachiocephalicus/serratus cervicus muscles), and evaluation of clinical responses by a two
equine clinical veterinarians using the scoring index outlined in Table 1. Apart from rare,
transient swelling at the injection site (1 cm diameter, 1 mm raised, <24 hrs after injection),
there were no untoward effects of vaccination in both control and vaccine groups. One pony
sustained a cecocolic intussusception with peritonitis not attributed to vaccination
(confirmed by detailed pathologic evaluation) and was humanely euthanized prior to
challenge. Following challenge, vaccinated animals showed a trend of lower mean clinical
scores compared to the control animals (Fig. 5A), particularly using coughing and nasal
discharge as an index (Fig. 5B). Similar trends applied to rectal temperatures, as control
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animals appeared to show higher temperatures on day 2 post-challenge (Fig. 6). Control
animals suffered mild to moderate pyrexia (T = 38.9°C), with the mean rectal temperature
peaking at an average of 39.3°C on day 2 post-challenge. No pyrexia was observed in
vaccinated ponies.

3.4 Virus shedding

Viral shedding was assessed in frozen nasal swab samples by virus growth in embryonated
hens’ eggs, PCR, and EIDgq assays. The frequency of virus isolation was lower and the
duration in days of virus shedding was shorter in all vaccinated animals compared to the
controls. All four of the unvaccinated control ponies shed detectable virus for 5 consecutive
days. One horse in the needle/syringe vaccine group shed detectable virus for 2 days. Of the
seven ponies that were vaccinated by needle-free device, only one shed detectable virus, for
a group average of 0.3 days (Table 2).

3.5 Viral load reduction via RT- PCR and EIDsgg

Viral RNA from nasal swabs was quantified by RT-PCR for eight days post-challenge
(Table 2). All four control animals shed detectable virus for at least 5 days post-challenge,
whereas only four out of the eleven vaccinated animals shed virus between 1 to 4 days total
post-challenge. The mean control viral load peaked at day 3, with control animals shedding
an average of 3.07 x 10° copies of influenza virus RNA per 50ul of nasal secretion.
Vaccinated animals shed less virus as compared to the controls on day 3 (vaccinated range =
0 - 1.3 x 10% viral RNA copies) (Table 2). Viral shedding was also evaluated by EIDsy.
Several vaccinated animals were positive by PCR but negative by EIDsg. Only two of the
controls were positive by EIDsq with titers of 103 — 104 EID/ml on day 2 post-challenge
(Table 2).

3.6 Cytokine response post-challenge

Expression of specific cytokine mRNAs in peripheral blood samples was used to assess the
pro-inflammatory cytokine response post-challenge (Fig. 7). In controls, mean post-
challenge IL-6 mRNA expression peaked on day 2. Like IL-6, mean IL-1 expression also
increased in the controls from pre-challenge to day 2 post-challenge, but to a lesser degree
(less than five-fold). This increase was not observed in any of the vaccine groups between
days —1 and +2. No noticeable changes in TNFa or IFNy mRNA expression occurred post-
challenge most vaccinated and control ponies, although the monovalent NF group showed
increased values of IFN-y expression 1 and 2 days post-challenge.

4. Discussion

Current inactivated, whole-virus vaccines have been shown to protect horses from equine
influenza by reducing clinical signs and virus excretion (13, 14, 38, 40). However, outbreaks
of equine flu continue to occur despite vaccination, due to mismatching between vaccine
strains and circulating viruses (12, 13). Gene-based vaccines have been indicated as a
promising alternative with the potential to induce humoral and cellular responses, as well as
the benefit of more efficient cell-based production methods.

The results of our pilot studies of DNA vaccination against equine H3N8 influenza in horses
are consistent with our previous observations in the chicken and pig influenza challenge
models (20, 48). Our primary focus was to test the immunogenicity and protective efficacy
of equine influenza DNA vaccines and alternative vaccine delivery methods in an
established equine influenza infection model. The immunogenicity of these DNA vaccines
was first verified in mice, in which Ohio/03 and Bari/05 encoded antigens elicited
neutralizing antibodies and evidence of cross-reactive neutralizing activity. Based on these
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data and on previous studies using HA gene-based vaccines (35, 53), we hypothesized that
vaccinating ponies against El virus with a DNA vaccine encoding these antigens could elicit
a robust immune response and confer clinical protection from infection. Consistent with
previous studies (20, 48), this experiment demonstrates that DNA vaccination elicits strong
immune responses and provides clinical and virologic protection against homologous
challenge. This broadens the potential of DNA vaccine enhancement including multivalency
and an alternative needle-free delivery method. Due to logistical limitations and animal
availability, low sample numbers in this experiment do not allow for robust statistical
analysis. Therefore, while the findings in this study may not be statistically conclusive, the
observed hypothesis-generating trends can be used for the design of more robust follow-up
experiments.

Serological data in the current study were compared to previous studies of modified live
virus (8, 9, 34, 57), inactivated (10, 14, 21, 22, 32, 46), and pox-vectored (17, 36, 45, 54)
equine influenza vaccines. Review of these studies revealed that both our monovalent and
multivalent DNA vaccines are potentially comparable in terms of immunogenicity and
protection, although DNA vaccines showed a slightly delayed onset of immunity compared
to modified live and canarypox-vectored vaccines (26). Specifically, SRH responses were
similar to those elicited by licensed inactivated vaccines (Duvaxyn IE-T Plus and EQUIP F)
(10, 14). Based on other studies, an SRH titer of roughly 150mm? is expected to be adequate
for short-term protection against a homologous EI challenge (13). It is important to note that
SRH benchmarks for protection were developed using traditional vaccines, and may not be
relevant to DNA vaccines which may induce alternative specific antibody isotype profiles
(19, 23, 24).

Our vaccines induced SRH titers of close to 150mm? following the second immunization,
most notably in the needle-free groups and clinical protection was conferred by both the
monovalent and multivalent vaccines when challenged with a homologous virus. HI and
SRH data also suggest that the multivalent vaccine consisting of HA genes of Ohio/03,
Aboyne/05, and Bari/05 El viruses is capable of eliciting a broad antibody response. Based
on previous studies in mice, chickens, and swine (20, 48), these broad responses to different
strains have been associated with heterologous protection. Interestingly, the monovalent NF
group generated a higher titers of cross-reactive antibodies compared to the monovalent NS
group, and was also similar to the trivalent NF group. It is possible that needle-free delivery
enhances responses and that broad trivalent NF responses may be due to cross-reactivity
between antigens, common in SRH assays (30). Future studies should examine this and
assess whether the multivalent approach confers heterologous protection against multiple
equine influenza strains.

The monovalent and trivalent DNA vaccines tested here did not completely eliminate viral
shedding (as measured by PCR) following challenge, but as determined by the conventional
method of EIDsgg assay, no detectable live virus was shed from vaccinated animals. In
addition to enhancing the pre-challenge immune responses, it is possible that immune
modulators such as interleukin-23 (IL-23) or CCL5 (RANTES) may offer superior
protection by completely eliminating any viral shedding following challenge, and could be a
focus for future studies.

Since cytokines produced during antigen exposure are the primary regulators of the immune
responses, analyzing levels in the blood allows us to better understand the immune response
elicited by each of the different vaccines and delivery routes. In the control sera, mean levels
of expression of interleukin-1 (IL-1) and interleukin-6 (IL-6) peaked at day 2 (at which
mean febrile responses also peaked), while expression in vaccinates remained relatively
constant. These findings are consistent with previous studies (9, 61). The trend toward
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increased expression of IFNy and TNFa mRNA /n vivo in the monovalent needle-free
group was also consistent with previous studies, indicating a stimulation of the Th-1 cell-
mediated immune response (9, 46, 53), similar to that of natural infection (25). This was
further supported by the anamnestic /n vitro IFN+y response of equine influenza virus-
stimulated PBMC from the vaccinates.

Assessment of serum antibody titers and cytokine responses shows that DNA vaccination is
capable of eliciting both humoral and cellular immune responses. Future studies should
focus on developing pathways increase DNA vaccine feasibility, and overcome limitations
that include high cost of production. Towards this, a dosing-down study or the incorporation
of adjuvants will contribute to the goals of improving cost-efficacy and increasing potency.

It is encouraging that needle-free delivery of DNA elicited similar and comparable
immunogenicity and protection as conventional injection with needle and syringe, as
consistent with another previous equine study utilizing a gene gun (35). Needle-free delivery
can improve the administration of vaccines by increasing the speed of distribution and the
reduction of safety risks and logistical problems associated with the handling of needles
suited for farm animals (2, 18). Furthermore, previous studies show that needle-free delivery
of DNA vaccines may enhance vaccine efficacy partly by exposing the dermal layer to the
immunogens (48, 49), whereas intramuscular needle/syringe injections bypass the dermis
entirely. The advantages of needle-free delivery with this particular device have also been
demonstrated against HIN1 influenza in the swine model (20) and this method should
continue to be developed as a practical alternative to parenteral injection. In fact, needle-free
delivery enhances cost-efficacy since the device is re-usable, does not carry the risk of
handling sharps, and a growing competitive industry is making these devices more
affordable.

4.1 Conclusions

We have provided evidence that gene-based vaccination is a potentially effective method for
immunizing horses against H3N8 El infection. DNA may be a viable alternative to both
viral-vectored vaccines (54) and older vaccine technology due to its advantages in safety,
efficiency of production, and potential for broad-based protection. To the best of our
knowledge, this is the first multivalent gene-based equine influenza vaccine to be tested. Our
data also suggests that delivery via needle-free device may enhance immune responses
compared to traditional needle/syringe delivery, however does not impact the degree of
protection. Future studies will be scaled up and focused to determine the potential for DNA
vaccines to provide heterologous protection against multiple strains and subtypes, closely
analyze the effects of monovalency vs. multivalency, and to delineate more clearly any
enhancements offered by needle-free delivery in terms of immunogenicity and clinical
protection.
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Figure 1. Experimental schema

Nasal swabs
Clinical Scores

Ponies were immunized at weeks 0, 4 and 8 with blood draws in between vaccinations. All
animals were challenged at week 15 with Ohio/03 virus. Pre- and post-challenge rectal
temperatures, clinical scores, blood, and nasal swabs were collected for assays.

Vaccine. Author manuscript; available in PMC 2013 June 06.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ault et al.

Serum dilution
(50% complete inhibition)

1200 -

1000 -

800 -

600 -

400 -

200 -

Page 16

B equine/Ohio/03
M equine/Newmarket/2/93
O canine/KY/06

[T

M-I

oy AR

6|—| én- 0+B

Vaccination groups

1 1 1
control B +N O +B + N positive control

Figure 2. Microneutralization titers against H3N8 viruses from mouse studies

Serum endpoint dilutions calculated to completely neutralize 200 TCID50 units of Ohio/03
(striped bar), Newmarket/2/93 (solid bar) and canine/KY/06 (open bar) viruses in 50% of
wells are shown. The x-axis indicates the different vaccination groups. B = Bari/05, O =
Ohio/03, N = Newmarket/93. Horse convalescent serum challenged with Ohio/03 was used
as the positive control.
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Figure 3. HI antibody responses following vaccination and challenge

Mean HlI titers to Ohio/03 (a), Aboyne/05 (b), and Richmond/07 (c) antigen. For graphing
purposes, a titer of <10 was assumed to be 5 and is denoted as a value of log1g(5), which
also serves as the y origin. Error bars represent Standard Error of the Mean (SEM). Ponies
received three doses of vaccine (V1, V2 and V3) and were challenged with live equine
influenza virus (Ch). Monovalent = Ohio/03 HA, Trivalent = Ohio/03 HA + Aboyne/05 HA
+ Bari/05 HA, Control = empty CMV/R vector, NS = needle and syringe, NF = needle-free

device.
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Figure 4. SRH antibody responses following vaccination and challenge
Mean SRH antibody in vaccinated horses measured against (a) Ohio/03, (b) Aboyne/05, and
(c) Richmond/07. Error bars represent SEM. Ponies received three doses of vaccine (V1, V2
and V3) and were challenged with live equine influenza virus (Ch). Monovalent = Ohio/03
HA, Trivalent = Ohio/03 HA + Aboyne/05 HA + Bari/05 HA, Control = empty CMV/R
vector, NS = needle and syringe, NF = needle-free device.
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Figure 5. Mean clinical scores post-challenge

(a) Mean daily clinical scores for 8 days post-challenge. (b) Mean summed clinical scores
for days 1 through 8 broken down by clinical sign. Error bars represent SEM. See Table 1
for scoring index. (Resp = respiration, Dem = demeanor, N Dis = nasal discharge, Cough =
coughing) Ponies received three doses of vaccine (V1, V2 and V3) and were challenged
with live equine influenza virus (Ch). Monovalent = Ohio/03 HA, Trivalent = Ohio/03 HA +
Aboyne/05 HA + Bari/05 HA, Control = empty CMV/R vector, NS = needle and syringe,
NF = needle-free device. One pony in the monovalent NF group was euthanized at wk 10
due to unrelated cecocolic intusseption with secondary peritonitis. Necropsy investigation
revealed that this was not a vaccine-related event.
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Figure 6. Mean daily rectal temperature post-challenge

The mean rectal temperatures for the first three days following challenge. After day +3, all
temperatures returned to normal range. Error bars represent SEM. Ponies received three
doses of vaccine (V1, V2 and V3) and were challenged with live equine influenza virus
(Ch). Monovalent = Ohio/03 HA, Trivalent = Ohio/03 HA + Aboyne/05 HA + Bari/05 HA,
Control = empty CMV/R vector, NS = needle and syringe, NF = needle-free device.
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Figure7. Pro-inflammatory cytokine mRNA induction post-challenge

Interleukin 6 (IL-6) (a), interleukin 1 (IL-1) (b), tumor necrosis factor-alpha (TNFa) (c), and
interferon-gamma (IFN-y) (d) expression in whole blood collected in PAXgene tubes was
determined by quantitative RT-PCR. RQ is the ratio of each daily sample’s normalized
measurement to that of the Day -1 average (calibrator). Error bars represent SEM. Ponies
received three doses of vaccine (V1, V2 and V3) and were challenged with live equine
influenza virus (Ch). Monovalent = Ohio/03 HA, Trivalent = Ohio/03 HA + Aboyne/05 HA
+ Bari/05 HA, Control = empty CMV/R vector, NS = needle and syringe, NF = needle-free
device.
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Table 1
Clinical signs scoring index
Clinical Sign Degree Score
Coughing No coughing 0
Coughed once 1
Coughed twice or more 2
Nasal discharge  No discharge 0
Abnormal serous 1
Abnormal mucopurulent 2
Abnormal profuse 3
Respiration Normal <36/min 0
Abnormal (dyspnea/tachypnea) >36/min 1
Demeanor No depression 0
Depression present (lethargy, inappetence) 1
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