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Summary
Safe and effective adjuvants for influenza vaccines that could increase both the levels of neutralizing
antibody, including against drifted viral subtypes, and T-cell immunity would be a major advance in
vaccine design. The JVRS-100 adjuvant, consisting of DOTIM/cholesterol cationic liposome-DNA
complexes, is particularly promising for vaccines that require induction of high levels of antibody
and T-cell immunity, including CD8+ cytotoxic T lymphocytes (CTL). Inclusion of protein antigens
with JVRS-100 results in the induction of enhanced humoral and cell-mediated (i.e., CD4+, and
CD8+ T cells) immune responses. The JVRS-100 adjuvant combined with a split trivalent influenza
vaccine (Fluzone® - sanofi pasteur) elicited increased antibody and T-cell responses in mice and
non-human primates compared to vaccination with Fluzone® alone. Mice vaccinated with
JVRS-100-Fluzone® and challenged with antigenically drifted strains of H1N1 (PR/8/34) and
influenza B (B/Lee/40) viruses had higher grade protection, as measured by attenuation of weight
loss and increased survival, compared to recipients of unadjuvanted vaccine. The results indicate that
the JVRS-100 adjuvant substantially increases immunogenicity and protection from drifted-strain
challenge using an existing influenza vaccine.
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1. Introduction
Antibodies to hemagglutinin (HA) and neuraminidase (NA) were shown more than three
decades ago to protect from influenza A infection and disease [1,2] and remain the correlate
of protection afforded by inactivated human influenza vaccines [3]. Inactivated influenza
vaccine and cold-adapted (live) influenza vaccine (CAIV) are currently licensed as seasonal
epidemic influenza vaccines. Both are trivalent and include H3N2, H1N1, and type B-derived
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antigens or attenuated viral strains of these subtypes. Trivalent inactivated vaccines (TIV)
licensed in the United States are split or subunit vaccines, in which HA and NA have been
partially purified from other viral components, and none contain an adjuvant. Both TIV and
CAIV vaccines are reformulated annually in an attempt to match the vaccine with those strains
that will circulate in the subsequent annual epidemic. However, influenza viral variants
periodically emerge by antigenic drift or, less commonly, antigenic shift that are distinct from
the vaccine strains [4]. This mismatch may result in limited protection since the currently
approved vaccine does not induce antibody-mediated cross-neutralization with consequential
dramatic increases in influenza-related morbidity and mortality.

The presence of serum anti-HA IgG is a strong correlate of protection from homosubtypic
challenge in people vaccinated with TIV [4]. The precise correlates of protection for CAIV are
still poorly understood, but in challenge studies, serum hemagglutinin inhibition (HAI)
antibody or nasal wash IgA antibody induced by CAIV correlated with significant protection
from infection [5,6,7]. Murine and ferret studies also support a critical role for HA-specific
IgG in protection from challenge [8]. T-cell mediated immunity, particularly by CD8+ T cells
with cytotoxic activity, is important in the control of viral infection in mice lacking neutralizing
antibody [9,10], and these observations are in agreement with human studies indicating that
influenza A-specific CD8+ T-cell responses are associated with effective clearance of
experimental infection [11]. In addition, both CD4+ and CD8+ T-cell responses may play a
role in providing some protection against potential pandemic strains such as highly-pathogenic
avian influenza (H5N1) [12].

The ability of an influenza vaccine to reliably provide protective immunity to antigenically
drifted strains of the same viral subtype as well as heterosubtypic immunity (e.g., immunity to
an H3N2 subtype vaccine providing protection against an H5N1 subtype) would be highly
desirable. Heterosubtypic immunity could be especially important in a pandemic scenario
involving a novel subtype, e.g., avian H5N1 infection, in which virtually all of the population
would lack neutralizing antibody. In mice, recent influenza A infection can induce substantial
heterosubtypic immunity mediated by CD4+ and CD8+ T cells in the absence of antibody
[13]. Alternatively, vaccine-induced antibody can provide heterosubtypic immunity to an
otherwise lethal H5N1 challenge in the absence of CD8+ CTL [14]. In humans, some
epidemiologic evidence suggests that natural infection by H1N1 can induce significant
heterosubtypic immune resistance to H3N2 infection, most likely based on T-cell responses to
relatively conserved internal viral proteins [15]. However, clinically relevant and durable
heterosubtypic immunity is not routinely induced by natural infection in humans, as observed
by the regular emergence of new influenza A subtype viruses in the human population. The
relative weakness of heterosubtypic immunity is also supported by the observation that
previous immunity from natural infection had little effect on replication of a different subtype
of CAIV in humans [16].

A variety of novel vaccine approaches have been pursued in animal models of influenza A
(mainly mice or ferrets) to improve or broaden immune protection [17,18,19,20]. These
vaccines including a universal vaccine directed at conserved external epitopes of the M2 protein
[21], DNA vaccines (single or polyepitope) either alone [22,23] or as part of a prime/boost
strategy [24], molecularly attenuated strains deficient in the NS1 protein to overcome
antagonism of type I interferon (IFN) responses [25], and the use of novel adjuvants, such as
immunostimulating complexes (ISCOMS) [26], E. coli heat labile toxin [27], oil and water
type adjuvants such as MF59 [28] and Montanide [29], and CpG oligodeoxynucleotides (ODN)
(including those directly conjugated to antigen) [30]. However, the addition of CpG ODN (CpG
7909) as an adjuvant to TIV in human vaccines modestly increased the T-cell immune response
(IFN-γ secretion) compared to standard (unadjuvanted) TIV [31]. Furthermore, CpG ODN
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addition did not enhance the humoral response at either a standard or suboptimal dose of TIV
[31].

JVRS-100 is a cationic liposome-DNA complex (CLDC) composed of cationic DOTIM/
cholesterol liposomes and plasmid DNA. The addition of peptide or protein antigens to
DOTIM/cholesterol has been shown to produce a potent adjuvant effect following vaccination,
with induction of enhanced CD4+ and CD8+ T-cell and antibody responses [32]. The nature
of these responses suggests that viral vaccines, specifically influenza vaccines, could be greatly
improved by administration with a CLDC adjuvant. CLDC-based vaccines have previously
been shown to produce a greater CD8+ T-cell specific response than Freund’s complete
adjuvant, peptide-pulsed dendritic cells, vaccinia viral vector, and DNA vaccination [32].
Additionally CLDC-based vaccines demonstrated a greater CD4+ T cell-specific response than
natural lymphocytic choriomeningitis virus (LCMV) infection and greater protection in a
model of aerosol challenge with Mycobacterium tuberculosis (Erdman strain) [32].

JVRS-100 exhibits marked immunostimulatory properties, particularly for the induction of T-
dependent antibody, characteristic of T helper 1 (Th1) responses (IFN-γ predominant cytokine
secretion pattern) and CD8+ CTL responses (unpublished observations). Given these features,
we predicted that a JVRS-100-adjuvanted influenza vaccine would produce a considerably
increased level of humoral and T-cell immunity versus unadjuvanted vaccines. The expected
robust T-cell and neutralizing antibody response would be advantageous in situations where
the seroconversion rate was low (elderly or immunocompromised) and in the case of an
influenza pandemic (e.g., H5N1), where fully or partially HA- and NA-matched vaccines may
not be available due to incorrect viral strain choices, production issues, or vaccine shortages.
We, therefore, tested JVRS-100 as an adjuvant for TIV in both mice and non-human primates,
characterized immune responses compared to unadjuvanted vaccine, determined the potential
dose-sparing effects of JVRS-100, and evaluated the adjuvant’s ability to protect against
challenge with heterologous influenza viruses.

2. Methods
2.1. Preparation of JVRS-100 adjuvant-antigen mixture

JVRS-100 was prepared by mixing a 1:1 ratio of DOTIM/cholesterol liposomes with 0.03%
w/v plasmid DNA (pMB75.6) in the presence of lactose followed by lyophilization and storage
at 2–8°C. The plasmid lacks a cDNA coding sequence and, thus, was used as an
immunostimulant rather than as a means for gene expression. JVRS-100 was reconstituted
prior to use by the addition of sterile water for injection. Various concentrations of JVRS-100
were prepared in 5% dextrose in water (D5W) to which Fluzone® vaccine was added and
diluted appropriately to administer the indicated dosage. Influenza vaccine (Fluzone®)
manufactured by sanofi pasteur (Swiftwater, PA) was purchased from a commercial distributor.
The vaccine was used in these studies was the 2006–2007 formulation and contained H1N1
(A/New Caledonia/20/99), H3N2 (A/Wisconsin/67/2005), and B (B/Malaysia/2506/2004)

2.2. Mouse immunization schedule
Groups of 10 CD1 (outbred) mice were immunized via the subcutaneous (SC) route of
administration (scruff of neck) with JVRS-100 (20μg) adjuvanted or unadjuvanted Fluzone®

(5μg) at days 0 and 14. Mice were sacrificed at day 0, 7, 14, 21, or 28 to assess humoral and
cellular immunity as described below, or were challenged at 28 days and followed for survival
and weight loss to assess the response to challenge with drifted influenza viral strains.
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2.3. Anti-Fluzone® antibody titer ELISA
Fluzone® at 0.5 μg/ml was plated at 4°C overnight on Maxisorp plates (NUNC, Rochester,
NY). Plates were washed three times with PBS containing 0.05% Tween-20 and blocked with
PBS with 1% BSA for a minimum of 1 hour. Plates were washed and 100 μl of serum dilutions
from vaccinated mice were incubated for 2 hours at room temperature. Plates were washed and
incubated with a 1:6000 dilution of the appropriate isotype specific antibody conjugated to
horseradish peroxidase (Southern Biotech, Birmingham, AL). Plates were visualized with the
addition of 100 μl of TMB substrate (Pierce, Rockford, IL) and incubation for 20–30 minutes.
Fifty microliters of stop solution (1.0 M H2SO4) was then added and the absorbance was
measured at 450 nm and 570 nm. The reading at 570 nm was subtracted from the reading at
450 nm to correct for plate abnormalities and bubbles in the analyte solution. The resulting
data for each sample were plotted to obtain a curve of the reciprocal dilution versus the A450–
A570 measurement. The antibody titer was determined as the midpoint of the dilution curve as
defined by EC50 calculations using Prism statistical software (Graphpad Software, San Diego,
CA). The mean of the EC50 for each cohort was determined to be the final antibody titer. Serum
pooled from several mice that had been immunized twice with JVRS-100/Fluzone® and
characterized by the described assay served as a positive control and internal standard in all
assays.

2.4. Hemagglutination determination
Chicken red blood cells (cRBC) in Alsever’s Solution (Colorado Serum Company, Denver,
CO) were washed three times with PBS and resuspended to a 10% stock solution. Serial 1:2
dilutions of individual viruses in PBS were added to an equal volume of 0.5% cRBC solution.
Following 1 hour incubation at room temperature, the plates were read for hemagglutination.
HA titer was determined to be the reciprocal of the highest dilution exhibiting partial or
complete hemagglutination.

2.5. Hemagglutination inhibition antibody (HAI) assay
Sera from mice or plasma from non-human primates were pre-treated by incubation overnight
at 37°C with 3 parts RDEII enzyme (Denka Seiken, Tokyo, Japan) to eliminate non-specific
hemagglutination. After inactivation at 56°C for 30–60 minutes, serial 1:2 dilutions in PBS
were mixed with 4.0 HA units per 25 μl of individual viruses and incubated at room temperature
for 15 minutes, followed by the addition of an equal volume of 0.5% cRBC. Samples were
performed in duplicate and a no antigen control was included to rule out non-specific activity.
Plates were read at 1 hour. The HAI titer was determined to be the reciprocal dilution of the
last well that showed complete inhibition of hemagglutination.

2.6. Splenic T-cell restimulation assays
Splenocytes isolated from vaccinated and control mice were restimulated with Fluzone®, or a
representative H1N1 (PR/8/34), H3N2 (HKx31), or influenza B (B/Lee/40) inactivated virus.
Supernatants were collected after 48 hours of stimulation and assayed by ELISA for mouse
IFN-γ (R & D Systems). Controls included spleen cells cultured 48 hours without the addition
of specific antigens and unvaccinated splenocytes incubated with Fluzone® or inactivated
influenza virus.

2.7. Influenza lethal challenge of mice
Cohorts of BALB/c mice (n=5) were injected SC (scruff of neck) with Fluzone® alone (5μg),
JVRS-100 alone (20μg), JVRS-100/Fluzone® (20μg/5μg), or diluent at day 0 and 14. At day
28, mice were lightly anesthetized with isoflorane and challenged via intranasal administration
of 50μl containing 2 × MLD50 of PR/8/34 (H1N1), HKx31 (H3N1) or B/Lee/40 viral strains,
respectively. Prior to determination of MLD50, viruses were successively passaged in mice via
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lung infection to increase virulence prior to growth of a large seed stock in eggs. The respective
MLD50 of a challenge virus was determined by infection of unvaccinated mice with increasing
amounts of virus. Successive qualification runs with mice receiving viral challenge around the
MLD50 demonstrated a minimal threshold challenge dose for lethality, beyond which resulted
in total mortality of the challenged groups. The mice were monitored for weight loss and
mortality for 14–20 days following infection.

2.8. Non-human primate adjuvant dose-ranging study
Groups of rhesus macaques (Macaca mulatta, n=4) were vaccinated intramuscularly (IM) on
week 0 and 2 with graded doses (0, 2.5, 7.5, and 22.5 μg) of JVRS-100 adjuvant mixed with
a fixed pediatric dose (22.5 μg) of Fluzone®. The 0 and 2-week immunization schedule used
in the mouse and non-human primate studies is a relatively short cycle compared to what is
current clinical practice. The intent of closely spacing the vaccinations was to model a
vaccination schedule that may be necessary in case of an ongoing pandemic, where immunity
to unmatched strains may need to reach a minimal protective level in a relatively short period
of time. It could be that the adjuvant impact may have been more pronounced if a longer interval
had been used to ensure plateau and decline in the primary response, prior to boosting. Plasma
was collected at weeks 0, 1, 2, 3, 4, 6, and 9 for HAI analysis and peripheral blood mononuclear
cells (PBMCs) were collected at weeks 0, 2, 4, and 9 for assessment of intracellular cytokine
staining following antigen restimulation as described below.

2.9. Non-human primate microneutralization
Microneutralization antibody titers were performed by cell-culture and ELISA-based assay
previously described [39]. Briefly, plasma from non-human primates was heat-inactivated at
56°C for 30 minutes. Two-fold serial dilutions of plasma were incubated with 100 TCID50/50
μl of individual influenza viruses for 1 hour at 37°C. 1.5 × 106 Madin-Darby Canine Kidney
(MDCK) cells (kindly provided by K. Hancock, Centers for Disease Control and Prevention)
were added to serum/virus mixtures and incubated overnight at 37°C. After fixing with 80%
acetone, the presence of influenza nucleoprotein was detected by ELISA using influenza A or
B-specific anti-nucleoprotein antibody (Millipore, Bellerica, MA). Neutralizing end-point
titers were defined as the reciprocal of the last dilution that fell below the calculated 50%
specific-signal value.

2.10. Intracellular cytokine staining of influenza-specific rhesus macaque T cells
For intracellular staining to detect influenza specific T cells in rhesus macaque PBMCs, a
modification of a previously reported protocol was used [34]. Briefly, PBMCs were prepared
by Ficoll-Hypaque density gradient centrifugation and cryopreserved in 10% DMSO-
containing medium for later assay. Cryopreserved samples were thawed and rested overnight
at 37°C, in 5% CO2 atmosphere, in complete RPMI-1640 media containing 10% FCS. The
next day, cells were adjusted to a concentration of 5 × 106/ml, and incubated with anti-CD28
and anti-CD49d antibodies (1.0 μg/ml final concentration; BD-Biosciences, San Jose, CA) as
co-stimulatory molecules in a total volume of 200 μl complete RPMI-1640/10% FCS. In all
experiments, the following samples were prepared: pediatric (preservative-free) Fluzone® 1.0
μg/ml, background controls containing co-stimulatory molecules alone, and a positive control
stimulated with staphylococcal enterotoxin B (SEB; 0.2 μg/ml, Sigma, Inc., St Louis, MO).
Cells were incubated for 16 hours at 37°C, brefeldin A (Sigma) and monensin (GolgiStop®;
BD Biosciences) were added for the last 10 hours. Following incubation, cells were washed
and surface stained with anti-CD3-Pacific Blue®, anti-CD4-PerCP-Cy5.5, and anti-CD8-APC-
Cy7. A marker to exclude dead cells (7-AAD; Molecular Probes, Eugene, OR) was added, then
samples were fixed (1% paraformaldehyde), permeabilized (0.5% saponin) and stained
intracellularly with IFN-γ-APC (clone B27), TNF-α-PE-Cy7 (clone Mab11), IL-2-PE (clone
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MQ1-17H12) for 20 minutes at room temperature. All monoclonal antibodies were from
Pharmingen/Becton-Dickinson, unless otherwise specified. After washing with permeabilizing
buffer, cells were fixed in PBS containing 1% paraformaldehyde. Data was acquired using a
FACSAria flow cytometer (Becton Dickinson) and analyzed using FlowJo software (Treestar,
Inc., Ashland, OR). At least 100,000 events in the FSC/SSC lymphocyte gate were acquired.
The background level of cytokine staining varied from sample to sample, but was typically
<0.05% of the unstimulated CD8+ T cells. All data are reported after subtraction of the medium
control cultures. For each chart, the percentage of cells (and proportion) responding is indicated
below a chart. Mean frequency (± SEM) of each response is shown as a number in the middle
of a chart; only animals with a positive response are included. Each portion of a chart indicates
the percentage of Fluzone®-specific T cells that responded with one, two, three, or four
functions; and the arcs around the charts show the function or combination of functions to
which the specific response corresponds (see color legend).

3. Results
3.1. Increased antibody response in mice to JVRS-100/Fluzone® vaccine compared with
Fluzone® alone

The presence of influenza specific serum IgG is a strong correlate of protection from
homosubtypic challenge in people vaccinated with TIV [4]. To test the increase in the
Fluzone®-specific IgG response following vaccination with JVRS-100/Fluzone®, cohorts of
mice were administered Fluzone® with and without JVRS-100 at day 0 and 14 and the
Fluzone®-specific IgG antibody titer was determined by ELISA at 28 days. As shown in Figure
1A, mice vaccinated with Fluzone® adjuvanted with JVRS-100 showed a consistently 10-fold
higher level of Fluzone®-specific IgG compared to animals immunized with Fluzone® alone
(P<0.005, unpaired two-tailed t test)).

Certain antibody isotypes, such as IgG2a, may provide greater protection in vivo against
influenza by their superior ability to bind Fc receptors [35] or to activate complement [36]
compared to other isotypes, such as IgG1. To examine whether the anti-Fluzone® antibody
isotype response was biased toward IgG2a compared to IgG1, Fluzone®-specific antibody
responses were analyzed for these antibody isotypes by ELISA. There were slightly increased
levels of IgG1 and an approximately 50-fold greater increase in IgG2a antibody (P<0.05, two-
tailed unpaired t test; Figure 1B–1C) using the JVRS-100-Fluzone® vaccine. These results
demonstrated a selectively enhanced IgG2a immune response to the JVRS-100 adjuvanted
Fluzone® when compared with Fluzone® alone, corresponding to an IgG2a/IgG1 ratio of
approximately 1.0 for JVRS-100 adjuvanted Fluzone® compared to 0.125 for Fluzone® alone.

The established standard surrogate measurement of efficacy for vaccination against influenza
is demonstrated increases in hemagglutination inhibition (HAI) antibody titer. To test antibody-
mediated homosubtypic reactivity, sera from vaccinated mice (previous study) were tested in
the HAI assay using the individual Fluzone® vaccine components [i.e., H1N1 (A/New
Caledonia/20/99), H3N2 (A/Wisconsin/67/2005), and B (B/Malaysia/2506/2004). The HAI
titer was increased in the JVRS-100/Fluzone® group as early as day 14 (i.e., H3N2) and showed
an increase at Day 21 and 28 for all three of the viral types contained in the Fluzone® vaccine
(Figure 2). The JVRS-100/Fluzone® vaccine showed a similar HAI response following a single
vaccination (i.e., day 14 serum testing) compared to the Fluzone® alone group after two
vaccinations (i.e., day 21 and 28 serum testing).

3.2 Antigen-dependent splenocyte response
In cases of insufficient neutralizing antibody or a mismatch of the influenza vaccine strain
versus the circulating strain, protection would likely depend on the T-cell response [9,10]. To
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measure the level of antigen-specific CD4+ and CD8+ homosubtypic- and antigenically-drifted
T-cell responses, splenocytes from immunized mice were collected and restimulated in vitro
with antigen. To evaluate the homosubtypic T-cell response, splenocytes were restimulated
with the intact Fluzone® preparation. For evaluation of the antigenically-drifted T-cell
response, splenocytes were restimulated with individual viruses representative of each vaccine
subtype; PR/8/34 (H1N1), HKx31 (H3N2), or B/Lee/40 inactivated virus isolates.
Restimulation with Fluzone® vaccine or whole inactivated virus may include responses not
relevant to protection such as reaction to egg-based proteins or other viral contaminants;
therefore, the Fluzone® vaccine and whole virus were purified to minimize the presence of
non-influenza proteins. JVRS-100-Fluzone® vaccination resulted in an approximately 10-fold
increase in antigen-specific splenocyte response when compared with Fluzone® alone as
measured by IFN-γ production (P<0.05, Figure 3) following Fluzone® (i.e., homosubtypic)
restimulation. Furthermore, the level of antigenically-drifted splenocyte response following
restimulation with representative mismatched H1N1 (PR/8/34) and H3N2 (HKx31) viral
isolates was also increased in the JVRS-100-Fluzone® vaccinated groups compared to
Fluzone® alone (P<0.005, Figure 3).

3.3 Efficacy of JVRS-100 adjuvanted Fluzone® against mismatched lethal influenza virus
challenge

The robust antibody and T-cell response to JVRS-100-Fluzone suggests that this adjuvant may
induce cross-protection to drifted influenza strains. To test the effectiveness of vaccination
against drifted strains, mice were vaccinated twice (day 0 and 14) with 5.0 μg Fluzone® with
or without JVRS-100 (20 μg) and subsequently challenged intranasally at day 28 with
2xLD50 of PR/8/34 (H1N1), 2xLD50 of an adapted HKx31 (H3N2) or 2xLD50 of B/Lee/40
(influenza B) viruses. Mice were monitored daily post-challenge for body weight and survival
(Figure 4).

Immunized mice lethally challenged with drifted influenza strains showed considerable benefit
from the JVRS-100 adjuvanted vaccine. Mice vaccinated with JVRS-100-Fluzone® and
challenged with 2xLD50 of PR/8/34 (H1N1) or HKx31 (H3N2) had minimal weight loss (~10–
15%) and 100% survival compared to >30% weight loss and 0% survival for mice vaccinated
with unadjuvanted Fluzone®. Mice vaccinated with JVRS-100-Fluzone® and challenged with
2xLD50 of B/Lee/40 showed a similar weight loss profile compared to unadjuvanted
Fluzone® until day 6, after which the infection was lethal for the control and unadjuvanted
groups. In contrast, the JVRS-100-adjuvanted group recovered with 80% survival [p<0.05,
log-rank (Mantel-Cox) test].

3.4 Non-human primate antibody response
To determine the effectiveness of the JVRS-100 adjuvant in non-human primates, rhesus
macaques were vaccinated on days 0 and 14 with the Fluzone® vaccine (22.5 μg) adjuvanted
with varying doses (2.5 μg, 7.5 μg, or 22.5 μg) of JVRS-100.

The administration of JVRS-100/Fluzone® vaccine resulted in an enhancement of geometric
mean HAI antibody titers (Fluzone® antigen) compared to animals receiving Fluzone® vaccine
alone (Figure 5A, B, and C). In these Fluzone® naïve monkeys, the JVRS-100 adjuvant
appeared most effective following the booster immunization and continued for at least two
months duration thereafter, whereas the HAI titers in the Fluzone® only group had a more
pronounced decline in HAI response. Furthermore, after a single-dose priming immunization,
there was an increase in HAI titer in the 7.5 μg and 22.5 μg JVRS-100/Fluzone® dose groups,
but not in the Fluzone® only group on day 14.
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Antibody responses were also measured by microneutralization (MN) tests using the individual
viruses included in the Fluzone® vaccine (Figure 5D, E, and F). Two-way ANOVA analysis
of the dose response demonstrated statistical significance between the dose of JVRS-100 and
the enhanced MN response tested at 0, 2, 4, 6 and 9 weeks for H1N1 – A/New Caledonia/20/99
(P<0.0005), H3N2 – A/Wisconsin/67/2005 (P<0.05), and influenza B –B/Malaysia/2506/2004
(P<0.005) viral isolates. These results indicated that the JVRS-100-Fluzone® virus
neutralization responses were directed against all three viral serotypes contained in the vaccine.

The treated and control monkeys were monitored for clinical and hematological parameters
including white and red blood cell counts, hemoglobin, hematocrit, red cell indices (MCV,
MCH, MCHC), platelet counts, and plasma total protein levels. There were no clinical signs
of illness and no significant toxicologically meaningful excursions in these parameters, outside
the normal limits, during the course of immunization. Furthermore, there were no injection site
reactions following the immunization schedule (data not shown).

3.5 Non-human primate CD4+ and CD8+ T-cell responses
Cryopreserved PBMC obtained from immunized macaques were thawed, restimulated in
vitro with Fluzone® vaccine, and evaluated by intracellular cytokine-staining (IFN-γ, IL-2,
and TNF-α) and surface staining for the presence of activated CD4+ and CD8+ T cells. The
results from the high-dose immunization group [JVRS-100 (22.5 μg) + Fluzone® (22.5 μg)],
indicated that the JVRS-100-adjuvanted Fluzone® vaccine, when compared to Fluzone®
vaccine alone, resulted in higher levels of antigen-specific CD4+ and CD8+ T cell responses
(Figure 6), which increased up to 9 weeks post-vaccination. The charts (Figure 7) summarize
the mean T cell responses and the extent to which the CD4+ and CD8+ T cell responses were
polyfunctional within the immunized monkeys. The results revealed that the JVRS-100-
adjuvanted Fluzone® vaccine, when compared to Fluzone® vaccine alone, resulted in enhanced
responses that exhibited multi-functional T cell characteristics.

The responding animals and percentages are indicated below each pie chart. The mean
frequency of each group (± s.e.m.) is shown in the center of the pie. Only positive responses
were considered in the mean and s.e.m. calculations. Sections of the pie chart indicate the
proportion of T-cells which responded with one, two, or three cytokines (represented by gray,
blue, or maroon colors, respectively) in response to restimulation with Fluzone®. The arcs
around the pie charts indicate the cytokine(s) elicited by restimulation. Points at which the arcs
overlap are representative of cell populations which are secreting two or three cytokines.

The differences noted between adjuvanted and unadjuvanted vaccine in this pilot study (n=4/
group) were statistically significant for CD4+/TNF-α+ cells at 4 weeks and 9 weeks (P<0.05),
CD8+/IFN-γ+ cells at 9 weeks (P<0.01), and CD4+/IL-2+/TNF-α+ cells at 4 weeks (P=0.002)
and 9 weeks (P=0.01). All p values were calculated using a two-tailed student’s t-test.

4. Discussion
In this study, we have demonstrated that a cationic liposome-DNA complex-based adjuvant,
JVRS-100, enhanced the quantity and the quality of the adaptive immune response to a
commercially available split influenza vaccine in both mice and non-human primates. In
addition to inducing protective HAI titers and neutralizing antibody against homotypic virus,
JVRS-100 enhanced both the CD4+ and CD8+ T-cell response to the split influenza vaccine.

The antibody response induced by JVRS-100-Fluzone® vaccine is of particular interest both
in the magnitude of the HAI titer as well as the antibody isotype profile. An HAI titer of ≤1:40
is considered to represent a protective titer against homotypic virus in humans [37]. The
addition of the JVRS-100 adjuvant induced a 2.4–17.7 fold higher titer than this minimal
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protective level in non-human primates and 2.7–10.5 fold higher than Fluzone® alone. This
enhanced immune activity may allow for the induction of protective antibody titers using a
fraction of vaccine antigen, which would be important in a setting of limited antigen, e.g.
contamination of a production facility or in the event of a pandemic. The humoral response
was biased toward antibody isotypes that have a higher affinity for Fc-receptors (IgG2a) [38].
These antibody isotypes may enhance effector functions such as complement activation or
antibody-dependent cell-mediated cytotoxicity (ADCC) in vivo as compared with other
isotypes [37]. The enhanced antibody responses may account for the ability of JVRS-100-
Fluzone® immunization to provide protection from a lethal heterosubtypic viral challenge,
although we cannot exclude a role for Fluzone®-specific T-cell immunity in this protection.
The bias toward an IgG2a response also suggests a Th1 orientation of the immune response;
expected based on prior experience with CLDC [39], and associated with a cytotoxic T cell
response.

One observation in the mouse and non-human primate antibody responses to vaccination is the
variable immunogenicity and efficacy data for the different strains of TIV. The
immunodominant antigenic structure of the response of H3 > H1 > B has been noted in previous
preclinical studies with unadjuvanted and adjuvanted TIV [40]. We have extended these
observations by showing that this immunodominant structure is reflected in weight loss from
drifted influenza challenge in mice, although eventual survival was 100%. In clinical studies,
the cold-adapted influenza vaccine (Flumist) shows exactly the same phenomenon even after
multiple doses, eliminating interference as the cause [41]. In addition, the recombinant HA
(FluBlok) shows H3 responses dominant over H1 [42].

JVRS-100 induced T-cell-mediated immunity to influenza split vaccine, with an increase in
both CD4+ and CD8+ Fluzone®-specific T cells. The importance of the CD4+ T-cell response
to influenza has been demonstrated in the murine model; adoptive transfer of primed CD4+

effector T cells conferred protection against lethal influenza challenge in naïve recipients
[43]. In addition, influenza-specific CD4+ T cells play an important role in enhancing B-cell
mediated anti-influenza effects [44].

The role of CD8+ T cells in influenza virus clearance has been well-established. Mice deficient
in CD8+ T cells have delayed clearance of influenza virus after infection [45]. Adoptive transfer
of influenza-specific CD8+ T cells can confer protection in B-cell-deficient mice [46]. Here,
we found that the JVRS-100 adjuvanted influenza vaccine enhanced both the CD4+ and
CD8+ T-cell response in non-human primates.

In addition to an increase in the magnitude of the influenza-specific CD4+ and CD8+ T cells,
we found that non-human primates given JVRS-100 adjuvanted influenza vaccine also had an
increase in the number of multi-functional T cells. Recently, it has been shown in responses
to both Leishmania and the tuberculosis vaccine Bacillus Calmette-Guerin (BCG), that Th1
CD4+ cells producing multiple cytokines including IFN-γ, TNF-α, and IL-2, have greater
effector function and may be a better correlate of protection after vaccination [47]. CD8+ T
cells may also be further delineated into different effector populations by their ability to secrete
multiple cytokines, which has been associated with high level anti-influenza responses. [9].
Overall, this multi-functional T cell response measurement may be an important way to assess
the quality of the T cell-mediated response after vaccination [48]. The presence of large
numbers of multi-functional CD4+ and CD8+ T cells suggests that the JVRS-100 adjuvant
induces a CD4+ and CD8+ T-cell response with optimal effector function and, thus, may be
more effective at clearing influenza virus after infection than unadjuvanted vaccine.
Interestingly, the non-human primate T cell responses appeared to increase up to 9 weeks
following JVRS-100-Fluzone® vaccination. This result may suggest a role of the adjuvant in
expanding these multi-functional T cell populations.
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There has been considerable interest in developing a vaccine that induces heterosubtypic
protection against drifted or pandemic (shifted) strains of influenza. Heterosubtypic protection
has been shown to be mediated by cross-reactive antibodies [14] as well as by CD8+ T cells
[49]. Thus, an influenza vaccine that induces a robust antibody and cell-mediated response
would likely induce the greatest amount of heterosubtypic protection.

There are certain limitations when comparing this work with previous studies examining
adjuvanted TIV. These parameters include the use of different seasonal vaccines, vaccination
regimen, strains of mice, and the use of lethal or non-lethal murine challenge. Furthermore,
there are several novel aspects of these studies including drifted murine challenge of vaccinated
mice and the examination of multi-functional T-cells in vaccinated non-human primates that
have not previously been reported. However, previous investigators have shown the increased
immunogenicity of CLDC adjuvanted vaccines compared with several immunoadjuvants
combined with model and disease antigens [32].

In the present study employing a murine heterosubtypic lethal challenge model, the addition
of JVRS-100 to split influenza vaccine conferred drifted-protection as demonstrated by
statistically significant differences in survival when compared with Fluzone® alone. It is
unclear whether this protection is mediated by CD4+ or CD8+ T cells or by cross-reactive
antibodies. Since split influenza vaccines lack significant amounts of influenza internal
proteins, which are the usual targets for CD8+ T-cell immunity to influenza [9], antibody-
mediated heterosubtypic protection may play a larger role. Alternatively, CD8+ T cells that
recognize influenza peptides outside of the usual immunodominant hierarchies, may be
mediating this protection. Further studies employing adoptive transfer (serum or cells) or using
mice that lack CD8+ T cells or B cells may help to delineate the relative contributions to cross-
protection in this system.

In summary, we describe the immunogenicity and protection afforded by a trivalent split
influenza vaccine adjuvanted with a cationic liposome-DNA-complex adjuvant, JVRS-100. In
both mice and non-human primates, JVRS-100 induced a robust quantitative and qualitative
antibody response as well as an increase in CD4+ and CD8+ T-cell responses. In addition, a
statistically significant difference in protection was seen in JVRS-100-Fluzone® vaccinated
mice after lethal challenge with drifted influenza strains compared with Fluzone® alone.
Finally, non-human primate studies revealed that JVRS-100-Fluzone® vaccination resulted in
a strikingly increased number of influenza-specific CD4+ and CD8+ T cells with a poly-
functional phenotype (i.e., multiple cytokines expressed per cell). Taken together, these data
suggest that JVRS-100 may be a safe and appropriate adjuvant for improving the effectiveness
of a currently available seasonal influenza vaccine.
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Fig. 1.
Vaccine-specific antibody isotype titers following vaccination with Fluzone®/JVRS-100
versus Fluzone®, alone. Groups of CD1 mice (n=10) were vaccinated subcutaneously with 5.0
μg of Fluzone® alone or combined with 20.0 μg of JVRS-100 at day 0 and 14. At day 28, serum
was collected and the Fluzone®-specific antibody isotype profile was determined. The total
Fluzone®-specific IgG(A) response was enhanced using JVRS-100 by approximately 10-fold
(**P<0.005), Fluzone®-specific IgG1(B) was enhanced by approximately 5-fold (*P<0.05),
and Fluzone®-specific IgG2a(C)was enhanced by approximately 50-fold (*P<0.05) compared
to that obtained with Fluzone® vaccination alone. P values were calculated using an unpaired,
two-tailed Student’s t-test.
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Fig. 2.
Kinetics of the antibody response to vaccination with Fluzone® plus JVRS-100 adjuvant.
Groups (n=5) of CD1 mice immunized twice by the subcutaneous route at day 0 and 14. Serum
was collected on days 7, 14, 21, and 28 and tested for influenza strain-specific HAI titer. Panel
A – H1N1 (A/New Caledonia/20/99)-specific titers (*p<0.05); Panel B – H3N2 (A/Wisconsin/
67/2005)-specific titers (*p<0.05); Panel C – B/Malaysia/2506/2004. P values were calculated
using an unpaired, two-tailed Student’s t-test.
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Fig. 3.
IFN-γ production by T cells following vaccination with Fluzone® plus JVRS-100 versus
Fluzone® alone. Groups of CD1 mice (n=10) were vaccinated subcutaneously with 5.0 μg of
Fluzone® combined with 20.0 ug of JVRS-100 at day 0 and 14. At day 28, splenocytes were
prepared and incubated with Fluzone® or a representative heat-inactivated H1N1 (PR/8/34)
virus, H3N2 (HKx31) virus, or influenza B (B/Lee/40) virus. Forty-eight hours after
stimulation, the supernatant was collected and analyzed for IFN-γ. The IFN-γ content was
significantly higher following Fluzone® plus JVRS-100 vaccination compared to Fluzone
alone after stimulation of splenocytes in vitro with Fluzone (P<0.05); HKx31 (P<0.005); and
PR/8/34 (P<0.005). The response was also higher, but not statistically significant when
splenocytes were restimulated with B/Lee/40. P values were calculated using an unpaired, two-
tailed Student’s t-test.
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Fig. 4.
Fluzone® plus JVRS-100 immunization provides considerable cross-protection directed
against influenza viral heterosubtypes. BALB/cJ mice (n=10 per group) were vaccinated with
Fluzone® on Day 0 and 14 and challenged intranasally on day 28 with 2xLD50 of H1N1 (PR/
8/34), H3N2 (HKx31), or influenza B (B/Lee/40) viruses. The groups were monitored for
survival (panels A-C) and weight loss (panels D-F). Mice vaccinated with JVRS-100-
Fluzone® compared to those receiving Fluzone® alone showed a significant enhancement in
survival following viral challenge with (A) influenza A H1N1 (PR/8/34) ***P<0.0005; (B)
influenza A H3N2 (HKx31) ***P<0.0005; or (C) influenza B (B/Lee/40) *P<0.05. P values
were calculated using a log-rank (Mantel-Cox) test. Similarly, mice vaccinated with
JVRS-100-Fluzone® compared to those receiving Fluzone® alone showed less weight loss
following viral challenge with (D) influenza A H1N1 (PR/8/34) and (E) influenza A H3N2
(HKx31). There was not an improvement in weight loss following challenge with influenza B
(B/Lee/40) (F), although the surviving mice (80%) recovered.
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Fig. 5.
Rhesus macaques were vaccinated intramuscularly with 22.5 μg of Fluzone® and increasing
amounts of JVRS-100 (2.5, 7.5 22.5 μg) at Day 0 and 14. Viral strain-specific HAI antibody
and microneutralization titers were determined, and demonstrated significantly higher antibody
titers after vaccination with Fluzone® plus JVRS-100 compared to Fluzone® alone. (A)
influenza A H1N1 (A/New Caledonia/20/99)-specific HAI-titers ***P<0.0005. (B) influenza
A H3N2 (A/Wisconsin/67/2005)-specific HAI-titers *P<0.05. (C) influenza B (B/Malaysia/
2506/2004)-specific HAI titers *P<0.05). (D) influenza A H1N1-specific microneutralization
titers ***P<0.0005. (E) influenza A H3N2-specific microneutalization titer *P<0.05. (F)
influenza B-specific microneutalization titers **P<0.005). P values were calculated using a
two-way ANOVA test.
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Fig. 6.
Fluzone®-specific cytokine production by rhesus monkey T cells is increased after 22.5μg
(high dose) JVRS-100-adjuvanted Fluzone® vaccination compared to Fluzone® alone. PBMCs
were restimulated in vitro and intracellularly stained for IL-2, IFN-γ and TNF-α producing
CD4+ and CD8+ T cells. The T cell populations were evaluated by flow cytometric analysis.
*P<0.05; **P<0.01.
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Fig. 7.
Fluzone®-specific multifunctional cytokine production by rhesus monkey T cells is increased
after 22.5μg (high dose) JVRS-100-adjuvanted Fluzone® vaccination compared to Fluzone®

alone. The response to Fluzone® stimulation is shown. The pie charts summarize the mean T
cell responses of all immunized animals and the extent to which the CD4+ and CD8+ T cell
responses were polyfunctional. For each pie chart the percentage (and proportion) of
responding animals is indicated below the chart. The mean frequency (± s.e.m.) of each
response is shown as a white number in the middle of the pie chart; only animals with a positive
response are included. Each portion of a pie chart indicates the percentage of Fluzone®-specific
T cells that responded with one, two, or three functions; and the arcs around the pie show the
function or combination of functions to which the specific response corresponds (see color
legend). Where arcs overlap this indicates that cells were secreting two or three cytokines in
response to stimulation with Fluzone®. All differences are below statistical significance in this
pilot study (n=4/group) with the exception of CD4+/IL-2+/TNF-α+ cells at 4 weeks (P=0.002)
and 9 weeks (P=0.01).
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