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Abstract
Venezuelan equine encephalitis virus replicon particles (VRP) without a transgene (null VRP)
have been used to adjuvant effective humoral [1], cellular [2], and mucosal [3] immune responses
in mice. To assess the adjuvant activity of null VRP in the context of a licensed inactivated
influenza virus vaccine, rhesus monkeys were immunized with Fluzone® alone or Fluzone®
mixed with null VRP and then challenged with a human seasonal influenza isolate, A/Memphis/
7/2001 (H1N1). Compared to Fluzone® alone, Fluzone®+null VRP immunized animals had
stronger influenza-specific CD4+ T cell responses (4.4 fold) with significantly higher levels of
virus-specific IFN-γ (7.6 fold) and IL-2 (5.3 fold) producing CD4+ T cells. Fluzone®+null VRP
immunized animals also had significantly higher plasma anti-influenza IgG (p<0.0001, 1.3 log)
and IgA (p<0.05, 1.2 log) levels. In fact, the mean plasma anti-influenza IgG titers after one
Fluzone®+null VRP immunization was 1.2 log greater (p<0.04) than after two immunizations
with Fluzone® alone. After virus challenge, only Fluzone®+null VRP immunized monkeys had a
significantly lower level of viral replication (p<0.001) relative to the unimmunized control
animals. Although little anti-influenza antibody was detected in the respiratory secretions after
immunization, strong anamnestic anti-influenza IgG and IgA responses were present in secretions
of the Fluzone®+null VRP immunized monkeys immediately after challenge. There were
significant inverse correlations between influenza RNA levels in tracheal lavages and plasma anti-
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influenza HI and IgG anti-influenza antibody titers prior to challenge. These results demonstrate
that null VRP dramatically improve both the immunogenicity and protection elicited by a licensed
inactivated influenza vaccine.
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1. Introduction
Seasonal influenza A virus infection is a highly contagious, acute respiratory tract disease of
humans that causes substantial morbidity and mortality, particularly among the young, old,
and immunocompromised [4]. Since the 1940s, inactivated or “split product” influenza
vaccines have been developed for the control of seasonal influenza. Despite the relative
success of these vaccines, the relentless antigenic drift of seasonal influenza A viruses
requires annual reformulation of the vaccines, a lengthy and costly process that is not always
successful and that can lead to critical shortages of vaccine [5]. The current inactivated
seasonal influenza A virus vaccines contain 7.5 μg of hemagglutinin (HA) purified from
each of 2 influenza A viruses (H1N1 and H3N2). If the amount of antigen per dose could be
reduced, and the immunogenicity maintained or improved through the use of adjuvants then
the limited supplies of vaccine could be extended to more individuals. Similarly, adjuvants
could also improve the efficacy of vaccines against pandemic influenza, extending limited
supplies and perhaps reducing vaccine cost.

The inactivated influenza vaccines protect 60%–90% of children and adults <65 years of age
and 50%–60% of older adults from laboratory-confirmed influenza illness [6]. While this
level of protection provides a significant public health and personal benefit, there is
considerable opportunity to improve the efficacy of the vaccines through both qualitative
and quantitative improvement in induced immune responses. Addition of an adjuvant to the
vaccine could provide these benefits [7]. A number of adjuvants have been tested in
preclinical studies of influenza vaccines and variable levels of improved immunogenicity
and effectiveness have been reported [8–12].

Because a safe and effective adjuvant could significantly improve influenza vaccination
through both dose sparing and increased immunogenicity, a new generation of adjuvants is
being developed. These adjuvants are designed to stimulate various aspects of the innate
immune response, because a strong innate response is thought to initiate a strong adaptive
immune response. Virus infection is a highly efficient means of activating innate immunity,
and vertebrate organisms have evolved over millions of years to detect and respond to virus
infection. Adaptive immune responses to acute virus infection are typically strong, include T
and B cell responses, and are long lasting. Therefore, we explored the use of a modified
replication deficient virus to induce innate responses and improve the immunogenicity and
efficacy of a commercial seasonal influenza A virus vaccine.

Alphaviruses are small RNA viruses that have been modified as vaccine expression vectors
[13]. The complete alphavirus positive sense RNA genome is approximately 11.5 kb in
length with the 5′ 2/3 of the genome comprising the replicase cassette. The three structural
proteins of the virus, the capsid and two glycoproteins, are encoded in the 3′ 1/3 of the
genome and are translated from a subgenomic mRNA transcribed from a subgenomic
promoter in infected cells. In the context of an expression or vaccine vector, the structural
proteins are replaced by a transgene, and the resulting replicon RNA is packaged into a
replicon particle by transcomplementation with the structural protein genes. After
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intradermal immunization Venezuelan equine encephalitis virus (VEE) replicon particles
(VRP) infect dendritic cells that travel to the draining lymph nodes of mice [14] and
macaques (West et al., unpublished results). VRP preparations expressing HIV (Chulay JD
et al., unpublished results), influenza [15] or human cytomegalovirus [16] immunogens have
been utilized safely in phase I vaccine trials in humans.

Immunity to human influenza viruses is often studied in mice and ferrets. Human influenza
viruses normally replicate efficiently in mice only after adaptation [17] but ferrets are highly
susceptible to infection with human influenza viruses and appear to better recapitulate
human innate immunity, disease severity and transmissibility than mice [18–20]. Guinea
pigs are also susceptible to human influenza infection and they have been used to study
human influenza A virus transmission [21]. Nonhuman primate models are less often used in
influenza research but they are commonly employed in AIDS research and are excellent
models of the human immune and respiratory systems due to their relatively close
phylogenetic relationship with people. Human seasonal influenza A viruses infect and
replicate in the respiratory tract of macaques causing either asymptomatic or mild clinical
infections [22,23]. However, the pandemic avian H5N1 [24] and 1918 H1N1 viruses [25]
cause acute respiratory distress syndrome in macaques that is very similar to humans.

We engineered modified VRP, designated null VRP, which do not express the viral
structural proteins or any heterologous transgene. As with VRP, these null VRP particles
infect cells and program intracellular RNA replication, but they are incapable of propagating
progeny virions. Immunization with a simple aqueous mixture of antigen and null VRP
demonstrated strong systemic adjuvant activity compared with antigen alone [1,26]. Null
VRP also have the unusual property of inducing mucosal responses in mice even when
delivery of the adjuvant and immunogen are by systemic routes of immunization [1,3]. The
goal of this study was to determine if null VRP could function as a systemic and mucosal
adjuvant in rhesus macaques and to determine whether null VRP could improve the
effectiveness of Fluzone® in the rhesus macaque model of human influenza A virus
infection.

2. Materials and Methods
2.1. Animals

All animals used in this study were adult rhesus macaques (Macaca mulatta) that were
housed at the California National Primate Research Center (Davis, CA) in accordance with
the regulations of the Association for Assessment and Accreditation of Laboratory Animal
Care International standards. The Institutional Animal Use and Care Committee of the
University of California, Davis, approved these experiments. Animals with pre-challenge
hemagglutinin inhibition (HI) titers to A/Memphis/7/2001 greater than 1/8 were excluded
from the study. The heart rate, temperature, body weight, and respiratory rate of the animals
were regularly monitored. For blood collection, animals were anesthetized with ketamine
hydrochloride (10 mg/kg body weight; Parke-Davis) or 0.7-mg/kg tiletamine HCl and
zolazepam (Telazol; Fort Dodge Animal Health) injected i.m. For virus inoculation and
respiratory secretion sample collection animals were additionally anesthetized with 15–30
μg/kg medetomadine HCl (Domitor; Orion Pharma) injected i.m and anesthesia was
reversed with 0.07–0.15 mg/kg atipamezole HCl (Antisedan; Pfizer Animal Health) injected
i.m.

2.2. Virus Stock and Strains
The human influenza A virus isolate, A/Memphis/7/2001 (H1N1), used for all animal
inoculations in this study has been previously described [22]. Briefly, this isolate was
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expanded on Madin-Darby Canine Kidney cells (MDCK [American Type Culture
Collection]) to produce the virus stock used for animal inoculations. The virus stock has a
titer of 106.5 50% tissue culture infectious dose (TCID50) on MDCK cells by the method of
Reed and Muench to estimate endpoints [27]. The 2006–2007 trivalent inactivated pediatric
influenza vaccine (Fluzone®, Sanofi-Pasteur Inc, Swiftwater PA) used in these studies was
generated using three reference strains: A/New Caledonia/20/99(H1N1)-like, A/Wisconsin/
67/05(H3N2)-like, and B/Malaysia/2506/2004-like. Using AlignX in Vector NTI Advance
11.0 (Invitrogen Life Technologies), we determined that the amino acid sequences of all 8
genome segments of the A/Memphis/7/01 challenge strain (NCBI Taxon ID 416736) have
greater than 98% homology to the A/New Caledonia/20/99 vaccine strain (NCBI Taxon ID
381512).

2.3. VEE Replicon Particles (VRP)
The VRP genomes (replicon RNA) used in these studies consisted of the 5′ untranslated
region of VEE, the non-structural protein cassette (nonstructural protein genes 1–4), the 26S
promoter, a multiple cloning site, the 3′ untranslated region, and a poly A tail. The null VRP
utilized in this study were prepared and packaged as previously described [2]. Briefly, in-
vitro-transcribed replicon RNA, along with two defective helper RNAs, which express the
viral structural genes in trans, were co-electroporated into BHK-21 cells. Only the replicon
RNAs were packaged into particles as the viral-specific packaging signal is absent from the
helper RNAs. The replicon used in this study lacks a functional transgene downstream of the
26S promoter creating a null VEE replicon particle with adjuvant properties. All replicon
particles were packaged in the wild-type VEE (V3000) envelope. Null VRP were
quantitated by diluting the stock and infecting BHK cells on titer slides. Following
incubation at 37°C to establish infection, the cells were stained with antibody to one of the
replicase proteins (NSP2), and fluorescent cells were counted by microscopy. Null VRP
were diluted in PBS to a concentration of 2.57×107 infectious units per 100 μl.

2.4. Animal immunization and inoculation
Eighteen animals were assigned to 3 experimental groups (groups A–C) taking into account
age and gender (Table 1). At weeks 0 and 4 group A was immunized with Fluzone® alone
and group B was immunized with Fluzone® mixed with null VRP. All intradermal
immunizations were in the upper arm and consisted of a total of 22.5ug HA of the 2006–
2007 inactivated pediatric influenza virus vaccine (Fluzone®, Sanofi-Pasteur Inc,
Swiftwater PA) added to either 0.25 ml PBS alone (group A) or 1×107 null VRP in 0.25 ml
PBS (group B). The final vaccine for both groups contained 22.55 μg of total HA in 0.5 ml.
Tracheal washes, nasopharyngeal washes, and blood samples were collected on weeks 0, 2,
4, 6, 8, and 12 post immunization (PI). Twelve weeks after the second immunization (day 0
post challenge [PC]) all animals were challenged with the A/Memphis/7/01 virus stock. The
inoculum consisted of 1 ml virus stock instilled into the trachea, 1 ml of virus stock dripped
intranasally, and a drop of virus stock onto each conjunctiva. Pulmonary and
nasopharyngeal secretions were collected on days −6, −4, 1, 2, 3, 7, and 14 days PC from all
animals. To collect secretions from the lower respiratory tract, an 8-french pediatric feeding
tube (Kendall) was inserted into the trachea with the aid of a laryngoscope, with the tip of
the tube placed just cranial to the carina. Twelve milliliters of sterile PBS were instilled into
the trachea and a MadaVac aspirator pump (Henry Schein) was used to aspirate the
maximum volume of sample. To collect upper respiratory secretions a 5-french pediatric
feeding tube was inserted into each nostril and 2 ml PBS was instilled and aspirated with a
syringe to recover the maximum volume of sample. The mucosal samples were stored on ice
prior to processing (below). Blood samples were collected on days −6, −4, 0, 1, 2, 3, 7, 14,
and 28 PC from each animal.
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2.5. Tracheal lavage sample processing
The tracheal lavage samples were processed as previously described [22]. Briefly, samples
were diluted with a solution (51 μl/ml sample) containing 0.3% BSA, 20x antibiotic-
antimycotic solution, and 1 mg/ml gentamicin sulfate. The treated samples were spun at
1,000 g for 10 min, and all but 1 ml of the supernatant was removed and stored at −80°C.
The frozen aliquots were subsequently used to determine infectious virus titer. The 1 ml
aliquot of fresh supernatant was immediately processed for RNA isolation to assess viral
RNA (vRNA) levels.

2.6. Influenza virus RNA PCR
To determine the amount of virion-associated RNA in respiratory secretions, fresh tracheal
lavages were processed and quantified by RT-PCR as previously described [22]. Briefly, 1
ml of fresh tracheal lavage was centrifuged at 1,000 × g for 10 min. The supernatant was
removed and lysed in TRIzol LS (Invitrogen Life Technologies). cDNA was prepared using
random hexamer primers (Amersham Biosciences) and SuperScript III reverse transcriptase
(Invitrogen Life Technologies). The Influenza A virus matrix gene in the samples was
quantified using a real-time RT-PCR assay on a Prism 7900 sequence detection system
(Applied Biosystems) and previously described influenza A virus matrix gene-specific PCR
primers [28]. The influenza A matrix copy numbers were determined by a modification of a
method previously described [29]. Briefly, the copy number of matrix gene was determined
by interpolation of the average measured threshold cycle number onto a standard curve
produced with a purified plasmid containing a fragment of the M1 gene cloned from the A/
Memphis/7/2001 stock. Quantification of the purified plasmid was based on A260
measurements.

2.7. Influenza Antibody ELISA
Titers of anti-influenza antibodies were determined by a modification of a method
previously described [22,30]. Briefly, all plasma, tracheal aspirate, and nasopharyngeal
secretion samples were initially tested for anti-A/New Caledonia/20/99 in a screening assay.
The screening dilutions for IgG and IgA in plasma were 1:800 and 1:80, respectively, and all
secretion screening dilutions were 1:4 for both IgG and IgA. Results of the screening assay
were calculated from optical density absorbance units (OD) using the following ratio:
change in OD (ΔOD)/cutoff, where ΔOD is defined as the difference between the mean OD
of a diluted sample tested in two influenza Ag-coated wells and the mean OD of the same
diluted sample tested in two uncoated wells. The cutoff value is the mean ΔOD of two pre-
treatment time points of a sample plus 3 SD values. If only one pre-treatment time point was
available, the cutoff value is the mean ΔOD of one pre-infection time point run in two
independent assays plus 3 SD values. If the ΔOD/cutoff ratio for a sample was >1.0 and the
ΔOD>0.10, the sample was considered to be positive and the titer of anti-influenza antibody
was determined. To determine anti-influenza A antibody titers in plasma or secretion
samples that were positive in the screening assay serial doubling dilutions of the samples
were loaded onto a 96-well plate (Nunc-Immuno Maxisorp plate II) with uncoated wells and
wells coated with detergent disrupted A/New Caledonia/20/99 influenza A (Biodesign
International). Antibody binding was detected with a peroxidase-conjugated goat anti-
monkey IgG (Fc) or IgA (Fc) (Accurate Chemicals). For each sample, the endpoint titer of
anti-influenza A antibody was defined as the last dilution giving a ΔOD value >0.10.

2.8. HI assay
Titers of anti-H1 antibodies were calculated using the revised World Health Organization HI
test of hemagglutinin inhibition as previously described [22,31]. The viral antigen used in
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the HI was the A/Memphis/7/2001 stock grown in 10-day-old embroynated chicken eggs
(Charles River).

2.9. Intracellular cytokine staining for assessing influenza-specific T cell responses
For intracellular staining to detect influenza-specific T cells in PBMCs, modifications of
previously reported methods were used [22,32,33]. Cryopreserved cells collected prior to
challenge were stimulated with pediatric Fluzone® at 5μg H1/ml.

Data were acquired using a FACSAria flow cytometer (BD Biosciences) and analyzed using
FlowJo software (Tree Star) and a Mac Pro computer (Apple). At least 100,000 events in the
forward/side scatter 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 lymphocytes. The only samples considered positive were those in which, after subtracting
the background (media only) control, there were at least five positive events for a single
functional marker, three positive events for two or more simultaneous functional markers,
and the sum of the different combinations of responses represented at least 10 events. In
addition, a sample was not considered positive for a particular combination of functions if
the frequency of responding T cells responding with that particular combination of functions
was lower than 0.02%. If T cell responses were greater than both the absolute count and
relative frequency cutoff, then SPICE v5.1024 and PESTLE v1.6.2 software programs (a
gift from M. Roederer, Vaccine Research Center, NIAID/NIH) were used to create pie
charts that represent the mean group response after immunization. Additionally, scatter plots
depict the number of influenza-specific T cells per ml blood in each animal, where non-
responding animals were assigned a number equal to 0.01% of total CD4+ or CD8+ T cells.

2.10. Statistical analysis
Statistics are reported as the mean and the standard error of the mean for each group using
Prism 5.0a software (GraphPad Software, San Diego, CA), and data are presented as the
probability and test used for analysis. Two groups were compared with a one-tailed unpaired
T test (T test) and 3 groups were compared with a one-way ANOVA with a Tukey-Kramer
post-hoc test (ANOVA-Tukey). Based on previous data [1], we predicted that Fluzone®
+null VRP-immunized animals would have higher antibody titers and lower viral titers
compared to the Fluzone®-immunized and non-immunized monkeys, respectively.

3. Results
3.1. Null VRP enhance CD4+ T cell but not CD8+ T cell responses after Fluzone®
immunization

On the day of vaccination, influenza-specific CD4+ or CD8+ T cell responses were below
cutoff in all animals (Fig. 1A and 1B). Two weeks post immunization (PI), Influenza-
specific CD4+ T cell responses were found in 50% of Fluzone®-immunized animals (3/6)
and 83% of Fluzone®+null VRP-immunized animals (5/6), (Fig. 1C). In addition to the
larger proportion of responders, the mean number of influenza-specific CD4+ T cell in
Fluzone®+null VRP-immunized animals was 5.2 fold higher than in the Fluzone® animals
(695 vs. 3637 influenza-specific CD4+ T cells/ml lymphocytes; p=0.024, T test). The
number of functions expressed by the influenza-specific CD4+ T cells in Fluzone®+null
VRP animals was higher compared to the Fluzone®-immunized animals (Fig. 1C). Further,
at week two PI, the Fluzone®+null VRP-immunized monkeys had significantly higher mean
numbers of IL-2 (9.6-fold, p<0.02; T test) and TNF (3.6-fold, p<0.05; T test) secreting
influenza-specific CD4+ cells when compared to Fluzone®-immunized monkeys. By six
weeks PI (2 weeks post boost), 100% of Fluzone®- and Fluzone®+null VRP-immunized
animals had influenza-specific CD4+ T cell responses. However, Fluzone®+null VRP-
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immunized animals had a significantly higher (4.4-fold) mean number of Fluzone®-specific
CD4+ T cells than the Fluzone® animals (1288 vs. 5691 CD4+ T cells/ml lymphocytes;
p=0.014, T test). The number of cell functions was also higher in the influenza-specific
CD4+ T cells from Fluzone®+null VRP animals compared to Fluzone®-immunized animals
(Fig. 1E). Further at week 6 PI the Fluzone®+null VRP-immunized monkeys had
significantly higher mean numbers of IFN-γ (7.6-fold, p<0.002; T Test), IL-2 (5.3-fold,
p<0.006; T Test), and TNF (6.8-fold, p<0.05; T test) secreting influenza-specific CD4+ cells
when compared to Fluzone®-immunized monkeys.

By 2 weeks PI, influenza-specific CD8+ T cell responses were detected in 67% of Fluzone®
and 83% of Fluzone®+null VRP-immunized monkeys (Fig. 1D). The mean strength of the
influenza-specific CD8+ T cell responses (824 vs. 2094 influenza-specific CD8+ T cells/ml
lymphocytes) and number of functions in the positive CD8+ T cells were similar in the two
groups (Fig. 1D). By 6 weeks PI (2 weeks post boost), only 67% of Fluzone®-immunized
animals and 50% Fluzone®+null VRP-immunized animals had detectable Fluzone®-
specific CD8+ T cell responses. There was relatively little change in the mean strength of the
response from week 2 to week 6-post immunization; however IFN-γ secreting T cells were
more prevalent at week 6 (Fig. 1F).

3.2. Null VRP enhance anti-influenza antibody responses after Fluzone® immunization
To determine the effect of the co-administration of null VRP on Fluzone®-induced antibody
levels, plasma and mucosal whole anti-influenza IgG and IgA titers, as well as,
hemagglutinin inhibiting (HI) antibody titers were determined from weeks 0 to 16 post-
immunization. The overall strength of the antibody response was assessed by converting the
longitudinal data from each animal into an area under the curve (AUC) value and mean
AUC values for each group were compared. In addition, the mean antibody levels at weeks 2
and 8 PI and the peak PI titers in the groups were compared.

Co-administration of null VRP with Fluzone® resulted in a 1.3 log increase in the mean
AUC values of plasma anti-influenza IgG antibodies when compared to Fluzone® alone
(p<0.0001; T test) (Fig. 2A). Further, the addition of null VRP to Fluzone® immunization
significantly increased the mean plasma anti-influenza IgG titers at week 2 (1.3 log, p<0.02;
T test), week 8 (1.4 log, p<0.0001; T test), and at the maximum PI titer (1.3 log, p<0.0001;
T test) when compared to animals immunized with Fluzone® alone. Of note, the mean
plasma anti-influenza IgG level at week 2 PI (1 immunization) in the Fluzone®+null VRP
animals was significantly higher (1.2 log, p=0.031; Two-tailed T test) than the mean IgG
levels at week 6 PI (2 immunizations) in the Fluzone® animals. Thus, the addition of null
VRP to Fluzone® increased the anti-influenza IgG antibody titer and decreased the time and
number of immunizations needed to achieve strong anti-influenza plasma IgG antibody
responses.

Fluzone®+null VRP-immunized animals also had a 1.2 log increase in mean plasma anti-
influenza IgA antibody AUC compared to the Fluzone® animals (p<0.05; T test) (Fig. 2B).
When individual time points were compared, null VRP+Fluzone® immunization
significantly increased the mean plasma IgA titers at week 2 (1.3 log, p=0.036; T test), week
8 (1.3 log, p=0.012), and the maximum PI titer (1.4 log, p=0.006) when compared to
animals immunized with Fluzone® alone. Similar to anti-influenza IgG antibody levels, the
mean plasma anti-influenza IgA levels at week 2 PI in the Fluzone®+null VRP animals was
significantly higher (1.5 log, p<0.02; Two-tailed T test) than the mean IgA levels at week 6
PI in the Fluzone® animals.

Co-administration of null VRP with Fluzone® immunization resulted in a 1.8 log increase in
mean plasma HI antibodies AUC (p<0.0001; T test) when compared to Fluzone® alone
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(Fig. 2C). Further, null VRP+Fluzone® immunization significantly increased the mean HI
antibody titer at week 2 (1.9 log, p=0.011; T test), week 8 (1.7 log, p<0.001; T test), and the
maximum PI titer (1.9 log, p<0.0001; T test) when compared to animals immunized with
Fluzone® alone. The current policy for licensing influenza vaccines requires the induction
of a serum HI titer of ≥40 (≥4 fold titer increase) to the vaccine virus in the majority of the
vaccines [34]. A 4-fold increase in HI titer was detected in 83% and 100% of Fluzone®
+null VRP immunized animals by week 2 and 6 PI, respectively. However, only 17% and
67% of Fluzone® immunized animals had a 4-fold increase in HI titers by weeks 2 and 6 PI,
respectively. Thus, after a single dose, addition of null VRP to Fluzone® dramatically
increases the number of animals with a “protective” HI response.

3.3. Anti-influenza IgA and IgG responses were detected at low levels in the mucosal
secretions of the respiratory tract

Fluzone®+null VRP immunization significantly increased the mean anti-influenza IgG titers
in upper respiratory (URT) secretions at week 8 (2.3 log; p<0.03; T test) and the maximum
PI titer (1.5 log; p<0.01; T Test) compared to animals immunized with Fluzone® alone (data
not shown). More importantly, tracheal anti-influenza IgG antibody titers at week 15 PI (1
week prior to virus challenge), Fluzone®+null VRP immunized animals were 7.6-fold
higher compared to the Fluzone® alone animals (p<0.001; T test) (Table 2). Further, anti-
influenza IgG titers in URT secretions at week 15 of Fluzone®+null VRP immunized
animals were 1.8-fold increase higher compared to Fluzone® alone (p<0.001; T test).
Although mucosal anti-influenza responses were moderate in all animals, addition of null
VRP to Fluzone® immunization increased the number of animals generating a mucosal anti-
influenza igG antibody responses.

3.4. Null VRP reduces viral replication after challenge of Fluzone® immunized monkeys
To determine effectiveness, monkeys immunized with Fluzone® or Fluzone®+null VRP
were challenged with A/Memphis/7/01 (H1N1) as previously described [22], and the level
of virus replication post-challenge (PC) was compared among the animal groups. Influenza
RNA was detectable in the tracheal lavage samples of all inoculated animals on days 1, 2, 3
and 7 PC (Fig. 3A). Fluzone®+null VRP-immunized monkeys had significantly lower mean
peak vRNA (p<0.05; ANOVA Tukey) and mean vRNA AUC (p<0.001; ANOVA Tukey) in
tracheal secretions than naive control animals (Fig. 3B, 3C, and Table I). In addition, the
mean peak vRNA (p<0.01; ANOVA Tukey) and mean vRNA AUC (p<0.001; ANOVA
Tukey) in tracheal secretions of Fluzone®+null VRP-immunized monkeys was significantly
lower than in Fluzone®-immunized monkeys (Fig. 3B). Although there was a trend toward
lower peak and AUC vRNA levels in the tracheal secretions of Fluzone®-immunized
animals compared to the naïve control monkeys, this difference was not significant. By day
7 PC, the level of vRNA in the tracheal secretions of the Fluzone®+null VRP-immunized
animals was significantly lower than the naïve control animals (p<0.001; ANOVA Tukey)
and Fluzone®-immunized animals (p<0.001; ANOVA Tukey). Thus, in the rhesus macaque
model, mixing the null VRP adjuvant with Fluzone® produced significant protection from
virus challenge.

3.5. Correlates of protection in Fluzone® immunized animals
To understand the nature of the immune responses responsible for protection after Fluzone®
immunization, Spearman’s correlation was used to compare PI antibody titers to peak vRNA
titers and vRNA AUCs. Week 6 HI, IgG, and IgA anti-influenza antibody titers inversely
correlated with peak vRNA titers and vRNA AUCs (all points tested at least p<0.02;
Spearman’s, data not shown). Week 6 IgG and IgA antibody titers in respiratory secretions
did not correlate with peak vRNA levels. Three days prior to challenge plasma HI, IgG, and
IgA anti-influenza antibody titers also inversely correlated with peak vRNA levels and
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vRNA AUCs (all points at least p<0.05; Spearman’s, data not shown). Further, IgG anti-
influenza antibody titers in tracheal secretions 3 days prior to challenge also inversely
correlated with vRNA AUCs (p<0.01; Spearman’s, data not shown).

3.6. Null VRP enhanced anamnestic antibody responses after influenza virus challenge
To determine the effect of null VRP on anamnestic anti-influenza antibody responses
following a homologous H1N1 challenge, systemic and mucosal anti-influenza IgG, IgA,
and, HI antibody levels were determined from days 1–28 PC. Fluzone® and Fluzone®+null
VRP immunized animals had a rapid rise in plasma IgG, IgA, and HI titers after virus
challenge consistent with an anamnestic immune response (Fig. 4). Further, compared to the
non-immunized group, mean plasma anti-influenza IgG titers were significantly higher in
both the Fluzone®+null VRP (1.4 fold, p<0.001; Tukey) and Fluzone® only (1.3 fold,
p<0.001; Tukey) immunized animals (Fig. 4A insert). Similarly, mean HI antibody were
significantly higher in both Fluzone®+null VRP (1.7 fold, p<0.001; Tukey) and Fluzone®
only (1.4 fold, p<0.01; Tukey) when compared to non-immunized animals (Fig. 4C insert).

There were rapid increases in anti-influenza IgG and IgA antibodies in the lower respiratory
tract (LRT) secretions of both the Fluzone®+null VRP and Fluzone® immunized monkeys
after challenge (Fig. 5A and 5B). Compared to the non-immunized animals, the mean AUC
of LRT IgG antibody levels was significantly higher in both the Fluzone®+null VRP (2.9
fold, p<0.001; Tukey) and Fluzone® alone (2.2 fold, p<0.001; Tukey) animals (Fig. 5A).
Similarly, the mean AUC of LRT IgA antibody was significantly higher in both Fluzone®
+null VRP (1.9 fold, p<0.001; Tukey) and Fluzone® only (1.7 fold, p<0.01; Tukey) when
compared to non-immunized animals (Fig. 5B insert). Although anti-influenza IgG and IgA
responses were difficult to detect in LRT secretions after vaccination, the rapid increase in
mucosal antibodies after virus challenge is evidence that local mucosal immune responses
were primed in the immunized animals.

Both Fluzone® and Fluzone®+null VRP immunized monkeys had detectable anti-influenza
IgG and IgA antibodies in the URT before day 7 PC (Fig. 5C and 5D). No responses were
detectable in control monkeys at this point. Further, the Fluzone®+null VRP immunized
monkeys, but not Fluzone® only animals, had significantly higher mean AUC IgG antibody
levels after virus challenge (2.1 fold, p<0.001; ANOVA Tukey) in URT secretions
compared to the non-immunized animals (Fig. 5C inset). Although the mean AUC levels
were not significantly higher, more Fluzone®+null VRP monkeys had anti-influenza IgA
responses after challenge than the unimmunized controls (Fig. 5D).

4. Discussion
Use of null VRP as an adjuvant strengthened and altered the immune response of rhesus
macaques to Fluzone®, a licensed inactivated influenza vaccine. Most importantly, mixing
null VRP with Fluzone® reduced viral replication after influenza virus challenge, while
Fluzone® alone had only a marginal effect. While both immunized groups generated strong
anamnestic anti-influenza antibody responses, the level of viral replication in the LRT of
immunized animals inversely correlated with the titer of anti-influenza antibodies prior to
challenge. In fact, inverse correlations with viral replication and anti-influenza IgG, IgA,
and HI antibody titers in plasma and LRT IgG levels were found, strongly suggesting that
these anti-influenza IgG and IgA antibody responses mediate protection in Fluzone®
immunized rhesus macaques. Further, the addition of null VRP to Fluzone® strengthened
the CD4+ T cell response in immunized animals and the influenza-specific CD4+ T cells
producing IL-2, TNF, and IFN-γ. Thus macaques accurately model human responses to
influenza immunization as serum antibody levels in people vaccinated with inactivated
influenza vaccines correlate with protection from disease [35].
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As influenza virus enters the body by a mucosal route, vaccines that induce mucosal
immunity could be especially effective [36]. Early mouse studies suggested that the mucosal
surfaces share a common set of mucosal lymphocytes, that home to the various mucosal
sites by detecting site-specific extravasation, migration, and retention signals. Mucosal
immune responses have been reliably generated in mice by delivering antigen to mucosal
surfaces (reviewed in [37,38]); however, a growing body of literature suggests that it is also
possible to generate mucosal immune responses after parenteral immunization [39–43].

Null VRP efficiently infect dendritic cells (DC) resulting in IFN-α production [14,44] and
enhanced mucosal immunity to systemically delivered antigens in mice [1,2,45]. IFN-α is a
powerful polyclonal B-cell activator that induces a strong primary humoral immune
response characterized by Ig isotype switching [46,47]. Thus, footpad immunization of mice
with null VRP as an adjuvant produced strong mucosal secretory IgA responses and strong
systemic IgG responses [1,3]. In contrast, while co-administration of null VRP with
Fluzone® produced much stronger plasma anti-influenza antibody responses in rhesus
macaques, mucosal antibody responses to immunization were only marginally improved
with the addition of null VRP. Despite the relatively weak mucosal IgG and IgA responses
in macaques, it is clear that anamnestic mucosal antibody responses were primed by null
VRP immunization. These results highlight the differences in the mucosal immune system
of mice compared to primates.

Targeting DCs during immunization may enhance the DC primed CD4+ T cell
differentiation into at least four different early effector lineages (T helper type 1 [TH1], TH2,
TH17, and inducible regulatory [iTreg] cells) (reviewed in [48,49]). However, the presence of
cognate B cells at the time of DC CD4+ T cell priming results in CD4+ differentiation into
follicular helper T cells (TFH), TFH produce cytokines, particularly IL-21, that are important
stimulators of B cell proliferation and the formation of germinal centers, memory B, and
long-lived plasma cells (reviewed in [48,49]). Thus, the increased influenza-specific CD4+ T
cell responses in conjunction with the increased anti-influenza antibody responses, suggests
the addition of null VRP to the Fluzone® immunization increased both CD4+ effector and
TFH activity.

This report shows that mixing null VRP with Fluzone® results in stronger CD4+ T cell
responses, higher serum IgG and IgA anti-influenza antibody levels, and enhanced control
of influenza A virus replication in the lower respiratory tract after challenge. The level of
protection correlated with the level of plasma anti-influenza antibodies that were induced in
the immunized animals. This demonstration in a primate model that null VRPs enhance the
immunogenicity and effectiveness of Fluzone® vaccination suggests that this adjuvant could
be used to significantly improve the efficacy, extend the supply, and/or reduce the cost of
inactivated influenza vaccines. Should null VRP demonstrate in humans the advantageous
characteristics that it has demonstrated in experimental animals, then considerable future
work will be required on to develop production processes to scale up manufacture of null
VRPs.
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Figure 1. Influenza-specific CD4+ and CD8+ T cell responses after immunization
Day of immunization (A and B), 2 weeks PI (C and D), and 6 weeks PI (two weeks post-
boost; E and F). Both CD4+ T cell responses (A, C, E) and CD8+ T cell responses (B, D, F)
are shown. The scatter plots indicate the number of influenza-specific T cells/ml of blood in
each animal and the number below each circle indicates the mean number of influenza-
specific T cells/ml blood in each group. Only results from responding animals are included
in the pie charts, which indicate the functional capacity of the influenza-specific T cells. The
shaded portions of the pie indicate the percentage of influenza-specific T cells that
responded to viral antigens with one ( ), two ( ), three ( ), or four (■) functions and the
colored arcs around the pie show the function or combination of functions of in the
responding T cells. Arranged in increasing arc radius: CD107 ( ), IL-2, interleukin 2 ( ),
IFN-γ, interferon γ ( ), TNF, tumor necrosis factor ( ). Fluzone®-immunized animals ●;
Fluzone®+null VRP-immunized animals ■.
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Figure 2. Plasma anti-influenza antibody responses to Fluzone® immunization
(A and B) Mean plasma influenza specific IgG antibody and IgA antibody ELISA titers. (C)
Average plasma hemagglutinin inhibition antibody titers against anti-A/Memphis/7/2001.
Arrows indicate timing of immunizations. ●, Fluzone®-immunized (n=6); ■, Fluzone®+null
VRP-immunized (n=6).
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Figure 3. Virus replication in the lower respiratory tract after influenza A virus challenge
(A) Mean vRNA copy number in tracheal lavages (Log10 copies/ml). (B) Mean tracheal
lavage peak vRNA (C) vRNA levels from days 1–7 PI as AUC. Indicated P values
generated using ANOVA with Tukey-Kramer post hoc test. ● Immunized with Fluzone®
(n=6); ■ Immunized with Fluzone® and null VRP (n=6); ▲ naïve controls (n=6).
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Figure 4. Anti-influenza IgG and IgA antibody responses in plasma after influenza A virus (A/
Memphis/7/2001) challenge
(A and B) Mean plasma anti-influenza IgG and IgA antibody titers. (C) Mean plasma HI
antibody titers against A/Memphis/7/2001. (A, B, and C insets) Comparison of the mean
anti-influenza antibody AUC in plasma, P values generated using ANOVA with a Tukey-
Kramer post hoc test; (*) p<0.05, (**) p<0.01, (***) p<0.001. ● Fluzone®-immunized
(n=6); ■ Fluzone®+null VRP-immunized (n=6) ▲ naïve controls (n=6)
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Figure 5. Anti-influenza IgG and IgA antibody responses in the respiratory tract after influenza
virus A (A/Memphis/7/2001) challenge
(A and B) Mean anti-influenza IgG and IgA antibody titers in tracheal secretions. (C and D)
Mean anti-influenza IgG and IgA antibody titers in nasal secretions. (A, B, and C insets)
Comparison of the mean anti-influenza Ig antibody AUCs in secretions, P values generated
using ANOVA with a Tukey-Kramer post hoc test; (*) p<0.05, (**) p<0.01, (***) p<0.001.
● Fluzone®-immunized (n=6); ■ Fluzone®+null VRP-immunized (n=6) ▲ naïve controls
(n=6)
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