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Abstract
Vaccines currently licensed for the prevention of seasonal influenza induce antibodies against the
influenza hemagglutinin (HA) and neuraminidase (NA) contained in the vaccine preparation but
require at least two weeks after immunization for the development of protective immunity. These
vaccines do not induce protective responses quickly enough to blunt the effects of infection when
administered after exposure. We have developed a novel vaccine based on recombinant vesicular
stomatitis virus which expresses the influenza hemagglutinin (rVSV HA) and protects mice from
lethal influenza challenge when the vaccine is administered intramuscularly at least 24 hours after
delivery of the influenza challenge virus. To our knowledge this is the first vaccine that effectively
protects animals from lethal influenza challenge when delivered by a systemic route after influenza
exposure has occurred. The induction of HA-specific immune responses by the vaccine is necessary
for full protection from challenge, because animals immunized with an empty rVSV vector were not
protected equally. Our results are consistent with a model in which vaccination induces an immediate
antiviral cytokine response, followed by development of humoral and cellular immune responses
which act to reduce pulmonary viral loads and accelerate recovery. Consistent with this model, mice
vaccinated with the specific vaccine rVSV HA had high levels of IFN-α in the serum by 24 hours
after challenge/vaccination, developed serum neutralizing Ab to influenza two days prior to control
animals, and had detectable anti-HA CD8 T cells present in the peripheral blood three days prior to
control mice.
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1. INTRODUCTION
Vaccines against infectious microorganisms are usually administered prophylactically, and
protective immunity is generated in the vaccinated individual before the vaccinee encounters
the pathogen against which the vaccine protects. In emergent circumstances however,
prophylactic vaccination is often impractical or ineffective. Vaccines against smallpox [1],
rabies [2], and hepatitis B [3] can generate protective immunity in humans even when the
vaccines are administered after exposure to these viruses has occurred. The mechanism(s) of
post-exposure protection have not been defined for these vaccines, but innate and adaptive
immune responses are probably induced by the vaccine before the infecting virus can establish
fulminant infection or cause significant pathology. There are currently two licensed vaccines
for the prevention of seasonal influenza in humans, both of which are administered
prophylactically. The conventional inactivated vaccine is administered by injection and is a
trivalent cocktail of circulating influenza strains (2 influenza A strains and 1 influenza B strain)
which are formalin-inactivated and “lipid-split” to enrich for the viral hemagglutinin (HA) and
neuraminidase (NA). The alternate vaccine is a live cold-adapted virus preparation
(FluMist™) which is administered intranasally [4]. FluMist also contains two influenza A and
one influenza B strains. The influenza strains included in the vaccines are selected based upon
the recommendation of the World Health Organization, which samples emerging and
circulating influenza viruses to determine those most likely to cause disease in humans in a
given year. Both vaccine preparations induce anti-influenza neutralizing antibodies in
vaccinees, and protection is assumed to depend upon the action of those antibodies. Both types
of influenza vaccine are administered prior to the circulation of influenza virus in a community,
allowing time for protective immunity to develop before individuals are likely to encounter
influenza virus naturally. The timing of seasonal influenza epidemics is generally predictable,
and existing vaccines protect well as long as the identity of the predominant circulating strains
is predicted correctly. However, a significant limitation of existing influenza vaccines is that
they require a minimum of two weeks to establish protective immunity in the vaccinee [5],
making them unsuitable for use as a post-exposure therapeutic. In addition, existing vaccines
do not protect at all against highly pathogenic avian influenzas (influenza A/H5N1, HPAI).
Human infection with recently emerged HPAI has a mortality of up to 81% [6,7]. Current avian
influenza strains are not efficiently transmitted from human to human but the high mutation
rate of the virus, the increasing incidence of human infection, and the isolated reports of human
to human transmission [8–10] suggest that the virus will eventually acquire that ability. Because
it is not possible to predict precisely when HPAI will acquire the ability to transmit between
humans, or what the pandemic strain might be, the development of an influenza vaccine that
could generate protective immunity in the shortest time possible after immunization would be
highly desirable. In May of this year, a novel H1N1 virus (H1N1 swine flu) with the potential
for pandemic spread [11,12] emerged in the human population. The vaccine that has been
developed against the novel H1N1 induces antibody titers predictive of protection by 2–3
weeks after immunization [13,14], but because the vaccine strain did not grow well in eggs,
thereby limiting vaccine production efficiency, it is likely that a large portion of the population
will not be vaccinated during the height of the natural flu season. We have developed a novel
rVSV-based vaccine that addresses some of the weaknesses of existing influenza vaccines.
Recombinant vesicular stomatitis virus (VSV)-based vaccines rapidly induce cellular and
humoral responses when administered systemically or mucosally, and are protective against a
wide range of infectious challenges when administered prophylactically [15–20]. In addition,
a recent series of reports demonstrated that an rVSV expressing the Ebola virus (EBOV)
glycoprotein could protect macaques from lethal EBOV challenge when administered within
20 minutes after EBOV challenge and when the challenge and vaccine viruses were delivered
by the same route [21–24]. The mechanism by which the VSV-based EBOV vaccine protects
has not been determined, and the inherent challenges in working with EBOV in non-human
primates make mechanistic experiments difficult to complete. Because the vaccine and
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challenge viruses were delivered by the same route, it is possible that the VSV-EBOV vaccine
virus competed directly for host cell binding, and/or that the vaccine induced innate and
adaptive responses which blunted the effects of EBOV infection. We undertook the present
study to determine whether a recombinant vesicular stomatitis virus expressing the
hemagglutinin (rVSV HA) of influenza A/PR/8/34 (PR8) could protect animals from influenza
challenge when administered after exposure to influenza had occurred. We report here that
100% of Balb/C mice immunized intramuscularly with rVSV HA within 24 hours of high dose
influenza challenge were protected from mortality. Mice immunized with an empty rVSV
vector were partially but not equally protected, suggesting that innate immune responses to
rVSV contributed to protection but that full protection and recovery from challenge required
development of antigen specific responses. Protection was likely dependent upon the combined
action of innate, cellular, and humoral factors, as mice vaccinated with rVSV HA had high
levels of IFN-α in the serum and lung within 24 hours after challenge, and had detectable anti-
influenza antibody and CD8 T cell responses prior to those detected in control animals. These
results demonstrate that therapeutic immunization with an rVSV based vaccine can rescue
animals from death and significant morbidity after high dose influenza challenge, and may
represent an alternative to the use of current influenza vaccines in emergency situations where
conventional immunization is not practical or effective. Because our model makes use of a
well characterized virus and uses inbred mice as the host organism, further mechanistic studies
to determine the precise mechanism(s) of action of this effective post-exposure vaccine will
be feasible.

2. MATERIALS AND METHODS
2.1. Construction of plasmids and recovery of recombinant viruses

To obtain plasmids that could be used to recover rVSV expressing influenza genes from the
first or fifth position in the VSV genome, influenza gene sequences (influenza strain A/PR/
8/34) were PCR-amplified from plasmids generously provided by Dr. Peter Palese (Mt. Sinai
School of Medicine). The forward primer introduced a Sal I site upstream of the coding
sequence and the reverse primer introduced an Nhe I site. PCR products were digested with
Xho I and Nhe I, purified, and ligated into the pVSVXN2 vector that had been digested with
the same enzymes (VSV cloning vectors provided by Dr. John Rose, Yale University).
pVSVXN2 allows insertion of the foreign gene in the fifth position of the VSV genome.
Plasmids were recovered after transformation of E. coli and purified using a Maxi kit
(QIAGEN) and the insert sequences verified (Duke Sequencing Facility). Recombinant virus
was recovered from the pVSVXN2 HA plasmid as described previously [25]. Briefly, BHK-21
cells were grown to 50% confluency and infected at a multiplicity of infection (MOI) of 10
with vTF7-3, vaccinia virus expressing T7 RNA polymerase. One hour after infection, cells
were transfected with 10 μg of the plasmid encoding the full length VSV genome plus foreign
gene of interest along with 3 μg of pBluescript-N (pBS-N), 5 μg of pBS-P, 1 μg of pBS-L, and
4 μg of pBS-G (VSV Indiana serotype). While pBS-G is not required for recovery of
recombinants, it was included to enhance efficiency. After 48 hours, cell supernatants were
passaged onto BHK-21 cells through a 0.2μM filter, and medium containing virus was collected
about 24 h after cytopathic effect was seen. Virus grown from individual plaques was used to
prepare stocks that were grown on BHK-21 cells and stored at −80°C.

2.2. Metabolic labeling and SDS-PAGE of cells infected with recombinants
BHK cells (106) were infected at an MOI of 20 with VSV recombinant or control virus. After
5 hrs, medium was removed and cells were washed twice with methionine-free Dulbecco’s
modified Eagle’s medium (DMEM). Methionine-free DMEM (1 ml) containing 100 μCi of
[35S]-methionine was added to each plate for two additional hours. Medium was removed,
cells were washed with phosphate-buffered saline (PBS), lysed with 500 μl of detergent
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solution (1%Nonidet P-40, 0.4% deoxycholate, 50 mM Tris-HCl [pH 8], 62.5 mM EDTA) on
ice for 5 min, and collected into 1.5-ml Eppendorf tubes. The protein extracts were centrifuged
for 2 min at 16,000 × g to remove the nuclei and stored at −20°C. Protein extracts were
fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; 15%
acrylamide), and proteins were visualized by autoradiography.

2.3. Inoculation of mice
Eight to ten-week-old female Balb/C mice were obtained from Charles River Laboratories and
housed for at least 1 week before experiments were initiated. Mice were housed in microisolator
cages in a biosafety level 2-equipped animal facility. Viral stocks were diluted to appropriate
titers in serum-free DMEM. For intramuscular vaccination (i.m.), mice were injected with the
indicated amount of virus(es) in 50μl total volume. For intranasal (i.n.) challenge with
influenza, mice were lightly anesthetized with isoflurane using a vaporizer and administered
the indicated amount of virus in 40μl total volume. The Institutional Animal Care and Use
Committee of Duke University approved all animal experiments. After influenza challenge
mice were monitored daily for weight loss and change in body temperature (Physitemp rodent
thermometer, Physitemp Inc., Clifton, NJ).

Depletion of CD8 T cells—Mice depleted of CD8 T cells were intraperitoneally injected
with 1mg/mouse of a monoclonal antibody (Clone YTS 169AG 101HL) reactive against
CD8α. Mice received injections on day −3, day −1, and day +6 after challenge. Depletion of
CD8 T cells was confirmed (in the blood and peripheral blood) by flow cytometry on Day 0
and Day 14 of the study.

2.4. Tetramer assay
To obtain peripheral blood lymphocytes blood was collected into serum free medium (DMEM)
containing heparin. Blood was layered onto a Ficoll gradient and spun, after which lymphocytes
were collected from the interface. Cells were washed and resuspended in DMEM containing
5% FCS. To obtain lymphocytes from the lung, mice were sacrificed via anesthetic overdose
and lungs aseptically removed. Lungs were chopped into fine pieces, and digested for 2hrs at
37 in DMEM containing 5% fetal bovine serum, 150U/ml collagenase (Worthington Labs),
and 20μg/ml DNase (Sigma). After digestion the cells were pushed through a metal sieve,
filtered through a 70 micron filter and layered onto a Ficoll gradient (Lympholyte M, Cedarlane
Labs). Lymphocytes were collected from the interface and washed 2x before staining. Staining
was performed on freshly isolated lymphocytes as previously described [26]. Briefly,
approximately 5×106 cells were added to the wells of a 96-well V-bottom plate and were
blocked with unconjugated streptavidin (Molecular Probes) and Fc block (Pharmingen) for 15
min at room temperature (RT). Following a 5-min centrifugation at 500 × g, lymphocytes were
labeled with a FITC-conjugated anti-CD62L antibody, (Pharmingen), an allophycocyanin-
conjugated anti-CD8 antibody (Pharmingen), and tetramer for 30 min at RT. The tetramer was
a PE-conjugated major histocompatibility complex (MHC) class I Kd tetramer (NIH Tetramer
Facility) containing the H-2Kd restricted peptide HA533–541 (N-IYSTVASSL-C). Sham-
inoculated control animals were used to determine background levels of tetramer binding.
Background was routinely less than 0.1% and was subtracted from all reported percentages.

2.5. Microneutralization assay for anti-influenza Ab
A microneutralization assay was performed as described in [27]. Heat-inactivated serum from
immunized or control animals was serially diluted and incubated with virus for one hour at
RT. Residual infectivity was detected on MDCK cells after a 4 day culture period. Neutralizing
titer was defined as the highest dilution of serum that completely neutralized infectivity of
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105 TCID50 of PR8 influenza virus. Infectivity was defined by presence of cpe on day four
post infection.

2.6. Determination of viral titers by plaque assay
Mice were sacrificed via anesthetic overdose and lungs removed aseptically. After dissection
lungs were, weighed, and homogenized in sterile buffer (100μl buffer per 0.1g organ weight).
Homogenates were titered by standard plaque assay on MDCK cells in the presence of 1μg/
ml TPCK-trypsin (Sigma) and using a solid agar overlay to detect infectious influenza virus.
Another aliquot was titered on BHK-21 cells to detect infectious VSV. After 72 hrs (influenza)
or 48 hrs (VSV) the overlay was removed and the cell layer stained with crystal violet to
visualize plaques. No infectious VSV was detected in the lungs of mice tested in these studies.

2.7. Statistical Analysis
All statistical tests were performed using Graph Pad Prism statistical analysis software. Results
were considered significant when P<0.05 was reached. Specific analyses used are indicated in
the text and figure legends.

3. RESULTS
3.1. Expression of influenza genes from recombinant VSV

To obtain a replication competent rVSV expressing the influenza hemagglutinin (HA) we
inserted DNA encoding the influenza hemagglutinin from the pathogenic mouse-adapted
influenza A/PR/8/34 (provided by Dr. Peter Palese) into plasmid vector pVSV XN2 (provided
by Dr. John Rose). This allowed recovery of rVSV expressing influenza hemagglutinin from
the fifth transcribed gene in the VSV genome (diagrammed in Figure 1A). Expression of
influenza HA in cells infected with the recombinant was verified by metabolic labeling
with 35S-methionine, SDS-PAGE, and autoradiography (Figure 1B). In cells infected with the
VSV recombinants we detected the indicated VSV proteins as well as a new protein band with
the mobility (size) expected for the influenza HA. Surface expression of HA on the surface of
infected cells was confirmed by immunofluorescent staining of cells infected with the
recombinant (Figure 1C). For foreign proteins to be efficiently incorporated into the VSV
envelope, the cytoplasmic tail of the foreign protein must be replaced with the VSV G tail
[28]. We elected not to attach the VSV tail to HA. Therefore, since this virus retains the VSV
G, and does not efficiently incorporate HA into the VSV envelope, it is likely that infection of
host cells is mediated almost entirely by VSV G and not by the inserted HA. Expression of
foreign genes in rVSVs can, but does not always, attenuate the rVSV [29]. To determine
whether expression of hemagglutinin reduced the ability of the rVSV HA to replicate in
vitro we performed a one-step growth curve. As shown in Figure 2 the recombinant virus (rVSV
HA) grew to equivalent titers as the parent virus (VSV rwt), indicating that the expression of
influenza HA does not attenuate rVSV HA in vitro.

3.2. 100% of Balb/C mice immunized with rVSV HA immediately after challenge are protected
from mortality

We have shown previously that rVSV HA expressing the HA from influenza A/PR/8/34 (PR8)
protects mice from morbidity and mortality when mice are immunized with the rVSV HA 6–
8 weeks before influenza challenge [20]. To determine whether rVSV HA protected mice from
morbidity and mortality when rVSV HA was delivered after influenza challenge we performed
the experiment shown in Figure 3. Adult Balb/C mice were challenged intranasally with
100MLD50 PR8 influenza in a total volume of 40μl. Immediately (within 1–2 minutes) after
influenza challenge, mice were either intramuscularly mock-immunized with diluent alone
(n=10, No VSV), immunized intramuscularly with 5×108 PFU rVSV empty vector (VSV rwt,
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n=5), or immunized intramuscularly with 5×108 PFU rVSV HA (rVSV HA, n=10). As shown
in Figure 3A, all (10/10) rVSV HA vaccinated Balb/C mice survived, and the rate of survival
of mice immunized with rVSV HA was significantly higher than the rate of survival of mock-
immunized mice (no VSV, P=0.0012, Mantel-Cox test) or of mice immunized with empty
vector VSV rwt (VSV rwt, P=0.0082, Mantel Cox test). Two of the five mice immunized with
the empty vector VSV rwt survived, but the rate of survival in VSV rwt immunized animals
was not significantly different from that of mock-immunized mice (P=0.748, Mantel-Cox test).
This suggested that the VSV rwt empty vector conferred partial protection, but that specific
responses were ultimately required for complete protection. Consistent with this idea, the
weight loss pattern of mice vaccinated with rVSV HA diverged significantly from that of mice
vaccinated with empty vector VSV rwt from the seventh day after challenge onward, with
rVSV HA immunized mice recovering more rapidly (Figure 3B) than those immunized with
VSV rwt. Between days 0 and 2 after challenge/immunization all rVSV immunized mice had
a transient weight loss of approximately 10% pre-infection body weight. Weight loss in mice
immunized with high doses of VSV correlates with host production of TNF-α and typically
resolves by 3–4 days post immunization [30]. Flu-challenged mice not receiving VSV did not
lose weight during this time (No VSV group, days 0–2 post challenge, Figure 3B) which
supported the idea that the initial weight loss was due to VSV and not to influenza pathogenesis.
In combination with weight loss, measurement of temperature depression during the acute
phase of murine influenza infection is a sensitive indicator of pathology [31]. A decrease in
the magnitude of temperature loss indicates a better clinical outcome and enhanced likelihood
of survival. Consistent with the observation that immunization with rVSV induces systemic
production of TNF-α [30], mice immunized with both VSV rwt and rVSV HA had transiently
raised temperatures (of up to 1 C) during the first 24 hours after challenge, which returned to
normal by 48 hours after challenge (data not shown). From the second day after challenge
onward the temperature of all except the mock-challenged control mice began to decline. When
we compared the magnitude of temperature depression from days 2–6 after challenge (during
which time temperature change was due to influenza rather than VSV pathogenesis), the
difference in temperature depression between mice immunized with rVSV HA and with VSV
rwt was not statistically significant (Figure 3C). This supported the notion that mice immunized
with the empty vector VSV rwt controlled infection as well as mice immunized with rVSV
HA until the seventh day after challenge, but that after the seventh day antigen specific
responses were required for survival and recovery. Mice vaccinated with either rVSV HA or
VSV rwt lost significantly less temperature than those receiving diluent alone (P=0.0002 for
rVSV HA and P=0.0066 for VSV rwt respectively, two-tailed Student t test, Figure 3C),
consistent with the idea that a non-specific anti-viral response induced by rVSV vaccination
protected mice from pathology up until the seventh day after challenge.

3.3. Immunization with rVSV induces IFN-α in the serum by 24 hours after challenge
To confirm the results of the first study, and to begin to elucidate the mechanism(s) responsible
for protection elicited by vaccination, we challenged and immunized a second larger cohort of
mice (n=30 per group) as shown in Figure 4. We also included a cohort of mice (n=5) which
were immunized with rVSV HA alone, and were not challenged with influenza, to allow us to
measure the immune responses to both viruses alone. Seven mice from each group were
followed for 14 days to monitor weight loss and survival, and the remainder of each group was
sacrificed to perform immune response assays. As shown in Figure 4A, all (7/7) rVSV HA
vaccinated mice survived, and the rate of survival of mice immunized with rVSV HA was
significantly higher than the rate of survival of mock-immunized mice (no VSV, P=0.0078,
Mantel-Cox test) or of mice immunized with empty vector VSV rwt (VSV rwt, P=0.0217,
Mantel Cox test). Three of the seven mice immunized with the empty vector VSV rwt survived,
but as in the first experiment the rate of survival in VSV rwt immunized animals was not
significantly different from that of mock-immunized mice (P=0.192, Mantel-Cox test). Weight
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loss of mice challenged with influenza and immunized with rVSV HA was similar to that of
mice challenged with influenza and immunized with the empty vector until the seventh day
after challenge, after which time mice immunized with the empty vector lost weight rapidly
and mice immunized with rVSV HA recovered (Figure 4B). Mice immunized with rVSV HA
but not challenged with influenza (n=5, open diamonds, Figure 4B) had an initial weight loss
of approximately 10–15% (between days 1 and 2) which was not observed in mice not receiving
VSV. This confirmed that initial weight loss was due to VSV and not influenza pathogenesis.
Interferon-α (IFN-α) reduces pathology during acute influenza infection in humans and some
laboratory animals, when produced naturally as a result of viral infection, or provided
exogenously [32–34]. The role of IFN-α in protection of inbred mice from influenza is indirect,
since many mouse strains (including Balb/C) express a non-functional allele of the interferon
responsive gene Mx [35]. Functional Mx directly inhibits transcription of the influenza
genome, reducing viral titers in Mx-intact mice [36]. In Mx-deficient inbred mice, IFN-α by
moderates the severe pulmonary immunopathology resulting from influenza infection, and
promotes antibody class-switching to IgG2a isotype [37]. To determine whether rVSV
immunization induced IFN-α production in immunized mice we collected serum from
vaccinees (4 mice per group) at 12, 24, and 48 hours after challenge/vaccination and measured
the amount of IFN-α by ELISA. We also measured IFN-α in the bronchoalveolar lavage (BAL)
fluid and in whole lung homogenates at 24 hours after challenge/vaccination. No IFN-α was
detected in the BAL or lung homogenates in any of the challenged/vaccinated mice. In the
serum, IFN-α was detected by 12 hours after challenge in all rVSV vaccinated mice (data not
shown), peaked at 24 hours, and was no longer detectable by 48 hours after challenge. As
shown in Figure 4C, IFN-α was detected in the serum of mice immunized with rVSV HA or
with VSV rwt, but not in the serum of mice challenged with influenza and immunized with
diluent alone (No VSV group, Figure 4C). The amount of IFN-α in the serum of mice
immunized with rVSV HA was not significantly different than the amount of IFN-α in the
serum of mice immunized with the empty vector VSV rwt (P=0.0558, Student t test). This
result supported the idea that both rVSV vectors induced non-specific antiviral responses which
were able to protect vaccinees until the seventh day after challenge/immunization. The amount
of IFN-α in the serum of mice immunized with the rVSV HA vector alone, in the absence of
flu challenge (rVSV HA only group, Figure 4C) was not significantly different to that induced
by rVSV HA in the presence of flu, which further supported the idea that IFN-α was produced
in response to the rVSV rather than influenza.

3.4. Pulmonary viral loads of rVSV HA vaccinated animals are reduced in rVSV HA immunized
mice

Using the same cohorts of mice shown in Figure 4, we performed the assay shown in Figure
5 to begin to determine the mechanism of vaccine action. We sacrificed four mice per group
per day at the timepoints shown in Figure 5 and determined the titer of influenza and VSV
(where applicable) by plaque assay on MDCK and BHK-21 cells respectively. No infectious
VSV was recovered from the lung of any VSV-immunized animal at any timepoint tested (day
2- day 10 post challenge). This demonstrated that rVSV delivered intramuscularly did not
disseminate to the lung and meant that the VSV vaccine viruses probably did not interfere
directly with the ability of influenza to infect host cells. Pulmonary influenza titers peaked in
all mice by four days after challenge (Figure 5). Viral loads of mice immunized with either of
the rVSV vectors were similar to the viral loads of mice receiving no VSV for the first six days
after challenge, suggesting that the non-specific immune responses induced by rVSV
immunization in the first six days after challenge did not directly limit viral replication. The
pulmonary viral loads of mice immunized with rVSV HA and VSV rwt were not significantly
different until the sixth day after challenge, after which time the viral loads of rVSV HA
immunized mice declined rapidly while the viral loads of VSV rwt immunized mice remained
significantly higher. Specifically, beginning on the eighth day after challenge (indicated by
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asterisks on the graph, Figure 5) the average pulmonary viral load of mice vaccinated with
rVSV HA was significantly lower than the average viral load of control mice vaccinated with
the empty vector VSV rwt (P<0.05 via one-way ANOVA with Tukey multiple comparison
test). This result was consistent with the idea that non-specific responses provided equal
protection to mice immunized with the specific and empty vector until the sixth day after
challenge, and suggested that the specific response required for vaccine efficacy from the
seventh day onward directly lowered the pulmonary viral load (induction of CTL, e.g.) of mice
vaccinated with rVSV HA.

3.5. CD8 T cells recognizing influenza HA are present two days earlier in rVSV HA immunized
mice

When mice are intranasally infected with influenza CD8 T cells are primed and activated in
the mediastinal lymph node 3–4 days later [38]. By 5–7 days after infection antigen-specific
CD8 T cells are present in the lung and airway epithelium [39] where they facilitate viral
clearance via perforin and granzyme mediated killing of infected epithelial cells [40]. To
determine whether the kinetics or magnitude of CD8 T cell induction differed between
vaccinated and non-vaccinated mice in our system we used an MHC Class I tetramer
recognizing the H-2Kd restricted epitope HA533–541 (N-IYSTVASSL-C) to quantitate HA-
specific CD8 T cells in the peripheral blood and lung of vaccinated and control mice.
Representative FACS plots from the blood and lung of flu challenged mice are shown in Figure
6A and 6B respectively. In mice challenged with influenza and immunized with rVSV HA,
we detected HA-specific CD8 T cells in the blood three days earlier (day 5 vs. day 8, Figure
6C) in rVSV HA vaccinated mice vs. sham-vaccinated or VSV rwt vaccinated animals. When
we measured anti-HA T cell responses in the lung we observed a similar pattern, with rVSV
HA immunized mice having significantly greater percentages of HA-specific CD8 T cells than
sham inoculated mice or mice vaccinated with the empty vector VSV rwt at all time points
tested (P<0.05 for all comparisons via one-way ANOVA with Tukey multiple comparison test,
Figure 6D). In the peripheral blood the induction of anti-HA CD8 T cells was synergistic in
mice challenged with influenza and immunized with rVSV HA, with CD8 T cell responses in
rVSV HA vaccinated animals being significantly greater from day 14 after challenge/
vaccination onward compared to that of mice challenged with influenza or vaccinated with the
rVSV HA alone. The induction of anti-HA CD8 T cells immediately preceded recovery from
challenge in vaccinees. To test whether CD8 T cells were necessary for vaccine mediated
protection we used a monoclonal antibody reactive against murine CD8α to deplete a cohort
of vaccinees (n=10, open squares, Figure 6E) of CD8 T cells prior to challenge/vaccination
with rVSV HA. The depletion protocol resulted in complete (>95%) removal of CD8 T cells
from the lung, spleen, and peripheral blood which was confirmed by flow cytometry on day 0
and day 14 of the experiment (data not shown). All CD8-depleted mice survived challenge,
and weight loss in CD8 depleted animals vaccinated with rVSV HA was not significantly
different than weight loss in CD8-intact animals vaccinated with rVSV HA. This demonstrated
that CD8 T cells were not necessary for vaccine mediated protection in this challenge and
vaccination model, although it remains possible that CD8 T cells could enhance protection
against heterologous challenge.

3.6. Serum neutralizing antibody against influenza is generated two days earlier in rVSV HA
vaccinated versus control animals

Neutralizing antibody against influenza prevents attachment of the viral HA to the host cell,
and the induction of neutralizing antibody is a major correlate of protection against human
influenza infection. To determine whether immunization with rVSV HA was generating anti-
influenza neutralizing antibody in vaccinated mice we collected serum from rVSV HA
vaccinated and control animals over a timecourse and detected neutralizing antibodies against
the PR8 challenge virus via microneutralization assay. We collected serum from 3 animals per
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group on days 4,6, 8, and 10 after challenge/vaccination. As shown in Figure 7, mice challenged
with influenza and vaccinated with rVSV HA (open triangles) developed anti-influenza
neutralizing antibodies by the sixth day after challenge/immunization. Mice vaccinated with
rVSV HA in the absence of flu challenge (Figure 7, open diamonds) also developed neutralizing
antibody by six days after immunization, which demonstrated that co-infection with flu did
not positively or negatively affect the speed with which serum neutralizing antibody was
induced by the rVSV HA. Sham-immunized (No VSV) and empty vector immunized mice did
not have detectable serum neutralizing antibody until day 8 and 10 (respectively) after
challenge. This result was consistent with the decline in viral titers beginning on day 8, in mice
immunized with rVSV HA, and suggested that the induction of neutralizing antibodies may
have contributed to protection. In surviving animals neutralizing titers increased during the
recovery phase of infection to average titers of 1:80 by three months after challenge (data not
shown). These results were consistent with the finding that viral loads were reduced in rVSV
HA vaccinated versus control mice, and suggested that since rVSV HA vaccinated animals
developed neutralizing antibody more quickly than mock or empty vector immunized mice, it
is likely that the induction of serum neutralizing Ab contributed to protection induced by rVSV
HA vaccination.

3.7. Mice immunized with rVSV HA by at least 24 hours after challenge are fully protected
from mortality

To determine how long after challenge we could delay rVSV HA immunization and retain
protection we performed the experiment shown in Figure 8. As in the first experiment, Balb/
C mice (n=7–10 mice per group) were challenged with 100MLD50 PR8 influenza in a total
volume of 40μl. Mice were then immunized immediately with either rVSV HA or with VSV
rwt (n=7 per group) as in Figure 3. We included additional groups (n=10 per group) of mice
which were immunized with rVSV HA at either 12 or 24 hours after challenge. All mice
immunized with rVSV HA at 0, 12, or 24 hours after challenge survived, although weight loss
in the mice immunized at 24 hours was more severe and prolonged than in mice receiving the
vaccine at earlier timepoints (Figure 8). This demonstrated that rVSV HA vaccination could
be delayed by up to 24 hours after challenge and retain efficacy.

4. DISCUSSION
We undertook this study to determine whether immunization with rVSV HA could protect
mice from lethal influenza challenge when the vaccine virus was delivered systemically after
lethal intranasal influenza challenge. We demonstrated that 100% of mice immunized with the
rVSV HA specific vector, and up to 40% of mice receiving the control empty vector VSV rwt
were protected from mortality. Administration of the rVSV HA vector could be delayed for
up to 24 hours after challenge with full retention of protection, showing that post-exposure
vaccination against influenza was feasible and potentially translatable to use in emergent
situations. The main question arising from these results is what the mechanism(s) of vaccine
induced protection were. Up to 40% of mice immunized with the empty vector survived
challenge, which suggested that protection was partially mediated by non-specific factors.
However, the rate of survival was significantly higher in mice vaccinated with the specific
vector (rVSV HA, 100% survival), which showed that specific responses were required for
complete and optimal protection. With this in mind, several mechanisms of vaccine action can
be considered, either alone or in combination. First, the rVSV vaccine virus could have directly
interfered with the ability of influenza to infect host cells. Our data did not support this
possibility for two reasons. First, rVSV HA and VSV rwt would be expected to compete equally
well with influenza for host cell binding, since both VSV viruses infect via the VSV G
attachment protein. Mice immunized with VSV rwt had a significantly lower rate of survival
than rVSV HA immunized mice, which demonstrated that the mechanism of protection was
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not induced equally by the two rVSVs. Second, the influenza challenge virus was delivered
intranasally, and the rVSV viruses were delivered intramuscularly at a distal site (rear
quadriceps). When we titered infectious virus from lung homogenates of co-infected/
vaccinated mice, we confirmed that no infectious VSV was present in the lung of mice
challenged with influenza and immunized with either rVSV HA or VSV rwt. This showed that
VSV did not disseminate to the lung of vaccinated mice, and since influenza virus was restricted
to the lung in our model, it was therefore not likely that the VSV vaccine viruses interfered
directly with the ability of influenza to infect host cells. Consistent with these results, viral
loads of control and rVSV vaccinated mice did not differ substantially at the earliest timepoints
examined (days 2–4 after challenge) which suggested that the influenza virus was able to
replicate equally well in vaccinated and control mice until the adaptive response was mounted,
and added further evidence that direct viral interference was not an important mechanism of
protection in our model.

A second possible mechanism of vaccine action was that the rVSV vaccine could have induced
non-specific innate antiviral responses which promoted the induction of adaptive responses
and/or inhibited the ability of influenza to replicate and/or cause pathology. Non-specific innate
immune responses theoretically would be induced equally by the rVSV HA specific vector and
the VSV rwt empty vector. The induction of type-I IFNs such as IFN-α/β is part of the earliest
innate host response to viral infection. Because the Balb/c mice used in these studies are
naturally deficient in the IFN-inducible gene Mx [35,36], which inhibits primary transcription
of the influenza A virus genome [41], the role of IFN-α in our model is likely to be indirect,
rather than direct. Consistent with this idea, we did not detect IFN-α in the lung of vaccinated/
challenged mice, and viral loads were not significantly lower in rVSV versus control mice
during the time that IFN was detected. These results supported the idea that the IFN-α induced
by VSV did not inhibit influenza virus replication directly but rather that systemic IFN-α
enhanced the development of the adaptive immune responses and/or moderated
immunopathology induced by influenza infection. In support of this idea, it has been reported
that provision of exogenous IFN-α can protect inbred Mx-deficient mice from influenza
infection, even when delivered parenterally [32]. Stat1 −/− mice, which are unable to respond
to IFN-α, are significantly more susceptible to influenza infection than wild type control mice
[42]. Stat1 −/− mice control influenza virus replication as well as wild type mice, but have
uncontrolled pulmonary immunopathology and reduced anti-influenza humoral responses
which lead to a higher rate of mortality relative Stat-intact animals [37]. Finally, it has been
reported that the IFN-α/β induced by rVSV infection significantly augments the development
of antiviral neutralizing antibody by plasma cells expressing the IFN-α/β receptor (IFNAR)
[43]. Directly confirming that IFN-α contributes to protection in our model will not be
straightforward, since mice that are unable to respond to interferon (IFNAR−/−) are highly
susceptible to low dose VSV infection [44] and would undoubtedly be killed by the high doses
of rVSV vaccine viruses used in our studies. Nonetheless, the observation that mice immunized
with rVSV HA had more rapid induction of neutralizing antibody than control animals, and
that mice immunized with either rVSV HA or VSV rwt had significantly less morbidity (weight
loss, temperature depression) than control mice during the first six days after infection are
consistent with the idea that innate immune responses made by both groups were superior to
those mounted by control mice during the early phase of infection. It is very likely that multiple
cytokines were induced by rVSV immunization (TNF-α and IL-1β e.g.) and contributed to
protection in our model. Further studies to define the specific cytokine responses induced by
rVSV vaccination and which are required for vaccine-mediated protection are necessary.

It was also possible that rVSV vectors could have induced specific cellular or humoral
responses against influenza which “outcompeted” the influenza virus. Our results showed a
clear temporal separation in adaptive immune responses induced by influenza infection alone
(No VSV mock vaccinated control mice) versus those induced by rVSV HA vaccination in the
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presence or absence of influenza challenge. Mice challenged with influenza and vaccinated
with rVSV HA developed anti-HA CD8 T cells two to three days earlier (in the peripheral
blood), and had anti-HA CD8 T cell responses of significantly greater magnitude in the lung,
than did control mock-vaccinated mice, or those vaccinated with the empty vector. Mice
receiving rVSV HA alone (without flu) also had detectable anti-HA T cells in the peripheral
blood by 5 days after immunization. These results demonstrated that vaccination with rVSV
HA resulted in more rapid induction of anti-HA CD8 T cells, and that the presence of influenza
did not affect (either positively or negatively) the speed with which the T cells were induced
in response to rVSV HA, although the magnitude of the response was slightly reduced in co-
infected mice in the early stage of infection, versus those immunized with rVSV HA in the
absence of flu. Despite the vigorous induction of HA-specific CD8 T cells in the lung and
periphery of rVSV HA vaccinated mice, depletion of CD8 T cells in these animals did not
increase morbidity, delay recovery, or reduce survival. This demonstrated that CD8 T cells
were not essential to protection in our model, although it does not preclude the possibility that
CD8 T cells (especially those directed against conserved antigens) might contribute to
protection against heterologous challenge viruses. Interestingly, the induction of anti-HA CD8
T cells in mice challenged with influenza and vaccinated with rVSV HA was markedly
synergistic from two weeks after challenge onward (through day 70 after challenge), with co-
infected mice having responses of significantly higher magnitude than mice infected with either
virus alone. The synergistic effect was not present in mice challenged with flu and immunized
with the rVSV empty vector, suggesting that the synergy was not due simply to a non-specific
“adjuvant” effect of VSV. Dissecting the reason for the observed synergy and determining the
effect of co-infection with rVSV HA and flu on long term memory T cell responses will be an
important area for further investigation. Mice challenged with influenza and vaccinated with
rVSV HA had detectable serum neutralizing antibody against influenza two days earlier (Day
6 vs. Day 8) than control mice. Neutralizing antibody correlates with protection from influenza
in humans and animals, and is assumed to be the primary mechanism by which existing
influenza vaccines mediate protection in human vaccinees. We predict that the induction of
neutralizing antibody is crucial to protection by our vaccine, and further studies in which B
cells are depleted at specific timepoints after vaccination/challenge will be required to confirm
that hypothesis. Our data do not exclude the possibility that vaccination with rVSV HA or VSV
rwt altered the overall pulmonary or systemic cytokine milieu in challenged and vaccinated
animals. The elaboration of inflammatory cytokines is a major source of pathology in influenza
infection, and it is possible that the presence of the vaccine virus reduced or altered the
inflammatory response in a beneficial manner. Detailed analysis of the pulmonary and systemic
cytokine response to rVSV immunization in the context of pre-existing flu infection is an
important future direction.

Our results are consistent with a model (diagrammed in Figure 9) in which both rVSV HA and
VSV rwt rapidly induce non-specific antiviral responses which protect vaccinees equally until
approximately day 6–7 after challenge. We predict that the reason mice receiving the empty
vector are not equally protected from day 6–7 after challenge onward is because they do not
make antigen specific responses to influenza. Our data further suggest that neutralizing
antibody reduces pulmonary viral loads in mice receiving the rVSV HA, and that the clearance
of influenza virus infected cells may be aided by, but is not absolutely dependent upon, the
action of HA-specific CTL. It will be important to establish, in future studies, the maximum
length of time that rVSV HA vaccination can be delayed while retaining full protection. In
these studies, when the rVSV vaccine was delivered immediately after challenge the mock
immunized control mice died between days 8–10 after challenge. In rVSV PR8 HA vaccinated
mice we detected CD8 T cell responses at Day 5 and neutralizing antibody responses at Day
6 after challenge. If delaying the rVSV immunization delays development of immune responses
proportionally, then we do not anticipate being able to delay rVSV PR8 HA immunization by
more than 2 days after challenge to retain protection.
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In summary, these results demonstrate that vaccination with rVSV HA can protect mice from
lethal influenza challenge when the vaccine virus is delivered systemically up to 24 hours after
challenge. Further experiments to precisely define the mechanism(s), both specific and non-
specific, which contribute to vaccine efficacy are necessary, and will further not only
optimization of the vaccine design, but our understanding of the fine differences between the
host response to viral antigens in their natural context, versus the response to a viral vectored
vaccine. It will also be important to compare, in “head to head” studies, the efficacy of existing
influenza vaccines, used therapeutically, to our rVSV HA vaccine used therapeutically. Finally,
the addition of rVSV expressing conserved influenza antigens to our vaccine may broaden
efficacy such that protection against highly pathogenic avian or other and newly emerging
influenza strains could be achieved.
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Figure 1. Recombinant VSV genome and protein expression
Panel A is a diagram showing insertion of the influenza HA gene at Position 5 in the VSV
genome. The gene order is shown in the 3′-5′ direction of transcription on the negative-strand
RNA genome. The influenza gene insertion sites and flanking nucleotides including the
transcription and translation start and stop sites are indicated. Restriction enzyme sites used
for cloning the influenza genes at the DNA stage are indicated also. All sequences are shown
in the positive (antigenome) sense for clarity. Panel B shows SDS-PAGE (10% acrylamide)
of lysates of BHK cells infected with the recombinant virus (rVSV HA) and labeled with
[35S]-methionine. The gel image was collected on a phosphorimager. Positions of VSV
proteins are indicated by arrows on the left side of the gel image. Positions of influenza HA is
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indicated by the box on the gel image. Panel C shows immunofluorescent staining of BHK cell
infected with rVSV HA. Cells were stained with post-immune serum from mice infected with
a sublethal dose of A/PR8 influenza.
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Figure 2. One-step growth curve for rVSV HA and parent virus VSV rwt
BHK cells (2×106 cells) were infected with rVSV HA (open triangles) or with the parent virus
VSV rwt (open squares) at an MOI of 10. Viruses were adsorbed to the cells for 30 min, then
the cells were washed to remove input virus and returned to complete culture medium (DMEM
containing 5% fetal bovine serum). At the indicated timepoints post-infection supernatant
samples were collected, kept on ice, and titered by plaque assay on BHK cells.
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Figure 3. Balb/C mice immunized with rVSV HA immediately after influenza challenge are
completely protected from mortality
Adult female Balb/C mice were challenged intranasally with 100MLD50 PR8. Immediately
(within 1–2 minutes) after influenza challenge, mice were either intramuscularly sham-
inoculated with diluent alone (n=10), immunized intramuscularly with 5×108 PFU rVSV empty
vector (VSV rwt, n=5), or immunized intramuscularly with 5×108 PFU rVSV HA (n=10). Mice
were monitored for survival and weight loss (Panels A and B), and change in body temperature
(Panel C). Mice were humanely euthanized when their body weight reached 75% of pre-
infection body weight for two consecutive days. rVSV HA immunized mice had a significantly
higher rate of survival than mice receiving no VSV (P=0.0012, Mantel-Cox test) or vaccinated
with the empty vector VSV rwt (P=0.0082, Mantel-Cox test). This experiment has been
performed a total of four times with consistent results.

Barefoot et al. Page 18

Vaccine. Author manuscript; available in PMC 2010 December 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Immunization with rVSV induces IFN-α production
Adult female Balb/C mice were challenged intranasally with 100MLD50 PR8. Immediately
(within 1–2 minutes) after influenza challenge, mice were either intramuscularly sham-
inoculated with diluent alone (n=7), immunized intramuscularly with 5×108 PFU rVSV empty
vector (VSV rwt, n=7), or immunized intramuscularly with 5×108 PFU rVSV HA (n=7). Five
additional mice were mock-challenged with PBS alone and then immunized intramuscularly
with 5×108 PFU rVSV HA. Mice were monitored for survival (Panel A) and weight loss (Panel
B), and induction of IFN-α in the serum (Panel C). Mice were humanely euthanized when their
body weight reached 75% of pre-infection body weight for two consecutive days. Mice
challenged with flu and immunized with rVSV HA had a significantly higher rate of survival
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than mice receiving no VSV (P=0.0078, Mantel-Cox test) or vaccinated with the empty vector
VSV rwt (P=0.0217, Mantel-Cox test). Graph in Panel C shows concentration of IFN-α in pg/
ml in the individually assayed 24 hr timepoint sera of vaccinated and control mice (n=4–5 per
group) as measured by ELISA. The amount of IFN-α induced in mice immunized with the
empty vector VSV rwt was not significantly different than the amount of IFN-α induced in
mice immunized with the specific vector rVSV HA.
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Figure 5. Pulmonary viral loads are reduced in mice vaccinated with rVSV HA
Adult female Balb/C mice were challenged intranasally with 100MLD50 PR8. Immediately
(within 1–2 minutes) after influenza challenge, were either intramuscularly sham-inoculated
with diluent alone, immunized intramuscularly with 5×108 PFU rVSV empty vector, or
immunized intramuscularly with 5×108 PFU rVSV HA. At the timepoints shown four mice
per group were sacrificed and the amount of influenza and/or rVSV in the lung determined by
plaque assay. No infectious VSV was detected in the lungs of any mice at any time. Graph
shows average pulmonary viral load (influenza) for each group in PFU/g. Beginning on the
eighth day after challenge (indicated by asterisk on the graph) the average pulmonary viral
load of mice vaccinated with rVSV HA was significantly lower than the average viral load of
control mice vaccinated with the empty vector VSV rwt (P<0.05 via one-way ANOVA with
Tukey multiple comparison test).

Barefoot et al. Page 21

Vaccine. Author manuscript; available in PMC 2010 December 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. CD8 T cell responses induced by rVSV HA vaccination are earlier and of greater
magnitude
Adult female Balb/C mice were challenged intranasally with 100MLD50 PR8. Immediately
(within 1–2 minutes) after influenza challenge, mice were either intramuscularly sham-
inoculated with diluent alone (n=7), immunized intramuscularly with 5×108 PFU rVSV empty
vector (VSVrwt, n=7), or immunized intramuscularly with 5×108 PFU rVSV HA (n=7). Five
additional mice were mock-challenged with PBS alone and then immunized intramuscularly
with 5×108 PFU rVSV HA. Panels A and B show representative FACS plots of tetramer
staining of lymphocytes isolated from the peripheral blood (Panel A) or whole lung (Panel B)
of challenged and rVSV HA vaccinated mice isolated on the sixth day after immunization/
challenge. Panels C and D show a timecourse of anti-HA CD8 T cell responses in the peripheral
blood (Panel C) and whole lung (Panel D) of vaccinated animals (n=at least 4 mice per group
per day analyzed individually). Bars on the graph represent average percent of CD8 T cells
binding an MHC Class I tetramer specific for the Kd restricted HA533–541 epitope ±SEM for
each immunization group. Asterisks above the bars represent days on which the mice
challenged with influenza and vaccinated with rVSV HA had significantly more anti-HA
specific CD8 T cells than mice challenged with influenza and vaccinated with the empty vector
or challenged with influenza and sham vaccinated with diluent alone (P<0.05 via ANOVA
with Tukey multiple comparison test). Panel E shows the outcome of challenge vaccination in
mice depleted of CD8 T cells (n=10, open squares). All CD8 T cell depleted mice survived,
and the course of weight loss was not significantly different than that observed in CD8 T cell
intact mice. This experiment (CD8 depletion) has been performed three times with consistent
results.
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Figure 7. Mice immunized with rVSV HA develop serum neutralizing antibody against influenza
two days before control animals
Adult female Balb/C mice were challenged intranasally with 100MLD50 PR8. Immediately
(within 1–2 minutes) after influenza challenge, mice were either intramuscularly sham-
inoculated with diluent alone (n=7), immunized intramuscularly with 5×108 PFU rVSV empty
vector (VSV rwt, n=7), or immunized intramuscularly with 5×108 PFU rVSV HA (n=7). Five
additional mice were mock-challenged with PBS alone and then immunized intramuscularly
with 5×108 PFU rVSV HA. Graph shows serum neutralizing titers measured by
microneutralization assay using pooled serum samples from at least 4 vaccinated or control
animals for each timepoint. At day six after challenge only mice vaccinated with rVSV HA
had detectable titers (indicated by arrow on graph). Data shown is from a single experiment
which has been performed a total of three times with consistent results.
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Figure 8. Mice immunized with rVSV HA by at least 24 hours after influenza challenge are fully
protected from mortality
Adult female Balb/C mice were challenged intranasally with 100MLD50 PR8. At the indicated
time after influenza challenge, mice were either intramuscularly sham-inoculated with diluent
alone (n=7), immunized intramuscularly with 5×108 PFU rVSV empty vector (VSV rwt, n=7),
or immunized intramuscularly with 5×108 PFU rVSV HA (n=7). All mice immunized with
rVSV HA at 12 hours (n=10, inverted triangles) and 24 hours (n=10, open diamonds) after
challenge survived.
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Figure 9. Proposed Model for rVSV HA induced protection
Model shows relative induction of adaptive immune responses in rVSV HA versus control
mice (immunized with VSV rwt, and those receiving no VSV immunization). Orange arrow
highlights earlier induction of serum neutralizing Ab in rVSV HA immunized mice.
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