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Abstract

We previously demonstrated that the severe cytokine storm and pathology associated with RSV
infection following intramuscular vaccination of cotton rats with FI-RSV Lot 100 could be
completely abolished by formulating the vaccine with the mild TLR4 agonist and adjuvant,
monophosphoryl lipid A (MPL). Despite this significant improvement, the vaccine failed to blunt
viral replication in the lungs. Since MPL is a weak TLR4 agonist, we hypothesized that its
adjuvant activity was mediated by modulating the innate immune response of respiratory tract
resident macrophages. Therefore, we developed a new vaccine preparation with purified,
baculovirus expressed, partially purified, anchorless RSV F protein formulated with synthetic
MPL that was administered to cotton rats intranasally, followed by an intradermal boost. This
novel formulation and heterologous “prime/boost” route of administration resulted in decreased
viral titers compared to that seen in animals vaccinated with F protein alone. Furthermore, animals
vaccinated by this route showed no evidence of enhanced lung pathology upon RSV infection.
This indicates that MPL acts as an immune modulator that protects the host from vaccine-
enhanced pathology, and reduces RSV replication in the lower respiratory tract when administered
by a heterologous prime/boost immunization regimen.

INTRODUCTION

RSV, the most significant cause of serious lower respiratory tract infection in infants and
young children [1], results in 75,000-125,000 hospitalizations [2] and ~500 deaths yearly in
the USA [3]. RSV has more recently been identified as an increasing cause of morbidity and
mortality in the elderly [4, 5], transplant patients, and immunodeficiency disease patients [6,
7]. RSV is relatively stable antigenically, yet most adults are re-infected every few years,
suggesting that natural immunity is not long-lasting [8]. Since children, the elderly, and the
immunosuppressed are at a much higher risk for severe disease, an immune pathological
mechanism has long been suspected. In children, severe RSV disease is often associated
with prematurity, bronchopulmonary dysplasia (BPD), or congenital heart disease (CHD)
[9]. In addition, RSV infection in early infancy has been correlated with development of
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allergic and asthmatic symptoms later in life [10]. In the elderly, infections can be severe
and are mostly associated with a debilitated immune system [4, 5]. Unquestionably, the two
passively administered antibodies licensed for use, RespiGam® and Synagis®, provide
significant prophylactic protection to high-risk infants [11, 12]. However, due to the high
cost of antibody prophylaxis, the U. S. A. is the only country that routinely administers this
drug to high-risk infants. Therefore, in the absence of a safe, effective vaccine, sanitary
education on avoiding RSV is the only option for reducing infection in healthy infants,
children, the elderly, and immunosuppressed populations with the majority of RSV-related
hospitalizations [13].

The idea that the immune response plays an adverse role in RSV-induced disease is based
largely on the observation that, in early clinical trials, vaccination of infants with formalin-
inactivated RSV (FI-RSV) resulted in enhanced susceptibility to develop severe lower
respiratory tract involvement upon subsequent RSV infection [14-17]. Subsequent studies
have shown that purified RSV Fusion (F) protein administered by the intramuscular (i.m.)
route also leads to vaccine-enhanced disease [18, 19].

Monophosphoryl lipid A (MPL) is a synthetic lipid A analog that is a weak Toll-like
receptor 4 (TLR4) agonist [20, 21]. MPL is licensed for two vaccines [22], and has
demonstrated a safe profile when co-administered with different RSV vaccine preparations
[23, 24]. In fact, we previously reported that immunization of cotton rats with the original
Lot 100 FI-RSV, formulated with MPL, blunted both the cytokine storm and the enhanced
lung pathology elicited by subsequent RSV infection, but did not inhibit viral replication in
the lungs [25]. However, these preparations were administered intramuscularly (i.m.). To
improve the efficacy of these formulations, we engineered a recombinant, anchorless RSV F
protein that we partially purified and formulated it with MPL. This new formulation was
tested by combining different routes of administration (e.g., intranasal, i.n.; and intradermal,
i.d). Our results indicate that intranasal vaccination followed by an intradermal boost
enhances protection against RSV challenge, maintaining a safe profile of lung histology and
reduced lung virus titers in the cotton rat model.

MATERIALS AND METHODS

Animals

Inbred Sgmodon hispidus cotton rats were obtained from a colony maintained at Sigmovir
Biosystems, Inc. (Rockville, MD). Four-eight week-old animals were used for all
experiments. Animals were housed in large polycarbonate cages and were fed a standard
diet of rodent chow and water ad libitum. The colony was monitored for antibodies to
paramyxoviruses and rodent viruses, and no such antibodies were found. All studies were
conducted under applicable laws and guidelines and after approval from the Sigmovir
Biosystems, Inc. Institutional Animal Care and Use Committee.

Vaccine formulations

FI-RSV vaccine Lot 100 preparation was produced in the mid-1960s by Pfizer, Inc. for the
National Institutes of Health under contract PH43-63-582 and was previously described.
Mock vaccination was performed intramuscularly with PBS. Monophosphoryl lipid A
(synthetic, MPL) was obtained from Avanti Polar Lipids Inc (Cat.# 699800P, lot#
SMPLA-12). A 2 mg/ml stock was made in saline/0.2% triethylamine. The anchorless F
protein gene sequence (F protein of RSV A/Long GenBank Accession #FJ614815) lacks the
25 amino acids at the N terminus encompassing the F protein signal sequence, and the last
49 amino acids at the C-terminus that include the transmembrane and the intracellular
domain. In the N-terminal end, a bombyxin signal sequence, and in C-terminal end, an
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enterokinase cleavage site, and HISx6 sequence were included to facilitate processing and
purification of the protein. The anchorless F protein was produced by Chesapeake PERL
(Savage, MD) using a recombinant baculovirus system and infection in insect larvae. Protein
was obtained using a one-step purification on a Ni-sepharose column. The purity of RSV F
protein in the preparation was estimated to be >50% based on Coomassie staining and
Western blot analyses (data not shown). Recombinant F protein was used at a concentration
10 pg/ml, alone or formulated with different concentrations of MPL. MPL was admixed
with F protein before vaccination.

Viruses and viral assays

The prototype Long strain of RSV was obtained from American Type Culture Collection
(ATCC VR-26, Manassas, VA). Virus was propagated in HEp-2 cells and serially plaque-
purified to reduce defective-interfering particles. The single pool of virus containing 107-6
pfu/ml was used for all experiments. Viral titers in the lungs of RSV-infected animals were
determined as described elsewhere [26].

Histopathology

Lungs were prepared for histologic analysis as previously described [27]. Each lung section
was analyzed and scored blindly for one of the four parameters of pulmonary inflammatory
changes: peribronchiolitis (inflammatory cells surrounding a bronchiole), perivasculitis
(inflammatory cells surrounding a small blood vessel), alveolitis (inflammatory cells within
alveolar spaces), and interstitial pneumonitis (increased thickness of alveolar walls
associated with inflammatory cells).

Experimental design

The first set of experiments was designed to determine whether vaccination with MPL given
i.n. was able to enhance the protection generated by vaccination with recombinant F protein
against RSV challenge. A control group of cotton rats was immunized i.n. with 100 pl of
PBS, pH 7.4, on days 0 and 21. The experimental groups of animals were vaccinated on the
same days i.n. with either 100 l of anchorless RSV F protein (1.25 pg/animal; F i.n/i.n) or
RSV F protein admixed with MPL (F=1.25 pg/animal, MPL= 5 pg/animal; F+MPL i.n/i.n).
Immunizations and challenge were performed under light isoflurane anesthesia. Animals
were sacrificed by CO5 inhalation at 5 days post-infection (5 animals per group). Challenge
of all animals was performed using a dose of RSV/A Long of 10°° pfu/animal. The lungs
were removed from the thorax. The right lung was inflated with 10% formalin for
histopathology. The nose and the upper lobe of the left lung were dissected for
determination of viral titers.

The second set of experiments was designed to evaluate the effect of the route of
immunization during F+MPL immunizations. Two experimental groups corresponding to
animals that were immunized (day 0) and boosted (day 21) with F+MPL, i.n. (group F+MPL
i.n./i.n.), and animals that were immunized i.n. and boosted with the same preparation i.d. (F
+MPL i.n./i.d.) were compared. Two control groups were included: the first group remained
unvaccinated until challenge (primary RSV infection), whereas the second group was
infected on day 0 with RSV i.n. (secondary infection control). On day 49, all groups were
challenged with 1x108 pfu RSV A Long per animal i.n. Animals were sacrificed at day 5
after challenge (5 animals per group). Lungs and noses were removed and processed as
described above.

In a third set of experiments, vaccination with F+MPL using the i.n/i.d. routes of
administration was compared to vaccination with the original FI-RSV Lot 100 vaccine
diluted 1:125 and given i.m [25]. MPL at two concentrations (15 or 50 pg/animal) was co-
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administered with recombinant F protein. Two additional control groups were included for
comparison: one corresponding to naive animals and another corresponding to animals that
were previously infected and immune. After RSV challenge of all animals (day 48), analysis
was performed at day 1 (peak expression of several cytokines), day 4 (peak viral
replication), and day 6 (peak of lung histopathology).

RNA isolation and RT-PCR analysis

Lung tissue (lingular lobe) was flash-frozen in liquid nitrogen and homogenized in 0.5 ml
RLT-buffer (Qiagen) with -mercaptoethanol using a TissueLyzer LT (two 5 mm beads per
sample; 50 Hz; 2 min, Qiagen). Lung RNA was isolated using a RNeasy kit (Qiagen,
cat#74106). Reverse transcription was performed using a SuperScript 11 Reverse
Transcriptase (Invitrogen SSIIRT, cat #18064-071). cDNA was diluted in water to give ratio
1 pg RNA of the original RNA per 100 pl final volume. Three pul of cDNA per reaction were
used for real-time PCR using iQ SybrGreen Supermix (BioRad cat#170-8882). All reactions
were done in duplicate. Primers and conditions for MX-2 gene expression were described
previously [28]. mRNA expression was normalized to 3-actin as a housekeeping gene.
Primers for p-actin in this study were: 5'-CCCATTGAACACGGCATTGTC-3' (forward)
and 5-TGTCACGCACGATTTCCCTCTC-3' (reverse).

Statistical Analysis

RESULTS

Viral titers were calculated as geometric means + standard errors for all animals in a group
at a given time post-infection. Pulmonary scores were expressed as the arithmetic mean +
standard error for all animals in a group. Student t-test was applied to determine statistically
significant differences between two groups, using an unpaired, two-tailed test.

Baculovirus-derived, anchorless F protein (F) was formulated without or with the TLR4
agonist adjuvant, MPL. Cotton rats were vaccinated i.n. with F protein alone or F plus MPL
on days 0 and 14. Fourteen days later (28 days after the first vaccination), animals were
challenged with RSV i.n. (1x10°° pfu) and sacrificed 5 days after infection to quantify viral
replication in the nose and in the lung and to determine the extent of lung histopathology.
Animals vaccinated with recombinant F protein alone via the intranasal route exhibited
some lung protection against subsequent RSV challenge, compared with mock-vaccinated
and RSV-challenged animals. However, animals vaccinated with F protein formulated with
MPL showed enhanced protection as evidenced by reduced virus titers in the lung,
indicating that MPL can enhance immunity to RSV F when administered i.n. (Figure 1).
While the same trend was observed for the nose, neither of these preparations resulted in a
statistically significant reduction of virus titers in the nose.

To study further the effect of the route of immunization with the anchorless F protein
formulated with MPL, cotton rats were initially vaccinated by the i.n. route using F protein
adjuvanted with MPL. Three weeks later, animals were boosted with the same preparation of
F+MPL, but this time, one group received a second vaccination i.n., whereas the second
group received vaccination intradermally (i.d.). Animals vaccinated i.n. and boosted i.d.
showed enhanced protection and reduced lung histopathology when compared with animals
vaccinated twice by the i.n. route (Figure 2). A control group vaccinated with the F protein
without MPL i.n., followed by an i.d. boost was included to determine the value of adding
MPL to the vaccine preparation. When compared to unvaccinated controls, the reduction in
viral titers in animals vaccinated in this fashion was negligible for the nose and 0.2 Log1q
for the lungs.
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To confirm and extend the finding of improved performance of the F protein vaccine
formulated with MPL and given first by the i.n. route, followed by an i.d. boost, we
performed a vaccination study with 2 different doses MPL (15 and 50 pg/animal). The
generation of neutralizing antibodies and lung cytokine expression, as well as the kinetics of
viral replication and lung histopathology, were analyzed. For this experiment, three control
groups were included: one group was left uninfected (naive animals) to determine basal
levels of cytokine expression and lung histopathology. Another control group was infected
i.n. with RSV at the time of the first immunization. These immune animals have high
neutralizing antibody titers and are protected against subsequent RSV challenge. Animals
vaccinated with FI-RSV i.m. were also included as control for vaccine-enhanced lung
histopathology and cytokine storm. Vaccination with F+ MPL resulted in the generation of
detectable anti-RSV neutralizing antibody (Figure 3A). Animals from each experimental
group were sacrificed on day 1, day 4, and day 6 post-infection. Animals vaccinated with F
+MPL showed significant reduction of viral titers on day 4 post-infection (Figure 3B). The
extent of reduction was 1 Logg when measured at the peak of viral titers and all the groups
showed no significant viral replication in the lung on day 6 post-infection (p.i.)(data not
shown). When RSV gene expression was monitored by gPCR, viral gene expression was
significantly reduced in vaccinated animals compared to mock-treated control group (Figure
3C). Most importantly, all groups vaccinated i.n. and boosted i.d. with the anchorless
recombinant RSV F protein formulated with MPL showed a statistically significant decrease
in viral-induced interstitial pneumonitis and alveolitis that was reduced to levels below those
found in infected, naive animals and comparable to the levels found in immune animals
(Figure 3D).

Lung cytokine expression was previously used to determine the anti-inflammatory effect of
MPL in FI-RSV vaccine preparations following RSV infection [25, 29] and was used in this
work to evaluate the effect of MPL addition to the F protein-based vaccine. Strong type |
interferon-activated Mx-2 expression was seen in animals infected after mock or vaccine
immunizations, but not in re-challenged cotton rats (Figure 4). This indicates that MPL does
not restrict expression of important antiviral genes involved in the type | interferon response
and previously shown to be activated by RSV infection [28]. However, as previously shown
[25], inclusion of MPL into the vaccine strongly repressed expression of Th2 cytokines.
Expression of IL-4, IL-5, IL-9, and IL-13 was strongest in animals vaccinated with FI-RSV
Lot 100. Importantly, animals vaccinated with F protein and MPL showed very low
expression of these cytokines (i.e., IL-4, IL-5, and IL-13 showed statistically significant
reduction, whereas, in the case of I1L-9, it was strongly reduced in 4 of 5 animals tested),
correlating with the observed strong reduction in lung pathology. The only exception was
the expression of 1L-10, which was increased in naive, RSV-challenged animals on day 6
post-infection compared to F+MPL-vaccinated, RSV-challenged animals (data not shown).
Levels of pro-inflammatory gene expression (IL-2, IFN-y, and TNF-a) were also
significantly reduced in F+MPL-vaccinated animals.

Overall, our data demonstrate that the anchorless F protein of RSV, formulated with MPL
and given i.n./i.d., strongly enhanced immunity against RSV without increasing
histopathology or inducing cytokine storm upon RSV challenge.

DISCUSSION

The results presented show that a baculovirus-expressed, anchorless F protein works as a
strong antigen when formulated with monophosphoryl lipid A and administered in a
heterologous prime-boost strategy, i.e., intranasally, followed by an i.d. boost. In addition,
we have demonstrated that this combination of antigen and adjuvant is safe by comparing
this preparation to the response of cotton rats immunized with the original FI-RSV Lot 100
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vaccine that was previously tested in a human clinical trial and generated highly undesirable
pathologic responses.

Previously, we reported that MPL is a strong immunomodulator that reversed the pathology
of RSV-challenged, FI-RSV-vaccinated animals from one of strong pathology to either mild
or non-existent pathology [25, 29]. Herein, the potential of MPL is now exploited to
generate a new vaccine based on recombinant purified, anchorless F protein. Similar to what
has been previously shown using the FI-RSV Lot 100 vaccine, MPL achieves a strong
immunomodulatory effect by reducing Th1 and Th2 cytokine expression in the lung of
challenged animals. However, in this work we show that MPL, when formulated with
anchorless, recombinant F protein, enhances the protective response as evidenced by
reduced lung virus titers as well. While there has been controversy about the role of
contaminants in the FI-RSV in the induction of vaccine-enhanced disease [30], the levels of
pathology induced by FI-RSV Lot 100 in the absence of MPL are consistently much greater
than when formulated with MPL as an adjuvant [25]. Therefore, we have used FI-RSV
immunization alone as the “standard” for vaccine-enhanced disease in this model system.

Adjuvants that signal through other TLRs have been used in combination with the F protein
of RSV and administered intranasally. Mucosal immunization of cotton rats with native
RSV F protein co-adjuvanted with CpG ODN (a TLR9 agonist) only resulted in modest
protection from viral challenge, but did not prevent the development of enhanced pulmonary
pathology [31].

Detection of virus in the lungs of infected animals by plaque assay and qRT-PCR revealed a
significant reduction in virus load in RSV-challenged cotton rats vaccinated with F+MPL
compared with mock-vaccinated animals, suggesting more effective clearance of the virus
induced by vaccination. The observation that vaccination with F+MPL did not eliminate
viral replication in the lungs completely may be the result of the low dose F used in the
vaccine formulations. Protection following immunization with F subunit vaccines is
typically observed with antigen doses greater than 1 j1g [32—-34]. Therefore, higher doses of
the recombinant F may be required for complete protection when co-formulated with MPL,
but also will require strict scrutiny of the effect of increased dosing on lung pathology upon
challenge. These studies are currently underway.

Recently, MPL was used in the formulation of another RSV vaccine based on nucleocapsid-
depleted RSV membranes (virosomes) [35]. This vaccine was tested in cotton rats and
shown to be safe and protective However, the complexity of such a vaccine will likely result
in obstacles related to production for use in people. For this reason, the recombinant
anchorless F protein used in these studies represents a considerable advance over mixed
subunit vaccines.

Previously, a recombinant, modified, RSV F protein vaccine was generated in baculovirus
and tested in cotton rats [36]. Although this vaccine showed complete protection from viral
replication after challenge, the i.m route of immunization will most likely find obstacles to
circumvent the immune suppressive effect of anti-RSV antibodies present in infants
(maternal antibodies) or in adults (natural anti-RSV antibodies). However, this study and
those of others have demonstrated the role of prefusion F protein to enhanced antigenicity
[37-38] and this new information could be pivotal for improving our vaccine.

Taken together, these results suggest that the co-formulation of recombinant, anchorless F
protein with MPL for i.n. delivery followed by an i.d. boost, may provide the next step in the
development of a safe and effective vaccine for the prevention of RSV infection, and may
have significant implications for the development of a novel human RSV vaccines. One
example is the enhancement of maternal immunity that can support extended protection in
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babies. Previous F protein-based vaccines tested during pregnancy show that only 10% of
pregnant women developed a 24-fold rise in neutralizing titers [39], indicating that new
delivery and adjuvants systems for F protein will be needed to tackle protection of babies
with this strategy. The success of our vaccine in protecting cotton rats in the absence of
vaccine-enhanced disease indicates that this approach may be applicable during pregnancy.
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Figurel.

Vaccination of cotton rats intranasally with anchorless F protein formulated with
monophosphoryl lipid A (MPL) boosts protection against RSV infection. Cotton rats (n=5/
group) were PBS-vaccinated (Mock) or vaccinated with 1.25 mg of baculovirus-expressed
anchorless RSV F protein formulated with or without MPL (5 pg/rat) on day 0 and day 14.
All animals were challenged on day 28 with RSV/A Long (10%5 pfu, i.n) and sacrificed on
day 5 p.i. Logyg of RSV lung and nose titers are presented. Group marked with *represents
p<0.01 when compared with the mock-vaccinated group.
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Figure 2.
Vaccination with RSV F protein formulated with MPL enhanced protection when the

booster vaccination is administered by the i.d. route. Cotton rats (n=5/group) were
vaccinated i.n with mock vaccine (100 pl of PBS); infected with RSV/A long; or vaccinated
with RSV F+MPL i.n. on day 0. A second immunization (boost) was performed with the
same preparations on day 21, but in the case of F+MPL vaccine, was given i.n. or i.d. On
day 49, all animals were challenged with RSV/A Long i.n. and sacrificed on day 5 to
determine lung and nose viral titers (A). * represent p<0.05 and represents p<0.01 when
compared with the mock-vaccinated group. Total histopathology score was compared in
animals vaccinated with F-MPL i.n. or i.d. (B) Total histopathology scores are combined
scores for peribronchiolitis, perivasculitis, interstitial pneumonia, and alveolitis. * represents
p<0.001 when compared with the mock-vaccinated group.
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F protein vaccine formulated with MPL increased neutralizing antibody titers against RSV,
and reduced lung viral replication and histopathology. Cotton rats were vaccinated with F
+MPL (at 15 and 50 pg/rat) i.n., followed by i.d. boosting 21 days later. Control animals
were PBS-vaccinated (M, naive animals), or infected with RSV i.n. (RSV). An additional
control was included that corresponded to animals vaccinated twice i.m. with the FI-RSV
vaccine Lot 100 in a dilution of 1:125. All animals were challenged with RSV/A Long 48
days after the first vaccination. (A) RSV neutralization antibody titers from sera obtained
before challenge (day 48). (B) Viral titers of lung and nose obtained 4 days post-challenge
(peak viral replication). (C) RSV F protein gene expression in lungs of animals challenged
on day 48 with RSV/A Long. Significant differences in the expression are detected on day 4
and day 6 post challenge. (D) Lung histopathology scores on day 6 post-RSV challenge
(peak lung pathology). Scores of interstitial pneumonia and alveolitis are blunted in animals

vaccinated with F+MPL (arrows).
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Figure4.

Cytokine gene expression induced by RSV infection of animals vaccinated with FI-RSV is
blunted in animals immunized with F+MPL i.n/i.d. Cytokine expression in the lungs of
infected, re-infected, and vaccinated groups at days 1, 4, and 6 post-RSV challenged.
Significant reduction of Thl (TNF-a, IL-2, IFN-y) and Th2 (IL-4, IL-5, and IL-13) cytokine
expression is achieved by MPL formulation of the RSV F protein vaccine. Student t-test
comparisons were performed between F+MPL and FI-RSV groups. Significance is indicated
as: ¥ p<0.0001, *, p<0.001; #, p<0.005; ¢, p,0.01; +, p<0.05.
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