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ABSTRACT

Respiratory syncytial virus (RSV) is a significant cause of lower respiratory tract infections resulting in
bronchiolitis and even mortality in the elderly and young children/infants. Despite the impact of this virus
on human health, no licensed vaccine exists. Unlike many other viral infections, RSV infection or
vaccination does not induce durable protective antibodies in humans. In order to elicit high titer,
neutralizing antibodies against RSV, we investigated the use of the adjuvant Advax™, a novel
polysaccharide adjuvant based on delta inulin microparticles, to enhance antibody titers following
vaccination. BALB/c mice were vaccinated intramuscularly with live RSV as a vaccine antigen in
combination with one of two formulations of Advax™. Advax-1 was comprised of the standard delta
inulin adjuvant and Advax-2 was formulated delta inulin plus CpG oligodendronucleotides (ODNs). An
additional group of mice were either mock vaccinated, immunized with vaccine only, or administered
vaccine plus Imject Alum. Following 3 vaccinations, mice had neutralizing antibody titers that correlated
with reduction in viral titers in the lungs. Advax-1 significantly enhanced serum RSV-specific IgG1 levels at
week 6 indicative of a Th2 response, similar to titers in mice administered vaccine plus Imject Alum. In
contrast, mice vaccinated with vaccine plus Advax-2 had predominately IgG2a titers indicative of a Th1
response that was maintained during the entire study. Interestingly, regardless of which Advax™ adjuvant
was used, the neutralizing titers were similar between groups, but the viral lung titers were significantly
lower (~10E4-3pfu/g) in mice administered vaccine with either Advax™ adjuvant compared to mice
administered adjuvants only. The lung pathology in vaccinated mice with Advax™ was similar to Imject
Alum. Overall, RSV vaccine formulated with Advax™ had high neutralizing antibody titers with low lung
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viral titers, but exacerbated lung pathology compared to unvaccinated mice.

Introduction

For infants less than 2 y of age, ~5% of all hospitalizations are
due to respiratory syncytial virus (RSV) infections. For pre-term
infants (<30 weeks gestation), hospitalization rates may be as
high as 18.7%." To reduce the incidence of hospitalization from
RSV infections, high-risk individuals, including infants and the
elderly, can be administered palivizumab. This humanized mouse
monoclonal antibody binds to the RSV fusion F protein, inhibits
viral fusion to target cells and thereby neutralizes RSV.>* Unfor-
tunately, the expense of palivizumab reduces its cost-effectiveness
for use in healthy full-term infants, children under 5 y of age or
the elderly, and subsequently leaves these populations at risk for
RSV infections, particularly through nosocomial exposure.*®
There are currently no licensed RSV vaccines. Development of
new RSV vaccines has been impeded after an alum-adjuvanted
formalin-inactivated RSV vaccine caused enhanced respiratory
disease (ERD) complications during clinical trials.”'* The forma-
lin-inactivated RSV vaccine enhanced RSV infection by eliciting
non-neutralizing antibodies and inducing a highly Th2-polarized
immune response within the respiratory tract.”'"'>'>"'” Part of

the problem may have been that formalin inactivation can alter
virus epitopes resulting in elicitation of pathogenic instead of
protective immune responses.'>'**’ Formalin-inactivated influ-
enza virus, measles virus, and severe acute respiratory syndrome
(SARS) coronavirus vaccines have similarly elicited aberrant
immune responses following vaccination.”'** Aluminum adju-
vants appear to contribute to respiratory pathology. Finally, pre-
term infants and young children may have polarized Th2
responses, exacerbating allergic and asthmatic responses,”**® and
may therefore be more susceptible to damage induced by vac-
cine-induced Th2-dominant immune responses.”” As such, there
is still a need for vaccines against RSV and other viruses that are
able to elicit antiviral protection without inducing adverse vac-
cine-induce immunopathology after virus exposure.

The use of Thl polarizing adjuvant(s) can prevent vaccine-
associated lung immunopathology. Currently, only a limited
number of adjuvants are approved for use in human vaccines
due to issues such as poor tolerability, toxicity, or poor antigen
compatibility.”®** The majority of RSV vaccines that have been
tested pre-clinically or clinically have contained alum based
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adjuvants such as aluminum hydroxide™* or Imject Alum.
Aluminum-based adjuvants skew T cell responses in a Th2 direc-
tion with IgE immune responses,”*” and therefore are relatively
contraindicated for RSV vaccines leaving a need for alternative
adjuvants free of Th2 bias. Recently, a plant-derived delta inulin
polysaccharide adjuvant (Advax™) provided antigen-sparing and
enhanced immunogenicity for several experimental viral vac-
cines.**** Advax™ is described as a ThO adjuvant that works by
enhancing antigen presenting cell function and is able to elicit both
Th1 and Th2 responses while inducing minimal inflammation at
the site of injection or systemically.*’

Previously, Advax' ™ adjuvant combined with a Toll-like recep-
tor 9 (TLRY) agonist (CpG oligonucleotide) when combined with
the recombinant spike protein or inactivated SARS coronavirus
prevented eosinophilic lung immunopathology after SARS chal-
lenge,** thus exemplifying how a Th1-inducing adjuvant formula-
tion may be helpful in preventing undue vaccine Th2 bias and
associated lung pathology. This study therefore sought to compare
the protective efficacy and ability to prevent vaccine-associated
lung immunopathology of an RSV vaccine formulated with
Advax™ adjuvant in place of the Th2-biasing alum adjuvant. To
minimize potential formalin-associated alterations of the RSV F
and G surface glycoproteins, intramuscular injection of live RSV
virus was used as the vaccine antigen,'® based on previous studies
that showed, for example, that intramuscular vaccination with live
influenza virus did not induce lung infection but was instead
immunogenic and protective.*’

Materials and methods
Purification of RSV line 19

HEp2 cells (ATCC, CCL23), a human carcinoma HeLa-
derivative, were grown in Dulbecco’s Modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine
serum and penicillin-streptomycin (P/S) and maintained in a
5% CO, humidified enclosure kept at 37°C. Line 19 respira-
tory syncytial virus (RSV) is an antigenic subgroup A strain
and was propagated in semi-confluent HEp2 cells in FBS-
free OptiMEM media until cytopathic effect was 70-80% visi-
ble. Cell supernatant containing RSV was semi-purified
through a 30% glycerol layer as described previously.** In
brief, pre-clarified viral supernatant supplemented with 0.1
volumes of 1 M MgSO4, was loaded onto 8.2 mL of a glyc-
erol layer (0.22 um-filtered buffer of 30% glycerol in 0.1 M
MgSO4 and 50 mM HEPES pH 7.5, stored at 4°C) and viral
particles were pelleted by centrifuging at 11,600 rpm
(24,000g) in SureSpin 630 rotor for 3 hr at 4°C. Pellet was
resuspended in pre-cooled viral resuspension buffer
(0.22 pum-filtered 50mM HEPES (pH 7.5), 0.1 M MgSO4,
and 150 mM NaCl), aliquoted, and snap-frozen over dry ice.
Virus stocks were quantified using plaque assay as described
below. To serve as a mock vaccine, HEp2 cells were mock-
infected and grown in FBS-free OptiMEM and processed the
same manner as the semi-purified virus solution.

Immunostaining plaque assay

HEp2 cells were seeded at density of 400,000 cells per well in a 24-
well plate in complete growth media to achieve even, confluent
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monolayers the following day. Serial dilutions from virus stocks or
lung homogenates were made in FBS-free DMEM and volumes of
100 ] were used to inoculate the monolayers for 1 h at room tem-
perature (RT), with occasional rocking. Plates were incubated at
37°C for an additional 15 min then inoculum was replaced with
0.8% methylcellulose overlay composed of 5% FBS DMEM, sup-
plemented with L-glutamine, P/S and amphotericin B. 4-5 d post-
infection, when plaques were visible, methylcellulose was discarded
into Virkon S solution and plates were gently rinsed with phos-
phate buffered saline twice. Monolayers were fixed in 80% metha-
nol overnight at 4°C in preparation for immunostaining to detect
RSV F.**® Non-specific epitopes were blocked with 5% non-fat
milk in PBS, then plaques were immunostained with monoclonal
mouse anti-RSV F antibody (AbDSerotec, MCA490), followed by
a horseradish peroxidase-conjugated anti-mouse secondary anti-
body, and visualized with 4CN substrate (Kirkegaard and Perry
Laboratories).

Vaccination of mice

Female BALB/c] mice (5-8 weeks of age) were purchased from
The Jackson Laboratories and maintained in specific-pathogen
free (SPF) conditions in accordance with the policies of the Insti-
tutional Animal Use and Care Committee. Submandibular
blood collection using 5 mm sterile lancets yielded ~250 ul
blood, which was clotted for 1 hr at RT, then centrifuged for
10 min at 6k rpm. Sera aliquots were stored at —20°C until use
for ELISA or plaque reduction neutralization test (PRNT). Intra-
muscular vaccination with adjuvanted-live RSV line 19 (10°¢
pfu) or mock-solution occurred on weeks 0, 4, and 8, and blood
was collected at week 0, 6, and 10 (Fig. 1). Three immunizations
were administered to elicit maximum antibody titers prior to
live RSV challenge. Vaccine formulations were made at a 1:1
ratio between adjuvant and antigen such that 25 ul contained
10° pfu. The live RSV cell supernatant was mixed immediately
before use with equal volume with one of the following adju-
vants: Advax-1 or Advax-2 (Vaxine Pty Ltd., Adelaide, Aus-
tralia) or Imject Alum (Thermo Scientific). Advax™
formulations contain a microparticulate suspension of delta inu-
lin polysaccharide.**** Advax-1™ was made up of delta inulin
adjuvant alone whereas Advax-2™ was comprised of delta inu-
lin suspension to which CpG ODN dissolved in PBS had been
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Figure 1. Schematic of vaccination formulations and schedule for serum analysis.
Animals were administered vaccine or mock solutions intramuscularly on weeks 0,
4, and 8 and bled via the submandibular cheek on weeks 6 and 8. On week 12, ani-
mals were subjected to an intranasal high-dose, high volume infection with Line
19 (blue dot). Animals were monitored for clinical symptoms up to 4 d post-infec-
tion, followed by humane euthanasia and collection of tissues for analysis.
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added by simple admixture. A total volume of 50 1 was injected
into the right rear thigh using a 30-gauge needle.

RSV challenges

To infect, mice were anesthetized with 2-5% vaporized isoflour-
ane then a total volume of 100ul was administered drop wise to
the nares such that 10°*” plaque forming units (pfu) of virus
were used to intranasally infect each mouse (18-24 g in weight).
This high-dose/high-volume (HD/HV) used was adapted from
a previous use of RSV line 19 in BALB/c mice.® Animals were
monitored for up to 4 d post-infection, followed by euthanasia
by CO,. The left lung was gently inflated with 10% formalin,
while the right lung was diced, portioned into collection tubes,
then snap-frozen on dry ice. Lung homogenate was obtained
by gently pressing samples of lung through a 70 ©M mesh filter
using a rubber plunger in a 10X weight/volume (wt/vol) of
FBS-free DMEM. Cellular debris was removed by brief centri-
fugation and supernatant was used to infect monolayers to
obtain lung viral load titers.

Plaque reduction neutralization test (PRNT)

The following approach was adapted from previously described
standard RSV PRNT methodology”' and modified for 48-well
format for rapid plaque counting. HEp2 cells (200,000 per well)
were seeded 24 h prior to obtain even semi-confluent mono-
layers in 48-well plates. Heat inactivated mouse antisera was
initially diluted in PBS 1:20, then serially diluted 4-fold in a 96-
well plate. Virus was added to sera such that 50-80 pfu/ well.
The virus-sera mixture was incubated for 1 h at 37°C. Media
was removed from cell monolayers and virus-sera mixture
(80 pul) was used to infect cells for 1 h at RT with rocking, fol-
lowed by 15 min incubation at 37°C. Inoculum was replaced
with methylcellulose overlay and plates were incubated for 2 d
at 37°C, 5% CO,. Methylcellulose was removed, plates were
washed gently then plaques were immunostained for the detec-
tion of RSV F. Plates were scanned and plaques counted using
CTL-ImmunoSpot® S6 FluoroSpot Line Analyzer.

Histopathology

During tissue collection, left lungs were gently inflated with
10% formalin and stored for paraffin embedding. Formalin-
fixed paraffin embedded tissue was cut into 6—um sections
and stained with hematoxylin and eosin. Two blinded patholo-
gists visually scored histological slides based on the percentage
of total lung involvement (0 = <10 %, 1 = 10-25%, 2 = 26-
50%, 3 = >51 %) and bronchial and alveolar severity (0 = nor-
mal, 1 = mild, 2 = moderate, 3 = severe).

Detection of anti-RSV F antibodies

A high-affinity, 96-well flat bottom ELISA plate was coated
with 100ng/well of recombinant baculovirus-derived RSV F
(11049-V08B-20, Sino Biologicals, Inc., North Wales, PA,
USA) in ELISA carbonate buffer (50mM carbonate buffer, pH
9.5) overnight at 4°C on a rocker. As a recombinant protein,
the highly stable post-fusion RSV F conformation is expected

to be the dominant antigen present.’> The next morning,
plates were washed PBS with 0.05% Tween-20 (PBST), then
non-specific epitopes were blocked with 1% bovine serum
albumin (BSA) in PBST solution for 1 h at RT. Buffer was
removed then serial dilutions of antisera from vaccinated ani-
mals were added to plate and incubated for 1 h at 37°C. Plates
were washed and probed with anti-mouse IgG horseradish-
peroxidase-conjugated secondary antibodies (total IgG, IgGl,
IgG2a, IgG2b, IgG3, SouthernBiotech) at dilution of 1:4000
for 1 h at 37°C. Plates were washed then freshly prepared o-
phenylenediamine dihydrochloride (OPD) (P8287, Sigma, St.
Louis, MO, USA) substrate in citrate buffer (P4922, Sigma)
was added to wells, followed by 1N H2SO4 stopping reagent.
Plates were analyzed with 492 nm absorbance using a Biotek
microplate reader and background from negative wells was
subtracted. All endpoint dilutions titers were normalized in
reference to the mock-vaccinated animals, which did not
have detectable specific mouse anti-RSV G IgG titers greater
than background (data not shown). Optical density (O.D.) val-
ues were analyzed for statistical significance using 2-way mul-
tiple comparisons ANOVA and significance was assumed
when p < 0.05.

Results

Vaccination with high-dose live RSV induces specific
anti-RSV F antibodies

Mice were vaccinated intramuscularly three times at 4-week
intervals with live RSV antigen (10e+6 pfu) alone or formu-
lated with Imject alum or Advax-1 or —2 adjuvants (Fig. 1).
Mice were then bled at week 6 (2 weeks post-second immuniza-
tion) and week 10 (2 weeks post-third immunization) for
assessment of total IgG responses, before being challenged
intranasally with RSV to assess protection. Mice vaccinated
with adjuvant only had undetectable (<1 :200) endpoint dilu-
tion titers at all time points (Table 1). Although mice vacci-
nated with RSV alone (no adjuvant) induced detectable
antibody titers, these titers were ~4-fold lower (1:49,355) after
two vaccinations than those seen in animals vaccinated with
RSV formulated with Imject alum or Advax-1 or —2 adjuvants,
and they did not rise after the third vaccination. Mice vacci-
nated with RSV had similar average anti-RSV F antibody titers,
regardless of the adjuvant formulation. Mice vaccinated with
RSV plus any of the three adjuvants had an anti-RSV F titer
ranging from 1:181,483 to 1:275,617 following 2 vaccinations
and 1:1:377,421 to 1:486,000 following 3 vaccinations (Table 1).

Table 1. Anti-RSV F specific IgG titers. Total mouse anti-RSV IgG responses were
assayed by endpoint-dilution in ELISA assay. Each sample was performed in tripli-
cate and average endpoint dilution was calculated from average of all mice within
the same treatment group (n = 5). The IgG responses elicited by mock- or low-
dose virus vaccine were below the background cut-off and are not shown.

Adjuvant Vaccine Week 6 Week 10
Advax-1 RSV 1:275,617+38836 1:377,421+64139
Advax-2 RSV 1:183483+37938 1:477,5474+21698
Imject Alum RSV 1:242,230+25490 1:486,000+-38836
PBS RSV *1:49,355£4578 *1:60,034+2454
PBS Mock <1:200 <1:200
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Figure 2. Vaccination with high-dose live RSV eliminates detectable viral loads in
lungs. Viral load was assessed by methylcellulose-plaque titration of lung homoge-
nates and presented in a Log,, pfu/g of lung tissue. Titers were performed in tripli-
cate and the mean titer for each animal (n=5) is indicated by the group symbol.
The minimum level of detection of RSV viral loads in the lungs is 100 pfu/g and
samples that did not yield plaques are indicated as none detected (N/D). “p>0.01.

However, different IgG; and IgG,, antibody profiles were
observed based upon the adjuvant administered (Fig. 2). Mice
vaccinated with HD RSV plus Advax-2 had higher IgG,, than
IgG; titers at week 6, indicating a dominant T-helper-1 (Thl)
vaccine response (Fig. 3A) (p < 0 .05, both * and **). By con-
trast, mice vaccinated with Imject Alum had significantly
higher IgG; than IgG,, antibody titers indicative of a dominant
Th2 vaccine response (Table 2). Mice that received HD RSV
plus Advax-1 at week 10 had equal amounts of IgG1 and IgG,,,
consistent with its previous description as a balanced Th0-adju-
vant (Fig. 3B).

Plaque reduction neutralization titers

Mice vaccinated with vaccine alone had PRNT titers at week 10
that were the same as mice vaccinated with vaccine plus
Advax-1 (Table 3). However, mice administered vaccine plus
Advax-2 or Imject alum had higher PRNT titers compared to
mice vaccinated with vaccine plus Advax-1. Mice administered
adjuvant only had no detectable PRNT antibodies.

Reduction in viral lung titers in Advax vaccinated mice

Mice vaccinated with RSV alone or in combination with
either Advax-1 or —2 or Imject alum control adjuvant for-
mulations had no virus that was detectable in the lungs at
4 d post-RSV challenge (Fig. 2). Interestingly, mice vacci-
nated only with either Advax™ adjuvant alone (no vaccine)
also had reduced lung viral titers compared to either mice
administered Imject alum adjuvant alone or mock-vacci-
nated animals.

Lung histopathology

Lungs were harvested for histology 4 d post-infection from
mice challenged intranasally with RSV. Mock-vaccinated mice
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Figure 3. The IgG isotype of the anti-RSV antisera. The specific IgG isotype was
assayed from the pooled serum collected at week 8 from each mouse group at a dilu-
tion of 1:1000 and reported as specific O.D. P-values were calculated between the
IgG1 and IgG2a titers within a single group. Groups indicated with (*) have p < 0 .05
and the ratio of IgG1:gG2a is <1 ; Groups indicated with (**) also have p < 0 .05
and ratio of IgG1:lgG2a is >1 . Panel A: week 6; Panel B: week 10.

challenged with RSV had little histopathological lung damage
despite having high lung virus titers suggesting pneumonia was
at nascent stages. Conversely, mice that were administered
three vaccinations of RSV vaccine, and with high RSV

Table 2. IgG Isotype Ratios. A ratio of IgG1 to IgG2a is provided and ratios less
than 1 are indicative of enhanced Th1 responses, while ratios greater than 1 are
skewed toward Th2. Subjects that have neither a Th1 or Th2 dominant profile are
given values of 1. The O.D. values were averages of a group of mice (n = 5) when
performed in triplicate.

Vaccine  Advax™—1 Advax™™—2 Imjectalum PBS  Mock
Week  Adjuvant RSV RSV RSV RSV Mock
6 1.74 0.66 149 0.41 1.08
10 1.03 0.53 1.89 137 1.08

Table 3. Anti-RSV responses elicited are neutralizing in plaque reduction neutrali-
zation test (PRNT) at week 10. Serum was examined for neutralizing activity in a
modified PRNT assay and endpoint dilutions of sera were determined for a 50% or
80% reduction in the initial 50-80 pfu inoculated in each well. Serum samples
were diluted 4-fold and performed in triplicate and average representative values
are shown.

Adjuvant Vaccine 50% 80%
Advax-1 RSV 1:1280 1:640
Advax-2 RSV 1:1920 1:1280
Imject Alum RSV 1:1920 1:1280
PBS RSV 1:1280 1:640
Advax-1 Mock <1:20 <1:20
Advax-2 Mock <1:20 <1:20
Imject Alum Mock <1:20 <1:20
PBS Mock <1:20 <1:20
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Figure 4. Histopathology Scores. Histopathologic analysis of RSV-infected lung.
Hematoxylin and eosin-stained sections of lungs that were collected at day 4
post-infection. Pneumonia severity was assessed by evaluating the percentage
of lung involvement (A), and scoring the severity of bronchial (B) and alveolar
or interstitial (C) pneumonia. Scoring of percentage of lung involvement: 0 =
<10 %, 1 = 10-25%, 2 = 26-50%, 3 = >51 %. Scoring of bronchial and
alveolar severity 0 = normal, 1 = mild, 2 = moderate, 3 = severe.

neutralizing antibody titers, had more severe lung pathology
with moderate bronchial and minor alveolar or interstitial
inflammation (Figs. 4 and 5). This is consistent with previous
reports that RSV F antigen elicits neutralizing titers, but is also
associated with increased lung immunopathology post chal-
lenge.” There was a consistent trend to lower lung pathology
scores in the mice that received RSV vaccine formulated with
Advax-1 (Fig. 4). These lower lung scores were also observed in
mice immunized with Advax-1 adjuvant alone.

Discussion

Bronchiolitis and lower respiratory tract infections associated
with RSV remain a significant threat to preterm infants, the
elderly and immunocompromised individuals. The presence of
serum- and mucosal-neutralizing antibody titers is correlated
with reduced RSV infection and disease severity,”*>> however
natural infection fails to elicit long-term immunity.’>*” In this
report, we used different formulations of delta-inulin to elicit
either T helper (Th) type 1 (Thl) or type 2 (Th2) immune
responses induced by RSV viral particles administered intramus-
cularly as a vaccine. The elicited immune responses were com-
pared to controls groups of mice vaccinated with vaccine only or
vaccine plus aluminum salts. All mice vaccinated with vaccine
plus adjuvants, regardless whether inulin- or aluminum-based,
enhanced anti-RSV F antibody titers as compared to vaccine
without adjuvant (Table 1). Mice vaccinated with vaccine with-
out adjuvant still had protective anti-RSV antibody titers and
moderate lung pathology (Table 4). In contrast, adjuvants alone
failed to elicit protective anti-RSV F antibody titers in either total
IgG or the ability to neutralize virus in in vitro assays.

Mice administered vaccine plus delta-inulin (Advax-1) had a
Th2 response as indicated by the predominance of IgG, anti-F
antibody titers at week 6. An immunoglobulin class switch
occurs following the expression of a new downstream heavy
chain constant region (e.g. Cy1, Cy2b, Cy2a, Ce) in a B-cell
that already has a recombined immunoglobulin variable (VDJ)
segment. This gene rearrangement of heavy chain constant
regions depends on the cytokine environment at the time of the
class switch.”® Therefore, the detected IgG isotype is an indica-
tion of the cell type that was stimulated by the vaccine/adjuvant
in order to secret the appropriate cytokine(s) to induce the par-
ticular gene rearrangement. Immunizations with aluminum
salts or delta-inulin (Advax-1) induced significantly higher
IgG; titers at week 6 (Fig. 3A), suggesting the presence of IL-4
producing Th2 cells. Aluminum salts have been used to
enhance antibody responses to vaccines for almost 100 y.”
Inclusion of aluminum salts as an adjuvant increased anti-F
antibody responses to similar levels as all the Advax'™ adju-
vants. However, only mice vaccinated with the RSV vaccine
plus Imject alum maintained a Th2 phenotype 4 weeks follow-
ing the 3™ vaccination. By week 10, mice vaccinated with
Advax-1 had a mixed IgG1/IgG2a isotype response (Fig. 3B).
The addition of CpG-oligonucleotides (CpG-ODN) to the
delta-inulin adjuvant (Advax-2) during vaccination altered the
IgG isotype profile resulting in the elicitation of predominantly
IgG,, antibody titers against RSV F at week 6. This is indicative
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Figure 5. Histopathology images of lungs after RSV challenge. BALB/c mice were vaccinated with RSV vaccine with various adjuvants and infected with the RSV line 19 at
4 weeks after the final vaccination. Lungs were collected 4 d post-infection, formalin fixed, and paraffin embedded. Representative images from hematoxylin-and-eosin-
stained sections: RSV vaccine plus Advax-1 (A), RSV vaccine plus Advax-2 (B), RSV vaccine plus Imject Alum (C), Mock vaccine plus Advax-1 (D), Mock vaccine plus Advax-2
(E), Mock vaccine plus Imject Alum (F), RSV vaccine only (G), and Mock vaccinated with mock adjuvant (H).

of a CD4+ T helper (Th) type 1 (Thl) response and hence an
environment rich in IFN-y. Following a third vaccination, mice
vaccinated with the RSV vaccine plus Advax-2 maintained the
Thl phenotype, but mice vaccinated with Advax-1 adjuvants
had a mixed Th1/Th2 phenotype (Fig. 3B). IgG1 and IgG2a
have non-redundant functions with IgG1 associated with virus
neutralization and IgG2a associated with respiratory syncytial
viral clearance.”®® Therefore, an adjuvant that elicits a mixed
IgG response, and therefore, a mixed CD4+ T helper response
may be more effective at reducing RSV lung titers and reducing
disease severity.

T-cell-dependent humoral immune responses play an
important role in the clearance and prevention of several virus
infections. These immune responses require the critical interac-
tion of antigen-specific TCRap+ CD4+ T-cells [CD4+ T-
helper (Th) cells] with activated B-cells.”" The “help” provided
by CD4+ helper T-cell includes signaling through surface

Table 4. Summary of results. The adjuvant and vaccine groups are listed below
with concluding results in plaque reduction neutralization titers, viral plaque titers
obtain from lung homogenates, and histopathological scores. The (-) value indi-
cates the titers are below the levels of detection, while (+++) or High indicate
the groups that had the greatest overall values in each criteria.

Neutralization  Viral Lung Lung
Adjuvant CpG DNA  Vaccine titers Titers Pathology
Advax-1 - RSV High - High
Advax-2 + RSV High - High
Imject Alum - RSV High - Moderate
PBS - RSV Moderate - Moderate
PBS - Mock - +4++ Low
Advax-1 - Mock - ++ Low
Advax-2 + Mock - ++ Low
Imject Alum - Mock - +4++ Moderate

molecules (CD40 ligand and CD28, on the surface of the T-cell;
CD40 and B7 (CD80/CD86) on the surface of B-cells) and the
production of multiple cytokines (e.g., IL-4, IFN-y, TGEF-8,
TNF-q, IL-5, IL-13, and others).®> The consequences of this
“help” are antibody production, induction of immunoglobulin
class switch (IgG, IgA and IgE) and differentiation of immature
B-cells into plasma B-cells.*?

The mechanism of action by Advax-1 is not yet understood.
Advax-1 is a novel polysaccharide adjuvant derived from poly-
fructofuranosyl-D-glucose (delta inulin).* Advax™ adjuvant
enhances immune responses and provides antigen-sparing in
vaccines against a variety of pathogens in multiple animals.***’
As observed previously, formulation of the RSV vaccine with
Advax™ adjuvant increased both Th1 (IgG2a) and Th2 (IgG1)
antibody responses. Rather than skewing the immune response
to a vaccine in either a Th1 or Th2 direction, mice immunized
with vaccine containing Advax-1 have increased Thl (IL-2,
IFN-y) and Th2 (IL-5, IL-6) cytokines produced by spleno-
cytes. By contrast, aluminum-based adjuvants skew toward
Th2 immune responses (36), whereas toll-like receptor (TLR)
agonists typically skew toward Thl responses (17-18). Given
the absence of Th1 or Th2 polarization, Advax'™ may best be
described as a ThO adjuvant. MF59 has similarly been described
as a ThO adjuvant (36). Despite their very different chemistries,
Advax™ adjuvant being a polysaccharide particle and MF59
being a squalene oil emulsion, the effects of Advax™ adjuvant
and MF59 adjuvant on influenza vaccine immunogenicity were
similar in respect of the ability to increase influenza IgG titers,
T-cell proliferation, and protection one year post-immuniza-
tion. The results presented in this report with an RSV vaccine
and Advax™ formulations elicited enhanced immunogenicity
over the vaccine without an adjuvant, but did not sufficiently
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prevent lung pathology despite the use of live RSV and adju-
vants that would promote either ThO or Th1 responses.

While the exact mechanism of action of Advax™ adjuvant
is not yet fully known, this adjuvant appears to act primarily
through enhancement of antigen presenting cell function with
this leading to enhanced B- and T-cell activation®” and not
through activation of innate inflammatory responses. Injection
of Advax™ adjuvant alone without antigen did not provide
significant non-specific protection against RSV in this study or
other pathogens, such as influenza or Japanese encephalitis
viruses® although viral lung titers were 10-fold reduced com-
pared to aluminum salts or mock vaccine (Fig. 2a). Although
incompletely understood, there is a potential for priming of the
innate immune system through use of adjuvants, which may
enhance pathogen recognition or pathogen clearance by mono-
cyte/macrophages or natural killer (NK) cells described in
recent reviews®®; the addition of Advax™ delta inulin adjuvant
to a Listeria monocytogenes gold-nanoparticle vaccine report-
edly increased total splenic NK numbers® yet mechanisms for
delta-inulin related NK enhancement require further investiga-
tion. Administering the live RSV vaccine intramuscularly, all
mice were protected against RSV infection regardless of the use
of adjuvant during vaccination. These mice had high neutraliz-
ing antibody titers and had no viral titers detected in the lungs
4 d post-infection. This differs greatly from FI-RSV, which fails
to elicit neutralizing antibody titers and will result in detectable
viral loads in the lungs upon RSV challenge.”®

At lower doses of vaccine, the additional of CpG ODNs was
more effective at reducing viral lung titers than delta-inulin
only (Advax-1), which was statistically similar to mock vacci-
nated mice (data not shown). The effectiveness of CpG ODN
as an adjuvant may be due to its ability to directly activate B
cells (30, 43) and macrophages71 to induce secretion of Thl
cytokines such as IFN-y and IL-12. In addition, through inter-
actions with the Toll-like receptor 9 (TLR-9) of dendritic cells
(17), CpG ODNs upregulate the expression of costimulatory
molecules including class II MHC and B7 to produce Thl
polarizing cytokines and thus increase antigen presenting den-
dritic cells (1, 7, 25, 61). Despite reported advantages associated
with immune activation through use of CpG ODNs, these
nucleic acdis may also activate innate inflammatory response
pathways and enhance susceptibility to some pathogens.”
Importantly, another study observed enhanced lung immuno-
pathology when administered in combination with a RSV F
vaccine delivered intranasally.”” As observed in this study, CpG
ODN skew serum antibodies predominantly to the IgG2a iso-
type and yet failed to prevent lung immunopathology following
RSV challenge. This suggests RSV vaccine-enhanced immuno-
pathology could involve additional mechanisms beyond Th2-
bias phenotypes and vaccine-enhanced lung disease may not be
adequately predicted through IgG isotyping or microneutraliza-
tion. Further examination is necessary to identify non-neutral-
izing antibodies or complement components that could be
elevated, concurrently with neutralizing anti-RSV F titers,
which could lead to immune complexes associated with ERD.”°

Absence of an effective vaccine leaves preterm infants, the
elderly and immunocompromised populations susceptible and
treatment associated with RSV disease persists as an economic
and medical burden. The 1960s formalin-inactivated RSV

vaccine failed to mount neutralizing protection against subse-
quent RSV challenge and instead, exacerbated Th2-associated
vaccine-enhanced immunopathology. In this study, while an
RSV vaccine, formulated with Advax™ adjuvants, elicited high
titer neutralizing antibodies and a Th1 phenotype, there was no
reduction lung immunopathology associated with RSV vaccina-
tion. Interestingly, using the Advax-1 adjuvant alone induced
minor pathology in the lung, but was more severe when com-
bined with the RSV vaccine. In contrast, this pathology was not
induced using Synagis,>"7*7® an antibody directed against F
protein, but does occur with F protein immunization with
alum or live RSV priming. It is possible that treatment with
anti-F antibody, then RSV exposure, may prime the host for
exacerbated RSV lung disease should a second infection occur.
Future studies will need to be performed to determine these
effects.
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