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ABSTRACT
Peptide antigens are combined with an adjuvant in order to increase immunogenicity in vivo. The
immunogenicity and safety of a RSV vaccine formulated in a novel oil-based platform, DepoVaxTM (DPX), was
compared to an alum formulation. A peptide B cell epitope derived from RSV small hydrophobic ectodomain
(SHe) served as the antigen. Both vaccines induced SHe-specific antibodies after immunization of mice. A
single dose of the DPX-based formulation resulted in anti-SHe titres for up to 20 weeks. Boosting with Alum-
SHe, but not with DPX-SHe, led to unexpected clinical signs such as decreased activity, cyanosis and drop in
body temperature in mice but not in rabbits. The severity of adverse reactions correlated with magnitude of
SHe-specific IgG immune responses and decreased complement component 3 plasma levels, indicating a
type III hypersensitivity reaction. By RP-HPLC analysis, we found that only 8–20% of the antigen was found to
be adsorbed to alum in vitro, indicating that this antigen is likely released systemically upon injection in vivo.
Clinical signs were not observed in rabbits, indicating the response correlates with peptide dose relative to
size of animal. These results suggest that peptide antigens targeted to produce B cell mediated response
may result in increased incidence of type III hypersensitivity reactions when delivered in non-depot forming
vaccines. The DPX formulation induced strong antibody titres to the antigen without causing adverse events,
likely due to the strength of the depot in vivo, and demonstrates the potential safety and immunogenicity of
this platform for B cell peptide antigens.
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Introduction

Many new vaccines are utilizing defined synthetic peptides or
proteins as antigens rather than classical whole organism
approaches, such as live attenuated or killed preparations.1,2

Advantages include inducing immune responses towards vali-
dated antigen targets and safety benefits of a fully synthetic vac-
cine.3 Synthetic peptide vaccines have been researched for a
variety of infectious disease indications, such as Respiratory
Syncytial Virus (RSV), and for which the traditional whole
organism vaccine approaches have not been successful due to
poor immunogenicity or safety concerns.4,5

Peptides are not typically immunogenic on their own and
must be formulated with an adjuvant to generate robust immune
responses.6 Aluminum compounds (alum) are currently the
most widely used adjuvants to enhance antibody responses in
both human and veterinary vaccines.7 Alum-based vaccines are
prepared by adsorbing antigens onto aluminum hydroxide
(Alhydrogel�) or aluminum phosphate (Adju-Phos�) to form a
gel suspension. The adjuvanting effect of alum was originally
attributed to the formation of a depot at the site of immuniza-
tion, allowing slow antigen release and exposure to the immune
system. However, in the last decade studies have cast doubt on

the alum depot as a primary mechanism of action.8 Alum has
actually been shown to directly stimulate the immune system by
activating the inflammasome pathway, which may be a more
important factor contributing to its adjuvant activity.9 The depot
effect attributed to alum’s adjuvanting properties may not be as
strong as once thought; the strength of the association between
alum and antigen has been reported to vary, and is dependent
on the physiochemical properties of the antigen used.10 There-
fore, the rate of clearance of different antigens can vary, and
complete clearance can occur within 24 hours for some antigen
types while still inducing strong antibody titres.11

DepoVaxTM (DPX) is a novel lipid and oil-based vaccine for-
mulation which generates a true depot at the site of immuniza-
tion. The encapsulation of all vaccine components into oil in the
absence of an aqueous component means that antigens are not
released from vaccine at the injection site.12 DPX can also be for-
mulated with small molecule adjuvants, such as TLR agonists,
which can be used to enhance and shape the immune response.
The DPX formulation is versatile and it has been formulated
with a variety of different antigens and adjuvants.12-15 In preclin-
ical studies, antigens formulated in DPX result in stronger and

CONTACT Marianne M. Stanford, PhD. mstanford@imvaccine.com #53- 1344 Summer Street, Suite 411, Halifax, NS, Canada B3H 0A8.
Supplemental data for this article can be accessed on the publisher’s website.

© 2018 Immunovaccine Inc.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.

HUMAN VACCINES & IMMUNOTHERAPEUTICS
2018, VOL. 14, NO. 1, 59–66
https://doi.org/10.1080/21645515.2017.1375637

https://crossmark.crossref.org/dialog/?doi=10.1080/21645515.2017.1375637&domain=pdf&date_stamp=2018-01-03
mailto:mstanford@imvaccine.com
https://doi.org/10.1080/21645515.2017.1375637
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1080/21645515.2017.1375637


longer-lasting immune responses compared to emulsion-based
vaccines.12 A DPX-based formulation has been tested as a thera-
peutic cancer vaccine in early phase clinical studies that have
demonstrated safety and immunogenicity.13, 14

While synthetic vaccines are generally considered safer
than whole organism preparations, vaccines that induce
strong immune responses can also induce unintended
adverse events. Hypersensitivity reactions are immune
mediated responses that occur in pre-sensitized hosts. These
reactions can be classified into four categories: type I, ana-
phylactic, mediated by IgE; type II, cytotoxic, mediated by
antibodies recognizing self-antigens; type III, immune com-
plex, caused by deposition of antigen-antibody complexes in
tissues, leading to the tissue-damaging effects of comple-
ment and leukocytes (e.g. Arthus type reaction); and type
IV, delayed-type hypersensitivity, which is not mediated by
antibodies but by T cells.16 Type III reactions may occur
when re-immunization is performed while antibody titres
from a prior immunization are still high.17 This may be a
particular concern for vaccines containing synthetic peptide
antigens since they present pure and concentrated antigen.
Presenting such antigens within a depot may be particular
important to prevent unintended immune-based reactions.

In this study, we present preclinical evaluation of a DPX
vaccine containing a synthetic peptide antigen for RSV strain
A. The peptide antigen is a linear B cell epitope derived from
the ectodomain of small hydrophobic protein (SHe).18 The SHe
peptide antigen was formulated in an alum based vaccine
(Alum-SHe) and in the DPX formulation (DPX-SHe) to assess
immune responses and safety in mice and rabbits. We report
that the DPX-SHe vaccine induced stronger antibody titres
than the Alum-SHe vaccine, with fewer doses, and the Alum-
SHe vaccine was associated with increased incidences of type
III hypersensitivity reaction. This data supported the clinical
trial design for DPX-RSV, and identified a potential safety con-
cern in using an alum based formulation for a synthetic peptide
vaccine.

Results

SHe B cell epitope induces antigen-specific antibody
responses when formulated in both Alum-based and DPX-
based vaccines, but alum formulations are associated
with adverse clinical signs

To compare the immunogenicity of alum based or DPX based
vaccines, the SHe peptide antigen (25 mg) was formulated in
either platform, Alum-SHe or DPX- SHe. Outbred CD-1 mice
were vaccinated with a single dose of each vaccine or with two
doses, three weeks apart. Immune responses were monitored
by assessing serum antigen-specific antibodies by ELISA. After
a single immunization, the DPX formulation resulted in a high
antibody titre that persisted for at least 20 weeks, in comparison
the alum formulation peaked at 4 weeks post immunization
and gradually declined (Fig. 1A). Mice that received two immu-
nizations (four weeks apart) of either vaccine had persistent
antibody titres up to 20 weeks post immunization, but DPX-
SHe remained significantly higher than Alum-SHe (Fig. 1B).
No differences in antibody titres were observed when we

compared SHe peptide formulated in aluminum phosphate
(Adju-Phos) to aluminum hydroxide (Allhydrogel) (Fig. S1).
Mice vaccinated with SHe peptide antigen in aqueous buffer
(no DepoVax or alum) generally had the lowest antibody titres
throughout the study period (Fig. S1).

We noted that repeated vaccination with formulations con-
taining SHe peptide antigen with alum adjuvant led to unex-
pected clinical signs (including decreased activity, dehydration,
cyanosis, drop in body temperature, hunched body position,
animal lies prone, and loss of righting reflex which leads to a
terminal endpoint) in a significant number of mice. These
adverse reactions occurred within an hour after vaccination
(data not shown). In contrast, no adverse reactions were
observed following multiple vaccinations with DPX formulated
vaccines. This led us to investigate the safety profile of the alum
based formulations in greater detail.

We used the outbred CD-1 strain for these studies as it can
more closely recapitulate the variability expected in human
subjects than inbred strains. To rule out that that the adverse
events were specific to the mouse strain, we tested the effect of
repeated vaccination in two other outbred mouse strains: CF-1
and J:DO (Fig. 2). CF-1 mice are one of a few commercially
available outbred mice not descendant from the Swiss Webster
mouse model (CD-1, by comparison, is a Swiss descendant).
The Diversity Outbred (J:DO) stock was developed by The
Jackson Laboratory. The parental lines were developed by cross
breeding inbred lines and then random crossing subsequent
generations. This stock is designed to be as genetically diverse
as possible. Each strain of mouse received three vaccinations
with the Alum-SHe vaccine, 4 weeks apart. Each of the strains
generated antigen-specific antibodies, with CD-1 mice consis-
tently generating the highest anti-SHe antibody titres, and J:
DO with the lowest (Fig. 2A). Mice were observed for clinical
signs for 60 minutes following each vaccination and scored
with 0 for no clinical signs, 1 for clinical signs that developed
and then resolved on their own, and 2 for clinical signs requir-
ing termination due to loss of righting reflex (Fig. 2B). The
safety profile observed in each strain differed, and generally
mice with high IgG titres experienced the most severe clinical
signs (Fig. S2).

Adverse clinical signs in mice repeatedly vaccinated
with alum adjuvanted vaccines are immune mediated

Development of clinical signs appeared to correlate with high
antibody titres. Therefore, we investigated if an immune medi-
ated event was responsible for the adverse reactions to boosting.
The clinical signs observed upon booster immunization with
Alum-SHe were consistent with either an anaphylactic IgE
mediated immediate allergic response to a component of the
vaccine, or a Type III hypersensitivity reaction whereby non-
complexed free antigen bound circulating antibodies directed
against the free antigen forming immune complexes.19

CD-1 mice were immunized with Alum-SHe and boosted
11 weeks later with Alum-SHe. Serum was collected 5 days
prior to boosting. After boosting, mice were observed for
60 minutes for clinical signs and euthanized if they reached
endpoint. Blood samples and tissues (liver, lung, spleen and
kidney) were collected on necropsy. Histological assessment of
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blood and tissues did not reveal any indications of cellular
involvement, such as eosinophilia or mast cell infiltration (data
not shown). The serum was screened for antigen-specific IgE
antibodies and no significant increase in SHe-specific serum
IgE was detected after boost immunization (Fig. 3A). This indi-
cated that an allergic reaction was not likely the cause of the
adverse reactions. Previous reports have indicated that anaphy-
laxis-type reactions in mice correlated with increased mast cell

protease (mMCPT-1) levels in blood.20 In this study, we did
not observe an increase in mMCPT-1 levels in mice that exhib-
ited clinical signs post vaccination (Table S1).

The association strength between alum and antigen is
known to be variable, therefore we evaluated the association
between Alum and the SHe peptide antigen in vitro. The
amount of adsorption was measured by centrifuging the alum-
SHe vaccines and assaying the supernatant for free peptide by

Figure 2. Association between titre and toxicity between strains of outbred mice. Groups of 16 female CD-1 (squares) and 15 female CF-1 (circles) or J:DO (triangles) mice
were vaccinated with three doses (day 0, 28 and 56) of Alum-SHe vaccine. (A) Endpoint titres, presented here as log10 values, were determined by ELISA. Results shown
as mean§ SD. (B) Comparison of endpoint titre and severity of observed clinical signs for individual mice. Clinical signs were scored as: 0, no clinical signs; 1, non-terminal
clinical signs; 2, terminal clinical signs.

Figure 1. Vaccine-induced IgG anti-SHe antibody response generated by mice. Groups of 10 female CD-1 mice were vaccinated with a single dose (A) or two doses (week
0 and 4) (B) of the DPX-SHe and Alum-SHe formulations. Immunizations are indicated with arrows. Endpoint titres, presented here as log10 values, were determined by
ELISA using plates coated with SHe peptide conjugated to BSA. Results are shown as mean § SEM. Statistics by two-way ANOVA with Bonferroni multiple comparisons
post-test: �p < 0.05, ��p < 0.01, ���p < 0.001.

Figure 3. Evaluating the mechanism of adverse clinical signs in mice. (A) Determination of IgE titres. Female CD-1 mice with an established SHe-specific IgG response
were boosted with Alum-SHe vaccine. Serum was collected 5 days pre- boost and at termination due to clinical signs, where possible (within 4 hours post-boost). IgE titres
determined by ELISA, ND: not determined. (B) Quantification of C3 Complement. Groups female CD-1 mice were vaccinated with two doses of DPX-SHe (n D 6) or Alum-
SHe (n D 9) vaccine on study day 0 and on study day 56, indicated with (�). Plasma was collected on study day 0, 53 and 56 (two hours post boost). C3 complement activ-
ity was quantified in plasma using Mouse C3 ELISA Kit. Statistics by students t-test: �p < 0.05.
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RP-HPLC. Using our standard dose for the CD-1 mice experi-
ments (25 mg SHe with 50 mg of alum), only a small fraction
(8–20%) of antigen was actually complexed to the adjuvant
(Table 1). This is consistent with findings by others that small
proteins and peptides do not complex well to alum21. This indi-
cates that upon injection of peptide with alum, free antigen
could leech from the vaccination site into systemic circulation
post vaccination. In contrast, DPX-SHe vaccines were adminis-
tered in an oil carrier that retains the antigen at the site of injec-
tion, which can then be accessed by antigen-presenting cells for
slow trafficking of the antigen into the lymph nodes.12

Hypersensitivity reactions have been characterized in animal
models and humans by a drop in complement proteins, such as
C3 and C419. Therefore, we examined the C3 levels in CD-1
mice that were vaccinated twice (SD0 and 56) with Alum-SHe.
A separate group of mice was treated in parallel with DPX-
SHe. Serum was collected 2 days prior to boosting and 4 hours
after boosting. There was a noticeable drop in the plasma C3
levels in CD-1 mice in the hours post booster vaccination with
Alum-SHe (Fig. 3B). In contrast, C3 levels in the serum of mice
that had received a boost with DPX-SHe were not reduced
(Fig. 3B). This suggests that a hypersensitivity reaction is a
potential cause for the adverse clinical signs observed in these
mice.

The emergence of hypersensitivity reaction in CD-1 mice
is attributable to a relatively large antigen payload

We hypothesized that if the mice were experiencing a hyper-
sensitivity reaction, it would be replicated by inducing a strong
antibody titre using DPX-SHe and then boosting with free pep-
tide. CD-1 were primed with DPX-SHe containing 25 mg pep-
tide antigen dose and antigen-specific antibody titres were
confirmed by ELISA on SD 21 and 28. Mice then received vari-
ous doses of SHe peptide antigen in an aqueous buffer (25, 2.5,
0.25 and 0.025 mg) or Alum-SHe (containing 0.25 mg SHe pep-
tide antigen) at 4, 8 and 12 weeks after the prime. Mice were
monitored for clinical signs for 60 minutes following each dose
(Table 2).

All of the mice that received the 25 mg peptide dose were
terminated at week 4 due to severe clinical signs. Reducing the
antigen content by 10-fold (to 2.5 mg) was sufficient to reduce
clinical signs and prevent endpoint in the vaccinated animals.
Adverse clinical signs were not observed in the groups that
received 0.25 or 0.025 mg of peptide administration. The mice
that received Alum-SHe containing a lower peptide dose
(0.25 mg) also did not experience severe clinical signs. We con-
cluded that the reaction was due to providing free peptide in a
boost and dependent on the amount of peptide delivered.

To evaluate if these adverse events would occur in a larger
species, New Zealand White rabbits were given three

intramuscular doses of 25 ug SHe peptide antigen formulated
in DPX (N D 11) or in alum (N D 12). Rabbits received
approximately 15 times the human dose equivalent on mg/kg
basis (assuming average weighs of 4 kg and 60 kg, respec-
tively).22 For mice, the same dose is the equivalent of a
1,500 times higher dose (assuming average weights of 40 g and
60 kg). Of the total 23 rabbits immunized, 21 had strong SHe-
specific IgG antibody responses at the time of booster vaccina-
tion, but no significant reactions occurred after the booster
dose (Fig. 4). Rabbits were next administered 10-fold more SHe
antigen (250 ug) in a non-adjuvanted control formulation (i.e.
100% free peptide) on study day 70. This antigen content repre-
sents 150 times the human dose on a mg/kg basis. Although a
strong immune response was detect in all 23 rabbits at this
time, only two rabbits exhibited a possible mild adverse reac-
tion, characterized by a slightly hunched posture, decreased
activity, and increased heart rate. Within 60 minutes all rabbits
were normal without any medical intervention required and no
lasting effects were noted.

Discussion

In the development of novel vaccine adjuvants and formula-
tions there is both a scientific and regulatory-based need for
appropriate control formulations.23 To advance a novel antigen

Table 1. Amount of alum complexation to SHe in vaccines typically giving abnor-
mal clinical signs.

Vaccine Free peptide/Dose % Complexation1

SHe (25 mg) C Alhydrogel (50 mg) 23 mg 8%
SHe (25 mg) C AdjuPhos (50 mg) 20 mg 20%

1Possible that SHe peptide may be precipitating rather than adsorbing to adjuvant

Table 2. Effect of antigen dilution on clinical signs upon booster vaccination in
mice with an established antigen specific immune response.

Day 28 Day 56 Day 84

Formulation
Clinical
Signs Endpoint

Clinical
Signs Endpoint

Clinical
Signs Endpoint

25 mg SHe 15/15 15/15 0/0 0/0 0/0 0/0
2.5 mg SHe 6/15 0/15 8/15 0/15 0/15 0/15
0.25 mg SHe 0/15 0/15 1/15 0/15 � �

0.025 mg SHe 0/15 0/15 0/14 0/14 0/14 0/14
0.25 mg SHe C Alum 0/15 0/15 0/15 0/15 1/15 0/15

�Day 84 boost not administered

Figure 4. Vaccine-induced anti-SHe antibody response generated by rabbits fol-
lowing vaccination. Groups of 11–12 female NZW rabbits were vaccinated with
three intramuscular doses of either DPX-SHe or Alum-SHe; vaccinations occurred
on days 0, 28, and 56, indicated by arrows. Endpoint titres, presented here as log10
values, were determined by ELISA. Results are shown as mean § SEM. Results
from DPX-SHe are significantly different from those of Alum-SHe at each study
time point. Statistics by two-way ANOVA with Bonferroni multiple comparison
post-test: �p < 0.001.
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and adjuvant to clinical phase testing, the formulation should
be as safe as the currently accepted adjuvants and the antigen
in question, and more immunogenic when formulated with the
novel adjuvant. Since aluminum compounds, such as alumi-
num phosphate and aluminum hydroxide (commonly referred
to as alum), are adjuvants used in approved vaccine formula-
tions, they are historically added as reference adjuvants to stud-
ies of novel vaccine formulations.24, 25 In approved vaccines
formulated with alum, a significant component of its adjuvant-
ing effect is attributed to the complexation of the antigen to the
adjuvant itself. This process is highly controlled in the produc-
tion of licensed alum-based vaccines, but rarely reported in pre-
clinical studies examining adjuvants using alum as a control
formulation. It has been reported that small antigens, such as
synthetic peptides are difficult to fully complex to alum
preparations.26

In this study we evaluated a synthetic peptide antigen for-
mulated in a novel adjuvanting platform, DepoVax, and used a
standard alum based formulation for a comparator. Both for-
mulations induced strong antibody titres, although the DPX-
SHe vaccine required only a single immunization to do this. In
mice, we noticed an acute hypersensitivity reaction when
boosted with the alum formulation but not with the DPX for-
mulation. We were able to experimentally eliminate the possi-
bility of IgE-mediated hypersensitivity reactions by
demonstrating the absence of correlation of the reactions with
antigen-specific IgE levels or mast cell activation. The differ-
ence detected in complement C3 after alum vaccination sug-
gested a complement mediated process. Analytical chemical
analysis confirmed that the antigen was only partially (8–20%)
complexed to alum. This indicated that, in mice, free antigen in
the context of pre-existing antibody responses was the underly-
ing pathogenesis, leading to a Type III hypersensitivity reac-
tion. Furthermore, the reaction could be recapitulated by
inducing IgG antibody titres with the DPX formulation and
then providing free peptide, further confirming the mechanism.
In mice, the severity of the reaction was dependent on the dose
of free peptide provided. In rabbits, the severity of the reaction
was substantially abrogated although they also generated strong
anti-SHe titres upon vaccination, indicating that the dose per
animal weight is also a factor contributing to the severity of the
reaction. In humans, a type III reaction in response to vaccina-
tion presents as temporary pain and swelling at the site of injec-
tion, peaking at 12–36 hours after immunization and resolving
completely over a few days.16

These data demonstrate how a typically rare phenomenon
could be possible when alum is used to adjuvant novel peptide
antigen vaccines, and presents challenges in testing novel vac-
cine technologies in animal models. In contrast to the B cell
epitope evaluated in this study, to date, the majority of novel
peptide based antigens have targeted T cell epitopes. The nega-
tive outcomes of overdosing antigen in murine models thus is
potentially less apparent in the absence of strong circulating
antibody responses. In the analysis of novel vaccines, it is not
uncommon to adjust the delivered doses to mice to compensate
for the size difference between mice and humans. However, it is
also common to deliver the full human dose in smaller animal
models to demonstrate safety of a vaccine in the presence of
excess antigen.27, 28 In our mouse studies of SHe antigen,

adverse signs occurred following administration of a large dose
of free peptide or peptide in alum, after a significant immune
response had already been generated. We hypothesize that this
hypersensitivity reaction is unlikely to occur in larger animals
or in humans who would receive a much lower dose of peptide
on a mg/kg basis. Indeed, for this reason, rabbits are generally
considered a better model for vaccine safety testing.27

This work was focused on the RSV SHe peptide in order to
support a clinical study and did not evaluate other B cell epito-
pes, which is a study limitation. We are continuing to explore
this effect using other peptides and have found that this phe-
nomenon is not universally demonstrated. Similar findings
have been reported by Quakkelaar et al who found that a syn-
thetic long peptide formulated in an aqueous buffer induced
hypersensitivity reactions, but other similar length peptides did
not.29 This indicates that the peptide sequence may influence
the development, and perhaps even severity, of type III hyper-
sensitivity responses after vaccination. Due to the small size of
the peptide in this study, and hence with limited available anti-
body-binding sites, we hypothesize that this type of reaction
would not occur to the same extent with larger peptides or pro-
teins with multiple epitopes available. For this reason, it would
also be unlikely that a reaction would occur in patients with
pre-existing antibody titres to RSV due to previous infection if
they were vaccinated with the SHe peptide antigen, since anti-
bodies specific to SHe peptide have been reported to be at low
levels after natural infection.18

The lack of adverse reactions in the animals vaccinated and
boosted with DPX provides preclinical evidence of the safety of
this delivery system for B cell epitope antigens. The depot
formed by DPX prevented leaching of the peptide so that none
was available to complex with the induced SHe specific anti-
bodies. The extreme reactions exhibited by the mice may be
attributed to using a full human dose in a murine model, how-
ever these observations highlight the importance of using an
appropriate delivery system for novel antigens. Careful analysis
of the underlying cause of such unexpected adverse outcomes
in mice can be a sensitive indicator of potential reactions that
could occur in humans. Currently, a DepoVax based RSV vac-
cine, called DPX-RSV(A), has completed a Phase 1 clinical trial,
evaluating its safety in a healthy adult population (manuscript
in preparation). This data supported the clinical trial design for
DPX-RSV(A) by identifying a potential safety concern in the
Alum-based control group.

Materials and methods

Animals

All mice used in studies were outbred strains. Pathogen-free,
3–8 week old female CD-1 (strain code: 022) and CF-1 (strain
code: 023) mice were obtained from Charles River Laboratories
(St Constant, QC, Canada); 3 week old J:DO mice were
obtained from The Jackson Laboratory (stock: 009376). Mice
were housed in ventilated micro-isolator caging and provided
food and water ad libitum. Virus antibody free, 9–12 week old
female New Zealand White rabbits were obtained from Charles
River Laboratories. Rabbits were group housed in dedicated
runs and provided food and water ad libitum. Species
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appropriate environmental enrichment was supplied. Dalhou-
sie University animal care and use guidelines were followed for
all experiments. Experiments were approved by the University
Committee on Laboratory Animals and strictly followed the
guidelines set by The Canadian Council on Animal Care
(CCAC).

Peptides

The peptide antigen was derived from a small hydrophobic ecto-
domain protein (SHe) of RSV group A (NKLCEYNVFHNKT-
FELPRARVNT) and custom synthesized by GenScript and
PolyPeptide Group. The native sequence peptides contain a sin-
gle cysteine residue and so, to ensure uniformity across all for-
mulations, were dimerized by reconstituting powdered stock in
10% DMSO, 0.5% acetic acid solution and incubating at 37�C
overnight. Dimer formation was confirmed by HPLC (� 95%
area%) and LC-MS analysis.

For ELISA assays the SHe peptide antigen was modified to
include a C terminal linker sequence and was then conjugated
to bovine serum albumin (BSA) protein. Briefly, BSA (A0281,
Sigma) was activated with buffered Sulfo-SMCC (Thermo Sci-
entific) then mixed with peptide. The pH was adjusted to 6.0
and the mixture incubated at 4�C for 3 hours, with gentle shak-
ing for 30 seconds at 15 minute intervals. The conjugated pro-
tein was then dialyzed overnight at 4�C against sterile water
before use in coating ELISA assay plates.

Vaccine preparation and immunization

Alum-based vaccines were formulated by mixing dimerized
peptide with appropriate buffer and then combining with
Adju-Phos (3471, Brenntag) or Alhydrogel (843161, Brenntag)
wet gel suspensions. Each 0.05 ml dose contained 0.025 mg
dimerized peptide and 0.05 mg of alum.

DPX vaccines were formulated with the adjuvant
Pam3CSK4 (L2000, Polypeptide Group).30 Briefly, peptide
dimer and adjuvant were solubilized in sterile water and mixed
with a previously prepared dioleoylphosphatidyl choline
(DOPC) and cholesterol mixture (Lipoid GmBH) in appropri-
ate buffer. The lipid mixture containing peptide dimer and
adjuvant was then lyophilized to a dry cake and reconstituted
with Montanide ISA 51 VG (36362Z, SEPPIC) just prior to
injection. Each 0.05 ml dose contained 0.025 mg dimerized
peptide and 0.002 mg Pam3CSK4 adjuvant.

In some experiments, animals were challenged with dimer-
ized peptide in 10 mM sodium acetate buffer (pH 7.0) at indi-
cated doses.

Vaccines were administered via intramuscular injection of
0.025 ml on each the right and left caudal thigh muscle in mice,
0.05 ml dose in total. Rabbits received a full 0.05 ml dose in the
caudal thigh muscle.

Determination of clinical signs

Immediately and for 60 minutes after vaccination, animals were
monitored for adverse reactions and observations recorded by a
dedicated technician at 10–15 minute intervals. Any animal
that became prone (lying on the cage floor) was immediately

laid on its back for evaluation of the righting reflex. This was
repeated about every 5 minutes until the righting reflex was lost
(animal was euthanized) or the animal’s condition began to
improve. Any animals not completely recovered more than
60 minutes post vaccination, were monitored until they had
recovered. All animals were checked again for clinical signs
2 hours post vaccination and then once daily for 3 days. End-
point animals were terminated by exsanguination under iso-
flurane anesthesia. Clinical signs were scored as: 0, no clinical
signs; 1, non-terminal clinical signs; 2, terminal clinical signs.

Antigen-specific ELISA

Blood samples were collected by submandibular venipuncture
in mice and via the marginal ear vein in rabbits and serum sep-
arated by centrifugation after blood was allowed to clot. Anti-
gen-specific antibody endpoint titres were determined by
ELISA. Briefly, plates were coated overnight with 1 mg/ml of
SHe antigen conjugated to bovine serum albumin. After block-
ing with 3% gelatin, serial dilutions of the serum were and
plates were incubated overnight at 4�C. Next day, bound anti-
body was detected using an alkaline phosphatase-linked Protein
G (for mice; 539305, Calbiochem) or Protein A (for rabbits;
P7488, Sigma) used as the secondary detection reagent. End-
point titres were defined as the reciprocal of the highest dilu-
tion above the cutoff value; cutoff values were calculated using
a 95% confidence interval.31 Titres were converted to a log10
value and group averages determined. Comparisons between
groups were made using a one way ANOVA with Tukey’s mul-
tiple comparison post-test.

Antigen-specific IgE titres were determined as described
above using rat anti-mouse IgE conjugated to alkaline phospha-
tase (1130–04, Southern Biotech) as a secondary antibody.

Plasma assays

Whole blood was collected by submandibular venipuncture
into K2EDTA tubes (CABD365974L, BD Biosciences) and
plasma separated by centrifugation. Circulating complement
component 3 (C3) and mast cell protease levels were detected
and quantified by ELISA with commercially available kits
following the manufacturer’s instructions. Complement was
detected using Mouse C3 (Complement Factor 3) ELISA Kit
(GWB-7555C7, Genway Biotech) and mast cell protease was
detected using MCPT-1 (mMCP-1) ELISA Ready-SET-Go!�

kit (88-7503-86, eBioscience).

Determination of antigen complexation to alum

SHe peptide and alum samples were gently agitated, and 0.2 ml
was transferred to a microfuge tube. The tubes were centrifuged
at 5000 x g for 2 minutes to produce a clear supernatant solu-
tion. The supernatants were analyzed by RP-HPLC on an
Agilent 1100 HPLC system, with a gradient of water/acetoni-
trile/trifluoroacetic acid, a Phenomenex Luna C8(2), 5 mm, 4.6
£ 150 mm column, with UV detection at 215 nm. The solu-
tions were quantified against an external SHe antigen standard
of known concentration. The degree of adsorption was
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calculated as: (Amount Expected-Amount Found) / Amount
Expected x 100%.

Abbreviations

DPX DepoVaxTM

RSV Respiratory Syncytial Virus
SHe ectodomain of small hydrophobic protein
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