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Abstract

Squalene-based oil-in-water emulsions have been used for years in some seasonal and pandemic
influenza vaccines. However, concerns have been expressed regarding squalene source and
potential biological activities. Little information is available regarding the immunomodulatory
activity of squalene in comparison with other metabolizable oils in the context of oil-in-water
emulsions formulated with vaccines. The present work describes the manufacture and physical
characterization of emulsions composed of different classes of oils, including squalene, long chain
triglycerides, a medium chain triglyceride, and a perfluorocarbon, all emulsified with egg
phosphatidylcholine. Some differences were apparent among the non-squalene oils in terms of
emulsion stability, including higher size polydispersity in the perfluorocarbon emulsion, more
rapid visual instability at 60 °C for the long-chain triglyceride and perfluorocarbon emulsions, and
an increased creaming rate in the medium-chain triglyceride emulsion at 60 °C as detected by laser
scattering optical profiling. The biological activity of each of these emulsions was compared when
formulated with either a recombinant malaria antigen or a split-virus inactivated influenza vaccine.
Overall, vaccines containing the squalene emulsion elicited higher antibody titers and more
abundant long-lived plasma cells than vaccines containing emulsions based on other oils. Since
squalene-based emulsions show higher adjuvant potency compared to the other oils tested, non-
squalene oils may be more suitable as carriers of amphiphilic or hydrophobic immunostimulatory
molecules (such as TLR agonists) rather than as stand-alone adjuvants.
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Introduction

Oil-in-water (o/w) emulsions are currently employed as safe and efficacious vaccine
adjuvants in various vaccine products already approved for human use or in clinical trials.
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The leading o/w emulsions developed for vaccine applications, such as MF59® and AS03®,
are squalene-based (ASO03® also contains a-tocopherol). Squalene is a metabolizable linear
triterpene derived from shark liver or other natural sources. Injectable drug and nutritional
supplementation formulations employ several different vegetable-derived oils, such as
soybean oil, sesame oil, cottonseed oil, and castor oil, which have been used in approved
products [1]. These vegetable-based oils are generally triglyceride-based, with chain length
and saturation dependent on source.

Millions of doses of MF59® and AS03® have been administered to humans, including
children, and a good safety profile has been established [2]. Nevertheless, some have alleged
that a vaccine containing squalene was responsible for induction of squalene antibodies in
human recipients [3, 4]. Although the findings of these studies have been largely refuted in
the scientific community [5-10] and it has been demonstrated that the vaccine in question
did not even contain squalene [11], concerns remain regarding squalene-associated
autoimmune pathogenesis observed in murine and rat models [12]. The implications of these
findings are unclear, especially because several other commonly used pharmaceutical oils
have also produced pathologies in the same models [13]. Recently, an increased risk of
narcolepsy has been noted in recipients of Pandemrix®, an H1N1 pandemic influenza
vaccine containing ASO3® [14][14]. To date, no squalene-containing vaccine or other
parenteral product has been approved for routine use in the US by the FDA, although
MF59® and ASO3® have been approved in Europe and conditionally approved in the US as
stockpiled adjuvants in the event of pandemic influenza.

Since its widespread use in the 1980s as the emulsified oil in Syntex Adjuvant Formulation,
squalene or its hydrogenated form, squalane, have been the most commonly used oils for
vaccine adjuvant applications [15]. Although the majority of work with the Syntex
formulation employed squalane, modern adjuvants MF59® and AS03® contain squalene.
Given the concerns regarding both the safety and source of squalene, we assessed various
oil-in-water emulsions composed of different structural classes of oils, including a medium
chain triglyceride (MCT) oil, various long chain triglyceride (LCT) oils, a tocopherol (o-
tocopherol), and a perfluorocarbon oil to determine if any could potentially be used as
replacements for squalene. We report here the physical characterization, stability, and
vaccine adjuvant activity of emulsions made from these various oils in the context of
influenza and malaria vaccine formulations.

Materials and Methods

Adjuvant formulations

Shark liver squalene (=98% purity) and Fluorinert® FC-40 were purchased from Sigma—
Aldrich (St. Louis, MO). Sesame oil and soybean oil, both of USP grade, were obtained
courtesy of Welch, Holme, & Clark Co., Inc. (Newark, NJ). Grapeseed oil was purchased
from a local food store and was manufactured by Napa Valley Naturals (San Francisco,
CA). Miglyol® 810 was obtained courtesy of Sasol (Witten, Germany). DL-a-tocopherol
was purchased from Spectrum Chemical (Gardena, CA). Egg phosphatidylcholine (egg PC)
was obtained from Avanti Polar Lipids, Inc. (Alabaster, AL). Egg-derived phospholipids
were selected because of their demonstrated effectiveness as emulsifiers and use in approved
parenteral products such as Intralipid®. For each emulsion, the oil phase was prepared by
dissolving the phospholipid into 10 mL of each oil. The oil-PC mixture was then sonicated
in a VWR B2500A-DTH sonicating water bath (West Chester, PA) at ~50°C until the
phospholipid was dissolved into the oil. The aqueous phase (consisting of ultra pure water)
was added at 90% (v/v) to the oil phase, such that the final concentration of phospholipid
was 1.9% (w/v). The compaosition was then mixed with a Silverson Heavy Duty Laboratory
Mixer Emulsifier (3/4 in. tubular square hole high shear screen attachment; East
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Longmeadow, MA) at ~7,000 RPM for ten minutes to yield a crude emulsion. The crude
emulsion was processed through a Microfluidics M110P (Newton, MA) high-pressure
homogenizer for 12 passes at ~207 MPa (~30,000 psi). The recirculating product was cooled
by a water bath near room temperature. In general, formulations were monitored for stability
over 6 months at 5 °C, room temperature, 37 °C, and 60 °C.

Emulsion particle size and polydispersity were determined via dynamic light scattering
(DLS) with the Malvern Instruments Zetasizer Nano-S, Zetasizer Nano-ZS, or the Zetasizer
APS (Worcestershire, UK). In general, DLS measurements were carried out at as described
earlier [16]. Formulations were measured for particle size on the day of manufacture and at
periodic intervals thereafter for 6 months. Standard values for the viscosity and refractive
index of water as the bulk phase were employed in the software analysis. The absorption and
refractive index values of polystyrene latex particles were used to approximate that of the
emulsion droplets. All DLS measurements were performed in triplicate on each of three
separate aliquots for a total of nine measurements for each timepoint.

Zeta potential

Viscosity

Zeta potential measurements were performed on the Zetasizer Nano ZS from Malvern
Instruments. Standard values supplied by the instrument software were used for the viscosity
and refractive index of water. Data analysis was performed assuming the Smoluchowski
limit of the Henry function. Nine measurements were made at 25 °C using an automatic
software determination of the measurement duration between 30 and 100 runs. The laser
attenuation and the applied voltage settings were also automatically optimized by the
software.

The dynamic viscosities of the emulsions were determined by a Brookfield DV-E digital
viscometer (Middleboro, MA). A 20 mL sample of emulsion was removed from storage at 5
°C and allowed to equilibrate to room temperature. The sample was then loaded into the
viscometer operating at 50 RPM spindle speed. Measurements were taken after 5 minutes of
equilibration with the viscometer.

Laser scattering optical profiling

Optical profile measurements were performed using the LUMiReader Separation Analyzer
(LUM Americas, Boulder, CO). Light transmission of a near-infrared laser line (870 nm)
through undiluted emulsion was detected using a vertical CCD line of 45 mm length and 7
um resolution. Profiles were collected every 10 minutes during 4 hours at 60 °C.

Hemolysis assay

The hemolysis assay was a modified version of the technique described previously [17].
Blood from a human volunteer was heparinized and used on the day of collection. One mL
of blood was washed 3 times by centrifuging at 1500 rpm for 5 min in a microcentrifuge,
removing the plasma and replacing with saline. The resulting red blood cells (RBC) were
diluted into 6 mL saline and 200 ul of the RBC suspension was added to each sample, which
consisted of 600 pl saline and 200 ul emulsion formulation. Samples were incubated at room
temperature (RT) with occasional gentle shaking for ~20 min, after which they were
centrifuged as above. Supernatant (50 ul) was added to 950 pl of ethanol:HCI (39:1 v:v) ina
cuvette and absorbance was measured at 398 nm with a UV-Vis spectrophotometer. A
positive control (100% lysis) was prepared by adding the RBCs to distilled water. Sample-
induced hemolysis is reported as a percentage normalized to the positive control. In general,
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hemolysis activity was assayed on duplicate samples of blood from different donors for each
sample with the average value reported.

Immunization and serum collection

Female, six-seven week old, BALB/c mice, (Charles River Laboratories, Wilmington, MA)
were immunized by intramuscular injection in each hind quadricep. Formulations were
mixed with antigen immediately prior to injection to provide a final formulation consisting
of 2% v/v oil in a 100 pl total injection volume (evenly split by 50 ul injection per muscle).
Two distinct antigens were tested: 1) 2007-2008 Fluzone inactivated split-virus vaccine,
incorporating the representative influenza strains A/Solomon Islands/2/2006 (H1N1), A/
Wisconsin/67/2005 (H3N2) and B/Malaysia/2506/2004, used at 0.2 ug total HA per dose;
and 2) recombinant Plasmodium berghei circumsporozoite protein (PbCSP), used at 2 ug
per dose. Mice were immunized twice with antigen, at an interval of 3 weeks for Fluzone or
an interval of 2 weeks for PbCSP. Serum was collected by retro-orbital bleed into
microtainer serum collection tubes (VWR International, West Chester, PA) before each
injection and 2 weeks (PbCSP) or 4 weeks (Fluzone) after the final injection. All procedures
were performed under specific pathogen-free conditions in accordance with the regulations
and guidelines of the IDRI animal care and use committee.

Antibody responses

Sera were analyzed for antigen-specific IgG, 1gG1, 1gG2a antibodies by capture ELISA.
Polysorp ELISA plates (Nunc, Rochester, NY) were coated with Fluzone or PbCSP at a
concentration of 1.0 pg/mL in 0.1 M bicarbonate coating buffer. Plates were allowed to
incubate overnight at 4 °C. Plates were blocked with a PBS-Tween 0.5%, 1% BSA (Sigma)
solution for two hours at RT at 200 pl per well. Plates were washed five times in PBS-
Tween 0.1% and once in PBS. Serial dilutions (1:5) of sera were added, and plates were
incubated at RT for 2 hours. Plates were washed and antigen-specific antibodies detected
with either anti-mouse 1gG-HRP, IgG1-HRP or 1gG2a-HRP (Southern Biotech,
Birmingham, AL) at a 1:2000 dilution. Plates were incubated at RT for 1 hour, washed as
above, and developed using SureBlue tetramethylbenzidine (TMB) substrate solution
(Kirkegaard and Perry Laboratories, Gaithersburg, MD). The enzymatic reaction was
stopped by adding 1N H,SO4 and plates were read at 450 nm wavelength (ELx808, Bio-Tek
Instruments Inc, Winooski, VT). For PbCSP, arbitrary anti-PbCSP units were assigned by
comparison against a standard curve derived from a pool of hyper-immune anti-PbCSP
serum. Each test serum was diluted, then arbitrary units calculated based upon the first
dilution factor that allowed placement within the linear phase of the standard curve. For
Fluzone components, endpoint titer was determined as the last dilution to render a response
of greater than 0.1 mean optical density using Prism software (GraphPad Software, La Jolla,
CA).

Hemagglutination inhibition (HAI) antibody responses

HAI antibody activity was determined using sera collected 4 weeks after the second
injection of Fluzone alone or adjuvanted with emulsion formulations. HAI antibodies
specific to the A/Solomon Islands/3/2006 (H1N1) or A/Wisconsin/67/2005 (H3N2)
component of the vaccine, or the heterologous strains A/Brisbane/59/07 (H1N1) and A/
Uruguay/716/07 (H3N2), were determined as previously described using 0.5% turkey RBC
[18]. Each serum sample was treated with receptor-destroying enzyme (RDE; Vibrio cholera
Denka-Seiken, Tokyo, Japan) to remove non-specific inhibitors. The HAI titer is defined as
the reciprocal of the highest dilution of sera which completely inhibits the agglutination of
the turkey RBCs.
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Enumeration of long-lived antibody-secreting plasma cells

A bone marrow ELISPOT was used to determine the induction of vaccine-specific long-
lived antibody-secreting plasma cells following Fluzone immunization with and without
adjuvant as previously described [19] with minor modifications. Mice were euthanized four
weeks after the second immunization with 2007-2008 Fluzone formulation plus or minus the
adjuvant.

Statistical analysis

Results

Mouse experiments typically consisted of five individual animals per group per timepoint.
ELISPOT counts and logso-transformed antibody titers were compared using ANOVA with
Tukey’s multiple comparison test. HAI titers were compared by ANOVA with Tukey’s
multiple comparison test using the log,-transformed HAI titers.

The composition of the oils employed in this study is described in Table 1. Squalene is a
linear triterpene available at high purity (=98%). Grapeseed, sesame, and soybean oils are
long-chain triglycerides (LCTSs) containing a mixture of fatty acid components as well as
phytosterols and tocopherols [20, 21]. USP monographs for sesame and soybean oils are
available, and grapeseed oil provides a different triglyceride composition and source for
comparison. Miglyol® 810 is a highly purified triglyceride mixture of mainly capric and
caprylic fatty acids, and conforms with the USP monograph for medium chain triglycerides
(MCT). LCT and MCT oils have been used extensively in parenteral nutritional
supplementation formulations. Fluorinert® FC-40 is comprised of a mixture of
perfluorocarbon compounds, namely perfluorotri-n-butylamine and perfluoro-n-
dibutylmethylamine. Perfluorocarbons have shown promise as oxygen-carrying blood
substitutes with a good safety record [22]. We note here that the emulsion containing o-
tocopherol became visually unstable immediately after manufacture and was not analyzed
further (data not shown). The squalene emulsion described here is the same lot reported in
an earlier study [23, 24]; some data for this lot are repeated in Table 2 in this manuscript for
ease of comparison.

We compared the physicochemical and biocompatibility properties of the emulsions at time
of manufacture and after 6 months of storage at 5 °C (Table 2). Initial particle size shows
minor variation between the different emulsions, although the perfluorocarbon emulsion
shows a higher polydispersity value than the other emulsions. The viscosity values are
essentially the same for each formulation and are close to that of water (~1 cP), indicative of
the low oil content in these emulsions (10% v/v when viscosity is measured, but diluted to
2% v/v for immunization). Zeta potential values are negative for each of the emulsions,
although the magnitude varies somewhat between emulsions and within the same emulsion
after 6 months of storage. Hemolytic activity of the emulsions when incubated with a
suspension of red blood cells was equivalent to that of a negative saline control, indicating
good hemocompatibility.

To assess the effect of varying temperatures on stability, particle size of the emulsions stored
at different temperatures was monitored (Figure 1). At 5 °C and room temperature, the
emulsions show little change in particle size over 6 months post manufacture. Notably, the
perfluorocarbon emulsion particle size measurement at 6 months did not meet quality
criteria of the instrument, indicating potential interference from large particles or aggregates.
Unlike the other oils studied here, the perfluorocarbon is more dense than water, and the
perfluorocarbon particles tend to settle instead of cream upon coalescence and/or
aggregation. At 37 °C and 60 °C, more substantial particle size growth takes place, with all
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formulations showing visual inhomogeneities before the end of the 6 month period when
stored at 60 °C, although the squalene and Miglyol-based emulsions appeared more visually
stable at this temperature. With the exception of the perfluorocarbon emulsion, there do not
appear to be major differences in particle size stability between the various emulsions.

We have employed laser scattering optical profiling to provide information regarding
emulsion stability parameters. A similar method was recently employed to investigate non-
ionic surfactant vesicle stability [25]. In this technique, an 870-nm laser line simultaneously
illuminates the vertical profile of the undiluted emulsion, and the light transmission is
collected by a CCD detector with <40 um vertical spatial resolution at a controlled
temperature. Changes in the emulsion due to creaming, coalescence, etc. are detected as
changes in light transmission through the vertical profile of the emulsion. For example, the
laser scattering optical profile of the grapeseed emulsion, measured every 10 minutes over a
period of 4 hours at 60 °C, is shown in Figure 2a. In the chronological color gradient, blue
profiles represent earlier timepoints and pink profiles the later timepoints. The laser
scattering profiles of the other emulsions (sesame, soybean, perfluorocarbon, Miglyol) are
shown in Supplementary Figure 1. In order to compare data from different emulsions, the
integral transmission between a specific region (27 to 32 mm) near the center of the vertical
profile of each sample is plotted in Figure 2b. A decrease in integral transmission (squalene,
grapeseed, sesame, and soybean emulsions) is indicative of coalescence or particle size
growth since larger particles will scatter more light, allowing less light to be transmitted to
the detector. The higher initial transmission value of the soybean emulsion is expected since
this emulsion showed smaller initial particle size than the other formulations. An increase in
integral transmission (Miglyol 810 emulsion) is generally indicative of creaming. In fact, the
complete profile of the Miglyol 810 emulsion clearly shows a creamed layer appearing as a
large high transmission peak at ~8 mm on the x-axis during the course of the experiment,
presumably due to the creation of a transparent oil layer as droplets coalesce (Suppl Fig 1).
Interestingly, the relatively translucent perfluorocarbon emulsion (high light transmission)
shows little overall change in light transmission, indicating good stability at this
temperature.

Overall, the physicochemical characterization data indicate good stability at lower
temperatures for the emulsions studied with the exception of the failed measurement at the 6
month timepoint for the perfluorocarbon emulsion. At higher temperatures different kinetics
of emulsion instability between the various formulations are apparent. None of the
alternative oils offer improved stability compared to the squalene-based emulsion.

Squalene emulsion enhances total IgG antibody responses to a recombinant malaria

protein

Antibody responses against PoCSP were measured in individual mouse sera two weeks after
the boost immunization with protein alone or with protein combined with emulsion
formulations. Antibody levels in four of the five mice receiving the antigen without adjuvant
were below detection (Figure 3). The anti-PbCSP IgG antibody levels were also below
detection in all mice receiving the vaccines containing the grapeseed or sesame emulsions,
and only mice receiving the vaccine containing the squalene emulsion showed appreciable
anti-PbCSP 1gG antibody levels (Figure 3).

Antibody responses to influenza proteins is dependent on emulsion oil

To determine if emulsions elevated the antibody response to native influenza proteins, we
immunized mice with a low dose of Fluzone vaccine in the presence or absence of emulsion
formulation incorporating squalene, grapeseed, or sesame oils. Compared to vaccination
with the Fluzone vaccine alone, total 1gG, 1gG1 and 1gG2 antibody titers were higher for all
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groups that received Fluzone with the squalene emulsion formulation (Figure 4, p-values <
0.05). Similar to the results generated with PbCSP, the antibody titers generated by the
Fluzone vaccine containing the squalene emulsion were significantly greater than those
generated by the vaccines containing grapeseed or sesame oil emulsion, which were not
different from Fluzone alone. In agreement, the vaccine containing the squalene emulsion
elicited higher numbers of antibody-secreting long-lived plasma cells than the Fluzone
vaccine alone or the vaccine containing grapeseed or sesame oil emulsions (Figure 6a, p-
values < 0.05).

In order to evaluate the biological effects of different structural classes of emulsion oils, the
squalene emulsion was compared to soybean, perfluorocarbon, and medium chain
triglyceride (Miglyol® 810)-based emulsion adjuvants in the same influenza murine model.
In contrast to the previous experiment, anti-influenza IgG, 1gG1, and IgG2a antibody levels
elicited by the vaccine containing the squalene emulsion did not achieve statistical
significance compared to the Fluzone vaccine alone (Figure 5). However, total 1gG
responses in the soybean oil emulsion group were significantly lower than all of the other
formulations, including the vaccine without adjuvant (Figure 5, p-values < 0.05). IgG1
responses induced by the vaccine containing the squalene emulsion were significantly higher
than each of the other oil groups: perfluorocarbon, soybean, and Miglyol. In addition, IgG1
responses in the perfluorocarbon emulsion group were higher than the soybean oil emulsion
group. Finally, 1gG2a antibody responses were significantly higher in the squalene and
Miglyol emulsion groups compared to the perfluorocarbon and soybean oil emulsion groups.
The generation of antibody-secreting long-lived plasma cells was significantly enhanced by
the vaccine containing the squalene emulsion compared to the vaccine alone or the vaccine
containing any of the other emulsion oils (Figure 6b, p-values < 0.05). The vaccines
containing non-squalene oils failed to induce more long-lived plasma cells compared to the
vaccine alone.

The hemagglutination inhibition (HAI) assay is a functional assay with a titer of >40
generally considered enough to provide protection against influenza [26]. To determine the
impact of different emulsion oils on functional activity, we compared HA\I titers of mice
vaccinated with Fluzone alone or Fluzone with various emulsion formulations. Against the
AJSolomon Islands/3/2006 (H1N1) vaccine component, the addition of squalene emulsion
formulation induces higher HAI titers than the Fluzone vaccine containing any of the other
oils studied (Figures 7a and 8a, p-values < 0.05). Against the A/Wisconsin/67/2005 (H3N2)
vaccine component, results were more variable, with the vaccine containing the squalene
emulsion the only formulation to induce higher HAI than the vaccine alone in one
experiment (Figure 7b, p-values < 0.05); in another experiment, the vaccine containing the
squalene emulsion elicited higher HAI titers than the vaccines containing either the soybean
or perfluorocarbon emulsions, but not the Miglyol emulsion or the non-adjuvanted vaccine
(Figure 8a; p-values < 0.05). Against the HIN1 and H3N2 heterologous strains (A/Brisbane/
59/07 and A/Uruguay/716/07, respectively), the squalene-containing vaccine generated
higher HAI titers than the vaccines containing soybean, perfluorocarbon, or Miglyol oils
(Figure 8c-d, p-values < 0.05). Interestingly, inclusion of soybean oil emulsion appeared to
have an inhibitory effect on HAI and antibody titers when determined at this low statistical
power (Figure 8b; Figure 5; p-values < 0.05).

Some oils performed comparably to squalene in some assays. For instance, the vaccine
containing the Miglyol emulsion elicited similar IgG and 1gG2a antibody titers as the
vaccine containing the squalene emulsion; however, HAI titers and long-lived plasma cells
elicited by the vaccine containing the squalene formulation were generally superior to the
vaccine containing Miglyol. In general, the immunological evaluation of the vaccines
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containing emulsions indicate that inclusion of squalene provides a greater
immunostimulatory capacity,

Discussion

Although shark-derived squalene is widely and effectively used as a vaccine adjuvant,
concerns regarding the source and safety of the material have prompted evaluation of
substitutes. In an attempt to identify potential squalene replacements, we formulated oil-in-
water emulsions using various oils with phosphatidylcholine emulsifier. We found in vitro
physical stability of the emulsions to be comparable to the squalene-based emulsion.
Immunological evaluations with a recombinant malaria antigen and an inactivated split-virus
influenza vaccine indicate that none of the other oils tested generates biological activity
equivalent to the squalene-based adjuvant formulation. Several differences were noted
between the various oils in their biological activities when administered as vaccine
formulations.

Given the significantly different structure, source, and purity of the oils studied here, it is
perhaps surprising that their initial physicochemical characteristics are quite similar. This
may be attributable to a highly efficient manufacturing method (microfluidization) and the
use of a common emulsifier (egg PC). In contrast, oil-in-water emulsions of 18 different oils
(from plant, animal, and mineral sources) have been produced by probe sonication with egg
PC as emulsifier, showing that the squalene emulsion had smaller particle size and greater
stability than most other emulsions from natural sources, such as sesame, soybean, and
coconut oils [27].

Squalene is of higher molecular homogeneity than the other oils (which include multiple
species), facilitating easier quantification and quality control. The question of molecular
homogeneity as well as presence of undefined contaminants is especially important given
historical and recent findings concerning both adjuvant activity and toxicity due to
uncontrolled contaminants: first, the toxicity of IFA was considerably reduced due to purer
materials and more refined emulsions [28]; second, regulatory requirements that more
purified components be used in Adjuvant 65 resulted in loss of potency and caused an end of
product development [29]; third, the w/o emulsion Montanide ISA 51 recently switched
emulsifier source from animal to plant, which may be the cause of significantly reduced
potency in clinical trials [30]. Moreover, plant-based oils contain various components
besides triglycerides, such as phytosterols and a-tocopherol, [20]; the latter has shown
adjuvant activity as an emulsion oil [31, 32]. Several drug-containing emulsions or other oil-
based products are available commercially, including castor oil, cottonseed oil, MCTs, LCTs
(e.g. soybean, sesame, safflower oils), fish oil, perfluorocarbon, and vitamins [1, 33]. Some
of these products contain high percentages of oil or are injected continuously over long
periods. The fact that there are many approved products with widespread use (at much
higher doses than what is used in vaccines) indicates the favorable safety profile of these
oils, despite their heterogeneous composition. One possible approach to alleviate concerns
regarding animal source squalene is to switch to olive-derived squalene. Initial studies
comparing biological activity show equivalence, although acceptable purity and stability still
need to be demonstrated for olive squalene [16, 44].

In the context of oil-in-water emulsion adjuvants, soybean, hexadecane, peanut, mineral,
squalene, and squalane oils have been employed, although results are highly dependent on
differences in emulsion preparation, antigen, and emulsifier, making comparison between
different studies difficult, although squalene and especially squalane appeared to be potent
substitutes for mineral oil [34-38]. Recent research using both water-in-oil and oil-in-water
emulsions has examined MCT-based emulsions vs. mineral oil emulsions; the latter were
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more reactogenic and induced higher antibody titers [39], although the MCT-based emulsion
caused a higher influx of macrophages [40]. The Syntex Adjuvant Formulation was
developed as a squalane- or squalene-based oil-in-water emulsion that was reported to have
superior adjuvant activity compared to coconut, olive, peanut, and lanolin oils [41], although
data was not reported in the literature. Current approved adjuvants MF59® and ASO3® are
squalene-based oil-in-water emulsions, while the latter also contains a-tocopherol.

In the present work, we have demonstrated that the squalene emulsion indeed has inherent
adjuvant activity that is not shared by the other oils tested. Nevertheless, there were some
differences in the biological activity of the other oils. For instance, the vaccine containing
the Miglyol emulsion elicited higher 1gG2a antibodies than either soybean- or
perfluorocarbon-containing vaccines. In addition, the perfluorocarbon emulsion was
associated with higher total 1gG and IgG1 antibody titers than the soybean emulsion. Thus,
our results show that the LCT-based emulsions elicited negligible adjuvant activity whereas
the perfluorocarbon and MCT-based emulsions were associated with greater adjuvant
activity compared to the LCT emulsions in some readouts. Only the squalene emulsion
appeared effective as an adjuvant in all readouts. We note here that the low number of
animals per group in these in vivo experiments causes the meaningfulness of some results to
be difficult to interpret. A statistically higher-powered study would be necessary in order to
definitively discriminate between the biological mechanisms of the different emulsions.

Finally, there may be another motivation for substitution of squalene with other
metabolizable oils: ongoing development of well-defined, potent TLR agonists with highly
specific adjuvant activity and an amphiphilic or hydrophobic structure (such as the lipid-
based TLR2 or TLR4 agonists) may require emulsion formulations for solubility or delivery
purposes only; that is, no additional adjuvant activity from the emulsion itself will be
necessary. There are at least two reports describing the effective use of one of the most
common nutritional supplementation emulsions, the soybean oil-based Intralipid®, as a
vaccine formulation including antigen and additional immunostimulatory molecules
(muramy! dipeptide or avridine) [34, 42]. Tsujimoto et al. found that the soybean emulsion
with an influenza vaccine elicited similar HAL titers to the control vaccine (in PBS);
however, when an additional immunostimulant (muramy! dipeptide analogue) was present,
the vaccine containing the emulsion appeared to elicit higher HAI titers than the vaccine
containing immunostimulant without the soybean oil emulsion [42], although the physical
interaction between the immunostimulant and the emulsion was not characterized. Similarly,
our results described in the present work showed negligible adjuvant activity associated with
the soybean, grapeseed, and sesame oil emulsions. However, if combined with a suitable
TLR agonist, the physical presentation of the agonist on the surface or in the core of the
emulsion droplet may be all that is required for a potent immune response [43]. In this
context, an emulsion could be largely inert on its own but potent as a formulation tool of a
TLR agonist. Work along these lines is ongoing in our laboratory.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Emulsion particle size stability at various storage temperatures. Shown are results following
storage at (a) 5 °C, (b) RT, (c) 37 °C and (d) 60 °C. Particle size was measured using
Malvern Instruments Zetasizer Nano or Automated Particle Sizer. Size measurement is the
z-avg, which represents the intensity-biased average size value from dynamic light
scattering.
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Figure 2.

Laser scattering optical profiling analysis of emulsion stability. (a) Laser transmission scans
of undiluted grapeseed emulsion in polycarbonate cuvette measured every 10 minutes over 4
hours at 60°C, with blue color indicating initial scans and pink color indicating later scans.
(b) Integral transmission profiles of the 25 — 30 mm region (see above) of cuvettes
containing emulsion, measured over 4 hours at 60°C.
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Effect of emulsions on antibody response induced by immunization with recombinant
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malaria antigen. BALB/c mice were immunized twice with PbCSP antigen formulated with

emulsions containing squalene, grapeseed, or sesame oil. Antigen-specific 1gG were

determined by ELISA. The antibody responses from the grapeseed and sesame oil groups
were below the limit of detection. In the antigen alone group, only one mouse showed a
response above the lower limit of detection. n = 5 per group, and data are shown as mean

and s.e.
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Figure 4.

Effect of adjuvant formulation in humoral immune responses induced by immunization with
inactivated split-virus influenza vaccine (Fluzone). BALB/c mice were immunized with
Fluzone formulated with emulsions containing squalene, grapeseed, or sesame oil. Antigen-
specific 1gG (left), IgG1 (middle) and 1gG2a (right) were determined by ELISA. Results are
shown as the geometric mean endpoint titer (Logsg) * S.e., n =5 per group.
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Figure 5.

Effect of adjuvant formulation in humoral immune responses induced by immunization with
inactivated split-virus influenza vaccine (Fluzone). BALB/c mice were immunized with
Fluzone formulated with emulsions containing squalene, perfluorocarbon, soybean, or
Miglyol 810 oil. Antigen-specific 1gG (left), IgG1 (middle) and 1gG2a (right) were
determined by ELISA. Results are shown as the geometric mean endpoint titer (Logqg) *
SEM, n =5 per group except for the squalene group in (b) where n = 4.
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Figure 6.

IgG-secreting bone marrow plasma cells against Fluzone were determined by ELISPOT and
data are represented by mean +/— SEM. (a) * = p-value < 0.05 versus immunization with
vaccine alone; # = p-value < 0.05 versus immunization with the vaccine containing the
grapeseed emulsion; % = p-value < 0.05 versus immunization with the vaccine containing
the sesame emulsion. (b) * = p-value < 0.05 versus immunization with vaccine alone; # = p-
value < 0.05 versus immunization with the vaccine containing the perfluorocarbon
emulsion; % = p-value < 0.05 versus immunization with the vaccine containing the soybean
emulsion; ~ = p-value < 0.05 versus immunization with the vaccine containing the Miglyol
emulsion.
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Figure 7.

HA titers after immunization with Fluzone formulated with squalene, grapeseed, or sesame
oil emulsion. BALB/c mice were immunized and then serum HAI titers determined four
weeks after boosting. (a) HAI titers against the A/Solomon Islands/3/2006 (H1N1)
component of Fluzone. (b) HAI titers against the A/Wisconsin/67/2005 (H3N2) component
of Fluzone. Data are shown as the (Log) titer for each individual animal, with the geometric
mean and SEM represented. * = p-value < 0.05 versus immunization with vaccine alone; # =
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p-value < 0.05 versus immunization with the vaccine containing the grapeseed emulsion; %
= p-value < 0.05 versus immunization with the vaccine containing the sesame emulsion.
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Figure 8.
HAI titers after immunization with Fluzone formulated with squalene, perfluorocarbon,

soybean, or Miglyol 810 oil emulsion. BALB/c mice were immunized and then serum HAI
titers determined four weeks after boosting. (a) HAI titers against the A/Solomon Islands/
3/2006 (HIN1) component of Fluzone. (b) HAI titers against the A/Wisconsin/67/2005
(H3N2) component of Fluzone. (c) HAI titers against the heterologous A/Brisbane/59/07
influenza strain. (d) HAI titers against the heterologous A/Uruguay/716/07 influenza strain.
Data are shown as the (Log) titer for each individual animal, with the geometric mean and
SEM represented. * = p-value < 0.05 versus immunization with vaccine alone; # = p-value <
0.05 versus immunization with the vaccine containing the perfluorocarbon emulsion; % = p-
value < 0.05 versus immunization with the vaccine containing the soybean emulsion; ” = p-
value < 0.05 versus immunization with the vaccine containing the Miglyol emulsion.
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