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Abstract Emulsions have a long history of use as potent and effective adjuvants in

humans for a range of vaccines, particularly for influenza. Although older mineral

oil- and water-in-oil-based emulsion adjuvants did not have an overall safety and

tolerability profile to allow them to be acceptable for widespread use, a newer

generation of oil-in-water adjuvants has been recently developed, based on the use

of the biodegradable oil squalene. These adjuvants have shown particular value in

the development of new generation vaccines to offer enhanced protection against

both seasonal and pandemic strains of influenza virus. The first oil-in-water emul-

sion adjuvant included in an approved flu vaccine was MF59, which was originally

licensed in Europe in 1997 as an improved influenza vaccine for the elderly. In the

very recent past, MF59 and related adjuvants have shown their value by offering

the possibility of significant antigen dose reductions and higher potency products in

the face of the H1N1 pandemic emergency and other pandemic threats. The recent

H1N1 global problem allowed the opportunity for widespread use of emulsion-

based adjuvants in a range of population groups in a number of countries, in which

strict monitoring of safety was the norm. Importantly, this widespread use allowed

the safety profile of squalene-based emulsion adjuvants to be further substantiated

in large and diverse populations of humans, including young children and pregnant

women. It is our confident prediction that the coming years will see wider use and

further licensures for oil-in-water emulsion adjuvants, particularly for improved flu

vaccines.
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1 Introduction

Early in the development of nonliving vaccines for widespread human use, mod-

ifications were made to enhance their potency. Martin Arrowsmith, the protagonist

of the great American novel by the same name, is described as spending time in the

laboratory preparing “lipovaccines” and expressing dismay at those promoting the

superiority of vaccines suspended in “ordinary salt solutions” [1]. The first genera-

tion of lipovaccines, consisting of homogenized dried bacterial cells in lipids,

reported in 1916 [2–4], was developed to overcome the relatively poor efficacy of

killed bacterial vaccines, which required relatively high doses and multiple injec-

tions to induce protective immunity. This was in contrast to an alternative vaccine

platform used at the time, live-attenuated organisms (e.g., smallpox) that provided

suitable protection from a single dose.

Lipovaccine technology was used in human subjects, including the US military

[5, 6], as an approach to increase vaccine potency, which enabled the use of

decreasing doses of bacterial cells (dose sparing), as well as decreasing the number

of injections required for protection (doseage sparing). These same challenges

remain with us today, particularly in relation to influenza vaccines. Currently, a

majority of influenza vaccines are produced in eggs, and since this technology is

limited in capacity, global supplies are inadequate. Therefore, dose sparing through

the use of adjuvants is a safe and practical means to increase vaccine supply. Also,

because of the need to respond rapidly to new influenza outbreaks and to reduce the

number of doses required to achieve the desired immune response, this represents

another role for adjuvants in influenza vaccines. In addition, adjuvants are used to

broaden the immune response to emerging influenza variants, as well as to increase

responses in the elderly. This early history in lipovaccines has ultimately led to the

development of safe emulsions as vaccine adjuvants.

2 Emulsion Technologies

Emulsions are defined as liquid dispersions of two immiscible phases, usually oil

and water, either of which may comprise the dispersed phase or the continuous

phase to provide water-in-oil (w/o) or oil-in-water (o/w) emulsions, respectively.

Emulsions are generally unstable and need to be stabilized by surfactants, which

lower interfacial tension and prevent coalescence of the dispersed droplets. Stable

emulsions can be prepared through the use of surfactants that orientate at the

interface between the two phases and reduce interfacial tensions, since surfactants

comprise both hydrophobic and hydrophilic components. Although charged surfac-

tants are excellent stabilizers, nonionic surfactants are widely used in pharmaceuti-

cal emulsions due to their lower toxicity and lower sensitivity to the destabilizing

effects of formulation additives. Surfactants can be defined by their ratio of

hydrophilic to hydrophobic components (hydrophile to lipophile balance, HLB),

328 D.T. O’Hagan et al.



which gives information on their relative affinity for water and oil phases. At the

high end of the scale, surfactants are predominantly hydrophilic and can be used to

stabilize o/w emulsions. In contrast, oil-soluble surfactants are at the lower end of

the scale and are used mainly to stabilize w/o emulsions. Polysorbates (Tweens) are

commonly used surfactants with HLB values in the 9–16 range, while sorbitan

esters (Spans) have an HLB in the range of 2–9. Extensive pharmaceutical experi-

ence has shown that a mixture of surfactants offers maximum emulsion stability,

probably due to the formation of more rigid films at the interface. The physico-

chemical characteristics of emulsions, including droplet size, viscosity, and so

on, are controlled by a variety of factors, including the choice of surfactants, the

ratio of continuous to dispersed phases, and the method of preparation. For an

emulsion to be used for administration as an injection, stability and viscosity are

important parameters, as too is sterility. In general, stability is enhanced by having

smaller sized droplets, while viscosity is decreased by having a lower volume of the

dispersed phase.

3 The History of Emulsions as Adjuvants

3.1 Water-in-Oil Emulsion Adjuvants

The desire to increase vaccine potency through association with lipid ultimately

resulted in the development of emulsions as adjuvants. Following on from the

lipovaccine technology, Freund et al. in 1937 [7] and for many years thereafter

[8–10] developed and used w/o emulsions, in which antigen was suspended in an

aqueous phase and then emulsified into oil. Early versions included paraffin oil,

with Arlacel A as the emulsifier, and the inclusion of dried Mycobacterium cells.

Such emulsions are still referred to as complete Freund’s adjuvant (CFA or FCA).

Typically, these emulsions contain >50% mineral oil. Freund also developed

emulsions that did not contain bacteria (incomplete Freund’s adjuvant, FIA or

IFA) and applied them experimentally to a number of vaccine preparations

[8–11]. However, CFA was found to be unacceptably reactogenic for use in

human vaccines, and sensitization to the mycobacterial component compromised

its ability to be used in booster immunizations. Painful local reactions with frequent

granuloma formation were observed when administered subcutaneously, and exten-

sive granuloma formations and nerve involvement could occur when administered

intramuscularly [12].

Improvements in oil-rich emulsions were made through eliminating the myco-

bacterial cells from the preparations and improving the quality of oils used (IFA)

[13]. Unfortunately, preclinical studies suggested that oil-based adjuvants could be

tumorigenic [14].

Nevertheless, IFA was developed and tested clinically for influenza vaccines,

including landmark papers from Jonas Salk and others [15–17] that were proceeded
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by nonhuman primate studies for safety evaluation, followed by large-scale human

trials [18–20]. Overall these studies demonstrated the acceptable safety and potency

of the adjuvanted vaccines, including a dose sparing effect (up to 1,000-fold), the

durability of antibody responses, and, in Salk’s studies, a suggestion of increased

breadth of response. Importantly, long-term follow-up studies of army recruits

(approximately 18,000 having received IFA-adjuvanted influenza vaccine) indi-

cated that there were no serious safety effects attributable to the vaccines [21, 22].

Hence, these studies helped to alleviate the concerns raised in the preclinical

models that oil-based adjuvants could be tumorgenic. Nonetheless, human vaccines

containing IFA did not manage to gain broad acceptance. During the period of

1964–1965, 900,000 persons in the UK received a licensed seasonal influenza

vaccine containing IFA, and 40 individuals developed local nodular reactions, 9

of which required surgical treatment [23]. On the basis of these observations, which

had similarities to the reactions observed in experimental animals, the influenza

vaccine was withdrawn from the market [23, 24]. This withdrawal essentially killed

the future use of mineral oil-based emulsion adjuvants for human vaccines. Never-

theless, subsequent long-term (35 years) analysis of the army recruits who had

received the mineral oil emulsions has shown that not only were there no significant

adverse events associated with the emulsion, but there was also a statistically

significant reduction in certain forms of cancers in the recruits who had received

the adjuvant [25].

It had been thought that much of the toxicity associated with the w/o emulsions

was related to the presence of free fatty acids, either in the source materials or

resulting from hydrolysis over time of the oil or surfactant [26]. Attempts to

improve upon these emulsions included the development of adjuvant 65, an emul-

sion which consisted of approximately 50% peanut oil [27]. This formulation was

tested in 182 volunteers with influenza vaccine and gave higher antibody titers of

increased duration than those seen in individuals receiving aqueous vaccine, with

minimal differences in reactogenicity between the two groups. Follow-up studies

led to influenza vaccine formulated in adjuvant 65 being given to more than 16,000

individuals, with increased immune responses, broadening of immune responses,

and greater persistence of antibody responses [28]. Local reactions were deemed to

be minor with the adjuvant 65 vaccine, comparing favorably to unadjuvanted

vaccine. Interestingly, a formulation combining adjuvant 65 with polyI:polyC,

now known to activate innate immunity through toll-like receptor 3 (TLR3),

significantly added to the potency of the adjuvant for influenza vaccine in monkeys

[28]. However, the use of peanut oil emulsions did not advance significantly, partly

due to potential safety concerns in individuals with peanut allergies.

More recent w/o emulsions have included the introduction of purified, metabo-

lizable oils and emulsifiers. The most notable of these emulsions is the Montanide

adjuvants (Seppic, Paris, France) which are based on purified squalene and squa-

lane, emulsified with a highly purified mannide mono-oleate surfactant. These

emulsions have been evaluated in clinical trials, notably for malaria, HIV, and

cancer [29]. Several clinical studies with ISA51 and ISA720, two of the Montanide

adjuvants, have reported on potent immune responses, although safety results seem
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to be somewhat questionable, with the incidence of adverse events and severe

adverse events increasing with antigen dose and the number of administrations

[30, 31].

Despite the ultimate failure of the oil-rich emulsions in terms of their adoption

into licensed human vaccines, the use of these preparations demonstrated, over

several decades, the value of adjuvanting influenza and other human vaccines.

However, the mechanism through which w/o emulsions potentiate the immune

response to vaccine antigens is unclear. It had been thought that these high oil

content w/o emulsions functioned through a “depot effect,” releasing antigen over

time, but such a concept appears inconsistent with the observed kinetics of immune

responses following administration of such adjuvanted vaccines. Moreover, studies

in which immune response remained strong despite early excision of injections sites

in experimental animals would argue against this mechanism of action [32]. The

real mechanism of effect may be due to a combination of increased antigen uptake

through association with lipid and antigen-presenting cell (APC) activation from

the adjuvant components. However, overall safety concerns with high lipid content

adjuvants led to emphasis on the development of standardized methods to produce

formulations with lower lipid content that would neither form depots nor induce

local granuloma and/or ulceration.

3.2 Oil-in-Water Emulsion Adjuvants: The Early Years

Extensive experience in animals and humans, first with lipovaccines, then with w/o

emulsions, firmly established the value of formulations containing lipid for adju-

vanting nonliving organisms to create more effective vaccines. Attempts to improve

the safety of oil-containing adjuvant formulations while maintaining potent

immune-stimulatory properties have led to the development of several emulsions

with reduced oil content, typically <5% oil. The most advanced of these o/w emul-

sion adjuvants is MF59, but several others are in various stages of development. The

underlying principles behind the development of these new emulsion formulations,

in addition to using lower amounts of oil, were to use metabolizable oil (as opposed

to mineral oil in the Freund’s formulations), use nontoxic emulsifiers instead of

Arlacel A, and retain efficacy while reducing toxicity.

Early work by Ribi et al. [33] described the use of o/w emulsions containing

squalene, a metabolizable cholesterol precursor obtained from shark liver and

Tween 80 surfactant, to which immunostimulants such as monophosphoryl lipid

A (MPL), a glycolipid purified from Gram-negative bacteria and/or mycobacterial-

derived components were added to create the Ribi adjuvant systems. Another early

program was described by Syntex Corp. (reviewed by Allison [34]), which deve-

loped the Syntex adjuvant formulation (SAF), a 5% squalane, prepared by hydro-

genation of squalene, o/w emulsion, that included polysorbate (Tween) 80 as an

emulsifier. Formulations also included Pluronic 121, a block copolymer, and

muramyl dipeptide (MDP), an adjuvant peptide based on a structure derived from
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mycobacterial cell walls. Thus, SAF and the Ribi adjuvant series (reviewed in [35])

represented a significant advance over the Freund formulations. Both Ribi adju-

vants and SAF were tested in a variety of animal models, and the safety and efficacy

profile was appropriate to allow clinical evaluation in cancer vaccine trials. Other

early emulsions included the Hjorth formulations, which were also squalene based

(reviewed in [34]).

The most advanced o/w emulsions currently in development include AS03

(reviewed below) and AS02 from GSK. AS03 is a squalene- and vitamin E-based

emulsion, extensively developed for influenza vaccines. AS02 is an emulsion that

contains MPL and QS-21, a purified molecule derived from saponin. The addition

of MPL and QS-21 results in a formulation that has potent B- and T-cell-stimulating

properties and has been extensively tested with malaria vaccine candidates, among

others. AS02 and AS01, a liposomal formulation, are in advanced clinical develop-

ment for malaria, tuberculosis, and other vaccine candidates [29].

3.3 The Development of Oil-in-Water Emulsions as Adjuvants
for Flu Vaccines

There are several reasons why adding adjuvants to influenza vaccines is important.

These include (1) to enhance protective immune responses in the elderly, the

population in which the vast majority of influenza deaths occur, (2) to allow antigen

dose sparing to increase the global vaccine supply, (3) to induce a rapid immune

response in the case of the emergence of a pandemic, and (4) to induce a broader

immune response to protect against serotypes not present in the administered

vaccine. Today, the o/w adjuvant formulations represent the best approach to

provide the necessary safety profile while fulfilling at least some of these perfor-

mance criteria.

There are currently two o/w emulsions in licensed influenza vaccines and at least

two others in development. By far the greatest experience is with MF59 (Novartis

Vaccines and Diagnostics), which is a component of licensed vaccines for both

seasonal and pandemic influenza and will be discussed in detail below. The other

emulsion adjuvant that is a component of a licensed pandemic influenza vaccine is

AS03 (GlaxoSmithKline Biologicals, GSK). Other emulsions in development for

influenza vaccines include AF03 (Sanofi Pasteur) and SE (Infectious Disease

Research Institute) (Table 1). All of these emulsions are squalene based, generally

with a content of 2–4%, with different surfactants to stabilize the emulsions. In

addition, AS03 contains a-D-tocopherol (vitamin E), which has been claimed to

have adjuvant properties of its own. The mechanisms of action of o/w adjuvants

will be discussed later with respect to MF59 but generally include activation of

APCs leading to increased antigen uptake, increase of cytokine production, and

influencing APC migration to draining lymph nodes through upregulation of che-

mokine receptors.
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AS03 (GSK) is being developed for both seasonal and pandemic influenza

vaccines, including prepandemic vaccines to prime individuals against H5 to

induce at least partial immunity against related influenza variants. Vaccines con-

taining ASO3 have been evaluated in thousands of individuals. ASO3-H5N1

vaccine has been reported to be safe in both adults and children [36, 37]. The

vaccine has been reported to be immunogenic, to be dose sparing, and to induce

cross-clade immune responses [38, 39]. Pandemrix™, an AS03-H5N1 pandemic

vaccine, and Prepandrix™, a prepandemic AS03-H5N1 vaccine, have been

approved in Europe.

In addition to the pandemic influenza studies, AS03 has been developed for

enhancing the efficacy of Fluarix™, GSK’s seasonal influenza vaccine, in the

elderly. A current trial is in progress to determine the effect of ASO3 in enhancing

protection against disease. Early studies compared adjuvanted versus unadjuvanted

Fluarix™ and indicated the possibility that including ASO3 could lead to increased

T-cell responses and broadened serological responses in elderly subjects (reviewed

in [24]). At an earlier stage of development is AF03, the Sanofi Pasteur squalene-

based emulsion. This adjuvant has been evaluated as a H5N1 vaccine candidate in

251 healthy adults [40], was found to be adequately safe and immunogenic, and

demonstrated both a dose sparing and an immune broadening effect [24]. These

results further enforce the utility of o/w emulsions as a safe and effective approach

to enhance vaccine potency. The use of such adjuvants comprises an important and

necessary solution to develop vaccines to emerging threats, such as pandemic

influenza, which cannot be adequately addressed with traditional, unadjuvanted

vaccines.

Although emulsions are the most advanced novel adjuvants, many other

attempts have been made to develop successful adjuvants based on a range of

related technologies. In the 1980s, a number of groups worked on the development

of new adjuvant formulations, including emulsions, ISCOMs, liposomes, and micro-

particles [41]. These approaches had the potential to be more potent and effective

Table 1 The most advanced

o/w emulsion adjuvants
Adjuvant emulsions of oil in water: content per adult dose

MF59 (Novartis)

Squalene 9.75 mg, polysorbate 80 1.175 mg, sorbitan trioleate

1.175 mg

AS03 (GSK)

Squalene 10.68 mg, DL-a-tocopherol 11.86 mg, polysorbate

80 4.85 mg

AF03 (Sanofi Pasteur)

Squalene-containing emulsion (2.5% emulsion) no further

details published

AS02 (GSK)

Squalene 10.68 mg, DL-a-tocopherol 11.86 mg, polysorbate

80 4.85 mg

3-D monophosphoryl lipid-A (10–50 mg depending on

application)

QS21 (10–25 mg depending on application)
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adjuvants than insoluble aluminum salts, which were the only adjuvants included in

licensed human vaccines at that time. Unfortunately, alum has been shown to be a

poor adjuvant for split and subunit influenza vaccines, which comprise the majority

of the currently licensed products. Many of the novel adjuvant approaches

contained immune potentiators of natural or synthetic origin, which were included

to enhance the potency of the adjuvant. However, the inclusion of immune poten-

tiators often raised concerns about the safety of the adjuvant technology. On the

basis of the long history of emulsions as adjuvants, including FIA, several groups

investigated the development of improved emulsion formulations as adjuvants. As

discussed, Syntex developed an o/w emulsion adjuvant (SAF) using the biodegrad-

able oil, squalane, to deliver a synthetic immune potentiator, called N-acetyl-
muramyl-L-threonyl-D-isoglutamine (threonyl-MDP) [42]. The closely related

immune potentiator, N-acetyl-L-alanyl-D-isoglutamine (MDP), had been originally

identified in 1974 as the minimal structure isolated from the peptidoglycan of

mycobacterial cell walls, which had adjuvant activity [43]. However, MDP was

pyrogenic and induced uveitis in rabbits [44], making it unacceptable as an adjuvant

for human vaccines. Therefore, various synthetic derivatives of MDP were pro-

duced, in an effort to identify an adjuvant molecule with an acceptable safety

profile; threonyl-MDP was one of these synthetic compounds. More recently, it

has been shown that MDP activates immune cells through interaction with the

nucleotide-binding domain, which acts as an intracellular recognition system for

bacterial components [45]. In addition to threonyl-MDP, SAF also contained a

pluronic polymer surfactant (L121), which was included to help bind antigens to the

surface of the emulsion droplets. Unfortunately, clinical evaluations of SAF as an

adjuvant for an HIV vaccine showed it to have an unacceptable profile of reacto-

genicity [46]. As an alternative to SAF, Chiron vaccines used squalene, a similar

biodegradable oil, to develop an o/w emulsion as a delivery system for an alterna-

tive synthetic MDP derivative, muramyl-tripeptide phosphatidylethanolamine

(MTP-PE). MTP-PE was lipidated to allow it to be more easily incorporated into

lipid-like formulations and to reduce toxicity [47]. Unfortunately, clinical testing

also showed that emulsions of MTP-PE displayed an unacceptable level of reacto-

genicity, which made them unsuitable for routine clinical use [48, 49]. Although the

emulsion formulation of MTP-PE enhanced antibody responses against influenza

vaccine in humans, the level of adverse effects observed made this adjuvant

unsuitable for widespread clinical use [48]. Nevertheless, additional clinical studies

undertaken at the same time highlighted that the squalene-based emulsion alone

(MF59), without any added immune potentiator, was well tolerated and had com-

parable immunogenicity to the formulation containing the MTP-PE [49, 50]. These

observations resulted in the further development of the MF59 o/w emulsion vehicle

alone as a vaccine adjuvant.

In preclinical studies with influenza vaccine, it was confirmed that the immune

potentiator, MTP-PE, was not required for MF59 to be an effective adjuvant [51].

A key early study highlighted the ability of MF59 adjuvant to enhance protective

immunity to flu virus challenge [52]. The use of MF59 adjuvant allowed a dose

reduction of flu vaccine (50- to 200-fold lower doses) and improved protection
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against challenge for more than 6 months after vaccination [52]. MF59-induced

enhanced antibody titers in comparison with flu vaccine alone, even at very low

antigen dose. Moreover, the addition of MF59 to flu vaccine offered improved

survival against challenge with influenza virus in mice and also reduced viral titers

in the lungs of challenged mice. The enhanced protection afforded by the inclusion

of MF59 in the vaccine was long lived and allowed a significant dose reduction in

the amount of antigen needed to induce protection. Moving beyond the mouse

model, MF59 was also shown to be an effective adjuvant for flu vaccine in a range

of alternative preclinical animal models [51]. Importantly, in follow-up studies, it

was shown that MF59 was able to enhance the immune responses to flu vaccines in

both young and old animals [53]. Old mice (18 months old in these studies)

typically have poor responses to flu vaccines, as do elderly humans, but the

inclusion of MF59 in the vaccine restored the response of the old mice back up to

the level of response achieved in young mice. Moreover, MF59 was also shown to

induce a potent T-cell response to the flu vaccine, in both young and old mice.

Pushing the mouse model further, MF59 was also shown to be an effective adjuvant

in old mice, which had previously been infected with influenza, a situation more

similar to that found in humans, who are often reinfected annually with circulating

flu strains [53]. These preclinical studies highlighted the huge potential of MF59 to

be used as an adjuvant for an improved flu vaccine, potentially allowing antigen

dose reduction, while enhancing protective antibody and T-cell responses, for

extended time periods. The ability of MF59 adjuvant to offer a significant reduction

in the protective dose for flu vaccines has subsequently become very important in

the pandemic flu vaccine setting.

The small droplet size of MF59 adjuvant emulsion, generated through the use of

a microfluidizer in the preparation process, is crucial to the potency of the adjuvant,

and also enhances emulsion stability and allows the formulation to be sterile filtered

for clinical use. Overall, our early clinical experience with o/w emulsions served to

highlight the need for careful selection of immune potentiators to be included in

adjuvant formulations. The experience with MF59 showed that o/w emulsions can

be highly effective adjuvants, with an acceptable safety profile, which may not need

the addition of immune potentiators.

4 The Current Status of Emulsion Adjuvants for Flu Vaccines

MF59 is a safe and potent emulsion-based vaccine adjuvant that has been licensed

in more than 20 countries, for more than 12 years, for use in an influenza vaccine

focused on elderly subjects (Fluad®). The safety profile of MF59 is well established

clinically through a large safety database (>26,000 subjects) and through pharma-

covigilance evaluations of greater than 55 million doses that have been distributed.

The MF59 adjuvant has a significant impact on the immunogenicity of flu vaccines

in the elderly, who generally respond poorly to traditional influenza vaccines due

to age-related impairment of their immune responses called immunosenescence.

Emulsion-Based Adjuvants for Improved Influenza Vaccines 335



Moving beyond the elderly population, the MF59 adjuvant has also been shown to

have a significant impact on the immune response to flu vaccines in adults who are

chronically ill with a range of diseases and, consequently, also respond poorly to

traditional flu vaccines. Moreover, Fluad also shows enhanced immunogenicity in

very young subjects, while displaying a similar reactogenicity profile to licensed

vaccines in this population. Moving beyond seasonal flu vaccines, MF59 has also

been shown to have a significant impact on the immunogenicity of potential

pandemic flu vaccines and has enabled vaccines to achieve titers that might be

expected to offer protection, with relatively low doses of vaccine. Moreover, the

addition of MF59 to the vaccine allows for more broad cross-reactivity against viral

strains not actually included in the vaccine. This is a key attribute, since it is

difficult to predict exactly which strain might emerge and cause a pandemic.

MF59 adjuvant recently received approval for licensure in Europe for all 27

member states for inclusion in a pandemic vaccine against H1N1 (Focetria®) for

use in all subjects aged 6 months and older. This same vaccine adjuvant is also

under consideration for approval for inclusion in a prepandemic vaccine (Aflu-

nov®). Beyond its use in influenza vaccines, MF59 adjuvant has also been shown to

be a potent adjuvant for a wide range of alternative vaccines, including those based

on recombinant proteins, particulate antigens, and protein–polysaccharide conju-

gates. In most studies in which a comparison has been made, MF59 has been shown

to be more potent for both antibody and T-cell responses than aluminum-based

adjuvants. Moreover, clinical evaluations have established that the MF59 adjuvant

is safe in a wide range of subjects from only a few days old to greater than 100 years

of age. Hence, MF59 has broad potential to be used as a safe and effective vaccine

adjuvant for a broad range of vaccines to be used in populations with a wide age

range. The use of o/w adjuvants represents an important and necessary solution to

develop vaccines to emerging threats, such as pandemic influenza, which cannot be

adequately addressed with traditional, unadjuvanted vaccines.

4.1 The Composition of MF59

MF59 is a low oil content o/w emulsion. The oil used for MF59 is squalene, which

is a naturally occurring substance found in plants and in the livers and skin of a

range of species, including humans. Squalene is an intermediate in the human

steroid hormone biosynthetic pathway and is a direct synthetic precursor to choles-

terol. Therefore, squalene is biodegradable and biocompatible, since it is naturally

occurring. Shark liver oil comprises 80% squalene and shark liver provides the

natural source of the squalene, which is used to prepare MF59. MF59 also contains

two nonionic surfactants, Tween 80 and Span 85, which are designed to optimally

stabilize the emulsion droplets. Citrate buffer is also used in MF59 to stabilize pH.

Although single-vial formulations can be developed with vaccine antigens dis-

persed directly in MF59, MF59 can also be added to antigens immediately

before their administration. Although a less favorable option, combination before
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administration may be necessary to ensure optimal antigen stability for some

antigens but not for flu.

4.2 Manufacturing of MF59

Details of the manufacturing process for MF59 at the 50-l scale have previously

been described [54]. The process involves dispersing Span 85 in the squalene phase

and Tween 80 in the aqueous phase before high-speed mixing to form a coarse

emulsion. The coarse emulsion is then passed repeatedly through a microfluidizer to

produce an emulsion of uniform small droplet size (165 nm), which can be sterile

filtered and filled into vials. Methods have also been published to allow the

preparation of MF59 on a small scale for use in research studies [55]. MF59 is

extensively characterized by various physicochemical criteria after preparation.

4.3 The Mechanism of Action of MF59 Adjuvant

Early studies designed to determine the mechanism of action of MF59 focused on

the possibility of the creation of a “depot” effect for coadministered antigen, since

there had been suggestions that emulsions may retain antigen at the injection site.

However, early work showed that an antigen depot was not established at the

injection site and that the emulsion was cleared rapidly [56]. The lack of an antigen

depot with MF59 was confirmed in later studies [57], which also established that

MF59 and antigen were cleared independently. Subsequently, it was thought that

perhaps the emulsion acted as a “delivery system” and was responsible for promo-

ting the uptake of antigen into APCs. This theory was linked to earlier observations

with SAF, which contained a pluronic surfactant that was thought to be capable of

binding antigen to the emulsion droplets to promote antigen uptake [42]. However,

studies with recombinant antigens showed that MF59 was an effective adjuvant,

despite no evidence of binding of the antigens to the oil droplets [56]. A direct

effect of MF59 on cytokine levels in vivo was also observed in separate studies,

suggesting that the delivery method alone was too simplistic an explanation [58].

To gain a better understanding of the mechanism of action of MF59, we have

studied the early steps of the immune response on human cells in vitro and in mouse

muscle in vivo. We have shown that there are at least two human target cells for

MF59, monocytes and granulocytes, and that MF59 has a range of effects, including

increased antigen uptake, the release of chemoattractants, and the promotion of cell

differentiation. The observation of increased antigen uptake is in line with previous

findings in mice [59]. The most readily induced chemoattractant was the chemo-

kine, CCL2, which is involved in cell recruitment. Previous work had shown a

reduction of MF59-induced cell recruitment into the muscle in CCR2-deficient

mice [60], which is consistent with our observations on human cells. Moreover,
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experiments on gene expression profiles at the injection site are also consistent with

the key role of chemokines [61]. In addition, CCL2 was found in serum after

injection of MF59 into mouse muscle, providing further consistency between

in vitro and in vivo observations. MF59 also induces phenotypic changes on

human monocytes that are consistent with a maturation process toward immature

dendritic cells (DCs). There is an impressive consistency between data obtained

in vitro from human cells and data obtained in vivo from mouse. These observations

suggest that MF59 induces a local proinflammatory environment within the muscle,

which promotes the induction of potent immune responses to coadministered

vaccines. Figure 1 summarizes the mechanism of action of MF59.

Hence, we conclude that during vaccination, adjuvants like MF59 augment the

immune response at a range of intervention points. Through induction of chemo-

kines, they increase recruitment of immune cells to the injection site, they augment

antigen uptake by monocytes at the injection site, and they enhance differentiation

of monocytes into DCs, which represent the gold-standard cell type for priming

naive T cells. A particularly important feature of MF59 is that it strongly induces

the homing receptor CCR7 on maturing DCs, thus facilitating their migration into

draining lymph nodes where they can trigger the adaptive immune response specific

Fig. 1 A model for the mechanism of action of MF59 following immunization with the licensed

seasonal influenza vaccine containing MF59 (Fluad). Adapted from [62]
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to the vaccine antigen. Nevertheless, further studies are necessary to better define

the precise mechanism of action of MF59 and these studies are ongoing.

4.4 Preclinical Experience with MF59

Preclinical experience with MF59 is extensive and has been reviewed on several

occasions previously [63–65]. MF59 has been shown to be a potent adjuvant in a

diverse range of species, in combination with a broad range of vaccine antigens, to

include recombinant protein antigens, isolated viral membrane antigens, bacterial

toxoids, protein–polysaccharide conjugates, peptides, and virus-like particles.

MF59 is particularly effective for inducing high levels of antibodies, including

functional titers (neutralizing, bactericidal, and opsonophagocytic titers) and is

generally more potent than alum.

In one study, we directly compared MF59 and alum for several different

vaccines and confirmed that MF59 was generally more potent, although alum

performed well for bacterial toxoids, particularly diphtheria toxoid [66]. MF59

has also shown enhanced potency over alum when directly compared in nonhuman

primates with protein–polysaccharide conjugate vaccines [67] and with a recombi-

nant viral antigen [55]. In preclinical studies, MF59 is the most potent adjuvant

for flu vaccines in comparison with various readily available alternatives (Fig. 2).

In one study, we compared a number of adjuvants for flu vaccine in mice and

showed that MF59 significantly outperforms alternatives, including alum, for both

antibody and T-cell responses [68]. Moreover, we have recently shown that MF59

offers enhanced protection against challenge with pandemic flu strains in mice [69],

which is consistent with our earlier work on interpandemic strains [52]. Moreover,

heterologous protection is achieved against challenge strains in ferrets [70]. In

addition to immunogenicity studies, extensive preclinical toxicology studies have

been undertaken with MF59 in combination with a range of different antigens in a
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number of species. In these studies, it has been shown that MF59 is neither

mutagenic nor teratogenic and did not induce sensitization in an established guinea

pig model to assess contact hypersensitivity. The favorable toxicological profile

established for MF59 allowed extensive clinical testing for MF59 with a number of

different vaccine candidates and the approval of a flu vaccine containing MF59 in

Europe in 1997.

4.5 Clinical Experience with MF59 Adjuvant: Fluad Seasonal
Influenza Vaccine

Fluad, an MF59-adjuvanted seasonal influenza vaccine, was licensed in Italy in

1997 and is now registered in 29 countries worldwide. Fluad was approved on the

basis of a clinical development program in more the 20,000 subjects that showed

the MF59-adjuvanted vaccine was well tolerated and more immunogenic than

conventional nonadjuvanted seasonal trivalent inactivated vaccines (TIV). The

adjuvanted vaccine was associated with a low incidence of transient local adverse

reactions that were mostly mild or moderate in severity and that did not increase in

incidence following subsequent immunizations over 3 years [71, 72] (Fig. 3).

Compared with unadjuvanted inactivated vaccine comparators, only local pain,

erythema, induration, and myalgia occurred significantly more often in the adju-

vanted vaccine recipients, while other systemic adverse events including fever and

malaise occurred at similar frequencies in both groups [73]. In most countries

where it is registered, Fluad is indicated only for adults over 60 or 65 years of age.

Fluad was initially developed for vaccination of senior adults to fill the medical

need for an improved influenza vaccine for this age group in whom conventional
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influenza vaccines are less immunogenic and less efficacious compared with

younger adults [74, 75]. For this reason, most of the early clinical trials with

Fluad were performed in subjects over 65 years old. In this population, the adju-

vanted vaccine has induced higher geometric mean titers (GMT), seroconversion

rates, and seroprotection rates compared with unadjuvanted vaccine comparators,

depending on the vaccine strain composition. GMT HI antibody responses to Fluad

typically have been 1.5- to 2.0-fold higher than to unadjuvanted comparators

(Fig. 4, right panel). Importantly, higher antibody responses have been seen in the

subset of even more frail older adults over 75 years of age [78]. In addition, Fluad

has been evaluated in a number of small trials in other patient populations in whom

immune response to TIV frequently is lower. Fluad has provided higher HI anti-

body responses, to varying degrees, in patients with renal transplantation, patients

on chronic glucocorticoid therapy, HIV-infected patients on therapy, and senior

adults with chronic diseases [79–81].

Fluad is also more immunogenic in adults 18–60 years old with chronic diseases

than nonadjuvanted vaccines. In one published study, geometric mean ratios were

higher for the MF59-adjuvanted group (Fluad) for all three vaccine strains [82]

(Fig. 5).

In addition to augmenting the antibody response in senior adults, MF59 also

induces antibody responses that are more broadly cross-reactive [82, 83]. Broader

reactivity in a seasonal influenza vaccine is a genuine advantage, as influenza

viruses regularly undergo antigenic drift, resulting in periodic mismatches between

strains contained in the vaccine and those prevailing in the community. In studies of

responses to the H3N2 component of Fluad versus an unadjuvanted vaccine that

was otherwise identical (AGRIPPAL), Ansaldi showed that Fluad induced HI titers
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that were significantly higher, not only to the H3N2 strain contained in the vaccine,

but also to the predominant circulating H3N2 strains that circulated in each of the

following 3 years, each of which had drifted yet further from the previous year’s

strain [84]. Moreover, the Fluad-induced HI responses to the H3N2 strains that

circulated 1 and 2 years later would have met CHMP criteria for the annual update

for those strains, whereas responses to the unadjuvanted vaccine would not have

[85]. The implication of these observations is that the adjuvanted vaccine might

mitigate against the poorer antibody responses expected from periodic mismatches

of the recommended vaccine composition with strains circulating in the commu-

nity. To put this in another way, the adjuvanted vaccine induced cross-reactive

antibody responses to strains that emerged 1–3 years in the future and that might not

yet have circulated in nature at the time the vaccine was manufactured. The fact that

these results pertained to H3N2 strains is significant, as that subtype contributes

disproportionately more to seasonal influenza morbidity and mortality than the

other subtypes.

The higher HI antibody titers induced by Fluad could be expected to lead to

increased vaccine efficacy over unadjuvanted TIV. A large-scale observational study

of 150,000 senior adults, comparing the effectiveness of Fluad with AGRIPPAL

in reducing influenza-related hospitalizations, showed a 23% lower rate of pneu-

monia and influenza hospitalizations in recipients of Fluad compared to unadjuva-

nated vaccine [86]. Puig-Barbera et al. have described the effectiveness of Fluad

(compared with no influenza vaccination) in preventing emergency admissions for

pneumonia, cardiovascular events, and cerebrovascular events in senior adults [87,

88]. The two case–control studies over two seasons showed significantly reduced

hospitalization rates for pneumonia, cardiovascular disease, and cerebrovascular

disease in adults over 65 years of age with adjusted odds ratios of 0.31, 0.13, and

Post-vaccination
Geometric mean ratio (GMR)

B A/H3N2 A/H1N1 Fluad
better

control 
better

0.0
0.5

1.0
1.5

2.0

3.0

5.0

CI GMR

CI - Confidence Interval, GMR - Geometric Mean Ratio between vaccine groups. 

Fluad: n=175;  Subunit comparator: n=171

Fig. 5 Fluad is more immunogenic in adults 18–60 years old with chronic diseases than non-

adjuvanted vaccines. Geometric mean ratio of hemagglutination inhibition response in adults

(18–60 years of age) with chronic diseases who were immunized with an MF59-adjuvanted

subunit influenza vaccine versus a similar group immunized with a vaccine without MF59.

Geometric mean ratios were higher for the MF59-adjuvanted group (Fluad) for all three vaccine

strains. Adapted from [82]
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0.07, respectively. Considerable efforts were made to account for confounding host

factors and to focus the analysis on the period when influenza virus circulated in the

community, addressing many of the criticisms of observational studies of influenza

vaccination in the elderly [74].

At the other end of the age spectrum, young children also have a reduced

immune response to TIV, necessitating two doses for primary immunization, and

compared with healthy young adults, vaccine efficacy also is lower in this age group

[76]. Two trials have evaluated the safety and immunogenicity of Fluad compared

with a licensed inactivated split vaccine comparator in young children (6–36months

of age and 6–59 months of age who had never received influenza vaccine). In the

first trial, the MF59-adjuvanted vaccine induced significantly higher HI antibody

titers at every time point that was studied – 3 weeks after dose one, 3 weeks after

dose two, and 6 months after dose two – for all three subtypes (Fig. 4, left panel). In

the Fluad group, the proportion of subjects achieving an HI titer of 40 or higher

exceeded 70% for all three subtypes, meeting the CHMP criterion for seroprotec-

tion in young adults (NB: the CHMP has not established annual update criteria for

children). Moreover, for the H3N2 strain, 91% of the Fluad recipients reached an HI

titer of �40 after just one dose, suggesting the possibility that, for some antigens,

the addition of MF59 could sufficiently augment the immune response in immuno-

logically naı̈ve hosts to obviate the need for a two dose primary schedule. The

sustained higher HI antibody response, for at least 6 months following the second

dose, could be important, as the seasonal influenza vaccine is routinely being

delivered in August (in the northern hemisphere), 6 months before the usual peak

month of transmission in February of the following calendar year, and 8 months

before the usual end of seasonal transmission in April. This is of particular

importance for pediatric vaccination as influenza B often is transmitted in the

spring, and children under 14 years of age are affected disproportionately by that

subtype.

In the same pediatric study, cross-reactive responses to Fluad and the split

vaccine comparator also were evaluated in HI tests against strains that were

antigenically mismatched to those in the vaccine [76]. As was seen in senior adults,

Fluad recipients mounted significantly higher HI antibody titers to mismatched

strains of all three subtypes and, for the H1N1 and H3N2 subtypes, CHMP criteria

would have been met for geometric mean ratio response (Fig. 6). For the B subtype,

however, the antigenic variant that was chosen for testing was not a heterovariant

but was a representative of the B/Yamagata lineage while the vaccine contained a

B/Victoria lineage strain. The GMT HI titer elicited to the Victoria lineage-virus

was just 11, showing that the antigenic distance between the two B lineages is too

great for the adjuvant effect of MF59 to bridge.

A randomized controlled efficacy field trial comparing Fluad versus active

comparators in More than 3,000 6-<72 month old children showed that Fluad

was 86% efficacious against laboratory confirmed influenza while unadjuvanted

influenza vaccine was 43% efficacious, resulting in a relative efficacy of Fluad over

unadjuvanted vaccine of 75% (Novartis data on file).
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Fluad was shown to be well tolerated among infants and children in these trials

(Fig. 7). Although local adverse events occurred more often in the Fluad recipients,

only induration at the injection site occurred at a significantly higher frequency

[76]. The safety of novel adjuvants in this age group has elicited concern, particu-

larly with respect to the potential for exacerbation of or induction of autoimmune

phenomena. All of the pediatric Fluad trials and trials of adjuvanted pandemic

influenza vaccines (see below) have been under the oversight of independent data

monitoring boards; thus far, none of the trials have been interrupted for safety
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reasons and no significant safety signals have emerged. Nevertheless, larger scale

safety evaluations are needed.

4.6 Safety Evaluations of MF59

More than 45 million doses of Fluad have been distributed commercially, and an

analysis of pharmacovigilance reports for the product was undertaken for an

interval that covered the distribution of approximately 27 million doses [73].

Reports of all adverse events, SAEs, and certain adverse events of specific interest,

including allergic events, acute disseminated encephalomyelitis, encephalitis, Guil-

lain–Barré syndrome, other neurologic events, and blood–vascular disorders

occurred at a low rate, well below those reported in the literature. Because of the

passive nature and low sensitivity of reporting to pharmacovigilance systems,

proportional reporting with similar vaccines is a more appropriate indicator of

safety signals than comparisons with rates from epidemiological studies. Compared

with AGRIPPAL, the unadjuvanted influenza vaccine counterpart to Fluad, report-

ing rates of the above adverse events were similar, indicating no detectable increase

in risk for these adverse advents associated with MF59 (unpublished data, Novartis

Vaccines).

A more systematic analysis of the safety of MF59 has been undertaken, by

compiling data from 64 clinical trials in which MF59-adjuvanted and unadju-

vanted influenza antigens were studied, providing an opportunity to evaluate the

safety of MF59 in isolation. The database, comprising approximately 27,998

subjects, included mainly older adults (65%) in the MF59-adjuvanted group

[89]. The median duration of follow-up was approximately 6 months. The analysis

focused on SAEs, including hospitalizations and deaths, and specific events, such

as the new onset of chronic disease, autoimmune disorders, and cardiovascular

events. When randomized trials were examined, reports for these outcomes were

no higher in the MF59-adjuvanted group compared with the unadjuvanted vaccine

recipients.

Additional safety data on events leading to hospitalization will be forthcoming

from the observational study in senior adults mentioned above.

Despite the absence of any data indicating the induction of antibodies against

squalene contained in vaccines, some members of the public have associated

administration of vaccines and of squalene with Gulf War syndrome. Several

reviews of the available data and an epidemiological study among Navy Seabees

found no association between squalene antibodies and symptoms of Gulf War

syndrome [89]. In addition, it is not generally appreciated that naturally occurring

antibodies to squalene are present among healthy individuals. A study comparing

anti-squalene antibodies in recipients of Fluad and AGRIPPAL found no difference

in antibody rises in the two groups, indicating that MF59 adjuvant neither raises

the levels of preexisting antibodies nor induces new antibody responses against

squalene [90].
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4.7 Pandemic Influenza Vaccines Containing MF59:
Avian Influenza Viruses

Pandemic viruses, by definition, are of a subtype that is not currently circulating and

usually are novel antigens to which the majority of the population is immunologi-

cally naı̈ve. Stimulating a protective immune response to such novel antigens has

been shown to require two or more primary vaccination doses, and at least for the

H5N1 subtype, requires formulations containing a larger quantity of antigen per

dose than is present in the 15 mg/strain contained in the seasonal vaccine. The

logistical challenges of vaccinating entire populations with two pandemic vaccine

doses and the capacity of individual countries and the world to produce sufficient

quantities of viral antigen are challenges to public health systems and governments.

Moreover, as with seasonal strains, the H5N1 virus continues to evolve into

numerous genetically and antigenically distinguishable clades thus far – with

further antigenic variation among viruses within the clades.

These difficulties potentially can be ameliorated or even overcome by the use of

emulsion-adjuvanted formulations. Ninety micrograms of unadjuvanted H5N1 split

HA in two doses provides an HI antibody titer �40 in % of healthy young adult

subjects, and administering more doses with even higher antigen content is margin-

ally successful in inducing high antibody titers in a suitable proportion of subjects

[91]. Substantially less antigen can be used – as little as 1.9 or 3.75 mg of HA is

equally or more immunogenic when adjuvanted with an emulsion adjuvant

[40, 92–94]. A head-to-head study comparing a subunit H5N1 that was adminis-

tered unadjuvanted or adjuvanted with alum or with MF59 found that 15 mg of

MF59-adjuvanted antigen was significantly more immunogenic than either 45 mg of
unadjuvanted or 30 mg of alum-adjuvanted antigen, indicating the potential for

MF59 to provide dose sparing, and furthermore, the ineffectiveness of alum as an

adjuvant in this circumstance [95].

The antigen dose sparing potential of MF59 was seen even more dramatically in

a study of an H9N2 avian influenza virus vaccine in which formulations containing

3.75–30 mg of antigen were studied [96]. All of the adjuvanted formulations

provided significantly higher neutralizing antibody titers compared with their

unadjuvanted counterparts. Of interest, one dose of the adjuvanted 15-mg formula-

tion was more immunogenic than two doses of the unadjuvanted 15-mg vaccine,

suggesting again the potential for MF59 to boost primary antibody responses

sufficiently, at least for some antigens, that just one dose could be clinically useful.

The ability of 3.75 mg of H5N1 antigen to induce potent immune response in

humans in the presence of MF59 adjuvant was recently shown using a flu cell

culture-derived influenza vaccine (Fig. 8).

One licensed MF59-adjuvanted H5N1 vaccine has been registered (Focetria®),

under the European “mock-up” procedure, as a pandemic vaccine to be used upon a

pandemic declaration. Its registration was based on a series of clinical trials using a

7.5-mg HA formulation containing MF59 in the same quantity present in the

licensed adjuvanted seasonal vaccine. Two doses in adults 18–64 years old, ado-

lescents 9–17 years old, children 3–8 years old, and infants 6 months to 2 years old
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provided HI antibody titers meeting CHMP criteria ([58], Novartis data on file).

The approved formulation used a reverse genetics-derived clade 1 A/Vietnam/

1204/2007 (H5N1) strain; however, formulations using clade 2.2 and clade 2.3.4

also have been manufactured.

Recipients of the clade 1 A/Vietnam/1204 vaccine mentioned above not only

made antibodies at putatively protective levels to the vaccine antigen after primary

two-dose vaccination, but in young adults, also elicited cross-reactive antibodies to

that degree to a clade 2.2 antigen. The responses in senior adults nearly reached

those levels. In a pseudotype neutralization assay, primary responses in young

adults also were shown to be broadly reactive to clade 2.1 and 2.3.4 antigens [98].

The cross-reactivity of antibody responses of an H5N1 vaccine to viruses in

other clades is of considerable importance, as it would be desirable if individuals

primed against an antigen in one clade could respond with an anamnestic response

to protective antibody levels after a single booster dose of the vaccine produced

against the H5N1 virus that actually emerged in a pandemic. Because the emer-

gence of such a pandemic cannot be predicted, induction of persistent immune

memory, lasting years, would be desirable.

Data in support of such priming are available from a small cohort of young

adults who were immunized with MF59-adjuvanted or unadjuvanted H5N3 vac-

cine, an antigen that is antigenically related to H5N1 clade 0 viruses [99–101]. The

subjects were reconvened 7 years later and boosted with two doses of adjuvanted

H5N1 vaccine [102]. Those who previously had received unadjuvanted H5N3

vaccine needed both doses to produce significant neutralizing antibodies to the

H5N1 clade 1 antigen. On the other hand, those who previously had been primed

with the adjuvanted H5N3 vaccine responded within 7 days of the first adjuvanted

H5N1 dose with high levels of neutralizing antibodies not only to the homologous
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Fig. 8 Hemagglutinin inhibition (HI) assay in healthy young adults 3 weeks post-second vacci-

nation with a cell culture-derived H5N1 vaccine. Observer-blinded, randomized study in adults

(18–40 years of age; n ¼ 695), involving two doses 21 days apart of MF59-adjuvanted vaccine or

nonadjuvanted vaccine with 3.75, 7.5, or 15 mg cell culture-grown influenza A/H5N1 HA. Adapted
from [97]
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clade 1 antigen but also to the H5N3 (clade 0 equivalent) antigen and to clade 2.1,

2.2, and 2.3.4 antigens, representing the clades responsible for nearly all the

reported cases of H5N1 disease. Before booster vaccination, H5N1 viral-specific

memory B cells were present more abundantly among the subjects who had been

primed years earlier. Memory B cells were higher in number and peaked earlier

among the adjuvant-primed subjects at day 21 after vaccination – correlating with

the levels of neutralizing antibodies.

These observations are consistent with preclinical data in ferrets, mentioned

below, of the priming effect of adjuvanted seasonal vaccine on responses to A/CA/

07/2009 (H1N1) antigen. Together, the data suggest that MF59 broadens the

primary and memory immune responses to coadministered antigens. This attribute

of the adjuvanted response could be of practical importance in the context of

prepandemic preparation, as persons at high risk or critical infrastructure workers

who were primed potentially could be protected with a single dose of pandemic

vaccine as soon as it became available, even if the respective antigens were at some

antigenic distance.

Operationally, it is of interest that the priming schedule for the MF59-adjuvanted

H5N1 vaccine could be separated between dose one and dose two by as long as 1 year

(Novartis data on file). Importantly, when the second dose was derived from a

different clade (dose one was a clade 1 antigen, and dose two was a clade 2.2

antigen), responses to the second dose were highly cross-reactive to both antigens,

meeting CHMP criteria for viruses in both clades (Novartis data on file). This

suggests that annual revaccinations with updated formulations representing newly

emerging clades could lead to protection with a single dose. These annual updates

could be administered in conjunction with annual seasonal influenza vaccination, as

coadministration of the adjuvanted H5N1 vaccine and seasonal inactivated vaccine

did not interfere with responses to either seasonal or avian influenza antigens

(Novartis data on file).

The still emerging H1N1 pandemic has focused attention on the inadequacy of

the global influenza vaccine supply, as the WHO has estimated that only 4.9 billion

monovalent doses of vaccine can be produced by all manufacturers within a year.

But that assessment is based on the formulations proposed by manufacturers which

includes approximately two billion doses that are adjuvanted [103]. The antigen

dose sparing potential of MF59 and other emulsion adjuvants on responses to H5N1

virus has been contrasted with alum which has shown variable results. While

emulsion adjuvants such as MF59 have provided high immune responses indepen-

dent of antigen dose above approximately 6 mg, antibody responses to unadjuvanted
and alum-adjuvanted vaccines correlate with antigen dose, and to achieve puta-

tively protective levels, amounts of subunit and split antigens greater than 15 mg are
needed [104].

As adjuvants themselves must be manufactured with some lead time, minimi-

zing the quantity of adjuvant in a pandemic formulation to its smallest effective

dose would be desirable. In fact, when combined with 3.75 or 7.5 mg of subunit

H5N1 antigen, half of the usual quantity of MF59 contained in Fluad was as

immunogenic as 15 mg of antigen with a full dose of MF59 [97] (Fig. 8).
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4.8 Pandemic H1N1 Virus

The distant antigenic and genetic relationship of seasonal H1N1 virus to the novel

pandemic H1N1 virus suggested that adjuvanted vaccines would be needed to stimu-

late protective immunity. The early emerging clinical trial data, however, have

indicated that a single 15-mg dose of unadjuvanted hemagglutinin is sufficient to

stimulate putatively protective antibody levels in both young and senior adults but that

two doses were needed in children [105].

As has been seen with H5N1 virus, the addition of MF59 to subunit H1N1

antigen allowed for considerable antigen sparing [106]. A 3.75-mg antigen dose

adjuvanted with a full antigen of MF59 was highly immunogenic in adults after

either one or two doses. A combination of 7.5 mg of antigen with half of the usual

complement of MF59 was as immunogenic as 15 mg of unadjuvanted antigen and

unlike the unadjuvanted vaccine, a single adjuvanted dose was highly immunogenic

in children. The former formulation used a cell culture-derived antigen which could

prove to be the future of influenza antigen production.

The pandemic H1N1 virus has not yet been observed to drift antigenically from

the viruses that were isolated from Mexico and California early in the outbreak.

However, as the virus becomes resurgent in the northern hemisphere in the fall of

2009, increased immune pressure from persons who were infected in the spring

potentially could lead to emergence of heterovariantsthat might not be neutralized

by the current A/CA07/2009 formulated vaccine. When such heterovariants emerge,

as they surely will, it will be of considerable interest to determine if the MF59-

adjuvanted vaccine provides cross-neutralization.

The public health deployment of these MF59-adjuvanted vaccines in millions of

doses will provide additional safety data as well as effectiveness data that should

greatly aid further evaluations of the adjuvant in clinical practice. Thus far, no

safety signals have emerged with the distribution of more than 100 million doses of

MF59-adjuvanted pandemic H1N1 vaccine, which has included tens of thousands

of pregnant women and children.

4.9 MF59 with Other Antigens

MF59 has been used in early phase clinical trials with a number of antigens,

including herpes simplex, HIV, hepatitis B and C, and cytomegalovirus (CMV)

candidate vaccines [107–110]. Of note, MF59 has been used as an adjuvant for

pediatric vaccines with CMV and HIV viral antigens [110–113]. Seronegative

toddlers immunized with CMV glycoprotein B showed antibody titers that were

higher than those found in adults naturally infected with CMV. Moreover, the MF59-

adjuvanted vaccine was well tolerated in this age group. A recent phase II study

of the MF59-adjuvanted CMV glycoprotein B vaccine in naı̈ve post-postpartum

women showed promise, demonstrating 50% efficacy (95% confidence interval,
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7–73) in preventing infection, expressed as person-years over a 42-month follow-up

interval [114].

4.10 Additional Oil-in-Water Adjuvant Formulations
in Development

One of the advantages of o/w emulsion formulations is that they can be used with

other immune-stimulating molecules to further improve vaccines to address critical

issues for which current vaccines may not be optimal. Examples include combining

o/w emulsions with toll-like receptor (TLR) agonists. In development are AS03-

MPL (GSK) and MF59 combinations (Novartis), as well as MPL-SE (Infectious

Disease Research Institute), which has been clinically evaluated in therapeutic

vaccines against leishmaniasis. Such combination adjuvants may help address

issues critical to future vaccine development, including rapid response, induction

of protective immunological memory, broadening of the immune response, and, of

increasing importance, developing more effective vaccines for the elderly. In

preclinical studies, combination adjuvant formulations based on MF59 have been

shown to induce enhanced immune responses, particularly enhanced T-cell

responses with a more Th1 profile [115].

5 The Future

Although MF59 has been used in a licensed seasonal influenza vaccine in Europe

for more than a decade, and ASO3 has recently obtained licensure as a pandemic

and a prepandemic vaccine, neither of these adjuvants are yet licensed in the USA.

The adoption of emulsion-adjuvanted vaccines in the USA will require further

demonstrations of safety, particularly if a pediatric indication is sought or if

repeated annual exposure is anticipated, as with seasonal influenza vaccine. How-

ever, the willingness of regulatory authorities and public health officials to accept

the licensure of a vaccine containing the novel MPL adjuvant in a HPV vaccine is

encouraging, as it provides a precedent for a licensure path and for clinical

acceptance of other novel adjuvants, including emulsions.
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