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Preface

v

Vaccine Adjuvants: Preparation Methods and Research Protocols was
developed to promote the optimal use of immunological adjuvants in  preclinical
studies. The book’s primary focus is on the use of adjuvants in vaccination
studies in order to induce potent immune responses against either antigens
derived from infectious organisms or cancer-associated antigens. In general,
our work should be of interest and significant value to researchers who need to
induce potent immune responses against their respective antigens, including those
involved in the development of vaccines for infectious diseases, cancers, fer-
tility regulation, and autoimmune disorders. In addition, the book should
also be valuable for those involved in the selective manipulation of the
immune response, including virologists, bacteriologists, parasitologists, and
immunologists. Each chapter describes a single approach, but includes sugges-
tions as to why the specific adjuvant might be preferred for a given antigen,
depending on which type of immune response is desired. Alternative adjuvant
approaches are presented in detail in such a manner as to permit researchers to
choose those most efficacious for their specific indications.

The main focus of Vaccine Adjuvants: Preparation Methods and
Research Protocols is on the use of adjuvants in vaccines, since it is already
clear that the new generation of vaccines—based on recombinant proteins,
synthetic peptides, or DNA— will require adjuvants for optimal efficacy. Each
chapter describes in detail the preparation and characterization of an adjuvant
or an adjuvant formulation, including recommended protocols for its in vivo
evaluation in preclinical studies. Whenever possible, detailed adjuvant prepa-
ration and characterization methods are presented in each chapter by the indi-
viduals who originally invented or developed the approaches, including specific
examples for guidance. The preparation methods described range from simple
mixing of an antigen with a preformed adjuvant, to a complex formulation
process requiring the antigen to be physically associated within, or entrapped
within, an adjuvant formulation. In all chapters, practical advice and guidance
is provided to allow optimal adjuvant preparation. Each chapter also includes
detailed notes, which highlight important practical points, and warns against
potential pitfalls and problems. Following adjuvant preparation, steps are of-



vi          Preface

ten necessary to characterize the vaccine/adjuvant formulation, to ensure that
the preparation was successful, and to allow quantitative estimation of impor-
tant parameters, including antigen incorporation or association, and antigen
integrity.  Whenever necessary, these steps are described in detail, with full
practical guidance and examples of the expected results. In addition, an over-
view chapter describing the evaluation of novel adjuvants in clinical studies is
included. Also included is a chapter describing recommended guidelines to
evaluate the safety of novel adjuvants and adjuvant formulations.

Derek T. O’Hagan
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From: Methods in Molecular Medicine, Vol. 42:
Vaccine Adjuvants: Preparation Methods and Research Protocols

Edited by: D. T. O’Hagan © Humana Press, Inc., Totowa, NJ

1

An Overview of Adjuvant Use

Robert Edelman

1. Introduction
Adjuvants have been used to augment the immune response to antigens for

more than 70 years. Ramon first demonstrated that it was possible to increase
levels of diphtheria or tetanus antitoxin by the addition of bread crumbs, agar,
tapioca, starch oil, lecithin, or saponin to the vaccines (1). In this chapter, an
overview is provided of modern vaccine adjuvants as background for more
detailed discussions of promising adjuvants in chapters to follow. After a
more general discussion of adjuvants including their definition, mechanisms
of action, safety, ideal characteristics, impediments to development, and pre-
clinical and clinical regulatory issues, examples will be provided of experi-
mental vaccine adjuvants that have entered clinical trial to enhance a variety of
licensed and experimental vaccines in humans. For additional expositions on
this complex subject and for a historical perspective, the reader is referred to
recent textbooks on vaccine adjuvants (2–4) and a selection of useful review
articles published over the past 18 years (5–10).

Interest in vaccine adjuvants is growing rapidly for several reasons. First,
dozens of new vaccine candidates have emerged over the past decade for pre-
vention or treatment of infectious diseases, cancer, fertility, and allergic and
autoimmune diseases. Many of these candidates require adjuvants. Second,
vaccines have become commercially more profitable in the past few years.
Third, the Children’s Vaccine Initiative (CVI) initiated in 1990 has helped to
energize political and public health interest in vaccine adjuvants by establish-
ing ambitious goals for enhancing present vaccines and for developing new
ones (11). Fourth, refinements in the fields of analytical biochemistry, macro-
molecular purification, recombinant technology, and improved understanding
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of immunological mechanisms and disease pathogenesis have helped to
improve the technical basis for adjuvant development and application. Finally,
the development of experimental adjuvants has been driven by the failure of
aluminum compounds (1) to enhance many vaccines in man, (2) to enhance
many subunit vaccine antigens in animals, and (3) to stimulate cytotoxic T-cell
responses.

2. Definitions
The discussion of vaccine adjuvants will be facilitated by a definition of

terms. The term “adjuvant” (from the latin, adjuvare = help) was first coined
by Ramon in 1926 for a substance used in combination with a specific antigen
that produces more immunity than the antigen used alone (12). The enormous
diversity of compounds that increase specific immune responses to an antigen
and thus function as vaccine adjuvants makes any classification system some-
what arbitrary. Adjuvants in Table 1 are grouped according to origin rather
than according to mechanism of action, because the mechanism for most adju-
vants are incompletely understood. Cox and Coulter (10) have recently classi-
fied adjuvants into two broad groups, particulate or nonparticulate. Within each
group, an adjuvant may act in one or more of five ways, based on current
knowledge; namely, immunomodulation, presentation, induction of CD8+
cytotoxic T-lymphocyte (CTL) responses, targeting, and depot generation.
These five basic mechanisms will change or increase as our immunological
knowledge expands.

2.1. Examples of Modern Vaccine Adjuvants
Used in Animals and Man

Agents listed in Table 1 are examples of the many varieties of immuno-
potentiators used during the past 30 years. The majority of adjuvants are being
developed and tested by industry. The list of adjuvants is incomplete, because
I have not conducted an exhaustive literature search, because the results have
appeared in abstracts in nonindexed publications, and because many studies
are proprietary.

The adjuvants marked by an asterisk in Table 1 have completed trial in man,
or they are now undergoing clinical trial. Promising adjuvants not yet tested in
humans are also listed. In some instances, adjuvants have been combined in an
adjuvant formulation hoping to gain a synergistic or additive effect.

2.1.1. Vaccine Adjuvants vs Nonspecific Enhancers of Immunity

Agents listed in Table 1 enhance specific antigens and are administered
concurrently with the antigen. Adjuvants not administered in a single dose, at
or near the time of antigen injection, and into the same injection site as the
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antigen, are not listed. Thus, adjuvants administered repeatedly as nonspecific
enhancers of immune response are largely excluded. Immunopotentiating
agents administered to humans separately in time or location from the vaccine
may be impractical for vaccinating large numbers of persons, and potentially
unsafe because of their physiological effects on the entire body. They may
have a role, however, in immunizing a small number of high-risk, immuno-
incompetent individuals, such as renal dialysis patients at risk for hepatitis B
or the very elderly at risk of influenza. Examples of such “whole body” adju-
vants used in humans to augment vaccines include Na diethyldithiocarbamate (13),
thymosin alpha one (14), loxoribine (15), granulocyte-macrophage stimulating
factor (16,17), cimetidine (18), and dehydroepiandrosterone sulfate (19). The
results of such trials to date have been disappointing.

2.1.2. Carriers, Vehicles, and Adjuvant Formulations

Several terms used in Table 1 need to be defined. A “carrier” has several
meanings: it is an immunogenic protein bound to a hapten or a weakly immu-
nogenic antigen (20). Carriers increase the immune response by providing
T-cell help to the hapten or antigen. A carrier may also be a living organism (or
vector) bearing genes for expression of the foreign hapten or antigen (21,22).
A DNA vaccine is a carrier in the sense that, like some living vectors, it carries
a plasmid-based DNA vector encoding the production of the protein antigen
upon inoculation into the host (23).

A “vehicle” provides a substrate for the adjuvant, the antigen, or the anti-
gen-carrier complex. Vehicles are not immunogenic (unlike carriers), but most
vehicles can enhance antigens. Their immunostimulatory effects are often aug-
mented by the addition of conventional adjuvants to constitute “adjuvant for-
mulations.”

Examples of adjuvant formulations tested in humans with a variety of anti-
gens include monophosphoryl lipid A and cell wall skeleton of Mycobacterium
phlei adjuvants in a squalane-in-water emulsion vehicle (24), monophosphoryl
lipid A adjuvant in a liposome vehicle (25), threonyl-muramyl dipeptide adju-
vant and Pluronic L-121 block polymer adjuvant in a vehicle emulsion of
squalane and Tween-80 (26), muramyl tripeptide-dipalmitoyl phosphatidyle-
thanolamine adjuvant in a squalene-in-water emulsion vehicle (27), and
monophosphoryl lipid A and QS-21 adjuvants in a proprietary oil-in-water
emulsion (28).

2.1.3. Adjuvants for Mucosal Vaccines

Recent advances in vaccinology have created an array of vaccines that can
be delivered to mucosal surfaces of the respiratory, gastrointestinal, and geni-
tourinary tracts using intranasal, oral, and vaginal routes (29). Well-tolerated
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Table 1
Classes of Modern Vaccine Adjuvants

1. Mineral Salts
Aluminum (“Alum”)

Aluminum hydroxide*
Aluminum phosphate*

Calcium phosphate*
2. Surface-Active Agents and Microparticles

Nonionic block polymer surfactants*
Virosomes*
Saponin (QS-21)*
Meningococcal outer membrane proteins (Proteosomes)*
Immune stimulating complexes (ISCOMs)*
Cochleates
Dimethyl dioctadecyl ammonium bromide (DDA)
Avridine (CP20,961)
Vitamin A
Vitamin E

3. Bacterial Products
Cell wall skeleton of Mycobacterium phlei (Detox®)*
Muramyl dipeptides and tripeptides

Threonyl MDP (SAF-1)*
Butyl-ester MDP (Murabutide®)*
Dipalmitoyl phosphatidylethanolamine MTP*

Monophosphoryl lipid A*
Klebsiella pneumonia glycoprotein*
Bordetella pertussis*
Bacillus Calmette-Guérin*
V. cholerae and E. coli heat labile enterotoxin*
Trehalose dimycolate
CpG oligodeoxynucleotides

4. Cytokines and Hormones
Interleukin-2*
Interferon-α*
Interferon-γ*
Granulocyte-macrophage colony stimulating factor*
Dehydroepiandrosterone*
Flt3 ligand*
1,25-dihydroxy vitamin D3
Interleukin-1
Interleukin-6
Interleukin-12
Human growth hormone
β2-microglobulin
Lymphotactin

5. Unique Antigen Constructs
Multiple peptide antigens attached to lysine core (MAP)*
CTL epitope linked to universal helper T-cell epitope and palmitoylated at the N terminus

(Theradigm-HBV)*
6. Polyanions

Dextran
Double-stranded polynucleotides
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Table 1 (continued)

7. Polyacrylics
Polymethylmethacrylate
Acrylic acid crosslinked with allyl sucrose (Carbopol 934P)

8. Miscellaneous
N-acetyl-glucosamine-3yl-acetyl-L-alanyl-D-isoglutamine (CGP-11637)*
Gamma insulin + aluminum hydroxide (Algammulin)*
Transgenic plants*
Human dendritic cells*
Lysophosphatidyl glycerol
Stearyl tyrosine
Tripalmitoyl pentapeptide

9. Carriers
Tetanus toxoid*
Diphtheria toxoid*
Meningococcal B outer membrane protein (proteosomes)*
Pseudomonas exotoxin A*
Cholera toxin B subunit*
Mutant heat labile enterotoxin of enterotoxigenic E. coli*
Hepatitis B virus core*
Cholera toxin A fusion proteins
CpG dinucleotides
Heat-shock proteins
Fatty acids

10. Living Vectors
Vaccinia virus*
Canarypox virus*
Adenovirus*
Attenuated Salmonella typhi*
Bacillus Calmette-Guérin*
Steptococcus gordonni*
Herpes simplex virus
Polio vaccine virus
Rhinovirus
Venezuelan equine encephalitis virus
Yersinia enterocolitica
Listeria monocytogenes
Shigella
Bordetella pertussis
Saccharomyces cerevisiae

11. Vehicles
Water-in-oil emulsions

Mineral oil (Freund’s incomplete)*
Vegetable oil (peanut oil)*
Squalene and squalane*

Oil-in-water emulsions
Squalene + Tween-80 + Span 85 (MF59)*

Liposomes*
Biodegradable polymer microspheres

Lactide and glycolide*
Polyphosphazenes*
Beta-glucan
Proteinoids

*Identifies adjuvants administered to humans.
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adjuvants that enhance such vaccines will play a important role in mucosal
immunization. Some of the more promising adjuvants completed, in or near
clinical trial include microspheres (30); proteosomes (31), liposomes (32), CpG
DNA (33), cochleates (34), and virus-like particles (35). Cholera toxin and the
closely related heat-labile enterotoxin (LT) of enterotoxigenic Escherichia coli
are powerful adjuvants that augment the local and systemic serum antibody
response to coadministered antigens (36). Mutant toxin molecules have been
engineered that show greatly reduced toxicity but sufficient retained
adjuvanticity to enhance local IgA, systemic IgG, and cellular immune
responses to coadministered vaccine antigens. Clinical trials using mutant
LT toxins as adjuvants of nonliving vaccine antigens are in progress (29). Sur-
prisingly, cholera toxin applied to the skin of volunteers allowed transdermal
immunization with tetanus toxoid (37). Attenuated recombinant bacteria
(38,39) and viruses (40), administered orally as live vectors of cloned genes
encoding protective antigens of other pathogens, have undergone phase I trials
to stimulate immune effector responses. Most of these early attempts to stimu-
late mucosal immune responses in volunteers using mucosal adjuvants have
been only marginally successful. The first attempt to immunize volunteers
against LT encoded in a transgenic plant and administered as an edible vaccine
was more successful (41). It remains to be seen if other protein antigens (e.g.,
HBsAg) when given via transgenic plants will be immunogenic or will instead
induce tolerance to the antigen.

3. Mechanisms of Adjuvant Action
To date, most subunit vaccines are poor antigens, whether or not they are

natural products, recombinant products, or synthetic peptides. Subunit anti-
gens fail for a variety of reasons, such as incorrect processing by the immune
system, rapid clearance, stimulation of inappropriate immune response, and
lack of critical B-cell or T-cell epitopes. Potentially, some of these failures can
be overcome by administering subunit antigens with adjuvants. It should be
remembered, however, that the best adjuvant will never correct the choice of
the wrong (nonprotective) epitope.

Traditional live vaccines or whole-cell inactivated microbial vaccines are
generally better immunogens than subunit vaccines. Live and inactivated whole
organisms are structurally more complex than subunit vaccines, and so contain
many redundant epitopes that offer more opportunity to bypass genetic restric-
tion of the vaccinee. Such vaccines also provide a larger antigen mass than
subunit vaccines, particularly if they replicate in vivo. Their antigens are larger
molecules, portions of which may serve as carrier proteins and thus function as
intrinsic adjuvants to enhance immunogenicity by providing T-cell help.
Finally, bacterial DNA may directly stimulate the host’s immune system
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because of its large content of unmethylated CpG dinucleotides (42), and whole
bacterial vaccines may contain CpG DNA.

3.1. Specific Immune Mechanisms

Some mechanisms of adjuvant action are discussed below, and which are
summarized in Table 2. Vaccine adjuvants can (1) increase the potency of
small, antigenically weak synthetic or recombinant peptides. (2) They can
enhance the speed, vigor, and persistence of the immune response to stronger
antigens. For example, aluminum adjuvants used with licensed pediatric vac-
cines (e.g., DTP) elicit early and higher antibody response after primary
immunization than do unadjuvanted preparations. (3) Adjuvants can increase
the immune response to vaccines in immunologically immature, immunosup-
pressed, or senescent individuals. (4) Adjuvants can select for, or modulate
humeral or cell-mediated immunity, and they can do this in several ways. First,
antigen processing can be modulated, leading to vaccines that can elicit both
helper T cells and cytotoxic lymphocytes (CTL) (reviewed in [7,43]). Second,
depending upon the adjuvant, the immune response can be modulated in favor
of MHC class I or MHC class II response (7,43). For example, the QS-21 adju-
vant can elicit MHC class I CTL responses when mixed with protein antigens,
peptides, or inactivated viruses (44,45). Many other adjuvants elicit princi-
pally MHC class II antibody responses when combined with protein antigens
or inactivated organisms (7,43). Third, adjuvants can modulate the immune
response by preferentially stimulating T-helper type 1 (Th1) or Th2 CD4(+)
T-helper cells (reviewed in [7,43]). The Th1 response is accompanied by
secretion of interleukin-2 (IL-2), interferon-gamma (IFN-γ), and TNF-beta
leading to a CMI response, including activation of macrophages and CTL and
high levels of IgG2a antibodies in mice. The Th2 response is modulated by
secretion of IL-4, IL-5, IL-6, and IL-10 which provide better help for B-cell

Table 2
Some Mechanisms of Adjuvant Action

• Stabilizes epitope conformation.
• Generates a depot at the site of inoculation with slow release of antigen.
• Targets the antigen to antigen-presenting cells by formation of multimolecular

aggregates, or by binding antigen to a cell-surface receptor on APCs.
• Directs antigen presentation by MHC class I or MHC class II pathways, by means

of fusion or disruption of cell membranes, or by direct peptide exchange on sur-
face MHC molecules.

• Preferentially stimulates Th1 or Th2 CD4+ T-helper cells or CD8+ cytotoxic
T lymphocytes, by modulation of the cytokine network in the local microenviron-
ment.
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responses, including those of IgG1, IgE, and IgA isotypes in mice. Aluminum
salts principally stimulate the Th2 response (46), while the Th1 response is
stimulated by many adjuvants, such as muramyl dipeptide, monophosphoryl
lipid A, and QS-21 (7,47). (5) Vaccine adjuvants can modulate antibody avid-
ity, specificity, quantity, isotype, and subclass against epitopes on complex
immunogens (8,48,49). For example, only certain adjuvants, vehicles and
adjuvant formulations can induce the development of the protective IgG2a
antibody isotype against Plasmodium yoelii (8). (6) Vaccine adjuvants can
decrease the amount of antigens in combination vaccines, thus reducing the
liklihood of antigen competition and carrier-specific epitope suppression. In
addition, by reducing the quantity of antigen needed to protect, adjuvants can
decrease the cost and increase the availability of vaccines. On the other hand,
the high cost of some modern adjuvants may offset the savings realized by the
reduced antigen requirement, thereby paradoxically driving up vaccine cost
overall.

One must remember that in vivo, most adjuvants have complex and multi-
factorial immunological mechanisms, often poorly understood. The immuno-
logical mechanisms utilized by many adjuvants are under investigation. The
discussion of the promising adjuvants in this book will include what is known
about their immunological mechanisms. Such information will include answers
to some of the following questions. Does the adjuvant induce humoral or cell
mediated immunity? Which IG isotypes dominate? Which cytokines are
induced? Are CD4(+) T-helper cells or CD8(+) cytotoxic T-lymphocytes
induced? The list of such questions is extensive, and grows in proportion to our
understanding of immunological mechanisms.

4. Advantages of Adjuvants
Vaccine adjuvants influence the immune response to our benefit in one or

more ways (see Table 3). The ability of adjuvants to influence so many param-
eters of the immune response greatly complicates the process of finding an

Table 3
Beneficial Effects of Vaccine Adjuvants

• Increase the potency of antigenically weak peptides.
• Enhance the speed, vigor, and persistence of the immune response to stronger antigens.
• Modulate antibody avidity, specificity, quantity, isotype, and subclass.
• Select for or enhance the cytotoxic T-cell response.
• Increase the immune response to vaccines in immunologically immature,

suppressed, or senescent individuals.
• Decrease the amount of antigen required, thus reducing the cost and the likelihood

of antigen competition in combination vaccines.
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effective adjuvant. This is because our knowledge of how any one adjuvant
operates on a cellular level is insufficient to support a completely rational
approach for matching the vaccine antigen with the proper adjuvant. Conse-
quently, many investigators advocate an empirical approach for antigen selec-
tion based on the balance between toxicity, adjuvanticity in animals, and
whether one wishes to stimulate a cellular (Th1) response, a humeral (Th2)
response, or a balance of the two responses.

5. Modulation of Adjuvant Activity
The effect of adjuvants are modulated strongly by the immunization sched-

ule, the substances administered, and by the host (see Table 4). The modula-
tion of adjuvanticity by such variables will be discussed in chapters devoted to
individual adjuvants.

6. Safety
The most important attribute of any adjuvanted vaccine is that it is more

efficacious than the aqueous vaccine, and that this benefit outweighs its risk.
During the past 70 years many adjuvants have been developed, but they were
never accepted for routine vaccination because of their immediate toxicity and
fear of delayed side effects. The current attitude regarding risk-benefits of vac-
cination in our Western society favors safety over efficacy when a vaccine is
given to a healthy population of children and adults. In high-risk groups,
including patients with cancer and AIDS, and for therapeutic vaccines, an
additional level of toxicity may be acceptable if the benefit of the vaccine was
substantial.

Unfortunately, the absolute safety of adjuvanted vaccines, or any vaccine,
cannot be guaranteed, so we must minimize the risks. The concern about adju-
vant safety has encouraged continued use of aluminum adjuvants because of
their long record of relative safety in children. Safety concerns have helped
justify the development of unique synthetic antigen constructs and DNA vac-

Table 4
Modulators of Vaccine Adjuvant Effects

• Route
• Timing
• Dose
• Adjuvant Formulation
• Antigen Construct
• Host Species
• Intraspecies Genetic Variation
• Immune Status of the Host
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cines not dependent on adjuvants. For example, large polymerized monomers
of haptens and peptides have been linked together in a multimeric form
designed to increase intrinsic adjuvanticity (multiple antigen peptide systems
[MAPs]) (50,51). The first phase 1 trial of a DNA-based vaccine showed it to
be safe (23). It remains to be seen if MAPs, DNA vaccines, and other unique
antigen constructs will retain enough inherent adjuvanticity to avoid the small
risk of administering them with extraneous chemical or biological adjuvants to
humans.

The real or theoretical risks of administering vaccine adjuvants have been
discussed in detail (5,6,52,53) and are summarized in Table 5. Undesirable
reactions can be grouped as either local or systemic.

6.1. Local Reactions

The most frequent adverse side effect associated with adjuvanted vaccines
is the formation of local inflammation with signs of swelling and erythema,
and symptoms of tenderness to touch and pain on movement. Such reactions
occur more frequently in preimmune individuals, or after repeated immuniza-
tion (24). The inflammation is thought to be the result of formation of inflam-
matory immune complexes at the inoculation site by combination of the vaccine
antigen with preexisting antibodies and complement, resulting in an arthus-
type reaction. Such reactions tend to occur more frequently after adjuvanted
vaccines than after aqueous vaccines because of the high antibody titers
induced by adjuvants.

Painful abscesses and nodules at the inoculum site are less frequently seen
[reviewed in (5)]. Possible mechanisms for such local reactions include (1)

Table 5
Real and Theoretical Risks of Vaccine Adjuvants

1. Local acute or chronic inflammation with formation of painful abscess, persistent
nodules, ulcers, or draining lymphadenopathy.

2. Influenza-like illness with fever.
3. IgE-type immediate hypersensitivity to vaccine antigen, including anaphylaxis.
4. Chemical toxicity to tissues or organs.
5. Induction of hypersensitivity to host tissue, producing autoimmune arthritis,

amyloidosis, anterior uveitis.
6. Cross-reactions with human tissue antigens, causing glomerulonephritis

or meningoencephalitis.
7. Immune suppression or oral tolerance.
8. Carcinogenesis.
9. Teratogenesis or abortogenesis.

10. Spread of a live vectored vaccine to the environment.
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contamination of the vaccine at the time of formulation with reactogenic chemi-
cals and microbial products, (2) instability of the vaccine on storage with break-
down into reactogenic side products, and (3) poor biodegradability of the
adjuvanted vaccine resulting in prolonged persistence in the tissues and reac-
tive granuloma formation. Such local reactions are of special concern for depot-
type adjuvants, such as aluminum salts, oil emulsions, liposomes, and
biodegradable polymer microspheres. Severe local reactions in humans have
followed injections of FIA (Freund’s Incomplete Adjuvant) [reviewed in (5)],
DETOX™ (monophosphoryl lipid A + cell wall skeleton of Mycobacterium
phlei + squalane oil vehicle + Tween-20 emulsifier) (24,54), and muramyl trip-
eptide covalently linked to dipalmitoyl phosphatidylethanolamine [(MTP)-PE]
in a squalene-in-water emulsion (55).

We have noted development of local ulceration for as long as 70 d after
intradermal inoculation of volunteers with a recombinant BCG-OspA Lyme
disease vaccine; the open sores drained viable rBCG-OspA before they sponta-
neously healed (39). Development of similar draining sores occur commonly
in adults after intradermal inoculation with standard BCG vaccine (56,57). We
and others have observed immediate swelling, hives, and intense pruritis in
volunteers associated with inoculation of different malaria synthetic peptide
vaccines adsorbed to alum (Edelman et al., unpublished data), (58,59). The
reactions occur in the inoculated arm or in the previously inoculated contralat-
eral arm within 20 min after the third injection. The reactions resemble an
unusual variant of an immediate-type hypersensitivity response, and seem to be
associated with high-titered IgE serum antibody (Edelman et al., unpublished data).

6.2. Systemic Reactions

Anterior chamber uveitis has been reported with MDP and several MDP
analogues in rabbits (60) and monkeys (61). Anterior uveitis has been system-
atically sought in at least one adjuvant vaccine study involving 110 volunteers,
but it was not found (62). A slit lamp examination of volunteers to detect sub-
clinical uveitis is not commonly performed. Adjuvant-associated arthritis
(63–65) has not been reported in humans, even after long-term follow-up
(66–69). More theoretical risks include the induction of autoimmunity or can-
cer. Fortunately, in 10- and 18-yr follow-up studies, the incidence of cancer,
autoimmune and collagen disorders in 18,000 persons who received oil-emulsion
influenza vaccine in the early 1950s was not different from that in persons
given aqueous vaccines (11,68,70). A 35-yr follow-up of these vaccinees again
failed to demonstrate higher mortality associated with a variety of chronic dis-
eases (69). It requires decades of expensive and time-consuming follow-up to
identify low-incidence reactions, and at present a mechanism for the systematic,
active follow-up of vaccinees given experimental adjuvants is not available.
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To date, the largest and most systematic published investigation of the safety
of vaccine adjuvants in humans involves HIV-negative, healthy volunteers fol-
lowed on average for 2.4 yr as part of the NIAID-sponsored AIDS Vaccine
Evaluation Group trials (71). This informative report includes safety data from
1398 volunteers immunized with seven recombinant, two synthetic peptide and
two live poxvirus-vectored HIV-1 vaccines in 25 randomized, double-blind
studies conducted between 1988 and 1997 (71). The adjuvants tested alone or
in combination included several aluminum preparations, deoxycholate,
MF-59, QS-21, monophosphoryl lipid A, liposomes, muramyl tripeptide-PE,
muramyl dipeptide, SAF/2, and recombinant vaccinia and canarypox. Safety
data was compiled for 1711 person-years of follow-up among vaccine recipi-
ents, and 308 person-years among placebo recipients. The mean duration of
protocols was 1.5 yr, and the mean number of immunizations was 3.5 yr. The
candidate vaccines without adjuvant were generally well tolerated. The only
adverse effects clearly related to vaccination were associated with moderate to
severe local pain or inflammation, self-limited in nature, that were associated
with the adjuvants, particularly alum plus deoxycholate, (MTP)-PE, and
QS-21. (MTP)-PE was also associated with severe, self-limited febrile reac-
tions similar to that reported for (MTP)-PE and influenza virus vaccine (55).
No serious adverse laboratory toxicities and no evidence of significant immu-
nosuppressive events occurred after immunization. A few volunteers experi-
enced rash, hemolytic anemia, or arthralgia that might relate to an underlying
immunopathologic mechanism, but such reactions were mild and quite infre-
quent. Eleven volunteers were diagnosed with malignancies, which was within
the 95% confidence interval of the number of cases predicted by the National
Cancer Institute for the general population (71).

7. Characteristics of an Ideal Adjuvant

It is likely that the “ideal” adjuvant does not and will not exist, because each
adjuvant and its targeted antigen will have their unique requirements. Never-
theless, the generic characteristics summarized in Table 6 would be desirable.
To date, no adjuvant meets all of these goals.

8. Impediments to Rational Adjuvant Development

As already discussed, safety of new adjuvants is a major concern, particu-
larly of those rare reactions that occur once in several thousand doses and that
may not be detected until late in the development program. But other impedi-
ments exist that retard orderly development of adjuvants; those impediments
proposed by Gupta and Siber are discussed below (9).



Overview of Adjuvant Use 13

8.1. Limited Adjuvanticity

Most adjuvants are effective with some antigens, but not others. For
example, aluminum compounds failed to augment vaccines against whooping
cough (72), typhoid fever (73), trachoma (74), adenovirus hexon antigens (75),
influenza hemagglutinin (76), and Haemophilis influenzae type b capsular
polysaccharide conjugated to tetanus toxoid (77). It is not always possible to
predict compatible and incompatible adjuvant-vaccine combinations early in
development, before the late stages of preclinical or early clinical develop-
ment. This situation is especially common when there are no reliable animal
models. Although ovalbumin is often used as a “model antigen” for prelimi-
nary screening, doses used are often too high to discriminate between small
differences among adjuvant formulations (78), and no functional antibody
assays are available for this nonpathogenic antigen. If possible, initial preclini-
cal studies should be done with the antigen destined for clinical studies at mini-
mal threshold concentrations for preliminary evaluation of adjuvants (9,52).

8.2. Suboptimal Use of Aluminum Adjuvants

Aluminum salts have become the reference preparations for evaluation of
new adjuvants for human vaccines. Therefore, it is important that aluminum
adjuvants be used optimally to allow correct evaluation of the experimental
adjuvant (5,9,79). Aluminum adjuvants are difficult to manufacture in a physi-
cochemically reproducible way, and this failure affects immunogenicity. Thus,
during the adsorption of antigens on aluminum adjuvants, attention must be
paid to the chemical and physical characteristics of the antigen, type of
aluminum adjuvant, conditions of adsorption, and concentration of adjuvant

Table 6
Characteristics of the Ideal Adjuvant

1. It must be safe, including freedom from immediate and long-term side effects.
2. It should be biodegradable or easily removed from the body after its adjuvant

effect is exhausted to decrease the risk of late adverse effects.
3. It should elicit a more robust protective or therapeutic immune response

combined with the antigen than when the antigen is administered alone.
4. It must be defined chemically and biologically, so that there is no lot-to-lot

variation in the manufactured product, thereby assuring consistent responses
in vaccinees between studies and over time.

5. Efficacy should be achieved using fewer doses and/or lower concentrations
of the antigen.

6. It should be stable on the shelf to be commercially and clinically useful.
7. The adjuvant should be affordable.
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(9,79–82). Although these adjuvants are commonly called “alum” in the litera-
ture, referring to all aluminum adjuvants as “alum” is misleading. Alum is
Al(SO4)2.12H2O, and not all aluminum salts labeled “alum” are equally effec-
tive. For instance, aluminum hydroxide is more potent than aluminum phos-
phate (79). To minimize the variations and to avoid nonreproducible results
owing to use of different preparations of aluminum compounds, it has been
recommended that a specific preparation of aluminum hydroxide such as
Alhydrogel from a single manufacturer be chosen as a scientific standard for
evaluation of new adjuvant formulations (3).

8.3. Animal Models

Different animal species, and different strains within a species, may behave
differently to the same adjuvant. Intraspecies variation in immune response to
adjuvants and vaccines is particularly true among mouse strains (9,83). For
this reason, preclinical studies in one strain of a single animal species should
be interpreted with caution. Again and again, we have discovered that biologi-
cal differences between animal models and humans have led to the failure of
formulations in clinical trials after showing great promise in preclinical studies.

Guinea pigs have been used widely for vaccine quality control, and guinea
pigs may be the animal of choice for evaluating adjuvant formulations (3),
although the absence of reagents to analyze guinea pig cytokines and IgG sub-
classes may impede full utilization. Recently, a useful rabbit model has been
described by FDA and NIH investigators to evaluate the toxicity and
adjuvanticity of adjuvant formulations (52). The rabbit model provides a new
and much needed standard protocol linking preclinical assessment of adjuvant
formulations with phase I trials. The wide availability of murine cytokine and
Ig subclass reagents, low husbandry costs, and ease of handling will still insure
the continued use of mice despite their inconsistent responses to adjuvants. It is
recommended that at least two strains of mice with different haplotypes be
utilized, in addition to rabbits or guinea pigs. Vaccine alone, adjuvant alone, and
vaccine-adjuvant combinations should be studied for toxicity and immunoge-
nicity, and their concentrations should mimic and exceed human doses (9,52).

8.4. Immunoassays

In addition to measuring antibodies by ELISA or other antigen-antibody
binding assays, one should measure antibody function by neutralization,
opsonophagocytic, or bacteriocidal assays, if available. However, the most
decisive test is protection against experimental challenge. For example, many
adjuvant formulations induced high-titer antibody against malarial (8) and SIV
antigens (84), but antibody titers were not sufficient to predict protection even
when the antigen contained protective epitopes and protection was mediated
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by antibody. The induction of protective immunity depended upon the quality
rather the quantity of antibody, that is, induction of antibody of the appropriate
isotype and fine-epitope specificity. This induction was dependent upon
unique, poorly understood interactions between the adjuvant, the antigen, and
the host. The conclusions from such experience suggests that the search for
an effective vaccine must involve both antigens and adjuvants from the start
of preclinical development, and that no adjuvant can be considered a gold
standard (8).

9. Selection of Vaccine/Adjuvant Candidates for Clinical Trial
The decision to begin human trials of vaccines and adjuvanted vaccines is

complex and depends on a number of criteria (85).

1. The vaccine/adjuvant candidate must address a public health need, and it must be
a logical means to prevent or treat the disease of interest.

2. The vaccine/adjuvant must have been designed with a sound scientific rationale.
3. There must be an expectation of safety, as discussed in the section above on

safety.
4. There must be animal studies demonstrating the immunogenicity of the product

when given in the appropriate dose and route. If an appropriate animal model
exists, it should be used to demonstrate protective or therapeutic efficacy against
challenge with the virulent organism.

5. The vaccine/adjuvant should be prepared in a practical formulation for phase 1
studies, if possible. Response to a pilot vaccine adjuvant formulation can change
after manufacturing scale up or after a more practical formulation is introduced.

6. Unless subsidized by the government, clinical development of a new vaccine/
adjuvant formulation must attract industrial funding. A company is unlikely to
enter into expensive commercial development unless the vaccine/adjuvant for-
mulation is protected by worldwide patent or commercial license.

10. Preclinical and Phase I Clinical Trial Design Issues
10.1. U.S. Food and Drug Administration Regulations

No detailed or specific guidelines exist in the United States for assessing the
safety of adjuvant preparations for use in humans. Only two guidelines refer to
adjuvants. The first guideline formally issued by the FDA, which includes
adjuvanted vaccines (86), refer to tests of the final container lot of all
biological products. These FDA standards are paraphrased in Table 7 for ease
of understanding. It is unclear if adjuvants, such as QS-21, which are added to
the vaccine immediately before inoculation, are subject to the final container
assay.

The second FDA regulation simply states that, “An adjuvant shall not be
introduced into a product unless there is satisfactory evidence that it does not
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affect adversely the safety or potency of the product.” (Code of Federal Regu-
lations, 21 CFR, Part 610.15). Because the definition of “satisfactory evidence”
is rather vague, investigators should interact with the professional staff of the
Center for Biologics Evaluation and Research, FDA, in order to reach a consen-
sus definition. Incidentally, aluminum compounds alone are not licensed. Alu-
minum compounds are not considered to be “investigational adjuvants” because
they are components in already licensed vaccines. Thus, antigen-adjuvant formu-
lations are licensed for clinical use, but adjuvants alone are not (52).

10.2. Center for Biologics Evaluation and Research (CBER), FDA

The CBER, FDA, Rockville, MD is responsible for regulating vaccines and
other biologics in the United States. In addition to meeting the general stan-
dards before public release (Table 7), each vaccine and adjuvant are tested for
safety on a case by case basis, preferably with the help and guidance of the
CBER as noted before. Such guidance, informal in nature but quite helpful,
was published in 1993 in response to the needs of HIV-1 vaccine development
(52). The principles laid down by that publication can be adapted to the needs
of other vaccines. It is recommended that as a general principle, all novel
(nonaluminum) vaccine/adjuvant formulations be discussed earlier rather than
later in preclinical development with the staff of the CBER. The principles are
summarized in the next few paragraphs. These and other preclinical and clini-
cal trial study design issues have been discussed in some detail (52,53).

1. Extensive experience with aluminum compounds have shown them to be safe.
Therefore, for vaccines with aluminum adjuvants, postinjection observation of
the animal and injection site is generally adequate for preclinical safety without

Table 7
Standards Used to Test Clinical Lots
of Biological Products. 21 CFR 610.11

1. Safety: Contains no extraneous toxic contaminants causing unexpected,
unacceptable biological activity. (No weight loss over 7 d in two
mice and two guinea pigs.)

2. Sterility: Contains no contaminating bacteria or yeast. (Sterile aerobic
and anaerobic cultures.)

3. Purity: Contains no extraneous matter, such as pyrogens or chemicals.
(Negative pyrogenicity assay in eight rabbits.)

4. Potency: The biological can do what is claimed for it. (Measure by laboratory
or clinical tests.)

5. Identity: The biological is what you say it is. (Characterize by physical
or chemical tests, microscopy, culture, or by immune assay.)
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the need for formal toxicology study of the combined product, unless there is
some special concern about the antigen.

2. For other adjuvants, additional tests are necessary. These include reactogenicity
and toxicology tests of the adjuvant alone and the antigen-adjuvant combination
in a manner that is relevant to the intended clinical use, including route of admin-
istration, injection volume, and clinical formulation. A standard safety assess-
ment protocol in rabbits should be utilized, but only if the rabbit is thought to be
sensitive to the biological effects of the vaccine. This standard safety assessment
protocol provides a bridging study that links preclinical and clinical development.

3. Early in clinical development, the FDA recommends inclusion of a control group
of volunteers given antigen alone and/or antigen adsorbed to aluminum as com-
parison groups. Results of the immunological assessments obtained from such
early phase 1 studies should be combined with the safety profile to help define
the risk/benefit of proceeding to further clinical studies.

10.3. Clinical Framework Required for Trials
of Vaccines and Vaccine/Adjuvant Formulations

The successful clinical development of a vaccine depends upon an number
of clinical components or principles (85,87). Most of these principles are shared
by vaccine-adjuvant formulations. They include

1. Phase 1, 2, 3, and 4 studies,
2. Inpatient and outpatient facilities for testing vaccines in volunteers,
3. Good Clinical Practice (GCP, the name given by pharmaceutical companies to

the set of federal regulations and guidelines for conducting clinical trials designed
to support an application for licensure of a biological or drug),

4. Investigational new drug application (IND),
5. Institutional review board (IRB),
6. Product License Application (PLA) and Establishment License Application

(ELA). Laboratory-based investigators concerned with preclinical development
should be familiar with these components of clinical development.

The steps along the clinical development route leading to the use of a licensed
vaccine by the public has been nicely summarized by Davenport (87).

11. Comparative Vaccine Adjuvant Trials
11.1. Animal Studies

Modern studies have compared up to 24 investigational adjuvants individu-
ally mixed with one antigen in a single protocol [reviewed by Edelman (88)].
The single protocol controls for confounding test variables, such as antigen,
dose, schedule, animal species, and immunological assays. These variables
make comparisons between two or more separately conducted studies difficult,
if not impossible. When adjuvants provide equally good immunogenicity in
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such comparison trials, adjuvant choice may depend upon other factors. These
include cost, commercial availability, reactogenicity, mode of action, and
induction of the desired arm of the immune response. Nevertheless, results of
comparative trials may fail to identify the best adjuvant or adjuvants. For
example, two comparative trials of simian immunodeficiency virus (SIV) vac-
cines combined with different adjuvants were conducted in macaques (84,89).
The results were disappointing in that the mechanism of immunity could not be
clearly delineated, and the large number of primates (80 and 98 animals) was
still insufficient to allow meaningful statistical comparison of protection
between all adjuvant groups.

11.2. Studies in Humans

Two large clinical trials have compared adjuvanted HIV vaccines (62,71)
and adjuvanted malaria vaccines (28) in healthy young adult volunteers. These
trials illustrate results that can be obtained from comparative adjuvanted vac-
cine trials in volunteers using similar clinical protocols. In a phase 1, double-
blind, randomized, placebo-controled trial in healthy adults, 50 µg of HIV
gp120 was combined with one of seven adjuvants (62). The summary of side
effects caused by these vaccines and additional HIV vaccine using similar pro-
tocols (71) was discussed in Subheading 6.2. Each adjuvanted vaccine was
injected into 15 persons at 0, 2, 6, and 18 mo. The adjuvants included: alumi-
num hydroxide, MPL®, liposome- encapsulated MPL® with aluminum, MF59,
MF59/MTP-PE, SAF, and SAF/threonyl-MDP. The group that received
SAF/threonyl-MDP was significantly more likely to experience moderate or
severe local and systemic reactions compared to all other groups combined,
but this group and the SAF/threonyl-MDP group developed the highest geo-
metric mean HIV-1 neutralizing antibody titers. All adjuvant groups except
MPL® induced neutralizing antibody in 80% or more of volunteers after the
third dose. The aluminum group had the lowest geometric mean antibody titers.
CD8(+) CTL responses were not measured. The results illustrate the common
association of high reactogenicity and high adjuvanticity observed in many
adjuvant trials.

Numerous attempts have been made to adjuvant the circumsporozoite and
blood-stage proteins of P. falciparum and to use the adjuvanted proteins as
vaccines to protect the majority of vaccinees against experimental or natural
malaria challenge. Adjuvants used included aluminum (90–93), aluminum plus
Pseudomonas aeruginosa detoxified toxin A carrier (94,95), aluminum plus
fusion protein of HBsAg and MPL (28,96), fusion protein of HBsAg in a pro-
prietary oil-in-water emulsion (28), aluminum plus liposomes and MPL (97),
Detox™ (MPL, cell wall skeleton of mycobacteria, and squalane) (24), recom-
binant vaccinia virus (21), and recombinant Salmonella typhi (38). All attempts
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were unsuccessful until Stout et al. (28), using three adjuvant formulations
developed over a decade of trial and error, protected six of seven volunteers
with one of them. The successful formulation was composed of CSP protein
fused to a HBsAg peptide and adjuvanted with an oil-in-water proprietary
emulsion (SmithKline Beecham Biologicals) plus monophosphoryl lipid A
(MPLA) and QS-21. The vaccine formulation was administered repeatedly at
0, 4, and 24–28 wk. The two less-protective formulations were composed of
CSP-HBsAg in the oil-in-water emulsion, and CSP-HBsAg in a formulation
containing alum and MPLA. The results demonstrate that strong, complex
adjuvant formulations were required, that a protective adjuvant formulation
cannot be deduced from animal studies, that the more robust adjuvants pro-
duced more severe local and systemic reactions, and that antibody alone was
insufficient to confer protection. The trial was successful, because the U.S.
Army investigators and SmithKline Beecham were committed in partnership
to expend the time, money, and effort required to develop a successful first
generation adjuvanted malaria vaccine. Without such long-term committement,
development efforts will not likely succeed.

12. Summary and Conclusion
Interest in vaccine adjuvants is intense and growing, because many of the

new subunit vaccine candidates lack sufficient immunogenicity to be clinically
useful. In this chapter, I have emphasized modern vaccine adjuvants injected
parenterally or administered orally or intranasally with licensed or experimen-
tal human vaccines in volunteers. The terms “adjuvant,” “carrier,” “vehicle,”
and “adjuvant formulation” are defined. Every adjuvant has a complex and
often a multifactorial immunological mechanism, usually poorly understood in
vivo. Adjuvant safety, including the real and theoretical risks of administering
vaccine adjuvants to humans, is a critical component that can enhance or retard
adjuvant development. In addition to the problem of safety, at least four other
issues impede the orderly preclinical development of adjuvanted vaccines.
These include inconsistent immunopotentiation by candidate adjuvants, the
unreliability of reference aluminum adjuvants, marked variation in response to
the same adjuvant by different animal models, and the inability to consistently
predict protective efficacy by immunoassays.

In preclinical studies of adjuvants and vaccines, the same adjuvant can
enhance, inhibit or have no effect at all. The more important determinants of
immunogenicity include the nature and dose of the immunogen, the stability of
the adjuvant formulation, the schedule and route of immunization, and the animal
species and strain studied. In addition to immunologic enhancement without
unacceptable side effects and successful protection against challenge, choice
of adjuvant for a clinical trial may depend upon cost and commercial availabil-
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ity. Entering the clinical arena, the extensive regulatory and administrative
framework required for the conduct of phase I–3 clinical trials are summa-
rized. Finally, several adjuvants combined with one antigen and administered
by a common protocol to animals and humans are discussed to illustrate the
strength and weaknesses of comparative adjuvant trials. Because the choice of
an adjuvant often depends upon expensive trial and error, and because of con-
tinuing concerns about adjuvant safety, future vaccine development will focus
increasingly on unique synthetic antigen constructs and DNA vaccines in the
hope of avoiding the need to administer extraneous chemical or biological adju-
vants to humans and to shorten the time of preclinical and clinical development.
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Harmful and Beneficial Activities
of Immunological Adjuvants

Duncan E. S. Stewart-Tull

1. Introduction
There are no officially recognized regulations for the design and toxicity

testing of adjuvants or adjuvant formulations; the former are also referred to as
immunomodulators and immunopotentiators. At the “Immunological Adju-
vants and Vaccines” meeting held in Greece in 1988, however, immuno-
adjuvant researchers discussed experimental toxicological tests that might be
used to monitor new immunomodulators (1). The usefulness of these tests for
the range of immunomodulators and adjuvant formulations was examined over
a 2-yr period and subsequently, at the next NATO meeting in 1990, further
recommendations were made (2). Although as yet, no final agreement has been
reached and a variety of tests are still in use.

At the “Harmonization of regulatory procedures for Veterinary Biologicals”
meeting in Ploufragan, Brittany, a number of scientists and administrators from
the regulatory bodies of the United States of America and the European Com-
munity indicated that “adjuvants are too reactive for inclusion in vaccines” (3).
This viewpoint was challenged before discussions about new harmonized qual-
ity assurance, and quality control regulations were instigated, otherwise the
development and release of new vaccines would be delayed. In addition, there
has been a degree of lobbying against one or another immunomodulator in
order to substantiate the efficacy claims for a particular substance or adjuvant
formulation. Eventually, agreement will be reached among adjuvant
researchers, vaccine producers, and licencing authorities in regard to the most
suitable biological and toxicity tests for new immunomodulators or adjuvant
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formulations, but until then it would seem profitable to monitor the tests which
are currently being appraised by adjuvant researchers. It should also be stressed
that the battery of recommended tests may include some that would be specific
for a particular group of immunomodulators; for example, the capacity of alu-
minum compounds to adsorb the vaccine antigen is an essential test.

In addition, comments expressed about the unsuitable and inadmissible use
of adjuvants in vaccines contradict the status quo. Whole-cell vaccines of
Gram-negative bacteria contain peptidoglycan and lipopolysaccharide (LPS),
long established as efficient immunomodulators. Some 2.5 billion doses of
BCG vaccine have been administered in the fight against tuberculosis and each
dose contains approximately 3.0–5.0 mg of peptidoglycan, a good adjuvant. A
course of three injections of the whole-cell pertussis vaccine would contain
between 6.5–50.0 mg peptidoglycan and 6.0–35.0 mg of LPS (4). Would the
critics really expect all whole-cell vaccines to be withdrawn irrespective of
their efficacy because they contained an adjuvant? I suggest the answer would
be No. Robbins (5) expressed the opinion that “any toxicity that we accept is a
compromise.” Such a compromise must become an accepted principle in the
search for adjuvants suitable for use in human vaccines because one of their
functions is to stimulate antigen-presenting cells (particularly dendritic cells
and macrophages). It is doubtful whether this stimulation would occur if adju-
vants were completely innocuous substances, lacking any cellular aggravation
activity. This does not mean that an adjuvant should be designed to include
low-level toxicity. The compromise adjuvant researchers seek is the design of
adjuvant molecules with the insertion, substitution, or removal of chemical
groups which will increase their immunopotentiating activity, while at the same
time, reducing significantly their tissue reactivity, hence the array of MDP
derivatives that the chemists have produced—of which very few have been
shown to be acceptable.

An adjuvant or immunopotentiator should stimulate high antibody titres,
but in the process it should have low toxicity and not induce harmful side effects
after injection into either animals or human beings. The main function of an
adjuvant is to stimulate antibody production against a range of antigens, even
with small quantities of poorly antigenic substances, preferably in a small num-
ber of injections or administrations. These objectives would seem to be easy to
achieve, but after much research the perfect adjuvant is still elusive to
vaccinologists. Indeed, it is unlikely that such a universal adjuvant will be
found as different vaccines will require different adjuvants. More than 100
adjuvants have been described (6), but many of these would not be routinely
included in vaccines because of a variety of reasons, e.g., cost and the complex
preparation of the injection mixture, and many are too reactive in toxicology
tests.
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The design of an adjuvant depends to a certain extent on the arm of the
immune response one is attempting to enhance. But a high priority should be
placed on the overall welfare of and possible stress caused to animals during
the evaluation of a new prototype formulation to be included in the injection
mixture. Furthermore, the nature of the adjuvant should be reflected in the
route, protocols of injection, and the type of vaccine, e.g., “routine” preventa-
tive vaccines vs cancer vaccines.

2. Materials
2.1. Hemolysis Test

1. A New Zealand white (NZW) rabbit or equivalent.
2. Heparinized bleeding set, e.g., Vacutainer (Becton and Dickinson, Rutherford, NJ).
3. Sodium chloride (0.85% (w/v); Sigma, St. Louis, MO).
4. Saponin (Sigma).
5. Cyanmethemoglobin standard, Merck Ltd., Darmstadt-Mannheim, Germany,

Cyanmethemoglobin standard for photometric determinations of hemoglobin,
1.0 mL in 200 mL distilled water. Cat. 36210P or Hemoglobin standard, Sigma,
Cat. 525-A.

6. Hematocrit and bench centrifuge.
7. Phosphate buffer pH 7.5.
8. Drabkin’s reagent: (Merck): this reagent is stable if stored in the dark.

Potassium hexacyanoferrate 200 mg
Potassium cyanide 250 mg
Potassium dihydrogen orthophosphate 140 mg
Colorless nonionic surfactant in distilled water, e.g., Nonidet P40 1.0 mL
Distilled water to 1 L

9. Matburn blood cell suspension mixer (Matburn Surgical Equipment Ltd, Ports-
mouth, U.K.).

10. Spectrophotometer capable of reading from A540 nm to A592 nm with 1.0 cm
lightpath cuvets.

11. Microhematocrit tubes (Volac; J. Poulten Ltd., Barking, Essex, U.K.).

2.2. Rabbit Pyrogenicity Test

1. NZW rabbits, 2–3 kg.
2. Pyrogen-free glassware, needles, and syringes, as well as pyrogen-free physi-

ological saline.
3. Rectal thermometer.

2.3. Limulus Lysate Assay

1. Commercial Limulus polyphemus amoebocyte lysate (LAL) test kits, e.g., either
Sigma E-Toxate, multiple test vial system sensitive to 0.005–0.5 endotoxin units
(EU)/mL Cat. 210-2, or M.A. Bioproducts’ LAL test system with a reagent which
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will detect 0.25 ng/mL of FDA reference endotoxin with the addition of
1.0 ng/mL of Escherichia coli O 111�B4. Sigma, Cat. 50-505U.

2. Pyrogen-free water for making dilutions of the standard, e.g., Endotoxin-free
water Sigma Cat. 210-7.

3. All glassware must be pyrogen-free, autoclave at 121°C for 1 h followed by 3 h
in the drying oven at 175°C or use commercially available pyrogen-free
disposables.

2.4. Toxicity Assays

2.4.1. Cytoxicity Assay
1. Tissue-culture flasks (80 cm2; Falcon, Los Angeles, CA) and tissue-culture plates,

24-well, Greiner.
2. Tissue-culture cell lines (European Collection of Cell cultures).
3. Minimal essential medium, Eagles’ (Cat. 32360-026), fetal bovine serum (Cat.

10084-069), L-glutamine 200 mM (Cat. 25030-024), Fungizone (Cat. 152-018),
penicillin/streptomycin (Cat. 15140-114), trypsin-EDTA (x1, Cat. 45300-019),
all from Gibco, Gaithersburg, MD.

4. MEM nonessential amino acids (100x; Cat. 11140-035, Gibco) and Insulin-trans-
ferrin-selenium-G.

5. Supplement (Cat. 41400-045; Gibco) are required for the CaCO-2 cell-line growth.
6. Incubator (37°C and 5%CO2).
7. Phosphate buffered physiological saline (BDH Merck).
8. Dialysis tubing (Medicell Int. Ltd.).
9. Millipore filters 0.22-µm pore size.

10. MTT, (3-[4,5-dimethylthiazol-2-yl] -2,5-diphenyltetrazolium bromide, thiazolyl
blue) Sigma Cat. M2128).

11. DMSO (dimethyl sulfoxide; Sigma, Cat. D5879).
12. Triton-X 100 (t-octylphenoxy polyethoxy-ethanol) Sigma Cat. T9284.

2.4.2. Single and Multiple Dose and Systemic Toxicity Tests
1. Adjuvant in physiological saline as polar solvent.
2. Adjuvant in sesame oil (Sigma) as nonpolar solvent.
3. Needles and syringes.
4. Two mammalian species, e.g., rabbits and mice.

2.5. Induction of Allergy to Food Proteins

1. Ovalbumin and lactalbumin (Sigma).
2. Gelatin capsules.
3. Ascorbic acid.
4. Physiological saline.
5. 1.0 mL syringes.
6. Evans blue dye.
7. ELISA plates, coating buffer, washing buffer, peroxidase-labeled secondary

antibody, substrate and reader.
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3. Methods
3.1. Hemolysis Test

At very low concentrations, adjuvants should not be hemolytic. This is par-
ticularly relevant for the crude, triterpenoid plant saponins, which reportedly
destroy erythrocytes if injected intravenously, although this effect may be
owing to contaminatory substances (7). The immune stimulating complexes
(ISCOMs; see Chapter 14) contain a saponin, which is also used to produce the
positive 100% lysis of erythrocytes in the method below. It is often stated that
such complexes cannot be used in vaccines because of the hemolytic proper-
ties of this component, however, no such drastic hemolysis has been detected
in the numerous successful studies with ISCOM vaccines in animals. Never-
theless, it is wise to check for the hemolytic activity of a new adjuvant com-
pound either separately, or chemically conjugated to antigen, or in combination
with an antigen in the final vaccine formulation. It is obviously very important
to check new adjuvant preparations for hemolytic activity against erythrocytes
from different sources and species, for example, if the vaccine is to be used in
sheep, then a sheep hemolysis assay would be essential.

This procedure is based on the British Standard 5736: Part 11: (8).

1. Bleed (10.0 mL) a NZW rabbit from the ear vein into a heparinized tube. Centri-
fuge at 2000g for 10 min and wash the cells twice in physiological saline. Resus-
pend the packed cells in a small quantity of saline and determine the percentage
of erythrocytes in the suspension by the haematocrit method. Dilute an aliquot to
2.0% for use.

2. Tests and controls are set up as shown :
Positive Negative

Test Test control control

Tube 1 2 3 4
Heparinized blood 2.0 mL 2.0 mL 2.0 mL 2.0 mL
Adjuvant in sterile 0.1 mL 0.1 mL — —

physiological saline
Sterile physiological — — 0.1 mL 0.1 mL

saline
White saponin 125 mg — — 0.1 mL —

in sterile physiological saline

3. Incubate the tubes at 37°C ± 2°C on a Matburn cell suspension mixer for 4 h.
Centrifuge the tubes at 2000g for 10 min and determine the percentage hemolysis
in each tube. This can be done by measurement of the A540nm or more accurately
by measurement of the hemoglobin concentration in the supernatant fluid by the
cyanmethemoglobin conversion method.

4. Measurement of the total hemoglobin in blood as cyanmethemoglobin
a. Spectrophotometric measurement at A540nm in 1.0 cm-pathway cuvets. Add

20 µL of the positive or negative controls or test adjuvant samples to 4.0 mL
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Drabkin’s reagent and mix. Measure the A540nm of these mixtures and the
reference cyanmethemoglobin solution against a distilled water blank.

The hemoglobin concentration is calculated from:

A540 of test blood  200C
= ———————————————— × ——–

A540 of reference cyanmethemoglobin 1000

where C = concentration of cyanmethemoglobin in the reference solution,
expressed in mg/L.

b. Lyse freshly obtained heparinized blood from the NZW rabbit with distilled
water. Measure the hemoglobin concentration by the cyanmethemoglobin
conversion method described above. Prepare a series of reference hemoglo-
bin solutions from 0.05 g/L to 0.75 g/L by diluting the lysed blood stock
solution with a phosphate buffer, pH 7.5. Measure the A560nm, A576nm, and
A592nm against a distilled water blank with 1.0-cm path length. Measure test
samples at the same wavelengths.
i. Calculate the function for each reference hemoglobin solution from

2y – (x + z)

i.e., 2(A576nm value) – (A560nm value + A592nm value)

ii. Plot the values from 2y – (x + y) against the hemoglobin concentration.
iii. Repeat with each of the test samples and read the hemoglobin concentra-

tions off the graph. Express the results in g/L and calculate the percentage
hemolysis by comparison with the reference.

Calculate and record the percentage hemolysis by:

Test hemoglobin concentration
% hemolysis  = ————————————————————— ×  100

Total hemoglobin concentration in positive control

Tube 1 2 3 4

% Hemolysis

The test is invalid if either the % hemolysis for the negative control is >5.0
or the % hemolysis for the positive control is <1.0 or >20.0. Hemolytic activity
in the final adjuvanted vaccine formulation would preclude its general use.

3.2. Pyrogenicity Tests

3.2.1. Rabbit Pyrogenicity Test (9,10)

The pyrogen test is designed to limit to an acceptable level the risks of
febrile reactions that might occur after the injection of a product containing
adjuvant. This method is a modification of the British Standard 5736: Part 5:
(10). All glassware, solutions for washing or rinsing apparatus and diluents

Hemoglobin
concentration (g L–1)
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must be pyrogen-free, either heat at 250°C for not less than 30 min or use
Toxaclean (Sigma) in washing solutions as applicable before use.

1. The adjuvant should be dissolved/suspended in pyrogen-free physiological saline
and warmed to 38.5 ± 1.0°C.

2. Rabbits should be housed at a temperature of 20–23°C. Before use in a pyrogen
test the rabbits should be sham-tested with an injection of 10.0 mL/kg physi-
ological saline into a marginal ear vein 7 d before use. Withhold food from the
rabbits the night before any test and until the completion of the test. Weigh the
rabbits and record their temperature, with an accurate thermocouple or thermistor
probe thermometer (+ 0.1°C) inserted into the rectum 50–75 mm, at 30-min
intervals, beginning 90 min before injection of the saline solution, and at 30 min
intervals for 3 h after injection. Exclude rabbits before the injection of the test
adjuvant solution/suspension if:
a. the difference between any two consecutive readings is >0.2°C.
b. the range of temperature readings exceeds 0.4°C.
c. the initial temperature is not in the range 38.0–39.8°C.

3. This procedure is repeated with each dose of adjuvant. Although it is more time-
consuming, from the point of view of animal welfare it is reasonable to proceed
with one animal at a time for each dose of adjuvant. Inject 10 ml/kg of the adju-
vant preparation into the marginal vein of one ear of rabbit 1 within a period of
4.0 min. Record the temperature at 30-min intervals for 3 h after injection. If
rabbit 1 passes the test, repeat with rabbits 2 and 3.

4. The adjuvant solution/suspension is deemed to be nonpyrogenic if either no
rabbit showed an increase of 0.6°C above its respective control temperature
before the injection of the adjuvant, or the sum of the three individual maximum
temperature increases of rabbits 1–3 does not exceed 1.4°C.

5. If neither of the above criteria are met, it has been suggested that the test should
be repeated with 5 other rabbits, although if there is excessive fever it may be
deemed politic to reject the new adjuvant and save the needless use of animals. If
the test is carried out, the adjuvant solution/ suspension is deemed to be
nonpyrogenic if either 3 of the 8 do not show an average increase of 0.6°C, or
the sum of the eight individual maximum temperature increases of the rabbits
1–8 does not exceed 3.7°C.

3.2.2. Limulus polyphemus Amoebocyte Lysate (LAL)
Assay of Diluents and Adjuvants

The LAL assay for endotoxin, reviewed by McCartney and Wardlaw (11),
is very sensitive and can detect as little as 0.1 ng/mL endotoxin activity.
Nonspecificity may be a result of contaminatory endotoxin, so it is very impor-
tant to ensure that all equipment and glassware used in the assay are endotoxin-
free. The LAL assay was adopted by the U.S. Food and Drug Administration
(12) for routine testing of biological products and medical devices, but as yet
has not been accepted as an alternative for the rabbit pyrogenicity test by the
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European Pharmacopoeia. One way forward would be to use the rabbit pyroge-
nicity test and the LAL assays in tandem during the development phase of a
new vaccine containing an adjuvant and show negative results. Subsequently,
it might be possible to persuade authorities to accept the LAL assay for routine
batch-testing during manufacture of a new vaccine (see Note 1).

1. The precise procedure for this assay, which should include a series of control
endotoxin dilutions from 4–0.005 ng/mL, is described by the manufacturer, but it
is important that a minimum of 4 tests are set up for each sample.

2. A positive result is seen where a solid gel is formed in the test tubes and a nega-
tive result is where there is no solidification of the clottable protein extracted
from the circulating amoebocytes of L. polyphemus.

3.3. Measurement of the Toxicity of Adjuvants

3.3.1. Cytotoxicity Assay in Cultured Monolayers
of Human or Animal Cell Lines

This type of assay has the great merit of reducing the number of animals
which must be used to comply with standardized toxicity tests. The MTT assay
(13) was adapted for determining cell survival and proliferation by a number
of workers (14–16) with different cell types and toxins.The assay compares
favorably with other similar systems (17), is less time-consuming and objec-
tive than microscopic examination of cells, and eliminates the risks associated
with assays involving radioisotope release. As examples, the protocols for three
different cell lines have been described, but these are not exclusive.

1. Tissue culture cells and growth conditions. The cells should be checked for the
absence of virus contamination. This is confirmed by electron microscopy and
for the presence of contaminating mycoplasmas by a specific staining technique
before use. Human colon adenocarcinoma (CaCO-2) cells are grown in Eagle’s
MEM medium with Earle’s salts and 25 mM HEPES (Gibco) in 80-cm2 tissue-
culture flasks (Falcon). Non-essential amino acids (1.0% w/v), glutamine
(2 mmol/L), 100 µg/mL penicillin/streptomycin, 1.0% v/v of growth promoter,
insulin-transferrin-selenium, and 10% v/v fetal calf serum are added and the cells
are incubated at 37°C in 5.0% carbon dioxide atmosphere. The cells are routinely
split 1 in 5 by rinsing with 5.0 mL sterile PBS followed by 2.0 mL of 0.25% w/v
trypsin/EDTA. A confluent monolayer of CaCO-2 cells in an 80.0-cm2 flask is
obtained usually within 5–7 d, with regular changes of medium. A cell suspen-
sion of cells prepared by trypsinization is used to inoculate wells in a 24-well plate.

African green monkey kidney (VERO) or HeLa cells, are grown in Eagle’s
MEM medium (Gibco) containing 100 µg/mL penicillin/streptomycin and
5.0% v/v fetal calf serum. The cells are incubated at 37°C in an atmosphere of
5% CO2. VERO and HeLa cells are routinely split in the same manner as the
CaCO-2 cells.
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2. HeLa or VERO cells are harvested with trypsin/EDTA and resuspended in growth
medium to a density of 5 × 104 cells/mL. Each well of a flat-bottomed 24-well
plate is loaded with 200 µL of the cell suspension and incubated at 37°C over-
night. The growth medium (100 µL) is discarded and 100 µL of twofold dilutions
of the adjuvant in tissue-culture medium is added to each well: duplicate wells of
each dilution are set up. Cells with PBS only or 1.0% v/v Triton X-100 in PBS
serve as the 100% and 0% live controls, respectively. After 24 h incubation at
37°C, 20 µL of MTT solution (5 mg/mL 3-[4,5-dimethylthiazol-2-yl]-2,
5-diphenyltetrazolium bromide (Sigma) in PBS, filter-sterilized are added to each
well and incubation continued for 4 h. After emptying the wells the resultant
formazan crystals are solubilized by the addition to each well of 100 µL 0.4 mol/L
HCl in dimethyl sulphoxide v/v (DMSO; Sigma) and the absorbance measured at
540 nm in the Anthos 2001 plate reader. The percentage of cell deaths, adopted to
take account of the variable growth of the cells, was calculated with the formula:

[A540nm test – A540nmTriton X +ve Control]
1– –———————–———————————————  × 100

[A540nm PBS –ve control – A540nmTriton X +ve Control]

3.3.2. Intracutaneous Toxicity Test

This procedure assesses any skin irritation at the site of injection and is based
on the British Standard 5736: Part 7 (18). This test may be relevant with some
adjuvants, which are to be included in vaccines injected by the intradermal or
subcutaneous routes. For example, Kensil et al. (19) fractionated Quil A from
Quillaja saponaria, the South American soap tree, and one preparation QS-7
was nontoxic at an intradermal dose of 500 µg whereas QS-18 was lethal at a
dose of 25.0 µg. The latter preparation would not be acceptable either as a
saponin adjuvant nor as part of any other adjuvant formulation. This type of
test may involve single-dose toxicity or repeated dose toxicity reactions of the
adjuvant formulation. The test is usually done by intraperitoneal (ip) or subcu-
taneous (sc) injection into two mammalian species, but the number of animals
in the test groups is being questioned and some authorities may well invoke the
3 Rs, namely replacement, reduction, and refinement for the sake of animal
welfare.

3.3.2.1. SINGLE-DOSE TOXICITY TEST

This is a qualitative and quantitative study of the possible toxic reactions,
which may result from a single administration of the active substance, in this
instance the adjuvant, in an acute toxicity test. As with other tests, it is impor-
tant to use the adjuvant alone or in the injectable form. The test should be done
in two mammalian species, with equal numbers of males and females, if a vet-
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erinary product the intended animal should be included. There should be at
least two routes of administration, for example by ip and sc injection. After
injection, the animals should be examined at regular intervals, at least three
times daily, for not less than 7 d, and any animal with obvious signs of ill
health or in a moribund state should be killed.

3.3.2.2. REPEATED-DOSE TOXICITY TEST

This is intended to monitor the effect of repeated administration of vaccines
containing an adjuvant component. It is the responsibility of the investigator
to give valid reasons for the extent and duration of the trials and the dosages
chosen. However, the maximum dose should be selected so as to indicate
potential harmful effects and lower doses will enable the animal’s tolerance to
the new adjuvant. The repeated-dose toxicity test should be done in two mam-
malian species (1 nonrodent).

Animals that are mentioned in European rules governing medicinal prod-
ucts (28) for use in these two tests are: mouse (Mus musculus), rat (Rattus
norvegicus), guinea-pig (Cavia porcellus), golden hamster (Mesocricetus
auratus), rabbit (Oryctolagus cuniculus), nonhuman primates, dog (Canis
familiaris), cat (Felis catus), quail (Coturnix coturnix).

Evaluation of the adjuvant may be done by a variety of means: monitoring
the behavior and weight gain of the animals, hematological, and physiological
tests. If an animal dies, an autopsy and histological examination of tissues,
including the sites of injection, should be done.

1. The adjuvant is dissolved/suspended in either a polar solvent, sterile physiologi-
cal saline, or a nonpolar solvent, sesame oil (Ph. Eur), usually heated at 180°C
for 60 min.

2. Preparation of animals. The fur is clipped on the back of each animal, e.g., rab-
bits, before injection.

3. Rabbit 1. (a) inject four sites on the left-hand side of the body with 0.1 mL of the
test mixture subcutaneously or (b) inject four sites on the right-hand side with
0.01 mL intradermally with: (i) adjuvant in polar solvent; (ii) polar solvent alone;
(iii) adjuvant in nonpolar solvent; iv) nonpolar solvent alone. The injection sites
are examined for 5 d and the size of any skin reactions measured with precision
calipers, for example, Mecanic in nylon-asbestos (Camlab, U.K.).

4. Rabbits 2, 3, and 4 should only be injected if the rabbit 1 test is negative.
5. The injection sites are examined for erythema (redness at the site of injection),

eschar (scab formation at the site of injection), or edema (swelling at the injec-
tion site) (Table 1).

3.3.3. Systemic Toxicity Test

The aim of this procedure is to measure undesirable effect(s) at sites distant
from the injection site, which may become apparent after the administration of
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the adjuvant alone or the adjuvant formulation. The adjuvant is injected intra-
peritoneally in polar or nonpolar diluents or intravenously in a nonpolar sol-
vent with appropriate controls. These are tests which the regulatory bodies
may require with groups of five mice, but there may be moves to reduce the
number of animals to be tested. It is feasible that these tests could eventually be
phased out when there are sufficient experimental results accumulated to allow
the validation of alternative toxicity tests. The method is based on British Stan-
dard 5736: Part 3 (20).

1. Groups of five weanling mice, 3–4-wk old are weighed and injected, either intra-
peritoneally with 0.5-mL volumes of graded doses of the adjuvant mixtures:

Group 1. Adjuvant in sesame oil
Group 2. Sesame oil alone
Group 3. Adjuvant in physiological saline
Group 4. Physiological saline alone

Or, intravenously with 1.0 mL of:
Group 5. Adjuvant in physiological saline
Group 6. Physiological saline alone

2. The animals are observed for 14 d, frequently during the 4 h immediately follow-
ing injection and at least three times a day thereafter.

3. Record any visible signs of reaction after injection of the adjuvant preparation,
for example, time of onset after injection, their duration, and intensity. Weigh all

Table 1
Classification System for Skin Reactions

Reaction Numerical grading

Erythema and eschar formation:
No erythema 0
Very slight erythema 1
Well-defined erythema 2
Moderate to severe erythema 3
Severe erythema (beet-redness) to slight 4

eschar formation
Edema formation:

No edema 0
Very slight edema 1
Well-defined edema (edges of area well 2

defined by definite raising)
Moderate edema (raised approximately 1 mm) 3
Severe edema (raised more than 1 mm 4

and extending beyond exposure area)

NOTE: Other adverse changes at the skin sites should be recorded and reported.
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the animals daily for 7 d, refer to the “weight-gain test” below, and kill all surviv-
ing animals and record the appearance of the animals. Record any deaths if they
occur on the respective day after injection. Postmortem all animals at the end of
the experiment and record the appearance of organs and the histological exami-
nation of tissues of interest including: heart, lungs, gastrointestinal tract, liver,
spleen, kidneys, and gonads. The report could be produced in the format shown
in Table 2.

3.3.4. Mouse Weight-Gain Test

The 7-d mouse weight-gain test is still a standard and reliable method. After
injection of a substance containing endotoxin, the animal may show a decrease
in weight during 24 h if endotoxin is present (21). If this is followed by a
steady increase in the animal’s weight over 7 d, it is assumed that the product is
acceptable. If, on the other hand, the product is highly toxic the animal may
steadily continue to lose weight or in extreme cases become moribund and is
killed. The tests in Subheading 3.3.2. and 3.3.3. may provide evidence of
unacceptable levels of toxicity in which case it may be unnecessary to proceed
with a weight-gain test as the adjuvant is probably too reactive.

The protocols for these laboratory assays should not be regarded as alterna-
tives to statutory tests required for licensed medical or veterinary products,
however, they will show whether financial investment in a new immuno-
potentiator or adjuvant formulation is warranted. Invariably, if a new adjuvant
formulation gives a positive reaction in one of the tests described above, it is
highly unlikely that the preparation will be suitable for routine vaccine use
(see Note 2).

3.4. Induction of Allergy to Nonvaccine or Food Proteins

This is a particularly important test when examining the suitability of an
adjuvant for inclusion in an oral vaccine, as there could be a reaction to food
proteins (23). With the interest in the oral route as a means of stimulating
mucosal immunity, there is a possibility that an adjuvant could induce an aller-
gic response to dietary proteins. In this study, both lactalbumin and gluten
failed to elicit an IgE response in the presence of the original Freund’s Com-
plete or Incomplete Adjuvants (FCA or FIA) in HAM1/CR mice or Dunkin
Hartley guinea pigs. On the other hand, the guinea pigs showed increased IgE
production after oral administration of ovalbumin or soy bean protein, both
unusual proteins in their normal pellet diet. Such tests are valid only if all of
the previous toxicity tests are negative.

1. Groups of mice or guinea pigs are fed freely with moistened ovalbumin or lactal-
bumin as the main food supply for 24 h. This does not affect their normal weight
gain or health. Subsequently, the mice are dosed orally with 0.2 mL of the
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adjuvanted formulation or with physiological saline, as the control, containing
2.0 mg of the test protein. The dose in guinea pigs is 0.3 mL of adjuvanted formu-
lation, administered in a gelatin capsule, whereas the saline is delivered from a
syringe without a needle at the back of the oral cavity.

2. All animals are fed on the protein diet for a further 24 h after adjuvant dosing and
then returned to their normal pellet diet and water. The guinea pigs are also given
ascorbic acid to prevent vitamin C deficiency. All animals were bled out on day 21.

3. Passive cutaneous anaphylaxis (PCA) reactions are measured in hairless mice,
hrhr, injected intradermally with 0.05 mL of serum diluted 1 in 2 at four sites on
the dorsal surface. For IgG PCA tests, the sera are heated for 2 h at 56°C to
inactivate IgE. After 2 h for IgG and 48 h for IgE, 1.0 mg of the respective protein
in 0.2 mL saline containing 0.5% (w/v) Evans Blue dye is injected into the caudal
vein, and after 30 min the areas of blueing on the skin are measured. The hair is
clipped from the dorsal surface of the guinea pig, injected with 0.1 mL of the
serum and after 4 h for IgG and 12 d for IgE injected with 0.1 mL saline contain-
ing 1.0% dye and 1.0 mg of the respective protein. The zones of blueing are
measured after 2 h, intensively staining zones of >0.5 cm2 are indicative of a
positive reaction, although the positive zones appear more diffuse with the IgE
response in the guinea pig.

4. The sera may also be examined for the presence of antibodies by a standard
ELISA.

3.5. Standard Adjuvants and Antigens, Routes,
and Volumes of Injection Mixtures for Use
with New Adjuvant Formulations in Tests to Measure
the Stimulation of Humoral and Cell-Mediated Responses

3.5.1. Standard Adjuvants

Those recommended were Alhydrogel and the FCA produced by the Statens
Serum Institute, Copenhagen (1). A suitable alternative for the latter is a “Non-

Table 2
Style of Report for the Toxicity Tests

Mouse groups

1 2 3 4 5 6

Weight (g) at the start of the test
Weight (g) at the end of the test
Difference in weight (g)
Deaths
Autopsy report
Histology report
Assessment. P = Pass; F = Fail
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Ulcerative Freund’s Complete Adjuvant (NUFCA)” which contains BCG vac-
cine BP, BNF intradermal (see Note 3). The BCG vaccine for sc injection
should not be used as this will cause local ulceration. The id BCG vaccine is
reconstituted according to the manufacturer’s instructions and 0.1 mL is added
to 0.9 mL of the aqueous phase-containing antigen. Note that this is a major
difference between FCA and NUFCA as the Mycobacterium tuberculosis in
FCA was suspended in the oil phase. The aqueous phase is emulsified with the
oil phase before use. The manufacturers indicate that this NUFCA can be
administered by id, im, or sc routes and agree with the WHO (22) that the im
route produces fewer adverse reactions and creates a longer-lived slow-release
depot which tends to provide a better immune response.

3.5.2. Standard Antigens

For the comparative biological testing of immunomodulators, the antigens
chosen were ovalbumin (Ovalbumin,grade V crystallized and lyophilized,
Sigma), and influenza H3N2 type A hemagglutinin (1), however, it was pointed
out that the latter antigen is an unsuitable standard for guinea pigs (2) (see
Note 5).

3.5.3. Animals for Standard Antibody Production Tests

The guinea pig was the animal of choice for biological tests. In regard to
mice, the influence of the animal’s genetic background and MHC haplotype
must also be considered. For this reason, animals with either similar genetic
background and variable H-2 haplotype (e.g., C3H H-2k and C3H.B10 H-2b)
or variable genetic background and similar H-2 haplotype (e.g., Balb/c H-2d

and DBA/c H-2d) should be included in comparative tests.

3.5.4. Route of Injection

In most instances, researchers have their own preferences in regard to the
site of injection of an adjuvant-formulated, experimental vaccine, however,
consideration should be given to whether the vaccine is for human or veteri-
nary use. It is doubtful whether patients would be willing to accept ip or iv
injections as a routine vaccination procedure. Consequently, it is advisable to
give the injections either subcutaneously or intramuscularly. Similarly, in no
circumtances should an oil or alum-adjuvanted veterinary vaccine be injected
intravenously nor booster injections administered iv or ip as there is a danger
of inducing anaphylactic shock in the animals. Intraperitoneal injection of
adjuvanted mixtures into some animals may result in decreased weight gain
over 7 d. This inflammation may resolve itself after 7 d, but later postmortem
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examination may reveal macroscopic evidence of such a response. There may
be specific tests where there is a requirement for another route, for example, id
injections.

3.5.5. Volume of Injection Mixture

For animals the maximum volumes per site of injection are shown in Table 3.
These dosages are based on the use of an adjuvanted vaccine which has already
been shown to be nontoxic and nonpyrogenic.

3.5.6. Dose of Adjuvant

The upper limit of adjuvant per dose may be dictated by the results obtained
in the toxicity and pyrogenicity tests, although it may be preferable for
economic reasons to determine a lower dose at which an adjuvant response is
obtained. In general however, the weight in the injection mixture should not
exceed 25 µg for a mouse and 200 µg for guinea pigs, rats, or rabbits. If the
dose is to be spread among multiple injection sites in larger animals, the vol-
ume should be not more than 250 µL per site and preferably as little as 25 µL.
If a new adjuvant is being developed for veterinary use, it is important that, if
possible, the animal species ear-marked for the vaccine is tested during the
development phase.

Table 3
Some Recommended Routes and Volumes for Injection Doses

Injection Sites

Maximum
volume per

Species injection site Primary Secondary

Mice or hamsters 250 µL sc; im sc; im
200 µL oral

Guinea pigs or rats 200 µL sc; im. into one sc; im into one
hindlimb hindlimb

300 µL oral
Rabbit 250 µL (if in multiple sc; im. into one sc; im into one

sites <25 µL/site*) thigh muscle; id* thigh muscle; id*
Large animal 500 µL (if in multiple sc; im into one sc; im into one

sites <250 µL/site*) hindlimb; id* hindlimb; id*
Chicken 250 µL sc; im sc; im

sc: subcutaneous; im: intramuscular.
* If the intradermal (id) multiple injection site schedule is used.
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3.6. Discussion

Manufacturers are expected to provide safety data sheets for their products
and these will confirm the lack of toxicity of the product (see Note 4), but the
addition of the vaccine candidate antigen may also alter the overall reactivity
of the complete vaccine. Therefore, it is unwise to rely completely on
manufacturer’s specifications alone. Before evaluating the possible toxicity of
a new adjuvant formulation, it is assumed that the investigator will have
checked for either the innate toxicity of the antigen preparation, e.g., for
lipopolysaccharide (endotoxin), or for chemicals used in antigen preparation,
e.g., formaldehyde, glutaraldehyde, sodium azide. The inoculation mixture
should be prepared aseptically to minimize contamination with endotoxins. In
addition, the immunogen itself may have innate adjuvant activity and this
should be checked before preparing complex adjuvant formulations. Conjuga-
tion of the immunogen to a carrier may impart innate adjuvant activity (see
Note 5).

Because of necessity, many of these tests require the use of living animals to
obtain standard values for the various tests, however, some attempts could be
made to extrapolate from data in published records of adjuvant research. It
does appear that the criteria required for animal vaccines are not applicable to
human vaccines. In the Rules Governing Medicinal Products in the European
Community (Volume 5) under veterinary medicinal products it states “it is
recognized that for veterinary medicinal products a degree of toxicity and haz-
ard for the animal are acceptable, provided that such toxicity has no conse-
quences for man.” (See Note 4.) Although much effort has gone into the
development of alternative toxicological tests to recommended animal tests it
is important to remember that the mammalian system is a complex series of
interrelated physiological reactions, which are impossible to mimic in the test
tube. Therefore, it is doubtful whether it will be possible to eliminate com-
pletely all use of experimental animals. It is more likely that in vitro tests could
be developed to eliminate highly toxic test substances before animal tests must
be considered. The debate will continue about the tests required to ensure that
adjuvants, (immunopotentiators or immunomodulators) will be safe for use as
vaccine additives in human vaccines.

4. Notes
1. Limulus assay. This requires very careful preparation and experience in reading

the tests, therefore it is wise to run the tests with more than one person to check
any differences from one operator to another. It should be borne in mind that
false-positive results can be produced by substances other than endotoxin,
lipopolysaccharide of Gram-negative bacteria.
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2. Creatine kinase assay. The creatine kinase (CK) assay is measured in the serum
of the test animal 3 d after the injection of the adjuvant. The test is not difficult to
do as there is a standardized kit available from Sigma, Creatine kinase diagnostic
kit, Cat. 520 or 520-C, but there are difficulties in regulating the standard values
for each animal species. In our laboratory, a narrow range of CK values was not
obtained with the guinea pig and one suggestion was that pain following injec-
tion or the mere handling of timid animals could lead to elevation of their normal
CK levels for a period of time.

3. Freund’s Complete Adjuvant. It is now time to commit to history FCA. Few
laboratories are in a position to make the original FCA because it was formulated
with heat-killed, whole cells of Mycobacterium tuberculosis in a mineral oil
manufactured before 1969, the antigen in the aqueous phase and both of these
emulsified with mannide monooleate (24). Today, adjuvant immunologists retain
the use of FCA manufactured by the State Serum Institute in Copenhagen as a
“gold” standard against which new adjuvants are compared. There may also be
specific examples where FCA is required to stimulate a cell-mediated immune
response but in general it is unnecessary to produce routine antisera with this
material.

There are some modern formulations that can achieve the same effect. A ready-
to-use preparation at a ratio of 70 parts Montanide ISA 720 to 30 parts aqueous
phase-containing antigen did not cause adverse reactions in human volunteers
(Montanide ISA 720. Seppic, Paris, France). Similarly, NUFCA antigen in saline
plus the BCG vaccine (BCG vaccine prepared by Evans Medical for intradermal
use from John Bell & Croydon, 52-54 Wigmore Street, London, W1H 0AU, UK)
in oil that conforms to the United States and EC Pharmacopoeias and comply
with FDA regulations 21 CFR 172.878 and 178.3620a ( Guildhay Ltd., 6, River-
side Business Centre, Walnut Tree Close, Guildford, Surrey, GU1 4UG, UK)
may work just as well.

4. Mineral oil adjuvants. Reference to adverse effects of mineral oils from the
petroleum industry in experiments completed prior to the late 1960s should not
be seen as relevant to current experimental results. During earlier studies with
FCA and FIA, the mineral oil produced by the acid treatment or oleum method
was obtained as an intermediate stage in the refining process with an estimate of
the hydrocarbon chain length but with no quality control. Published reports that
oil emulsions can never be used in human vaccines ignore the fact that an oil-
adjuvanted influenza vaccine was administered to many American servicemen
more than 50 years ago. Surveillance of these vaccinees showed no evidence
of increased disease states when compared to the incidences in the normal
population (25).

Since the 1970s, white mineral oil has been produced by the single or double
hydrogenation procedure and far superior grades of oil have been obtained. A
number of oils and emulsifiers are available now which lack the adverse effects
of old crude mineral oils and conform to the requirements of the US and EC



46 Stewart-Tull

Pharmacopoeias and comply with the FDA regulations 21 CFR 172.878 and
178.3620a. Manufacturers safety data sheets should provide QA data with new
oils, e.g., mass spectrometer and gas liquid chromatography analyses,which may
be used in adjuvanted vaccine oil formulations (26). Many adverse reactions
attributed to oil-adjuvanted vaccines were caused by the poor quality control of
the original oils obtained from the petroleum industry. Unacceptable footpad
reactions were obtained with mineral oils containing short-chain hydro-carbons
(C8-C12), but medium-chain length hydrocarbons (C16-C18) showed minimal tox-
icity. The toxicity test must be relevant to the use of oils in vaccines: a 90-d
feeding study does not necessarily equate with either oral administration or a
parenteral injection of a vaccine dose containing ~0.5 mL oil (24).

The induction of adjuvant arthritis test in Lewis rats was mainly required for
oils produced prior to 1970 which were commonly used in experimental vaccines
(27). It is doubtful if it is required as a routine test for adjuvants, but may prove
useful in some QA/QC procedures for selective adjuvants.

5. Sometimes an antigen alone or conjugated to another molecule will possess innate
adjuvanticity (2), therefore the addition of another separate adjuvant to the new
vaccine may lead to a depression of the antibody response. Therefore, it is advis-
able to test whether the antigen requires the presence of an adjuvant. This can be
done by testing the antigen as an adjuvant with the standard antigen ovalbumin.
If the antibody response is greater than that obtained with ovalbumin in saline
alone, it is reasonable to assume that the antigen has innate adjuvanticity.
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Freund’s Adjuvants

Erik B. Lindblad

1. Introduction
Freund’s adjuvants are water-in-mineral oil emulsions (W/O emulsions)

without heat-killed mycobacteria added (Freund’s incomplete adjuvant) or with
heat-killed mycobacteria added (Freund’s complete adjuvant). Freund’s adju-
vants are, in a way, historic adjuvants and for many researchers the first and
most obvious association to the word adjuvant at all. The adjuvants have been
used extensively in experimental immunology owing to their high efficacy,
and Freund’s incomplete adjuvant has been used for decades in practical vet-
erinary vaccination. Vaccination of humans with Freund’s incomplete adjuvant
was undertaken in the 1950s and was stopped because of adverse reactions in
the mid-1960s.

Every author who is to write about Freund’s adjuvants faces the problem
that data on the use of the adjuvant have been compiled over a timespan of
more than 40 years. During this time, the composition of the oils used in the
formulation has changed several times. Accordingly, the composition of the
adjuvants also changed. Further, some commercial suppliers of Freund’s com-
plete adjuvant have chosen to substitute the original Mycobacterium tubercu-
losis with other mycobacteria.

One should bear this in mind when, over the years, differing results from the
use of Freund’s adjuvants have been described. In order to give the reader a
basic understanding of Freund’s adjuvants, it therefore seems inevitable to put
some emphasis on historical aspects. It should further be underlined that the
Freund’s adjuvants discussed in this chapter are the classical Freund’s adju-
vants. The French company SEPPIC has developed an oil that is better toler-
ated than the traditional mineral oils used in Freund’s adjuvants. This product,



50 Lindblad

when used in a W/O adjuvant emulsion, is referred to as Montanide ISA
(Incomplete Seppic adjuvant). Discussion of this formulation has not been
included in this chapter.

1.1. Historical Background

The first evidence of the use of oil emulsions as adjuvants in vaccine formu-
lations dates back to 1916. At that time, Le Moignic and Pinoy immunized
mice with heat-inactivated Salmonella typhimurium in an emulsion of water
and vaselin oil, using lanolin as an emulsifier (1). The oil emulsions as
adjuvants, however, did not receive much attention before Jules Freund and
coworkers (2,3) decades later combined a paraffin (mineral) oil emulsion and
heat-killed mycobacteria to produce an extremely potent adjuvant, Freund’s
complete adjuvant (FCA).

Until then, adjuvants in general had been characterized mainly by their abil-
ity to raise high antitoxin titres. In contrast, FCA proved to be a highly efficient
stimulator of cell-mediated immunity in addition to its ability to augment the
humoral immune response. FCA, however, had a profile of adverse side-
effects (Table 1), severe enough to restrict its use to experimental immunol-
ogy in laboratory animals. A modified version of FCA is known as Freund’s
incomplete adjuvant (FIA). In this formulation the antigen is administered in a
similar water-in-oil (W/O) emulsion, but without mycobacterial components.
With FIA, an excellent stimulation of the humoral immune response was still

Table 1
Side Effects in Laboratory Animals Historically
Attributed to the Use of Freund’s Adjuvants

Freund’s Complete Adjuvant Sterile abscesses
Granulomas
Muscle indurations
Plasma cell neoplasia in BALB/c mice
Ascites in BALB/c mice
Amyloidosis
Adjuvant arthritis in Lewis rats
Experimental allergic encephalomyelitis

in guinea pigs
Freund’s Incomplete Adjuvant Sterile abscesses

Granulomas
Muscle indurations
Plasma cell neoplasia in BALB/c mice
Ascites in BALB/c mice
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achieved, but it is not efficient in stimulating delayed-type reactions (4). Fur-
ther, although less reactogenic than FCA, e.g., granuloma formation is com-
monly seen following use of FIA (Fig. 1).

FIA has been included in veterinary, as well as human, vaccines. The veteri-
nary vaccines included vaccines against foot-and-mouth disease (5), equine
influenza virus (6), hog cholera (7), rabies (8), parainfluenza 3 (9), Newcastle
disease (10), and infectious canine hepatitis (11). In cattle, FIA was inefficient
in combination with herpesvirus (12). In humans, FIA was used for a period of
about two decades, particularly with vaccines against influenza virus (13), teta-
nus toxoid (14), and killed polio-myelitis virus (15), whereas it failed to
increase vaccine efficacy when used with adenovirus (16) and trachoma (17).

In Britain alone, approximately 900,000 doses of a mineral oil-adjuvanted
influenza vaccine were administered to humans in the early 1960s. The most
frequent side-effects recorded after the use of FIA-adjuvanted vaccines in
patients were cystic swellings and muscle indurations. Indurations could per-
sist for up to 1 yr after injection. Histological examination of the indurated loci
showed oil granulomas with central vacuoles where the oil was assumed to
have resided. The vacuoles were surrounded by epitheloid and fibroblast cells

Fig. 1. Adjuvant granuloma in BALB/c mouse induced by FIA. Cross-section shows
stratified layers of cells surrounding circular vacuoles, where the oil depot resided.
(Preparation and photo, Jens Blom and E. B. Lindblad.)
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with scattered plasma cells. All together, more than 500,000 humans have been
vaccinated with FIA adjuvanted vaccines. However, in the mid-1960s, the use
of FIA in human vaccination was discontinued because of concerns about the
safety of the adjuvant.

1.2. Composition of Mineral Oil Adjuvants

As mentioned, the classical Freund’s incomplete adjuvant consists of a mix-
ture of mineral oil and emulsifier in a ratio of 85% v/v oil and 15% v/v emulsi-
fier. This mixture will then be mixed with an equal volume of aqueous solution
of antigen and subsequently emulsified prior to use. Ratios of 90% oil and 10%
emulsifier have also been described. Both components will be discussed below.

1.2.1. The Mineral Oil Component

The oil component of mineral oil adjuvants is normally light mineral oil of a
highly purified quality. Some examples are given in Table 2.

Crude oils contain (a) paraffins (alkanes, saturated noncyclic hydrocarbon
chains); (b) olefins (alkenes, unsaturated, noncyclic hydrocarbon chains); (c)
cycloparaffins (cycloalkanes, naphtenes, saturated cyclic hydrocarbon rings);
and (d) aromatic hydrocarbons (cyclic compounds with resonating double
bonds) (18). Through refining of the oil for use in adjuvants, a so-called “white
mineral oil” is obtained by sulfonation to remove aromatic hydrocarbons.
Unsaturated and other reactive hydrocarbons, as well as sulfur and nitrogen
derivatives and volatiles, are also removed. Further refining may take place
through filtration and extraction with alcohol.

Several pharmacopeias contain a set of specifications for the mineral oil
“petrolatum” or paraffinum liquidum intented for general pharmaceutical use,
e.g., as a laxative. However, following the work of Friedewald (19), Henle and
Henle (20), and Salk (21,22) leading to a mineral oil-influenza vaccine for
humans in the mid-1940s and early 1950s, a special set of requirements was set
up for acceptance of the mineral oil preparation for adjuvants. This so-called
Tentative Draft, Minimum Requirements for Influenza Vaccines Emulsified in
Mineral Oil was prepared by The National Institutes of Health, USA, in 1956

Table 2
Examples of Light Mineral Oils
Used in Oil Adjuvants

Drakeol 6VR (source: PenReCo)
Bayol F (source: ESSO)
Marcol 52 (source: ESSO)
Marcol 82 (source: ESSO)
MedicWay M7 (source: Statoil)
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(23). These requirements will not be described in details here. They contain a
set of basic physicochemical requirements regarding refractive index, viscos-
ity, specific gravity, etc., but beside these, there was a requirement for absence
of unsaturated hydrocarbons. The aim of these specifications was to exclude
the presence of reactive groups, because, e.g., polycyclic aromatic hydrocar-
bons may be carcinogenic (24).

1.2.2. The Emulsifier

The emulsifier used in Freund’s complete and incomplete adjuvant to form
the W/O emulsion is mannide monooleate, an ester consisting of mannitol
as the hydrophilic residue and oleic acid, a C18 fatty acid, as the hydrophobic
residue. Arlacel A is a tradename for mannide monooleate.

The initial finding that mannide monooleate was suitable for emulsifying
aqueous antigen preparations in mineral oil was done by Jules Freund (25). In
his earlier work, he used commercially available lanolin-like substances, such
as Aquaphor™ and Falba™. Mannide monooleate preparations, when intended
for use in adjuvants, should be refined to remove toxic substances and free
oleic acid.

Berlin (26) devised a set of requirements that should be met chemically
(Table 3) and in terms of toxicity testing. These imply that young mice injected
ip with 0.25 mL Arlacel A should not suffer from transient weight loss. The
difference in weight gain between young mice injected ip with an acceptable
preparation of Arlacel A and a control group receiving saline should be less
that 10.5%. Further, the preparation should not induce chemical peritonitis. A
set of standards for testing skin erythemas and skin thickening in guinea pigs
following intracutaneous injection of Arlacel A was also devised.

1.3. The Mechanism of Action of Mineral Oil Adjuvants

Traditionally, the modus operandi of the mineral oil emulsions is associated
with at least three different mechanisms: (1) The establishment of a repository
antigen-containing locus at the site of injection allowing a gradual and

Table 3
Chemical Specifications
For Refined Arlacel A (Ref. 26)

Saponification number 164–172
Iodine number 170–74
Hydroxyl number 190–100
Acid number (max.) 111–1.0
Viscosity (25°C) 300–350 cp
Color, Hess-Ives scale (max.) 111–45 units
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continous release of the antigen; (2) provision of a vehicle capable of trans-
porting emulsified antigen through the lymphatic system to distant sites (e.g.,
draining lymphnodes and the spleen) creating additional foci of antibody
formation; and (3) interaction with mononuclear cells, such as phagocytic cells,
antigen presenting cells, etc.

The effect of the gradual release of antigen from the W/O emulsion upon
injection and the significance of possible alternative mechanisms was eluci-
dated by the work of Herbert (27). Here, the antibody production after injec-
tion of a single dose of antigen-containing mineral oil emulsion was compared
to a regimen in which small amounts of the same antigen in saline were injected
daily over a period of 50 d to parallel the gradual release. The antibody response
in the group that received the oil emulsion remained elevated after day 50,
whereas the response of the other group soon declined. Possible differences in
isotypic profiles were not determined. On the other hand, when rabbits were
immunized intracutaneously with killed typhoid bacilli in a W/O emulsion,
excision of the injection site as early as 30 min following injection did not
prevent antibody formation (3).

Wilner et al. pioneered an important line of work that allowed evaluation of
the relative importance of the various groups of organic hydrocarbons nor-
mally found in refined mineral oil, including branched, as well as unbranched,
and saturated hydrocarbons (28). Stewart-Tull and coworkers substituted the
mineral oil with pure, straight-chain hydrocarbons (29) of various chain
lengths, and found that fully saturated hydrocarbons of C-16 to C-19 were the
most effective in adjuvant preparations. Earlier work by Shaw et al. (30)
showed that short-chain straight hydrocarbons of C-6 to C-13 induced a local
inflammatory reaction, but were not particularly effective as adjuvants. Long-
chained hydrocarbons of C-22 and C-24 were solid at body temperature and,
hence, unsuited for the purpose. In contrast, Shaw et al. obtained good results
with saturated straight-chain hydrocarbons of C-15 to C-20 (30). These authors
suggested that the retention of the antigen within the oil emulsion depended
upon the hydrocarbon chain length. Longer hydrocarbon chains retained the
antigen for a longer period of time. The neccessity of using an oil that was not
readily cleared or metabolized from the body has been emphasized as a prereq-
uisite for a continous stimulus (31).

This point of view may seem to be supported indirectly by the observations
of Herbert (27). For a long time, the mineral oil was considered nonmeta-
bolizable. However, although no specific metabolic pathways for catabolism
of saturated hydrocarbons have been described, the work of Stetten (32) and of
Bollinger (33,34) strongly indicates that mineral oil adjuvants are indeed, to a
certain extent, metabolized.
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1.4. Metabolic Degradation of Mineral Oil Adjuvants

Much of the understanding of the metabolic fate of mineral oil adjuvants
was provided by the work of James Bollinger. Bollinger studied the clearing of
mineral oil (33), as well as mannide monooleate (34), in rats and monkeys by
use of 14C-labeled tracers.

1.4.1. The Mineral Oil

To study the clearing of mineral oil he injected 14C-labeled hexadecane in
an emulsion with unlabeled mannide monooleate im and sc in the thigh of the
animals. One week after injection 85–98% of the radioactivity remained at the
site of injection. After 1 mo 65–75%; after 3 mo 55–65%; and after 10 mo
approx 30% of the labeled oil could still be found at the injection site. Thin-
layer chromatography separation was undertaken to tell in which type of lipid
the radioactivity was found. It was clearly shown that after 10 mo, the radioac-
tivity at the injection site was still found in the hydrocarbon fraction. Samples
from the major organs showed that there was an increasing level of radioactiv-
ity in the liver that peaked after 1 wk to 1 mo. After 10 mo, the level was back
to normal. This was accompanied by a slightly later, but analogous rise-and-
fall pattern in the radioactivity of the depot fat. No other organs achieved high
levels of radioactivity. In the liver, the radioactivity after 1 mo was predomi-
nantly found in triglycerides, sterol esters, and free sterols, whereas in the depot
fat, it was primarily found in triglycerides and free fatty acids. After 3 mo,
practically all the radioactivity of the depot fat was found in triglycerides,
whereas most of the radioactivity at that time in the liver was found as phos-
pholipids (33).

1.4.2. The Emulsifier

To investigate the metabolic fate of mannide monooleate, either the manni-
tol or the oleic acid was labeled with 14C and subsequently incorporated into a
FIA preparation (34). The clearing from the injection site of the emulsifier
took place significantly faster than was the case with the mineral oil. After
1 wk, approx only 50% of the radioactivity could be found at the injection site.
The 14C-mannide monooleate containing inoculum lost about 40% of its in situ
radioactivity in about 2 d. The clearing rate was, in this case, faster than when
14C-oleate mannide was incorporated. When the oleate was labeled, a similar
rise-and-fall pattern of the radioactivity in the liver and depot fat, as was seen with
14C-hexadecane (33), could be found. This was not the case when the mannitol
had been labeled. In that case, radioactivity in the inguinal lymph nodes was seen
and a significant amount of radioactivity was excreted with the urine (34).
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In conclusion, the general picture was that upon injection of a mineral oil
emulsion, the emulsifier tended to leave the inoculum depot faster than the oil
itself, giving lead to a coalesced oil depot. Bollinger, however, emphasized
that the preparation of mannide monooleate had a high content of free mannitol
and oleic acid due to incomplete esterification. This could account for the rapid
clearing of mannitol from the injection site. The transport of the mannitol
appears to take place through the lymphatics. The lipids, i.e., both the oleic
acid and the hydrocarbons of the mineral oil (which is very slowly transported
away from the inoculum) can be metabolized in the liver and may end up in the
depot fat as triglycerides. The mannitol is excreted with the urine (34).

1.5. Reaction Profile of Freund’s Adjuvants

Freund’s adjuvants are used in priming immunizations. In boosters, FIA can
be used with antigen or antigen alone can be administered in saline. Interest-
ingly, it was shown by Paraf and coworkers in mouse studies, that injection of
human serum albumin in saline prior to a stimulating injection of HSA in FCA,
could completely suppress the antibody reponse (35). In rabbits, injection of
HSA with Freund’s adjuvant was able to elicit a significant antibody response
in the newborn individual, which is normally regarded as immunologically
immature and unable to respond (35).

In general, both FIA and FCA are indeed very efficient in raising high anti-
body titres. FCA with its mycobacterial components is able to skew a humoral
immune response toward the Th1 profile with pronounced IgG2a stimulation
with high titres in mice. The antibody profile, however, is not entirely limited
to IgG2a; other subclasses are seen as well. This ability to stimulate Th1
immunity is further sustained by a number of studies where FCA has been
tested alone or in comparison with aluminium hydroxide, which is well docu-
mented (36,37) as a Th2 adjuvant.

This model of investigating FCA vs aluminium hydroxide adjuvant is suited
to illustrate the dichotomy of the immune response in terms of Th1 and Th2
immunity and its modulation. Uede and coworkers (38) isolated 13kDa IgE
binding factors from the spleen cells of rats immunized with keyhole limpet
hemocyanin (KLH) and Al(OH)3. This factor selectively potentiated the IgE
response, whereas factors from KLH-FCA primed spleen cells supressed it.
Further studies showed (39) that KLH-alum primed T cells formed “inducers”
of IgE binding factors and glycosylation-enhancing factors, and together these
factors stimulated unprimed FcγR+ T cells to form IgE potentiating factors.
KLH-FCA primed T cells formed inducing factors and glycosylation inhibit-
ing factors and these two lymphokines collectively stimulated FcγR+ T-cells to
form IgE suppresive factors (39).
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Smith and Butchko (40) demonstrated a suppression of the IgE response in
mice following immunization with FCA. Freund’s adjuvant, both complete and
incomplete, has been shown to induce cytotoxic T lymphocytes (CTL), but
there is no simple, clear-cut reaction pattern. Early studies (41) had shown that
FCA was unable to elicit CTL in C57BL/6 mice when used as an adjuvant with
allogeneic P815 cells. However, Ke et al. demonstrated CD8+, class I MHC
restricted ovalbumin-specific CTL in mice following priming with ovalbumin
emulsified with FCA. These CTL produced TNF-α and interferon-γ upon acti-
vation and they were confirmed to recognize the OVA257-264 epitope (42).

Kuzu and coworkers found (43) that priming BALB/c mice using influenza
A virus nucleoprotein (NP) peptide with FCA, followed by a single boost of
NP with FIA was superior to no boosts or two boosts in raising a CTL response.

Strong CTL reponses against peptides representing poorly immunogenic
malaria CTL epitopes were elicited when mixing with peptides representing
defined T-helper epitopes and injected with FIA. Preinjection of FIA alone
also had a stimulatory effect (44). In contrast, virus-like particles (VLP) from
HIV-1, which are noninfectious constructs, gave significant responses of CD8+,
class I MHC restricted CTL in BALB/c mice when injected alone, whereas
injection together with FIA drastically reduced the CTL reponse (45).

It is apparent that the data on the ability of Freund’s adjuvants in eliciting
CTL reponses do not call for generalizations. There may be many explanations
for this, but a better identification of specific CTL epitopes on the antigen in
question will be valuable.

2. Materials

2.1. Preparation of the Emulsion

1. Sterilized Wassermann (or Vidal or Eppendorf) test tubes.
2. Sterility filters (0.22 µm) to be mounted with Luer locks on syringes.
3. Freund’s complete or incomplete adjuvant, sterilized.
4. Antigen.
5. Saline or PBS for preparation of the antigen solution.
6. Sterile pipets.
7. A 21-gage double-hubbed transfer needle inserted between two (preferably glass)

syringes (all sterilized).
8. Syringes (preferably glass) and needles for injection (see Notes 1 and 7).

2.2. The Trypan Blue Test

1. All the above plus Trypan blue.
2. A microscope and glass slides.
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2.3. The Droplet Test

1. A beaker or Petri dish.
2. A syringe equipped with a needle.
3. Cold water.

3. Methods
3.1. Preparation of the Emulsion

1. Decide the volume of a single-dose inoculum (if immunizing mice the total vol-
ume of the inoculum should not exceed 100 µL).

2. Decide the required amount of antigen in a single inoculum dose.
3. Prepare an aqueous solution of the protein antigen in a Wassermann test tube in

such a concentration that the required amount of antigen in a single inoculum is
contained in half the total volume of the inoculum. Pass the solution through a
sterility filter (0.22 µm) equipped with a Luer lock and collect in a sterile test tube.

4. Pipet into a sterile test tube a volume corresponding to the number of doses to be
prepared and allow a surplus of the antigen solution equaling a volume no less
than 200 µL.

5. Add a similar volume of sterilized Freund’s adjuvant to the test tube and close it.
You will now end up with enough mixture to immunize the required number of
animals and a further surplus of 400 µL to assure that there will be no shortage of
mixture because of adherence to the glass surface.

6. The final emulsion can be prepared by repeated passage of the oil/water + anti-
gen mixture through a 21-gage double-hubbed transfer needle inserted between
two (preferably glass) syringes each holding a volume no less than 50% higher
than the volume of the mixture. The mixture should be aspirated into one of the
syringes and the air should be expelled prior to applying the transfer needle and
the second syringe. Press the mixture from the one syringe to the other and con-
tinue doing so. Along with the repeated alternate expulsions/passages, the emul-
sion becomes gradually thicker and it turns milky in appearance (see Note 1).

It is difficult to give a definite recommendation as to how many passages are
required, because it would depend upon the shear rate and the pressure applied
to the piston of the syringes.

3.2. The Trypan Blue Test

The preparation of an emulsion can be checked by adding Trypan blue to the
aqueous phase prior to emulsification. After the emulsification, the blue stain-
ing will be visible in light microscopy. In a W/O emulsion, the blue color will
be seen in the antigen-containing water droplets. In a O/W emulsion, the blue
staining will be seen in the water phase outside the (oil) droplets.

1. Prepare a 1–10% solution of Trypan blue and filter it through a sterility filter
equipped with a Luer lock mounted on a syringe. Add filtered Trypan blue soln
dropwise to the aqueous antigen solution under stirring.
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2. Prepare the emulsion as described above taking any added volume of Trypan
blue soln into consideration. The emulsion should not be too thick for this test
because the water droplets may then attain a size below the resolution of the light
microscope.

3. Place a droplet of the emulsion on a glass slide for microscopy and apply a cover
very carefully (see Note 2).

3.3. The Droplet Test

A simple test to check if you have prepared a W/O emulsion is to place
carefully a drop of the emulsion in cold water in a shallow dish, e.g., a Petri
dish. A W/O emulsion will then retain the integrity of the drop, whereas it is
indicative of a O/W emulsion if the drop disperses on the water surface (46).

4. Notes
1. Preparation of the emulsion: The syringes should preferably be glass syringes

instead of plastic, because the rubber-tipped plungers in plastic syringes are not
compatible with the paraffin oil. In case air is not excluded during the emulsifica-
tion, minute air bubbles will be trapped within the emulsion. During injection,
(because of compression and decompression of entrapped air) the syringe may
then continue to inject emulsion from the needle after the finger pressure has
been relieved (47). The consequence being a risk of overdosing the emulsion.
Thick emulsions are normally more stable than thin emulsions.

It is not possible to carry out fixation of the emulsions for electron microscopy
using glutaraldehyde or formaldehyde, but there is evidence that fixation can be
undertaken using osmium tetraoxide (46).

2. The Trypan blue test: The Trypan blue test requires light microscopy. The blue,
stained water droplets in the W/O emulsions are readily recognizable in thin
emulsions, because these have droplets of a size appropriate for light micros-
copy. However, in thick emulsions, the droplet size is smaller and the emulsion
here may appear as a fine mesh, which cannot be resolved in the light microscope.

3. The droplet test: The water phase on which the droplet is to be placed should be cold.
4. General comments on emulsifiers: Arlacel A (mannide monooleate) is preferen-

tially wetted by oil (low HLB-value). Because of this, more molecules of the
emulsifyer can be accomodated at the oil–water interface if it is convex to the oil
phase and consequently it favors a W/O emulsion (46).

Alternative emulsifiers, such as Tween-80, may preferentially be wetted by
the aqueous phase (having higher HLB values), giving lead to O/W instead of
W/O emulsions.

5. General comments on mineral oil: It is recommended to obtain a GLC spectrom-
eter analysis of the oil to document the hydrocarbon composistion. The follow-
ing method is recommanded by Stewart-Tull (48). The analysis could be carried
out using a 2.77-column packed with 3% OV-17 coated with Gas Chrom Q
(obtainable from Phase Separations Ltd.). The oil samples are dissolved in ether,
use approx 5 mg/mL. Inject an aliquot of 1–2 µL via a self-sealing septum into
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the GLC apparatus. The analyses are carried out initially for 16 min at 100°C
followed by a temperature programming at 8°C/min until you reach 275°C. As
reference compounds, use standard hydrocarbons of nC11H22, nC18H38, and
nC20H42 (48).

6. The mycobacterial component: The mycobacterial component of the classical
Freund’s complete adjuvant was heat-killed Mycobacterium tuberculosis (0.5
mg/mL). The only commercially available preparation of FCA that still contains
M. tuberculosis is prepared by Statens Seruminstitut (Copenhagen, Denmark).
Other preparations may contain M. butyricum (49).

FCA can be blended with FIA prior to emulsification in case a dilution of
the mycobacterial content is desired. In FCA, the mycobacterial component will
essentially be found in the oil phase (46).

7. Injection of Freund’s adjuvant: Injections should be undertaken intramuscularly
or subcutaneously using sterile needles after having disinfected the skin of the
animal with 70% ethanol. It is recommendable to use glass syringes, since injec-
tion of emulsions requires a higher pressure than nonemulsion vaccines. It is also
recommended to heat the emulsion up to room temperature prior to injection. It
eases the flow of the emulsion through the needle. Recommended injection vol-
umes are given in Table 4.

For animal ethics reasons, the use of FCA should be restricted and never used
simply for raising an antibody response routinely. It should only be used when it
is specifically and scientifically justified, such as for raising an immune response
to weak antigens in cases where other options failed. Even in such cases, it should
not be used more than once in an animal. If boosters need emulsion adjuvants
these should be FIA and not FCA.

Caution: Accidental selfinoculation of Freund’s adjuvants may lead to severe
local adverse reactions.
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Aluminum Compounds as Vaccine Adjuvants

Rajesh K. Gupta and Bradford E. Rost

1. Introduction
Aluminum compounds, including aluminum phosphate (AlPO4), aluminum

hydroxide (Al(OH)3), and alum precipitated vaccines, historically referred to
as protein aluminate, are currently the most commonly used adjuvants with
human and veterinary vaccines (1–6). These adjuvants are often referred to as
“alum” in the literature, which is misleading because (1) two most widely used
adjuvants from this group, aluminum hydroxide and aluminum phosphate, have
very different physical characteristics (7) and differ in their adjuvant properties
(3,6); and (2) alum, chemically potassium aluminum sulfate (KAl(SO4)2.12H2O),
has not been used as an adjuvant as such. Alum was originally used to partially
purify protein antigens, mainly tetanus and diphtheria toxoids, by precipitating
them in the presence of anions including phosphate, sulphate, and bicarbonate
ions resulting in a mixture of compounds, mainly aluminum phosphate and
aluminum hydroxide (4,8,9). The amounts of aluminum phosphate and alumi-
num hydroxide in the mixture depended upon the amount and nature of anions
present in the reaction mixture and adjustment of pH of the final product with
sodium hydroxide (3,4,6,10,11). Although alum-precipitated tetanus and diph-
theria toxoids had been used for human immunization for many years, their use
has declined considerably because of variability in production of alum precipi-
tated toxoids (1,4,8,9,12).

Procedures described in this paper for making aluminum adjuvants and for adsorption of
vaccines onto these adjuvants are for experimental purposes only. Before performing any clinical
trials or studies in humans, the adjuvanted preparations, even for established vaccines, should be
thoroughly evaluated for toxicology and other safety studies in animals as required by regulatory
agencies or national control authorities. Any clinical trials using the adjuvanted preparations
should be performed under protocols approved by these agencies.
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Although there has been a search for alternate adjuvants, aluminum com-
pounds will be continued to be used as adjuvants for human vaccines for many
years owing to their good track record of safety, low cost, and adjuvanticity
with a variety of antigens (1–4,6,7,9,11,12). Aluminum adjuvants have certain
limitations, such as occasional induction of local reactions at the site of injec-
tion, augmentation of IgE antibody responses, ineffectiveness for some anti-
gens, and inability to augment cell-mediated immune responses, especially
cytotoxic T-cell responses (1–3,5,6,13). For diseases that can be prevented by
induction of serum IgG antibodies, aluminum adjuvants formulated under
optimal conditions are the adjuvants of choice.

Because aluminum compounds are the only adjuvants currently used rou-
tinely for human vaccines, these have become the benchmark or reference for
evaluating new adjuvant formulations. It is very important to prepare optimal
formulations of vaccines adsorbed onto aluminum adjuvants to correctly evalu-
ate the new adjuvants. Two methods have commonly been used to prepare
vaccines and toxoids with aluminum compounds—in situ precipitation of alu-
minum compounds in the presence of antigen (developed originally to purify
toxoids by precipitation with alum), and adsorption of antigen onto preformed
aluminum gel (3,4,6–9,14). Adsorption of antigens on aluminum adjuvants,
either during in situ precipitation of aluminum adjuvants or onto preformed
aluminum gels, depends upon physical and chemical characteristics of antigen,
type of aluminum adjuvant and conditions of adsorption (3,4,6,7,11,12,14–16,
Table 1, see Note 1). These conditions are often overlooked and a poorly for-
mulated aluminum adjuvant preparation does not exhibit optimal adjuvanticity.
Further, characteristics of aluminum adjuvants, such as size of the gel par-
ticles, adsorption capacity, isoelectric point, and ratio of aluminum to phos-
phate, depend upon the conditions of making these gels, including order of
adding reagents, speed at which the reagents are added and mixed, mixing
speed, time taken to adjust pH, and scaling-up the production. Therefore, alu-
minum adjuvants have been described as difficult to manufacture in a physico-
chemically reproducible way, thus resulting in batch to batch variations
(4,14,17). To minimize variations and to avoid nonreproducibility as a result
of use of different preparations of aluminum compounds, a specific prepara-
tion (Alhydrogel®, aluminum hydroxide, from Superfos Biosector, Vedbaek,
Denmark) was chosen as a scientific standard for evaluation of new adjuvant
formulations (18). However, certain antigens do not adsorb onto Alhydrogel
because of the same charge on the adjuvant and antigens (7,19). Therefore,
selection of appropriate aluminum adjuvant to give an optimal adjuvant effect
is very important (see Note 1).
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2. Materials (see Note 2)
2.1. Alum-Precipitated Vaccines

1. 10% solution of sodium alum (Na2SO4. Al2(SO4)3.18H2O) is prepared in dis-
tilled water and is sterilized by autoclaving or by filtration through 0.2 µm filter.

2. 0.85% NaCl, sodium chloride solution (physiological saline) is prepared in dis-
tilled water and is sterilized by autoclaving or by filtration through 0.2 µm filter.

3 1% Thimerosal (Ethyl [2-mercaptobenzoato-S] mercury sodium salt) solution,
prepared in distilled water, is a filter (0.2 µm) sterilized solution.

2.2. Aluminum Hydroxide

1. Aluminum chloride/sodium acetate solution. Final concentration of aluminum
chloride (AlCl3 .6H2O) and sodium acetate (CH3COONa.3H2 O) is 0.0513M and
0.01M, respectively. Prepare 5X solution (0.257M aluminum chloride and 0.05M
sodium acetate) by dissolving 62.05 g aluminum chloride (AlCl3 .6H2O) and 6.8 g of
sodium acetate (CH3COONa.3H2O) per liter of distilled water. Sterilize the solu-
tion either by autoclaving or by filtration (0.2 µm). If filter sterilization is used,
filter membrane should be compatible with the solution. The pH of this solution
is between 3 and 4. The sterile solution is stored at room temperature (20 to 30°C).

2. Sodium hydroxide solution. Final concentration of sodium hydroxide (NaOH) is
0.0513M. Prepare 5X solution (0.257M) by dissolving 10.25 g of sodium
hydroxide per liter of distilled water. Sterilize the solution by heat or filter steril-
ization. As with other solutions, if filtration is used, test the compatibility of filter

Table 1
Factors Affecting Adsorption of Antigen Onto Aluminum Adjuvants

Factor Optimal Conditions

Electrostatic forces Opposite charge on antigen and adjuvant
Hydrophobic interactions
Van der Waals forces
Hydrogen bonding

pH 6.0–7.5, at optimal pH adjuvant and antigen
should have opposite charges

Temperature 4–25°C, depending upon the stability of antigen

Size of gel particles <10 µm

Ionic strength of reaction Low, absence of phosphate ions for aluminum
mixture phosphate
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membranes with the solution. The pH of the 5X concentrate solution is between
12 and 14. The sterile solution should be stored at room temperature (20 to 30°C).

3. 1% Thimerosal (described in Subheading 2.1.).
4. Sterile solutions of 5N NaOH and 5N acetic acid for pH adjustment.

2.3. Aluminum Phosphate

1. Aluminum chloride/sodium acetate solution. Final concentration of aluminum
chloride (AlCl3 .6H2O) and sodium acetate (CH3COONa.3H2O) is 0.0328M and
0.01M, respectively. Prepare 5X solution (0.164M aluminum chloride and 0.05M
sodium acetate) by dissolving 39.7 g AlCl3 .6H2O and 6.8 g of CH3COONa.3H2O
per liter of distilled water. Sterilize the solution either by autoclaving or filter
(0.2 µm) sterilization. If filter sterilization is used, filter membrane should be
compatible with the solution. The pH of this solution is between 3 and 4. The
sterile solution is stored at room temperature (20 to 30°C).

2. Disodium phosphate solution. Final concentration of disodium phosphate
(Na2HPO4.7H2O) is 0.0287M. Prepare 5X solution (0.144M) by dissolving 38.59
g of Na2HPO4.7H2O per liter of distilled water. Sterilize the solution by heat or
filter sterilization. As with other solutions, if filtration is used, test the compat-
ibility of filter membranes with the buffer solution. The pH of the 5X concentrate
solution is between pH 8.5 and 9.5. The sterile solution should be stored at room
temperature (20 to 30°C).

3. 1% thimerosal (described in Subheading 2.1.).
4. Sterile solutions of 5N NaOH and 5N acetic acid for pH adjustment.

2.4. Quantitation of Aluminum Adjuvants

1. 50% w/v sodium hydroxide (NaOH).
2. Acetate buffer. Dissolve 68 g sodium acetate and 38.5 g of ammonium acetate in

approximately 200 mL distilled water. Add 125 mL glacial acetic acid and make
the final volume to 500 mL. Buffer contains 1M sodium acetate, 1M ammonium
acetate, and 4.35 M acetic acid.

3. 0.01M disodium ethylenediamine tetra acetate.
4. 0.01M Cuprous sulphate (CuSO4.5H2O).
5. Sulphuric acid, nitric acid.
6. Methyl orange indicator and pyridylazonaphthol indicator (0.1% solution in 95%

ethanol).

3. Methods
3.1. Alum-Precipitated Vaccines

Alum-precipitated vaccines are prepared by in situ precipitation of vaccine
antigens with potassium or sodium alum. These antigens are usually in culture
medium, employed for growing the organisms, containing anions (phosphate,
sulphate, and bicarbonate ions). This is the original method developed prima-
rily for purifying tetanus and diphtheria toxoids (8,15,20). Alum-precipitated
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toxoids, prepared in this way, were more immunogenic than the soluble formu-
lations and contained a mixture of aluminum compounds, mainly aluminum
phosphate and aluminum hydroxide. This product was highly heterogeneous
(4) and difficult to manufacture in a consistent and reproducible manner
(8,9,12). In 1976, a World Health Organization report (21) described this
method as a laboratory procedure which did not define the nature of the mate-
rial obtained either quantitatively or qualitatively. For these reasons, this prod-
uct is not very common now. However, this method can be used to prepare
aluminum phosphate, aluminum hydroxide, or a mixture of these in a controled
manner by taking purified antigens in defined solutions (phosphate solution
for preparing aluminum phosphate; hydroxide solution for preparing alumi-
num hydroxide; phosphate solution and then adjusting pH with sodium
hydroxide for getting a mixture of aluminum phosphate and aluminum hydrox-
ide). Using controled conditions, consistent preparations of aluminum adju-
vants from lot to lot can be made by this method. Though this method is not
routinely used, a procedure to prepare alum-precipitated vaccines from a pub-
lished method (20) is described below.

1. Alum has been used at a final concentration of 0.2 to 2.0%, depending upon the
antigen and purity required. However, to use this procedure for purified antigens
in defined solutions, 1% final concentration would give aluminum compounds in
the range that has adjuvant properties. Therefore, add the required volume of
10% sodium alum solution to the antigen solution to achieve the desired final
concentration of alum.

2. Adsorption of proteins to aluminum adjuvants depends upon pH (3,4,6,12), see
Note 1. Therefore, optimal pH of adsorption has to be worked out for the antigen
under study. Adjust the pH to the optimal pH.

3. Incubate the mixture at 37°C for 1 h and then at 2–8°C overnight.
4. Centrifuge the precipitate and wash the precipitates twice with physiological

saline. If the conditions of adsorption (alum concentration and pH) are not
optimal, most of the antigens would be washed away.

5. Resuspend the precipitates in physiological saline to the original volume of anti-
gen. Add 1% thimerosal to a final concentration of 0.01% as a preservative.

3.2. Aluminum Hydroxide

Currently, the most commonly used method for preparation of aluminum
adsorbed vaccines is adsorption of antigens onto preformed aluminum hydrox-
ide or aluminum phosphate gels under controled conditions (3,15). Antigens
can also be adsorbed onto these aluminum gels during their preparation (in situ
adsorption). These preparations made by adsorption onto preformed gels or by
in situ adsorption are usually referred to as aluminum hydroxide or aluminum
phosphate adsorbed or adjuvanted vaccines. Tetanus toxoid adsorbed onto pre-
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formed aluminum hydroxide and aluminum phosphate gels had 60% of the
potency of vaccine to that adsorbed by in situ method (22). Gels of aluminum
phosphate and aluminum hydroxide, of clinical grade, are commercially avail-
able. Adsorption onto preformed gels, bought from commercial sources or pre-
pared in-house, is carried out by incubating the gel and the antigen, at optimal
pH, with slow stirring for a few hours to overnight (4) at 4°C to room temperature.

As mentioned earlier, antigens on aluminum hydroxide can either be
adsorbed in situ during preparation of the gel or adsorbed onto preformed gel.
In our experience, it may be preferable to buy aluminum hydroxide from a
commercial source and develop an optimal process to adsorb antigens onto
aluminum hydroxide, particularly for research laboratories, as this adjuvant
sometimes shows variability with regard to size and adjuvant properties when
prepared under slightly different conditions, such as order of adding reagents,
speed at which the reagents are added and mixed, mixing speed, and scaling-up
the production. In this chapter, a procedure for preparing aluminum hydroxide
is described. It is recommended that various lots of adjuvant should be charac-
terized to ensure consistency in manufacture of the adjuvant.

3.2.1. In Situ Adsorption onto Aluminum Hydroxide

Though it is possible to adsorb antigens in situ on to aluminum hydroxide, it
is not a common procedure because of suspension of antigens in solutions at
extremes of pH. Most of the antigens may not be stable at pH 12–14 (NaOH
solution) or pH 3–4 (aluminum chloride/sodium acetate solution). If the anti-
gens are stable, it is recommended that the antigens may be added to sodium
hydroxide solution. The method described is for a preparation of in situ
adsorbed vaccine containing 4 mg/mL of Al(OH)3, having 1.38 mg Al/mL (see
Note 3 for doses of aluminum adjuvants).

1. Stir the contents continuously during the procedure at 40 to 60 rpm.
2. First add 0.257M NaOH solution (20% of final volume) to a mixing vessel.
3. Add sterile distilled water (50–55% of final volume).
4. Add antigens followed by addition of 0.257M aluminum chloride/sodium acetate

(AlCl3/CH3COONa) solution (20% of final volume) to the mixture at a rate of
1–2 L/min. During the addition of this solution, monitor pH and maintain it
between 5.5 and 6.5 (optimal pH for tetanus and diphtheria toxoids) or any other
range suitable for a particular antigen.

5. Add 1% thimerosal solution to get 0.01% final concentration.
6. Adjust to the final volume with sterile distilled water. Mix the suspension for 2 h.
7. Adjust the final pH to 5.9–6.1 (for tetanus and diphtheria toxoids) or to the opti-

mal pH with 5N NaOH or 5N acetic acid.
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3.2.2. Adsorption onto Preformed Aluminum Hydroxide Gel

Method for preparing aluminum hydroxide gel is the same as described
above except without the addition of antigens and thimerosal. The method
makes a gel with 4 mg/mL of Al(OH)3 having 1.38 mg Al/mL (see Note 3 for
doses of aluminum adjuvants). After final pH adjustment, the aluminum
hydroxide gel is sterilized by autoclaving. During sterilization of large vol-
umes of gel by autoclaving, it should be ensured that the gel in the middle of
the container gets heated to the appropriate temperature. For obtaining gels of
higher concentration, these may be prepared from more concentrated solutions
of sodium hydroxide and aluminum chloride/sodium acetate or by centrifuging
the gel at 4 mg/mL and suspending it in distilled water or physiological saline
in a volume to obtain the required concentration of gel. Alternatively, alumi-
num hydroxide gel from a commercial source may be purchased. To adsorb
antigens onto preformed gels, optimal pH of adsorption for antigens to be
adsorbed should be determined in preliminary experiments before adsorption
(see Note 1).

1. Stir the contents continuously during the procedure at 40 to 60 rpm.
2. Add the gel to a mixing vessel and add calculated volume of physiological saline.
3. Adjust pH to 5.9–6.1 (for tetanus and diphtheria toxoids) or to the optimal pH

with 5N NaOH or 5N acetic acid.
4. Add the antigens to the gel solution.
5. Add 1% thimerosal solution to get 0.01% final concentration.
6. Mix solution for 2 h.
7. Check pH again and adjust to optimal pH, if necessary with 5N NaOH or 5N

acetic acid.

3.3. Aluminum Phosphate
Like aluminum hydroxide, aluminum phosphate is the most widely used

adjuvant with routine human vaccines. Most of the vaccine manufacturers
throughout the world prepare this adjuvant in-house. Usually, antigens are
adsorbed onto a preformed gel, which can be made by several methods (two
methods are described in this chapter). Adsorption of antigens is also carried
out on freshly prepared aluminum phosphate gel (23). In situ adsorption of
antigens onto aluminum phosphate is preferable to aluminum hydroxide,
because pH of the solution (disodium phosphate) in which the antigens are
suspended for making aluminum phosphate is not as high as of sodium hydrox-
ide used for making aluminum hydroxide.

Antigens onto aluminum phosphate gel can either be adsorbed in situ during
preparation of the gel or adsorbed onto preformed gel. There are several meth-
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ods of preparing preformed gel of aluminum phosphate (22,24). Some of the
preparations may have aluminum hydroxide also as the final pH adjustment is
done with sodium hydroxide, which results into formation of aluminum
hydroxide if aluminum chloride has not been completely reacted with diso-
dium phosphate. Unlike aluminum hydroxide, aluminum phosphate can be pre-
pared in a consistent way from lot to lot and the quality of gel is not as sensitive
to the process of making gel as the manufacture of aluminum hydroxide. How-
ever, it is recommended that various lots of adjuvant should be characterized to
ensure consistency in manufacture of the adjuvant.

3.3.1. In Situ Adsorption

In situ adsorption of antigens on aluminum phosphate has been carried out
by suspending purified vaccine antigens in dibasic or tribasic sodium phos-
phate or phosphate buffer and precipitating with aluminum chloride (3,7,22).
This type of reaction can be carried out under controled conditions and results
in a consistent product. This procedure does not expose antigens to extreme pH
conditions as compared to in situ adsorption onto aluminum hydroxide. If the
antigens cannot tolerate pH of 8.5–9.5 (pH of disodium phosphate solution),
the pH can be adjusted prior to the addition of the antigens. The method
described here is for the preparation of in situ adsorbed vaccine containing
4 mg/mL of AlPO4, having 0.88 mg Al/mL (see Note 3 for doses of aluminum
adjuvants).

1. Stir the contents continuously during the procedure at 40 to 60 rpm.
2. Add 0.144M disodium phosphate (Na2HPO4.7H2O) solution (20% of final vol-

ume) to a mixing vessel.
3. Add sterile distilled water (50–55% of final volume).
4. Add antigens followed by addition of 0.164M aluminum chloride/sodium acetate

(AlCl3/CH3COONa) solution (20% of final volume) to the mixture at a rate of
1–2 L/min. During the addition of this solution, monitor pH and maintain it
between 5.5 and 6.5 (optimal pH for tetanus and diphtheria toxoids) or any other
range suitable for a particular antigen.

5. Add 1% thimerosal solution to get 0.01% final concentration.
6. Adjust to the final volume with sterile distilled water. Mix the suspension for 2 h.
7. Adjust the final pH to 5.9–6.1 (for tetanus and diphtheria toxoids) or to the opti-

mal pH with 5N NaOH or 5N acetic acid.

3.3.2. Adsorption onto Preformed Gel

There are several methods to prepare aluminum phosphate gels (22,24). One
of the methods is the same as described above (Subheading 3.3.1.) except
without the addition of antigens and thimerosal. The method makes a gel with
4 mg/mL of AlPO4 having 0.88 mg Al/mL. After final pH adjustment, the
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aluminum phosphate gel is sterilized by autoclaving. During sterilization of
large volumes of gel by autoclaving, it should be ensured that the gel in the
middle of the container gets heated to the appropriate temperature. For obtain-
ing gels of higher concentration, these may be prepared from more concen-
trated solutions of disodium phosphate and aluminum chloride/sodium acetate
or by centrifuging the gel at 4 mg/mL and suspending it in distilled water or
physiological saline in a volume to obtain the required concentration of gel.
Alternatively, aluminum phosphate gel from a commercial source, may be pur-
chased. Another method of preparing aluminum phosphate gels at commercial
scale has been described by the World Health Organization (24). This method
is given below.

3.3.3. Preparation of Aluminum Phosphate
from Potassium Alum–WHO Method (24)

1. Dissolve 854 g alum (potassium aluminum sulphate, KAl(SO4)2.12H2O) in 6 L
of distilled water and filter it. Keep it at 37°C as it is slightly oversaturated at
room temperature.

2. Dissolve 685 g of trisodium phosphate (Na3PO4.12H2O) in 6 L of distilled water.
3. Pour 21 L of distilled water in a mixing vessel and both solutions are poured into

water with mixing.
4. Centrifuge the contents and wash the precipitates twice with physiological saline

(0.85% NaCl).
5. Resuspend the precipitates in 8.1 L of physiological saline, homogenize, adjust

pH to 6.0 with 5N NaOH and autoclave.
6. This material is sufficient for 66 L of a vaccine at 3 mg/mL of AlPO4, having

0.66 mg Al/mL.

Method of adsorption of antigens onto preformed aluminum phosphate gel
is the same as described for aluminum hydroxide (Subheading 3.2.2.).

3.4. Storage of Aluminum-Containing Adjuvants

Aluminum adjuvant gels without antigens may be stored at room tempera-
ture or 2–8°C in closed aseptic containers. Vaccine antigens adsorbed onto
mineral adjuvants are stored at 2–8°C. These should not be frozen (see Note 4).

3.5. Preclinical Evaluation of Vaccines
Adsorbed onto Aluminum Compounds

To achieve consistency in manufacture of aluminum adjuvants, it is impor-
tant to characterize these adjuvants for physicochemical and adjuvant proper-
ties. Though aluminum adjuvants have been used widely with human vaccines,
there are still a number of unanswered questions about their mechanism of
action (see Note 5), such as optimal size of the gel particles, degree of adsorp-
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tion of antigens onto adjuvant, amount of gel used as a dose for humans and
animals (see Note 3) and even type of aluminum adjuvant that shows better
adjuvanticity (see Note 6). During the last several years, physicochemical char-
acteristics of aluminum adjuvants have been studied (7). Though there is no
clear understanding between these characteristics and adjuvanticity, most of
the regulatory agencies have started requiring information on these character-
istics with a view to achieving consistency in manufacture of vaccines adsorbed
onto aluminum compounds.

3.5.1. Physicochemical Characteristics

The physicochemical characteristics are very useful in optimizing the
adsorption of antigens onto aluminum adjuvants and for formulation of combi-
nation vaccines. By controling the physicochemical characteristics of alumi-
num adjuvants and vaccines adsorbed onto these adjuvants, it would be easy to
control the manufacturing process of these vaccines and achieve consistency
in production as per current good manufacturing practices (cGMP) requirements.

Stanley Hem and coworkers have extensively studied the physicochemical
characteristics of aluminum adjuvants and their effects on the adsorption of
proteins onto these adjuvants (7,19,25–29). Aluminum hydroxide has been
identified as poorly crystalline aluminum oxyhydroxide with a structure of the
mineral boehmite. It has high surface area with an isoelectric point (pI) of 11,
which favors adsorption of negatively charged proteins at neutral pH. In con-
trast, aluminum phosphate and alum-precipitated vaccines have been classi-
fied as amorphous aluminum hydroxyphosphate with little sulfate. Depending
upon the conditions under which these gels are prepared, the molar ratio
between aluminum and phosphate of amorphous aluminum hydroxyphosphate
varies which results in pI values from 5 to 7. So these gels are negatively
charged or without any charge at neutral pH. The amorphous nature of these
compounds contributes to high surface area and high protein adsorption capac-
ity, mainly for positively charged proteins. That is the reason for poor adsorp-
tion of negatively charged diphtheria toxoid onto aluminum phosphate at a
neutral pH. But, aluminum phosphate gel with a pI close to 7 would be posi-
tively charged at pH of 6.0, leading to adsorption of diphtheria toxoid. There-
fore, formulation of diphtheria, tetanus, and pertussis (DTP) vaccine with
aluminum phosphate is usually done at a pH close to 6.0 to allow maximum
adsorption of diphtheria toxoid.

The following are some of the physicochemical tests that would be useful
for achieving consistency in manufacture of aluminum adjuvants.

1. Isoelectric Point (pI). Information on pI or point of zero charge will not only be
useful as a test to assess consistency in manufacture, it would be useful to deter-
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mine optimal conditions for adsorption of a particular antigen on the gel. The
isoelectric point of gels can be determined by Doppler electrophoretic light-
scattering analysis (DELSA 440, Coulter, Hialeah, FL) (30).

2. Size of gel particles. One of the mechanisms of adjuvant action by the aluminum
adjuvants is the size of gel particles being in the range that is optimal for adjuvant
action (<10 µm) (see Note 5b). Monitoring size of various lots would give the
information on consistency in production and would also help in optimizing the
adjuvanticity by optimizing the size, if it is not <10 µm. Size of gel particles can
be measured by particle size analyzers.

3. pH. pH of the gel has a direct effect on the charge of the gel, thus affecting the
adsorption of antigens.

4. Other physical characteristics evaluated by Stanley Hem and coworkers for alu-
minum adjuvants include X-ray diffraction, infrared spectroscopy, transmission
electron microscopy, and energy dispersive spectrometry (7,19,25–29), which
may be useful for first five lots of adjuvant to prove consistency in manufacture.

3.5.2. Determination of Degree of Adsorption

The immunogenicity of antigens adsorbed onto aluminum adjuvants appears
to depend on the degree of antigen adsorption and the dose of adjuvant (2,3,6)
(see Note 3). There has been a debate on the optimal degree of adsorption and
its role in the adjuvanticity of aluminum adjuvants in humans (31) because
there is not much information available on this topic. Vaccines with less
adsorption of antigens onto aluminum adjuvants, approx 50% or even lower
adsorption, have proved effective in the field and meet all the requirements of
the regulatory agencies. Despite these controversies and uncertainty about pre-
cise mechanism of action of aluminum adjuvants (see Note 5), adsorption is
still considered to be a very important parameter for the function of these adju-
vants (3). Thus, measuring the degree of adsorption is one of the parameters
that can be controled in the formulation process during manufacture of alumi-
num adsorbed vaccines to achieve consistency in production. Adsorption of
80% or more of tetanus and diphtheria toxoids onto aluminum adjuvants is
recommended by the WHO (24). The United States Minimum Requirements
(32) for adult tetanus and diphtheria toxoid is at least 75% adsorption of diph-
theria component on the aluminum adjuvants.

Degree of adsorption can be measured by simply centrifuging the adsorbed
vaccine and assaying the supernatant for total protein (by Lowry assay, BCA
assay, or other protein assay), antigenicity (flocculation), or polysaccharide
(by anthrone or some specific sugar assay) depending upon the nature of the
antigen. These assays are not very sensitive, for example, in a 10 µg dose of an
antigen with 80% adsorption, quantitating 2 µg may not be very accurate. In
these cases, proteins can be precipitated with trichloroacetic acid from super-
natants of large sample volumes. Antigens from the supernatant may also be
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assayed by sensitive methods based on immunochemistry, such as enzyme-
linked immunosorbent assay (ELISA) (23) and nephelometry assay. These
assays can measure antigens at much lower levels (in ng/mL concentrations).

3.5.3. Dissolution of Gels to Release Antigens

Aluminum adjuvant gels are often dissolved to release antigens into solu-
tion or antigens are desorbed from the gels for direct measurement of antigens
adsorbed onto the gels. This is also done to establish identity of the product,
which is one of the tests performed on final products as per the requirements of
the regulatory agencies. Antigens can be desorbed by exposing the adsorbed
preparations to high salt or phosphate concentrations and/or pH that does not
support adsorption. The most commonly used procedure in the vaccine indus-
try is to dissolve the gels with 5–10% sodium citrate solution (24). This proce-
dure (described below) works well with aluminum phosphate gel and dissolves
the gel at 37°C within 24 h, but aluminum hydroxide gel is sometimes difficult
to dissolve and requires incubation of vaccine preparations at 37°C for 2–3 d.

1. Add 100 mg/mL (10% final concentration) of sodium citrate, granular
(C6H5Na3O7.2H2O) directly to adsorbed preparation in a glass or plastic tube. A
20% solution of sodium citrate in distilled water may also be used to achieve
5–10% final concentration.

2. Mix the solution until all the sodium citrate granules have dissolved.
3. Incubate the tube at 37°C overnight or until clear. With some preparations, the

solution remains cloudy, but the toxoid is completely dissolved.

3.5.4. Quantitation of Aluminum Adjuvants

One of the quality-control parameters on vaccines adsorbed onto aluminum
adjuvants is to quantitate the aluminum compounds at final bulk or final prod-
uct stage. There are several wet chemistry and physical methods used for
quantitation purposes (24,33). These methods include atomic absorption spec-
trometry, inductively coupled argon plasma (ICP) emission spectrometry,
direct current plasma (DCP) technique, and wet chemistry methods by diges-
tion of the sample and titration of aluminum with copper sulphate. Physical
methods, such as atomic absorption spectrometry, ICP, and DCP are more com-
mon these days, but in a research laboratory, these instruments may not be
available and wet chemistry method gives reliable results. A wet chemistry
method from the WHO manual (24) for quantitation of aluminum is below.

1. Boil 3 mL of sample in glass tube, in duplicate and add 1 mL of concentrated
sulphuric acid and 6 drops of concentrated nitric acid to each tube.

2. Heat tubes and start adding nitric acid dropwise when dense white fumes evolve.
Continue to add nitric acid while heating until tubes are colorless.
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3. Cool tubes and add 10 mL of distilled water carefully. If tubes are cloudy, boil
until these are clear.

4. Add 2–3 drops of methyl orange indicator and add 50% NaOH until a pink-
yellow end point is obtained. Dissolve any precipitates with dilute sulphuric acid.

5. Transfer contents of the tubes separately to two Erlemeyer (250 mL) flasks; wash
tubes with 25 mL distilled water and pool washings with the contents in flasks.

6. Add 25 mL 0.01M disodium ethylenediamine and 10 mL acetate buffer to each flask.
7. Boil flasks gently for 3 min and add 1 mL of pyridylazonaphthol indicator. Titrate

hot solution with 0.01M cuprous sulphate until a purple brown end point is
reached. Take average titer from two flask readings. Simultaneously treat a flask
starting with 3 mL distilled water in place of sample to get the blank titer.

8. Aluminum concentration is determined from the following formula.

Mg of aluminum per mL = (Blank titer – sample titer)
× 0.2698/3 (volume of sample)

3.5.5. Animal Experiments

Most of the biologicals, including vaccines, are evaluated in laboratory ani-
mals for potency. Doses of vaccines chosen in animal models are usually sev-
eral-fold (sometimes 100’s-fold) lower than the human doses to get the
response on the logarithmic part of the dose-response curve (6,34). Tables 2

Table 2
Antibody Response of Micea to Varying Doses of Aluminum Phosphate
Adsorbed Tetanus Toxoid Injected Undiluted and Diluted in Saline

Dose Human Inoculum Antibody levels at 4 wk

Lf (~µg) Dose (µL) TNb (AU/mL) IgGc (EAU/mL)

0.2 (0.6) 1/25th 520d 0.50 3.87 (2.60–5.75)
0.2 (0.6) 1/25th 500e 0.60 3.81 (1.86–7.79)
0.1 (0.3) 1/50th 510d 0.25 2.11 (1.33–3.37)
0.1 (0.3) 1/50th 250e 0.38 2.05 (1.34–3.15)
0.05 (0.15) 1/100th 555d 0.12 0.46 (0.06–3.67)
0.05 (0.15) 1/100th 125e 0.16 1.45 (0.88–2.37)

aFour-week-old female outbred (CD-1 strain) mice were injected subcutaneously and bled at
4 wk.

bTN=Toxin neutralizing antibodies (tetanus antitoxin) were determined in Antitoxin Units
per mL (AU/mL) in the pooled sera (23).

cIgG antibodies to tetanus toxin were determined in the sera of individual mice by ELISA and
expressed in ELISA Antitoxin Units/mL (EAU/mL) (23). Results are shown as geometric mean
with 95% confidence intervals in parenthesis.

d Undiluted vaccine at 5 Lf/mL.
e1 in 12.5 diluted (in saline) vaccine at 0.4 Lf/mL.
Lf, Limes flocculation
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and 3 summarize antibody responses of mice and guinea pigs, respectively, to
tetanus toxoid when injected as 1/25th to 1/100th of the human dose. Similar
data on antibody responses of mice to diphtheria toxoid are shown in Table 4.
The most common practice to perform this type of assays is to dilute the vac-
cine formulations in saline or phosphate-buffered saline (PBS). Dilution of
vaccines adsorbed onto aluminum adjuvants, particularly in PBS, desorbs cer-
tain antigens that can affect the immunogenicity of the vaccine in animals.
Dilution of vaccines decreased the antibody responses of guinea pigs to tetanus
toxoid (Table 3) and of mice to diphtheria toxoid (Table 4) as compared to the
injection of undiluted formulations. Therefore, preparations adsorbed onto alu-
minum adjuvants should not be diluted, particularly in PBS, for immunogenic-
ity studies. Several studies demonstrated lower levels of immunogenicity/
potency in mice and guinea pigs using aluminum-adsorbed vaccines diluted in
saline compared to those diluted in the aluminum adjuvant (35–37). It is
believed that dilution of adjuvanted vaccines for testing in animals may disturb
the composition of the vaccine (3,6,34–45). Potency tests in animals based on
dilution of vaccines (46,47) do not provide the “true picture” of the immunoge-
nicity of the final formulation (5,6,35–37). Hence, it is recommended that for
animal immunogenicity studies of adjuvanted vaccines, the formulation

Table 3
Antibody Response of Guinea Pigsa to Varying Doses
of Aluminum Phosphate Adsorbed Tetanus Toxoid
Injected Undiluted and Diluted in Saline

Antibody levels at

Dose Human Inoculum 4 wk                   6 wk
Lf (~µg) Dose (µL) IgGb (EAU/mL) TNc (AU/mL) IgGb (EAU/mL)

0.2 (0.6) 1/25th 520d 2.37 (1.63–3.45) <0.50 1.57 (1.17–2.12)
0.2 (0.6) 1/25th 500e 1.79 (0.84–3.84) <0.40 1.13 (0.71–1.79)
0.1 (0.3) 1/50th 510d 1.44 (0.66–3.16) <0.28 1.17 (0.59–2.31)
0.1 (0.3) 1/50th 250e 1.25 (0.95–1.64) <0.25 0.69 (0.53–0.90)
0.05 (0.15) 1/100th 555d 0.58 (0.27–1.26) <0.09 0.48 (0.22–1.06)
0.05 (0.15) 1/100th 125e 0.24 (0.10–0.55) <0.09 0.16 (0.05–0.48)

aFemale outbred (Hartley strain) guinea pigs, 450–550 g were injected subcutaneously and
bled at 4 wk and 6 wk.

bIgG antibodies to tetanus toxin were determined in the sera of individual guinea pigs by
ELISA and expressed in ELISA Antitoxin Units/mL (EAU/mL) (23). Results are shown as geo-
metric mean with 95% confidence intervals in parenthesis.

cTN=Toxin neutralizing antibodies (tetanus antitoxin) were determined in Antitoxin Units
per ml (AU/mL) in the pooled sera (23).

dUndiluted vaccine at 5 Lf/mL.
e1 in 12.5 diluted (in saline) vaccine at 0.4 Lf/mL.
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intended for human use should be injected undiluted or with a minimum dilu-
tion, if necessary.

Aluminum compounds are very potent adjuvants for tetanus and diphtheria
toxoids in guinea pigs and mice, particularly in outbred CD-1 mice (34). The
antibody responses in mice and guinea pigs after a single dose of aluminum
phosphate adsorbed tetanus toxoid are routinely very high and persisted at high
levels for up to 1 yr (3,48,49). Single injection of small doses (0.05 Lf or approx
0.15 µg) of aluminum phosphate adsorbed tetanus toxoid elicited protective
levels of antibodies in mice and guinea pigs (Tables 2 and 3). In contrast,
single injections of tetanus and diphtheria toxoids adsorbed onto aluminum
adjuvants do not elicit such high antibodies in humans. Thus, animal models
seem not to provide true adjuvanticity of aluminum adjuvants (50). However,
animal immunogenicity studies are essential to develop new vaccines or im-
prove existing vaccines. All these factors should be considered when choosing
animal models and model proteins for evaluation of new adjuvants and in
interpreting the results. To assess the adjuvanticity of new formulations for
humoral response, it is recommended that the formulations should be injected
undiluted by intramuscular route (if possible). Otherwise, subcutaneous route
should be employed, particularly for in-bred mice, who do not have much
muscle. In such cases, it is difficult to ensure that all injections are intramuscu-
lar without any leakage of injected material from muscles. In humans, it is
recommended that vaccines adsorbed onto aluminum adjuvants should be
injected by intramuscular route because of less-adverse local reactions as
compared to sc injections (13,51), but the antibody responses in children to a

Table 4
Antibody Response of Micea to Varying Doses of Aluminum Phosphate
Adsorbed Diphtheria Toxoid Injected Undiluted and Diluted in Saline

Dose Human Inoculum Antibody levels at 4 wk

Lf (~µg) Dose (µL) IgGb (µg/mL)

0.2 (0.5) 1/50th 510c 3.30 (0.83–13.2)
0.2 (0.5) 1/50th 500d 0.29 (0.02–4.75)
0.1 (0.25) 1/100th 555c 1.29 (0.05–33.7)
0.1 (0.25) 1/100th 250d 0.11 (0.01–1.04)

aFour-week-old female outbred (CD-1 strain) mice were injected subcutaneously and bled
at 4 wk.

bIgG antibodies to diphtheria toxoid were determined in the sera of individual mice by ELISA
and expressed in µg/mL (85). Results are shown as geometric mean with 95% confidence inter-
vals in parenthesis.

cUndiluted vaccine at 20 Lf/mL.
d1 in 50 diluted (in saline) vaccine at 0.4 Lf/mL.
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booster injection given by intramuscular or subcutaneous routes were very
similar (51). Therefore, for immunogenicity purposes, aluminum adsorbed vac-
cines can be injected to animals by im or sc routes.

Antibody responses should be evaluated after a single injection, as the adju-
vant effect is not very clear or even absent after the booster injection (23).
Good scientific practices on performing antibody assays and problems with
animal models have been discussed in detail elsewhere (2).

4. Notes
1. Table 1 summarizes factors affecting adsorption of antigens onto aluminum

adjuvants. Adsorption of antigens onto aluminum adjuvants depends heavily on
electrostatic forces between adjuvant and antigen (3,6,7,19). Other interactions
including hydrophobic, van der Waals, and hydrogen bonding contribute to the
adsorption of antigens on aluminum adjuvants. However, these forces may not
suffice to cause adsorption of antigen if the same charge or electrostatic repulsive
force is present on antigen and adjuvant. The two most commonly used alumi-
num adjuvants, aluminum hydroxide, and aluminum phosphate, have different
points of zero charge (7,25). At neutral pH, these gels have opposite charges,
wherein aluminum phosphate is negatively charged and aluminum hydroxide is
positively charged. It is important to select the aluminum adjuvant carefully on
the basis of the charge of the antigen at neutral pH or any other desirable pH.
Other physical conditions affecting adsorption of antigens on mineral adjuvants
include pH, temperature, size of the gel particles, and ionic strength of the reac-
tion mixture (3,4,6,7,12,15,16,52). The pH and ionic strength affect adsorption
by altering charge on the gel and the antigens, whereas the temperature may
affect the rate of interaction between the gel and the antigen. Size of gel particles
affects the surface area of gel available for adsorption: small particles have more
surface area than large particles. For example, amount of diphtheria toxoid
adsorbed on to aluminum hydroxide gels was inversely proportional to the gel
particle size (52).

Acidic pH of less than 6 has been found optimal for adsorption of several
antigens on aluminum adjuvants (12). For example, the optimal pH for adsorp-
tion of tetanus and diphtheria toxoid onto aluminum phosphate is 6.0–6.3 (3).
The adsorption of diphtheria toxoid onto aluminum phosphate is heavily influ-
enced by pH and the presence of excess phosphate ions in the reaction mixture
(3,6). Aluminum phosphate and diphtheria toxoid are both negatively charged at
neutral pH resulting in poor adsorption. At pH 6.0, aluminum phosphate is posi-
tively charged, thus improving adsorption of negatively charged diphtheria tox-
oid. In situ adsorption of diphtheria toxoid resulted in higher adsorption than the
commercial aluminum phosphate preparation (3,6), probably because of trapping
of some antigen in the gel. Adsorption of tetanus and diphtheria toxoids onto
aluminum hydroxide gel (Alhydrogel) was not sensitive to the conditions of pH
and excess phosphate ions (2,3,6) because it is positively charged at pH 6.0 and 7.0.
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Adsorption of bovine serum albumin onto aluminum hydroxide and lysozyme
onto aluminum phosphate was inversely proportional to the ionic strength (19).
Excess anions, particularly phosphate ions, and impurities, such as amino acids,
peptides, and polysaccharides, reduce protein adsorption, probably by competing
with antigen for adsorption sites (16). Multiple-charged negative ions, especially
phosphate ions, interfere with the adsorption capacity of aluminum hydroxide
and these may be used for eluting adsorbed antigens from the gel (4). Lindblad
and Sparck (16) recommended avoiding PBS in the reaction mixture for adsorp-
tion of antigen onto aluminum adjuvants. In general, a low ionic strength and
absence of excess phosphate ions and impurities are recommended for optimal
adsorption of antigens on aluminum phosphate gel (15). The temperature of
adsorption has been considered important for complete adsorption of antigen
onto aluminum phosphate although most of the adsorption, up to 80–90% of diph-
theria toxoid, occurred within a few minutes at temperatures ranging from 4 to
45°C (12).

Aluminum hydroxide (Alhydrogel) was capable of adsorbing higher amounts
of tetanus toxoid (273.4 Lf or approx 820 µg per mg of gel) and diphtheria toxoid
(126.6 Lf or approx 380 µg per mg of gel) than aluminum phosphate (Adju-
phos®) (53.5 Lf [Limes flocculation] or approx 161 µg tetanus toxoid/mg gel) at
a pH of 6.0 (3). Lindblad and Sparck (16) found 10–20 times more adsorption of
human serum albumin on aluminum hydroxide than on aluminum phosphate.
Therefore, aluminum hydroxide has higher adsorption capacity than aluminum
phosphate, particularly for routine childhood vaccine antigens, tetanus, and diph-
theria toxoids. The major reason is the charge on these gel at neutral or slightly
acidic pH (6.0). As discussed, aluminum hydroxide has strong positive charge at pH
6–7.0, whereas aluminum phosphate has a weak or neutral charge at this pH range.
Tetanus and diphtheria toxoids being negatively charged at pH 6–7.0 show strong
and more adsorption to aluminum hydroxide than to aluminum phosphate.

There has been some discussion on the desorption of antigen from adjuvant
after injection into the body where a physiologically neutral pH and presence of
body fluids containing proteins and anions might desorb the antigen from the gel.
Earlier studies showed that freshly made preparations of aluminum phosphate
adsorbed diphtheria toxoid had more antigen desorption than aged preparations
when exposed to neutral pH or serum (12). Thus, aging of aluminum-adsorbed
vaccines appears to improve their immunogenicity (8).

2. For preparing any of the adjuvant formulations described in this chapter, use of
sterile water for injection for clinical use materials and sterile distilled water free
from endotoxin for laboratory use or preclinical materials is required. For conve-
nience purposes, distilled water is mentioned throughout the text where use of
such water is required. All chemicals should be of USP, NF, or FCC grades.

3. The dose of mineral adjuvants also affects the overall immunogenicity of vac-
cines (15). A small amount of adjuvant may be required for complete adsorption
of the antigen, but low doses may not provide an optimal adjuvant effect. There
appears to be a need for excess free adjuvant for an optimal adjuvant effect



82 Gupta and Rost

(53,54). In animal studies, as the amount of aluminum adjuvant was increased,
the adjuvant effect increased, but only to a certain concentration after which, the
adjuvant effect declined (15,16,35,55–57). The reasons for this optimum concen-
tration of adjuvant are unknown. It is speculated that a certain minimum amount
of aluminum compound is necessary to form a depot at the site of injection or to
optimally stimulate macrophages (3). Excessive amounts of aluminum com-
pounds may suppress immunity by covering the antigen completely with mineral
compounds (58,59) or through toxicity to macrophages (60).

The usual dose of aluminum used for human vaccines is around 0.5 mg. The
upper allowable limits of aluminum adjuvants for injection in humans is 1.25 mg
as per WHO regulations (47) and 0.85 to 1.25 mg as per United States Food and
Drug Administration guidelines (33).

4. Mineral adjuvants cannot be frozen or easily lyophilized (17,61) as both of these
processes cause the collapse of the gel resulting in gross aggregation and precipi-
tation. Although tetanus toxoid with collapsed aluminum gel precipitates was
found to be immunogenic (62), such a vaccine is not clinically acceptable. Suc-
cessful lyophilization of aluminum adjuvants was reported (63), but lyophilized
vaccines containing aluminum adjuvants are not commercially available. Use of
a lyophilized DTP vaccine with acellular pertussis components adsorbed onto
aluminum adjuvants and stabilized with Haemocoel® and sucrose has also been
described (64). Though Haemocoel has been used for lyophilization of Interna-
tional Standards and Reference Preparations of aluminum adsorbed vaccines, it
has not been used in human vaccines. The progress in this field is slow as there
does not seem to be a need for a lyophilized aluminum adsorbed vaccine in
developed countries. With the improvement of cold chain, such a vaccine is also
not a priority in developing countries.

5. The mechanism of action of mineral adjuvants is complex and not yet fully
understood. It likely involves various mechanisms including formation of depot,
increasing targeting of antigens to antigen presenting cells, and nonspecific acti-
vation of immune system. All of these mechanisms are discussed below.
a. Depot Formation. Depot formation by mineral adjuvants, including alumi-

num compounds, is considered to be one of the important mechanisms of
action. The depot concept has generated numerous discussions. Is it a short-
term depot, to which macrophages are attracted (65), or a long-term depot
from which antigen is released over an extended protracted time? There are
also questions regarding site of the depot. Is it formed at the site of injection
or in the draining lymph nodes? These questions remain unanswered with
evidence to support or contradict theories.

Glenny et al. (66) proposed that aluminum adjuvants act by depot forma-
tion at the site of injection, allowing for a slow release of antigen and thus
prolonging the time for the interaction between antigen and antigen-presenting
cells and lymphocytes. The local depot mechanism was challenged when Holt
(8) described that antibody formation continued even after removal of adju-
vant-antigen depot from the site of injection. In a recent study, approx 90% of
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radio-labeled aluminum phosphate adsorbed tetanus toxoid disappeared from
the site of injection within 24 h of sc injection, whereas tetanus toxoid encap-
sulated within biodegradable polymer microspheres stayed at the site of
injection for prolonged periods (6,67). However, the amount of aluminum
phosphate adsorbed tetanus toxoid at the site of injection was higher than the
soluble tetanus toxoid for 4 wk, thus demonstrating some localized depot for-
mation. White et al. (68) showed that antibody-producing cells in the regional,
popliteal, lymph nodes of rabbits injected with 150 Lf of soluble diphtheria
toxoid completely disappeared in 3 wk, whereas rabbits injected with 10 Lf of
aluminum phosphate precipitated toxoid had antibody producing cells in the
nodes at 3–4 wk, suggesting a depot in the draining lymph nodes.

The most direct evidence for a local depot effect comes from experiments
in which local granulomas, formed after injection of aluminum adsorbed vac-
cines, were able to induce immune responses when excised from the site of
injection 7 wk later, macerated and injected into other animals (69). Remark-
ably, the antigen in the granuloma was apparently not available to the animals
for a secondary response, because minute doses of antigen injected adjacent
to the granuloma produced a secondary antibody response (70). White (70)
postulated that antigen at this time is unable to penetrate the fibrous tissue
surrounding the granuloma and antibody may react with antigen to form an
antigen-antibody precipitate within the fibers of the peripheral zone of the
granuloma, thus preventing the diffusion of antigen from granuloma and
sequestering it from antigen presenting cells.

b. Targeting to Antigen Presenting Cells. Adjuvanticity of mineral adjuvants
may be because of their ability to convert soluble antigens to particulate forms,
which are more readily phagocytosed. The particle size of commercially avail-
able aluminum adjuvant gels is less than 10 µm, the average size for alumi-
num hydroxide, Alhydrogel was 3.07 µm and for aluminum phosphate,
Adju-phos was 4.26 µm (3). It has been shown that polylactide glycolide
(PLGA) microspheres less than 10 µm are taken up by antigen-presenting
cells and provide strong adjuvant effects (71). Antigen adsorbed onto alumi-
num hydroxide is more readily taken up by human monocytes than free anti-
gen, and the human monocytes exposed to aluminum hydroxide secrete IL-1
(72). Adjuvanticity of aluminum gel particles via targeting to antigen present-
ing cells, emphasizes the importance of degree of adsorption of antigens
onto gels.

c. Activation of Immune System. An increased antibody response to a soluble
antigen has been observed when aluminum adjuvant was injected at a differ-
ent site, suggesting a systemic stimulatory effect on immunocompetent cells,
possibly by release of inflammatory cytokines (73). However, these results
have not be confirmed. Comparison of the immune responses of mice to diph-
theria toxoid and aluminum hydroxide injected at different sites vs soluble
diphtheria toxoid alone (3) demonstrated that both elicited very low and simi-
lar antibody levels, even after 2 doses. However, aluminum compounds can
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induce eosinophilia (74) and activate complement (75), which may lead to a
local inflammatory response, thus enhancing the antibody response.

Mineral adjuvants augment mainly humoral immune response, particularly
IgG1 and IgE antibody responses, through IL-4 (76) by activating Th2 type
cells (65,77). These adjuvants are not efficient in raising cell-mediated
immune responses (17,65,78). The induction of delayed type hypersensitivity
by aluminum adjuvants in mice and guinea pigs has not been clearly demon-
strated (15,79). Cooper (77) described aluminum adjuvants as good stimu-
lants for Th2 type cell-mediated immune response, especially eosinophils.
This type of response is similar to that elicited by some helminth parasites (4)
and this property makes aluminum adjuvants a good candidate for antiparasite
vaccines. In a special mouse hybrid model of schistosomiasis, Horowitz et al.
(80) demonstrated protection in animals injected with sonicated parasite anti-
gen and aluminum hydroxide. In contrast, antigen injected with Freund’s
Complete Adjuvant (FCA) elicited lower IgE antibodies and lower levels of
protection.

6. Aluminum hydroxide has been found to be a more potent adjuvant than alumi-
num phosphate (81,82). This may be caused by its overall higher adsorption
capacity and better adsorption properties of certain antigens at neutral pH (6), see
Note 1. Aluminum hydroxide adjuvanted antigens induced antibody responses
that are comparable to FCA (83,84). Diphtheria toxoid adsorbed onto aluminum
phosphate under optimal conditions induced antibody levels in rabbits similar to
those elicited by the toxoid given with FCA (85). Aluminum hydroxide is a good
adjuvant for weak immunogens in mice, but saponin and FCA are more potent
adjuvants for strong immunogens (15,82).
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1. Introduction
Over the last 20 years, the adjuvant effect achieved through the association

of antigens with polymeric microparticles has been repeatedly demonstrated
(1,2). Encapsulation of antigens into microparticles, including submicron par-
ticles (nanoparticles), promotes their entry into lymph nodes and provides a
high local concentration of antigen over an extended time-period. Micro-
particles also promote the interaction of encapsulated antigens with antigen
presenting cells (APCs), e.g., macrophages.

The biodegradable and biocompatible polyesters, the poly(lactide-
coglycolides) (PLG) are the primary candidates for the development of
microparticles as vaccines, because they have been used in humans for many
years as suture material and as controled-release delivery systems for peptide
drugs (3). However, the adjuvant effect achieved by the encapsulation of anti-
gens into PLG microparticles has been demonstrated only relatively recently
(Fig. 1) (4–6). Particle size was shown to be an important parameter affecting
immunogenicity, because smaller microparticles (<10 µm) were significantly
more immunogenic than larger particles (>10 µm) (6,7). The adjuvant effect of
microparticles can also be enhanced by their coadministration with additional
adjuvants (5). Recent studies have shown that microparticles also exert an
adjuvant effect for cell-mediated immunity, including the induction of cyto-
toxic T cell (CTL) responses following both systemic and mucosal administra-
tion (8,9). The induction of CTL responses are important for the eradication of
virally infected cells and for immune responses against alternative intracellu-
lar pathogens.
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Fig. 1. Serum IgG titers in mice after sc immunization at week 0 and 6 with either
soluble ovalbumin (OVA), OVA in CFA, or entrapped in PLG microparticles. Mean ±
s.e. is represented at each time-point.

In the long term, one of the most attractive features of microparticles for
vaccine development is their ability to control the rate of release of entrapped
antigens (2,10). Ultimately, this may allow the development of single-dose
vaccines, through the preparation of microparticles that release entrapped anti-
gens at the time-points when booster doses of vaccines would normally be
administered. The development of a single-dose vaccine would represent a sig-
nificant step towards the preparation of an ideal vaccine and would result in
improved vaccine compliance, particularly in the developing world. In a recent
study in rats, a single immunization with tetanus toxoid (TT) entrapped in
controled-release microparticles induced comparable immunity to three doses
of TT adsorbed to Alum (10,11). In addition, a single dose of microparticles
with an entrapped peptide (12) or protein (13) from HIV-1 induced neutraliz-
ing antibodies for at least one year. Nevertheless, further research is needed to
promote the stability of antigens during microencapsulation and following in
vivo administration.

Mucosal administration of vaccines is an attractive approach, which offers
several significant advantages over the traditional approach to vaccine deliv-
ery, which normally involves intramuscular injection. The advantages of
mucosal delivery include easier administration, reduced side effects, and the
potential for frequent boosting without the need for trained personnel. More-
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over, mucosal delivery of vaccines is the only effective means to induce
immune responses in the mucosal secretions of the body. This is important,
because the majority of pathogens initially infect hosts through the mucosal
tissues of the gut, the respiratory, or the genital tracts. In addition, because the
protective barrier of the skin is not breached during mucosal administration,
the potential for the introduction of infection through the use of “dirty” needles
is eliminated.

In mice, oral immunization with PLG microparticles induced potent secre-
tory IgA (Fig. 2), serum IgG (Fig. 3), and systemic CTL (Fig. 4) responses
(8,14–16). Although, relatively large doses of antigens were used in these stud-
ies (at least 100 µg), a single oral dose of 10 µg of fimbriae from B. pertussis in
microparticles protected mice from intranasal challenge (17). In addition,
intranasal immunization with 1–10 µg of Bordetiella pertussis antigens in
microparticles also induced protective immunity in mice against aerosol chal-
lenge (18,19). In primates, intratracheal or oral delivery of microencapsulated
inactivated simian immunodeficiency virus (SIV) in parenterally primed ani-
mals induced protective immunity against intravaginal challenge with the virus;
systemic immunization alone did not protect (20). Also in a primate study, intra-
tracheal immunization induced protection against aerosol challenge with sta-
phylococcal enterotoxin B (21). Recently, microparticles have also been shown
to be effective for the oral delivery of plasmid DNA in mice (22,23). However,

Fig. 2. Salivary IgA titers in mice after oral immunization with either soluble OVA
or entrapped in PLG microparticles. Mean ± s.e. is represented at each time-point.
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a potential limitation to the oral delivery of vaccines in microparticles is the
low level of uptake of particles following oral administration (24).

2. Materials
1. Silverson Laboratory Homogenizer equipped with a 1/2- or 3/4-in probe

(Silverson Machines Ltd., East Longmeadow, MA) or IKA homogenizer (IKA
Works Inc., Wilmington, DE).

2. PLG polymers of various molecular weights with varying monomer ratios of
lactic to glycolic acid from Boehringer Ingelheim (Ingelheim, Germany; United
States distributors B.I. Chemicals Henley Division, Montvale, NJ). The method
described hereunder was carried out with RG 505 (a 50�50-monomer ratio of
lactic to glycolic acid) (see Note 1).

3. Polyvinyl alcohol (PVA), 85–90% hydrolyzed, 12,000–25,000 molecular weight.
4. Methylene chloride high-pressure liquid chromatography (HPLC) grade.
5. Protein estimation kit (Pierce BCA kit).
6. NaOH/SDS solution for hydrolysis: 0.2N NaOH with 1% SDS.

3. Methods
3.1. Microencapsulation of Antigens

The process is based on the formation of a primary emulsion (w/o) with the
antigen in an aqueous medium and the polymer in a organic solvent and then
dispersing this emulsion in an aqueous solution containing an emulsion stabi-

Fig. 3. Serum IgG titers in mice after oral immunization with either soluble OVA or
entrapped in PLG microparticles. Mean ± s.e. is represented at each time-point.
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lizer (PVA) to form a multiple emulsion (w/o/w). The organic solvent from
this multiple emulsion is evaporated at room temperature to form discrete poly-
mer microparticles with entrapped antigen (see schematic diagram—Fig. 5)
(10). For example, microparticles with an entrapped model protein Ovalbumin
(OVA) with a 1% w/w loading level (see Note 12) are prepared as follows:

1. Weigh 500 mg of the PLG polymer (see Note 1) and dissolve it in 10 mL of
methylene chloride (see Note 2) to form a 5% polymer solution (see Note 3)
(Solution A).

2. 5 mg of OVA is dissolved in 2.5 mL of PBS buffer (Solution B).
3. 4 g of PVA (see Note 4) is dissolved in 40 mL distilled water (Solution C).
4. Solution A is added to solution B and homogenized at 10,000 rpm on a silverson

or IKA homogenizer for 3 min (see Note 5). To this primary emulsion, Solution
C is added and the resulting emulsion again homogenized at 10,000 rpm for 5
min (see Note 6).

5. The multiple emulsion is then stirred at 1500 rpm on a magnetic stirrer overnight
to allow the methylene chloride to evaporate.

Fig. 4. % Cytotoxicity as a measure of CTL response in mice after oral immuniza-
tion with PLG-OVA microparticles at various E�T ratios.
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6. After overnight solvent evaporation (see Note 7), the emulsion is centrifuged at
15,000g for 45 min.

7. The supernatant is discarded and the pellet is resuspended in distilled water to
wash the microparticles. The suspension is centrifuged at 15,000g for 45 min
again (see Note 8).

8. After washing, the pellet is suspended in a small volume of distilled water (5 mL)
and a small aliquot of this suspension is retained for size determination.

Fig. 5. Preparation of PLG microparticles using the solvent evaporation method of
microencapsulation.
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9. The microparticle suspension is frozen in acetone/dry-ice mixture and freeze
dried in a lyophilizer overnight (see Note 9).

10. The dried microparticles are stored in a sealed glass vial in a dessicator for use.

3.2. Determination of Microparticle Size

Microparticles that are less than 10 µm in size are taken up by the APCs and
are most suitable for maximum adjuvant effect. Therefore, it is very crucial to
monitor the size distribution of all microparticle preparations to achieve a uni-
form size distribution.

1. The microparticle suspension sample previously retained is used to determine
the microparticle size using a particle sizing instrument (Malvern Mastersizer,
Malvern, or a Coulter Counter from Coulter Electronics, Hialeah, FL).

2. 50 µL of the microparticle suspension is added to 250 mL of distilled water in the
sampling apparatus of a Malvern Mastersizer.

3. The concentration of the microparticles in the sampling port should be enough to
give at least a 10% obscuration to laser source.

4. The instrument is calibrated with standards of defined dimensions before
measurements.

5. A no-sample blank measurement calibrates the baseline.
6. The sample is added and the measurement made at least three times.
7. The mean diameter of all three measurements is recorded.

3.3. Determination of Antigen Loading Level in the Microparticles

The dose of antigen entrapped in microparticles is calculated based on actual
entrapment of the antigen in the microparticles. The determination is most com-
monly carried out by BCA or Lowry method for protein estimation, but can be
validated with amino acid analysis (AAA) or radiolabeling.

1. Weigh 3 10-mg samples of dry microparticles in 3 separate 5-mL glass vials.
2. Add 1 mL of 0.2N NaOH/1% sodium dodecyl sulfate (SDS) solution to each vial

and place the vials on a constant shaker at room temperature.
3. Similar samples of blank microparticles (no antigen entrapped) are also hydro-

lyzed to serve as negative controls.
4. The microparticles are allowed to hydrolyze overnight.
5. Using a Pierce BCA kit, a series of dilutions are made with a bovine serum albu-

min (BSA) standard or the purified native antigen control.
6. 100 µL of the hydrolyzed samples are taken in glass tubes for protein estimation.
7. The BCA reagents are added to all tubes and incubated at 60°C for 20 min.
8. The protein concentration from the microparticle samples are calculated using

the BSA standard curve.
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3.4. Determination of Surface Properties of Microparticles
Using Scanning Electron Microscopy (SEM)

A highly porous or irregular surface of the microparticles can lead to a high
burst release or dumping of the antigen. Therefore, it is important to evaluate
the surface properties of the microparticles under a scanning electron micro-
scope (see Note 10).

1. 10 mg of dried microparticles are suspended in 500 µL of distilled water to yield
a viscous suspension.

2. 100 µL of this suspension is added on surface of metal stubs used for SEM.
3. The stubs are air-dried and then sputter coated with gold-palladium to a 100 A

thickness.
4. The stubs are now mounted on the microscope for scanning.
5. Four or five microparticle fields are identified and scanned on each stub.
6. The SEM photographs are collected at different magnification levels with a size

bar imprinted on the micrographs.

3.5. In Vitro Release of Antigens from the Microparticles

To evaluate batch to batch reproducibility among various microparticle for-
mulations, the in vitro release kinetics of the antigen is a good test to use.

1. Several vials containing 10 mg of microparticles and 2 mL of PBS (pH 7.4) are
incubated at 37°C on a constant shaking mixer. One vial is withdrawn at each
time-point of the in vitro estimation, for instance, day 1, 3, 7, 14, 21, and 28.

2. The microparticle suspension is centrifuged at 5000g for 10 min and the superna-
tant collected.

3. The supernatant is used for protein estimation at various time-points in the release
kinetics.

4. Percent cumulative release of the antigen vs time is plotted for each batch of
microparticles.

3.6. Estimation of Antigen Integrity

Antigen integrity can be estimated by several methods that evaluate the
denaturation, aggregation, and loss of functional activity of the native antigen.
Some of the commonly used methods are described below.

3.6.1. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis
(SDS-PAGE) Analysis of Entrapped Antigens

For gross measurement of aggregation and denaturation estimation of
molecular weight of the entrapped antigen by SDS-PAGE analysis is a com-
monly used method.
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1. 10 mg of microparticles are weighed out in a 3-mL glass vial and to this 1 mL of
0.2N NaOH/1% SDS solution is added.

2. The microparticles are allowed to hydrolyze overnight at 37°C until a clear solu-
tion is obtained.

3. The protein concentration of the antigen solution is carried out using a BCA
assay.

4. This antigen solution is then run on a SDS-PAGE gel with known molecular-
weight markers using standard protocols and stained for band intensity.

5. The gel is analyzed visibly to look for gross denaturation, changes in molecular
weight, and aggregation of antigen.

3.6.2. HPLC and GPC Analysis of Entrapped Antigen

Alternative methods that also address antigen integrity are HPLC or GPC
analysis of the entrapped antigen (25).

1. 10 mg of microparticles are weighed out in a 3-mL glass vial and to this 1 mL
PBS is added.

2. The microparticles are allowed to release the “burst” percentage of the antigen
load entrapped in them overnight at 37°C .

3. The protein concentration of the antigen solution is carried out using a BCA
assay.

4. This antigen solution is then run on a HPLC or GPC system using a set protocol
for the given antigen with standard samples.

5. Changes in released antigen, with respect to the starting material, can be quanti-
fied using peak height and elution times.

6. Conformational changes, aggregation, and loss of activity can be estimated by
this analysis for selected antigens.

7. If the antigen is not sensitive to changes at alkaline pH, the microparticles can be
hydrloyzed with 0.2M NaOH/5% SDS solution and then the entrapped antigen
can be analyzed by GPC or HPLC.

3.6.3. Estimation of Antigen Activity in the Microparticles

Most antigens have a specific enzyme-linked immunosorbent assay (ELISA)
or a radioimmunoassay (RIA), which confirms the inherent functional activity
of the antigen. These immunoassays can be utilized to check the activity of the
released antigen both initially and at later time-point in the in vitro release (25).

1. Several vials containing 10 mg of microparticles and 2 mL of PBS (pH 7.4) are
incubated at 37°C on a constant shaking mixer. One vial is withdrawn at each
time-point, for instance, day 1, 3, 7, 14, 21, and 28.

2. The supernatant that contains the antigen is tested on the functional ELISA or
RIA to estimate percent activity remaining at each time-point.
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3.7. Additional Tests

Additional tests that can be carried out to ensure reproducibility, quality
control, and lot-to-lot variation are listed below. These tests need not be per-
formed on routine formulations for in vivo evaluation, but must be considered
when preparing for important preclinical experiment, toxicology, and human
evaluation (12).

1. Sterility.
2. Endotoxin levels.
3. Bioburden.
4. Moisture content.
5. Residual solvent content (see Note 11).
6. Microparticle porosity.
7. Residual stabilizer.

4. Notes
1. The choice of the polymer type is dependent on the actual needs of the antigen

delivery system. The erosion of the polymer is dependent on two main param-
eters—molecular weight and monomer ratios; the higher the molecular weight of
the polymer, the longer the time it will need to erode in vivo. Also, the monomer
ratios of lactic acid and glycolic acid in the polymer backbone effect the erosion.
Higher lactic acid content slows erosion rates in comparison to higher glycolic
acid content. If the antigen needs to be released quickly, then low molecular-
weight polymers such as RG 502H, 502, 503 are used. If the antigen delivery
system is meant for long-term delivery than high molecular-weight polymers such
as RG 506, 508 are preferred. Also the size of the microparticle required (small
– <10 µms or large >10 µms ) dictates the polymer type. Higher molecular
weights lead to more uniform large microparticles.

2. PLG polymers are soluble in only a limited range of organic solvents and are
insoluble in water. The most commonly used solvent for PLG is dichloromethane
(DCM), although ethyl acetate and others have also been used. The choice of the
solvent is also affected by the respective antigen stability in different solvents
(ethyl acetate or acetone can replace methylene chloride), rate of solvent removal
(methylene chloride evaporates more rapidly than ethyl acetate), and polymer
solubility (polymer solubility is limiting in ethyl acetate and acetone).

3. To prepare antigen entrapped microparticles, certain amount of polymer needs to
be present to ensure complete entrapment or particle formation with the antigen.
The polymer concentration is selected based on the size of microparticle required.
A 4–6% polymer solution is ideal for making small microparticles (<10 µms)
whereas a 12–20% polymer solution is required to make >10-µm sized
micropartcles.

4. The choice and percentage of the stabilizer is dependent the microparticle size
and duration of release required. A 10% PVA concentration provides more
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homogeneously dispersed size range than a 1% PVA concentration. Other stabi-
lizers are polyvinylpyrrolidone (PVP) and sodium oleate.

5. Although the antigen in an aqueous solution has been widely used for encapsula-
tion of proteins into PLG microparticles, freeze-dried antigen could also be
directly dispersed into the organic phase and emulsified with the aqueous PVA
phase to yield a s/o/w system (solid-in-oil-in-water). This modification can be
utilized for higher loading levels of antigens. Exposure to solvent can be mini-
mized by the dispersion of antigen into the solvent as a dried solid, although
dissolving the antigen in an aqueous phase and the preparation of an emulsion
normally limits the direct exposure of the antigen to the organic solvent. This
also creates an organic/aqueous interface, which may promote the denaturation
of some antigens.

6. In addition to solvent exposure, antigen instability problems may also arise during
microparticle preparation as a consequence of the high shear forces used during
preparation. The extent of shear applied during microparticle preparation is gen-
erally greater as the desired microparticle size decreases. The homogenization
speed can be manipulated to suit the individual needs of the formulator. Never-
theless, despite the potential problems, it should be noted that a range of proteins
have been successfully entrapped in PLG microparticles prepared by solvent
evaporation, without evidence of significant changes in their native structure.

7. The removal of the solvent from the emulsion can either be carried out by evapo-
ration at room temperature, under vacuum, or by extraction in water. Although
all methods might lead to uniform microparticles, our laboratory has determined
the solvent evaporation method to be more reproducible with several antigens.

8. The number of washings to be carried out will also be determined by the solvent
and stabilizer used. For methylene chloride and PVA, 2–3 washes will ensure
complete removal of free and unbound PVA and residual solvent.

9. In case the antigen is sensitive to freezing, the collected microparticles may be
either air or vacuum dried at room temperature.

10. The scanned surfaces of the microparticles may provide further information about
porosity, cracks, and craters in the microparticles present because of insufficient
or rapid solvent removal, slow stirring speed, and low polymer concentration.

11. Following microparticle preparation, the presence of residual solvents in the for-
mulation might conceivably affect antigen stability. However, the level of DCM
in microparticles prepared by solvent evaporation, was shown to be below the
lowest limit of detection using gas chromatography, i.e., <10 ppm (12). Further-
more, Lupron Depot, a marketed product manufactured by solvent evaporation,
contains <50 ppm DCM. Consequently, the level of residual DCM in
microparticles is low enough to not represent an issue for protein stability,
although it is an important regulatory concern.

12. The loading level of the microparticles are calculated by estimating the amount
of protein (antigen) per given weight of the polymer microparticles. Thus, a
1.0% w/w loading level would represent 1 mg of antigen per 100 mg of
microparticles.
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Poly(Methyl Methacrylate) Nanoparticles
As Vaccine Adjuvants

Jörg Kreuter

1. Introduction
Nanoparticles are solid particles ranging in size from 1 to 1000 nm (1 µm).

They consist of macromolecular materials and can be used therapeutically or
prophylactically, for example, as adjuvants in vaccines or drug carriers, in
which the active principle (drug or biologically active material) is dissolved,
entrapped, or encapsulated, or to which the active principle is adsorbed or
chemically attached (1–3). One of the first areas of application of nanoparticles
was their employment as adjuvants for vaccines. The most frequent method for
the preparation of nanoparticles for this purpose was, and still is, emulsion
polymerization. The polymers that can be employed for this process include
poly(methyl methacrylate) (4–6), polyacrylamide (7), and poly(alkyl cyano-
acrylates) (8,9). Among these polymers, poly(methyl methacrylate) proved
to be by far the most optimal and suitable material (10,11). Nanoparticles made
from polyacrylamide or poly(alkyl cyanoacrylate) possess the disadvantage
that they either require large amounts of organic solvents and surfactants for
their production, followed by laborious cleaning procedures as in the case of
polyacrylamide (7), or their adjuvant effects are very poor (8,9), as with the
poly(alkyl cyanoacrylates).

In contrast, poly(methyl methacrylate) (PMMA) nanoparticles exhibit very
good adjuvant effects with a considerable number of antigens (4,6,8,9,12–17),
their production procedure is simple and easy (18,19), the scale-up of this pro-
cedure is unproblematic (20), and the material, PMMA, possesses a very good
toxicological safety record, and is slowly biodegradable (6,9–11,21). This good
bioacceptability is demonstrated by the fact that this material is in use as an
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artificial bone and device material for implantation in humans for more than 50
years (22,23).

It is today’s workhorse in bone cements. As a consequence, particles of this
material similar in size to nanoparticles are frequently present in patients’ bod-
ies as the result of such bone-replacement implants. The latter particles origi-
nate from mechanic abrasions of the implants and from interaction with the
body’s cells. The body burden of particulates from these implants is greater by
far than after injection of nanoparticles in amounts required for vaccination
(maximally 2.5 mg/vaccination).

Histological examination of the tissue at the injection site 1 yr after im
injection of a PMMA nanoparticle-containing influenza vaccine in seven
guinea pigs showed no abnormalities (6). Histological reactions such as the
appearance of giant cells and eosinophils were the same as with the fluid vac-
cine control. In a comparative experiment with 24 different adjuvants for an
inactivated HIV-2 split whole-virus vaccine, PMMA nanoparticles were among
the best-tolerated adjuvants (9).

Experiments with 14C-labeled nanoparticles demonstrated that after im or sc
injection, more than 99% of the PMMA nanoparticle adjuvant stays at the
injection site (21,24). These experiments also showed that, with time, the
PMMA particles were biodegraded and radioactive degradation products
were excreted via the feces after a lag period of about 200 d; whereas the urine
levels of radioactivity were not increased. After 287 d, 55–71% of the injected
dose still remained at the injection site (21). These findings are similar to find-
ings with other biodegradable polymers: the biodegradation of these polymers
is also characterized by a lag phase (25) during which the molecular weights of
the polymers are constantly reduced by the degradation process. However, no
significant transport of degradation products and excretion takes place during
this time. After the lag period, when a certain considerable lower molecular
weight is reached, transport of degradation products combined with their elimi-
nation from the body occurs (25). Accordingly, elimination of 14C-label was
observable because of bilary excretion (24,26) after im and sc injection of
14C-PMMA nanoparticles after the time period mentioned above, i.e., 200 d.

As already mentioned in Subheading 1., emulsion polymerization repre-
sents the most important method for the production of nanoparticles for
vaccine adjuvants. In the case of PMMA, a special form of emulsion
polymerization, i.e., emulsifier free emulsion polymerization (heterogeneous
polymerization), is employed. This expression seems to be a contradiction in
itself. The reason for the choice of this expression is owing to the earlier
assumption that the location of the polymerization was within the micelles
formed by the emulsifier that was added to the polymer/water mixture used for
emulsion polymerization (27,28). Later it was found that the kinetics of the
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polymerization process, the particle number, and the particle growth were not
different if no emulsifier was present (29–35). This led to the conclusion that
the place of the particle formation and the initial polymerization is located in
the aqueous phase.

During the initial phase of polymerization, the generated oligomers grow as
more monomer molecules are absorbed and polymerized. At a certain molecu-
lar weight or particle size, the oligomers become insoluble, thus forming the
small separate particles of the polymer latex.

The particle formation is independent of the rate of polymerization (34),
but dependent on the polymer concentration in the aqueous phase (31). This
indicates that the particle formation is thermodynamically controled. In the
case of methyl methacrylate, for instance, particle formation observed by
Tyndall light scattering occurs at a polymer concentration of 0.03 g/100 mL
water (34).

The particles are stabilized either by hydrophilic groups present in the poly-
mer or by emulsifier present in the medium. They continue to grow by absorb-
ing more monomer, which is present in the surrounding aqueous phase, in
the emulsifier micelles, and/or in the monomer droplets, and which diffuses to
the growing nanoparticles. Termination of the polymerization occurs by reac-
tion of the macroradicals with a small radical or with another macroradical
either in the aqueous phase or in the precipitated phase, i.e., the polymer par-
ticles (35). Subsequently, if more and more radicals in the aqueous phase
become absorbed or terminated, no more new particles are formed and the
polymer particles become the main location of polymerization. By absorbing
more monomer, the particles grow gradually until the monomer is completely
converted to polymer.

In the case of the production of PMMA nanoparticles for the use as adju-
vants for vaccines, no surfactants are employed because they would reduce the
adjuvant effect (9).

2. Materials
1. Methyl methacrylate.
2. Sodium hydroxide, analytical grade.
3. Sodium chloride, analytical grade.
4. Potassium peroxodisulfate.
5. Double-neck round-bottom flask, 1 L.
6. Glass stirrer fitting to the above flask.
7. Spiral reflux condenser, 50 cm.
8. Water bath with thermostat.
9. Bath-type ultrasonicator.

10. Photon correlation spectrometer (BI-200 SM with detector BI-DS and digital
correlator BI-2030 AT, Brookhaven Instruments Corp., Holtsville, NY).
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3. Methods
3.1. Purification of the Monomer

1. The monomer, methyl methacrylate, is generally stabilized by polymerization
inhibitors. Remove stabilizers by extraction of 100 mL of methyl methacrylate
with 20 mL of a solution of 5 g NaOH and 20 g NaCl in 100 mL distilled water.

2. Repeat this procedure twice to remove all stabilizer.
3. Wash the methyl methacrylate three times with 20 mL distilled water.
4. Store the water-saturated methyl methacrylate at 2–8°C.

3.2. Polymerization

The polymerization can be performed by γ-irradiation or chemical initia-
tion. Gamma-irradiation has the advantage that it can be performed at room or
refrigerator (2–8°C) temperature. Initiation by high-energy radiation rests upon
the same theories of emulsion polymerization respectively emulsifier-free poly-
merization (36,37). Chemical initiation has the advantage that it does not
require radioactive irradiation facilities. The disadvantage is that temperatures
above 65°C have to be employed. For this reason, the polymerization cannot
be carried out in the presence of heat-sensitive drugs or biological materials.
The polymerization is initiated by the formation of radicals caused by the decay
of the initiator at elevated temperatures. Because oxygen interacts with these
radicals and inhibits or retards polymerization, it has to be reduced by gassing
with nitrogen for 1 h.

3.2.1. Polymerization with Gamma Rays

1. Dissolve a certain amount (between 0.1 and 1.5%) of purified methyl methacry-
late in water, saline 0.9%, buffer solution, or in an antigen solution or suspension.

2. This mixture is then irradiated with gamma rays. Oxygen present in the aqueous
phase does not have to be removed. A dose rate of about 5–25 gy/min leads to
optimal nanoparticle yields ( > 98%) with slightly higher yields at lower dose
rates (38). Polymerization starts at about 0.3–0.4 kgy and reaches about 85%
conversion at 1 kgy, 95% conversion at 2 kGy, and above 98% conversion at
5 kgy. A dose of 25 kgy leads to almost total conversion (38) (see Note 1).

3.2.2. Chemically Initiated Polymerization

1. Degas 1 L of twice-distilled water, saline 0.9%, or a buffer solution by bubbling
of nitrogen for 1 h though this solution.

2. Add into a jacketed round- or flat-bottom flask equipped with a stirrer (magnetic
stirring bar or tightly fitting glass stirrer) that is closed with the reflux condenser.

3. Nitrogen is then bubbled through the water for 15 min.
4. A certain amount of monomer (see Table 1) is added and dissolved in the water

by stirring at about 80 to 500 rpm.
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5. Raise the temperature gradually (about 2°C/min) to about 45°C.
6. Dissolve the polymerization initiator potassium peroxodisulfate (Table 1) in a

small amount of water (this amount should not exceed 4% of the volume of the
aqueous monomer solution) and add to the monomer solution (see Notes 2 and 3).

7. Increase temperature until the desired polymerization temperature (65°C–85°C,
see Table 1) is reached.

8. Keep at this temperature for 2 h.
9. Heat the medium to 90°C in order to enpolymerize trace monomeric residuals (18).

3.3. Particle Size Determination

1. Add 50 mg of lyophilized nanoparticles to 5 mL of dust-free water or to 5 mL of
dustfree aqueous 1% surfactant solution and sonicate in an ice-containing bath-
type sonicator for at least 1 h.

2. Dilute the above suspension or alternatively a nonlyophilized nanoparticle sus-
pension with dust-free water or the above 1% surfactant solution by a factor of
1�100, and sonicate for another hour.

3. Measure immediately in the photon correlation spectrometer (PCS) (see Note 5).

3.4. Vaccine Preparation

PMMA nanoparticles can be used in two forms: the vaccine antigen can
either be incorporated into the nanoparticles or it can be adsorbed to previously
formed particles. In the first case, the polymerization is carried out in presence
of the antigen. In this case, polymerization has to be performed by gamma-ray
irradiation because this type of polymerization can be carried out at room or

Table 1
Influence of Monomer Concentration, Initiator Concentration,
and Temperature on Particle Size and Molecular Weights
of Poly(Methyl Methacrylate) Nanoparticles

Methyl methacrylate concentration (mmol) at two temperatures
Potassium
peroxodisulfate 10 33.75 80 156.25 80 156
concentration ———— ———— ———— ———— –————— ––———
(mmol)

65°C 85°C 65°C 85°C 65°C 85°C 65°C 85°C 65°C 85°C 85°C

Particle size (nm) Molecular Weight (Mw)
0.3 85 72 129 128 181 170 256 262 — 434,000 —
1.65 98 88 151 169 212 193 248 248 — — —
3.0 92 72 135 149 223 177 250 258 289,500 220,500 400,000

Source: Adapted from Berg, U., Immunstimulation durch hochdisperse Polymersuspensionen,
Diss. ETH Zürich No. 6481, Zürich, Switzerland.
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refrigerator temperatures. The conditions with antigens are the same as with
empty nanoparticles (see Subheading 3.2.1.). The presence of the antigens did
not change the polymerization kinetics (37), the physicochemical properties of
the nanoparticles (4–6,12–15), or their biodegradation behavior (24). Doses of
about 5 kgy are optimal for incorporation of antigens, doses of 1.5 kgy are
sufficient for gamma-irradiation-sensitive antigens. Experiments with a num-
ber of inactivated antigens did not reveal any changes of antigenicity or in the
level of the antibody response (38).

3.4.1. Adsorption of the Antigen

Adsorption of vaccine antigens can be performed with nanoparticles pro-
duced by gamma-irradiation (Subheading 3.2.1.) or by chemical polymeriza-
tion (Subheading 3.2.2.). Suspensions are mixed with the antigen in the desired
concentration and are kept for at least 14 h (18), preferentially under gentle
agitation (stirring or shaking).

1. Rewet lyophilized nanoparticles by ultrasonication (45 min or better 3 × 15 min
on 3 consecutive days, and store at 2–8°C).

2. If the antigen is not stable against ultrasonication (most antigens are not stable),
the nanoparticles have to be rewetted separately using water, saline 0.9%, or a
buffer solution and then mixed with the antigen.

3. Nonlyophilized empty nanoparticles or nanoparticles rewetted separately from
antigen are mixed with the antigen in concentration that give the final vaccine
and nanoparticle adjuvant concentrations.

4. Store this mixture at least for 14 h (18) before it is used as a vaccine. If possible,
the mixture should be shaken or stirred gently during this minimal storage time
(see Notes 6–11).

3.4.2. Incorporation of the Antigen

1. Use antigen instead of water, saline, or buffer and polymerize as descibed in
Subheading 3.2.1.

2. This preparation can be used directly after preparation (see Notes 6–11).

3.5. Storage

1. The nanoparticle vaccines can be stored in the refrigerator or, if the antigen with-
stands lyophilization, in lyophilized form (see Note 4).

3.6. Conclusions

PMMA nanoparticles are polymeric particulate adjuvants for vaccines.
These nanoparticles can easily be manufactured in a reproducible manner in
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the described particle sizes and with specific surface properties. Scale-up of
the production process is also facile (20). PMMA is a material with a good
safety record that has been used in humans for more than 50 yr. PMMA
nanoparticle adjuvants achieved good antibody responses and good protection
against challenge with a number of antigens. Additionally, they also seem to
lead to a higher stability of the vaccines containing this type of adjuvant.

4. Notes
1. The particle size of PMMA nanoparticles produced by gamma ray-initiated poly-

merization is about 120 to 150 nm (18,39). The molecular weights of these par-
ticles are between 20,000 and 80,000, depending on the initial monomer
concentration and the electrolyte concentration in the surrounding medium
(34,40).

2. High initiator concentrations (> 5 mmol) lead to precipitation and flocculation.
Lower initiator concentrations lead to the formation of a stable latex (18). In the
latter system, the particles are stabilized by electric repulsion generated by the
persulfate groups, which are covalently linked to the polymer molecules and are
not removable by dialysis.

3. The monomer concentration strongly influences both the molecular weight and
the particle size. The temperature effect is less important for the molecular weight
and much less significant for the partice size (Table 1). The initiator concentra-
tion has an opposite effect: increasing initiator concentrations decreases the
molecular weight very significantly, but increases the particle size slightly. For
this reason, it has to be concluded that the mechanism of the growth of the poly-
mer molecule itself and the mechanism of particle growth and stabilization are
different. It can be further concluded that one particle consists of more than one
polymer molecule: at a density of 1.06 g/mL and an approximate diameter of 150 nm
(39), the molecular weight should be about 1011 if one particle would consist of
one molecule. However, the observed molecular weights (Table 1) demonstrate
that one particle consists of about 2 × 105 to 107 polymer molecules. The particle
formation is, as discussed above in Subheading 1., thermodynamically controlled
(34): whereas an increase in initiator molecules leads to a decrease in molecular
weight at a given monomer concentration, the particle size will increase because
more stabilizing sulfate groups originating from the stabilizer can be formed on the
polymer surface.

4. PMMA nanoparticles, as well as nanoparticles-containing vaccines, may be
stored in lyophilized form at room temperature or in an aqueous suspension at
2–8°C. Their stability depends on the antigen present. Empty PMMA nan-
oparticles kept under sterile conditions are stable for at least 5 yr after storage in
suspension in the refrigerator or for 25 yr in freeze-dried form at room temperature.

5. Physicochemical Properties: The average particle size of PMMA nanoparticles
produced by γ-irradiation is about 130 ± 30 nm (39), their molecular weights,
MGPC, Mw, and Mn are listed in Table 2 (40). The density of these particles is
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1.06 g/cm3. Their specific surface depends on their size, in the case of the 130-nm
nanoparticles produced by γ-irradiation it was 50 m2/g, and the electrophoretic
mobility in water was –2.75 ± 0.6 µm cm s–1 V–1 (39). Figures 1 and 2 show
scanning electron microscopy pictures of PMMA nanoparticles produced by
gamma-irradiation (5 kgy) in water (Fig. 1) or in phosphate-buffered saline pH
7.2 (PBS; Fig 2).

The particle sizes and molecular weights of PMMA nanoparticles produced
by chemical initiation are listed in Table 1. Their density, specific surface area,
and electrophoretic mobility depends on the exact polymerization conditions and
on the initiator used (18).

Table 2
Molecular Weights of Poly(Methyl Methacrylate)
Nanoparticles after γ-Ray-Initiated Polymerization

Polymerization medium MGPC Mw Mn

100 mmol/L MMAa in PBS; 4°C 20,280 42,400 5655
100 mmol/L MMAa in water; 4°C 18,370 37,500 5680
100 mmol/L MMAa in water; freeze-dried; 4°C 18,350 36,400 3920

aMonomeric methyl methacrylate
Adapted from ref. 40.

Fig. 1. Scanning electron micrograph of PMMA nanoparticles polymerized by
γ-irradiation in water. Marker = 500 nm.
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All PMMA nanoparticles are X-ray amorphous independent from their poly-
merization method.

6. Vaccination: PMMA nanoparticles can be used in vaccines for im, sc injection,
and also perorally. They may be also used in combination vaccines or in combi-
nation with other adjuvants (9). The optimal adjuvant concentration with most
antigens was 0.5% (4,8,17). Boosting is possible and unproblematic. No allergic
or other advers reactions were observed.

7. The adjuvant effect increases with decreasing particle size (12,15) and increasing
hydrophobicity (8,9) (see also Fig. 3). Consequently, addition of surfactants
reduces the adjuvant effect of PMMA nanoparticles (9).

8. The ability to achieve a reproducible small particle size with PMMA
nanoparticles is a significant advantage over a number of other adjuvants. With
emulsions, the size of the droplets may change from preparation to preparation
(3,12). Moreover, the particle size that is relevant for the immune response may
be further altered during and after injection: the consistency of the tissue into
which the vaccine is injected may yield a smaller droplet size because of frict-
ion between the vaccine liquid and the tissue. On the other hand, for instance
fatty tissue may induce a coalescence of the droplets resulting in a larger particle
size (3).

9. The antibody response, as well as protection in most cases, is especially pro-
nounced after longer time periods with incorporated, as well as with adsorbed

Fig. 2. Scanning electron micrograph of PMMA nanoparticles polymerized by
γ-irradiation in PBS, pH 7.2 . Marker = 500 nm.
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virus (14) (Fig. 4). In addition, these PMMA nanoparticle vaccines can increase
vaccine stability against temperature inactivation (14).

10. With some antigens, such as HIV-1, a delayed antibody response may be observed
(16,17). Significantly high antibody titers with HIV-1 were reached after 10 wk,
whereas HIV-2 yielded high titers already after 4 wk. Although the HIV-1 anti-
body titers were about 5 to 10 times lower than with HIV-2, they still were about
10 times higher than those with aluminum hydroxide or with the fluid vaccine,
even in comparison to HIV-2.

11. A combination of two or more different carriers or adjuvants may be necessary to
induce the optimal immune response (9,10): In an experiment using a single

Fig. 3. The antibody titers of the mouse sera were determined by a radial immunod-
iffusion test (Mancini method) and quantitated by the diameter of the precipitation
ring. The figure shows the precipitation ring diameters (antibody response; mean ±
~95% confidence intervals) after immunization of mice with different bovine serum
albumin vaccines. The variables shown are size of the adjuvant particles, and copoly-
mer composition: PMMA, poly(methyl methacrylate); HEMA/MMA, 2-hydroxyethyl
methacrylate/methyl methacrylate copolymer. The standard deviations of the polymer
particle sizes are: preparation 1, 9 nm; preparation 2, 12 nm; preparation 3, 12 nm;
preparation 4, 4,83 nm; preparation 5, 12 nm; peparation 6, 17 nm; preparation 7, 35 nm;
preparation 8, 2 nm; and preparation 9, 6 nm. Reproduced from Kreuter et al. (1988)
Vaccine 6, 255, by permission of the publishers, Butterworth Heinemann Ltd.
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injection of 5 µg antigen and a single time-point determination after 10 wk,
PMMA nanoparticles were compared to 24 different adjuvants including differ-
ent aluminum compounds, Freund’s Complete (FCA) and Incomplete (FIA)
Adjuvants, liposomes, surfactants, Iscoms, and muramyl peptides (Fig. 5). In
this experiment, the nanoparticles yielded by far the highest ELISA antibody
titers (9). This experiment also showed that using Western blots, a whole virus
vaccine that contained a variety of single antigenic components, some adjuvants
were more effective against one antigenic component, whereas other adjuvants were
more effective against others. In this experiment, PMMA nanoparticles failed to
induce significant antibodies against gp120 as detected by the Western blot. Only
aluminum hydroxide, aluminum phosphate, Aerosil® 200, Aerosil® R972, FCA
and FIA adjuvants were able to induce significant antibody responses to gp120.
This antigen is very hydrophilic and it appears that in an immunogen mixture, as
was used in the split virus vaccine, the gp120 was not able to interact with the
very hydrophobic PMMA nanoparticles and, therefore, was unable to induce
antibodies in significant amounts. This observation, therefore, demonstrates
that the choice of an optimal adjuvant or carrier depends on the physicochemical
and biochemical properties of the immunogen. A combination of two or more
different carriers or adjuvants may be necessary to induce the optimal immune
response (9,10).

Fig. 4. Protection of mice against infection with a dose of 50 LD50 of infectious
mice-adapted influenza virus after sc immunization with 20 IU of AoPR 8 whole virus
using the following adjuvants: ● incorporation into 0.5% PMMA; � adsorption onto
0.5% PMMA; ■ adsorption onto 0.2% aluminium hydroxide; ∆ fluid vaccine without
adjuvant. Higher challenge = 250 LD50. Reproduced from Kreuter (1988)
J. Microencapsul. 5, 116, by permission of the publishers, Taylor and Francis.
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Fig. 5. Serum antibody titers against HIV-2 inactivated split whole virus in mice
immunized with 5 µg viral proteins in combination with different adjuvants. Mice
immunized with ISCOMs received 0.5 µg protein. PMMA, poly(methyl methacrylate)
nanoparticles; Alum HC, aluminum hydroxycarbonate (produced by S.L. Hem, Purdue
University); FCA, Freund’s complete adjuvant; FIA, Freund’s incomplete adjuvant;
MLV, multilamellar large vesicles, incorporated antigen; SUV, bilayer, small
unilamellar vesicles, protein integrated into the bilayer; SUV, adsorbed, small
unilamellar vesicles, protein adsorbed onto the surface; MDP, N-acetyl-L-muramyl-
L-alanyl-D-isoglutamine; SAF-l, Syntex Adjuvant Formulation-l; PHCA,
poly(hexylcyanoacrylate) nanoparticles; PBCA, poly(butylcyanoacrylate) nano-
particles; ISCOMs, immunostimulating complexes; Alphos/L121, combination of alu-
minum phosphate and Synperonic® PE L121; PMMA/L121, combination of PMMA
and Synperonic® PE L121; PMMA/F68, combination of PMMA and Pluronic® F68.
Reproduced from Stieneker et al. (1995) Vaccine 13, 49, by permission of the publish-
ers, Butterworth Heinemann Ltd.
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Aqueous Formulation of Adjuvant-Active
Nonionic Block Copolymers
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1. Introduction
Despite the recent advances in vaccine technology, there is still a need for

safe and effective adjuvants to potentiate the immune responses to subunit
immunogens (1). Depending on the disease in question, the vaccine-induced
protection may require either a predominantly antibody-mediated response,
under the control of (T-helper lymphocyte) Th2-associated cytokines, typically
interleukin-4, -5, and -10 (IL-4, -5, -10), or a predominantly cellular response,
the Th1 type, characterized by cells producing IL-2, IL-12, and gamma-
interferon (γ-IFN), or some combination thereof (2,3). Ideally, a vaccine deliv-
ery technology will be compatible with a wide variety of antigens and have
the flexibility to achieve this goal of shifting the Th1/Th2 balance of the
immune response with minimal formulation changes.

Our approach has been to develop a group of copolymer adjuvants, the
Optivax® System, to fill this need. We have produced adjuvant-active nonionic
block copolymers that are flexible, linear structures with a core of hydrophobic
polyoxypropylene (POP) flanked on both ends by hydrophilic polyoxyethylene
(POE) (Fig. 1). These molecules can be synthesized with variable ratios of
POP and POE with molecular weights ranging from 1 to 20 kilodaltons (kDa).
Their adjuvant activity was originally demonstrated in emulsions supplemented
with low molecular-weight (2–5 kDa) copolymers (4–6). More recently, we
have produced high molecular-weight copolymers (> 9 kDa), which are active
in oil-free aqueous formulations (7–9). Preclinical studies showed the adjuvant
activity of these compounds and illustrated how the best copolymer could be
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selected for a given antigen (9). Additional studies in rabbits support the safety
and lack of toxicity of the copolymers both at the injection site and systemically.

Other preclinical studies provided evidence that copolymers with slightly
different structures and physicochemical properties have the ability to shift the
balance of the Th1/Th2 cellular immune response (see Subheading 3.4.).
When one of these copolymers, termed CRL-1005, was evaluated in a human
clinical trial in combination with a peptide-conjugate antigen, the formulation
stimulated strong antibody responses with only minimal local and systemic
reactogenicity (10). In addition to augmenting antibody production, the adju-
vant increased the production of cytokines associated with both Th1 and Th2
cellular immune responses. The activity of this copolymer in the clinical set-
ting and the preclinical findings concerning the effects of these polymers on
the balance of the Th1/Th2 immune response, thus open the possibility of spe-
cifically tailoring the copolymer to the antigen to produce the optimal immune
response desired for protection or immunotherapy.

Our high molecular-weight nonionic block copolymers are synthesized from
propylene oxide and ethylene oxide by a proprietary method. In a typical reac-
tion, propylene oxide is reacted with propylene glycol, a bifunctional initiator,
in the presence of an alkali metal salt catalyst (11). Close control of the reac-
tion temperature and pressure favors the production of a linear copolymer that
grows by addition of monomers to both ends of the molecule. Synthesis with
propylene oxide proceeds until the hydrophobic POP core reaches the required
size, which for copolymer CRL-1005 is approximately 12 kDa, then polymer-
ization is continued with ethylene oxide to produce hydrophilic blocks of POE
on both ends of the central, hydrophobic POP core. In copolymer CRL-1005,
POE constitutes about 5% of the molecule by weight. After completing poly-
merization, the reactive ends of the polymers are quenched with water, the
catalyst is adsorbed onto a mixture of magnesium silicate and silicon dioxide,
then removed by filtration.

The resulting Optivax copolymers are clear, viscous liquids with apparent
viscosities of approximately 4000 centipoise at 25°C. They are amphipathic
compounds with inverse solubility characteristics in aqueous media. Below

Fig. 1. The structure of non-ionic block copolymers. The central core of poly
oxypropylene (POP) is sandwiched between two blocks of poly oxyethylene (POE).
In copolymer CRL-1005 (5% POE), a ≈ 8 and b ≈ 210; in CRL-2690 (10% POE),
a ≈ 16 and b ≈ 210.
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their cloud points (7–12°C), these copolymers are water soluble and form clear
solutions that can be filter sterilized. The solution process involves the forma-
tion of hydrogen bonds between oxygen atoms and hydroxyl groups in the
copolymer and water molecules. When a solution of copolymer is warmed and
passes through its cloud point, the increased thermal motion is sufficient to
break the hydrogen bonds and as the copolymer molecules come out of solu-
tion, they “self-assemble” into microparticles 0.5–2 µm in diameter (8,9). The
process is reversible. Upon storage of a formulation below its cloud point, the
copolymer resolubilizes to give a clear solution. If microparticle formation
occurs in the presence of antigen, the size and appearance of the particles
are different, indicating an association of the copolymer adjuvant with the
antigen (9).

The interaction and incorporation of antigens with adjuvants cover the spec-
trum from the high efficiency adsorption of antigen onto aluminum compounds
(12) to the very limited physical interaction antigens with saponins such as
Qs-21 (13). As noted above, the interaction of the antigens with the nonionic
block copolymers is an association rather than an adsorption or entrapment. At
room temperature, the copolymer in the particles is in equilibrium with that in
free solution. Therefore, it has been difficult both to separate free antigen from
that which is copolymer-bound and thereby to measure the degree of associa-
tion of copolymer with different antigens.

The change in size and morphology of the copolymer particles formed in the
presence of antigen is dependent on the antigen. Formulation of CRL-1005
with human influenza virus vaccine, which is primarily viral hemagglutinin
with some neuraminidase, results in the formation of smaller (0.1–0.6 µm
diameter) and smoother particles than copolymer alone. In contrast, the asso-
ciation of chicken ovalbumin (OVA) with this copolymer yields slightly larger
particles (0.5–3 µm diameter) than CRL-1005 alone (8,9). The viral antigens
are trans-membrane proteins with hydrophobic regions whereas OVA is a
hydrophilic molecule. These differences may be affecting the interactions of
the respective proteins with the copolymer both in the solution phase and during
particle formation and thereby underlie the differences in size and morphology
noted in the final antigen/adjuvant formulations.

Particle size is minimally affected by the changes in pH, osmolarity, and
buffer salts encountered in physiologically compatible formulations. Afore-
mentioned, particle formation occurs as the copolymer warms through its cloud
point. Adding energy at this step, either by immersion of the formulation in a
37°C water bath or vortexing the mixture results in smaller particles. However,
these changes have little effect on the adjuvanticity of the final preparation.
When such a microparticulate formulation of copolymer and antigen is injected,
it is likely that the antigen is presented to the immune system in the particulate
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form favored for optimal processing and induction of immune responses (14).
These microparticulate suspensions are not emulsions. They are totally oil-free
and can be formulated with a wide variety of antigens and subunit vaccine
preparations under physiologic conditions.

The two major factors that influence the cloud point of CRL-1005, and that
are pertinent to the formulation process, are the concentrations of the copoly-
mer and the cations in the aqueous medium, respectively. A solution of 10 mg/mL
CRL-1005 in water has a cloud point of 8.2°C (Fig. 2). Increasing the copoly-
mer concentration lowers the cloud point, decreasing it to 3.6°C at 140 mg/mL.
The cloud point in physiologic media is also affected by the ionic environment.
At identical copolymer concentrations, increasing the concentration of sodium
chloride from 0 to 0.15M lowers the cloud point by about 1.5°C (Fig. 2). This
depression is owing to the cation concentration, in this case Na+, and not the
anions (15). The sodium ions are believed to exert their influence by decreas-
ing the interaction between water molecules and the copolymer, thereby weak-
ening the hydrogen bonds (15). For practical purposes, the decreasing cloud
point limits solubility in isotonic media to about 100 mg/mL.

Fig. 2. The effects of CRL-1005 concentration and ionic strength on cloud point.
The cloud points of increasing concentrations of CRL-1005 were determined follow-
ing solubilization in either water (solid line) or 0.15M sodium chloride (broken line).
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2. Materials
2.1. Formulation

1. Copolymer raw material, e.g., CRL-1005, CRL-2690, CytRx Corporation
(Norcross, GA).

2. Physiological buffer, e.g., PBS, citrate saline (refer to Note 1).
3. Antigen solution, e.g., ovalbumin, tetanus toxoid, influenza hemagglutinin, and

so on.

2.2. Copolymer Assay

1. HPLC system (Waters, Milford, MA, or equivalent) equipped with 2 columns
(Styragel HR3 + Ultrastyragel 500 Å), in series plus a refractive index detector.

2. Tetrahydrofuran with BHT antioxidant (VWR Scientific, Atlanta, GA).
3. Copolymer Reference Standard (CytRx Corporation).

2.3. Antigen Assay

1. Materials Required: Bio-Rad Detergent Compatible Assay (Bio-Rad, Hercules,
CA, Number 500-0112).

2.4. Determination of Particle Size

1. Accusizer 770 and Nicomp 370 Particle Sizers (Particle Sizing Systems, Santa
Barbara, CA) or equivalent.

2. Latex Calibration Microspheres (Duke Scientific, Palo Alto, CA).

3. Methods
3.1. Outline of Formulation

The two physicochemical properties of the copolymers that affect the solu-
bilization process are the cloud point of the final solution and the viscosity of
the raw material. For the copolymer to go into aqueous solution, its tempera-
ture must be below its cloud point, for example, 5.5°C for a 40 mg/mL solution
of CRL-1005 in isotonic saline (see Fig. 2). However, at this low temperature,
the increased viscosity of the bulk copolymer and its decreased rate of solubi-
lization combine to slow the dissolution process significantly. To speed up
solubilization, we weigh out the copolymer at room temperature, then disperse
it by vortexing or stirring into the required amount of buffer to give a heteroge-
neous suspension of particles and globules ≤ 200 µm in diameter. Upon chill-
ing this suspension on ice with either stirring or agitation, the dispersed
copolymer readily dissolves. The final copolymer solution has a viscosity simi-
lar to saline and can be sterilized with a 0.2-µm filter provided that the bulk
solution and the filter are both kept cold.
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3.2. Preparation of Copolymer Solution

1. Weigh out 1 g copolymer into a 50-mL polypropylene centrifuge tube using a
polypropylene transfer pipet.

2. Add 19 g buffer to give a 5% (w/w) solution (= 50 mg/mL).
3. Purge the tube head space with nitrogen.
4. Securely cap tube and vortex the formulation to disperse the copolymer into the

buffer. Ensure no copolymer is remaining on the side of the tube.
5. Place the tube sideway in crushed ice and agitate on a gyrotory or reciprocal

shaker at approx 110 rpm for approximately 1 h to cold solubilize the copolymer.
Turn the tube occasionally to ensure thorough dissolution. Check that the
copolymer is completely dissolved, then keep the resulting solution on ice.

6. Totally surround a 0.2-µm 115-mL filter to the top of the unit with crushed ice
and allow it to chill for at least 15 min.

7. Keeping the filter in the ice, pour the ice-cold clear, copolymer solution into the
ice-cold filter and apply negative pressure to filter the solution. Do not try to
filter a solution with any cloudiness (see Note 2).

8. Allow the copolymer to warm slowly to room temperature and go cloudy, then
transfer it to a sterile tube. Purge the tube head space with sterile filtered nitro-
gen, cap, and seal (see Note 3).

3.3. Preparation of Formulations

1. Using sterile technique and working at room temperature, add appropriate vol-
umes of 50 mg/mL copolymer, antigen, and buffer to give the final formulation
for injection (see Note 4).

2. Chill the formulation on ice until the copolymer dissolves and the preparation
goes clear. Leave on ice for 30 min to allow the antigen and copolymer to interact.

3. Allow formulation to warm slowly to room temperature for about 15 min and go
cloudy. Mix once more by inversion before injecting animals.

4. Formulations of copolymer and antigen can be kept at 4°C for several days pro-
vided they are stored under nitrogen.

5. Although formulation is performed at room temperature when the copolymer is
particulate, optimal adjuvant activity is achieved by cold solubilization of the
adjuvant with the antigen then allowing particle formation to occur in the pres-
ence of antigen.

6. Because the natural state of the copolymer is a viscous liquid, formulations can-
not be lyophilized and reconstituted later.

3.4. Dosing and Applications

The copolymers can function as adjuvants over a range of concentrations
depending on the antigen and the animal immunized. Whenever possible, we per-
form a dose-response curve for each new antigen and species to determine the
optimal copolymer dose. It is possible to overdose with the copolymer and lose
adjuvant activity. The antigen may be diluted out at a high copolymer dose, and
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consequent high copolymer to antigen ratio, such that antigen presenting cells are
saturated with the copolymer and have minimal antigen to process and present.

Working in mice, we have successfully used from 1.25–5 mg CRL-1005
with 4.5 µg of human influenza virus vaccine (Fig. 3) and 2.5–5.0 mg copoly-
mer with 15 µg ovalbumin (8,9). For most antigens, we routinely use a 2.5 mg
dose in mice, for example, 100 µL of 25 mg/mL copolymer formulated with
the appropriate concentration of antigen and a minimum of 28 d between
primary and secondary injections. However, for antigens administered in the
0.5–2 µg range, a lower copolymer dose of about 1 mg is preferable.

Fig. 3. The serological responses of mice to Fluogen® supplemented with increas-
ing amounts of CRL-1005. Groups of Balb/C mice were immunized on day 0 with
4.5 µg Fluogen HA. The antigen was administered either alone or supplemented with
1.25, 2.5, or 5 mg, respectively, of CRL-1005. Antibody concentrations at day 28 were
measured by ELISA against total Fluogen viral proteins and were quantified by inter-
polation on to a dilution curve of an in-house standard serum which had been assigned
10,000 ELISA U/mL.
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The copolymers also work well in nonhuman primates and people. A 25 mg
dose of CRL-1005 with 45 µg human influenza virus hemagglutinin augmented
both ELISA-reactive antibody (Fig. 4) and functional hemagglutination-
inhibition antibody in rhesus macaques compared to unadjuvanted controls (7).

We performed a clinical trial evaluating CRL-1005 as an adjuvant with the
peptide conjugate antigen βhCG-CTP37-DT for an immunotherapeutic indica-
tion. Certain tumor types display βhCG on their surface and because its
expression is normally restricted to the developing fetus, this molecule has
been evaluated as a possible target antigen for imunotherapy (16). The syn-
thetic peptide antigen consisted of the 37 carboxy terminal amino acids of
βhCG (CTP37) covalently coupled to diphtheria toxoid (DT) at a ratio of

Fig. 4. The kinetics of serum antibody responses induced in rhesus monkeys fol-
lowing two immunizations on days 0 and 28 ( ↑ ) with 45 µg Fluogen® HA. Two
monkeys were administered the antigen alone (open symbols, dashed lines), and two
received antigen supplemented with 25 mg CRL-1005 (filled symbols, solid lines).
Antibody concentrations were measured by ELISA against total Fluogen viral proteins
and are expressed as absorbance units (450 nm) obtained at a 1/100 serum dilution.



Block Copolymers 129

approximately 30 CTP37 peptides to each DT molecule. We performed a dose-
response escalation, evaluating 4 doses of CRL-1005 at 3, 10, 25, and 75 mg,
each with 1 mg of βhCG-CTP37-DT (10). The copolymer was most effective
in the 3–25 mg range giving antibody titers equivalent or superior to those
previously seen with the same antigen administered in a water-in-oil emulsion
adjuvanted with nor-muramyl dipeptide (16). A decrease in adjuvant activity
at 75 mg in people was consistent with the high dose effect previously noted in
mice. At this dose, there was no increase in the rate of local or systemic side
effects, supporting the safety of the copolymer.

In addition to the studies cited above, either in collaborations with others or
in house, we have formulated the Optivax copolymers with a wide range of
viral, bacterial, and protozoal antigens with successful results. The copolymers
are effective with whole organisms as well as purified subunits, proteins, and
conjugate immunogens containing peptide and carbohydrate determinants.

The copolymer is not believed to cause significant denaturation of antigens.
We immunized mice and rhesus macaques with commercial human influenza
vaccine adjuvanted with CRL-1005. The sera were positive by ELISA and con-
tained functional antibody with hemagglutination-inhibition activity (7). In
separate experiments, mice were immunized with inactivated mouse-adapted
influenza virus adjuvanted with CRL-1005. Upon challenge with live virus,
these animals demonstrated protection superior to mice that received the
unadjuvanted virus alone. Both these experiments are consistent with a lack of
denaturation of the critical neutralizing epitopes on the viral hemagglutinin by
the copolymer.

The immune responses in mice have been differentiated into either Th1- or
Th2-type based on the cytokine profile induced. The Th1 profile is character-
ized by the initial production of γ-IFN and IL-12 with an effector phase of
T lymphocytes producing IL-2 and γ-IFN, and mediating cytotoxic activity (CTL)
(17,18). In contrast, Th2 responses are influenced by IL-4 with predominantly
IL-5 and IL-10-producing T cells in the effector phase that drive antibody pro-
duction (19). In general, viral infections elicit a predominantly CTL-mediated
Th1 response whereas bacterial and parasitic infections induce antibody-
dependent Th2 responses (3,19). As a consequence, it is critical that immunization
achieves the appropriate type of immune response to protect against the indi-
cated pathogen and in this context, the effects of the adjuvant can be critical.

The Optivax copolymers have been evaluated for their abilities to stimulate
the immune response differentially. The series used had a POP core of 11 kDa
with different amounts of POE. Cytokine profiles were examined in response
to the antigen ovalbumin formulated with these copolymers. The adjuvants
alum, which induces Th2 responses, and Quil-A saponin, which augments both
Th1 and Th2 responses, were included as positive controls. The copolymers
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displayed differential activity (Table 1). The more hydrophobic copolymer
with 5% POE induced a mixed Th1 and Th2 response of γ-IFN, IL-2, IL-5 and
IL-10. In contrast the more hydrophilic copolymer with 10% POE induced a
predominantly Th2 profile characterized by lower levels of γ-IFN, undetect-
able IL-2, and with high concentrations of IL-5 and IL-10 (11). In separate
experiments, Quil-A and the 5% POE copolymer were able to induce CTL, but
the 10% copolymer and alum failed to stimulate comparable responses (11).
These experimental data are supported by the observations in the clinical trial
where the hydrophilic copolymer CRL-1005 stimulated the secretion of the
Th1-associated cytokines γ-IFN and IL-2 as well as the Th2-associated
cytokines IL-5 and IL-10 (10). Although the nature of the response also
depends on the antigen, based on these data we believe that with the Optivax
system of adjuvants, it may be possible to match the antigen with the appropri-
ate copolymer to elicit the type of response desired for protection or therapy.
However, it is not currently possible to predict which copolymers will be opti-
mal for each antigen and further studies will be needed.

3.5. Safety

We have tested the safety of copolymer CRL-1005 in a variety of preclinical
and clinical settings both alone and in combination with antigens. All the data

Table 1
The Effects of Different Copolymers on the Augmentation
or Induction of Th1 and Th2 Lymphocyte Responses

Th1 cytokine concentrations Th2 cytokine concentrations
Adjuvant Used (pg/mL) (pg/mL)

γ-IFN IL-2 IL-5 IL-10
Alum 198 10 5550 5120
Quil-A 318 38 5010 6230
5% POE 327 48 6460 6500
10% POE 156 10 5130 4510

Augmentation of OVA-specific cellular immune responses by the use of adjuvants was deter-
mined using antigen-driven cytokine production in vitro. Groups of C57Bl/6 mice were immu-
nized on d 0 and d 28 with 25 µg/dose OVA formulated with different adjuvants. The adjuvants
alum, which induces Th2 responses, and Quil-A saponin, which augments both Th1 and Th2
responses, were included as positive controls. The experimental adjuvants were copolymers with
11 kDa POP cores and either 5 or 10% POE. Splenic leukocytes were harvested on d 56 and
cultured in vitro for 5 d with and without 25 µg/mL OVA using standard techniques. The concen-
trations of cytokines in culture supernatants were assayed using a commercially-available cap-
ture ELISA with the unknowns quantitated against a standard curve (PharMingen, Los Angeles,
CA). Data represent (Cytokine concentration in OVA stimulated cultures) – (Cytokine concen-
tration in control cultures).
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generated to date support the safety of this adjuvant technology and the lack of
local and systemic toxicity. A preclinical safety/toxicity study in rabbits exam-
ined the safety of three intramuscular injections of aqueous CRL-1005 given
without antigen at monthly intervals. Five groups of animals, each of 10 males
and 10 females, were given the copolymer at 0 (saline control), 12.5 mg, 25 mg,
50 mg, and 80 mg per dose, respectively. The rabbits were monitored for any
sign of injection site reactogenicity or systemic effects such as changes in tem-
perature, weight, hematology, and blood chemistry, then examined at sacrifice
by gross necropsy and histopathology. There were no clinical signs of toxicity
observed during the study and histology revealed no treatment-related changes
at the injection sites or in other tissues examined.

As part of the release testing of materials for use in the first Phase 1 clinical
trial of CRL-1005, the formulations were evaluated in the General Safety Test
required by the United States Food and Drug Administration for vaccines (20).
Because the copolymer and the antigen (βhCG-CTP37-DT) were to be admin-
istered im to patients in a 1-mL volume at 4 dose combinations of constant
antigen dose and escalating adjuvant doses, the General Safety Test was per-
formed with 0.5-mL and 5.0-mL volumes of the following human doses in mice
and guinea pigs, respectively:

1. 1.0 mg βhCG-CTP37-DT + 13 mg CRL-1005
2. 1.0 mg βhCG-CTP37-DT + 10 mg CRL-1005
3. 1.0 mg βhCG-CTP37-DT + 25 mg CRL-1005
4. 1.0 mg βhCG-CTP37-DT + 75 mg CRL-1005

All four formulations passed the General Safety Test.
In addition to the General Safety Test, the copolymer and antigen were tested

alone and in combination for their pyrogenicity when injected intravenously
into rabbits (21). The doses of copolymer adjuvant (1.07 mg/kg) and antigen
conjugate (14.3 µg/kg) were proportional, on a body-weight basis, to the maxi-
mal single human doses (75 mg copolymer + 1 mg antigen) subsequently used
in the clinical trial. All three materials tested (CRL-1005 alone, βhCG-CTP37-DT
alone, and CRL-1005 + βhCG-CTP37-DT) were nonpyrogenic. Since that
study, we have tested another GMP-manufactured lot of aqueous CRL-1005
by both the rabbit pyrogenicity test and the Limulus amebocyte lysate (LAL)
gel clot assay (22). The material was nonpyrogenic by both methods. By the
quantitative LAL assay, the endotoxin concentration in the sample was deter-
mined to be less than 0.625 endotoxin U/mL, the detection limit for the assay.
The four CRL-1005 + βhCG-CTP37-DT formulations tested above were sub-
sequently used in a Phase 1 human clinical trial. All formulations were admin-
istered without evidence of significant local or systemic toxicity (10).
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The data summarized above support the safety and lack of toxicity of
copolymer adjuvant CRL-1005. The copolymer is not inherently pyrogenic and
aqueous clinical materials have been repeatedly manufactured with undetect-
able endotoxin concentrations. In addition, the General Safety Tests in mice
and guinea pigs indicated that large doses of the vaccine formulations have
low toxicity. Finally, the preclinical study in rabbits and the Phase 1 clinical
trial in humans demonstrate the lack of both local reactogenicity and systemic
effects when CRL-1005 is administered intramuscularly. Considering these
results, we are confident that copolymer CRL-1005 has a safety profile superior to
most of the other new adjuvants currently being evaluated for use in humans.

3.6. Assay of Copolymer Solution to Determine Dosing

The most practical way to measure the concentration of these copolymers in
aqueous preparations is by gel permeation chromatography (GPC) with tet-
rahydrofuran (THF) as the mobile phase. The copolymer is dissolved in the
organic phase by diluting the aqueous sample at least 20-fold in THF. Hydro-
philic materials such as buffer salts and proteins precipitate out and are
removed by filtration, then the copolymer is assayed by size-based GPC with a
refractive index detector. The concentration of copolymer in the sample is
determined by comparison of the peak areas of the sample and a known con-
centration of the Reference Standard, respectively.

1. Copolymer Reference Standard. Dissolve 200 mg of Reference Standard in THF,
make up to 100 mL to give 2 mg/mL. Add 10 mL of 2 mg/mL copolymer solution
to 40 mL THF to give a 0.4 mg/mL solution.

2. Sample preparation. Weigh out 0.8 g of 25 mg/mL aqueous copolymer solution
and make up to 50 mL with THF to give a nominal 0.4 mg/mL solution.

3. GPC equipment preparation. Set up and equilibrate the HPLC system for a GPC
run. Set up software for the run and prepare the sample queue.

4. System suitability. Make five injections of the reference material. Calculate the
standard deviation of the peak response elution time. The Percent Relative Stan-
dard Deviation (RSD) should not exceed 3% for any of the standards run.

5. Sample analysis. For each injection (sample or reference standard) to be run,
filter the dilution into a 250-µL insert, and load the insert into a 4-mL vial.

6. Cap each vial and place into the sample carrier in the following order: system
suitability (five injections of reference standard), duplicate aliquots of each
sample preparation and reference standards. Run a reference standard after every
four sample injections and at the end of the run.

7. Perform the Analytical run.
8. From the peak areas of the samples compared with the peak areas of the reference

standard and its known concentration, determine the concentration of copolymer
in the samples.
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3.7. Measurement of Protein in the Presence
of Copolymer to Determine Antigen Dose

Many protein assays are based on the formation of a colored product follow-
ing interactions between the reagents and the polypeptide chain. Because these
assays are read at room temperature, any determination of protein in the pres-
ence of copolymer, which would be in the microparticulate form, would result
in a cloudy sample and interference with the determination of color intensity.
The Bio-Rad Detergent Compatible Assay is based on the well documented
Lowry method and contains sodium dodecyl sulfate (SDS), which solubilizes
the copolymer at room temperature, allowing the analysis to proceed.

The assay is performed according to the manufacturer’s instructions except
that the formulation must initially be diluted to ≤ 2.5 mg/mL copolymer. At
this concentration, the SDS in the assay reagents can solubilize the copolymer.

3.8. Measurement of Particle Size

We have used the measurement of particle size to determine the interaction
of the copolymers with different antigens and to explore the effects of varying
particle size on the adjuvant effect. The Accusizer 770 directly measures both
the numbers and sizes of particles ≥ 1 µm by optical sensing based on light
obscuration of single particles passing through a photo zone. It reports data as
number of particles within a given channel of specified width. In contrast, the
Nicomp 370 uses dynamic light scattering at 90° to measure the distribution of
particles. It records the Relative Number of particles within a designated size
range with the channel containing the greatest number arbitrarily set at 1.0.
The Nicomp 370 is best suited for particles ≤ 1 µm. Because the size distribu-
tion of the copolymer microparticles ranges from 0.5–3 µm, we use both
instruments to analyze copolymer formulations with and without antigen. Both
instruments are set up and calibrated with latex microspheres according to the
manufacturers instructions.

1. Accusizer 770. Add 10 µL of copolymer suspension to 20 mL filtered PBS in the
instrument reservoir. Run particle sizer in Autodilution mode. Print out particle
size distribution and channel counts.

2. Nicomp 370. Dilute copolymer suspension 1�10 and inject 3 mL into particle
sizer. Run in Autodilution mode with Nicomp data analysis. Collect data until Fit
Error and Residual reach acceptable values. Print particle size distribution.

4. Notes
1. Although we have not tested all combinations, from the stand point of pH, ionic

strength and buffer components, we believe that the copolymers are compatible with
the majority of aqueous buffer formulations that can safely be given orally or parenter-
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ally. If required to maintain an antigen in solution, the formulation buffer can contain
low concentrations of detergents, for example 0.05% Tween®-80 or Triton®

X-100. The detergents should be peroxide-free to avoid initiation of oxidation.
2. Endotoxins are powerful adjuvants, therefore we formulate with water-for-

injection and filter sterilize the copolymer solution as quickly as possible to avoid
the potential of bacterial contamination.

3. Our studies have indicated that these large nonionic block copolymers can be
susceptible to oxidative breakdown. Consequently, we store the raw material
under nitrogen at –20°C. Sterile-filtered aqueous copolymer formulations can be
stored under nitrogen at 4°C for up to 3 mo. Exercise care during formulation to
keep solutions under nitrogen and minimize exposure to atmospheric oxygen.
We are evaluating physiologically compatible antioxidant formulations to deter-
mine those which will significantly slow any oxidative breakdown.

4. When pipeting copolymer solutions, use extra care. The copolymers have surfac-
tant properties that lower the surface tension, hence solutions tend to drip from
pipettes more easily than normal saline, and so on.

5. Working with a contract manufacturer, we have prepared 4 × 2-L GMP batches
of clinical grade aqueous CRL-1005 using a modification of the lab-scale proto-
col. Buffer salts were charged into the receiving vessel and dissolved in a portion
of the water. The copolymer was weighed into the buffer with stirring and the
formulation made up to final weight with water. The preparation was then chilled
to dissolve the copolymer. The critical stage of manufacture was sterile filtration
where the copolymer solution had to be kept below its cloud point. The unfiltered
bulk, transfer lines, and filter were all chilled to 2.5°C before filtration com-
menced and maintained at that temperature throughout the process. The filtered
bulk was allowed to warm to room temperature before vials were filled. Filled
vials were subsequently stored at 5°C.
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1. Introduction
The need for an effective and safe immunological adjuvant or vaccine car-

rier that could promote appropriate immune responses to vaccines is well rec-
ognized (1,2). This is especially true for most of the subunit vaccine and
synthetic peptide antigens, which are not only costly or available in small quan-
tities (e.g., recombinant DNA products), but also weakly or nonimmunogenic.
However, presently available immunological adjuvants (e.g., complete and
incomplete Freund’s adjuvants, bacterial endotoxins, polyanions, mineral
adsorbents, and so on) can induce local or systemic toxicity, form unaccept-
able granulomas, lack efficiency, or have short-term effects. An additional haz-
ard with some of the adjuvants is the production of vaccine-related allergic
reactions in a minority of recipients, including those already sensitized to the
antigen (1,2).

A role for liposomes as immunological adjuvants was first established in
1974 (3) when strong humoral immune responses to liposome-entrapped diph-
theria toxoid were observed after injection into mice. It was of interest to note
that, unlike other adjuvants, there were no granulomas at the site of injection
(3,4). Moreover, there were no hypersensitivity reactions in preimmunized
animals when the antigen was given in the entrapped form (5). In the ensuing
years, extensive work in this laboratory and elsewhere has shown that liposo-
mal adjuvanticity applies to a wide variety of bacterial, viral, protozoan,
tumor, and other antigens (6,7). In much of this work (7), protective immunity
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in animal models was achieved on immunization with the relevant liposome-
entrapped antigens (for a list of antigens used in conjunction with liposomes
composed of a variety of lipids with or without coadjuvants, see ref. 7). It is
generally accepted (7) that liposomal adjuvanticity is observed regardless of
the type of association (within the vesicles or attached onto their surface) of the
antigen with liposomes.

Recent developments suggest that many of the problems encountered in con-
ventional vaccines may be circumvented by the approach of genetic immuni-
zation (8–10). It has now been established that intramuscular injection of naked,
antigen-encoding plasmid DNA leads to humoral and cell-mediated immune
responses against the antigen. Experimental evidence (8–10) indicates that
immunity results from the uptake of DNA by muscle cells, episomal DNA
expression, extracellular release of the generated antigen followed by its uptake
by antigen presenting cells (APC). It is also conceivable that some of the
injected DNA is taken up directly by APC. Some of the disadvantages (8–10)
of naked DNA immunization include participation of only a minor fraction of
muscle cells in the uptake of DNA, exposure of the latter to deoxyribonuclease
in the interstitial fluid, which in turn, necessitates the use of relatively large
quantities of DNA, and often, the need to inject the plasmid into regenerating
muscle so as to enhance immunity. Work (9,11) from our laboratory has shown
that the use of liposome-entrapped plasmid DNA encoding the S region of
hepatitis B surface antigen (HBsAg) may circumvent some of the difficulties,
as it would eliminate the involvement of muscle cells and facilitate (7,12)
instead the uptake of DNA by APC infiltrating the site of injection or in the
lymphatics. At the same time, liposomes would protect DNA from nuclease
attack (13). Moreover, transfection of APC with liposomal DNA could be pro-
moted by the judicial choice of vesicle surface charge, size and lipid composi-
tion, or by the coentrapment, together with DNA, of other appropriate plasmids
(for instance, those expressing relevant cytokines) or immunostimulatory
sequences. Indeed, we have shown (9,11,14–16) already that (1) a variety of
plasmid DNAs can be entrapped in neutral, anionic, or cationic liposomes, with
entrapment yield being greatest when a cationic lipid is included as a liposo-
mal component; entrapment yield does not appear to depend on the plasmid
used (9), and (2) immunization of mice by a variety of routes with DNA
entrapped in (cationic) liposomal or niosomal (vesicles made of nonionic sur-
factants) leads to much greater humoral (on the basis of splenic interleukin-4
and plasma IgG subclasses) and cell-mediated (splenic interferon-γ) immune
responses than responses obtained with naked DNA or DNA that was
complexed with preformed similar liposomes or niosomes. It appears that the
intramuscular and subcutaneous routes are more effective in promoting
immunogenicity to the encoded antigen. However, additional work with other
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plasmids and a variety of vesicle formulations is needed in order to optimize
the system.

1.1. Liposomes: Background Research

Liposomes are vesicles made up of one or more concentric lipid bilayers
alternating with aqueous spaces (12). The lipid components are usually phos-
pholipids or other amphiphiles such as nonionic surfactants, often supple-
mented with cholesterol and other charged lipids. Bilayers can be in a “fluid”
or “rigid” state at ambient temperature (Ta), depending on the nature of the
amphiphile. The fluid state is achieved with amphiphiles that have a gel–liquid
crystalline transition temperature (Tc) [the temperature at which the acyl chains
melt] below Ta, whereas the rigid state requires amphiphiles with a Tc above
Ta. Owing to their ability to entrap water- and lipid-soluble molecules in their
aqueous and lipid phases, respectively, liposomes have been used since 1970
(17) as a delivery system for a great variety of pharmacologically active agents
in therapeutics (12). Drug delivery with liposomes or other systems can cir-
cumvent many of the problems associated with direct drug use, for instance,
toxicity as a result of indiscriminate drug action, premature drug inactivation
or excretion, and inability of drugs to reach the target intracellularly. So far,
medical applications (12) investigated include antimicrobial and cancer
therapy, vaccines, metal detoxification, gene therapy, and enzyme or hormone
therapy. In this respect, in vivo use of liposomes has been made by every con-
ceivable route, including the intravenous, intramuscular, subcutaneous, intrath-
ecal, intratracheal, oral, intranasal, and topical (skin and a variety of mucosal
tissues) routes (7,12). Indeed, liposomes, more than any other system, have
met with considerable success with several injectable liposome-based prod-
ucts (including a vaccine) already licensed in the United States and/or Europe
and elsewhere (12).

Advances in liposome technology account for much of the progress in bio-
medical and other uses of liposomes (18). Such technology has evolved from
the “classic” methods of the 1960s to a great variety of sophisticated tech-
niques developed to meet particular needs. Some of these techniques provide
formulations with a high entrapment yield (i.e., a high drug-to-lipid mass ratio)
and are amenable to scale up. Only a few techniques, however, are applicable
to water-soluble drugs, regardless of their size, charge, solubility, and other
physical characteristics. Indeed, the variety and complexity of techniques for
the production of drug-containing liposomes is now so great that no one labo-
ratory has hands-on experience with all of them. Here, we describe some of the
liposome technology as applied to vaccines (as such or supplemented with
coadjuvants) and developed in our laboratory (13,19–28) over the last 15 years.
The technology is characterized by high-yield vaccine entrapment in vesicles
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of an average size that ranges from about 100 nm to several microns, under
conditions that preserve the biological activity of such labile agents as anti-
gens, plasmid DNA, or attenuated microbes.

2. Materials
2.1. Entrapment of Peptide, Protein, and DNA Vaccines

2.1.1. Materials

Materials (all more than 98% pure) required for the preparation of liposome-
entrapped vaccines include:

1. Egg phosphatidylcholine (PC).
2. Phosphatidic acid (PA).
3. Phosphatidylglycerol (PG).
4. Phosphatidylserine (PS).
5. Dioleylphosphatidylethanolamine (DOPE).
6. Phosphatidylethanolamine (PE).
7. Distearoyl phosphatidylcholine (DSPC).
8. Cholesterol (CHOL).
9. Triolein (TO).

10. Stearylamine (SA).
11. 1,2-bis (hexadecylcycloxy)-3-trimethylamino propane (BisHOP).
12. N[1-(2,3-dioleyloxy) propyl]-N,N,N-triethylammonium (DOTMA).
13. 1,2-dioleyloxy-3-(trimethylamonium propane) (DOTAP).
14. 3 (N,N,-dimethylaminoethane)-carbamyl cholesterol (DC-CHOL).
15. Sepharose (CL) 4B.
16. Polyethyleneglycol 6000 (PEG 6000).

2.1.2. Solutions

1. Thirty-two µmol of phospholipid and 32 µmol of CHOL are dissolved in chloro-
form (2–5 mL) or a chloroform/ethanol mixture (2�1 v/v) if required. For the
preparation of negatively charged liposomes, 3.2 µmol of PA, PS, or PG; and for
positively charged liposomes 3.2–8 µmol of SA, BisHOP, DOTMA, DOTAP, or
DC-CHOL is also added to the chloroform. Greater or smaller amounts of charged
lipids can be used depending on the required amount of surface charge on the
vesicles.

2. The water-soluble vaccine (up to 10 mg) in the absence or presence of a
coadjuvant (e.g., interleukin(IL-)-2, 12, or 15) is dissolved in 2 mL distilled water
(H2O) or 10 mM sodium phosphate buffer pH 7.2 (phosphate buffer; PB) as
needed. The composition, pH, and molarity of buffer can be varied providing that
this does not interfere with vesicle formation or yield of vaccine entrapment. The
amount of added vaccine (and coadjuvant) can be increased or decreased propor-
tionally to the total amount of lipid used (see Subheading 2.1.2., Solution 1).
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2.2. Entrapment of Large Particles, Viruses,
or Bacteria Into Giant Liposomes

2.2.1. Materials (see Subheading 2.1.1.)

2.2.2. Solutions

1. PC or DSPC, CHOL, PG and TO (4�4�2�1 molar ratio; 9 µmol total lipid) in
1.0 mL CHCl3.

2. Lipids as in solution A dissolved in 0.5 mL diethyl ether.
3. 0.15M sucrose in H2O.
4. 0.2M sucrose in H2O.
5. 5% glucose in H2O.
6. 0.1M sodium phosphate buffer supplemented with 0.9% NaCl, pH 7.0 (PBS).
7. Discontinuous sucrose gradient (e.g., for Bacillus subtilis) prepared by the use of

two solutions containing 59.7 and 117.0 g of sucrose, respectively, per 100 mL
H2O in swing-out bucket centrifuge tubes.

3. Method
3.1. Entrapment of Peptide, Protein, and DNA Vaccines

1. The solution of lipids (Subheading 2.1.2., Solution 1; however, for DNA
entrapment, the preferred lipid composition is 16 µmol PC, 8 µmol PE, and 4 µmol
cationic lipid; molar ratio of 8�4�2) is placed into a round-bottomed spherical
Quick-fit flask (usually 50 mL vol) and the solvent is evaporated using a rotary
evaporator. The lipid film formed on the walls of the flask is then flushed for
about 60 s with oxygen-free nitrogen (N2) to ensure complete solvent removal
and to replace air.

2. Distilled H2O (2 mL) (Subheading 2.1.2., Solution 2 can be used instead if
step 3 below is not detrimental to the vaccine or to the coadjuvant) is added into
the flask, together with a few glass beads, and the mixture is shaken vigorously
by hand or mechanically (usually for a few minutes) until the lipid film has been
transformed into a milky suspension. This process is carried out above the Tc of
the phospholipid (>Tc), preferably by prewarming the H2O or Subheading 2.1.2.,
Solution 2 before their addition into a prewarmed flask within a shaking water
bath. The liposome emulsion is allowed to stand at >Tc for about 1–2 h, where-
upon multilamellar liposomes of diverse sizes are formed.

3. The milky suspension, devoid of glass beads, is sonicated at >Tc with frequent
intervals of rest using a titanium probe that is slightly immersed into the emul-
sion. Sonication is carried out under N2 delivered through plastic tubing. A
slightly opaque to clear suspension of small unilamellar vesicles (SUV) (30–80 nm
in diameter) is produced. The time required to produce SUV and the size of the
vesicles depends on the amount and type of lipid used, the volume of the suspen-
sion and the diameter of the probe. For the amounts of lipid in Subheading 2.1.2.,
Solution 1, a clear or slightly opaque suspension is usually obtained within up to
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four sonication cycles, each lasting 30 s, with 30 s rest intervals in between,
using a sonication probe of 0.75-in diameter.

4. Following sonication, the generated SUV are allowed to rest at >Tc for about
1–2 h, mixed with H2O (when Subheading 2.1.2., Solution 2 was used in step 2)
or with Subheading 2.1.2., Solution 2 (when H2O was used in step B), rapidly
frozen in liquid nitrogen and freeze-dried overnight under vacuum (<0.1 torr) in
a Hetosicc freeze-dryer.

5. Water (0.1 mL per 16–32 µmol of phospholipid) previously warmed to >Tc is
added to the freeze-dried material which is then swirled vigorously at >Tc. It is
essential that the volume of H2O is kept at a minimum, i.e., enough H2O to ensure
complete wetting of the powder. The sample is kept at >Tc for about 30 min. The
process is repeated with 0.1 mL H2O and, 30 min later at >Tc, with 0.8 mL PB
(prewarmed at >Tc) and the sample is allowed to stand for 30 min at >Tc. This
leads to the generation of multilamellar liposomes.

6. The suspension containing the multilamellar liposomes (dehydration–rehydration
vesicles; DRV) with entrapped (and unentrapped material) is centrifuged at
40,000g for 60 min at 4°C. The liposome pellet obtained (vaccine-containing
DRV) is suspended in H2O (or PB) and centrifuged again under the same condi-
tions. The process is repeated once again to remove the remaining unentrapped
vaccine. The final pellet is suspended in 2 mL H2O or PB. When the liposomes
are to be used in vivo, NaCl is added to a final concentration of 0.9%.

7. Vaccine (and coadjuvant) entrapment in DRV liposomes is monitored by mea-
suring the vaccine in the suspended pellet and pooled supernatants. The easiest
and probably most accurate way to monitor entrapment is by using a radiolabeled
vaccine (e.g., 125I for a protein and 35S or 32P for DNA). When a radiolabel is not
available or cannot be used, quantitative analysis should be employed. To that
end, a sample of the liposome suspension is treated with Triton X-100 (up to 5%
final concentration) or isopropanol (1�1 volume ratio), both of which solubilize
the bilayers and free the entrapped material. In cases where the detergent, the
solvent, or the solubilized liposomal lipids interfere with the assay of the mate-
rial, lipids must be extracted. Long-term experience in this laboratory has shown
that entrapment values can range from about 20 to nearly 100%, depending on
the amount and the type of lipid and vaccine used (Table 1). Highest values are
achieved when the net charge of vaccines is opposite to that of the charged lipid
component of liposomes (Table 2). However, as some of the liposome-associated
vaccines may have interacted (e.g., hydrophobically) with the liposomal surface
during the entrapment procedure, actual entrapment of the solute (as opposed to
surface-bound solute) should be determined. In the case of (radiolabeled) DNA
or proteins, this can be achieved by the respective use of deoxyribonuclease (13)
or a proteinase (25,26). These will degrade most of the external material on incu-
bation at 37°C for periods of time that depend on the nature of the substrate.
Upon ultracentrifugation as above, radioactivity recovered in the supernatant
from the degraded material should provide a measure of vesicle surface-adsorbed
vaccine biodegradation by the enzyme.
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8. This step and the one following are required when vaccine-containing DRV lipo-
somes must be converted into smaller vesicles (down to about 100 nm z average
diameter). To that end, the liposomal suspension obtained in step 5 (i.e., before
the separation of the entrapped from the nonentrapped vaccine) is diluted with
H2O to 10 mL and then passed for a number of cycles through a Microfluidizer
110S (Microfluidics) with the pressure gage set at 60 psi throughout the proce-
dure to give a flow rate of 35 mL per min. The number of cycles used depends on
the vesicle size required (Table 3) or the sensitivity of the entrapped vaccine. For
instance, plasmid DNA will be denatured (as judged by gel electrophoresis) when
microfluidized for more than three cycles using the above conditions (13). It has
also been observed (20) that the greater the number of cycles, the lower the
amount of drug or vaccine is retained by the vesicles. Alternatively, samples can
also be microfluidized after the removal of unentrapped vaccine as in step 6. In
this case, however, drug retention by the liposomes is reduced (20). It is likely
that the presence of unentrapped material during microfluidization diminishes
solute leakage, possibly by reducing the osmotic rupture of vesicles and/or the
initial concentration gradient across the bilayer membranes (20).

9. Reduction of the volume (about 10 mL) of the microfluidized sample can, if
needed, be effected by covering the sample (in dialysis tubing) with PEG 6000
flakes within a flat container. Removal of excess H2O from the tubing is rela-
tively rapid (within 30–60 min) and it is therefore prudent to monitor the sample

Table 1
Entrapment of Peptides and Proteins in DRV Liposomes

Amount used Phospholipid Entrapment
Material (mg) used ( µmol) (% of used)

Tetanus toxoid 2.00 16 40–82
Bovine serum albumin 2.00 16 40–45
RIVE 0.05 16 29–31
A/Sichuan 0.05 16 38–45
rHBsAg 0.20 16 31–33
LV39 0.20 16 74–82
Interleukin-2 Up to 106 units 16 60–70
Poliovirus 1-VP2 peptide 0.22 16 74–82
Poliovirus-VP2 peptide 0.22 16 62–68
HBsAg S peptide 1.00 32 42–45
HBsAg S pre-S1 peptide 1.00 32 46–48

Note. Materials were entrapped as described in the text. RIVE, reconstituted influenza virus
envelopes; A/Sichuan, A/Sichuan influenza virus hemagglutinin and neuraminidase; rHBsAg,
recombinant hepatitis B surface antigen; LV39, Leishmania major antigen (mixed isolate);
HBsAg, full-length hepatitis B surface antigen. Synthetic S peptide had a 110-137 amino acid
sequence; synthetic pre-S1 peptide sequence was 15–48.
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regularly. On reaching the required volume, the sample is treated for the separa-
tion of entrapped from the unentrapped vaccine. This is carried out by molecular
sieve chromatography using a Sepharose CL 4B colum, with vaccine-containing
liposomes eluting at the end of the void volume. Vaccine content within lipo-
somes is estimated as in step 7 and expressed as % of vaccine in the original
preparation obtained in step 6. (As the sample is microfluidized following step 5,
i.e., before the estimation of entrapment, a small portion of the sample to be

Table 2
Incorporation of Plasmid DNA into Liposomes
by the Dehydration-Rehydration Method

Incorcopated plasmid DNA (% of used)

pRc/CMV pCMV4.
Liposomes pGL2 HBS pRSVGH pCMV4.65 EGFP VR1020

PC, DOPEa 44.2 55.4 45.6 28.6
PC, DOPEb 12.1 11.3
PC, DOPE, PSa 57.3
PC, DOPE, PSb 12.6
PC, DOPE, PGa 53.5
PC, DOPE, PGb 10.2
PC, DOPE, SAa 74.8
PC, DOPE, SAb 48.3
PC, DOPE, BisHOPa 69.3
PC, DOPE, DOTMAa 86.8
PC, DOPE, DC-Chola 87.1 76.9
PC, DOPE, DC-Cholb 77.2
PC, DOPE, DOTAPa 80.1 79.8 52.7 71.9 89.6
PC, DOPE, DOTAPb 88.6 80.6 67.7 81.6
PC, DOPE, DODAPa 57.4
PC, DOPE, DODAPb 64.8

35S-labeled plasmid DNA (10–500 µg) was incorporated (a ) into or mixed (b) with neutral
(PC, DOPE), anionic (PC, DOPE, PS, or PG) or cationic (PC, DOPE, SA, BisHOP, DOTMA,
DC-Chol, DOTAP, or DODAP) dehydration-rehydration vesicles (DRV). Incorporation values
for the different amounts of DNA used for each of the liposomal formulations did not differ
significantly and were therefore pooled (values shown are means of values obtained from 3–5
experiments). PC (16 µmol) was used in molar ratios of 1�0.5 (neutral) and 1�0.5�0�25 anionic
and cationic liposomes). PC, egg phosphatidylcholine; DOPE, dioleoyl phosphatidylethanola-
mine; PS, phosphatidylserine; PG, phosphatidylglycerol; SA, stearylamine; BisHOP, 1,2-bis
(hexadecylcycloxy)-3-trimethylaminopropane; DOTMA, N[1-(2,3-dioleoyloxy)propyl]-N,N,N,
triethylammonium; DC-Chol, 3 -(N,N-dimethylaminoethane) carbonyl cholesterol; DOTAP,
1,2-dioleoyl-3(trimethylammonium) propane; DODAP, 1,2-dioleoyl-3-dimethylammonium pro-
pane. Plasmid DNAs used encoded luciferase (pGL2), hepatitis B surface antigen (S region)
(pRc/CMV HBS), human growth hormone (pRSVGH), mycobacterium leprosy protein (pCMV
4.65), “fluorescent green protein” (pCMV 4.EGFP) and schistosome protein (VR1020).
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microfluidized is kept aside for the estimation of entrapment according to step 6).
Vesicle size measurements are carried out by photon correlation spectroscopy
as described elsewhere (13,26). Vesicle size obtained after 10 cycles of micro-
fluidation is about 100–160 nm in diameter, depending on whether micro-
fluidization was carried out in H2O or PB, using unwashed or washed liposomes
(Table 3).

3.2. Entrapment by Large Particles, Viruses,
or Bacteria Into Giant Liposomes

1. One mL of solution 3 is mixed by vortexing for 45 s with solution 1.
2. The resulting water-in-chloroform emulsion is mixed by vortexing for 15 s with

solution B and 2.5 mL solution 4
3. The water-in-oil-in water emulsion formed is placed in a 250-mL conical flask

and the organic solvents are evaporated by flushing N2 at 37°C, while the sample
is gently agitated in a shaking incubator. This generates (sucrose-containing)
giant liposomes.

4. The giant liposomes are washed by centrifugation over solution 5 in a bench
centrifuge at 600g for 5 min, and the liposomal pellet is resuspended in 1 mL PBS.

5. The resuspended pellet of giant liposomes is mixed with 1 mL of a suspension of
particulate matter (e.g., killed or live B.subtilis spores or killed Bacille Calmete-
Guerin (BCG) bacteria). The suspended mixture is then freeze-dried overnight
under vacuum (<0.1 torr) in a Hetosicc freeze-dryer.

6. The freeze-dried material is rehydrated, with 0.1 mL H2O at 20°C (rehydration of
liposomes containing the “high melting” DSPC at >Tc does not have a significant
effect on the percent entrapment of materials; ref. 27), swirled vigorously and
allowed to stand at >Tc for 30 min. The process is repeated after the successive
addition of 0.1 mL PBS, and of 0.8 mL PBS 30 min later (1 mL total suspension
volume).

Table 3
z-Average Mean Size (nm) of Microfluidized DRVsa

Number of cycles

DRVs and medium 441.8 443.5 445.2 447.1 410.6
Washed

Water 463.5 149.9 115.0 121.9 114.7
PBS 447.4 198.6 168.1 159.5 155.7

Unwashed
Water 473.9 132.9 116.9 116.6 101.9
PBS 456.3 186.2 186.7 169.8 159.9

amaltrose-containing washed or unwashed DRVs (32 µmol PC) were microfluidized in the
presence of water or PBS for up to 10.6 cycles, and samples were measured for vesicle size
(diameter in nanometers) by dynamic light scattering (photon correlation spectroscopy). Polydis-
persity indexes ranged from 0.503 to 0.653 (water) and from 0.517 to 0.653 (PBS).
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7. Separation of the entrapped particulate material from unentrapped material (e.g.,
B.subtilis) is carried out by sucrose gradient centrifugation by placing the sus-
pension (1 mL) on top of the sucrose gradient (solution 7) followed by centrifu-
gation for 1.5 h at 90,000g in a Dupont Combi Plus ultracentrifuge using a
swing-out bucket. One-mL fractions are then pipeted out from the top of the
gradient and assayed for spore or bacteria content. As with proteins and DNA
(see Subheading 2.2.2., item 7), it is convenient to use radiolabelled (e.g.,
125I-labeled) spores or bacteria to monitor content. In the case of B.subtilis spores
or BCG bacteria, these are recovered at the bottom fraction of the gradient when
unentrapped. In contrast, entrapped material is recovered mostly in the top seven
fractions of the gradient in association with liposomes (21).

8. Pooled fractions containing the entrapped spores or bacteria are dialysed exhaus-
tively against PBS until all sucrose has been eliminated. The dialyzed material is
centrifuged as in step 4 and the liposomal pellet resuspended in 1 mL PBS for
further use. Typical values of B.subtilis or BCG entrapment are shown in Table 4.

4. Notes
1. The dehydration-rehydration procedures for the entrapment of vaccines (e.g.,

peptides, proteins, plasmid DNA) and other macromolecules or particulates such
as spores, bacteria, and viruses as outlined here are straightforward, mild, and
thus compatible with labile materials. Normally, the time required to obtain the
final formulation of a liposome-entrapped vaccine is short and does not exceed
2 d. Moreover, it has been shown (27) that vaccine-containing liposomes as pre-
pared here can be freeze-dried (for storage) in the presence of a cryoprotectant
without significant loss of material from within the vesicles on reconstitution
with 0.9% NaCl. With both procedures, the most important step is that of rehy-
dration (Subheading 3.1., step 5 and Subheading 3.2., step 6): it is important
that water added during the initial rehydration is kept to a minimum volume.

2. The immunoadjuvant action of liposomes with water soluble antigens such as
tetanus toxoid appears to be greater when low melting phospholipids (i.e., those
with a low Tc) are used in the liposome formulation or when the weight ratio of

Table 4
Entrapment of Bacillus subtilis and Tetanus Toxoid in Giant Liposomes

Entrapped material (% of that used)a

B.subtilis Tetanus toxoid

Liposomes
PC, cholesterol, PG, TO 26.7Å12.1 (7) 18.4Å2.6 (4)
DSPC, cholesterol, PG, TO 21.3Å8.9 (6) 11.1Å1.9 (4)

a125I-labeled B.subtilis and tetanus toxoid were entrapped in giant liposomes as described.
Results, based on radioactivity measurements, are expressed as percentages (ÅSD) of material
used for entrapment. In one experiment, entrapment of 125I-labeled BCG in PC giant liposomes
was 27.8%. Numbers in parentheses denote numbers of preparations.
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phospholipid to entrapped antigen is high (22,29,30). It should be noted, how-
ever, that a plethora of publications (7) since 1974 have successfully employed a
great variety of lipid compositions for a wide range of antigens. It is generally
accepted that there is no liposomal composition that is ideal for all antigens and
that the characteristics of a liposomal formulation should be optimized for a given
antigen. However, liposomal adjuvanticity can be augmented further by the
coentrapment together with the antigen of cytokines such as IL-2 (31), or IL-15
(32). Coentrapment of cytokine with the antigen is straightforward and values of
entrapment for each of the two proteins are not interfered with by each other’s
presence (Table 5). Interestingly, the coadjuvant action of both cytokines is
present when coentrapped with the antigen, but not when separately entrapped
(31,32) (Table 6).

Table 5
Incorporation of Tetanus Toxoid and Interleukins into Liposomes

Tetanus toxoid Interleukin
Antigen Interleukin (% entrapped) (% entrapped)

Tetanus toxoid — 30–55%
Tetanus toxoid IL-2 43.0 48.9
Tetanus toxoid IL-15 31.7 32.3

Tetanus toxoid (20–50 µg) without or with recombinant interleukin 2 (2–5 × 105 U) or simian
recombinant interleukin 15 (2.5 × 104 U) were entrapped or co-entrapped in dehydration-
rehydration vesicles (DRV liposomes) composed of 16 mol PC and equimolar cholesterol. For
details on entrapment measurements see refs. 31 and 32.

Table 6
The Effect of IL-2 on Immune Responses
Against Liposomal Tetanus Toxoid

IgG (log10 reciprocal
end point dilution)

Liposomal preparation IgG1 IgG2a IgG2b

(A) Entrapped toxoid 2.7Å0.4 1.3Å0.0 2.4Å0.0

(B) Coentrapped toxoid and IL-2 4.1Å0.4 3.3Å0.5 3.7Å0.7a

(C) Separately entrapped toxoid and IL-2 2.5Å0.0 13Å0.0 2.0Å0.0

Mice were immunized on days 0 and 29 with 0.1 µg tetanus toxoid entrapped alone (A),
together with IL-2 (145 U) (B) or in mixture with separately entrapped IL-2 (145 U) (C) and bled
on day 39. Liposomes were composed of 16 mol PC and equimolar cholesterol. The toxoid was
used in amounts (e.g., 0.1 µg) that were too low for liposomes to exhibit significant
immunoadjuvant action. Secondary responses (shown in the table) to the toxoid entrapped
together with IL-2 in the same liposomes (B) were significantly greater (10–15-fold; P<0.01–0.05),
than those observed with groups A and C.

aValues were not significantly different (for more details, see ref. 31).



148 Gregoriadis et al.

3. Entrapment of plasmid DNA into liposomes by the present method is, as
expected, most efficient when a cationic lipid is one of the liposomal compo-
nents, which include PC and DOPE (Table 2). Both the fusogenic DOPE and the
cationic lipid are known to promote DNA transfection by mechanisms which are
hitherto unclear. Recent in vivo work (9,11,14–16) with two different antigen-
encoding plasmid DNAs has clearly shown that humoural and cell-mediated
immune responses to the encoded antigen are, as already mentioned, much greater
than those seen with the naked or complexed plasmid. It appears that responses
are similar regardless of the cationic lipid used (11), but are best when PE is
included in the liposomal formulation (15).
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Immunopotentiating Reconstituted
Influenza Virosomes (IRIVs)

Reinhard Glück

1. Introduction
Immunization is the most effective defense mechanism against microbial

infections today. Although highly effective vaccines are currently available for
a number of infectious diseases, vaccine formulations can still be improved in
a number of important areas. Issues of safety, stability, delivery, and combin-
ing vaccines to several pathogens need to be addressed. For many diseases, a
greater understanding of microbial pathogenesis and the basis for protective
immunity is still needed. The ability to induce antigen-specific humoral and
cell-mediated immunity is crucial to the development of effective prophylactic
and therapeutic vaccines.

In the past, vaccine development was mainly empirical, and based on
attempts to mimic natural infection. Vaccinology has entered a new era, which
might be linked to rational drug design vs brute force screening. The develop-
ment of new or improved vaccines will rely on a sophisticated understanding
of the molecular biology, mechanisms of pathogenesis, and interactions with
the immune system particular to a given pathogen. As information continues to
accumulate, it is becoming increasingly obvious that the immune response to
natural infection by microbial pathogens does not define the limits of the pos-
sible immune responses to those antigens. It may also not represent the optimal
protective response. Pathogens can influence the spectrum of the immune
response, often subverting the capacity of the immune system to aggressively
interfere with the infectious process (1). In addition, certain aspects of the natu-
ral immune response contribute to or are largely responsible for pathogenesis
associated with natural infection (e.g., inflammation or immune suppression).
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These detrimental responses are often separable from, and even antagonistic
to, responses necessary for protection. Thus, it is crucial to develop an under-
standing for the mechanisms through which pathogens can drive various effec-
tor arms of the immune response (e.g., through antigen processing and
presentation, cytokine induction, and TH1 vs TH2 helper T-cell responses).
Subunit immunogens containing subsets of pathogen proteins formulated,
adjuvanted, and delivered in a variety of ways, represent powerful tools for
dissecting and manipulating the immune response to complex pathogens. In
challenge models, they can be utilized to determine the correlates of protective
immunity and immune response pathogenesis. Information from such studies
are supportive of custom designing subunit vaccines capable of eliciting pro-
tective immunity while avoiding undesirable side effects.

One of the major unsolved problems in vaccinology is immune potentiation,
that is, making small antigens or molecular vaccines sufficiently immunogenic.
This problem is all the more difficult when one considers the possibility of
using peptides rather than proteins as the basis for vaccines to induce protec-
tion against diseases.

The basic requirement for a vaccine is a structure capable of T-cell responses
and of eliciting antibodies that react with a protein on the pathogen surface that
is known to be a target for protective immunity. The structure that induces
these antibodies can be either a whole protein (purified from the pathogen or
prepared by recombinant technology), or a portion of this protein, i.e., peptide
(prepared by chemical synthesis). In the case of bacterial pathogens, purified
polysaccharides can often serve as the antigen to induce protective antibodies
against the microorganism. The induction of a full immune response, i.e.,
memory response, requires cooperation between T lymphocytes, which recog-
nize epitope on the protein and B lymphocytes that recognize the structure of
the protein.

Studies with enveloped viruses have indicated that cognate help for B cells
recognizing surface glycoproteins can be provided by Th epitopes that reside
within the virus particles (2). Thus, Th lymphocytes can recognize sites on
proteins other than those recognized by B cells. In principle, one should there-
fore be able to design vaccines in which structural B epitopes are associated in
a noncovalent fashion with a source of T epitopes. Covalent conjugation is
traditionally used when trying to elicit antibodies against peptides or polysac-
charides. In these cases, the hapten or B epitope is covalently bound to proteins
such as tetanus toxoid. The immunogenicity of the carrier protein may, how-
ever, have undesired consequences such as carrier suppression. The coupling
procedure may also lead to an alteration of the peptide structure or to the for-
mation of adducts against which the immune response may be preferentially
directed.



IRIVs 153

Because of their membranous structure, virosomes are capable of combin-
ing numerous epitopes (both B and T, as well as whole proteins or polysaccha-
rides) within the same structure. In addition to this ability to copresent multiple
antigens, the natural targeting of virosomes to macrophages makes them an
ideal candidate for copresentation of various epitopes.

In this chapter, we shall review preparation, characterization, and current
advances in virosome design and immunological effects of different vaccine
antigens in humans. We shall discuss the adjuvant effect of these so-called
immunopotentiating reconstituted influenza virosomes in connection with
classical viral and bacterial antigens, with synthetic and recombinant peptide anti-
gen vaccines, and finally with DNA nucleotides. We shall present immuno-
logical results from preclinical and clinical trials. Finally, we shall give an
overview of product licensing and product distribution worldwide of immuno-
potentiating reconstituted influenza virosome (IRIV) based vaccines.

1.1. The Virosomal Vaccine Approach

The most significant impediment to the use of synthetic peptides as vaccines
has been that they are only weak or nonimmunogenic when injected by them-
selves into animals (3,4). This property has necessitated the use of carriers,
usually large, highly “immunogenic” proteins, to which the peptides are
covalently coupled. These carriers, although helpful in producing an initial
antibody response, have no relationship to the pathogen against which the vac-
cine is designed and therefore do not elicit pathogen-specific T-cell help.
Therefore, when an individual who has been vaccinated with a peptide-carrier
complex is challenged with the pathogen, a primary rather than a secondary
(faster, stronger, higher affinity) response results. Also, booster immunizations
often lead to a stronger antibody response to the carrier and a diminishing one
to the peptide. In addition, these peptide-carrier complexes must usually be
combined with other adjuvants (for example, Freund’s) to enhance the response
to the peptide. These adjuvants frequently induce undesirable side effects which
make them unacceptable for use in humans (3–14).

It has been hypothesized that anchorage of a peptide in a liposomal bilayer
might mimic the normal presentation of antigen on an infectious agent (i.e.,
multivalent and projecting outward from an anchor on the surface of the cell)
and thereby potentiate the immune response to the peptide. To test this hypoth-
esis, peptides were covalently linked to a phospholipid, providing a hydropho-
bic anchorage into the phospholipid bilayer.

It has been found that when molecules capable of stimulating T-helper cells
(either viral envelope proteins or peptides representing defined Th cell
epitopes) are integrated into the same phospholipid matrix as a B-cell epitope,
a highly efficient immunogen is produced (15,16). Sequences not recognized
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by T-helper cells do not elicit antibody responses, even when formulated into
peptide-phospholipid complexes (17).

Current concepts regarding the mechanisms through which peptide epitopes
are presented to CD8+, major histocompatibility complex (MHC) Class I -restricted
cytotoxic T lymphocytes (CTL) indicate that a crucial aspect of this process
is the capacity to introduce antigen into the cytoplasm (but not endosomes)
of antigen-presenting cells (18). This explains, at least in part, the success of
live-attenuated and live-vector vaccines for stimulating cell-mediated immune
responses.

In order to obtain a similar mechanism, methods have been introduced for
integrating lipid-linked peptides (membrane proteins) into the lipid bilayer of
large, mainly unilamellar liposomes (19). For example, glycoproteins of influ-
enza and parainfluenza type I (Sendai) viruses maintain their receptor-binding
activities and receptor-induced endocytosis when reconstituted into protein
lipid vesicles (virosomes) (20,21). In addition, water-soluble materials can be
encapsulated within the aqueous interior of such vesicles at high efficiency. It
could even be shown that these vesicles act as effective delivery vehicles for
drugs, proteins, and DNA. Using a liposome based system they were employed
to achieve the first stable gene transfer in animals (22,20).

Virosomes proved to also be highly effective immunogens in mice, rabbits,
and monkeys (23,24). This included the ability to stimulate strong CD8+ CTL
responses to lipid bilayer-integrated glycoproteins or lipid-linked peptides, as
well as to encapsulated peptides, proteins, and formalin-fixed whole viruses
(17,23,24).

1.2. Immunopotentiating Reconstituted Influenza Virosomes

Twenty years after the discovery of the immunological adjuvant properties
of liposomes (25) and the ensuing multitude of related animal immunization
studies (26), liposomes as adjuvants have come of age (27,28) with the first
liposome-based vaccine against hepatitis A being licensed for use in humans.
Vaccines based on novasomes (nonphospholipid biodegradable, pausilamellar
vesicles formed from single-chain amphiphiles, with or without other lipids)
have also been licensed for the immunization of fowl against Newcastle dis-
ease virus and avian reovirus (29).

As forementioned, the way in which liposomes induce immune responses to
antigen is not clear, but has been attributed to a depot effect (slow release of
antigen and the ability of vesicles and the associated antigen to migrate to
regional lymph nodes following local injection). In the case of liposomes, fur-
ther improvement of adjuvanticity has been achieved by the use of coadjuvants
such as lipopolysaccharides, positively or negatively charged lipids, interleukin
2 (IL-2), and by ligand-mediated targeting to antigen-presenting cells (29).
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The approach adapted for the IRIV vaccines is of particular interest, as it
combines several components that are known to contribute to immuno-
stimulation and that are at the same time harmless.

IRIVs are spherical, unilamellar vesicles with a mean diameter of ~150 nm.
They show short surface projections of 10–15 nm (Fig. 1). IRIVs are prepared
by detergent removal of influenza surface glycoproteins and a mixture of natu-
ral and synthetic phospholipids containing 70% egg yolk phosphatidylcholine
(EYPC), 20% synthetic phosphatidylethanolamine (PE), and 10% envelope
phospholipids originating from H1N1 influenza virus (A/Singapore/6/86) (28)
(Fig. 2).

EYPC is known to be well tolerated in humans and is an important constitu-
ent in commercial solutions for iv applications in undernourished persons.
EYPC has been used in nearly all liposomal preparations that were produced
for the enhancement of immune responses. PE was chosen for two reasons;
first, antigens can be covalently coupled to virosomes via the free aminoacid
groups of PE (30), also, it has been shown that liposomes containing PE are
able to directly stimulate B cells to produce antibodies without any T-cell

Fig. 1. Transmission electron micrograph of IRIV (× 100,000). The electron micro-
graph of the IRIVs shows spherical unilamellar vesicles with a mean diameter of
~150 nm. The vesicles show spike projections of ~15 nm, which originate from influ-
enza glycoproteins (E. M. by T. Wyler, Berne).
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determinant being present (31). There were several reasons for including influ-
enza virus envelope glycoproteins: the hemagglutinin (HA) plays a key role in
the mode of action of the IRIVs. HA is the major antigen of influenza virus,
containing epitopes on both HA1 and HA2 polypeptides, and is responsible for
the fusion of the virus with the endosomal membrane (32,33). The HA1 globu-
lar head groups contain the sialic acid site for HA and it is therefore expected
that the IRIVs bind to such receptors of antigen-presenting cells (e.g.,

Fig. 2. Production scheme for IRIVs EYPC, egg yolk phosphatidylcholine; PE,
phosphatidylethanolamine; HA, hemagglutinin; Na, neuraminidase.
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macrophages, lymphocytes) initiating a successful immune response. The entry
of influenza viruses into cells occurs through HA-receptor-mediated endocy-
tosis (34). It is likely that this mechanism also functions with the IRIV par-
ticles. The HA2 subunit of HA mediates the fusion of viral and endosomal
membranes, which is required in order to initiate infection of cells. At the low
pH of the host-cell endosome (~pH 5.0), a conformational change occurs in
the HA that is a prerequisite for fusion to occur. Fusion activity tests have
shown that there was no difference of activity between influenza virus and
IRIV (Fig. 3). It is expected that this mediates the rapid release of the trans-
ported antigen into the membranes of the target cells (35) (Fig. 4).

Further immunopotentiating effects have recently been described for the
influenza virus HA: studies provide evidence for an alternative stimulation of
peritoneal B lymphocytes by HA, a so-called B-cell “superstimulatory” anti-
gen (35). This finding implies that the B-cell superstimulatory influenza virus
glycoprotein has been evolutionarily adapted to activate not only conventional
B2 cells, but in addition, a B-cell subset that represents a major weapon in the
first line of defense against invading microorganisms. The great potency of
B1 cells to build up an immediate immune response against microbial antigen

Fig. 3. Electron micrograph of a fusion event between an influenza virosome and
an artificial membrane at pH 5.0. (With kind permission of Dr. P. M. Frederik, Univer-
sity of Limburg, Maastricht, The Netherlands.)
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is paralleled by its increased susceptibility to cross react with “third party”
antigen. This phenomenon has been further investigated by showing that this
new example of B-cell stimulation by multivalent type-2 antigen (e.g., HA)
seems to be mediated by a phosphatidyl-inositol- and Ca2+ -independent
signaling pathway (36). In addition, it has been reported that B-cell
superstimulatory influenza virus (H2-subtype) induced B-cell proliferation by
a protein kinase C (PKC)-activating, Ca2+ -independent mechanism.

Furthermore, influenza A virus has been described as a model system for
the study of viral antigen presentation to CTL (37). In the clinical part of this
chapter, the potent effect of IRIV designed influenza vaccine on the cellular
immune system is mentioned.

The second influenza glycoprotein exposed on the IRIV surface, the enzyme
neuraminidase (NA), is a tetramer composed of four equal, spherical subunits
that are hydrophobically embedded in the membrane by a central stalk. The
entire enzymatic activity takes place in the region of the head. NA catalyzes
the cleavage of N-acetylneuraminic acid (sialic acid) from bound sugar resi-
dues (38). In the mucus, this process leads to a decrease in viscosity and allows

Fig. 4. Computergraph of fusion event between IRIV carrying two hepatitis A par-
ticles and the endosomal membrane at pH 5.0. Note the change of conformation of the
HA-trimer, which is a prerequisite for exposing the internalized fusion peptide and
induction of fusion.
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the influenza virus easier access to epithelial cells. In the area of the cell mem-
brane, the same process leads to destruction of the HA receptor. The conse-
quence of this is, first, that newly formed virus particles do not adhere to the
host cell membrane after budding, and second, that aggregation of the viruses
is prevented. NA therefore allows the influenza virus to retain its mobility. In
terms of the IRIV, these characteristics of NA can, in theory, be utilized in that,
after coupling with HA, IRIVs not taken up by phagocytosis could be cleaved
off again and would therefore not be lost. Also, the reduction in viscosity of
the mucus could be useful in connection with the development of a nasal IRIV
vaccine.

Recently, a chimeric influenza virus has been constructed that expressed the
highly amino acid sequence ELDKWA of gp41 of human immunodeficiency
virus type 1 (HIV-1) (39). Muster et al. could demonstrate that intranasal
immunization of mice with this chimeric virus was also able to induce a
humoral immune response at the mucosal level. They concluded that influenza
virus can be used to efficiently induce antibodies against antigens from foreign
pathogens by mucosal immunization.

The excellent characteristics of IRIVs as adjuvants have been demonstrated
in several systems. IRIVs were first utilized in the manufacture of a hepatitis A
vaccine. This contains formalin-inactivated and highly purified hepatitis A
viruses (HAV) of strain RGSB, cultured on human diploid cells, which are
electrostatically coupled to the IRIV vesicle (28). The surface spikes (HA and
NA) of three currently circulating influenza strains were jointly inserted in the
vesicle membrane of the IRIVs and successfully tested clinically. A combined
hepatitis A/hepatitis B vaccine was also produced, based on IRIVs. The highly
purified, inactivated hepatitis A virions and the hepatitis B surface antigens
(HBsAg) genetically engineered in yeast were together covalently coupled to
the surface of the IRIV (40). Finally, combination vaccines were developed,
for example, a combined diphtheria-tetanus-hepatitis A vaccine. For this, the
diphtheria toxoid, the alpha-tetanus toxoid, the beta-tetanus toxoid, and the
inactivated hepatitis A virion were covalently bound via crosslinker molecules
to the IRIV surface. A “supercombined” vaccine based on IRIV was developed
also, containing covalently bound HAV, Hbs Ag, diphtheria, alpha- and beta-
tetanus, as well as HA and NA from three different influenza strains (41,42).

2. Materials
1. Sterile bench: Class 100, according to US Fed.Std. 209e.
2. Ultracentrifuge: Beckman L5.
3. Fixed angle rotor: Type 45 Ti.
4. Fixed angle rotor: Type 19.
5. Refrigerator: Type UKS 5000 (Frigidaire).
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6. Rotation mixer: Turbula Type T2c.
7. Ultrasonificator: Zehfeld.
8. Centrifuge tube assembly: For rotor Type 45 Ti (Beckman 355622).
9. Centrifuge tube assembly: For rotor Type 19 (Beckman 334205).

10. Bottles: 500-mL volume, screw cap.
11. Bottles: 250-mL volume, screw cap.
12. Filter: 0.22 µm, 5.0 µm.
13. Syringes: 50 mL.
14. Cylinders: Volume 100 mL, 250 mL.
15. Pipets: Volume 10 mL.
16. Physiological saline: NaCl 0.9%.
17. Octaethyleneglycol: OEG-solution 100 mM in saline.
18. Phosphatidylcholine: Lecithin EPC grade (Lipoid GmbH, D-67065

Ludwigshafen).
19. Phosphatidylethanolamine: Kephalin (Berchtold, Biochemisches Labor,

CH-Berne).
20. Polystyrol beads: Bio-Beads (SM-2 Adsorbent, washed).
21. Thiomersal: Thiomersal 1%.
22. Water for injection: H2O for injection, sterile.

3. Methods
3.1. Production of a Commercialized Influenza
Virosome Vaccine (see Note 2)

1. At the Swiss Serum and Vaccine Institute, Berne, influenza seed virus solution is
inoculated into 11-d-old embryonated hens’ eggs from flocks under veterinary
control. The inoculated eggs are incubated for a further 50–60 h at 33–35°C,
depending on the strain. During this period, they are illuminated for a second
time (after 40 h) to eliminate dead eggs. After incubation, the eggs are cooled
overnight at 1–4°C; they are then opened under laminar flow and the allantoic
fluid is aspirated into sterile steel tanks. After centrifugation, the virus suspen-
sion is filtered by step filtration, through a filter of 0.65 µm and 0.22 µm, directly
into a new 200-L steel tank. The filtered virus suspension is concentrated about
fourfold with a molecular filter system (polysulphone membranes), and then
purified and concentrated by sucrose density-gradient ultracentrifugation. The
virus-containing fraction is diluted and dialyzed against PBS pH 7.4 to reduce
the sugar content to less than 1%. Subsequently, inactivation is performed with
beta-propiolactone (BPL) at a final concentration of 1�2000. Inactivated concen-
trates are tested for haemagglutinin content by the single radial diffusion test
(SRD), sterility, absence of replicating virus (inactivity), total protein, residual
BPL, ovalbumin, and endotoxin.

2. Three monovalent influenza bulks, currently H1N1, H3N2, and B are pooled and
used as the starting material for the manufacture of the influenza subunit



IRIVs 161

virosomes. The pool is pelleted in a fixed-angle ultracentrifuge at about 60,000g
for 1 h. The supernatant contains residual soluble proteins and is discarded. The
pellet is dissolved in 100 mM octaethylene glycol (OEG) solution and the viruses
are thereby disintegrated. Subsequently, the influenza glycoproteins and the viral
envelope phospholipids are separated from other virus constituents by a further
fixed-angle ultracentrifugation at 100,000g for 1 h. This time, the supernatant is
processed further and the pellet is discarded. This double ultracentrifugation
makes use of the various properties of the unwanted constituents so that a par-
ticularly high degree of purity is achieved. After the first ultracentrifugation, dis-
solved unwanted constituents (e.g., solubilized viral and egg substrate proteins)
in the supernatant are discarded. After the second ultracentrifugation, the other
unwanted nonsolubilized constituents are pelleted and discarded and the purified
supernatant is further processed. After this purification of the glycoproteins and
envelope phospholipids, the lecithin is added and solubilized.

The safety of the egg lecithin is particularly important here, because it is of
natural origin and the suspension is not subjected to further inactivation. The
lecithin from egg yolk (phosphatidyl choline) is obtained from the company
Lipoid in Germany, and is used by other producers of pharmaceutical products
for parenteral use. Chemical analysis of the composition, particle-size measure-
ment, solubility measurements, and microbiological purity are tested by the
manufacturer. The manufacture of the egg lecithin is validated with regard to
virus elimination. This validation was performed in cooperation with the “Freie
Universität Berlin,” Germany, whereby the initial solution was spiked with
Newcastle disease virus, adenovirus of birds (serotype I celovirus), and reovirus
of birds. None of these viruses could be recovered from the product after manu-
facture.

3. Liposomes carrying the influenza subunits at the surface are formed spontane-
ously during the removal of the octaethyleneglycol (OEG) detergent by chroma-
tography. As shown by electron micrographic studies, the distribution of
influenza subunits at the liposomal surface is not regular. This means that some
of the vesicles are more densely spiked than others (Fig. 1). The detergent-free
suspension containing virosomal influenza subunits is filtered through a 5-µm
filter for separating the chromatographic matrix substance from the suspension.
The filtered pool is subsequently tested for HA content, purity, absence of detergent,
and phospholipid, and then diluted with PBS-NaCl pH 7.4 to yield the final bulk.

3.2. Production of a Commercialized
IRIV-Hepatitis A Vaccine (see Note 1)

1. The RG-SB HAV strain is cultured on MRC-5 human diploid cells. The virus is
purified from disrupted cells by ultrafiltration, extraction in n-heptane to remove
lipids, and 30% sucrose cushion ultracentrifugation. HAV is inactivated by treat-
ment with formalin (0.25% wt/vol) at 37°C for 10 d. Inactivation is confirmed by
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lack of viral replication after prolonged incubation of the formalin-treated viral
concentrate on MRC-5 cells. The purified HAV concentrate is filtered and the
HAV antigen concentration is determined by radioimmunoassay. HAV antigen
content is expressed as radioimmunoassay units (RU).

2. The IRIVs are produced as described for the virosomal influenza vaccine with
the exception that only one monovalent influenza virus pool (A/ Singapore H1N1)
is used for the preparation of IRIVs and in addition to phosphatidylcholine (PC),
phosphatidylethanolamine (PE) is added to the phospholipid mixture in a ratio of
4�1. The purified, inactivated HAV suspension with a known amount of antigen
is ultrafiltrated (dialyzed) against a physiological saline solution (0.9% NaCl).
An appropriate quantity of the IRIV suspension is added to the dialyzed suspen-
sion and gently mixed at 25°C for 24 h to allow the HAV to adsorb onto the
surface of the IRIV (30) (Fig. 5). This bulk suspension is diluted with sterile
saline solution to a final concentration of 2000 RU HAV antigen/mL (one dose is
equivalent to 0.5 mL) and bottled.

Fig. 5. Electronmicrograph of an IRIV vesicle carrying two hepatitis A virion par-
ticles. The influenza glycoproteines (on the right) hemagglutinin and neuraminidase
form spikes that protrude 13.5 nm from the IRIV-membrane. The HAs are not acti-
vated by the low endosomal pH. The attached two inactivated hepatitis A virions (dark
particles on the left) have a diameter of about 25 nm. For comparison, see also Fig. 4.
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3.3. Preparation of Multicombined Virosomal Vaccines
by Covalent Coupling of the Antigen (see Notes 3, 4, and 5)

1. Antigens (hepatitis A, hepatitis B, diphtheria toxoid, tetanus toxoid, and sPf66
malaria synthetic peptide) are bound to IRIV surface by phosphatidylethanola-
mine (PE) whose free amino group allows a covalent coupling.

2. PE is dissolved in methanol and 0.1% (v/v) triethylamine is added. The
solution is then mixed with γ-maleimidobutyric acid N-hydroxy-succinimide es-
ter (GMBS) (Pierce Chemical Company, Rockford, IL) (ratio PE � GMBS = 2�1)
which is previously dissolved in dimethylsulfoxide (DMSO). After 15 min incu-
bation at 25°C, the solvents are evaporated for 1 h under vacuum in a speedvac
centrifuge.

3. In order to obtain a reduced antigen protein with free cysteine residues, the anti-
gens are treated with 40 mmol/1 DL-dithiothreitol (DTT) for 5 min at 20°C. The
DTT is removed using a Sephadex G10 column (Pharmacia LKB Biotechnology,
Uppsala, Sweden) and OEG (Fluka Chemicals, Switzerland) is added at a final
concentration of 100 mmol/L. The evaporated PE-GMBS is then mixed with the
antigen solution at appropriate ratios for 1 h, unbound GMBS is then captured by
cysteine. The reactions are monitored by thin-layer chromatography. Additional
PC and PE (final ratio 4�1) are added to the previously crosslinked PEGMBS and
this mixture is dissolved in PBS containing 100 mM OEG. This solution is mixed
with a A/ Singapore influenza OEG solution as described in the section for
virosomal hepatitis A vaccine. Virosomes are then formulated by detergent
removal using Bio-Rad SM Bio-Beads (Richmond, CA).

3.4. Preparation of Oligonucleotides
Containing Cationic Virosomes (see Note 6)

Virosomes are prepared as described for the production of commercial IRIV-
hepatitis A vaccine. Instead of PC and PE the cationic N-[1-(2,3-dioleyloxy)
propyl]-N,N,N-trimethyl-ammonium methylsulfate (DOTAP) is added to the
influenza envelope glycoproteins (HA and NA) and phospholipids. Encapsula-
tion of oligonucleotides into DOTAP-virosomes is performed as follows: cat-
ionic virosomes are added to each of the following oligodeoxy-nucleotide
phosphorothioates (OPTs): antisense FITC.OPT, sense FITC-OPT, and FITC-
OPT. These OPTs are dissolved and the solutions are then treated by sonica-
tion for 2 min at 26°C. Nonencapsulated OPT are separated from the virosomes
by gel filtration on a High Lead Superdex 200 column (Pharmacia, Uppsala,
Sweden). The column is equilibrated with sterile PBS. The void volume frac-
tions containing the DOTAP virosomes with encapsulated OPT is eluted with
PBS and collected.
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After the virosomes have been fully dissolved in 0.1N NaOH containing
0.1% (v/v) Triton X-100, virosome-entrapped FITC-OPT concentrations are
determined fluorometrically. For calibration of the fluorescence scale, the fluo-
rescence of empty DOTAP virosomes that had also been dissolved in the above
detergent solution is set to zero.

3.5. Entrapment of Mumps Plasmid DNA into Virosomes (see Note 7)

cDNA encoding HN antigen of the Urabe Am9 strain of the mumps virus is
cloned into BamHI site of the plasmid pcDNA3 (InVitrogen, San Diego, CA),
which is driven by the CMV promoter. The constructs are grown in DH5a cells
and plasmid DNA is purified by QIAGEN EndoFree Plasmid Kit (QIAGEN,
Chattsworth, CA) as described by the manufacturer. Influenza virosomes and
plasmid encapsulation are prepared as described under OPT containing cat-
ionic virosomes. Nonencapsulated plasmid is separated by gel filtration on a
High Load Superdex 200 column (Pharmacia).

3.6. Prospects for the Future

Because it is not clear which (if any) animal species or strain correlates with
human immunity (54), products that show promise in an animal system need to
be tested in humans for both safety and immunogenicity. Virosomes have been
extensively given to humans of all ages in the context of vaccine formulations.
Therefore, such efforts should prove exciting for the successful application of
the molecular approach to new and improved vaccines.

There are several ways to increase adjuvant activity over that observed with
alum, the only adjuvant in approved products licensed by the FDA (56) and
which is far from ideal: (i) by developing an adjuvant vaccine formulation that
is more dispersable, therefore improving transfer of antigens to draining lymph
nodes; (ii) by using immunostimulants that help to trap and activate appropri-
ate cells within these lymph nodes; (iii) by providing for a physical or chemical
association of these immunostimulants with vaccine antigens so that both are
delivered simultaneously to lymphoid tissues; and (iv) by using substances and
molecules selected on the basis of prior documented safety when parenterally
administered to humans. Virosomal preparations and specially IRIV-designed
vaccines and similar formulations seem to do all four and, therefore, hold promise
as immunopotentiating delivery systems for whichever vaccine is approved next.

3.7. Summary and Conclusion

IRIVs have been shown to act as an efficient and highly effective means of
enhancing the immune response to a variety of vaccine antigens, thus illustrat-
ing their use as vaccine delivery systems. Their use is not limited to a certain
type of antigen. IRIV-based vaccines comprising viral glycoproteins, bacterial
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toxoids, inactivated virus, recombinant proteins, synthetic peptides, and DNA-
plasmids or polynucleotids, have been formulated. The safety profile of IRIV
vaccines has been excellent. Compared to alum-adsorbed vaccines, they elicit
far fewer local reactions. Both local and systemic reactions reported to date
have been predominantly mild and transient. Additionally, immunization with
IRIVs does not induce a serum antiphospholipid antibody response, even after
repeated doses of vaccine have been administered (57), IRIV-based vaccines
can readily be made on a commercial scale economically. As noted above,
several additional vaccines are undergoing clinical evaluation. Furthermore, a
number of novel vaccine antigens are being incorporated into IRIVs in an
attempt to develop a variety of new viral, bacterial, and parasitic vaccines.

4. Notes
1. Clinical evaluation of IRIV hepatitis A vaccine: Initial studies (28) compared the

safety and the kinetics of the immune response induced by three different hepati-
tis A vaccines: (i) fluid; (ii) alum-adsorbed; and (iii) IRIV, all of which contained
the same amount of inactivated hepatitis A antigen. Local reactions occurred at a
significantly reduced rate in the IRIV group as compared to recipients of the
alum-adsorbed vaccine. Similar results were obtained upon expanded testing
in which IRIV vaccine was compared to a commercial alum-adsorbed vaccine
(43–45). The IRIV vaccine induced a more rapid immune response evidenced by
a statistically higher rate of seroconversion at day 14 accompanied by a higher
geometric mean titer (GMT) (Table 1). By 4-wk postimmunization, comparable
immune responses were attained by all three vaccines. However, there was a
significantly greater decline in antibody levels in the groups immunized with the
alum-adsorbed or fluid vaccines. One year after immunization, all persons
immunized with the IRIV vaccine still possessed anti-HAV antibody levels
≥ 20 mIU/mL. In contrast, only 60 and 50% of subjects who received the alum-

Table 1
Kinetics of the Immune Response Following
Immunization with Various Hepatitis A Vaccine Formulations

Geometric mean titer (% ≥20 IU/ml)

Vaccinea formulation Day 0 Day 14 Day 28 Day 180 Day 352b

Fluid <20 16 (30) 388 (100) 211 (80) 139 (50)
Al (OH)3 <20 21 (44) 871 (100) 535 (95) 157 (60)
IRIV <20 140 (100) 831 (100) 1,499 (100) 655 (100)

aOne dose of each vaccine formulation contained 1000 radioimmunoassay units of HAV
antigen and was administered to 40 healthy adults.

bData from 14, 10, and 22 subjects immunized with fluid, Al (OH)3 or IRIV vaccines,
respectively.
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adsorbed or fluid vaccine, respectively, did so. Expanded testing of the IRIV-
formulated hepatitis A vaccine in adult and pediatric populations have found that
≥95% of subjects will achieve protective titers with 1 mo of receiving a single
dose of vaccine (43–46). This single-dose immunization schedule has proved to
be effective at controling hepatitis A outbreaks and endemic disease (43,47). This
vaccine was first licensed for use in 1995 under the trade name Epaxal Berna.

2. Clinical evaluation of IRIV influenza vaccine: Several trivalent IRIV-formulated
influenza vaccines have been tested in elderly patients (48,49). In one study the
IRIV-formulated vaccine was found to elicit significantly higher fourfold rises in
anti-HA antibody levels over baseline to all three vaccine strains compared to
both commercial subunit and whole virion vaccines (48). Peak postimmunization
antibody levels were also found to be significantly higher than commercial vac-
cines. Of greater clinical importance is the percentage of subjects with
nonprotective levels of baseline antibodies who attained protective levels fol-
lowing immunization. As shown in Table 2, the IRIV vaccine was far more
effective than a commercial subunit vaccine in achieving this goal. The IRIV
vaccine was found to be superior to standard vaccine formulations, especially
when the baseline titers were very low (48,49). This vaccine was first licensed
for use in 1997 under the trade name Inflexal V Berna.

Currently, an IRIV-type influenza vaccine is undergoing phase III clinical
testing when administered by the intranasal route with the native heat-labile toxin
of Escherichia coli being incorporated into the formulation as a mucosal adjuvant.

Table 2
Attainment of Protective Anti-HA Antibody Levels Following Immunization
in Subjects with Nonprotective Baseline Antibody Titersa

No. of subjects with protective levels
Type of vaccine of antibody after vaccination (%)

1992/1993 H1N1 A/ H3N2 A/ Yamagata B
season Singapore 6/86 Beijing 353/89 16/88

Subunit 12/49 (41) 12/14 (86) 7/30 (23)

p = 0.0049 p = > 0.05 p = 0.006

IRIV 42/58 (72) 27/31 (87) 31/57 (54)

1993/1994 H1N1 A/ H3N2 A/ Panama B
season Singapore 6/86 Beijing 32/92  45/90

Subunit 13/28 (46) 14/26 (54) 10/12 (83)

p = 0.03 p = 0.0041 p = 0.64

IRIV 25/34 (74) 27/28 (96) 16/17 (94)

aProtective anti-HA antibody titer: ≥ 40 (58).
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Preliminary results indicate that intranasal administration can elicit a signifi-
cant rise in serum anti-HA antibody titers (50), as well in mucosal (salivary and
nasal wash) IgA titers.

3. Immunogenicity of IRIV- vs alum-adjuvanted diphtheria and tetanus toxoid vac-
cines in influenza primed mice: The immunogenicity and protective efficacy of
two different toxoid vaccines were compared in mice (51). Because nearly all
humans can be considered to be seropositive to influenza the mice were previ-
ously primed with a commercial flu vaccine. In one formulation, toxoids (diph-
theria or tetanus) were adsorbed to alum, whereas in the other formulation,
toxoids were crosslinked to IRIVs. A preimmunization with influenza antigens
considerably enhanced the antitoxoid antibody response when the IRIV formula-
tion was administered (Table 3). After two immunizations with the IRIV- or
alum-based vaccines, the IRIV-based formulation induced a higher humoral im-
mune response than toxoids adsorbed to alum (Table 4). Using an in vitro test,
diphtheria toxin neuralizing antibodies were tested. IRIV-formulated diphtheria
toxoid (Di-IRIV) induced a significantly (p = 0.002) higher titer of diphtheria
toxin neutralizing antibodies than alum-formulatd diphtheria toxoid (Di-alum).
Tetanus challenge experiments showed, that the IRIV based tetanus vaccine
induced a threefold higher titer of protective antibodies than the tetanus toxoid
adsorbed to alum (Table 5). Therefore, the IRIV-based formulations appeared to
be superior than the alum-based vaccines in terms of immunogenicity and pro-
tective efficacy.

Table 3
Immunization Scheme

Di-Anatoxal Di-IRIV
Diphtheria Di-Anatoxal Inflexal-Priming Di-IRIV Inflexal-Priming

day 0 Inflexal Berna Inflexal Berna
day 21 Di-Anatoxal Di-Anatoxal Di-IRIV Di-IRIV
day 42 Bleeding and Bleeding and Bleeding and Bleeding and

Di-Anatoxal Di-Anatoxal Di-IRIV Di-IRIV
day 52 Bleeding Bleeding Bleeding Bleeding

Te-Anatoxal Te-IRIV
Tetanus Te-Anatoxal Inflexal-Priming Te-IRIV Inflexal-Priming

day 0 Inflexal Berna Inflexal Berna
day 21 Te-Anatoxal Te-Anatoxal Te-IRIV Te-IRIV
day 42 Bleeding and Bleeding and Bleeding and Bleeding and

Te-Anatoxal Te-Anatoxal Te-IRIV Te-IRIV
day 52 Bleeding Bleeding Bleeding Bleeding

Anatoxal: Commercial vaccine, alum adsorbed.
Inflexal: Commercial whole virus influenza vaccine.
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4. Immunogenicity of an IRIV-SPf66 malaria peptide vaccine in mice: IRIVs were
used as a delivery system for the synthetic peptide-based malaria vaccine SPf66.
The reduced SPf66 peptide molecules containing terminal cysteine residues were
covalently attached to kephalin with the heterobifunctional crosslinker
γ-maleimidobutyric acid N-hydroxysuccinimide ester. The SPf66-kephalin was

Table 4
Antibody Titers to Different Toxoid Vaccine Formulations

Di-Anatoxal Di-IRIV
Diphtheria Di-Anatoxal Inflexal-Priming Di-IRIV Inflexal-Priming

number of mice 32,710 55,55 4410 55,10
day 42 5,5043 ,3566 44<8 5,395

(GMT after 1
immunization)a

day 52 32,768 37,641 4467 57,052
(GMT after 2
immunizations)a

Te-Anatoxal Te-IRIV
Tetanus Te-Anatoxal Inflexal-Priming Te-IRIV Inflexal-Priming

number of mice 32,710 555,55 55,510 55,510
day 42 5,5793 5,5793 5,5512 5,1663

(GMT after 1
immunization)a

day 52 32,768 23,170 18,820 65,536
(GMT after 2
immunizations)a

aResults are expressed as the geometric mean of reciprocal serum dilutions.

Table 5
Titers of Neutralizing Antibodies to Different Toxoid Vaccine Formulations

Neutralizing antibodies to diphtheria Di-IRIV
toxin (vero cell test) Di-Alum Influenza-Priming

number of mice 210 2210
day 52 239 1176

(GMT)a

Neutralizing antibodies to tetanus Te-IRIV
toxin (challenge) Te-Alum Influenza-Priming

day 52 200 2600
(GMT)a

aResults are expressed as the geometric mean of reciprocal serum dilutions.
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incorporated into IRIVs and BALB/c mice were immunized twice by sc injection
with peptide-loaded virosomes. Titers of elicited anti-SPf66 IgG were determined
by ELISA. These titers were significantly higher and the required doses of anti-
gen were lower, when mice had been preimmunized with unmodified virosomes.
SPf66-IRIV elicited far more consistently high anti-SPf66 antibody responses
than SPf(66)n adsorbed to alum (Table 6). mAb produced by four B-cell hybri-
doma clones derived from a SPf66-IRIV immunized mouse crossreacted with
Plasmodium falciparum blood stage parasites in immunofluorescence assays. All
four mAb were specific for the merozoite surface protein 1 (MSP1)-derived 83.1
portion of SPf66. Sequencing of their functionally rearranged kappa light chain
variable region genes demonstrated that the four hybridomas were generated from
clonally related splenic B cells. BIAcore relative affinity measurements together
with these sequencing data provided evidence for the selection of somatically
mutated affinity matured B cells after repeated immunization with SPf66-IRIV.

Table 6
Comparison of Immunogenicity of IRIV-SPf66 (10 µg)
with Alum-SPf66 (10 µg) in Mice. Immunization day 0 and day 21.
Bleeding on day 43. All Mice were Primed with Influenza-Antigen.

SPf66-IRIV SPf66-Alum

mouse no. units mouse no. units

21 22,500 21 71
22 10,000 22 59
23 12,500 23 <15
24 22′100 24 77
25 14,289 25 <5
26 23,333 26 24,167
27 22,000 27 20,000
28 21,000 28 909
29 22,222 29 56
10 23,448 30 59
13 21,250 31 27
15 22′200 32 <15
16 22,500 33 <15
17 21,667 34 250
18 23,448 35 434
19 21,961 36 <15
20 12,500 37 <15

38 50
39 3,571
40 <15
41 <15
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The results indicate that IRIVs are a suitable delivery system for synthetic peptide
vaccines and thus have a great potential for the design of molecularly defined
combined vaccines targeted against multiple antigens and development stages of
one parasite, as well as against multiple pathogens (52).

5. Phase I clinical testing of a multivalent combined IRIV vaccine in human volun-
teers: The objective of this study was to produce a fivefold combined vaccine
against hepatitis A and B, diphtheria, tetanus, and influenza A/B, and to show
that, in principle, IRIVs can serve as carriers for multiple antigens, which have
good immunogenicity and are well tolerated. A total of four studies were carried out.

Either the combined vaccine or the corresponding adequately tested alum-
adsorbed single vaccines were tested for reactogenicity and immunogenicity in
young adults.

A hepatitis A and B combination on an IRIV base showed the same immuno-
genicity and toleration as the single vaccines. However, with the simultaneous
coupling of all five vaccines on the same IRIV or the binding of Di-Te and HAV
on different IRIVs there was a suppression of the humoral immune response
against HAV (p = 0.03). The possibility that epitope-specific suppression had
occurred could be ruled out. The suppression of the response against HAV could
be circumvented by halving the quantity of Di-Te antigen in the combined vaccine so
as to avoid antigenic competition. Surprisingly, the immunogenicity of Di-Te
vaccination in the combination proved superior to that of a separate vaccination.

By reducing the diphtheria and tetanus toxoid subunit molecules per IRIV
particles, it was possible not only to increase significantly the immune response
to these antigens but also to remove completely the antigenic competition phe-
nomenon. Once the optimum composition of the vaccine had been achieved (care-
ful dosing of antigens per IRIV particle), an immunological effect clearly superior
to that of comparable, aluminium-adsorbed products was obtained (40) (Table 8).

The tolerability of this “supercombi vaccine” was significantly better than the
commercial alum adsorbed products (Table 9).

6. Delivery to cancer cells of antisense L-myc oligonucleotides incorporated in cat-
ionic virosomes: Antisense OPTs of L-myc were encapsulated into reconstituted
influenza-virus-A envelopes (virosomes) (53). The envelopes of the virosomes

Table 7
Studies 1–4. Demographic Data (yr/mo) of the Study Population

Study 1 Study 2 Study 3 Study 4

Combined Single Combined Single Combined Combined

n 7 7 23 23 15 15
Female 3 5 7 10 4 4
Male 4 2 16 13 11 11
Age mean 27/01 24/05 23/03 24/01 25/04 22/10
Min 22/10 22/11 21/01 21/08 21/09 21/00
Max 32/11 25/09 25/06 34/03 28/00 28/00
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Table 8
IRIV-Combination Vaccine vs Single Alum Vaccines

Day 0 Day 28

Immunogen Adjuvant GMTa p GMTa p

Alpha DT Alum 0.4 IU/mL 0.4 0.7 IU/mL 0.00007
IRIV 0.8 IU/mL 3.2 IU/mL

Alpha TT Alum 4.3 IU/mL 0.07 13.1 IU/mL 0.00002
IRIV 6.6 IU/mL 45.2 IU/mL

Hbs Alum 292 IU/mL 0.4 6373 IU/mL 0.002
IRIV 343 IU/mL 13,204 IU/mL

HAV Alum 8.0 mIU/mL 0.6 252 mIU/mL 0.08
IRIV 7.0 mIU/mL 361 mIU/mL

aGeometric mean titers (alum n = 26, IRIV n = 27) for diphtheria, tetanus, hepatitis B, and
hepatitis A.

consisted of a single positively charged (cationic) lipid bilayer. Binding of cat-
ionic virosomes to cellular receptors that are membrane glycoproteins or gly-
colipids containing terminal sialic acid is mediated by the HA of the influenza
virus. After internalization through receptor-mediated endocytosis, cationic
virosomes fuse efficiently with the membranes of the endosomal-cell compart-
ment and as a consequence the encapsulated OPT are delivered to the cell cyto-
plasm. Examination by fluorescence microscopy of the cellular uptake of cationic
virosomes containing fluorescein-labeled OPT showed rapid and efficient incor-
poration of virosomes (Figs. 6 and 7). Addition of cationic virosomes (75-150 l)
containing antisense L-myc OPT in the picomolar range to small-cell-lung-
cancer (SCLC) cell cultures that expressed highly the L-myc oncogene led to

Table 9
Comparison of Side Reactions. Combined Commercial
Diphtheria, Tetanus, Hepatitis A, and Hepatitis B Vaccines
vs an IRIV Supercombined with the Same Antigens

Side Reactions Commercial Vaccines IRIV Supercombined
Pain grade 2 or 3 82% 24%
Induration 41% 23%
Redness 37% 29%

Redness average
Area left: 3800 mm2 2 mm2

right: 1034 mm2

Swelling 48% 27%

General symptoms
(Headache, nausea) 78% 28%
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strong inhibition of thymidine incorporation in a concentration-dependent man-
ner. Virosome-entrapped sense L-myc OPT and random-order OPT had only
minimal effects on the thymidine uptake. Cells of SCLCc cell line NCl-H82
expressing a very low level of L-myc were not affected by antisense-L-myc
virosomes. In Western blot analysis, expression of L-myc protein was suppressed
in the antisense-virosome-treated NCl-H209 cells, but not in untreated control
NCl-H209 cells. These results suggest that cationic virosomes may have great
protential as an efficient delivery system for antisense oligonucleotides in cancer
therapy.

7. Intranasal immunization of mice with mumps DNA entrapped into virosomes:
We immunized intranasally groups of mice with (a) naked DNA encoding HN
antigen of mumps virus (group C) or (b) with DNA entrapped into virosomes
after preimmunization with virosomes (group A) or (c) without preimmunization
(group B). A control group (H) was immunized intranasally with live Urabe
mumps virus. As shown in Table 10, the geometric mean titer (GMT) of IgG in
the group of mice which had received the preimmunization (A), was higher than
that reported in the groups B and C of mice (54,55). The group of mice immu-
nized intranasally with naked DNA developed a very low level of IgG, whereas

Fig. 6. Cellular uptake of antisense-FITC-L-myc virosomes by NCI-H209 cells:
1 × 104 cells were seeded in a chamber slide in 0.3 mL of medium containing 10%
FCS. Cells were incubated with 50 µL of virosomes for 5 min, then washed and viewed
under fluorescence microscopy.
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Fig. 7. The same experiment as described in Fig. 6 with the difference that cells
were incubated with 50 µL of virosomes for 15 min.

the mice immunized intranasally with the mumps virus (group H) presented a
good IgG response. Analyzing the mucosal immunity, we found that all groups
of mice, but those immunized with naked DNA, developed IgA. Only in the nasal
washings (NW) of mice immunized intranasally with the mumps virus could we
detect IgA at elevated titer (group H).

Three-fifths of mice from group A developed neutralizing antibodies (GMP 1/16)
(data not shown). Because not all mice produced neutralizing antibodies, we think
that the schedule of vaccination needs to be modified in order to improve the
induction of neutralizing antibodies.

Cytokine measurements were performed using splenocytes taken 12 d after
immunization. Table 11 summarizes representative measurements obtained from
two separate experiments. Mumps virus antigen-stimulated cells from mice pre-
viously vaccinated (intranasally) with DNA-virosomes induced the production
of IL-2 and IFN-α. In addition, flu primed mice induced the production of IL-4.
Cells taken from mumps virus-immunized animals produced IFN-α, IL-2, IL-4,
and IL-10 after in vitro stimulation with mumps antigen. Immunization with
DNA-virosomes such as the control immunization with the purified mumps anti-
gens correlated with Th1 phenotype. In addition, considering the ratio between
the total level of IgG and the virus-specific IgG1 or IgG2a, the amount of IgG2a
isotype was predominant in group A, indicating a Th2 response.
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Cochleates for Induction of Mucosal
and Systemic Immune Responses

Susan Gould-Fogerite and Raphael J. Mannino

1. Introduction
1.1. Protective Immune Responses

The vast majority of infectious diseases are caused by pathogens that infect
mucosal surfaces or use them as portals of entry. Mucosal immune responses
are the first line of defense against these pathogens that are inhaled, ingested,
or sexually transmitted. However, some agents may be able to breach these
defenses, and go on to cause systemic disease. Therefore, vaccines against these
agents may need to induce both mucosal and circulating immune responses for
optimal protection (1–3).

The systemic and mucosal immune systems communicate, but are some-
what compartmentalized (1–3). In general, induction of immune responses via
systemic immunization supports systemic responses. Under appropriate condi-
tions, mucosal introduction of foreign substances (antigens) can induce both
mucosal and systemic responses. Following oral delivery, for example, anti-
gens or invading pathogens, which can survive the harsh acid and degradative
environments encountered, may be taken up by the specialized microfold or
“M” cells in the small intestine and transported to the follicle beneath known
as a Peyer’s patch. T- and B-cell responses to the antigen occur there, followed
by migration of the immune cells to the mesenteric lymph nodes. Activated
cells travel via the efferent lymphatics to the thoracic duct, where they enter
the circulation and migrate to various effector sites in the gastrointestinal, res-
piratory, and genitourinary tracts. This “Common Mucosal Immune System”
allows the seeding of both systemic and mucosal sites with memory and effec-
tor cells ready to respond to the pathogen (1–3).
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There is evidence for both humoral- and cell-mediated responses contribut-
ing to the control of viruses, bacteria, and parasites, and having the potential
for preventive or therapeutic effects (3,4). Neutralizing antibodies can limit
initial infection and pathogen spread (5–7). Cytolytic T-cell responses play an
important role in control and recovery from many viral and parasitic infections
(8,9). Appropriate T-helper responses are also crucial to protective immunity
(10,11).

Current evidence would suggest, therefore, that antibody- and cell-mediated
responses, systemically and on mucosal surfaces, would be desirable for opti-
mal protection against most infections.

1.2. Subunit Vaccines

It is becoming increasingly apparent that the natural immune response gen-
erated by infection with an organism often does not represent the optimal pro-
tective response against that organism (12). Subunit vaccines, consisting of
specific components of the pathogen, can be used to direct the immune
response to targets that are protective (13). Strain variation of immunologi-
cally important sites can be covered by the use of mixtures of peptides, pro-
teins, or nucleic acids that code for them. In addition, less dominant, more
highly conserved sites, can be presented more effectively than in the context of
the whole organism.

Subunit vaccines are also attractive for reasons of safety. Many infectious
organisms are too dangerous to risk even an occasional breakthrough in the
process of inactivation used to produce a killed vaccine. Live attenuated vac-
cines can pose risks of reversion to wild type, as well as causing more severe
disease in individuals whose immune system is compromised (e.g., owing to
age, malnutrition, treatment with drugs, or infection with viruses, which are
immunosuppressive) (13).

The types of immune response generated by natural infection or exposure to
the whole organism also may not be optimal for protection. The immune
response to a foreign entity is determined by previous exposure to the same or
a related structure, the dose and route of introduction, its biochemical compo-
sition and physical structure, and the immune status and genetics of the host.
With the exception of host genetics and health, the above determinants are all
amenable to manipulation and targeting with subunit vaccines. In particular,
the use of adjuvants and delivery systems with subunit vaccines is an active
and extremely promising area of investigation. Adjuvants and delivery sys-
tems can be used not only to augment the strength or duration of response,
but also to influence the types of cell mediated and antibody responses
induced (13).
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1.3. Cochleate Delivery Vehicles

Cochleate delivery vehicles are unique vaccine carrier and delivery formu-
lations composed of simple, natural materials (phosphatidylserine and calcium)
(14–19). Multiple cochleate administrations can be given to the same animal
without adverse side effects, as they are nontoxic, noninflammatory, and bio-
degradable (14). Cochleates are stable phospholipid-calcium precipitates,
which are structurally distinct from liposomes (Fig. 1). There are substantial
and critical differences between the composition and properties of liposomes
and cochleates. Liposomes at physiological temperatures are comprised of fluid
bilayer membranes with aqueous space contained within the compartments
bounded by the lipid bilayers (20). The fluid lipid bilayer is susceptible to attack
from harsh environmental conditions, such as extremes of pH, or the presence
of enzymes that digest lipid.

Cochleates are prepared through the calcium-induced fusion of liposomes
composed of negatively charged phospholipid (21). The binding of the diva-
lent cations to the negatively charged lipid causes the liposomes to collapse

Fig. 1. Schematic representation of liposome and cochleate structures. Liposomes
are comprised of internal aqueous space bounded by fluid lipid bilayers. Cochleates
are composed of alternating layers of divalent cations (e.g., calcium), and solid lipid
bilayer sheets stacked or rolled up in a spiral conformation, with little or no internal
aqueous space.
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into solid sheets that roll up or stack, excluding water (Fig. 2) (21). The multi-
layered structure provides protection from degradation for associated
“encochleated” molecules. Because the entire cochleate structure is a series of
solid layers, components within the interior of the cochleate structure remain
intact, even though the outer layers of the cochleate may be exposed to harmful
environmental conditions or enzymes. Cochleates can be stored as a suspen-
sion or lyophilized to a dry powder (14–19).

Membrane proteins, such as the surface glycoproteins of enveloped viruses,
can be integrated into the lipid bilayers of cochleates at high efficiency. Native
conformation and biological activities of these proteins are maintained
(22–24). Peptides may be incorporated into cochleates by covalent crosslinking
to phospholipid (15,16). DNA cochleates can be formed by trapping oligo-
nucleotides or high molecular-weight plasmids within or between the lipid
bilayers (16–18).

The protection of encochleated materials and structural stability of the
cochleate allows for efficient delivery of proteins and polynucleotides in vivo
by various routes. These include mucosal [oral, intragastric (ig), intranasal (in),
and intraocular (io)], and parenteral [intramuscular (im), subcutaneous (sc),
intraperitoneal (ip), and intradermal (id)], routes of administration (14–19, and
unpublished).

1.4. Protein Cochleates

Cochleates as carriers for protein and peptide antigens effectively induce
antibody- and cell-mediated immune responses. Protection from lethal and

Fig. 2. Electron micrographs of freeze fracture preparations of DNA cochleates.
Cochleates are solid, multilayered precipitates of calcium and negatively charged phos-
pholipid. Calcium binding causes collapse and fusion of negatively charged liposomes
into large continuous lipid bilayer sheets, which roll up or stack to form scroll-like or
stacked sheet structures, excluding water.
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infectious dose challenge with viruses administered parenterally and mucosally
has also been achieved (see Table 1 for summary) (14–19, and manuscripts in
preparation). For example, cochleate vaccines containing the glycoproteins and
lipids from the envelope of influenza virus were given to mice by gradually
dispensing liquid into the mouth and allowing it to be swallowed (14, and in
preparation). This study demonstrated that high circulating antibody titers
could be achieved by simply drinking cochleate vaccines containing influenza
virus glycoproteins. The response was boosted by repeated administration and
was dose related to the amount of glycoprotein used. Hemagglutination inhibi-
tion titers indicated maintenance of the native viral glycoprotein conformation
and induction of neutralizing antibodies following cochleate formulation and
oral administration. Strong spleen cell proliferative responses were also gener-
ated (14, and in preparation).

In order to determine whether oral administration of this subunit vaccine
afforded protective immunity in the respiratory tract, mice were immunized
with cochleates and then were challenged by intranasal application (while
awake) of influenza virus at one week after the final boost. Three days after

Table 1
Summary of Cochleate Vaccine Studies

Formulations

Viral Pathogens Antigens Routes of administration

HIV-1 Viral Glycoproteins Mucosal Parenteral
Influenza A Bacterial membrane proteins Oral Intramuscular
Parainfluenza Peptides Intranasal Intradermal
Herpes simplex 1 and 2 DNA (polynucleotide) vaccines Intraocular Subcutaneous

Immune Responses

Antibody Proliferation Cytotoxicity

Serum Intestinal Spleen Spleen
Saliva Fecal Peyer’s patches Intestinal intraepithelial lymphocytes
Bronchial Vaginal Mesenteric lymph nodes (iIELs)

Inguinal lymph nodes

Protection from Virus Challenge

Route of
Cochleate vaccine Route of immunization challenge Protection from

Influenza A (protein) Intramuscular, intranasal, oral Intranasal Replication
Herpes simplex 1 (DNA) Intragastric or intramuscular Intravaginal Lethal dose
Herpes simplex 2 (DNA) Intramuscular 10, intragastric, Footpad Neurological

or intramuscular 20 symptoms
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viral challenge, the mice were sacrificed and the lungs and trachea were cul-
tured to detect virus. The oral vaccine provided a high degree of protection
from viral replication in the trachea and lungs. All the mice that received the
four highest doses of vaccine (12.5 to 100 µg) were negative for virus upon
culture. The 3- and 6-µg dose groups had reduced viral burdens in the lungs
when compared to the controls (14, and in preparation).

In contrast to these results, in analogous experiments utilizing influenza gly-
coproteins in polylactide polyglycolide microspheres, oral delivery did not
stimulate significant antibody responses. Intramuscular priming was required
to obtain significant circulating or mucosal responses, and reduction of viral
burdens in the respiratory tract, rather than protection from infection, was
obtained (25). Hemagglutination inhibition titers generated by microspheres
were also significantly lower, whereas corresponding enzyme-linked
immunosorbent assay (ELISA) titers were high. This probably indicates a loss
of native hemagglutinin (HA) glycoprotein conformation on exposure to the
organic solvents involved in their formulation (25). The physiologically gentle
conditions and lack of antigen exposure to organic solvents is one of the
advantages of cochleate vaccine formulation.

In studies performed in our laboratories, the effects of lipid composition and
liposome vs cochleate structure on immune responses to influenza glycopro-
teins were compared (17). Liposomes and cochleates containing synthetic
dioleyol phosphatidylserine (PS), having two 18-carbon acyl chains, each with
one unsaturated bond, and liposomes containing synthetic dimyristal
phosphatidylglycerol (PG), with two 14-carbon saturated (no double bond) acyl
chains, were prepared. Although PG has a negatively charged head group,
liposomes containing the dimyristal PG did not collapse or form cochleates
upon exposure to calcium, but instead retained their liposomal structure.

Mice were immunized orally or intramuscularly at 0 and 3 wk. At short
time-points (week 1 and week 4), all three vaccines stimulated comparable
levels of both IgG1 and IgG2a antibodies following im immunization. This
antibody subtype distribution indicates the induction of both T-helper cell type 1
and type 2 responses (supporting IgG2a and IgG1, respectively). This has been
confirmed by other experiments with cochleates in the influenza system and
with proteins from other viruses, by antibody and cytokine (IL-4 and IFN-
gamma elispot and cultured supernatant) assays. The pattern seen is for some-
what higher IgG1 responses than IgG2a, both increasing with subsequent
immunizations. ELISA titers range from hundreds to millions, depending on
the antigen, the dose, and immunization regimen. Interestingly, the ratio of
IgG1 to IgG2a, after several immunizations with a given antigen, does not
appear to be significantly different when comparing oral vs im immunization
(14,15,17, and manuscripts in preparation). Other studies indicate that coch-
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leate responses are slower to develop (particularly after oral delivery) and
remain high longer than liposomes, supporting the possibility of slower release
or availability (14 and unpublished observations).

Following oral administration, both PS liposomes and PS cochleates
induced serum IgA antibodies, which were detectable at the first time-point,
and increased at the second. The PG liposomes, however, did not stimu-
late production of IgA antibodies at either time-point. None of the formula-
tions stimulated production of IgA when given intramuscularly. This differ-
ence of oral from intramuscular is consistent with induction of the immune
response at a mucosal surface. In other studies, the amount of serum IgA was
shown to be proportional to the number of oral (and not im) immunizations. In
addition, oral immunization supports induction of salivary IgA responses,
whereas im does not (14,16, and in preparation). Salivary IgG levels, in con-
trast, may be induced by either route, and tend to reflect serum levels, probably
as a result of transudation (14,16, and in preparation). Oral or in delivery of
protein or peptide cochleates has also been shown to stimulate production of
other mucosal antibodies such as bronchial or vaginal wash, and fecal (15 and
unpublished).

We initially hypothesized that the PS cochleates would work much better
than the PS liposomes following oral delivery. However, IgG1 and IgG2a were
measurable in the 4-wk samples for both PS formulations (and at 1 wk if mea-
suring total IgG). In contrast, the PG liposomes failed to induce any IgG2a, and
only a very low amount of IgG1 at week 4. The induction of fairly strong circu-
lating antibody titers following oral immunization with the PS liposomes was
significant and unexpected. Most protein based vaccines work very poorly or
not at all when given orally, require priming by another route, or inclusion of
mucosal adjuvants (which are often toxic) (1,2,25).

Obtaining these results led us to investigate the calcium concentrations in
mouse saliva and stomach fluids. These were found to be more than sufficient
(several millimolar) to collapse PS liposomes into cochleates. In addition, acid
pH tends to stabilize and favor formation of cochleate structure. Therefore, the
PS liposomes probably were converted to cochleates in vivo, and thereby pro-
tected from degradation in the stomach. The PG liposomes, which do not con-
vert to cochleates in the presence of calcium, induced fairly strong responses
when given intramuscularly, but failed to stimulate IgA or IgG2a, and induced
only a very low level of IgG1 when given orally. This would be consistent with
their degradation in the stomach. Very little protein probably remained intact,
to be taken up by the Peyer’s patches in the small intestine for induction of
mucosal and systemic responses. This study supports the hypothesis that pro-
tection of proteins within the cochleate structure is important for immunoge-
nicity following oral administration.
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Peptides can also be strongly immunogenic when associated with cochleates.
The V3 loop, a 32 amino acid loop from the surface glycoprotein of human
immunodeficiency virus (HIV-1), was covalently crosslinked to phosphatidyle-
thanolamine and incorporated into cochleates. Oral immunization (by drink-
ing) induced serum, saliva, and fecal antibody responses. Cellular responses
included proliferation of splenic, Peyers patch, and mesenteric lymph node
cells, as well as cytolytic activity in intestinal intraepithelial lymphocytes
(iIELs) (16 and in preparation). Intramuscular immunization induced serum
antibodies, antigen specific proliferation of inguinal lymph node and
splenocytes, and cytolytic activity by spleen cells (16 and in preparation).

1.5. DNA Cochleates

Cochleates are also highly effective carriers for DNA vaccines (16–19, and
in preparation). Cochleates have been used to mediate the in vivo delivery and
expression of a plasmid coding for the env, tat, and rev genes of HIV-1 (16,17,
and in preparation). Induction of gp160 (env) specific splenocyte proliferation
and cytotoxic lymphocyte activity was observed following oral, as well as im,
administration of DNA-cochleate formulations. The cochleates induced supe-
rior responses compared to naked DNA or DNA encapsulated in fusogenic
proteoliposomes (17). Strong cytolytic and proliferative responses were
induced to a single im injection of 3 or 17 µg encochleated DNA. Whereas
50 µg naked DNA generated little or no cytolytic or proliferative activity. Oral
delivery, by swallowing cochleates at 0 and 4 wk, led to responses that were
equivalent to those achieved intramuscularly. In contrast, a larger dose of naked
DNA swallowed yielded no measurable proliferative or cytolytic responses
(16,17, and in preparation). These results (and the ability to induce serum,
fecal, and vaginal antibody responses) have been confirmed and extended in
other viral systems in other laboratories (16–18, and manuscripts in preparation).

1.6. Adjuvants

Cochleates may be formulated with or coadministered with adjuvants,
including protein, lipid, chemical, and DNA-based systems. The immune
response to the cochleate associated antigen can be enhanced and modified by
copresentation with adjuvants. These applications are currently being investi-
gated (unpublished).

1.7. Summary

The above observations have been confirmed and extended in numerous
studies in viral and bacterial systems using proteins, peptides, and DNA. The
ability of cochleates to induce antibody- and cell-mediated responses, systemi-
cally and on mucosal surfaces, makes them desirable candidates for develop-



Cochleates for Induction of Immune Responses 187

ment of preventive and therapeutic vaccines. Current work focuses on the
development of cochleates as safe and efficient protein- and nucleotide-based
vaccines for the induction of mucosal and systemic immunity in humans and
animals. Applications in gene therapy and drug delivery are also being devel-
oped (26,27).

2. Materials

1. Lipids: Synthetic phosphatidylserine (1,2-Dipalmitoyl-sn-Glycero-3-Phospho-
L-Serine) in chloroform and cholesterol in chloroform, in glass ampules, under
nitrogen, were purchased from Avanti Polar Lipids in Birmingham, AL, and
stored at –20°C. Organic solvents were purchased from Avanti or Fisher Scien-
tific Company, Fairlawn, NJ.

2. Thick-walled polycarbonate ultracentrifuge tubes (10-mL capacity) from
Beckman Instruments, Palo Alto, CA, were used for pelleting cochleates for
quantitation of encochleated materials.

3. n-octyl-β-D-glucopyranoside (OCG), and chemicals for buffers, protein, and
phosphate determinations were obtained from Sigma Chemical Company, St.
Louis, MO.

4. Citrate buffer: 150 mM NaCl, 1.2 mM citric acid, 29 mM sodium citrate,
0.27 mM disodium edetic acid (EDTA), (pH 6.4).

5. Extraction buffer: 2 M NaCl, 0.02 M sodium phosphate (pH 7.4).
6. TES buffer: 2 mM TES (N-tris[hydroxymethyl]methyl-2-aminoethanesulfonic

acid), 2 mM L-histidine, 100 mM NaCl (pH 7.4).
7. Dialysis tubing: Spectrapor 4 (10-mm diameter, 12,000–14,000 MW cutoff) was

used for detergent removal in LC and DC methods (Subheadings 3.2. and 3.3.).
See note below for preparation and use of dialysis tubing. Alternative methods
for detergent removal, such as ultrafiltration, may be used.

8. Bath sonicator: A Model G112SP1G bath-type sonicator from Laboratory Sup-
plies Company, Hicksville, NY, was used for sonication of liposomes for trap-
ping method. Alternative methods for production of small liposomes can be used
(e.g., dialysis, ultrafiltration, homogenization, microfluidization).

3. Methods
3.1. Principles of Use

Macromolecules and drugs associate with cochleates according to their
physical properties. Hydrophobic and electrostatic forces can be involved. The
multilayered particulate structure of the cochleates determines their
biodistribution, ability to protect and stabilize associated molecules, and the
kinetics of release.

The efficiency of delivery of DNA, and the ability to induce CD8+ cyto-
toxic T-lymphocytes (CTL) responses with protein cochleates, may be caused
by the fusion of cochleates with cell membranes in vivo. Many naturally
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Fig. 3. Schematic representation of hypothetical fusion mechanism of a DNA cochleate with a cell. Cochleates
may mimic natural fusion mechanisms involving calcium binding to negatively charged phospholipids in cell
membranes.
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occurring membrane fusion events involve membrane perturbations resulting
from the interaction of calcium with negatively charged phospholipids (gener-
ally phosphatidylserine and phosphatidylglycerol) (28). Cochleates can there-
fore be envisioned as membrane fusion intermediates (Fig. 3). Cochleates
made with trace amounts of fluorescent lipids have been shown to bind and
gradually transfer lipids to the plasma membrane and interior membranes of
white blood cells (primary and cell lines) in vitro. In contrast, cochleates do not
appear to fuse with red blood cells and are not hemolytic (27).

3.2. LC Dialysis Method

This method for encochleation involves the removal of detergent from a
solution of lipid and material to be encochleated, followed by addition of cal-
cium. This method is particularly suited to the formulation of vaccines con-
taining membrane proteins with intact transmembrane regions (see Notes 1, 5,
6 below for more details and references), or peptides with hydrophobic tails
(see Note 7 below and ref. 29).

1. Material to be encochleated is added to (or purified in) a solution containing a deter-
gent in a high-salt buffer (e.g., 2% Octyl β-D glucopyranoside in extraction buffer).

2. Lipids (e.g., phosphatidylserine and cholesterol) are dried to a thin film in a super-
cleaned (see Note 3) glass tube by blowing nitrogen in while rotating at a 45°
angle by hand or in a rotary evaporator flushed with nitrogen. Alternatively, lipid
in powdered form is added to a polypropylene tube.

3. Buffer containing the material to be encochleated is added, nitrogen gas is blown in
gently to replace air, and the lipid is suspended by agitation (vortex at least 7 min).

4. Incubate in ice bath 1 h.
5. Filter sterilize (0.22 µm filter) and transfer to dialysis bags. The detergent is

removed by dialysis against TES buffer, resulting in the formation of small lipid
vesicles. Other methods of detergent removal may be used (e.g., ultrafiltration).

6. Calcium is added by dialysis against TES buffer with 3 mM calcium chloride,
then 6 mM calcium chloride, resulting in the formation of sheets of calcium-
chelated phospholipid bilayers. Alternatively, liposomes may be removed from
the bag or ultrafiltration unit, and calcium may be added directly in small aliquots,
or continuously by injection using a pump.

7. The sheets roll up or stack to form cochleates containing the material of interest.
8. Cochleates are removed from the bags with a 1-mL pipet. Using the same pipet,

the inside of the bag is rinsed with a small volume of TES 6 mM calcium buffer,
to obtain higher recovery.

9. Store at 4°C under nitrogen, as a solution or lyophilized, protected from light.

3.3. DC Dialysis Method

This method for encochleation involves the removal of detergent from a
solution of lipid and material to be encochleated by dialysis against a buffer
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containing calcium. This method has been applied to the formulation of vaccines
containing membrane proteins (although protein recovery is lower than the LC
method), and DNA plasmids.

1. Material to be encochleated is added to (or purified in) a solution containing a
detergent in a high salt buffer (e.g., 2% Octyl β D glucopyranoside in extraction
buffer).

2. Lipids (e.g., phosphatidylserine and cholesterol) are dried to a thin film in a super-
cleaned glass tube by blowing nitrogen in while rotating at a 45° angle by hand or
in a rotary evaporator flushed with nitrogen. Alternatively, lipid in powdered
form is added to a polypropylene tube.

3. Buffer containing the material to be encochleated is added, nitrogen gas is
blown in gently to replace air, and the lipid is suspended by agitation (vortex at
least 7 min).

4. Filter sterilize if the sample is protein, but not if DNA plasmids are to be
encochleated.

5. Transfer to dialysis bags.
6. The detergent is removed and calcium is added by dialysis against TES buffer

with 3 mM calcium, then 6 mM calcium, resulting in the formation of sheets of
calcium-chelated phospholipid bilayers.

7. The sheets roll up or stack to form cochleates containing the material of interest.
8. Cochleates are removed from the bags with a 1-mL pipet. Using the same pipet,

the inside of the bag is rinsed with a small volume of TES 6 mM calcium buffer,
to obtain higher recovery.

9. Store at 4°C as a solution or lyophilized, protected from light.

3.4. Trapping Methods

Trapping methods for encochleation involve the addition of calcium to a
suspension of lipid and material to be encochleated. Variations of this method
have been applied to DNA plasmids, oligonucleotides, soluble proteins, and
amphipathic drugs (27). Efficiency of encochleation of DNA is affected by
ionic conditions and presence of calcium chelators.

1. Lipid (and material to be encochleated, if it is soluble in organic solvent) is dried
to a thin film in a super-cleaned glass tube by blowing nitrogen in while rotating
at a 45° angle by hand or in a rotary evaporator flushed with nitrogen. Alterna-
tively, lipid in powdered form is added to a polypropylene tube.

2. Buffer is added, and the lipid is suspended by agitation (vortex at least 7 min) If
starting from a lipid film in a glass tube, scrape any remaining lipid from the
sides with a plastic, endotoxin-free pipet, vortex additional 1 min, and transfer
the sample to a polypropylene tube. Blow nitrogen in, cap tightly, and wrap
parafilm around cap and top of tube. Bath sonicate for a total of 5 min (1 min at a
time). Bath sonicator should be precooled. Add clean water to sonicator to about
full. Add approximately 5 mL of detergent (e.g., 7x glass washing detergent) to
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increase efficiency of sonication. Add ice to fill. Remove ice prior to sonicating.
Height of water should be adjusted to obtain maximal sonication (high pitch and
splashing). Tube should be dunked up and down during sonication, as maximal
sonication occurs at surface of bath. Ear protection should be worn.

3. Aqueous soluble material to be encochleated (e.g., DNA plasmid) is added to the
liposome suspension in small aliquots (e.g., dropwise or 10-µL aliquots) with
mixing by shaking gently by hand.

4. The addition of calcium in small (e.g., 10-µL aliquots) with mixing by hand
results in the formation of sheets of calcium-chelated phospholipid bilayers.

5. The sheets roll up or stack to form cochleates containing the material of interest.
6. Store at 4°C under nitrogen, as a solution or lyophilized, protected from light.

3.5. Pelleting and Resuspension

Although it is not necessary, cochleates may be separated from unencochle-
ated material by ultracentrifugation. Cochleates can then be resuspended to
the exact concentrations (higher or lower than initial formulation) needed for
immunization.

1. Distribute cochleates into sterile (rinse with ethanol, then three times with TES
6 mM calcium buffer) thick-walled polycarbonate tubes.

2. Ultracentrifuge 60 min, (60,000g), 5°C, in a TI 75 or comparable rotor.
3. Carefully remove supernatants. Pool and retain for analysis.
4. Resuspend cochleate pellets by vortexing in small volumes of TES 6 mM cal-

cium buffer (pH 7.4), pooling in a single tube and rinsing sequentially to obtain
quantitative transfer.

5. Measure cochleate associated material and correct to desired volume.

3.6. Quantitation of Cochleate Associated DNA

Following pelleting of cochleates, removal of supernatant and resuspension
in TES 6 mM calcium buffer, aliquots may be taken for conversion to lipo-
somes. Cochleate-associated DNA can be quantified and visualized by densi-
tometric scanning of ethidium bromide (EthBr)-stained agarose gels. It is
necessary to convert to liposomes first, as DNA in cochleates is not available
for quantitation or visualization.

1. Transfer three 10-µL aliquots of resuspended cochleates (e.g., at 10 mg/mL) into
each of three microfuge tubes. Vortex immediately prior to taking each sample,
as cochleates settle.

2. Add 10 µL of TES buffer (pH 7.4) to each tube.
3. Add 150 mM EDTA (pH 9.5) in 5-µL aliquots (vortex after each addition), until

sample becomes slightly alkaline (e.g., 10 µL). Monitor pH by removing 0.5-µL
aliquots and depositing on pH paper (preferably pH 6.0–8.0 range with 0.1 U
distinction).
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4. Add 150 mM EDTA (pH 7.4) in 5-µL aliquots, until cochleates are converted to
liposomes (e.g., 10 µL). Suspension turns from white particulate to opalescent.
Check by light microscopy (x1000), oil immersion, phase contrast to confirm con-
version of cochleate crystals to liposomes. Measure volume with a micropipetor.

5. Add 20 µL liposomes, 20 µL of 20% OCG, 80 µL 1X TE buffer, and 28 µL of
5X loading buffer to a microfuge tube. Vortex to mix and dissolve liposomes.

6. Add 10 or 20 µL of dissolved samples to individual wells (3 wells each) of a 1%
agarose gel (0.5 µg EthBr/mL of 1X TAE (Sigma) running buffer, 10 min at
100 V, then approximately 2 h 30 min at 75 V.

7. Make standard curve with known amounts of starting material plasmid on same
gel (e.g., from 0.031–2.0 µg). Dilute in buffer, lipid, and OCG like cochleate.

8. Determine concentration of unknowns by comparison with standard curve fol-
lowing densitometric scanning (e.g., using Bio-Rad (Richmond, CA) Fluor-S
Multimager with Multianalyst software).

3.7. Quantitation of Cochleate-Associated Proteins

Following conversion to liposomes, cochleate associated protein can be
quantified by the Modified Lowry Method of Peterson (30) and visualized by poly-
acrylamide gel electrophoresis (PAGE). It is necessary to convert to liposomes
first, as proteins in cochleates are not available for quantitation or visualization.

1. Transfer 100 µL of cochleate suspension into each of three thick-walled polycar-
bonate tubes.

2. Dilute cochleates with 2.0 mL of TES 6 mM calcium buffer (pH 7.4).
3. Pellet by ultracentrifugation for 60 min (60,000g), 5°C, in a TI 75 or comparable

rotor.
4. Carefully remove supernatants and retain for analysis.
5. Add 50 µL of TES buffer (pH 7.4). Vortex to resuspend.
6. Add 150 mM EDTA (pH 9.5) in 5-µL aliquots until solution is slightly basic.

Monitor pH by removing 0.5-µL aliquots and depositing on pH paper (preferably
pH 6.0–8.0 range with 0.1 U distinction).

7. Add 150 mM EDTA (pH 7.4) in 10-µL aliquots, until cochleates are converted to
liposomes. Suspension turns from white particulate to opalescent. Check by light
microscopy (×1000, oil immersion, phase contrast) to confirm conversion of
cochleate crystals to liposomes. Measure volume and correct to 100 µL.

8. Determine protein concentration by running several volumes of each liposome
aliquot in the Modified Lowry assay. Modified Lowry is the preferred method. In
other methods, intact liposomes will cause light scattering, liposomes may con-
vert back to cochleates (because of divalent cation concentrations), lipids may
cause color development, and EDTA may inhibit color development.

4. Notes
1. Most cochleate formulations used for immunogenicity studies have utilized a

9�1 weight ratio of phosphatidylserine to cholesterol. Other negatively charged
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lipids may be used as the predominant lipid and other lipids may be included.
Cholesterol may be omitted. All the effects of these variations on cochleate struc-
ture and immunogenicity have not been defined and continue to be investigated.

2. The dioleoyl form of phosphatidylserine is unsaturated. Precautions to avoid
oxidation, particularly when in organic solvent or dried down as a thin film,
should be taken. Lipids should be stored at –20°C, and exposure to light and
oxygen (keep under nitrogen) should be minimized. PS may be purchased as a
powder, eliminating the need for organic solvents. The highest quality PS should
be purchased and integrity maintained, as contaminants or oxidation products
will affect structure and activity.

3. High quality borosilicate glass tubes can be utilized to dry lipids to a thin film
using a stream of nitrogen. These tubes should be “super-cleaned” by brush wash-
ing with detergent, then bath sonication while filled with detergent solution, rins-
ing thoroughly, and sonicating while filled with water. Then rinse with methanol,
then chloroform, followed by air-drying in a biosafety hood. This is to remove
any chemical contaminants, or small particulate material that may promote oxi-
dation of the lipid. Tubes are then covered with aluminum foil and baked at 250°C
for 30 min or 180°C for 4 h to destroy endotoxin. Polypropylene tubes can be
used for powdered lipid.

4. As with all research involving immunogenicity studies, endotoxin contamination
should be avoided. All glassware is washed and rinsed thoroughly, then baked to
sterilize and destroy endotoxin. Endotoxin-free pipets, tips, reagents, and water
should also be utilized. DNA plasmids will be contaminated with large amounts
of endotoxin unless specifically purified from it. Endotoxin has strong
adjuvanting activity, which will lead to spurious and variable results. We rou-
tinely use the Qiagen EndoFree giga kits to purify plasmids, and the BioWhittaker
(Walkersville, MD) kinetic LAL assay to assess endotoxin levels in reagents.

5. Dialysis: Spectrapor 4 (6-mm dry diameter, 12,000–14,000 MW cutoff). Dialy-
sis tubing was boiled twice with Na2CO3, rinsed, then boiled twice with distilled
H2O. Wearing sterile gloves, appropriate length pieces (approx 25 cm) were cut,
tied with two knots at one end, and autoclaved in distilled H2O prior to use. Pieces
were removed under sterile conditions, samples added with a 1-mL pipet, closed
by tying two knots, and placed in a sterile, baked, graduated cylinder. Buffers
and stirring bar should be sterilized by autoclaving. Rate of detergent removal
can affect structures and efficiencies obtained. The first dialysis should be slow.
For example, overnight against a ratio of 1 to 20 dialysate to buffer (e.g., 5–100 mL).
Subsequent dialysis is faster. For example, 5 mL against 250 mL, changing at
4-h intervals (or overnight). For LC method, approximately six changes of
TES, two of TES 3 mM calcium, two of TES 6 mM calcium. For DC method, six
of TES 3mM calcium, two of TES 6 mM calcium. Other methods of detergent
removal may be used.

6. Membrane proteins can be isolated from viral envelopes as previously described
(14,31). The nonionic detergent, OCG, has been used extensively to promote
reconstitution of membrane proteins into cochleates. OCG maintains native con-
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formation and is easily removed by dialysis. We have routinely used OCG con-
centrations of 2% (20 mg/mL) at a detergent to lipid weight ratio of 6�1. We have
found that high salt concentrations, (e.g., 2M NaCl), helps avoid protein aggrega-
tion and promotes high-quality recovery into cochleates. These conditions are
also useful for isolating and solubilizing recombinant or purified viral or bacte-
rial membrane proteins. We typically have utilized protein to lipid ratios of from
1�4 to 1�12 for membrane proteins. Trapping of soluble proteins has been
accomplished at weight ratios of protein to lipid from 1�1 to 1�50.

7. Peptides containing a terminal cysteine may be linked to phosphatidylethanola-
mine using a heterobifunctional crosslinker (succinimidyl-4-p-maleimidophenyl)
butyrate [SMPB, Pierce]) as previously described (29). This allows high-
efficiency association of the peptides with cochleates and effective immunologi-
cal presentation.

8. DNA may be encochleated by the trapping or DC methods. We have typically
used a 1�10 weight ratio DNA to lipid, with DNA concentration between 0.33 to
3.0 mg/mL. DNA in citrate buffer, water, or TE, at a 1�2 volume ratio with
Extraction buffer, has typically been used. Ionic strength, pH, the presence of
various ionic species, and chelating agents, affect encochleation. These param-
eters are currently under investigation to define optimal conditions for DNA
encochleation.

9. Hydrophilic proteins and drugs, and amphipathic molecules can be associated
with cochleates by the trapping method. Ionic conditions and pH can be modified
to obtain optimal encochleation.
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Virus-like Particles As Vaccine Adjuvants

Sarah C. Gilbert

1. Introduction
Adjuvants are available to promote the generation of antibodies to an anti-

gen following immunization. However, many of these adjuvants do not enhance
priming of cytotoxic T lymphocytes (CTL). The reason for this lies in the
existence of two alternative antigen processing pathways, leading to stimulation of
CD4+ T cells, and, in turn, to the generation of antibodies, or stimulation
of CD8+ CTL. In general, exogenous proteins enter the antigen presenting cell
(APC) by endocytosis. Peptides produced by proteolytic degradation of these
proteins bind to major histocompatibility complex (MHC) Class II molecules
that travel to the surface of the cell before stimulating CD4+ T cells. Peptides
derived from cytoplasmic proteins are translocated into the endoplasmic reticu-
lum and bind to MHC Class I molecules. When these reach the surface of the
APC, they prime CD8+ CTL. Thus to generate a CTL response following
immunization, it is necessary to feed peptides into the correct processing path-
way. This can be done by expressing the antigen inside the APC, using a DNA
vaccine or recombinant virus. DNA vaccines can be produced easily, but there
are still concerns over the long-term safety of this new type of vaccine, and the
CD8+ T-cell response may only be moderate (1). Recombinant viruses are more
difficult to prepare, and there are safety concerns over the use of some viruses
as vaccines. However, recombinant virus-like particles (VLPs) are a safe and
highly immunogenic alternative. These small particles consisting of one or
more viral coat proteins can act as an adjuvant by carrying peptide sequences
inside the APC and feeding into the “endogenous” processing pathway (2,3), a
phenomemon known as “cross-priming.” No additional adjuvant is needed. If
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VLPs are administered with alum, CTL priming does not take place, although
the antibody response to the VLPs is enhanced (4,5).

The effect of other adjuvants on CTL induction with Ty-VLPs has also been
studied (5). Mice immunized with recombinant Ty-VLPs mixed with aqueous
adjuvants (Detox, γ-inulin, galactosaminylmuramyl dipeptide, or Chemivax)
generated CTL responses, but at levels lower than in the “no adjuvant” group.
Other adjuvants (alhydrogel, algamulin, or SAF-MF) completely abrogated
CTL responses, although formulation of the Ty-VLPs with a very low level of
alum (sufficient to bind 6% of the TyVLP protein) enhanced the CTL response.

Recombinant VLPs are safe and well tolerated. They do not contain any
nucleic acids, and are produced by the overexpression of one or more viral
proteins in the absence of the rest of the viral genome. They are therefore
noninfective, and are produced using an expression system (Saccharomyces
cerevisiae) that can easily be handled in the laboratory and is completely safe
to use.

Many viral coat proteins have been used to produce VLPs. In some cases it
is of interest to induce an immune response against epitopes contained with the
particle-forming protein itself. The widely used vaccine against hepatitis B
consists of VLPs, and studies have been carried out using VLPs to immunize
against HIV (6), Norwalk virus (7), and rotavirus (8). However, some VLP-
forming proteins will tolerate the addition of peptide sequences without losing
the ability to form particles, and then act as an adjuvant for the additional
sequence. Some, such as the hepatitis B core antigen (9) and the cowpea mosaic
virus (10), can only carry a small number of amino acids, but there are several
systems for producing VLPs carrying long N- or C-terminal extensions.

A number of chimeric particles have been constructed using the NS1 protein
of bluetongue virus expressed in recombinant baculovirus (11). Up to 116
amino acids were inserted at the C-terminus, resulting in the formation of
tubules with the foreign sequence exposed on the surface. When insect cells
were coinfected with three different recombinant baculovirus constructs, hybrid
tubules containing the foreign sequence from all three were produced, proving
this to be a flexible system. Chimeric VLPs have also been produced using
papillomavirus proteins (12). Up to 43 kDa can be fused to the L2 minor capsid
protein, which is then coexpressed with the L1 major capsid protein, resulting
in the formation of hybrid particles carrying the foreign sequence. However, as
the VLPs consist mainly of the nonrecombinant L1, the dose of foreign
sequence per VLP is reduced.

Ty-VLPs are formed from a single protein species derived from the p1 pro-
tein of the TyA retrotransposon found in S. cerevisiae. The p1 protein can be
expressed from a multicopy plasmid in S. cerevisiae, resulting in the formation
of hollow, spherical 30-nm particles in the cytoplasm of the yeast. VLPs still
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assemble when only the first 381 amino acids of the p1 sequence are expressed,
and foreign sequences of up to 42 kDa can be fused to the C-terminus without
preventing particle formation (13). In one study, strings of epitopes were syn-
thesized, linked together and fused to TyA p1. The longest epitope string tested
contained 229 amino acids, and VLP yield was not reduced by the presence of
the foreign sequence (14). As Ty-VLPs are produced in S. cerevisiae, it is
highly likely that the protein particles have mannose residues attached.

It is thought that this contributes to the adjuvant effect by enhancing uptake
of Ty-VLPs into APCs, although the mechanism of uptake has not been stud-
ied in detail.

In a study designed to compare CTL induction using 10 different vaccine/
adjuvant combinations, only lipopetides and Ty-VLPs carrying a foreign
epitope consistently primed CTL responses in all immunized animals (15).
After a single subcutaneous (sc) dose of 100 µg Ty-VLPs carrying a CTL
epitope, net-specific lysis ranged from 42 to 62% when assayed at an
effector�target (E�T) ratio of 40�1. Reducing the dose to 20 µg resulted in net-
specific lysis levels of 25 to 42% at the same E�T ratio. Mucosal immunization
of macaques with a Ty-VLP carrying simian immunodeficiency virus (SIV)
p27 resulted in induction of MHC Class I restricted CD8+ CTL responses (16).
In this study, short-term cell lines were grown from peripheral blood mono-
nuclear cells (PBMCs) following repeated immunization with Ty-VLPs carry-
ing the SIV p27 sequence. Between 33 and 42% of cell lines were positive for
SIV p27-specific lysis, whereas no positive lines were present in animals that
had been immunized with Ty-VLPs lacking the SIV p27 sequence. High titre
neutralizing antibodies to HIV V3 were produced when recombinant Ty-VLPs
were injected with alum (17). Clinical trials have been carried out with
Ty-VLPs carrying HIV sequences, with and without alum. The vaccine was
safe and well tolerated. Antibodies and lymphoproliferative responses were
generated when alum was used (18,19), and CTL were primed when alum was
omitted (20).

It may sometimes be desirable to induce either T-cell responses or anti-
bodies against the same protein sequence. This can be done with recombinant
Ty-VLPs by immunizing with or without alum. However, if only an antibody
response is required, this is probably best achieved by a simpler approach such
as immunizing with protein mixed with an adjuvant.

This chapter describes the production of recombinant Ty-VLPs. Some
sequences have been found to prevent particle formation, or reduce the expres-
sion of the recombinant protein to a level that makes purification difficult.
However, the majority of sequences that have been tested resulted in particle
formation. In order to produce Ty-VLPs, DNA encoding the desired sequence
is fused in frame to the C-terminus of the truncated TyA p1 gene, which is
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controled by a galactose inducible promoter. S. cerevisiae is then transformed
with the new construct, together with a second plasmid that improves VLP
yield after galactose induction. The transformed yeast is then grown to high
cell density and Ty-VLP production is induced by the addition of galactose.
The yeast cells are harvested and lysed to release the Ty-VLPs, which are
purified by density gradient centrifugation using sucrose. The protocol, which
can easily be carried out in a laboratory, produces Ty-VLPs of a quantity and
purity suitable for animal immunisation or in vitro studies. If material for clini-
cal trials is required, the production process can be scaled up and carried out in
a GMP facility.

2. Materials
2.1. Plasmids and Yeast Strain

Plasmid pOGS40 contains a C-terminal truncated p1 gene (amino acids
1-381) in a multicopy yeast plasmid (Fig. 1). A BamHI site immediately 5′ to
the stop codon allows additional coding sequence to be inserted. Plasmids
pOGS 40, 41, and 42 have the BamHI site in reading frames 1, 2, and 3, respec-
tively, but are otherwise identical. These three plasmids contain the yeast LEU2
marker that will transform a leu2 auxotroph to leucine independence.

The p1 gene is under the control of the strong, galactose-inducible PAL
promoter. In the absence of galactose in the yeast cell, the GAL80 protein binds
to the GAL4 protein. When galactose is present, GAL4 is released and binds to
an upstream activation sequence in the PAL promoter, thereby activating tran-
scription. However, the amount of GAL4 protein present in the yeast cell is
low, and limits the induction of transcription from a multicopy plasmid con-
taining a galactose-inducible promoter. Plasmid pUG41S contains the GAL4
gene under the control of a galactose-inducible promoter, and the URA3
marker. When a yeast cell is transformed with this plasmid as well as pOGS40,
the amount of GAL4 protein available to activate transcription after galactose
induction is increased, resulting in the production of larger amounts of the p1
fusion protein, which then assembles into Ty-VLPs.

The yeast strain for Ty-VLP production must be auxotrophic for leucine and
uracil (leu2, ura3). It is also advantageous if it has mutations in intracellular
proteases, which could otherwise degrade the Ty-VLPs during the purification
process. Yeast strain MC2 is a suitable strain, but is also auxotrophic for tryp-
tophan. Therefore, after transformation with pUG41S and a derivative of
pOGS40, tryptophan must be included in the selective medium.

The plasmids described above and the yeast strain MC2 may be obtained
from Dr. Guy Layton, British Biotechnology Ltd., Watlington Road, Cowley,
Oxford OX4 5LY, U.K.
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2.2. Yeast Transformation

1. YEPD medium: yeast extract 10 g/L, peptone 20 g/L, glucose 20 g/L, autoclaved.
2. Sterile distilled water.
3. 40% polyethylene glycol 3000 solution, autoclaved.
4. Selection plates: 6.7 g/L yeast nitrogen base (YNB), 10 g/L glucose, 20 g/L agar,

1M sorbitol. Autoclave and cool to 50°C. Filter sterilize a 1% solution of tryp-
tophan and add 2 mL/L. Swirl to mix and pour plates.

Fig. 1. (A) Plasmid map of pOGS40. (B) the DNA sequence around the BamHI site
at the 3′ end of the TyA p1 gene, and an example of a pair of oligonucleotides designed
to ligate into the BamHI site, encoding the HLA-B35 CTL epitope KPNDKSLY from
the liver stage antigen 1 gene of Plasmodium falciparum.
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5. 20% sucrose, autoclaved.
6. Bio-Rad Gene Pulser (Richmond, CA) electroporation apparatus and 0.2-cm gap

cuvets.

2.3. Growth of Yeast to Induce Ty-VLP Production

1. Growth medium: 6.7 g/L YNB, 10 g/L glucose, autoclaved. Add 2 mL/L 1%
tryptophan, filter sterilized, just before use.

2. Induction medium: 6.7 g/L YNB, 3 g/L glucose, 10 g/L galactose, autoclaved,
with tryptophan added just before use, as above.

3. TEN buffer: 100 mM Tris pH7.4, 10 mM EDTA, 1.4M NaCl. Autoclave and chill
before use.

2.4. Yeast Cell Disruption

1. Glass beads, 40 mesh (BDH, London, England), autoclaved.

2.5. Purification of Ty-VLPs

1. 60% sucrose in TEN buffer, autoclaved.
2. 35% sucrose in TEN buffer, autoclaved.
3. Prepared dialysis tubing.

2.6. Assessment of Ty-VLP Yield and Purity

1. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
minigel apparatus and reagents.

2. Denaturing sample buffer.
3. Coomassie stain and destain.

3. Methods
3.1. Preparation of Plasmids

1. To make Ty-VLPs expressing additional amino acid sequences, the required
sequence is added at the BamHI site of pOGS 40, 41, or 42. This sequence may
consist of single B- or T-cell epitopes, strings of epitopes joined together, or
whole antigens. If defined epitopes are to be used, the DNA sequence coding for
the epitope should be synthesized as oligonucleotides. These should be designed
to fuse in frame to one of the pOGS vectors (see Fig. 1). No stop codon is neces-
sary as this is present after the BamHI site in the vectors. If the epitope is derived
from an organism with a codon usage very different from that of yeast, the insert
should be designed using yeast codon bias.

2. It is then necessary to check for the possibility of the formation of secondary
structures within the oligos, and alter the sequence if necessary (see Note 1). It is
preferable to synthesize oligos for both the top and bottom strand of the insert.
They should be purified after synthesis (high-pressure liquid chromatography
[HPLC] or gel purification) and 5′ phosphate groups should be added. The oligos
are then annealed by heating 5 pmol of each in 20 µL water to 95°C, and allowing
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them to cool slowly. Five µL of this mixture is then ligated to 0.1 µg of the
appropriate pOGS vector, which has been digested with BamHI and phosphatased
to prevent religation of the vector. Competent cells of Escherichia coli are then
transformed with the ligation mix, and plasmids prepared by standard methods.

3. For very small inserts, it is not possible to determine the orientation by restriction
digests, so the plasmid must be sequenced (see Note 2). All oligo inserts need to
be sequenced to confirm that the newly synthesized sequence does not contain errors.

4. The maximum length for oligo synthesis is around 80 bases if a reasonable yield
is to be obtained. For an insert of greater than 30 amino acids, design two oligos
for the top strand and two for the bottom, with an overlap of eight basepairs in the
center. If epitope strings of more than 60 amino acids are required, it is preferable
to construct a series of cassettes containing three or four epitopes in each, with a
BglII site at the 5′ end and a BamHI site at the 3′ end. Each cassette can be
assembled in a cloning vector and sequenced. The first cassette is then intro-
duced at the BamHI site of pOGS40, leaving a single BamHI site at the 3′ end for
the addition of further cassettes.

3.2. Yeast Transformation

There are several methods by which yeast cells may be transformed. The
method given below, electroporation, needs little technical expertise, but
requires the use of an electroporation apparatus. Other methods for yeast trans-
formation (lithium acetate, sphaeroplasting) are given in (21).

1. Grow yeast MC2 in YEPD (50 mL in a 250-mL conical flask). Monitor cell den-
sity by removing a sample aseptically, diluting the sample 1 in 10 with water and
measuring OD600 in a spectrophotometer, using water as a blank. The cells are ready
to use when the OD600 of the diluted sample is between 0.4 and 0.6 (see Note 3).

2. Harvest by centrifugation in sterile 50-mL Falcon tubes in a benchtop centrifuge,
10 min at 1900g, 4°C.

3. Resuspend the pellet in 50 mL ice-cold sterile distilled water, pellet cells again.
Repeat this wash step twice more.

4. Resuspend the cells in 5 mL ice-cold sterile distilled water. Chill on ice.
5. Add the two plasmids for cotransfection (pOGS40 derivative and pUG41S) to an

electroporation cuvet. Use 5 µg of each plasmid in a total volume of 10 µL sterile
distilled water. Chill on ice.

6. Add 100 µL yeast cells and 50 µL 40% PEG 3000 solution to the cuvet contain-
ing the DNA. Mix, incubate on ice for 10 min.

7. Set the following values on the gene pulser apparatus: resistance 1000, capaci-
tance 25, voltage 0.8. Dry the cuvet and pulse.

8. Add 0.5 mL 20% sucrose to the cuvet, mix and transfer the contents to a sterile
Eppendorf tube.

9. Plate out all the yeast cells on selection plates, spreading approximately 200 µL
per plate. Allow the surface of the plates to dry, then incubate at 30°C. Colonies
should appear within 1 wk. (See Note 4).
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10. When transformants appear, streak each one on a fresh selection plate (sorbitol
need not be included at this stage) and incubate for 2–3 d. For short-term storage,
these plates can be sealed with parafilm and held at 4°C. For longer term storage
of transformants, prepare glycerol stocks (Note 5).

3.3. Growth of Yeast to Induce Ty-VLP Production

1. Inoculate 50 mL of growth medium in a 250-mL conical flask with a loopful of
cells grown from a single transformant, or a glycerol stock.

2. Incubate at 30°C in a shaking incubator for at least 24 h.
3. Remove a sample of the culture aseptically. Dilute 100 µL of the cells with 900 µL

water and measure the OD600 in a spectrophotometer, using water as a blank. The
OD600 of the diluted sample should be at least 0.2. If it is below this, return the
flask to the incubator and continue monitoring (see Note 6).

4. Inoculate 500 mL of induction medium in a 2-L conical flask with the 50-mL
culture. Incubate at 30°C with shaking for 18 h. Monitor OD600. If it is less than
0.2, continue to incubate the culture for another 6 h.

5. Harvest the induced culture by centrifugation at 4°C, for example 15 min at 5000g
in a Beckman (Fullerton, CA) J-6MC centrifuge with JS4.2 rotor. Discard the super-
natant and resuspend the cells in 50 mL chilled TEN buffer. Transfer to a 50-mL
Falcon tube and pellet the cells in a benchtop centrifuge, 5 min at 1900g, 4°C.

6. Repeat the wash step once more, and discard the supernatant. The cells can be
frozen at –70°C at this point for assay at a later date if required.

3.4. Yeast Cell Disruption

1. Resuspend the cell pellet in 2 mL ice-cold TEN buffer and add 6 g sterile glass beads.
2. Vortex vigorously for 5 min (see Note 7).
3. Centrifuge the homogenate for 5 min at 1900g, 4°C in a benchtop centrifuge.

Remove the supernatant to a 50-mL Falcon tube, on ice.
4. Add another 2 mL of TEN buffer to the pellet and vortex vigorously for 5 min.

Centrifuge and add the supernatant to that collected in step 3.
5. Add 1 mL of TEN buffer to the pellet; vortex, centrifuge, and add the supernatant

to that collected in steps 3 and 4.
6. Centrifuge the supernatant for 20 min at 13,000g, 4°C, for example in a Beckman

J2-MC centrifuge with JA12 rotor.
7. Carefully transfer the supernatant (clarified lysate) to a clean tube and keep on

ice. Retain a sample of the supernatant for SDS-PAGE analysis.

3.5. Purification of Ty-VLPs

1. Add 2.75 mL of the clarified lysate to a 3.2-mL polycarbonate ultracentrifuge
tube. Set a Gilson P200 pipet to 250 µL, and carefully underlay 250 µL of 60%
sucrose in TEN buffer at the bottom of the tube (see Note 8).

2. Prepare a balance tube and centrifuge at 417,000g for 17 min at 4°C, in a
Beckman Optima TL benchtop ultracentrifuge with TLA 100.4 rotor. Accelera-
tion and deceleration rates should be set to midrange (5).
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3. The Ty-VLPs will accumulate just above the 60% sucrose layer, and it may be
possible to see a milky band in the tube at this point. Remove the supernatant
above this and discard. If no milky band is visible, it will still be possible to
distinguish the interface between the sucrose and the supernatant. Remove the
supernatant leaving 2 to 3 mm above the interface.

4. Resuspend the material remaining in the tube in 1 mL ice-cold TEN buffer.
5. Add 1.5 mL of 35% sucrose in TEN to a clean centrifuge tube. Underlay with

250 µL 60% sucrose in TEN as before. Slowly layer the resuspended material
from step 4 on top of the 35% sucrose.

6. Prepare a balance tube and centrifuge at 417,000g for 40 min at 4°C.
7. Repeat step 3. Resuspend the remaining material in 1 mL ice-cold TEN buffer.

Retain a sample for SDS-PAGE analysis.
8. Remove the sucrose from the Ty-VLPs by overnight dialysis in TEN buffer, at

4°C. Measure the protein concentration using, for example, the Bio-Rad protein
assay kit. Aliquot and freeze samples for storage at –70°C (see Note 9).

3.6. Assessment of Ty-VLP Yield and Purity

1. Prepare a 10% SDS-PAGE minigel.
2. Prepare the samples for analysis in denaturing loading buffer. Boil the samples

for 2 min. This causes the Ty-VLPs to dissociate into protein monomers which
can easily be visualized after SDS-PAGE. Samples should include the clarified
lysate (diluted 1 in 10) and the final preparation, with size standards covering the
range 6–175 kDa. It is also helpful to include Ty-VLPs prepared from yeast
cotransformed with the pOGS40 vector and pUG41S, as a positive control for
galactose induction and VLP preparation.

3. Run the SDS-PAGE gel, loading 2, 5, and 10 µL of each sample. Stain the gel
with Coomassie.

4. Ty-VLP momomers should be clearly visible on the destained gel, although the
yield obtained with fusions to the p1 sequence may be less than that obtained
using the pOGS40 vector alone. TyA from pOGS40 has an apparent molecular
weight of around 65 kDa (Fig. 2). If no Ty-VLPs are present, but a band of the
expected size is found in the clarified lysate, the fusion of the additional sequence
has interfered with particle formation.

3.7. Scale Up of Purification

The purification method described above yields around 1 mg of purified
Ty-VLPs per 500-mL culture, if the additional sequence does not result in a
decreased expression level. As only 50 to 100 µg is required to immunize
a mouse, and the method can easily be carried out with four 500-mL cultures
at the same time, this will provide sufficient Ty-VLPs for many experiments.

If larger amounts are required the same procedure can be scaled up by using
a full size ultracentrifuge for the density gradient centrifugation. Purity can be
improved by size exclusion chromatography after density gradient centrifuga-
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tion, and if necessary the preparation can be concentrated by ultrafiltration
(13). This method can be used to produce Ty-VLPs suitable for immunization
of humans.

3.8. Assessment of Immunogenicity in Mice

Ty-VLPs injected without adjuvant prime a cytotoxic T-cell response to the
epitopes carried on the particles. They may be administered via the sc, im, in,
iv, or ip routes at a dose of 20 to 100 µg (22). Two weeks after immunization,
splenocytes are prepared and tested in a chromium release lysis assay or
IFN-γ ELISPOT assay (1). Ty-VLPs can be used to load target cells for a chro-
mium release assay (15). An example of the results of a chromium release lysis
assay is shown in Fig. 3.

Subcutaneous injection of Ty-VLPs with alum prevents the induction of a
CTL response, but enhances antibody production (5).

Fig. 2. Coomassie-stained SDS-PAGE gel showing purified and unpurified
Ty-VLPs. Lanes 1 and 7: molecular-weight markers (A) 175 kDa; (B) 83 kDa; (C) 62 kDa;
(D) 47.5 kDa; (E) 32.5 kDa. Lanes 2–4: total yeast soluble protein after galactose
induction. Lane 2: untransformed yeast. Lane 3: yeast transformed with pOGS40 and
pUG41S. Lane 4: pOGS40 with 229 amino acid C-terminal fusion and pUG41S. Lanes
5 and 6: Ty-VLP monomers after sucrose gradient purification. Lane 5: pOGS40; lane
6: pOGS40 with 229 amino acid C-terminal fusion.
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4. Notes
1. If the oligo that has been designed contains sequences that can pair internally to

form large secondary structures (hairpins) it is not likely that the insert will anneal
as desired when the oligos are ligated into the vector. There are many computer
packages that can check this, such as those designed to look at RNA secondary
structures, or PCR primer design packages. If a strong secondary structure could
be formed, it is necessary to change bases within the sequence to prevent second-
ary structure formation without changing the amino acid sequence.

2. Suitable primers to sequence inserts in the pOGS plasmids are GAA GAA TGA
TTC TCG CAG CTA (anneals to 3′ end of p1 protein) and AGA AAA AAA TTG
ATC TAT CG (anneals to the 5′ end of the transcription terminator).

3. Grow a 10-mL culture inoculated with a loopful of yeast cells taken from a YEPD
plate in YEPD overnight. The next morning set up a series of 50-mL flasks of YEPD,
inoculating with a range of volumes (0.05 to 1.0 mL) from the overnight culture.
Incubate all the flasks and monitor OD600 after 3 to 6 h, by which time one of the
flasks should contain cells at an appropriate density to prepare for electroporation.

4. Cotransformation with two plasmids is a very inefficient process and few
transformants are expected to grow. The DNA used for transformation should be
highly pure, preferably prepared using Qiagen (Chatsworth, CA) columns. Carrying
out several replicates with each pair of plasmids can increase chances of success.

5. Grow each transformant in 50 mL growth medium, to late log or early stationary
phase (OD600 of 1 in 10 dilution between 0.2 and 0.6). Centrifuge and resuspend in
5 mL growth medium containing 15% glycerol. Aliquot 1 mL per vial and freeze on
dry ice. Store at –70°C. To use, thaw in warm water and transfer to growth medium.

Fig. 3. CTL response in mice. Balb/c mice were immunized with a single sc
injection of 100 µg Ty-VLPs carrying a single CTL epitope from the CS gene of Plas-
modium berghei (SYIPSAEKI). Spleens were taken at week 2, 4, or 10 after immu-
nization. No adjuvant was used, and the assay was carried out after in vitro
restimulation for 1 wk with the appropriate peptide, using peptide-loaded target cells
at an effector: target ratio of 40�1.
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6. Some cultures are slow to grow, and the initial growth phase can take up to 3 d.
7. It is essential to break all the yeast cells open. Press the tube hard onto the vortex

mixer, holding the tube at an angle. Check for cell breakage by examining the cells
under a phase contrast microscope. Intact cells appear bright, broken cells are dark.

8. The 60% sucrose solution is very viscous, so fill the pipet tip and dispense the
solution very slowly. The pipet tip should be placed at the bottom of the centri-
fuge tube before starting to dispense the sucrose.

9. Ty-VLPs should not be repeatedly frozen and thawed, as this disrupts the particle
structure resulting in loss of immunogenicity. It is therefore most convenient to
divide the sample into 100-µg aliquots before freezing.
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1. Introduction
Over the last decade, advances in subunit vaccine technology, achieved in

many cases with recombinant DNA techniques, have created a dramatic
increase in demand for vaccine adjuvants which can help to ellicit protective
responses from subunit antigens which, in general, are poorly immunogenic
when administered in the absence of an adjuvant (1). The purpose of this
chapter is to summarize our extensive experience with the oil-in-water emul-
sion adjuvant MF59 and to emphasize to the reader that MF59 is no longer a
research formulation, but a functional commercial adjuvant. Here we provide
information on good manufacturing processes (GMP), and methods of charac-
terization for postproduction release and demonstration of long-term stability
of MF59, as well as representative data to demonstrate the consistency of the
product. We also provide information on the in vitro and in vivo performance
of MF59 in combination with various vaccine antigens, which we have gath-
ered during the decade of development, which has resulted in formulation of
MF59 in the Fluad® vaccine, that marks the first European approval of a
nonalum adjuvant for human use.

1.1. Mechanistic Approaches to Adjuvant Design

A variety of approaches have been utilized in searching for adjuvants that
would be useful for clinical application to human disease prevention. Both
alum, the principal adjuvant licensed for use in conjunction with human vac-
cines, and polylactide-coglycolide (PLG) microspheres have been reported
to provide a depot that release antigen over an extended period of time (2). A
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number of molecular immunostimulators including muramyl peptides (3), lipid
A derivatives (4), saponins (5), and bacterial toxins (6) have been used in com-
bination with subunit antigens for both systemic and mucosal immunization.
Many of the adjuvant formulations recently under development, including
syntex adjuvant formulation (SAF) (8) and the SmithKline-Beecham (SKB)
emulsions (9), liposomes (10), immunostimulating complex (ISCOMS) (11),
and virus-like particles (VLPs) (Dupuis, M., personal communication), func-
tion as delivery systems that enhance transport of either antigen or molecular
immunostimulators to antigen presenting cells. The emulsion adjuvant MF59
does not contain any known immunostimulatory molecules nor has any asso-
ciation between antigen and the emulsion droplets been shown to be critical for
adjuvant activity. The administration of this particulate immunostimulator has
been shown to result in the recruitment of antigen-presenting cells (APCs) to
the site of injection (12), and to increased uptake of soluble antigen by the
APCs (13).

1.2. Adjuvant Potency

The success of any vaccine/adjuvant formulation is dependent upon fulfill-
ment of several requirements. The most important of these are potency, toler-
able reactogenicity, and pharmaceutical feasibility. In order to be protective,
the antigen/adjuvant formulation must have a specific potency for generation
of the appropriate immune function. It is useful to classify adjuvants in terms
of their performance regarding the correlation of immunity historically estab-
lished for a variety of disease models. The generation of neutralizing antibody,
present in serum or at mucosal surfaces, has frequently been correlated with
protection (1). The presence of specific antibody subtypes and the demonstra-
tion of antibody-dependent cellular cytotoxicity are likely to be associated with
protection in some cases. Generation of cellular immunity, most particularly,
cytotoxic T-lymphocytes (CTLs), has been thought to be contributory to pro-
tection in other cases. Finally, generation of specific cytokine profiles or gen-
eration of other soluble factors, including chemokines, has been considered to
be potentially critical for protection in yet other systems. MF59 has been dem-
onstrated to generate antibody titers determined by both enzyme-linked
immunosorbent assay (ELISA) and neutralization assays, which are signifi-
cantly greater than those obtained with aluminum salts for an extensive list of
subunit antigens. Recognizing that cytokine profiles obtained after immuniza-
tion are dependent on a number of variables, we would characterize MF59 as a
Th-2 directing adjuvant. Finally, because CTLs have been obtained with some
antigens by the very active subcutaneous (sc) route in mice, we do not charac-
terize MF59 as a potent adjuvant for CTL generation.
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1.3. Adjuvant Reactogenicity

Limiting reactogenicity of adjuvanted vaccines to a tolerable level for wide-
spread administration to humans has been a critical problem in transition from
animal models to the clinic. The first priority in formulation of MF59 was to
ensure safety, thus a very conservative formulation based upon low-risk com-
ponents has been utilized. Clinical testing with both influenza and herpes
simplex virus (HSV) vaccines in more than 18,000 subjects have demonstrated
minimal reactogenicity of these formulations and the adjuvant has been
approved for both commercial use and for further testing in both infants and
pregnant women.

1.4. Pharmaceutical Feasibility

The advanced state of development of MF59 offers the potential user sig-
nificant advantages. MF59s manufactured under GMP conditions at a scale
commensurate with commercial use as part of an adjuvanted influenza vaccine
(Fluad). Extensive characterization of raw materials, development of a repro-
ducible manufacturing process and derivation of suitable conditions for long-
term stability have been achieved during the product development cycle. MF59
has shown excellent compatibility with a variety of subunit antigens, all of
which have been formulated by a simple mixing of the antigen with the adju-
vant. This simple approach allows final formulation to be performed in the
clinic and reduces the need for extensive stability studies on early-phase candi-
date vaccines. On selected vaccines, storage stability in the presence of MF59
has also been established demonstrating the feasibility of long-term compat-
ibility of antigens with MF59 on a case-by-case basis.

2. Materials
The second generation MF59 emulsion with enhanced stability characteris-

tics has been designated as MF59C.1 and consists of the following components.

1. Squalene (2,6,10,15,19,23-hexamethyl-2,6,10,14,18,22-tetracosahexaene).
2. Polysorbate 80.
3. Sorbitan trioleate.
4. Trisodium citrate dihydrate.
5. Citric acid monohydrate.
6. Water-for-injection (WFI).

3. Methods
3.1. Manufacturing Process for 50l-Scale Production of MF59

Methods for laboratory-scale production of MF59 previously described (14),
allow preparation of as little as 10 mL of emulsion with the Microfluidizer
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110S. Here we describe the manufacturing process for sterile clinical grade
MF59C.1 having defined release specifications and demonstrated long-term
stability. The 50l scale manufacturing process for MF59C.1 is shown in
Fig. 1. Briefly, polysorbate 80 is dissolved in WFI and combined with aqueous
sodium citrate–citric acid buffer solution. Separately, sorbitan trioleate is dis-
solved in squalene. These two solutions are combined together and processed
in an inline homogenizer to yield a coarse emulsion. The coarse emulsion is
fed into a microfluidizer, where it is further processed to obtain a stable submi-
cron emulsion. The coarse emulsion is passed through the interaction chamber
of the microfluidizer repeatedly until the desired particle size is obtained. The
bulk emulsion is filtered through a 0.22-µm filter under nitrogen to remove
large droplets, yielding MF59C.1 adjuvant emulsion bulk that is filled into
glass bottles. For vaccine antigens that have demonstrated long-term stability
in the presence of MF59 for shelf storage, the antigen and MF59 are combined
and sterile-filtered through a 0.22-µm membrane. The combined “single-vial”
vaccine is filled into single-dose containers. For vaccine antigens, where long-
term stability has not been demonstrated, the adjuvant is supplied as a separate
vial. In such cases, the MF59 bulk is filter-sterilized, filled, and packaged in
final single-dose vials.

3.2. In Process Assays for MF59C.1

The manufacturing process yields an MF59C.1 product in a reproducible
and consistent manner. Figure 2 presents the combined particle size data from
seven representative lots to demonstrate the efficient and repeatable reduction
of mean particle size of MF59C.1 during each pass of the microfluidizer in the
process. In addition to the mean particle size, we monitor the number of large
particles, i.e., particles >1.2 µm in size, per milliliter of the adjuvant emulsion.
Emulsions are thermodynamically unstable systems and are subject to floccu-
lation (reversible aggregation of oil particles) and coalescence (irreversible
aggregation of oil particles to form large particles and eventual, irrevocable
separation of oil, and aqueous phases) during storage. For manufacturing of
stable emulsions, a key objective is to keep the number of large particles down
to a minimum because large particles act as nucleation sites for further aggre-
gation during storage potentially leading to phase separation. Figure 3 shows
data from seven representative lots of MF59C.1 for reduction in the number of
large particles during the manufacturing process. After the microfluidization
step, filtration of the emulsion through a 0.22-µm membrane removes 99.5%
of particles >1.2 µm in size. The bulk emulsion contains less than 0.1% of total
particles that are >1.2 µm.
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Fig. 1. MF59 manufacturing process.
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3.3. Release Assays for MF59C.1

MF59C.1 is a well-defined emulsion produced to preestablished release
specifications. The emulsion bulk and final single-dose adjuvant are analyzed
using a battery of assays in accordance with Chiron’s standard operating pro-
cedures. Key assays include visual appearance, pH, mean particle size, and
number of large particles per milliliter for quality, squalene, polysorbate 80,
and sorbitan trioleate concentrations by high-performance liquid chromatogra-
phy (HPLC) procedures for content and, endotoxin and bioburden content for
safety. Visually, MF59C.1 is a milky white, homogenous liquid that is free of
extraneous particles. Under stress conditions, such as prolonged exposure to
high temperatures or freezing, large oil globules are formed. Storage of
MF59C.1 under such conditions must, therefore, be avoided. MF59C.1 is buff-
ered with the sodium citrate–citric acid buffer to pH 6.5. As during the process,
mean particle size of MF59C.1 and the number of large particles per milliliter
are important quality parameters for the bulk and final adjuvant emulsions.
The mean particle size of MF59C.1 is approximately 150 nm and an upper
specification of 1 × 107 particles ≥1.2 µm is observed. The quantities of
squalene, polysorbate 80, and sorbitan trioleate must be within an acceptable

Fig. 2. Mean particle size profiles of MF59 during microfluidization.



The Adjuvant MF59 217

range around the nominal concentration values of 39, 4.7, and 4.7 mg/mL,
respectively.

3.4. Stability Assays for MF59C.1

MF59C.1 is stable at 2–8°C for three years when stored in glass bottles pro-
tected from direct light. Physically, the emulsion is stable except for slight
flocculation seen after it is placed at 2–8°C for a few weeks. Studies have
demonstrated that MF59C.1 in its original particle size profile is obtained by
inverting the closed container a few times. The pH, mean particle size, and
squalene concentrations of MF59C.1 remain unchanged from initial values
throughout the three-year shelf-life at 2–8°C. Finally, the number of large
particles per milliliter of the adjuvant remains below its upper specification
during the shelf-life period. Stability data from representative MF59C.1 lots
are displayed in Figs. 4 and 5.

3.5. Final Vaccine Formulation

3.5.1. Vaccine Formats

A variety of antigens including HSV-2 gB/gD, HBV, HIV gp120 and/or
p24, CMV gB, and influenza hemagglutinin (HA) have been formulated with

Fig. 3. Number of ≥1.2 µm particles in MF59 bulk.
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the adjuvant emulsion MF59C.1 in one of two formats: either in single con-
tainers or in separate vials (admixed prior to administration and therefore
referred to as dual vial vaccines). The antigens tested fall into three distinct
classes of proteins:

1. soluble antigens: either monomeric low-molecular-weight type (e.g., HSV2 gD,
43 kDa) or high-molecular-weight aggregate (e.g., CMV gB 800 kDa aggregates);

2. hydrophobic: integral membrane protein with an intrinsic ability to self-associate
forming protein micelles or to associate with lipid bilayers or emulsions (e.g.,
influenza HA);

3. particulate antigens: the protein is naturally associated to form defined structures
optionally with lipids embedded as an integral part of the structure [e.g., hepatitis
B surface antigen (HBsAg)].

Antigens of all three types have been successfully formulated into single-
vial vaccines after sufficient formulation optimization. These single-container
vaccines showed different stability behaviors depending on the nature of the
antigen and the susceptibility of the antigen to interact with the adjuvant. Table 1
summarizes much of the stability data obtained for MF59 vaccine formulations

Fig. 4. Long-term particle size stability of the three representative MF59C.1 bulk
lots at 2–8°C.
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at Chiron Corporation. Only two of the antigens, HIV gp120 and CMV gB,
were not suitable for single-vial formulation. HIV gp120 has been shown to
undergo time-dependent conformational changes in single-container formula-
tions. Such changes are evident by a loss in CD4 binding, a measurement,
considered an in vitro surrogate potency assay. At this point, it is not clear if
the polysorbate 80 in the adjuvant bound to the V3 loop of gp120 or the adju-
vant (or oxidized MF59) triggered reactions occurred in a functional domain of
the antigen to cause a loss in activity. The conformational changes observed
could account for the changes in the immunological responses to the single-
container vaccines. In order to meet rapid timelines, dual-vial formulations
were developed as candidate vaccines for advanced clinical trials. Recombinant
CMV gB has shown the propensity to exist as an equilibrium mixture of vari-
ous high molecular weight aggregates. Single-vial formulations of CMV gB
with MF59 have shown a change in the composition of the antigen presumably
because of the surfactant-induced disaggregation of the antigen. In addition,
incubations of the single-container vaccines at >25°C led to pronounced
crosslinking of the adjuvant with the antigen. A major portion of this reaction
appeared to be unrelated to disulfide crosslinking of the protein. Mechanisti-

Fig. 5. Long-term stability of squalene in three representative MF59C.1 bulk lots
at 2–8°C.
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Table 1
Summary of Formulation Experience with MF59

Physico-chemical
Antigen Source characteristics Vaccine format Comments

HSV gD2 CHO-cell line Soluble 43 kDa. Single-container with MF59 and gB2. Stable formulation for two
years at 2–8°C.

HIV gB2 CHO-cell line Soluble 190 kDa dimer. Single-container formulation with Excipients protect
MF59 and gD2. formulation.

HIV gp120 CHO-cell line Soluble 120 kDa monomer. Single-container formulation. Unstable; CD4 binding
decreases with time. Third
immunization with single vial
formulation gave neutalizing
titers comparable to second
immunization with dual vial
vaccine.

HIV gp120 Soluble 120 kDa monomer. Dual-vial vaccine. Stable for 18-mo storage at
2–8°C by

ELISA and neutralization
responses.

HIV p24 CHO-cell line Soluble 24 kDa. Dual-vial vaccine. Stable.
CMV gB CHO-cell line Soluble multimeric antigen. Dual-vial vaccine. Stable.

Soluble multimeric antigen. Single-container formulation. Change in aggregation
state of antigen and
immunogenicity.

Flu HA Chicken eggs Hydrophobic integral Single-container formulation. Altered SRID pattern with
membrane protein. Soluble time. Antigen probably
trimeric noncovalently aggregates or integrates
linked monomeric antigens into emulsion. Animal
of  77 kDa each. immunogenicity not affected

very much.
HBV CHO-cell line Soluble 30 kDa. Dual-vial vaccine. Stable and highly immunogenic

in animals and humans.
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Soluble 30 kDa. Single-container formulation Highly immunogenic. Probably
with MF59. interacts with MF59 resulting

in slight delipidation and
oxidized lipid induced antigen
changes.

HPV E7 E. coli Soluble disulfide-linked Dual vial. Addition of thioglycerol and
oligomers, 11 kDa, early polysorbate 80 prevented
transforming protein. antigen aggregation and

provided sufficient stability.
Antigen was stored at
<–60°C for early clinical
studies.

HPV L1 Yeast Major capsid protein, Dual vial. Antigen has been stored at
55 kDa, self assembles <–60°C for early clinical
to 50 nm capsids or VLP, studies.
insoluble at low-ionic
strength.

HCV Core E. coli Highly hydrophobic 192 Dual vial. Core primarily undergoes
residue protein. disulfide induced cross-

linking. Excipients have to
balance the combinational
vaccine with E2. This antigen
has been stored. at –60°C for
use in early clinical studies.

HCV E2 CHO β-sheet protein (64–67%). Antigen reacts with thioglycerol
and shows least binding in NOB
(Neutralization of Binding)
assay. Polysorbate/EDTA
containing formulations
are sufficiently stable. This
antigen has demonstrated suf-
ficient stability at <–60°C and
used in Phase I clinical trials.
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cally, oxidized surfactant and/or squalene may have generated reactive species
such as malondialdehyde capable of generating nonreducible covalent
crosslinks with the protein. In view of these experimental results, dual-vial
formulations were further developed for clinical evaluations of this vaccine. In
all other cases, single-vial formulations stable for several years were derived.
For early phase testing where formulation optimization is impractical, antigens
for the dual-vial vaccines are provided either frozen (especially for early clini-
cal trials) or as a liquid at 2–8°C. Antigens are typically combined with the
adjuvant, MF59C.1, by gentle mechanical mixing to provide single-container
vaccines. The stabilities of the dual-container vaccines were governed by the
intrinsic storage stabilities of the antigens and MF59 and short-term
compatabilities of the vaccines generated upon mixing. In general, the antigen
formulations were stable to storage for at least two years at 2–8°C. As dis-
cussed earlier, the buffered adjuvant was also quite stable to storage and the
vaccines generated from these components were stable for at least for one work-
day, i.e., eight hours at ambient temperatures that facilitated administrations in
clinical studies.

3.6. The Use of MF59 as a Vaccine Adjuvant

The MF59 emulsion adjuvant was developed with the objective of generat-
ing a broad spectrum of recombinant vaccines for human use. The specific aim
was to elicit neutralizing titers in humans significantly greater than those
obtainable with the alum adjuvants in common usage. An extensive body of
preclinical efficacy data has been obtained based on ELISA titers obtained
with a variety of subunit antigens in a spectrum of animal model systems. A
summary of this data is shown in Table 2. Data are presented as the ratio of
serum ELISA titers obtained with MF59 to that obtained with alum formulated

Table 2
Summary of Preclinical Experience with MF59 a

Guinea
Antigen Mouse Pig Rabbit Goat Baboon

HIV gp120 26
HSV gD2 34 119 15
HBV Surface Ag 13 18 2 117 42
Influenza HAb 35 25 5 122
Hib/CRM197 17
MenC/CRM197 16 16

aRatio of titer obtained with MF59/titer obtained with alum.
bRatio of titer obtained with MF59/titer obtained with Influenza HA alone.
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vaccine. (In one case (*), where alum vaccines have been shown to be ineffec-
tive, the ratio of titers obtained with MF59 to that obtained with antigen alone
is presented.) The principal conclusion to be drawn from this data is that MF59
is a significantly more potent adjuvant than the aluminum salts for most of the
antigens tested in a variety of animal models. The enhancement of titer typi-
cally falls in the range from 5 to 40X. Most of the antigens used for develop-
ment of MF59 were soluble recombinant truncates of viral surface
glycoproteins (HIV gp120, HSV gD2, CMV gB, HCV E2). Significant activity
has been demonstrated with glycoconjugate antigens (Hib, MenC) (15). MF59
has shown dramatic effects with two particulate antigens influenza HA (14)
and (HBsAg) (16). No systematic trends have yet been established for anti-
genic characteristics that determine the degree of efficacy of MF59, though
some very poorly soluble antigens have not shown good titers in this system
(data not shown). Data in Table 2 also demonstrate that MF59 is effective
across a spectrum of animal models typically used for preclinical testing. So
far, no species tested has been unresponsive to MF59, which should be an ex-
cellent candidate for formulation of a variety of veterinary vaccines.

Because MF59 is clearly effective for generation of serum antibody titers
and CD4 T-cell response (data not shown), these responses are only protective
against a subset of the pathogens for which novel or improved vaccines would
be of utility. Two attributes of a number of vaccines formulated with MF59
may be of significance in design of additional adjuvanted vaccines. The
cytokine balance associated with immunization has been shown to be impor-
tant to protection in several instances. Figure 6 shows typical serum cytokine
data obtained at either 3 or 12 h after a third intramuscular (im) immunization
with MF59/HIV gp120 or gp120 with several Quil A-containing formulations.
Immunizations with formulations containing MF59 result in greater serum con-
centration of interluken-5 (IL-5) and smaller concentrations of interferon

Fig. 6. In vivo cytokine response to HIV envelope proteins and adjuvants.
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(IFN-γ) than those obtained with Quil A containing systems. While we are
aware that the Th-1/Th-2 balance represented by the IFN-γ /IL-5 ratio obtained
upon immunization is a multivariate function, depending upon antigen identity
and dose, adjuvant identity, genetics of the animal immunized and route of
administration, we would characterize MF59 as a Th-2 directed adjuvant. The
ratio of immunoglobulin (Ig) isotypes (IgG1/IgG2a), which frequently corre-
lates with cytokine ratio, is a significant factor in complement-mediated cyto-
toxicity. Immunization with both HIV and HSV antigens in combination with
MF59 results in high ratios of IgG1/IgG2a that are consistent with our charac-
terization of MF59 as a Th-2 adjuvant. In contrast, we have shown that it pos-
sible to generate CTL with several antigens when formulated with MF59
(Table 3). However, the mouse system we have used, base of the tail sc admin-
istration of antigen to mice, is the most permissive system for generation of
CTL in routine use. So far, attempts to extend the data set into the somewhat
more restrictive im mouse mode have not been successful. Limited work in
primates (data not shown ) has not shown reproducible production of CTL
activity. We conclude that the MF59C formulation is most appropriate for
application where antibody is the desired end point (e.g., antihormone thera-
pies) or Th-2 cytokines and CD4 T cells are advantageous (e.g., Helicobacter
pylori) including situations where CTL are not essential or may be dangerous.

3.7. Assurance of Clinical Safety

The most critical concern in the development of postalum adjuvants has
been the demonstration of safety for the large populations who receive the

Table 3
Cytotoxic T-cell Activity Induced in Mice
with Whole Recombinant Proteins Combined with MF59

% Specificity cytotoxicity
against target cells loaded with:

Effector Specific epitope Irrelevant
target ratio peptide peptide

HSV gB2 50 81 8
10 62 7
12 34 4

HIV-1 p24 gag 50 53 5
10 34 2
12 16 2

HIV-1 gp120 50 91 3
10 77 1
12 57 1
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vaccine. Adjuvants, by definition, increase immunological responsiveness,
which may result in immune reactivity to epitopes other than those necessary
for protection as well as giving rise to side effects associated with generation
of the response. The MF59 formulation has been restricted to components that
are not individually immunostimulatory. The principal component, squalene,
is a naturally occurring intermediate in cholesterol synthesis that is widely dis-
tributed in nature and is the primary component of shark liver oil. The MF59
emulsion is immunostimulatory and the safety of each vaccine formulated with
the adjuvant must be demonstrated under controlled clinical conditions. Chiron
has tested MF59 under such controlled clinical conditions with an extensive
set of well-characterized antigens in more than 18,000 subjects (Table 4).
These clinical cohorts have been screened and carefully monitored postvacci-
nation. The results have been published in detail for trials with HIV (16), HSV
(17–19), CMV (20), and influenza (21–22) antigen-containing MF59 vaccines.
The MF59 vaccines tested have been shown to be generally safe and immuno-

Table 4
Summary of Subjects Receiving MF59 and Vaccine Antigens
through March 1999 in Chiron-Sponsored Programs

Vaccine Seronegatives Seropositives

Herpes simplex
gD2, gB2,gD2/gB2 1854 209
gD2/gB2dTM 359 0

Human immunodeficiency
gp120 SF2 810 55
gp120 Thai E 96 0
gp120SF2/gp120 Thai E 383 0
p24 30 0
Env 2-3 32 58

Influenza
Fluad 0 12,044
Influ 0 31

Cytomegalovirus
gB 634 67

Hepatitis B
HbsAg+preS2 187 0

Hepatitis C
E2 36 0

Subtotal Vaccine Antigens with MF59
4421 12,464

Placebo 1373 173
Grand TOTAL 18,431
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genic. Chiron’s influenza vaccine, Fluad, was approved by the Italian regula-
tory authorities in 1997. Since its introduction, more than 500,000 doses of
Fluad have been commercially distributed. In accordance with current regula-
tory practices, Chiron continues to monitor safety data. The safety of Fluad, as
demonstrated in a Phase IV trial, was excellent and similar to that of a licensed
influenza vaccine that did not contain any adjuvant.

4. Notes
1. In situations where high antibody titers are desired in combination with Th-1

cytokines and higher IgG2a/IgG1 ratios, we have shown that combinations of
MF59 with PLG microspheres are useful. Development of MF59-based formula-
tions, which generate Th-1 cytokine profiles and CTL, is ongoing.

2. Fluorescently labeled MF59 (3,3′-dioctadecylindocarbcyanine (CM DiI) has been
successfully used to track adjuvant in vivo (13). The adjuvant is taken up by Mac
1+ antigen-presenting cells in the muscle where it induces enhanced local uptake
of antigen. Labeled cells have been shown to migrate to the draining lymph node
where they express the markers associated with active dendritic cells.

3. Chiron Corporation routinely makes limited volume samples of clinical grade
MF59 available for evaluation of preclinical vaccine formulations. In order to
obtain MF59 for testing, it is necessary to submit a brief written summary of the
proposed experiments and to agree to the terms of a standard materials transfer
agreement, which will be transmitted upon receipt of the proposal summary. The
process is typically accomplished within four weeks. We reserve the right to
impose additional terms in situations where Chiron Corporation has commercial
interest. For further information or materials, please contact the first author, G. Ott.
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Preparation of the Syntex Adjuvant
Formulation (SAF, SAF-m, SAF-1)

Deborah M. Lidgate

1. Introduction
The Syntex adjuvant formulation (SAF) is an effective adjuvant composed

of a muramyl dipeptide derivative (threonyl-MDP) in an oil-in-water (o/w)
emulsion vehicle. Threonyl-MDP (N-acetyl muramyl-L-threonyl-D-isoglutamine)
was identified as a superior adjuvant to muramyl dipeptide (N-acetyl muramyl-
L-alanyl-D-isoglutamine, MDP) demonstrating a lack of side effects (pyroge-
nicity, uveitis, adjuvant-induced arthritis) and increased adjuvant activity
(1–3). The SAF emulsion vehicle contains Pluronic® L121 (poloxamer 401)
that has exhibited adjuvant activity in its own right (4–7). Many investigators
have utilized the SAF adjuvant with a variety of antigens such as influenza (8)
and malaria (9). Whereas SAF has shown versatility with a variety of antigens
(eliciting both cell-mediated and humoral immune responses), it may be most
effective with antigens that are amphipathic (10). An amphipathic antigen
would be retained at the surface of the oil droplet through hydrogen bonding
with pluronic (also retained at the surface of the oil droplet) and hydrophobic
association between the hydrophobic region of the antigen with that of pluronic
and squalane, the oil portion of the SAF emulsion. Antigen retention at the oil
droplet may lead to an enhanced immune response through more efficient anti-
gen presentation (3,10). SAF, or a suitable equivalent (see Note 1), provides an
excellent tool for vaccine research.

1.1. Emulsion Theory

To form an emulsion, such as the one used in this formulation, the interfa-
cial tension (between the oil and the water phases) needs to be reduced. As this
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interfacial tension decreases, the interfacial contact, or area, increases. This
increase in interfacial area leads to increased free energy of the system and
results in thermodynamic instability. Emulsion instability can be lessened by
the choice and amount of emulsifier, the dispersed droplet size, the density
differences between the internal and external phases, the viscosity of the exter-
nal phase, and the manufacturing technique.

Typically, emulsion physical instability is evident by either creaming (or
sedimenting, depending on density differences) and/or coalescence. Creaming
occurs when the two phases of the emulsion have different specific gravities
and/or when the dispersed droplets are initially large (and are not responsive to
Brownian movement). If coalescence does not occur simultaneously, the emul-
sion can be redispersed with gentle mixing. Adjusting the specific gravity of
one or both phases, reducing the droplet size, and/or increasing the viscosity
of the continuous phase can minimize creaming.

Coalescence occurs when the interfacial film ruptures between two droplets
of the internal phase. Larger droplets have a greater tendency to coalesce.
Often, coalescence is irreversible, unless an emulsifier is chosen to facilitate
reemulsification on shaking. Reducing the tendency of emulsion creaming,
increasing the charge on the droplets, and increasing the viscosity of the con-
tinuous phase can minimize coalescence.

Emulsifiers promote stabilization of dispersed droplets by reducing interfa-
cial free energy and creating physical or electrostatic barriers to droplet coales-
cence (11). Nonionic emulsifiers orient at the interface and produce relatively
bulky structures, which lead to steric avoidance of the dispersed droplets.
Anionic or cationic emulsifiers induce formation of an electrical double layer
by attracting counterions; the double-layer repulsive forces cause droplets to
repel one another when they approach.

Emulsifiers are typically categorized with an HLB number (hydrophile-
lipophile balance). The HLB expresses the relative simultaneous attraction for
water and oil. Chemical composition and extent of ionization determine the
HLB. The emulsifier HLB contributes to the type of emulsion formed: a low
HLB promotes water-in-oil (w/o) emulsions, a high HLB promotes o/w emulsions.

1.2. Manufacturing Considerations

Emulsion manufacturing equipment must supply appropriate shear force to
adequately disperse the emulsion’s internal phase and avoid coalescence and
potential physical deterioration of the emulsion. The manufacturing equipment
can facilitate better orientation of the emulsifier at the oil–water interface, thus
providing a barrier to coalescence. The equipment should also produce an emul-
sion with a uniform droplet size.
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The typical equipment used to manufacture emulsions includes propeller
mixers, turbine rotors and stators, colloid mills, homogenizers, and sonicators.
The mechanical forces encountered with these mixers involve shear, impact,
and/or cavitation.

For manufacture of the SAF emulsion a Microfluidizer® (providing all three
mechanical forces) was selected for its ability to reproducibly provide an
elegant, physically stable emulsion with consistent particle size (12,13). Emul-
sion formation occurs in a Microfluidizer as two fluidized streams interact at
high velocities within an interaction chamber. The Microfluidizer is air or
nitrogen driven and can operate at internal pressures in excess of 20,000 psi with a
throughput of 300–500 mL/min. After several passes through the
Microfluidizer, the SAF emulsion had an average particle size (see Notes 2
and 3) of approximately 165 nm, with a range of approximately 80–300 nm.
With this droplet-size range, the final emulsion was successfully filtered
through a 0.22-µm filter, rendering a sterile product.

It should be noted that SAF was also manufactured using alternate mixing
methods. Early in the development of SAF, all formulation components were
mixed in a test tube using a vortex mixer. Scale-up studies involved the use of
blade mixers and homogenizer mixers. Emulsion from all types of manufactur-
ing processes showed equivalent biological efficacy (13). The Microfluidizer
was selected, as noted above, because of the superior physical stability and
appearance of the resulting emulsion. In addition to biological efficacy, the
physical appearance was an important commercial consideration. Regarding
nomenclature, SAF prepared via the Microfluidizer was designated SAF-m;
SAF prepared via an alternate mixing method was designated SAF-1.

2. Materials
2.1. SAF Components and Chemistry

1. Threonyl-muramyl dipeptide (threonyl-MDP), Syntex (Palo Alto, CA). Threonyl-
MDP is comprised of a muramyl sugar derivative and two nonaromatic amino
acids linked by amide bonds. Its solubility is greater than 600 mg/mL in aqueous
solution over a wide pH range. Its solubility in nonpolar solvents, such as chloro-
form, methylene chloride, and hexane, is less than 3 µg/mL. The apparent octanol/
water and methylene chloride/water partition coefficients were found to be 0.0044
and 0.00017, respectively. The degradation rate of threonyl-MDP in aqueous
solution was determined as a function of pH and temperature. Based on the deg-
radation rate plot, the maximum stability is expected at pH 4.5, and a 2-yr shelf-
life is predicted for a threonyl-MDP solution formulated at a pH of 4.5 and stored
at 25°C. At physiological pH, the predicted shelf-life of threonyl-MDP in aque-
ous solution at room temperature is less than 40 d; at 5°C, a shelf-life of 2 yr may
be possible.
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2. Squalane, NF, Robeco Chemicals or other vendors. Squalane (2,6,10,15,19,23-
hexamethyltetracosane) is free-flowing oil with a molecular weight of 422.8 and
a density of approximately 0.811. Squalane is chemically saturated and is
obtained by complete hydrogenation of squalene, found in shark liver oil.
Squalane is metabolizable oil that has been used in pharmaceutical and cosmetic
products. The squalane used in the SAF formulation conforms to National For-
mulary (NF) requirements.

3. Poloxamer 401 (Pluronic L121), BASF Corporation (Mount Olive, NJ). Pluronic
L121 is a block copolymer of ethylene oxide and propylene oxide. This particu-
lar nonionic surfactant contains 10% by weight of the hydrophilic ethylene oxide
group. The average molecular weight for Pluronic L121 is 4400; it is liquid at
room temperature and has an HLB close to 1.0. This low HLB value puts it in a
class of water-insoluble surfactants known as spreading agents. Spreading agents
do not stabilize emulsions; they adhere preferentially to hydrophobic surfaces in
contact with aqueous media. Because of their distinct hydrophilic and hydropho-
bic portions, they promote interaction with macromolecules (such as antigens) at
the oil–water interface of the emulsion. Researchers suggest that this characteris-
tic of Pluronic L121 contributes to the adjuvant activity by increasing the con-
centration of antigen presented to cells of the immune system (3).

4. Polysorbate 80, NF, Ruger Chemicals or alternate vendor. Polysorbate 80
(Tween®-80) is extensively used in foods, cosmetics and pharmaceuticals. The
polysorbate 80 used in the SAF formulation conforms to the NF requirements.
Polysorbate 80 has an HLB in the range of 12–16; it is therefore very soluble in
aqueous media. Polysorbate 80 serves as an emulsifier in the formulation and
helps stabilize the emulsion over longer-term storage.

5. Sodium chloride, USP.
6. Potassium chloride, USP.
7. Potassium phosphate monobasic, NF.
8. Sodium phosphate dibasic, anhydrous, USP.

Phosphate-buffered saline (PBS) comprises the continuous, aqueous, phase of
the emulsion formulation. The salts listed here, sodium chloride, potassium chlo-
ride, potassium phosphate monobasic, and sodium phosphate dibasic, anhydrous,
are used to prepare PBS. With these salts, the formulation is isotonic with a pH of
approximately 7.4. These buffer salts can be obtained from various vendors.

9. Microfluidizer M110Y, Microfluidics Corporation (Newton, MA). The M110Y
model has a pump that provides sufficiently high internal operating pressures to
achieve reduced droplet size, thus enabling sterile filtration.

10. 0.22-µm sterilizing filter, such as a Millipak 60 (from Millipore) or suitable
equivalent.

3. Methods
3.1. Formulation

The SAF emulsion formulation was typically manufactured as a twofold
concentrate. Prior to use, the emulsion was diluted with a twofold concentrate
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of threonyl-MDP and antigen. The threonyl-MDP was formulated in an iso-
tonic buffered solution at a pH that was optimal for its stability. The emulsion
formulation, as manufactured, is provided in Table 1 (see Notes 4–6). After
development of the SAF formulation, several modifications were evaluated for
their impact on the biological efficacy, physical appearance, and physical sta-
bility. The following changes proved successful: (a) reduction of the pluronic
concentration, see Note 7; (b) substitution of tetronic 1501 for pluronic, see
Note 8; and (c) substitution of synthetic squalane for natural squalane, see
Note 9. Whereas these changes were not incorporated into the formulation,
they are viable options and could be successfully implemented.

Once SAF was manufactured via the Microfluidizer, the resulting product
appeared as a white fluid emulsion. SAF-m remained physically stable for pro-
longed periods of time (>2 yr) when stored at or below 30°C (see Notes 10 and 11).

3.2. Details of SAF Manufacture

A stepwise procedure for manufacture of 1000 mL of SAF-m emulsion is
provided below. This example can be scaled within a 100–5000 mL range.

1. In a 1-L volumetric flask, add the following components: 7.36 g sodium chloride,
USP; 0.184 g potassium chloride, USP; 0.184 g potassium phosphate monobasic,
NF; 1.1 g sodium phosphate dibasic, anhydrous, USP.

2. To the volumetric flask, add approximately 700 mL of water for injection, USP.
With mixing, dissolve all the salts in the volumetric flask.

3. To the volumetric flask, add 4.0 g of polysorbate 80, USP. With gentle mixing, allow
the polysorbate 80 to completely dissolve (avoid foaming with aggressive mixing).

4. To the volumetric flask, add 50.0 g of poloxamer 401. With gentle mixing, allow
this excipient to completely hydrate and disperse.

Table 1
Components of the 2X SAF Emulsion Concentrate

Formulation
manufactured as a 2X

Ingredient concentrate (%w/v)

Poloxamer 401 5.0
Polysorbate 80, NF 0.4
Squalane, NF 10.0
Sodium chloride, USP 0.736
Potassium chloride, USP 0.0184
Potassium phosphate monobasic, NF 0.0184
Sodium phosphate dibasic, anhydrous, USP 0.11
Water for injection, USP q.s. 100.0
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5. To the volumetric flask, add 100 g of squalane, NF.
6. Bring the mixture to 1000 mL with water for injection, USP.
7. Using a magnetic stir bar, at a speed sufficient to create a vortex, mix the compo-

nents together.
8. Prepare the Microfluidizer M110Y by flushing with 2–5 L of ethanol followed

by 5–15 liters of sterile water for injection.
9. Pass the emulsion mixture prepared in step 8 through the Microfluidizer four

times (see Notes 12–15).
10. Under a laminar flow hood, filter the emulsion through a 0.22-µm filter (such as

a Millipak 60 cartridge filter) using positive nitrogen pressure. Collect the fil-
tered emulsion in a sterile container.

11. Package the emulsion as appropriate. (Both glass and plastic vials were found
compatible with the SAF emulsion.)

4. Notes
1. At this time, there is no availability of threonyl-MDP. This material had been

manufactured by or for Syntex or its licensees. This compound is no longer being
synthesized. A description of threonyl-MDP and related analogs can be found in
U.S. Patent 4,082,735, authored by Jones, G. H., Moffett, J. H., and Nestor, J. J.
The literature also suggests other MDP analogs of potential interest (14). Any
inquiries regarding threonyl-MDP should be directed to Dr. Gary Ott of Chiron
(Emeryville, CA, telephone: 510-923-2964).

2. Droplet-size analysis can be performed by several techniques. To confirm or vali-
date the results of any one method, it is recommended that a second method be
employed. For example, particle size analyzers utilizing laser (such as a
Brinkmann or Malvern) are convenient to use and provide fairly reproducible
results. To confirm the results of these types of instruments, a microscope tech-
nique (such as a light microscope) would be a suitable second method.

3. When measuring droplet size of SAF emulsion, an aliquot of emulsion will need
substantial dilution. To preserve the droplet size of the emulsion, the best dilu-
tion vehicle is the continuous phase of the emulsion (i.e., a solution containing
the salts of the PBS portion of the SAF emulsion).

4. The SAF emulsion listed in Table 1 is referred to as the 2X concentrate. It should
be noted that the components of the PBS are not concentrated; they are present in
the proper amount to make an isotonic solution. Typically, the 2X-concentrated
SAF is diluted with a concentrated antigen and threonyl-MDP solution also for-
mulated in a 1X salt-buffer solution (or alternate isotonic-buffered solution).

5. After dilution, the SAF emulsion contained 2.5% poloxamer 401, 0.2% polysor-
bate 80, and 5.0% squalane with threonyl-MDP and antigen in PBS.

6. Other SAF emulsion concentrates can be prepared (1.5X, 3X, 4X, and so on)
depending on the volume of antigen required for a specific vaccine. To prepare
an alternate concentrate, simply adjust the amounts of squalane, polysorbate 80,
and poloxamer 401, accordingly.



Preparation of SAF, SAF-m, and SAF-1 235

7. The concentration of poloxamer 401 in the SAF emulsion can be reduced by half.
A modified 2X concentrate of SAF emulsion containing 2.5% poloxamer 401
was prepared. The physical appearance and stability of this modified emulsion
was consistent with the original SAF. Likewise, the biological responses were
identical to the original SAF emulsion (antibody titers, log2, in guinea pigs vacci-
nated with ovalbumin were determined at week 6, postvaccination; the results were:
6.5 ± 0.2 for the reduced poloxamer 401 formulation vs 6.9 ± 0.3 for the original
formulation. Cell-mediated immunity was determined by delayed hypersensitivity
skin reactions in the same guinea pigs, measured in mm at week 6, postvaccina-
tion: 18.1 ± 0.7 for reduced poloxamer 401 SAF vs 19.4 ± 1.1 for the original SAF).

8. Tetronic®1501, a tetrafunctional block copolymer, was substituted for poloxamer
401 in the formulation. At a 2X concentration of 5.0%, the physical characteris-
tics of the formulation were identical to the original SAF emulsion. Biological
responses were also identical to the original SAF emulsion (antibody titers, as
described in Note 7, were: 7.1 ± 0.1 for the tetronic formulation vs 6.9 ± 0.3 for
the original pluronic formulation. Cell-mediated immunity was determined by
delayed hypersensitivity skin reactions, as described in Note 7, with the follow-
ing results: 16.8 ± 0.6 for tetronic SAF vs 19.4 ± 1.1 for the original SAF).

9. A final modification to the formulation is worth mentioning. Robeco, the manu-
facturer of squalane (which is naturally derived from shark liver oil) was evaluat-
ing a synthetic version of squalane (Robane® SXL). This synthetic version was
directly substituted in the formulation with satisfactory results from a physical
and biological standpoint. Antibody titers of mice immunized with influenza B
hemagglutinin were determined at weeks 3, 5, and 9 postvaccination; the values
reported here are enzyme-linked immunosorbent assay (ELISA) titers expressed
as log3 of the serum dilution giving an optical density reading of 0.5 absorbance
units. The results are provided below.

Antibody Titers

Week 3a Week 5a Week 9

SAF with naturally derived squalane 8.4 9.4 8.9 ± 0.7
SAF with synthetic squalane 8.7 9.5 8.6 ± 0.9

aValues were determined from pooled sera of groups of immunized mice.

10. Physical stability of the final product (SAF-m) was found to be acceptable when
stored below 30°C. A modest amount of creaming was observed over prolonged
storage periods (yr). With shaking, the emulsion appeared homogenous. The
actual change in droplet size over time was not measured in our laboratories. It is
expected, though, that particle size will increase with time.

11. Storage temperatures will impact the physical stability of the emulsion. Elevated
temperatures are detrimental to an emulsion. SAF was typically stored at or below
25°C. Storage at 5°C and –20°C were also found to be acceptable (as determined
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by observation of the physical condition of the emulsion and the antibody and
cell-mediated biological responses).

12. As noted in the text, alternate mixing equipment can be utilized. In our labora-
tory, the following procedures were successfully used (see ref. 13): (a) Greerco
homogenizer mixer, at approximately 4750 rpm for 30 min; (b) blade mixing,
using a gate blade, at approximately 740 rpm for 40 min; and (c) vigorous vortex
mixing until all visible solids had dispersed. During manufacture, especially if using
a homogenizer, it is important to keep the emulsion cool (preferably below 30°C).

13. The initial physical appearance of a SAF-1 emulsion may look acceptable.
Depending on the chosen manufacturing method, the physical appearance may
decline rapidly (min). The rate of physical deterioration generally relates to the
equipment’s ability to effectively reduce particle size. Typically SAF-1 manu-
factured via all alternate methods described in Note 12 showed extensive cream-
ing (a heavy white layer, composed of squalane-surfactant droplets, at the top of
the emulsion). Fortunately, coalescence (characterized by a layer of pure squalane
at the top of the emulsion) was not observed. With vigorous shaking, the creamed-
emulsion could be restored to a more uniform appearance prior to animal
vaccination.

14. When using a Microfluidizer to manufacture SAF, the high-energy mixing forces
encountered in the Microfluidizer leads to heat generation that readily transfers
to the emulsion product. Uncontrolled, the temperature of the emulsion could
exceed 60°C. At this temperature, squalane will coalesce. The temperature of the
product must be maintained below 30°C. This can be achieved by surrounding
the interaction chamber with ice and passing the emulsion through a cooling coil
also surrounded with ice.

15. The number of times the emulsion is processed through the Microfluidizer is
critical to droplet size of the final emulsion. During the first four processing
cycles through the Microfluidizer, the droplet size decreases to approximately
165 nm. Further processing does not decrease the mean droplet size. However,
further processing will decrease the distribution of droplet size (one processing
cycle gave a mean droplet size of 187 nm with a range of 115–1000 nm; four
cycles gave a mean of 164 nm with a range of 118–315 nm; and seven cycles
gave a mean of 165 nm with a range of 81–270 nm).
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The ISCOM™ Technology

Karin Lövgren-Bengtsson and Bror Morein

1. Introduction
Classical adjuvant formulations, such as Freund’s adjuvants and aluminium

salts, are blended with antigens to formulate an emulsion, or the antigens are
adsorbed onto a three-dimensional gel containing adjuvant (1). The ISCOM™

(immunostimulating complex, Iscotec AB, Uppsala, Sweden) is a complex
consisting of lipids, saponins, and antigens, which form spontaneously when
the right constituents are allowed to interact at correct stoichiometry.

ISCOMs are typically 40-nm cage-like structures that combine a multimeric
presentation of antigen with a built-in saponin adjuvant (2), e.g., semipurified
preparations, such as Quil-A™ (Superfos AS) (3) or suitable purified fractions
thereof.

The physical three-dimensional structure of the ISCOM is built up from
10–12 nm subunits formed by Quillaja saponins and cholesterol (4–6). In the
presence of phospholipids, hydrophobic and amphipathic antigens, or antigen-
made hydrophobic by any of the modifications described in Subheading 3.,
are incorporated into ISCOMs by hydrophobic interactions during the assem-
bly of the ISCOM subunits (7).

1.1. ISCOM Technology

The classical procedure for ISCOM formation is to mix antigens and sapo-
nin with detergent-solubilized cholesterol and phospholipid (8). ISCOMs are
formed when detergent is removed by dialysis, ultrafiltration, or ultracentrifu-
gation (9–11). However, not all antigens spontaneously incorporate into
ISCOMs using standard procedures even if they are hydrophobic; also, many
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antigens are too hydrophilic to incorporate. Alternative methods for incorpora-
tion of such antigens are described in Subheadings 3.3. and 3.4.

1.1.1. Composition of ISCOMs

Whichever method is used for incorporation/binding of antigens into
ISCOMs, the goal is the same: to prepare a highly immunogenic particle of low
toxicity that contains an exposed antigen with retained antigenicity. Also, the
degree of antigen incorporation is important to analyze because it affects
the overall composition, antigen presentation, and targeting of the ISCOM.
The coadministration of antigen and adjuvant in the same particle is consid-
ered to play a major role for the strong immunogenicity of ISCOMs.

The composition of “the ideal ISCOM” is, of course, dependent upon sev-
eral factors such as the immunogenicity of incorporated antigens, grade and
purity of Quillaja saponin, the species to be immunized, and the antigen dose
to be used for immunization. An increased ratio of Quillaja saponin to protein
can increase the immunogenicity in such a way that a 1-µg dose of antigen in
ISCOMs with a high proportion of Quil A is as immunogenic as a 10-µg dose
of antigen in ISCOMs with a low proportion of Quil-A (12). However, the
ratio of Quil-A and antigen in ISCOMs must be properly balanced to avoid
side effects caused by too high a dose of Quil-A (see Subheadings 1.1.2. and 3.5.).

1.1.2. Immune Modulatory Properties of ISCOMs

ISCOM-associated antigen is rapidly removed from the site of injection and
transported to draining lymph nodes (LN). In the draining LN, a potent but
transient response of antigen-driven proliferation of T cells producing
interleukin 2 (IL-2) and interferon (IFN)-γ is recorded at days 4–8 after immu-
nization. A similar, but lower, response is later (from days 8–11 and onward)
detected in the spleen (13).

The immune enhancement of ISCOMs is characterized as increased major
histocompatibility complex (MHC) class II expression on antigen-presenting
cells (APCs) (14,15), antigen-driven proliferation of lymphocytes secreting
IL-2 and high amounts of IFN-γ (10,16,17), and generation of potent long-
lasting antibody responses (18–22), involving all immunoglobulin isotypes and
immunoglobulin G (IgG) subclasses (19,23,24). ISCOMs stimulate APCs to
produce IL-1 (25–27), IL-6 (26,28), and IL-12 (29) and induce T-helper cells
of both Th1 and Th2 type (16,23,30) and the cell-mediated immune response
includes CD8+ class I restricted cytotoxic T cells (31,32). Interestingly, human
immunodeficiency virus-type 1 (HIV-1) ISCOMs were shown to induce
β-chemokines, MIP-1α, MIP-1β, and regulated upon activation, normal T cell
expressed and secreted (RANTES) (33). ISCOMs are potent inducers of anti-
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body responses in serum, as well as in local and distant mucosal surfaces after
intranasal administration (in) (19,31,34–36).

The same dose ranges as those mentioned for free Quil-A are generally valid
for ISCOMs, although the dose of Quil-A in ISCOMs required for a potent
immune response is lower by far. One of the main advantages of ISCOM for-
mulations is that the dose of antigen required may be as low as one-tenth of
that required with other adjuvant formulations (10). Consequently, the dose of
Quil-A is also reduced compared with the use of free Quil-A.

As with other adjuvants, the dose of saponin in ISCOM and ISCOM-
matrix™ should be adjusted to the antigen and the animal species. Attention
must also be focused on the purity of the saponins, because crude saponin
preparations may require considerably higher doses. As a guideline, Dalsgaard
et al. (37) gave the following dose recommendations for free Quil-A (a
semipurified and characterized preparation of adjuvant active saponins): 10 µg
for use in mice, 50 µg in guinea pigs, 200 µg in rabbits, 500 µg in pigs, and
1000 µg in cattle.

1.2. Iscomatrix™ Technology

Iscomatrix™ (Iscotec AB, AdVet AB) is an adjuvant formulation that is
closely related to ISCOM. The ISCOM-matrix is a particle with identical com-
position, shape, and appearance as the ISCOM, except that it lacks incorpo-
rated antigens (7). ISCOM-matrix is simply mixed with antigens. Because
association of antigen and adjuvant into the same particle offers an advantage
over nonassociated formulations (12,36,38), ISCOMs are generally more
immunogenic than ISCOM-matrix formulations. A major advantage of using
the ISCOM-matrix, compared with using free saponin, is that the hemolytic
activity of saponins in ISCOM-matrix is abolished or drastically reduced
(5,39). The saponins are bound to cholesterol in the complex and therefore do
not bind to tissue cholesterol at the site of injection and thereby lytic activity
and local reactions are avoided (39) and (Sundquist, Iscotec AB, personal com-
munication). Compared to that of ISCOMs, less information is available con-
cerning the mechanism of adjuvant activity of ISCOM-matrix (12,38,40). Some
antigens, particularly basic antigens with high isoelectric points, do adsorb to
ISCOM-matrix. In these cases, the preparations should rather classify as
ISCOMs and the mechanism would most likely be identical to that of classi-
cally prepared ISCOMs (unpublished observations).

For antigens that do not adsorb to or incorporate into ISCOMs, ISCOM-
matrix can be used as a carrier to which hydrophilic antigens are conjugated to
form ISCOMs. ISCOM-matrix used for conjugation of antigens must contain a
constituent with an exposed functional group suitable for conjugation, e.g.,
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phosphatidyl ethanol amine (PE) (41,42). We found ISCOM-matrix prepara-
tions consisting of cholesterol and egg-PC with 20–50% of the egg-PC
exchanged for egg-PE, dioleyl-PE, or dimyristoyl-PE suitable.

1.2.1. Immune Modulatory Properties of ISCOM-Matrix

The IgG subclass distribution of antigen-specific serum antibodies in mice
immunized with antigens mixed with ISCOM-matrix roughly parallel that in
mice immunized with ISCOMs. Likewise, spleen cells from mice immunized
with ISCOM-matrix adjuvanted antigen produce high levels of IL-2 and IFN-γ
after antigen restimulation in vitro (12). Another prominent feature of ISCOMs,
the activation of cytotoxic T-lymphocytes (CTL), is reported also after
immunization with ISCOM-matrix formulations (38). However, these CTL
responses were substantially weaker (about threefold) than those induced by
ISCOMs.

ISCOM-matrix formulations may lack the superior antigen-presenting abil-
ity of ISCOMs because the antigen is not physically associated with the
ISCOM-matrix. However, if the antigen is associated with the ISCOM-matrix,
e.g., by electrostatic interactions, the adjuvant activity approaches that of
ISCOMs (unpublished observations). ISCOM-matrix, like saponins in general,
is a potent and useful adjuvant for particulate antigens, but inferior with mono-
meric antigens (43–48).

Following parenteral administration, ISCOM-matrix formulations are often
potent enhancers of antibody responses. After intranasal immunization, mod-
erate IgA responses are detected in the lungs but, compared to immunization
with ISCOMs, lower IgA titers are induced in remote mucosa of the intestinal
and genital tracts (36).

The dose recommendations for Quillaja saponins are likely to be valid also
for ISCOM-matrix.

2. Materials

1. Protein antigen: The handling of the antigen before incorporation is important.
The antigens most suited for ISCOM formulation are hydrophobic or
amphipathic. Such antigens must be purified in the presence of a detergent to
prevent micelle or aggregate formation because pure protein micelles or aggre-
gates are very difficult to dissociate to make their hydrophobic part accessible for
hydrophobic interactions. There are many examples where antigens that theoreti-
cally should incorporate well, in fact do not, as a result of such aggregates.

Some hydrophobic antigens are poorly soluble, even in detergents. Such anti-
gens can be solubilized in, e.g., dimethyl sulfoxide (DMSO), urea, ethylene gly-
col (EG), or guanidine hydrochloride (GuaHCl), thereafter, lipid in detergent
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stock solution and saponin is added. Dialysis or ultrafiltration is performed
against decreasing concentration of the solubilizer (DMSO, urea, EG, or GuaHCl)
followed by a physiological buffer, e.g., phosphate-buffered saline (PBS).

Hydrophilic antigens do not incorporate into ISCOMs. To make ISCOMs that
contain hydrophilic antigens, hydrophobic regions must be introduced, e.g., by bind-
ing lipids to them (34,49–52) or exposed, e.g., by low pH treatment (53). At first
glance, one may think that such a treatment will irreversibly denature the antigens,
and for some antigens this is true. In practice, low pH treatment was often shown
less denaturing than random chemical modification (Lövgren-Bengtsson, K., Morein,
B., Ekström, J., Åkerblom, L., and Villacres-Eriksson, M., unpublished observations).

2. Quillaja saponin: The basis for ISCOM formation is the interaction of Quillaja
saponins with cholesterol. Not all saponins in a crude or semipurified extract
form “classical” 40-nm ISCOMs, even though some type of complexes or mac-
romolecular structures are often formed when Quillaja saponins (5) or other
saponins (54) are incubated with cholesterol. There are preparations of Quillaja
saponins commercially available that are tested and selected for ISCOM-forming
ability: Quil-A, Spikoside (AdVet AB), and Iscoprep™ 703 (Iscotec AB).

A 100-mg/mL stock solution of Quil-A, Spikoside, or Iscoprep 703 is pre-
pared in sterile distilled water. Keep aliquots frozen at –20°C.

3. Lipids: Cholesterol (CHOL) is indispensable for ISCOM formation because the
unique affinity of Quillaja saponins for cholesterol is the cause of the complex
formation. Phospholipids (PL) are often used as a supplementary lipid, even
though other lipids can replace them. The choice of phospholipid has always
been an open question and there have been few arguments to favor one over
another. We have routinely used phosphatidyl choline from egg (egg-PC).

Lately, it has been noticed that phospholipids may have immunomodulatory
effects in liposomes (55–57) and preliminary findings have also indicated that
ISCOMs made with different phospholipids may differ in terms of immunoge-
nicity and toxicity (38, Åkerblom, L. and Morein, B., unpublished).

The choice of phospholipid/lipid can also be used to influence the surface
charge and solubility of the ISCOM particle.

PC/CHOL stock solution: Dissolve 100 mg/mL each of cholesterol and phos-
phatidyl choline in 10 mL 20% MEGA-10 (or β-octylglucoside). The lipids dis-
solve slowly at 30–60°C while being stirred. Stock solutions of individual and
other lipids are made accordingly. Lipids supplied in solvent solution are dried
onto a glass vial using N2 prior to the addition of detergent.

Keep aliquots of the stock solutions frozen at –20°C. A small amount of
adioactive lipid, e.g., 3H-cholesterol added to the lipid stock solutions can be
useful for detection and rapid quantification.

4. Detergents: The detergent used for preparation of lipid mixtures and for solubili-
zation of antigens is preferably nonionic because it must be harmless to the anti-
gen and have a sufficiently high critical micellar concentration (cmc) if a dialysis
or ultrafiltration method will be used. Examples of suitable detergents are MEGA-10
and octylglucoside.
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Make a 20% (w/w) stock solution by adding 8 mL distilled water to 2 g of
detergent. Dissolve by gentle heating (30–50°C). During storage of MEGA-10 at
room temperature, MEGA-10 crystallizes. Redissolve crystals of MEGA-10 by
gentle heating prior to use. To avoid crystallization, all MEGA-10 containing
solutions should preferably be stored at –20°C.

5. Buffers: The choice of buffer is not critical for the methodology. The buffer
should be chosen to maximize the solubility of all ingredients, most importantly,
the antigen. In most cases, a PBS (e.g., 10 mM phosphate, 150 mM NaCl,
pH 6.8–7.4) buffer will do. Owing to instability of Quillaja saponins at high pH
(>8) prolonged incubations in buffers with a pH >8 should be avoided. Once the
ISCOMs or ISCOM-matrix are formed, the Quillaja saponins are much more
stable, even at elevated pH (Sundquist and Rönnberg, Iscotec AB, personal
communication).

Table 1
Heterobifunctional Crosslinking Reagents
and Activated Lipids for Conjugation

Reaction Described in
Name toward Supplier subheading(s)

EDC -COOH Pierce Chemical Co., 3.4.2.
1-Ethyl-3-(dimethylaminopropyl)carbodiimide -NH2 Rockford, IL

SPDP -NH2 Pierce Chemical Co. 3.3.1., 3.3.2.,
N-succinimidyl-3-(2-pyridyldithio)propionate -SH 3.3.5., 3.3.6.

MBS -NH2 Pierce Chemical Co. 3.3.3., 3.3.7.
m-Maleimidobenzoyl-N-hydroxysuccinimide ester -SH

PDPH -COH Pierce Chemical Co. 3.3.8.
(3-(2-pyridyldithio) propionyl hydrazide) -SH

MPBH -COH Pierce Chemical Co. 3.3.8
(4-(4-N-maleimidophenyl)butyric acid hydrazid) -SH

PDP-DPPE -SH Nothern Lipids Inc., 3.4.3.
N-((2-Pyridyldithio)propionyl)-1,2-dipalmitoyl- Vancouver, Canada
sn-glycero-3-phosphoethanolamine

MBP-DPPE -SH Nothern Lipids Inc. 3.4.3.
N-(4-p-Maleimidophenyl)butyryl)-1,2-dipalmitoyl-
sn-glycero-3-phosphoethanolamine

MB-DPPE -SH Nothern Lipids Inc. 3.4.3.
N-(3-Maleimidobenzoyl)1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine

NPS (N-palmitoyloxysuccinimide) -NH2 Sigma, St. Louis, MO 3.4.1.

NOS (N-oleoyloxysuccinimide) -NH2 Sigma 3.4.1.
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6. Special chemicals: Heterobifunctional crosslinking reagents and lipids for chemi-
cal conjugation. There is an increasing number of useful reagents available. Some
of them, including those employed in the examples below, are listed in Table 1.
Their use for chemical modification of ISCOM-matrix and antigens are summa-
rized in Tables 2 and 3, respectively.

7. Dialysis tubing: MWCO (molecular-weight cutoff) 12–14.000 for standard prepa-
rations, a lower molecular-weight cutoff can be used for smaller antigens.

8. Equipment: There is no need for any sophisticated equipment for small-scale
non-GMP production of ISCOMs. A magnetic stirrer, dialysis tubing, and clean
glass tubes will cover the basic needs. For analysis of starting materials and the
final product (quantification and quality control) facilities for electron micros-
copy, ultracentrifugation, HPLC analysis of lipids and Quillaja saponins, and
aminoacid analysis are required. The method for antigen quantification are also
critical because methods based on antibody or dye-binding is often strongly
influenced by the physical state of the antigen. Incorporation into ISCOMs may
increase (or decrease) the surface area of the antigen compared with its exposure

Table 2
Chemical Modification of ISCOM-Matrix (Aminogroup Reactions)

Described in
Reagent Generation of Reactive toward subheading

SPDP 2-pyridyldisulfide -SH 3.3.1.
SPDP/DTT -SH maleimide or 2-pyridyldisulfide 3.3.2.
MBS maleimide -SH 3.3.3.

Table 3
Antigen Modification

Functional Reactive Reactive Described in
group Reagent group towards subheading

-NH2 SPDP 2-pyridyldisulfide -SH 3.3.5.
SPDP/DTT -SH maleimide 3.3.6.
MBS maleimide -SH 3.3.7

Disulfide DTT -SH maleimide or 3.3.4.
2-pyridyldisulfide

Carbohydrate NaIO4 -CHO hydrazide 3.3.8
NaIO4/PDPH 2-pyridyldisulfide -SH 3.3.8
NaIO4/PDPH/DTT -SH maleimide or 3.3.8

2-pyridyldisulfide
Carbohydrate NaIO4 -CHO -hydrazide 3.3.8.

NaIO4/MPBH maleimide -SH 3.3.8.
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in the native microorganism, or in monomeric solution or aggregated form. Also,
chemical surface modification may alter the antigenicity and dye-binding prop-
erties of antigens.

3. Methods
3.1. Preparation of ISCOM-Matrix

1. Mix 10 mg of cholesterol and phospholipid (e.g., PC, PE, or mixtures of both)
with 50 mg of Quil-A or 35 mg of Iscoprep.

2. Adjust the concentration of cholesterol to 1–2 mg/mL with, e.g., PBS and incu-
bate for 1–2 h at 20–25°C.

3. Dialyze against 3–5 changes of buffer (>48 h), at 20–25°C.
4. Quantify, e.g., by HPLC or inclusion of a radioactive tracer, such as 3H-cholesterol,

and store at +4°C (or frozen at < –20°C) until use.

3.2. Preparation of ISCOMs (Hydrophobic Interactions)

3.2.1. Amphipathic Antigens (Native or Lipidated) in Detergent

1. Make a preparation of the antigen in detergent.
2. Mix antigen, lipids, and saponin according to Table 4 and adjust the volume with

PBS. Incubate for 1–2 h at room temperature prior to extensive dialysis against
PBS.

3. Dialyze against 3–5 changes of buffer (24–48 h), the first 24 h at 20–25°C then
at +4°C.

3.2.2. Antigen in 3–8 M urea (Gua-HCl, DMSO, EG, and so on)

1. If the antigen is solubilized in, e.g., urea, mix antigen, lipids, and saponin accord-
ing to Table 4 and adjust the volume with 3–8 M urea. Incubate for 1–2 h at room
temperature prior to extensive dialysis against PBS. If the antigen is provided in
another buffer and urea is used to increase the solubility, the incubation time may
need extension to 18–24 h.

2. Dialyze against 3–5 changes of buffer (24–48 h), the first 24 h at 20–25°C, then
at +4°C.

3.2.3. Low pH Procedure

1. Mix antigen, lipids, and saponin according to Table 4 and add 1/10 of the final
volume (e.g., 0.1 mL to 1 mL) of 1 M citrate pH 2.5. Mix thoroughly and incu-
bate for 1–2 h at room temperature prior to extensive dialysis against PBS.
Because of the low pH, a white precipitate forms. Dissolve the precipitate by
resuspending the precipitate several times a day during dialysis until it is dis-
solved or diminished to minimum.

2. Dialyze against 3–5 changes of buffer (24–48 h), the first 24 h at 20–25°C, then
at +4°C.
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3.3. Preparation of ISCOMs
(Conjugation to Preformed ISCOM-Matrix)

ISCOM-matrix can be activated for conjugation to thiol-containing (or
modified) antigen using SPDP or MBS.

3.3.1. SPDP (Introduction of Protected Thiol Groups)

1. Add SPDP (maximum 12.5 mg/mL in anhydrous ethanol) to ISCOM-matrix in
0.1 M phosphate buffer pH 6.7 in a molar ratio of about five times the concentra-
tion of PE (PE conc. approx 0.5 mg/mL). Incubate for 1 h at room temperature.

2. Separate the ISCOM-matrix from SPDP by gel filtration, e.g., using prepacked
desalting columns (PD-10 from Pharmacia and Upjohn, Kalamazoo, MI or
Econo-Pac 10DG from Bio-Rad, Richmond, CA) equilibrated with N2-saturated
0.1 M phosphate buffer containing 0.1 M ethylenediaminetetraacetic acid (EDTA),
pH 6.7. Collect fractions of 5–6 drops in an enzyme-linked immunosorbent assay
(ELISA) plate and pool the ISCOM-matrix containing fractions (e.g., detected
through 3H-cholesterol in the ISCOM-matrix).

3. Quantify/estimate the amount of modified ISCOM-matrix, e.g., by HPLC or
inclusion of a radioactive tracer, such as 3H-cholesterol and mix with antigen.

Table 4
Guideline for the Mixing of Antigens, Saponins,
and Lipids for ISCOM Formation

Detergent Antigen CHOL1 PL2 Quillaja saponin3

Weight Ratio 0.5–1 1 1 ≤5 (Quil A, Spikoside)
3,5 (Iscoprep 703)

Final 1–2% 0.2–1 mg/mL >1 mg/mL
Concentration (or more)

The final concentration of detergent should preferably not exceed 2% (see Notes 1 and 2). A
higher concentration may be used, but it is important to realize that the time of dialysis required
to remove the detergent and complete ISCOM (or ISCOM-matrix) formation often becomes sub-
stantially longer. Under these circumstances, it may happen that other components in the mix-
ture, particularly the phospholipid and Quillaja saponin component(s), may also be partly lost.
The final concentration of CHOL and PL depends on the antigen concentration and must be
balanced with Quillaja saponin, as indicated in this table.

1Cholesterol
2Phospholipid
3Other Quillaja saponin preparations may balance with cholesterol different ratios. If the sup-

plier of the saponin is unable to give this information this has to be tested by mixing 1 mL
volumes containing 1 mg of cholesterol (containing 3H-cholesterol) with 1 mg of phospholipid
(in 2% MEGA-10) with different amounts of the saponin preparation (e.g., 1, 3, and 10 mg).
Proceed as described under Subheading 3.1. (1–3). Submit samples of the preparations for nega-
tive staining EM analysis (Note 6) and sucrose density gradient centrifugation (Note 7).
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3.3.2. SPDP (Introduction of Thiol (-SH) Groups)

1. Add SPDP (maximum 12.5 mg/mL in anhydrous ethanol) to ISCOM-matrix in
0.1 M phosphate buffer pH 6.7 in a molar ratio of about five times the conc. of PE
(PE conc. approx 0.5 mg/mL). Incubate for 1 h at room temperature.

2. Add diphtheria tetanus toxoid (DTT) to a final concentration of 10 mM and incu-
bate for 30 min.

3. Separate the ISCOM-matrix from SPDP/DTT by gel filtration, e.g., using
prepacked desalting columns (PD-10 from Pharmacia and Upjohn or Econo-Pac
10DG from Bio-Rad) equilibrated with N2-saturated 0.1 M phosphate buffer
containing 0.1 M (EDTA), pH 6.7. Collect fractions of 5–6 drops in an ELISA
plate and pool the ISCOM-matrix containing fractions (e.g., detected through
3H-cholesterol in the ISCOM-matrix).

4. Quantify/estimate the amount of modified ISCOM-matrix, e.g., by HPLC or
inclusion of a radioactive tracer such as 3H-cholesterol and mix with antigen.

3.3.3. MBS (Introduction of Thiol-Binding Maleimide Groups)

1. Add MBS (dissolved a small volume of DMSO) to ISCOM-matrix in 0.1 M phos-
phate buffer pH 6.7 in a molar ratio of about five times the conc. of PE (PE conc.
approx 0.5 mg/mL). Incubate for 1 h at room temperature.

2. Separate the ISCOM-matrix from MBS by gel filtration, e.g., using prepacked
desalting columns (PD-10 from Pharmacia and Upjohn or Econo-Pac 10DG from
Bio-Rad) equilibrated with N2-saturated 0.1 M phosphate buffer containing
0.1 M EDTA, pH 6.7. Collect fractions of 5–6 drops in an ELISA plate and pool
the ISCOM-matrix containing fractions (e.g., detected through 3H-cholesterol in
the ISCOM-matrix).

3. Quantify/estimate the amount of modified ISCOM-matrix, e.g., by HPLC or
inclusion of a radioactive tracer such as 3H-cholesterol and mix with antigen.

If the antigens do not contain an accessible thiol group for conjugation to
the activated ISCOM-matrix, the antigens need some chemical modification.
Methods for the introduction of a protected thiol or a thiol-binding maleimide
on the antigen at ε-amino groups (in principle, lysine side chains) and the
introduction of a protected thiol or a thiol-binding maleimid on carbohy-
drate moieties are described. Both the protected thiol group and the thiol-binding
maleimid will bind to an unprotected reduced thiol (-SH) on the ISCOM-
matrix in a controled way.

3.3.4. Thiol-Containing Antigens

Antigens containing an accessible thiol can be used directly for conjugation
to activated ISCOM-matrix after reduction.

1. Incubate the antigen in 10–100 mM DTT for 20–60 min in a buffer with a pH
around 8.0.
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2. Remove DTT by gel filtration or dialysis (e.g., 0.1 M phosphate, 10–100 mM
EDTA, pH 6.7).

3. Quantify, e.g., using the method of Bradford (58) and store at +4°C under non-
oxidizing conditions until use.

3.3.5. Amino-Group Modification—SPDP
(Introduction of Protected Thiol Groups)

1. Transfer the antigen into 0.1 M phosphate buffer pH 8.0 (0.5–5 mg/mL, 0.5–1 mL
volume) and add SPDP or MBS in a 2–50 times molar excess to the antigen.
Incubate for 1 h at room temperature.

2. Separate the antigen from reaction products by dialysis or gel filtration, e.g., using
prepacked desalting columns (PD-10 from Pharmacia and Upjohn or Econo-Pac
10DG from Bio-Rad) equilibrated with N2-saturated 0.1 M phosphate buffer con-
taining 0.1 M EDTA, pH 6.7. Collect fractions of 5–6 drops in an ELISA plate
and pool the antigen-containing fractions (Micro-Bradford, see Note 5).

3. Quantify the amount of modified antigen, e.g., using the method of Bradford (58)
and mix with activated ISCOM-matrix.

3.3.6. Amino-Group Modification—SPDP/DTT
(Introduction Thiol Groups)

1. Transfer the antigen into 0.1 M phosphate buffer pH 8.0 (0.5–5 mg/mL, 0.5–1 mL
volume) and add SPDP in a 2–50 times molar excess to the antigen. Incubate for
1 h at room temperature.

2. Add DTT to a final concentration of 10 mM and incubate for 30 min.
3. Separate the antigen from reaction products (SPDP/DTT) by dialysis or gel fil-

tration, e.g., using prepacked desalting columns (PD-10 from Pharmacia and
Upjohn or Econo-Pac 10DG from Bio-Rad) equilibrated with N2-saturated 0.1 M
phosphate buffer containing 0.1 M EDTA, pH 6.7. Collect fractions of 5–6 drops
in an ELISA plate and pool the antigen-containing fractions (Micro-Bradford,
see Note 5).

4. Quantify the amount of modified antigen, e.g., using the method of Bradford (58)
and mix with activated ISCOM-matrix.

3.3.7. Amino-Group Modification—MBS
(Introduction of Thiol-Binding Maleimide Groups)

1. Transfer the antigen into 0.1 M phosphate buffer pH 8.0 (0.5–5 mg/mL, 0.5–1 mL
volume) and add MBS in a 2–50 times molar excess to the antigen. Incubate for
1 h at room temperature.

2. Separate the antigen from reaction products by dialysis or gel filtration, e.g., using
prepacked desalting columns (PD-10 from Pharmacia and Upjohn or Econo-Pac
10DG from Bio-Rad) equilibrated with N2-saturated 0.1 M phosphate buffer con-
taining 0.1 M EDTA, pH 6.7. Collect fractions of 5–6 drops in an ELISA plate
and pool the antigen-containing fractions (Micro-Bradford, see Note 5).
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3. Quantify the amount of modified antigen, e.g., using the method of Bradford (58)
and mix with activated ISCOM-matrix.

3.3.8. Carbohydrate Modification

1. Dissolve the glycoprotein in 0.1 M NaAc, pH 5.5 (antigen conc. 0.5–5 mg/mL).
2. Oxidize carbohydrates by addition of NaIO4 from a fresh 100 mM solution of

NaIO4 in distilled water (keep out of light); sialic acid moieties, 1–10 mM NaIO4,
0°C (on ice), 20 min; other carbohydrates, 1–10 mM NaIO4, 0–20°C, 20 min.

3. Stop the reaction by addition of glycerol (approx 1.5 times molar excess to
NaIO4), incubate 5 min on ice (dark).

4. Remove reaction products by overnight dialysis or gel filtration, e.g., using
prepacked desalting columns (PD-10 from Pharmacia and Upjohn or Econo-Pac
10DG from Bio-Rad) equilibrated with 0.1 M NaAc, pH 5.5. Try to keep the
temperature used for the NaIO4 oxidation during separation on the column (keep
the main part of the column out of light). Collect fractions of 5–6 drops in an
ELISA plate and pool the antigen containing fractions.

5. Make a 20 mM stock solution of PDPH or MPBH in DMSO and add to the oxi-
dized protein at a final concentration 5 mM. Agitate slowly for 2 h, 20°C. Keep
out of light.

6. Separate the antigen from reaction products by dialysis or gel filtration, e.g., using
prepacked desalting columns (PD-10 from Pharmacia and Upjohn or Econo-Pac
10DG from Bio-Rad) equilibrated with N2-saturated 0.1 M phosphate buffer con-
taining 0.1 M EDTA, pH 6.7. Collect fractions of 5–6 drops in an ELISA plate
and pool the antigen-containing fractions (Micro-Bradford, see Note 5).

7. Quantify the amount of modified antigen, e.g., using the method of Bradford (58)
and mix with activated ISCOM-matrix.

3.4. Preparation of ISCOMs (Antigen Lipidation Techniques)

Hydrophilic antigens that need introduction of an hydrophobic moiety in
order to incorporate into ISCOMs can be readily lipidated (attachment of a
lipid tail) at ε-amino groups (in principle lysine side chains) using, e.g.,
hydroxysuccinimide esters of fatty acids or at carboxy groups (aspartic and
glutamic acid residues) using carbodiimide and aminogroup containing lipids.
Alternatively thiol-binding lipids can be attached to naturally occurring thiols
(cystein) or at chemically introduced thiols. Reagent for antigen lipidation are
listed in Table 1.

3.4.1. Amino-Group Lipidation

1. Dissolve or transfer the antigen in 0.1 M NaCO3, pH 9.6 (1 mg/mL). Add sodium
deoxycholate (from a 1–10% stock solution in 0.1 M NaCO3, pH 9.6) to a final
concentration of 0.1% and increase the temperature to 37°C.

2. Make a 10 mg/mL stock solution of N-hydroxypalmitic acid succinimide ester
(NPS) or N-hydroxyoleic acid succinimide ester (NOS) in DMSO at 37°C.
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3. Add NPS or NOS (from a fresh stock solution) in a 20–40 times molar excess to
the antigen and mix thoroughly.

4. Incubate at 37°C overnight.
5. Add cholesterol, PC, and Quillaja saponin according to Table 4, and proceed

with ISCOM formation as described under Subheading 3.2. To remove sodium
deoxycholate, the dialysis should be initiated against a buffer with pH >8.0 (e.g.,
0.1 M phosphate pH 8.5), then proceed to dialysis against PBS.

3.4.2. Carboxyl Acid Lipidation
1. Make a stock solution of the antigen (2–10 mg/mL) in distilled water or in MES

(2-morpholinoethanesulphonic acid) pH 4.5–5.0.
2. Add 0.5 mg of solid S-NHS into a glass tube.
3. Add 1 mg of antigen and 1–2 mg of PE (both 37°C) to the solid S-NHS.
4. Adjust the volume to 1 mL with MES-buffer or water containing a final concen-

tration of 15% (v/v) of DMF (or DMSO) and mix thoroughly.
5. Add 10 mg solid EDC into a small glass container fitted with a magnetic bar.

Transfer the mixture of antigen, PE, and S-NHS to the solid EDC.
6. Mix and incubate for 2 h at 20–25°C on a magnetic stirrer.
7. Add cholesterol and Quillaja saponin according to Table 4, but NB omit the

addition of phosphoplipid, and proceed with ISCOM formation as described in
Subheading 3.2.

3.4.3. Thiol Group Lipidation

1. A thiolated antigen (see Subheadings 3.3.1. and 3.3.6.) or a cystein containing
antigen is dissolved in or transferred to 0.1 M phosphate buffer pH 8. Add DTT
to a final concentration of 10 mM and incubate for 20–60 min at 4–20°C.

2. Remove reaction products by overnight (+4°C) dialysis against 10% PBS in dis-
tilled water or by gel filtration, e.g., using prepacked desalting columns (PD-10
from Pharmacia and Upjohn or Econo-Pac 10DG from Bio-Rad) equilibrated
with 10% PBS in distilled water.

3. Concentrate, e.g., by lyophilization and redissolve in one-tenth of initial volume or
use a “speed-vac” centrifuge to reduce the volume to one-tenth of the initial volume.

4. Dissolve a thiol-binding lipid (TBL) (PDP-DPPE, MBP-DPPE, and MB-DPPE,
see Table 1) in a small volume of chloroform. “Dry” onto the bottom of a glass
tube under a stream of N2. Stop the process when the liquid becomes a gel-like semi-
solid and add 20% MEGA-10 to make a final concentration of 5–10 mg TBL per mL.
Add 1 mg of TBL per mg of antigen and incubate overnight (or more) at 20°C.

5. Add cholesterol, PC, and Quillaja saponin according to Table 4, and proceed
with ISCOM formation as described by Subheading 3.2.

3.5. Quality Control and Biochemical Characterization

Whichever method is used for ISCOM preparation, the goal is the same; to
prepare a highly immunogenic particle of low toxicity, efficiently presenting
an antigen with native conformation. To achieve such an ISCOM, the rate of anti-
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gen incorporation and the final composition of the ISCOM must be determined.
It is not conclusive just to study he preparation by electron microscopy because
this technique does not distinguish between ISCOMs and ISCOM-matrix.

Most of the problems concerning ISCOMs arise from when antigens that
incorporate poorly (or not at all) are used and the resulting preparation is tested
in animals without the required analyses of the final product. In the literature,
we see several examples of poor or toxic ISCOMs, most likely resulting from
problems with insufficient antigen incorporation, i.e., ISCOMs with a very high
ratio (up to 100-fold) of Quillaja saponin to antigen. However, by analyzing
the final ISCOMs to establish the antigen to Quil-A ratio, also suboptimal
ISCOM preparations can be safely tested in laboratory animals. Special atten-
tion must be given to preparations for use in mice. Mice, in general, are sensi-
tive to saponins but there is a great strain variation. Also, the mode of
administration to mice plays a decisive role. Intravenous (iv) and intraperito-
neal (ip) routes of administration should preferably be avoided, if used how-
ever, the dose of ISCOMs should be reduced to about 10% of that suitable for
use sc or im, i.e., a maximum of 0.1–0.5 µg (antigen) or a dose of ISCOMs
containing <1 µg of Quil-A. The increased toxicity of iv and ip administration
is most likely related to the highly efficient and fast uptake of ISCOMs. In a
dose response study of ISCOMs, about a 10-fold lower dose was required by
the ip route compared to the sc route of administration to generate the same
magnitude of response (Lövgren Bengtsson, unpublished).

4. Notes

1. For efficient removal of detergent (e.g., MEGA-10) the surface area vs the vol-
ume of dialysate should be as large as possible. In practice, we use a maximum
volume of 3 mL in a 4–8-cm-long tube (9-mm wide). For larger volumes, divide
the preparation into several tubings.

2. The preparation of detergent solubilized antigens is not within the scope of this
chapter. It is however, of most importance to ensure that the antigens are soluble
in the detergent used for solubilization. A common reason for failure to incorpo-
rate antigens into ISCOMs is that the antigens are not sufficiently solubilized as
monomer, but rather in the form of small aggregates or protein micelles. Such
preparations may very well be clear and free from opalescence.

Preferably, the detergent is dialyzable and nonionic. It is possible to also use
nondialyzable detergents for preparation of antigen if there is a substantial dilu-
tion factor of the detergent when the antigen is mixed with lipids and Quillaja
saponins prior to dialysis. Nonionic detergents are usually less harmful to anti-
gen conformation than ionic detergents.

Also, nonionic detergent at concentrations exceeding 0.5–1% may be harmful
for some antigens. Particularly conformational epitopes stabilized by hydropho-
bic interactions are vulnerable to small efficient detergents such MEGA-10, but
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often less sensitive to β-octyl-glucoside. We have found epitopes within the
hemeagglutinin/neuraminidase antigen(s) on paramyxoviruses to be particularly
sentisitive (unpublished observations), but also an antigen such as gp51 of
bovine leukemia virus was sensitive to MEGA-10 (58).

Make sure that the detergent is removed, because ionic detergent may be irri-
tant and toxic to laboratory animals.

3. For rapid detection and quantification of ISCOM-matrix, it is very helpful to
include a small amount of radio-labeled cholesterol in the ISCOM-matrix. An
alternative is to run a colorimetric assay for cholesterol, e.g., the “TC Choles-
terol” assay from Boheringer Mannheim (Germany). A less sensitive, but rapid,
method is to assay for the light-scattering effect of the ISCOM-matrix by reading
the optical density at 310 nm.

4. The amount of antigen possible to conjugate preformed ISCOM-matrix varies from
antigen to antigen depending on its size, degree of modification, and so on. A final
composition of 1 mg of antigen bound per mg of cholesterol can serve as a goal and
depending on several factors, a two- to three-fold excess of antigen may be required.

5. For detection of antigen in fractions eluted into a microtiter plate from, e.g., gel
filtration, we take 5–10 µL from each fraction using a multichannel pipet into a
new microtiter plate and add 50–200 µL of Bradford reagent (59). The protein-
containing fractions are pooled after reading the optical density at 595 nm and
the pool is further analyzed according to the method of Bradford (58) or any
other suitable method for protein quantification.

6. Using, e.g., negative staining electron microscopy, the typical cage-like structure
of ISCOMs and ISCOM-matrix can be verified. A sample of ISCOM or ISCOM-
matrix is applied to carbon-coated grids and dialyzed against drops of 0.1 M
phosphate buffer pH 7.2 or 0.1 M ammonium acetate, pH 6.8 prior to contrasting
by 2% (w/v) ammonium molybdate (60).

7. For characterization of ISCOMs and ISCOM-matrix, a sample from each prep-
aration is analyzed by analytical 10–50% (w/w) sucrose density gradient cen-
trifugation (18 h at 200,000g, 10°C). The sucrose gradients are fractionated
into 17 fractions, which are analyzed for protein (ISCOMs) content and for
3H-cholesterol (if included) using a scintillator.
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1. Introduction
1.1. Source

QS-21 is an immunological adjuvant derived from a natural source: the bark
of the South American tree Quillaja saponaria Molina. Crude extracts of
Quillaja saponaria bark were found to have adjuvant activity in foot-and-
mouth disease vaccines in cattle (1). These extracts consisted of a complex
mixture of tannins, polyphenolics, and triterpene glycoside “saponins.” The
adjuvant activity was determined to be in the saponin fraction (2). This was
later fractionated by high-performance liquid chromatography (HPLC) into at
least 23 different triterpene glycoside saponins with a varying range of biologi-
cal activity for adjuvanticity, surfactant properties, and toxicity (3). QS-21 was
identified as a saponin with potent adjuvant activity and low toxicity (3). It can
be purified to near homogenity via preparative HPLC. The high level of purity
and standardization of the QS-21 saponin adjuvant has enabled evaluation of
this compound in clinical trials of experimental vaccines.

1.2. General Adjuvant Properties

QS-21 stimulates strong antibody- and cell-mediated responses in animals.
QS-21 has been shown to stimulate strong antibody responses to T-dependent
protein antigens in mice (3–5), guinea pigs (6), rhesus monkeys (7), and
baboons (8). Antibody responses induced by QS-21-adjuvanted vaccines were
shown to be higher than antibody responses with aluminum hydroxide-
adjuvanted vaccines and were similar to those obtained with Freund’s com-
plete-adjuvanted (FCA) vaccines (3,6). QS-21 is also a strong adjuvant for
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murine antibody responses to T-independent polysaccharide antigens, such as
Escherichia coli polysaccharide (9). More recently, a QS-21 adjuvant effect on
serum immunoglobulin G (IgG) responses was shown with an HIV (env) DNA
vaccine administered by intramuscular (im) or intranasal (in) route (10).

QS-21 has been shown to influence murine IgG subclass response by
enhancing levels of IgG2a (3–5,9) to protein and polysaccharide antigens. Figure 1
shows an example of the adjuvant effect of QS-21 on IgG1 and IgG2a antibod-
ies with a protein antigen vaccine. Keyhole limpet hemocyanin (KLH) vac-
cines in three adjuvant formulations (QS-21/PBS, aluminum hydroxide, and
QS-21/aluminum hydroxide) or in saline were given by subcutaneous (sc) route
to Balb/c mice three times at 2-wk intervals, followed by measurement of KLH-
specific IgG subclasses in serum. IgG1 titers induced by the vaccines were
generally similar between formulations, however, IgG2a titers were signifi-
cantly enhanced by the addition of QS-21, both in the presence and absence of
aluminum hydroxide (which induced the lowest IgG2a titers when used alone).

QS-21 also enables the induction of murine antigen-specific CD8+ cytotoxic
T lymphocytes (CTL) to exogenous antigens, such as ovalbumin (11) and res-
piratory syncytial virus fusion protein (5). This response is higher than that
evoked by FCA and is associated with enhanced production of interleukin 2
(IL-2) and interferon-γ (IFN-γ) by antigen-stimulated splenocytes (12). A sys-

Fig. 1. Influence of QS-21 on mouse IgG subclasses. Balb/c mice (five per group)
were immunized with KLH (2.5 µg) without adjuvant, with 20 µg QS-21, 2.5 µg alu-
minum hydroxide or the combination of QS-21/aluminum hydroxide. Vaccines were
given by sc route on days 0, 14, and 28. Sera was collected at day 42 for analysis of
anti-KLH IgG1 or IgG2a by EIA.
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temic CTL response to QS-21-containing vaccines can be induced by both
parenteral and mucosal immunization routes. Figure 2 shows the CTL response
to r-gp120 [from human immunodeficiency virus type 1 (HIV-1) IIIB strain,
produced in insect cells] administered sc and in using antigen restimulated
splenocytes from immunized animals. QS-21 induced a substantial increase in
CTL by both routes.

The safety and adjuvant effect of QS-21 has been evaluated in completed
and ongoing human clinical trials of various antigens. A dose of 100 µg of
QS-21 was used without significant toxicity and was shown to significantly
improve the responder rate and median IgG titer to the tumor antigen GM2 in
response to a GM2-KLH vaccine (13) in comparison to nonadjuvanted vaccine
or vaccine adjuvanted with Detox adjuvant (Fig. 3). Immune responses to
QS-21 itself were measured by EIA and were not observed in this trial (14).
QS-21 was also used together with maximum permissable level (MPL) and an
oil-in-water (o/w) emulsion in an adjuvant system known as SBAS2 in a Phase
I trial of a malaria vaccine that consisted of a recombinant circumsporozoite
antigen. This antigen in SBAS2 was shown to protect six out of seven indi-
viduals against challenge whereas o/w and MPL/aluminum hydroxide were
not protective (15). At present, more than 1600 volunteers have received QS-21
in completed or ongoing trials of 29 different vaccines.

Fig. 2. QS-21 enhancement of CTL response to a subunit vaccine. Balb/c mice
were immunized with purified recombinant HIV-1IIIB gp120 (23) with and without
10 µg QS-21 by either sc or in routes on days 0, 14, and 28. Splenocytes were col-
lected at day 42 and were stimulated by incubation with peptide 18 (24) in RPMI-1640
medium for 6 d prior to assay on 51Cr-loaded p18-coated P815 target cells. The data
shown were background-subtracted for lysis of P815 cells.
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1.3. General Structure and Physicochemical Properties

QS-21 was shown by 1H and 13C-NMR and fast-atom bombardment-mass
spectrometry to be an acylated 3,28-o-bisdesmodic triterpene saponin of
molecular weight 1990 (16). The structure of QS-21 is shown in Fig. 4.

QS-21 is anionic at neutral pH, because of the carboxyl group on glucuronic
acid. It is insoluble in aqueous solution in the protonated form, but soluble in
the sodium salt form where QS-21 forms micelles in solution. The critical
micellar concentration of QS-21 was estimated to be 26 µM in phosphate-
buffered saline (PBS) at pH 7.0 (17). However, micelle formation is not required
for adjuvant activity as significant adjuvant effect has been observed at QS-21
concentrations below the critical micellar concentration (17). Although QS-21
may associate with hydrophobic antigens or hydrophobic sites of amphipathic
antigens, this association is not required for adjuvant effect. QS-21 induces
strong antibody and CTL responses to undenatured OVA despite lack of asso-
ciation. In addition, strong adjuvant effect is still observed if QS-21 is given up
to 24 hours in advance of the antigen at the same injection site (Aquila
Biopharmaceuticals, Inc., Framingham, MA, unpublished data). QS-21 is typi-
cally utilized in aqueous antigen formulations as a simple mixture of buffered
antigen and QS-21. Emulsification is not required for QS-21 adjuvanted

Fig. 3. Serological response to GM2-KLH/QS-21 in melanoma patients. Melanoma
patients (AJCC Stage III or IV, disease-free after surgery) were immunized with
GM2-KLH without adjuvant, with Detox adjuvant, and with QS-21 (100 µg). Anti-
GM2-IgG titers shown are the peak titers postimmunization. Data is from Table 1 of
ref. 13.
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Fig. 4. QS-21 and aqueous degradation products. QS-21
consists of two equilibrium isomers formed by a reversible
acyl shift from a predominant isomer QS-21a (acylated at
the 4-hydroxyl on fucose) and a minor isomer QS-21b
(acylated at the 3-hydroxyl on fucose). DS-1 is the primary
degradation product occuring in aqueous solution during
storage under refrigeration (2–8°C). The prosapogenin of
QS-21 is observed only upon extended incubation at high
heat.

263



264 Kensil

vaccines although QS-21 has also been shown to be useful in emulsion-type
formulations (15). Although QS-21 is typically used as the sole adjuvant in
most experimental vaccines, QS-21 has also been shown to be useful in combi-
nation with aluminum hydroxide (17), combination with PLGA-encapsulated
antigens (6), and with MPL/o/w (15).

2. Materials
2.1. QS-21

2.1.1. Pharmaceutical Properties and Storage

QS-21 is manufactured by Aquila Biopharmaceuticals, Inc., and is supplied
as a lyophilized, odorless, white powder, which is stored at ≤–20°C until for-
mulation (up to 3 yr postmanufacture). It is ≥98% pure by RP-HPLC, has
≤10 endotoxin units/mg QS-21, ≤10 colony-forming units (CFU)/mg QS-21,
and ≤5% residual moisture.

2.1.2. Spectroscopic Identification

Positive ion fast-atom bombardment mass spectrometry can be employed
for spectroscopic identification. The most frequently observed pseudo-
molecular ion peaks are 2012 [M + Na]+, 2028 [M + K]+, and 2034 [M – H + 2Na]+

for a QS-21 sample dissolved in 5% acetic acid and analyzed in a matrix of
metanitrobenzoic acid.

Natural abundance 13C-NMR on QS-21 in deuterated dimethyl sulfoxide
(DMSO) relative to tetramethylsilane may be utilized to confirm specific func-
tional group carbons. These include the aldehyde carbon C-23 (209.6 ppm),
the C-28 ester-bond carbon (175.1 ppm), the fatty-acid ester carbons (170.8,
170.9 ppm), the triterpene double-bond carbons C-13 (143.1 ppm), and C-12
(121.3 ppm), as well as carbons at the C-1 position in specific sugars that dis-
tinguish QS-21 from other saponins.

2.2. Formulation Reagents

1. Dulbecco’s phosphate-buffered saline, without calcium or magnesium.
2. Saline for injection.
3. 0.1 N NaOH.
4. 0.2 µm Gelman Acrodisk filter.

2.3. Analytical Reagents for Quantitation

2.3.1. Quantitation of QS-21

1. QS-21 standard: 2 mg/mL in 30% acetonitrile/ 70% water v/v.
2. Water (HPLC grade).
3. Acetonitrile (HPLC grade).
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4. Trifluoroacetic acid (TFA, HPLC grade).
5. Vydac C4 column (4.6 mm × 25 cm, 300 Å pore size, 5 µm).

2.3.2. Quantitation of Protein Antigen
1. BSA protein standard (Pierce Chemical, Rockford, IL).
2. Micro-BCA reagent (Pierce Chemical).

3. Methods
3.1. Preparation of QS-21 Stock Solution
for Further Vaccine Formulation

3.1.1. Preparation of 1 mg/mL QS-21
Stock Solution in Buffered Saline

1. Accurately weigh QS-21. It may be necessary to use a static gun to aid in sample
handling. Transfer quantitatively into a pyrogen-free container.

2. Add Dulbecco’s phosphate-buffered saline, without calcium or magnesium, pH
7.2–7.5, to a final QS-21 concentration of 1 mg/mL.

3. Mix via magnetic stirrer until solution clarifies. Solution may be initially opaque,
but should clarify.

3.1.2. Preparation of 1 mg/mL QS-21
Stock Solution in Unbuffered Saline

1. Accurately weigh QS-21. Transfer quantitatively into a pyrogen-free glass
container.

2. Add saline (0.9% NaCl) to a final QS-21 concentration of 1 mg/mL to resuspend
the QS-21. QS-21 will be insoluble because it is in the acid form.

3. Titrate with 0.1 N NaOH, added in increments. Use 5 µL of 0.1 N NaOH for each
mg of QS-21. Monitor the pH to confirm that the pH does not exceed 7.4 to avoid
alkaline hydrolysis (see Note 3). The purpose of this step is to solubilize the
QS-21 by conversion into the sodium salt form.

3.1.3. Sterilization of QS-21 Stock Solution
1. Filter sterilize through a 0.2-µ membrane (Gelman acrodisk or equivalent).

Although recoveries from a 1-mg/mL solution are expected to exceed 95%, it is
recommended that the QS-21 concentration of the sterilized solution be quanti-
tated by HPLC.

2. QS-21 solutions should not be autoclaved (see Note 3).

3.1.4. HPLC Quantitation of QS-21
1. Prepare a standard QS-21 stock solution for development of a standard curve on

the HPLC. Dissolve QS-21 at 2 mg/mL (w/v) in 30% acetonitrile/70% water
(v/v). This solution may be aliquotted into autosampler vials and stored at –40°C
for 18 mo. It should be thoroughly thawed, mixed, and warmed to room tempera-
ture before use.
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2. Obtain a Vydac C4 column, 5-µ particle size, 300 Å pore size (4.6 mm diameter
× 25 cm length). Equilibrate the column in 30% acetonitrile/70% water/0.15%
trifluoroacetic acid (v/v/v) on an HPLC system at a flow rate of 1.0 mL/min with
ultraviolet (UV) monitoring at 214 nm.

3. Set up an HPLC autosampler to sample volumes equivalent to 0, 10, 30, 50, 70,
90, and 110 µg QS-21 from the 2 mg/mL stock solution. Each QS-21 amount
should be assayed in triplicate.

4. Set up the HPLC to assay samples using a linear gradient of 30% acetonitrile/
70%water/0.15% TFA to 45% acetonitrile/55% water/0.15% TFA over a 30-min
period at a 1.0 mL/min flow rate.

5. There should be one main peak corresponding to QS-21a (see legend and struc-
ture in Fig. 4). Integrate the peak area and plot on the y-axis vs QS-21 amount in
µg on the x-axis. Do a linear curve fit and determine the correlation value r for
the curve because it should exceed 0.975.

6. Assay test sample in triplicate. Determine amount of QS-21 from the standard
curve. In aqueous solution, QS-21 will consist of both QS-21a and QS-21b peaks
(see legend and structure in Fig. 4). The total quantity of QS-21 is determined
from the sum of QS-21a and QS-21b peaks (see Note 1).

7. Upon subsequent analyses, the QS-21 standard curve does not need to be repeated
if an assay of 100 µg of the working standard yields the expected result
(±10%). The standard curve should be redetermined at three-month intervals or
upon failure of the working standard sample to meet specifications, whichever is
earlier. The standard curve should also be redetermined after HPLC maintenance
(such as lamp replacement) or replacement of the column.

3.2. Vaccine Formulation

3.2.1. Formulation with Antigen

3.2.1.1. SOLUBLE ANTIGENS

1. Mix the sterile stock solution of QS-21 with a sterile stock of soluble antigen
with the dose of each adjusted to the optimum for the animal to be immunized. A
typical effective QS-21 dose is 10–20 µg for mice, 25–50 µg for guinea pigs or
rats, and 50–100 µg for rabbits, rhesus monkeys, and baboons. The volume of the
vaccine is then adjusted to the final formulation volume (0.2 mL for mice,
0.5–1.0 mL for larger animals) with sterile saline or sterile-buffered saline.
Although QS-21 is a relatively mild surfactant that is not expected to denature
proteins, extensive studies on the effect of QS-21 on conformation-dependent
epitopes have not been carried out. Therefore, assays for such epitopes should be
considered.

2. The formulated vaccine should be visually inspected for clarity. Although the
stock solution of QS-21 (at 1 mg/mL) may have an opalescent appearance upon
prolonged storage, it should clarify upon dilution to the concentration typically
used in vaccine formulations (50–200 µg/mL).
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3. After the combination of QS-21 with a soluble antigen, the vaccine formulation
may be sterilized by filtration. An HPLC confirmation of the QS-21 concentra-
tion in the filter-sterilized formulation is recommended.

3.2.1.2. ALUM-ADSORBED ANTIGENS

QS-21 may also be added to aluminum hydroxide-precipitated antigens.
QS-21 is added to the aluminum-hydroxide precipitated antigen as a simple
admixture.

1. Formulate the antigen/aluminum hydroxide according to a standard adsorption
procedure. Use sterile technique and sterile components. Confirm the binding of
antigen to the aluminum hydroxide through a protein assay on the supernatant.

2. Add sterile QS-21 to the aluminum hydroxide in the desired dose, using sterile
technique. The same doses of QS-21 are recommended for soluble antigen vac-
cines and for alum-adsorbed vaccines.

3. Assay for protein binding. QS-21 will bind weakly to aluminum hydroxide under
certain conditions (if present at greater than critical micellar concentrations) and
may displace a weakly bound antigen from the alum, particularly if a minimum
ratio of alum to protein is used (see Note 5).

3.2.2. Quantitation of Antigen, Adjuvant

3.2.2.1. QUANTITATION OF PROTEIN ANTIGEN

The micro-BCA assay (Pierce Chemical) may be used according to product
insert. QS-21, at concentrations up to 1 mg/mL, does not interfere in this assay.

3.2.2.2. QUANTITATION OF QS-21 (HPLC ANALYSIS)

This method is suitable for determination of QS-21 concentration in vac-
cines containing ≥100 µg/mL QS-21 in an aqueous buffer formulation at physi-
ological pH. It can be used if antigen or buffer components do not coelute with
QS-21 on the HPLC column.

1. Add 200 µL sample to 87 µL acetonitrile and 2.9 µL of 1 N acetic acid (final
concentration: 30% acetonitrile, v/v and 10 mM acetic acid). Transfer to an
autosampler vial.

2. Assay 150 µL via HPLC according to the assay described in Subheading 3.1.4.
3. Assay antigen and buffer controls.
4. The quantity of QS-21 can be determined from the standard curve. The total quantity

of QS-21 is determined from the sum of QS-21a and QS-21b peaks (see Note 1).

4. Notes
1. Equilibrium Isomers: Figure 4 shows the active solution forms and inactive

degradation products of QS-21 occuring in aqueous solution. The two active
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isomeric solution forms of QS-21 in aqueous solution result from a reversible
hydroxide-catalyzed acyl shift of the fatty acid from the four-position of fucose
(predominant isomer QS-21a) to the three-position of fucose (minor isomer
QS-21b). These equilibrium isomers can be distinguished by nuclear magnetic
resonance (NMR) (13) and by RP-HPLC (15). Both isomers are active as adju-
vants in animals (18). The powder form of QS-21 is entirely QS-21a. QS-21b
appears after formulation into aqueous solution. It can be detected as an HPLC
peak with a relative retention time (rrt) to QS-21a of 0.90–0.91 (where rrt = k′
QS-21b/k′ QS-21a) when analyzed by the HPLC method described in Subhead-
ing 3.1.4. For determination of total QS-21 amount in aqueous solution, the HPLC
peaks corresponding to QS-21a and QS-21b are summed.

2. Degradation Products: QS-21 contains three ester bonds. The ester bond between
the fatty-acid domain and the 4-hydroxyl of fucose is the most labile bond in the
molecule and is the critical factor that determines stability in aqueous solution.
The primary degradation products that are generated by hydrolysis of this ester
are a deacylated triterpene glycoside (designated DS-1, rrt of 0.25–0.26) and a
fatty-acid domain consisting of two short chain fatty acids (3,5-dihydroxy-
6-methyl-octanoic acid) connected through an ester linkage from the C-1 posi-
tion of the terminal fatty acid to the 5-hydroxyl of the fatty acid linked to fucose;
the terminal fatty acid is glycosylated with arabinose at the 5-hydroxyl. The ester
between the two fatty acids degrades only after hydrolysis of the fatty-acid
domain from DS-1. These degradation products were shown to be inactive as
adjuvants for antibody and CTL induction (19). Upon prolonged degradation at
high temperature (60°C), the ester between the quillaic acid C-28 and fucose is hydro-
lyzed, yielding the prosapogenin of QS-21 (relative retention time of 0.34–0.36).

3. Dependence of Stability on pH, QS-21 Concentration: The stability of QS-21 in
solution is mainly pH- and QS-21 concentration-dependent (18). QS-21 is sus-
ceptible to deacylation at alkaline pH. Hence, lower pH (down to pH 5.5) can be
used to stabilize QS-21. Lower pH’s are not recommended because QS-21 is
poorly soluble in the acid form. The micelle form of QS-21 is more stable than
the monomer form. Table 1 shows the expected shelf-life in aqueous solution at
various pH and QS-21 concentrations. QS-21 stability should be tested with each
new antigen because antigen pH may affect stability. QS-21 stability may also be
affected if it is formulated into an emulsion-based or liposome-based formulation.

Table 1
Shelf-Life of QS-21 at 4°C

Shelf-life (time to 10% degradation) at 4°C

pH 50 µg/mL QS-21 500 µg/mL QS-21

6.0 680 d (23 mo) 3700 d (120 mo)a

7.0 690 d (3 mo) 6750 d (25 mo)
aEstimate from 18-mo stabiity data.
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4. Lyophilized Formulations: In contrast to aluminum hydroxide and most emul-
sion-based formulations, QS-21 can be lyophilized without loss of activity.
Hence, QS-21 could potentially be utilized in lyophilized vaccine formulations. As
an example, recombinant OspA antigen from Borrelia burgorferi was colyophilized
with QS-21 and was then rehydrated with a saline diluent. The immunogenicity
of this formulation for inducing antibody to B. burgdorferi lysate in C3H/Hej
mice was equivalent to that of a liquid formulation that was not subjected to
lyophilization (Aquila Biopharmaceuticals, unpublished data). However, the use
of QS-21 in lyophilized formulations is dependent upon the stability of individual
antigens to the freeze-drying process. In addition, excipients and bulking agents
might be required for production of stable single-dose lyophilized vaccines.

5. Combination with Aluminum Hydroxide-Adsorbed Antigens: QS-21 is used fre-
quently in combination with aluminum hydroxide-adsorbed antigens. Generally,
the antibody responses to the QS-21/aluminum hydroxide combination are equal
or slightly higher than those obtained by QS-21 alone (17,20). QS-21/aluminum
hydroxide combinations have also been used successfully to induce CTL to sub-
unit antigens (11). QS-21 will bind to aluminum hydroxide if present in micellar
form (>50 µg/mL) and in a cationic buffer such as Tris-HCl. QS-21 binds more
weakly in a dianionic buffer such as phosphate that competes for positively
charged sites on the aluminum. It is likely that any adsorbed QS-21 is rapidly
desorbed from the alum in vivo. This is supported by the observation that QS-21
dose response curves in Tris-buffered saline/alum and phosphate-buffered saline/
alum for adjuvanting antibody response to ovalbumin in mice are similar (Aquila
Biopharmaceuticals, unpublished data).

6. Combination with Slow Release Antigen Delivery Systems: QS-21 has also been
combined with slow-release antigen delivery systems. Cleland et al. (21) com-
pared soluble QS-21 and QS-21 coencapsulated with antigen as coadjuvants for
poly(lactic-coglycolic) acid (PLGA)-encapsulated gp120. Both encapsulated and
soluble QS-21 were adjuvants for the PLGA-encapsulated antigen. The addition
of soluble QS-21 to PLGA-encapsulated antigen increased guinea pig serum
antibody titers by fivefold compared to PLGA-antigen alone (measured at 10 wk
after sc immunizations at 0 and 8 wk). Another fivefold increase was observed in
the group receiving coencapsulated antigen/adjuvant. However, a single-shot
vaccine formulation consisting of a mixture of separate formulations of encapsu-
lated gp120 and encapsulated QS-21 was recommended over coencapsulation in
order to assure reproducible ratios of antigen to adjuvant (22). Methods for
encapsulation of QS-21 are described by Cleland et al. (22).
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MPL® Immunostimulant: Adjuvant Formulations

J. Terry Ulrich

1. Introduction
Interest in new methods of potentiating the immune response against vac-

cine antigens has increased considerably over the past decade. In part, this
interest is in response to vaccine initiatives that have established aggressive
goals for improving existing vaccines and for developing much-needed new
vaccines. Many of the candidate vaccine antigens being developed as part of
this effort are synthetic or recombinant subunit structures that are often poorly
immunogenic and as such, are unable to elicit protective immune responses in
the absence of an adjuvant. Fortunately, our understanding of disease patho-
genesis and the immunological mechanisms of protection have increased con-
siderably over the past few years, thus providing an improved rational basis for
the development of new adjuvants.

A promising candidate adjuvant in this setting is MPL® immunostimulant, a
monophosphoryl lipid A preparation derived from the lipopolysaccharide
(LPS) of Salmonella minnesota, R595 (1,2). The manufacturing process, chem-
istry, and quality control of MPL has been recently reviewed (3). An important
characteristic of the adjuvant activity of MPL is its ability to enhance the gen-
eration of specific immunity without being directly associated with an antigen.
This property, which is shared by the LPS from which MPL is derived (4,5), is
partially a reflection of the ability of MPL to induce the synthesis and release
of cytokines that promote the generation of specific immune responses (6).
These cytokines can be induced in the absence of antigen, and can stimulate
cells that are distal to the site of induction. This is in contrast to the action of
depot-type adjuvants, such as alum or oil-in-water (o/w) emulsions, which
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function by creating an antigen reservoir at the injection site, and therefore
must be intimately associated with antigen to be effective. Because of its mode
of action, MPL can be used either alone or in combination with these depot-
type adjuvants. The choice of an MPL adjuvant formulation will depend on
several factors such as (1) the nature of the antigen; (2) the characteristics of
the desired immune response; and (3) the level of local reactogenicity that is
tolerable.

An aqueous dispersion of MPL provides the simplest adjuvant formulation.
MPL in this type of formulation exists in an aggregated form. This is because
MPL is composed of a series of closely related monophosphoryl lipid A spe-
cies that all possess well-defined hydrophobic and hydrophilic domains (3). As
with all lipids, these highly amphiphilic structures do not dissolve in water to
yield a solution of fully solvated molecules, but instead form particulate struc-
tures in which the hydrophobic regions are excluded from the aqueous phase
whereas the hydrophillic domains remain solvated. The concentration of single
(unaggregated) molecules in an aqueous solution of MPL has not been mea-
sured. However, the solubility of a closely related compound, the Re LPS from
Escherichia coli D31m4, was found to be 30 nM by equilibrium dialysis (7).
Because MPL possesses essentially the same hydrophobic domain (i.e., fatty
acyl groups), but an attenuated hydrophilic region as compared to Re LPS, it is
likely that the solubility of MPL is in the low nanomolar range. The nature of
the aggregates formed by MPL in aqueous solution is not known, although it
was found by electron microscopy that MPL forms liposome-like structures
when dispersed in dilute aqueous triethylamine (TEA) by sonication (8).

Aqueous dispersions of MPL in isotonic buffers can provide a strong adju-
vant effect when admixed with soluble protein antigens (9,10). The contribu-
tion of MPL to the induced immune response is often more apparent in these
simple formulations than in those cases where the antigen is incorporated into
a depot-type adjuvant, such as an o/w emulsion. An advantage of these vaccine
preparations, comprising only MPL plus antigen, is that they tend to be well
tolerated and induce little or no local tissue reaction at the injection site.

A substantial amount of experimental work has demonstrated that o/w emul-
sions are an effective way of using MPL as an adjuvant (reviewed in ref. 3).
The effectiveness of such formulations can be rationalized in terms of the
expected behavior of MPL in an emulsion environment. In general, a key
attribute of emulsions is that they contain an oil–water interface phase with
which soluble antigens with some degree of amphiphilic character can associ-
ate. By associating with the oil phase, the antigen becomes more particulate,
and therefore more efficiently taken up by antigen-presenting cells (APCs). In
addition, the oil phase can also serve as a depot for antigen at the injection site.
MPL can be readily dissolved in the oil component of an emulsion prior to
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dispersal in the aqueous phase (see Subheading 3.2.), and it is likely that
essentially all of the MPL remains associated with the oil phase following com-
bination with the aqueous phase. This localization of both antigen and MPL in
the same particulate structure allows for more efficient delivery of antigenic
and immunostimulatory signals to the same cells.

In the past, the emulsions used with MPL have been of the o/w type, consist-
ing of 1–2% oil and a surfactant such as Tween-80 at a concentration of
0.2–0.5%. Commonly used oils in these emulsions have included mineral oil,
squalane, and squalene (a biodegradable precursor of cholesterol biosynthe-
sis). The type of oil used in these emulsions is important, because it can influ-
ence both the immunogenicity and tissue reactogenicity of the vaccine
formulation. Several methods for preparing o/w emulsions have been
described, including homogenization (11–13), sonication (14–16), and
microfluidization (17–19). Several of these methods have described the incor-
poration of MPL, as well as other immunostimulants for enhancing adjuvant
activity.

It is the purpose of this chapter to outline the methodology for suitably dis-
persing MPL into an aqueous formulation, as well as to describe the prepara-
tion of a simple o/w emulsion containing MPL. With these stock formulations
in hand, the investigator needs only to make appropriate mixtures with antigen
for initiating vaccine studies.

2. Materials
2.1. Preparation of MPL-TEoA Aqueous Dispersion

1. MPL from S. minnesota, R595. Purchased from Ribi ImmunoChem Research,
Inc., Hamilton, MT as a TEA salt. Product codes: R350–2.0 mg; R351–10.0 mg.

2. Triethanolamine (TEoA) [2,2′,2′′-nitrilotriethanol].
3. Sterile water-for-injection (WFI), USP, nonpyrogenic.
4. Ultrasonic bath with heater (Lab-Line Instruments, Model 9303. Melrose

Park, IL).
5. Miscellaneous glassware, sterile/depyrogenated.
6. Serum vial ring seals, 20 mm.
7. Crimper for 20-mm ring seals.

2.2. Preparation of MPL Oil-in-Water Emulsion

1. MPL. See Subheading 2.1., item 1. Method scaled to 10.0 mg of MPL lyo-
philized TEA salt.

2. Squalene (2,6,10,15,19,23-hexamethyl-2,6,10,14,18,22-tetracosahexene). Acros
Organics, Fisher Chemical Co., Santa Monica, CA. Product code: 20747.

3. Polyoxyethylenesorbitan monooleate (Tween-80).
4. Lecithin, granular from Soybean (Acros Organics, Fisher Chemical Co.), Prod-

uct code: 41310-2500.
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5. Dulbecco’s phosphate-buffered saline (DPBS), Ca++/Mg++ free (Sigma Chemi-
cal Co., St. Louis, MO). Product code: D8537.

6. Ultrasonic bath with heater (see Subheading 2.1., item 4).

3. Methods
3.1. Preparation of Stock MPL/TEoA
Aqueous Dispersion Formulation

1. Prepare 20–30 mL of a fresh solution of 0.5% v/v TEoA in WFI. Filter sterilize
using 0.2-µm filter.

2. Remove ring seal from 2.0 or 10.0 mg vial of MPL-lyophilized TEA salt, remove
stopper, and aseptically add 0.98 mL of 0.5% v/v TEoA/WFI for each 1.0 mg of
MPL salt to be treated (see Note 1).

3. Replace stopper and crimp new 20-mm ring seal in place and vortex vial briefly
(15–30 s) to disperse the MPL salt.

4. Suspend vial in preheated (65°C) ultrasonic bath and sonicate for 30 min using
maximum power (see Note 2).

5. After sonication, remove vial from ultrasonic bath (Caution: ring seal will be
very hot), visually examine solution for any evidence of particulates.

6. Repeat step 4 for an additional 5–10 min, if necessary, to produce a slightly
translucent solution.

7. Allow vial and contents to cool to room temperature, remove ring seal, and asep-
tically add 20 µL of 1 N HCl for each 0.98 mL of 0.5% w/v TEoA/WFI added
initially. Mix by vortexing (see Note 3).

3.2. Preparation of Stock MPL Oil-in-Water Emulsion Formulation
1. Prepare 25 mL of squalene/lecithin as follows: Into a suitable, glass,

depyrogenated vessel, add 25 mL of squalene. Weigh 3.0 g of granular lecithin
and add to the squalene. Place in preheated (65°C) water bath for 10–15 min to
completely dissolve the lecithin in the squalene. Sonication will aid in dissolving
the lecithin. The squalene/lecithin solution will have a light-yellow color. Pass
the squalene/lecithin solution through a 0.2-µm sterile filter. Unused squalene/
lecithin can be stored at 4–7°C for up to 6 mo.

2. Remove ring seal from 10.0-mg vial of MPL-lyophilized TEA salt, remove stop-
per, and aseptically add 1.0 mL of sterile squalene/lecithin. Replace stopper and
vortex vial to dissolve MPL. Heat to 65°C for 1–2 min to aid in dissolving the MPL.

3. Remove stopper and add 9.0 mL of sterile 0.5% v/v Tween-80 in Ca+/Mg++-free
DPBS directly to vial. Replace stopper and reseal vial using a 20-mm ring seal
and crimper.

4. Suspend vial in preheated (65°C) ultrasonic bath and sonicate for 20 min at maxi-
mum power (see Note 2, also Note 5).

5. After sonication, cool vial to room temperature, remove ring seal, and add 0.01%
w/v thimerosal. Mix well, reseal, and store at 4–7°C. DO NOT FREEZE (see
Note 4).
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3.3. Use of MPL Adjuvant Formulations

The formulations prepared as aforementioned are considered stock prepara-
tions of MPL at 1.0 mg/mL and as such, require dilution for use with antigens.
It is the intent of the following to provide general guidelines for the use of
these preparations as adjuvants for vaccine antigens in experimental animal
models.

1. An effective adjuvant dose of either MPL formulation with a vaccine antigen
must be determined experimentally by the investigator. Using mice in our labora-
tory, we have found that MPL doses that range between 5–50 µg have been
useful with soluble protein or peptide antigens, as well as with polysaccharide-
protein conjugates.

2. To use the MPL-TEoA (1.0 mg/mL) stock formulation, dissolve the antigen in
DPBS and combine with MPL-TEoA to achieve the desired MPL and antigen
concentration per dose. It is advisable to prepare fresh mixtures of antigen and
MPL from the 1.0 mg/mL stock for each required set of booster injections. Anti-
gen mixed with appropriately diluted 0.5% v/v TEoA-WFI, without MPL, should
be used as an experimental control.

3. The 1.0 mg/mL stock MPL-TEoA formulation is compatible with alum-adsorbed
antigens. We have found it helpful to prepare the antigen/alum adsorbate at two
times final concentration and add a equal volume of appropriately diluted MPL-
TEoA stock with mixing. It has been our experience that after 10–15 min of
mixing, essentially 100% of the MPL is bound to the alum (see Note 6).

4. To use the MPL o/w emulsion (1.0 mg/mL MPL–10% oil) stock formulation, add
the antigen as a solution in DPBS, such that the stock o/w emulsion is diluted
either 1�10 or 1�5, which yields a final oil concentration of 1% and 2%, respec-
tively. The concentration of MPL will be either 100 or 200 µg/mL. For mouse
studies, we inject 0.05–0.25-mL volumes of the above dilutions to achieve MPL
doses that range between 5–50 µg. Because 1–2% o/w emulsions without MPL
are adjuvant active, it is important to prepare a vehicle (10% o/w emulsion),
which can be diluted appropriately with antigen to serve as a control vaccine
formulation.

5. In our laboratory, we use either intramuscular (im) or subcutaneous (sc) injec-
tions of the final vaccine formulation. Our preferred site for sc injections is in the
inguinal region. We adhere to an immunization schedule of a primary immuniza-
tion, followed by boosts at 21-d intervals as needed. Bleeds are taken at 14-d
intervals, serum stored at –20°C until antibody determinations are made. Spleens
and lymph nodes are removed from selected mice in experimental groups at vari-
ous time-points and used for in vitro measurements of cellular immunity (see
Note 7).

6. The MPL formulations discussed in this chapter each utilize buffered aqueous
solutions at neutral pH. MPL is stable under such conditions for at least 6 mo
when stored at 4–7°C. The chemical and physical stability of individual antigens
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in the formulations described in this chapter must be assessed on a case-by-case
basis.

4. Notes
1. MPL-lyophilized TEA salt is supplied as a research product in 2.0 or 10.0-mg

vials. The dry weight is based on the actual weight of MPL in the salt. It is
impractical to attempt to weigh the lyophilized salt because of its electrostatic
nature. Therefore, it is recommended that the entire contents of the vial be used
for formulation and that the excipients be added directly to the vial.

2. It is advisable to suspend the vial in the ultrasonic bath by a string, with one end
attached around the neck of the vial and the other end attached to a clamp on a
ring stand placed over the bath. Submerge the vial up to the neck in the bath.

3. After addition of 1 N HCl, pH will be 7.2 ± 0.2. Store stock 1.0 mg/mL MPL-
TEoA solution at 4–7°C. DO NOT FREEZE. For long-term storage, add 0.01%
w/v thimerosal as a preservative. MPL-TEoA stock is biologically and chemi-
cally stable for at least 6 mo when stored at 4–7°C and at pH 7.2 ± 0.2.

4. The 1.0 mg/mL MPL-10% o/w emulsion is biologically and chemically stable
for at least 6 mo, however, there may be some physical separation of the emul-
sion during long-term storage at 4–7°C. If this occurs, warm the emulsion to
room temperature and vortex briefly (10–30 s) before removing an aliquot for
vaccine formulation.

5. Homogenization is an alternative method for preparation of the o/w emulsion to
that described in Subheading 3.2., step 4. The equipment used in our laboratory
for homogenization is a T-25 ULTRA-TURRAX homogenizer fitted with S25N-8G
dispersing element (VWR Scientific Products, S. Plainfield, NJ). This method
requires that the homogenizer dispersing element be immersed into the oil/
T80-PBS mixture and the mixture homogenized for 30 min at 25,000 rpm to
form the o/w emulsion. Some foaming may occur during homogenization, how-
ever, this can be minimized by immersing the dispersing element to a depth of
approximately 2.0 cm.

6. An experimental vaccine formulation for use in mice was prepared as an alum
(Alhydrogel®, 2%, Superfos Biosector w/s, Vedback, Denmark) adsorbate of a
recombinant hepatitis B surface antigen (rHBsAg, Rhein Biotech GmbH,
Dusseldorf, Germany). Briefly, the procedure was as follows: While mixing
(magnetic bar stirrer), 0.5 mL (10 mg) of Alhydrogel was added dropwise, over
a period of 2–3 min, to 9.5 mL of DPBS containing 100 µg of rHBsAg. After
the addition of alum, the suspension was allowed to mix for an additional
30 min. This stock alum adsorbate of rHBsAg contained 1.0 mg/mL alum and
10 µg/ml rHBsAg. For vaccine formulations, an equal volume of alum adsorbate
was mixed with an equal volume of DPBS or DPBS containing 250 µg/mL of the
stock MPL-TEoA formulation described in Subheading 3.1. Mice were injected
subcutaneously (inguinal region) with 0.2-mL volumes of the vaccines on day 0
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and day 21. A mouse dose contained 1.0 µg rHBsAg, 100 µg alum, ± 25 µg MPL.
A typical antibody response on day 35 of the experiment measuring IgG1-
specific and IgG2a-specific anti-rHBsAg antibody titers is shown in Table 1.
The adjuvant effect of MPL in this system is observed as promoting a strong
IgG2a response. Recently, a clinical study has shown that the addition of MPL
to a commercially available hepatitis B vaccine, Engerix-B®, promoted
100% seroprotection (antibody levels ≥ 10 mIUmL–1) of the subjects by 60
days following the 1-mo booster injection, as compared to a 58% seroprotection
rate, at the same time-point, for the group given the vaccine without MPL (20).

7. The following is an example of the experimental use of the stock MPL-TEoA and
MPL o/w emulsion adjuvant formulations. We have used each formulation in
combination with the rHBsAg, discussed in Note 6, to evaluate the MPL adju-
vant effect in mice on both the antibody response and cytotoxic T-lymphocyte
(CTL) response. In these experiments, a standard dose of 1.0 µg rHBsAg diluted
in DPBS was combined with either stock MPL adjuvant formulation by simple
mixing. The mice were injected on day 0 and boosted on day 21. CTL assays
using spleen cells from 2–3 mice per group were done on day 35 and the remain-
ing mice bled for serum antibody titers on day 48. Details of the CTL assay and a
description of the target cell have been reported (21). Serum antibody titers were
determined by a conventional enzyme-linked immunosorbent assay (ELISA)
methodology in 96 well plates using the rHBsAg as a plate coating antigen. As
shown in Table 2, the MPL o/w emulsion was an effective adjuvant over a broad
MPL dose range for the induction of CTLs to the rHBsAg class I, Ld restricted,
CTL epitope S28–39 (IPQSLDSWWTSL). In addition, the o/w emulsion contain-
ing MPL induced a strong IgG2a antibody response when compared to the vehicle
o/w emulsion control. Finally, the simple addition of the MPL-TEoA formula-
tion to rHBsAg provides a modest enhancement of the CTL response, but a strong
enhancement of the IgG2a specific antibody response when compared to the
antigen in DPBS only.

Table 1
The Effect of MPL on the Antibody Response
to a rHBsAg/Alum Adsorbate Vaccine

Anti-HBsAg titer–1

Vaccine IgG1-specific IgG2a-specific

HBsAg/Alum 128K 1164K
HBsAg/Alum + MPL® 256K 1024K

See Note 7 for experimental details. Titer end point is the reciprocal of the serum dilution
having an OD ≥ 0.100. K = 103.
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Cytokines As Vaccine Adjuvants:
The Use of Interleukin-2

Martin A. Giedlin

1. Introduction
Live attenuated virus and bacterial vaccines are generally more potent than

subunit or nucleic acid vaccines because of the host’s vigorous inflammatory
response to them. The challenge to building effective subunit or nucleic acid
vaccines is incorporating those factors in the regimen that mimic an infection,
resulting in a robust and protective immune response. Numerous cytokines
have been shown to significantly modulate the inflammatory process, includ-
ing interleukin-12 (IL-12), granulocyte-macrophage colony stimulating factor
(GM-CSF), and interleukin-2 (IL-2), (reviewed in 1 and 2). The addition of
recombinant or nucleic acid-derived cytokine(s) to a vaccine regimen can there-
fore enhance the endogenous immune response to the vaccine antigen.

Cytokines are a group of secreted low-molecular weight proteins that have a
major role in cell-to-cell communication. Similarly to hormones, cytokines
serve as messengers of the immune system. However, in contrast to the wide-
ranging effects of hormones in the body, cytokines are most effective in local
microenvironments. Cytokines are secreted in response to a number of stimuli,
and bind to specific receptors that trigger signal-transduction pathways that
can effect the gene expression and function of the target cells. The receptors
exhibit very high affinity for the cytokine ligand (10–10–10–12M), and because
of this high affinity, local picomolar amounts of cytokine can mediate biologi-
cal effects. The end result of this process can be the enhancement or suppres-
sion of the immune response to a particular antigen, depending on the spectrum
of cytokines elicited during the immune response.
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In broad terms, CD4+ T-helper (TH) cells are activated following recogni-
tion of an antigen-class II major histocompatibility complex (MHC) on an
antigen-presenting cell (APC), such as tissue macrophages, dendritic cells, and
B lymphocytes. Once activated, the TH cells divide and expand into antigen-
specific clones of effector cells. During this expansion period, the TH cells can
secrete various cytokines that can affect the activation and response of B cells,
cytotoxic T cells, and other cells that mediate the immune response. Different
patterns of cytokine secretion can influence the type of immune response that
develops. A TH1 response, characterized by the secretion of IL-2, interferon γ
(IFNγ), IL-12, and GM-CSF, preferentially activates T-cytotoxic cells and
macrophages (cell-mediated immune response or CMI), whereas, a TH2
cytokine profile (IL-4, IL-10, IL-5) activates mainly B lymphocytes (humoral
immune response). Therefore, in designing an antigen-cytokine/adjuvant
immunization regimen, knowledge of the type of immune response desired
(CMI or humoral) will influence the choice of cytokine.

A number of cytokines have been studied as vaccine adjuvants. Exogenous
IL-1, IL-2, IFNγ, GM-CSF, and IL-12 have all shown some enhancement of
the immune response to protein antigen when given systemically (3). IL-12,
GM-CSF, and IL-2 have been studied the most extensively as vaccine adju-
vants in both infectious diseases and cancer. The dose and schedule of cytokine
administration is very important in maximizing response to vaccine while lim-
iting toxicities. High bolus doses of IL-2 can result in hypotension, exacerba-
tion of underlying autoimmune disease, and induce vascular leak syndrome.
IFNγ can be immunosuppressive at high doses, and certain regimens of IL-12
can result in mortality. Therefore, the doses and regimens that minimize sys-
temic toxicity are required for vaccines treating nonlife-threatening diseases,
whereas more-aggressive cytokine regimens can be employed in those thera-
peutic vaccines treating cancer.

1.1. Interleukin-12 (IL-12)

IL-12 or natural-killer cell stimulatory factor (NKSF) was identified and
cloned on the basis of its ability to induce IFNγ from T cells and natural-killer
(NK) cells and enhance their activity (4; available from Genetic Institute, Bos-
ton, MA). The cytokine is composed of two unrelated glycoproteins of
approximately 40,000 Dalton mol wt (p40) and 35,000 Dalton mol wt (p35).
The cytokine is primarily secreted by activated monocytes, dendritic cells, and
some Epstein-Barr Virus (EBV)-transformed B-cell lines. The active
heterodimer is 70,000 Dalton mol wt with a single disulfide bond. The receptor
is expressed on activated T cells and NK cells and has an affinity for the ligand
in the 100–600 pmol range.
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Because IL-12 is secreted by activated professional APCs, the cytokine can
influence T-cell development during antigen priming. This influence has been
shown to be preferential toward the development of TH1 cells (5). Therefore, if
vaccines are intended to drive the immune response toward a TH1 profile, the
addition of IL-12 to the immunization regimen would be beneficial. This has
been shown to be true in a model of experimental murine Leishmania (6). Sus-
ceptible Balb/c mice were injected on days 0 and 10 with soluble Leishmanial
antigen (SLA) plus IL-12 protein. The mice were then challenged 14 d later
with Leishmania major. The combined immunization regimen conferred pro-
tection and was mediated by IFNγ. Antigen or IL-12 alone had no protective
effect. Therefore, IL-12 can shift T-helper cell phenotype from susceptible TH2
to the resistant TH1 path. Similar results have been shown in a murine model of
experimental toxoplasmosis (7). Gene therapy of IL-12 coadministered with a
DNA immunogen has been shown to be effective in generating a enhanced
cellular immune response over DNA antigen alone (8).

Recombinant mouse IL-12 has also been shown to have an adjuvant effect
with tumor vaccines in murine syngeneic tumor models when administered 10
times intraperitoneally following immunization with irradiated tumor cells (9).
It is important to note that IL-12 is species specific, so that murine IL-12 has to
be used in murine tumor models. Interleukin-12 gene therapy has been shown
to be effective in murine tumor models, where the IL-12 genes were delivered
in transfected, cytokine-secreting tumor cells (10,11). The avoidance of IL-12
toxicities, seen with some systemic recombinant protein regimens, may be
avoided with the local low concentrations of the cytokine provided by gene
therapy. Clearly, both the systemic and local administration of IL-12 during
the immunization process can enhance the host’s immune response to antigen.

1.2. Granulocyte-Macrophage Colony
Stimulating Factor (GM-CSF)

GM-CSF was originally identified as a survival and growth factor for
hematopoietic progenitor cells and a differentiation and activating factor for
granulocyte and monocyte cells (12). Recently, it has been shown to enhance
the maturation of dendritic cell precursors (13). It is a glycoprotein of approxi-
mately 16,000 Dalton mol wt (127 amino acids [aa] in the human) containing two
disulfide bonds (14). It is secreted by activated T cells, macrophages, fibroblasts,
and endothelial cells. The high-affinity receptor is a complex of low-affinity
α-chain (CD116) and the affinity converting β-chain (KH97 in the human,
AIC2B in the mouse). The β-chain is shared with IL-3 and IL-5 α-chains.

Because GM-CSF acts on APC populations, it, too, can influence the early
T-cell priming events. Whereas studies with recombinant GM-CSF (Immunex,
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Seattle, WA) have been reported with both protein and peptide-based vaccines
(15), this cytokine has been extensively studied as a gene therapy approach
with either DNA vaccines or as cytokine-secreting transduced tumor cells
(16,17). These studies demonstrated that local administration of GM-CSF in
combination with an antigen source, particularly in poorly immunogenic
murine syngeneic tumor models, can stimulate potent, specific, and long-lasting
antitumor immunity.

1.3. Biology and Molecular Characterization of IL-2

IL-2 is a pluripotent globular glycoprotein of 15,000 mol wt. It was first
described as a T-cell growth factor (TCGF) (18,19). It is now known to stimu-
late growth and differentiation in not only T cells, but also B cells, NK cells,
lymphokine-activated killer (LAK) cells, monocyte/macrophages, and neutro-
phils (reviewed in 20–22). The biological activity of IL-2 is mediated through
the IL-2 receptor (IL-2R) complex, comprising three distinct polypeptide
chains: α-chain (TAC, p55, CD25), β-chain (p75, CD122), and γ-chain
(p64, γc) (23). The IL-2R β-chain is also part of the IL-15 receptor complex
(24). The IL-2R γc-chain has been shown to be part of the IL-4R, IL-7R, IL-9R,
IL-13R, and the IL-15R receptor complexes (25). The intermediate affinity
(kd 10–9 M) dimeric IL-2R complex is comprised of β/γc chains and are prima-
rily found on resting T, B, and NK cells, monocyte/macrophages, and neutro-
phils (26). The high affinity (kd 10–11 M) IL-2R trimeric complex is comprised
of α/β/γc chains and is primarily expressed on antigen-activated T and B cells,
activated monocytes, and a subpopulation of NK cells (23,25–27). The differ-
ential expression of the intermediate and high-affinity IL-2R complexes on
different leukocyte subsets, in combination with IL-2 plasma concentrations,
influences the biological activity of IL-2.

1.4. Vaccine Adjuvant

The local administration of IL-2 alone induces the migration of immune
cells to the site of injection, increases local expression of major histocompat-
ibility (MHC) class II antigens, and enhances skin antigen reactivity (28).
Activation of monocytes and dendritic cells is also improved (29–31). Addi-
tional studies in animal models and in vitro human systems suggest that exog-
enous IL-2 could be a valuable adjunct in the treatment of specific opportunistic
infections in immunosuppressed individuals infected with human immuno-
deficiency virus (HIV) (32–38).

Systemic IL-2 administration of HIV-infected individuals leads to T-cell
proliferation as evidenced by the increase in spontaneous blast transformation
ex vivo. This IL-2 induced T-cell proliferation results in a prominent and sus-
tained polyclonal increases in circulating CD4+ T cells, with preferential
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expansion of the naïve T cell subset (39). Some data also suggest that IL-2
decreases the frequency of apoptotic peripheral blood mononuclear cells
(PMBCs) obtained from HIV-infected patients, which may contribute to the
increase in circulating CD4+ T cells (40). HIV-specific T-cell proliferation is
augmented by IL-2 in vitro (41). In vitro exposure to IL-2 of CD8+ T cells
from some patients with advanced disease improved the capacity of these cells
to suppress HIV replication (42). Exogenous IL-2 partially reverses the deficit
in NK-cell activity seen in AIDS patients (43). IL-2 also induces B-cell activa-
tion and antibody synthesis in vitro. Therefore, IL-2’s pleotropic effect on the
immune response can potentially enhance vaccine efficacy in individuals with
virally impaired immune systems.

Table 1 (refs. 44–50) provides a summary of published articles describing
the use of IL-2 as a vaccine adjuvant in infectious disease animal models. Viral
(44,46,49,50), bacterial (45), and parasitic (48) vaccine model systems have
benefited from the incorporation of systemic recombinant IL-2 into the immu-
nization regimen. The doses of recombinant IL-2 have ranged from 1 µg/kg to
1 mg/kg, with the lower doses being administered over 3–5 d following anti-
gen. The recombinant IL-2 has been delivered separately or incorporated into
the antigen/adjuvant mixture (45,47,48). At relatively high IL-2 doses, genetic
unresponsiveness, as measured by serum antibody, can be overcome to certain
antigens by expanding the number of antigen-specific TH cells, pushing the
number of responding cells above detectable levels (47,48). IL-2 administra-
tion is probably expanding the number of vaccine-generated antigen-specific
effector cells that are expressing the high-affinity IL-2R, although careful frequency
analysis by limiting dilution-type methods have not been reported. The doses
of recombinant IL-2 are well below what has been reported as the maximally toler-
ated dose (MTD) (approximately 10–12 mg/kg QD for 5–7 days iv in mice) (51).

There is a dose–response relationship associated with systemic administra-
tion of recombinant IL-2 (46). Nunberg and colleagues demonstrated in the
murine rabies vaccine challenge model that the adjuvant effect of IL-2 was lost
at doses above or below 0.1 µg/g (100 µg/kg). This relationship has been noted
before (2) and illustrates the fine line between overcoming nonresponsiveness
at relatively high IL-2 doses and inducing suppression (52,53). Therefore, the
dose, timing, and schedule of recombinant IL-2 administration should be opti-
mized for each vaccine system. The route of administration should also be
determined, although intraperitoneal (ip) or subcutaneous (sc) administration
seems preferable to intravenous (iv) (because of longer systemic exposure),
particularly when dosing twice a day over five days.

Modified forms of recombinant IL-2, for example, polyethylene glycol-
modified recombinant IL-2, have been reported to enhance the efficacy of vac-
cines (46). This modification increased the residence time of the IL-2,
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Table 1
Uses of IL-2 as a Vaccine Adjuvant for Infectious Diseases and Genetic Unresponsiveness

Adjuvant
Animal vaccine route IL-2 dose/regimen Results Ref.

HSV (rgD; 50 µg) alum rIL-21 ; 66 µg/kg sc qd -increased cytoxicity 44
Day 1, 14 sc5 -Days 0–17 with double vaccination -decreased virus shedding
Day 1,14,38 -Days 15–26 with triple vaccination -unchanged antibody titers
guinea pigs -challenge intravaginally 1 wk after last IL-2 dose

H. pleuropneumoniae oil 3.3–33 µg/kg -enhanced protection 45
swine multiple following each immunization

Rabies (Dura-Rab-3) none 30–100 µg/kg -enhanced efficacy 25-fold 46
0.5 mL/mouse -QDx5 following each vaccination -increased cellular response
Day 0 and 7 -Challenge intracerebrally with CVS-11 -no change in antibody titers
mice strain on D21

Whale sperm myoglobin CFA2 75 µg/kg,single -overcame Ir gene low 47
component IV responsiveness
100 µg, single -incorporated with antigen/adjuvant -increase antibody titer
mice -bled on Days 10–46 10-50-fold

Malarial peptide CFA, 1 mg/kg (17 µg/mouse) -overcame genetic 48
R32tet32 IFA3 unresponsiveness in H-2k

mice
50 µg/injection, single -formulated with antigen/adjuvant
sc, base of tail -draining lympho nodes harvested on Days 8–10;
mice sera on Day 28

Rabies none 1.6 µg/mouse (180,000 IU) ip6 on Day 0, 4, and 7 -increased protection 50-fold 49
(inactivated vaccine)
25 µg ip on Day 0 and 7 intracerebral challenge on Day 14 with 30 µL of
mice CVS-26 (30 LD50)

Pseudorabies IFA 105 CU4/kg -enhanced serum antibody 50
-unchanged CMI response

swine -unchanged weight gain
-unchanged virus shedding

1Chiron/Cetus Proleukin® recombinant human IL-2. 2Complete Freund’s Adjuvant. 3Incomplete Freund’s Adjuvant. 41 Cetus Unit (CU) = 6
International Units (IU) of IL-2 activity; 5subcutaenous, intraperitoneal.
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therefore, reducing the number of administrations from once every day for five
days to once a week (51). The immunogenicity of Proleukin recombinant IL-2
was also reduced (54; see Notes). Polyethylene glycol-modified recombinant
IL-2 has been shown to increase the protective properties of a Mycobacterium
subunit vaccine in a guinea pig aerosol challenge model (55). Similar enhance-
ments have been reported in a guinea pig model of recurrent herpes simplex
virus (HSV) using liposomal-formulated recombinant IL-2 (56). The encapsu-
lation of polyethylene glycol-modified IL-2 can extend the systemic exposure
to IL-2 out to more than 20 d (57). Modifications of Proleukin have can also
reduce the specific activity of recombinant IL-2, so care must be taken in
deciding what properties, long-half-life or high activity, is needed (see Note 2).
Therefore, controled release of low local IL-2 concentrations over time may be
attractive in the vaccine setting.

Systemic IL-2 has also been shown to have a role in enhancing the antitu-
mor response of a variety of putative cancer vaccines (Table 2; refs. 58–61).
Single-agent IL-2 has been shown to be efficacious in a variety of murine syn-
geneic tumor models (51). However, optimal response, as measured by sur-
vival, reduction of tumor growth, or number of metastatic lesions, is near the
MTD. Incorporation of systemic IL-2 into a cancer vaccine regimen can sig-
nificantly reduce the amount of recombinant IL-2 needed to achieve higher
response rates as compared to high dose IL-2 alone. The range of tumor anti-
gen sources that have shown increased efficacy with recombinant IL-2 have
included irradiated whole tumor cells (61–63), vaccinia tumor oncolysates (58),
recombinant virus (59,60), and tumor-lysate pulsed dendritic cells (64). The
mechanism of the IL-2 enhanced antitumor activity is primarily mediated by
CD8+ T cells, although CD4+ T cells play a significant role (63).

1.5. Summary
Systemic IL-2 can be a powerful vaccine adjuvant in both infectious disease

and oncology indications. In humans, IL-2 can increase the frequency of eld-
erly responders to flu and tetanus vaccination (65,66). Numerous human clini-
cal trials utilizing systemic IL-2 with tumor antigen (peptides, lysate, irradiated
cells, and so on) are currently ongoing. Although any one cytokine may aug-
ment the immune response to a given vaccine, a combination of cytokines in
the immunization process might be needed to mimic the inflammatory response
needed to generate an optimal immune response. The administration of
GM-CSF and IL-12 with the antigen, to enhance T-cell priming, followed by
3–5 d of systemic IL-2 to preferentially expand the antigen-activated high-
affinity IL-2R-expressing T cells, might be a regimen applicable to most vac-
cines. This would be especially true if one or more of the cytokines and/or
antigens can be delivered as nucleic acid. Finally, because successful vaccines
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Table 2
Uses of IL-2 As Vaccine Adjuvant in Cancer Models

Model
adjuvant

Vaccine animal route IL-2 dose/regimen Results Ref.

CC-36 colorectal carcinoma Vaccinia Oncolysate Roche rIL-2 (10^6) U/ml)1 -40% improved survival 58
carcinoma Intrasplenic -lower liver weight

Day 0; (10^5) ip 25,000 U bid Days 11–13 -with IFNα, total protection
established liver mets
Balb/c mice 0.2 ml (10^6 cells)

sc, flanks
Day 4, Day 10

CT26 pulmonary mets iv, 10^5 Chiron rIL-2 -increased anti-β-gal CTL 59
+/– β-galactosidase rVV or rFPV2 300,000 IU bid ip for 3 days -increased survival
(β-gal) expression with β-gal 12 hrs post immunization or -tumor recurred that was
Balb/c mice 5×10^6–10^7 PFU 90,000 IU bid ip for 6 days β-gal negative

Day 3 or Day 6 12 hrs post immunization

MC-38 colon carcinoma 3×10^5 sc Chiron rIL-2 -complete tumor regression 60
expressing CEA Day 0 in 60–70% tumor-bearing mice
C57BI/6 mice rV-CEA -with 1% mouse serum (vs 30% with rV-CEA only)

10^7 PFU/10 µL -73 hr post rV-CEA daily -protective against rechallenge
tail scarification for 5 days -protective against rechallenge
Day 7 or Day 10 -0.1–5.0 µg/mouse ip bid -increased CTL

MC-12 fibrosarcoma irradiated MC-12 natural IL-2 -controls = 25/26 tumor + 61
100 µg -Vaccine = 15/25 tumor +

(C57BL/6 × Balb/c) F1 Day 0, D35 20,000 IU/0.5 mL -Vaccine + IL-2 = 4/25
ip bid × 5 Days

Challenge on D56 sc Days 3–8, Days 38–42
11 Roche IL-2 U = 3 IU; 2 rVV= vaccinia virus, rFPV = fowlpox virus.
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are antigen and disease dependent, more experimental work needs to be done
to elucidate the proper mix of antigen and cytokine for safe and effective vaccines.

2. Materials
Proleukin® (aldesleukin) recombinant human IL-2 is manufactured by

Chiron Corporation (Emeryville, CA). Proleukin® is a 15 kD protein manufac-
tured by recombinant technology and is similar to the natural IL-2 found in
humans. It differs from the native molecule by being nonglycosylated (Escheri-
chia coli derived), lacking an alanine at the N-terminal, and having a serine
substituted for a cysteine at amino acid position 125. Proleukin® is supplied as
a lyophilized cake in vials containing 1.3 mg of protein (22 mIU).

Studies of bioactivity after dilution of reconstituted Proleukin® in diluents
of 5% Dextrose Injection, USP (D5W), containing varying percentages of
Human Serum Albumin, USP (HSA), have been performed. A final concentra-
tion of 0.1% HSA in D5W has been found to be optimal for maximum recov-
ery of Proleukin® IL-2 biological activity at concentrations below 100 µg/mL.
Some loss of bioactivity has been observed with increasing percentages of
HSA. Other protein sources can be used for preclinical animal experiments,
e.g., mouse serum (1%), bovine serum albumin (0.1%). Reconstituted and
diluted Proleukin® contains no bacteriostatic agents. Aseptic technique should
be carefully observed during preparation and administration; however, recon-
stituted Proleukin® should not be filtered. Following reconstitution, samples of
Proleukin® kept at 4°C (39°F) for up to 14 d have been subsequently cultured
for 48 h and found to be free of microbial contamination. Alternatively, dilu-
tions can be frozen for up to 1 yr at –80°C and retain activity, as long as exog-
enous carrier protein is in the diluent.

3. Methods
Each vial of Proleukin® should be reconstituted with 1.2 mL of Sterile Water

for Injection, USP. Reconstitution or dilution with Bacteriostatic Water for
Injection, USP, or 0.9% Sodium Chloride Injection, USP, should be avoided
because of the potential for precipitation. Vials should be entered once only for
reconstitution and once only to remove an aliquot for further dilution, in order
to minimize the chance of contamination. The resulting solution should be
a clear, colorless liquid. When reconstituted as directed, each mL contains
18 MIU of Proleukin.

For sc, iv, or ip administration, Proleukin® must be further diluted with
medium along with 0.1% HSA or other protein source to maintain its stability
for 14 d at 2°–8°C. Always dilute the reconstituted stock of Proleukin® into the
protein containing diluent.
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4. Notes
1. Immunogenicity: Proleukin has been shown to be immunogenic in rodents and

rabbits when administered intravenously or subcutaneously (39 and data on file).
Peak antibody titers can be seen on day 7 during a daily iv administration of
1 mg/kg for 14 d. No relationship has been formally established between onset of
anti-Proleukin antibody and efficacy.

2. Storage and Bioactivity: Proleukin, when properly reconstituted and diluted into
protein containing medium, can maintain its biological activity for up to 1 yr at
–80°C (unpublished results). However, it is recommended that each investigator
routinely monitor the biological activity of Proleukin by bioassay using murine
HT-2 (ATCC # CRL-1841) cells and the National Biological Standards Board
(NBSB, National Institute for Biological Standards and Control, Hertfordshire,
U.K.) IL-2 standard. Briefly, IL-2 samples and standards are serially diluted in
triplicate and then added to the murine HT-2 cells in a microtiter plate. The
HT-2 cell line is completely dependent on IL-2 for growth and proliferates in a
dose-dependent manner in response to exogenous IL-2. The amount of cell pro-
liferation is measured by the incorporation of the tetrazolium salt 3-(4,5
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT) into the cells
after 18–24 h of culture. The MTT salt crystals are solubilized with acid and the
wells read at 570 nm.
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DNA As an Adjuvant

David C. Neujahr and David S. Pisetsky

1. Introduction
DNA is a complex macromolecule with immunological properties that

depend on base sequence. Although mammalian DNA is immunologically
inert, DNA from bacteria has potent immunostimulatory properties that result
from short sequence motifs called CpG motifs or immunostimulatory
sequences (ISS). These motifs, which have the general structure of two 5′
purines, an unmethylated CpG motif, and two 3′ pyrimidines, occur much more
commonly in bacterial DNA than mammalian DNA because of two main fac-
tors: CpG suppression and the frequent methylation of cytosine in this position
in mammalian DNA (1). As a result, bacterial DNA displays (in code-like fash-
ion) sequences emblematic of foreignness. This code allows DNA to function
as a danger signal in the induction of innate immunity (2).

Although the role of bacterial DNA in stimulating normal host defense is
uncertain, the immunological properties of this molecule are nevertheless
highly relevant to emerging vaccine technologies. Thus, bacterial DNA has
adjuvant properties. These properties, which have been most clearly demon-
strated in the murine system, include the induction of cytokines [interferon
gamma, alpha, beta; tumor necrosis factor alpha; interleukin 6, 12, and 18 (IFN-γ,
IFN-α/β, TNF-α, IL-6, IL-12, IL-18)] as well as the direct stimulation of
murine B cells (3–6). The basis of DNA stimulation has been assessed using
three major sources of DNA: natural DNA, synthetic phosphodiester oligo-
nucleotides (Po oligos), and phosphorothioate oligonucleotides (Ps oligos). Ps
compounds are DNA derivatives in which one of the nonbridging oxygens in
the phosphodiester backbone is replaced by a sulfur atom. This substitution
leads to nuclease resistance, as well as changes in other physical properties of
DNA such as melting temperature (7).
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In general, Ps oligos are much more potent than Po oligos, leading to their
use as adjuvants and immunomodulators. The spectrum of activities of Ps and
Po oligos, however, may differ. For example, Ps oligos can effectively stimu-
late human B cells in vitro whereas Po oligos as well as natural DNA are inac-
tive. Furthermore, immune stimulation by Ps oligos may show different
structure–function relationships than Po oligos (8). Among Ps oligos, immune
stimulation is not as much dependent on the number and sequence of CpG
motifs as Po oligos. Furthermore, immune stimulation by Ps oligos appears to
be a feature of the modified backbone, as well as sequence (9), indicating cau-
tion in extrapolating from results with Ps oligos to Po oligos and natural DNA. The
marked differences in responsiveness of human and murine cells to Po oligos
should also be a caveat in interpreting studies on immune activities of DNA.

At present, there are two major settings in which adjuvant properties of bac-
terial DNA, as illustrated in Fig. 1, are relevant. The first setting is DNA vac-
cination where the vector itself contains ISS. This approach involves the
administration of plasmid DNA encoding a protein targeted for a therapeutic
or protective response. This vector is taken up into cells where it can be
expressed and can induce immune responses. The encoded protein to be tar-
geted can be a foreign protein from a virus, bacteria, or protozoa, for example,
as well as an endogenous protein such as a tumor-specific antigen.

DNA vaccines have theoretic advantages over conventional vaccines
because they lead to both CD4 and CD8 responses, provide for a long-term
source of protein for immunization, and allow antigen presentation within the
context of self-MHC molecules (10). Whereas the plasmid vector may be
administered by various routes (i.e., intramuscular, intradermal, gene gun),
ultimately, bone marrow-derived antigen-presenting cells (APC) are key to the
response (11).

The plasmid vectors used for these vaccinations are propagated in bacteria
and, as such, bear bacterial sequences needed for replication and other func-
tions such as antibiotic resistance. Furthermore, because of their growth in bac-
teria, these vectors show a bacterial pattern of base methylation and have
unmethylated cytosines. The combination of bacterial sequence and methyla-
tion status ensures the presence of ISS centering on unmethylated CpG motifs.
The number of ISS in these vectors will vary depending on the base sequence
of various encoded genetic elements. Because of these structural features, these
vectors have built-in adjuvants.

Vector ISS can enhance vaccine responses as well skew the response to a
Th1 pattern because of the stimulation of IL-12, IFN-γ, as well as IFN-α/β.
The potential importance of such sequences is highlighted by several lines of
experimental evidence in animal models. Thus, most responses induced by
DNA vaccines are Th1-like in mice and show a predominance of IgG2a. Sec-
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ond, methylation of a vector can eliminate the vaccine response. Third, the
magnitude of the vaccine response may vary with the number of ISS in encoded
genetic elements. And, fourth, the presence of CpG motifs in the vector may
influence the development of Th1 vs Th2 responses, with this balance shifted
by coadministration of a noncoding vector with a CpG motif (12,13).

Whereas vector ISS can induce cytokines leading to a Th1 response, the in
vivo response may depend on other factors. The nature of the protein encoded
by the vector may also influence the pattern of responsiveness as shown by
induction of a Th2 response by a vector encoding a soluble malaria protein
(14). In addition, the method for DNA delivery may alter the Th1/Th2 balance.
When delivered by gene gun techniques, plasmids that contain CpG motifs can
elicit a Th2 response, despite their capacity to stimulate IL-12 and the
interferons (15). The adjuvant properties of DNA vectors may also vary
depending on the setting because the genetic background of experimental animals
can influence the pattern of immune responsiveness. For example, BI0.D2 mice
generate a much stronger Th1 response than Balb/c mice to Leishmania (16).

Although the responsiveness of animals to DNA vaccines has been impres-
sive, studies on humans are still in their initial phases. The responses of
humans to DNA adjuvants has had limited investigation, although certain dif-
ferences between mouse and human are already apparent. Thus, human B cells

Fig. 1. Mechanisms for the adjuvant effect of DNA. In this schematic, adjuvant
DNA represents either plasmid DNA or an oligonucleotide containing an ISS.
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do not respond to natural DNA or Po oligos under conditions in which these
compounds are potent mitogens for murine B cells (8). In addition, induction
of cytokine responses in human cells appears to be more sporadic than murine
cells (17). Whether these differences will affect vaccine responses is unknown,
although the absence of B-cell mitogenicity may make the plasmid vectors less
effective in humans than other species.

The second setting in which DNA can serve as an adjuvant involves
coadministration of DNA or an oligo with a conventional vaccine such as a
protein or subunit. In this situation, the effect of the adjuvant is likely to be
local and involve cytokine stimulation as well as enhancement of APC func-
tion by inducing the expression of Class II or costimulatory molecules. Per-
haps as a consequence of these activities, Ps oligos containing ISS can also
promote CTL responses when used as adjuvants (18).

Table 1 provides examples of the settings in which the immunomodulatory
effects of DNA are important in the induction of protective responses, either as
integral components of DNA vaccines or as synthetic oligonucleotide adju-
vants. In the case of allergic disease, protection results from a redirection of
the response from IgE (19). Although not extensively investigated so far, DNA
adjuvants can also be used in the treatment and prevention of autoimmune dis-

Table 1
Clinical Settings for DNA Adjuvants

Use of DNA adjuvants Goal(s) Examples

Viral Infection Induction of CD4 and CD8 DNA vaccines for Hep B,
responses HSV, and influenza

(18,34,35).
Bacterial Infection Induction of CD4 and CD8 DNA vaccines for

responses tuberculosis (36).
Parasitic Infection Cellular and humoral immunity Oligos and DNA vaccines

toward organism for malaria and leishmania
(24,37,38).

Cancer Increase interferon, induce Antitumor effect of bacterial
antitumor responses DNA (3). CpG oligo

enhancement of anti-Id
responses (25).

Allergy Decrease IgE responses DNA vaccines for dust mite
and latex allergens
(19,39).

Autoimmunity Anti-TCR DNA based thearpy for
EAE (20).
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ease by inducing, for example, an anticlonotypic T-cell response or a response
to an MHC antigen (20).

Both Ps and Po compounds can be used for these adjuvant purposes,
although Ps compounds may be preferable because of their resistance to
nuclease digestion, as well as their long in vivo half-life (7). These compounds
can be less than 30 bases in length and can be modified to contain sequences to
enhance cell uptake. Thus, the presence of extended sequences of dG residues
can dramatically increase macrophage cytokine production by an ISS (21). This
effect results from the binding of dG sequences to the Type A macrophage
scavenger receptor (MSR). This receptor has broad specificity for polyanions,
including dG-rich DNA (22).

In assessing adjuvant properties of bacterial DNA, as well as synthetic oli-
gos, we have focused on in vitro assays of cytokine production, as well as
B-cell mitogenesis using murine spleen culture. Available evidence indicates
that in vitro and in vivo assays provide similar information concerning the
relative immunostimulatory activity of DNAs, although a recent study noted
discrepancies among Ps oligos (9). Furthermore, although DNA sequences for
B cell and macrophage stimulation are similar, some compounds may differ in
the stimulation of IL-12 compared to TNF-α (23).

Similar to other adjuvants, DNA and synthetic oligos likely have both sys-
temic and local effects. For example, in a murine model of Leishmaniasis, CpG
containing oligos injected 20 d after infection were able to redirect the immune
system toward a curative Th1 response (24). These findings point to general-
ized effects that do not require direct contact with antigen. On the other hand,
in a murine lymphoma model, administration of Ps oligos on the same flank as
an idiotype (Id) protein led to higher anti-Id titers, as well as tumor resistance,
than observed when the oligo was injected in the opposite flank (25). Whereas
studies on the use of ISS containing oligos together with conventional adju-
vants are limited, findings by Sun et al. indicate that Ps oligos in Freund’s
incomplete adjuvant (FIA) are more potent than Ps oligos delivered in saline.
Similarly, insect DNA was inactive as an adjuvant in saline, but had significant
effect when delivered in FIA (26).

Given the potent effects of ISS DNA, concerns about safety inevitably arise.
To the extent that ISS DNA can shift the balance of the immune system, treat-
ment with a DNA adjuvant could lead to adverse reactions by modifying the
host response to an infection or, alternatively, inducing or potentiating auto-
immune reactions. Although treatment of mice with ISS DNA does not in itself
induce anti-DNA autoantibodies, immunization with complexes of bacterial
DNA with a protein carrier in Freund’s complete adjuvant leads to a significant
anti-DNA response that, in certain strains of mice, is associated with nephritis
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(27,28). It is possible that the safety of DNA adjuvants will be affected by the
vaccine formulation with adverse immune reactions increased depending on
the nature of the immunizing antigen as well as the vehicle (e.g., FIA). In this
regard, safety of Ps and Po compounds may differ in man because of the B-cell
stimulatory activity of Ps compounds, as well as their enhanced potency and
longer half-life in vivo.

Ultimately, the test of an adjuvant will be the in vivo setting and involve
both a specific protein (or vector), as well as a specific animal species. In opti-
mizing this approach, it will therefore be important to assess the influence of
vaccine formulation, as well as any physical association between antigen and
DNA adjuvant. As a prelude to in vivo studies, in vitro assays allow high
through-put screening and assessment of issues such as the basis of DNA bind-
ing and uptake. The approach outlined below can be readily adapted to the
study of human cells as these technologies enter greater trials in patients.

2. Materials

1. Mice. Mice 6–8 wk old BALB/c females maintained in a pathogen-free facility
receiving food and water.

2. Control nucleic acids. The following Po oligos can serve as positive and negative
controls, respectively: 5′TCCATGACGTTCCTGATGCT-3′ and 5′-CTTCAA
GAATTCTCATGTTTG-3′ (Midland Certified Reagents, Midland, TX). Store
nucleic acids at 4°C where they are stable for up to 6 mo.

3. LPS from Escherichia coli 0111:B4 (Sigma, St. Louis, MO). Dilute to 1 mg/mL
final concentration in RPMI-1640. Store at 4°C with stability up to 6 mo.

4. RPMI-1640 (Life Technologies, Gaithersberg, MD) fortified with 1.5 mM
L-glutamine, 5% FCS (Hyclone, Logan, UT), 50 µM 2-ME, and gentamicin
(0.5 mL/100 mL media).

5. Limulus Amebocyte Lysate Assay kit (BioWhittaker, Walkersville, MD).
6. LAL stop solution. 10% SDS (Bio-Rad, Hercules, CA) in ddH2O.
7. Titertek Microplate Reader (Flow Laboratories, McLean,VA).
8. Enzyme-linked immunosorbent assays (ELISA) reagents: All antibodies are from

PharMingen, San Diego, CA. Antibodies are rat antimouse IFN-γ (cat.#18181D),
biotinylated rat antimouse IFN-γ (cat.#18112D), rat antimouse IL-12 p40/p70
(cat#18491D), and biotinylated rat antimouse IL-12 p40/p70 (cat #18482D).

9. IFN-γ and IL-12 standards (PharMingen): IFN-γ standards are reconstituted in
sterile ddH2O and stored as 25-µL aliquots of 5 × 104 U/mL. IL-12 standards are
reconstituted in ddH2O and stored as 10-µL aliquots of 10-µg/mL. All standards
are stored at –70°C with stability up to 1 yr.

10. HRP-Avidin (Zymed, San Francisco, CA). Store at 4°C.
11. RBC lysis solution: Add 90 mL of sterile 0.16 M NH4Cl to 10 mL of sterile

0.17 M Tris- HCl pH 7.6. Store at 4°C.
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12. DNase reagents: DNase I (Sigma), reconstitute to 1 mg/mL in ddH2O and store in
10-µL aliquots at –20°C with stability up to 1 yr. 0.1 M MgCl2, 0.5 M Tris-HCl
pH 7.5, stable at room temperature.

13. 3H-thymidine (NEN, Boston, MA) prepared by adding 200 µL of stock
3H-thymidine (1 mCi/mL) to 10 mL serum-free RPMI. Store diluted 3H-thymidine
at 4°C.

14. A Packard Instrument Tri-carb 4530 Beta scintillation counter or equivalent.
15. Cytoscint liquid scintillation cocktail (ICN, Costa Mesa, CA).
16. Plasticware: 96-well tissue-culture plates (Costar, Cambridge, MA), 96-well

polypropylene plates (Sigma, 96-well Immulon 2 ELISA plates (Dynex,
Chantilly, VA).

17. TMB/citrate buffer. Prepare citrate buffer as 0.1 M citric acid pH 4.0 and store at
4°C. Prepare TMB(3,3′,5,5′-tetramethylbenzidine dihydrochloride, Sigma) as
0.75% solution in 0.5-mL aliquots. Degas solution before placing in aliquots.
Store TMB at –20°C. Make TMB/Citrate/H2O2 detection solution immediately
before use.

3. Methods
3.1. Principles of Assays for Immunostimulatory DNA

Although bacterial DNA induces multiple activities (see Note 1), assay of
IL-12, IFN-γ, and 3H-thymidine incorporation represents an efficient and cost-
effective means of comparing activities of DNA. In addition, these assays allow
comparisons of effects on different cell types. IL-12 is produced by macroph-
ages (29). IFN-γ is produced by NK cells in response to bacterial DNA and
IL-12 (30). 3H-thymidine incorporation reflects B cell activation. The general
methods outlined below utilize primary cell cultures, but can be modified for
cell lines as well.

An important issue in assessing adjuvant properties of a DNA concerns the
presence of endotoxin. All DNA samples are assessed for endotoxin contami-
nation by the Limulus Amebocyte Lysis assay. As an additional control, the
activity of DNA digested by DNase 1 treatment is tested. In these experiments,
splenocytes are obtained by primary cell culture and are incubated along with
plasmid DNA for assessment of cytokine by ELISA and proliferation by
3H-thymidine incorporation. As controls, we recommend the use of active and
inactive oligonucleotides, as well as LPS.

3.2. Manipulation of Nucleic Acids Prior to Culture

A variety of methods exist for the purification of endotoxin-free nucleic
acids and the choice of these depends on the intended application (31) (Note 2).
Methods described below pertain to plasmid DNA.
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1. Dilute purified plasmid DNA in endotoxin-free ddH2O to a final concentration of
1.0 mg/mL in a sterile 1.5-ml Eppendorf tube. This represents the stock from
which subsequent dilutions will be made. Dilute control oligonucleotides to a
final concentration of 1 mg/mL.

2. In a 96-well microtiter plate, pipet 100 µL of LPS at a concentration of 0.1 µg/mL in
ddH2O. Perform serial 1�2 dilutions with the LPS solution to provide standards rang-
ing from 0.1 µg/mL to 12 pg/mg. The final volume in each well should be 50 µL. In
a separate set of wells, add 5 µL of stock DNA to 95 µL of ddH2O and perform
serial 1�2 dilutions to provide concentrations ranging from 50 µg/mL to 0.8 µg/mL.

3. Incubate the microtiter plate at 37°C for 5 min. Following incubation, add 50 µL
of the Limulus Amebocye Lysate solution, which is provided in the LAL kit. Mix
the plate gently by tapping it several times, then incubate at 37°C for 10 min.

4. Following incubation, add 100 µL of LAL chromogenic substrate provided by
the kit to each well. Mix plate gently and incubate at 37°C for 6 min. Standards
should begin to turn yellow immediately.

5. Add 100 µL of 10% SDS solution to each well to stop the colorometric reaction
(see Note 3).

6. Measure the absorbance at 405–410 nm of the samples with a microtiter plate reader.
7. Under these conditions, the absorbance at 405–410 nm is linear between 390 pg/mL

and 24 pg/mL LPS. From these values, the concentration of endotoxin present in
the DNA can be calculated from each dilution. The endotoxin concentration
should be less than 5 ng/mg DNA.

8. Prior to cell culture experiments, make plasmid DNA single stranded by incuba-
tion in a boiling water bath for 15 min, followed by rapid cooling on ice (see
Note 4).

3.3. DNase Digestion of DNA

The following technique provides enough digested DNA to perform one in
vitro assay.

1. In a 600-µL sterile Eppendorf tube, combine 40 µL stock DNA, 5 µL of sterile
O.1 M MgCl2, 5 µL of sterile 0.5 M Tris-HCl pH 7.5, and 2.5 µL of Bovine
Pancreas DNase 1 (1 mg/mL).

2. Incubate the tube in a 37°C water bath 1 h (see Note 5).
3. Following incubation, place the tube in a boiling water bath for 15 min, followed

by rapid cooling in ice water.
4. Save 2 µL of digested DNA. Use this sample to assess for complete digestion by

gel electrophoresis.

3.4. Preparation of Primary Splenocyte Cultures

1. For assays of IL-12, 5 × 105 cells/well are used. For assays of IFN-γ, 1 × 106

cells/well are used. Balb/c mice at 6–8 wk of age will generally yield 1 × 108

splenocytes.
2. Sacrifice mice by cervical dislocation.
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3. Sterilize the abdomen with 70% ethanol and open the peritoneum with sterile
forceps and scissors. Remove the spleen from the surrounding connective tissue
being careful not to perforate the bowel.

4. Wash spleen gently two times in tissue-culture plates with RPMI containing
gentamicin.

5. Under a sterile hood, gently tease apart the spleen using the coarse surfaces of
sterile glass slides.

6. Pipet the homogenized spleen into a sterile 15-mL conical tube and allow debris
to settle. Carefully transfer the cells to a new conical tube.

7. Centrifuge the cells for 5 min at 450g using a table top centrifuge.
8. Decant media from cells and disrupt pellet by gently flicking the tube. Resuspend

cells in 5 mL of RBC lysis solution and allow debris to settle for 2 min. Pellet
cells by centrifugation as before.

9. Wash cells two more times with 5 mL of RPMI media.
10. Resuspend cells in 10 mL RPMI/10% FCS/50 µM 2-ME. Remove a small aliquot

to use for cell count.

3.5. Stimulation of Splenocytes by DNA

1. In a sterile 96-well polypropylene plate, dilute DNA source. Plasmids should be
diluted in triplicate wells to a concentration of 100 µg/mL in 110 µL of RPMI/5%
FCS 50 µM 2-ME with gentamicin. Perform serial 1�10 dilutions so that the
concentration of the DNA ranges from 100 µg/mL to 0.1 µg/mL. The final vol-
ume in each well will be 100 µL.

2. In a separate set of wells, dilute LPS to a concentration of 10 µg/mL followed by
serial 1�10 dilutions.

3. Add 100 µL of mouse splenocytes obtained in Subheading 3.4. to wells in a
Costar 96-well tissue-culture plate. Transfer 100 µL of diluted plasmid DNA
from the polypropylene plate to the tissue-culture plate to provide a final volume
of 200 µL. The highest concentration of plasmid will be 50 µg/mL.

4. Place the 96-well tissue-culture plate in an incubator at 37°C with 5% CO2.
5a. For cytokine experiments, remove supernatants for assay of IL-12 after 18–24 h

and for assay of IFN-γ after 48 h. Plates should be centrifuged briefly prior to
removal of supernatants. Carefully remove 100 µL from each well avoiding trans-
fer of cells. Transfer the supernatants to 96-well polypropylene plates. If storage
of supernatants is required, seal the plate with parafilm and store at –20°C.
Cytokines stored this way are generally stable for 2–3 wk.

5b. For thymidine incorporation, add 25 µL of RPMI containing 3H-thymidine to
each well. Incubate for an additional 7 h. Following labeling, absorb cell lysates
to glass filters using a microharvester. For each well, wash 20 volumes of ddH2O
through the filter.

3.6. General ELISA Protocol

1. Dilute coating monoclonal antibodies to a final concentration of 1 µg/mL in PBS
pH 8.5.
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2. Add 100 µL of diluted coating antibody to each well of a 96-well Immulon 2
ELISA plate. Seal the plate with parafilm to prevent evaporation. Allow antibody
to coat for 12–18 h at 4°C (see Note 6).

3. Wash plate four times with PBS/0.1%Tween-20. An automated plate washer is
useful in this and subsequent wash steps. Slap the plate against a pile of paper
towels to remove residual fluid.

4. Block the wells by adding 200 µL of PBS/1%BSA pH 7.4. Store at room tem-
perature for 30 min.

5. While blocking, prepare samples and standards to be tested. Prepare all samples
in a 96-well polypropylene plate prior to use in ELISA to a volume of 100 µL/well.
For dilution of samples, add 10 µL of sample to 90 µL of PBS/0.5% BSA/0.05%
Tween-20. Dilute stock standards in PBS/0.5% BSA/0.05% Tween-20 to a final
concentration of 250 U/mL for IFN-γ and 25 µg/mL for IL-12. Perform 10 serial
1�2 dilutions on the standards.

6. Wash the plate four times, as in step 3. Transfer the diluted standards and samples
to the ELISA plate. Allow binding to occur at room temperature for 3 h. For
increased sensitivity, this step can be extended to an overnight incubation at 4°C.

7. Dilute the biotinylated detection antibody in PBS/0.5% BSA/0.05% Tween-20
to a final concentration of 0.5–1.0 µg/mL.

8. Wash the ELISA plate four times, as in step 3. Add 100 µL of dilute detection
antibody to each well of the ELISA. Incubate at room temperature for 1 h.

9. Dilute Avidin/HRP 1�5000 in PBS/BSA/Tween. Wash the ELISA plate six times
as in step 3 and apply 100 µL to each well. Incubate room temperature for 30 min.

10. Wash plate at least eight times, as in step 3. Between washes prepare developing
solution by adding 1 mL of 0.75% TMB and 17 µL of 30% H2O2 to 50 mL of
citrate buffer. To each well, add 200 µL of developing solution. Place plate in
dark while developing. Allow plate to develop for 20–30 min before measuring
absorbance.

11. Measure the absorbance at 380 nm using a microplate reader. At this wavelength,
values for the highest concentration of standard should range from 2.0 to 1.5 OD.
If OD values are low, continue incubation and measure absorbance after 10 addi-
tional min.

12. The concentration of cytokines in a sample can be calculated from a standard
curve using a program such as Cricket Graph or Microsoft Excel. The linefit
function of these programs can be used to generate an exponential relationship
between OD and cytokine concentration.

3.7. Calculating Thymidine Incorporation

1. After harvesting cells on glass filters, transfer filters into a scintillation vial and
add 5 mL of scintillation fluid.

2. Record cpm from vial in a liquid scintillation counter calibrated for 3H energy.
3. Data from thymidine incorporation experiments can be recorded in cycles per

minute (cpm). Alternatively, data can be displayed as ∆cpm by subtracting the
cpm obtained from cells stimulated with media alone (see Notes 7 and 8).



DNA as an Adjuvant 309

4. Notes
1. Because of the interest in adjuvant properties of DNA and induction of Th1

responses, we have described methods for measuring IL-12, IFN-γ, and B-cell
mitogenesis. There are many other assays of immunostimulation, with the choice
dependent on the intended application for the DNA. Similar methods can be used
to measure Th2 cytokines, IL-4, and IL-10, as well as TNF-α. In this regard,
TNF-α can be induced by plasmids or oligonucleotides. Although TNF-α is a
mediator of septic shock induced by bacterial DNA (32), it is doubtful that this
activity poses any significant safety issues under conditions in which DNA vac-
cines or oligos would be utilized.

2. A wide variety of protocols exist for the purification of plasmid DNA. It is criti-
cal that DNA be free of contaminating endotoxin because the presence of this
material can confound interpretation of the activity of DNA vaccines or oligos. A
number of commercially available kits exist for the removal of endotoxin from
DNA. We have utilized the Qiagen endotoxin removal kit to obtain plasmid DNA
which is free of detectable levels of LPS. There are other approaches to address
the issues of endotoxin contamination. Cell-culture experiments can be performed
in the presence of polymyxin B, using a concentration shown to inhibit the mito-
genic effects of LPS. We have found that polymyxin B at concentrations as low
as 2 µg/mL can abrogate the effects of LPS in vitro with little effect on the immu-
nostimulatory effects of DNA. Investigators may consider the use of endotoxin-
resistant C3H/HeJ mice. Our experiments have shown that splenocytes from
C3H/HeJ mice respond to DNA similar to other strains.

3. For increased sensitivity with the LAL assay, the incubation step with the chro-
mogenic substrate can be extended to 30 min or more.

4. Although any preparation of purified DNA can be used for stimulation, we com-
monly use single-strand DNA (ssDNA), which has been subjected to heat dena-
turation. We have found that ssDNA recapitulates the activity of native DNA and
eliminates uncertainty in relative content of single- vs double-stranded regions.
Oligonucleotides used in these experiments are synthesized as single-stranded
species and do not require heat denaturation. At present there is little information
on the relative safety and efficacy of single- vs double-stranded DNA, although
their in vivo clearance may differ.

5. Nucleic acids that have been digested by DNase I can have apparent inhibitory
effects on proliferation assays because unlabeled nucleotides dilute the labeled
thymidine. As a result, the recorded ∆cpm can be negative and prevent detection
of contaminants. To address this issue, we recommend performing a phenol/
chloroform extraction of the digest, followed by precipitation in ethanol. This
step will efficiently remove nucleotides and DNase, but will preserve any undi-
gested DNA as well as contaminants which copurify with the DNA.

6. IL-12 exists in vivo as a 70 kDa dimer composed of 40 and 35 kDa subunits. The
p35 subunit is constitutively produced by many cells, whereas the p40 subunit is
expressed by macrophages upon stimulation (29). The reagents for the IL-12
ELISA presented here detect the p40 subunit. Commercially available reagents
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for the detection of p70 can be purchased. In our hands we have found a correla-
tion between p40 and p70 levels, although p40 levels are generally 5- to 10-fold
higher than those of p70.

7. The 3H-thymidine incorporation assay allows comparison of the mitogenicity of
plasmid DNAs. A potential complication arises when attempting to measure the
mitogenic ability of oligonucleotides. Mitogenicity of oligos with a high thymi-
dine content can be underestimated because thymidine resulting from breakdown
dilutes the radioactive thymidine pool (33). As an alternative approach to assess
mitogenesis we have used 3H-uridine (NEN, Boston, MA) as the radioactive
label. In this way, we have found activity in oligos which appeared inactive by
thymidine incorporation.

8. The use of control oligonucleotides allows comparison with a DNA known to
have prominent immunostimulatory properties. Using the culture conditions in
the methods section, the positive control oligo elicits response in the range of
100 U/mL IFN-γ, 5 ng/mL IL-12 (p40), or a ∆cpm of 20,000 when the concentra-
tion of DNA is 50 µg/mL. We have observed significant increases in these values
when conditions such as culture time and cell concentration are increased, but
these manipulations also lead to increased background readings to the assays.
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Transcutaneous Immunization
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1. Introduction
Transcutaneous immunization (TCI), the introduction of antigens using a

topical application to intact skin, is a new technology that has both practical
and immunological merits. Practically speaking, a needle-free method of
vaccine delivery will decrease the risk of needle-borne diseases, reduce the
complications related to physical skin penetration, improve access to vaccina-
tion by eliminating the need for trained personnel and sterile equipment, and
provide a simple means for multivalent or multiple boosting immunization.
The immunological implications of TCI are profound as this technique appears
to target highly accessible antigen presenting cells (APC) in the skin that can
be exploited for a variety of immune outcomes. It has been our experience that
TCI can be reliably and reproducibly conducted with a variety of antigens to
induce potent and functional immune responses. Thus, this new method may
significantly impact both the delivery of vaccines and open new possibilities
for manipulation of the immune response.

1.1. Background

Our experience with TCI began empirically with the observation that chol-
era toxin (CT) applied to the skin in a simple saline solution could induce sys-
temic anti-CT antibody responses. Although immunization using the skin is a
new and surprising insight, it is based on an amalgam of well-tested science.
Our working hypothesis is that TCI utilizes three established paradigms: (1)
CT is a potent adjuvant for induction of immune responses to coadministered
antigens; (2) the skin is replete with potent APCs, principally Langerhans cells;
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(3) the skin can be effectively penetrated using hydration. Each of these ele-
ments has been well described in investigations outside of TCI and thus exten-
sive background information can be applied to the experimental questions
surrounding TCI. Our hypothesis, that CT penetrates the skin through hydra-
tion and activates Langerhans cells, provides a useful guide for the design of
experiments using TCI and hopefully will be validated through further research
in TCI.

CT and the closely related heat labile enterotoxin from Escherichia coli have
been extensively studied as adjuvants, providing an enormous fund of knowl-
edge for the development of TCI (1,2). CT is an 86 kDa heterodimeric protein
secreted by the bacterium Vibrio cholerae which, when administered perorally
or intranasally, induces antibody responses against both itself and
coadministered proteins. The strength of the immune enhancement contributed
by the use of CT has established CT as the gold standard for mucosal adjuvants
(2,3). However, the perceived toxicity of CT and the LT have limited wide-
spread use of these proteins as vaccine components and adjuvants and has led
to mucosal strategies using nontoxic mutants (4,5) and purified B-subunits
(6,7). Our finding that application of CT to the skin induces robust immune
responses without the systemic toxicity that accompanies its use by the oral,
nasal, or parenteral routes suggests that TCI allows the safe use of native CT
with its unmatched potency as an adjuvant (8).

Langerhans cells (LCs) were identified in 1886, yet their function as APCs
has only been recently appreciated (9). They are found in the epidermis from
the suprabasal layer through the stratum granulosum, i.e., they are almost
directly under the stratum corneum. Their superficial location makes these
potent APCs attractive targets for vaccine delivery. LCs are thought to phago-
cytose antigen in the skin and, if activated, will migrate to the draining lymph
nodes where they present antigen to T cells. We have proposed that CT acti-
vates LCs, which leads to antigen presentation in the draining lymph node, that
leads to the induction of a systemic immune response (10). The remarkable
feature of TCI is that systemic immune responses are elicited without signs of
systemic or local skin redness or swelling, even in antigen-sensitized mice and
humans. The latter clinical observation is highly suggestive that LCs are
engaged in this method of immunization, as they are the only APCs in
uninflammed skin (11). Activated LCs can be visualized in split-epidermal
sheets from the murine ear after application of CT (see Subheading 3.), and
studies are underway to further define the role of LCs, their fate, and interac-
tions with T cells in the context of TCI.

The stratum corneum is the principal barrier to penetration through the skin.
It consists of nonliving keratinized cells and lipids. Although the skin has been
traditionally seen as an impervious barrier to the hostile world, the widespread
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presence of LCs attests to the imperfection of the stratum corneum barrier func-
tion, and hydration is one of the processes that can significantly alter this bar-
rier function. Skin hydration, such as that achieved by simple occlusion, alters
the barrier function of the stratum corneum and, in fact, is considered to be the
best form of skin penetration enhancement (12). The stratum corneum can
increase its water content up to 300%, and 75% of retained water in hydrated
skin is free water, which can assist in the passive diffusion of soluble mol-
ecules into the skin. It is thought that the free water allows for passive diffusion
of soluble vaccine antigens into the living epidermis and to the LCs. Most
readers of this chapter will have worn a Band-Aid™ and can attest to the visible
swelling and wetness of skin after removal of this semi-occlusive dressing and,
thus, can validate the obvious physical changes caused by hydration.

Skin thickness is a further limiting factor for penetration. The human stra-
tum corneum varies in thickness by anatomical site with a range in one study of
8.7–12.9 µm and 18–28 cell layers in subjects with healthy skin (13). Mouse
stratum corneum and epidermis is considerably thinner than human skin, but
has more lipid per dry weight of tissue. Obviously, highly keratinized areas
such as the palmar and volar surfaces of the hands and feet in humans and the
footpad and tail in mice have a far thicker stratum corneum and, not surpris-
ingly, contain more sparse populations of LCs (14–16).

Whereas transdermal drug delivery typically targets the vasculature in the
dermis, TCI is thought to find its target in the epidermal LCs. This may account
for the effectiveness of TCI in that only the most superficial layer of the skin,
the stratum corneum, needs to be penetrated by antigens to encounter APCs,
which then carry out the actual delivery of the vaccine antigens to the lymph
nodes. This may explain why large molecules such as CT (86 kDa), and even
larger molecules such as diphtheria toxoid and tetanus toxoid so readily traverse
the skin. These vaccine antigens induce profound immune responses despite
the maxims of skin penetration that would limit the molecular size of mol-
ecules that can be effectively used for transdermal application to far smaller
molecules in the range of 0.5–1 kDa (17). Although the role of skin hydration
in penetration is well described, the mechanism by which hydration contrib-
utes to skin penetration is not well characterized. Thus, the goal of our current
immunization protocol is to hydrate the skin as a prelude to penetration of
vaccine antigens and adjuvants for the induction of immune responses.

1.2. Immune Responses to TCI

CT and other related ADP-ribosylating exotoxins such as heat-labile entero-
toxin from E. coli (LT) are in themselves strong immunogens when given by
routes other than TCI. In our early experiments, we noted that high levels of
anti-CT antibodies could be rapidly induced after one application of CT to the
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skin and that these antibodies could be increased in subsequent boosting
immunizations (Fig. 1A). We have also found that the use of CT as an adjuvant
on the skin results in classic priming and secondary antibody responses to
coadministered antigens when boosting is conducted using CT as an adjuvant
(Fig. 1B) (18). Thus, high levels of antibodies to vaccine antigens can be
induced, similar to those induced by priming and boosting using intramuscular
(im) immunization with alum. In addition, IgG antibodies to coadministered
vaccine antigens can be readily detected in the stool and lung washes in mice
immunized using TCI (Fig. 2A). Anti-CT IgG and IgA can also be detected in
mucosal compartments, as well in the serum (Fig. 2B, C). The serum anti-CT
antibodies confirm the proper delivery of the vaccine solution on the skin when
CT is used as adjuvant as successful immunization will always produce anti-
CT antibodies.

No obvious interference between the immune responses to the adjuvant and
the antibody response to coadministered antigen have been observed. The
serum antibody response to CT when administered as an adjuvant with
coadministered antigens is not diminished compared to the response to CT
alone. More importantly, the antibody response to antigens such as DT and
BSA can be boosted using CT as an adjuvant despite the presence of high
levels of CT antibodies (Fig. 2). Reimmunization with a second coadministered
antigen in mice previously immunized using CT as an adjuvant has also been

Fig. 1. Kinetics of the serum IgG antibody response to CT (A), DT (B), or BSA (C)
in animals immunized (0 wk) and boosted (4 and 8 wk) by the transcutaneous route
with CT (100 µg), DT (100 µg) ± CT, or BSA (200 µg) ± CT. Antibodies were mea-
sured by enzyme-linked immunosorbent assay (ELISA) at multiple time points. The
results are reported as the mean ± SEM in ELISA units, the inverse dilution at which
the absorbency at 405 nm is equal to 1.0. Similar results were observed in two inde-
pendent experiments. Anti-CT antibody titers in CT + DT and CT+BSA groups were
not different from the CT alone group.
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Fig. 2. Antibody responses to CT and DT at the mucosa in TCI mice. Animals were
immunized with CT (100 µg), DT (100 µg), or CT and DT (CT/DT) at 0, 8, and 18 wk.
Thirty weeks later, stool and lung wash extracts were collected and analyzed for anti-CT
IgG (A), anti-DT IgG (B), or anti-CT IgA (C). Antibodies were measured by ELISA and
reported as the OD405 nm at the following dilutions: lung anti-CT IgG 1 to 320, stool anti-
CT IgG 1 to 8, lung anti-DT IgG 1 to 10, stool anti-DT IgG 1 to 4, lung anti-CT IgA 1 to 10,
stool anti-CT IgA 1 to 4. Values shown are the mean ± SEM for groups of five mice.
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shown, without diminution of the antibody responses (Fig. 3). Thus, we found
that TCI results in classic secondary responses to boosting and that CT can be
repeatedly used as an adjuvant on the skin.

The antibodies generated by TCI are functional in vitro and can protect
against lethal mucosal cholera toxin challenge (19) and systemic challenge with
tetanus toxin (18). In the first challenge study, mice immunized a single time
with CT transcutaneously developed high levels of serum and mucosal anti-CT
antibodies. They were then challenged intranasally with doses of CT, which
could induce a fatal pulmonary hemmorrhagic pneumonia. Eighty percent of
singly immunized mice vs 11% of control mice, survived the challenge and,
100% of mice immunized twice were protected. These data suggest that TCI
can be used for protection against toxin-mediated diseases such as diphtheria,
pertussis, or enteric diseases such as cholera and entertoxogenic E. coli. In
another study, mice were immunized with CT and a papain derivative of teta-
nus toxin, fragment C from tetanus toxin (tetC) that has been shown to be a
protective antigen against tetanus toxin challenge in other vaccine models (20).
Mice immunized with tetC plus CT produced anti-tetC and antitetanus toxoid
antibodies and were fully protected against tetanus toxin challenge.

The aforementioned models were selected to evaluate whether TCI could
produce a protective immune response against a vaccine preventable disease or
mucosal toxin-mediated disease. The correlate for systemic protection against
tetanus is known to be serum antitoxin IgG (21). Both functional antigen-

Fig. 3. Reimmunization of mice with preexisting high titer CT responses. Mice
were immunized transcutaneously at 0, 4, and 8 wk with CT (100 µg) and DT (100 µg),
and then exposed to CT (100 µg) and BSA (200 µg) 13 and 17 wk after the first
immunization. Serum was analyzed from animals at 0, 13, and 20 wk. The results are
reported for individual mice (white bars) and the geometric mean thereof (black bars)
for each group.
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specific IgG against tetanus and IgG against CT induced via TCI have been
shown to be protective (18,19). Although the correlates for protection from
other vaccine preventable diseases, such as diphtheria and Haemophilus influ-
enza B, are also known to be serum antigen-specific IgG (11,22), the presence
of mucosal IgG induced by TCI (Fig. 2) may enhance protection and thus
improve vaccine efficiency against pathogens with mucosal entry points or in
which mucosal pathology plays a central role.

The doses of antigen and adjuvant used in our studies have been determined
empirically. Initial studies using CT as an immunogen indicated that 100 µg of
antigen was sufficient to induce high levels of serum antibodies (19). There is
a dose–response relationship for CT and the humoral response. Varying doses
of CT (1–300 µg) in a fixed volume of a saline solution (i.e., different concen-
trations) applied to the skin indicate that there is a plateau at 0.5–1 mg/mL.
Mice that were immunized with less than 0.5–1 mg/mL respond less uniformly.
Nonetheless, a clearly detectable response has been observed in doses as low
as 3 µg. Similarly, LT antigen-specific antibody titers were induced in a dose-
dependent manner and 10 µg in 100 µL (0.1 µg/µL) was clearly immunogenic.
These data suggest that lower doses of CT or other adjuvants may be effective
for TCI and further studies are needed to determine the optimal adjuvant doses.

TCI is a new technique and little specific information has been published.
There have been reports of the use of a mixture of phospholipids and bile salts
(24) to immunize using topical application, as well as live adenoviruses carry-
ing foreign genes after disrupting the stratum corneum with potasium hydrox-
ide (NAIR™) (25). In the latter case, immune responses were demonstrated
using Western blot, but quantitative and qualitative data have not been shown
and adjuvants were not used. We have found that simple application of pro-
teins themselves on intact hydrated skin (controls in our experiments) will
result in occasional modest immune responses. However, such responses can-
not be construed as useful unless they are of sufficient magnitude and quality
to result in protection. To make skin immune responses useful, for example, in
the form of serum IgG against tetanus toxin, the TCI response requires the use
of an adjuvant active on the skin.

Although human skin immune responses have been described for many
decades, they have been associated with skin pathology and/or serum IgE and
not the systemic IgG responses to TCI that can confer protection against vac-
cine preventable disease. Experimentally, pathologic skin immune responses
and antigen-specific serum IgE have been induced by prolonged application of
very large doses of OVA on mouse skin, under occlusion for extended periods
of time (26). Antigen-specific IgE has not been observed in the context of TCI (19).

At this stage, it appears that adjuvants are crucial to inducing sufficiently
potent and functional immune responses on the skin. The use of adjuvants have
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recast the fields of vaccine research for injectable, oral, and nasal immuniza-
tion. We believe that adjuvants, such as CT and LT and other adjuvants, and
delivery techniques that can target LCs may revolutionize the future delivery
of vaccines. It is to this end that we have provided our most current informa-
tion on TCI to encourage other researchers to further this concept.

2. Materials
1. CT, Pseudomonas exotoxin A, diphtheria toxoid (DT), tetanus fragment “C”

(tetC), and tetanus toxoid were obtained from List Biologicals (Campbell, CA).
2. Bovine serum albumin (BSA), heat labile toxin from E. coli (LT), and sterile

water were obtained from Sigma (St. Louis, MO).
3. Clippers and blades were obtained from Wahl Clipper Corp. (Sterling, IL).
4. Ketamine, xylazine, and artificial tears were obtained from Phoenix Pharmaceu-

ticals (St. Joseph, MO).

3. Methods
3.1. TCI on the Back (see Note 1)

1. Shave mice 2 d prior to immunizing. Using clippers with a No. 40 blade, gently
shave a 2-cm-wide area on the back from approximately 1.0 cm above the base of
the tail to the distal aspect of the scapula. Care should be taken not to injure the
skin and any visibly nicked mice should not be used (see Note 2).

2. Just prior to immunizing, anesthetize the mice with a cocktail of ketamine
(64 mg/mL) and xylazine (6.4 mg/mL) intramuscularly or intraperitoneally to
give a final dose of 110 mg/kg ketamine and 11 mg/kg xylazine. Return mice to
cage until anesthesia takes effect (3–5 min) and mice are no longer mobile (see
Note 3).

3. Coat eyes with artificial tears to prevent drying.
4. Place mice on a clean surface such as a diaper with a heating pad underneath to

control temperature (see Note 4).
5. Prepare the skin for immunization by saturating a clean gauze pad with sterile

water and gently rubbing an approximately 4-cm2 area on the dorsum until the
skin becomes moist (5–10 passes). Alternatively, this technique may be preceeded
by the same procedure using isopropanol to remove lipids at the site and fol-
lowed by hydration (27). Allow approximately 0.5 mL of water to remain on the
skin for 5 min (see Note 5).

6. Blot excess water with a clean gauze pad before immunizing.
7. Immunize mice by applying 25–100 µL of the antigen solution to the prepared

skin using a pipetor. Spread the solution over the prepared area using the rounded
barrel of the pipet tip, rather than the end to avoid scratching the skin surface. Do
not scrape the skin with the end of the tip (see Note 6).

8. It may be desirable to rewet the skin at 30–45 min (when immunizing solution
appears mostly absorbed) with a volume of sterile water equal to that of the
immunizing solution used (see Note 7).
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9. Allow antigen to remain on the skin a total of up to 2 h (Note: the minimum time
for optimal immunization may be as little as 15 min).

10. Blot excess antigen solution with a clean gauze pad.
11. Rinse the back of the mice under a lukewarm stream of tap water. Blot dry with a

clean gauze pad. Repeat rinse and blot. The rinse should be collected in a basin
for proper disposal by local regulations (see Note 8).

12. Return mice to their cage with a heating pad underneath and cover the mice with
bedding to warm the animals. Ensure that all mice are ambulatory before return-
ing to the housing room.

3.2. TCI on the Ear (see Note 9)

1. Anesthetize the mice as in the TCI on the back (procedure above).
2. Lay mice on their backs with the head slightly tilted toward the ear to be immu-

nized so that the ventral surface of this ear presents a relatively flat surface on
which to apply the antigen solution.

3. Wet the ventral surface of the ear by pipeting 25 µL of sterile water to the center
of the surface.

4. Saturate a cotton-tipped applicator with sterile water and gently spread the water
over the ventral surface, being careful not to spread the water to the edge of the
ear or into the ear canal.

5. Allow the water to remain on the ear for 5 min, then blot dry with a clean applicator.
6. Apply antigen solution to the prewetted area using a pipetor. Do not scrape the

skin with the tip. A volume of 25–50 µL is recommended for the ears.
7. Allow antigen solution to remain on the ear 1–2 h until mostly absorbed.
8. Blot excess antigen solution with a clean applicator.
9. Rinse and blot the ears twice, as in TCI, on the back.

10. Post immunization care is the same as for TCI on the back.

4. Notes

1. We have successfully immunized mice (Balb/C, C57Bl/c, Swiss Webster, and
C3H), guinea pigs, rabbits [New Zealand White (NZW)], sheep, and pigs (28).
The detailed procedure addresses the immunization of mice on which the major-
ity of our work has been conducted. Guinea pigs present particular problems in
that their hair is coarse and grows rapidly. Thus, shaving guinea pigs should be
done immediately before immunization, being careful to avoid nicking. Swab
with isopropanol to remove lipids.

2. In our experience, the best way to shave mice is to hold the mouse by the
tail allowing the mouse to grab a wire mesh with its front feet only so that
the mouse is at approximately a 45° angle. The clippers are then held perpen-
dicular to the back and passed over the back from approximately 1.0 cm above
the tail to the scapula several times. Balb/c mice can easily be shaved in this
manner, but more aggressive mice such as C57Bl/6 should be lightly anesthe-
tized to avoid nicking.
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3. A dose of 110 mg/kg ketamine and 11 mg/kg xylazine will typically yield 1–2 h
anesthesia. If mice begin to wake too early (e.g., before 1 h and 45 min after
application of antigen) they can be safely reanesthetized with another one-quarter
to one-half dose.

4. During anesthesia, the mice may become cold. We typically do not warm them
until the end of the procedure because this may cause them to wake early, how-
ever, it may be necessary to warm them sooner.

5. We have also used other means to prepare the skin for immunization, such as
rubbing with a 70% isopropyl alcohol pad, rubbing with an alcohol pad followed
by hydration, or hydration followed by an alcohol rub. These techniques are
believed to enhance antigen penetration.

6. We typically immunize with an antigen concentration of 0.5–2.0 mg/mL (CT and
admixed antigen) corresponding to a dose of 10–100 µg each of adjuvant and
antigen. We believe that a dose given at a high concentration and low volume is
likely more effective than the same dose delivered at a low concentration. We
have typically administered antigen dissolved in PBS, but have also had success
with gels and emulsions.

7. The time and necessity of rewetting will depend on the volume of antigen used,
the ambient humidity and on the method used to prepare the skin. Large antigen
volumes may not require rewetting. Skin prepared with an alcohol rub will
require rewetting early (e.g., before 30 min).

8. When rinsing mice, they should be held in such a way that the rinsate comes
into contact as little as possible with areas other than the skin used for immuni-
zation. The rinsate should not contact mucosal sites such as the face, anus, or
genitalia.

9. Immunizing on the ear affords a good method for studying the role of LCs
because epithelial cell suspensions and epithelial sheets are easily prepared from
ears. See refs. 3 and 12 for a description of procedures.
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Mutant Heat-Labile Enterotoxins
As Adjuvants for CTL Induction
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1. Introduction
Heat-labile enterotoxin (LT) from Escherichia coli and Cholera toxin (CT)

from Vibro cholerae are known to be potent mucosal immunogens. These tox-
ins have 80% sequence homology and a similar tertiary structure (1–4), and
both elicit potent serum IgG and mucosal IgA responses (5,6). Moreover, both
also serve as excellent adjuvants for coadministered antigens. However, they
are toxic in their native state and both produce accumulation of intestinal fluid
and watery diarrhea (7). LT is the cause of traveler’s diarrhea, whereas CT
causes cholera. In order to make use of the adjuvanticity of these molecules but
reduce their toxicity, several mutants have been generated by site-directed
mutagenesis. Of these, there are two mutants of the enzymatic A subunit,
LTK63 and LTR72, that maintain a high level of immunogenicity and have
significant potential as adjuvants. This chapter will focus on the use of LTK63
and LTR72 as intramuscular and intranasal adjuvants for the induction of cyto-
toxic T lymphocytes (CTL) activity against coadministered protein immunogens.

LT and CT belong to the family of adenosine 5′-diphosphate (ADP)-
ribosylating bacterial toxins. The toxins in this family have an A-B structure.
The A subunit is enzymatically active, binds nicotinamide adenine dinucle-
otide (NAD) and transfers the ADP ribose group to a guanosine 5′-triphosphate
(GTP)-binding protein, which regulates the activity of adenylate cyclase and
increases intracellular accumulation of cyclic adenosine monophosphate
(cAMP). Accumulation of cAMP is thought to be responsible for the toxicity
of both LT and CT. The pentameric B subunit of LT and CT binds the A sub-
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unit to cell membrane surface receptors by its receptor-binding site, through
interaction mainly with GM1 (1,8,9). In addition, the B subunit allows the
transfer of the A subunit to the cytoplasm of the cell. The challenge in develop-
ing safe mutants has been to modify them to make them sufficiently nontoxic,
while maintaining the molecule’s capacity to act as an adjuvant (10).

The mechanism of the adjuvant activity of these LT and CT remains poorly
defined. Some have reported that it is based on enzymatic activity (11). How-
ever, others have reported adjuvant effects with mutants that lack ADP-
ribosyltransferase activity (6,12). There is evidence that ADP-ribosylation is
at least a contributor to adjuvanticity. In a preliminary study, LTK63 has been
shown to be a potent mucosal adjuvant for inducing CTL with a coadministered
peptide immunogen (13). LTR72, which maintains a small amount of enzy-
matic activity, has shown improved mucosal adjuvanticity for antibody induc-
tion compared to LTK63, which lacks enzymatic activity (6).

The mutants LTK63 and LTR72 were generated by site-directed mutagen-
esis. LTK63 is the result of a substitution of serine 63 in the A subunit with a
lysine which renders it enzymatically inactive (14–17). LTR72 is derived from
a substitution of alanine 72 with an arginine in the A subunit and has about 0.6% of
the enzymatic activity of wild-type LT. In addition, LTR72 is 100,000-fold
less toxic than wild-type LT in Y1 cells in vitro and 25–100 times less toxic
than wild-type LT in rabbit ileal loops. LTR72 has also been reported to have
superior mucosal adjuvanticity to LTK63 by measurement of antibody and
antigen-specific T-lymphocyte priming (18). LT mutants have been described
previously as adjuvants for the induction of antibodies through both the oral
and nasal routes of immunization (18).

In this chapter, the ability of LT mutants to induce CTL in combination with
yeast-derived human immunodeficiency virus (HIV) p55 and p24 gag will be
discussed. The procedure for assaying CTL activity in immunized mice will be
provided. In this procedure, mice are immunized according to a standard sched-
ule and splenocytes are harvested and prepared for stimulation. The splenocytes
are restimulated and assayed by 51chromium release to determine the ability of
the vaccine of interest to elicit a p55 gag-specific CTL response.

2. Materials
2.1. Stimulation of Splenocytes

1. Screens and syringe plungers (5 mL) for disrupting spleens.
2. Sterile surgical instruments for removal of spleens.
3. Splenocyte culture medium: RPMI-1640 (with 100 mM L-glutamine)/α-Mem

(Minimum Essential Medium Alpha Medium with L-glutamine, deoxyribo-
nucleosides or ribonucleosides) (1�1) supplemented with 10% heat-inactivated fetal
calf serum (inactivated in a 56°C water bath for 30 min), 100 U/mL penicillin,
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100 µg/mL streptomycin, 10 µl/L of 100 mM sodium pyruvate and 50 µM
2-mercaptoethanol. Sterile filtered (0.2 µm).

4. Interleukin 2 (IL-2). (T-stim culture supplement Rat without Con A. Cat. # 40116,
Collaborative Biomedical Products). Add IL-2 after sterile filtration. Do not fil-
ter IL-2 media.

5. Peptide for stimulation of splenocytes and target: p7g is an H-2Kd restricted
HIV-1SF2p24gag CTL epitope and is a synthetic 9 mer peptide: (aa, 199-
AMQMLKETI-207) (21). pGagb is an H-2Db-restricted HIV-1SF2 p55gag CTL
epitope and is a synthetic 9 mer peptide: (aa, 390-SQVTNPANI-398) (19,20).

6. 24-well plates.

2.2. Chromium Release Assay
1. Acetic acid (2%)
2. Trypan blue (0.4% solution).
3. DMEM high glucose (Dulbecco’s modified Eagle’s medium) with 4.5 g/L of

glucose, supplemented with 1% sodium pyruvate and 10% heat-inactivated fetal
calf serum. Sterile filtered.

4. Cell-lifting media for adherent targets (0.25% STV). For 1 L of 0.25% STV:
Potassium chloride (0.4 g), sodium chloride (8 g), glucose (1 g), sodium bicar-
bonate (0.58 g), trypsin (2.5 g), ethylenediamine tetraacetic acid (EDTA) (0.2 g)
phenol red (0.004 g), hydrochloric acid, 6 N as required, sterile H2O up to 1 L.
Add each chemical to the solution in the order listed, stir each component except
for trypsin one at a time for at least 10 min. Stir trypsin for at least 30 min. Keep
solution covered after adding phenol. Adjust pH to 7.05 ± 0.05 using HCl 6 N.
Sterile filter (0.22 µm). Store at 4°C, expires in 6 mo.

5. Triton lytic mix. For 1 L of triton lytic mix: Triton, 10% (in 0.01 M Tris-HCl, pH
8.0) (10 mL), 1 M Tris-HCl, pH 8.0 (50 mL), 0.25 M EDTA, pH 8.0 (250 mL),
sterile H2O up to 1 L. Store at 2–30°C. Expires in 1 yr.

6. 51Cr (Sodium Chromate (Na2CrO4) in normal saline at 1.00 mCi/mL). 51Cr used
has an approximate specific activity of 543 mCi/mg. Ordered from NEN Life
Science Products, Inc., Boston, MA.

7. 96-well plates (u or v-bottom).

3. Methods
3.1. Immunization of Mice

Follow all institutional guidelines for working with mice.

3.1.1. Intraperitoneal (ip) for Vaccinia Immunization
(Positive Control Group in Assays)

1. Fill syringe with injectate and remove bubbles.
2. Manually restrain animal by exposing abdomen and pointing the head downward.
3. Insert needle into lower left or right quadrant of abdomen (avoid abdominal

midline).
4. Inject with moderate pressure and speed.
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5. Vaccinia virus is administered at 100–200 µL per animal and 1 × 107 plaque
forming units (pfu) per injection. The virus used in these experiments is a recom-
binant vaccinia virus vector that expresses p55 gag and pol proteins derived from
HIV-1SF2 (vv gag-pol) (19,21).

3.1.2. Intramuscular (im)

1. Fill syringe with injectate and remove bubbles.
2. Manually restrain the animal.
3. Insert the needle into heavy musculature of the quadriceps or posterior thigh

(<23 guage needle and ≤ 0.05 mL per site). The same muscle should be used for
all immunizations.

4. Aspirate briefly and ensure correct placement of needle (i.e., to prevent intrave-
nous or intra-arterial injection).

5. Inject with moderate pressure and speed to prevent tissue damage.

3.1.3. Intranasal (in)

1. Manually restrain the nonanesthetized animal in an upright position so that the
nose is pointed upwards.

2. Drop the vaccine into the nose slowly and dropwise with a pipet tip. Allow each
drop to disperse before proceeding to the next drop.

3.1.4. Immunization Schedule

1. 18–22 g mice are purchased (CB6F1 in this experiment from Charles River
Breeding Laboratories).

2. Animals are quarantined for 1 wk.
3. Animals are vaccinated at day 0, 7, and 14 (except for mice immunized with

vaccinia virus, which are immunized only once at d 0).
4. Spleens are harvested on d 28.
5. Spleens may be used individually or as pools in restimulation cultures. We gen-

erally use five spleens as a pool because this was determined to be the minimum
for statistically significant results. The number of splenocytes harvested from a
single spleen vary widely, but 8 × 107 to 1.2 × 108 cells may be expected.

3.2. Preparation of Mouse Spleens for Bulk Culture Stimulation

1. Spleens are placed in the top of a 100-mm dish in 5 mL of splenocyte culture
media.

2. A screen is placed into the bottom of the 100-mm dish with sterile forceps and
10 mL of mouse media are added to the dish.

3. Spleens are transferred onto the screen to be dispersed (see Note 1).
4. After the spleens from a group have been mashed, the cells are pipeted through

the screen to break up any large clumps.
5. The cell mix is pipeted into a 15-mL tube and the clumps are allowed to settle by

gravity for about 2 min.
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6. The cell suspension above the clumps is removed and transferred to another
15-mL tube (usually 8 mL or less is taken).

7. Before these samples are spun down (at 300g), a 50-µL sample is taken and added
to 50 µL of trypan blue in a counting tube. Next, 400 µL of 2% acetic acid is
added to the tube to lyse red blood cells. The cells surviving treatment with acetic
acid are nucleated splenocytes and will appear clear (see Note 2).

8. The cells are then resuspended in a volume that will yield 3 × 107 cells/mL.
9. In order to set up the responder cells, 3 × 107 cells will be taken (1 mL and 5 × 106

cells per well) and added to 5 mL of mouse media in a 15-mL tube. Next, 1 mL
will be dispensed in each of 6 wells of a 24-well plate. Note that 12 wells may be
set up to allow for a second experiment if desired (or necessary!) by simply dou-
bling the number of cells used here and in the pulse step. This plate may then be
incubated at 37°C, 7% CO2 until the antigen-presenting cells (APC) are ready.

10. To prepare the APC to be pulsed, 1 × 106 cells per well to be stimulated are taken
and added to 2 mL of media (to facilitate centrifugation) in a 15-mL tube.

11. The cells are centrifuged for 8 min at 300g, the media is poured off and the cells
are resuspended in 1 mL of media containing the epitopic peptides at 10 µM to
sensitize the cells. The cells are incubated for 1 h at 37°C (with intermittent shaking).

12. The cells are then washed three times and added to the responder cells prepared
in step 10 at 1 × 106 cells/mL in media containing Rat T-Stim IL-2 at 10%. This
will give a final IL-2 concentration of 5%.

13. The cultures are then incubated at 37°C for 6–7 d.

3.3. Chromium Release Assay

1. Target cells are prepared before the chromium release assay. Several flasks of
cells should be grown to near confluence in preparation for assay day.

2. Target cells are lifted with 0.25% STV and are counted and washed. Cells are
resuspended at 2.5 × 106 cells/mL and 0.5 mL are aliquoted into tubes for each
target. The tubes are then centrifuged and the media is removed by aspiration.

3. 10 µL of peptide at 1 µM concentration and 50–100 µCi of 51Cr is added to the
target cells and the cells are then incubated for 1.5 h at 37°C with agitation every
30 min.

4. When the target cells are being incubated, the effector cells are prepared. The
cells are recovered from the 24-well plates, counted, washed, and resuspended at
3 × 106 cells/mL. This is in anticipation of an initial E�T ratio of 60�1. However,
initial E�T ratios may range from 50 to 100�1. The cells are then plated in dupli-
cate wells and are serially diluted 1�3 to achieve E�T ratios of 60�1, 20�1, and
6.7�1.

5. Target cells are washed three times and resuspended at a concentration of 5 × 104

cells/mL. The cells are then added to the effector cells in 100 µL. Cells (100 µL)
are also dispensed into wells containing 100 µL of media alone for spontaneous
release or an empty well to which 100 µL of triton lytic solution will subse-
quently be added to give the total release. Duplicate wells are typically used.
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6. The plates are incubated for 4 h (37°C, 7% CO2) and then a sample of the super-
natant is taken to measure the 51Cr released as described (22).

3.4. Conclusions

In conclusion, we have demonstrated that LT mutants are capable of induc-
ing potent CTL responses following coadministration with p55 or p24 gag pro-
teins by both the im and in routes. In contrast, alternative adjuvants were not
effective for CTL induction to p24 by the in route. In addition, although the
data is not presented here, we have also seen strong CTL responses to LT
mutants and p55 gag protein administered orally.

Table 1
Intramuscular Immunization With p55 Gag
and LTK63 and LTR72

E�T SV/B MC57
Antigen adjuvant ratio p7g p7g

p55 gag (25µg) 60�1 49 3
LTK63 (10µg) 15�1 19 4

14�1 18 1
p55 gag (25µg) 60�1 44 3

LTR72 (10µg) 15�1 20 3
14�1 19 4

p55 gag (25µg) 60�1 17 4
15�1 17 4
14�1 15 2

Vv gag-pol 60�1 59 2
15�1 27 0
14�1 11 0

p55 gag protein alone (the negative control) was compared to formulations
including the adjuvants LTK63 and LTR72. All vaccinations were intramuscular
(im). The negative control is unadjuvanted protein administered at a dosage equiva-
lent to that of the adjuvanted vaccines in the experiment. There is a weak cytotoxic
response indicated by the SV/B-p7g targets which is higher than the irrelevant cell/
peptide pair. This weak specificity for protein alone is a typical result and gives a
benchmark with which to compare the adjuvanted protein. Vaccination with
vv-gag-pol typically results in a very strong cytotoxic response and therefore, is
used as the positive control to judge the quality of the assay (because the % release
is expected to fall in a certain range in a successful 51Cr-release assay) and as a
benchmark for a very strong cytotoxic response. Typical values range from 50–80%
lysis and may be less or more in some circumstances. A value below 40% may call
the experiment into question or suggest the need for a repeat. Formulations of
p55 gag protein (25 µg) with 10 µg of either LTK63 or LTR72 induced potent,
titratable cytotoxic T-cell responses.
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4. Notes
1. Some hairs from the dissection step may be visible in the media and should be

separated from the spleens before they are transferred. The plunger from a 5-cc
syringe is used to force the spleens contents through the screen until only the
white connective tissue remains on the upper side of the screen.

2. If a hemocytometer with a 0.1 µL/small box capacity is used, the total number of
cells is arrived at by dividing the number of cells counted by the number of
squares counted and multiplying by 1 × 105 (1 × 104 for hemocytometer and 10
for sample dilution). This value is then multiplied by the volume of cells in the
sample. Thus if a sample was taken from 8 mL and 375 cells were counted in
1 box: 375 × 1 × 105 × 8 = 3.0 × 108 total cells.

3. CTL experiments involving HIV-1 p55gag are set up with a positive control
(vv gag-pol), a negative control (protein alone), and the formulations of interest.
The target cells are SV/Balb (H-2d) derived from the Balb/c mouse line and MC57
(H-2b) derived from the C57BL/6 mouse line. Mice used for immunization were
CB6F1 (H-2bxd) which are an F1 cross between Balb/c and C57BL/6 mice. The
peptides used are p7g and pgagb described in Subheading 2.

Table 2
Intranasal Immunization With p55gag and LTK63 and LTR72

E�T SV/B MC57
Antigen adjuvant ratio p7g p7g

p55 gag (25µg) 60�1 43 15
LTK63 (10µg) 15�1 14 12

14�1 15 10
p55 gag (25µg) 60�1 31 12

LTR72 (1µg) 15�1 14 17
14�1 16 14

p55 gag (25µg) 60�1 21 16
15�1 8 17
14�1 4 13

Vv gag-pol 60�1 69 13
15�1 41 13
14�1 14 11

p55 gag protein alone (the negative control) was compared to formulations
including the adjuvants LTK63 and LTR72 by the intranasal route. Specific 51Cr
releases are significantly higher for both adjuvant formulations than for protein alone
at the highest E:T ratio. In this experiment, there were higher levels of nonspecific
background in the p55 gag alone and the LTR72 group than in the im experiment.
Vv gag-pol is used as a positive control and was administered by the ip route.
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4. The percent specific lysis shown in Tables 1, 2, and 3 was calculated using the
formula:

(avg. cpm released – avg. spontaneous release) × 100
% specific release  =  ——————————————————————

(avg. total release – avg. spontaneous release)

5. The specific response is shown in the SV/p7g cell/peptide combination, with
MC57/p7g being a cell line pulsed with an irrelevant peptide. Percent spontane-
ous release values indicate the amount of 51Cr that is in the supernatant of the
targets alone wells divided by the amount of 51Cr in the supernatant of the total
release wells. Values are typically under 20%, a value higher than this is indica-
tive of a problem with the target cells or the assay. (Value not shown in tables.)

Table 3
Intranasal Immunization With p24 gag
and a Range of Adjuvants, Including LTK63

E�T SV/B MC57
Antigen adjuvant ratio p7g p7g

PLG/p24 gag 60�1 11 <1
entrapped (25mg) 12�1 14 <1

2.4�1 15 <1
p24 gag ISCOM 60�1 18 2

(25µg) 12�1 16 <1
2.4�1 17 1

p24 gag (25µg) 60�1 15 <1
Matrix (6µg) 12�1 15 2

2.4�1 14 1
p24 gag (25µg) 60�1 70 <1

LTK63 (10µg) 12�1 39 <1
2.4�1 13 <1

p24 gag protein 60�1 10 1
(25µg) 12�1 <1 <1

2.4�1 13 1
Vv gag-pol 60�1 64 <1

12�1 27 <1
2.4�1 12 1

p24 gag protein alone was compared to immunization by the intranasal route
with a range of potent adjuvants. This study demonstrated the ability of LTK63 to
induce CTL in contrast to alternative adjuvants by this route. Although the other
adjuvants have been shown to induce CTL by the intramuscular route of immuniza-
tion (data not shown), LTK63 is able to induce CTL by both routes. All of the
formulations in this experiment include 25 µg of p24 protein. The preparation of
microparticles is described in Chapter 5, while the preparation of ISCOMS® and
Iscomatrix is described in Chapter 14.
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