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Although the currently available vaccines represent an outstanding success story in modern medicine
and have had a dramatic effect on morbidity and mortality worldwide, it is clear that improvements are
required in the current vaccine delivery technologies. Improvements are required to enable the suc-
cessful development of vaccines against infectious diseases that have so far proven difficult to control
with conventional approaches. Improvements may include the addition of novel injectable adjuvants or
the use of novel routes of delivery, including mucosal immunization. Mucosal delivery may be required
to provide protection against pathogens that infect at mucosal sites, including sexually transmitted
diseases. Alternatively, novel approaches to delivery, including mucosal administration, may be used to
improve compliance for existing vaccines. Of particular interest for safer mass immunization campaigns
are needle-free delivery devices, which would avoid problems due to needle re-use in many parts of the
world and would avoid needle-stick injuries.

KEY WORDS: adjuvants; emulsions; mucosal delivery; microparticles; needle-free immunization;vac-
cine delivery.

“An ounce of prevention is worth a pound of cure.”
—Benjamin Franklin

INTRODUCTION: VACCINES REPRESENT AN
OUTSTANDING SUCCESS STORY IN
MODERN MEDICINE

The introduction of vaccines into medical practice at the
beginning of the past century has had an extraordinary impact
on human health and welfare and represents an unparalleled
success story in modern medicine. Vaccines are considered to
be the safest and most effective medical intervention cur-
rently available. In conjunction with the introduction of an-
tibiotics and modern hygiene practices, vaccines have contrib-
uted enormously to a steady decline in the mortality and mor-
bidity caused by infectious diseases (Table I). Each year, the
currently available vaccines prevent up to 3 million deaths
and >750,000 children are protected from serious disability.
Nevertheless, the issue of vaccine safety has been with us
since vaccines were first introduced and is an issue that is here
to stay (1). Although vaccines have been used safely for many
decades, there has been a relatively recent shift in the public
perception of their safety. Paradoxically, the heightened con-
cerns about vaccine safety are largely a consequence of their
success. Due to the success of vaccination policy, the level of
vaccine-preventable disease in many Western societies is now
very low. As a consequence, some parents now claim that
their children no longer need to be vaccinated. However, this
approach ignores societal responsibilities and fails to appre-
ciate the crucial role of “herd immunity,” which prevents the

free circulation of pathogens and protects those most suscep-
tible to serious disease following infection. In addition, a de-
cision not to vaccinate exposes the individual child to a much
higher risk for infection if organisms begin to recirculate in
the community.

While a claim of complete safety is impossible for any
medical intervention, with almost 100 years of data and bil-
lions of doses, vaccines have an exemplary safety profile.
However, since vaccines are administered to millions of in-
fants annually, it is clear that the level of scrutiny of vaccines
will continue to be intense. Therefore, the safety hurdles ap-
plied to new vaccines and delivery approaches will be high,
with rigorous evaluations the correct and established practice.
Any new delivery technology will need to prove beyond rea-
sonable doubt that vaccine potency is not impaired in com-
parison to the established vaccine. While this might be achiev-
able when the correlates of protection for the vaccine are well
established, this is not always the case. In addition, the size of
the patient population in which non-inferiority needs to be
proven may be large and may require a range of individuals
from diverse ethnic backgrounds.

THE NEED FOR NEW AND IMPROVED VACCINES

Despite the success of vaccines, there is a clear need for
the development of new vaccines against infectious diseases
for which none are yet available, or are inadequate, including
HIV, HCV, Neisseria meningitides type B, tuberculosis (TB),
and malaria. Unfortunately, these pathogens have proven ex-
ceptionally difficult to control using traditional approaches to
vaccine development and novel approaches will be needed.
Vaccines are also needed to protect against emerging or re-
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emerging infectious diseases, including West Nile, SARS,
Ebola, Hanta and Dengue viruses. In addition, improved vac-
cines are needed to protect against the threat of pandemic
strains of influenza virus and the continued growth and
spread of antimicrobial resistant organisms. In addition, vac-
cines may be required to protect against the threat of bioter-
rorism (2). Moreover, there is an increasing awareness that
infectious agents can cause chronic diseases, which might be
prevented or treated with novel vaccines (Table II). Hence,
vaccines may also be considered as potential therapeutic
agents to treat established infections. It is clear that novel
vaccine delivery technologies will be required to enable the
development of these new vaccines, particularly those de-
signed as therapies against chronic infections or cancers. The
safety profiles of therapeutic vaccines may look very different
from traditional vaccines, which are used to protect against
infection. Therapeutic vaccines, particularly if used in an on-
cology setting, or to treat an established life-threatening in-
fectious disease, would most likely be able to sustain a higher
level of adverse events without damaging the marketability of
the product.

NOVEL APPROACHES TO VACCINE DELIVERY

Vaccine delivery is represented by a diverse range of
technologies and approaches, which are linked by the objec-
tive of improving vaccine performance or potency (Table III).
Improvements in vaccine delivery may be achieved by the
inclusion of components designed to make vaccines more im-
munogenic (adjuvants), by technologies that allow them to be
administered by mucosal routes, or by devices that allow them
to be delivered through the skin without the use of needles.
Vaccine delivery may be used to improve patient compliance
by using a non-invasive route of delivery. This could result in

a significant improvement in an existing vaccine by ensuring
that the vaccines are used more broadly. It is likely that vac-
cine compliance could be significantly improved if vaccines
could be administered without the use of needles, since
needle-phobia remains a common problem.

Mucosal administration may be required to enable the
development of vaccines that may not be possible using con-
ventional routes (e.g., vaccines against sexually transmitted
diseases including HIV). In addition, vaccine delivery systems
and adjuvants may also be required to improve the immuno-
genicity of vaccines containing non-traditional antigens, in-
cluding recombinant proteins, DNA or peptides. This review
will summarize recent developments in non-living vaccine de-
livery systems and devices, and will consider their suitability
for use in a wide range of individuals, including pediatric
populations. Live replicating approaches to vaccine delivery
and nonreplicating viral vectors such as alphaviruses are be-
yond the scope of this review, but have been discussed in
detail elsewhere (3).

Adjuvants and Delivery Systems for Administration
by Injection

Vaccine adjuvants were first described by Ramon about
80 years ago (4) and have been used to improve the immu-
nogenicity of non-living vaccines ever since. Although the
principal role of an adjuvant is to improve the immunogenic-
ity of antigens, they can also be used for a variety of more
specific purposes (Table IV). Adjuvants have been crucial to
the development of vaccines and are likely to prove even
more important in the future. The original approaches to the
development of vaccines often involved live attenuated or

Table I. The Impact of Vaccine on Disease Burden in the
United States

Disease
Max. no. cases

(year)
Cases

in 2001
Reduction
in disease

Smallpox 48,164 (1901) 0 100%
Diphtheria 206,939 (1921) 2 99.99%
Pertussis 265,269 (1934) 4788 98.20%
Tetanus 1560 (1923) 26 98.34%
Polio 21,269 (1952) 0 100%
Measles 894,134 (1941) 96 99.99%
Rubella 57,686 (1969) 19 99.97%
Mumps 152,209 (1968) 216 99.86%
Hemophilus influenzae 20,000 (1992) 51 99.75%

Table II. Selected Infectious Agents That Are Known to Cause
Chronic Diseases

Microorganism Disease

Hepatitis B and C viruses Hepatocellular carcinoma
Human papilloma virus Cervical, anal, and vulvar cancer
Epstein-Barr virus Burkitt lymphoma
Borrelia burgdorferi Lyme disease
Helicobacter pylori Peptic ulcer, gastric cancer
Human herpes virus B Kaposi sarcoma
HTLV-1 Adult T-cell lymphoma

Table III. Examples of Alternative Approaches to Vaccine Delivery

• Antigen delivery system/adjuvants: alum, MF59, PLG,
liposomes, virosomes, etc.

• Adjuvant delivery systems: PLG, MF59, Iscoms, etc.
• DNA vaccine delivery systems: PLG, gene gun, alphaviruses,

etc.
• Nonreplicating viral vectors: alphaviruses, etc.
• Live bacterial and viral vectors: Salmonella, adenovirus, etc.
• Intranasal vaccines: LT mutants and/or bioadhesive polymers,

etc.
• Oral vaccines: LT mutants, enteric-coated formulations, etc.
• Topical vaccines: vaccine patches (lomai).
• Microneedles: OnVax (Becton Dickinson), Macroflux (Alza),

etc.
• Needle-free devices: Epidermal Powder Immunization

(Powderject), Biojector, etc.

Table IV. The Role of Adjuvants in Vaccine Development

1. Increase the total titer or functional titers (e.g. bactericidal or
neutralizing antibodies, etc.).

2. Decrease the dose of antigen.
3. Decrease the total number of doses.
4. Overcome competition in combination vaccines.
5. Enhance responses in the young or old.
6. Increase the speed and duration of the response.
7. Induce potent cell-mediated immunity.
8. Induce mucosal immunity.
9. Enable successful vaccine development.
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whole inactivated organisms. Live attenuated vaccines did not
need adjuvants, since they were able to replicate and pro-
duced high levels of antigens and immunostimulatory com-
ponents. However, most of the inactivated whole cell or pu-
rified subunit vaccines did require adjuvants. Although these
vaccines were potently immunogenic, since they contained
many or all of the components of infectious organisms, they
typically induced a significant level of reactogenicity. Conse-
quently, in recent years, there has been a strong tendency to
move away from the development of whole organism based
vaccines toward a more “minimalist” approach. The majority
of vaccines currently under investigation represent highly pu-
rified subunit components of pathogens. Unfortunately, these
highly purified vaccines lack most of the features of the origi-
nal pathogen and are usually poorly immunogenic. Hence, the
need for vaccine adjuvants to improve immunogenicity is
clear. Furthermore, in a mirror image of the shift from impure
to more highly purified antigens, the ideal adjuvant strategy is
to add back only highly purified or synthetically produced
components which will specifically activate the elements of
the immune response required for protection, and will not
trigger more generalized nonspecific responses.

Although the terms vaccine “adjuvants” and “delivery
systems” have often been used interchangeably, a clear dis-
tinction can often be made and the respective roles of each
can be more clearly defined (Table V). Classically, adjuvants
have been defined by what they do, which is to enhance the
immune responses to antigens, rather than by how they
achieve this. This has resulted in many diverse agents being
described as adjuvants, without much appreciation of the
mechanisms of how they do this. However, there is a growing
appreciation of the important role of the innate immune re-
sponse in controlling and guiding the antigen specific adaptive
response. Recognition of the importance of innate immunity
has coincided with an increasing awareness that many classic
adjuvants are components of pathogens which are known to
activate cells of the innate immune system, including antigen
presenting cells (APC), such as dendritic cells (DC). Hence, It
is becoming clear that many well known adjuvants, including
monophosphoryl lipid A (MPL), double-stranded RNA
(dsRNA), lipopolysaccharide (LPS), lipoproteins (LPP), and
bacterial DNA (which is rich in CpG oligo sequences) are
effective due to their ability to be recognized by and activate
the pathogen recognition receptors (PRR), which are present
on innate immune cells, including the Toll-like receptor fam-
ily (5–7). Adjuvants activate immune responses because they
represent pathogen associated molecular patterns (PAMPs),

which are highly conserved in a broad range of pathogens, but
are absent from multicellular organisms. The growing appre-
ciation that adjuvants represent structural features of patho-
gens (PAMPs), which are recognized by PRR has resulted in
significant efforts to develop optimal synthetic adjuvants from
diverse sources, including small molecules (8).

The most commonly used adjuvant, alum, induces a Th2
immune response, which is particularly associated with the
production of the cytokine IL-4, and IgG1 and IgE antibodies
in mice. Alum is a successful adjuvant for vaccines that are
effective due to the induction of antibody responses. For ex-
ample, alum is a potent adjuvant for the induction of anti-
bodies that neutralize the effects of bacterial toxins (e.g., teta-
nus and diphtheria). Nevertheless, a Th1 response, which is
associated with the induction of gamma interferon and cyto-
toxic T lymphocytes (CTL), will be required to clear the body
of intracellular viral infections. Encouragingly, bacterial
DNA, a PAMP, which can be replaced with synthetic oligo-
nucleotides with specific sequences surrounding CpG, ap-
pears to be very effective for the induction of potent Th1
responses. Consequently, this adjuvant may have an impor-
tant role to play in the development of vaccines against in-
tracellular viral pathogens, including HIV and HCV. It is pos-
sible that some adjuvants may prove sufficiently potent to
allow the eradication of an established viral infection and may
enable the successful development of therapeutic vaccines
against chronic infections. However, no such vaccines have
yet been developed, although many are undergoing extensive
evaluations.

To better understand the mechanism of adjuvants and to
clarify their roles in vaccine development, PAMPs and re-
lated compounds can be called immunopotentiators (Table
V). This is helpful, since it allows a clear distinction to be
drawn between immunopotentiators and an alternative group
of adjuvants that are particulate (e.g., emulsions, liposomes,
virosomes, iscoms, virus-like particles and microparticles),
and function mainly to promote the uptake of associated an-
tigens into the APC (9). If this classification is linked to the
geographical concept of immune reactivity, in which antigens
that do not reach local lymph nodes do not induce responses
(10), it allows a clearer definition of the role of different
adjuvants. The role of a “delivery” based adjuvant is to en-
hance the amount of antigen reaching the cells responsible for
immune response induction, while immunopotentiators acti-
vate the cells through interaction with their receptors, includ-
ing the PRR. Nevertheless, these simple definitions become
insufficient when immunopotentiators are included into de-
livery systems. Immunopotentiators are formulated into de-
livery systems to focus their effects onto the APC, to maxi-
mize their potency, and to minimize their effects on non-
immune cells. Hence, delivery systems can improve the
therapeutic ratio of adjuvants, reduce the dose needed, and
improve their specificity and safety. Optimal new generation
vaccines are likely to comprise recombinant antigens used in
conjunction with immunopotentiators and delivery systems
for both antigens and adjuvant (Fig. 1).

Alternative Particulate Delivery Systems

The main hurdle to the development of new and im-
proved vaccine adjuvants has always been safety. Since vac-
cines are used in healthy individuals, including pediatric

Table V. Alternative Adjuvant Approaches

Antigen delivery systems Immunopotentiators

• Insoluble aluminium salts
• Calcium phosphate
• Liposomes
• Virosomes
• Iscoms
• Microparticles (e.g., PLG)
• Emulsions (e.g., MF59)
• Virus-like particles

• MPL and synthetic derivatives
• MDP and derivatives
• Oligonucleotides (CpG, etc.)
• Double-stranded RNA (dsRNA)
• Alternative pathogen-associated

molecular patterns (PAMPs)
• Quils
• Small-molecule immune

potentiators (SMIPs) (e.g.,
resiquimod [R848]
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populations, they will need to induce minimal adverse effects
to prove acceptable. Hence, although many adjuvants have
been extensively evaluated, only insoluble aluminum salts
(generically called “alum”) have been successfully licensed in
North America (11,12). However, an alternative adjuvant, a
microemulsion called MF59 (13), was introduced onto the
market in Italy in 1997 to be used with an influenza vaccine
(Fluad). Fluad subsequently achieved approval throughout
Europe in 2000 through the mutual recognition procedure.

The Microemulsion MF59

Although the exact mechanism of action of MF59 adju-
vant remains to be defined, it appears to function as a delivery
system and promotes the uptake of co-administered vaccine
antigens into APC (14). Although MF59 has been shown to
be safe and efficacious in a wide range of human clinical trials
(15), its early clinical development yielded a number of im-
portant lessons. Initially, microemulsions were used as a de-
livery system for a synthetic immunopotentiator, a lipidated
muramyl tripeptide (MTP-PE). MTP is a modified version of
muramyl dipeptide (MDP), which was originally identified as
the minimal adjuvant active structure isolated from the pep-
tidoglycan of mycobacterial cell walls (16). Unlike LPS and its
synthetic derivatives, which are also used as adjuvants (e.g.,
MPL), MDP does not activate TLR2 or TLR4, suggesting a
different and as yet unidentified mechanism of action (17).
However, MDP proved too toxic for use as an adjuvant and
various synthetic derivatives were developed, including MTP-
PE, which was lipidated to reduce toxicity and to allow easier
incorporation into delivery vehicles (18). Unfortunately, mi-
croemulsion formulations of MTP-PE still showed an unac-
ceptable level of reactogenicity, and were unsuitable for rou-
tine clinical use (19,20). Nevertheless, these studies high-
lighted that MF59 microemulsion in combination with a
recombinant envelope antigen from HIV was well-tolerated
and had comparable immunogenicity to the formulation con-
taining MTP-PE (20,21). Therefore, MF59 was used in sub-
sequent studies and proved sufficiently potent and safe to
allow successful product development (13). Hence our early
clinical experience with microemulsions served to illustrate
the need for careful selection of the appropriate immunopo-
tentiators to be included in adjuvant formulations.

The ability of MF59 to induce enhanced responses
against influenza vaccine has been shown to be particularly
advantageous when used in individuals with pre-existing
chronic disease (22), or in a setting where there has been no
preexposure to the circulating strain, including a potentially
pandemic strain (23). Although MF59 has mainly been used
in adults, it has also been shown to be safe and efficacious in
neonates (24) and toddlers (25). Therefore, we believe that
MF59 is appropriate for use in all age groups, including pe-

diatric populations. MF59 has also shown enhanced potency
over alum when used in non-human primates with protein
polysaccharide conjugate vaccines (26). Nevertheless, al-
though MF59 is a more potent adjuvant than alum (27), it
cannot be expected to be suitable for all vaccines. MF59
works particularly well to enhance antibody and T cell pro-
liferative responses (27,28). However, it is generally poor for
the induction of Th1 responses, which may be required to
provide protective immunity against some intracellular patho-
gens. Nevertheless, Th1 immunopotentiators, including CpG
have been successfully added to MF59 to improve its potency
(29). Alternatively, MF59 can be used as a booster vaccine
with recombinant proteins once a Th1 response has already
been established by immunization with DNA (30) or attenu-
ated viral vectors (31).

Microparticles

In the recent past, we have focused on an alternative
delivery system for vaccines, comprising biodegradable mi-
croparticles prepared from the polymer, poly (lactide co-
glycolide) (PLG). Since PLG polymers have already been
used for a variety of biomedical purposes, including the
preparation of controlled release drug delivery systems, in-
cluding human growth hormone (32), it was an excellent
choice for a vaccine delivery system. Microparticles represent
an attractive approach to vaccine delivery since it has been
shown on many occasions that microparticles (∼1 �m) are
taken up efficiently by APC in vitro (33) and in vivo (34). In
addition, microparticles have also been shown to be taken up
by APC, which then migrated to the T-cell area of local lymph
nodes and differentiated into DC (35).

Microparticles were first used as delivery systems for en-
trapped antigens in the early 1990s by several groups (36,37).
In addition to antibody responses, early studies showed that
microparticles were also able to induce cytotoxic T lympho-
cyte (CTL) responses in rodents (38,39). This early work
prompted speculation that microparticles may represent an
attractive delivery system for the development of vaccines
against tumors and intracellular pathogens (40). Nevertheless,
the majority of initial work mainly focused on the use of
microparticles for controlled release of entrapped antigens,
with the objective of making single dose vaccines (41,42).
However, problems arose with this concept as a consequence
of the well-documented degradation of antigens during en-
capsulation and release from PLG microparticles (43). De-
spite significant efforts in basic research over many years,
microparticles with entrapped antigens have not yet moved
forward into clinical trials as controlled release vaccines.

As a result of the problems associated with microencap-
sulation of vaccine antigens, we recently developed a novel
approach of adsorbing antigens onto the surface of PLG mi-
croparticles. This approach avoids exposing antigens to dam-
aging conditions during encapsulation and release. Impor-
tantly, we showed that the efficiency of antigen adsorption is
enhanced by using charged surfactants during microparticle
preparation (44). These novel microparticles were designed
to perform as delivery systems to promote the uptake of ad-
sorbed antigen into APC. Immunization with a recombinant
antigen adsorbed to PLG microparticles resulted in the in-
duction of potent antibody and T cell responses in mice (44)
and in non-human primates (45). The adsorption of antigens

Fig. 1. The optimal composition of new-generation vaccines.
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onto the surface of microparticles results in the presentation
of multiple copies of the antigen, which is similar to the sur-
face of a pathogen. Recently, we showed that PLG micropar-
ticles induced potent antibody responses to adsorbed recom-
binant antigens from Neisseria meningitides type B (46).

The approach of adsorbing antigens onto the surface of
charged microparticles has proven sufficiently flexible to al-
low the delivery of DNA vaccines. DNA vaccines have a
number of potential advantages over alternative approaches,
including the following; they are highly purified, several an-
tigens can be easily included, they are inexpensive and they
appear to be suitable for use in the presence of preexisting
maternal immunity, which is certainly a problem for some
existing live-attenuated vaccines e.g., measles. However, it is
clear that the potency of DNA vaccines needs to be signifi-
cantly improved in humans, since clinical trials have so far
shown disappointing immune responses (47,48). Small animal
studies suggest that DNA vaccines are an effective means to
prime the immune response in neonates (49) and the use of
DNA vaccines to trigger a Th1 response could conceivably
minimize the development of allergic diseases in children.

In a number of studies, we have shown that cationic PLG
microparticles with adsorbed DNA vaccines induce signifi-
cantly enhanced immune responses in comparison to immu-
nization with naked DNA in mice (50) and non-human pri-
mates (51). Table VI shows a direct comparison between the
immune responses, antibodies, CD4+ and CD8+ T-cell re-
sponses, following immunization of rhesus macaques with na-
ked DNA encoding HIV gag and env antigens, or the same
DNA adsorbed to PLG microparticles. In studies designed to
determine the mechanism of action, we showed that cationic
microparticles were able to deliver adsorbed DNA into DC,
which were transfected, while naked DNA was unable to
achieve this (52,53). Previously, it had been reported that
microparticles could be used as delivery systems for en-
trapped DNA vaccines (54). However, DNA is known to be
damaged during encapsulation and release from PLG micro-
particles (55). In addition, it has never been shown that mi-
croencapsulation of DNA actually results in enhanced po-
tency over naked DNA. Furthermore, DNA encapsulation
efficiency is often low and release from microparticles can
often be slow. In contrast, DNA strongly and efficiently ad-
sorbs to cationic PLG microparticles, without damage, is rap-
idly released from the surface and results in significantly en-
hanced immune responses over naked DNA (50,56–58).

Cationic PLG microparticles can also be used as delivery
systems for adsorbed adjuvants, including CpG oligonucleo-
tides (59). In addition, microemulsions based on MF59 can be
prepared with a charged surface, and these can also be used as
delivery systems for DNA vaccines (60). The potential of a
broad range of particulate vaccine delivery systems for new
generation vaccines has recently been reviewed (42,61,62).

Delivery Systems for Mucosal Immunization

Although the majority of vaccines have been adminis-
tered by injection, mucosal immunization offers a number of
important advantages; including easier administration, re-
duced adverse effects and the potential for frequent boosting.
In addition, mucosal immunization has the potential to induce
local immunity at the sites where pathogens often establish
initial infection. Oral immunization would be particularly ad-
vantageous in isolated communities, where access to health
care professionals is difficult. Moreover, mucosal immuniza-
tion would avoid the problems of infection due to the re-use
of needles, which is common in the developing world. How-
ever, the difficulty of developing mucosal and particularly
oral vaccines using non-living approaches should not be un-
derestimated. The oral vaccines that have been developed so
far are mostly based on live attenuated organisms, which have
the ability to infect and replicate within the intestinal epithe-
lium. Protein, peptide, polysaccharide, and DNA antigens are
extremely labile and will be degraded and damaged during
passage through the gut, if not adequately protected. Conse-
quently, intranasal immunization is an attractive approach,
due to the absence of acidity and secreted enzymes in the
nasal cavity, but also due to the easy access the nasal cavity
offers with simple commercially available devices. Neverthe-
less, potent adjuvants and delivery systems will be required to
enable the development of effective mucosal vaccines using
non-living approaches. The potential of the intranasal ap-
proach has been highlighted recently by the successful licen-
sure of a live-attenuated influenza vaccine, based on “cold-
adapted” strains, which replicate only in the colder tempera-
ture of the nasal cavity and not in the lungs.

The most potent mucosal adjuvants available are the bac-
terial toxins secreted from Escherichia coli and Vibrio chol-
erae, which are called heat-labile enterotoxin (LT) and chol-
era toxin (CT). However, since these molecules are respec-
tively responsible for travellers diarrhea and cholera, the
“wild type” molecules are not appropriate for mucosal ad-
ministration to humans. Therefore, these molecules have
been manipulated to minimize toxicity, while retaining adju-
vant activity (63). Encouragingly, nontoxic LT mutants have
been shown to induce potent immune responses following
mucosal immunization in several animal models (64). In
addition, nontoxic LT mutants have also induced protec-
tive immunity, including protection against lethal pneu-
monia in neonatal mice (65). One particular mutant of LT,
which was modified to eliminate the enzymatic and toxic ac-
tivity in the A subunit (LTK63) (66), has recently been shown
to be safe in a human clinical trial following intranasal ad-
ministration. In previous studies, we showed that the potency
of LTK63 for intranasal administration could be enhanced by
co-administration with bioadhesive delivery systems (67,68).

Table VI. Enhanced Immune Responses in Rhesus Macaques with PLG/DNA versus Naked DNA 2 Weeks After 2 Doses (n � 5)

Vaccine
Env titer

(1-mg dose)
Gag titer

(0.5-mg dose)
Gag CD4+

(mean SI response)
Gag CD4+

(Animals with +ve responses)
Gag CD8+

(animals with +ve CTL responses)

Naked DNA 49 7 6.4 2/5 1/5
PLG/DNA 11,289 19,256 13.8 5/5 3/5
Fold increase 230 2750 ∼2 NA NA
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Figure 2 shows the ability of LTK63 and a bioadhesive deliv-
ery system (HYAFF microspheres) to induce significantly en-
hanced serum antibody responses in pigs (68). Encouragingly,
recent data also suggests that LTK63 may prove sufficiently
potent to allow the mucosal administration of pediatric com-
bination vaccines (69).

In a recent study, we showed for the first time that IN
immunization with a bacterial toxoid in humans could induce
levels of serum antibody responses which correlated with pro-
tective immunity (70). In addition, the chitosan bioadhesive
polymer delivery system also induced local mucosal immunity
(70). However, this study involved the boosting of adults who
were well primed as infants. It remains to be seen if IN im-
munization can induce effective priming immunization in hu-
mans. Recent data suggests that chitosan microparticles may
also be used as an IN delivery system in conjunction with
LTK63 (71).

Although oral delivery of nonliving vaccines remains
challenging, some success has been achieved with nontoxic
LT mutants (72,73). Hence, the potent immunogenicity and
adjuvanticity of secreted bacterial toxins may be exploited to
develop oral vaccines. The B subunit of cholera toxin has
been used as a recombinant antigen in conjunction with killed
whole bacterial cells to produce an effective oral vaccine
against cholera (74), which was recently approved for use
throughout Europe (Dukoral). In addition, a similar ap-
proach may also allow the development of a vaccine against
E. coli (75). Nevertheless, there is a requirement for the de-
velopment of optimal delivery systems if successful oral vac-
cines are to be produced for a wide range of organisms.

A range of microparticle-based delivery systems are
available which can be designed to protect antigens against
degradation in the gut, promote interaction with the epithe-

lium, or be taken up by the mucosal associated lymphoid
tissues. Oral delivery systems with entrapped antigens have
shown some success in clinical trials for allergy immuno-
therapy (76), and may offer promise as oral vaccine delivery
systems (77). However, preliminary studies in small animal
models did not suggest that these delivery systems alone
would be sufficient to allow the development of non-living
oral vaccines (78). In addition, although some success has
been achieved in human clinical trials with vaccines en-
trapped in PLG microparticles, this approach would require
significant improvements to enable the development of oral
vaccines (79). Hence, it seems most likely that potent mucosal
adjuvants will need to be combined with optimal delivery
systems if oral vaccines are to be developed for nonreplicating
vaccines. In experimental studies, oral delivery systems have
also been used to enhance the potency of “vaccines” which
downregulate the immune response, to induce “tolerance” to
antigens associated with autoimmune disorders (80).

In addition to IN and oral immunization, vaccines may
also be administered mucosally via aerosols, including
measles vaccine (81,82). Several million children have been
immunized against measles in Mexico using the aerosol route,
but concerns remain about the potential for adverse effects
(83). In addition, studies are needed to determine the efficacy
of combined measles-mumps-rubella vaccines when adminis-
tered by aerosol, although studies with measles and rubella
are promising (84). This approach might become more prac-
tical if dry powder inhalation devices can be developed, which
are already used successfully for pulmonary drug delivery.
Dry powder approaches could improve the stability of vac-
cines. The suitability of aerosol delivery for recombinant or
other new generation vaccines has yet to be determined. In
addition, developing suitable aerosol devices for widespread
use in pediatric populations would present significant difficul-
ties.

Needle-Free Vaccine Delivery Devices

In its broadest sense, the concept of “vaccine delivery”
can be expanded to include a range of devices and physical
delivery systems that are designed to allow immunization us-
ing noninvasive routes, not including mucosal delivery.
Needle-free vaccination is attractive for a number of reasons.
In the developed world, there are concerns about the number
of vaccinations that are routinely administered to infants and
toddlers, and it would be preferable if these could be admin-
istered without the use of needles. In addition, “needle-
phobia” is a significant problem that makes it difficult to con-
vince adults to receive booster immunizations, even when the
need is clear. Furthermore, new vaccines are likely to be in-
troduced which will be targeted at adolescents, including
some that will protect against sexually transmitted diseases.
These vaccines would be easier to introduce if needle-free
approaches were available. Moreover, the problem of needle-
phobia may become particularly acute if society needs to re-
spond quickly to the emergence of a pandemic strain of in-
fluenza, or to the threat of a bioterrorism attack.

The problems related to needles are even greater in the
developing world, where re-use of needles often results in the
transmission of blood borne pathogens (e.g., HIV, HBV, and
HCV). Each year unsafe injection practice causes an esti-
mated 22.5 million hepatitis B virus infections, 2.7 million

Fig. 2. Synergy between bioadhesive microspheres and an adjuvant
for intranasal (IN) delivery of flu vaccine in pigs. The IN approach
with both adjuvant (LTK63) and a bioadhesive delivery system
(HYAFF microspheres) was significantly more potent than tradi-
tional intramuscular immunization (68).
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HCV infections and 98,000 HIV infections. Hence, although
vaccinations account for only a small number of the total
injections administered, there is a clear need to improve the
safety of immunization programs. In addition, accidental
needle-stick injuries are also a significant problem in the de-
veloped world, leading to a significant number of infections
amongst health care workers. One solution to this problem
has been the development of single use “auto-disposable”
(AD) syringes, which have permanently attached needles and
plungers that lock in place once they are used. But AD sy-
ringes still represent an infectious threat that needs to be
disposed safely, and they are more expensive than traditional
needles and syringes (1). Therefore, there is strong interest in
the development of needle-free devices for immunization,
which could eliminate the transmission of infection due to
needle re-use and needle-stick injuries. In addition, they
could eliminate the risk of infections due to improper disposal
of sharps. Because of these issues, the Global Alliance on
Vaccines and Immunization (GAVI) has made the elimina-
tion of the use of needles and syringes a high priority.

Needle-Free Approaches for Traditional Vaccines

Multiple-use jet injector devices designed to deliver liq-
uid vaccines through the skin were first developed in the
1950s and were widely used for mass immunization cam-
paigns. However, these devices were constructed with re-
usable nozzles, which ultimately resulted in their downfall. It
became apparent in the 1980s that these multidose devices
were capable of transmitting blood-borne pathogens such as
hepatitis B (85). These devices, which operated under high
pressure gas, could become contaminated by blood “splashed
back” from the patient. Therefore, multiple use jet injector
devices are no longer recommended by the WHO and their
use in the military has been terminated. More recently, single
dose jet injector devices have been developed, which are ca-
pable of delivering liquid vaccines into the skin using high
pressure (86). It was believed that jet injection devices would
improve the immunogenicity of vaccines, due to better distri-
bution in tissues, which should provide better access to APC
than traditional needle immunization. However, superficial
administration into and below the skin may also result in
enhanced reactogenicity. One study compared two alterna-
tive jet injector devices with standard IM delivery for influ-
enza vaccine and concluded that although the immune re-
sponses in all patients were comparable, the jet injector de-
vices were associated with higher levels of pain and more
local reactions (86). As an alternative, spring-powered liquid
injection devices are also available and have been evaluated
in the clinic. One study reported that five different vaccines
were well-tolerated and had improved immunogenicity fol-
lowing delivery with a spring powered single use injection
device (87). However, it was highlighted that the cost of the
approach may prove limiting and that a detailed economic
analysis was necessary prior to implementation for large scale
immunization programs.

Although the majority of needle-free devices have deliv-
ered liquid vaccines, liquids are generally less stable than
powders and are vulnerable to freezing. Therefore, needle-
free dry powder vaccines are considered the optimal ap-
proach for large scale use, since these would be resistant to
temperature fluctuations and should have greater stability. A

helium driven single use dry powder injection device showed
encouraging data in small animal models with an influenza
vaccine (88) and was subsequently evaluated in non-human
primates (89). However, the powdered influenza vaccine ap-
peared inferior to standard IM immunization and an adjuvant
was added to improve potency (89). Although the technical
achievements with the Epidermal Powder Immunization
(EPI) approach have been impressive, including its successful
application to an alum adsorbed vaccine (90), the economics
of the drying process used may make this approach difficult to
apply to large scale vaccination. Unfortunately, it’s difficult to
see how this technology could become affordable for the de-
veloping world.

In summary, none of the needle-free devices available
have yet attained broad acceptance in the medical community
and the cost of some devices will make them difficult to
implement for the developing world. One inherent problem
with this approach relates to the desire of the device devel-
opment companies to establish themselves as creators and
marketers of proprietary systems. This results in a number of
different devices and cartridges being available, which are not
interchangeable. Therefore, if a company goes out of business
their customers may find that a vaccine cartridge from a com-
peting supplier cannot fill the gap. Clearly a degree of stan-
dardization in vaccine cartridges would provide benefit, but
this can only be done once the optimal approach has been
identified. An additional problem relates to the increased lo-
cal reactogenicity with jet injectors in comparison to tradi-
tional injections, which are likely to limit the utilization of this
approach.

Needle-Free Approaches for DNA Vaccines

High-pressure needle-free devices have also been used
for the delivery of liquid DNA vaccines in clinical trials (91),
as too have novel needle-free powder devices (92). Although
the liquid based approach was associated with more adverse
effects than traditional IM immunization, it was preferred by
the trial participants (91). However, similar to previous stud-
ies with DNA vaccines, no antibody responses were detected.
In contrast, delivery of a DNA vaccine directly into the epi-
dermis coated onto gold beads (“gene gun”) resulted in the
induction of protective levels of antibodies against HBV, de-
spite using very low doses of DNA (92). However, although
HBV specific CD4+ and CD8+ responses were also induced,
the levels of antibody responses induced by DNA compared
unfavourably with the responses achieved following immuni-
zation with recombinant protein vaccines (93). Nevertheless,
the DNA vaccine approach is mainly targeted at therapy in
already infected individuals, a situation in which T cell re-
sponses might be expected to be more important. Interest-
ingly, the type of immune response normally induced by
DNA vaccines may be modified by direct delivery into the
skin on gold beads. DNA typically induces a very polarized
Th1 response following IM immunization, but this seems to
change when DNA is administered using a gene gun (94).
This observation could be explained by the low levels of CpG
signals contained in the low doses of DNA administered by
the gene gun. In recent studies, the potency of the gene gun
has been enhanced by including LT and CT as genetic adju-
vants (95). However, the inclusion of these biologically and
enzymatically active molecules as adjuvants would result in a
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much more complex regulatory approval process. Hence, the
gene gun is mostly being evaluated for the development of
therapeutic vaccines against chronic infectious diseases and
cancers. Overall, the suitability of the gene gun for wide-
spread immunization is difficult to determine, since the po-
tential role for DNA vaccines is not yet determined. How-
ever, the cost of the gene gun will most likely make it difficult
to implement in the developing world. Moreover, a significant
amount of safety data on DNA vaccines would be needed
before the gene gun could ever be considered for pediatric
populations.

Topical Immunization onto the Skin

An alternative needle-free approach to vaccine delivery,
involves the use of microprojection arrays, designed to pain-
lessly disrupt the outer layers of the skin to allow the vaccine
access to epidermal langerhans cells. Microenhancer arrays
were used to improve the potency of DNA vaccines in mice
(96), while an alternative microprojection array was used for
the delivery of a model protein vaccine in guinea pigs (97).
While both approaches appear applicable to a wide variety of
vaccines, their suitability for human vaccination remains to be
determined.

Perhaps the most attractive needle-free approach to vac-
cine delivery currently being explored involves transcutane-
ous immunization, through topical application of vaccine
patches (98). This approach has recently provided encourag-
ing observations in clinical trials involving a potential travel-
ers diarrhea vaccine (99,100). These studies showed the need
for an LT adjuvant to be included in the vaccine, although a
number of alternative adjuvants were also effective in pre-
clinical studies (101). The ability of LT mutants to perform as
adjuvants for topical application may eliminate some safety
concerns associated with the use of wild type toxins (101,102).
An interesting recent development is the use of a topically
applied “immunostimulatory patch” to enhance the immuno-
genicity of a locally injected influenza vaccine in humans
(103). Although this approach is promising, the technology
would need to undergo significant improvements to allow
topical application of existing vaccines to pediatric popula-
tions. Perhaps this technology has more potential for the ad-
ministration of booster doses to a well-primed adult popula-
tion, following primary immunization using a more traditional
route.

CONCLUSIONS

In the past decade there have been a number of signifi-
cant advances in technologies to identify, express and deliver
vaccine antigens. As a consequence, many of the vaccine can-
didates currently under evaluation look very different from
traditional vaccines. In particular, there has been a shift away
from the use of whole pathogens or inactivated subunits, to-
ward the use of recombinant purified proteins. This has re-
sulted in the need to develop novel adjuvants and delivery
systems to improve the immunogenicity of these antigens.
Optimal new generation vaccines, particularly from a safety
perspective, will contain recombinant protein antigens, puri-
fied synthetic immunopotentiators, which represent well-
defined PAMPs, and a delivery system designed to ensure
that both the antigen and the adjuvant are targeted efficiently

to APC (Fig. 1). Formulation of the vaccine into a delivery
system will fulfill two main purposes: (i) enhance potency by
focusing the effects of the immunopotentiator onto the key
cells of the immune system and (ii) limit adverse effects by
minimizing the systemic distribution of the immunopotentia-
tor. It is clear that novel adjuvant and delivery technologies
will be required to enable the successful development of vac-
cines against diseases that have not yielded to traditional ap-
proaches.

In the recent past, there have been advances in needle-
free technologies for immunization. Needle-free vaccination
includes a variety of approaches for mucosal immunization,
and patches and devices allowing delivery of vaccines through
or into the skin. Although some mucosal vaccines are com-
mercially available, needle-free approaches involving devices
have so far failed to achieve broad acceptance, despite their
potential advantages. There are a number of reasons to ex-
plain the current lack of commercial success in this area, but
safety concerns are significant, as too are concerns about the
potential cost of novel devices. In addition, there are concerns
that the efficacy of existing vaccines might be impaired if they
were to be administered by alternative routes, or using novel
devices. As a consequence of the high level of awareness of
the role of vaccines in protecting children against infectious
disease, infant immunization is routinely undertaken in all
developed societies. Therefore, while new vaccines may be
added to the list of those already recommended, introducing
needle-free delivery approaches for existing vaccines will be
exceptionally difficult. In addition to the significant hurdle of
proving that the novel approach is safe, it will also be neces-
sary to undertake studies to prove that the new technology
does not negatively impact the potency of the vaccine. A clear
demonstration of noninferiority for the novel approach will
be required, including a large comparison with the existing
approach. It’s conceivable that the requirement for demon-
stration of noninferiority could even be extended to include
vaccines that are administered by the traditional route at simi-
lar times to the novel approach. Hence it is clear that for
existing vaccines, the greatest opportunity for the introduc-
tion of a novel delivery technology is represented by their use
as booster products for older children, adolescents or adults.
In this situation, the novel delivery approach would not need
to show that it primes as well as the existing approach, rather
it would need to show that it can provide an effective boost in
well-primed individuals. In addition, the novel technology
would be administered to a mature and cooperative popula-
tion, rather than infants or young children.

Hence, it is clear that needle-free vaccine delivery tech-
nologies will prove most easy to apply for novel vaccines,
particularly if efficacy is dependent on a novel route of de-
livery. This may particularly apply to a number of sexually
transmitted diseases, including HIV, Chlamydia trachomatis,
herpes simplex or gonorrhea, or could equally apply to dis-
eases of the respiratory tract, including respiratory syncytial
virus, parainfluenza virus or SARS. Alternatively, novel
needle-free delivery approaches may become established to
improve patient compliance for annual vaccination (e.g., in-
fluenza) or to protect against a potential bio-terrorist attack,
or an emerging pandemic strain of influenza. In addition,
novel delivery may achieve market success through improving
the convenience of immunization or due to minimizing pain.

Although a number of needle-free technologies have
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shown significant promise, the vaccine industry continues to
adopt very conservative approaches. This is mainly due to
concerns about the potential for adverse effects with new
technologies. Vaccination policy continues to be subject to a
high level of scrutiny, with a significant emphasis on safety
and very little tolerance for adverse effects, even when rela-
tively minor in relation to the benefit. In addition, vaccination
bears a heavy responsibility in ensuring protection for the
annual birth cohort against a number of important infectious
diseases. Hence a conservative approach is appropriate, but
results in significant resistance to change, even when the po-
tential advantages are clear. Nevertheless, figures show that
the re-use of injection equipment in 2000 respectively ac-
counted for 32%, 40%, and 5% of new HBV, HCV, and HIV
infections (104). These figures highlight the need for a change
in current practice. The continued support of national and
international agencies is crucial to the development of novel
vaccine delivery technologies that have the potential to im-
prove the safety of vaccination practice throughout the world.

New adjuvants and delivery systems may allow vaccines
to treat chronic infections such as HIV and HCV, or to treat
a variety of residual tumors remaining after surgery. In addi-
tion, novel approaches may also be required to treat auto-
immune disorders. Novel devices and routes of delivery may
have a particularly important role to play in situations where
chronic administration of vaccine products is required, as
might be envisaged for therapy, and ease of administration
may become crucial to enable effective patient compliance in
these situations.
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