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“We must not cease from exploration
and the end o f all our exploring will be to arrive
where we began and to know the place fo r the
first time ”
—T. S. Eliot.

(So it’s not futile going round in circles after all!!)
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ABSTRACT
The use of particulate delivery systems in vaccine delivery has been shown to confer
significant immunopotentiation, enabling effective delivery of recombinant protein
antigens to immune inductive sites and enhancing the efficacy of naked DNA encoding
antigenic determinants. This present study looks at lipid and polymer based vehicles for
protein and DNA delivery for the purposes of vaccination. Studies incorporate novel
delivery vehicles and adjuvants, in vivo biodistribution studies and in vitro
immunological studies in an attempt to evaluate candidate vaccine formulations and shed
light on immunological mechanisms of action.
Liposomes incorporating various additives (bioadhesive agents and absorption enhancers)
were used for the delivery of tetanus and diphtheria toxoids (TT and DT). Melittin was
shown to function as a novel adjuvant.
Small unilamellar vesicles (SUVs) were used to complex plasmid DNA which was then
modified by the addition of polymer (poly(lactide) (PLA)). This novel delivery vehicle
for plasmid DNA was shown to facilitate markedly enhanced antigen specific splenocyte
and T-cell proliferation against transgene encoded antigen (hepatitis surface antigen)
following restimulation with the corresponding recombinant antigen when given
subcutaneously. Intramuscular, oral and subcutaneous routes were compared. Transgene
specific antibody titres following subcutaneous administration of plasmid DNA in this
novel delivery vehicle were significantly higher than the liposomal or naked DNA
mediated antibody titres by this or any other route tested. In addition, positive results
were seen following oral administration. The ability of these formulations to engender
protection in a MUC-1 tumour model was also assessed.
Biodistribution o f microparticles and stimulation of spleen cells in vitro by polymer
formulated antigen was investigated. The uptake of fluorescent polystyrene carboxylate
microspheres ( 1 . 1 pm diameter) was studied using histology and fluorescence-activated
cell sorting (FACS), following intranasal delivery to BALB/c mice. Irrespective of
administration vehicle volume (10 or 50pl), appreciable numbers of fluorescent
microspheres were detected within nasal associated lymphoid tissues (NALT) and
draining cervical lymph nodes. Spleens removed from mice ten days after fluorescent
particle application contained significantly more microspheres if the suspension had been
nasally instilled using a 50pl volume (P < 0.05). Appreciable memory (and effector from
day 7) responses were detected in mediastinal lymph nodes removed from mice
immunised nasally with 50pl volumes of microparticulated or soluble V antigen. Splenic
T-cell proliferation results following restimulation with V antigen (from Yersinia pestis
determined by [^Hjthymidine uptake) corroborated the observed microsphere
translocation. Similarly, significant numbers of anti-V IgG secreting cells were only
detected in spleens from mice immunised intramuscularly or nasally with microparticles.
In separate studies, single cell suspensions of spleen cells from primed and naïve animals
were cocultured with escalating quantities of soluble TT or TT encapsulated within
nanospheres made from poly(lactide-co-glycolide) (PLGA). Polymer formulated antigen
was found to elicit increased proliferation of splenocytes from preimmunised mice in
comparison to free antigen during coculture at equivalent doses of TT. Cellular
proliferation was abolished if B-cells were removed from the splenocyte cultures.
Production of IFN-y and IL- 6 was increased, for formulated as compared to free antigen,
in microcultures from both naïve and pre-immunised animals.
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1. Introduction
1.1 Disease and vaccination
The success of vaccination against smallpox requires no reiteration. In addition, the
potential eradication of poliomyelitis is solely attributable to effective worldwide
vaccination programmes. In the case of polio vaccination, the recent shift towards the
inactivated vaccine (Salk) on the part of the US Advisory Committee for Immunization
Practices in preference to the live attenuated (Sabin) orally administered vaccine
represents in part a transformation in risk benefit analysis in relation to immunisation
against polio. The Sabin vaccine is believed to be more effective and may be given orally
whilst the Salk vaccine, although recently improved, has to be administered parenterally.
The live vaccine, however, has been associated with a small but definite risk of paralytic
polio (potentially associated with 57 cases in the United States between 1961 and 1964).
The knowledge o f this was not seen as sufficient to change the vaccination policy until
the risk of vaccine induced poliomyelitis attributable to the live vaccine became an issue
of increasing concern in a developed environment of low disease incidence (Blume and
Geesink, 2000). This represents the kind of risk benefit considerations fundamental in
implementing effective vaccination programmes. In contrast, the recent withdrawal of a
rotavirus vaccine from the US market following cases of intussusception has attracted
much attention. Whilst the use of this vaccine in the US is controversial (Lonergan and
Rivest,

2000),

its

withdrawal

has

implications

for

future

rotavirus

vaccine

implementation. Epidemiological studies reveal that in developing countries about three
million children die annually of diarrhoea (Bern et a l, 1992; Murray and Lopez, 1994)
(the lowest estimate I have seen is 2.2 million (Wenger, 2001)) and 20% of these deaths
are thought to be caused by rotavirus (de Zoysa and Feachem, 1985) although estimates
range from 2.5% to 22% (Bresee et a l, 1999). Weijer (Weijer, 2000) highlighted some
important questions and ethical considerations for the future of a rotavirus vaccine. These
being that other vaccines in development (the vaccine licenced in the US was a live orally
administered tetravalent rhesus rotavirus) may have fewer adverse reactions, the
possibility that the rotavirus itself may initiate intussusception or that vaccinees may be
predisposed and vaccination is the triggering event, and the cost in terms of lives in
15

withholding potentially beneficial vaccination: It is clear who is culpable for vaccine
related deaths but who will take responsibility for deaths caused by withholding the
vaccine. With approximately 20 deaths annually attributable to rotavirus (Tucker et a l,
1998), the use o f a rotavirus vaccine has limited benefit in the US and with the possibility
of a 1 in 10 000 risk of intussusception its use becomes unacceptable. A death rate of 1 in
2 0 0

attributable to rotavirus would appear to provide a basis for its implementation in

developing countries (Weijer, 2000). However, complications include serotypical
variance and additionally, some controversial HIV trials have increased the sensitivity
about trials in such developing countries (Angell, 1997; Lurie and Wolfe, 1997). With
estimates o f deaths associated with rotavirus varying so widely, the full elucidation of the
impact o f this pathogen in developing countries, along with the repercussions of vaccine
implementation may only be truly assessed following extensive use of the vaccine. Thus,
vaccination policy may range from the seemingly predictable to the potentially erroneous
and speculative from the observer’s point of view. It is clear, however, that any risk
associated with vaccination will undoubtedly add controversy to its use and initiate as
well as intensify ethical considerations.
There has been much recent concern over the postulated link between the MMR
(measles, mumps and rubella) vaccine and the incidence of autism among children
(Wakefield, 1999; Wakefield et a l, 1998). Subsequent negative publications questioning
the licensing of the vaccine in the first place were avidly taken up by the media but have
been strongly criticised (Elliman and Bedford, 2001). A study using the UK general
practice database to evaluate any temporal relationship between the MMR vaccine and
the incidence o f autism provided compelling evidence against a causal association
between the vaccine and autism (Kaye et a l, 2001). Using a different approach (linking
information fi*om clinical records to immunisation data held on the child health
computing system of children with autism), there was again no causal association found
(Taylor et a l, 1999). It may be easy to forget that measles is still a significant killer,
responsible for nearly a million deaths of children under 5 worldwide (Wenger, 2001).
There is no doubt that attenuated live viral vaccines have been shown to be effective.
However, there is thought to be a need for increased efficacy for some of the vaccines in
use, the widespread use of the attenuated mumps vaccine beginning in 1968, for example.
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led to an undoubted decrease in the incidence of mumps but the lack of clinical
protection, attributed to primary vaccine failure with the possible contribution of a
waning vaccine induced immunity (Briss et a l, 1994), The double stranded DNA
herpesvirus varicella zoster is known to persist after infection in a latent form, existing
episomally with very limited transcription. Varicella vaccination with the attenuated Oka
strain has been shown to verifiably cause infection five months after receipt of the
vaccine (Brunell and Argaw, 2000) which was subsequently passed on to a vaccinated
sibling. Whilst the occurrence of such incidences is not high, there has been additional
concern over the persistence of this strain after vaccination and the frequency of clinical
infection and immunological boosting observed in vaccinees has been argued to be above
the expected rate of exposure to wild type varicella which would provide evidence for the
reactivation of the vaccine strain in vivo (Krause and Klinman, 2000).
The interactions between host and pathogen are highly evolved. Adenoviruses contain
more than

2 0

genes dedicated to the control of various aspects of the innate or acquired

immune response (Horwitz, 2001). Virally encoded proteins may alter the immune
response by homology to host cytokines or cytokine receptors (‘virokines’ and
‘viroreceptors’) such as the herpesvirus IL- 6 homologue (Russo et a l, 1996) and the
Leporipoxvirus soluble IFN-y receptor homologue (Mossman et a l, 1995). Perhaps
significantly, immune modulation by measles virus is far from fully understood (Marttila
et a l, 2001). Other strategies of immune evasion include interference with antigen
presentation (Hill et a l, 1995) and apoptosis (Cai et a l, 2000). Pathogenic bacteria
similarly mediate a myriad of anti host effects such as the inhibition of the proinflammatory cytokine TNF-a and the abrogation of the respiratory burst attributed to
Yersinia spp. (Comelis et a l, 1998).
In addition to the particular challenges presented by the stability and preservation of live
vaccine vectors (Burke et a l, 1999), in the development of new vaccines, the traditional
approach o f attenuation may be far from satisfactory. In the macaque model for HIV,
attenuated SIV has been found to facilitate protection against viral challenge (Norley et
a l, 1996; Shibata et a l, 1997). However, in vitro studies have shown that even multiply
deleted HIV-1 strains are genetically unstable and therefore potentially unsafe (Berkhout
et a l, 1999). The role of genetic variation following immunisation with live vaccine and
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challenge has been partially assessed in a vaccine model for HIV-2 (Radaelli et a l, 1998)
and immune escape mediated by genetic variation of the wild type virus is thought to be
important in the loss of immune control, initially shown by the genetic variation in HIV
gag CTL epitopes in HIV positive blood donors (Phillips et a l, 1991) and more recently
in the study of emergent SIV mutations in the env and nef CTL recognised epitopes,
which appeared to be the result of immune selection (Evans et a l, 1999). The efficiency
with which this is accomplished in animal models (Mortara et a l, 1998) using pre
immunisation with a single epitope has definite implications for the development of
effective vaccines against pathogenic agents for which genetic instability is inherent, in
addition to their unsuitability for attenuation, although novel mechanisms for attenuation,
apparently conferring significant genetic stability to HIV-1 in vitro have been explored
and are worthy of note (Quinto et a l, 1999).
Replication competent viral carriers expressing heterologous proteins have also received
considerable attention, for example recombinant rabies virus expressing HIV-1 gpl60
(Schnell et a l, 2000) and vaccinia virus vectors which have been shown to elicit potent
protective immune responses against rinderpest (cattle plague) HA and F proteins in
cattle (Yilma et a l, 1988). Attenuated live vaccine vectors are necessarily complex and
may retain (or reacquire) many of their immunomodulatory and pathogenic traits. The
potential for reversion to a pathogenic form and viral persistence of the attenuated polio
vaccine may provide cause for concern regarding the cessation of vaccination in that an
unvaccinated population would be particularly susceptible to such an event (MacKenzie,
2000). Other currently available vaccines against viral diseases in humans include live
attenuated measles, mumps, rubella, varicella and yellow fever vaccines. Together, these
normally pathogenic entities, represented in table 1 . 1 , comprise a diverse selection of life
cycles.
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Table 1.1. Live attenuated human viral vaccines.
Disease
Virus family
Genome/Genome size/Virus size and
morphology
Paramyxoviridae Negative strand ssRNA/15-21kb/125-250nm/
Measles
Enveloped-Helical
Paramyxoviridae
Mumps
Negative strand ssRNA/15-21kb/125-250nm/
Enveloped-Helical
Togaviridae
Rubella
Positive
strand
ssRNA/12kb/60-70nm/
Enveloped-Iscohedral
dsDNA/120-220kbp/l 00-200nm/ EnvelopedVaricella Herpesviridae
Iscohedral
Flaviviridae
Yellow
Positive
strand
ssRNA/12kb/40Fever
60nm/Enveloped-Iscohedral
Picomaviridae
Polio
Positive
strand
ssRNA/79kb/3 Onm/Unenveloped-Iscohedral
ss: Single stranded, ds: Double stranded.

How suitable are these organisms for clinical use as live attenuated vaccines today? The
traditional approach to attenuation is the repeated passage of the virus in semipermissive
cells or altered conditions, such as lower temperature. Mutations are selected for under
these new conditions and the ability of the virus to cause disease in its original host is
compromised but ideally they retain immunogenicity and evoke a protective immune
response against the wild type virus. Potential problems, however, may relate to the viral
life cycle. For example, in mammalian cells, replication of DNA is highly conserved due
to proof reading by DNA polymerase enzymes and the replication of an RNA genome
such as that o f poliovirus is inherently inaccurate due to the lack of any such proof
reading. In fact, it is unlikely that any copy of a viral RNA genome is exactly the same as
the template from which it was copied. This relatively high mutation rate can be
circumvented during propagation of the virus by the cloning of the whole genome of the
seed strains into the producing cells as complementary DNA, as has been achieved for
poliovirus. The process is referred to as genetic stabilisation but the problem of reversion
to virulence after administration still remains for poliovirus and other RNA viruses.
These currently used vaccines may be far from ideal but we should not forget that it is
largely these attenuated strains which have underpinned the undeniable success of
vaccination initiatives against these diseases resulting in such achievements as the
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elimination of indigenous measles in the United States and other areas of the
industrialised world. The current vaccination schedule for children in the UK along with
information about the type of vaccine used is shown in table 1 .2 , these vaccines having a
large element of attenuated virus with toxoid and protein subunit vaccines being
supplemented with alum adjuvant and polysaccharide antigens bound to protein in order
to overcome the poor responses seen in young children.

Despite the success of these vaccines, developments in biotechnology mean that we are
now in the position to improve upon these available vaccines. Whilst protein subunit
vaccines are safe, they may lack the efficacy of live attenuated viral vaccines.
Recombinant measles viruses expressing heterologous antigens have been generated from
cDNA plasmids encoding entire measles virus antigenomes (Wang et a l, 2001). Thus,
although the stable expression of heterologous antigens would need to be achieved (not
always easy or predictable) the possibility for combination vaccines using these live
attenuated strains may be attractive. In an effort to construct safer vaccines, highly
attenuated strains have been engineered through the selective deletion of virulence factors
(Tartaglia et a l, 1992) and a further advancement, in terms of safety, may be the
development of replication deficient viruses capable of eliciting potent immune responses
to heterologous gene encoded proteins (Holzer et a l, 1999; Wyatt et a l, 1999). Both of
these cited studies used the vaccinia virus (Western reserve and MVA strains
respectively) as a basis for modification. Use of MVA as a vector may be particularly
attractive due to its high degree of attenuation and extensive use in humans (over

1 0 0

0 0 0

people received MVA as a smallpox vaccine). The careful selection of virus vector,
encoded antigen and deletion of potentially deleterious genes such as those that control
latency, integration or neurovirulence (in the case of poliovirus) may provide the basis for
safer effective viral vaccines, replication deficient or otherwise. Bacillus Calmette Guerin
(BCG) is perhaps the best known live bacterial vaccine and attenuated Salmonella has
been in use for decades. Both have received attention as effective carriers for
heterologous proteins for intranasal (Langermann et a l, 1994) and oral and intranasal
(Nardelli-Haefliger et a l, 1997) immunisation respectively, a significant advantage being
the extensive use of the vaccine vector in humans and their proven safety. Further
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modifications such as the addition of the a-hemolysin secretion system of Escherichia
coli (Spreng et a l, 2000) and the use of attenuated intracellular bacteria for the delivery
of heterologous DNA (Dietrich et a l, 1999) contribute to the diversity of strategies
available. Prime targets for vaccines against infectious diseases are the major killers HIV,
TB and malaria (responsible for an estimated 2.3, 1.5 and 1.1 million deaths per year
respectively, worldwide (Wenger, 2001)) as well as numerous causative agents of acute
respiratory diseases, responsible for a further 3.5 million deaths in total (Wenger, 2001).
The potential for therapeutic intervention and the need for improvement upon currently
available vaccines provide primary objectives for researchers and experimentally, the
introduction of increasingly diverse strategies and vaccine delivery systems provides an
ever-widening new horizon for vaccine development. However, progress beyond the
experimental realm is largely dependent upon perceptions of benefit versus risk. In an
environment where benefits may be assessed in terms of health as well as financial gains
and risks certainly carry accountability, this means that finding the best vaccines from
those available experimentally may never realistically be achieved. Vaccinology is an
area with a strong element of empirical discovery. If alum had not been so widely used as
an adjuvant in humans (initially unknowingly) without adverse response, would there be
a chance of its discovery and licensure today as a new adjuvant? Alum represents the
modem paradox in vaccine development. Many experimentally promising vaccine
formulations will never have the opportunity to be proven in a clinical environment.
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Table 1.2. Typical immunisation schedule of children in the UK.
Examples compiled from proprietary vaccine information.________
Disease agent or Age/route
of Vaccine information
administration
common name
Poliomyelitis
2, 3 and 4 Attenuated virus grown in monkey kidney
cell cultures; 3 serotypes, comprising of a
months.
Boosters
minimum; lO^TCIDso type 1 (LS-c,2ab);
between
lO^TCIDso type 2 (P712, Ch 2 ab) and
3 to 5 years and lO^^TCIDso type 3 (Leon 12aib), less than
13
to
18 Ipg neomycin sulphate* Monodose^^
years/Oral_____ GlaxoSmithKline
Diphtheria-tetanus2, 3 and 4 Combination; diphtheria toxoid ( > 30IU),
acellular pertussis- months/
tetanus toxoid ( > 40IU), 3 pertussis
Intramuscular.
Haemophilus
antigens;
pertussis toxoid
(25pg),
influenzae type b
Diphtheria and filamentous haemagglutinin (25pg) and
(Corynebacterium
tetanus booster pertactin (69 kDa outer membrane protein,
diphtheriae,
at 13 to 18 8 pg) adsorbed onto aluminium salts.
Clostridium tetani, years
Polyribosyl-ribitol-phosphate
capsular
Bordetella pertussis)
polysaccharide of Haemophilus influenzae
type b (lOpg) covalently bound to tetanus
toxoid (30pg)**
Infanrix-Hib’^^ GlaxoSmithKline
Measles, mumps and 12
to
15 Three strains of the attenuated viruses;
rubella
months/
lO^TCIDso Enders Line, Edmonston strain
Intramuscular.
measles virus; 2 xlO'^TCID5 o Jeryl Lynn®
Booster at 3 to Level B strain mumps virus; lO^TCIDso
5 years, pre Wistar, RA 27/3 strain rubella virus** Mschool
if M-R™II, marketed by Aventis Pasteur
possible_______
Mycobacterium
13 to 18 years/
tuberculosis, BCG
Skin
test
followed by one
injection
if
needed
Meningitis/septicae
Extensive
Conjugate vaccine; lOpg meningococcal
mia
Neisseria vaccination
group C oligosaccharide conjugated to
meningitidis group C implementation ISpg diphtheria CRM 1 9 7 protein with
programme,
aluminium
phosphate
adjuvant**
ongoing.
Meningitec"^^,
marketed
by
Wyeth
Vaccines
TCID: Tissue culture infectious dose. lU: International Units. */>er 0.135ml dose. **per
0.5ml dose.
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1.2 Liposomes as immunological adjuvants and carrier systems for
macromolecules
Liposomes have been identified as effective immunological adjuvants (Allison and
Gregoriadis, 1974) and have potential for the intranasal and oral delivery of protein
antigen (Alpar et a l, 1992), as well as targeting drugs to the lungs following intravenous
administration (Poyner et a l, 1995) and pulmonary retention of therapeutic agents
(McAllister et a l, 1996; Poyner et a l, 1995) whilst retaining the biological activity of the
entrapped drug (McAllister et a l, 1999).
Prior to the advent of DNA vaccines, several agents or delivery systems had been
identified as useful in gene delivery to mammalian cells both in vitro and in vivo. Wang
and Huang (Wang and Huang, 1987) had used liposomes, coated with antibody as a
targeting ligand (immunoliposomes), in order to entrap plasmid DNA encoding
Escherichia coli chloramphenicol acetyltransferase under the control of a mammalian
cAMP

regulated

promoter.

Liposomes

were

composed

of

dioleoylphosphatidylethanolamine (DOPE), cholesterol and oleic acid. Creditably, about
2 0

% of the injected immunoliposomes were taken up by the target cells (injected

intraperitoneally

into

nude BALB/c

mice).

The

substitution

of DOPE

with

phosphatidylcholine (PC) reduced the detectable chloramphenicol acetyltransferase
activity to approximately one quarter. Under conditions of low pH or increased
temperature, ethanolamine containing phospholipids facilitate the transformation of lipid
bilayers into the hexagonal phase and are thought to enable endosomal escape.
Endosomal escape may be important in both the facilitation of delivery of genes into the
cytosol and hence delivery to the nucleus (Cho et a l, 2003) and effective expression as
well as being potentially important in eliciting MHC-I presentation of protein antigens
and hence strong anitviral host responses (Sugita et a l, 2000). Liposomes that become
unstable at acidic pH (phosphatidylethanolamine (PE) and oleic acid, 7:3 molar ratio)
have been shown, in vitro, to improve the cytoplasmic delivery of membraneimpermeable macromolecules and delivery was partially inhibited by chloroquine or
monensin, which raise the pH of intracellular vesicles (Straubinger et a l, 1985).
Similarly, liposomes composed of cholesterolhemmisuccinate (CHEMS) and DOPE have
been shown to markedly enhance the cytoplasmic delivery of fluorescent molecules and
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the diphtheria toxin A chain in comparison to CHEMS and dioleoyl PC which was
thought to be dependent upon the generation of a low pH environment (Chu et a l, 1990).
In the context of DNA delivery, the use of DOPE has been found to enhance transfection
efficiency in vitro with the endosomal pathway being important in entry of the complexes
into the cytoplasm (Zhou and Huang, 1994). Such ethanolamine containing dispersions
have been widely studied and physical characteristics such as stability and initiation of
the hexagonal phase are found to be influenced by a range of factors, notably the
presence of diacylglycerols, lysolecithin (importantly as lysolecithin is a degradation
product of phospholipid) and hydrocarbons (Epand, 1985), as well as the presence of
serum (Choi et a l, 1992; Torchilin et a l, 1992).
Despite the extensive use of liposomal systems for DNA delivery, there has been a steady
stream of research investigating their ability to mediate immune responses to entrapped
protein. Liposomes (notably with a-tocopherol) have been shown to be taken up
effectively by dendritic cells in vivo following intradermal administration (Ludewig et
a l, 2000). After intradermal injection, liposomes were shown to form antigen depots,
which facilitated long lasting in vivo antigen loading of dendritic cells almost exclusively
in the local draining lymph nodes. The highly immunogenic liposome encapsulated
peptides elicited protective antiviral immunity in transgenic mice against lymphocytic
choriomeningitis virus.
Liposomal delivery systems have also attracted attention for their potential in reducing
the toxicity of drugs such as amphotericin B. Liposomal delivery systems encompass a
diverse range of agents and offer much potential for their use in multicomponent delivery
systems, being potentially highly versatile and diverse in their composition. The vast
volume of research into these agents is testimony to their potential for manipulation and
utilisation in a wide range of applications.

1.3 DNA vaccines
No recent development has caused more of an impact in the world of vaccines than the
ability of heterologous DNA to facilitate protection against a pathogenic organism. As
researchers, we are now firmly entrenched in the ‘third generation’ vaccine revolution,
the shear magnitude o f research papers devoted to this subject are testimony to this.
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However, such vaccine strategy is, as yet, without tangible benefits in terms of a safe and
effective useful vaccine in the clinic. The direct injection of plasmid DNA (and RNA)
expression vectors into mouse skeletal muscle had been observed to generate significant
transgene expression (Wolff et a l, 1990) and the ability of plasmid DNA to induce strong
expression in animal models was noted along with their potential as an agent for vaccine
delivery in fish more than a decade ago (Hansen et a l, 1991). Tang et a l (Tang et a l,
1992) assessed antibody production against a transgene (human growth hormone) in three
strains of mice (ICR, CFW and C57BL/6). The gene was under the control of the human
P-actin or CMV promoter and plasmids were delivered into the skin of the ear using the
gene gun. The human a 1-antitrypsin gene was also used and transgene specific
antibodies were observed to both encoded antigens. A number of publications in 1993
heralded the arrival of DNA vaccines proper, showing protection against disease
challenge and induction of immune responses to numerous gene encoded antigens. These
included the demonstration of protection against a heterologous strain of influenza A
virus following intramuscular injection of BALB/c mice with plasmid encoding influenza
A nucleoprotein (Ulmer et a l, 1993), protection against a homologous influenza strain
using the viral haemagglutinin (Montgomery et a l, 1993) and generation of transgene
specific CTL’s directed against the nucleoprotein (Ulmer et a l, 1993; Yankauckas et a l,
1993) with protection against heterologous challenge (Montgomery et a l, 1993).
Additionally, a plasmid encoding influenza haemagglutinin was shown to confer
significant protection against lethal influenza challenge in chickens receiving 200pg
DNA via intravenous, intraperitoneal and subcutaneous routes (Robinson et a l, 1993). In
an extensive investigation, Fynan et a l (Fynan et a l, 1993b) demonstrated the efficacy of
gene gun inoculation in the generation of protective immunity in BALB/c mice against
lethal influenza challenge when immunised with a haemagglutinin encoding plasmid and
also identified intramuscular, intravenous and intranasal routes as effective. Intradermal
and subcutaneous routes were shown to be less successful and the intraperitoneal route
was ineffective, with no mice surviving the lethal challenge. They also noted the
protection o f chickens against influenza (Fynan et a l, 1993a; Fynan et a l, 1993b). The
challenge strain o f influenza had undergone a 15% drift in amino acid sequence in
comparison to the immunising glycoprotein gene. The best survival rates were obtained
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by using a combination of routes (intravenous, intraperitoneal, subcutaneous; 50%, and
intravenous, intraperitoneal, intramuscular; 63%) with individual routes being less
effective. Although the groups treated with DNA via a combination of routes received
higher doses, the work showed a potential advantage in combining the intramuscular
route with other routes. Other studies showed immune responses to clinically relevant
antigens such as hepatitis B surface antigen (Davis et a l, 1993a) where effective
antibody responses in mice were induced. This was thought to be significant as there is a
consensus that a particular level of hepatitis B surface antigen specific antibody is
protective against infection with this organism in humans. Wang et a l (Wang et a l,
1993) showed humoral and proliferative responses to a plasmid encoding HIV-1 g p l60 in
BALB/c mice following intramuscular injection. Effective viral neutralising antibody was
seen in conjunction with splenocyte proliferation in response to restimulation with
recombinant HIV-1 gpl20. Their study showed the differential binding of antibodies
raised by recombinant gpl60 and the transgene encoded gpl60 to peptides representing
gpl60 epitopes. It is already interesting that there is a difference but the qualitative
differences observed for plasmid encoded antigen may have been indicative of antibodies
induced to functionally important diverse regions of the HIV-1 envelope protein, such as
the V3 loop of gpl20, the conformational CD4 binding site. Whilst their comparison was
not exhaustive, the potential for mechanistic advantages in terms of antigen presentation
from endogenously produced protein was elucidated. Other studies also showed immune
responses to plasmids encoding bovine herpesvirus glycoproteins in mice and cattle (Cox
et a l, 1993) as well as reduced viral shedding after challenge in cattle, antibody
responses to human growth hormone following gene gun immunisation in mice
(Eisenbraun et a l, 1993) and Wantanabe et a l (Watanabe et a l, 1993) produced
antibodies against the immunoglobulin variable region of an IgM monoclonal antibody
by immunisation with the gene encoding an IgM light chain variable region by
intramuscular injection in mice. They were able to enhance antibody production five fold
by co-injection of an expression vector encoding IL-2 and noted positive results from
subcutaneous administration. Important early work by Nabel et a l (Nabel et a l, 1992)
attributed the generation of vasculitis to CTL responses induced by transfer of genes
encoding foreign MHC (HLA-B7) following the introduction of the transgene into the
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arterial wall of pigs using liposomes. The potential for immunotherapy of tumours was
quickly recognised (Plautz et a l, 1993) and resulted in a swift acceleration into clinical
trials (Nabel et a l, 1993). After 1993, the expansion of research and publications in this
area has been exponential.

1.3.1 Mechanisms of action
This vaccination strategy is different from the subunit or killed whole cell approaches in
that it results in the endogenous production of antigen. This trait, normally restricted to
viruses, inherently facilitates potent cell mediated responses. Moreover, it offers the
potential for the incorporation of a diversity of potentially protective or therapeutic genes
along with the opportunity to direct the immune response with the inclusion of cytokine
genes and targeting the antigen to pathways from within the cell. For the uninitiated,
there are a number of reviews which detail the perceived potential of these agents
(Alarcon et a l, 1999; Scott-Taylor and Dalgleish, 2000; Weiner and Kennedy, 1999).
With the diversity of delivery systems and strategies presently employed in the
development of and search for effective candidate DNA vaccines (and with such diverse
application) there is a concomitant manipulation of vaccine characteristics for the
respective goal. Important differences exist between intramuscular and gene gun
administration of naked DNA (Torres et a l, 1997). The temporal induction of B and Tcell memory has been addressed for gene gun delivery (Klinman et a l, 1998) but many
of the subtle characteristics are particular to the delivery system, DNA vector and desired
outcome.
Figure 1.1 is a schematic representation of some of the different strategies and inherent
characteristics in the design and delivery of DNA vaccines. It is necessary to qualify the
desired endpoint in the context of vaccination in comparison with (and somewhat
opposed to) that aspired to for gene delivery in the context of gene therapy. If we take for
example the duration of expression required for DNA vaccines, this can be potentially,
and perhaps desirably, transient and short depending upon the strategy employed. In the
context of gene therapy, persistence of transgene expression is generally desirable and
systemic administration is often required for discreet targeting of tissues. Whilst there is
considerable overlap, the current emphasis of research in the two areas now reflects their
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different goals with the most recent vectors for DNA vaccines offering significant
potential by utilising the transient and lytic properties inherent in some viral systems. A
difference exemplified by the modification of the same viral vectors for use in gene
therapy by the amelioration of these effects (Agapov et a l, 1998; Frolov et a l, 1999).
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Figure 1.1. A schematic representation of some of the different strategies and
inherent characteristics in the design and delivery of DNA vaccines.
(Alpar and Bramwell, 2002)
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1.3.2 The plasmid construct
The plasmid construct can be divided into two main elements based on the sequences
expressed in the mammalian (eukaryotic) and bacterial (prokaryotic) cells. These being
the unit which drives antigen synthesis incorporating a promoter and enhancer region,
introns, poly adénylation signals and the antigenic gene and the unit which mediates the
propogation and amplification of the construct in the bacterial system, comprising of the
replication origin, multiple cloning sites and a selectable marker (Azevedo et a l, 1999).
The cytomegalovirus (CMV) enhancer/promoter region is most commonly used.
Generally, the CMV promoter is perceived to be effective and offer high rates of
expression in a broad range of tissues (Feltquate, 1998). Other viral promoters used
include those from Rous sarcoma virus (RSV) and simian virus 40 (SV40). The
expression o f luciferase in BALB/c mice using plasmid constructs incorporating the RSV
promoter has appeared to show tissue specificity (Thierry et a l, 1995) with the RSV
promoter expressing higher levels of transgene in the lung and lower levels in the spleen
when compared to a CMV promoter driving expression of the same construct. In fact,
transgene expression using the RSV promoter was only detected in the lung whereas
CMV driven transgene expression was high in all tissues tested (liver, lung, spleen and
heart). Norman et a l (Norman et a l, 1997) based the further optimisation of their
plasmid vector on the observation that the CMV promoter engendered markedly
enhanced reporter gene (luciferase) expression when given intramuscularly to BALB/c
mice in comparison to the RSV promoter. Davis et a l (Davis et a l, 1993b) noted that
luciferase expression in mouse skeletal muscle using the SV40 promoter was transient
and low whilst expression driven by the RSV promoter was high and sustained, they
suggested that this may be due to the different requirements for transcription factors in
mature muscle tissue and remarked that the otherwise very similar plasmid constructs
performed equally well in vitro. The promoter element can be expected to exhibit a
certain tissue specificity which has been exploited routinely in some systems for gene
delivery (Burcin et a l, 1999). Promoters of mammalian origin have also been
investigated. The use of the mammalian promoter for MHC-I (Harms et a l, 1999) is an
interesting approach since MHC-I is critical in the immune response and upregulated by
IFN-y. CMV and SV40 promoters also have interferon responsive sequences but these
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may inhibit transcription. Indeed, SV40 or CMV promoters were shown to elicit superior
reporter gene expression in comparison to the MHC promoter in vitro but SV40 and
CMV transgene expression was reduced in the presence of IFN-y whereas MHC-I
mediated transgene expression was increased (Harms et a l, 1999). The human desmin
promoter/enhancer sequence has been shown to be effective for the induction of hepatitis
B surface antigen specific immune responses which were comparable to those elicited by
a similar construct under the control of CMV sequences administered intramuscularly or
by gene gun in BALB/c mice (Kwissa et a l, 2000b). Controllable gene expression has
been demonstrated in mammalian cells by the inclusion of tetracycline responsive
promoters although not in the context of DNA vaccines (Gossen and Bujard, 1992). The
responsive element is based on the mechanisms by which Escherichia coli mediate
tetracycline resistance; repressor genes are inhibited from preventing transcription by the
presence of tetracycline. Inducible gene expression may be a desirable facet in gene
therapy (Nabel, 1999).
It has been shown that intervening sequences (introns) can improve translational
efficiency between 10 to 100 fold in vivo (Brinster et a l, 1988) and other studies have
confirmed the potential enhancement of expression in vivo (Palmiter et a l, 1991). The
increase is thought to be attributable to an enhanced rate of RNA polyadenylation and/or
nuclear transport linked to RNA splicing but may indicate the presence of transcriptional
enhancers within the intron sequences (Azevedo et a l, 1999). The first intron (intron A)
of the immediate early gene of CMV has been shown to positively regulate heterologous
gene expression in mammalian cells although such elements may contribute to observed
tissue specificity (Chapman et a l, 1991). Intron A is often used although others may also
be utilised (for example, the mammalian expression vectors pSI, and pCI used by Kwissa
(Kwissa et a l, 2000b) have a chimeric intron comprised of part of an intron from the
human p-globin gene and part of an intron from an immunoglobulin heavy chain variable
region gene).
Polyadenylation is known to enhance RNA stability and translation (Jackson and
Standart, 1990). Polyadenylation signals cause the termination of transcription by RNA
polymerase II (Proudfoot, 1991) and signal the addition of a homopolymer such that
mRNA is seen to have a ‘tail’ of 20 to 250 adenosine residues in eukaryotic cells
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(Wickens, 1990). Transcription termination is controlled by the polyadenylation signal
and is not normally rate limiting but may become so at higher expression rates mediated
by strong and effective promoter/enhancer regions. Protection from degradation by
polyadenylation may be dependent upon poly A binding protein (PABP) and PABP
depleted polyadenylation sequences may be susceptible to nucleolytic attack (Bernstein
and Ross, 1989) inferred initially by the markedly enhanced decay of p-globin mRNA in
the presence of competitor poly (A). Instability sequences are thought to destabilise the
poly A-PABP complex leading to a reduction in the mRNA poly A tail and a concomitant
reduction in the half life o f the mRNA. The SV40 late polyadenylation signal is widely
used and has been shown to increase the steady state level of RNA, the efficiency of its
utilisation most likely being related (and contributing) to the predominance of late
expression during the late phase of infection of SV40 (Carswell and Alwine, 1989). The
signal sequence may not always be virally derived and the bovine growth hormone
polyadenylation signal has been shown to be effective in comparative studies
(Montgomery er a/., 1993).
In considering the sequences encoding the antigenic protein, it has been shown that
intramolecular duplex (or ‘hairpin’) structures formed in transcribed mRNA can inhibit
or halt ribosomal migration and thus translation of mRNA (Kozak, 1989). Kozak also
proposed a consensus sequence for vertebrate mRNA in order to maximise expression.
Expression of multiple genes can be achieved by the incorporation of an additional
promoter, gene and polyadenylation signal or alternatively a bicistronic system can be
used. The bicistronic approach utilises the expression of a bifunctional mRNA from a
single mammalian promoter. A second gene may be expressed by the inclusion of an
internal ribosome entry sequence (1RES) proximal to the additional gene (Clarke et a l,
1997). The study cited employs the 1RES of encephalomyocarditis virus and a subsequent
investigation concluded that co-expression of GM-CSF with hepatitis C virus envelope
proteins is most effective in the bicistronic system which appeared to facilitate increased
lymphoproliferative responses and seroconversion in comparison to a GM-CSF/hepatitis
C fusion protein (Lee et a l, 1998). Another alternative to this system for the co
expression of separate antigen from the same construct is expression using a synthetic
bidirectional promoter (Kwissa et a l, 2000a).
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The plasmid backbone unit is comprised of a multiple cloning region, replication origin
and prokaryotic selectable marker. The smallest part of a plasmid that is able to replicate
with the same copy number as that of the full size plasmid is called the basic replicon.
This is at least Ikb and includes at least one origin of replication. The replicon genes
control the initiation of replication and plasmid copy number. Modem high yield plasmid
preparation techniques require high copy number plasmids. The use of a selectable
marker enables easy identification of transformed bacteria. The p-lactamase ampicillin
resistance gene enables transformed bacteria to be recognised by their growth in
ampicillin containing media. This is a widely used as a selectable marker but has
attracted criticism due to the fact that contamination of plasmid preparations with the
antibiotic could induce anaphylactic shock in individuals who may be allergic to
ampicillin. Kanamycin resistance may be preferred, or auxotrophic markers, where the
bacteria is conferred the ability to synthesise an essential component lacking in the
growth media. For an informative view of the anatomy of plasmid vectors used in genetic
immunisation, the reader is referred to Azevedo and colleagues (Azevedo et a l, 1999).

1.3.3 CpG motifs
The analysis of a selection of genes suggests that both human and murine genomes are
losing CpG islands over evolutionary time and this may be due to de novo méthylation in
the germ line followed by CpG loss through mutation (Antequera and Bird, 1993). In
addition, it is estimated that about 20% of human CpG islands are absent in homologous
genes of our murine counterparts and the process of evolutionary loss may be occurring
more rapidly in mice. CpG motifs are more frequent in the genomes of bacteria and
viruses than o f vertebrates. In addition, they are more often present in their unmethylated
form and represent an important difference between prokaryotic and vertebrate DNA
(Bird, 1993). Moreover, such sequences apparently have a range of effects on the innate
and adaptive immune responses. Originally isolated as an active component of BCG in its
anti tumour activity (Tokunaga et a l, 1984) and shown to augment natural killer cell
cytotoxicity and IFN-y release from spleen cells, the immunomodulatory effects of
bacterial DNA and in particular the unmethylated CpG motifs have received extensive
interest as adjuvants in their own right and as elements functional in augmenting immune
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responses from plasmid DNA encoded antigen. Krieg et a l (Krieg et a l, 1995) suggested
a possible (and logical) evolutionary link between immune defence based on recognition
of microbial DNA and ‘CpG suppression’ (the lack of these motifs) in vertebrates when
they reported induction of more than 95% of splenic B-cells to enter the cell cycle upon
stimulation with an oligodeoxynucleotide containing a CpG motif. The stimulation was
abrogated by méthylation of the sequence and single stranded DNA was 10-30% more
effective than double stranded DNA. Subsequently, using plasmid vectors incorporating
the kanamycin or the ampicillin resistance gene as a selectable marker, Sato and
colleagues (Sato et a l, 1996) showed that the ampicillin resistance gene facilitated
significantly higher antibody responses to the transgene (p-galactosidase) following
intradermal injection in BALB/c mice despite the observation that the kanamycin
construct had elicited increased transgene expression in vitro. It appeared that
immunostimulatory hexamers containing a CpG dinucleotide in a particular base context
(5’-AACGTT-3’), two of which are present within the ampicillin resistance gene,
conferred the observed enhanced immunogenicity. Other imunostimulatory sequences
(ISS) are known and follow the general formula: 5’-purine-purine-GC-pyrimidinepyrimidine-3’, but none were identified on the kanamycin resistance gene. The ampicillin
resistance gene also facilitated enhanced CTL responses and the cloning of two
immunostimulatory hexamers into sites flanking the kanamycin resistance gene
subvented the induction of strong humoral and cellular immune responses to pgalactosidase.
Interestingly, the méthylation state of CpG regions may have effects on gene expression
(Deng et a l, 1999a) and cytosine méthylation in CpG dinucleotides is an important
mechanism of transcriptional regulation in vertebrates. This may have implications for
heterologous gene expression. For example, CpG méthylation of Rous sarcoma virus
proviral constructs has been shown to have an inhibitory effect on provirus expression
(Hejnar et a l, 1999) and a virally derived reporter vector flanked by murine CpG islands
was able to overcome transcriptional suppression in nonpermissive cells (Hejnar et a l,
2001). The latter effect was attributed to protection from de novo méthylation. CpG
motifs in oligodeoxynucleotides were shown to enhance B-cell secretion of IL-6 and IgM
in the presence o f exogenous IFN-y (Yi et a l, 1996). This is in contrast to the effect of
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IFN-y on IgM production of B-cells stimulated with another bacterially derived product,
LPS, where exogenous IFN-y has been found to suppress the production of this
immunoglobulin. The IFN-y did not impede CpG induced B-cell proliferation. Clearly,
the immune modulating properties of free CpG oligodeoxynucleotides are distinct and
such observations may have important qualitative ramifications for the generation of
immune responses using these agents. But how does this relate to the enhanced immune
responses apparently mediated by intracellularly located transcribed CpG containing
DNA? A recent study (Stan et a l, 2001) focussed attention on the ability of myocytes to
express MHC-II and co-stimulatory molecules under certain conditions, such as
stimulation with IFN-y and the observations that, in certain disease situations, myocytes
are able to function as antigen presenting cells. They suggested that muscle cells
transfected by DNA vaccination may play an active role in presentation of peptides to
CD4^ T-cells and that the conversion of myocytes to efficient APC is due to the CpG
motifs, highlighting the expression of chemokines by myocytes (upregulated by CpG)
and CpG mediated stimulation of IFN-y secretion by infiltrating inflammatory cells as
potentially important (the initial induction of inflammation by plasmid DNA appeared to
be independent of IFN-y production). The méthylation of CpG motifs present in the
plasmid backbone (in addition to the abrogation of the B-cell activation observed with
free oligodeoxynucleotides) has been shown to reduce vaccine immunogenicity (Klinman
et a l, 1997). The effect was reversed by co-administration of exogenous CpG containing
DNA. A comparative study of recombinant protein and DNA mediated immunisation
attributed the Thl bias observed with intramuscular administration of plasmid DNA to
the presence of ISS (Leclerc et a l, 1997). They noted the adjuvant effect of plasmid
DNA (a Bluescript cloning vector not containing the corresponding gene) when co
administered with protein antigen and were unable to mimic the Thl bias using
immunisation with protein antigen alone regardless of the route of administration. It may
be significant that the localisation of the ISS regions is thought to be important for their
adjuvant activity (Sato et a l, 1996) and that the inclusion of ISS hexamers, shown to
enhance cytokine production, also offers an explanation as to why higher levels of
antigen expression may not always correlate well with the observed immune response.
The induction of IFN-a, IFN-y, IFN-p and IL-12 conferred by the transfection of human
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PBMC’s and/or isolated human macrophages with plasmid containing ISS and/or ISS
oligonucleotides has been shown in vitro (Roman et a l, 1997). Transfection was
accomplished using DOTAP and the failure of CD4^ and CDS"^ human T-cells to produce
IFN-y following transfection was also observed. Roman et a l (Roman et a l, 1997) also
noted the significant enhancement of immune responses against protein antigens
mediated by CpG motifs. A subsequent study (Klinman et a l, 1999) compared antibody
responses to plasmid encoded antigen (the malarial circumsporozoite protein) following
substitution of the ampicillin resistance gene with that of kanamycin (devoid of CpG
motifs) to antibody production facilitated by vectors modified to incorporate the leader
sequence from the human tissue plasminogen activator gene and further altered by the
addition of three AACGTT motifs. The plasmid bearing the additional CpG motifs
showed markedly enhanced transgene specific antibody responses at low doses (2pg) in
comparison to the two other constructs administered intramuscularly in BALB/c mice.
Interestingly, discrimination between the groups was lost at higher doses of plasmid
(SOpg). Co-administration of CpG oligonucleotides with a sub optimal dose of the
plasminogen/AACGTT negative plasmid construct was also shown to markedly enhance
transgene specific antibody production. They also showed the adjuvant effect of these
motifs for protein antigen. CpG oligonucleotides, when biotinylated and linked via avidin
to biotinylated ovalbumin, appeared to enhance ovalbumin specific antibodies in a dose
dependent manner and this cross-linked protein/CpG was superior to an admixture of the
two components. The CpG motifs were also able to enhance the adjuvant effect of
incomplete Freund’s adjuvant and their interaction with other adjuvants has been
investigated. When administered intranasally (150pl) in BALB/c mice, CpG motifs were
shown to be effective adjuvants for hepatitis B surface antigen inducing responses
equivalent to heat labile enterotoxin (LT) and cholera toxin (CT) at low doses and in
combination with these powerful mucosal adjuvants, the CpG DNA showed a synergistic
effect on systemic hepatitis B specific antibody production (McCluskie et a l, 2000).
Another study which compared the potential of protein, protein/CpG and DNA encoded
antigen to overcome poor responses observed in newborn BALB/c mice showed
markedly enhanced CTL activity directed against the immunising antigen (hepatitis B
surface antigen) in the case o f protein/CpG administered with alum (Brazolot Millan et
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a l, 1998) and the protein/alum/CpG facilitated 100% seroconversion (6/6) when given at
7 days. It is believed that the stage of immune maturation at 7 days in the mouse is
representative of that of a newborn human and this has been used for the determination of
the potential efficacy of many neonatal candidate vaccines. Prior to 7 days, the mouse
immune system may be more easily tolerised (in contrast to humans) and an interesting
temporal discrimination between the formulations is shown. DNA encoded antigen was
able to elicit seroconversion when administered as early as day 1 (6/15 but not achieving
100% until a day 14 dose), the protein/alum/CpG showed significant seroconversion (5/8)
when given at day 3 in comparison to a protein/alum and protein/CpG seroconversion of
3/21 and 0/14 respectively. All formulations achieved 100% seroconversion when
administered at day 14. Comparisons are difficult but it can be suggested that both the
DNA vaccine and in particular the CpG/protein administered with alum (7/10 and 6/6
seroconversion in response to dosing at 7 days respectively) showed promise in their
neonatal mouse model.
In conclusion, the effects of CpG motifs are apparently multifactoral and warrant further
investigation for their full evaluation, functional elucidation and optimal utilisation in the
context of DNA vaccines.

1.3.4 Safety and acceptance considerations
The food and drug administration (FDA) center for biologies evaluation and research
(CBER) has recommended that the use of penicillin or other p-lactam antibiotics as
selectable markers should be avoided due to the possibility of allergic reactions in
sensitised individuals (FDA, 1996). Instead they advise the use of kanamycin or
neomycin citing their lack of extensive use in the clinical environment largely due to
widespread kanamycin resistance, low activity spectrum and toxicity problems. In the
extensive guidelines issued by the FDA on the development of plasmid DNA vaccines,
they highlight the importance of pre-clinical evaluation such as the assessment of germ
line alteration, expression of the antigen gene in inappropriate tissue sites, inappropriate
immune responses and immunopathology, longevity of antigen expression and the
induction of tolerance or autoimmunity as well as the generation of acute or chronic
inflammatory responses, autoimmune squelae and destruction of normal tissues
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potentially associated with the aberrant expression of some proteins. The co-expression
of cytokine genes may additionally require assessment of unintended adverse
consequences,

such

as

generalised

immunosuppression,

chronic

inflammation,

autoimmunity or other immunopathology. Potentially linked to this point the FDA also
advised that in order to limit the possibility for chromosomal integration, homology of
plasmid DNA sequences to known sequences in the human genome should be examined
and described, and strong homology avoided if possible. They recommend sensitive
studies such as PCR using primers derived from the vaccine in order to examine tissue
distribution and distinguish between integrated and non-integrated plasmid in the analysis
of genomic DNA. A study using a combination of a restriction endonuclease and PCR
showed a very low association of plasmid DNA with genomic DNA in CD-I mice
(Martin et a l, 1999). Animals were injected into the rectus femoris with lOOpg of a
plasmid encoding the Plasmodium falciparum circumsporozoite protein with a human
tissue plasminogen activator leader sequence. The plasmid was based on pUC18 utilising
the CMV immediate/early promoter/enhancer and intron A with the kanamycin resistance
gene as the selectable marker. They calculated that the highest estimate of genomic
association, if assumed to be integration and that each insert resulted in a mutational
event, would result in a rate of mutation 3000 times less than the spontaneous mutation
rate observed for mammalian genomes. It could be argued, however, that the presence of
strong viral promoters makes any integration event undesirable. Another study evaluating
tissue distribution and potential integration in mice and guinea pigs concluded that that
the risk of integration following intramuscular injection of plasmid DNA is low under a
variety of experimental conditions (Manam et a l, 2000).
The development o f anti-DNA antibodies may also be an issue with respect to safety. The
role of anti-DNA antibodies in autoimmune disease is perhaps not clearly understood
(Eilat and Naparstek, 1999) and in mouse models of systemic lupus erythematosus, in
which anti-DNA antibodies are potentially implicated, the late onset of anti-double
stranded DNA antibody production does suggest that these antibodies are not responsible
for the induction of renal disease in the model at least (Richards et a l, 1998). Whilst the
induction of anti-DNA antibodies is rarely assessed in contemporary studies, the use of
diverse and powerful adjuvants for plasmid DNA may be an important factor in the
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induction o f such antibodies and their potential role in any pathogenesis may need to be
addressed. It has been shown that such antibodies can be induced in mice following
immunisation with single stranded DNA in combination with a powerful adjuvant
(methylated bovine serum albumin in complete Freund’s adjuvant) (Gilkeson et a l,
1990) in CBA/J mice. Interestingly, female BALB/c mice were shown to be markedly
more predisposed to the generation of such antibodies than their male counterparts
(Palmer et a l, 1993). The same strategy has been used to induce anti-DNA antibodies
following immunisation with Escherichia coli double stranded DNA in pre-autoimmune
(lupus-prone) MZB/MZW mice (Gilkeson et a l, 1996). Where plasmid DNA has been
used for the introduction of a foreign gene into animals and the production of anti-DNA
antibodies has been assessed, there have been conflicting reports;

following

intramuscular administration in non-human primates (Jiao et a l, 1992), repeated
administrations in primates (Liu et a l, 1997) and intramuscular injection into mice
(Xiang et a l, 1995), no anti-DNA antibodies were detected. However, in one study,
BALB/c mice immunized and boosted with any of three DNA plasmids a three-fold
increase in the number of B-cells secreting anti-DNA IgG autoantibodies was detected
(Mor et a l, 1997). This was correlated with a transient increase in serum anti-DNA
autoantibody titers but was not associated with the development of glomerulonephritis or
autoimmune disease. The study failed to detect production of anti-muscle cell
autoantibodies or the development of myositis and the effect of DNA vaccines on the
development of autoimmunity in lupus-prone mice was also examined. The course of the
disease was not altered and they concluded that the findings suggest that DNA vaccines
neither initiate nor accelerate the development of systemic autoimmunity. The sera of
normal human subjects has been shown to contain antibodies which react against double
stranded bacterial DNA in a significant number of subjects (Bunyard and Pisetsky, 1994).
The observed antibodies were not broadly cross reactive with other sources of DNA
{Escherichia coli or calf thymus) and the ability of subjects to generate such antibodies
may depend upon the type of DNA to which the subject is exposed and the context in
which it is perceived (such as in association with potent adjuvant).
It is thought that bacterial DNA can be important in the induction of septic arthritis and
induction of arthritis has been shown following intra-articular inoculation of bacterial
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DNA (6 or 60|ng) which was dependent upon the presence of unmethylated CpG motifs
(Deng et al., 1999b). Whilst this may not be representative of DNA vaccination, it is well
known that bacterially derived exogenous DNA can have many effects and large doses
may be undesirable in terms of safety. In a rat model for the treatment of glioma by
adenoviral delivery of the herpes simplex virus 1 thymidine kinase gene, persistent
expression of the transgene in parallel with chronic brain inflammation was observed in
rats who survived pre-implantation with CNS-1 glioma cells following adenoviral
treatment (Dewey et al., 1999). Thus the issue of persistent expression has been shown to
be problematic in at least one experimental model.
FDA guidelines expect the focus of phase I trials of plasmid DNA vaccines to be
primarily on safety, although some demonstration of immunogenicity is also expected
(FDA, 1996). Studies in non-human primates (the phylogenetically closely related
chimpanzee) seem to have fulfilled this criterion (Bagarazzi et a l, 1997; Bagarazzi et a l,
1998). The widespread testing of these agents in multiple animal models has failed to
identify deleterious events with regards to safety and initial trials in humans have proved
apparently safe (MacGregor et a l, 1998) and to engender some level of immunogenicity
(Calarota et a l, 1999). DNA vaccines have the potential to be safer than most of the live
attenuated vaccines currently available with a diverse range of applications.

1.4 G eneral aims and objectives o f these studies
The aims of this investigation into particulate systems for vaccine delivery and design are
to improve knowledge about the mechanisms of adjuvanticity of particulate vaccine
formulations and to evaluate diverse particulate delivery systems for the delivery of
protein and DNA in the context of current perceptions of vaccine delivery.
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2. Materials and Methods

2.1 Particle sizing and zeta potential m easurements

2.1.1 Size determination - Theoretical and practical considerations
Photon correlation spectroscopy (PCS), dynamic light scattering or quasi elastic light
scattering all measure Brownian motion and relate this to the size of the particles.
Brownian motion is the random movement of particles due to the bombardment by the
solvent molecules that surround them. The larger the particle, the slower the Brownian
motion will be. The size of the particle is calculated from the diffusion coefficient
(defined as a measurement of the velocity of movement of particles) using the Stokes Einstein equation shown below. The diameter which is measured in PCS is a value that
refers to how a particle diffuses within a fluid so it is referred to as a hydrodynamic
diameter.

kT
d(H )

=

------------------------------

^Ttï\D
Figure 2.1. The Stokes - Einstein equation.
Where:- d (H) = hydrodynamic diameter; D = diffusion coefficient; k = Boltzmann’s
constant; T= absolute temperature; r\ = viscosity.
As Brownian motion is affected by viscosity, where the viscosity is different to that of
water, this needs to be accounted for and also, as the viscosity of a liquid is related to its
temperature, accurate knowledge of the temperature is crucial. Other considerations are
that the temperature needs to be stable; random movements caused by convection
currents in the sample will lead to incorrect interpretation of size. The upper size limit of
accurate measurement of particle size using this method is determined by the onset of
sedimentation which is in turn dependent upon the density of the sample. The lower size
limit depends upon sample concentration, refractive index and the power of the laser. For
measurements here the lower size limit was not thought to be a constraint, for example,
when measuring liposomal size, the smallest liposomes (small unilamellar vesicles 41

SUVs) at ~ 25nm are above the practical minimum recommended by Malvern
Instruments (Malvern, UK) for the measurement of surfactant micelles. Another
consideration is that of the interaction of light with the particles. The magnitude of the
intensity of the scattered light is proportional both to particle diameter and inversely
related to laser wavelength (Rayleigh approximation). The relationship to diameter
(intensity is proportional to diameter^) means that mixtures of different sizes of particles
are difficult to measure because the larger particles will scatter so much more light in
comparison with smaller particles. The relationship with wavelength means that lasers
with shorter wavelengths will give a much greater intensity of scattered light and Mie
theory dictates that when particles are larger than around 50nm, they exhibit variable
light scattering according to the angle at which the scattered light is detected (i.e. the
scattered light will have maxima and minima at angles which will vary according to the
size o f particles being measured). Thus, measurement of particle size using this method is
not straight forward and requires care for correct use and interpretation.
Laser diffraction is more correctly called Tow angle laser light scattering’ and relies on
the fact that the diffraction angle is inversely proportional to particle size. The applicable
size range for analysis according to the standard (ISO 13320) is lOOnm to 3000pm.
Typically, many instruments in use (such as the one used in the presented work here) rely
on Fraunhofer approximation and so are less reliable for smaller particles. The latest
instruments of this type that are available use full Mie theory and typically measure over
a range from 20nm to 2000pm. However, laser diffraction here has been used solely for
the analysis of particles too large to be assessed using PCS.

2.1.1.1 Determination of particle size by laser diffraction
Laser diffraction was used in order to determine particle size with a Malvern Mastersizer
(He-Ne gas laser 633nm wavelength, Malvern Instruments, Malvern, UK). The sample
was added to the cell (containing either double distilled water or filtered PBS (0.2pm
polycarbonate filter, Millipore, UK)) until the desired obscuration was obtained. Results
are shovm as De Brouckere mean diameter. This volume or mass moment mean (Z)[4,3])
is used because it obviates the need for particle counting which is necessary for the
calculation of all number means (D[1,0]; average diameter as number length mean.
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D[2,0]; number surface mean and D[3,0]; number volume or number weight mean (all
necessarily use the number of particles in the equation for mean diameter). The formulae
D[4,3] and D[2>,2] measure equivalent volume and surface area means respectively and as
the Malvern Mastersizer initially calculates a distribution based around volume terms, the
calculation derived from the D[4,3] formula is used in common with that widely reported
in the literature.

2.1.1.2 Determination of particle size by Photon Correlation Spectroscopy (PCS)
PCS was used in order to determine particle size with a Malvern Zetasizer 1000 fitted
with an Argon ion laser (488nm wavelength, Malvern Instruments, Malvern, UK) and a
photomultiplier detector fixed at 90°. The sample (temperature equilibrated to ~ 20°C)
diluted in double distilled filtered water, was put into a 1cm glass cuvette for analysis.
The CONTIN algorithm was used following the advice of Malvern Instruments based on
the quality of the data expected from the type of formulations used (mainly liposomal and
lipid DNA complexes). The software supplied by Malvern Instruments has automatic
quality control analysis of the data giving error messages for samples upon which the size
interpretation cannot be relied. The parameters for passing the quality control analysis
are: Count rate: The detected count rate should be between 10 000 and 500 000 counts
per second. Merit: The merit is the signal to noise ratio expressed as a percentage and
needs to be between 10 and 99%. In Range: This is an overall indicator of the quality of
the data and needs to be over 80% (but ideally over 95%). Polydispersity Index: This
needs to be less than 0.7 (but ideally between 0.08 and 0.5).
Where samples have failed any aspect of the quality criterion, this has been shown. In
most cases, the polydispersity index is also shown, as this is a good guide to the
distribution o f the size data. Wherever possible, the sample concentration has been
optimised to provide a sufficient count rate. The count rate is important as this determines
the duration of measurement when set to automatic. Samples here were always analysed
under automatic measurement duration in order to ensure that enough data is collected for
accurate size determination. The software was configured to give 3 measurements of each
sample. Results are shown as Z Average Mean as the conversion to volume distribution
uses Mie theory for which an accurate refractive index of the sample is required and
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derivation of number distribution can lead to huge errors from small errors in the data
acquisition.

2.1.2 Zeta potential - Theoretical and practical considerations
A net charge at the particle surface affects the distribution of ions in the area directly
surrounding the particle. The result of this is that there is an increased concentration of
counter ions (ions of opposite charge to that of the surface of the particle) in the
surrounding interfacial region. This increased concentration of counter ions close to the
charged surface of a particle is referred to as the electrical double layer.
The liquid layer surrounding the particle exists as two parts. In the ‘Stem layer’ or inner
region, directly surrounding the particle surface, ions are strongly bound and in the
‘diffuse layer’ or outer region, further away from the particle surface, ions are less firmly
associated. Within this diffuse layer, there is a notional boundary beyond which ions do
not travel with the particle when it moves (e.g. due to gravity or electrophoresis). The
potential or charge at this boundary (technically, the surface of hydrodynamic shear) is
referred to as the zeta potential. Due to the surrounding counter ions, the observed zeta
potential is always less than the surface potential (charge at the surface of the particle) or
the Stem potential (charge at the surface of the Stem layer). Because the particle moves
with the counter ions, however, this impacts upon the electrokinetic measurement of the
‘surface’ charge of the particle and hence analysis of the particle in association with the
bound counter ions (zeta potential) is by far the most practical measurement. Thus, zeta
potential has become the standard measurement for particle surface charge.
Not surprisingly, pH affects zeta potential profoundly. For example, negatively charged
particles in suspension will acquire a reduced zeta potential in an acid environment.
Therefore, known pH of the suspension is a cmcial factor.
The velocity of a particle in a unit electric field is referred to as its electrophoretic
mobility. Zeta potential is related to electrophoretic mobility by the Henry equation
(Abramson et a/., 1942). Electrophoretic determinations of zeta potential are most
commonly made in aqueous media and moderate electrolyte concentration. This allows
electrophoretic mobility to determine zeta potential as in this case Henrys function is
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taken to equal 1.5 (Smoluchowski approximation), viscosity is automatically calculated
from the temperature (for aqueous systems) and the dielectric constant is known.

2.1.2.1 Analysis of Zeta potential
In the Malvern Zetasizer (Malvern Instruments, Malvern, UK) used in the presented work
here, electrophoretic mobility is measured using laser Doppler velocimetry. Upon
application of an electric current, the intensity of scattered light from interference fringes
at the crossing point of two laser beams fluctuates with a frequency related to the velocity
of the particle movement and hence the zeta potential can be calculated (applying the
theory outlined in the above section). All zeta potential measurements were accomplished
using 0.00 IM KCl as the dispersant, at neutral pH, and assuming a K(ka) of 1.5
(Smoluchowski approximation). The applied current is dependent upon the conductivity
of the sample. The sample was added to the capillary flow cell by means of a plastic
syringe and the parameters checked and measurements made using the software
measurement wizard.

2.2 Gel electrophoresis
Agarose (BIO-RAD, Herts, UK) was weighed to 1% of the required volume (1% w/v).
To this, 0.5 strength THE (see appendix 1) buffer was added. The agarose was dissolved
by heating on a hot plate stirrer until the solution became clear. When the solution had
cooled to approximately 60°C, ethidium bromide was added to give a concentration of
approximately Ipg m l'\ The agarose was added to the gel electrophoresis unit and
allowed to set. Samples were added to the wells and the gel was run for 90 to 120
minutes at 80V in buffer (THE x 0.5, see appendix 1). For standardisation, X DNA
digested with hind III was used (BIO-RAD, Herts, UK). Gel loading solution
(bromophenol blue) was obtained from Sigma (Poole, Dorset, UK).

45

2.3 Estim ation o f antigen specific antibody titres and antigen stimulated
splenocyte supernatant cytokine levels using enzym e linked imm unosorbent
assays (ELISA)

2.3.1 Anti TT and DT specific antibody titres
Anti-TT and DT serum or lung/gut wash antigen specific antibody titres were estimated
using standard ELISA techniques outlined below:
1. ELISA plates were coated with lOOpl antigen in PBS (5pg ml'^).
Plates were left at 4°C overnight.
2. Plates were washed once with PBST (see appendix 1).
3. Plates were coated (blocked) with 50pl of 4% bovine serum albumin (fraction V,
Sigma, Poole, Dorset, UK).
The plates were then incubated for one hour at 37°C.
4. The plates were then washed three times with PBST.
5. 50pl of serum in PBS which has been serially diluted in round bottom dilution
plates, or rehydrated lung or gut wash samples, were added to the ELISA plates.
The plates were then incubated for one hour at 37°C.
6. Plates were washed three times with PBST.
7. 50pl of conjugate (horseradish peroxidase conjugated anti-mouse isotype specific
immunoglobulin; anti-IgGl, IgG2a, IgG2b or IgA (Harlan sera-lab, Loughborough,
UK) or anti-total IgG (Sigma, Poole, Dorset, UK)) in PBS, at the manufacturers’
recommended dilution for this application, was added to the wells. This was then
incubated for one hour at 37°C.
8. The plates were then washed three times with PBST. Colouring agent (three x lOmg
tablets of 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)) (Sigma, Poole,
Dorset, UK) were added to 50ml of citrate buffer (see appendix 1) incorporating 5pi
of hydrogen peroxide (Sigma, Poole, Dorset, UK). 50pl of this substrate solution was
then added to each well. The plates were then incubated for half an hour at 37°C and
absorbance at 405nm was then measured using a Dynax MRX microplate reader
(Dynax technologies, Billingshurst, W.Sussex, UK).
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2.3.2 Anti hepatitis B specific antibody titres
For determination of serum transgene (hepatitis B surface antigen) specific antibody
titres, ELISA plates were coated with 60pl of 2pg ml'^ recombinant hepatitis B surface
antigen (ayw subtype, Aldevron, Fargo, ND, USA) in 0.05M sodium carbonate buffer
and left overnight at 4°C. After this, the procedure was the same as for the anti-DT and
TT ELISA outlined above. Values are represented as the mean of logio of the serial 2-fold
serum dilution required for the optical density to fall below that of a 1 in 16 dilution of
the naïve control.

2.3.3 Cytokine quantification
Splenocytes were isolated according to the protocol outlined in section 2.5 Splenocyte
and T-cell proliferation assays (below). Using 96 well tissue culture plates (Fisher, Leics.
UK), lOOpl volumes of viable splenocytes (at 1x10^ cells m f’) were seeded onto lOOpl
volumes of sterile media or antigen in sterile media (at the concentrations stated).
Covered plates were incubated in a humid (5% CO2 ) environment at 37°C for 24h (unless
otherwise stated), after which supernatants were removed and stored at minus 70°C for
analysis later. Cytokine levels in the culture supernatants were quantified using DuoSet®
capture ELISA (R&D Systems Europe Ltd, Oxfordshire, UK) according to the
manufacturers instructions.

2.4 Lungwash and gutwash IgA estimation
Upon termination of experiments, where specified, groups of BALB/c mice were
humanely culled and washings taken from lungs and/or small intestine for analysis of
antigen specific IgA at these surfaces. For lung wash samples, the trachea was exposed
and severed and lungwash buffer (appendix 1) was injected into the lungs and extracted
via the trachea using a sterile 1ml syringe. For gutwash samples, the small intestine was
extracted and placed into 5ml gutwash buffer (appendix 1) in a suitable small container.
The tissue was teased apart using tweezers until all the contents of the tissue section had
been liberated into the buffer. The buffer and washings was then decanted into a sterile
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5ml universal, leaving the fragmented tissue behind. Samples were freeze dried for later
analysis using ELISA (see section 2.3.1).

2.5 Splenocyte and T-cell proliferation assays
Upon termination of experiments, where specified, groups of BALB/c mice were
humanely culled and their spleens and/or specified lymph nodes aseptically removed and
placed into ice-cold sterile PBS. Spleens were treated as follows: A crude suspension of
spleen cells (in 10ml working media (RPMI 1640 (Life technologies) supplemented (to a
resultant concentration of 10% v/v) with Foetal bovine serum (Life technologies), 20mM
L-glutamine (Sigma, Poole, Dorset, UK), lO^U of penicillin litre'% and lOOmg of
streptomycin litre'’ (Sigma, Poole, Dorset, UK)) was prepared by gently grinding the
spleen on a fine wire screen. After allowing the cell suspension to settle for
approximately 5 minutes the liquid was transferred to sterile 20ml volume ‘Falcon’ tubes,
being careful not to disturb the cellular debris at the bottom. The cell suspension was
spun at 1200rpm (200 relative centrifugal force) for 10 min. After centrifugation the
supernatant was removed, the cell pellet resuspended in 10ml fresh working media and
the centrifugation procedure was repeated. Following this final centrifugation the cell
pellet was resuspended in 5ml fresh working media, and the cell concentration and
viability assessed using a haemocytometer and the trypan blue exclusion test; trypan blue
solution (0.4%) in 0.81% sodium chloride and 0.06% potassium phosphate, dibasic
(Sigma, Poole, Dorset, UK), was diluted out to 0.2% trypan blue in cell suspensions and
viability determined microscopically according to the ability of the cells to exclude the
dye. Lymph nodes from killed animals were amalgamated by treatment group, and single
cell suspensions were prepared in the same way as described for spleen. The single cell
suspensions were used to assess cytokine production, antigen specific recall responses
and enumerate antigen specific antibody forming cell numbers as outlined below.
For study of antigen specific proliferative responses, splenocyte cell suspensions were
prepared as outlined above. For T-cell proliferative responses, however, T-cells were
isolated from mixed single cell suspensions of splenocytes by B-cell depletion, using
B220 coated magnetic Dynabeads® (Dynal, Merseyside, UK). In the case of lymph node
isolates, mixed cell suspensions were used. Using sterile 96 well tissue culture plates
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(Fisher, Leics. UK) lOOfil volumes of viable mixed splenocytes (at 5 x 10^ cells m f’)
splenic T-cells (at 5 x 10^ cells ml’*) or lymph node cells (at 4 x 10^ cells mf' ) were
seeded onto lOOpl volumes of sterile serially diluted antigen (in working media) to give a
resultant concentration range as specified. As a positive control, cells were cocultured
with concanavalin A (Sigma, Poole, Dorset, UK) at a concentration of Ipg m l'\ Covered
plates were incubated in a humid (5% CO 2 ) environment at 37°C for 72h. After 72h
incubation, half a microcurie of [^H]thymidine (Amersham, UK) in 40pl volumes of
sterile working media was added to each well, and the incubation continued for a further
24h. The well contents were harvested onto glass filter mats (CAMO, Cambs, UK) using
a cell harvester (Titertek). The discs representing each well were punched from the filter
mats into 5ml volumes of scintillation fluid (Optiphase Hisafe, Fisher, UK) to measure
the incorporation of [^HJthymidine into the cultured cells using standard counting
procedures.

2.6 Evaluation o f antigen specific antibody secreting cell numbers
Enumeration o f antigen specific IgA and IgG secreting cell numbers in spleen and
mediastinal lymph nodes derived from immunised and naïve mice were carried out using
a modified enzyme-linked immunospot (ELISPOT) assay (Czerkinsky et a l, 1983).
Nitrocellulose bottomed 96 well plates (Multiscreen HA, Millipore, Watford UK) were
aseptically coated with sterile antigen (lOpg m f’ in sterile PBS). Following overnight
incubation at 4°C under aseptic conditions, plates were blocked with working media (Ih).
Serially diluted suspensions of viable splenocytes (derived from individual mice) and
mediastinal lymph node cells (treatment group pooled) were incubated in triplicate in a
humid (5% CO 2 ) environment at 37°C for 24h. The plates were then washed three times
by immersion in 300ml volumes of fi*esh PBS-Tween 20 (PBST, see Appendix 1).
Appropriately diluted antimouse IgG (Sigma, Poole, Dorset, UK), or IgA (Harlan seralab, Loughborough, UK), peroxidase conjugated antibodies were then added to
predetermined wells. Following a further incubation for Ih at 37°C, plates were washed
again three times, prior to addition of 3-amino-9-ethylcarbazole substrate (Sigma, Poole,
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Dorset, UK). Spot forming cell numbers were determined, and expressed relative to 10^
cells plated.

2.7 M TT assay
Cell viability was evaluated using the MTT assay, which measures the ability of the
mitochondrial dehydrogenase enzymes of living cells to reduce the soluble yellow MTT
salt [3-(4,5-di-methylthiazol-2-yl)2,5-diphenyl tétrazolium bromide] (MTT, Sigma,
Poole, Dorset, UK) into an insoluble purple formazan salt. For this assay, lOOmg of MTT
was dissolved in 10ml PBS and pushed through a 0.2pm filter. MTT activity was
measured in parallel with cell harvesting at 96h, unless stated otherwise. Where 96 well
plates were used, 30pl of MTT solution was added to the wells for 4.5 hours or until the
generation of a visible blue precipitate. The culture medium was removed and the
precipitate was dissolved in 50pl DMSO (dimethyl sulfoxide. Sigma, Poole, Dorset, UK).
Absorbance was read at 570nm and taken as a measurement of cell viability.

2.8 Plasmid DNA preparation
Plasmid DNA was either purchased from Aldevron (Fargo, ND, USA) or prepared using
the QIAfilter Giga prep kit purchased from Qiagen (Crawley, West Sussex, UK)
according to the manufacturers instructions. Briefly, plasmids were cloned into host cells
{E. coli DH5a or JM109) and stored at minus 70°C. A single colony was obtained from
the stock cells by streaking out on agar (Agar No. 2, Lab M, Bury, Lancs, UK) containing
ampicillin at lOOpg ml'^ (Sigma, Poole, Dorset, UK) and leaving overnight at 37°C. This
was used to inoculate a starter culture in 10ml of Luria-Bertani (LB) medium made up as
outlined in appendix 1. Following vigorous shaking for 8h at 37°C, the starter culture was
used to inoculate 2.5 litres of LB medium at a dilution of 1 in 600. This culture was
grown for 12h at 37°C with vigorous shaking before cells were harvested by
centrifugation at 6000 x g for 15 minutes. Medium was removed and pellet resuspended
in PI buffer before lysing bacteria, forming a precipitate and applying the lysate to the
QIAfilter Giga cartridge. Plasmid DNA was separated from the filtered lysate using the
QIAGEN-tip 10000 and eluting with the supplied buffer. The DNA was precipitated
using isopropanol and centrifugation at 15000 x g for 30 minutes at 4°C. The pellet was
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washed in 70% ethanol and centrifuged again at 15000 x g for 10 minutes. The air-dried
pellet was redissolved in a suitable buffer (TE, pH 8.0). The purity and concentration of
DNA was determined using absorbance at 280nm and 260nm. The ratio of absorbance at
280 to 260nm should be between 1.8 and 2 as an indication of purity and at 260nm, an
optical density of 1 corresponds to a plasmid DNA concentration of 50pg m l'\
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2.9 Liposome preparation
2.9.1 Preparation of dehydration rehydration liposomes
Dehydration- rehydration vesicles were prepared as outlined below:

D issolve lipids in ch loroform

R otary evap orate solven t leavin g a thin lipid film

[

3.

D ry lipid film u n d er a stream o f nitrogen

4.

H yd rate by ‘h a n d sh a k in g ’

□

S onicate

F reeze dry

[□
8.

H yd rate slow ly

C h aracterise

Figure 2.2. Outline of the procedures involved in the preparation of dehydration
rehydration liposomes.
This method can potentially yield high entrapment o f drug or antigen.
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2.9.2 Preparation of liposomes for complexation with DNA
Liposomes were made up of:
Neutral lipids: Phosphatidylcholine (PC; a kind gift from Dr. Frank Schubert, Lipoid
GMBH, Ludwigshafen, Germany), Phosphatidylethanolamine (PE; Lipid Products,
Surrey, UK), Cholesterol (Choi; Sigma, Poole, Dorset, UK).
Charged lipids: Stearylamine (SA; Sigma, Poole, Dorset, UK).
Molar ratios were calculated as outlined in the following example:
Lipid

PC

:

PE

:

SA

Ratio (R)

16

:

8

:

4

mw (m)

780

:

744

:

270

RXm

12480

5952

1080

Total R X m = 19512

where:

RXm
Total R

X
X

Total Lipid

=

mass

m

Liposomes were made up in batches as required. Lipids were dissolved in chloroform and
added to water. An emulsion was formed by stirring and the chloroform was evaporated
off in a fume cupboard. The resultant liposome suspension was bath sonicated under
nitrogen in order to obtain small unilamellar vesicles with an approximate particle Z
average diameter of 80 to lOOnm as determined by photon correlation spectroscopy
(PCS, Malvern Instruments, UK). The liposome concentration was adjusted to 5mg m l'\
Where used, sucrose was added at 3 x total lipid weight as indicated. DNA was added
after sonication and before freeze drying. Gel electrophoresis (section 2.2) was used to
assess plasmid integrity and triton X-100 was used in order to disrupt the liposomes and
liberate the plasmid DNA for this.

2.10 Im m unisation studies
Experimentation strictly adhered to the 1986 Scientific Procedures Act. Female BALB/c
mice (25g, 6-week-old) were used for in vivo studies, unless otherwise specified. For
intranasal immunisation, mice were lightly anaesthetized with an inhaled gaseous mixture
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of 3% (v/v) halothane (RMB Animal Health, UK) in oxygen (300cm^ min'^) and nitrous
oxide (lOOcm^ min'^). Oral dosing was accomplished via intragastric gavage without
anaesthetic. Subcutaneous injection was made into the scruff of the neck beneath the
adipose tissue. Intramuscular injection was into the quadriceps. Blood samples were
taken from the tail vein. Immunisation schedules, volumes and other experimental
procedures are detailed in the relevant Chapters.

2.11 Statistical analysis
For cell stimulation assays, levels of significance were assessed using analysis of
variance and a two-tailed unpaired t-test. For analysis of antibody responses, data was
analysed using the Kruskal-Wallis test and for multiple comparisons, a further method
based on ranks; the Student-Newman-Keuls test was used (Glanz, 1997). Significant
differences were judged as P < 0.05.
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3. M o d ified lip o so m a l sy stem s fo r d eliv ery o f teta n u s to x o id

3.1 Introduction

3.1.1 Tetanus and immunisation
Tetanus toxin is produced by Clostridium tetani, a Gram positive, anaerobic bacillus that
forms spores found in soil and faeces. Clostridium tetani is a non-invasive opportunist
that relies on spore introduction through damaged skin. Clinical symptoms of tetanus are
mediated by the tetanospasmin neurotoxin. The toxin blocks inhibition of spinal cord
reflex arcs, causing muscle rigidity and contraction, and interferes with release of
transmitters in autonomic nerves. Autonomic dysfunction may manifest in the form of
labile hypertension, tachycardia and other cardiac arrhythmias, pyrexia, peripheral
vascular constriction, and sudden death.
Current tetanus vaccines are usually combined with diphtheria, acellular pertussis and
Haemophilus influenzae type b (table 1.2) and consist of formaldehyde treated (toxoided)
toxins of molecular weight 150kDa. Protection from tetanus intoxication is mediated by
appropriate humoral responses that must be of sufficient specificity and magnitude to
facilitate neutralisation (Ourth, 1974). Despite the existence of these vaccines, tetanus
still constitutes a significant public health problem in many areas of the world. The
requirement for multiple injections of the currently licensed vaccines dictates that there is
often comparatively poor coverage in countries where economic or logistical factors
make fulfillment o f the complete immunisation schedule difficult. For this reason, the
World Health Organization (WHO) has indicated that the development of improved
immunization strategies for tetanus as well as diphtheria is a priority.

3.1.2 Carbopol, Hyaluronate and Chitosan
Carbopol is commonly used as a rheology modifier, suspending agent and/or stabilizer in
the cosmetics industry. In drug delivery, it has been used experimentally as an agent to
enhance adhesion to mucosal surfaces in combination with other delivery systems (for
example microspheres (Kockisch et a l, 2003)) and has potential in controlled drug
delivery systems due to enhanced protection of peptides and proteins against enzymatic
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degradation in the gastrointestinal tract. Due to this, carbopol has received considerable
attention for oral delivery of proteins and recently for oral delivery of calcitonin in
liposomes (Takeuchi et a l, 2003).
Hyaluronic acid has been known since 1934 and was once thought to be an inert filling
material between cells and attracted little attention. Today, however, there is an enormous
body of research into hyaluronate and it has received considerable interest due to its role
in wound healing and in the treatment of osteoarthritis. In drug delivery it has been used
as a mucoadhesive agent in similar fashion to carbopol (Herrero-Vanrell et a l, 2000).
Perhaps of more interest here is that hyaluronic acid is a ligand for the CD44 receptor
(CD44 is involved in a variety of lymphocyte functions including lympho-hemopoiesis,
adhesion to high endothelial venules or the extracellular matrix, and T-cell activation and
NK cytotoxicity (Galandrini et a l, 1994a)). It is thought that, in conjunction with
CD3/TCR-mediated stimuli, hyaluronate is costimulatory for human peripheral blood Tcell proliferation, for IL-2 production by Th clones, and for release of trypsin-like
esterase by cytolytic T-cell clones (Galandrini et a l, 1994b).
Chitin is a linear beta 1,4-linked polymer of N-acetyl-D-glucosamine, whereas chitosan is
a copolymer of N-acetyl-D-glucosamine (approximately 20%) and glucosamine
(approximately 80%) (see figure 3.1) and is made by alkaline N-deacetylation of chitin in
the presence of hot alkali. Chitin is widely distributed being the second most abundant
natural biopolymer (second only to cellulose) and the most common source is the
exoskeleton of crustaceans, which consists of 15-20% chitin, dry weight. When given
orally in humans, chitosan attaches to fat in the stomach before it is metabolized. The
chitosan traps fat and prevents its absorption in the digestive tract and has thus has been
used as a dietary supplement to aid weight loss. Widespread use of the biopolymer has
identified chitosan as biocompatible, biodegradable and in addition having low toxicity
(Tharanathan and Kittur, 2003). In drug delivery, as with carbopol and hyaluronic acid,
chitosan has received attention due to its mucoadhesive properties and also for the
apparent ability to enhance penetration across the nasal mucosa (Ilium et a l, 1994).
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Figure 3.1. The structures of Chitin (i) and Chitosan (ii).
3.1.3 Use of the mouse model and considerations for the generation and
interpretation of immune responses
Identified correlates of protection are in many cases defined for animal models. Studies
of immunological parameters have revealed differences between murine and human
systems. In the mouse, IL-10 is a product of Th2, but not Thl cells and appears to mainly
down regulate the Thl response, in humans however, IL-10 is produced by, and downregulates, the function of both Thl and Th2 cells (Del Prete et a l, 1993). Some general
differences appear to be that human T-cells show a less clear segregation of cytokine
production (IL-2, IL-6, IL-10 and IL-13) by CD4^ subsets. This might be expected to
suppress the polarisation of Thl/Th2 responses in humans as compared to the mouse
model although segregation of Thl and Th2 subsets is clearly apparent in humans (Del
Prete, 1998) and this paradigm represents a useful model. Immune responses in mice
have been shown to be dependent upon genetic influences of the individual strains.
Enhanced responses facilitated by the adjuvant MDP were reported to markedly increase
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secondary antibody responses of BALB/c mice to bovine albumin but have little
enhancing effect on the antibody response in C57BL/10Sn (BIO) mice (Staruch and
Wood, 1982). This difference was related to their H-2 haplotypes and not affected by the
use of alternative antigen. Similarly, plasmids expressing p-galactosidase and green
fluorescent protein injected intramuscularly into mice of different strains have been
shown to generate variable antibody responses according to their H-2 haplotype (Ito et
a l, 2000). In this cited study, however, different responses were shown for the different
antigens used. Effective antibody induction was noted for p-galactosidase DNA and
peptide immunisation in all of the strains tested but the green fluorescent protein DNA
was shown to induce antibody production in a H-2 haplotype dependent manner (all
inbred and H-2 congenic strains showed no transgene specific antibody production)
despite the peptide immunisation eliciting antibody responses in all of the strains tested
(although this was reduced in the inbred and H-2 congenic strains). It was thought that
the diverse genetic background of the outbred mice may facilitate increased efficiency of
antigen presentation and an increased range of the T-cell repertoire against this antigen.
At the level of cytokine production, MHC congenic matched strains have shown that
immune responses to trinitrophenyl in H-2k and H-2d mice occur in conjunction with
markedly differing profiles of cytokine production (Caruso et a l, 1996). With such
matched comparisons it is unlikely that non MHC genes influence the class of response
observed. In humans, peripheral blood mononuclear cells from HLA-B8, DR3 positive
and negative individuals were found to differ in their ability to produce IL-2, IL-5, and
IFN-y following stimulation with phytohemagglutinin but produced similar amounts of
IL-4, IL-6, and IL-10. The main issues which can be drawn from the observations of
immunological differences outlined here are that the MHC/peptide complex generated
after immunisation directs the qualitative nature of the ensuing cytokine production and
the subsequent immune response and that these events are subject to the significant
influence of genetic polymorphisms, implicating MHC related variations in immune
responses to antigen and in addition, potential variation in the effect of adjuvant. Rather
than compounding the problem with inter species comparisons, the scenarios evident in
human and murine systems are somewhat analogous. The researchers’ desire for the use
of inbred strains with clearly defined immunological characteristics, however, may not be
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without a price. The use of animal models is undoubtedly necessary and their usefulness
is markedly improved by the knowledge and characterisation of their limitations and bias.
In the case of the mouse model, the use of multiple strains may serve to build a stronger
picture while more specific differences relating to the natural exposure and reactivity of
the immune system, where defined, (as postulated for MUC-1, see section 5.1.2 Human
mucin 1) may be resolved by the use of transgenic variants. In most of the studies
presented here, the BALB/c model has been used. This strain is implicated in a tendency
to generate Th2 type responses.

3.1.4 Aims and objectives of this chapter
The aim of this chapter is to assess the potential of bioadhesive agents, which also have a
number of additional effects and applications, as adjuvants to liposomal tetanus toxoid
administered intranasally, intramuscularly and orally.

3.2 M aterials and M ethods
For particle sizing, measurement of zeta potential, and other relevant materials and
methods not outlined here, please refer to Chapter 2.

3.2.1 Preparation of liposomes
The neutral lipid dipalmitoylphosphatidylcholine (DPPC, Lipid Products, Surrey, UK),
positively charged stearylamine (SA, Sigma, Poole, Dorset, UK) and negatively charged
dicetyl phosphate (DCP, Sigma, Poole, Dorset, UK), supplied as a dry white powder,
were used to prepare liposomes in the following protocol (also see section 2.9.1
Preparation

of dehydration rehydration

liposomes):

Lipids

were

dispersed

in

chloroformimethanol (1:1). The solution was rotary evaporated at 50°C under reduced
pressure. The resultant thin lipid film was dried under a stream of nitrogen for ten
minutes. Liposomes were formed by the addition of 0.5ml of PBS (sterile filtered using a
0.2pm polycarbonate filter, Millipore, UK) containing antigen in a water bath at 54°C
and shaking (handshaking method). The solution was further diluted by addition of an
equal amount of either PBS, hyaluronic acid (0.4%), carbopol (0.2%) or chitosan (0.4%).
Hyaluronic acid (sodium salt) was purchased from Sigma Chemicals (Poole, Dorset,

59

UK), carbopol was from BF Goodrich Pharmaceuticals (Cleveland, USA) and high
molecular weight chitosan was supplied by Fluka Biochemica (Buchs, Switzerland).
Tetanus toxoid was kindly supplied by the Serum Institute, India. The hyaluronic acid
and carbopol solutions were made up using double distilled filtered water whilst the
chitosan was dissolved in acetate buffer (see appendix 1). DPPC/DCP liposomes were
used for the negatively charged hyaluronic acid and carbopol additives as well as for the
positively charged chitosan preparations in a method for chitosan coating adapted from
that found to be effective for enteral insulin delivery in rats (Takeuchi et a l, 1996). The
composition of the various liposomal formulations is shown in table 3.1 below.

Lipid

Negative

Positive

Neutral

DPPC

12mg

12mg

13mg

DCP

2.5mg

-

-

SA

-

0.826mg

-

Table 3.1. Liposomal formulations for the delivery of tetanus toxoid.
The molar ratios of the mixed lipid preparations are approximately 32:8 DPPC:DCP/SA
using these compositions of lipids/phospholipids. Liposome compositions read vertically
and are allocated as positive, negative and neutral according to their (-potential as
determined by Malvern Zetasizer measurements.
3.2.2 Immunisation schedules
Groups of 5 BALB/c mice each received intramuscular doses equivalent to 2.5Lf TT at
days 0 and 29. For intranasal dosing, groups of 5 mice received 5Lf TT again at days 0
and 29. For oral dosing, mice were dosed 3 times at 2 day intervals and boosted with 2
doses after 28 days. Animals receiving oral doses were given 50Lf TT per dose. The
immune responses to subcutaneous administration of 5Lf free TT (as a mock challenge)
at day 150 were measured after an additional 7 days. Immune responses were measured
as IgG titres (determined by anti-IgG whole molecule (Sigma, Poole, Dorset, UK) and
IgGl subclass specific detection antibodies (Harlan sera-lab, Loughborough, UK)) in
serum samples taken as stated. Also see Materials and Methods section 2.3.1 Anti TT and
DT specific antibody titres and section 2.10 Immunisation studies.
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3.3 Results

3.3.1 Characterisation of liposomal formulations
Table 3.2 below shows the characteristics of formulations used in this study.

Formulation

Zeta potential (mV)

Size (pi

DCPiDPPC

-56

8+6

SA:DPPC

+64

15±8

DPPC

0

13 ± 5

DCP:DPPC:HA

-67

15±6

DCP:DPPC:CP

-69

18 + 10

Table 3.2. Characteristics of formulations used for the delivery of tetanus toxoid.
Size was measured using laser diffraction in PBS (see section 2.1.1.1) and is shown ±
standard deviation. Surface charge was determined according to the protocol outlined in
section 2.1.2.1. HA: Hyaluronic acid. CP: Carbopol.
3.3.2 Intramuscular administration
In the context of observed systemic IgG anti-tetanus antibody titres, immune responses to
intramuscular administration of liposomal tetanus toxoid was, on average, an order of
magnitude greater than that observed for free antigen (see figure 3.2). It can be seen that
the tetanus specific IgGl titres corresponded closely to this trend (figure 3.3). Following
the priming dose, only the formulations incorporating chitosan and positively charged
liposomes without any additives were significantly better than the free antigen in eliciting
tetanus specific antibodies (n = 5, P < 0.05). After boosting, all formulations showed
significantly higher tetanus specific antibody titres at days 36 and 58 in comparison to
free antigen (n = 5, P < 0.05), however, the differences between the groups were much
less by day 86.
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Figure 3.2. Observed anti-TT IgG titres following intramuscular administration.
This figure shows a comparison of immune responses to liposomal and non-liposomal
tetanus toxoid at day 14 (primary response) and after boosting at days 36, 58 and 86.
Doses were given intramuscularly, 2.5Lf at day 0 and 2.5Lf at day 29. Error bars
represent standard error, n = 5.
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Figure 3.3. Observed anti-TT IgGl titres following intramuscular administration.
This figure shows a comparison of immune responses to liposomal and non-liposomal
tetanus toxoid at day 14 (primary response) and after boosting at days 36, 58 and 86.
Doses were given intramuscularly, 2.5Lf at day 0 and 2.5Lf at day 29. Error bars
represent standard error, n = 5.
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3.3.2 Intranasal administration
Following the priming dose, only the chitosan and negatively charged liposomes
engendered significantly higher anti tetanus antibody titres than mice receiving free
antigen (n = 5, P < 0.05) (total IgG, figure 3.4) and in the case of IgGl only the chitosan
formulation was shown to be significantly higher (figure 3.5). After boosting, all
formulations were shown to give significantly higher antibody titres (n = 5, P < 0.05) in
comparison to mice receiving free antigen. From among these groups, the group which
received the chitosan formulation showed the highest titres throughout the duration of
this experiment. Again, the trend was repeated in the analysis of the tetanus specific IgGl
subclass titres (figure 3.5) and titres were falling by day 86 for most o f the groups with
the exception of the group receiving positively charged liposomes.
Very low or no antigen specific IgG2a titres were detected for these formulations.
However, without a positive control measurement of IgG2a was not thought to be reliable
and results for this are not shown.
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Figure 3.4. Observed anti-TT IgG titres following intranasal administration.
This figure shows a comparison of immune responses to liposomal and non-liposomal
tetanus toxoid at day 14 (primary response) and after boosting at days 36, 58 and 86.
Doses were given intranasally, 5Lf at day 0 and 5Lf at day 29. Error bars represent
standard error, n = 5.
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Figure 3.5. Observed anti-TT IgGl titres following intranasal administration.
This figure shows a comparison of immune responses to liposomal and non-liposomal
tetanus toxoid at day 14 (primary response) and after boosting at days 36. Doses were
given intranasally, 5Lf at day 0 and 5Lf at day 29.
Error bars represent standard error, n = 5.
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3.3.3 Oral administration
An improved immune response, in terms of serum ant-tetanus specific antibody titres,
was observed following mock challenge in groups which had been immunised orally with
liposomal tetanus toxoid in combination with the high molecular weight chitosan in
comparison with all of the other formulations used. Average positive serum end point
dilutions in order of subsequent immunogenicity post mock challenge were found to be:
Chitosan: 2048 > SA/DPPC: 218 > Hyaluronic acid: 128 > DCP/DPPC: 109 > DPPC: 90
> carbopol: 77 (figure 3.6). The antibody titres engendered by the chitosan formulation
were found to be significantly higher than those observed for the other formulations
tested (n = 5, P < 0.05).
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Figure 3.6. Observed anti-TT IgG titres following oral administration.
Tetanus specific IgG titres of orally immunised mice, following mock challenge of 5Lf
TT given subcutaneously at day 150. The observed titres are 7 days post subcutaneous
mock challenge. Error bars represent standard error, n = 5.
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3.4 Discussion

3.4.1 Role of antibody in the immune response
Recognised mechanisms of antibody action include complement activation, toxin
neutralisation, viral neutralisation, opsonisation and antibody dependent cellular
cytotoxicity (ADCC). From these, only the neutralisation can be seen as a singular
antibody function. Complement activation requires the interaction of serum complement
proteins. Opsonisation and ADCC require the interaction of phagocytic cells and/or
natural killer (NK) cells. These effector functions are well characterised in most available
immunology text books. However, more recent studies have implicated antibody in
modulation of the host inflammatory response. It has been proposed that antibody may
mediate pro-inflammatory effects in the early stage of an infection and anti-inflammatory
effects in the later stage - limiting damage caused by the inflammation itself (Casadevall
and Pirofski, 2003). Immune responses involve the highly orchestrated and highly
complex interaction of many elements. Levels of complexity are further increased by
spatial and temporal considerations (Zinkemagel et a l, 1997) in addition to the diversity
of interplay in the microenvironment of cognate interaction, interactions at the host
pathogen interface and antigen perception, processing and presentation. In such an
elaborate system, where effector molecules invariably have multifarious influences on
different cell types (or even the same cell types at different stages of differentiation), it is
not surprising that according to the current trends, different elements of the immune
response are implicated as being dependent upon each other for regulation. The close
interaction of antibody with cells of the immune system is such that cell mediated
immunity is required in many disease and cancerous states for full realisation of the
efficacy of antibody mediated immunity. Despite the complexity of the relationships of
antibody with the overall orchestration of the immune response, certain levels of antibody
are considered protective in vaccine efficacy for agents used in these studies. Thus whilst
direct comparison is not made here, anti-HBsAg antibody levels of > lOmlU/ml, anti
diphtheria antibody levels of > lOOmlU/ml and anti-tetanus antibody levels of >
lOOmlU/ml are quoted as protective levels of antibody in humans (Dentico et a l, 2002;
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Schmitt et a l, 2003). This consensus may have developed from a strong role for antibody
in the neutralisation of these agents.

3.4.2 Implications of antibody isotype distribution
The four subclasses of human IgG (IgG 1-4) are different in their abilities to mediate
effector functions. Studies of complement activation have indicated that IgGl and IgG3
are the most potent antibody subclass types at mediating activation of the complement
cascade whilst IgG2 and IgG4 are very poor activators (Redpath et a l, 1998). Murine
IgG3 is not a homologue of human IgG3 and presence of this isotype has not been
assessed here. Murine IgG3 is believed to bind to IgG2a receptors on macrophages,
although at a much lower affinity than IgG2a (Gavin et a l, 1998). IgGl and IgG2b
ADCC activity has been found to be low and was unchanged by the addition of IFN-y in
a cell culture model (Akiyama et a l, 1984). In contrast IFN-y increased the activity of
IgG2a and IgG3 antibodies as measured by U937 (ATCC ref: CRL-1593.2) cell mediated
ADCC. Increased levels of IgG2a have been found to significantly enhance ADCC
mediated by NK cells (Koh and Yuan, 2000). NK cells can be activated either directly or
indirectly by some tumour cells or infectious agents and it is thought that the isotype
distribution can be skewed towards production of IgG2a by IFN-y from NK cells. Thus,
activation of NK cells early in the immune response may be able to exert long lasting Thl
effects. Agrewala et a l (1993) originally showed that there was an antagonising effect of
IFN-y on the production of IgGl induced by IL-4 which was neutralised by using antiIFN-y antibody. Similarly, IL-4 was shown to antagonise the IFN-y mediated
enhancement of IgG2a production. This was blocked by anti-IL-4 antibody (Agrewala et
a l, 1993). Since then, more compelling evidence for the Thl/Th2 paradigm in antibody
isotype distribution has come from various other investigations. For example, in studies
of Plasmodium berghei, it was shown that the treatment of mice with anti-IFN-y
suppressed development of an anti-plasmodial IgG2a immunoglobulin isotype in the
serum o f infected mice whereas anti-IL-4 interfered with the IgGl response (Waki et a l,
1995).
The perception of antigen can be very much influenced by antibody and antibody isotype.
The macrophage, for instance, is able to mediate ADCC when exposed to antigen bound
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by IgG2a. Phagocytosis mediated by the macrophage can be initiated by receptors for
complement, mannose receptors or Fey receptors for IgG heavy chain regions.
Complement receptor mediated phagocytosis of Mycobacterium tuberculosis has been
shown to affect phagosomal maturation and a marked reduction in bactericidal activity of
the mouse macrophage (Malik et a l, 2000) (similar results have been shown for human
macrophage phagosome activity). Uptake of antigen by the mannose receptor has also
been shown to elicit a reduced bactericidal activity in macrophages (Astarie-Dequeker et
a l, 1999). However, if M tuberculosis is ‘opsonised’ with bacillus-specific antibodies,
phagocytosis of M. tuberculosis by Fey receptors results in full maturation of the
mycobacterial phagosome. Recent research has shown that a significant skewing of the
immune response can be accomplished by the targeting of antigen to Fey receptors by the
conjugation of the model antigen ovalbumin to IgG resulting in high levels of IgGl,
increased IL-4 and reduced levels of IFN-y (Anderson and Mosser, 2002). Interestingly,
the increased ADCC activity in the presence of IFN-y cited above (Akiyama et a l, 1984)
was thought to be due to increased expression of Fey receptors specific for the observed
effective IgG isotypes (IgG2a and IgG3).

3.4.3 Observations and interpretation
The tetanus specific IgGl antisera in these immunised groups gave high titres with the
same trend shown as for titres representing total IgG (figures 3.2 and 3.3). The observed
IgG2a titres were low or variable and this did not allow effective comparison of the
IgG2a and therefore is inconclusive. All formulated TT engendered good anti-TT
antibodies from intramuscular administration. The higher titres, however, were waning
by day 86. This trend was similar for these formulations given intranasally (figure 3.4).
From all the formulations tested, the chitosan formulation showed the most promise from
the intranasal groups, with comparatively higher immune titres before and after boosting.
All o f the formulated TT groups gave higher titres of anti-TT specific antibodies
following intramuscular administration. There is no real trend towards differences
between the groups according to formulation size or surface charge (shown in table 3.2).
Liposomes with a positive or a negative surface charge were equally good at eliciting
antibody responses against associated antigen regardless of the route employed. From the

71

agents added in order to augment immune responses, apart from chitosan, carbopol also
engendered apparently increased immune responses intranasally. This could be due to
increased residence time in the nasal mucosa facilitated by the highly viscous nature of
this polymer. The properties ascribed to chitosan include effects on tight junctions and
increased permeability of cells (a more comprehensive view of chitosan and its
derivatives is given in Chapter 4). Whilst these agents facilitated increased antibody
responses to TT antigen administered intranasally, titres were still at least an order of
magnitude less than those facilitated by intramuscular administration of the same
formulations. However, the chitosan intranasally was increased in comparison to free
antigen intramuscularly. Whilst the difference was not statistically significant, it clearly
shows the potential of the chitosan formulation for intranasal administration.
The oral study did not show TT specific antibody in sera until mock challenge was
performed. Again, the chitosan formulation was superior to other formulations although
mice had received high doses (a total of 250Lf units).
The results presented in this chapter undoubtedly show the potential of liposomes as
immunological adjuvants for TT when given both intranasally and intramuscularly in
comparison to free antigen. The effects of the addition of hyaluronic acid and carbopol
are not seen to enhance the adjuvant effect of the liposomes administered with TT via
these routes. The addition of chitosan, however, resulted in increased antibody mediated
immune responses

against liposomal

TT following both

intranasal

and oral

administration.

72

4. Modified liposomal systems and absorption enhancers for intranasal
delivery of vaccine formulations

4.1 Introduction

4.1.1 Diphtheria and immunisation
The causative agent of diphtheria is Corynebacterium diphtheriae, a nonsporulating
gram-positive bacteria found only in humans. The bacillus is non-invasive, ordinarily
residing in the superficial layers of the respiratory tract and sometimes in skin lesions.
Transmission is achieved through contact with either respiratory secretions or infected
lesion exudates. Symptoms include fever, malaise, sore throat and the development of a
leathery membrane that covers the pharynx, including the tonsillar areas, soft palate and
uvula. The toxicity of Corynebacterium diphtheriae results from the action of its potent
exotoxin, which interferes with mammalian protein synthesis. In proportion to their
severity, local symptoms of diphtheria may be accompanied by systemic complications,
secondary to absorption and dissemination of exotoxin. Many infected individuals
develop potentially fatal myocarditis, or peripheral neuritis resulting in paralysis.
As with tetanus, current diphtheria vaccines consist of formaldehyde treated (toxoided)
toxins of molecular weight 65kDa and is usually combined with the acellular pertussis
and Haemophilus influenzae type b vaccine (table 1.2). Similarly, protection from
diphtheria is mediated by humoral responses. As with tetanus, diphtheria still constitutes
a major public health problem in many areas of the world, especially where
comparatively poor vaccine coverage is evident due to economic or logistical factors. In
the case of diphtheria, this has been given added impetus following recent epidemics in
Eastern Europe. The epidemic of diphtheria in the Newly Independent States of the
former Soviet Union is the largest outbreak in the developed world in recent years and
was considered by the WHO as an international public health emergency (Galazka,
2000), which threatened to spread unchecked, exploiting non-comprehensive vaccine
coverage.
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In this chapter, DT is used in conjunction with absorption enhancers; chitosan and several
derivatives, cyclodextrin and cationic starch. Melittin has been used in conjunction with
both DT and TT.

4.1.2 Absorption enhancers in nasal vaccine delivery
Whilst lipophilic agents, such as propanolol, progesterone, pentazocine and fentanyl,
administered nasally demonstrate rapid and efficient absorption (Ilium, 2002), water
soluble drugs or other agents, especially higher molecular weight proteins such as
diphtheria or tetanus toxoids, are poorly absorbed by this route when given alone.
Delivery systems for drugs or subunit vaccines may overcome poor membrane
permeability by enhancing delivery via transcellular or paracellular routes. Some
liposomal formulations have been promising enough to make it into human trials (e.g. for
insulin delivery (Hilsted et a l, 1995)) and liposome formulation has also been found to
significantly enhance immune responses in comparison to free antigen nasally (Alpar et
a l, 1992). It is generally thought that these agents enhance transcellular absorption and
may assist in uptake o f antigen via NALT (Almeida and Alpar, 1996).
Absorption enhancers used experimentally in nasal drug delivery include non-ionic
surfactants, bile salts, fatty acids, salicylates and chelating agents. However, enhancers
such as surfactants, bile salts and fatty acids may exert their effect by disrupting the
phospholipid bilayer o f epithelial cells, even stripping the outer layer of the mucosa and
thus increasing the observed transcellular transport of drugs. For such agents, there may
be a direct correlation between membrane damage and observed bioavailibility (Ilium,
1998). It is well known that sodium-EDTA and other Ca^^ chelators may act as
absorption enhancers by complexing Ca^^ ions, which are important in the functional
integrity of the intercellular spaces (Artursson and Magnusson, 1990; Tomita et a l,
1988). It is by this mechanism that Ca^^ chelators are thought to influence the
paracellular transport of molecules such as peptides and proteins that are normally
excluded from this pathway. Ca^^ chelating agents themselves may also cause problems
such as local intolerability due to membrane damage. If such agents penetrate cells, then
the interaction with intracellular Ca^^ can likely cause damage or cell death. Novel
absorption enhancers with potential for drug delivery and hence also as mucosal vaccine
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adjuvants are of great interest, their suitability for use in the nasal mucosa may ultimately
depend upon their mechanism of action and their effects on the epithelial cell membrane.

4.1.3 Chitosan derivatives
Chitosan (also see Chapter 3 section 3.1.2) is a polycation at acidic pH values where most
of the amino groups are protonated and has an apparent pKa of 5.5 (Muzzarelli et a l,
1999). Its biodegradability is facilitated by lysozyme, it has low toxicity in humans and
these facets have aided the recent increased interest in chitosan as an immunopotentiating
agent.
N-trimethyl chitosan chloride (TMC) is a quatemised derivative of chitosan, but
compared with chitosan, TMC is endowed with superior aqueous solubility over a
broader pH range (Thanou et a l, 1999). TMC has been shown to considerably increase
the permeation and/or absorption of neutral and cationic peptide analogs across intestinal
epithelia (Thanou et a l, 2001). The TMC polymers used in this study are designated
TMC-20, TMC-40 and TMC-60 according to their degrees of trimethylation (20%, 40%
and 60% respectively). The degree of substitution of the final product can be controlled
by means of the number of reaction steps, the duration of each reaction step and the
amount of catalytic reagent (methyl iodide) and high degrees of trimethylation are
possible. However, at very high degrees of substitution, solubility is strongly reduced
(Sieval et a l, 1998). The absorption enhancing properties of TMC derivatives have been
found to be retained and TMC-40 and TMC-60 have been shown to enhance paracellular
transport of the marker Texas red dextran in Caco-2 cell monolayers (Thanou et a l,
1999). Thus, TMC is able to retain penetration enhancing properties under physiological
conditions. The mechanism by which TMC enhances intestinal permeability is believed
to be similar to that of protonated chitosan. It is believed to reversibly interact with
components of the tight junctions, leading to widening of the paracellular routes. The
degree o f quatemization determines the amount and density of the positive charges on the
C2 position of this derivative (Kotze et a l, 1999). Carboxymethylated chitosan (CMC) is
a polyampholytic polymer, able to form visco-elastic gels in aqueous environments or
with anionic macromolecules at neutral pH values. CMC appears to be less potent
compared to the quatemized derivative. Nevertheless, CMC has been found to increase
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the permeation and absorption of low molecular weight heparin (an anionic
polysaccharide) across intestinal epithelia (Thanou et a l, 2001). Interestingly, neither of
these chitosan derivatives (TMC or CMC) was thought to provoke damage of the cell
membrane and therefore they should not alter the viability of nasal epithelial cells.
Chitosan glutamate is able to enhance the in vitro transport of small hydrophilic
compounds, for example ^"^C-mannitol (Borchard et a l, 1996), and also the transport of
high molecular weight peptide drugs,

such as the octapeptide DGAVP

(9-

desglycinamide, 8-L-arginine vasopressin dicitrate) (Lueben et a l, 1997) across Caco-2
cell monolayers and rat intestinal tissue.
Similarly, chitosan hydrochloride has been shown to enhance intestinal absorption in vivo
of the peptide drug buserelin when this was co-administered with chitosan hydrochloride
in rats (Lueben et a l, 1996).

4.1.4 Cyclodextrin
Cyclodextrins have a wide variety of uses in the food, cosmetic, and biotechnology
industries. Cyclic oligosaccharides of glucopyranose units with a lipophilic cavity in the
center, they are produced from starch by the action of a group o f enzymes called
cyclodextrin glycosyltransferases. The natural product consists of a mixture of the
various cyclodextrins, mainly a-cyclodextrin, p-cyclodextrin and y-cyclodextrin, which
consist of six, seven, and eight glucopyranose units, respectively. In aqueous solution and
the solid state, the inner hydrophobic cavity of the cyclodextrin molecule provides
accommodation for appropriate guest molecules. This ability to form inclusion
complexes with many drugs by taking up whole drug molecules, or some part of it, into
the cavity makes it a useful agent for altering many of the physicochemical properties of
suitable drugs. For example, cyclodextrins can act as solubilizers for lipophilic waterinsoluble drugs, making it possible

to formulate such drugs in aqueous spray

formulations for nasal delivery and other applications. Partly due to these properties,
cyclodextrins may also be useful to eliminate undesirable properties of drugs, like
irritation or unpleasant odour and

taste in additionto potentially increasing

bioavailability. Through complexation, cyclodextrins may also stabilize and protect
unstable compounds from degradation (Irie and Uekama, 1999). Cyclodextrins have been
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used as absorption enhancers for calcitonin, glucagons, insulin, and recombinant human
granulocyte colony stimulating factor. Dimethylated p-cyclodextrin has been shown to
improve the nasal absorptions of insulin in rats (Shao et a l, 1992).
In previous studies, cyclodextrin has been used successfully as an adjuvant for intranasal
administration of antigen (Alpar et a l, 2001a). In this present study, it was hypothesised
that the absorption enhancing properties of this agent may facilitate enhanced immune
responses against co-administered liposomal antigen. As dimethyl P-cyclodextrin as well
as randomly methylated p-cyclodextrin are thought to be the most effective cyclodextrin
derivatives for increasing the bioavailability of intranasally administered protein and
peptide drugs (Marttin et a l, 1999), dimethyl p-cyclodextrin was used in order to assess
adjuvant activity here.

4.1.5 Cationic starch
Cationic starches are commercially significant starch derivatives used in large quantities
as additives in the paper industry. They account for about 33% of more than 1.5 million
tonnes of starch used for paper manufacturing in Western Europe alone. In addition to
this, they have attracted interest as flocculants for waste water. In medicine, colloidal
hydroxyethyl starch has been used extensively for blood volume replacement in
hypovolaemia (Treib et a l, 1999). It has not, however, as yet been used to any great
extent in drug delivery except for formulation of starch microspheres for nasal delivery
(Edman et a l, 1992) and subsequently as a dry powder for nasal delivery of octreotide
(Oechslein et a l, 1996). The microspheres achieved good tolerability in subsequent
clinical trials and were found not to have an adverse effect on human nasal mucociliary
clearance and did not cause any congestion or decongestion of the mucosa (Holmberg et
a l, 1994). A temporary widening of the tight junctions in Caco-2 cell monolayers was
seen in the first study (Edman et a l, 1992) using dry starch microspheres. The widening
of the tight junctions coincided with the increased absorption rate of insulin and they
hypothesised that the epithelial mucosa is dehydrated, with a reversible ‘shrinkage’ of the
cells, thus giving a physical separation of the intercellular junctions. The study cited
which used a dry powder of hydroxyethyl starch (Oechslein et a l, 1996) disputed this
hypothesis for the powder by showing poor water uptake by the dry powder formulation.
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In this cited work, the uptake of octreotide was less for the hydroxyethyl starch than for
some of the other agents tested (alginic acid and sephadex G25 showed markedly
increased bioavailability in comparison). However, the Ca^^ binding potential and
observations that the microsphere formulations had effects on tight junctions offered a
rationale for the testing of hydroxyethyl starch in vaccine formulations for delivery via
the nasal mucosa.

4.1.6 Melittin
Melittin is the major active component of the venom of the honey bee - Apis mellifera
comprising 50% of bee venom dry weight. A 26-amino acid peptide with no disulfide
bridge, the NH 2 terminal part of the molecule is predominantly hydrophobic and the C
terminal part is hydrophilic and strongly basic. Melittin can be a monomer, a dimer or a
tetramer, although in solutions with physiological pH monomeric protein can be found in
roughly equal proportions with tetrameric protein. Melittin is known to act as an inhibitor
of protein-kinases and a cell membrane lytic factor. The fact that melittin can act as a
lytic agent is thought to be partly due to its detergent-like sequence, which starts with 20
apolar residues and finishes with 4 charged and 2 polar residues. This peptide has
attracted some attention as a possible absorption enhancing agent (Liu et a l, 1999). It
was hypothesised that the absorption enhancing properties of melittin may facilitate its
use as a mucosal adjuvant.

4.1.7 Aims and objectives of this chapter
The aim o f this chapter is to assess the effect of the addition of known absorption
enhancing agents on subsequent antibody mediated immune responses following
intranasal administration of liposomal and non-liposomal diphtheria and/or tetanus
toxoids.

4.2 M aterials and M ethods
Chitosan chlorides 113 (low viscosity) and 213 (high viscosity) (CC1113 and CC1213
respectively) and chitosan glutamate 113 (low viscosity) and 223 (high viscosity) (G113
and G223 respectively) were obtained from Pronova Biomedical, Oslo, Norway. High
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molecular weight chitosan was supplied by Fluka Biochemica (Buchs, Switzerland).
Trimethyl chitosan (TMC-60, TMC-40 and TMC-20 having 65%, 39% and 18%
substitution respectively (Thanou et a l, 1999)) was supplied for collaborative work by
Professor Junginger, Netherlands. Diphtheria toxoid (DT) was kindly supplied by the
Serum Institute, India. Phosphatidylcholine (PC, Lipoid S PC > 99% purity) was donated
by Lipoid GMBH (Ludwigshafen, Germany). 2-hydroxyethyl (cationic) starch, dimethyl
P-cyclodextrin, synthetic melittin, cholesterol (Choi) and stearylamine (SA) were from
Sigma (Poole, Dorset, UK). See also Chapter 2 (Materials and Methods) for all other
materials and procedures used in these studies.

4.2.1 Preparation of liposomes (DT study)
Liposomes were made from PC: Choi: SA, 16: 8: 4 molecular weight ratio. Lipids were
dissolved in chloroform and added to water. An emulsion was formed by stirring and the
chloroform was evaporated off in a fume cupboard. The resultant liposome suspension
was bath sonicated under nitrogen in order to obtain small unilamellar vesicles with an
approximate particle Z average diameter of 80 to lOOnm as determined by PCS (Malvern
Instruments, UK. See section 2.1.1). Sucrose (3 x total lipid, w/w) and DT were added
after sonication. The preparation was freeze dried overnight. Total lipid for all reps
(whole batch): 126mg. Total DT: 336pl (5.04mg).
Lipid to DT ratios and lipid:DT:Chitosan/ Cyclodextrin/ Cationic starch ratios were:
Assuming DT = 15mg/ml; 15 x 0.336 = 5.04mg DT. Lipid to DT ratio = 126/5.04 = 25:1.
Lipid: DT: Chitosan ratio (or other additive): pg per rep; 5250 lipid: 210 DT: 40
Chitosan/ Cyclodextrin/ Cationic starch = weight ratio 525: 21:4.
Liposomes were rehydrated to 125pl. Then,

125pl of 0.4% (w/w) Chitosan/

Cyclodextrin/ Cationic starch was added. Additives were made up of 4mg in 1ml double
distilled filtered H 2 O and added to either liposomal DT or DT in H 2 O for a parallel study.
DT in H 2 O was made up: 224pl in 2ml H 2 O (224pl DT + 1.776ml H 2 O) for the
equivalent dose of DT.
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4.2.2 Melittin study
The ELISA studies for anti-diphtheria, anti-tetanus and anti-melittin specific antibodies
were carried out as outlined in section 2.3.1. Antigen (tetanus, diphtheria or melittin) was
added at lOOpl antigen per well (5pg/ml) in PBS. Cytokine production and cytotoxicity
following stimulation with antigen or melittin was assessed as outlined in section 2.3.3
and 2.7 respectively, with the quantities of stimulating antigen/adjuvant outlined in the
results section. For dosing purposes, melittin was admixed with the relevant dose of
antigen (lOpg) as outlined below.

4.2.3 Immunisation schedules
For the liposomal studies, the actual dose of DT received was approximately 5Lf. In
liposomes: Assuming 4450 L f DT/ml: 0.336 x 4450 =1495.2, /24 = 62.3Lf/rep, /250 x 20
= 4.984 Lf DT/dose. Mice received a single intranasal dose of 20pl (see also section 2.10)
and DT specific immune responses were monitored up to day 129.
For the melittin study, adult BALB/c mice received two intranasal doses of lOpg tetanus
or diphtheria toxoids at days 0 and 13 in the presence or absence of 1, 2 or 4pg of
synthetic melittin. Serum samples were analysed for their antigen specific antibody titres
5 days after the second immunisation at day 18 and at the subsequent timepoints of 90
and 140 days.

4.3 Results

4.3.1 Characterisation of liposomal formulations
The size of liposomal formulations was variable and the use of the chitosan derivatives as
the rehydrating agent appeared to engender reduced perception of liposomal size, in
addition to increased quality of the size analysis data as indicated by the reduced
polydispersity index observed (table 4.1 below). The polydispersity index and size were
both increased upon the addition of DT and for liposomal DT alone (liposomes alone
were 80-100nm), rehydration after freeze drying gave similar results, with reference to
size, to that of the formulation prior to freeze drying. Interestingly, the size of the
formulations rehydrated with the chitosan derivatives was close to that observed for
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liposomes alone (without DT). This was not so for the cationic starch, cyclodextrin and
high molecular weight chitosan, where the perceived size was not altered significantly
from the liposomes with DT and the observed polydispersity was the same or slightly
increased, making the size data unreliable.

Formulation

Size, nm** (Poly Index ±
Standard Deviation)

Liposomes + DT before freeze drying

177 ± 8 (0.67 ±0.12)

Liposomes + TMC-20 (40pg/20pl)

103 ±1 (0.27 ±0.01)*

Liposomes + TMC-40 (40pg/20pl)

104 ±1 (0.20 ±0.02)*

Liposomes + TMC-60 (40pg/20pl)

106 ±1 (0.25 ±0.01)

Liposomes + CCll 13 (40pg/20pl)

116 ± 3 (0.35 ±0.04)

Liposomes + CC1213 (40pg/20pl)

91 ±1 (0.38 ±0.01)

Liposomes + G113 (40pg/20pl)

117 ±1 (0.35 ±0.04)

Liposomes + G223 (40pg/20pl)

N/D

Liposomes + Cyclodextrin (40pg/20pl)
Liposomes + Cationic Starch (40pg/20pl)
Liposomes + CMC (40pg/20pl)
Liposomes + DT
Liposomes + High m.w. CS (40pg/20pl) in

Failed polydispersity criterion*
188 ±11 (0.62 ±0.11)*
N/D
192 ± 8 (0.62 ±0.12)*
Failed polydispersity criterion

acetate buffer
Table 4.1. Size measurements of liposomal formulations incorporating DT.
* Indicates size measurement of original sample used for immunisation. N/D = Not
determined. **Size determined using PCS: Z Average of 3 measurements ± standard
deviation.
4.3.2 Immune responses to liposomal DT
The immune responses to liposomal DT observed at 14 days (figure 4.1) were only
slightly better than those observed for free antigen. The highest serum anti DT IgG titres
were observed in combination with the low viscosity chitosan chloride. The chitosan
glutamate derivatives also showed higher immune responses in comparison to the other
formulations. Whilst the CMC formulation also engendered increased serum anti DT IgG
81

titres compared to free antigen, TMC derivatives and high molecular weight chitosan
showed immune responses comparable to free antigen and immune responses to
formulations with cationic starch and cyclodextrin were disappointingly less than even
the free antigen in the context of serum anti DT IgG titres.
In the context of a single administration, a rapid antigen specific immune response may
be highly desirable. From the formulations tested, some of the chitosan additives were
able to engender a markedly increased DT specific immune response at 14 days (CCll 13,
G113, G223 and CMC) in comparison to free antigen (figure 4.1).
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Figure 4.1. Observed serum anti-diphtheria antibody titres at 14 days.
Serum diphtheria specific antibody titres at 14 days following a single intranasal dose of
5Lf DT. Error bars represent standard error, n = 5.
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Figure 4.2. Observed serum anti-diphtheria antibody titres at 47 and 129 days.
Serum diphtheria specific antibody titres at 47 and 129 days following a single intranasal
dose of 5Lf DT. Error bars represent standard error, n = 5.
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The trend of variation between the formulations was continued throughout the
experiment up until termination at 129 days (figure 4.2). There were increased serum anti
DT IgG titres detected at day 129 in comparison to days 14 and 47.
The gutwash anti DT IgA results showed higher IgA levels again for the low viscosity
chitosan chloride (table 4.2). Here, however, the TMC derivatives TMC-20 and TMC-40
both showed increased DT specific IgA in comparison to mice receiving free antigen.
The trend within the TMC groups (TMC-20 > TMC-40 > TMC-60) was also shown with
serum DT specific IgG titres (figures 4.1 and 4.2) but was more clearly defined for
gutwash IgA. The gutwash DT specific IgG levels for these groups were similar to that
observed for serum DT specific IgG. From the groups tested, the low molecular weight
chitosan chloride showed the highest gutwash DT specific IgG levels. The gutwash IgG
levels showed the same trends as serum anti DT IgG except that the level for higher
viscosity chitosan glutamate was lower.

Formulation

DT specific IgA
± Standard error

DT specific IgG
± Standard error

Free Antigen

1.4 ±0.6

1.2 ±0.5

LG113

1.5 ±0.5

2.4 ±1.6

L CC1213

1.4 ±0.6

0.4 ± 0.4

L CCll 13

2.0 ± 0.4

5.0 ± 1.7

L TMC-60

0.9 ± 0.3

1.0 ± 0.6

L TMC-40

1.9 ±0.4

1.2 ±0.5

L TMC-20

2.2 ± 0.3

1.2 ±0.5

Table 4.2. Average DT specific gutwash IgA and IgG antibody levels
Gutwash IgA and IgG levels are expressed as a multiple of that measured for mice
receiving no antigen (controls). Values measured were the average of three readings for
the optical density of developed plates at 405nm. Each sample was determined
individually (n = 5) and results reflect the variation between animals. L = liposomal.
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Lungwash DT specific IgA levels were all comparable to that achieved by the free
antigen (table 4.3 below) which was in turn comparable to that of the control mice.
Again, the DT specific IgG levels showed similar trends to the serum DT specific IgG
titres (figures 4.1 and 4.2).

Formulation

DT specific IgA
± Standard error

DT specific IgG
± Standard error

Free Antigen

0.9 ±0.1

1.3 ±0.3

L High mw CS

0.9 ± 0.0

1.5 ±0.3

Liposomes

0.8 ± 0.0

0.9 ±0.1

LCM C

0.7 ±0.1

1.4 ±0.2

L Cationic Starch

0.7 ±0.1

0.8 ±0.1

L Cyclodextrin

0.8 ±0.0

0.7 ± 0.0

LG223

1.0 ±0.0

2.1 ±0.6

LG113

1.1 ±0.1

3.0 ±0.3

L CC1213

1.1 ±0.2

1.6 ± 0.3

L CC1113

0.9 ±0.1

3.3 ± 0.4

L TMC-60

1.0 ±0.0

0.9 ± 0.0

L TMC-40

1.0 ±0.1

1.7 ±0.5

L TMC-20

1.0 ±0.1

1.2 ±0.3

Table 4.3. Average DT specific lungwash IgA and IgG antibody levels
Lungwash IgA and IgG levels are expressed as a multiple of that measured for mice
receiving no antigen (controls). Values measured were the average of three readings for
the optical density of developed plates at 405nm. Each sample was determined
individually (n = 5) and results reflect the variation between animals. L = liposomal; CS
= Chitosan.
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4.3.3 Adjuvant action of melittin following intranasal immunisation with tetanus
and diphtheria toxoids
It was found that the co-administration of 4pg of melittin in conjunction with tetanus
toxoid was effective in eliciting markedly enhanced antibody titres in comparison to the
control. Lower concentrations of melittin were less effective and mice receiving 4pg of
melittin plus antigen exhibited antibody titres significantly higher (i.e. P < 0.05) than any
of the other groups tested (figure 4.3 below).
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Figure 4.3. Tetanus toxoid (TT) specific total IgG titres with and without melittin
The tetanus toxoid specific antibody titre is shown for 18 days (5 days after the booster
dose), 90 days and 140 days following intranasal dosing in the presence or absence of
melittin as indicated. Values represent the total IgG titre. Error bars represent standard
error, n = 5.
The enhanced antibody titres were maintained throughout the duration of the experiment.
lgG2a subclass titres are shown in figure 4.4. The observed IgG2a titres were shown to
be dependent upon the dose of melittin co-administered with the immunising antigen in a
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similar fashion to the observed total IgG responses. This was thought to be indicative of a
mixed Thl/Th2 type response as although IgG2a is clearly present, the ratio of total IgG
to IgG2a is quite high (also see Chapter 3 discussion for an explanation of antibody
subtype distribution and its significance). The presence of antigen specific IgG2a is
encouraging.
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Figure 4.4. Tetanus toxoid (TT) specific IgG2a subclass titres with and without
melittin
The tetanus toxoid specific IgG2a antibody titre is shown for 90 days following intranasal
dosing in the presence or absence of melittin as indicated. Error bars represent standard
error, n = 5.
Melittin was also shown to have potential as an adjuvant for diphtheria toxoid (figure
4.5), although the concentrations of melittin used were less than the most effective
concentration for tetanus toxoid and the observed titres were correspondingly lower. In
both cases the melittin appeared to facilitate the longevity of the observed immune
response in comparison to immunisation with antigen alone.
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Figure 4.5. Diphtheria toxoid (DT) specific total IgG titres with and without melittin
The diphtheria toxoid specific antibody titre is shown for 18 days (5 days after the
booster dose), 90 days and 140 days following intranasal dosing in the presence or
absence of melittin as indicated. Values represent the total IgG titre. Error bars represent
standard error, n = 5.
Using the MTT assay (section 2.7) it was found that at 20pg/ml melittin concentration
splenocyte cells were no longer viable. No significant lysis of cells was detected at
2pg/ml melittin. These results are shown in figure 4.6. However, there was also no
observable increase in cell numbers detected by the MTT assay following re-stimulation
of splenocytes obtained from pre-immunised mice with either antigen or low
concentrations of melittin.
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Figure 4.6. Cell viability following exposure to melittin
Cell viability is shown as determined by the reduction of MTT measured by optical
density at 570nm. Error bars are omitted for clarity, the average of 3 measurements is
shown. Spleen cells from various groups receiving doses as shown in the table above
were stimulated with 0, 2 or 20pg per ml concentration of melittin as shown on the graph.
No anti-melittin IgG was detected in the serum of immunised mice.
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From the cytokines which were assayed, TNF-a, IL-2, IL-6, IL-ip and interferon-y were
detected in the supernatants of antigen stimulated spleen cells. Although cytokine
production was variable, production of these cytokines in the antigen stimulated
splenocytes was higher that that shown for the melittin stimulated cells.

4.4 Discussion

4.4.1 Liposomal delivery systems
The size data indicated that there was some aggregation following addition of the DT to
the liposomal formulations. Interestingly, when these formulations were rehydrated in
any of the chitosan derivative solutions (with the exception of high molecular weight
chitosan), the aggregation was reversed. It is unclear whether the chitosan was able to
form discrete complexes with the antigen or whether the presence of the chitosan was
enough to ameliorate aggregation by allowing discrete binding of the antigen to the
liposomes. Conceivably, the positive charge from the chitosan derivatives could swamp
negatively charged free or surface protein and disrupt the ability of the protein to
aggregate the liposomes. It is interesting in this context that the high molecular weight
chitosan was unable to have the same effect on DT mediated aggregation. It is unlikely
that the chitosan was able to completely dissociate any surface antigen from the
liposomes by electrostatic means. Stearylamine has a reported high pKa (pH 10.6
(Benita, 1999)) and is strongly charged at the pH of these formulations. The pKa of
chitosan is widely quoted as pH 6.5 (Guang Liu and De Yao, 2002) although the chitosan
derivatives behave differently to the high molecular weight chitosan used in earlier
studies which is only soluble in acidic solutions (pH 1-6). It is only recently that the
properties of these derivatives have become of interest but it is known that the pKa varies
with differing degrees of deacetylation (Sorlier et a l, 2001) and the pKa of TMC with
different degrees of quatemization (12.6 and 19.9%) has been quoted as pH 6.0 (Kotze et
a l, 1999) and these derivatives were soluble at pH 4 - pH 9 (higher pH not tested).
Whilst the exact physicochemical properties of the derivatives used here are still to be
shown, it is thought on balance that the ability of chitosan to ameliorate aggregation was
not at the expense o f entrapped or surface bound antigen.
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In the previous Chapter, positively charged liposomes were shown to work well as
adjuvants for tetanus toxoid with the initial primary serum antigen specific IgG titres
being around an order of magnitude greater (figure 3.4) than those observed for
diphtheria toxoid (figure 4.1) following a single intranasal administration. For the TMC
derivatives, TMC-20 was previously found to be ineffective for enhancement of
paracellular transport of Texas red in Caco-2 cell monolayers (Thanou et a l, 1999),
whereas the TMC-40 and TMC-60 derivatives were able to markedly enhance transport
of this agent. The opposite trend was shown in their ability to engender immune
responses to liposomal DT here, although it should be noted that in comparison to free
antigen, antibody titres were still reduced for these groups. In a parallel study
(Somavarapu et a l, 1999), the differences between the TMC derivatives without
liposomes were only slightly evident, and all TMC derivatives were shown to work as
good adjuvants for DT alone. In addition, this study showed a trend towards the lower
molecular weight chitosan derivatives being able to enhance immune responses, in
particular the lower viscosity chitosan chloride. The higher DT specific immune
responses observed for day 129 are thought to be an artifact of the ELISA procedure. The
fact that all the titres for all groups were increased suggests that the levels of DT specific
antibodies were underestimated for the first two timepoints. This could likely be caused
by control serum showing positive results for DT specific antibodies. In any case, there is
some natural variation in the values of control serum and also inter-assay variation,
although there was almost certainly some high background observed here. It was not
thought appropriate to substitute average control values due to the presence of inter-assay
variation and thus also the longevity of the serum anti DT specific antibody response
cannot be commented on. The trends between the groups, however, remain interesting
and from the formulations, the low viscosity chitosan has shown excellent potential for
combination with these liposomal formulations. The immune responses, however, appear
to be antigen specific with regards to the ability of positively charged liposomes to
engender increased responses, for which there is evidence in the literature as markedly
contrasting results have been shown using liposomes made up of stearylamine, PC and
cholesterol with regards to antigen specific antibody production (Afrin and Ali, 1997;
Allison and Gregoriadis, 1974). Whilst liposomes undoubtedly have immunopotentiating
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capacity, there have even been complete reversals of results observed for liposomes of
different compositions such as positively and negatively charged liposomes (Allison and
Gregoriadis, 1974; Fatunmbi et a l, 1992). It can be concluded that DT is not appropriate
for delivery in positively charged liposomes made up as outlined here but that these
delivery systems offer potential for use with other antigens and there is merit in further
assessment of these formulations, and in particular those in association with low
molecular weight chitosan derivatives, with alternative antigens.

4.4.2 Potential of melittin as an immunological adjuvant
Synthetic melittin used as an adjuvant for intranasally administered antigen was found to
be well tolerated via this route at all of the concentrations used and the efficacy of the
induction of antigen specific antibody production was increased at higher doses of
melittin. In addition, the fact that we were unable to detect anti-melittin antibodies (IgG)
in the serum of immunised mice here is encouraging. However, there was no positive
control for this assessment and therefore it is not possible to say with absolute certainty
that just because anti-melittin antibodies were not detected in the serum of immunised
mice, that they were not present.
Melittin is a surface active potent antibacterial agent which binds to both electrically
neutral and negatively charged lipid bilayers. Largely unstructured in solution as a
monomer, melittin is believed to form an amphipathic a-helical formation when
partitioned into membranes, inducing channel formation in bilayers (Allende and
McIntosh, 2003). It is thought that melittin is able to preferentially lyse bacterial cells (in
particular Gram-positive bacteria) due to the lipid composition of eukaryotic plasma
membranes in that the presence of cholesterol reduces bilayer binding efficiency and
leakage caused by melittin (Allende and McIntosh, 2003). However, the cytolytic action
of melittin has been shown in many eukaryotic cell lines (Saini et a l, 1999). The
perceptions of melittin as a cytolytic factor are so well known that it has even attracted
attention as a possible immunotoxin (Dunn et a l, 1996). Despite these perceived
powerful actions on eukaryotic cells, recent research (Liu et a l, 1999) has shown that
melittin has absorption enhancing properties in Caco-2 cells at levels well below the level
required for the generation of cytotoxicity. In this study, the cytotoxic effects of melittin

93

were clearly shown at 20|xg ml*' (figure 4.6) but no cytotoxicity was shown at 2|ig m l'\
However, the lowest concentration of melittin used in the immunisation study was 1|ig
per dose (50|ig ml'^).
Recently, melittin has attracted attention as a possible anti-cancer agent and scientists are
working towards the development of a modified melittin molecule in order to reduce the
possibility of allergic reactions or anaphylactic shock (Kortt, 1999). Such derivatives may
also be of interest as mucosal adjuvants. Whilst it can be speculated that the adjuvant
effect observed here is at least in part due to the cell membrane integrity altering
properties of melittin, the fact that melittin was found to be well tolerated via this route at
all of the concentrations used and the findings that melittin can alter the permeability of
Caco-2 cell monolayers, apparently by the paracellular route (Liu et a l, 1999) indicates
that melittin may have a number of actions in addition to surface active properties. There
is evidence of diverse actions such as transient activation of phospholipase D in melittin
mediated membrane disruption/cytolysis by an uncharacterised signal transduction
mechanism (Saini et a l, 1999) which indicates that there may be more to melittin than ahelical formation in addition to the evidence of non cytolytic absorption enhancement.
Melittin certainly warrants further investigation as a potential adjuvant. To our
knowledge, this is the first time that this agent has been shown to function as an efficient
adjuvant via any route. The fact that melittin has been shown here to act as an efficient
adjuvant for mucosal immunisation may be of particular interest.
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5. Modified liposomal systems for DNA delivery: In vitro studies

5.1 Introduction

5.1.1 Hepatitis B
Hippocrates described episodes of jaundice likely to have been viral hepatitis caused by
various viruses. In 1883 hepatitis transmitted through blood or blood products was first
documented in Germany during a smallpox immunisation campaign. The term hepatitis B
for ‘serum’ hepatitis was first proposed in 1947. The Australia antigen, now called the
hepatitis B surface antigen (HBsAg), was first identified in 1967 and is the basis of the
present vaccine. The estimated lifetime risk of HBV infection in the United States varies
from almost 100% for the highest-risk groups to less than 20% for the population as a
whole (Atkinson, 2000). Hepatitis B infection can result in acute massive hepatic
necrosis, chronic active hepatitis and cirrhosis of the liver. Up to 90% of neonates and 6
to 10% of adults who are infected in the United States will become hepatitis B virus
carriers and it has been estimated that 200 to 300 million people in the world today are
persistently infected with hepatitis B virus (Atkinson, 2000). Those patients who become
chronic carriers can infect others and are at increased risk of developing primary
hepatocellular carcinoma. Among other factors, infection with hepatitis B may be the
single most important factor for development of this carcinoma (Beasley et a l, 1983).
The World Health Organization (WHO) Expanded Program on Immunization has been
extended to include recommendations for hepatitis B and Haemophilus influenzae type b
vaccinations. It is highly possible that immunisation against hepatitis B may be combined
with diphtheria, tetanus, pertussis and Haemophilus influenzae type b. The WHO has
recommended that combined vaccines be used where possible, to reduce the logistic costs
of vaccine delivery. Presently, Tritanrix-HB/Hib (GlaxoSmithKline pic) is the only
commercially available combined diphtheria, tetanus, whole cell pertussis, hepatitis B
and conjugated Hib vaccine and this has shown excellent immunogenicity in clinical
trials (Aristegui et a l, 2003). Although GSK currently manufacture several other
combined vaccines with the hepatitis B vaccine as well as Engerix-B®, a noninfectious
recombinant vaccine containing HBsAg (early vaccines consisted of plasma-derived
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HBsAg from infected individuals). However, the antibody response to hepatitis B
immunisation is bimodal with 4.2% of healthy persons producing no antibody and an
additional 10% being hyporesponders (Alper, 1995). This nonresponse is thought to be
due to an inherited defect in helper T-cells (Alper, 1995; Salazar et a l, 1995). Extensive
analysis of immune responses by hepatitis B vaccine nonresponders and their response to
tetanus toxoid show that nonresponders are unable to generate cytokine responses to the
hepatitis B antigen (Larsen et a l, 2000). Postexposure immunisation in infants at risk of
maternal-infant transmission of hepatitis B has also highlighted the need for more
effective vaccination strategies (He et a l, 1998). Results from transgenic mice
(expressing hepatitis B virus proteins and producing infectious viral particles) have
suggested that T-cell tolerance can be broken with appropriate immunisation (Sette et a l,
2001) and in addition, the quality of the resultant T-cell response showed obvious
potential for therapeutic application in that the antiviral potential was superior to the
observed cytotoxic potential. Such noncytopathic viral clearance may prevent cirrhosis
and hepatocellular carcinoma, although the relationships between virus specific CTL
responses, liver damage and viral replication are not wholly agreed (Bertoletti and Maini,
2000 ).

5.1.2 Human mucin 1
Human mucin 1 (MUC-1) is an epithelial mucin glycoprotein that is overexpressed in
90% o f all adenocarcinomas including breast, lung, pancreas, prostate, stomach, colon,
and ovary (Mukheijee et a l, 2003). MUC-1 is a large transmembrane glycoprotein, the
extracellular domain of which is formed by a repeating 20 amino acid sequence,
GVTSAPDTRPAPGSTAPPAH. In normal breast epithelial cells, the extracellular
domain is densely covered with highly branched complex carbohydrate structures.
However, in neoplastic breast tissue, the extracellular domain is under-glycosylated,
resulting in the exposure of a highly immunogenic core peptide epitope PDTRP, as well
as in the exposure of normally cryptic core carbohydrates (Schuman et a l, 2003). MUC-1
mucin has been shown to induce very high CTL responses and poor antibody responses
in mice immunised with mannose receptor targeted MUC-1 peptides (Apostolopoulos et
a l, 1996). In humans the result was somewhat different. A clinical trial of the targeted
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antigen involving 25 patients with advanced metastatic carcinoma of breast, colon,
stomach, or rectum resulted in high antibody responses in more than half of the patients
and CTL responses in 2 from 10 patients tested (Karanikas et a l, 1997). It turns out that
the high antibody response observed to MUC-1 in humans may have its basis in the
differential natural spectrum of antibodies present in mouse and man. Humans have
antibody directed towards the terminal disaccharide epitope formed by a(l,3)galactosyl
transferase whereas mice, which express this enzyme, do not have antibodies against this
epitope. Such antibodies are known to be cross reactive with MUC-1 peptides and it is
thought that this immunological difference provides the predisposition towards the
largely

antibody mediated response seen on transposition of this

promising

immunotherapeutic technique from mice to humans (Apostolopoulos et a l, 1998). It is
postulated here that the facets of DNA based vaccine systems may help to overcome the
problems presented by the candidate peptide vaccine.

5.1.3 Liposomal and particulate delivery systems for plasmid DNA
Liposome mediated transfection in vitro has been extensively studied (Noguchi et a l,
1998; Wang et a l, 1996; Zhao et a l, 1997) and more than 50 commercial transfection
kits based on cationic lipids are available (for a useful comparison see Simberg et a l
(Simberg et a l, 2000)). There are extensive reviews detailing the use and potential of
liposomes (cationic lipids in particular) in gene therapy (Lasic and Templeton, 1996;
Pedroso de Lima et a l, 2001; Rolland, 1998). With reference to liposomes, delivery of
plasmid DNA by intramuscular, intraperitoneal, subcutaneous, intradermal and intranasal
routes has been found to induce higher levels of both antibody production and delayed
type hypersensitivity when complexed with cationic liposomes than by using naked DNA
and CTL activity was also increased (Ishii et a l, 1997). In the cited study, the
intramuscular, intraperitoneal, and intranasal routes were more effective in inducing
strong delayed type hypersensitivity and antibody responses than the subcutaneous and
intradermal routes. It has been noted that non viral delivery systems and in particular
those based on cationic liposomes do not show the same trends in vivo as those observed
in vitro and formulation characteristics relevant to this have been discussed in detail by
Mahato et a l (Mahato et a l, 1997). Significant variability in results reported for
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liposomal delivery systems in vivo is probably reflective of the wide range of
compositions used and the diversity of formulation techniques employed (Bally et al.,
1997; Birchall et a i, 1999) profoundly affecting biophysical and pharmacokinetic
properties of the system. Such characteristics as charge ratio may markedly alter
biodistribution. Intravenous injection of lipid DNA complexes with an excess positive
charge have been observed to cause aggregation of blood cells and preferential targeting
of transgene expression to the lung, not observed at lower lipid to DNA charge ratios, is
thought to be due to their subsequent entrapment in lung capillaries (Ishiwata et a l,
2000).
The use of biodegradable polymer microsphere and nanosphere formulations has been
shown to be effective in subunit vaccine formulations delivered by various routes and
have shown particular promise for mucosal administration (Almeida et a l, 1992;
Eldridge et a l, 1989) conferring significant protection against highly virulent pathogens
(Eyles et a l, 1998). Protection of DNA during the harsh preparation techniques involving
homogenisation and the use or organic solvents is essential (Ando et a l, 1999; Capan et
a l, 1999a). Positive results, however, have been obtained by some groups in vivo using
polylactide-co-glycolide (Cohen et a l, 2000; Hedley et a l, 1998; Jones et a l, 1997) and
DNA adsorbed to microparticles with a cationic surface charge (Alpar et a l, 1996; Singh
et a l, 2000). Interestingly, chloroquine, whilst inhibiting the transfection potency of pH
sensitive lipids such as DOPE, is also able to enhance in vitro transfection of DNA when
complexed to polylysine (Erbacher et a l, 1996). The identification of polyethylenimine
(PEI) as a potential synthetic carrier for DNA both in vitro and in vivo (Boussif et a l,
1995) has led to the use of this agent alone or as a component of various DNA delivery
systems (Atuah et a l, 2000b; Gautam et a l, 2001). The transfection efficiency of PEI has
also been shown to be enhanced in the presence of chloroquine (Ogris et a l, 1998). One
interesting approach is the controlled release of discrete polyelectrolyte PEI/DNA
complexes from microparticulate carriers for mucosal administration (Alpar et a l,
2001b). The viral strategy of endosomal release using endosome disruptive peptides has
also been used in order to enhance transfection in virus like systems (Wagner et a l,
1992) or modified liposomal virosomes (Kaneda, 2000; Okamoto et a l, 1997). The
plethora of synthetic delivery systems for plasmid DNA is expanding continually and
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optimisation for in vivo delivery is leading to the improvement of the efficacy of these
systems in animal models.
Present systems for the delivery of plasmid DNA generally rely on liposomal or polymer
based delivery but not usually in combination. From the few studies which combine these
delivery systems (Toda et a l, 1997), none have utilised the facets of non-water soluble
polymers for highly effective delivery of material to antigen presenting cells in
combination with liposomal delivery systems, which have the potential to mediate highly
effective endosomal release. It is postulated here that the addition of non-water soluble
polymer may help to stabilise liposome/DNA complexes and facilitate their delivery to
antigen presenting cells, thereby enhancing subsequent immune responses.

5.1.4 Aims and objectives of this chapter
This chapter aims to assess the potential for modification of liposomal delivery systems
by the addition o f non-water soluble polymer to liposome/DNA complexes and to analyse
promising formulations for in vitro characteristics.

5.2 M aterials and M ethods

5.2.1 Plasmid constructs
The plasmid pRc/CMV-HBs(S) encoding the hepatitis B surface antigen {ayw subtype)
was prepared as outlined in Chapter 2 and was additionally purchased from Aldevron
(Fargo, ND, USA). This plasmid was originally constructed by Dr. Robert Whalen (Davis
et a l, 1993a). A map of this plasmid is shown in figure 5.1 below.
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Figure 5.1. A map of pRc/CMV-HBs(S) expressing the hepatitis B surface antigen
{ayw subtype).
Additionally, this plasmid has two CpG motifs in the ‘A m pR ’ ampicillin resistance gene
(sequence 5’-A A C G TT-3’ (Sato et a i , 1996)).
The full length (FL) - MUC-1 expressing plasm id was supplied by the Breast Cancer
Biology Group, Imperial Cancer Research Fund, London, UK. The full length MUC-1
(32 term inal repeats) was cloned into the pcDNA3.1 (+) vector (5.4kb, Invitrogen
Corporation, California, US). This vector carries restriction sites for Nhe\, Pmel, Hindlll,
BamHI, BstXl, EcoRl, EcoRV, BstXl, Notl, Xhol, Xbal, A pal and Pme\ either side o f the
MUC-1 gene, am picillin and neomycin resistance with a CM V prom oter and an SV40
origin o f replication. FL-MUC-1 pcDNA3.1 (+) was 9.6kb.

5.2.2 Preparation and modification of liposome/DNA complexes
Liposom e/DNA complexes were obtained by adm ixing liposomes com posed o f egg
phosphatidylcholine (PC) (a kind gift from Dr. Frank Schubert, Lipoid GMBH,
Ludwigshafen, Germany), cholesterol (Choi) and stearylamine (SA) (both obtained from
Sigma, Poole, Dorset, UK) in a molar ratio o f 16:8:4, PC:Ch:SA with plasm id DNA.
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Lipids were dissolved in chloroform and added to water. An emulsion was formed by
stirring and the chloroform was evaporated off in a fume cupboard. The resultant
liposome suspension was bath sonicated under nitrogen in order to obtain small
unilamellar vesicles with an approximate particle Z average diameter of 80 to lOOnm as
determined by photon correlation spectroscopy (PCS, Malvern Instruments, UK). The
liposome concentration was adjusted to 5mg m f ’ and 38pl of 1.9mg ml'^ plasmid DNA
was added per ml of liposome suspension. Where alternative liposomeiDNA charge
ratios are used, then the amount of plasmid DNA added to the liposomal suspension was
altered in order to give the required charge ratio. This gave an approximate charge ratio
of 5.5:1 (positiveinegative) which had been shown to protect plasmid integrity against the
effects of shear with these formulations. Sucrose at three times the total lipid w/w was
incorporated into the aqueous phase at this point. This had been shown to maintain
complex size during the freeze drying process. The liposome/DNA complexes were then
either ffeeze-dried for later use or further modified by the addition of polymer as follows:
The complexes were stirred and 2.5ml of lOmg ml'^ poly(vinyl alcohol) (PVA) Mw
9,000-10,000, 80% hydrolysed (Aldrich Chemical Co., Milwaukee, WI, USA) dissolved
in water was added to 10ml of the liposome/DNA complexes. To this 10ml of 5mg mf*
poly (D,L-lactic acid) (123kDa) (Boehringer Ingelheim, Germany) dissolved in acetone
was added and the acetone evaporated off in a fume cupboard whilst stirring.
Preparations were sized using PCS and ffeeze-dried for later use.
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5.2.3 Characterisation of liposome/DNA and modified liposomal formulations
Integrity of plasmid DNA was confirmed by agarose gel electrophoresis (see section 2.2).
Formulations were disrupted using 5-lOpl of a 20% solution (v/v) of Triton X-100
(Sigma, Poole, Dorset, UK)

5.2.3.1 Plasmid DNA protection from sonication damage and assessment of in vitro
cytotoxicity of liposome/DNA complexes
Small volumes of liposome/DNA complexes made up as outlined in section 5.2.2 were
probe sonicated for 30 seconds, rested for 30 seconds, and sonicated again for 30 seconds
before immediate analysis of plasmid integrity using gel electrophoresis (section 2.2).
For assessment o f in vitro cytotoxicity and the effect of the addition of a-tocopherol,
Caco-2 cells were seeded onto 24 well plates and incubated for 7 days. 1ml of media
containing liposome/DNA complexes at various concentrations was added to the wells
for 48 hours before aspiration of the media and the addition of the MTT substrate. This
was incubated for 4 hours, formazan crystals were dissolved in DMSO and absorbance at
570nm was read.

5.2.3.2 Plasmid DNA enzyme digestion assay and assessment of degradation during
polymer modification
Plasmid resistance to nuclease activity was assessed by incubation of the liposome/DNA
complex (incorporating lOpg plasmid DNA) with 5U Bam HI (Boehringer Mannheim,
Lewes, Sussex, UK) for 1 hour at 37°C (0.5U per pg DNA). A volume equivalent to that
incorporating Ipg plasmid DNA of the resultant digest was loaded onto a 1% agarose gel,
which was run at 80V for 1.5 hours. Incorporation of ethidium bromide allowed
visualisation of the DNA under ultraviolet light (section 2.2).
For assessment of potential degradation during the polymer modification process,
liposome/DNA complexes with varying charge ratios were made up as outlined in section
5.2.2. Complexes were stirred with PVA added but instead of the addition of the polymer,
acetone was added alone. The integrity of the plasmid DNA was monitored whilst stirring
for up to 30 hours at room temperature (approximately 20°C).
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5.3 Results

5.3.1 Formulation morphology and characteristics
Figure 5.2 shows transmission electron micrographs (TEM) of liposome/DNA complexes
and polymer modified formulations after freeze-drying and re-hydration (containing
pRc/CMV-HBs(S)). Table 5.1 shows the concomitant change in diameter and
polydispersity. Although liposome/DNA complexes are shown to maintain their size well
after ffeeze-drying, the polymer modification increases complex diameter and
polydispersity which are both further increased after freeze-drying. Association of the
liposome/DNA complexes with the polymer was confirmed using gel electrophoresis.

Formulation

Size (nm)/Polydispersity

Size (nm)/Polydispersity

Pre-freeze-dried

Post-freeze-dried

Liposome/DNA complexes

182 ± 3 /0.21 ± 0.06*

189 ± 4 /0.26 ± 0.03*

Polymer modified complexes

339 ±1 1 / 0.75 ±0.1*

1200 ± 300 / - **

Table 5.1. Mean particle diameter of DNA complexes.
Liposome/DNA complexes and polymer modified liposome/DNA complexes before and
after freeze drying ± standard deviation, n = 3. *Measurements taken using photon
correlation spectroscopy. **Measurement taken using laser diffraction (D[4, 3]) to the
nearest lOOnm (see also section 2.1.1 Size determination). Formulations contained
pRc/CMV-HBs(S). FL-MUC-1 plasmid DNA formulations were 600nm ± 200nm to the
nearest lOOnm after rehydration and light bath sonication for dispersal.
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Figure 5.2. TEM images of a) Liposome/DNA complexes and b) Polymer modified
liposome/DNA complexes.
Formulations were imaged after rehydration, containing pRc/CM V-HBs(S).
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5.3.2 Presence of supercoiled plasmid determined by gel electrophoresis
Prior to dosing, conformation of the integrity of plasmid DNA was determined using gel
electrophoresis. Figure 5.3 below shows the analysis of formulated FL-MUC-1 plasmid
DNA.

X hind III marker

X, hind III marker

MUC-1 Plasmid

HepB Plasmid
MUC-1 formulations

Batch 1 L

Batch 2 L Batch 1 P

Batch 2 P

HepB L

5

9

II

6

7

8

10

12

14

15

Figure 5.3. Analysis of formulated MUC-1 and HBs(S)Ag plasmid DNA.
Liposomal and polymer modified FL-MUC-1 pcDNAB.l and liposomal pRc/CMVHBs(S) (freeze dried prior to analysis). L = liposomal plasmid, P = polymer modified.
Bands from the X hind III digest are visible at 23.1, 9.4, 6.6, 4.4, 2.3 and 2.0Kb. Triton X100 was added in lanes 4, 6, 8, 10 and 12 in order to disrupt the complexes and assess
plasmid integrity as described in section 5.2.3.
From the gel it can be seen that there is a little disruption of plasmid integrity due to the
formulation process with the MUC-1 plasmid in some of the batehes (lanes 4 and 8). This
appeared to be independent of the light bath sonication applied to the polymer modified
formulations as it was not seen in batch 2 P (polymer modified) but was seen in batch 1 L
(liposomal unmodified). More plasmid DNA appeared to stay in the wells of the polymer
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modified batches following disruption with triton X-100. However, plasmid retention
also was seen with MUC-1 liposomal formulations in contrast to liposomal pRc/CMVHBs(S) where all the plasmid was liberated from the well by the addition of triton X-100
(lane 12).
From figure 5.4 it can be seen that the applied sonication was enough to completely
destroy the plasmid DNA alone (lanes 8 and 9). In contrast, complexation of the plasmid
DNA with liposomes at the concentrations used for in vivo analysis (see Chapter 6) was
able to facilitate good protection of the associated plasmid DNA. The engendered
protection appeared to be increased in the presence of sucrose at the same concentration
as that used for the in vivo study (lane 7) and plasmid DNA in this formulation was
comparable to the unsonicated plasmid (lane 14). The size of the sonicated
liposome/DNA complexes was reduced to 80 - lOOnm as determined using PCS.
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5.3.3 Plasm id DNA protection from sonication damage

PC:PE:SA (16:8:4) liposomes.
-, —

Lane
lOpl Sample
Water (pi)
Triton (pi)
lOpl of loading
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2
-

6
3
5

7
3
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5
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6
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5
5
5
5
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Figure 5.4. Protection of plasmid DNA from probe sonication induced damage.
The liposome/DNA charge ratio was 5.5:1 (positive:negative). Sucrose or trehalose was
added at 3 x total lipid (w/w). The plasmid used was pRc/CMV-HBs(S).
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5.3.4 Amelioration of in vitro cytotoxicity of liposomc/DNA complexes by atocophcrol
a-tocopherol is widely used in liposomal formulations and is believed to ameliorate
peroxidation of lipids (Alessi et a i, 2002). In this study, the ability of a-tocopherol to
ameliorate cytotoxicity caused by liposome/DNA complexes has been assessed. Figure
5.5 below shows the comparison of the viability of Caco-2 cells following the addition of
liposome/DNA complexes made up as outlined in section 5.2.2 with and without atocopherol. Control Caco-2 cells with no added liposome/DNA complexes were taken as
representative of 100% viability and MTT activity expressed as a percentage of controls
is shown as percentage viability (see also section 5.2.3.1).
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Figure 5.5. Effect of a-tocophcrol on the cytotoxicity of liposomc/DNA complexes in
Caco-2 cells.
Error bars represent standard deviation, n = 3.
It is shown in figure 5.5 that the incorporation of 10% a-tocopherol was able to
ameliorate the effects of liposome/DNA complexes on the viability of Caco-2 cells. This
is especially apparent at higher concentrations of liposome/DNA complexes. Table 5.2
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shows that the incorporation of 10% a-tocopherol had no effect on the size of
liposome/DNA complexes but may have altered the observed zeta potential, reducing it
slightly.

Formulation
(Charge ratio 5.5:1, +ve:-ve)

Z Ave size (nm)

Zeta potential (mV)

± Standard deviation

± Standard deviation

Liposome/DNA

182 ± 3

+11.9 ±0.9

Liposome/DNA + a-tocopherol

185 ± 5

+10.1 ±0.7

Table 5.2. Comparative size and zeta potential measurements of formulations used
to assess cytotoxic effects of the liposome/DNA complexes.
Results are shown ± Standard deviation, n = 3.

5.3.5 Resistance of liposome/DNA complexes to enzymatic digestion
The gel below (figure 5.6) shows degradation products of pRc/CMV-HBs(S) after
incubation with the restriction enzyme Bam HI. It can be seen that without liposomal
protection, the plasmid is degraded completely (lane 3).
The extent of plasmid digestion appears to be related to the concentration of lipid present
in that higher concentrations of liposomes complexed with the DNA show reduced
products of enzyme digestion. However, even at the highest concentration of liposomes
used, some degradation of the plasmid caused by the presence of the enzyme is observed.
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Charge ratio +ve:-ve

X IH inàW l
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3465

23130
9416
6557
4361

9 1 2 ----595/573
Lane:
1

2

4
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12
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Figure 5.6. Bam HI digest of pRc/CMV-HBs(S) in liposomal formulations.
Plasmid DNA was com plexed with varying concentrations o f liposomes com posed o f PC,
Choi and SA as outlined in section 5.2.2. Triton X-100 was added to wells 5,7,9,11,13
and 15 as described in section 5.2.3.
The appearance o f bands at 912 and 595/573bp is indicative o f com plete digestion o f the
pRc/CM V-HBs(S)

plasmid.

Liposomes

at

concentrations

of

above

10:1

(positiveinegative charge ratio) do not show these bands indicating protection against
Bam HI digestion.
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5.3.7 Characteristics of liposome/DNA complexes according to charge ratio
The chart below (figure 5.7) shows the variation in size and polydispersity according to
the charge ratio, modified by the addition of pRc/CMV-HBs(S) to liposomes of various
concentrations prepared as outlined in section 5.2.2 with the exception that the liposome
suspensions were adjusted to give the desired charge ratio.
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Figure 5.7. Size and polydispersity of liposome/DNA complexes according to charge
ratio.
Size was determined using PCS. Error bars represent standard deviation (n = 3).
It can be seen from figure 5.7 that altering the charge ratio (by altering the amount of
added plasmid) had a limited effect on the subsequent size of liposome/DNA complexes,
showing a variation of around 50nm across the range of concentrations tested. Increasing
the amount of added plasmid DNA had the effect of reducing the observed polydispersity
of the complexes.
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In addition to the reduced polydispersity, increasing the amount of plasmid DNA had the
concomitant effect of reducing the observed zeta potential (table 5.3).

Charge ratio
+ve:-ve

0*

20:1

13.9:1

10.5:1

7.9:1

5.5:1

4.2

Zeta potential (mV)

+37.0

+34.9

+29.4

+18.7

+14.5

+ 11.9

-1.2

(± standard deviation)

(±1.5)

(±0.3)

(± 0.7)

(± 0.5)

(± 0.1)

(±0.9)

(± 0.2)

Table 5.3. Relative Ç potential according to theoretical charge ratio.
* = Liposomes alone without plasmid DNA.

5.3.7 Degradation of plasmid DNA during polymer modification
The figure below (figure 5.8) shows plasmid degradation as monitored during stirring of
the complexes in conditions similar to polymer modification process.

Formulation:
A: PC:Chol:SA complexed with plasmid. Theoretical charge ratio 5.5:1 (Lipid:DNA)
B: PC:Chol:SA complexed with plasmid. Theoretical charge ratio 7.9:1 ( Lipid:DNA)
Time/hours:

at

+0

a * ,.

+0.5

+1.5

+5

+10

+20

+30

.

mm
A !:/-'

'

Figure 5.8. Plasmid integrity during stirring.
Lanes to the far left and right show X Hind III digest. Second from the right is an
equivalent amount of the untreated pRc/CMV-HBs(S) plasmid DNA.
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5.4 Discussion

5.4.1 Physicochemical characteristics, size and polydispersity
The use of sucrose was shown to facilitate maintenance of the size of liposome/DNA
complexes following freeze drying but some aggregation occurred in the polymer
modified formulations. Gel electrophoresis showed that the plasmid DNA could be
liberated from the complexes by the addition of triton X-100 but that some remained in
the well when triton was added to the polymer modified samples. Polymer entrapped
DNA was to a large extent liberated by the addition of triton. This and the evidence from
TEM (figure 5.2) may indicate that only a small portion of the DNA was strongly
associated with the polymer and possibly entrapped. However, given the harsh
environment to which the polymer modified formulation is exposed for electrophoresis, it
is thought that the amount of plasmid shown on the gel (disassociated from the polymer)
may give a low estimate of the level of plasmid associated with the polymer. The size and
polydispersity of the formulations was not profoundly affected by the ratio of cationic
liposomes to DNA (figure 5.7) but the addition of the polymer increased both size and
polydispersity (table 5.1). It is also thought that there is much room for improvement in
formulation aspects (increased entrapment, use of alternative lipids, modification of size
and surface charge, incorporation of biologically active elements) which may also have
an impact on observed in vivo immune responses. Some of these aspects are discussed in
the next sections.

5.4.2 Resistance to stress and protection of plasmid DNA
Despite conferring resistance to DNase activity, DNA complexed with poly(L-lysine) has
shown rapid degradation following exposure to sonication (Capan et a l, 1999b). In
contrast, the ability of a number of cationic lipids when formulated into liposomes to
protect complexed plasmid DNA from sonication induced degradation has been shown
(Wasan et a l, 1996) although liposomes incorporating stearylamine were not assessed.
Wasan et a l also reported some size reduction following the sonication process. Our
study has clearly shown that plasmid DNA may be able to resist sonication induced
damage when incorporated into or complexed with cationic liposomes. In addition, the
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presence of sucrose or trehalose was also shown to contribute to plasmid protection and
trehalose may even enhance protection mediated by cationic liposomes containing
stearylamine against sonication induced damage (figure 5.4). It has been shown that some
cationic polymers are also able to mediate protection from sonication damage (Kuo et a l,
2003). Although due to different experimental protocols comparison across the literature
is difficult, these results, together with the results shown here, lead to the conclusion that
high energy probe sonication may be a suitable procedure for size reduction in the
formulation of plasmid DNA but that this will also be very much dependent upon the
complexing or condensing agent.
The enzyme Bam HI cuts the plasmid in 5 places and there are more than a dozen bands
which can be formed during the degradation of the hepatitis B plasmid using this enzyme.
A complete digestion as shown in the third lane across from the left (figure 5.5), will give
5 bands which are at 3,465, 912, and 595/573 base pairs as well as a fragment of 73 base
pairs which cannot be determined on the gel shown here. The appearance of the bands at
912 and 595 and 573 base pairs is enhanced at lower liposome to DNA ratios, which is
indicative of enhanced degradation o f the plasmid. Thus, even though none of the
formulations tested was completely resistant to enzyme mediated degradation under the
conditions employed here, alteration of the physicochemical characteristics of the system
by simply reducing the liposome to DNA ratio will likely lead to enhanced susceptibility
of the plasmid to DNase activity and degradation. From characterised formulations for
the delivery of plasmid DNA, various results have been reported for resistance to DNase
activity. Contrasting results have been reported for specific enzyme degradation in
comparison to that observed for serum (Baraldo et a l, 2002) and other cationic
formulations (e.g. poly(L-lysine)) have also been shown to give protection against
enzymatic degradation of plasmid DNA (Capan et a l, 1999b). It is thought that the
resistance to DNase activity is advantageous because of the presence of DNase in vivo.
Due to the diversity of experimental procedures, however, it is difficult to make
comparisons with other published work. It can be concluded that the formulated DNA
was more resistant to the nuclease activity of Bam HI than was the unformulated, naked
DNA and that this was enhanced by increasing the liposome to DNA ratio.
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The formulation procedure for polymer modification necessarily requires some exposure
to mechanical shear during stirring of the polymer solution and liposome/DNA
complexes in order to evaporate off the solvent. It was shown that there was a difference
in resistance to mechanical shear over time for liposome/DNA complexes of differing
liposome to DNA ratios (figure 5.8). The effects of mechanical shear are of major
concern in formulation techniques. For the microencapsulation of DNA in PLGA
microparticles, in addition to damage caused by ultrasonication, exposure to acidic
conditions and the encapsulation process itself has been shown to cause degradation of
plasmid DNA to a varying extent according to the formulation processes and the presence
of other agents, such as NaHCOs (Walter et a l, 1999). It may be that the presence of
cationic agents such as stearylamine are able to enhance observed encapsulation of DNA
(Atuah et a l, 2000b) by the improvement of stability during the formulation process. It is
not clear why the formulation with higher lipid:DNA charge ratio was more susceptible
to the stirring conditions of the polymer addition process. The size of these complexes
(formulation A, figure 5.8) was only marginally increased (figure 5.7) although
polydispersity was greater (figure 5.7). Plasmid DNA degradation during the solvent
evaporation process is certainly a possible factor in the timescale observed for polymer
addition (usually about 3 hours). Extrapolation of these results into other methods of
plasmid DNA formulation is not possible, although cationic liposomes containing
stearylamine may help to provide protection against a number of formulation specific
stresses normally responsible for plasmid degradation. The choice of solvent may also
affect plasmid DNA integrity. The use of acetone here was not shown to be detrimental to
the liposome/DNA complexes. The use of solvents and other formulation based
considerations for the polymer modified plasmid DNA is explored further below (section
5.4.4).

5.4.3 Formulation considerations
From a formulation point of view, obtaining nicely complexed DNA with clearly defined
properties may be a desirable goal. However, the microenvironment during the
formulation process is highly complex, especially with regards to multicomponent
delivery systems. In this case, this is further complicated by multiple steps in the
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formulation process necessary for addition of the non-water soluble polymer.
Electrostatic interactions enable complexation of liposomes with DNA in the aqueous
environment which is largely facilitated by the high dielectric constant of water (80.4 at
20°C, 80.0 at ~ 26.6°C). The addition of acetone, which has a lower dielectric constant
(20.7 at 25°C), may reduce the electrostatic interaction between cationic components and
DNA, although acetone as a solvent has a comparatively high dielectric constant in
comparison to solvents commonly used for the preparation of polymer micro or
nanospheres (e.g. dichloromethane, which has a dielectric constant of 9.1 at 20°C). In
addition, there may be a weak electrostatic interaction between the dissolved polymer and
the liposome/DNA complexes (which have a net positive charge - table 5.3) which may
help to facilitate association of the polymer with the complexes.
The microenvironment surrounding plasmid DNA during formulation is of great
importance in maintenance of plasmid stability. It is thought that free radical oxidation
may be a major degradative process for plasmid DNA in pharmaceutical formulations
unless specific measures are taken to control it by, for example, the addition of free
radical scavengers or specific metal ion chelators (Evans et a l, 2000). PBS, for example
has been found to facilitate the generation of hydroxyl radicals. The incorporation of atocopherol may be useful for its activity as an antioxidant and free radical scavenger.
The action of a solvent may not be deleterious. Ethanol has been found to enhance
plasmid DNA stability. An observation consistent with the known ability of ethanol to
serve as a hydroxyl radical scavenger (Evans et a l, 2000). Whilst ethanol may not work
well in this system, there are a number of considerations in assessing possible alternative
components in order to improve the polymer addition technique. Important characteristics
and process parameters being;

1. Polymer: The solubility of the polymer in the solvent and in the solvent/aqueous
liposome/DNA mixture.
2. Solvent: The dielectric constant of the solvent may be important in addition to its
boiling point for effective elimination during solvent evaporation. The miscibility of the
solvent with the aqueous liposome/DNA suspension will likely have an effect on what is
obtained from the process; it may be undesirable to form an emulsion with polymer
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coming out of solution at the water/oil interface. The effect of the solvent on the
liposomal system; it may be undesirable to dissolve liposomal bilayers and disrupt the
integrity of the liposomes.
3. Temperature: This will affect the formulation process in a number of ways; The
dielectric constants o f the system will likely be affected (the dielectric constant of
acetone at ~ 53°C is 17.7 whilst at 0°C it is 1.0159). However, the range of applicable
temperatures is limited.
4. pH: Again, the range of applicable pH is limited, largely due to plasmid stability. pH
will affect electrostatic interactions and alteration of pH could be considered as a possible
tool in the formulation process.

Solvents with high boiling points but desirable electro-chemical properties (such as
DMSO with a dielectric constant of 45.0 at 20°C) may be unsuitable for solvent
evaporation but it may be possible to use dialysis in order to remove the solvent and
precipitate the polymer out o f solution. In the formulation process outlined here, acetone
was shown to be useful due to its ability to solubilise the polymer (poly (D,L-lactic acid)
- 123kDa) under the experimental conditions employed, the inability to solubilise
liposomes and liposome/DNA complexes, the lack of deleterious effects on plasmid DNA
at the concentrations employed and its low boiling point, enabling rapid elimination of
the solvent by evaporation.

5.4.5 Conclusions
It is thought that the method of polymer addition outlined here may offer potential for
manipulation and optimisation, facilitating the use of polymers not normally used in
liposomal systems due to their insolubility in the aqueous environment.
In addition, the in vitro analysis presented in this chapter outlines provides the basis for
the testing of these formulations for their ability to engender transgene specific immune
responses in vivo.
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6. Modified liposomal delivery systems for DNA delivery: In vivo studies

6.1 Introduction

6.1.1 Potential advantages of polymer modification
Also see introduction to Chapter 5 (sections 5.1.1, 5.1.2 and 5.1.3) as well as Chapter 1 as
a general introduction.
Transfection of antigen presenting cells (APCs) and in particular dendritic cells is thought
to be important in generating effective immune responses to plasmid DNA encoded
antigen. In particular, gene gun immunisation continues to show impressive results whilst
utilising only small quantities of DNA (Fynan et a l, 1993b; Weiss et a l, 2000). The
efficacy of this method of administration has been associated with efficient transfection
of dendritic cells in vivo (Condon et a l, 1996). The qualitative differences in the immune
response according to route and method of administration highlighted by Weiss et a l
(2000) and others (Torres et a l, 1997) indicate that alteration of target site tissue (by
route of immunisation or delivery vehicle) may offer potential in the manipulation of the
subsequent immune response. Cationic lipid/DNA complexes including those containing
stearylamine (Wang et a l, 1996) have been shown to be effective for in vitro transfection
(Birchall et a l, 1999; Okayama et a l, 1997), but their use in vivo has achieved mixed
results (Niven et a l, 1998) and deposition and distribution of cationic lipid/DNA
complexes in vivo may not be optimal. Such problems have prompted researchers to
adopt new strategies in an effort to increase the efficiency of lipid based delivery systems
for DNA (Bailey and Sullivan, 2000; Bally et a l, 1997).
At the same time, the ability of biodegradable polymers to facilitate uptake and
expression of microparticulate-associated plasmid DNA by antigen presenting cells
(Hedley et a l, 1998) has attracted attention and work in our laboratories and elsewhere
continues to yield positive results for polymer based formulations (Alpar et a l, 1996;
Atuah et a l, 2000b; Lunsford et a l, 2000) with the subcutaneous route proving to be
effective for delivery systems utilising poly lactic acid (McHugh et a l, 1999).
In this present study, our strategy has been to modify lipid/DNA complexes by the
precipitation of poly-(D,L-lactic acid) thereby altering the surface characteristics of the
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delivery system and is an effort to identify the potential of such multicomponent (lipid
based and polymeric) systems for in vivo delivery of plasmid DNA. It is thought that
desirable facets of these two strategies for DNA immunisation may offer the potential for
combination and enhanced efficacy, increasing the potency of DNA vaccination by
certain routes. In this study, DNA was formulated for in vivo analysis using plasmids
expressing hepatitis B surface antigen and human mucin 1.

6.1.2 Aims and objectives of this chapter
This in vivo work is aimed at assessing the potential of the formulations outlined in the
previous chapter for their ability to engender transgene specific immune responses to
entrapped plasmid DNA encoded genes delivered via a number of different routes.

6.2 M aterials and M ethods
ELISA and associated immunological analysis was carried out as detailed in Chapter 2.

6.2.1 Hepatitis B study

6.2.1.1 Intramuscular and subcutaneous immunisation
Using the hepatitis B plasmid, groups of 5 BALB/c mice were immunised via
subcutaneous or intramuscular routes with lOpg at day 0 followed by two doses of 20pg
at one month intervals, which were either formulated in liposomes, liposomes with added
polymer or plasmid DNA alone (a total of 50pg plasmid DNA). The volumes of each
dose were 50pl for intramuscular administration and 140pl for the subcutaneous route.
0.1ml blood was taken from the tail vein at regular intervals for analysis of transgene
specific antibody titres by the enzyme linked immunosorbent assay (ELISA) method (see
section 2.3.2).

6.2.1.2 Oral immunisation
For oral immunisation, mice received 50pg plasmid DNA in 350pl water on three
occasions at day 0, 2 and 4. This was followed by two booster doses subsequent to
analysis of serum anti-hepatitis B surface antigen specific antibodies (boosting was then
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at day 85 and 100). Orally dosed mice therefore received a total of 250|ig plasmid DNA.
The experiment was terminated at day 106 for analysis of splenocyte, B-cell depleted
splenocyte and lymph node antigen specific cell proliferation and cytokine production
from stimulated splenocytes. For this study, the recombinant antigen used in the
proliferation and cytokine assays was the ay subtype (Helena Biosciences, Sunderland,
UK) instead of the ayw subtype used in all other studies.

6.2.2 MUC-1 study

6.2.2.1 Immunisation schedules
Using the FL-MUC-1 pcDNA3.1, for intramuscular and subcutaneous dosing, C57BL
mice (n = 5) were given three doses of 25pg on days 0, 21 and 42 (total 75pg).
Intranasally, mice were given doses of lOpg on days 0, 14, 21, 28 and 42 (total 50pg).
Volumes were: For intramuscular administration; lOOpl (2 x 50pl administered bi
laterally); For subcutaneous administration, 200pl; For intranasal administration, 50pl.
Formulations were briefly bath sonicated on rehydration in order to disperse the dose. In
the MUC-1 study only polymer modified formulations were used.

Ô.2.2.2 Tumour challenge
Tumour challenge work was undertaken at the Imperial Cancer Research Fund. The
syngeneic tumour model was previously used by them to determine the potential of
human MUC-1 cDNA as a vaccine protective against tumour challenge (Graham et a l,
1996). On day 56, mice were challenged subcutaneously with the T-cell lymphoma
MUC-1 transfectant, RMA-MUC-1 on a C57BL (syngeneic) background. RMA-MUC-1
cells (10^ cells in lOOpl PBS) were injected subcutaneously and tumour diameter was
monitored for 37 days post tumour implantation. Results are presented as mean tumour
volume (cm^). Mice were sacrificed when tumours reached about 1cm in diameter. The
control group was n = 15. Experimental groups n = 5.
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6.3 R esu lts

6.3.1 Hepatitis B study

6.3.1.1 Serum transgene specific antibody responses
Serum samples taken two weeks following the final im m unisation were analysed for
hepatitis specific antibodies. Figure 6.1 compares transgene specific total IgG titres for
the three formulations via intramuscular and subcutaneous routes and shows that the
polymer modified formulations administered subcutaneously elicited antibody titres an
order o f m agnitude greater than the equivalent dose o f plasm id DNA administered
intramuscularly. In addition, the polym er modified liposomes evoked significantly higher
transgene specific total IgG titres than any o f the other preparations when administered
subcutaneously (n = 5, P < 0.005). W hen adm inistered intramuscularly, naked DNA
along with liposomal DNA elicited higher antigen specific total IgG responses than the
polym er modified formulation by that route. IgG subclasses were analysed for responses
following subcutaneous administration. Titres following im munisation with the polymer
m odified liposom e/DNA complexes were found to be significantly higher for antigen
specific IgG2a (n = 5, P < 0.005) and IgG2b (n = 5, P < 0.01).
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Figure 6.1. Serum hepatitis B surface antigen specific IgG titres.
Subcutaneous and intramuscular adm inistration o f 50pg DNA. Error bars represent
standard error, n = 5.
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Transgene specific IgG l was more variable and although the trend was higher this was
not statistically significant (n = 5, f = 0.101) (figure 6.2). The other IgG subclasses tested
showed a more m arked increase for the polym er modified formulation.
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Figure 6.2. Serum hepatitis B surface antigen specific IgG subclass titres.
Transgene specific IgG2a, IgG2b and IgG l titres following subcutaneous adm inistration
o f 50pg DNA. Error bars represent standard error, n = 5.

6.3.1.2 Splenocyte and T-cell proliferation studies and cytokine production
We then looked at whether there was increased proliferation o f splenocytes and B-cell
depleted splenocyte preparations isolated from subcutaneously immunised animals
following restim ulation with recom binant antigen. Figure 6.3 shows that the polym er
modified formulation appeared to be the most effective at inducing proliferation upon
exposure to antigen in com parison to control spleens (n = 4, f = 0.021). Proliferation o f
cells isolated from animals immunised with liposomal and naked DNA also appeared to
be increased relative to controls. B-cell depletion showed that this trend was continued in
the absence o f B-cells and highlights some role for T-cells in mediating antigen specific
immune responses to the polym er modified formulations (figure 6.4). T-cell proliferation
o f animals im munised with naked DNA was found to be very low.
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Figure 6.3. Analysis of cell proliferation following stimulation of splenocytes with
recombinant hepatitis B surface antigen.
CPM = Counts per minute. Error bars represent standard error, n = 4. Results show
stimulation following isolation from subcutaneously immunised animals.
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Figure 6.4. Analysis of hepatitis B induced cell proliferation following stimulation of
B-cell depleted splenocytes.
CPM = Counts per minute. Error bars are omitted for clarity, n = 4. Results show
stimulation following isolation from subcutaneously immunised animals.
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Production of the cytokines IFN-y and IL-6 were assessed at 48h post-stimulation (Figure
6.5). It was shown that all formulations were able to elicit increased production of IFN-y
but the polymer modified formulations appeared to be more effective in IL-6 induction.
No increased IL-4 production was shown for this timepoint.
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Figure 6.5. Cytokines detected in supernatants of stimulated splenocytes following
subcutaneous immunisation.
The lines show average IFN-y and IL-6 detection and values in picogrammes m f’. Each
of the four plotted points for each group represents the average of three separate
stimulations for each of the four animals tested, 48h post-stimulation. Average values are
shown.
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Figure 6.6. Cytokines detected in supernatants of stimulated splenocytes following
oral immunisation.
The lines show average IFN-y and IL-6 detection and values in picogrammes ml’' . Each
of the four plotted points for each group represents the average of three separate
stimulations for each of the four animals tested, 48h post-stimulation. Average values are
shown.
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Following oral administration, there was no evidence of transgene specific cellular
proliferation of splenocytes or B-cell depleted splenocytes. This is in contrast to the
cytokine production which was seen in orally immunised groups and was markedly more
pronounced for the group receiving the polymer modified formulation and especially
with reference to production of interferon-y. There was a high level of background
cytokine production shown in figure 6.5. This was thought to be due to the antigen itself
because of the fact that it was not seen in splenocytes fi-om naïve animals that were
unstimulated (results not shown). Moreover, it is thought that the high level of
background cytokine production can be subscribed to the presence of the w portion of the
recombinant ayw subtype hepatitis B surface antigen as no or very little increased
background cytokine production was observed in the presence of the ay subtype (figure
6 .6 )

6.3.1.3 Lymph node cellular proliferation studies
Brachial lymph node (BLN) cells fi*om subcutaneously immunised mice were assessed
for their proliferative capability following stimulation with the recombinant Hepatitis B
surface antigen. Additionally, mediastinal lymph nodes (MLN) of mice which were
orally immunised were removed from these groups upon termination of the experiment
for the same purpose. Figure 6.7 below shows the cellular proliferation detected
following stimulation of BLN from subcutaneously immunised mice.
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Figure 6.7. Analysis of cell proliferation following stimulation of brachial lymph
node cells.
CPM = Counts per minute. Error bars show standard deviation, samples were pooled n =
5. Results show stimulation following isolation of brachial lymph node cells from
subcutaneously immunised animals.
Lymph node cells from orally immunised mice showed low and variable proliferation.
However, the presence of viable cells was in all cases corroborated by the proliferation of
cells in the presence of Con A (for example; BLN cells (figure 6.7) gave CPM values of;
Control: 2897 ± 844; Liposomal DNA: 451 ± 115; Naked DNA: 1049 ± 256 and Polymer
coated: 516 ± 31 (± standard deviation). The lymph node data is somewhat inconclusive
from these experiments. We can, however, say that some proliferation was observed for
groups receiving naked and liposomal DNA, but that there was no proliferation observed
in the extracted lymph node cells for the groups that received polymer modified
liposomal DNA formulations.
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6.3.2 MUC-1 study
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Figure 6.8. Mean tumour volume of groups immunised subcutaneously.
Mean tumour volume of groups receiving polymer modified and naked DNA
subcutaneously (n = 5) in comparison to the control group (n = 15) following tumour
challenge at day 0. For the polymer modified group, measurements were stopped when
animals began to be sacrificed due to the size of tumour growth.
Figure 6.8 clearly shows that the mean tumour volume of groups immunised
subcutaneously is markedly increased for the groups which had received the polymer
modified formulations via this route prior to tumour implantation. It would appear that
the group receiving naked DNA encoding for the MUC-1 antigen had a delayed onset of
tumour growth and that tumour growth was still reduced in comparison to the control
group at termination of the experiment on day 37 post tumour inoculation.
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Figure 6.9. Mean tumour volume of groups immunised intranasally.
Mean tumour volume of groups receiving polymer modified and naked DNA intranasally
(n = 5) in comparison to the control group (n = 15) following tumour challenge at day 0.
Figure 6.9 shows that following intranasal administration of either the naked DNA or
formulated plasmid encoding the full length MUC-1 antigen via the intranasal route
appeared to have little effect on the subsequent tumour growth for mice receiving the
MUC-1 expressing tumour cell line.
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Figure 6.10. Mean tumour volume of groups immunised intramuscularly.
Mean tumour volume of groups receiving polymer modified and naked DNA
intramuscularly (n = 5) in comparison to the control group (n = 15) following tumour
challenge at day 0.
Following the intramuscular administration of naked plasmid DNA or formulated
plasmid DNA encoding the full length MUC-1 antigen via the intramuscular route, both
of these groups showed markedly reduced tumour growth in the days post tumour
inoculation in comparison to the control mice.

From all the immunised groups receiving either formulated or un-formulated DNA via
the subcutaneous, intranasal or intramuscular routes, there were no anti MUC-1
antibodies detected in serum analysed using ELISA (ELISA carried out at ICRF).
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6.4 Discussion

6.4.1 Hepatitis B study

6.4.1.1 Experimental considerations
For the purposes of putting these data into context here, it is perhaps useful to note the
limitations of the experimental procedures used. During optimisation of these techniques
for our purposes, several factors were shown to be important. Firstly, the concentrations
of recombinant hepatitis B surface antigen were shown to influence the observed results
as follows; Stimulation of cells with higher concentrations showed an abrogation of the
observed proliferative response. Most of the presented results show proliferation up to
5pg ml'^ HBsAg (figures 6.3 and 6.4). However, stimulation with 50pg m f’ HBsAg
showed, in all cases, a reduction in observed cell proliferation (for example, observed
CPM were reduced to 1249 ± 401, 983 ± 133, 946 ± 64 and 546 ± 127 for the groups in
figure 6.3 - polymer coated, liposomal DNA, naked DNA and control cells respectively
(± standard error) and figure 6.7 also shows the higher concentration of HBsAg used at
which observed CPM are low for all groups). This is in contrast to tetanus and diphtheria
toxoids which were used in much higher concentrations without adverse effects. In the
case of TT the observed proliferative responses were still showing marked increases up to
360pg m f’ (the highest concentration used, although results in Chapter 7 are only shown
up to 36pg m f') and in the case of DT concentrations of up to 200pg mf^ were used in
other experiments.
In addition to this, the low concentration of HBsAg used for analysis of cytokine
production following cell stimulation was shown to have quite a high background (figure
6.5). This may limit the usefulness of data due to high concentrations of cytokines and
contribute to the lack of discrimination between the groups. Again, this was in contrast to
the observed results for tetanus toxoid (figures 7.2 and 7.3) where no background
cytokine production was observed when cells were stimulated with free antigen (up to
36|ig mf^). This may be indicative o f the effectiveness of the recombinant antigen
(HBsAg) as a vaccine in itself (the existence of non-responders is thought to be due to
defective T helper cells (Salazar et a l, 1995)).
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Another observation was that individual (not pooled) splenocyte microcultures apparently
responded to a greater magnitude than those of pooled samples. This was evident in the
experiments carried out for Chapter 7, where pooled samples of equivalent numbers of
mice failed to show the significant differences illustrated in figure 7.1 when the same
statistical analysis was used, despite theoretically reducing the variation between
individuals by pooling. This may have affected the results shown for pooled samples
(lymph node cells). The number of animals required in order to generate sufficient
quantities of lymph node cells and the difficulty of excision and discrimination of lymph
nodes fi-om adipose and surrounding tissues should also be noted.

6.4.1.2 Comparison and interpretation
Increasingly, characteristics such as surface charge and density have been shown to
profoundly affect biodistribution and uptake of particulates which may be particularly
relevant for liposome/DNA complexes due to the highly charged nature of the
components (Ishiwata et al., 2000).
For genetic immunisation with naked DNA via the intramuscular route, recent work
suggests that vehicle volume may be important. Dupuis et al. showed that the
immunogenicity of intramuscularly administered DNA was markedly increased when
using a 50pl dose as compared to a dose of 5pi into the mouse tibialis anterior unless
administration was followed by electroporation (Dupuis et a l, 2000). Dupuis also
highlighted the limitations of DNA vaccines observed in larger animals and recent
clinical trials (MacGregor et a l, 1998). They also noted that muscle cells of the mouse
tibialis anterior were subjected to significant hydrostatic pressure with a volume of 50pl
and related this to the observed increase in uptake and expression in their mouse model.
Their study and others (Corr et a l, 1999) have offered evidence that non-lymphoid cells
may be important in mediating responses to DNA vaccines. Whereas work referenced
earlier (Condon et a l, 1996) and work by others (Klinman et a l, 1998; Porgador et a l,
1998) has emphasised the importance of transfection of APCs in the generation of
immune responses following DNA immunisation. It seems likely that increasing the
efficacy of either strategy may be beneficial for increased immunopotentiation.
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Lipid based gene delivery systems as an alternative to viral gene delivery have been the
subject of much interest (Rolland, 1998) with novel and diverse cationic lipids offering
potential for gene delivery both in vitro (Liu et a l, 1996; Zhao et a l, 1997) and in vivo
(Caplen et a l, 1995; Wheeler et a l, 1996) by selected routes of immunisation. Lipid
based delivery systems also allow the incorporation of pH sensitive components which
are able to undergo conformational changes (Ellens et a l, 1984; Legendre and Szoka,
1992) that are thought to be advantageous in facilitating endosomal release. In addition, it
has been found that liposomes with compositions which mimic the cytoplasmic facing
monolayer of the endosomal membrane are able to effectively release DNA from
liposome/DNA complexes (Szoka et a l, 1996). Thus, liposomal delivery systems offer
significant versatility for the incorporation of components with potentially desirable
effects within the endosome. Whilst many liposomal formulations may be effective for in
vitro use, anionic components (glycoproteins, chondroitin sulphate, collagen, etc.) present
in the extracellular milieu are able to destabilise cationic lipid/DNA complexes
(Monkkonen and Urtti, 1998). Farhood et a l showed that the transfection activity of
otherwise effective transfection reagents are strongly inhibited by the presence of serum
components (Farhood et a l, 1992). In addition, the excess cationic charge without
subsequent surface modification may have profound effects on biodistribution (Ishiwata
et a l, 2000). These factors are likely to preclude or at least to limit the in vivo use of
many potentially effective lipid based DNA delivery vectors.
Liposomes modified with mannan have been found to enhance HIV-1-specific cell
mediated immune responses induced by DNA vaccination (Toda et a l, 1997). However,
non-water soluble polymers have not previously been used for this purpose. This is
perhaps due in part to formulation constraints when using organic solvents, overcome
here by the apparent increase in solubility and protection of the plasmid DNA mediated
by incorporation o f plasmid into the liposomal formulation and very much influenced by
the choice of lipid, polymer and solvent. Electron microscopy (figure 5.2) has shown our
formulations to be heterogeneous in nature. It may be that the increased effectiveness of
the delivery system is mediated by a discreet proportion of the formulation. Gel
electrophoresis has confirmed that some of the plasmid DNA remains entrapped within
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the polymer. This is likely to dramatically alter the biodistribution of the polymer
entrapped DNA in comparison to plasmid solely associated with the cationic liposomes.
It was shown here that all formulations, including naked DNA, were able to elicit
increased IL-6 and IFN-y production in comparison to naïve animals following
stimulation of splenocytes from immunised mice with the recombinant antigen. However,
the fact that the recombinant antigen itself is effective in eliciting production of these
cytokines makes it difficult to draw any conclusions from the concomitant production of
IL-6 and IFN-y during the cell stimulation assays. Increased IL-6, however, was observed
with the polymer modified formulations. The increased cytokine production observed in
splenocytes of orally immunised animals is also interesting. Here, there was little
background production of cytokines from spleens stimulated with recombinant antigen
alone. This is likely due to the fact that a truncated recombinant surface antigen was used
for this assay (recombinant ay subtype instead of the full ayw subtype encoded for by the
plasmid). Although the use of this recombinant antigen facilitated discrimination of the
cytokine production in the orally immunised groups, it may have also contributed to the
lack of observed antigen specific cell proliferation (data not shown). IL-6 has been shown
to induce B-cell terminal differentiation (Dunkley et a l, 1990) as well as enhancing IgA
production both in vitro (Beagley et a l, 1989) and in vivo (Ramsay et a l, 1994) and
increased production of IL-6 may be a desirable facet of candidate vaccines against
pathogens such as hepatitis B.
The IgG subclass data shows the increased production of all three antibody subtypes
mediated by the polymer modified formulations when given by the subcutaneous route.
Whilst it is our opinion that the anti-IgG2a monoclonal used in these ELISA shows the
best discrimination between groups and gives the best information generally, and is
usually not seen in a predominantly Th2 type response in our hands, the low titres of the
other groups following subcutaneous administration do not allow us to conclude about
the relative levels of this or the other subtype titres, precluding any inference about
possible skewing of the immune response mediated by the delivery system. However, the
production of IgGl and IgG2b antibodies suggests an element of a mixed Thl/Th2 type
response together with a potent Thl response indicated by the IgGl IgG2a ratio
engendered by the polymer modified formulation when given via the subcutaneous route
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(see also the Chapter 3 discussion for an explanation of antibody subtype distribution and
its significance).
Previous studies with DNA vaccination against hepatitis B surface antigen have shown
effective induction of hepatitis B specific antibody as well as cytotoxic T lymphocytes
(CTLs) in mice following intramuscular administration of a plasmid encoding the major
viral surface protein (S region) (Davis, 1996) similar to the construct used here. Efficient
transfection of muscle fibres was observed following injection into the tibialis anterior
and it is thought that the effective CTL response is responsible for fragmentation and
destruction of transfected myocytes. However, as previously discussed (Dupuis et a l,
2000), intramuscular inoculation of plasmid DNA in mice may show unrepresentative
uptake and expression when extrapolating expectations to larger animals. Indeed, Davis
cited the connective tissue cytoarchitecture of muscle tissue as possibly affecting the
efficiency of gene transfer in larger and stronger muscles (Davis, 1996), such as those of
primates (Davis et a l, 1993b) and in comparison to the mouse (Jiao et a l, 1992). Thus,
alternative strategies for the delivery of plasmid DNA may be desirable. The increased
ability of naked plasmid DNA to facilitate transgene specific immune responses in our
mouse model by the intramuscular route may thus be ascribed to the increased
hydrostatic pressure and uptake of naked DNA when given in a comparatively large
volume (50pl) by this route. However, the reasons why the liposomal and polymer
modified liposomal formulations fail to engender effective immune responses by this
route are unclear. Other researchers have shown that liposomal delivery systems are able
to mediate effective uptake and expression by APC

following intramuscular

administration (Perrie et a l, 2001). However, the size of dehydration rehydration vesicles
employed in their studies is markedly different from the size of the liposomal
formulations used here. It is likely that both size and surface charge characteristics have
profound effects upon the biodistribution and uptake of the formulated DNA. It may be
that the subcutaneous route is better able to facilitate uptake of the polymer modified
formulations but that neither the liposomal formulations or the polymer modified
formulations used in this study are able to mediate effective targeting of APC, or to
utilise increased uptake by myocytes mediated by increased hydrostatic pressure,
following intramuscular administration. Indeed, particles made of poly(L-lactic acid) and
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poly(D,L-lactic acid) have been shown to be taken up effectively by monocytes,
macrophages and other cells of the reticuloendothelial system both in vitro and in vivo
(Atuah et a l, 2000a; Leroux et a l, 1996; Nakada et a l, 1998). It was thought that the
precipitation o f this polymer in the method outlined here may serve to stabilise
liposome/DNA complexes for in vivo delivery to immune cells and thus to the endosome,
although this may be dependent upon the route of administration. It is thought that such a
strategy may offer increased potential in larger animals in comparison to the
administration of naked DNA via the intramuscular route. In addition, enhanced
immunogenicity potentiated by polymer modification as outlined here and without the
incorporation of helper lipids provides proof of principle for the use of these
multicomponent delivery vehicles for in vivo delivery of plasmid DNA. Furthermore, this
system may allow for the elucidation o f the potential of cationic lipid based delivery
systems which have previously been found to fimction poorly in vivo for the purposes of
genetic immunisation.
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6.4.2 MUC-1 study
The subcutaneous administration of MUC-1 DNA clearly showed that following tumour
challenge the tumour growth was markedly increased for mice receiving the polymer
modified formulations in comparison to mice which were unimmunised (figure 6.8).
Immunisation with naked DNA via this route appeared to give some protection. Mice
immunised intranasally with the polymer modified formulation or the naked DNA did not
show any differences in mean tumour volume to the control group receiving no
immunisation (figure 6.9). In mice receiving either naked DNA or polymer modified
formulations intramuscularly, however, mean tumour volume was markedly reduced with
almost no tumour generation until the last measurement (figure 6.10). Whilst the control
group consisted of large numbers, the experiment was compromised by the fact that
tumour growth in the control mice was not as vigorous as that observed in previous
experiments. This was thought to be because of loss of viability of the tumour cells prior
to inoculation and may have been contributed to by the size of the experiment.
Nevertheless, the results are interesting. From the previous studies using the polymer
modified formulation for the delivery of pRc/CMV-HBs(S), it was shown that the only
route able to engender transgene specific antibodies was the subcutaneous route (the
intranasal route was also tested, although the dose was reduced - results are not shown,
but no transgene specific antibodies were detected). Given the importance of antibodies
in the response to mucin 1 in humans, and the fact that mice are not predisposed to an
antibody response against this antigen (in contrast to humans, also see section 5.1.2
Human mucin 1), then it might not be surprising that positive results were not achieved
for this formulation given subcutaneously in this model.
It is known that naked DNA encoding for the MUC-1 antigen is able to elicit protective
immune responses against tumour challenge in mice immunised intramuscularly (Graham
et a l, 1996) in a similar model to that used here. In our study, the polymer modified
formulation was shown to protect against tumour growth to a similar level as that
engendered by administration of the naked DNA via the intramuscular route. Thus there
would seem to be promise for these formulations for intramuscular delivery and further
investigation may be warranted.
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It has been known for some time that the wrong antigenic presentation may result in
tolerance induction towards a tumour and occasionally tumour enhancement may occur
(Sinkovics and Horvath, 2000). In work carried out nearly thirty years ago, it was shown
that rats previously sensitised with soluble tumor antigens prior to tumor inoculation
demonstrated a significant enhancement of tumor growth. In addition, the in vi\o
enhancement coincided with a significant in vitro depression of cell-mediated
cytotoxicity after subsequent tumour challenge and did not elicit detectable cell mediated
immunity following sensitisation to soluble tumor antigen alone (Rao and Bonavida,
1976).
It seems likely that tumour enhancement occurred here for groups receiving the
formulated MUC-1 plasmid subcutaneously. In contrast to this, the formulated plasmid
delivery system showed promise when given intramuscularly. This may be related to a
skewing of the immune response according to the route of administration, however, there
is no direct evidence of this presented here. For the hepatitis B study, immune responses
engendered by both naked DNA administered intramuscularly and formulated DNA
administered subcutaneously showed a similar antibody isotype distribution. The
potential effect of the route o f administration on the subsequent quality of the immune
response o f such delivery systems therefore warrants further investigation.
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7. Investigation of the adjuvant activity of a nanospheric delivery
system

7.1 Introduction

7.1.1 Adjuvant activity
An adjuvant is a substance or procedure that augments a specific immune response
towards an antigen (Ramon, 1924). The precise mode of action of most adjuvants is not
well understood, which has hindered the rational design of new vaccination strategies.
Immunisation is a complex process involving the activation of many different biological
elements, only a proportion of which might be important for the induction of a particular
antigen specific response. Often, ascertaining which effectors are directly involved in a
response to adjuvanted antigen is difficult to study in vivo. As such, we have investigated
cellular and immunological responses following exposure of cultured spleen cells to
poly(lactide-co-glycolide) (PLGA) nanospheres, in an ex vivo model. Splenocytes were
chosen because o f the ease of obtaining and culturing cells from the spleen. Additionally,
primary cultures of mixed spleen cells should contain antigen-presenting cells in addition
to T and B-lymphocytes. Thus a primary culture of mixed spleen cells should possess the
requisites for the induction of immunological responses in situ. Earlier work (Eyles et al.,
2001) has identified that microencapsulated antigens may be rapidly translocated to the
spleen, which subsequently can act as an inductive site, following intranasal delivery.
Therefore, in light of the potential importance of the spleen in the development of
immunological responses towards microencapsulated antigens, this was seen as an
additional reason to study immunogenicity by utilising spleen cells.
The components o f many adjuvants augment responses by non-specific effects. As a
corollary to the cell culture studies, the possibility was investigated {in vivo) that
polymeric nanospheres can adjuvant immune responses in a non-specific fashion. This
involved immunisation experiments in which mice were injected with antigen and empty
polymeric nanospheres at different sites.
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7.1.2 Aims and objectives of this chapter
The aims o f this chapter are to assess the adjuvant activity of a nanospheric delivery
system. This includes in vitro effects of the delivery system on splenocytes from pre
immunised mice and in vivo comparison with alum adjuvant.

7.2. M aterials and M ethods

7.2.1 Nanosphere preparation
lOOmg o f Poly(D, L-lactide-co-glycolide) (50:50) (Alkermes Inc., Massachusetts, USA)
was dissolved in 10ml of dichloromethane. 3ml of 2.5% (w/v) Poly(vinyl alcohol) (PVA)
(13-23k mw) containing TT was added and the emulsion homogenised at high speed for
two minutes. 20ml of 1.5% (w/v) PVA was added and the solvent evaporated off whilst
stirring in a fume cupboard. The resultant nanoparticles were washed and freeze-dried.
TT loading per unit mass of particles was determined by using the bicinchoninic acid
(BCA) protein assay following alkali hydrolysis of the nanospheres. Particle size was
determined using photon correlation spectroscopy (see section 2.1.1.2).

7.2.2 Immunisation studies

7.2.2.1 Priming of spleen cells for subsequent cell culture work
BALB/c mice were immunised intramuscularly with 150pg tetanus toxoid (TT) in
incomplete Freund’s adjuvant (IFA) in a 50pl volume. Spleens from these animals and
naïve controls were removed 70 days later and cultured cells exposed to free (Free) TT or
polymer-formulated (NS) TT at various concentrations (see below).

7.2.2.2 Adjuvant activity in vivo
In order to determine whether polymeric nanospheres can augment responses to co
administered antigen injected at a separate site: Groups of 6 mice were immunised with
25pg TT by the intramuscular route. TT was administered in the presence and absence of
aluminium hydroxide adjuvant (AlhydrogeF^ 85; Superfos Biosector, Denmark) or
empty nanospheres (prepared as described above but without TT in the formulation).
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Antigen and adjuvant (AlhydrogeF^ or nanospheres) were injected together into the left
quadriceps muscle, or separately into the left and right leg muscles. The amount of
nanospheres and aluminium hydroxide administered was Img and 0.5mg (25pi of a 2%
w/v suspension o f aluminium hydroxide) respectively. In order to assess the baseline
response, one group of animals was immunised with antigen alone. Twenty one days
following immunisation mice were bled by superficial venupuncture of the tall vein and
serum was analysed by ELISA for the presence of anti-TT IgG antibodies (section 2.3.1).

7.2.3 Preparation of single cell suspensions of primed and naïve spleen cells and cell
stimulation
Seventy days after immunisation, groups of 8 immunised and naïve mice were humanely
culled and their spleens were aseptically removed and placed into ice-cold sterile PBS.
Individual (not pooled) spleens were used for the generation of single cell suspensions of
whole spleens and B-cell depleted spleens as outlined in section 2.5.
lOOpl volumes of cells from individual mice were seeded onto lOOpl volumes of serially
diluted media containing soluble TT (concentration range 0-36000ng m f’ TT). In an
identical fashion, cells were also seeded onto serially diluted suspensions of TT loaded
nanospheres (concentration range O-lOOOpg ml'* polymer) in working media. Thus cell
cultures were exposed to equivalent amounts of both soluble and polymer entrapped TT
over a range of concentrations. Naïve and primed cells were also co-cultured with serially
diluted suspensions of ‘empty’ nanospheres that contained no antigen (concentration
range O-lOOOpg m f ’ polymer) in working media. As a positive control, cells were also
cultured in the presence of concanavalin A (Sigma, Poole, Dorset, UK) at a concentration
of Ipg m l'\ Cytokine production and cytotoxicity was assessed as outlined in sections
2.3.3 and 2.7 respectively. For analysis of cytotoxicity, 96 well plates were set up as
outlined for the [^H] thymidine uptake assay, with the exception that cells were exposed
to a broader range of TT concentrations (1.8-180000ng ml'^ TT). MTT activity was
measured in parallel with cell harvesting (see above) at 96 hours.
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7.3 R e su lts

7.3.1 Cell proliferation during coculture of naïve and primed spleen cells with
polymer formulated and soluble antigen
[^H]thymidine uptake into mixed spleen cell cultures, derived from naïve mice, was low
at all concentrations of TT used to stimulate the cells in vitro (figure 7.1). Some evidence
of cellular proliferation was detected if naïve cells were exposed to polymer formulated
TT (at 360ng mf^ concentration), or if they were restimulated with high (36000ng ml'*)
concentrations of free TT.
With respect to cells exposed to free antigen, levels of [^H]thymidine uptake into cultured
mixed spleen cells (from primed mice) was dependent on restimulating antigen (TT)
dose.
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Figure 7.1. Proliferation of spleen cells with polymer formulated or soluble TT.
Proliferation as measured by [ H]thymidine incorporation, of mixed spleen cells during
suspension culture with increasing concentrations of polymer formulated (NS) or soluble
(Free) tetanus toxoid (TT). Cells were derived from immunised (Primed) or
immunologically naïve (Naïve) mice. Results are means (± Standard error) from eight
separate experiments (n = 8).
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When cultured mixed spleen cells from primed mice were exposed to escalating
concentrations of polymer formulated TT, a different pattern of dose dependent
proliferation was noted. At lower concentrations of restimulating antigen, exposure of
primed cells to polymer formulated TT resulted in higher levels of proliferation (in
comparison to soluble TT). This effect was statistically significant at the 360ng mf*
restimulation dose {P < 0.05). These [^H]thymidine uptake data suggest that, for TT
primed cells, polymer formulated TT can act as a superior stimulant as compared with
soluble TT. However, this was only true at one of the intermediate concentrations of
(restimulating) antigen tested. At the second highest dose of antigen used to restimulate
the cells (3600ng ml'^), statistically similar rates of proliferation were detected for cells
co-cultured with soluble and polymer entrapped antigen. Furthermore, at the highest dose
of antigen used to restimulate the cells (36000ng ml '), statistically inferior rates of
proliferation were detected for cells co-cultured with polymer entrapped antigen. This
indicates that the presence o f high concentrations of polymer, in the cell culture medium,
may have some inhibitory effect on cell proliferation.
Levels of [^HJthymidine incorporation (into primed cells) were very similar during co
culture with low doses (36ng ml"') of restimulating TT, irrespective of whether the toxoid
was encapsulated or free. All of the isolates proliferated during coculture with Con A
(average CPM of cells from naïve mice = 174969 ± 28507; average CPM of cells from
primed mice = 161248 ± 10826) thus confirming that the proliferative ability of the cells
had not in any way been compromised during isolation.
Interestingly, under identical experimental conditions, no proliferation was seen in B-cell
depleted cultures o f primed spleen cells during co-culture with polymer formulated or
soluble TT (results not shown). These data indicate that the presence of B-cells in the
mixed spleen cell cultures was essential in order for a detectable antigen specific recall
response to occur. This is likely due to a strong Th2 response previously evoked in these
animals (IFA is a known potent inducer of Th2 type responses).
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7.3.2 IL-6 and Interferon-y production during culture of naïve and primed spleen
cells with polymer formulated and soluble antigen
IL-6 produced in response to stimulation is shown in figure 7.2. Following exposure to
free TT, the cells produced only insignificant amounts of IL-6. Above the 360ng ml’’
concentration of TT used to stimulate the cells, IL-6 production by the mixed spleen cells
was significantly elevated if cells were exposed to nanosphere entrapped TT {P < 0.05).
This was true for both naïve and primed cells, although primed cells were capable of
producing greater quantities of IL-6. During co-culture with Con A, naïve cells and
primed cells produced an average of 1010 ± 548 and 1580 ± 378pg ml'^ IL-6
respectively. This confirmed both naïve and primed cells were capable of IL-6 production
if exposed to an appropriate stimulus.
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Figure 7.2. Interleukin 6 (IL-6) production with polymer formulated or soluble TT.
IL-6 production by mixed spleen cells during suspension culture with increasing
concentrations of polymer formulated (NS) or soluble (Free) tetanus toxoid (TT). Cells
were derived from immunised (Primed) or immunologically naïve (Naïve) mice. Results
are means (± Standard error) from eight separate experiments (n = 8). For equivalent
polymer see figure 7.5.
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The pattern of IFN-y production by cultured splenocytes was markedly different from
that of IL-6. As was the case with IL-6, no detectable IFN-y was produced if primed or
naïve cells were co-cultured with soluble TT (at any of the concentrations tested) (figure
7.3). Co-culture with 3600ng ml*' polymer formulated antigen was effective at inducing
significant IFN-y production from both naïve and primed cells. Amounts of IFN-y
secreted, during coculture with 36000ng ml'^ polymer formulated antigen, were notably
lower than at 3600ng m l'\ Except at the highest concentration of restimulating antigen
(36000ng m f’ TT), no difference in IFN-y production between naïve and pre-immunised
splenocytes in response to in vitro stimulation with polymer associated antigen was
observed. During co-culture with mitogen (Con A), naïve cells and primed cells produced
an average o f 7760 ± 1121 and 6963 ± 3125pg m f' IFN-y respectively. No detectable IL6 or IFN-y was produced by either primed or naïve spleen cells when stimulated with
empty polymeric nanospheres (not shown).
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Figure 7.3. Interferon gamma (IFN-y) production with formulated or free TT.
Interferon gamma (IFN-y) production by mixed spleen cells during suspension culture
with increasing concentrations of polymer formulated (NS) or soluble (Free) tetanus
toxoid (TT). Cells were derived from immunised (Primed) or immunologically naïve
(Naïve) mice. Results are means (± Standard error) from eight separate experiments (n =
8). For equivalent polymer see figure 7.5.
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7.3.3 Cytotoxicity during culture of naïve and primed spleen cells with polymer
formulated and soluble antigen
Evidence of cytotoxicity (as measured by the reduction of MTT substrate) was only
observed when cells were exposed to a high concentration (equivalent to 5mg m f’
polymer) o f polymeric nanospheres during cell culture (figure 7.4). However, the
observed reduction of MTT substrate could in theory be ‘masked’ by cellular
proliferation. Thus due to the nature of the assay used, it seems likely that cytotoxic
effects may also have occurred during co-culture with lower concentrations of polymer,
but in this situation cell death may have been ‘hidden’ by the generation of new cells
resulting from clonal expansion.
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Figure 7.4. Cytotoxicity as assessed using the MTT assay.
Reduction of [3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl tétrazolium bromide] (MTT) by
the mitochondrial dehydrogenases of living cells as an indication of cell viability. Mean
(± Standard error) optical density at 570nm as expressed as an index of control
splenocyte mitochondrial enzyme activity for each individual splenocyte preparation (n =
7) (unstimulated splenocyte enzyme activity = 1). For equivalent polymer see figure 7.5.
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This was corroborated by the observation that empty polymer nanospheres were shown to
cause cytotoxicity at higher concentrations. This is shown in figure 7.5 below.
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Figure 7.5. Cytotoxicity caused by empty polymer nanospheres.
Reduction of [3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl tétrazolium bromide] (MTT) by
the mitochondrial dehydrogenases of living cells as an indication of cell viability. Mean
(± Standard error) optical density at 570nm is a direct measurement of viable cells.
Equivalent TT loading for comparison to other experiments: As nanosphere loading was
36ng TT for every pg polymer, 36ng TT = Ipg polymer (0.00Img), 360ng TT = lOpg
polymer (O.Olmg), 3600ng TT = lOOpg polymer (0.1 mg) and 36000ng TT = lOOOpg
polymer (Img).
The cytotoxicity, shown here at lower levels for empty polymer nanospheres, supports
the tenet that proliferation may have ‘masked’ cytotoxicity occurring in TT loaded
nanosphere stimulated splenocytes from pre-immunised animals (figures 7.1 and 7.4).
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7.3.4 Analysis of adjuvant effects in vivo
Serum anti-TT IgG titres following intramuscular injection of TT adjuvanted with
Alhydrogel™ or empty nanospheres (figure 7.6) indicate that strongest responses occur
when antigen is injected in physical contact with these adjuvants. Admixture of TT with
Alhydrogel™ prior to injection served to evoke by far the strongest responses. Empty
polymeric nanospheres suspended in solutions of TT also evoked significantly elevated
serum anti-TT IgG titres, relative to animals immunised with TT alone. Alhydrogel™
was capable of augmenting immunological responses to TT even when injected
(simultaneously) into an anatomically separate muscle from antigen. Serum anti-TT IgG
titres were not enhanced when empty nanospheres were injected at a separate site from
antigen.
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right leg & NS left leg

P=0.001
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Figure 7.6. Anti TT IgG titres following intram uscular immunisation.
Mean means (± standard error) serum anti-tetanus toxoid (TT) IgG titre following
intramuscular immunisation with TT in conjunction with AlhydrogeF^ 85 (Alum) or
empty polymeric nanospheres (NS) (n = 6). Values above bars are statistical differences
verses animals that received TT alone.
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7. 4 Discussion
The cell culture data reported here support the notion that association of antigens with
polymeric particles may alter the way they are processed and/or presented by the immune
system (Eyles et a l, 1998). Adjuvants frequently contain immunomodulators that
promote the production of specific cytokines and thus augment immune responses
(Allison,

1998).

Examples

of

immunomodulatory

adjuvants

include

QS21,

lipopolysaccharides and monophosphoryl lipid A. It is speculated that the immune
response enhancing mechanism of microparticulate delivery systems is somewhat
different to that of immunomodulatory adjuvants: Micro/nanospheres protect antigen
from degradation and facilitate efficient delivery of immunogen, in its native format, to
inductive sites. Polymeric particles may also encourage uptake, processing and
presentation of antigen by antigen presenting cells. Due to sustained release of antigen
during polymer biodégradation, biodegradable microparticulates can potentially provide
prolonged antigenic stimulation of responsive elements.
Although the highest rate of antigen specific proliferation of primed mixed spleen cells
was recorded after exposure to free TT (at a concentration of 36000ng m f'), it is possible
(and perhaps likely; figure 7.5) that proliferative responses during co-culture with
polymer formulated antigen (at these concentrations) was retarded by cytotoxic or
inhibitory effects. Due to the artificial nature of the experimental system used in these in
vitro studies, it seems unlikely that cells would be exposed to antigen at these
concentrations for extended periods of time, in a true in vivo milieu. Levels of
[^Hjthymidine uptake into primed mixed spleen cells during co-culture with intermediate
(360ng m f’ TT) concentrations of polymer associated antigen suggest that, at more
physiologically relevant levels of antigenic stimulus, exposure of primed cells to polymer
encapsulated immunogens may ultimately lead to the generation of greater numbers of
new antigen committed lymphocytes. The data here infers that when antigen is present in
relatively low concentrations in the cellular microenvironment, particulated antigens are
more effective at eliciting immunological reaction from primed cells than is ‘free’ antigen
in solution.
The striking lack of proliferative responses following B-cell depletion of the mixed
spleen cell cultures implies that B-cells played a central role in the process of antigen
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specific proliferation. It is possible that the proliferating cells were themselves B-cells
and thus by removing them from the microcultures, the levels of [^H]thymidine
incorporation remained at a low level. An alternative hypothesis would be that the B-cells
played some critical role in facilitating the proliferation of another population of cells
(most likely T-cells). This scenario is plausible because B lymphocytes are known to
internalise antigens bound to their surface immunoglobulin receptors and then display
peptide fragments in concert with MHC class II (Lanzavecchia, 1990). This method of
antigen uptake and presentation can potentially be very efficient because of the affinity of
the immunoglobulin receptor for antigen, combined with the inherently high levels of
MHC class II molecules expressed by B-cells. Thus during the generation of a secondary
immune response, when the population of antigen specific B-cells has previously been
clonally expanded by priming with antigen, the relative abundance of B-cells with high
affinity receptors for antigen can facilitate very effective presentation of that antigen.
If ablation of antigen presenting capacity, by removal of B-cells from the mixed
splenocyte cultures, was responsible for the lack of proliferative responses then this
implies that other types of cells with antigen presenting capacity (e.g. macrophages and
dendritic cells) were unable to process polymer formulated or soluble TT. Dogma, and
some experimental data such as the fact that B-cells are unable to present antigen
covalently linked to microspheres (Galelli et a l, 1993), suggests that macrophages and
dendritic cells are efficient at processing and presenting particulate antigens, whilst Bcells (for reasons outlined above) are well suited to act as presenters of soluble antigens
(Gengoux and Leclerc, 1995). Accordingly, one would not expect B-cell depletion to
interfere with processing and presentation of particulate antigen, although it conceivably
might have had an impact on the way soluble antigen was treated. Recently, experimental
evidence has emerged that B-lymphocytes may act as antigen presenting cells for
particulate antigens (Vidard et a l, 1996). However in the same experiments it was noted
that, in comparison to B-cells, macrophages still presented particulate antigens 10-1000
fold more efficiently and could also present particulated antigen of much wider size
ranges. Thus, in the context of the experimental data presented here, it is not clear why
removal of B-cells abolishes proliferative activity. On balance, however, it was thought
that cellular proliferation was the result of clonal expansion of TT specific B-cell
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populations, and hence removal of those cells from the microcultures curtailed TT
specific proliferation.
The amounts of IL-6 and IFN-y secreted by cells in suspension culture with polymer
formulated and soluble TT (figures 7.2 and 7.3) support the tenet that, in comparison to
soluble antigen, polymer formulated antigens are processed differently by the immune
system (Raychaudhuri and Rock, 1998). Soluble antigen failed to stimulate elevated IL-6
and IFN-y secretion at any of the concentrations tested. By contrast, polymer formulated
antigen was effective at stimulating IL-6 and IFN-y production by both naïve and primed
cells. Cytokine (IL-6 and IFN-y) production was seen to be highly dependent on the
concentration of polymeric antigen used to stimulate the cells. Interestingly, neither IL-6
or IFN-y levels were elevated at the same concentration of restimulating polymer
associated TT (360ng m f’ TT) that evoked maximal proliferative responses. It is quite
possible therefore that, in this model, elevated levels of IL-6 and IFN-y were not required
for antigen specific clonal expansion of the primed lymphocytes (or levels required were
very low). This is supported by the observation that robust antigen specific proliferative
responses were evoked by soluble TT (at concentrations above 360ng ml'^ TT) in the
absence o f detectable elevations in either IFN-y or IL-6 levels. These cytokines (IL-6 and
IFN-y) play potentially important roles in both innate and adaptive immune responses.
IL-6 can be produced, within a few hours of infection, by macrophages after ingestion of
bacteria (Fraser et a l, 1998). Similarly, IFN-y may be secreted by natural killer cells
(following stimulation by IL-12 from macrophages or dendritic cells) in the early phases
of responses to viruses and intracellular bacteria (Bendelac et a l, 1997). IFN-y is also
produced by effector Thl cells after appropriate peptidergic stimuli in conjunction with
MHC class II (Mosmann and Coffinan, 1989; Seder and Paul, 1994). Conversely, IL-6 is
a potentially important cytokine in the Th2 cascade, promoting the proliferation and
differentiation of B-cells into antibody producing plasma cells (O'Garra and Murphy,
1996). It is evident from the IL-6 and IFN-y data that polymer formulated antigen is able
to elicit the production of both Thl and Th2 type cytokines from the cultured splenocytes
(although this was highly dependent on the concentration of polymer used to stimulate
the cells). It is proposed that Thl and Th2 responses are mutually exclusive to one
another because IL-10 inhibits the development of Thl cells by acting on antigen-
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presenting cells, whereas IFN-y prevents the activation of Th2 cells (Romagnani, 1994).
Clear evidence of Thl/Th2 exclusivity in response to encapsulated antigen was not
apparent from our in vitro data, although it could be said that there was a marked decline
in IFN-y levels (with concomitant elevation in IL-6 concentration) following exposure to
the highest concentration of polymer. These findings, in respect to the lack of Thl or Th2
polarisation in response to particulate antigen, are broadly in line with those made by
others in in vivo models (Sedlik et a l, 1997).
It is noteworthy that empty polymeric nanospheres were unable to elicit proliferation or
the production of IL-6 and IFN-y by cultured spleen cells. These in vitro data indicate
that observed responses were probably not the result of non-specific stimulation by a
structural component/s of the nanospheres. Such findings contrast those made with other
adjuvants, such as aluminium based materials. It has been previously reported that
increased antibody responses to a soluble antigen occur even when an aluminium
adjuvant was injected at a different site (Flebbe and Braley-Mullen, 1986). The data here
corroborates these earlier observations (figure 7.6). Such findings and those of other
researchers (Grun and Maurer, 1989; Mannhalter et a l, 1985; Walls, 1977) infer that
aluminium adjuvants have an intrinsic systemic stimulatory effect on immunocompetent
cells, possibly by non-specific induction of inflammatory cytokines. It is evident from the
in vivo work carried out in this study that empty polymeric nanoparticles do not
significantly augment immune responses when injected at a separate site from soluble
antigen. The low inherent immunogenicity of PLGA is not unexpected, considering the
excellent track record of tolerability and biocompatibility associated with resobable
sutures (and now injectable sustained drug release systems) composed of aliphatic
polyesters of hydroxy acids (Morris et a l, 1994; Okada and Toguchi, 1995; Shive and
Anderson, 1997).
In conclusion, polymer formulated TT is able to elicit cytokine production which is
consistent with increased uptake, activation of immune cells and/or enhanced antigen
processing and presentation. Moreover, this is distinct from effects that may be mediated
by pro-inflammatory responses initiated by the delivery vehicle, thus distinguishing the
mechanisms of adjuvanticity from more traditional adjuvants such as alum.
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8. Biodistribution studies

8.1 Introduction

8.1.1 Biodistribution of particulate vaccines following intranasal administration
Investigations o f intranasal immunisation have shown that antigen microencapsulation, or
antigen adsorption onto microparticulates, confers a significant adjuvant effect (Eyles et
a l, 1998; Higaki et a l, 1998). The exact reason for this immunopotentiating effect is not
certain, and the extent to which microparticulates are absorbed across epithelial barriers
in the respiratory tract is largely under explored. It is feasible that M-cells in the
nasopharangeal duct, tonsils and bronchus associated lymphoid tissue (BALT) (Gebert
and Pabst, 1999; Neutra et a l, 1996; Perry and Whyte, 1998) may facilitate particle
uptake across epithelial barriers at these locations. There is also good evidence to indicate
that,

following

transepithelial

absorption,

microparticle

translocation

to

local

immunoresponsive tissues may occur following intranasal delivery (Kuper et a l, 1992).
This is strongly supported by the work of Carr et a l (Carr et a l, 1996) and Ridley
Lathers et a l (Ridley Lathers et a l, 1998). These authors have demonstrated the uptake
of

1.0pm

fluorescent

polystyrene

latex

and

1.7pm

Poly(lactide-co-glycolide)

microspheres into rodent nasal associated lymphoid tissues (NALT) and draining cervical
lymph nodes after intranasal administration. Prior to these investigations, it has been
demonstrated that nasally delivered 1.0pm latex microspheres could rapidly enter the
blood circulation of experimental animals (Alpar et a l, 1994). To expand upon these
investigations, microparticle uptake and trafficking to systemic compartments of
immunological significance, such as thoracic lymph nodes and spleen, following
intranasal delivery has been examined. At the same time, the kinetics of the immune
response to a microencapsulated recombinant antigen, that is currently undergoing
clinical evaluation as an improved vaccine for plague, was studied following intranasal
administration.
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8.1.2 Yersinia pestis V antigen
A characteristic of the three human-pathogenic facultative intracellular Yersinia spp. (the
plague agent Yersinia pestis and the enteropathogenic Yersinia pseudotuberculosis and
Yersinia enterocoliticd) is the expression of the virulence (V) antigen or LcrV. The Lcr
‘V’ - antigen is a 37kDa released protein which is involved in contact-induced secretion
of yersinia antihost proteins and in evasion of the host's innate immune response. The
overall role of V antigen in virulence of Yersinia pestis is complex (Fields et a l, 1999)
but it is believed that the recombinant V antigen signals in a CD 14- and toll-like receptor
2 (TLR2)-dependent fashion leading to immunosuppression by interleukin 10 induction
(Sing et a l, 2002). Monospecific anti-V-antigen antibodies are known to provide passive
immunity against virulent Y. pestis and studies have shown that this antibody was able to
allow significant synthesis of endogenous IFN-y and TNF-a in challenged animals
(Nakajima and Brubaker, 1993). The inhibition of these cytokines is strongly associated
with the virulence of Y. pestis (treatment of mice with exogenous IFN-y plus TNF-a
provided protection against challenge) and this further alludes to the immunomodulatory
nature of the V antigen. Within Y. pestis, V antigen is required for induction of the
components o f the coordinately regulated low-Ca^^ response virulence genes (LCR)
encoded on a common 70-kb virulence plasmid complex (Fields et a l, 1999). The ability
of these facultative intracellular pathogens to cause disease in mammalian hosts is
conferred, at least in part, by the LCR components. In addition, it is thought that V
antigen plays a direct role in the translocation of effector proteins into eukaryotic cells via
the type III secretion system, and that it is exposed on the Y. pestis cell surface prior to
contact with host cells (Fields et a l, 1999; Nakajima and Brubaker, 1993).
The use of recombinant V antigen alone as an immunising agent has been shown to
confer protection against challenge with more than 3 x 10^ CFU of virulent Y. pestis
(Leary et a l, 1995). Protection was shown to correlate with the induction of a high titer
of serum antibodies and a T-cell response specific for recombinant V antigen.
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8.1.3 Aims and objectives of this chapter
The aim of this chapter is to investigate the biodistribution of intranasally administered
particulates, comparing also different volumes of intranasally applied material and
subsequent immune responses.

8.2 Materials and Methods
Histology and a modification of a method described by Ebel (Ebel, 1990) using
fluorescence-activated cell sorting (FACS), were used to investigate the in vivo
biodistribution of FITC labelled microspheres after intranasal administration (see below).
Humoral and cellular responses in the spleens of mice immunised with antigen loaded
microspheres were measured as outlined in Chapter 2 (sections 2.3, 2.5 and 2.6). See
section 2.10 for details of intranasal administration. Recombinant V antigen was
entrapped in poly-L-lactide (MW lOOkDa) microspheres using a double emulsion solvent
evaporation method (Eyles et a l, 1998). Resultant particles were characterised, with
respect to antigen loading (Eyles et a l, 1998) and size characteristics determined using
laser diffraction (section 2.1.1).

8.2.1 Histological studies
Groups (n = 4) o f BALB/c mice received 2.7 x 10^ (~lmg) Fluoresbrite'^^ polystyrene
microspheres (Polysciences, PA, USA) (diameter 1.1pm), suspended in either 10 or 50pl
volumes of sterile PBS, intranasally under light halothane anaesthesia. Mice were killed
15 minutes, 24 hours or 10 days after intranasal dosing. The nasal passages of freshly
killed mice were washed by inserting a narrow bore PTFE tube, attached at the opposite
end to a 5ml syringe filled with PBS, into the trachea via a small incision. Nasal
associated lymphoid tissues (NALT), lungs, liver, spleen and draining lymph nodes
(mediastinal (MLN); superficial cervical (SCLN); and posterior cervical (PCLN)) were
identified (Asanuma et a l, 1997; Tilney, 1971) and excised. Thin (10pm) frozen sections
of the aforementioned tissues were cut using a Bright’s (Huntington, UK) cryostat.
Fluoresbrite'^^ particle numbers per mm^ of tissue section were enumerated by
fluorescence microscopy (Zeiss Universal microscope fitted with an IV FI epifluorescence condenser containing a HBO 50W super-pressure mercury light source).
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8.2.2 Flow cytometer analysis
Groups (n = 4) o f BALB/c mice received 2.7 x 10* (~lmg) FITC labelled Fluoresbrite’’''^
polystyrene microspheres (Polysciences, PA, USA) (diameter 1.1 pm) nasally under light
halothane anaesthesia. Microspheres were delivered suspended in either 10 or 50pl
volumes of PBS. Again groups of mice were killed 15 minutes, 24 hours or 10 days after
dosing. As for histological studies, the nasal passages of freshly killed mice were washed
prior to excision o f NALT. Excised tissues (NALT, MLN, PCLN, spleen and lungs) were
weighed and placed into appropriate sterile receptacles containing accurately measured
volumes of PBS (with 1 % v/v dissolved paraformaldehyde), which differed according to
the type of sample: NALT, MLN and PCLN were suspended in 1ml volumes of PBS,
whilst the spleens and lungs of killed animals were suspended in 20ml volumes of PBS.
In order to liberate any microspheres sequestered within the various biological samples,
the tissues were completely disrupted using probe sonication in 10-second bursts for up
to 2 minutes. Disrupted tissue suspensions were stored overnight at 4°C prior to analysis
using a Beckton Dickinson fluorescence activated cell sorter (FACS 440).
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8.2.3 Immunological studies
Groups of BALB/c mice (section 2.10) were immunised in one of three ways:
(1) Mice received Img of microspheres (equivalent to 20pg of V) suspended in 50pl
volumes of sterile PBS intranasally (MICRO IN).
(2) Animals were immunised with 20pg of V dissolved in 50pl volumes of sterile PBS
intranasally (FREE IN).
(3) Mice were injected intramuscularly with 50pl volumes containing 20pg of V
emulsified in incomplete Freund’s adjuvant (Sigma, Poole, Dorset, UK) (IFAIM).
Negative controls consisted of untreated (NAIVE) animals.
Four, seven and eleven days after immunisation, groups of 15 mice were humanely culled
and their spleens and MLN aseptically removed and placed into ice-cold sterile PBS.
Individual (not pooled) spleens were treated as outlined in sections 2.5 and 2.6. MLN
from killed animals were amalgamated by treatment group, and single cell suspensions
were prepared in the same way as described for the spleen.

8.3 Results
The PLA microspheres used in the immunological studies were found to have a mean
recombinant V antigen loading of 1.988 ± 0.065 % w/w. Microspheres had a mean
diameter o f 2.47 ± 1.40pm.

8.3.1 Histological analysis following intranasal administration of FITC labelled
microspheres
A different pattern of particle uptake and distribution in mice nasally dosed with
microspheres suspended in 10 and 50pl volumes of PBS was observed. Also, the tissue
distribution of microspheres differed over the

10 day period. Irrespective of

administration vehicle volume, many fluorescent particles were observed within excised
NALT firom 15 minutes of administration. Mice treated with lOpl volumes of
Fluoresbrite™ spheres showed little evidence of particle translocation to liver and spleen,
although significant particle transfer to PCLN (which drain NALT) occurred in these
animals. In agreement with earlier findings (Eyles et a l, 1999), appreciable lung
deposition of the microspheres occurred if the particles were nasally instilled in 50pl
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volumes o f PBS. In these mice, in line with findings made in other laboratories (Carr et
a l, 1996; Harmsen et a l, 1985; Ridley Lathers et a l, 1998), significant particle
accumulation within both MLN and PCLN was detected (figure 8.1). No microspheres
were detected within SCLN taken from either group of mice. Importantly, in terms of
mucosal immunisation, we noted that substantial transference of microparticulate
material to the spleen (and to some extent liver) had occurred by the tenth day following
intranasal delivery of the particles in 50pl volumes of buffer.
The histological data fi*om these experiments corroborate the thesis that microspheres
enter systemic compartments after intranasal delivery, and identify that the spleen is a
highly efficient sequestrator of absorbed material. A prerequisite for significant systemic
transference of nasally applied microparticulates appears to be bronchopulmonary
deposition. We have identified that bronchopulmonary deposition of microspheres, by
intranasal administration of particles in 50pl volumes of PBS, results in substantial
accumulation within the MLN, probably as a prelude to systemic transference via the
thoracic duct. This is supported by the observation splenic accumulation of spheres was
time dependent.

158

Figure 8.1. Photomicrographs demonstrating uptake of 1.1pm diameter fluorescent
microspheres.
Uptake into nasal associated lymphoid tissues (NALT), lungs, draining lymph nodes
(mediastinal (MLN) and posterior cervical (PCLN)), liver and spleen following intranasal
administration to BALB/c mice. Time after nasal administration was: 15 min. (LUNG
and NALT); 24h (MLN); and 240h (PCLN, SPLEEN and LIVER). In all cases (except
NALT) microparticles were administered in 50pl volumes of PBS.
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8.3.2 Flow cytometer analysis
The uniformity in size and FITC content of the Fluoresbrite™ microspheres resulted in
narrow forward scattering and fluorescence signals following FACS analysis (figure 8.2).
The forward scattering and fluorescence signals were used to differentiate between
Fluoresbrite^^ microspheres and other particulate material in the disrupted tissue
samples. The efficiency o f the tissue disruption and particle counting procedure was
measured by ‘spiking’ tissue samples from un-treated mice with known numbers of
microspheres. Resultant particle recovery and counting efficiency was found to be 78 ±
12% for blood; 82 ± 8% for MLN; 83 ± 6% for spleen; 85 ± 15% for PCLN; 90 ± 3% for
lung; and 97 ± 2% for NALT. Subsequently, compensatory adjustments were made to
particle concentration values derived from FACS analysis of tissues containing unknown
numbers of micro spheres. FACS analysis of tissues from untreated mice was used to set a
background threshold value. The average number of particles detected per unit mass of
tissues taken untreated mice was: 0.4 ± 0.6 mg'’ for blood; 112 ± 97 m g'’ for MLN; 25 ±
30 mg ’ for spleen; 110 ± 99 mg ’ for PCLN; 11.5 ± 0.5 mg'’ for lung; and 16 ± 20 mg ’
for NALT. These values were subtracted from particle concentration values obtained by
FACS analysis o f tissues from mice dosed nasally with 2.7 x 10* Fluoresbrite'^^
microspheres.
Largely FACS analysis of tissues from animals treated intranasally with fluorescent
polystyrene microspheres (figure 8.3) corroborated data obtained by histological
investigation. Again, appreciably more {P < 0.05) particle accumulation within
bronchopulmonary tissues occurred when the microspheres were administered suspended
in 50pl volumes of PBS. For this treatment group approximately 50% of the administered
dose could be recovered from the lungs. Similarly, microsphere accumulation within
MLN was significantly greater if particles were administered in 50pl volumes of PBS.
This effect became more pronounced with time {P - 0.047 and P = 0.008 at the 24 and
240 hour time point respectively). In the group of animals treated nasally with 50pl
volumes of particles, significant {P = 0.024) microparticle transference to the spleen had
occurred by the 240 hour post dosing time point. Irrespective of administration vehicle
volume, appreciable numbers o f microspheres were detected in PCLN and NALT from
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24 hours following nasal application. Only very low numbers of particles were detected
within blood samples following FACS analysis.
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Figure 8.2. Fluorescence signals generated by FACS analysis.
Fluorescence activated cell sorting (FACS) of (A) Fluoresbrite"^^ polystyrene
microspheres in PBS; (B) a spleen homogenate from an untreated mouse; (C) a disrupted
spleen that was removed 10 days after intranasal administration of Fluoresbrite™
polystyrene microspheres in 50pl volumes of phosphate buffered saline.
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Figure 8.3. Fluorescence activated cell sorter determined particle concentration in
tissues.
Mean (± standard deviation) particle concentration in tissues at 0.25, 24 or 240h
following intranasal administration of 2.7 x 10^ (~1 mg) Fluoresbrite’^^ microspheres in
either lOpl (open bars) or 50pl (closed bars) volumes of PBS. NALT = nasal associated
lymphoid tissue; MLN = mediastinal lymph node; PCLN = posterior cervical lymph
nodes; Lung, blood and spleen as indicated (n = 4).
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8.3.3 Evaluation of antigen specific proliferative responses
When exposed to mitogenic stimulus (Con A) all of the cultures, including those from
naïve animals, took up significant {P < 0,05) amounts of [^HJthymidine thus confirming
that the replicative ability of the cells had not in any way been compromised during
isolation.
Upon in vitro re-exposure to V, lymphocytes isolated from some of the treatment groups
proliferated, as measured in quadruplicate by the uptake of [^H]thymidine into newly
synthesised DNA. Proliferation was V antigen specific, as supported by the observation
that the extent o f thymidine incorporation was linked to the concentration of V used to
restimulate the cells (results not shown). From as early as four days after immunisation it
was possible to stimulate pronounced antigen specific proliferative responses in pooled
MLN cell cultures derived from animals immunised nasally with 50pl volumes of soluble
(FREE IN) or microencapsulated V (MICRO IN) (figure 8.4). MLN cells from these
treatment groups also demonstrated strong recall responses at days 7 and 11. Perhaps due
to immigration of V committed lymphocytes from elsewhere, by day 11 of the
immunisation, it was also possible to evoke a V specific recall response in MLN cells
isolated from animals immunised by intramuscular injection (IFA IM).
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Figure 8.4. V antigen specific proliferation of mediastinal lymph node cells.
Cells derived from immunised and naïve mice, following exposure to lOOpg ml ' V in
vitro. Mice were immunised nasally with microencapsulated V (MICRO IN); nasally
with soluble V (FREE IN); or intramuscularly with V emulsified in a mineral oil adjuvant
(IFA IM). Mediastinal lymph nodes were removed 4, 7 and II days following
immunisation. Results are means ± standard deviation of triplicate measurements on
treatment group pooled isolates.

The proliferative response of cultured splenic T-cells, isolated from naïve and immunised
animals on days 4, 7 and 11 of the experiment, upon exposure to V in vitro is shown in
figure 8.5. For spleens removed at day 4, there was a trend towards higher antigen
specific proliferative responses in T-cells from animals immunised nasally with
microspheres (MICRO IN) {P = 0.21) and intramuscularly with mineral oil adjuvanted V
(IFA IM) {P = 0.08). By day seven of the experiment, T-cells from mice immunised
nasally with microspheres (MICRO IN) displayed statistically superior V specific recall
responses, in comparison to untreated mice and mice immunised intranasally with
solutions of V antigen (FREE IN). At the day 7 timepoint, levels of thymidine uptake into
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T-cells derived from animals injected with adjuvanted antigen (IFA IM), and animals
immunised nasally with V loaded particles (MICRO IN) differed only insignificantly {P
= 0.08 for IFA IM vs. NAÏVE at day 7). 11 days following immunisation, the strongest
proliferative responses were detected in splenic T lymphocytes from mice immunised
parenterally (IFA IM) {P < 0.05 vs. NAÏVE, FREE IN and MICRO IN). Mirroring the
situation at day 7, at day 11 animals immunised nasally with microspheres (MICRO IN)
had statistically superior splenic T-cell recall responses compared with naïve mice and
mice immunised nasally with soluble V (FREE IN).
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Figure 8.5. V antigen specific proliferation of splenic T-cells.
Cells were derived from immunised and naïve mice, following exposure to lOOpg m f’ V
in vitro. Mice were immunised nasally with microencapsulated V (MICRO IN); nasally
with soluble V (FREE IN); or intramuscularly with V emulsified in a mineral oil adjuvant
(IFA IM). Spleens were removed 4, 7 and 11 days following immunisation. Results are
means ± standard deviation of a least three separate experiments (n = 5 MICRO IN; n = 5
FREE IN; n = 3 IFA IM; n = 3 NAÏVE). Asterix denotes significant differences {* P <
0.05 vs. NAÏVE; ** P < 0.05 vs. FREE IN; *** P < 0.05 vs. MICRO IN).
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8.3.4 Evaluation of V antigen specific antibody secreting cell numbers
In animals immunised intranasally with microspheres (MICRO IN), or nasally with free
antigen (FREE IN), appreciable numbers of anti-V IgG secreting cells were detected in
MLN removed at 7 and 11 days post immunisation (figure 8.6). No V specific AFC were
detected in MLN from any of the treatment groups at day 4 of the study.
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Figure 8.6. V antigen specific antibody forming cell (AFC) numbers.
V antigen specific AFC numbers within treatment group pooled mediastinal lymph
nodes. Mice were immunised nasally with microencapsulated V (MICRO IN); nasally
with soluble V (FREE IN); or intramuscularly with V emulsified in a mineral oil adjuvant
(IFA IM). Lymph nodes were taken from mice 4, 7 and 11 days following immunisation.
Results are means ± standard deviation of triplicate measurements on treatment group
pooled isolates.
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A transient increase in splenic anti-V AFC numbers was noted in some treatm ent groups
at the seventh day post im munisation (figure 8.7). At day 7, mice dosed nasally with
microspheres, and mice injected intramuscularly with mineral oil adjuvanted V, were
found to have significantly greater numbers o f antigen specific IgG AFC in their spleens
in com parison to untreated animals (P < 0.05). Only background numbers o f V specific
AFC were detected in spleens removed at day 4 and 11.
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Figure 8.7. V antigen specific antibody forming cell (AFC) numbers in the spleen.
V antigen specific AFC numbers within spleens o f im munised and naïve animals. Mice
were im munised nasally w ith m icroencapsulated V (M ICRO IN); nasally w ith soluble V
(FREE IN); or intramuscularly with V em ulsified in a mineral oil adjuvant (IFA IM).
Spleens were rem oved on day 4, 7 and 11 following immunisation. Results are means ±
standard deviation o f a least three separate experiments (n = 5 M ICRO IN; n = 5 FREE
IN; n = 3 IFA IM; n = 3 NAÏVE). Asterix denotes significant differences (* P < 0.05 vs.
NAÏVE).
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8.3.5 M easurement of cytokine production
Antigen specific IFN-y production by splenocytes, derived from immunised and naive
animals, (figure 8.8) was indicative o f a situation in which immunological activation o f
splenic T-lymphocytes occurred following some o f the treatments. For splenocytes
cultured 7 days post immunisation, high levels o f IFN-y production were detected in cells
derived from m ice inoculated intranasally with m icrospheres (M ICRO IN) (P < 0.08 vs.
NAÏVE, FREE IN and IFA IM). By day II post im munisation, spleen cells from all
subunit vaccinees produced elevated levels o f IFN-y relative to naïve mice (P < 0.23).
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Figure 8.8. IFN-y production by splenocytes.
Splenocytes were obtained from immunised and naïve mice, cocultured in vitro with 2pg
V antigen. M ice were immunised nasally with m icroencapsulated V (M ICRO IN);
nasally with soluble V (FREE IN); or intramuscularly with V emulsified in a mineral oil
adjuvant (IFA IM). Spleens were rem oved on day 4, 7 and 11 following immunisation.
Results are means ± standard deviation o f a least three separate experiments.
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8.3.6 Measurement of serum antibody response
Serum anti-V IgG reciprocal end-point titres (in samples taken 14 days post
immunisation) were 5440 ± 3801 (MICRO IN); 2278 ± 3328 (FREE IN); 16384 ± 11585
(IFA IM). Hence, two weeks after vaccination, intramuscular immunisation (IFA IM)
evoked specific antibody titres that were superior (P < 0.05) to those engendered by nasal
application of soluble (but not microencapsulated) V.

8.4 Discussion
The histological and cell sorting data gleaned in these experiments corroborates the
observations of others (Carr et al., 1996; Kuper et a l, 1992; Ridley Lathers et a l, 1998)
that a small percentage of nasally applied microspheres may be translocated into mucosal
associated lymphoid tissues and draining lymph nodes. However, here we have identified
that micro spheres can also access sites that would be expected to result in the induction
of systemic immunological responses (spleen). In this model, a prerequisite for
significant particle transference to the spleen was administration of the microsphere
suspension in a 50pl volume. This method of particle application also resulted in
appreciable bronchopulmonary deposition of the microparticles. In light of the lower
levels of systemic transference in mice dosed nasally with microspheres suspended in
lOpl volumes, which notably did not serve to deposit significant quantities of
microparticulate material into the lungs, these data suggest that a high level of
transepithelial microparticle flux can occur in the lower respiratory tract. Dendritic cells,
M-cells, or epithelial cells (Gebert and Pabst, 1999; Harmsen et a l, 1985; Neutra et a l,
1996; Nugent et a l, 1998; O'Hagan and Ilium, 1990) may mediate microsphere uptake
from the pulmonary airways. It is probable that once absorbed, particles are routed
through BALT and draining lymph nodes (mediastinal) (Harmsen et a l, 1985; Tilney,
1971). Within the thoracic lymphatic system, translocated material may ultimately enter
the blood stream, and hence access the spleen, via the thoracic duct. It remains unclear if
microparticles are translocated to the spleen inside cells (e.g. within dendritic cells
(Lomotan et a l, 1997)) or extracellularly within lymph/plasma.
According to the recently proposed geographical concept of immune reactivity, the
induction of an immune response critically depends on antigen reaching, and being
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available in, lymphoid organs (Schijns, 2000; Zinkemagel et a l, 1997). It would be
anticipated that successful delivery of particulated antigen to the spleen, following
intranasal administration, could stimulate specific immunological responses directly in
that tissue. The spleen is richly furnished with antigen presenting cells, T and B-cells, and
therefore contains all the necessary apparatus for the induction of humoral and cellular
responses in situ. This belief is circumstantially supported by the fact that only seven
days following a single intranasal instillation of V loaded PLA microspheres, significant
memory (as demonstrated by the [^HJthymidine uptake assay) and effector (as
demonstrated by ELISPOT analysis of cultured spleen cells) responses were detected in
the spleens of immunised mice (MICRO IN). On the other hand, it is possible the
observed V specific memory and effector responses in the spleens of mice nasally
immunised seven days previously with microencapsulated V antigen were mediated by V
committed memory and effector lymphocytes that migrated to the spleen following clonal
expansion in the MLN. Available evidence seems to discount this: Nasal administration
of soluble (FREE IN) or encapsulated V (MICRO IN) evoked pronounced memory and
effector responses in MLN. However, only animals immunised nasally with
microencapsulated antigen (MICRO IN) had significant memory (at days 7 and 11) and
effector (at day 7 only) responses in the spleen. If the observed splenic responses (in
group MICRO IN) were indeed the result of primed lymphocytes trafficking from the
MLN, then it is logical that similar responses would have been detected in the spleens
taken from mice immunised nasally with soluble V (FREE IN). The rapidity with which
cellular responses

could be

detected

(7

days

after nasal

administration

of

microencapsulated V) is also not entirely consistent with the scenario in which memory
cells migrate to the spleen from inductive sites elsewhere (Benedetti et a l, 1998).
Nasal administration of fluorescent microspheres in lOpl volumes of PBS resulted in
appreciable particle uptake into NALT but not BALT or systemic tissues (MLN/spleen)
to any large degree. This infers that restricting delivery of microspheres to the
nasopharyngeal regions of the respiratory tract may allow the development of
immunological responses mediated by NALT, but not other mucosal or systemic
inductive sites (to any great extent) (Wu and Russell, 1997). In agreement with this, our
immunological data indicates that nasal administration of PLA microsphere encapsulated
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antigen in small (10|il) volumes of PBS evokes comparably inferior responses in the
spleen (results not shown). In elaborate studies by Heritage et al. (Heritage et a l, 1998)
three nasal applications (on days 0, 7 and 14) of a lOpl suspension of starch microspheres
(4pm) containing human serum albumin (lOpg) were administered to BALB/c mice. The
authors detected antigen specific antibody forming cells in the spleens of immunised
mice, but only after day 20. Proliferation of spleen cells upon re-exposure to human
serum albumin in vitro was not measured, although isolated NALT cells could be re
stimulated with antigen from day 7. Heritage et al. concluded that induced splenic and
serum antibody responses emanated from NALT, probably via the migration of NALTderived IgGl committed B-cells through the PCLN. Our findings are not contradictory to
those made by Heritage et al. although we have found evidence to suggest that it may be
possible to directly stimulate immunological reactions in the spleen, following intranasal
delivery of microencapsulated antigens to the lower respiratory tree, without NALT
involvement. The biodistribution data here has shown that a potentially immunologically
significant quantity of non-biodegradable microparticulate material enters splenic tissue
following bronchopulmonary deposition. The implications of this finding for the design
of mucosal immunisation strategies, particularly where vaccines are delivered to the
lungs by aerosolisation, using clinically relevant delivery systems and antigens remains
unclear. Recent improvements and technological advancements in drug delivery to the
respiratory tract, including the aerosolisation of poly(lactide) microspheres and delivery
of significant amounts (up to 75%) to the alveolar fractions in models (Kawashima et a l,
1999) as well as the use of new formulation technologies for delivery via this route
(Cheng et a l, 2003), serve to reinforce the concept that inhalational immunisation with
microparticulated vaccines is possible. However, in addition to the practicality of
efficiently delivering microencapsulated vaccines to appropriate regions of the lower
respiratory tract (Hensel and Lubitz, 1997; O'Hagan and Ilium, 1990), there are also valid
concerns about the safety of such an approach. Ultimately, such factors may not be
preclusive to this method of vaccination. Already, several examples of safe and effective
immunisation utilising inhalational administration of vaccines exist (Dilraj et a l, 2000;
LiCalsi et a l, 1999).
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In summary, it has been identified that intranasal delivery of particulate material to mice,
in such a way that the particles are deposited throughout the respiratory tree, can result in
a time dependent translocation of microparticles to the spleen. The magnitude of Yersinia
pestis V antigen specific humoral and cellular responses in spleens removed from mice
seven days after intranasal delivery of V loaded particles, indirectly support the thesis
that the spleen may act as an inductive site following appropriate mucosal delivery of
microencapsulated antigen.
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9. General discussion
9.1 Concluding remarks
The greatest challenges in the development of new vaccines are presented by the most
insidious agents which have diverse strategies of immune evasion and pathogenesis.
There may not indeed be a single systematic approach effective in producing a vaccine,
especially to a pathogen such as HIV (Sabin, 1992). However, the diversity of strategies
available and the expanding characterisation of human and animal pathogens leaves the
development of effective future vaccines encompassing both empirical discovery and
rational design.
Current strategies for vaccination involve antigen specific immunomodulation for
protection against as well as the amelioration of disease. In the realms of experimental
medicine and development of novel therapeutics, intervention by vaccination is being
considered as an option in an increasingly diverse range of disease states. For example, it
is possible to protect rats against the induction of adjuvant induced arthritis by
vaccination of the appropriate immunogen in a Th2 inducing adjuvant, thus skewing the
immune response away from a damaging Thl response (Rook et a l, 2000). The potential
for similar immunotherapy techniques for multiple sclerosis has also been assessed and
an exploratory trial with 12 patients has successfully used immunisation, or
immunomodulation, with BCG for the treatment of this disease (Ristori et a l, 1999). In a
mouse model of Alzheimer’s disease, immunisation with P-amyloid reversed or
prevented plaque formation and neural damage (Barinaga, 1999; Schenk et a l, 1999).
Vaccination may even have potential in reducing serum LDL cholesterol levels (Alving
and Wassef, 1999). Alternative strategies such as the induction of tolerance by
vaccination may also confer protection in certain situations. It is thought that some
diseases (eg: leishmaniasis and human lymphatic frlariasis (McSorley and Garside,
1999)) induce immune responses to dominant antigens which determine the susceptibility
of the host. It has been found that tolerance to such antigens can facilitate resolution of
Leishmania major in mice (Julia et a l, 1996) and tolerance to filarial antigens in humans
corresponds with the absence of pathology (King and Nutman, 1991). Identification of
suitable epitopes, coupled with the increasing knowledge of immune system function and
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response promises positive implications for rational vaccine design, which, in
combination with a more traditional empirical approach in development should yield
more effective and safer vaccines with more clearly defined function and outcome. The
addition of the new and promising strategy of vaccination by introducing a foreign gene
into host cells offers yet more opportunity for eliciting potent and protective immune
responses providing a powerful weapon in the fight against disease. However, we have
not yet reached this idyll. It may not be realistic to expect that goals unachievable by
conventional vaccines such as effective single dose oral vaccines or vaccines against HIV
may be achieved magically by DNA vaccines. Interactions between host and pathogen,
whether identified in animal models, observed by functional analysis in vitro or inferred
by genetic sequencing of homologous regions, continually provide evidence for highly
complex and multifarious mechanisms of pathogen invasion and immunological
manipulation. Concerns over the safety of live attenuated vaccines may not be without
justification (Krause and Klinman, 2000) and fears of adverse reactions have caused
concern over the benefit from vaccination in comparison to the risk involved for some
diseases (Lonergan and Rivest, 2000). On this wave of potential new beneficial medical
uses for vaccine technology, combined with increased public concern over existing
vaccines and their application, how well can new vaccines match up to their
expectations? Can we realistically expect that new technologies such as DNA vaccines
will overcome the problems faced by contemporary vaccines? And, faced with potentially
unattractive opportunities for financial gain and the risky business of implementing new
vaccines, will promising new experimental vaccines ever have the opportunity to realise
their potential in the clinical environment?

9.2 Routes of administration
In this work, it has been shown that different routes may be effective in eiliciting immune
responses. Whilst the intramuscular route was shown to be effective for liposomal TT
with or without bioadhesive additives (Chapter 3), the intranasal route was also shown to
be effective and dependent upon vehicle volume for delivery to the lungs and effective
translocation to the systemic compartment (Chapters 3, 4 and 8). A number of different
strategies may be seen to enhance antigen specific immune responses according to the
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route of administration as well as vaccine type (specifically, gene or protein vaccine).
Very low immune responses to intranasally administered protein antigens are markedly
enhanced by the use of effective delivery systems (figures 3.4 and 3.5) and absorption
enhancing agents (figure 4.3 and 4.4). Intramuscular delivery may be expected to elicit
enhanced systemic immune responses in comparison to intranasal delivery (figures 3.2
and 3.4 respectively). Where the oral route has been used, although the use of a
particulate delivery system engendered enhanced immune responses to transgene
encoded and protein antigens (figures 6.6 and 3.6 respectively), markedly more vaccine
was needed and immunopotentiation was not seen until restimulation or boosting (in the
form of a mock challenge). Subcutaneous administration of the polymer modified
liposomal DNA delivery system was shown to be more effective than the intramuscular
route for these formulations. On the other hand, in a tumour challenge model where
antibody responses may be seen as undesirable, these formulations were shown to be
more effective via the intramuscular route in comparison with either intranasal or
subcutaneous delivery. Delivery o f genetic material for the purposes of immunisation is
also dependent upon the DNA vector chosen, as there will likely be interaction between
the delivery system and target cells (also see for example, effects mediated by
stearylamine in the next section). This may influence transgene expression as well as
cellular function (including antigen processing). The efficacy of adjuvants and/or
particulate delivery systems in the delivery of vaccines is highly dependent upon the site
of administration, with the subcutaneous route being furnished with easy access to
antigen presenting cells. The stability of the delivery system may also be important in
order to enable effective uptake (in the case of plasmid DNA) via this route. Intranasal
delivery may be further dependent upon vehicle volume in addition to the ability of the
vaccine to be taken up by lymphoid tissue (perhaps via M cells), paracellular absorption
mediated by absorption enhancers or transcellular uptake mediated by surface active
agents. Effective particulate delivery systems may mediate translocation to the systemic
compartment via the lungs and spleen, whilst absorption enhancers may work differently
with soluble antigen. We have seen that some particulate delivery systems may not work
well when given intramuscularly. If such a delivery system were dependent upon
effective uptake by antigen presenting cells, then this route may not work well unless it
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were able to migrate from the immunisation site (perhaps to lymph nodes) or cause depot
formation for uptake by APC in situ.

9.3 Cytotoxicity and in vivo considerations
There is evidence that necrosis may be important in the generation of immune responses
in certain circumstances (Sauter et a l, 2000). However, apoptotic cell death has received
more attention recently as a potential potent trigger of powerful innate and adaptive
immune responses. Observations that potent self replicating RNA anticancer vaccines did
not mediate the production of substantially more model antigen than a conventional DNA
vaccine did in vitro but that the (very much) enhanced efficacy in vivo correlated with a
caspase dependent apoptotic death in transfected cells (Ying et a l, 1999) led to the
implication of this previously believed to be inert mechanism of cell death in the
generation of potent immune responses (Restifo, 2000). Interestingly, stearylamine has
been found to initiate apoptosis in what was thought to be a caspase dependent process
(Hung et a l, 1999). In addition to this, a number of cationic lipids have been shown to
inhibit protein kinase C (PKC) activity (Farhood et a l, 1992; Filion and Phillips, 1997)
although this was also dependent upon the other lipids present in the liposomal
formulation. However, which of the 10 isoforms of PKC is affected is unclear. This may
be important, as PKC has recently been shown to have contrasting regulatory role on
apoptosis according to isotype (Gutcher et a l, 2003) exerting both inhibitory and
stimulatory influences. It is possible that long chain bases, similar to stearylamine, may
activate apoptosis by inhibiting protein kinase C. Interestingly, however, the pretreatment
of cells with a PKC activator was unable to rescue cells from apoptosis triggered by long
chain bases (Hung et a l, 1999). Subsequent study found that a caspase inhibitor was able
to block apoptosis initiated by long chain bases and it was concluded that the observed
apoptosis was caspase dependent. That the effects on PKC and apoptosis are separate are
reinforced by earlier observations on the synthesis of phosphatidlyserine induced by
stearylamine (Aussel et a l, 1995). Some PKC isoforms may also have a role in activation
of nuclear factor-xB (NF-kB) (Moscat et a l, 2003). NF-kB has been shown to be
important for the generation of pro-inflammatory cytokines, enhancing transcription of
TNF-a, IL-1, IL-6 and IL-8. The relationship between inhibition of PKC and reduction in
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inflammation is substantiated by the inhibition of nitric oxide and TNF-a in the
macrophage mediated by cationic lipids (Filion and Phillips, 1997). However, there may
be many different cellular effects as well as contrasting observations. Caspase 1 is known
to activate IL-1 and production of IL-6 may be independent of PKC in macrophages
(Filion and Phillips, 1997). Such contrasting effects and cell specificity make it difficult
to extrapolate results and even offer a rationale for empirical testing of vaccine
formulations to assess potential in vivo. It is not clear whether the cytotoxicity seen in the
liposomal formulations used in this Chapter is due to necrosis or apoptosis but it is clear
that many potential vaccine delivery systems have the potential to elicit profound
biological effects which may contribute to their observed immunogenicity and these
effects are worthy of further investigation.
Emulsions containing stearylamine have been shown to be well tolerated in animal
models and formulations containing a-tocopherol were shown to prevent oxidative
damage in rat skin subjected to irradiation (Benita, 1999). a-tocopherol (vitamin E) is a
fat-soluble vitamin and is the most active form of vitamin E in humans. It is a powerful
biological antioxidant and is thought to protect cells against the effects of free radicals.
Studies on peroxidation of small unilamellar vesicles, have shown that a-tocopherol
functions as an antioxidant in such systems (Alessi et a l, 2002) preventing lipid
peroxidation. However, in vivo effects include tocopherol mediated peroxidation of
human low density lipoprotein (Alessi et a l, 2002). Again, cellular effects may be
complicated. For example, it has been suggested that a-tocopherol protects against
apoptosis by scavenging reactive oxygen species and also inhibiting caspase activity
(Uemura et a l, 2002) and in addition, may have many functions (including inhibition of
PKC) supplementary to its antioxidant activities (Azzi et a l, 2002). Whilst it is
interesting to see here that a-tocopherol is able to reduce the effects of liposome/DNA
complexes on Caco-2 cell viability, it is not possible to draw conclusions about the
mechanism/s of action or their potential effects on subsequent transfection and/or
immune responses. For further investigation of these effects, comparison of apoptotic
activities and effects on cellular enzymes and transcription factors would make
interesting studies for identifying and subsequent characterisation the mechanisms of
action of vaccine or DNA delivery systems.
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It is likely that the CpG motifs present on the AmpR (ampicillin resistance gene) segment
of the pRc/CMV-HBs(S) construct contribute to the observed immunogenicity of this
plasmid DNA (Klinman et a l, 1997). Therefore, although it is used here as a model
plasmid, this facet should be taken into account when considering this delivery system for
other plasmid constructs.

9.4 This work in perspective
It has been shown here that there is considerable potential for particulate vaccines
targeted to the lungs. Temporal and geographical analysis have shown that the magnitude
of the immune response can be markedly augmented by delivery to the lungs and
subsequent trafficking to sites of immune induction. In addition, the spleen has been
implicated as possibly having a significant impact on the induction of immune responses
for particulated antigen delivered by this route. The polymer modified formulations for
DNA delivery have identified the potential for modification of liposomal formulations
using non water soluble polymers. Liposomal delivery systems offer potential for the
inclusion of lipids with diverse functions. The system outlined here offers scope for
further manipulation, investigation and development. The potential importance of the
analysis of the effects of the delivery system itself on cells has also been highlighted.
There is a need for characterisation of adjuvant activity and the complexity of the
immune system, together with diverse interactions of delivery systems and adjuvants may
offer a basis for classification according to immune function. Recent research has
indicated that adjuvants may combine to give synergistic effects (Wang et a l, 2003).
Whilst that was not shown here for liposomal formulations, the potential of several
adjuvants was elucidated. Interactions as well between the delivery system and gene
regulation also require evaluation for genetic vaccines. It was shown in the MUC-1
model that the route of administration may be highly significant in determining the
outcome of immunisation. In addition, antigen specificity of the delivery system was also
shown to be a possible factor in modifying immune responses to protein antigen. Thus,
the design and testing of vaccine formulations may be highly specific for an individual
candidate vaccine. In any case, although correlates of protection are not always clear, the
desired immune response will be highly specific according to the aetiologic agent of
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disease. Immune function is driven by interactions with the delivery system on more than
one level. Perception of antigen at a cellular/antibody level may involve proinflammatory mediators, cytokines, activation of cells, antigen processing and
presentation whilst translocation of antigen through the lymphatic system and throughout
the body may serve to further enhance the perception of antigen according to the
geographical concepts of immune reactivity (Zinkemagel et a l, 1997). Both of these
facets may be exploited by rational design of vaccine delivery systems to an extent.
Immune responses and challenge studies utilising particulate delivery systems have
identified the ability of such systems to engender potent immune responses. Further study
into mechanisms of adjuvanticity will complement increased knowledge of correlates of
protection and host pathogen interactions and may ultimately aid the identification of
potentially safe and effective candidate vaccines for progression into the clinical
environment.
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Appendix 1. Buffers and reagents
PBST
40g NaCl, Ig KCl, Ig KH2 PO 4 , 7.2g Na2 HP 0 4 (2 H2 0 ). 5 litres double distilled filtered
water. Approx. 0.4ml Tween 20.
Citrate buffer
2.3g citric acid, 4.89g disodium hydrogen orthophosphate, 250ml double distilled filtered
water.
Acetate buffer
5.4g sodium acetate in 50ml double distilled filtered water, 2.4g glacial acetic acid.
Dilute to 100ml with double distilled filtered water.
To dissolve high molecular weight chitosan:
Add glacial acetic acid to chitosan, leave overnight. Add double distilled filtered water,
leave until chitosan has dissolved. Add sodium acetate and dilute with double distilled
filtered water to the required volume.
TBE: Tris-borate buffer 5x solution
54g Tris base, 27.5g boric acid, 20ml Ethylenediaminetetraacetic acid (EDTA) 0.5M
solution, pH 8.0.
Lungwash buffer
0.9% NaCl, 0.05% Tween-20, 0.1% NaN], ImM phenylmethylsulfonyl (PMSF).
Gutwash buffer
lodoacetic acid ImM (Sigma, Poole, Dorset, UK), phenylmethyl sulfonyl fluoride
(PMSF, Sigma, Poole, Dorset, UK) ImM, EDTA lOmM, trypsin inhibitor (1% w/v).
For 1 litre: 186mg iodoacetic acid, 174mg PMSF, 2.9g EDTA, Ig trypsin inhibitor (type
II-S, soybean. Sigma, Poole, Dorset, UK).
Luria-Bertaui (LB) medium
Concentrations per litre: lOg tryptone (Lab M, Bury, Lancs, UK), 5g yeast extract (Lab
M, Bury, Lancs, UK), lOg sodium chloride (Fisher, Loughborough, Leics, UK).
Ampicillin was added to a concentration of lOOpg ml'^ (Sigma, Poole, Dorset, UK).
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Appendix 2. Publications in support of this thesis
Papers
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