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Abstract

Transcutaneous immunisation (TCI) is a novel ne&ele method of vaccine delivery,
which involves the application of soluble antigemdo the surface of intact skin. In this
thesis, the immunogenicity and neutralising poterdy tetanus neurotoxin (TeNT)
fragments were compared to that of tetanus toxbikd) following TCI. In addition, to
understand the mechanisms of induction of immuspaese by TClin vitro andin vivo
interaction of tetanus proteins with skin immundscevas also investigated. The 50kDa
recombinant carboxyl-terminal fragment of tetarmsrt (HcWT) and a 50kDa H mutant
(HcM115) which is devoid of neuronal binding propestiaere expressed and purified by
affinity chromatography, and excess endotoxin resdovby size exclusion
chromatography. Mice immunized withcWT, in the absence of adjuvant, induced the
highest anti-toxoid and antiddVT antibody titers, with significant increases e ttoxin
neutralising antibody response when compared witkdT In vitro studies demonstrated
that both K fragments and TTxd were capable of up regulatimgsiurface expression of
activation marker ICAM-1 on murine bone-marrow ged dendritic cells (DC), but not
on the human keratinocyte cell line HaCaT. Reaktiraverse transcriptase-PCR (Real-
time RT-PCR) analysis showed that TNExpression was up regulatedvivo as early as
10 minutes following TCI, and this was caused bgvaig rather than by tetanus proteins
themselves. Immunohistochemistry staining to maonitibe translocation of &WT
fragment and TTxd through the skin following TClosred that HWT protein could be
detected in both the epidermis and dermis withur foours post-application. However,
TTxd translocation appeared to be much slower mparison. Collectively, the results
presented in this thesis suggest that TCl may geoan opportunity for effective delivery
of toxin-like antigens, which harbor protective tepies and that traditional toxoid proteins

may not be optimal antigens for skin immunisation.
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Chapter 1: Introduction

Vaccine preventable diseases

Vaccination is an extremely effective and efficienethod for reducing morbidity and
mortality rates caused by infectious diseases. ift@duction of routine vaccination
schedules has led to the eradication of smallpatrifid and Graham, 2006) regional
elimination of measles and polio (Featherstateal, 2003;Hull et al, 1997) and
substantial reductions in the mortality and molyidif other diseases such as diphtheria,
tetanus, pertussis, mumps, meningitis, rubella laphtitis B (Chaboet al, 2004;Chen
and Orenstein, 1996). Nevertheless, despite tlBaseesses, infectious diseases still
remain one of the highest causes of worldwide naagpiand mortality, particularly in
developing countries where the implementation otcustion programmes remain
problematic. In 2002, The World Health Organisat{®VHO) estimated that over 2.1
million deaths were caused by vaccine preventaldeade, with over 213 000 due to
tetanus (Figure 1.1). Tragically, many of thesetlieaould be prevented through the

optimal use of currently available vaccines.

Tetanus is a disease marked by severe musculailacbohs and convulsions brought on
by the powerful exotoxin produced by toxigenic ferof the bacteriuntlostridium tetani

(Farraret al, 2000). This disease is relatively rare in thealigwed countries since the
introduction of the highly effective toxoid vaccimeto routine immunisation schedules
during the 1940s’ and 50s’ (Bardenhertr al, 1998). However tetanus, particularly
neonatal and maternal tetanus, remains an impoptaplic health problem in over 48

countries, primarily in Asia and Africa (Vandelaaral, 2003).
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Other

Tetanus 36 (2%)
213 (10%)

Measles

610 (28%)

Whooping cough
294 (14%)

Haemophilius

In US%%Z?&%D \ Hepatitis B
600 (28%)

Cases per 100 000 population

Figure 1.1. Worldwide prevalence of deaths due toaccine preventable disease(Data
obtained from WHO, 2002; http://www.who.int/en/)
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Tetanus: pathogenesis and disease

C.tetaniis a Gram-positive, obligate anaerobic, rod shappedre forming bacterium that is
solely responsible for causing tetanus in man aninhas (Figure 1.2). Spores are
distributed worldwide in the environment and carfdaend in the gastrointestinal tracts of
domestic and farm animal€. tetani spores are extremely stable and therefore very
difficult to eliminate once an environment becongcestaminated. Although most spores
are killed through autoclaving at 1°2Dfor 15 minutes, some can survive under very harsh
and unfavourable conditions, such as prolonged sxeoto temperatures below 20or

exposure to chemicals such as iodine and hydrogeaxide.

Generally, tetanus infection occurs when sporesifeocontaminated environment enter
the body via injury with a contaminated object, when an open wound encounters
infected material such as soil. Maternal and nedn&ttanus can be caused by
environmental contamination during unhygienic aiood, births and post-natal care of
newborn umbilical cords (Ropet al, 2007). Under favourable conditions, such as those
found in necrotic tissues;. tetanisporulation and vegetative growth rapidly occuss.
autolysis following the death of the bacterium,hogfenic strains o€.tetanirelease two
toxins into the surroundings — tetanolysin andrtespasmin. A role of tetanolysin has yet
to be determined but studies have shown that dngsl to the cytolysins, which are a
family of toxins that are capable of forming poreghe cytolpasmic membranes of cells
(Bhakdiet al, 1993). In contrast, with a minimum lethal dose2d@ng/kg, tetanospasmin
(or tetanus neurotoxin; Tent) is one of the mogepbtoxins known to man (Gill, 1982).
The actions of TeNT can remain localised if reldasesmall amounts, but if released in
large quantities it can diffuse into adjacent mestissues and can be transported

throughout the body via retrograde axonal transfmthe central nervous system (CNS).
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Once it reaches the CNS, TeNT blocks inhibitory eno¢uron activity resulting in the
classical clinical manifestations associated witthagalised tetanus such as muscle
stiffness and spasm. Classical features of tetdisesase are shown in Figure 1.3. Early
onset of the disease usually affects the facialcheas referred to as ‘Lock-jaw’or Risus
sardonicus. This is usually followed by spasmthefback muscles (opisthotonos), and as
the disease progresses in severity, rigidity of clessextends throughout the body, first in

response to stimuli, but later spontaneously imfodspasms.
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o

Figure 1.2. Micrograph of Clostridium tetani bacteria. Arrows indicate sub terminal
endospores giving rise to bacillus with a drumstpkearance. (Picture courtesy of Centre
for Disease and Control, USA; http://phil.cdc.gdvlfhome.asp).
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Figure 1.3. Classical symptoms of tetanus diseas&) Patient suffering from tetanus
spastic paralysis; b) neonate displaying body itigiend paralysis of the back muscles
known as opisthotonos; c) patient presented witmpggms of facial tetani including
contractions of the masseter neck muscles; d) chiftering from a very painful spasms
with the characteristic posture of raised elbowd &rl body muscles contracting. (All
pictures courtesy of Centres for Disease Controld aRrevention, USA,
http://phil.cdc.gov/phil/lhome.asp)
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Tetanus neurotoxin: structure and function

Together with 7 serotypes of botulinum neurotoXiBeNT / A-G), TeNT belong to the
family known as Clostridial neurotoxin (CNT), alf evhich exhibit a high degree of
sequence and structural homology to one anothdted@ively, BONT and TeNT share
approximately 30% sequence identity (Lacy and Stey&999) and over 50% structural
identity (Kurazonoet al, 1992). All members of the CNT are synthesizedsengle
inactive 150 kDa polypeptides and are post-traisiatly modified before being released
into the extracellular matrix. Following interaatiovith bacterial or host proteases (Farrar
et al, 2000), the polypeptide is then cleaved into ativacform consisting of two
disulphide linked polypeptide chains termed thétlighain (L-chain) and heavy chain (H-
chain; Figure 1.4). The 100kDa heavy chain canusthér sub-divided into two 50kDa
domains: the N-terminal () and C-terminal (id) domains. Both BONT and TeNT have
similar functions at the molecular level as eadaces intracellular proteins essential for
neurotransmitter release. However, whereas BoNF &mtally at the neuromuscular
junction causing flaccid paralysis (Herreres al, 1997;Lalli et al, 1999), TeNT
undergoes axonal retrograde transport until it teacthe soma of the inhibitory motor
neurones located within the CNS (Ladli al, 2003). An assay system has been developed
which allows visualisation of the TeNT fragmeng Hansportation in motor neurones to
be followed via fluorescence microscopy (Lalli aBdhiavo, 2002). In these neuronal
cells, fluorescently taggeddHragment was internalised in carriers which weses@red by
distinct molecular motors such as cytoplasmic dynend myosin Va (Deinhardt and
Schiavo, 2005; Lallet al, 2003). Furthermore, Hretrograde carriers are shared with that
for the nerve growth factor and the low affinityuniérophin receptor p78~ (Lali &

Schiavo 2002).
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Following uptake into the nerve axon, TeNT is t@orsed across the synaptic junctions
until it reaches the CNS where is rapidly attacteeteceptors at the presynaptic junctions
of inhibitory motorneurones. A number iof vitro studies have shown that the Homain,
particularly the 25 kDa C-terminal domain og,Hs responsible for binding to neuronal
cell receptors (Goldbergt al, 1981; Halpern and Loftus, 1993; Lakit al, 1999).
Although these receptors have yet to be fully ctierésed, experimental data has
demonstrated that thecHragment binds to complex gangliosides, in paléicuhose that
belong to the 1b series such as GT1lb or GD1b r{fott al, 2001; Sinhaet al, 2000)
which are present at high densities on neuron#d.ddbwever, polysialogangliosides have
been shown to bind TeNT with relatively low affyitwhich therefore implies that they
are not the only receptors involved in this inithding step (Halpern and Neale, 1995).
Numerous studies have been carried out to ideatify characterise this second receptor.
Early in vitro studies demonstrated that TeNT neuronal cell bopdivas sensitive to
proteases thus suggesting that a protein receptisd involved in the initial binding step.
(Lazarovici and Yavin, 1986). Furthermore, crosddilng experiments with TeNT show
the presence of a putative protein receptor tharacts with the neurotoxin (Herreres
al., 2000). Despite numerous efforts, the nature isfsecond putative receptor has yet to

be fully established and remains a subject of grdatest for future investigation.

Following binding to inhibitory motorneurones, TeNi§ taken up into endosomal
compartments before being translocated into thescytof inhibitory motorneurones. The
Hn-fragment of TeNT is thought to be responsible fottiating the pH-dependent
activation and translocation of the L-chain througl neuronal endosomal compartment
(Montecucco and Schiavo, 1994). Upon release iheo dell cytosol the L-chain zinc

endopeptidase attacks vessel associated membraoeinpr (VAMP) such as
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synaptobrebin Il which are important componeifithe molecular machinery responsible
for controlling exocytosis of inhibitory neurotrangters such as gamma-aminobutyne
(GABA) and glycine (Montecucco and Schiavo, 1989dhiavoet al, 1992. This results in
the generation of the characteristic clinical feasuof tetanus disease, such as unopposed

muscle contraction and spasm, which can be detactthé infected host.

Vaccination against tetanus disease

Like many other toxin related diseases, immunitgiasf tetanus is traditionally generated
through active or passive immunisation. The vaccesponsible for protection against
tetanus disease consists of tetanus toxoid (TTxudglwis produced by inactivation of
TeNT through treatment with formaldehyde. The imuogenicity of TTxd can be further
improved by absorption with aluminium salts. Witliadlure rate of only 4 in 100 million
Immunocompetent people, vaccination with TTxd is extremely effective method of

inducing protection against the development ofriesadisease (Farrat al, 2000).

Tetanus vaccines are available as a single TTxdoooent or as part of a combination
vaccine. In an attempt to reduce the prevalenceeohatal tetanus in under developed
countries, vaccination with TTxd alone is usedifomunisation of pregnant woman and
those of childbearing age (Demicheli al, 2005;Maralet al, 2001). In the developed
world it is more commonly used to prevent the depelent of tetanus di sease following
possible exposure 8. tetanior spores through cuts or puncture wounds orlasoater in
adults if antibody titres are low (Bracebridgé al, 2004). In regions with developed
immunisation programmes, TTxd is usually adminedein combination with diphtheria
and whole cell pertussis antigenic components gopéhe DTwP (diphtheria, tetanus and

whole cell pertussis) vaccine. Alternatively, TTeah be combined with a less reactogenic

10
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and more immunogenic acellular pertussis componentorm the DTaP (diphtheria,
tetanus and acellular pertussis) vaccine. In amgtt to reduce the number of individual
vaccination administrated to an individual, a numbkantigens have been added to the
core DTaP vaccine (Pinest al, 1999). Such antigens include hepatitis B (HBV),
inactivated polio (IPV), H.influenzaetype b (Hib) or more recently a six-valent
combination of all, DTaP-HBV-IPV-Hib, was introdutéor paediatric used (Aristegat
al., 1997; Aristeguiet al, 1998; Aristeguit al, 2003). Although immunisation schedules
differ from country to country, at least three dosé DTP are offered to infants before the
age of 1 year. Following the final immunisationfidgatanus toxin serum concentrations
remain above the minimum protective level (0.0110/far a number of years. However,
the level of protective antibodies decline overdiand therefore booster immunisations

are required every 10 years to maintain an adedgnadéof immunity.

Production of the TTxd component is laborious, ticensuming and often requires
handling large quantities of highly concentratexidonaterial. Also, as the native TeNT is
detoxified by treatment with formaldehyde, vigoraagdety testing is required to confirm
batches of vaccine are free of residual and reMersoxicity. It has recently been argued
that the diphtheria and pertussis components of ctineent DTaP vaccine could be
replaced with genetically modified non-toxic mutaim order to reduce the incidence of
adverse reactions (Robbies al, 2005). This argument has also been extendedchodi@

the tetanus component too, and recent studies dlea@dy demonstrated the feasibility of
a tetanus subunit vaccine candidate when giverhbystibcutaneous route (Qai al,

2006).
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(L-chain)

Figure 1.4. Schematic illustration of the Clostridal neurotoxins. a) Linear illustration
of tetanus toxin showing the characteristics of theHy and H domains. b) Crystal
structure of botulium.neurotoxin, which is highlgrhologous in sequence to TeNT. Red,
Catalytic light chain domain; Blue, endosomal ttaoation Hy domain; green, neuronal

binding H: domain.
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Tetanus toxin fragment H: as a potential novel vaccine candidate

The H: domain of tetanus toxin has been proposed asemfmmtnew vaccine candidate
against tetanus (Fairweathet al, 1987). Early studies showed that Hagment
produced following papain digestion of TeNT coultduce the production of TeNT
neutralising antibodies when administered suba&dasly into mice or guinea pigs
(Helting and Nau, 1984). Hfragment was subsequently cloned and expressadalsible
form in Escherichia coli(Fairweatheret al, 1986) and later in yeast (Romaneisal,
1991). Upon testing, these recombinant Hagments were found to retain the
iImmunogenic properties of nativecHprotein as evident with the production of TeNT

neutralising antibodies following immunisation ofce (Fairweatheet al, 1987).

A number of novel vaccination strategies have bpewmposed regarding the use of
recombinant | as a potential novel tetanus vaccine candidateekample, a number of
studies have shown that antgHantibodies can be generated following intramuscula
administration of DNA encoding the gene for fragiidp (Andersoret al, 1997;Stratford

et al., 2000). Nevertheless, in these studies the immaaponse generated against the
tetanus component was relatively weak. This wadabity because DNA vaccination
caused the production of intracellular proteins dhdrefore a cellular, rather than a
humoral immune response was generated. This wasptiied by the generation of Ig@

antibodies and interferon-gamma (IFINsecretion in splenocytes.

In addition to DNA vaccination, Hfragment has also been expressedSaimonella
entericaserovarTyphimuriumand Lactococcudor oral immunisation in animal models.
Results from a number of animals studies have shbamnoral immunisation can readily

induce a neutralising antibody immune responsenagaith H fragment and the bacterial
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carrier (Barryet al, 1996; Chatfieldet al, 1992; Fairweatheet al, 1990; Jacksoet al,
1994; Kharet al, 1994; Robertet al, 1998;Tackett al, 2000). Furthermore, attenuated
Salmonellacarriers expressing Hhave been successful for oral immunisation against
tetanus in humans (Khaat al, 2007). The genes encoding flagment have also been
successfully integrated into the chloroplasts ahps (Tregoningt al, 2003;Tregoningpt
al., 2005) giving rise to the possibility of developm of a safe plant based vaccine for
nasal or oral applications. Intranasal deliveryemfombinanBacillus subtilisspores (Duc
et al, 2003; Isticatcet al, 2001) expressing Hhave also been shown to elicit protective
levels of serum tetanus antitoxin antibodies in sgomodels. More recently, (Qai al,
2006) have shown that subcutaneous immunisatidm e@dombinant d fragment induced

a response almost 1000-fold higher than the lesesidered minimum for full protection

in mice.

Hc fragment with reduced ganglioside binding capacity: a safer

alternative vaccine candidate

Although fragment i has no demonstrated toxicity, and is devoid of artive enzymatic
activity (Morris et al, 1980), it retains the neuronal cell binding aettagrade trafficking
properties of full-length TeNT (Lallet al, 2003). As the effects of dprotein trafficking
to the CNS are still largely unknown, there areeptial safety issues surrounding its use in
vaccination. Therefore, adHmutant protein with reduced or negligible gangtiesand
neuronal cell binding properties would be a morsirdble vaccine candidate than native

fragment K protein.
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Ganglioside binding and H: fragment

Several lines of evidence suggest that gangliosatesinvolved in TeNT binding to
neuronal cells. Early studies by (Stoeckelal, 1977) described how preincubation of
TeNT with gangliosides prevented neuronal cell ligdand subsequent retrograde
transportation. Separate studies in cell lines gbtat cromaffin cells have an increase in
TeNT sensitivity when treated with exogenous garsglies (Marxen and Bigalke, 1989).
Furthermore, the N18RE-105 and NGF-differentiat@dpheochromocytoma (PC12) cell
lines, which readily express complex carbohydratedh as GT1b have been shown to bind
TeNT with high affinity (Schiavet al, 1991;Staulet al, 1986;Waltoret al, 1988). The
role of gangliosides in TeNT binding has also bstriedin vivo using knockout mice
deficient in ganglioside synthesis (Kitamue& al, 1999). Compared to control mice,

ganglioside knockout mice took longer to succumtheffects of TeNT infection.

As shown in Figure 1.5 the three-dimensional stngcof the K fragment (residues 865-
1315) contains two domains; an N-terminal lectkeldomain and a C-terminattrefoil
domain linked by a single chain (Emsletyal, 2000; Umlancet al, 1997) Both of these
domains consist largely of sheets joined by loops which protrude from theeuoole. A
number of studies suggest that it is the C-termintikfoil domain, rather than the N-
terminal lectin-like domain that is involved in ggioside interaction, and therefore
neuronal cell binding (Halpern and Loftus, 1993 itiet al, 2000). Halpern & Loftus
(1993) showed that deletion of 263 amino acid eessdfrom the N-terminus region of the
Hc fragment did not inhibit binding to ganglioside meuronal cells, but removal of 10
amino acids from the C-terminal abolished gangliesbinding activity. Interestingly,
Sinhaet al (2000) showed that although the C-terminal fragment was essential for

ganglioside binding, removal of the first 10 amamds only reduced ganglioside binding
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to 80% of wild-type H, which implies they are not critical for ganglidsibinding. The
first indication of the location of ganglioside Hing sites on J fragment came from
cross-linking studies (Shapiet al, 1997). A photoaffinity reagent based upon the 6D1
structure was developed to help define the gandkeinding domain of TeNT. Results
indicated that a 34 amino acids belonging to thter@yinal of the | domain was involved
in ganglioside binding. Furthermore, mass specttomef a photoaffinity labelled
synthetic polypeptide representing the 34 amina @cdmain revealed modification at a
single residue (His1293). Interestingly, other s#gadshowed that binding of a 15kDa
glycoprotein is also mediated via the C-termingbld domain (Herrero®t al, 2000).
This implies that the C-terminal of Hfragment may not only be responsible for

ganglioside binding, but also interaction with agive second protein-like receptor.

All gangliosideconsists of a sialic acid-containing oligosacchatidked toceramide and
have the basic form: Gal{-3)GalNAc( 1-4)(NeuAc( 2-3))(Gal( 1-4)Glc( 1-1)Cer to
which one or moreN-acetylneuraminic (sialic) acids are bound. vitro studies have
revealed that gangliosides of the series b, su¢hTdd or GD1b, have the highest affinity
for the TeNT H fragment (Jansho#t al, 1997). Similarly, binding studies have revealed
that at least two sialic acid residues are requfoedefficient H fragment binding to
gangliosides (Holmgreet al, 1980). It is for this reason that gangliosidestaming a
single sialic residue, such as GM1b, will not pérki¢ binding (Angstromet al, 1994;
Holmgrenet al, 1980), whereas gangliosides with more than oalicsacid residue, such
as GD1b, GT1b and GQ1b, can readily bing frhgment (MacKenziet al, 1997). To
further characterise the ganglioside binding si¢efidgment was crystallised together with
a ganglioside analogues (Emsley al, 2000; Fotinouet al, 2001). For initial

crystallisation studies, component residues of h@siges were used to identify possible
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ganglioside binding sites on the: itagment (Emslewt al. 2000). In total, four sites were
identified; one site bound lactose and was compo$eino acid residues, Trp1289, His
1293, His1271, Phel218 and Tyr1290. The GalNAdcsedid / N-acetylgalactosamine
region bound to a second site containg amino asdlues, Argl226, Asn1216, Asp1147,
Aspl1214 and Gly1215. A third site was shown to kansecond GalNAc molecule, which
bound near amino acids Tyr 1199, Glu1206, 1le1268 bys1197. A fourth site which
bound galactose was also identified near amino Aecgll179. Fotinouet al, (2001)
further analysed the crystal structure of ptotein in complex with a GT1b ganglioside
analogue. Consistent with previous results the lgaside molecule was found to induce
binding at two distinct sites on thecHragment. One domain binds the Gal4-GalNAc3
portion of the glycolipid and consisted of a narrgmove formed by the side chains of
amino acid residues Trp1289 and His1271, withTy@l9ming the base. The other site
binds sialic acid (Sia7-Sia6) portion and was fouade made from a shallow pocked

involving amino acid residues Argl1226, Asn1216, BaM, Aspl1147 and Tyrl1229.

Site-directed mutagenesis (SDM) was been usedvesiigate the role of amino acids in
the process of ganglioside binding (Rumraehl, 2003; Sinhaet al, 2000; Suttoret al,
2001). K deletion mutants were constructed in the Gal4-@abN site ( Trpl274-
Prol1279 and His1271-Asp1282) and Sia7-Sia6 binding sitéA§p1214-Asn1219), and
all displayed very low ganglioside binding affiesi and were also deficient in neuronal
cell binding and retrograde transportation (Siehal, 2000). In a study by (Suttaet al,
2001b) they showed that substitution of amino dgrdl290 with Ala, Ser or Phe in the
Gal4-GalNAc3 binding site resulted in a severe aeficy in the ganglioside binding
properties of K. Other site directed mutagenesis studies showaidTitp1289 and His

1271 in the Gal4-GalNAc3 binding site or Argl22@stitution in the Sia7-Sia6 binding
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site caused decreased binding to ganglioside Gmdbat brain synaptosomes (Rumragl

al., 2003).

HcM115: an He fragment derivative defective in ganglioside bindig activity

In light of the above results, acHragment mutant derivative calledcM115 (Figure 1.5)
was constructed (Qaet al, 2006a). HM115 contains two site directed mutations at key
residues involved in ganglioside binding: residupIP89, located in the Gal4-GalNAc3
site was substituted with Ala, as was Argl226, tedain the Sia7Sia6 site. CD
spectroscopy analysis revealed thatvl15 had minimal structural differences t@WMT
but had near negligible ganglioside and neurondbaading activity. It has therefore been
proposed that such a mutant could be used as atadiie safer alternative vaccine
candidate to the HWT protein. Interestingly, when injected into micea the
subcutaneous route, mutant derivativgM115 was not as an effective antigen at
stimulating the production of protective anti-Teldiitibodies as HWT or TTxd (Qaziet

al., 2006). The reason for these differences rem&nbe determined but it has been
suggested that the Trpl289 or Argl226 amino acidghtrbe important epitopes for
generating an effective protective antibody respo(@aziet al., 2006). It may also
highlights the importance of considering that ifvabvaccine candidates are going to
replace existing ones, conventional vaccinationvdef routes might not be the best for

mounting optimum protective immune responses.
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Jelly roll domain

p-trefoil domair

Trp1289

Argl226

Figure 1.5. Crystal structure of tetanus toxin fragnent Hc. The 50kDa fragment H
protein contains two distinct domains—an amino teainjelly-like domain and a-trefoil
carboxyl terminal domain. The-trefoil domain contains two ganglioside bindingesi
termed Gal4-GalNAc3 and Sia7-Sia6 (Fotiretual, 2001). Mutation of Trp1289 (within
the Gal4-GalNAc3 site) and Argl1226 (in the Sia76Ssite) to alanine leads to the near
abolishment of GT1b ganglioside binding activitytie mutant protein £€M115.
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Needle- free antigen delivery strategies

With the exception of the Sabin oral polio vacci@dV), the majority of vaccinations are
administered by injection via the parenteral raitéramuscular or subcutaneous). Fear of
needle penetration (Cohest al, 2001; Logulloet al, 2008; Schechteset al, 2007) an
increase in the frequency of adverse reactions iafettions associated with unsafe
injection practices (Alvest al, 2007; Siegrist, 2007) are issues which have taned to
hinder the implementation of vaccination programnWgh reference to the latter point,
the WHO has estimated that up to a third of immaties injections are unsafe in 4 out of
6 regions of the world (Miller and Pisani, 1999).fésther study has demonstrated that
over 50% of injections are unsafe because of mextsuch as using the same needle
between patients or by use of non-sterile vaccmresaccine equipment (Sooet al,
1995). Furthermore, population based studies kdaweonstrated a possible link between
unsafe injection practice and the spread of blomuhd viruses such as Hepatitis B,
Hepatitis C and the Human Immunodeficiency Virus\{Hespecially in the developing
world (Kaneet al, 1999). It is for these reasons that the develaoproénovel, safer and
more efficient strategies for vaccine delivery hdeen made a global priority by the
WHO (Simonseret al, 1999). Of particular interest is the developnma&Eneedle-free/non-

invasive vaccination delivery techniques.

Mucosal immunisation via the oral or intranasalteois a particularly attractive site for
needle-free immunisation as it targets highly sgesgd lymphoid tissues located in the
gastrointestinal tracts (gut-associated lymphadu#e; GALT), lungs (bronchus-associated
lymphoid tissue; BALT) and nasal passage (nasaemst®d lymphoid tissue; NALT),
which are the portals of entry for most pathogeBtudies have shown that local

immunisation at one mucosal site can lead to syst@maddition to mucosal immune
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responses at secondary sites (Isstkal, 1999; Isakat al, 2003; Yasudat al, 2003) To
date, mucosal immunisation via the oral route reenlihe only successful form of needle-
free antigen delivery. The trivalent live atteneht®PV has become one of the most
widely used vaccines worldwide since its introdostiin 1961. Through the global
poliomyelitis eradication program, the WHO’s Weepidemiology Record (WER) for

March 2008 estimated that only 1310 cases of padie reported in 2007.

Several hurdles need to be overcome for succesgfabsal immunisation. For example,
although immunologically very active, mucosal saés are highly tolerant environments
rich in antigens from food, air and commensal orgyas. In addition, mucosal surfaces in
the nose are covered in very active innate immueehanisms such as mucus, which may
sweep the vaccine antigen away. Similarly, envirental conditions can be very harsh
particularly in the stomach and intestine wheredsixcand proteolytic enzymes are in
abundance. Despite these difficulties, a numbestoflies have shown that protective
immunity can be induced againBbrdetella pertussigCahill et al, 1995; Jonegt al,
1996; Shahinet al, 1992), Chlamydia trachomatis(Whittum-Hudsonet al, 2001),
Salmonella typhimuriunfaoui-Attarkiet al, 1997) and also against ricin toXikendeet
al., 2002) following oral immunisation in rodent mégleMoreover, in primate models,
oral immunisation with antigen-loaded microparticleave induced immunity against
challenge with simian immunodeficiency virus (SIMMarx et al, 1993) and
Staphylococcugnterotoxin B (Tsengt al, 1995). Numerous studies including Phase /Il
clinical trials have been conducted for nasal adstistion of vaccine candidates using
outer membrane vesicles (OMV; (Kati@t al, 2002), virosomes (Glucket al,
1999b;Glucket al, 1999a), or PLGApoly(lactic-co-glycolic acid) microspheres (Alpetr

al., 1994). The Food and Drug Administration (FDA)tle USA has licensed a live cold-
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adapted trivalent influenza vaccine for use in thgaindividuals between the age of 5 to
49 years (Belshet al, 1998). Studies found that when administered sisigle spray into
the nostrils, a 93% efficacy rate for protectioraiagt cultured confirmed influenza was

observed (Belshet al 1998; King, Jret al, 1998).

Edible vaccination using genetically modified foptbducts from transgenic plants has
been another promising technology for successfutasal immunisation (Walmsley and
Arntzen, 2000), and a number of plants such as (&treatfieldet al, 2003), tomatoes and
bananas (Tacket and Mason, 1999) have been tesigokaible host candidates. A recent
study by Donget al, (2005) showed that oral immunisation with a grouipotavirus
nucleocapsid protein (VP6) transfected into theoges of alfalfa leaves elicited a high
level of serum anti - VP6 IgG and mucosal IgA batlies as well as passive protection in

neonatal mice.

Although mucosal immunisation holds great poterdgh practical and economical means
of needle free immunisation, most studies to dateslbeen limited to small-scale trials in
animal models, and in comparison, results in hurstalies have been disappointing
(Lambertet al, 2001; Tackeet al, 1994). For example, when human volunteers were
immunised with an oral PLGA vaccine containing ETE@onisation factor antigen Il
(CFA/ll) 70% of subjects developed diarrhoea folilogvchallenge (Tackett al, 1994).
Similarly, Phase | clinical trials with a potentidlV vaccine candidate failed to show any
signs of any significant humoral, cellular or muglosnmunity (Lambertet al, 2001). In
addition, to overcome the innate immune mechanigrasvaccination dose required to
achieve adequate protection can be a lot highernwdigeen via the mucosal route

compared to the current vaccines in use. This in ts undesirable as it will increase
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production costs and may increase the incidenegl\aérse reactions. Alternative strategies
for needle free immunisation have therefore bearglso Transcutaneous immunisation
(TCI), through the topical application of vaccingigens onto skin has been implicated as
a highly efficient and practical method for gengrgtimmunity in both animal and human

studies (Alvinget al, 1995;Glenret al, 1998;Glenret al, 2000).

Transcutaneous immunisation as a novel method of ¢aine delivery

The skin is an attractive site for non-invasive iomsation because of its abundance and
ease of access. Furthermore, like mucosal surféicesinderlying layers of the skin are
rich in immunologically active cells. TCI involvélse application of a vaccine antigen onto
intact skin and relies upon successful penetraiicdhe antigen to immune cells located in
the underlying layers (Glenat al, 1998). TCI holds great promise for increasing th
safety, compliance with immunisation schedules dedrease in the level of pain and
adverse reaction at the site of application. Funtloee, a number of studies have been
carried out in both animal and human subjects whklobwed that TCI can generate both
systemic and mucosal protective immune responsesnsiga number of different
pathogenic entities including viruses, intraceliubacteria and bacterial toxins (EI-Ghorr
et al, 2000; Eyleset al, 2004; Glenret al, 1999; Mawaset al, 2004; Partido®t al,

2002).

Skin penetration techniques

One of the major limitations for successful antigietivery into the inner layers of the skin
iIs overcoming the barrier function of the outereliesy The outer layers of the skin are
heavily keratinised and thus form a watertight leaymwhich protects the underlying tissue

from the external environment. Until recently, toagh outer most region of the skin were
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thought to be impermeable to large molecules (Btal, 1998). However, many different

penetration-enhancing strategies have been dewktopm/ercome this problem.

A number of needle-free devices have recently loeseloped to help TCI by overcoming
the physical structure of the skin barrier. Mautidho-dose injection systems such as jet
guns have been developed to deliver liquid or poadlevaccines directly into the
epidermis. However, the major restraint for theidespread use is the high cost of existing
devices and potential spread of blood borne indestithrough the use of multi-dose
devices (Canteet al, 1990). Other needle-free devices such as miedias (Wideraet

al., 2006) or microprojections (Matriaret al., 2002) have also been developed to enhance
penetration and delivery of vaccine antigens iheitnmunologically active regions of the

skin.

Studies have shown that alteration of the skinughothe means of physical or chemical
enhancers can also facilitate translocation of calfy applied antigen onto skin.
Electroporation through application of short eleetr pulses with an electrode is one such
method (Prausnitet al, 1993). Studies by (Misrat al, 1999) demonstrated that delivery
of a peptide derived from Hepatitis B surface amigHBsSAQ) via skin electroporation
could elicit a higher antibody response comparedti@dermal injection with the same
antigen in mice. Similarly, the creation of microp pores in the outer layers of the skin
has been accomplished through microporation (Brames@l, 2003). This technique has
been shown to enhance the delivery of antigens asgirotein or DNA. Although animal
studies have suggested that this technology isasafedoes not cause any lasting damage

to the skin, the effects on human skin has yettddtermined (Prausniét al, 1993b).
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A further method of modifying the permeability difet outer layer of the skin is to remove
the stratum corneuntoy tape stripping with adhesive tape (Godefevwl, 2005). Studies
have shown this technique to be effective at @ligiimmune responses to a number of
topically applied antigens such CRM197 protein iphtheria toxin (Godefrogt al 2005),
tumour associated peptides (Seo and Takigawa, 2@@IBnovirus expression vectors
expressing tetanus toxincHShi et al, 2001) and DNA vaccines expressing the matrix
gene for influenza (Watabet al, 2001). Furthermore, physical disruption of the
outerlayers of the skin by tape stripping has bksen implicated as a factor responsible for
releasing immunoregulatory cytokines in the skiohsas IL-1 or TNF- (Nickoloff et al,
1994). This in turn is expected to have a posigffect on the function and activity of

other immune cells of the cutaneous system.

Application of chemical enhancers such as oleid &0iA) or retinoic acid (RA) have also
been shown to enhance penetration of topicallyieg@intigens by generating pores in the
outer surface of the epidermis (Touitet al, 2002) or by activating the underlying
immune cells to generate a more efficient immurspoase (Varanet al, 2002). Studies
have shown that when skin is treated with RA and {@#nune responses generated by an

influenza whole cell vaccine delivered in a patohiacreased (Skountzat al.,, 2006).

Transcutaneous immunisation generates both systemand mucosal immunity

The first TCI study showed that strong antigen-gmesystemic and mucosal immune
responses could be generated following topical iegibn of the 86 kDa heterodimeric
cholera toxin (CT) secreted from the bacteriMibrio cholerae(Glennet al, 1998) .
Furthermore, this response proved to be proteativ@ibsequent lethal challenge studies

(Glennet al, 1998). Since these initial studies, other ADPsylating exotoxins such
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Escherichia coliheat-labile enterotoxin (LT) and tfRseudomonas aerginogxotoxin A
have been shown to induce similar responses upanatoapplication in animal models
(Glennet al, 1999b). Despite the promising results of initramunisation studies, many
antigens when delivered transcutaneously do nagrgés a robust immune response alone.
Instead, they need to be co-administered with biatt®xins such as CT or LT, other
bacterial products such as CpG-motifs from bactBt¥, lipopolysaccharide (LPS), or
cytokines such as IL- 2 and IL-12 (Beignenal, 2005; Partido®t al, 2004; Scharton-
Kerstenet al, 2000) which act as adjuvants. It has also beemodstrated that different
combinations of adjuvants in conjunction with artigen can be used to generate the
production of T-helper cell type 1 ¢T) or T-helper cell type 2 (R ) - specific immune
responses or a combination of both (Tierregyal, 2003). Recent studies have also
demonstrated that application of an immunostimu(#} patch containing adjuvant can
enhance the immunogenicity of poorly immunogeniaepteral delivered vaccine
candidates (Berenzaet al, 2003;Guebre-Xabiest al, 2004). This has been exemplified
with influenza immunisation in the elderly who ofteespond poorer to vaccination
compared to younger individuals. Following applicatof an LT IS patch at the site of
injection, significant increases in seroconvergiates were evident (Guebre-Xabedral,

2003).

The feasibility of TCI as a vaccine delivery teaue has been demonstrated with a wide
range of different antigens including tetanus aipihttheria toxoids (Tiernegt al, 2003);
(Godefroy et al, 2005), multivalent subunit vaccines such as thenjugated
polysaccharides oH. influenzaetype b (PRP-CRM 197; (Mawast al, 2004) when
administrated in combination with adjuvant. Studreeumans have shown that TCI using

a patch containing LT antigen can induce the geiograf robust serum and mucosal anti-
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LT 1gG and IgA specific responses which are effectat generating protection against
enterotoxigenicE. coli (ETEC) infection (Glenret al, 2007; McKenzieet al, 2007).
Similarly, Phase-I/ll clinical trials with live t@nuated measles vaccine showed that
following TCI, an increase in the production of relea specific IgA was evident in the
saliva in addition to an increase frequency ofriet®n gamma (IFN-) secreting T-cells

(Etchartet al, 2007).

Although adjuvants have been successfully usechima models, their use in humans is
limited. In a recent study by Mutseh al. (2004) an association between nasal vaccination
with an attenuated influenza vaccine preparatiah Bell's palsy (a condition that cases
paralysis of the facial muscles) was found. Furdmalysis showed that these associations
were most probably due to the presence of the samalbunt of LT that was co-
administered with inactivated influenza vaccin@asdjuvant. Further studies showed that
LT in addition to CT can bind to facial nerve fisrghus causing neuronal nerve damage
(van Ginkelet al, 2000). Thus far, no adverse reactions have besaritbed following
TCI with bacterial adjuvants mainly due to the fdwt the skin is not the natural site of
action. However, in light of the potential seriosafety risk surrounding the use of
bacterial exotoxins in human vaccine formulaticamsumber of alternative strategies have
been sought. For example, genetically detoxifiedamis of CT or LT have been produced
and proven effective at generating protective amigpecific serum IgG responses (Pizza
et al, 2000). In addition, pre-treatment of the skinhaldw frequency ultrasound has been
shown to act as an effective adjuvant for TCI (Tezel, 2005). It has been hypothesised
that ultrasound enhances both the penetrationptatly applied antigens and activation

of underlying immune cells.
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Collectively, these studies show that TCI has s#ialipotential as a novel technique for
future delivery of vaccine components in both husmand animals. Nevertheless, to fully
understand and manipulate the cutaneous immunensyist such purposes it is important
to understand how the immune system responds totdpeally applied antigenic

components. Thus far, few studies have addresseissiue, and the immune mechanisms
involved in the generation of protective resporesgainst topically applied antigens remain

to be fully determined.

Mechanisms involved in the induction of immune respnses following

transcutaneous immunisation

The skin can be divided into three very distingtels: (i) an epithelial layer called the
epidermis (i) a collagen rich layer thdermisand (iii) the subcutaneous tissu&hich
contains appendages such as blood vessels andsn@figure 1.6a). A number of
immunologically active cell types are present irthbthe dermis and epidermis (Kupper
and Fuhlbrigge, 2004). The dermal layer consigtagrily of connective tissue produced
by dermal fibroblasts. However, immune cells susidermal dendritic cells (DDC), mast
cells and a small number of cutaneous lymphocytegem (CLA) positive memory T-
lymphocytes are also present. In particular, atgdeal of interest has surrounded the
function of DDCs during cutaneous immune respoiiBakunageet al, 2008; Santegoets
et al, 2008). It has been suggested that DDCs effegtiheVe the differentiation of naive
B-cells into IgM secreting plasma cells (Ratzinggral, 2004). Despite the array of
immune cells present in the skin, it has been sitgdethat those in the outer layers are
more immunocompetent than those present in deégmres because of their constant
exposure and interaction with the external envirenin(Eisenbrauret al, 1993). The

outermost layer, thepidermis consists primarily of three different cell typg$) the
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epithelial-derived keratinocytes; (ii) the bone roar-derived Langerhans’ cells (LCs) and
(i) the neuro- ectodermal melanocytes (Kolliseh al, 2005). Whereas melanocytes
produce melanin which contribute to the pigmentatd the skin, keratinocytes and LCs
are considered to play an important role in gemmegaimmune responses following TCI

(Wargeret al, 2007).

The role of keratinocytes in the generation of cutaeous immune responses
Keratinocytes are by far the most abundant celke typthin the epidermis. They are
arranged as a multilayered (stratified) structuraifferentiated cells, which change in
size, shape and content as they travel from thal bagion to the superficial region where
they are shed (Figure 1.6b). The inner-most layethe epidermis, thetmatum basaie
contains actively dividing basal stem cells thag attached to the basement membrane
(Learyet al, 1992). Stem cells undergo a limited number df diglsions before detaching
from the basal membrane and migrating towards xtexmal surface in a process known as
terminal differentiation (Barrandon and Green, 19&ithough the precise sequences of
events leading to differentiation are yet to beedeined (Fuchs and Raghavan, 2002),
definite morphological changes to keratinocyteseaident. It appears that differentiation
requires keratinocytes to pass through three disstages. The first stage, theatum
spinosum(prickle layer) lies directly above th&atum basaieand contains keratinocytes
which readily synthesise tonolilaments. These ttamokents condense, giving rise to
desomosomes and act by mediating the interconmecticdifferentiating keratinocytes.
The dratum granulosumand g$ratum corneumrepresent the outermost layer of the
epidermis, and thus the latter two stages of diffgation. As keratinocytes travel closer
towards the outer surface, they gradually begilodse their nuclei and develop thickened

envelopes. At the outermost layer, thieatum corneumkeratinocytes form a layer of
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dead, flattened cells that are continually beingdsby new cells pushing upwards from the
layers below. The thickness of this outermost lagiffiers depending on the anatomical
location, the thickest being on the palms of theadsaand on the soles of the feet.
Numerous studies suggest that keratinocytes playnaortant role in the initiation and
regulation of cutaneous immune responses. For eeammresponse to challenges with
microbes or microbial-derived products (Mempelal, 2003) observed activation of the
Nuclear Factor Kappa B (NFB)-pathway leading to an up-regulation in the picichn of
antimicrobial mediators such as inducible nitriadax (NO). Furthermore, many studies
have shown that keratinocytes can be induced taeegpdifferent pattern recognition
receptors (PRRs) such as Toll-like receptor-2 an@adllisch et al, 2005;Takeda and
Akira, 2001) both of which are pivotal to innatenmane recognition and the subsequent
response to microbes. Nevertheless, by far the magstessive and perhaps influential
function of epidermal keratinocytes during cutarseoumune responses is their ability to
secrete a surplus of cytokines (IL-1, IL-4, IL-1D;12, IL-18 and TNFa) which not only
act upon cells within the surrounding vicinity, baiso on the immune system at large
(Barkeret al, 1991; Kupper, 1990; Tuzwet al, 2007). Although not regarded as classical
antigen presenting cells vitro experiments have shown that under certain patimlog
conditions keratinocytes can induce the surfaceesgon of MHC-II molecules (Skov
and Baadsgaard, 1996;Todd al, 1992), and act as accessory cells for T-cellvatitin
(Nickoloff et al, 1993). Furthermore, this interaction has beenahstnated to require
close contact between keratinocytes and T-cellm@soclonal antibodies directed against

co-stimulation molecules or adhesions blocked Tatehulation (Leunget al, 1995).
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Figure 1.6. Cross section of skina) The human skin is composed of three distagtis: the epidermis, dermis and subcutaneougtissu
(subcutis). It also contains appendages such assebs and sweat glands, hair follicles, bloodelesd muscle. b) Differentiating
keratinocytes further divide the epidermis intorfdistinct layers: thetratum basal¢SB), stratum spinosur{SP),granulosum(SG) and

stratum corneunfSC). Figure adapted from Holbrook (1997)
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Initiation of immune responses: a pivotal role fordendritic cells

The goal of successful vaccination is to prime ithenune system to mount a rapid and
efficient immune response following infection wite invading pathogen. Recognition of
foreign antigens usually occurs in non-lymphoiguiss and relies on specialised antigen
presenting cells (APC), such as macrophages andritlercells (DCs), to process and
present peptide antigen to T-lymphocytes in theteednof MHC class | or Il molecules.
Activation of DCs is of particular importance agsk cells has been shown to be solely
responsible for initiating the activation of naiVdymphocytes during primary immune

responses (Inaba and Steinman, 1987).

DCs can be found in a number of locations throughba body including the spleen
(Steinmaret al, 1975), lungs (Nelsoet al, 1994), intestine (Wilderst al, 1983) and the
skin (Lappinet al, 1996) and all share a common features in ternfaraftion. Immature
DCs constantly sample the environment for foreigatanal such as those derived from
pathogens such as bacteria or viruses. This is dommeigh specialised PRRs, which
include Toll-like receptors and Mannose-bindingtileqSallustoet al, 1995). These
receptors recognise conserved structures assoadidtieanicroorganisms called pathogen
associated molecular patterns (PAMPSs). These PAN#sde endotoxin, flagella, viral or
bacterial nucleic acids. DCs can be activatedctyethrough activation of PRR or
indirectly through the exposure to inflammatoryrsity. Following activation, DCs leave
peripheral tissues and migrate into regional lymg@hsues, such as spleens or lymph
nodes, where they can readily interact with naigrniphocytes. During this migratory
process, DCs decrease their protein uptake andegsog ability but increase the
expression of specialised surface molecules tretarcial for interaction with naive T-

lymphocytes (Cellat al, 1997). These include up-regulation of adhesiotenues such
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as the intracellular adhesion molecule (ICAM) 1;stionulatory molecules CD40, CD80
and CD86 and MHC molecules, which all provide thecessary signals for T-cell

activation (Figure 1.7).

Upon activation, effector and memory T-lymphocytgpplations develop and are crucial
for an immediate and rapid responses upon re-ex@dsuantigen, respectively. Two
different subsets of T-lymphocytes can be activaied depend on the class of MHC
molecule presenting the peptide antigen. Peptidesonjunction with Class | MHC
molecules activate CD&ytotoxic T-lymphocytes (d) which are important for destroying
intracellular infections or tumour cells (Crowley al, 1991;Tigheet al, 1987) Crowley.

In contrast, when peptides are presented to theegmonding naive T-lymphocyte via
MHC class Il molecules, the CD&elper T-(T) lymphocytes are activated (Londenal,
1998;Reiner and Seder, 1995). This subset of Tphaouytes cannot Kill infected cells
directly but are crucial for driving the directiasf subsequent immune responses by
instructing other cells such as macrophages, B-celDCs. For example, upon activation,
the Ty lymphocytes rapidly divide and secrete cytokinest thelp direct and instruct the
other cells belonging to the adaptive immune syst@epending on the cytokines released,
Ty lymphocytes can further differentiate intgITor Ty2 cells. |1 lymphocyte responses
are characterised by their ability to secrete IFM¢¥ TNF- and are responsible for
directing cell-mediated immune responses, which rguired for immunity against
intracellular pathogens. In contrast,;2T lymphocyte response are characterised by the
secretion of IL-4, 5, 6, 10 and 13 and are esdefatiadevelopment of humoral immune
responses by stimulating naive B-cell proliferataord antibody subclass switching. The
important role of T cells in shaping and generating immune responsevident in

individuals infected with the Human Immunodeficignd/irus (HIV; (Norris and
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Rosenberg, 2001;Norris and Rosenberg, 2002). H&/vgus that specifically targets and
ultimately depletes the CD4T-lymphocyte population and in turn, is resporsifir the

symptomatic stage of infection known as Acquireanimmodeficiency Syndrome (AIDS).
As protection against tetanus is dependent on thdugtion of neutralising antibodies

against the toxin, it is of great importance tosidar this during vaccine development.
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Figure 1.7. Activation of T-lymphocytes by antigen pesenting cellsin vivo. Activation

of T-lymphocytes occurs through the engagemenbti the T-cell receptor (TCR) and
CD28 on the T-lymphocyte by the MHC-Il/peptide cdexpand B7 family members on
antigen presenting cells, respectiveébgnal-1is provided by the TCR and MHC/peptide
complex.Signal-2is provided by the co-stimulation molecules ongart presenting cells
(B7 molecules) which interact with CD28 on T-lympglytes. Both signals are required for
production of an effective immune response. Inabgence of CD28 co-stimulation, TCR

signalling alone will result in anergy.
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Langerhans’ cells: the professional antigen preseimtg cells of the skin

Originally, DCs were considered to be cells withrghy myeloid origin. Recent studies
have now demonstrated that DCs can also develop fyomphatic progenitors (Ardaviet
al., 2001;Ardavin, 2003). Myeloid derived LCs are tmefessional antigen presenting
DCs of the epidermis (Streilein and Bergstress@84) and reside in close proximity to the
external environment between tlsratum granulosumand spinosumlayers of the
epidermis. As shown in Figure 1.8, they can belyaentified through their long finger-
like projections which extend between keratinocytasd the presence of a Birbeck
granules in the cytoplasm (Steinmetral, 1995). Like other DCs, the functional ability of
LCs to mount an effective adaptive immune respdsssolely dependent on efficient
mobilisation to the regional lymphoid organs. Upencounter with antigen, LCs are
stimulated to leave the epidermis and travel tdyhgh nodes via the afferent lymphatics
(Stoitzneret al, 2002; Weinlichet al, 1998). By the time they reach the T-cell paradort
region of the lymph nodes they have developed thityato present antigen to the

corresponding T-lymphocyte in the context of MHCleooles.

Consistent with other DC subsets, LCs undergo abeurof morphological and functional
changes during migration to lymph nodes. A numlestodies have demonstrated that
MHC molecules, adhesion molecules (ICAM-1) and T-ce-stimulatory molecules (B7.1
and B7.2) are upregulated during LC maturation amgration to regional lymphatics
(Banchereau and Steinman, 1998; Caaixal, 1996). Furthermore, up-regulation of
chemokines and receptors, such as CCR7, that drivemigration towards the T-
lymphocyte rich paracortex region of lymph nodes &Bso been observed (Yanagihata

al., 1998).
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The role for LCs during topical application of stdyseces has been demonstrated in a
number of studies. Guebre-Xzbiet al, (2003) observed an increase in the number of
activated LC-like cells in regional lymph nodesldating topical application of LT onto
mouse skin. Similar results were obtained in eadtadies, demonstrated an increase in
fluorescein isothiocyanate (FITC) bearing cellsegional lymph nodes following topical
application of FITC onto mouse skin (Macatomtal, 1986;Macatonieet al, 1987).
When characterised further, these FIT@lls were 14 and contained Birbeck granules in

the cytoplasm, both of which are present in LCs.
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Figure 1.8. Morphology of an epidermal Langerhans’cell. Electron micrograph
showing a LC migrating out from a sheet of cultunegrine epidermal cells.
ker, keratinocyte; LC, Langerhans cell. Picturadified from (Romanet al, 2003).
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The role of IL-1 and TNF- in Langerhans’ cell mobilisation

Initiation of an immune response following TCI e&adely mediated by LC activation and
migration is, in part, mediated by the down-regolatof adhesion molecules such as E-
cadherin between LCs and keratinocytes (Blawste#tl, 1995).In situ studies have shown
that exposure to contact allergens or cytokineh sagcIL-1 or TNF- has resulted in a
down-regulation of E-cadherin and an increase in ra{@ration out of the epidermis
(Borkowski et al, 1994;Schwarzenberger and Udey, 1996). Although #xact
mechanisms responsible for initial LC activationdamobilisation have yet to be
determined, there is substantial evidence to sudiasit is, in part, due to the production
of cytokines such as IL-1-and TNF- which are constitutively secreted or inducible in

epidermal cells (Cumberbatch and Kimber, 1992a).

Studies in rodent models have shown that when rbo@mnt TNF- was injected
intradermally into the pinnane of the ear, LCs west from the epidermis and an increase
in the number of LCs was evident in the regionaipy (Cumberbatch and Kimber, 1992b
Cumberbatctlet al, 1994). The effects of TNF-were rapid, as a measurable loss of LCs
was evident within 30 minutes of injection wher@aseasurable increase in LC number
was evident in lymph nodes within 2 hours. Furtéadence for the role of TNF-in LC
mobilisation was shown in separate studies using Té¢eptor knock-out mice (Warag

al., 1996). They suggested that, in mice, two distmetnbrane receptors were responsible
for TNF- activity; the TNF receptor | (TNF-R1) and TNF rpta 1l (TNF-R2). When
FITC solution was applied onto the skin of TNF-Rdficient mice, a normal number of
FITC"/Ia" cells were found in the draining lymph nodes. Thiggests that TNF-R1 is not
crucial for TNF- signalling. However, when the activity of TNF-R2asvblocked LC

mobilisation and accumulation in draining lymph asdvas significantly inhibited. These
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results therefore suggest that TNFsignalling through TNF-R2 is important for LC
mobilisation from epidermis to regional lymph nodéghe role of TNF- in LC

mobilisation has not been limited to murine modé&isladermal injection of recombinant
TNF- into human subjects showed a reduction bfcklls in the epidermis (Cumberbatch

et al, 1999a; Grovest al, 1995).

Although the role of TNF- has been demonstrated in rodent models and in muma
appears that a further cytokine, IL;lis also important for providing a second sigraal f
activation and mobilisation of LCs from the epidesniL-1 is constitutively produced in
the murine epidermis and has been shown to be &xely produced from LCs (Enk and
Katz, 1992; Matsueet al, 1992; Schreibeet al, 1992). As with TNF-, injection of
recombinant IL-1 into the ear of mice caused a decrease in LC gemsthin the
epidermis but an increase in LC number in the dngitymph nodes (Cumberbatet al,
1997a). Interestingly, the kinetics of LC migratitmllowing IL-1 injection was much
slower compared to that caused by TNRdministration. For example, LC migration out
of the epidermis was evident after 2 hours and ractation of LCs in draining lymph
nodes was evident after 4 hours. Furthermore, agpatudies showed that keratinocyte
TNF- mRNA expression was increased following intraddrmgection of IL-1 thus
suggesting that IL-1may be responsible for stimulating keratinocytedpiction of TNF-
which in turn initiates LC mobilisation and migmati (Enket al, 1993). Cumberbatcét
al., (1997) tested this hypothesis using murine modal$ showed that mobilisation of
LCs by intradermal injection of IL-1 was prevented when mice were systemically pre-
treated with TNF- neutralising antibodies prior to skin sensitisatizvith contact
allergens. Similarly, administering anti-IL-1neutralising antibodies inhibited TNF-

induced LC mobilisation and migration to lymph nsde
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Based upon this data it has been proposed thattinduof LC activation and migration
requires two independent signals; one provided R¥-T and the other by IL-1(Figure
1.9). This model proposes that following stimulatiof LC, IL-1 is produces and acts in
an autocrine fashion via the IL-1 receptor (IL-1BipvidingSignal 1(Cumberbatclet al,
1998; Cumberbatctet al, 1999b). In addition, IL-1 also acts in a paracrine fashion,
activating neighbouring keratinocytes via the ILHd&hd stimulating the production of
TNF- . This in turn is delivered exclusively to LCs vlee TNF-R2 (Wanget al,1996),
where it acts aSignal 2for mobilisation. Evidence for the interplay beem IL-1 and
TNF- comes from earlier studies by Eekal, (1993) who showed that upon application
of a contact sensitizer, an increase in ILMRNA is initially observed and this is quickly
followed by an increase in TNFAMRNA expression. From these observations, theoasith
suggest that IL-1 may be acting as a master molecule that conth@sirtitiation of a
cytokine cascade, which results in the initiatiérLG translocation into the local draining

lymph nodes.
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Figure 1.9. Regulation of Langerhans’ cell mobiligtion from epidermis by cytokines.

The stimulation of LC migration by exposure to llbsamuli is dependent on the receipt

by LC of at least two independent cytokine sign@lse signal is provided by LC-derived

IL-1 that acts in a autocrine fashion via the IL-1Rfiressed on LCs. IL-1also acts in a

paracrine fashion on adjacent keratinocytes towéta the production of TNF- This

keratinocyte produced TNFdelivers a second signal for LC immobilisation VidF-R2.

Together, both signals stimulate LC mobilisationd amigration to local secondary

lymphoid organs.
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Aims of this project

Induction of systemic and mucosal immune respong#wing TCI has been

demonstrated using a number of soluble antigenboth human and animal models.
However, the underlying cutaneous immune mechanissponsible for the generation of
protective responses are not well defined. It heenbhypothesised that following topical
application of antigens, their interactions withrdkenocytes and LCs play an important

role in the induction of immune responses followirapscutaneous immunisation.

The specific aims of this project were:

(1) to evaluate the immunogenicity in mice of recomhinantigens (HWT and
HcM115) of tetanus toxin following transcutaneous iomsation, in comparison
with tetanus toxoid, the conventional tetanus vaeeintigen.

(2) to use these proteins as models for studying theharesms of interaction of

antigens with keratinocytes and LCs using bothivo andin vitro systems.
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Preparation and characterisation of recombinant | proteins

Bacterial strains and growth conditions

Escherichia colistrain BL21 F-dcm omprl, hsdSB rB-, mB-, gal, (| DE3) was used for
all HeWT and HM115 protein expression. The DNA sequence encodiveg TeNT
fragment K was previously cloned in pET28a (Figure 2.1) leetwtheBamHI andNdel
restriction endonucease cleavage sites to formmuapKS1 (Sinhaet al, 2000) (Figure
2.2). Plasmid pKS1-M115, which is derived from pK8add contains two amino acid
substitutions within the ganglioside binding sitep1289Ala and Argl226Ala, and was
kindly provided by Dr Omar Qazi, Division of Celh@ Molecular Biology, Imperial
College, London. Prior to use, bacteria were stated76C in Luria-Bertani (LB) broth
containing 16% (w/v) glycerol. Resuscitation oftaués from storage was carried out by
streaking a small quantity of the frozen stock drBoagar plates and incubating overnight
at 37C. The surface of the agar was examined for gramthany signs of contamination.
Overnight cultures were prepared by inoculating tiBth with single bacterial colonies
and incubating at 37 C with shaking. For plasmatestion, 50ug/ml of kanamycin (Km)

was added to the growth medium

Overnight cultures oE. coliBL21 1 (DE3) carrying the appropriate plasmid were used t
inoculate LB-broth containing H@/ml of Km. The culture was incubated at 37 C with
shaking at 250rpm until the QE reached 0.8 to 1.0. At this point, expression ¢\ or
HcM115 protein was induced by the addition of isogtdp-D-thiogalactopyranoside
(IPTG) (final concentration, 1 mM) and incubatiomasvcontinued for a further 3.5 hours.
The cultures were harvested by centrifugation fbrminutes at 6000rpm {@). The

supernatant was discarded and the resulting bakcieellet stored at -20 C. Samples of
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culture were taken prior to and after IPTG induct@nd centrifuged for 2 minutes at

13000rpm. Supernatants were discarded and pelits eollected and stored at 220

Protein production by fermentation

Colonies ofE. coli BL21 ( DE3) carrying the appropriate plasmid were growrLB-
broth supplemented with 50pug/ml of Km. Followingubation for 2 hours at 37 C (with
shaking at 250rpm), 300ml of fresh LB culture madigontaining 50pg/ml Km was
inoculated with 5ml of bacterial culture and allave® grow overnight at 3T as pre-
culture. This pre-culture was used to inoculatditt&s of sterilised LB/Km broth in a 20
litres Biobench fermentor (Applikon). The fermentaras operated by a Biobench
Biocontroller (Applikon) and OBgnm readings taken manually every 30 minutes until i
reached 0.8 to 1.0. At this point, expression g\H or HctM115 protein was induced by
the addition of 1ImM IPTG. Incubation was contindeda further 3.5 hours and cells were
harvested by continuous centrifugation for 15 masuat 12000rpm. At this point, the
ODgsonm was between 2 to 3. Supernatants were discaadddthe resulting bacterial
pellet was weighed before being stored at -20 @ tunther use. Approximately, 36g wet

weight of cells was obtained from 15-litres of cué.
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Figure 2.1. The pET-28a (+) plasmid vector used facloning tetanus H: fragments.
Circular vector map: BWT is cloned between th&anHl and Nde | endonuclease
restriction sites. pET28a (+) is 5369bp in sized@tp with HWT insertion) and contains
a kanamycin (Km) resistance gene for selection gaep. In addition, the gene for the lac
repressarlac |, is presentlac | prevents the expression otWT until induced by IPTG.
Image reproduced from Novagen manufacturers insbns
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T7 promoter primer #69348-3
-

PET upstresa%pfrlmer #69214-3 T7 promoter N lac operator Xbal ibs

AGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGA

Bpu1102 | T7 terminator
GAAAGGAAGCTGAGTTGGCTGCTGCCACCGETGAGCAATAACTAGCATAACCCCTTGGGGECTCTAAACGGGTCTTGAGGGGTTTTTTG

AAA

-
T7 terminator primer #69337-3

Neo | His*Tag 1.’\Fc:‘.*s'l_ Nhe | T7+Tag
TATACCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGECCTGGETGLCGCGCGGCAGCCATATGGLTAGCATGACTGGTGEACAGLCAA
MetGlySerSerHisHisHisHisHisHisSerSerGlyLeuValProArgGlySerHisMetAlaSerMetThrGlyGIyGInGIn
Eag| "thrombin
BamH | EcoR | Sacl Sall Hind Il _ Notl  Xhol His-Tag
ATGGGTCGCGGATCCGAATTCGAGCTCCGTCGACAAGCTTGCGGCCGCACTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCE  pET-28al+]

MetGlyArgGlySerGluPheGlulLeuArgArgGinAlaCysGlyArgThrArgAlaProProProProProleuArgSerGlyCysEnd

Bpu1102 1 T7 terminator
GAAAGGAAGCTGAGTTGEETECTGLCACCGCTGAGCAATAACTAGCATAACCCCTTGEGELCTCTAAACGEGGTETTGAGGGGTTTTTTG

il

T; terminator primer #69337-3

Figure 2.2. Multiple cloning sites in the pET — 284+) plasmid vector.Red arrows indicate the location ofWT DNA. Images

reproduced from Novagen manufacturers instrucitions
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Affinity purification of recombinant proteins

An overview of the methods used for purificationreEombinant JWT and HM115 are
shown in Figure 2.3. Bacterial pellets were da&dsand kept on ice at all times. Pellets
were resuspended in 10ml of sonication/lysis buf&mM sodium phosphate buffer, 300
mM NaCl, 10 mM imidazole, pH 7.8) and sonicated ¥@rminutes in total using a Sonics
Vibra-Cell Ultrasonic Processor connected to a fiatsonication probe. Pulses of 30
seconds sonication ‘on’ were followed by 30 secorof§. The lysed cellswere
centrifuged for 20 minutegt 12000rpm (4 C), and the supernatants contaithiagsoluble

protein removed.

Affinity chromatography purification was carriedtdoy use of nickel nitrilotriacetic acid
(Ni*-NTA) agarose (Qiagen). Two-millilitres of resusged NF*-NTA agarose was
added to a 20ml universal tube and washed with &imlysis buffer. The tube was
centrifuged for 5 minutes at 2000rpm and the buffas removed (leaving approximately
1ml of resin). The supernatant from the bactegables was added and the tubes rotated
overnight at 4 C to bind the protein to the coluniihe resin was centrifuged for 5 minutes
at 2000rpm and the supernatant discarded. The wessnwashed twice with wash buffer
(50mM sodium phosphate buffer, 300mM NaCl, 25mMdaziole, pH 7.8) and retrieved
again by centrifugation. The resin was resuspemdd®ml of wash buffer and added to a
disposable Bio-Rad chromatography column. Boundepravas eluted with elution buffer
(50mM sodium phosphate buffer, 300 mM NacCl, 200miitiazole, pH 7.8) and collected
in 0.5ml fractions. A rough measurement of proteoncentration was carried out by
measuring the absorbance of at 280nmsfAn). Samples with f&onm 0.5 were pooled

and immediately subjected to FPLC-SEC purification.
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Expression of Hc protein in E.coli BL21 containing the

appropriate pKS1 plasmid

!

Bacterial cell lysis by sonication

!

Primary purification of 6 x histidine-
tagged protein: Ni**NTA affinity
chromatography

SDS-PAGE to confirm
» size and purity before
proceeding with
— subsequent steps

Size exclusion chromatography
(SEC) to remove excess endotoxin
from samples

Endotoxin concentration Protein concentration was determined by the Hc protein activity was
was determined by the LAL BAC assay determined by
assay ganglioside binding
el

Figure 2.3. Overview of HWT and HcM115 protein purification and

characterisation. See text for details.

51



Chapter 2: Materials and methods

Purification of recombinant Hc proteins by Fast Protein Liquid Chromatography
Size exclusion chromatography (FPLC-SEC)

Fast Protein Liquid Chromatography Size exclusibnomatography (FPLC-SEC) was
carried out using a Hiload 16/60 Superdex 200 pegpey grade chromatography column
(Amersham Biosciences, 10 to 600kDa separationerdmgglobular proteins) connected
to an ACTA fast performance liquid chromatograptBPI(C) system with fraction
collector (Amersham). All solutions and samplesenstiored at 4 C, and the FPLC system
and fraction collector are enclosed in a refrigarataintained at 4 C. The running buffer
used was PBS (pH 7.4) made from PBS tablets (SighlAHC protein samples were
centrifuged for 2 minutes at 13000rpm prior to logd in order to remove any
particulates. SEC column was first equilibratedw&t column volumes (CVf running
buffer at a flow rate of 0.4ml/minute. Between 12wl of protein was loaded into a 2ml
loop and injected into the SEC column after a 0.2@Q\Milibration. The protein was eluted
with 2CVs at a flow rate of 0.4ml/minut@he fraction collector was set to collect 1ml
peak fractions when the absorbanceg@@m) was recorded to be above baseline levels. To
determine the molecular weights of eluted fractidhe column was calibrated prior to this
project using low and high molecular weight calttma kits (Amersham Bioscience).

Selected eluted protein fractions were pooled amd at -80 C until further use

Sodium dodecyl sulphate polyacrylamide gel electrdmresis (SDS-PAGE)

Proteins were separated by SDS-PAGE under redwanditions using 12% acrylamide
resolving gels. The resolving gel was preparedduray together 2.5ml of 1.5M Tris-HCI,
pH 8.8, 100ul of 10% SDS, 100ul of 10% ammoniumspkahate, 4ul of N, N, NN -
tetramethylethylenediamine (TEMED) and 4.0ml of 3086rylamide/bis-acrylamide

(Sigma). The volume was made up to10ml with@HThe acrylamide mixture was poured
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(3 to 4 ml/gel) into a SDS-PAGE gel cast (Bio-Raaind overlaid with approximately
500ul of methanol to polymerise. The stacking galswnade by mixing the following
reagents: 1.25ml of 1M Tris (pH, 6.8), 100ul of 1@¥v) SDS, 100ul of 10% (w/v)
ammonium persulphate, 10ul of TEMED, 1.7ml of 3084v) acrylamide/bis-acrylamide
and 6.8ml of d=HO. The methanol was removed from the resolvingagdl the stacking gel
added. The comb, which forms the wells in the gels inserted and the stacking gel was

left to polymerise.

Protein samples were diluted in sample buffer aamtg 0.125M Tris-HCI, pH 6.8, 0.8%
bromophenol blue, 10% (w/v) SDS, 50% (w/v) glyceantl 10% (w/v) -mercaptoethanol.
The samples were boiled for 5 minutes and centiduigr 2 minutes at 13000rpm before
loading on the gel. Pre-stained, broad range SDGHP Aolecular weight markers (Bio-
Rad #161-018) were also loaded to help confirm oneasents. The SDS-PAGE gel was
immersed in buffer consisting of 0.025M Tris, 0.13{§cine and 0.0035M SDS and a
constant voltage of 140V applied until the requisegaration was achieved. The stacking
gel was cut away and the resolving gels staineatfégast 2 hours in a solution containing
0.5g of Coomasie blue R-250 (Sigma) in a solutib@@mIl of methanol, 50ml of glacial
acetic acid and 250ml of dB. The gels were de-stained by soaking in a salutio
consisting of 200ml of methanol, 50ml of glaciakac acid and 250ml of diD, until the
background staining was sufficiently diminished.|<G&ere then scanned and dried

between two sheets of gel drying film (Promega).
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Determination of protein concentration

Protein concentrations were determined using tleeciBCA assay in accordance to the
manufactures guidelines. This method is based emdtection of Cuions by BCA when
CU*" is reduced by protein in the presence of an alkasblution. Briefly, a series of seven
doubling dilution of protein standard (BSA; boviserum albumin), starting at 1mg/ml
was prepared, and 20ul of each standard solutienatded to a 96 well microtitre plate in
triplicate. Test proteins were diluted (1:1, 1:510L or 1:20) in PBS and 20ul of each
sample was added to the plate in duplicate. Pisorking reagent (WR) was made up at a
50:1 ratio of BCA reagent A to reagent B, and rii80as added to each sample well and
the plate was then incubated for 30 minutes at 37TGe absorbance was read on a Bio-
Rad benchmark ELISA plate reader at 595nmu4#n). Test sample concentrations were

calculated in relation to the standard curve geardrhay the BSA standard.

GT1b ganglioside binding assay

The ganglioside binding activity of Hproteins was assessed by their ability to bind to
bovine GT1lb (Sigma) as previously described (Simhaal, 2000). Fifty-microlitre
volumes of GT1b (10pug/ml in methanol) was addetNtmc Maxisorp microtitre plates.
Plates were left overnight at room temperature wllee methanol evaporated leaving the
ganglioside bound to the plate. Plates were washidd PBS/0.05% (w/v) Tween-20
(PBS/T)and blocked by incubating plates for 1 hour at 3Wi@h 100ul volumes of PBS/
3 % (w/v) BSA. Following a further three washeshMPBS/T, test proteins were diluted
to a concentration of 2ug/ml. Doubling dilutions reethen made in PBS/3% (w/v)
BSA/0.05% (w/v) Tween on separate microtitre plated 50ul of each dilution was added
to the appropriate well on microtitre plates comitaj ganglioside. The last column on

each plate contained blocking buffer as a negatorgrol. The plates were incubated at
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37 C for an hour and washed 3 times as before.dRwigl rabbit -Hc antibodies were
diluted (1 in 10000 in PBS/3% (w/v) BSA/0.05% (w/Mveen) and 50ul volumes were
added to the microtitre plates for an hour at 37T@e plates were washed and goat
rabbit horseradish peroxidase (HRP)-conjugatecbadies (DAKO) (50ul; diluted 1 in
1000) were added in volumes of 50ul prior to anrhnaubation at 37 C. The plates were
washed as before and the substrate (o-phenylenediadhydro-chloride (OPD, Sigma-
Aldrich) was prepared by dissolving a single 20malgleét in a solution containing 5ml of
0.1M citric acid, 5ml of 0.2M N#dPQ,, 10ml of HO and 8ul of HO,), and 50ul was
added to each well. The reaction was stopped a@aninutes of colour development by
the addition of 15ul/well of b5Oy. ELISA plates were read at an absorbance of 490 nm

(As90nm) on a Bio-Rad Benchmark ELISA plate reader.

Limulus amoebocyte lysate (LAL) gelation test

The LAL gelation assay is a semi-quantitative tesstd to detect and quantify endotoxin, a
fever-producing product of Gram-negative bactefibis assay was carried out by Gill
Tarrant, Department of Biotherapeutics, NIBSC. Dlasis of the assay is that endotoxin
causes gelation dfimulus amoebocyte lysate (LAL), an aqueous extract obdbloells
(amoebocytes) from the horseshoe drabulus polyphemus Proteins were diluted (1:5)
in pyrogen free water (Baxter) to a final volume 530ul. Ten-microlitres of diluted
protein and 10ul of LAL reagent (Pyrotell, Assoemtof Cape Cod (ACC)) were mixed
together on a sterile petri dish and incubated AC3for 1 hour in a humidified
atmosphere. The mixture was tested for the formatiba gel-clot by the addition of a
small drop (approximately 1) of dye in alcohol (0.2% New Methylene Blue in%0
alcohol). If a gel-clot has formed (positive rejuthe dye does not mix with it, and

remains as a blue ‘star’ or centralised blue spottop of the clot. However, a negative
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result is indicated by the absence of a firm get-due to the loss of surface tension when
the dye is added. This results in a uniformly b&gution. Examples of positive and
negative results are shown in Figure 2.4. The lowestion of each sample producing a
clot was noted and the endotoxin concentrationutatied by comparison to an endotoxin
standard (International standard for endotoxin,C200ml) which had been diluted in
pyrogen-free water to cover a range of lysate seitgs (1001U/ml to 0.008IU/ml). PBS

acted as a negative control and was included veith &atch of samples tested.
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Figure 2.4. Limulus amoebocyte lysate (LAL) gelation testExamples of a negative
(lefty and a positive (right) result. Picture from®ill Tarrant, Department of
Biotherapeutics, NIBSC.
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Immunological studies

Transcutaneous immunisation of mice

Groups of 6-8 week old female Balb/c mice (5-7 alsrper group; Harlan Olac, UK)
were used throughout these studies. Mice were Hreized for approximately 1 hour by
intra-peritoneal (i.p) injection with 0.15ml of aixture of ketamine (Vetalar, Pharmacia
100mg/ml), xylazine (Rompun, Bayer 2%) plus sodicimoride (BP 0.9 % w/v, Phoenix
Pharma Ltd). A restricted area of the abdomen (12010112) was carefully shaved with
clippers without breaking the skin. With exceptiohExperiment 1, a small amount of
depilatory cream (Nair) was applied onto the shaskith for 2 to 3 minutes and was
removed with a damp cloth followed by 70% etharidle skin was hydrated for 5 minutes
with dH,O and blotted dry prior to topical applicationss@ul volumes of PBS containing
different concentrations of TTxd (NIBSC, 02/126;.9@g/ml), HWT, HcM115. All
negative control groups were given PBS. Unless ratise stated, all animals were
immunised on day 0, 28 and 56 with the same doskfamulation of antigen, and
terminal bleeds were collected 14 days after thal fooost. Serum samples were collected

and stored at -20 C until further use.

ELISA assay for measuring IgG specific antibodies

Anti-TTxd or anti-H:WT IgG responses were determined by an in-hous&Alassay for
individual immune sera. Nunc Maxisorp 96 well midre plates were coated with 100ul
of TTxd (1pg/ml) or HWT (1pg/ml) in 0.05M carbonate buffer (pH 9.6) andubated
overnight at 4C. After washing the plates with wash buffer (PB&39% (w/v) Tween-20),
sera samples were diluted 1:100 in assay dilueBS(®.05%(w/v)Tween-20/2.5% (w/v)
Marvel), and titrated across the plate to a firdumne of 100ul /well. To account for plate-

to-plate variation, each individual sera sample wested in tandem on two different
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microtitre plates. Detection of mouse IgG was earrout using 50ul/well of goat anti-
mouse- IgG HRP-conjugate (Sigma, 1:2000 dilutidmjpwed by 100 ul ELISA substrate
(2, 2’-azino-bis (3-ethylbenzthiazoline-6-sulforicid, Sigma). Absorbance was measured
at 405nm (A405nm) by a Multiscan ELISA plate rea@EnermolLifeSciences). An in-
house anti-TTxd mouse reference serum (1.681U/rah titrated in duplicate on each plate
and was used to calculate the relative antibodgeatnation in test samples. Data derived
from all ELISAs were analysed by use of the pritespof parallel-line analyses. Briefly,
only the results within the linear-dose range @ titration curves for both reference and
test sample were used in the calculations. Analg$ivariance was used to test the
significance of departure of the log deksy response relationships from linearity or
parallelism. Titres of individual samples were istatal analysed by analysis of variance
(ANOVA). A P 0.05 value was considered statistically signific&ut-off limits for the
assay were calculated as twice thgsAm value of sera obtained from the negative control
(PBS) group. For the purpose of statistical ana]ysegative sera were assigned a value of
0.01IU/ml. Where possible, all ELISA data was présed from individual animals,

geometric mean concentrations and 95% confideneevas.

For the detection of IgG1, 2a, 2b, 3, IgA and Igivbdasses, individual mouse sera were
used at a single sub-saturating dilution in a SifHLISA. Bound antibodies were detected
using isotype-specific HRP-conjugated monclonalibalies (Serotec). The relative
concentration of the antibody isotype was calcdldtem the standard curves of serially
diluted mouse myeloma proteins of the various imoglobulin subclasses. A similar
ELISA protocol was used to generated standard sumwih the exception that wells were
initially coated with goat anti-mouse IgG + M + B Pharmingen) instead of TTxd.

Results for IgG subclasses were expressed as enpage of total anti-TTxd IgG antibody.
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Measurement of antibody avidity

The avidity of anti-tetanus antibodies was measingd modified ELISA as described
previously (Tierneyet al, 2003). Individual sera samples at a sub-sahgatilution were
added to the appropriate wells of Nunc Maxisorpv@fl microtitre plates pre-coated with
TTxd or HHWT and incubated at 3T for 2 hours. Plates were washed with PBS-Tween-
20, and 100ul ammonium thiocyanate (ATC) at différeoncentrations (0 to 10M) diluted
in PBS-Tween-20/2.5% (w/v) Marvel was added to eaeli and plates were allowed to
stand for 15 minutes at room temperature. Plates washed with PBS-Tween-20 and the
remaining bound antibody was detected by the amditif HRP-conjugated rabbit anti-
mouse IgG (Sigma) as previously described. The gmage antibody binding in the
presence of ATC was determined by comparing therbbace value (4shm) in the
presence of ATC treatment to that in the absender@r treatment. Avidity was expressed
as avidity index, which corresponds to the conegiain of ATC required to induce a

reduction of antibody binding to coating antigen3@po.

Tetanus toxin neutralisation assay

Tetanus toxin neutralisation assays were performeohg pooled sera from mice
immunised with TTxd, JWT or HtM115. A series of dilutions (5 to 7, between 0.806
0.0011U/ml) of pooled sera samples (as determineBIdSA) and of a reference standard
(International Standard for anti-TeNT, Human IgG-3Ewere made in 2.5% Gelatine -
PBS, in the presence of a fixed pre-determined emination of TeNT (50 PED). All
mixtures were allowed to stand for 30 minutes ahrdemperature before being injected
subcutaneously into groups of 4 NIH mice (0.5ml/s@u The mice were observed for 96
hours for signs of paralysis. The protective cdpyauf test samples was compared against

the paralytic effect of 50 Ry of TeNT with the reference standamejuired to give the
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same 50% protection. Therefore, protective conasintr was expressed in [U/ml, with

upper and lower limits calculated from the fgldose-response curves.

Spleen proliferation assay
To measure the cellular response in spleen callm immunised animals, spleens were
removed and single cell suspensions were prepar&BE5/5% Foetal calf serum (FCS).
Cell suspensions were washed for 10 minutes atrp9@nd supernatant discarded. Red
blood cells were lysed by resuspending cell peiletapproximately 1ml sterile distilled
water for 1 to 2 seconds. Ten millilitres of PBS/%36S was added to the cells before
washing for 10 minutes at 1200rpm. Cells were igpsnded to a final concentration of
4x1F/ml in complete culture medium (RPMI-1640 cultureedium supplemented with
10% FCS, 1% penicillin/streptomycin (Sigma) and® 10 of 2-mercaptoethanol (Gibco)).
Unless otherwise stated, aliquots of spleen cedievadded to the appropriate wells of 96-
flat bottom plates (Falcon, Becton Dickinson, UKpacultured for 5 days at 32/5% CQ
in the presence of 10ug/ml of tetanus proteins fima volume of 200 pl. Spleen cells
were also cultured with 1pg/ml concanavalin A (S&gnas a positive control or with
complete culture medium alone as a negative cont@mn day 5, cells were pulsed with
0.25uCi/well of’H-Thymidine (Amershan, UK) and plates incubatedddurther 6 hours.
Cells were harvested onto glass fibre filters usingautomated cell harvesting apparatus
(Micro96 Harvester, Molecular Devices). Bulk cudarwere set up in parallel for cytokine
analysis and levels of interleukin (IL)-5, IL-6 the supernatants of stimulated cells were
measured by standard sandwich ELISH-Thymidine incorporation was measured in a
-scintillation counter. Results were expressed atiraulation index (SI) of the mean
counts per minute obtained from triplicate cultunesthe presence of specific antigen

(HEWT, HcM115 or TTxd) divided by the mean counts per minoftériplicate cultures
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incubated in culture medium only. Alternativelysués were expressed as counts per
minute (cpm for cells cultured with tetanus antgecpm for cells cultured in complete
culture medium alone). Data was expressed as tla siEmulation £ SEMs from three
separate spleen cultures. Statistical analysiscaaged out by the 2-tailed Student's t test.

P 0.05 was considered statistically significant.

Cytokine analysis by ELISA

Determination of cytokine levels (IL-5, IL-6 andNF ) in spleen cell culture supernatants
was carried out using standard sandwich ELISA filhg the manufacturers instructions.
Briefly, plates were coated with 100ul/well of cktime-specific capture antibodies in 0.1
M carbonate buffer (pH, 9.5). Non-specific bindisites were blocked with 200ul/well of
PBS/10% FCS. Following 1 hour incubation at roomgerature, plates were washed, cell
culture supernatants were added (100ul/well) andhation was continued for a further 2
hours at room temperature. Cytokine specific bigdivas detected with biotin labelled
antibodies and streptavidin-HRP, followed by tetetimylbenzidine (TMB) substrate and
hydrogen peroxide. Absorbance was measured g and values for cytokine
concentrations were expressed by reference toralath curve constructed by assaying

serial dilutions of the respective mouse cytokine.

Interaction keratinocytes and dendritic cells withtetanus proteinsin vitro

To study the interaction of tetanus proteins wkim €ells, keratinocytes (HaCaT) cells and
dendritic cells (mouse bone marrow derived) werewtured with tetanus proteins and

the level of activation was assessed.
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Interaction of HaCaT cells with tetanus proteins

HaCaT cells are non-tumorgenic human keratinody& have been derived from adult
trunk skin (Boukamget al, 1988). Although immortalised and genetically atmal, they
share many features of differentiation with norimatan kerationcytes and are therefore a
widely used model for studies on human skin kenatytes (Schoopt al, 1999). HaCaT
cells (provided by Dr. N Fusening, German Cancerselech Centre, Heidelberg,
Germany) were grown in 75¢nflasks (Costar, Cambridge, MA USA) and maintaiired
Dulbecco’s Modified Eagle Medium (DMEM) supplementsvith 10%FCS, 1% L-
glutamine, 1% penicillin/streptomycin, at°87 5% CQ ,and were passaged at confluence
(every 3 to 4 days). At approximately 80% conflyanbnolayers of HaCaT cells were
incubated with TTxd, BWT or H-M115 protein (5g/ml) at 37C, 5% CQ for 48 hour.
To assess if HaCaT cells were activated by tetgmoteins, the expression level of
selected cell surface activation markers (CD54; MCA CD80; B7.1 and MHC-II) was
determined by indirect immunofluorescence staini@gilture supernatants were also
collected and stored at -ZD for cytokine analysis by ELISA (R & D Systems) as

previously described.

Interaction of dendritic cells with tetanus proteins

Preparation and enrichment of dendritic cells frbome marrow precursors

Dendritic cells were generated from mouse bone amaprecursors using a modification
of the methods previously described by (Inataal, 1992a). Tibiae and femurs were
removed from the rear legs of 6 to 12 weeks olbBainice, and placed in RPMI-1640
culture medium supplemented with 10% heat ina@watCS. Bones were then sterilized
for 1 minute in 70% ethanol followed by a wash uttere medium.

Bone marrow was ejected by removing both ends eflbne and flushing cold culture

medium into the bone shafts using a 25-gauge ne&ltgle cell suspensions were
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obtained by gentle pipetting and cells were wadiaecke in complete culture medium by
centrifugation for 10 minutes at 1300rpm. Cells evegsuspended in culture medium and
cell viability was determined using trypan blueirstaCell concentration was adjusted to
1x1CPcells/ml in culture media supplemented with 20ngbfilgranulocyte-macrophage
colony stimulating factor (GM-CSF; NIBSC, 91/658hda20ng/ml of IL-4 (NIBSC,
91/656).Cells were cultured in 6-well tissue cudtptates in a final volume of 4ml per well
and incubated at 8T in a humidified environment in the presence of 6@. Cultures
were fed on days 3 and 5 by removing (without dishg the cells) 50% of the culture
medium and adding back fresh GM-CSF- and IL-4-seqmeinted culture medium.

Cultures were maintained for a total period of Z1odays.

To enrich for dendritic cells at the end of thetard period, bone marrow derived cells
were harvested by gentle pipetting and centrifogator 10 minutes at 1000rpm. The cell
pellet was then washed three times in Hanks’ Badrgalt Solution (HBSS; Sigma) by
centrifugation for 5 minutes at 1000rpm. Pelletseveesuspended in 3 ml of HBSS and
cell viability was determined. Dendritic-like cellsere then enriched using OptiPrep
density gradient (Axis-Shield; 60% (w/v) solutioh iodixanol in water; =1.32g/ml) as
follows: 3ml of cell suspension containing dendritells was mixed gently with 1ml of
OptiPrep stock (giving a 15% (w/v) iodixanol soautj = 1.085 g/ml). Five millilitre of
an 11.5% (w/v) iodixanol solution £1.065g/ml) was carefully overlaid on top of thél ce
suspension and this was carefully overlayed withl ®f HBSS. Following centrifugation
for 20 minutes at 1000rpm, the rotor was alloweddézelerate without the break and
dendritic cells were visible as a band at the pitase between the 11.5% iodixanol and

HBSS (Figure 2.5). Cells at the interphase werevdsted and washed twice in culture
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media to remove iodixanol. Determination of theelesf enrichment for dendritic cells

was performed by staining the cells for CD11c artdQ@ll expression.

Co-culture of tetanus proteins with dendritic cells

To study the interaction of dendritic cells withateus proteins, cells enriched for dendritic
cells as described above. Cell concentration wasstdi to 1 x 1®cells/ml and dendritic
cells were incubated for 24 to 48 hours at@%% CQ in culture medium supplemented
with 10% heat inactivated FCS in the presence pfing concentrations of TTxd, d&dVT,
HcM115 or with LPS (1000ng/ml) as a control. Surfageression of activation molecules
was assessed by single staining for ICAM-1, B7.1,2Band MHC-IImolecules (BD
Pharmingen). Analysis of cytokine secretion in erdtmedium supernatant was assessed

by ELISA, as previously described.

Immunofluorescent staining and flow cytometry analgis

HaCaT and dendritic cells were adjusted to $xddis/ml in FACS buffer (PBS, 4% BSA
and 0.01% sodium azide). One-hundred microlitresais (1x16 cells) were incubated
with 2ul of the appropriate FITC-labelled monoclbaatibody (direct staining of dendritic
cells) or with unconjugated mouse anti-human mamaal antibody (indirect staining of
HaCaT cells). Control cells were incubated withtype specific Ig. Cell suspensions were
incubated for 1 hour on ice and washed three timgsFACS buffer by centrifugation for
10 minutes at 1000rpm. Dendritic cells were thesedi with 500ul formaldehyde (1% in
FACS solution). For indirect staining HaCaT celiere further incubated (after washing)
for 1 hour on ice with 5ul FITC- labelled goat amtouse Ig (BD Pharmingen).Cells were
washed three times and fixed in formaldehyde, asipusly described for dendritic cells.

All cells were stored overnight af@ prior to analysis using a Becton Dickinson flow
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cytometer. Between, 0.5 to 1xX1€ells were acquired for analysis. All flow cytometiata
were analysed using WinMDI software. Data were gmésd as percent (%) positive cells

and changes in mean fluorescence intensity (MFI).
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1000rpm
20 minutes

—

Cells
+

15% lodixanol

15% lodixanol

Figure 2.5. Purification of dendritic cells by flotation through a density gradient.
Dendritic-like cell suspension was mixed gently hwiDptiPrep stock (giving a 15%
iodixanol solution. An 11.5% iodixanol solution wearefully overlaid on top of the cell
suspension and this was carefully overlayed withS8B Following centrifugation the
rotor was allowed to decelerate without the brake @dendritic cells were visible as a band
at the interphase between the 11.5% iodixanol 2B8%1 See text for further details.
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Activation of skin cells with tetanus proteinsin vivo

To study the effects of tetanus protein on the digsue, IL-1-, IL-1 and Tumor
Necrosis Factor (TNF)-gene expression was measured using real-time PERTLI.
RNA from an LPS (0.5pg/ml) activated mouse macrgeheell line (RAW264.7) was

used as a positive control.

Total RNA extraction from murine skin samples

Balb/c mice were immunised with a single dose (30gof HCWT or TTxd and an area
of skin (approximately 1 to 2cthwas excised from the immunisation site, snapefoin
liquid nitrogen and immediately stored at 2@Ountil further use. For RNA extraction,
between 10 to 30mg of tissue was placed in BO0 guanidine-isothiocyanate containing
lysis buffer (Buffer RTL) and homogenised using artar and pestle. Homogenates were
collected and 10 of Proteinase K solution (Qiagen) and 5B8ouble distilled water was
added prior to incubation for 10 minutes at&5 Debris was pelleted by centrifugation for
3 minutes at 10,000 rpm and supernatant was cetleantd transferred to a new eppendorff
tube. Approximately 450 of ethanol (96 to 100%) was added to the cledysdtes in
50ul volumes. Lysates were transferred to RNeasy nolumns and the RNA allowed
binding to silica gel membranes. Membranes werehecswvith 3501 buffer RW1 by
centrifugation for 15 seconds at 10 000rpm, andltwve through was discarded. Columns
were transferred to new 2 ml collection tubes ahdasgel membranes were washed with
buffer RPE by centrifugation for 2 minutes at 1@GMn. To elute RNA, columns were
transferred to a new 1.5ml collection tube andl3®Neasy-free water was added directly
onto the silica-gel membrane prior to centrifugatifor 1 minute at 10 00Orpm.
Immediately after RNA extraction, contaminating DNvas removed using a DNA-free

kit (Ambion) according to the manufacturer’s instrans. RNA was quantified using a
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Nanodrop spectrophotometer, takingsgof 1.0= 40 g/ml RNA. RNA purity was assessed
by calculation of the Asd/A2s0 Where values above 1.6 were considered suffigignire.
DNase-treated RNA was either used immediately édoerse transcription or stored at -

70°C until further use

Total RNA extraction from RAW264.7 cells

The mouse macrophage cell line, RAW264.7, was ragietl in Dulbecco’s Modified
Eagles Medium (DMEM) supplemented with 10% FCSIOskre passaged (1: 4 passage
ratio) every 2 to 3 days into a new 75crissue culture flask and incubated at
37°C/5%CQ. RAW264.7 cells were stimulated with 0.§/ml LPS and incubated for a
further 24 hours at 3€/5% CQ. RNA was extracted using the Qiagen RNeasy mini-ki
according to the manufacturer’s instructions. Qgdhtes were homogenised using QIA

shredders (Qiagen) and RNA was eluted intol 8 RNase free water.

Reverse transcription PCR (RT-PCR)

All reagents used for reverse transcription werglpased from Invitrogen and Promega
unless otherwise stated. Approximatelyg4of total RNA was combined with @ of
oligodeoxyribothimidine (oligo (dT) 15) (25ng/minia sterile 0.2ml PCR tube. The
volume was made up to 24with sterile dHO. Each tube was incubated for 10 minutes at
70°C using a T1 Thermocycler PCR machine (Biometad chilled on ice. To this
reaction, the following components were added: 10ditiotheritol (DTT), 81 of first
strand buffer (50mM Tris-HCI, 75mM KCI, 3mM Mgg] and 500M of each dNTP.
Following incubation for 10 minutes at 42in a PCR machine, 10U/ml of Superscript ||
reverse transcriptase (RTase) was added and tbeoreavas incubated for 50 minutes at

42°C. The reverse transcription reaction was stoppgeiddubation for 10 minutes at 7.
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The concentration of the resulting cDNA was calda using a Nanodrop

spectrophotometer.

Real-time reverse-transcription PCR (Real-time RT-EER)

To measure cytokine gene expression in cDNA prejoais reverse transcription RT-PCR
was used. This method of PCR requires a pair of p@Rers as regular PCR does, and
additional fluorogenic probe, which is an oligoraatide attached with both a reporter
fluorescent dye and a quencher dye (Figure 2.6 A Rids extracted and cDNA produced
using RT-PCR as described above. All real time ERRPeactions were carried out in
Optical-384 96-well microwell plates (Applied Biaggms). To each well, 4l of nuclease-
free HO, 10ul 2x PCR mixture (Applied Biosystems), 1uk2fiimer/probe mixture (900
nm primer; 250nm probe) and 5ul cDNA (diluted tquiyiml from stock in nuclease-free
H20O). All reactions were carried out in triplicatedamun under the following cycle
conditions using a 7500 Fast sequence detectidersy@pplied Biosystems): 40 cycles

of 2 minutes, 5C: 10 minutes, 9%&; 15 seconds, 96 and 1 minute, 6XC.

After the reactions were complete, the parameterghfe SDS 1.3.1 software (Applied
Biosystems) were set so that for each gene studreduct quantity was measured during
the exponential phase of amplification. Data analy&s performed using the comparative
Cycle threshold (Ct) method as recommended in &AppBiosystems’ User Bulletin #2.
Briefly, raw data from real time RT-PCR analysise gplotted as the increase in
fluorescence (target amplification) per cycle. Tt which is the cycle number at which
amplification crosses a threshold, was used folyarsa The threshold is set as the lowest

point where all the samples are in the exponeatigllification phase of the reaction.
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Figure 2.6. Real-time RT-PCR TagMan chemistrya) An oligonucleotide probe (green)
is constructed containing a reporter fluorescemt aty its 5’ end and a quencher dye on its
3’end. If the target sequence is present, the pesimeals downstream from the primer
binding site. b) As the primer (red) is extenddtk 6'nuclease activity of Taqg DNA
polymerase cleaves probe. c) Cleavage of the pexhdts in the separation of the reporter
dye from the quencher dye, thus increasing thertepdye signal, and d) removes the
probe from the target strand, allowing primer esien to continue to the end of the

template strand. Adapted from Applied Biosystemsuf@cturers instructions.
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Localisation of tetanus proteinsin vivo

To study the fate of EWT and TTxd protein after TCI, tissue biopsies wateen from the
immunisation site. The presence of proteins wagatiet using immunohistochemistry

with purified rabbit anti-id antibodies

Rabbit anti-H cWT 1gG purification

The I1gG fraction of serum from rabbits previoustgmunised with HWT protein was
purified on a Protein A column (GE Healthcare). elyi, the Protein A column was
equilibrated by washing with 10 column volumes (¢@Ebinding buffer (20mM sodium
phosphate solution, 0.5M sodium chloride, pH7.®bBt serum diluted 1 in 4 in binding
buffer was loaded onto the Protein A column andh&dswith a further 10CVs of binding
buffer. Fractions (0.5ml) containing rabbit IgG wehen eluted using elution buffer (0.1M
glycine and 0.5M sodium chloride, pH2.7) and imnagéely adjusted to physiological pH
by adding 200l of neutralisation buffer (1M Tris-HCI, pH9.0). Riied IgG content was
monitored by measuring the,& nm readings. Fractions with,g nm readings of 0.1
were pooled and dialysed overnight 8€4against PBS. Prior to immunohistochemistry
staining, the specificity of purified antibody fétc(WT and TTxd was confirmed by an
anti-TTxd and anti-dWT ELISA and the protein concentration was confidngy the

BCA assay as previously described.
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To compare the up take and localisation of tetgmmateins within the skin layers following
TCI, Balb/c mice were immunised with tetanus prageand skin samples were taken at
different time points. Following hydration with ¢ 100ug of HWT or TTxd were
applied onto the skin, as previously describedn Skimples (1 to 2 cthwere excised at

various time intervals and fixed for 24 hours idrmalin solution.

All fixed tissues were processed in paraffin waxngsan automated tissue processor
(Leica ASP200 Tissue Processor, Global Medicakanséntation) and 5um skin sections
were prepared using a microtome. Sections wereddal Superfrost Plus slides (VWR
International) by overnight incubation at °60 and stored at room temperature until

stained.

Preparation of tissue and immunohistochemistry staiing

Before staining, paraffin was removed from slided aections were rehydrated by a series
of washes in Xylene and decreased concentrationsttanol solutions. To suppress
endogenous peroxidise activity, slides were wastiede times with 0.5M Tris-HCI
buffered saline (pH7.0) and incubated for 30 miawteroom temperature in a solution of
0.5% HO, . Following a further three washes, non-specificding sites were blocked by
incubation with goat serum (1 in 5 dilution) for BOnutes at room temperature. To detect
the presence of tetanus protein within the skiredsyslides were incubated with rabbit
anti-H-WT IgG primary antibodies (1 in 100 dilution) folled by biotinylated goat anti-
rabbit IgG (1 in 200 dilution; BD Pharminogen). d&s were then washed thoroughly in
Tris-HCI and 0.5ml of streptavidin-HRP conjugatedluson (BD Pharminogen) was
added for a further 30 minutes at room temperatlilee extensive washing step was

repeated and bound antibodies visualised by incupatlides with diaminobenzidine
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(DAB) substrate solution (BD Pharminogen) until tthevelopment of adequate colour.
Following a further three washes, slides were censtdined with haematoxylin for 2
minutes, dehydrated in decreased concentrationstltdnol and mounted in organic

mounting media. Slides were examined using a hglestoscope at x400 magnification.
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Introduction

The aim of this initial study was to obtain suféint quantities of highly purified wild type
and Trp1289Ala/Argl226Ala (EM115) H: proteins to use as model antigens for TCI.
Mutant HEM115, containing alanine substitutions within gamgjde binding sites, was
previously constructed by Dr Omar Qazi. BotikVAT and HM115 proteins were
expressed iE. colistrain BL21 (DES3) containing the appropriate plasmid and pudibg
affinity chromatography. An additional purificatistep, FPLC-SEC, was introduced to

reduced the presence of contaminants, such ascemaah the final protein preparations.

Following purification, it was important to charagse batches to ensure that only high
quality preparations were used for future immunmalgstudies. To test the functional

activity of recombinant proteins an ELISA based giarside binding assay was used.
Furthermore, the extent of purity and endotoxincamtrations of protein batches were
tested by SDS-PAGE and thenulusamoebocyte (LAL) assay respectively. Final protein

concentrations were determined by use of the BGAs

Bacterial growth and protein production

The H: proteins were expressed i coli strain BL21 (DE3) containing pKS1 (for
HcWT protein expression) or pKS115 (foxM115 protein expression) using a protocol
which was previously optimised by Sinkaal, (2000). Briefly, 250ml cultures d&. coli
BL21 ( DE3) harbouring the appropriate plasmid were granwhB broth to an Optical
density of 650nm (OBonn) between 0.8 to 1.0. Protein expression was indlugethe
addition of IPTG (1mM) and growth was continued &ofurther 3.5 hours. Each bacterial
culture grew well and was largely unaffected by #udition of IPTG (Figure 3.1.).

Cultures were then harvested, resuspended in patsgdiuffer and lysed on ice by
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sonication. Supernatants containing whole celltgsaincluding the soluble Hprotein,
were collected and fractionated by?Nagarose affinity chromatography. This method
takes advantage of the high binding affinity betwélee Nf*ions contained within the
agarose gel matrices, and the 6-histidine tag etNtierminal of the protein. &WT or
HcM115 proteins were easily eluted from gel matribgsthe addition of elution buffer
containing a high concentration of imizadole (200mMeing structurally related to
histidine, imidazole competes for binding sitesthe NF* ions within the resin. The
histidine-tagged H proteins dissociate and are eluted from the coluRmotein
concentration was estimated by absorbance readin®80 nm (Ago nm). Protein elutions
with an Asgo nm vValue equal to or greater than 0.5 were colleeted run on 10% SDS-
PAGE gels to check both their purity and integritdigh quality protein elutions were
pooled and the final protein concentrations werleutated by use of the Pierce BCA
assay. On average, between 1 to 2mg¢WH or H-M115 protein was purified from each

250ml culture oE.coli BL21.

To carry out all the necessary immunological experits, larger quantities of high quality
HcWT or HeM115 protein was required. To address this issudy-btre fermentation run
was carried out using. colistrain BL21 (pKS1) expressingcM/T protein, or strain BL21
(pPKS115) expressing #1115 protein. As previously described, protein proitbn was
induced by addition of 1ImM IPTG when @9 mVvalues were between 0.8 to 1.0. As for
laboratory-scale production, both cultures grewlwelder fermentation conditions, and
growth was unaffected by the addition of IPTG (Feg3.2). Collectively, 38g oE. coli
BL21 (pKS1) and 42¢. coli BL21 (pKS115) were harvested and further dividetb i

pellets of approximately 69 for easier handlingldwing cell lysis and purification of the
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Hc proteins by Ni-NTA chromatography and FPLC-SEC, the final protimcentration
were measured using the BCA assay. The yields fsam 6g pellet of bacterial culture
were as follows: from BL21 (pKS1), expressingWAT, 37mg was obtained; and from
BL21 (pKS115), expressingd¥115, 35mg was obtained. Therefore, if using thedaes
as a guideline, it should be possible to purifgtaltof 230 to 240mg of §WT or HEM115

protein from a 15-litre fermentation run.
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Figure 3.1. Growth curves ofE. coli BL21 (pKS1) and BL21 (pKS115).Two-hundred
and fifty millilitres of bacterial culture was grown in LB broth containib@ug/ml
kanamycin. Expression ofd&T or HcM115 proteins was induced at @ghmn 0.8 to 1.0
by the addition of IPTG (1mM).
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Figure 3.2. Growth curves ofE. coli BL21 (pKS1) and BL21 (pKS115) in a 15 litre
fermentor. Overnight bacterial culture (300ml) was added to hi®th containing 50
png/ml kanamycin. Expression ofc /T or HcM115 proteins was induced at @Jghm 0.8

to 1.0 by the addition of IPTG (1 mM).
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FPLC-SEC purification of H¢ proteins

A size exclusion chromatography step was introduoegkduce endotoxin contamination
in all recombinant protein batches. Previous stut@ve shown thatdfroteins can exist
in various oligomeric states which can be separdigdSEC (Qaziet al, 2007).
Polydispersed (not separated by SEGWH or H-M115 protein was loaded onto a pre-
calibrated Superdex 200 SEC column. Figure 3.3 sttbertypical gel filtration profiles of
three preparations of VT and three preparations ofM115. For each individual §WT

or HcM115 trace, three distinct peaks were evident, with proportions remaining
relatively consistent between batches of proteimh\keference to the calibration curve
(not shown), the three peaks roughly corresponsize to monomer, putative dimer and
putative trimer protein. Peak 1 had an estimatedeontar weight of 178.5kDa, which
could correspond to trimer of H(161.7kDa). The molecular weight of peak 2 was
calculated to be 110kDa, which is a similar valoie¢hte molecular weight of andtlimer
(107.8kDa). The monomer peak (peak 3) correspamdsmolecular weight of 43kDa with

is slightly lower than the expected value of 53kDa.

Monomeric HWT or HcM115 protein fractions were pooled to form indivadilnatches of
purified protein. Each batch ofd&T or HctM115 protein was assigned a batch number
(e.g. 1, 2, etc.) according to the order of produrctin total, five batches of d/VT and

five batches of HM115 were prepared (Table 3.1).
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Characterisation of purified H¢ proteins

Purity and integrity

It was crucial to check that a high level of puritgs attained for all batches ofWT and
HcM115 proteins and that thecHoroteins had not been modified or partially degrhd
though the purification process. Examples of higplyrified of HHWT and HM115
proteins are shown in Lane 4 of Figure 3.4 and BSpectively. Consistent with the
predicted molecular weight of 53.9kDa, a band gfrapimately 50kDa was evident in
each culture induced with IPTG (Figure 3.4 and Bdsne 2). These proteins were purified
to homogeneity by Ni affinity chromatography and FPLC-SEC, to yield regaration
containing predominantly a single protein (Figure4 3and Figure 3.5, Lane 4).

Furthermore, no obvious protein contaminants otgimnadegradation was evident.

Functional activity

Previous studies have indicated that TeNg ptotein binds with highest affinity to
gangliosides belonging to the GT1b family (Holmgegnal, 1980). Figure 3.6 gives an
example of typical BWT and HM115 protein binding profiles to ganglioside GT1b.
Overall, data showed thatcWWT protein bound to GT1b at concentrations as I1sv0.83

to 0.06 mg/ml. Although the binding of the-WT protein did not achieve saturation, the
results show that thedWT had the expected GT1b binding activity. In casty HHM115
protein had near negligible GT1b binding activigren at concentrations as high as 2.0
mg/ml. This is consistent with the two mutationgpT289Ala and Arg1226Ala, which are

located in the ganglioside binding sites of thetg@iro
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Figure 3.4. Purification of HEWT protein. Samples were taken during an experiment to
purify HCWT protein, and analysed by 10% SDS PAGE and \sedlwith coomasie
blue. Lane 1, protein marker; lane 2, coli BL21 (pKS1) lysate (non-induced); lane 3,

E.coli BL21 (pKS1) lysate (induced); lanes 4;\MT protein after Ni* affinity purification
and FPLC-SEC purification (2.5uQ).
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Figure 3.5. Purification of HcM115 protein. Samples were taken during an experiment
to purify HcM115 protein, and analysed by 10% SDS PAGE andalised with coomasie
blue. Lane 1, protein marker; laneR, coli BL21 (pKSM115) lysate (non-induced); lane
3, E. coli BL21 (pKS1M115) lysate (induced); lanes 4NHL15 protein after Ni" affinity

purification and FPLC-SEC purification (2.5ug).
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Figure 3.6. GT1lb ganglioside binding activity of HWT and HcM115 proteins.
Microtitre plates were coated with GT1b gangliosgbial dilutions of purified BWT
( ) and HM115 () proteins were added to the plate and their ghititbind ganglioside
determined by addition of antigfantibody. The graph is a typical binding curveaiied
for HEWT or HctM115 proteins.

86



Chapter 3: Purification and characterisation otlgroteins

Measurement of endotoxin

Endotoxin (lipolysacharide, LPS) is an integral gament of Gram-negative bacteria,
providing structural organisation and stability fdme outer membrane. Mammalian
exposure to such molecules can cause the indudfothe inflammatory responses
(Kronborg., 1995). Therefore, because of the imnagioal nature of future experiments,

endotoxin levels in protein batches had to be mahim

Endotoxin levels of the purified proteins were deti@ed using the LAL assay (Table 3.1).
Comparison of endotoxin levels of the®Naffinity purified HCWT protein (3000 to
6000IU/mg) and of BWT and HM115 proteins after an additional FPLC-SEC
purification step (3 to 558 and 6 to 2031U/mg, exdpvely) shows a significant reduction
in the endotoxin concentrations for both proteifteraFPLC-SEC. Although endotoxin
levels were observed to vary between batches,ahlles were below 550IU/mg. These

were regarded negligible, particularly for subsequenscutaneous immunisation studies
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Table 3.1. Characterisation of K proteins used in this study

Protein Purification Ganglioside Endotoxin  level
Technique® binding activity ¢ (IU/mg) ®
(%)
HcWT-Batch 02 AC 100 3000-6000
HcWT-Batch 1 AC & SEC 100 23-46
HcWT-Batch 2 AC & SEC 100 185-370
HcWT-Batch 3 AC & SEC 100 279-558
HcWT-Batch 4 AC & SEC 100 60-120
HcWT-Batch 5 AC & SEC 100 3-6
HcM115-Batch 1 AC & SEC <1 87-174
HcM115-Batch 2 AC & SEC <1 101-203
HcM115-Batch 3 AC & SEC <1 6.9-13
HcM115-Batch 4 AC & SEC <1 12-60
HcM115-Batch 5  AC & SEC <1 6-12

& produced by Dr Omar Qazi for endotoxin comparisoly

b AC, Ni ?* affinity chromatograph, SEC, size exclusion chrtrgeaphy

¢ determined using ELISA and expressed as the bindihgeach protein to GT1b
gangliosides relative to the binding ofWT protein

9 determined using the LAL assay and expressed imdiprotein.

* Protein produced by fermentation
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Discussion

Fragment K4 of TeNT has previously been used as a model anfmestudying a number
of different novel vaccination strategies (Chatfiet al, 1993;Douceet al, 1995;Stratford
et al, 2001). Recent studies have shown that alaningtiutions of Trp1289 in the Gal4-
GalNAc3 and Arg1226 in the Sia7-Sia6 gangliosideding sites results in andprotein,
HcM115, which has near negligible ganglioside bindimguronal cell binding and
retrograde transport activities (Qaai al, 2006). The aim of this initial study was to
produce sufficient quantities of highly purifiedcoanbinant TeNT BWT and HM115

proteins for use in future TCI studies.

Initially, a small-scale laboratory-based cultugstem was used to purify T and
HcM115 proteins. However, it was decided that for thepose of this project, a more
efficient method of protein production was necegdarcater for the amount of protein
required for future immunological experiments. Briotproduction by fermentation has the
distinct advantage of allowing bacterial growthgraeters such as pH and oxygen levels
in culture medium to be closely monitored. Thigum should maximize the growth of the
culture, producing high yields of cells and therefof protein to be purified. The data
obtained showed that the final yield of botBVMAT and HM115 protein was significantly
increased by fermentation. Scaling up the prodactiwerefore holds great potential as

being a more efficient method for future Hrotein production.

Recombinant proteins expressed in Gram-negativeebacsuch a&. coli, are normally
contaminated with endotoxin, which is an integra@mponent of the bacterial cell
membrane. Endotoxin can readily induce inflammatesgponses by a number of cells of

the immune system (Erridget al, 2002). Therefore, for the purpose of use in riitu
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immunological experiments it was crucial to remoxecess endotoxin from purified
batches of HWT and HM115 proteins. FPLC-SEC has been used successiylbthers
to reduce the endotoxin concentration from protesccine preparations (Fisket al,
2001). Endotoxin measured by the LAL assay shothatllevels in HWT or HCM115
protein preparations subjected to just one runRIEE-SEC was approximately 400-fold
lower compared to FWT purified only by Nf* affinity chromatography. Although
endotoxin was not completely removed, no adversetiens at the application site or
systemically were observed in mice immunised tratassteously with the different batches

of Hc proteins (se€hapter 3.

Following the purification processes, bitches of recombinantdiproteins were checked
to ensure they retained the desired functionaVidgiof TeNT native protein, and that they
were of the highest level of purity. Functionaligty analysed by use of an ELISA based
assay which assessed the binding activity of mdifcWT and HM115 proteins to GT1b
ganglioside. All batches of VT protein were able to bind GT1b ganglioside eatwery
low concentrations (0.02mg/ml). In contrast, altdb@s of HM115 protein had near
negligible binding activity. These results were sistent with data obtained from previous
studies (Qazet al, 2006). Finally, to ensure that protein sampkes hot become modified
or partially degraded by the purification proceamples from each batch ofc-WT and
HcM115 were assessed by SDS-PAGE. For all batchEg pfotein, a single band with

the predicted molecular weight forzHapproximately 50kDa) was evident with no visible

signs of degration or unfolding.

Collectively, all batches of purified VT and HM115 proteins retained the

characteristics of native proteins and indeed hathueh lower endotoxin levels in
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comparison to the affinity purified protein onlyll datches of HWT and HM115 were
therefore deemed acceptable for use in futureudies to assess their immunogenicity via

the transcutaneous route.
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Introduction

Potential safety concerns and the need for extenssting to monitor freedom from
toxicity with retention of adequate immunogenichgs prompted the development of
novel stratagies to replaceTTxd with more definecbmbinant non-toxic moleculeshe
Hc fragment and mutant derivatives of tetanus toxanehbeen proposed as potential novel
vaccine candidates (Helting and Nau, 1984a); Makoftll, 1989; Qaziet al, 2006).
However, recent studies have shown that when adtaned by the subcutaneous route H
fragments elicit a protective antibody responsé wees considerably lower to that of TTxd
(Qaziet al, 2006). Such results have therefore promptedoeatpbn into novel and more
relevant delivery routes for successful immunisatoth recombinant sub-unit fragments.
The aim of this study was to explore the immunogénof Hc proteins by TCI delivery.
Groups of mice were immunised transcutaneously ighly purified recombinant §WT

or HcM115 proteins and the humoral and cellular immumagy were measured and
compared to that of conventional tetanus toxoiccwvex Furthermore, TeNT neutralisation

potencies of immune sera were assess®&d/0 using passive protection studies.

Optimisation of transcutaneous immunisation delivey conditions
Preliminary experiments were carried out to optimig@l skin pre-treatment conditions

and antigen concentration. To demonstrate if tieetygatment of skin had an effect on the
antigen specific response, various concentratioh$H&NVT, HcM115 or TTxd were
applied onto shaved or shaved with depilatory crébiair) treated abdominal skin, on
days 0, 28 and 56 (Table 4.1; Experiment 1 anéshactively). Mouse sera was collected

on day 70 and tested for the presence of anti-Tohahti-H-WT antibodies.
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In the first experiment tetanus proteins were aupbnto hydrated shaved BALB/c mouse
skin. Only 2 out of 50 mice had a measurable Ig@bady response when measured
against TTxd (0.3 and 0.9I1U / ml, respectively; ¥ 4.1a) or againstddVT protein (0.4

and 0.6 1U/ml, respectively; Figure 4.1b) by ELIS®era from all other mice (n=47) did

not generate a response greater to that of theesadintrol group.

In an attempt to improve the immunogenicity of mets proteins following TCI, the
residual hair following shaving was removed by aagtion of a hair depilatory cream
(Nair). Compared to shaving alone, application airNor 2 to 3 minutes resulted in the
complete removal of all hair from the treated aathe abdomen (Figure 4.2).
Furthermore, no noticeable inflammation was recdrgest-application. A second TCI
experiment (Experiment 2) was then carried out baved and depilatory cream pre-
treated skin (as described in Table 4.1). Threeesla$ 80ug, 30ug or 10ug of tetanus
proteins were applied to shaved and depilatorynarpee-treated skin. Sera was collected
on day 70 and the anti-TTxd and angWT responses were analysed by ELISA. Results
showed that all tetanus proteins were immunogehicoacentrations of 30ug/ml and
80ug/ml as indicated by the generation of measarablibody responses againg\AT or
TTxd protein (Table 4.2 and Figure 4.3). In cortiradien mice were immunised with the
lower dose (10pg/ml) of tetanus proteins, serunbady responses were somewhat lower.
Only two out of five mice immunised with 10 ug/nfl BTxd generated a measurable anti-
TTxd or anti-HWT IgG response, whereas none of the mice immunigéd 10pg/ml
HcM115 generated a measurable anti-TTxd eYWH 1gG response. All mice immunised
with 10pg/ml HWT induce a measurable anti-TTxd 1gG response @ @vhich is well

above the level considered minimal for protecti@d®L{1U/ml).
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Collectively, the results from Experiment 2 showbdt total anti-TTxd and antidWT
results showed that the optimum dose for TCI withxd was 80upg. However,
immunisation with only 30g was required for bothdgdVT and HM115 proteins as there
was no significant difference (P >0.05) betweenahbody response of mice immunised
with 30 or 80ug. When comparing the anti-TTxd Ig@s from mice immunised with 3 x
30 g in experiment 2, results showed that mice imnmediwith HWT (1.05IU/ml) was
considerably higher than those values obtained wmemunising with TTxd (0.161U/ml).
This difference, however, was not statisticallyngigant (P>0.05). A similar trend was
found when the antibody responses were measurdd-0Al coated ELISA plates. Data
showed that the geometric mean agi¥ IgG titre from mice immunised with 3 x 39

of HEWT (20.61U/ml) was significantly higher (P<0.05)atth those from mice immunised
with TTxd at the same dose (0.05IU/ml). Immunisatiwith 3 x 30pg HM115 showed
that the anti-HWT IgG titres were comparable to those obtainedifanunisation with
HcWT. Furthermore, anti-BEIVT IgG levels were significantly higher (P<0.05) fimice
immunised with 3 x 30pg &M115 (17.81U/ml) when compared to titres of mice
immunised with 3 x 30g TTxd (0.051U/ml). All mice immunised with PBS Fkad to

induce any measurable anttWT or TTxd IgG response.
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Table 4.1. Summary of the HWT and TTxd proteins used for the transcutaneous

immunisation experiments

Experiment Method of Immunising Dose ** Protein batch No.
Number hair removal  Antigen (ng/50ul) used for TC| ***
TTxd 200/100/30  NIBSC, 02/126
1 Shaving HWT 30/10/5 HcWT Batch-1
HcM115 30/10/5 HcM115 Batch-1
TTxd 80/30/10 NIBSC, 02/ 126
2% Shaving/Nair HWT 80/30/10 HcWT Batch-3
HcM115 80/30/10 HcM115 Batch-3
TTxd 30 NIBSC, 02/ 126
3 Shaving/Nair HWT 30 HcWT Batch-4
HcM115 30 HcM115 Batch-4
TTxd 30 NIBSC, 02/ 126
4 Shaving/Nair HWT 30 HcWT Batch-2/3
HcM115 30 HcM115Batch-2/3
TTxd 30 NIBSC, 02/ 126
5 Shaving/Nair HWT 30 HcWT Batch-4
HcM115 30 HcM115 Batch-4

*In Experiment 2, because of the low starting amtigencentrations, 2 x 50ul were
applied per mouse on day 0, 28 and 56
** Mice were immunised with a single dose on day Oa28 56.

*** See Table 3.2 for more details.
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Figure 4.1. Experiment 1: total IgG response folloimg topical application of various
concentrations of TTxd, HCWT or HcM115 onto shaved mouse skinindividual sera
samples from groups of mice (n = 5) in Experimemiete collected 14 days after the third
immunisation. Individual sera were tested for ali-&iixd and b) anti-HWT IgG
ntibodies by ELISA. Data are presented for indiadu mice ().
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Figure 4.2. Skin pre-treatment prior to topical apgication of tetanus proteins Before topical application of tetanus proteingoon
abdominal skin, hair was removed by a) shaving)dsybapplication of a depilatory cream (Nair) fot®3 minutes prior to removal by a
dampcloth.
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Tables 4.2. Experiment 2: Anti-IgG responses followg TCI of shaven / depilatory
cream mice

a) Geometric mean anti-TTxd IgG response (95% CI)

Antigen Dose Anti-TTxd IgG, 1U/ml
(9 (95% CI)
3x80 5.30 (1.40-19.4)

TTxd 3x 30 0.16 (0.01 — 1.29)
3x 10 0.02 (0.01 — 0.15)
3x 80 1.04 (0.20 — 5.20)

HWT 3x 30 1.05 (0.28 — 3.80)
3x 10 0.09 (0.02 — 0.34)
3x80 0.40 (0.02 — 6.01)

HcM115 3x30 0.85 (0.02 — 4.69)
3x10 <0.01

PBS N/A <0.01

b) Geometric mean anti4¥T IgG response (95% CI)

Antigen Dose Anti- HWT 1gG, 1U/ml
(9 (95% CI)
3x80 3.37 (0.3-35.70)
TTxd 3x30 0.05 (0.02 - 1.43)
3x10 <0.01
3x80 7.95 (0.79 - 79.6)
HWT 3x30* 20.6 (8.60 - 49.1)
3x 10 7.80 (3.87 - 15.7)
3x 80 23.9 (7.0 - 81.7)
HcM115 3x30* 17.8 (6.29 - 50.6)
3x10 0.15 (0.01 — 16.5)
PBS N/A <0.01

Antibody levels were detected in individual mouseasby ELISA against TTxd orddVT protein. Data are
the calculated geometric mean antibody levels feontifferent animals expressed as IU/ml againstran i
house reference serum (1.68 IU/ml). For analysisgmith antibody levels below twice the level dbtal
for the saline control groups were assigned thaevaf 0.01 IU / ml. CI, confidence intervals wessigned

to groups where > 40% of mice responded. *P < @d¥Bpared to TTxd. N/A, not applicable.
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Figure 4.3. Experiment 2: Total IgG response follomg topical application of various
concentrations of TTxd, HkWT or HcM115 onto hydrated depilatory cream treated
mice skin. Individual sera samples from groups of mice (B)=were collected 14 days

after the third immunisation. Individual sera weested for a) anti-TTxd and b) anti-

HcWT IgG antibodies by ELISA. Data are presentediridividual mice () in addition to

the geometric mean titre (GMT)) expressed as U / mk P < 0.05 vs. TTxd.
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Kinetics of antibody and neutralising antibody resmpnse following TCI

with tetanus antigens

To compare the immunogenicity otWT, HcM115 and TTxd following TCI, the kinetics
of the anti-TTxd and anti-tWT IgG and TeNT neutralising antibody responsesewer
followed by measuring serum antibody levels 4 wesdkex both the primary immunisation
(day 28) and the first boost (day 56), and 2 wedtes second boost (day 70). (Experiment
3; see Table 4.1). Results from initial optimisatexperiments showed that 30pg was the
optimal dose for TCI with H fragments. Therefore, for the purpose of the kiseand
neutralisation studies, groups of mice were immeohiwith 30g of all tetanus proteins.
Separate groups of mice were immunised for each point and control group of mice

were given PBS alone.

Kinetics of anti-TTxd or anti-H cWT antibody response

Mice given a single immunisation of tetanus pragetiid not induce a significant anti-
TTxd IgG response to any antigen on day 28 (P>0Fgure 4.4a). However, after a
second immunisation the antibody levels, as detexthbn day 56, revealed a substantial
anti-TTxd IgG response in groups that receivegMT or TTxd, but not in those that
received HM115. After a third dose of antigen, and when asadlyon day 70, an antibody
response was seen in groups of mice immunisedkgW115, and an increased response
in groups immunised with g¢WT. Nevertheless, no significant difference betelee
responses of the three proteins was evident dfeethtird immunisation as determined on
day 70 (P>0.05). When the anti-lgG response d@&/H protein was measured, the kinetics
was slightly different (Figure 4.4b). A primary aktcWT 1gG response was detected in
mice immunised with BWT only. A steady increase in IgG titre was obsdriadlowing a

second and a third dose for all proteins, withrésponse of mice immunised witleWT
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remaining significantly higher than eitheicM115 or TTxd at all measured time points
(P<0.05). All mice given PBS alone remained negatv all time points, when tested for

anti TTxd or anti-HWT responses.

Kinetics of antibody tetanus toxin neutralising poency

To confirm the anti-TTxd and antidELISA results, sera samples were pooled and used
in anin vivo mouse TeNT neutralisation assay using a pre-detednconcentration of
TeNT (50 PRg). The TeNT neutralising kinetics was followed byeasuring the
neutralising potency of serum antibodies 4 weetex dfoth the primary immunisation and
the first boost, and 2 weeks after second boostladimg the study on day 70Results
showed that in contrast to antzHELISA following primary immunisations, the TeNT
neutralising potencies were below the level of cide (<0.05IU/ml) for all of the sera
samples (Figure 4.5). However, after one boostedt é measured on day 56), the level of
neutralising antibodies increased in both the M and TTxd groups between 0.5 to
0.61U/ml, but remained below the level of detectiorthe group of mice immunised with
HcM115 protein. Interestingly, results showed that kimetics of the protective antibody
responses following TCI with $WT and TTxd were different. A continuing increase i
protective antibody response was only observediHiWT (<0.05, 0.6 and 1.91U/ml at 28,
56 and 70 days respectively) whereas the responB&xd did not appear to improve over
the same period and following second booster 0.0& 0.5 and 0.21U/ml). However,
different sets of animals were used in the kinstiedy for each time point, and some

variability between groups can be expected.

102



Chapter 4: Immunogenicity of tetanus antigens foilhgy TCI in mice

a) 10+
£
S5 17
@
E o1
o 01
=)
2
1 °
":. 0.01
=
<
b) 0.001
*
*
100 *
E 10 /
2
e 17
O
2 0.1-
O
-
= 0.011 ® ®
<
0.001

28 56 70

Time (days after immunisation)

Figure 4.4. Kinetics of the IgG antibody responsesollowing transcutaneous
immunisation of mice with Hc fragments or TTxd. Mice (n = 5) were immunised with
30ug of HWT, HcM115 or TTxd on days 0, 28 and 56. Sera samples weltected on
days 28, 56 and 70 and tested for a) anti-TTxd @nanti-H-WT antibodies. Results are
expressed as geometric mean titre (GMT) with orgpar standard error of the mean
(SEM) values showing. *, P 0.05 when compared to TTxd oeM115. Arrows indicate
immunisation time points, post bleeds) HWT; (), HeM115; (), TTxd and (), PBS.
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Figure 4.5. Kinetics of tetanus toxin neutralisatio antibody response following TCI
with H¢ proteins and TTxd. Neutralisation potency was determined on pooled saou
sera samples from each group (5 mice per groughtak days 28, 56 and 70 after TCI
with 30pg TTxd (black), BWT (white) or HM115 (grey). The neutralising potencies
were determined in a mouse passive protection magehg a pre-determined
concentration of TeNT (50 RpB) taking WHO International Standard for Tetanus
Antitoxin (TE-3 at 120lU/ampule) as reference. Rissare expressed in International
Units per millilitre (IU/ml).
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Antibody responses following transcutaneous immumaegion with tetanus

proteins

To study the magnitude of antigen-specific antiboegponses following TCI, an in-depth
analysis of the anti-TTxd and anteWT IgG response following 3 immunisations with
30ug of HWT, HcM115 or TTxd, was carried out. A total of 4 indedent experiments

were performed and all experiment numbers are coabfato those reported in Tables 4.1

As shown in Table 4.3 and Figures 4.5 and 4.6, an @ (i.e. 2 weeks after the third
dose), all proteins induced measurable antibodyoreses above background levels with
the exception of EM115 in Experiment 2 where no measurable respore detected
any of the 5 mice (<0.011U/ml). Furthermore, in @edperiments, mice immunised with
HcWT consistently induced higher antibody responsedesermined by ELISA. However,
the magnitude of responses for each of the protegasdependent on the coating antigen
used in the ELISA. For example, when TTxd was us®@ coating antigen, the response
of sera from mice immunised withcM/T was 2 to 12 fold higher than the response
induced when mice were immunised with TTxd (Tabl8, $art a; Figure 4.6). This
difference was not statistically significant (P>®).0However, in all 4 experiments, when
HcWT protein was used as a coating antigen (Tablep&a® b; Figure 4.7), the responses
of mice immunised with BWT were significantly higher (100 to 340 fold; P&B) than
responses induced from the sera of mice immunisigd WIxd. In contrast to mice
immunised with HWT, the antibody response following TCI withciM115 was highly
variable between experiments, ranging from no nespdExperiment 2) to an appreciably
high response (Experiment 5). However, they weveayd lower than responses to the

HcWT fragment, regardless of the coating antigen dse@&LISA (Table 4.3, parts a and
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b; Figure 4.6 & 4.7) and this difference was sigaift (P<0.05) in experiment 3 (Table
4.3, part a; Figure 4.6¢). InterestinglyMiL15 induced a significantly higher antcWT
response (P<0.05) compared to mice immunised witkdTin 2 of the 4 experiments
(Table 4.3, part b; Figure 4.7). All control micedted with PBS alone remained negative

for anti-tetanus antibodies (i.e below detectiomtliof 0.011U/ml).
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Table 4.3. Anti-TTxd and anti-Hc responses following transcutaneous immunisation

with TTxd or H ¢ fragments

a) Geometric mean anti-TTxd IgG response (95% CI)

Immunising agent

Experiment No. Mice TTxd HWT H-M115 PBS
No

2 5 0.3 (0.04-1.9) 1.7 (0.4-7.05) <0.01 <0.01
3 5 0.1 (0.01-1.3) 1.1(0.3-3.8) 0.4 (0.03-4.7) <0.01
4 5 0.8 (0.1-5.1) 2.5(1.3-5.0) 0.2 (0.05-0.8} <0.01
5 7 0.8 (0.2-2.8) 1.3(0.7-2.7) 1.1 (0.4-2.8) <0.01

b) Geometric mean anti-HEWT IgG response (95% CI)

Immunising agent

Experiment No. Mice  TTxd HWT H:M115 PBS
No

2 5 0.1(0.01-1.9) 10.8(0.9-129.4) <0.01 <0.01
3 5 0.1(0.02-1.4)  20.6 (8.6-49.2Y 4.0 (0.06-270.6) <0.01
4 5 0.4 (0.01-10.6) 25.3(12.0-53.8) 0.6 (0.02-16.5) <0.01
5 7 2.1 (0.6-7.7) 20.8 (9.5-45.9Y 16.2(9.1-28.4%) <0.01

Animals were immunised on days 0, 28 and 56 witpu@®f TTxd, HRWT or H-M115 protein and
anti-lgG antibody responses against a) TTxd and»YT were measured by ELISA on day 70.
P < 0.05, when compared to IgG response for migatimised with HWT. ° P < 0.05, when
compared to 1gG response for mice immunised witkdl Experiment numbers are comparable to

those in Table 4.1.
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Figure 4.6. Total IgG anti-TTxd response followingtopical application of HcWT,

HcM115 or TTxd onto hydrated depilatory cream treatedmouse skin.Individual sera

samples from groups of mice (n=5 to 7) were codldctl4 days after the third

immunisation. Sera were tested for anti-TTxd IgQGikedies by ELISA. Data are

presented for individual mice | in addition to the geometric mean concentrat@M(;

(-)) expressed as IU/ml. Results from a) Experimert)ZExperiment 3;c) Experiment 4;

and d) Experiment 5. Experiment numbers are corbpgata those in Table 4.1 and 4.3
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Figure 4.7. Total 1gG anti-HcWT response following topical application of HWT,
HcM115 or TTxd onto hydrated depilatory cream treatedmouse skin.Individual sera
samples from groups of mice (n= 5 to 7) were ctdlécl4 days after the third
immunisation. Sera were tested for anti-TTxd IgQGikendies by ELISA. Data are
presented for individual mice | in addition to the geometric mean concentrat@m(;
(-)) expressed as IU/ml. Results from a) Experimerit) Zxperiment 3; ¢) Experiment 4;

and d) Experiment 5. Experiment numbers are corbpata those in Table 4.1 and 4.3.
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Neutralising potency of tetanus antibodies followig TCI

To further study the neutralising potency of tetrantibodies after TCI, a total of 4

independent neutralisation experiments were peddrmasing the same sera samples
(collected on day 70) as in ELISA studies. Expernitneumbers are comparable to those
reported in Table 4.1. Collectively, results showiledt sera from mice immunised with

HcWT exhibited the highest neutralising potency indabf the independent experiments
(Table 4.4). The geometric mean neutralisationmmtef sera from mice immunised with

HcWT (1.61U/ml) was significantly higher (P<0.05) cpared to the mean neutralisation
potency of sera from TTxd immunised mice (0.31U/ml) H-M115 immunised mice

(0.31U/ml).
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Table 4.4.In vivo neutralisation activity of sera from mice immunise& with TTxd and

Hc fragments

Immunising agent

Experiment No TTxd HWT H:M115

2 <05 2.3(2.0-2.5) N/D

3 0.1(<0.1-0.13) 0.8(0.7-0.9) 0.3(0.2-0.3)
4 0.2(0.2-0.3) 1.9(1.6-2.3) <0.1

5 0.9(0.8-1.1) 2.9 (1.8-8.8) 0.6(0.4-1.1)
Geometric

mean antitoxin 0.3(n=3) 1.6(n=3) 0.3(n=2)

potency (IU/ml)*

Neutralisation potency was determined on pooledsa@era samples from each group (5-7 mice
per group) taken on day 70, 14 days after the thimdscutaneous immunisation with tetanus
proteins. The neutralising potencies were deterchinea mouse passive protection model taking
WHO International Standard for Tetanus AntitoxirE¢E at 120 1U/ampule) as reference. Results
are expressed in International Units (IU)/ml ofusar N/D, not determined as antibody response

below detection limit. *, Geometric mean calculatesin Experiment 3 to 5.
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Antibody subclass distribution profile and avidity

In addition to the generation of robust protectametibody response following TCI,
antibody subclass distribution and avidity are alsportant factors to consider in the
prevention of tetanus. In this study, the subctisgibution and avidity was investigated
following TCI with tetanus proteins. Analysis ofetlielative concentrations of anti-TTxd
IgG subclasses showed that immunisation wigH, HctM115 or TTxd induced mainly
the 1gG subclass (over 94 % of total IgG) with less thé&h & the total IgG belonging to
19G2a 19Gyp Or 1gG; subclasses. This is indicative of a-2 type immune response. No

measurable serum IgA or IgM was detected in arth@immunisation groups.

A chelating agent (ammonium thiocyanate; ATC) wagdito measure the antibody
avidity in an ELISA assay as previously describ€tgpter 2). Preliminary experiments
were carried out to determine if solid-phase amsgeould be affected by ATC treatment.
Various concentrations of ATC (1 to 9M) were addedH-WT or TTxd coated ELISA
plates before the addition of a NIBSC in-house mousference sera (Biken DTaP,
1.681U/ml). Results showed that ATC had very litdfect on the binding of TTxd
(1png/ml) to ELISA plates (Figure 4.8). As concetitnas of ATC reached 9M, over 80%
of the reference sera remained bound to TTxd coBfielbA plates. However, when
HcWT protein was used as a coating antigen, the cdraten of bound reference sera
decreased in a dose-dependent manner as the ATé@ntaation increased (Figure 4.8).
When the ATC concentration reached 8M, only 20%hefreference sera remained bound
to ELISA plates. For future antibody avidity ELISA$Txd was used as the coating
antigen as high concentrations of ATC appearedféxtathe binding of HWT protein to

ELISA plates.
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The antibody avidity kinetics were studied by messuserum antibodies 28 days after
both the primary immunisation and the first boasig 14 days after the second boost (sera
from Experiment 3). Over the course of the immumesaschedule, affinity maturation of
immune sera was evident for all mice immunised WgWT, HcM115 or TTxd (Figure
4.9). Results showed that following primary immuatisn, the avidities of anti-TTxd
antibodies from groups of mice immunised witgVIAT or TTxd were very low (avidity
index= 1.5 and 1, respectively). Mice immunisedm80ug of HM115 did not give a
measurable anti-TTxd IgG as determined by ELISAb(@&4.4, part a), therefore, the
antibody avidity was not determined. Following a@®& immunisation, the avidity indices
were significantly increased in all groups (P<0.0R)e avidity index for sera from mice
immunised with TTxd (avidity index= 5) was highéah that of HWT (avidity index= 3)
and HM115 (avidity index=3.4). Further increases in #@yidndices were evident in
groups immunised with ¢WT, HctM115 and TTxd after a third immunisation. However,
this increase was not significant for mice immudiseth HEWT or H-M115 (P>0.05), but

was for groups of mice immunised with TTxd (P<0.05)
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Figure 4.8. The inhibitory effect of ammonium thiogyanate (ATC) on IgG binding to
solid-phase antigens. TTxd) or HKWT (1pg/ml) coated ELISA plates were incubated
with various concentrations of ATC before the additof anti-TTxd reference sera
(1/200). The antibody content in control wellstfwaut ATC) was considered to represent
the total concentration of anti-TTxd ogWT antibody, and antibody content in wells with
added ATC was expressed as a proportion of thad teesults are the mean of 5 replicates
+ SEM. () HEWT or () TTxd coated ELISA plate.
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Figure 4.9. Relative avidity maturation of anti-TTxd antibodies from mice immunised
with Hc protein or TTxd. Sera samples were collected on days 28, 56 aridllé@ing
immunisation with 30ug a) TTxd b)dWT or ¢) HHM115 and antibody avidity was tested
using ATC displacement ELISA. Avidity was expressad avidity index, which
corresponds to the concentration of ATC requiredniuce a reduction of antibody
binding to coating antigen (TTxd) by 50%. Resules expressed as the mean of 5 animals

+ SEM.
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Cellular immune response following transcutaneousmmunisation with

tetanus proteins

In this study, the cellular immune response follogvit CI with H: proteins or TTxd was
investigated on day 70, 14 days after the third imisation. Once initial assay conditions
were optimised, the degree of antigen-specific T1&sponses was measured by spleen
cell proliferation uporin vitro re-stimulation with tetanus proteins, and by exang the

cytokine profiles of culture supernatant.

Optimisation of spleen proliferation assay

To optimise spleen cell proliferation assay cowodisi spleen cells were collected from
immunised animals on day 70 and incubateditro with the corresponding immunising
antigen at a concentration of 10ug/ml. The kinetdsspleen cell proliferation was
measured on days 3, 5 and 7 by incorporatiofiHsthymidine into cells. Results were
expressed as counts per minute (cpm) relative Ite celtured in the absence of protein.
As shown in Figure 4.9, no measurable proliferatiegsponse to recall antigens was
detected for any groups on day 1. However, a saamf increase in proliferation was
evident for all groups of mice by day 3 (P<0.05)thwthe response in mice immunised
with HCWT protein being over 2-fold higher than those @bups immunised with
HcM115 or TTxd. By day 5, a further significant inase in the cellular response was
observed for all groups of mice (P<0.05). Once mghie proliferative response of groups
of mice immunised with BWT was over 2-fold higher when compared to groups
immunised with EM115 or TTxd. A significant decrease was evidemiday 7 in groups
of mice immunised with BWT or TTxd (P<0.05) but not for mice immunised with
HcM115 where the proliferative responses remainedistent to that of day 5. However,

the cellular immune response to recall antigengrfime immunised with BWT was still
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higher than that of groups immunised witkNHL15 or TTxd on days 5 and 7. These
results were significant for responses on day § k0.05). Overall, results demonstrated

that the optimal end-point for the spleen prolifena assay was day 5.

To optimise the concentration of recall antigensuee in spleen cell proliferation assays,
spleens were taken from immunised animals and eate incubated with 0.4, 5, 10 and
50ug of the corresponding immunising antigen. LewéfH-thymidine incorporation were
measured on day 5 as determined by the end-pointisption assay. A clear dose
response relationship (a higher response with high#gen concentration) was observed
for groups of mice immunised with dM115 or TTxd (Figure 4.11). However, the
proliferation was relatively weak for mice immundseith H-tM115 when concentrations
of recall antigens were below 10ug. Cells takesmfrmice immunised with EWT
showed the highest proliferative response to reaatigens at all doses except 50ug.
Counts remained above 7000cpm when protein coratenis were between 0.4 to 10ug

but dropped to 3000cpm when treated with a pratencentration of 50ug (P<0.05).
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Figure 4.10. Optimisation of spleen proliferation asay time point. Mice were
immunised with 3 x 30ug of ¢WT, HcM115 or TTxd and spleens were collected on day
70. Approximately, 4 x 1Dspleen cells were incubated in vitro with 10pg/mltioe

corresponding immunising antigen. On days 3, 5 aspleen cells were pulsed with

0.25uCi *H-Thymidine for 8 hours prior to harvesting ontdtefi mats.*H-Thymidine

incorporation was read using a Nucrobeta readesulB®eare expressed as counts per
minute (cpm). Each data point is the mean cpm afighals £ SEM. Spleen cells from a),
TTxd b) HHWT and ¢) RM115 immunised mice.
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Figure 4.11. Optimisation of protein concentrationfor spleen proliferation assay time
point. Approximately, 4 x 1Dspleen cells were incubated in vitro with 0.4, B, dr
50pg/ml of the corresponding immunising antigen. @ys 3, 5 or 7 spleen cells were
pulsed with 0.25uCPH-Thymidine for 8 hours prior to harvesting onttiefi mats.*H-
Thymidine was read using a Nucrobeta reader. Reaudt expressed as counts per minute
(cpm). Each data point is the mean cpm of 3 anim&&M. Spleen cells from a), TTxd;
b) HEWT and ¢) RM115 immunised mice.
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Analysis of spleen cell proliferation and cytokinesecretion following TCI with tetanus
proteins

To analyse the spleen cell proliferative resporfeliewing TCI with tetanus antigens
spleens were collected on day 70, 2 weeks afterthiind immunisation, and antigen-
specific T-cell responses were measuring by thaedegf spleen cell proliferation on
exvivo re-stimulation with tetanus antigens, and by anslyd the cytokine profiles
production in the culture supernatant from the saxgeriment. Results showed that
spleen cells from mice immunised trascutaneoustl WiIrxd, HHWT or HcM115 proteins
exhibited a strong proliferative response to aligams, which was significantly higher
(P<0.05) compared to control groups (Figure 4.1&)mune spleen cells taken from mice
immunised transcutaneously withcWT protein exhibited the highest proliferative
response to all antigens, with a stimulation in@&R of 3.5, 7.4 and 5.7 in responses to
TTxd, HEWT or HcM115, respectively. All of these responses weraiigantly higher
(P<0.01 or P<0.001) when compared to the equivgleniiferative responses of spleen
cells taken from mice immunised with TTxd. In aduht the proliferative responses in
mice immunised with BWT were higher in comparison to cells taken fromceni
immunised with HM115, and this response was significantly highesO(B5) when re-

stimulated with HWT.

Cytokine secretion from the sanex vivore-stimulated spleen cells collected from the
immunised animals on day 70 was also measured. @@uggo PBS controls, low but
detectable levels of IL-5 and IL-6 were presenainsupernatants of spleen cells in the

presence of the immunising tetanus proteins (Figut8).
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Figure 4.12. Proliferation of spleen cells from mie following transcutaneous
immunisation with H¢ fragments or TTxd. Spleen cells from individual mice (3 per
group) were isolated 14 days following the thirdnomisation with 30pg HCWT, HcM115
or TTxd. Cells were cultured with 10pg/ml ofcHor TTxd proteins for 5 days and
proliferation was determined byH-thymidine incorporation into cells. Results are
expressed as mean stimulation index (SI) with u@eM showing. * P <0.01 and **
P<0.001 when compared to mice immunised with TT&dR<0.05 when compared to mice
immunised with HM115.
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Figure 4.13. Cytokine secretion by immune cells frm mice transcutaneously
immunised with Hc fragments or TTxd. Spleen cells from individual mice (3 per group)
were isolated 14 days following the third immunisat with 30pug TTxd, HWT or
HcM115 and were cultured for 48 hours in the presesicéghe immunising antigens.
Supernatants were harvested and assayed for ajahid®) IL-6 by ELISA. Results are
expressed as mean concentration (pg/ml) with uBg limit showing. Detection limits

of the assays are shown by the broken line (---).
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Discussion

Like other toxin-related diseases such as diphdhgriotection against tetanus is directly
co-related to the level of neutralizing antibodies the serum (MCCOMB, 1964).
Protection against tetanus is entirely dependentvaccination to induce protective
antibodies, and periodic booster doses are requredaintain immunity. Conventional
tetanus vaccines consist of TTxd, prepared by tleatment of the toxin with
formaldehyde, and it is recognised that the abditguch proteins to induce specific toxin
neutralising responses could be improved (Robéirsd, 2005b). Potential safety concerns
and the need for extensive testing to monitor foeedrom toxicity with retention of
adequate immunogenicity has prompted investigatiots replacing TTxd with more
defined recombinant non-toxic molecules (Roblehsl, 2005). Highly purified vaccine
antigens have provided an opportunity to explore& aed more relevant delivery routes
for immunisation, including oral (Tacket al, 2000b) and intranasal routes (McNeeta
al., 2004a). TCl is a promising method for vaccinewegl which has been successful in
animal models (Glenret al, 1998; Beignonret al, 2001) and shown to be safe and
effective in clinical trials with ark.coli derived vaccine antigen (Etchaet al, 2007)
including bacterial toxins (Glenat al,1998; Guerena-Burguerat al, 2002; Glennet
al.,2007; McKenzieet al, 2007). In the present study, the immunogeniaitg antigen-
specific TeNT neutralising antibody responses @WH, HcM115 or TTxd in mice

following TCI was investigated in the absence of arucosal adjuvants.

Preliminary experiments were carried out to opteni<C| skin pre-treatment conditions
and antigen dose. The results from these studiewesh that all tetanus proteins were
poorly immunogenic when applied directly onto hyddashaved skin. This is consistent

with the results from previous studies where sintpfdcal application of antigens in the
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absence of adjuvant onto hydrated shaved skin alidnduce effective immune responses
(Glennet al, 1998). The majority of TCI studies reported taedhave relied on powerful
mucosal adjuvants for induction of effective anatpctive immune response against
traditional and emerging infectious diseases amccémcer immunotheraphy (Beigneh
al., 2001; Glennet al, 1998; Glenret al, 1999; Ghoseet al, 2007; Pitcovskiet al,
2006). In the present study, measurable serum aahtibesponses were generated only
when shaved skin was also treated with the depylatieam prior to antigen application.
The application of the depilatory cream appearegktoove the residual hair that was left
behind after shaving. There was no sign of any m#vesactions such as inflammation or
irritation following application of the cream. B possible that removal of residual hair by
the application of depilatory cream allows the ¢afly applied antigens to gain better
access to the underlying skin layers. On the oki@erd, it is possible that some of the
depilatory cream remains in the epidermis and astsan adjuvant by stimulating the
underlying immune cells. Results from theses ihstaidies also demonstrated that the
optimal does for TCI was considerably lower fog proteins compared to that for TTxd.
Data showed that in groups of mice immunised witWH or HcM115, no significant
difference (P > 0.05) in antibody response was mesebetween TCI with 30pg/ml or
80ug/ml. In contrast, the optimum dose for TCI withxd was 80ug/ml, as when the
concentration of TTxd was increased from 30ug/mB@ug/ml, a significant increase

(P<0.05) in antigen specific IgG antibodies waglent in serum samples.

Results from the kinetic studies showed a contiuimcrease in total and functional
antibodies induced by dWT, from below the level of detection after primary
immunisation to 0.5 IU/ml and 1.9 IU/ml after a sed and third dose, respectively. This

was opposed to the kinetics induced following immation with TTxd where no further
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increase in antibody or functional antibodies weislent after the second immunisation.
Furthermore, measurable protective antibody resgsongre evident in groups immunised
with HcM115 following the third dose only. When the humoresponse was further
analysed on day 70, results from 4 independentrerpats showed that TCIl withdWT
was consistently more potent than TTxd in inducamgigen-specific TeNT neutralising
antibodies. Overall, results showed that mice imiseoh transcutaneously withc/T
protein induced antibodies that had-fold higher TeNT neutralisation activity thdrose
immunised with TTxd. Characterisation of the antipoesponse showed that the majority
of 1gG antibodies formed following booster vaccioas with tetanus proteins were
predominately Ig@ subclass. This is in line with the fact that imnaation with proteins
antigens, such as tetanus proteins, induces al-Begéndent immune response which
consists mainly of Ige& (Seppalaet al, 1984). After repeat vaccination withcWT,
HcM115 and TTxd the affinity of antibodies also irmsed. Affinity maturation is a
consequence of mutation of the immunoglobulin geiolswed by selection of B-cell
clones. Such a production of memory B-cells, whackur primarily in T-cell dependent
antibody responses, confer a long lasting abibtyespond to subsequent encounters with

the same antigen (Kroaat al, 1999).

The result presented in this study are in contmptevious immunisation studies using the
subcutaneous route, where the recombinagViH protein was at least 100-times less
potent/dose compared to TTxd (Q&tial, 2006). A possible reason for this is that that
there is a more efficient uptake of the Hrotein through the skin due to its small size
compared to TTxd. In addition, due to formaldehyEatment, TTxd is heavily cross-
linked which not only increases its size, but atsmld increase its stability in the

circulation. The stability of TTxd could be impantafor its ability to induce antibodies
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after subcutaneous immunisation but could be leg®itant for TCI, where antigen may
be taken up directly by local immune cells. Toxogliof proteins with formaldehyde is
known to alter the immunogenicity of proteins irvariety of ways. Treatment with low
concentrations of formaldehyde has been shownd@ase stability and immunogenicity
of some recombinant toxin antigens (McNeelal, 2004b;Nencionet al, 1991a) when
delivered subcutaneously or orally, but excessreatinent can also result in a drastic
reduction of protective antibodies upon immunisat{dlencioniet al, 1991b;Robbin®t

al., 2005c).

As mentioned, the data presented in this study statlvat high and sustained levels of
protective antibody responses could be generatkviag TCI with HCWT in the absence
of adjuvant. Furthermore, only 4 to 5 fold highetigen doses were required to induce
comparable protective tetanus antibody responske W@WT protein delivered by TCI
compared to the dose used for the subcutaneougedelioute as shown by Qaet al,
(2006) using identical proteins. Only one previastisdy reported the delivery of /T
protein (also termed TetC) by TCI, which in theee of CT adjuvant, failed to induce
appreciable protection (Glerat al, 1999). This study also showed that in the abs@fc
adjuvant, low anti-tetanus antibody responses vedrgerved after 4 doses of 100ug
HcWT, with only 2 out of 5 mice showing protectionampchallenge with TeNT. Whereas
it is difficult to directly compare the results frothe present study with that of previous
work, a high neutralising antibody response, apipnaxely 200-times above the minimum
protection level (0.011U/ml), was obtained afted@es of 30ug of &WT. Furthermore,
neutralizing anti-TeNT potency in this study witik\WT was comparable or superior to
those induced with TTxd by TCI in the presence GiRIZ2 or LTK63, respectively

(Tierneyet al, 2003). Interestingly, the results presentecis study are in agreement to
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another TCI study using diphtheria antigens. Theselts demonstrated that the native
CRM;yg7 of diptheria toxin was sufficiently stable and imnogenic for TCI delivery as it
was able to significantly boost pre-existing imntynto diphtheria, and neutralising
antibody levels were comparable between groupstedaibcutaneously with diphtheria
vaccine or via TCI using native CRM in the absence of adjuvant (Stickirgsal, 2008).
Furthermore, a recent study using TTxd has alsdirooed that effective TCI in the
absence of adjuvant is also possible. By prolongegperiod of time that TTxd was in
contact with the skin by up to 16 hours generatetegtive levels of anti-TeNT antibodies
(Naito et al, 2007b). Nevertheless, co-administration of Cd, diowever, significantly

increase protective antibody responses.

Results presented in this study, showed that 115 mutant was consistently a poorer
and more variable immunogen by the TCI route tih@nHWT protein despite differing in
only two amino acid residues. This is in agreemeitlh previous subcutaneous studies,
where HM115 was up to 100-fold less immunogenic thag®H (Qazi et al, 2006).
However, the reason for the lower immunogenicityHgM115 is unknown. BM115
contains two point mutations that disrupt bindirfighe protein to the sialic acid and Gal4-
GalNAc3 moieties of the ganglioside receptor Thesnadvious explanation would be that
introducing point mutations into the Gal4-GalNAcBd#or sialic acid binding sites of
HcM115 protein destroys epitopes that are essentialgenerating proper protective
Immune responsdn addition, it is also possible that because efititroduced mutations
the HM115 protein is not as stable ag\WT protein and may therefore be susceptible to
faster degradation. Previous studies using circdiehroism (CD) analysis showed no
significant difference in the spectra whepWAT was compared to 1115 suggesting that

the mutations introduced caused no gross effedthensecondary structure ofcM115
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protein (Qaziet al, 2006). It has been postulated that the amindsaat the site of the
point mutations could be essential for generatioprotective epitopes (Qaet al, 2006).

It is also possible that loss of ganglioside bigdoould directly affect immunogenicity by
altering interactions with immune cells. In thigaed, the potent adjuvant CT also has
ganglioside binding activity (to GM1 as opposedGdlb or GD1b) and its adjuvant
activity in TCI has been shown to depend on thegaside binding domains, although

the binding activityper sewas not shown to be essential (Godekbwl, 2005b).

In agreement with previous studies, this studydwadirmed that in addition to induction
of functional and protective antibody response, T@h also elicit an antigen-specific
cellular response. Data obtained from a memoryllrexssay confirmed the strongest
proliferative response of spleen cells from animatsnunised with HWT protein
confirming that the cellular immune response indubg H-WT was significantly higher
than that induced by TTxd (P<0.05). Although a diresomparison between groups could
not be carried out, cytokine data shows that detis immunised animals secreted IL-5
and IL-6 upon restimulation with the immunising iget which is indicative of a 2
type response and are in agreement with the furatiand protective anti-TeNT antibody

data.

Collectively, the results presented in this thdwmse, thus far, provide new information
regarding use of purified, recombinant sub-unitinexfor effective delivery by TCI and
may provide a basis for improved vaccines agairestymnfectious diseases that currently

rely on formaldehyde inactivation of toxins.
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Introduction

To understand the molecular mechanisms involvedhm induction of an immune
response following TCI using tetanus proteins aslehantigens, and to explore possible
reasons for the difference in the magnitude ardnutralising potency of the antibody
response induced by HCWT and TTxd, (as showrClmapter 4, the interaction and
translocation of tetanus proteins with skin cellwvitro andin vivo was investigated. For
thein vitro studies, a keratinocyte cell line, HaCaT, and prim@ltures of murine bone
marrow-derived dendritic cells were used. Cellseveultured in the presence of TTxd
and H: proteins and cell activation was assessed by miegsui) cytokine secretion (IL-
1 and TNF-) and (ii) the levels of expression of some actoraimarkers (ICAM-1, B7
and MHC-II molecules. For tha vivo studies, the interaction ofdfroteins and TTxd
with skin was indirectly assessed by measuringdfiels of IL-1 and TNF- mRNAs in
samples taken from the site of topical applicatismg real time RT-PCR. Furthermore,
the translocation and localisation ofc Hprotein and TTxd following TCl was also

investigated using immunohistochemistry.

Culture optimisation and characterisation of bone narrow cells

Bone marrow derived DCs were prepared from murmeelmarrow cells as described in
Chapter 2 Following 3 to 4 days culture in the presenceGdfi-CSF and IL-4, large

clusters of adherent cells began to appear ondtterb of culture dishes. By day 5 to 7
these clustering adherent cells began to dislodgeam increased abundance of semi-
adherent, as well as non-adherent, cells was apparethe culture medium. Non-

adherent, or loosely attached, cells were harvesteday 7 by gentle resuspension via
pipetting. Cell counts, viability and the proportiof cells expressing DC-like markers

(CD11c and MHC-II) were determined. Results frorm@ependent experiments showed
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that on day 7 of culture, approximately 2 ¥ bdne marrow cells were obtainable with a
viability of 70% per mouse (data not shown). Phgoe analysis of these cells showed
that approximately 20% were CDI1land 65% were MHC-1I(Figure 5.1). Enrichment
for DC by density gradient separation showed thtabagh cell recovery was low, with
approximately 3 x 10bone marrow cells per mouse being harvested ftarinterphase
between HBSS and the 11.5% OptiPrep density grgdsefi viability increased from 70
to 95% (data not shown). Furthermore, the proportibcells expressing DC like markers
increased significantly from 20 to 50% followingrdé&y gradient separation (Figure 5.1).
Similarly, 80% of cells expressed MHC-II moleculesmpared to only 65% before

enrichment (Figure 5.1).
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Figure 5.1. Isolation and characterisation of bonenarrow cells. Bone marrow cells
were collected from female Balb/c mice and cultuiedthe presence of GM-CSF
(20ng/ml) and IL-4 (20ng/ml). Non-adherent cellsres harvested on day 7 and stained
with monoclonal antibodies specific to CD11c or MHHGOnolecules and analysed by
immunofluorescent staining and flow cytometry bef@white) or after (grey) density
gradient separation. Data are expressed as the n8BM of 3 independent experiments.
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To further optimise bone marrow DC isolation, aperxxment was carried out to assess
cell recovery, viability and phenotype at differdithe points in culture. As shown in
Figure 5.2, cell recovery between day 5 and 7 veawéden 6 to 7 x focells/mouse and
by day 9 the number of cells recovered dropped xol® cells/mouse and continued to
decrease on day 11 (0.5 x°X&lls/mouse). However, despite a reduction in reglbvery
with time, a high cell viability (>90%) was maimaid during the culture period with the
exception of day 11 when viability level dropped&fo (Figure 5.2). Phenotype analysis
of these cells over time showed that following Y& culture, approximately 40% of
cells were CD11ctand that this proportion of CD11cells was optimal on day 7 with
approximately 50% of cells expressing the markeguie 5.3a). Between days 9 to 11,
the proportion of CD1Iccells in culture decreased in comparison to dawith levels
returning to that observed on day 5. A similar trevas observed for the expression of
MHC-II molecules (Figure 5.3b). On day 5, 80% of cells evpositive for MHC-II
expression and this increased to over 90% by da& ieduction in the proportion of
MHC-II" cells was observed between day 9 and 11 when me than 65% of cells were

positive for surface expression.
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Figure 5.2. Recovery and viability of bone marrow ells following enrichment by
density gradient separation.Bone marrow cells were cultured in the presenc&dk
CSF (20ng/ml) and IL-4 (20ng/ml) over a period afdays. The total cell recovery and
viability following enrichment for DCs by densityaglient separation were determined at
the indicated time points by trypan blue exclusigsay. Data is expressed as the number

of cells obtained/mouse and the proportion (%)iabke cells.
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Figure 5.3. Kinetics of dendritic cell production.Bone marrow cells were cultured in
the presence of GM-CSF (20ng/ml) and IL-4 (20ng/ovgr a period of 11 days. At the
indicated time points the proportion of a) CD1and b) MHC-IT cells were assessed by
immunofluorescent staining and flow cytometry fallng density gradient separation.

Data is expressed as the proportion (%) of posdelks in the total cell population.
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These data indicate that the proportion of viallB11¢ and MHC-II" cells is highest
following 7 days of culture with GM-CSF and IL-4h@&refore, to study the effects of
tetanus proteins on DC activation, murine bone avarcells were cultured in the

presence of GM-CSF and IL-4 as described abovi stualies.

Effect of tetanus proteins on bone marrow derived endritic cell

activation

Bone marrow derived DCs were incubated for 48 hautis 0.5, 5 or 10ug/ml of EWT,
HcM115 or TTxd. Immunofluorescence staining and flogometry analysis showed that
between 88 to 92% of untreated bone marrow DCsesspd ICAM-1 with a MFI of 34
to 60 (Figure 5.4a). No marked changes in the ptapoof cells expressing ICAM-1 or
in the levels of expression of ICAM-1 molecules svaavident when DC cells were
incubated with a low dose (0.5ug/ml) of any of teéanus proteins (Figure 5.4a). In
contrast, following incubation with 5ug/mlidwWT, HcM115 or TTxd almost all cells
(97%) expressed ICAM-1 compared to 88% of untreats. A 32% increase in MFI
was also observed in cell populations incubatett witg/ml of HWT, HcM115 or TTxd
(MFI=53, 51 & 53, respectively) when compared tdreated cells (MFI=34). Similar
results were obtained with a higher concentratit®ug/ml) of tetanus proteins. For all
experiments, no marked differences in the propomibcells expressing ICAM-1 or in the

level of ICAM-1 expression were observed betweeptdteins or TTxd.

Analysis of MHC-II expression in these cells shoviledt the majority of untreated DCs
(94 to 98%) expressed MHC-1l molecules (MFI=36@B8®) as shown in Figure 5.4b. No
noticeable change in the proportion of cells exgreg MHC-II was evident when

incubated with any of the tetanus proteins atesitdd concentrations. A small decrease in
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MHC-II expression was evident when cells were iratad with 5pg/ml (but not at other
concentrations) of EWT or HcM115 (MFI= 292 and 302 respectively) when compaoed

that of untreated bone marrow derived DCs (363).

Analysis of B7 molecule expression in untreatedscghowed that between 60 to 89% of
untreated DC-like cells expressed B7 molecules @dBlto 54). Nevertheless, no marked
changes in the proportion of cells expressing othenevel of expression of B7.1 (Figure
5.5a) or B7.2 (Figure 5.5b) was evident in the @nes of K proteins or TTxd at all
concentrations compared to untreated cells. Iexgderiments, incubation of DCs with
LPS increased the proportion of cells and the lef@xpression of CD54, MHC-II or B7

molecules compared to that of untreated cells.

In addition to activation marker expression, IL-&nd TNF- secretion were measured
following 48 hour incubation with 0.5, 5 or 10ug/kt proteins or TTxd. No measurable
levels of IL-1 or TNF- could be detected by ELISA at any of the concéiotna used

(data not shown).
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Figure 5.4. Surface expression of ICAM-1 and MHC-IImolecules on bone marrow
derived dendritic cells following incubation with tetanus proteins. Bone marrow
derived cells (1®cells/ml) were cultured with 0.5, 5 or 10ug/mlteEWT, HcM115 or
TTxd. Control cultures were treated with culture den alone or LPS (0.5ng/ml).
Surface expression of a) ICAM-1 or b) MHC-II wasabised by immunofluorescent
staining and flow cytometry and data was analyssdguWinMDI software. Red filled
histograms, negative control; open histogramssaetiubated with culture medium alone
(black), LPS (green), TTxd (dark blue)cWT (purple) and HM115 (light blue). MFI,

mean fluorescence intensity.
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Figure 5.5. Surface expression of B7 molecules omre marrow derived dendritic

cells following incubation with tetanus proteins.DCs were cultured with 0.5, 5 or
10pg/ml of HWT, HcM115 or TTxd. Control cells were treated with LRB56g/ml) or

with culture medium alone. Surface expression oBa)L or b) B7.2 was analysed by

Immunofluorescent staining and flow cytometry aradadwas analysed using WinMDI

software. Red filled histograms, negative contogen histograms, cells incubated with
culture medium alone (black), LPS (green), TTxdKddue), HWT (purple) or *RM115

(light blue). MFI, mean fluorescence intensity.
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Effect of tetanus proteins on keratinocyte activabn

The immortalised keratinocyte cell line, HaCaT ellere incubated for 24 or 48 hours
with 10pg/ml of RWT, HcM115 or TTxd. As shown in Figure 5.6a, a small mnjon

of untreated HaCaT cells (28%) expressed low lew€lRkCAM-1 molecules (MFI=10)
following 24 hour in culture medium. However, follong 24-hour culture no marked
change in the proportion of cells expressing ICAMet in the level of ICAM-1
expression was evident with any of the proteinsnil@rly, a very small proportion of
untreated HaCaT cells (5%) expressed MHC-II mokx((MFI=13) and incubation with
tetanus proteins did not increase expression gpgotion of cells expressing MHC-II

(Figure 5.6b).

Extending the culture period in the presence @es$ proteins to 48 hours did not cause
any change in the proportion of cells expressindewel of ICAM-1 molecule (Figure
5.7a) or MHC-II (Figure 5.7b) expression above tbétthe culture medium control.
Furthermore, the same cell populations were capablgoregulating the expression of

ICAM-1 and MHC-Il molecules in the presence of IFN-

In addition to measuring the surface expressioacti’ation markers ICAM-1 and MHC-

[ on HaCaT cells following 24 to 48 hour incubatiwith Hc proteins or TTxd, cytokine

secretion (IL-1 and TNF-) was also determined. No measurable levels of llofITNF-
could be detected following 24 or 48 hours incidratvith 10pg/ml of HWT, HcM115

or TTxd when measured by ELISA (data not shown).
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Figure 5.6. Surface expression of ICAM-1 and MHC-lImolecules on HaCaT cells
following 24-hour incubation with H¢ proteins or TTxd. HaCaT cells were cultured in
the presence of 10pug/ml ofc T, HcM115 or TTxd for 24 hours. Control cells were
cultured with IFN- (10ng/ml) or culture medium alone. Surface expogssf a) ICAM-1
or b) MHC-II was analysed by immunofluorescentrsteg and flow cytometry and data
was analysed using WIinMDI software. Red histogramegative control; open
histograms, ICAM-1 or MHC-II staining following imbation with culture medium alone
(purple), IFN- (light blue), TTxd (black), BWT (green) or HM115 (dark blue). MFI,

mean fluorescence intensity
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Figure 5.7. Surface expression of ICAM-1 and MHC-lImolecules on HaCaT cells

following 48-hour incubation with H¢ proteins or TTxd. HaCaT cells were cultured in
the presence of 10pug/ml ofc /T, HcM115 or TTxd for 48 hours. Control cells were
treated with culture medium alone or IFN10ng/ml). Surface expression of a) ICAM-1
or b) MHC-II was analysed by immunofluorescentrsteg and flow cytometry and data
was analysed using WinMDI software. Red histograrosirol staining; open histograms,
ICAM-1 or MHC-II staining following incubation wittculture medium alone (purple),
IEN- (light blue), TTxd (black), BWT (green) or HM115 (dark blue). MFI, mean

fluorescence intensity.
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Expression of TNF- and IL-1 mRNA in skin tissue

Induction of immune responses following TCI reqsisglequate penetration of topically
applied antigens into the epidermis for presemaltip LCs (Ghoset al, 2007), and the
secretion of pro-inflammatory cytokines such asliland TNFa to promote LC
migration from skin to regional lymph nodes (Pavtiét al, 2003; Belyakoet al, 2004,
Rechtsteineet al, 2005). In the present study, data fronvitro interaction experiments
provided evidence of DC, but not HaCaT cell, adtioraby tetanus proteins as shown by
the up regulation of ICAM-1 molecules. However,sign of IL-1 or TNF- secretion by
DC or HaCaT cells was evident. It was thereforeidit to investigate the effect of
tetanus proteins the local on IL-1 and TNRproductionin vivo using a more sensitive
approach of real-time RT-PCR. Skin samples fromitm@unisation site were removed
from groups of mice at various time points follogitopical application of 30ug VT,
HcM115 or TTxd and real-time RT-PCR was used to gbatite level of IL-1 and TNF-
MRNA expression. Results were calculated relativeytokine gene expression in
normal unshaved mouse skin. As shown in FiguretBe8expression of IL-1 IL-1 and
TNF- mRNA in normal unshaved mouse skin was consistdotv as expected (Ct
values of 34, 35 and 35, respectively), when coetgbdo that for the positive control,
LPS stimulated macrophage cell line RAW264.7 c€l$ values of 25, 22 and 20,

respectively).
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Figure 5.8. Expression of IL-1 and TNF- in normal, untreated mouse skin samples.

Real-time RT-PCR was used to measure the expressanlL-1 , b) IL-1 and c) TNF-
MRNA in normal unshaved mice. All cytokine leveler& normalised to -actin

MRNA expression using the comparative Ct methodWRA7.4 cDNA was used as a

positive control.
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In vivo expression of TNF- and IL-1 following TCI with tetanus proteins

Real-time RT-PCR results showed evidence of lovelewf TNF- gene expression in
the skin of normal mice. However, a substantiatease in TNF- gene expression was
evident at all time points following topical apg@ieon of 30ug tetanus proteins or PBS
(Figure 5.9 and 5.10). When compared to that omabmice, a 2 to 3-fold increase in
TNF- gene expression was evident 10 minutes post-cghpin with HHWT or TTxd.
However, when BM115 was applied the increase in TNFgene expression (0.5-fold
increase) was significantly lower compared to thiaff Txd (P<0.05) and considerably
lower when compared to that otWT or PBS. Further increases (4 to 8-fold) in rekat
TNF- gene expression was evident 30 minutes post-apiolicin all groups treated with
tetanus proteins or PBS. Nevertheless, a steadyeaksx in relative TNF- gene
expression was evident in all groups starting ators post-application with levels
returning roughly to that of initial recordings Byhours. As shown in Figure 5.10, no
significant differences between skin samples tceatéh the different tetanus proteins
was evident for TNF- gene expression between 2 to 4 hours, with theptan of
HcWT and HM115 at 2 hours where a significantly higher TNFexpression was
evident in HM115 treated groups (P<0.05; Figure 5.10c). Howeweluction of TNF-
gene expression was not dependent on applicatitetarius proteins as expression levels
found in the PBS control were similar or even higtian that of levels in skin samples

following application of tetanus proteins.

When IL-1 expression was measured in skin samplesjgnificant change in expression
of IL-1 (Figure 5.11a; Table 5.1) or IL-I(Figure 5.11b;Table 5.1) compared to that of
normal mouse skin was evident at any time point-posunisation with any of the

tetanus proteins.

145



Chapter 5: Interaction of tetanus proteins withrsgells

14

§ . ) TTxd () PBS ()

& HcWT () HcM115 ()

g 10 -

—r!

AR

=

g5

=IO

- B

9 =

D ] T T T 1
10 rrin A0 mnin Z2h <h
Time
b)
Time

Group 10 min 30 min 2h 4h
TTxd
Mouse 1 3.0 5.7 2.7 1.2
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HWT
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Figure 5.9. TNF- mRNA expression over time in skin samples followip topical
application of tetanus proteins onto shaved or Naitreated skin. Real-time RT-PCR
was used to measure TNFexpression following hair removal by shaving wiNhair and
application of 30pug H protein or TTxd TNF- expression was normalised teactin
expression using the comparative Ct method. a) désgmon is shown relative to untreated
cells (broken line). Data are expressed as meaM & three individual mice. b) Table

showing data for each individual mouse
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Figure 5.10. TNF- mRNA expression in skin samples following topicaapplication

of tetanus proteins onto shaved or Nair treated ski. Real-time RT-PCR was used to
measure TNF- expression following hair removal by shaving wiNRir and application
of 30 ug K protein or TTxd TNF- expression was normalised teactin expression
using the comparative Ct method. Expression is sh@hative to untreated cells Data are
expressed as mean of three mice + SEM followindGaminutes; b) 30 minutes; c) 2

hours; or d) 4 hours post-application.
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Figure 5.11. Time course of IL-1 mRNA expression iskin samples following topical
application of tetanus proteins onto shaved or Naitreated skin. Real-time RT-PCR
was used to measure IL-Expression following hair removal by shaving wihir cream
and application of 30ug dprotein or TTxd IL-1 expression was normalised teactin
expression using the comparative Ct method. Exjammess shown relative to untreated
cells (broken line). Data are expressed as the méahree mice £ SEM. TTxd {;
HcWT (); HeM115 (); PBS ().
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Table 5.1. Time course of IL-1beta mRNA expressiom murine skin samples

following application of tetanus proteins on shave@nd Nair treated skin

a) IL-1 alpha

Time

Group

10 min

30 min

2h

4h

TTxd

Mouse 1
Mouse 2
Mouse 3

0.5
0.8
0.5

0.2
0.3
0.4

0.3
0.3
0.4

0.2
0.5
0.4

HWT

Mouse 1
Mouse 2
Mouse 3

0.2
0.2
0.1

0.2
0.4
0.3

0.2
0.2
0.3

0.4
2.8
0.03

HcM115
Mouse 1
Mouse 2
Mouse 3

0.4
0.7
0.7

0.6
0.2
0.3

0.2
0.3
0.2

0.3
0.2
0.4

PBS

Mouse 1
Mouse 2
Mouse 3

0.1
0.2
0.4

0.2
0.2
0.3

0.2
0.3
0.4

0.9
0.4
0.1

b) IL-1 beta

Time

Group

10 min

30 min

2h

4h

TTxd

Mouse 1
Mouse 2
Mouse 3

0.9
0.6
0.9

11
0.5
0.7

0.4
0.4
0.4

0.3
0.8
0.9

HWT

Mouse 1
Mouse 2
Mouse 3

0.7
0.6
1.2

0.8
0.9
11

0.3
0.1
0.2

0.9
0.7
0.8

HcM115
Mouse 1
Mouse 2
Mouse 3

1.6
0.5
0.6

0.3
0.4
1.9

0.5
0.5
0.6

0.6
0.3
0.3

PBS

Mouse 1
Mouse 2
Mouse 3

0.6
0.5
15

1.2
0.5
0.6

0.07
0.2
0.6

0.6
0.7
0.6
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Effect of skin pre-treatment on the local activatiom of IL-1 and TNF-alpha

The increased TNF-gene expression following application of tetanustgins or PBS
onto shaved and depilatory cream treated skin stgdgleat some physical activity during
the TCI process may be responsible for this effétt.therefore investigated whether skin
pre-treatment (shaving alone or shaving followipgleation of depilatory cream) had an
effect on the local induction of cytokine gene egsion. As shown in Figure 5.12, TNF-
gene expression was increased by both treatmeht) Aninutes post-treatment, a 2-fold
increase in the relative TNF-gene expression was evident in both groups (FigUt2).

A further increase in the relative TNFgene expression was evident 30 minutes post-
treatment in both groups. Following shaving andtireent with depilatory cream, a 4-fold
increase in the relative TNFgene expression was evident whereas shaving atrsed
an 8-fold increase in TNF-gene expression. However, variability between afsnmn the
shaved group was high, therefore differences wetesignificant compared to the group
that were shaved and treated with depilatory cré2m.05). A gradual decline in TNF-
was evident following 2 to 4 hours post-treatmenth relative gene expression levels in
both groups decreasing to levels similar to thaindfal readings at 10 minutes (Figure

5.12).

The level of IL-1 gene expression was also investid in the same skin samples. No
noticeable change in the relative expression ot ILFigure 5.13a; Table 5.2) or IL-1
(Figure 5.13b; Table 5.2) was evident when compé#oethat of normal mouse skin. A
slight increase in IL-1 was evident 2 hours post-treatment in shaved nHosvever,
variation between animals in this group was highg differences were therefore not

significant (P>0.05).
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Mouse 1 2.3 3.3 25 1.2
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Mouse 3 1.6 4.1 1.9 1.5

Figure 5.12. Expression of TNF- mRNA in pre-treated skin samples over time.
Real-time RT-PCR was used to measure TN&xpression following hair removal by
shaving (black) or shaving together with Nair cre@rad). TNF- expression was
normalised to -actin expression using the comparative Ct metladExpression is
shown relative to untreated cells (broken line)teDare shown as mean = SEM from three
individual mice. b) Table showing data for eachiwmatbal mouse
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Figure 5.13. Expression of IL-1 mRNA in pre-treaté skin samples over timeReal-
time RT-PCR was used to measure a) ILdnd b) IL-1 expression following hair
removal by shaving (black) or shaving followed witlair cream (red)IL-1 expression
was normalised to-actin expression using the comparative Ct metltogression is
shown relative to untreated cells (broken line)tedDare shown as mean £ SEM of three

different animals.
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Table 5.2. IL-1 mRNA expression in pre-treated skirsamples

a) IL-1 alpha

Time
Treatment
Shaved 10 min 30 min 2h 4h
Mouse 1 0.5 0.1 0.5 0.5
Mouse 2 0.6 1.7 0.9 0.9
Mouse 3 0.3 0.7 0.1 0.1
Shaved and cream
Mouse 1 0.6 1.1 0.07 0.6
Mouse 2 0.5 0.4 0.2 0.7
Mouse 3 1.4 0.5 0.6 0.6
b) IL-1 beta

Time
Treatment
Shaved 10 min 30 min 2h 4h
Mouse 1 0.3 0.5 0.2 0.4
Mouse 2 0.1 0.4 0.2 0.5
Mouse 3 0.2 0.5 0.0 0.6
Shaved and cream
Mouse 1 0.4 0.2 0.4 0.1
Mouse 2 0.3 0.1 0.5 0.1
Mouse 3 0.3 0.2 0.5 0.2
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Translocation of tetanus proteins through murine skn

Successful induction of a systemic immune respdoldeving TCI requires antigens to
overcome the skin physical barrier and translocdtethe epidermal layers in order to be
presented by the skin antigen presenting cells XLSkin pre-treatment, the nature of
antigen and their size are considered major paams#tat determine the rate and speed
of uptake through the skin layers. To study theekts of translocation of tetanus
proteins through the skin layers and the effectskih pre-treatment, animals were
topically immunised with 100pug of ®MVT or TTxd after skin shaving or shaving together
with the use of depilatory cream treatment. Tetaptseins were localised in skin
sections by immunohistochemistry at various timéngsousing polyclonal anti-EWT

IgG.

Immunohistochemistry staining of mouse skin sedtitaeken at time intervals up to 2
hours post-application of ;VT onto shaved and depilatory cream treated skinved a
steady translocation of protein from the exteragéls into the dermis (Figure 5.14a). Ten
minutes post-application,dWT protein was present primarily in the externgeles of the
epidermis with evidence of light positive stainimgthe outer regions of the epidermal
layers. By 30 minutes after treatment, the majooityH-WT protein appeared to have
translocated into the epidermis and very little veaglent externally. By 2 hours, there
was a very noticeable amount of positive stainingthe epidermis and evidence of
staining in the dermis around the basal membraee @igure 5.14a). When skin samples
were taken from mice subjected to shaving onlyadditional external layer (possibly the
stratum corneumin skin samples was evident (Figure 5.14b). Imahustochemistry
staining revealed that following topical applicatiof H-WT protein the majority of

positive staining was evident in this external tasgher than in the epidermis at all time
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points tested (Figure 5.14b). In contrast to skmgles taken from animals treated with
depilatory cream, no significant staining abovet thiathe negative control samples was
evident in the epidermis or dermis for at any & time points tested. This suggests that
the translocation of the dWVT protein appeared to be enhanced by the appmicaif

depilatory cream.

In this study, it was not possible to directly campthe translocation ofd/T with that
of TTxd following topical application onto mouseirskIn contrast to BWT protein
translocation, staining of skin sections taken frammals immunised with TTxd showed
weak staining at all time points which, in someesasvere similar to that of the negative
control sections (Figure 5.15). This suggests #itter the TTxd was not taken up as
effectively as |HWT, or that the rabbit anti4+WT IgG used for detection was not the

optimal antibody for TTxd detection by immunohidtemistry.
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a) Shaved
& cream

b) Shaved

Figure 5.14. Immunohistochemical localisation of JWT proteins following pre-treatment of mouse skin.Skin samples were collected
10, 30 minutes and 2 hours post-application of HOEEWT onto mouse skin that has been a) shaved anedreath depilatory cream or b)
shaved only. Anti-rabbit Hantibody was used to detect\WT protein and skin sections were counterstaingtl Wwaematoxylin. Animals

treated with PBS alone are used as negative cen#dlipictures are taken at x 400 magnification.dérmis; E, epidermis. Arrows indicate

dermal staining.
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10 minutes 30 minutes

2 hours Control

Figure 5.15.Immunohistochemical localisation of TTxd followingtopical application
onto mouse skin.Skin samples were collected 10 minutes 30 minate2 hours post-
application of 100ug TTxd onto mouse skin that Hmekn shaved and treated with
depilatory cream. Anti-rabbit gHantibody was used to detect TTxd and skin sectizere
counterstained with haematoxylin. Animals treatetth\WwBS alone were used as a control.

All pictures are taken at x 400 magnification. [@rmis; E, epidermis.
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Discussion

One of the key events responsible for successfuli§ e translocation of antigens across
the stratum corneunand into the immunologically active underlying éay of the skin.
Keratinocytes and LCs are two important immunolaliycactive cells, which are located
within the epidermis. Previous studies have denmatest that LCs are involved in the
uptake, processing and transportation of topicafiplied substances to the T-lymphocyte
regions of the local draining lymph nodes (Bancherand Steinman, 1998) . In addition,
it is well documented that keratinocytes can secaesurplus of cytokines, some of which
have immunomodulatory effects on other cells of ¢beaneous immune system (Grone,
2002;Konoet al, 1994;Uchiet al, 2000). In this thesis, a numberiofvitro andin vivo
studies have been performed to investigate theaictiens of tetanus proteins with skin
cells using the human keratinocyte cell line Ha@a@ mouse bone marrow derived DCs.
Methods for isolation and enrichment for skin D@=e(LCs) directly from epidermal cell
suspensions have been previously documented (Peizae€ al, 2001;Richterset al,
1994). However, these techniques are often cumiversoesult in cell suspensions that
yield a low percentage of LCs and are often comtated with keratinocytes (Mazanet
al., 1992). In the present study, a large number ©f Wvere required and therefore the
direct isolation of LCs from epidermal sheets was seemed practical. A number iof
vitro methods using different combinations of cytokihase been used for the expansion
of DCs from progenitor cells obtained from bloodra blood or bone marrow (Bendetr
al., 1996; Cauxet al, 1992; Inabaet al, 1992; Lenzet al, 1993; Romanget al, 1994);
Sallusto and Lanzavecchia, 1994). Previous stuslesved that culturing murine bone
marrow cells in the presence of GM-CSF stimulates drowth of DCs from precursor
cells and that the addition of IL-4 significantlpleances DC differentiation (Inated al.,

1992). Furthermore, DC generated by such methads been extensively used by others
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to characterise the molecular mechanisms of LCtion¢Mahnkeet al, 2000;0Olaszt al,
2002; Pierreet al, 1997). In the present study, bone marrow celleevisolated from the
femur and tibia of mice and cultured in the pregesicGM-CSF and IL-4 following 3 to 4
days in culture, a number of round adherent clasttrted to appear on the bottom of the
culture vessel. Although these adherent cells wetephenotyped in the present study,
observations from Inaba&t al., (1992) suggest that these visible clusters may be
granulocyte contaminants from bone marrow cellshey also respond to GM-CSk
vitro. In addition to granulocytes, many other cellstaaninants such as B-lymphocytes,
T-lymphocytes and macrophages can also be fouriobme marrow populations when
culturedin vitro (Lutz et al, 1999). A number of techniques using monoclonébadies
with flow cytometry cell sorting, magnetic bead asgion, panning or cytotoxic
elimination with complement have been developedroch DCs from bone marrow cell
cultures. However, these methods are based on riheigles of negative or positive
selection of DC subsets and may therefore interf@te subsequent DC function and
activity. In the present study, enrichment for D®Bg density gradient separation was
effective as shown by a 60% and 23% increase in1€Ddnd MHC-I cells, respectively.

In addition, density gradient separation also sta&a filter to remove dead cells from the
bone marrow cell preparations a®5% of cells were viable compared to 70% befoee th

treatment (enrichment).

Kinetics studies showed that the optimum day forvésting DCs (as determined by
CD11c/ MHC-II expression) was on day 7 of culture, whishin line with previous
studies (Inaba&t al, 1992; Lutzet al, 1999). Our results demonstrated that seedimg bo

marrow cells below 10cells/ml decreased cell yields and increased thaber of dead
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cells in culture medium, suggesting that bone nvapcecursor cells may require a certain

degree of cell-to-cell contact for optimal growtidadifferentiation.

The results in the present study demonstrated tétanus proteins were capable of
activating bone marrow derived D@s vitro to a limited extent as shown by the up-
regulation of the level of surface expression oAMG1 molecules when cultured in the
presence of BWT, HcM115 and TTxd. This increase in ICAM-1 moleculepeession
was unlikely to be due to the presence of endotoxthe recombinant glprotein samples
as the extent of up regulation of ICAM-1 expressionthe DCs was the same whether the
cells were incubated with dHprotein or with TTxd, which contains an undetet#ab
concentration of endotoxin. An increase in ICAMxpression on antigen presenting cells
(APC) has been previously associated with APC masittr and increased ability to
activate naive T-lymphocytes (Dubetal, 1995). Expression of ICAM-1 has been shown
to play an important role during the early eventsnaive T-lymphocyte priming and
differentiation. In vitro studies have shown that binding of ICAM-1 on ARCtlie T-
lymphocyte receptor LFA-1 results in a series afrés which leads to increased adhesion
at the immunological synapse between the two gp#d (Bachmanet al, 1997;Porteet

al., 2003. Furthermore, the lack of ICAM-1 molecule expresson APCs has been
shown to lead to poor activation and proliferatadmaive T-lymphocytes (Parameswaran

et al, 2005).

In contrast to ICAM-1, no major changes in the leseexpression of MHC-II molecules
was evident on DCs following incubation with tetanproteins, with the exception of a
small decrease when cells were incubated in theepoe of 5pug/ml of VT or H-M115,

which is unlikely to be significant as it was notoserved with other doses.
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Immunofluorescence staining and flow cytometry gsial also showed that no changes to
the surface expression of B7.1 or B7.2 moleculeewegident when DCs were incubated
with tetanus proteins. On the other hand, when s IM@re incubated with LPS, an
increased expression of ICAM-1, MHC-II, B7.1 and.B8urface molecules, most likely
through its interaction with the PRR Toll-like r@ter 4 (TLR-4; Currieet al, 2001), was
evident. Therefore, this suggests that the DCs wapable of being activated to express

higher level of MHC-Il and B7molecules under th@@priate stimuli.

In addition to up regulation in the surface expi@s®f molecules involved in immune cell
activation, production of cytokines by DCs is amstindicator of cell activation. Previous
studies have demonstrated a role for both ILahd TNF- in activation, maturation and
migration of LCs from the epidermis to regional lyyimnodes (Cumberbateh al, 1997b;
Cumberbatctlet al, 1999c; Cumberbatast al, 2000 ;Cumberbatcét al, 2003). Thus, in
the present study in addition to surface markemesgion, IL-1 and TNF- cytokine
secretion was used as an indicatoirofiitro DC activation by tetanus proteins. Results
showed that no measurable IL-@r TNF- was present in the culture supernatant of DCs
following incubation with tetanus proteins despiteports of such cytokines being
expressed constitutively by these cells (Cumbelbatod Kimber, 1992; Matsuet al,
1992). Surprisingly, no measurable cytokine leweése detected in the positive control
DC cultures incubated with LPS despite previousrspthat this was possible (Senal,
2003). It is likely that this lack of detection duie to the insufficient sensitivity of the
ELISA based microtitre assay used to detect thggkioes in the culture medium as the
cut off levels are between 10 to 15pg/ml. Altermely, it is possible that cytokines may
have been produced, and instead of being secrete®, remained intracellular. Further

studies, using a more sensitive technique suchtescellular staining and flow cytometry,
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PCR based assay or Western blotting could be wseu/éstigate the production of IL-1

and TNF- by DCs following culture with tetanus proteins.

Collectively, the results presented in this thesiggest that tetanus proteins are not potent
activators of DCs unden vitro culture conditions. These results are in contagrevious
studies using powerful mucosal adjuvants such aoCILT. It has been reported, for
example, that CT and LT can activate O@itro as defined by an increase in the surface
expression of activation markers such as CD80 aB@6C(Bagleyet al, 2002). In
addition, other studies have demonstrated thetywbiliCT or LT to induce the secretion of
Ty-2 type cytokines followingn vitro incubation with DCs (Braust al, 1999); Gagliardi

et al, 2000). Although the mechanisms of adjuvant &gtivave yet to be fully established

it is thought that both LT and CT cause an increaseyclic AMP (cAMP) through
receptor binding to gangliosides located on cafleses (Spangler, 1992). This in turn may
trigger a cascade of events which leads to immetieactivation. As tetanus proteins are
functionally similar to CT and LT in gangliosidenking properties, it is plausible that they
may act in a similar manner by activating immunéscdirectly through ganglioside or
other receptor mediated binding mechanisms. Howeesults from this study showed
that tetanus proteins cannot directly activate imencells such as DGs vitro suggesting
that HHWT, HcM115 and TTxd have very limited adjuvant activitydomparison to other

bacterial toxins such as CT or LT.

Keratinocytes are one of the most abundant celth@fepidermis, and along with LCs,
play an important role during TCl (Beignaet al, 2005a). In the present study, the
immortalised human keratinocyte cell line HaCaT waed as a model to investigate the

interaction with tetanus proteins. The results fruns study showed that none of the
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tetanus proteins used induced any measurable chamgiee level of ICAM-1 or MHC-II
surface expression on HaCaT cells. On the othed,hahen HaCaT cells were incubated
with IFN- a considerable increase in the expression of bG#M-1 and MHC-II
molecules was evident which is consistent with shigld literature (Bashaet al, 1985).
This suggests that HaCaT cells were capable okasing the level of expression of
ICAM-1 and MHC-Il when stimulated with an approgeatimuli and that tetanus proteins
alone were not sufficient to activate the exprassibthese moleculas vitro. A previous
study has demonstrated that keratinocytes are tmpélup-regulating the expression of
MHC and co-stimulatory molecules and to presenigans to memory but not naive T-
lymphocytes (Dustiret al, 1988). Presentation of antigens by keratinocytesaive T-
lymphocytes usually results in anergy (Langtgal, 1997). As keratinocytes are unable to
migrate to the local draining lymph nodes they dbencounter naive T-lymphocytes, but
are likely to encounter effector or memory cellatthre recirculating into the skin (Black
et al, 2007). Therefore, keratinocytes may play an irtgydrrole in interacting with T-

lymphocytes following initial priming by TCI.

In contrast to bone marrow DCs, incubation of HaCalls with LPS failed to cause an
up-regulation of any of the activation markers sgddor cytokine production. This is in
contrast to studies with freshly isolated humamtieocytes where incubation with LPS
caused an increase in the secretion of pro-inflafmmpeacytokines and chemokines, in
addition to upregulation of some activation markésnget al, 2002). Recognition of
LPS by TLR-4 requires the help of a co-receptor améccessory protein CD14 and MD2,
respectively (Remeet al, 2003). Previous studies by Kollisehal, (2004) showed that
although HaCaT cells express TLR-4 and CD14 atni®NA level, they do not react

when stimulated with LP& vitro. It was further suggested that this was due tack of
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MD-2 expression. A separate study showed that TLReHiated LPS signaling was
dependent on the expression of MD-2 (Visingh al, 2003). Therefore, even in the
presence of TLR-4 expression, no functional LPShaigg can be expected without
sufficient expression of MD-2. The inability to pssd to LPS stimulation because of a
defect in the receptor highlights a potential draekbof using immortalized cell lines such

as HaCaT cells when trying to understamgaivo processes.

In addition to surface marker expression, cytokseeretion by HaCaT cells was also
measured following incubation with tetanus proteif@3ur results showed that no
measurable IL-1 or TNF- was detected in the tissue culture supernatahta@faT cells
incubated with tetanus proteins or in control adsuwith IFN-. This is surprising as
keratinocytes are capable of secreting both IL-d BNF- uponin vitro stimulation with
IFN- (Pastoreet al, 1998). As for the dendritic cells, the failucedetect cytokines in the
culture medium may be due to technical limitatiod dack of sensitivity of the ELISA

assay used.

Collectively, the results from tha vitro activation studies with bone marrow derived DCs
and keratinocytes showed that tetanus proteins Ivaited activity for activating immune
cellsin vitro. Previous studies have suggested that under rwextaditions, activation of
immune cells may depend on the presence of sodcd#eger signals that are present
vivo but are absent fromn vitro cultures (Matzinger, 1994). The so-called dangedeh of
immune cell activation proposes that when cellsstnessed or injured they release danger
signals or ‘alarms’ into the local microenvironmevtiich in turn can warn and activate
local APCs to mount an immune response. Theseedaignals are present in a number

of different forms and include intracellular selblacules such as mitochondria, ATP,

164



Chapter 5: Interaction of tetanus proteins withrsgells

heat-shock proteins or extracellular —matrix breaka products that are released into the
surrounding environment following tissue damageimury (Gallucci and Matzinger,
2001b). It has been suggested that both Iladd TNF- are primarily danger signals that
are releasedn vivo in response to tissue damage, irrespective ofyamt challenge.
Studies by (Zeptest al, 1997) showed that IL-1is induced in human keratinocytes when
in contact with inflammatory stimuli. In separateudies, TNF- was reported to be
produced when myocardium cells are injured (Azzamd Hasleton, 1999). Therefore, the
absence of IL-1 and TNF4n the culture medium could also be associatet thie lack of

in vitro danger signals in this model.

In light of thein vitro findings from the present study and with the dangedel of
activation in mind, real-time RT-PCR to detect mRKA IL-1 and TNF was employed to
investigate the activation of skin ceifs vivo following TCI with tetanus proteins. These
studies showed an up-regulation of TNFFARNA expression in skin samples taken from
the site of TCI which was not related to the presenf tetanus proteins as the PBS control
group showed a similar or even higher level ofvation. Results from further studies
showed that in the absence of tetanus proteindetlet of TNF- mRNA expression was
increased by shaving alone or shaving together apgblication of the depilatory cream.
This implies that shaving alone was sufficientriduce TNF- mRNA expression in skin
cells and that the depilatory cream did not haveadditional effect on TNF- mRNA
expression. This strongly suggests that the ineck@®F- mMRNA expression was a result
of the skin pre-treatment rather than the appbecanf tetanus proteins themselves. In
contrast to TNF- mRNA expression, no measurable up-regulation ef Ilor IL-1 gene
expression was evident in skin samples followind Wh tetanus proteins. If anything, a

slight decrease in both IL-land IL-1 gene expression was evident for most of the time
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points. Other studies have illustrated that ILi& capable of acting through the IL1-R1
receptor to provide a similar stimulus to that bfll for LC migration (Shorniclet al,
2001). Furthermore, it has been proposed that Itan be associated with activation and
migration of LCs in the presence of topically apglinon-contact sensitising agents (Enk
and Katz, 1992) and may therefore be more reletrat IL-1b to the immune response
generated after TCl. The results presented in ghigdy are consistent with previously
published data, which suggest that any cutanecmsm@t of significant magnitude,
regardless of an antigenic challenge, induces dnamrces the secretion of pro-
inflammatory cytokines such as TNF{Schreiberet al, 1992). Consistent with these
results, previous studies have showed an assatid@iween significant skin trauma
caused through contact sensitisation, skin irdtator exposure to ultraviolet B light
(UVB) with TNF- gene activation (Kimber & Cumberbatch., 1992; Myiffe et al,
1992) . Therefore, the increase in TNFARRNA expression in skin samples may be caused
by the physical trauma of shaving rather than thhotlhe actions of the tetanus proteins. A
possible reason for not detecting an increase-ih lhRNA expression could be due to IL-
1 mRNA stability. In all cells, mMRNA has a limitelifetime (stability) before it is
degraded. In mammalian cells, the presence of Ald glements tends to destabilize
MRNA transcripts through the actions of cellulastpins that bind to these motifs, and this
may act as a crucial mechanisms for preventing¥eeproduction of potent inflammatory
cytokines such as TNF or IL-1 (Shaw and Kamen, 1986erefore, it is possible that IL-
1 and IL-1 transcripts are less stable and are degradedr fisia TNF- mRNA.
However, the stability of IL-1 mRNA in the contexttthis experiment was not studies. In
the present study, real-time RT-PCR data showedIthd and IL-1 transcripts were
present in unshaved normal mouse skin samplesestigg that low constitutive levels of

these cytokines may be produced in normal mias.possible that this low level of IL-1
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or IL-1 is sufficient to provide the second signal formation of LC translocation and
migration out of the epidermis. Alternatively, itas been suggested that when
keratinocytes are damaged, for example by shavibgl, may be released from
keratinocytes into the surrounding environment (Webal, 1996; Leeet al, 1997) which

in turn may facilitate the translocation of LC freing out of the draining lymph nodes.
The mechanisms whereby LCs are activated by cygéskis not yet fully understood but
remains an interesting area for future studiesiqdarly with the development of murine

cytokine knockout model systems (Wagtgal, 2003).

In addition to IL-1 and TNF-, other cytokines or molecules may also be involwvethe
initiation of LCs activation and migration from tlepidermis following TCI. IL-18, for
example, has been shown to be important for irtabf LC activation and migration in
mouse models (Cumberbateh al, 2001;(Wanget al, 2003) and an up regulation in
chemokine receptor CCR7, which may be involvedhenltoming of antigen loaded LCs to
paracortex region of the lymph node (Cumberbatthal, 1991). Furthermore, in the
present set of than vivo experiments, it was not possible to determine wisikin cells
were responsible for increasing the TNFene expression in the context of TCI. Skin
samples contained all layers and therefore allexmdl cell mMRNA transcripts. Previous
studies have demonstrated that both keratinocyted &s can express IL-land IL-1 in
human skin (Kuppeet al, 1986) whereas in mice, keratinocytes and LCdlaerimary
source of TNF-/ IL-1 , and IL-1 respectively (Schreibet al, 1992b). Interestingly, IL-
1 can be produced from other cells of the skin. &@mple, m situ hybridization studies
have shown that dermal cells, which were morphghlly consistent with dermal
macrophages or dermal DCs, were the predominafit l&xpressing cells (Shorniek al,

2001). Conductingn situ hybridization experiments with a labeled probe c#pe for
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detection of cytokines such as IL-1ogether with immunohistochemistry using lineage
specific markers for phenotype analysis may hegntifly cell subsets that can secrete

cytokine.

In vivo cytokine study suggests that the depilatory credehnot have any additional
stimulatory effect to that caused by shaving aldrreerefore, it is possible that application
of depilatory cream played another role in TCI, gably in aiding the translocation of
tetanus proteins through the skin. Immunohistockemnistaining studies showed that the
majority of topically applied BWT protein remained within the outer keratin layefshe
skin when applied onto the shaved skin. In contraken HWT protein was applied onto
skin, which had been shaved and treated with depylaream, a steady translocation of
protein was evident through the epidermis and theodermis over a period of 2 hours.
Thus, application of the hair removing cream appdar increase the opportunity for
topically applied protein antigens to interact wile underlying epidermal layers of the
skin. This is probably due to the actions of remguiesidual hair and the thick waxy outer
stratum corneuntayer that lies on top of the immunologically &etiepidermal cells. This
finding provide possible explanation for the lack @ significant immune response
following TCI with tetanus proteins onto shavednsk the absence of depilatory cream

treatment, as presented@mapter 4

The recombinant VT fragment in its native form has a molecular mass0kDa

whereas the TTxd is a larger molecule of 170 tokP@0 Furthermore, formaldehyde
treatment during the production of TTxd causes stoking of amide groups and
therefore creates an even bulkier, protein molec@re possible explanation for the

increased immunogenicity of T compared to TTxd by TCI is that because of the
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smaller size of the toxin fragment it was more cint at gaining access to the
immunologically active layers of the skin when cargd to the larger TTxd.
Unfortunately, it was not possible to compare ttanglocation of HWT protein with
TTxd through the epidermis in this study as attesript effectively detect TTxd in skin
samples taken from the site of TCI using the aHdWT antibody were unsuccessful.
Immunohistochemistry staining with the rabbit adg-antibody was weak and in some
cases comparable to that of the negative contrBlgther immunohistology studies with
different antibodies are required to compare thadiocation of TTxd with that of ;VT,
and may help to gain insight into the differencesnnmunogenicity of the two proteins

when administered via the skin.
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Chapter 6: General discussion

Needle-free vaccination delivery methods have be&camattractive concept in attempts to
avoid potential discomfort and spread of blood eanfections caused through the use of
needles during routine vaccinations. Furthermohe tevelopment of efficient and
economical methods for production of higlgurified vaccine antigens has provided an
excellent opportunity to explore new needle-frekvdey routes for immunisation against
infectious diseases. TCI through the topical adstiation of vaccine candidates directly
onto intact skin is a promising vaccine deliverytioel that targets potent immune cells
residing within the outer regions of the skin. Tdwerall aim of this thesis was to compare
the immunogenicity of potential future tetanus waeccandidate BWT and a double-
point mutant derivative EM115 with that of TTxd, the current vaccine compane
following TCI in a mouse model. Collectively, we denstrated that TCI with §WT
induces a superior TeNT neutralising antibody respocompared to immunisation with
TTxd (Johnstonet al, 2009). In addition, this study sought to gaisight into the
underlying immune mechanisms involved in the itidia of immune responses following
TCI by using these tetanus proteins as modelsuttyghein vitro andin vivo interactions

with immune skin cells.

Collectively, the results presented in this thesiggest that there are two main factors that
need to be considered to fully exploit TCI as deaive method of vaccine delivery; (1)
enhancing the translocation of topically appliedigens across the usually impermeable
skin barrier and (2) promoting the appropriate atation of the underlying immune cells.
For successful uptake of topically applied antigén®may be important to consider the size
of the vaccine candidate. Results presented instinidy showed that #MVT entered the

underlying layers of the skin within 10 minutes fpapplication, suggesting thatclWT
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fragment may be better that TTxd for TCI due tantsch smaller size and therefore better
access to APCs in the underlying epidermal laybrt®restingly, results from a recent
study by (Naitoet al, 2007) showed that in the absence of adjuvant, TTe&lutralising
antibodies could be induced following prolongedit¢apapplication of TTxd ( 16 hours).
The authors in this study applied the antigen usingatch as opposed to directly in
solution, which could have enhanced the uptakeadrsdrption by keeping the skin moist
and the antigen concentrated in one area for aelopgriod. This indicates that for
successful TCI for large molecules, such as TTkdre might be a need to prolong the
contact of the antigen with the surface of the skind that smaller molecules can
translocate into the underlying layers and be etgoeto induce more efficient immune

responses, as confirmed in this study.

In this study, no measurable immune response cobelddetected following topical
application of vaccine antigens directly onto slthgkin. This finding, in addition to the
limited uptake of antigen in those animals, suggésat the weak antibody response was
primarily caused by poor uptake of antigen duenaequate disruption of the outer skin
barrier. Upon application of the depilatory crearesidual hair left behind following
shaving was removed and disruption of the outen &arrier increased the uptake of
topically applied antigens into the underlying lesyeTherefore, in addition to considering
the size, type and duration of antigen exposuskito cells when carrying out TCI, it may
also be important to ensure that the correct skeixtygatment is applied for adequate
antigen delivery. To overcome the outer barrieretagp number of antigen delivery
technigues have been developed including deliveryvaxcine antigens via elastic
liposomes (Mishrat al, 2006), pre-treating skin with microneedles (@iwal, 2008) or

through use of ultrasound (Tezdl al, 2005a). Results from these studies indicate that
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TCI using such methods can readily induce both meaicand systemic immune responses
against co-applied or encapsulated antigens dwfitient translocation and delivery to
underlying immune cells. Future studies may focnscomparing the effect of different
methods of barrier disruption on the immune respamstetanus antigens such as low
frequency ultrasound combined with SDS, which hagnbknown to increase skin

permeability and enhance delivery.

In addition to enhance the uptake of antigen, @ls® important that the appropriate skin
pre-treatment is carried out for effective stimigatof the underlying immune cells.
Previous TCI studies which have shown that disauptif the skin barrier by abrasion, tape
stripping (Glennret al, 2007; Godefroyet al, 2005) or external stimulations such as low
frequency ultrasound (Tezelt al, 2005) or local hyperthermia (Upadhyay, 2006) can
increase immunogenicity of topically applied antige In addition, recent studies by
Godefroy et al, (2005) have also showed that the generation rofeptive immune
responses by topical application of CRMis influenced by the skin pre-treatment. For
example, when applied to untreated skin, GRNhduced considerably lower protective
immune responses in comparison to skin that had damaged by tape stripping or mild
abrasion. It is possible that the more aggresdie re-treatment led to the initiation of
endogenous danger signals, which have been shove teleased in tissues that are
undergoing stress or damage from trauma or chemmwadlification (Gallucci and
Matzinger, 2001). These danger signals can subsdywet as co-stimulatory signals that
aid in the initiation of activation and maturatiohLCs or keratinocytes (Peachmaial,
2003). The absence of the danger signal, ininthatro cell culture with tetanus proteins
may explain the lown vitro stimulation of DCs and keratinocytes observecdhia study.

This suggests that while effectively bringing tkéahus antigens into contact with cells in
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the epidermis is necessary for generation of immmasponsem vivo, the antigens are not
by themselves efficient at activating immune calted that othein vivo factors may

contribute to this.

In this thesis, studies have been carried out iateampt to understand the roles of LC and
keratinocytes in the generation of immune respdofiewing TCI. Althoughin vitro
studies showed limited stimulation of both keratiyte and bone marrow DC when
incubated with tetanus proteins an increase in TNHHRNA was readily detectabie vivo
after shaving of the skin. However, the type oflscel mechanism responsible for such
increases was not determined in this study. Futoek should try to address the roles
played by different immune cells during TCIl. Theidggmis is a complex system
containing, in addition to LC and keratinocyteshent cell types such as granulocytes,
dermal dendritic cells, mast cells ofd T-cells (Loser and Beissert, 2007;Medr al,
2008) which may play a significant role in the depenent of local cutaneous and
systemic immune responses following TCI. A recendyg by (Fukunaget al, 2008b), for
example, showed that dermal DCs rather than LCatexb from draining lymph nodes
following application of a hapten could activatecdlls which suggests that LCs may not
be the only APC involved in skin immunity. The lagka clear cut marker for the reliable
discrimination between LCs and other cells havetled question of to what extent other
cell types are involved in the generation of immuegponses following TCIl unanswered.
Interestingly, a number of murine model systemghaeen developed in which LCs can
be depleted (Bennett al, 2005;Kaplanet al, 2005;Kissenpfennigt al, 2005). Such
models could be useful for future studies to deieemo what extent LCs contribute to

TCI responses.
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Increasing the knowledge on how to modulate thpamse of cutaneous immune cells will
be beneficial for the rational design of innovatagproaches, which promote successful
delivery of antigen by the transcutaneous routeontfbution of each cell type for
inducing Ty5-1 or Ty-2 responses could be exploited to achieve a vedihdd immune

response.

In summary, the results presented in this thesrs damonstrated that recombinariAT
protein is a promising potential novel vaccine adate, which can elicit a potent TeNT
neutralising antibody response following TCI in midohnstoret al, 2009). Although the
exact mechanisms involved in generating immuneoresgs following TCI have yet to be
fully determined, they seem to require a meansvefaming the physical barrier caused
by thestratum corneumand the appropriate activation of immune cellshie epidermis.
Future research efforts should focus of optimisimgchanisms of barrier disruption and
delivery methods for effective antigen uptake tbgetwith selection of appropriate
vaccine formulations and adjuvants. There is ctlyesn need to understand the relative
contribution of each cell type to the generationtlod appropriate local and systemic
immune response. This in turn could lead to theelbgment of a simple and novel
vaccination strategy that can be tailored to maeul@mune responses towards topically

applied antigens.
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