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Introduction 1

1 Introduction

1.1 Vaccines and the Need for Adjuvants

The active immunisation of humans and animals plewithe unique possibility of a
reliable protection from infectious diseases [hpdulation or variolation are regarded
as the earliest forms of vaccinations. Infectioustarial from mild smallpox pustules
was administered to healthy people to protect tHiemm severe forms of smallpox
already in the 10 century in China [2]. Although this method caussften serious
infections, 2-3 % died by the inoculation, it cam iegarded as the first live attenuated

vaccine [1].

In 1796, Edward Jenner used cow pox to immunisesight years old boy against
smallpox. In the following, the inoculation with afipox did not cause signs of the
disease and a protectivity of the cow pox vaccomafigainst smallpox was concluded
[3]. Although Jenner was not the first who desdalilibe vaccination with cow pox
against smallpox, he is regarded as the founderaofern immunology and vaccination
[4,5]. Before the invention of the vaccine, 800 ukand people died annually of
smallpox [6]. The introduction of a mandatory smpak vaccination in 1874 in the
German Empire led to a massive decrease in thé datat of smallpox in comparison to
Austria without compulsory vaccinations [7,8]. Tkeadication of the smallpox by
worldwide vaccination programs is considered as aihthe largest achievements of
medical care. While smallpox were the world's nimstastating disease for thousands
of years [6], the world was declared as smallp@e fim 1980, after the last case in
Somalia in 1977 [9,10].

Vaccines are divided into live attenuated, inad&da subunit and toxoid vaccines [11].
Live attenuated vaccines base on viable pathogéhsavdecreased virulence. Although
attenuated vaccines provide a good protection aitéy one immunisation, its use is
restricted in immune suppressed patients like uodemotherapy or with HIV infection

[12]. Attenuated vaccines are well recognised by itthmune system as dangerous
pathogens via multiple mechanisms, like size, walll composition, surface charge,
hydrophobicity, pathogenic DNA and specific chageaistics [13-16]. Thus, they

provide excellent protectivity by mimicking the @ttion. Nevertheless, viable
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pathogens carry the risk of remutation into thelleint form [17]. Inactivated vaccines
of killed pathogens provide a better security pegfas the pathogen cannot reproduce
[11]. Inactivated vaccines present the second rgeonp. As they consist of whole or
disrupted killed pathogens, their biocompatibilgyincreased, but is accompanied with
a lower immunogenicity. Thus, larger doses or mpldtadministrations are necessary to
ensure a sufficient protectivity [12].

Further purification led to subunit vaccines comitag the specific epitopes which are
the target of the antibodies, like neuraminidasen@magglutinin of influenza [18].
Vaccines against diphtheria and tetanus are exangfléoxoid vaccines. Detoxified
bacterial exotoxins were administered as antigfh Without an appropriate adjuvant,
subunit vaccines often do not raise a sufficientmime response [20,21].
Polysaccharide vaccines are a special form of gStubwsccines and consist of
polysaccharides of the bacterial surface capsulgs #om meningococcus or
pneumococcus [22]. Polysaccharides induces a Tirmpendent immunity, thus they
do not provide a reliable protectivity in young Idnen [23,24]. The low
immunogenicity of the polysaccharides has beencovee by the conjugation of the
polysaccharides to proteins. This changed the inenrtesponse to a T-cell dependent
response with good protectivity in small childrd®]. Promising experimental vaccines
base on DNA and RNA, which encode the antigen.rAfieir uptake in the cells of the

target organism, they are translated into the ant[g@5].

The processing and purification of vaccines frone lattenuated to single antigen
vaccines or DNA vaccines changed the recognitiorthef vaccine by the immune
system. Complete pathogens are well recognisedulnerous specific markers (size,
charge, cell wall and nucleic acid compositiondasgerous pathogen. In contrast, the
recognition of single antigens is restricted [13-IBherefore, the inherent immune
stimulating effect of pathogens is missing. Thugveer antibody titre is affected which
does not provide a sufficient protectivity. While imcrease of the antigen dose and the
number of boosts can provide a sufficient immumtgome vaccines, others require the
use of adjuvants to increase the immunogenicity. [TBe use of adjuvants ensures a
reliable protectivity and can reduce the requinetigen dose. In the case of a pandemia,
many vaccine doses can be provided and the high obshe antigen can be decreased

by a reasonable adjuvant [26]. The adjuvant almes ehot induce immunogenicity. Just
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in combination with an antigen, it stimulates th@rmune reaction against the antigen
[27].

Le Moignic and Pinoy have already shown the immstimaulating effect of water in oil

emulsions by the incorporation &almonella typhimuriuninto mineral oil in 1916

[28]. Glennyet al. observed in 1926 the immune stimulating effectpoécipitated

aluminium on a diphtheria toxoid vaccination [2Qules Freund developed the
complete and incomplete Freund's Adjuvant in 1937.is known as the father of the
adjuvant principles [27,30]. Freund's Adjuvant egarded till today as the gold
standard in immune stimulation, but it is accompdnvith massive side effects [31].
Although adjuvants were developed for many years raany experimental adjuvants
have been examined in animal trials, the numbexdpaivants for human use is limited
[32]. The most commonly used adjuvants in humaesairminium salts and squalene

nanoemulsions.

1.2 Adjuvant Mechanisms

1.2.1 Classification of Adjuvants

Although adjuvants can be classified accordinghtrtorigin, chemical properties or
type of the strengthened immune response, a dtag®ih according to the main
adjuvant principles was preferred [33]. Understagdihe basic adjuvant principles
provides the chance to develop and optimise adjuf@mulations. Cox and Coulter

suggested the following detailed classification|{34

Depot generation

Induction of cytotoxic T-lymphocytes
Targeting

Antigen presentation

ok~ 0N PR

Immunomodulation

The formation of an antigen depot is a basic pplecof water in oil emulsions like
Freund's Adjuvant, TiterM&XGold or Montanide ISA720 VG. Aim is to increase th
contact time between the antigen and the immuntersydy an antigen release over
several days and the protection of the antigen flegradation [33,34]. The same effect
is attributed by multiple booster injections. Inddmn to the depot effect, inactivated
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Mycobacteria tuberculosiand non-biodegradable paraffin oil were made nesibte
for the strong adjuvant effect of Freund's Adjuvant its poor biocompatibility [35].

Paraffin oil induces a local inflammation with ulseand granulomas [36].

Implants and microparticles are modern systemsfoontrolled and extended antigen
release. The antigen release is controlled by dagjan of the matrix or diffusion of the
antigen. Evenet al. described the release of ovalbumin from a lipidolemt of
cholesterol, lecithin and glycerol trimyristate ove! days, making a booster injection
redundant [37]. The most promising and intensivalestigated release systems are
Polylactide-co-glycolide (PLGA) microspheres [38}4@&lthough no commercial
vaccine uses PLGA microspheres, the market prdeinahton® releases a peptide of 9
amino acids over a period of 4 weeks [41]. Theasteover 4 weeks covers the time of

an initial immmunisation and 2 booster injections.

The adjuvant effect of saponins, mainly from thekbaf Quillaja saponaria is
attributed to the activation of cytotoxic T-celss crude saponins are toxic and cause
haemolysis after intravenous administration, itsiffgd fractions Quil-A, QS-21 or
immune stimulation complexes (ISCOM) of cholestepblospholipids and saponins are
preferred [42]. The covalent binding between atreaaldehyde group in the saponin
and an amine of the cytotoxic T-cell activatesditoxic T-cell [43].

Targeting describes the specific delivery of thegam to immune competent cells like
dendritic cells and macrophages. Size and chargifgecdintigen are important factors to
mimic the pathogen and optimise the recognitionthgyimmune system [14,44]. Virus
like particles and virosomes are prominent examfdesan immune stimulation by
aggregates [45,46]. Virus like particles are coneplosf noninfective virus capsid or
envelope proteins and the antigen [45]. In thesdgmal hepatitis A vaccine HAVptr
the antigen is absorbed on a unilamellar liposomE50 nm. For better recognition by
the immune system, a hemagglutinin of influenza imasrporated in the phospholipid
bilayer. Both adjuvant systems are recognised\asia because of their size (22 nm —
150 nm) and structure [46]. Therefore, they arenakp rapidly by macrophages and
dendritic cells and provide a much stronger immrasponse than the soluble antigen
[46]. A positive surface charge promotes the uptak@ano- and microparticles by
macrophages and dendritic cells [14,15]. In thdofaihg, cationic emulsifiers like

quaternary ammonium compounds were used as adgupafit
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Enhanced antigen presentation describes the sttimin of the antigen in its native
conformation and its presentation to immune effectlls. The absorption of antigens
on oil in water emulsions, ISCOMs or particles 8isds the conformation of the
antigen and thus present the antigen to immune etanpcells [34]. This mechanism is
accompanied with the targeting of immune competetis. Many adjuvants provide
several modes of action and cannot be classifigdtlgtinto one group. Freund's
Adjuvant combines the depot effect with the immuoduoiatory effect of the paraffin
oil and theMycobacteria tuberculosisThe use of multiple mechanisms is preferred in
the development of new adjuvant systems. SevepaVawnts are combined to achieve a
superior immune stimulation. The malaria vaccinesiylorix combines the adjuvant

effects of monophosphoryl lipid A (MPL), saponin§Q1) and liposomes [48].

Immunomodulation comprises small molecules andepmetwhich modify the cytokine
network. Especially the immune stimulation via Tilde (TLR), Nod-like (NLR) and
RIG-I-like (RLR) receptors, recognising pathogensamsated molecular patterns
(PAMP) like bacterial DNA, viral RNA, muramyl dipagde, lipopolysaccharides,
mannose oligosaccharides as well as synthetic gmdike CpG dinucleotide rich
sequences or monophosphoryl lipid A, induces timate immune response [49]. The
most frequently used adjuvant aluminium activates innate immune system via the
NALP3-Inflammasome [50]. In the following, the pnfiammatory cytokines IL-1b,
IL-18 and IL-33 are released. Additionally, the awgidion of the antigen at the
precipitated aluminium hydroxide lead to an impmyeesentation of the antigen to the
immune system [51]. The monophosphoryl lipid A adjted hepatitis B vaccine

Fendrix was the first approved vaccine adjuvantgd an TLR ligand [52].

1.2.2 Squalene Adjuvants

Squalene emulsions have been widely used as vaedjuwants and drug delivery
systems [53]. Because of its chemical structurdireesar triterpene (Figure 1) and
precursor in the endogenous cholesterol biosyrghésis biodegradable and provides

good biocompatibility [54].

Water in squalene emulsions, like Montanide ISAA2G and TiterMaX, were
developed to overcome the toxicity of mineral odsbd adjuvants like Freund's
Adjuvant [53]. In Montanide ISA720 VG, the 30 % agus phase is stabilised with
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mannide monooleate in the lipid squalene phaswadtbeen widely used as adjuvant in
experimental malaria and HIV vaccines [55]. Theuadnt mechanisms were mainly
attributed to the W/O emulsions, by the formatidran antigen depot at the injection
site [55,56].

T & ik
c CH CH, _C CH, _CH_ _CH, _CH_ _CH, _CH_ _CH
X 2 O 2 O 2 . 2 . 2 . 5
Hie” SCH  “cH, XcH  “cH, NcH  ScH, X¢” “cH, ¢ “cHy \clz/
CH, CH, CH,

Figure 1. Chemical structure of squalene.

Additional, squalene in water emulsions were degwedbas adjuvants. The initially

developed squalene nanoemulsion, Syntex adjuvamtutation, based on a squalene
nanoemulsion and the immune stimulant muramyl digepbut had severe side effects
[57,58]. Later, the adjuvant effect of squaleneasamulsions, without a further immune
stimulant, was discovered [59]. AddaV¥x AS-03 in the pandemic flu vaccine

Pandemri¥ and MF5§ in the seasonal flu vaccine Flfadre comparable squalene
nanoemulsions. The most established squalene ajisréhe squalene nanoemulsion
MF59°. Since its approval in 1997, more than 150 millitwses have been applied and
it is known for its excellent biocompatibility [60Nevertheless, squalene adjuvants
were made responsible for the gulf war syndronmaptiisymptom disorder of gulf war

veterans, caused by vaccination with a squalenevadfed anthrax vaccine. Initial data
suggested that anti-squalene antibodies were détedan the blood serum of affected
veterans [61]. Further studies could not prove getation between anti-squalene
antibodies and the gulf war syndrome [62]. Morepsgualene nanoemulsions have
shown no induction of anti-squalene antibodies nnmunisation trials [63]. Today,

squalene nanoemulsions are regarded as safe @t pdjuvant formulations [60].

In MF59°, the lipophilic squalene phase of 4.3 % is staddiwith 0.5 % Tween 80 and
0.5 % Span 85 in the nanometre range around 16[BAMThe particle size plays an
important role for the immune stimulating effectpgication of the single ingredients
did not stimulate the immune system and the imnresponse remained at the level of
the PBS negative control [65]. Also a squalene atewemulsion with a particle size of
1 um has shown no comparable immune stimulatingctff[66]. As the antigen was
not incorporated in the lipophilic phase, a degéat could not be assumed. A study

with °H labelled squalene has shown a rapid eliminatiomfthe injection side. Within
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4 h resp. 2 days, the squalene amount decreass&i%oresp. 24 % [67]. For squalene
nanoemulsions, the formation of a local inflamed ammunocompetent area at the
injection side is assumed. Even the applicatiotM&59® at the injection side 24 h

before the immunisation led to a comparable stitraria In contrast, the injection at a
different side and the application 24 h after thegen application at the same injection
side did not cause an adjuvant effect [68]. Theoldye release after the injection
attracts subsequently monocytes and granulocytéseiimmune competent area [69].
This promotes the transport of the antigen intolyhgh nodes and thus stimulated the

activation of T-cells and B-cells [70].

1.2.3 Nanoparticle Adjuvants

Nanoparticles haven been used frequently as dgliggstems for vaccines [71].

Nanoscaled vaccine delivery systems act by theeption and prolonged release of the
antigen [72]. Furthermore, nanopatrticles stimuthgeantigen resorption via the ocular,
nasal and oral route [73—75]. Incorporation or goison of the antigen at the surface
allowed to mimic the typical pathogen size, promgtthe recognition by the immune
system, the uptake by immune competent cells amdéehvery to the lymphatic system

[46,76].

Reddyet al. have shown the transport of nanoparticles intoplyatic capillaries and
draining lymph nodes after intradermal injectionhey observed a strong size
dependency for the accumulation in lymph nodes @ealdritic cells. Hereafter, the
investigated 25 nm particles, containing ovalbuesnmodel antigen, raised a stronger

immunity than the 100 nm patrticles [76].

Liposomes were used as versatile drug deliveryesydbr antigens. The structure of
liposomes allows to incorporate antigens and to ifpdtie particle size and surface
structure easily [46,48,77]. Both were applied tomin the surface of pathogens.
Oligomannose and yeast mannan coated liposomesshaven a dramatic increase in
cell mediated immunity by mimicking the polysacabar moieties of pathogens

[78,79]. A vaccine of coated liposomes, contairsofuble leishmania antigen, resulted
in a nearly full protectivity againsteishmania majorin comparison to the

oligomannose free liposomal vaccine [78]. Similanopatrticle structures, composed of
virus capsid proteins and antigens, are virosomesvaus like particles. They can be
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classified as reconstituted viruses. Their use laghl potential is discussed in section
1.2.1.

Polylactide-co-glycolide acid has been intensivalydied as biodegradable polymer for
vaccine drug delivery systems. Polylactide-co-glglso nanoparticles have been used
successfully via the nasal, oral and parenterakterd80-82]. Ovalbumin loaded
polylactide-co-glycolide nanoparticles have showrst@ng size dependency of the
adjuvant effect. While microparticles with a meaandeter of 17 um did not raise
antibody titres, the immune stimulation increasdthwemaller particles of 1 um and
300 nm [40].

Chitosan nanopatrticles have been widely used ®mthcosal application of vaccines
via the nasal and oral route [74,83,84]. The cati@tructure of chitosan particles is
made responsible for the mucoadhesive propertieshifosan based vaccine against
hepatitis B induced high antibody titres in fem&8ALB/c mice after intramuscular

administration. The antibody titre of the chitossanoparticles vaccine with a particle

size of 200 nm was up to 8 fold higher than thena&ljuvanted vaccine [85].

Different from the delivery systems, nanodispersiatself can also stimulate the
Immune system. Squalene nanoemulsions are the prasinent immune stimulating
nanodispersions [60]. They are described in datadection 1.2.2. In addition to the
discussed squalene nanoemulsion, solid lipid natiojes (SLN) have been described
as stable biocompatible adjuvant (SBA) by Mukgral. [86]. It was shown that the
expression of proinflammatory cytokines were depandon the hydrophobicity of
nanoparticles [87]. An activation of the innate iomme system by the lipid nanoparticles
was assumed, as the lipids are recognised as daassgeiated molecular patterns
(DAMP), like hydrophobic cell compartments whicle aeleased after cell lysis [16]. In
contrast to this, then vivo evaluated stable and biocompatible adjuvants away
contained an immune stimulant. The successfulletetormulations based on paraffin
or esterquat (N,N-di-[beta-stearylethyl]-N,N-dimgdmmonium chloride) [88]. The
adjuvant effect of paraffin and its bad biocompétip with the formation of
granulomas was already described by Freund in 337 Additional, cationic charged

particles are well known to stimulate the immursponse [14,89].

The formulation of saponins with phosphatidylcheliand cholesterol resulted in

nanoparticles of 40 nm. The formed cage like stmast acted immune stimulating by



Introduction 9

the delivery of saponins and controlled the toxiaf saponins [90]. ISCOMS are
approved for veterinary use in the equine influemaacine Equilis [91]. Additional,

several antigens, like influenza A virus envelopegproteins, measles viral membrane
antigens and bovine serum albumin, were incorpdratéo ISCOMs and used as

antigen delivery systems [92-94].

1.3 Infectious Bursal Disease Virus

The infectious bursal disease or Gumboro diseaaéighly contagious disease mainly
in chickens. It is caused by the double-stranded RiMectious bursal disease virus
from the family of birnaviridae and reaches mortyidates up to 100 % [95,96]. Mainly
young chickens of 3-6 weeks are affected and shaspecific clinical signs like

decreased feed intake, ruffled feathers and ptastraClinical signs of severe forms

are a watery diarrhea and dehydration [97].

The animals are infected via the faecal-oral rotéer the infection, the virus
replicates initially in macrophages of the gut-assted tissues and spreads via the
blood stream. The main target of the virus areiferaiting B-lymphocytes in the bursa
of Fabricius [98]. As the bursa develops during 3+é week of life, the chickens are
most susceptible during this time. Earlier infexiooften occur without clinical
symptoms, but with the same long lasting immunoseggion. The immunosuppression
is caused by a depletion of the lymphoid folliclesthe bursa. During the bursa
infection, the replication of the virus lyses tharda lymphocytes, which leads to
depletion and necrosis of the bursa follicles [9Phe destruction of the lymphoid
follicles in the bursa of Fabricius induces a ghowteficit and makes the chickens
susceptible for secondary infections [100]. Fumhane, the immunosuppression
reduces the efficacy of future vaccinations [1QH4ter on, the virus also infects and
damages the spleen, bone narrow and thymus lyme[02].

Gumboro disease was described as the most impatisedse in the global chicken
production and occurs worldwide [103]. High econortasses in poultry farms are
caused by its mortality, exceeding 50 % for veryubl@nt strains, and long lasting
immunosuppression [99]. Until the end of the 198@winly mild forms of IBDV

caused losses by a reduced yield in poultry fanmass&condary infections [104].
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There is no causal therapy for IBDV. Because of high viability and resistance

against heat, pH value and chemicals, the virusreamin infectious for 122 days.

Therefore, a strict hygiene management is necesaaryhe virus can be transmitted
easily via water, nutrition and dust [105,106]. islugh there are vaccines against
IBDV, the occurrence of very virulent strains in8¥9led to vaccination failures and

following increased morbidity and mortality [107].

Muller et al gave an excellent overview about the currenustaff vaccines against
infectious bursal disease [106]. The majority ofncoercially available IBDV vaccines
bases on live attenuated classical virulent strdingortunately, they do not provide
sufficient protection against very virulent IBDVfains [106]. More stimulating strains
in intermediate, intermediate plus and hot vaccirs@se higher antibody titres and
protectivity, but they can cause bursa lesions Ifits€éhe bursa lesions and
Immunosuppression may be comparable with the sffeicinfections [102]. The safety
profile and vaccine breakthroughs are typical phesa for live vaccines, especially
for only mild attenuated vaccines. Neverthelesgnethe intermediate plus vaccines
were not able the achieve full protectivity agawesty virulent IBDV strains [108]. The
presence of maternal antibodies is a further Ingitfactor in field vaccinations and
requests for more potent vaccines [109]. The ves@ccine VAXXITEK® was
developed to overcome the interference with matearatibodies and potential
immunosuppression of live vaccines. It bases orhdipes virus of turkey as vector for
VP2. Thus, it ensures the necessary immune stironlay the virus and the delivery of
a potent and safe antigen [110,111].

1.4 Research Objectives

The aim of this work was to develop a vaccine fdation for a novel yeast based
vaccine against the infectious bursal disease wuirghicken. The long-term goal was to
achieve a competitive ready-to-use formulationha&f yeast vaccine, a potent adjuvant
system and excipients to ensure excellent biocabijiigt To be competitive with
available market products, it should be focusecstablished adjuvant principles and
preparation methods for large scale production. eBenoptimisation of the yeast
vaccines and improvements during the fermentatierevapplied in parallel by project

partners to increase the antigen amount and teweha stable and defined product.
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This work focused on the following aspects of daotngem processing and adjuvants

development:

1. Optimisation of the downstream processing:

The yeast material should be processed to exaremetluence of the particle
size on the immune stimulation. Additionally, a fann small particle size is
requested to standardise the yeast vaccine andhé&iincorporation into a
controlled release formulation. As yeast is welbwn to act as an adjuvant [56],
the disrupted yeast material should be investigbedan increased adjuvant
effect and to enhance the accessibility of immumapetent cells to the antigen.
Sterilisation trials withy-irradiation should be carried out to inactivate yeast

material and to apply a validated sterilisation moelt in accordance with the

pharmacopoeia.

2. Test of commercial adjuvants:
The adjuvant effect is highly dependent on thegentj animal species and route
of administration [49,112]. Commercial adjuvantowd be investigated to
ensure excellent immune stimulating properties smdelect candidates for

further adjuvants development.

3. Development of adjuvant systems
After the test of commercial adjuvants, the adjavaystem AddavaX’, similar
to MF59°, should be improved for easier preparation indasgales and to
induce a stronger immune response by introduciagcand adjuvant principle.
Most adjuvants need to be prepared directly befeeadministration or they are
available as agueous emulsion. Therefore, it wasaiim to develop a squalene
containing adjuvants which could be stored as dwder together with the
freeze-dried and inactivated yeast material.

4. Detailed physicochemical characterisation of the gdvant systems
The size of nanosized adjuvants is the most cripaaameter for the adjuvant
properties [66]. Therefore, detailed size measundsnbas to be performed,
using static light scattering, photon correlatigmecroscopy, nano tracking

analysis and asymmetrical flow field-flow fractidiwa in combination with
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multi angle laser light scattering. Differentialasming calorimetryH-NMR
and X-ray diffraction are applied additionally tbatacterise the combination of

the solid and liquid lipids in the final adjuvatrmulations.

5. Invitro andin vivo testing of the developed adjuvant systems
In vitro cytotoxicity tests should be performed on CCD-CoéBs to determine
the biocompatibility. The adjuvant effects of thevdloped formulations are
evaluated initially in mice experiments. To providesults about the
biodistribution and bioelimination of the final adant system, fluorescently
labelled formulations are tracked non-invasivelurtRermore, the distribution

study can clarify the adjuvant mechanism of squalemopatrticles.

6. Immunisation trials in the target organism
Final immunisation trials with the leading adjuvaiarmulation should be
carried out in the target organism chicken. Comtusu determination of the
antibody titres and a final challenge experimerihwi very virulent IBDV strain
provide detailed data about the protectivity inc&en. Histopathological
investigations of the bursa of Fabricius give aatetl overview about the

protectivity of the vaccine formulation.
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2 Materials

2.1 Genetic Background of the Yeast Vaccines

The yeast vaccines were developed and grown inatheratory of the project partner
Prof. Dr. Karin Breunig, Institute of Biology, Defaent of Genetics, at the Martin-
Luther-University Halle-Wittenberg. For detailedarmation about the construction of
the yeast strains and their genetic background tieferred to the original works of
Arnold et al.and Krijgeret al.[104,113,114].

All yeast strains based on the antigen fikdéeyveromyces lactistrain WT367, which
was used as negative control in the immunisatiodiss. The growth dfluyveromyces
lactis on lactose is mainly dependent on the enzyfwgslactosidase, encoded by
LAC4, and the lactose permease, encoded A¢12 [115]. The expression of both
genes is induced in the presence of lactose octgpaka In the non-induced state, the
inhibitor KlGal80 represses the transcription aativ KlGal4 [116]. Thus, no
expression of th€ AC4 andLAC12 gene occurs. The recombinant antigen was stably
inserted into the genome, downstream of the stigh@4 promoter [117] to ensure a

reproducible, lactose dependent protein expression.

As reported by Saugat al, a capsid forming region of 456 amino acids frabY
VP2 was selected as antigen to be expresskdlactis[118]. The amino acid sequence
derived from IBDV strain D78 (GenBank: EU162087.Th increase the amount of
VP2 synthesised intracellularly, the protein wabsised by replacing the threonine at
position 2 of VP2 D78 by serine, in accordance whi N-end rule [119]. Furthermore,
in VAK890 the VP2 expression was promoted by stablegration of additional
KIGALA4 transcription activator gene copies. For obtainfidg<911, the same principles
were applied, but additionally the VP2 sequence w@don optimised by Mr. Gene
GmbH (Regensburg, Germany) using $hecerevisiaalgorithm [14]. Strain VAKJIS27
and VAKJS71 relied on the same principles and vegrtémised further, to grant high

genetic stability and good growth properties, wilii@te the fermentation processes.

The antigen amount (VP2) was determined as 1.lqrgmg dry yeast for VAK890,
2.1-3.6 pg per mg dry yeast for VAK911, 2.2-4.1pag mg dry yeast for VAKIS27
and 3.5 pug per mg dry yeast for VAKJS71.
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2.2 Adjuvants and Materials for Adjuvants Preparation

Table 1. Adjuvants and materials for adjuvants preparation.

Material Lot Producer

Adjuvants

Addavax™ Various Invivogen (Toulouse, France)
GWT24040-

Montanide ISA720 VG 2316103

Complete Freund’s Adjuvant SLBC5082
Incomplete Freund’s Adjuvant SLBD7682
Lipids

Squalene MKBH3446V
MKBQ5948V
Softisan 154 111225
Emulsifiers
Span 85 LQ 870965
Tween 80 HP SD43361
Cithrol MMO 607808
Lecithin S100 790571-4/903
Kolliphor P188 micro WPEIS53T

Saponin (from quillaja bark) 010M7015V
Fluorescence dyes

DiR (DilC18(7) or 1,1’-
dioctadecyltetramethyl 1654313
indotricarbocyanine lodide)

Excipients for freeze-drying

Gohsenol EG-05PW 23N01

PEG 1500S DEG4127470
Trehalose 1250745
Sucrose 133902
Glucose 2228
Mannitol M620019020
Dextran 500 241/03

PVP 25 33420

Others

Na Citrate*2 HO 12E04-N05

Seppic (KoIn, Germany)

Sigma AldriBfa(mstadt, Germany)
Sigma Aldr{@armstadt, Germany)

Sigma Aldrich (Darmstadt, Germany)

Cremer Oleo (Witten, Germany)

Croda (Nettetal, Germany)
Croda (Nettetal, Germany)

Croda (Nettetal, Germany)
Lipoid (Ludwigshafen r@any)
BASF (Ludwigshaferei@any)
Sigma Aldri(Darmstadt, Germany)

Life Technologies (Ober-Olm,
Germany)

Nippon Gohsei (Diisseldafntany)
Clariant (Muttenz, Switzerjand
Fluka (Buchs, Switzerland)
Fluka (Buchs, Switzerland)
Grussing (Filsum, Germany)
Merck (Darmstadt, Germany)

Serumwerk Bernburg (Bernburg,
Germany)

Serva (Heidelberg, Germany)

Fagron (Barsbiittel, Germany)
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2.3 Miscellaneous

The exact composition of feeding solutions and dxgfffor biological and biochemical
methods are given in the appendix. All other sulxsta were of analytical grade, if not

stated otherwise.
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3 Experimental

3.1 Preparation of the Nanoparticles

The nanopatrticles and nanoemulsions were produdédawigh pressure homogeniser
(Avestin C5, Ottawa, Canada) by using a pre-emnjsprepared with a high speed
mixer (Ultra-TurraX T18, IKA, Staufen, Germany). For the formulatio8-2, the
saponin was dissolved in bidistilled water and l#weithin was dissolved in squalene at
65°C. All other emulsifiers were dispersed in 10 rmdtium citrate solution pH 6.5 at
45°C. For the preparation of the pre-emulsion, Emeawas added under continuous
stirring at 20000 rpm at room temperature. The gmedsion of the solid lipid
nanoparticle formulation JS-3 and JS-3o0 was forrogdemulsifying the previously
molten and mixed lipid phase of squalene and Zuoftib4 under the same conditions at
65°C. Subsequently, the pre-emulsions were furgivecessed with a high pressure
homogeniser (EmulsiFlex C5, Avestin, Ottawa, Capataroom temperature and at
65°C for JS-3 and JS-30, resp. The homogenisatiesspre and cycle number were
dependent on the formulation and were evaluatedeémh formulation to achieve a
comparable size distribution like AddaV&x120-170 nm).

Aqueous phase
T=65°C i -
L
Pre-emulsification High pressure homogenisation Final nanoparticles
with Ultra-Turrax® T=65°C

T=65°C

Squalene/Softisan
T=65°C

Figure 2. Preparation method for the solid lipid nanopartisle

For animal experiments and cytotoxicity tests, fivenulations were filtered after high
pressure homogenisation through a 0.2 um filter re§enerated cellulose or
polyethersulfone to ensure sterility. The soliddimanoparticles were filtered using
preheated filters and syringes of 80°C to use liakility of the emulsified droplets
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and for not changing the size distribution. Aftertls the Softisan containing samples
were cooled down on ice. For long time storage,foneulations were preserved with
0.02 % sodium azide and stored in the fridge at. 4Pz exact composition of the

formulations is given in section 4.3.1.

3.2 Methods for Physicochemical and Size Characterisain

3.2.1 Static Light Scattering

Routine measurements of the size distribution veareied out by laser diffractometry
on a Mastersizer 2000 (Malvern Instruments, Malyédnited Kingdom) combined
with a Hydro 2000 S wet dispersion unit. The samsiplere measured at a laser
obscuration of 5 %, corresponding to 11-15 % olstcam of the blue laser, in purified
water. A series of 5 runs was evaluated by the dsizier 2000 software version 5.60,
using the Mie theory, assuming spherical particiéth a refractive index of 1.494,
absorption of 0.001 and a refractive index of 1f88 the dispersant as optical

properties.

3.2.2 Photon Correlation Spectroscopy

PCS measurements were carried out on a Zetasizeo X8 (Malvern Instruments,
Malvern, United Kingdom) and the Zetasizer softwérg0. All samples were diluted
with 0.22 um filtered bidistilled water to a lip@bncentration of 0.025 % and measured
in quintuplicate in the automatic mode, suggesfi@gl4 sub runs each. The samples
were given 180 s to equilibrate at 25 °C. Measurgmevnere performed in the

backscattering mode at 173° to prevent multiplétsgag events.

3.2.3 Nano Tracking Analysis

Nano tracking analysis is a novel technique visuadi nanoparticles. As the Abbe limit
of half of the wavelength limits the resolution lefight field microscopes, it is not

possible to examine nanoparticles there. However,stattered light of nanoparticles
can be tracked as point scatters in a microscope.nbno tracking analysis uses this
principle to measure the size by tracking each Isingarticle in the measurement

chamber, preventing from multiple scattering evehige in the PCS, the particle
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movement is caused by the Brownian motion. In tbkowing, the hydrodynamic

particle radius can be calculated with the StokestEin equation. In contrast to the
dynamic light scattering, the particle size is oldted for every single particle.
Especially for broad and multimodal distributiotisis offers a more detailed view on

the particle size distribution [120].

The particle concentration was adjusted with 0.2 fillered citrate buffer to 60
particles in the measurement area and was measurdéde positions for 30 s to
overcome the drawback of a limited sample size. &tperiments were carried out on a
NanoSight NS300 (Malvern Instruments, Malvern, Bditkingdom) at a controlled
temperature of 25°C. The samples were illuminated bed laser beam at 642 nm and
the particle movement was captured by a sCMOS aanherthe following, the data

were analysed with the corresponding software NTIA 3

3.2.4 Asymmetrical Flow Field-Flow Fractionation

Asymmetrical Flow Field-Flow Fractionation (AF4) sombination with Multi Angle
Laser Light Scattering (MALLS) has been used intexlg as powerful tool to
characterise the molecular weight distribution ofymers and macromolecules, size
distribution and shape of nanoparticles [121-1Z3]je measurement bases on the
previous separation of the particles in a flow ate&dnAn applied cross flow decelerates
especially larger particles on an accumulation waellile smaller particles diffuse back
to the faster elution profile in the middle of thew channel and are eluted first. Thus,
heterogeneous and broad particle size distributtansbe examined accurately by static
light scattering. For the detailed measurementcipias of AF4/MALLS it is referred
to the publications of Giddings and Wittgrenal.[124,125].

The separation of nanoemulsions and lipid nanapestiwas carried out with an
Eclipse F asymmetrical flow field-flow fractionatio(Wyatt Technology Europe,
Dernbach, Germany) and analysed by a DAWN EOS mulgie laser light scattering
detector (Wyatt Technology Europe, Dernbach, Gegpameasuring the angle
dependent light scattering intensity. A membranerejenerated cellulose with a
molecular weight cut off of 10 kDa (Microdyn-NadBmbH, Wiesbaden, Germany)
was set up in a trapezoidal flow channel of 265 temgth and 350 um height as
accumulation membrane. The eluent, 10 mM sodiumateitbuffer pH 6.5 preserved
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with 0.02 % sodium azide and filtered through O, pvas provided by a HPLC pump
and a micro vacuum degasser (Agilent 1100 Serigdet Technologies, Ratingen,
Germany). Before the measurements, the formulatiere adjusted with citrate buffer
to 0.1 % lipid, meaning that 100 pg lipid in 100kuiffer were investigated per run. The
separation method is described in detail in TablénRially, elution and focus steps
with cross flows of 2 ml/min were applied to prozih homogeneous flow at the
beginning of the injection. In the following, thamsples were injected with a flow of
0.2 ml/min for 2 min, meaning that the injectiompoof 100 pl was flushed four times.
The elution and separation of the nanosized fortiwa were performed with two

isocratic cross flow gradients from 2 ml/min to @%min and in the following to

0 ml/min at a detector flow of 1 ml/min. The finalution step without crossflow was
applied to remove contaminants from the channelwels as the permanent elution

mode with injection was applied to remove sampdsgduals in the injection loop.

Table 2. Method for AF4/MALLS separation analysis.

Step Tir.ne Mode Focus _ﬂOW Cross flow (ml/min)
(min) (ml/min) Start End

1 2 Elution - 2 2
2 1 Focus 2 - -
3 2 Focus + Injection 2 - -
4 1 Focus 2 - -
5 4 Focus + Injection 2 - -
6 5 Elution + Injection - 2 0.5
8 50 Elution + Injection - 0.5
9 10 Elution + Injection - 0

Eluent: 10 mM Na-citrate pH 6.5 Inject flow: 0.20 ml/min

Spacer: 350 ym Detector flow: 1.00 ml/min

Data analysis of the raw data was performed with Alstra software 4.90 (Wyatt
Technology Europe, Dernbach, Germany). The shapgbeohanoemulsions and solid
lipid nanoparticles was known from electron mickgsc investigations as spheres.
Hence, the data were fitted using the sphere mailela 3% order polynomial fit. All

samples were measured in triplicate and resultgyiaen as mean. The primary size

information of the MALLS is the root mean squarediva (RMS) which was



Experimental 20

transformed to the geometric radius of sphericdigas to ensure comparability by the
following equation [126]:

dgeo = 2 rgeo = Z\E RMS (Equation 1)

The characteristic @1, Dps and DQog values were calculated from the volume
weighted cumulative particle size distribution ottez whole peak.

3.2.5 Electron Microscopy
Cryo TEM

Vitrified samples of 2 mg/ml lipid were preparedings an EM GP grid plunger
(LEICA, Wetzlar, Germany) under controlled temperatand humidity. Initially, the
formulation was filter through a 0.22 um steriléefi to get rid of minimal parts of
interfering larger particles. A thin film of therfoulation was applied to a holey carbon
film coated EM grid (C-flat”, Protochips Inc., Raleigh, USA) by placing a doopthe
grid and removing the excess with a filter paparthe following, the samples were
vitrified by plunging them into liquid ethane andg in liquid nitrogen until they were
transferred via a Gatan 626 cryotransfer systerthéoelectron microscope. Electron
microscopic pictures were taken on a Libra 120 RGarl Zeiss Microscopy GmbH,
Oberkochern, Germany) transmission electron miopscrunning at 120 kV with a
dual-speed on axis SSCCD camera (BM-2k-120, TRSyrbtoweis, Germany).

Negative Stain TEM

The negative stains were prepared by placing 3futhe formulation, diluted to
10 mg/ml, onto a copper gribated with a formvar filmExcessive liquid was removed
with filter paper after 1 minute. After three foNong washing steps with water, the
samples were stained with one drop of 1 % aquecarsyliacetate. After 1 minute the
liquid was drained of with filter paper and air elti The prepared samples were
investigated on a Zeiss Em900 (Carl Zeiss SMT, Kiwdren, Germany) electron
microscope, operating at 80 kV and equipped witslaav scan camera (Variospeed
SSCCD camera SM-1 k-120, TRS, Moorenweis, Germany).
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3.2.6 Differential Scanning Calorimetry (DSC)

Thermal analysis was performed on a Differentisdreng Calorimeter 200 (Netzsch,
Selb, Germany). If not stated otherwise, closednalum pans were used. Sample
masses from 4 mg to 30 mg were weighted out acayratiepending on the lipid
concentration in the sample. An empty closed alumipan was used as reference. The
measurement cycle consisted of a heating segmemt 5°C to 85°C, followed by a
cooling step to 5°C and a second heating cyclét@€8Between the steps, a dwell time
of 3 min was applied at the last temperature. D&hs were performed with heating
and cooling rates of 5 K per minute and under caatiis nitrogen flow of 10 litres per
minute. The maxima and minima of the DSC curvesewassumed as melting resp.

solidification points.

3.2.7 X-Ray Diffraction

Wide angle X-ray scattering was performed on a ST&IRADI MP (STOE & Cie
GmbH, Darmstadt, Germany) powder diffractometenjigoed with a cobalt anode
(40 kv and 30 mA) and a Ge (111) monochromatoreiect the Co K radiation at
0.1788965 nm. Data of the rotating samples werkeceld in the transmission mode
from 2 = 4-45° in 0.5° steps for 60 s each. Prior X-raalgsis, the solid lipid
nanoparticle formulations were concentrated byaa#ntrifugation at 100000 g for
30 min on an Optima MAX XP (Beckmann Coulter, Brd&A).

3.2.8 'H-Nuclear Magnetic Resonance'H-NMR)

'H-NMR experiments were carried out on a 500 MHzcgpeneter (Unity Inova 500,
Varian, Palo Alto, USA). The formulations were ma&@sl at 25°C and contained 20 %
D,O with 0.75 % trimethylsilylpropionate as internatandard. 32 spectra were

accumulated to improve the signal to noise ratio.

3.2.9 Zeta Potential

Zeta potential measurements were performed on asiZet Nano-ZS (Malvern
Instruments, Malvern, United Kingdom) using lasamppler electrophoresis. The zeta
potential was calculated from the measured elebtnggiic mobility by using the
Helmholtz-Smoluchowski equation [127].
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Helmholtz-Smoluchowski equation:

¢ =EED

&

(Equation 2)

4 zeta potential M viscosity of the dispersion medium

€ dielectric constant of the solvent E electrophoretic mobility

All nanoparticle formulations were diluted with saah chloride solution (5 mM and
10 mM), 1:10 Sorensen’s phosphate buffer (pH 6& @i 7.4), sodium citrate buffer
(5mM and 10m at pH 6.5) and bidistilled water tdi@d content of 0.01 %. Each
sample was measured in triplicate with 12 to 18rsuis, as optimised by the Zetasizer
software, at 25°C. To ensure proper charge eqatldom at the surface, the samples

were diluted 6 h before the measurement.

3.3 Laboratory Equipment

3.3.1 Miscellaneous Laboratory Equipment

Table 3. Overview about used laboratory equipment.

Equipment Manufacturer Use
Ultra-Turrax © T10 IKA, Germany solubilisation
Ultra-Turrax © T18 IKA, Germany prehomogenisation

Branson Sonifier 250
EmulsiFlex C-5

Multi-Pulse Vortexer
Centrifuge 5417R
Centrifuge 5810R
Centrifuge Avanti J-25
Optima MAX-XP
Christ Alpha 2-4
DASGIP® Fermenter

Emerson, USA
Avestin, Canada

Glas-Col, USA
Eppendorf, Germany
Eppendorf, Germany
Beckmann Coulter, USA
Beckmann Coulter, USA
Martin Christ, Germany
DASGIP, Germany

cell disaggregation

high pressure homogenisation,
cell disruption

cell disruption
centrifugation
centrifugation
centrifugation
ultracentrifugation
lyophilisation
yeast fermentation
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3.3.2 Lyophilisation

For freeze-drying, the samples were frozen rapmdty liquid nitrogen at -196°C and

lyophilised on a Christ Alpha 2-4 freeze dryer (MacChrist Gefriertrocknungsanlagen
GmbH, Osterode am Harz, Germany) in combinatioih &ivVacuubrand RC 6 vacuum
pump (Vacuubrand GmbH, Wertheim, Germany) for 24te chamber was evacuated

to 0.05 mbar, corresponding to -48°C on the sulilonacurve of ice.

3.3.3 Gamma Sterilisation

Gamma sterilisation was carried out as servicenbyynergy Health Radeberg GmbH,
using cobalt 60 as radiation source. In accordavitde the European Pharmacopoeia,
single or double doses of 25 kGy with target da¥e®5-33 kGy resp. 50-60 kGy were
applied to ensure sterility. The exact applied dosere evaluated dosimetrically.
Shipping and irradiation were performed on dry ate-78°C. Prior sterilisation, the

samples were aliquoted into radiation resistanggiblylene terephthalate tubes.

3.4 Biological and Biochemical Methods

3.4.1 Sample Preparation for SDS-PAGE

1 ml with 30 OD units of the yeast material wadexikd by centrifugation at 5000 rpm
on an Eppendorf Centrifuge 5417R (Eppendorf AG, Barg, Germany) at 4°C for

5 min. After adding 600 mg glass beads and 500640 Buffer to the cells, they were
disrupted by 4 times vortexing on a Multi-Pulse ¥aer (Glas-Col, Terre Haute, USA)
for 3 min at 4°C and 5 min storage on ice. In tifving, the supernatant was purified
by centrifugation at 14000 rpm for 5 min at 4°C.eTprotein concentration was
measured as described by Bradford in 1976 [128hgus Bio-Rad protein assay (Bio-
Rad Laboratories, Hercules, USA) and bovine serilbunain as standard. The proteins
in the supernatant were denaturated by heating ¥0th Laemmli buffer at 95°C for

20 min and stored at -20°C. All samples were adpisb a constant protein amount to

avoid differences caused by incomplete proteinaexion.
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3.4.2 SDS-Polyacrylamide Gel Electrophoresis (PAGE)

The proteins were separated by electrophoresiDia-Bolyacrylamide gels, based on
their molecular weights, as described by Laemmli970 [129]. Samples were run in a
separation gel of 12 % and a stacking gel of 4 8oWacrylamide at constant amperage
of 25 mA for 45 min in SDS-PAGE running buffer. R&yler™ Prestained Protein
Ladder (Thermo Fisher Scientific, Waltham, USA) wased as molecular weight

standard in a range of 10-170 kDa.

3.4.3 Western Blot Analysis

The weight dependent separated proteins were é&naiadf onto a 0.45 um PVDF
membrane (Merck Millipore, Billerica, USA) to be tdeted by specific antibodies
[130]. They were transferred at 100 V under cortdirsi cooling with ice in transfer
buffer for 1 hour. The membrane was blocked wit#h Bnilk powder and 3 % BSA in
TBS-T for 1 hour. In the following, the membraneswacubated with the primary anti-
IBDV (rabbit) antibody, diluted 1:10000 in blockingplution, overnight. Unbound
antibody was removed by thoroughly washing with TBSAfter the incubation with a
horseradish peroxidase conjugated secondary amtiqdcb000) and thoroughly
washing with TBS-T, the VP2 was visualised on X-fitys, using ECL reagent (GE
Healthcare, Little Chalfont, UK). Additionally tdvé¢ immunological protein detection,
the membranes were stained with Ponceau S to vénéy protein load semi-

quantitatively.

3.4.4 Preparation of Blood Serum
Preparation of mouse serum

After blood sampling, it was clotted for 1 hour @om temperature and for the
following 16 h at 4°C. Serum was obtained by cé&mgation with 10000 g at 4°C for
90 s. The supernatant was purified by a secondtiancentrifugation step and
inactivated for 30 min at 56°C. Serum samples waeserved with 0.02 % sodium

azide and stored at 4°C to ensure stability.

Preparation of chicken serum

Serum was gained by centrifugation at 3000 rpnBfbmin after clotting the blood at
room temperature for half an hour. Finally, it vkapt at -20°C.
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3.4.5 Enzyme-Linked Immunosorbent Assay (ELISA)

An IDEXX (IDEXX Laboratories, Westbrook (Maine) USAIBD enzyme linked
immune assay for chicken was modified for the usenice to determine the antibody
titre against IBDV in mice. The tests were carrged as described in the manual with
the following modifications. Mice sera were dilutédb0. An anti-mouse-HRP antibody
was used instead of the supplied anti-chicken:Hgtdat) as secondary antibody. The
2" antibody was diluted 1:5000 in 50 mM tris-HCI pH08140 mM sodium chloride
and 1 % fetal calf serum. Mab63, a monoclonal adybagainst IBDV diluted 1:100,
was used as positive control. The sample buffer #ued secondary antibody were
measured as negative controls to verify the perémicea of the test itself. The changes
prevented from the calculation of antibody titrestead, the absorption at 650 nm was

used for quantification.
In chicken, the antibody titre was determined weithanitProFLOR PLUS IBD ELISA

(Zoetis, Florham Park, USA), following the produsenstructions.

3.4.6 Antibodies

Table 4. Overview about the used antibodies in Western BU&) and ELISA of mice sera.

Name Host Epitopes Use Supplier/Reference
anti-mouse-HRP goat IgG ELISA Sigma-Aldrich
anti-VP2 (mab63) mouse VP2 ELISA Snyder 1988 [131]

: . IBDV-VP2;- Granzow 1997
anti-IBDV rabbit VP3:-VP4 WB/ELISA [132]
anti-rabbit-HRP goat I9G WB Jackson Immuno

Research

3.4.7 Beta-Galactosidase Assay

The activity of beta-galactosidase was used aganper to determine the integrity of
the yeast cell wall. The yeasts were washed twjcedntrifugation for 10 min at 4°C
and a speed of 6000 rpm on an Eppendorf Centrd8d€R (Eppendorf AG, Hamburg,
Germany) and resuspended in beta-Gal buffer. Sulesdy, the cells were lysated with
glass beads. The enzyme activity was measuredrspetically at 420 nm and 30°C
by following the degradation of 0.4 % ortho-nitr@plylf3-galactoside solution for

3 minutes every 30 seconds.
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The activity of beta galactosidase was calculaied b

. .. AODXxd .
beta — glactosidase activity = o (Equation 3)
€ extinction coefficient of OPNG d layer thickness
c protein concentration \% used sample volume

3.4.8 In Vitro Cytotoxicity Test

Cytotoxicity was estimated with a sulforhodamin 8RB) assay on human colon
fibroblasts (CCD-Co018) cells in cooperation withe tRrasmus master student Hanne
Debergh. The test based on a modified protocoheftést introduced by Skehan et al.
[133]. Cells were cultured in minimum essential med (MEM), supplemented with
1 % penicillin-streptomycin, 1 % sodium pyruvateolnon-essential amino acids and
15 % fetal bovine serum at 37°C under 5 % p@®nosphere. Medium without cells
was used as blank and non-treated cells were useégative control. Prior analysis,
samples were diluted to a lipid concentration df526. Emulsifier samples were
diluted by the same factor as the nanoparticlemdlaxity and pH-value were adjusted
with 10x PBS to ensure biocompatibility. In theldaVing, each formulation was tested
at four different concentrations containing 1.07%DB8ution 1), 0.215 % (Dilution 1:5),
0.043 % (Dilution 1:25) and 0.0086 % (Dilution 15)2ipid after mixing 100 pl sample
with 100 pl medium containing 2000 cells. The conions of the components in
dilution 1 are given in Table 5. The cells inteegttvith the samples on 96 well plates
and were incubated for 48 h at 37°C under 5 % pQ@QGter 48 h, the medium was
removed and the cells were fixed by adding TCA ‘& #for 1 h. After four washing
steps with water, it was incubated for 30 min wWitB57 % sulforhodamin B solution.
Subsequently, the 96 well plates were washed with dcetic acid. After resuspending
in 10 mM Tris (pH 10.5), measurements of the proteontent were carried out

calorimetrically at 570 nm. Cell viability was calated by the following formula:

cell viability = Zample” Zblank (Equation 4)
y Acontrol—Ablank q

A control absorption of untreated cells nifk absorption of MEM

Asample absorption of with SLN incubated cells



Experimental 27

Table 5. Composition of the formulations for the cytotoyictest in the highest applied
concentration in dilution 1.

Formulation Emulsifier A Emulsifier B Lipid
JS-1 0.125 % Tween 80 0.125 % Span 85 1.075 % Squalene
JS-2 0.03125 % Saponin 0.0625 % Lecithin S100 1.075 Uakeqge
0 .
JS-3 0.195 % Tween 80 0.195 % Spangs  O-2375 % Softisan 154

0.5375 % Squalene

0.5375 % Softisan 154
0.5375 % Squalene

JS-4 0.125 % Tween 80 0.125 % MMO 1.075 % Squalene

JS-30 0.5375 % Poloxamer 188

3.4.9 Cultivation of Yeast

Yeast vaccines were produced by the project patfrem the Institute of Biology,
Department of Genetics Prof. Dr. Karin Breunig. Race immunisation studies, yeast
was cultured at 30 °C in shaking flasks (140 rpiije precultures were prepared by
inoculating 20 ml YPD medium with a single yeastooy from YPD plates. After
growing overnight, the preculture was transferi@e second preculture in YPD media
with an OD of 0.7 and grown for 10 h. The main grdtof 500 ml was started at an OD
of 0.3 in YP medium with 2 % lactose to induce esgsion of the VP2 antigen.
VAK890, VAK911, VAKJS27 and WT367 were induced f&b h. VAKIS71 was
induced for 12 h in the main culture.

Large scale fermentation of VAKJS71 for chickeralgiwas carried out in a DasGip
parallel bioreactor system (DasGip AG, Jilich, Gamg). The system worked in
parallel with two 1 litre media batches and wagyfelquipped to adjust the following
conditions pQ 30 %, pH 5.0 and 30°C. The fermentation was cotedlias fed batch
process over 46 hours. Precultures of 100 ml andnskary precultures of 500 ml were
cultivated for 8 h resp. 12 h in YPD to inoculadte fermenter. The exact composition
of the media and feed solutions is given in theeaplx. After fermentation, the cells
were harvested by centrifugation using an AvartbJeentrifuge (Beckmann Coulter,
Brea, USA) at 6000 rpm for 10 min. The yeast matesias frozen at -20°C for 24 h
and lyophilised on a Christ Alpha 2-4 freeze driiiartin Christ Gefriertrocknungs-
anlagen GmbH, Osterode am Harz, Germany) for an@#d. In the following, it was
crushed using mortar and pestle and heat inactivatte90°C for 2 h. In the end, the
content of the IBDV antigen was determined by S¥&sE and western blot.
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3.5 Animal Trials

All animal trials were approved by the local autties of Saxony-Anhalt and

performed in accordance with the animal welfare act

3.5.1 Trials in Mice

Mice were housed under controlled conditions (22i@ 12 h dark/light cycle) in
groups of 5 animals and provided with water andition ad libitum Biodistribution
and elimination experiments were performed in famhairless, immunocompetent
SKH1-Elite (CRL:SKH1Hr™) mice (Charles River Laboratories, Wilmington, US#

an age of 9 weeks. Female BALB/c mice (Charles Rhaboratories, Wilmington,
USA,; Harlan Laboratories, Indianapolis, USA or Jantabs, Saint-Berthevin, France)
at an age of 6 weeks were used for immunisatiotiestu For the application and blood
sampling, the mice were anaesthetised with isaflei@xygen mixture with 4 %
isoflurane initially for 1 min and 2 % isoflurane aaintenance dose. The mice were
placed on a heat plate (35°C) to prevent from ogobf the body. Finally, the mice

were sacrificed by cervical dislocation.

3.5.2 Immunisation Trials in Mice

Immunisation trials in mice were performed in greugd 5 animals. All samples were
prepared freshly of yeast, the adjuvant, water ifgection and 10x PBS to ensure
isotonicity and euhydrie. In general, each mouseived three doses of each 0.1 mg
yeast vaccine at day 0; 14 and 28 subcutaneousigndpthe experiments, they were
monitored daily by visual inspection and weightedekly. Five weeks after the first
immunisation, their blood was collected terminditgm the Vena cava caudaliso
estimate the antibody titre. An overview about stendard immunisation protocol 2-2-

1 is shown in Table 6.

The samples of the developed adjuvants and AddaVavere adjusted to 2.15 mg
squalene in 100 pl for injection at one side oR@® pl for injection of 100 pl at both
sides of the abdomen. The CFA and IFA containingcwvees were prepared by
emulsifying the resuspended yeast in 50 pul PBSebufito 50 pl of the lipophilic

adjuvant. The formulation was vortexed until it vaable. The stability was confirmed
by the water drop test, meaning that a drop ofpitepared formulation stayed in its
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shape on the water surface. Samples with MontdBid&20 VG were prepared like the
other W/O emulsions, but 30 pl of the hydrophiliedaz0 pl of the lipophilic phase
were used. Multiples of the described ratios ofrbpdiilic and lipophilic phases were
prepared for easier handling. Antigen free yeasB®@fTand PBS were used as negative

controls.

Table 6. Immunisation and experimental protocol for the &bit and mouse trials.

Day Events in chicken trials Events in mouse trials

0 Immunisation 1 blood donation Immunisation

10 2" blood donation

14 1* boost i boost

20 3% blood donation

27 4" blood donation

28 Challenge ¥ boost

35 Section # blood donation Blood donation + Section

3.5.3 Immunisation Trials in Chickens

Immunisation studies in chickens were performedanperation with Prof. Dr. Silke
Rautenschlein at the Clinic for Poultry at the Umsity of Veterinary Medicine
Hannover, Foundation. The chickens were bred artdhbd from SPF-eggs from
VALO® (Lohmann Tierzucht, Cuxhaven, Germany). After ianpry breeding period of
18 days at 37°C and 65 % humidity, the fertilisegye were placed in the hatch
incubator at 35°C and 80 % humidity till hatch ay®1. At the age of 2 weeks, groups
of 18 — 20 chickens were immunised subcutaneoudty &5 ml PBS, 10 mg yeast
vaccine VAKJS71 or placebo yeast WT367. The chiskeaceived a booster
immunisation 14 days after their first immunisatiorhe adjuvants preparation was
proceeded as described for the mice experimentedBsamples were taken from the

wing vein four times and the exact immunisationt@col is given in Table 6.

Before challenging the chickens, the groups wetedisided into 2 groups of 9-10
chickens each. One group was challenged with eBtEID of a very virulent IBDV
strain (vvIBDV strain 89163/7.3, Eterradostial. [134]) via the ocular route and the
other group was kept as negative control groupdrgiving 50 ul PBS per eye. The
subgroups of 9-10 animals were kept in isolatotsuit any time the chickens received

feed and watead libitum After their challenge, the chickens were obserdaity for
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severe clinical symptoms. Ruffled feathers, closgels, depression together with lying
down led to immediate euthanisation of the birdsddy 35, the surviving birds and the
control group were sacrificed. Post mortem, alckbns were autopsied and all organs
were investigated for pathological lesions. Addiah histopathological samples were
prepared of the bursa, spleen and caecal tondils. Bursa and the animals were

weighted to determine the bursa to bodyweight ratio

3.5.4 Multispectral Fluorescence Imaging

Biodistribution and elimination studies of the nbgelid squalene based adjuvant were
performed on a Maesttd fluorescence imaging system from CRi (Cambridge
Research and Instrumentation, Hopkinton, USA). §ystem based on the principles of
fluorescence. Therefore, DIR was used as fluorescaacer and incorporated into the
solid lipid nanoparticles. Data analysis was cdroat with the corresponding software
Maestrd™ (Version 2.10.0). The excitation light was emitfeom a xenon lamp and
filtered by a bandpass filter (710-760 nm). The s=ioin light was preselected by an
800 nm longpass filter. In the following, a tunalliguid crystal filter selected the
emission light in the range from 780-950 nm. A CCidnera acquired the fluorescence
spectrum in 5 nm steps. A binning of 2x2 was usgdHle image acquisition, meaning
that 4 pixels of the detector were combined to muprthe signal quality. The exposure

time was chosen as calculated by the softwareeweept from over or under exposure.
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Figure 3. Principles for the unmixing of fluorescence imad®s the use of previous
recorded reference spectra at the example of antbkeackgroundluorescence from the add
NIR tracer moleculs

Grey scale pictures were obtained as primary d&jaresenting an addition of all
measured intensities over the wavelength range 861950 nm. In the background,

this data consisted of the exact spectral inforomafior each pixel. By the use of
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previously recorded reference spectra, it was plesso subtract auto and background
fluorescences from the tracer signal or to distisigibetween different tracers with
different spectral properties. Figure 3 is pointimgt the principles of the unmixing
between different fluorescence spectra at the ebamipauto fluorescence from the

added NIR tracer molecule.

As the fluorescence intensity is dependent on xipesure time, excitation intensity and
the size of the measurement region, it was norewlisn them. Forin vitro
experiments, like quantification of the dye loadSitN content, the fluorescence was
measured in 96 well microtitre plates. As regionimerest (ROI) a round area of
28.11 mni in the center of the well was used to ensure h@megus light distribution.
For thein vivo elimination and biodistribution studies, the blasfkan untreated mouse

was subtracted from the measured intensities.
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4 Results and Discussion

4.1 Optimisation Downstream Processing

4.1.1 Cell Disruption

The yeast cells were either disrupted as describédte method section for SDS-PAGE
sample preparation or they were disrupted on an I&Riex-C5 high pressure
homogeniser (Avestin, Ottawa, Canada). Insteags$ Ibuffer, PBS pH 7.2 was used
as biocompatible aqueous phase. To ensure prdsgiity, cell lysis was performed
under controlled conditions on ice directly befoihe application. In accordance with
the literature and microscopic in process contrbisgycles at 1750 bar were performed

on the high pressure homogeniser [135].

In animal trial 12 (AT12) and 14 (AT14) the effeat disrupted yeast cells on the
strength of the immune response was evaluated.ribieé cell wall ensures a high
stability of the foreign protein, but it makes timamunogen hardly accessible to
immunocompetent cells. It is necessary for the imogen to be released out of the
yeast to trigger an immune reaction. The yeadf itsseecognised as pathogen and thus,
the immune response against the yeast is stimulaAgthe immune stimulation is not
limited to the yeast and comprises the antigen el this makes the yeast an adjuvant
[137]. The yeast cell wall mainly consists of anesumannan and an inner glucan layer.
Both polysaccharides can bind to C-type lectin pemes which are expressed on
macrophages and immature dendritic cells. C-typéine are a subgroup of pattern
recognition receptors and led to an immune stinanaby the innate immune response
[138,139]. Additional B-glucans can activate toll like receptors and damuate the
production of the proinflammatory cytokine TNFH:140]. Cell disruption can make the
inner B-1,3-glucan layers more accessible to immune ¢&#4]. Yeast cell particles
with a reduced mannan amount in their outer cell Veger have been patented as
vaccine system. This resulted in an increase opth&-glucan content at the outer cell
surface [142]. Oligomannose and yeast mannan copedomes have shown a
dramatic increase in cell mediated immunity. A waef coated liposomes, containing
soluble leishmania antigen, resulted in a nearly gwtectivity againstLeishmania

majorin comparison to the oligomannose free liposomativee [78,79].
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Intact yeast cells were tested against lysated VXK&nd were compared to the more
optimised strain VAK911 (Figure 4). Each mouse wamunised with 0.1 mg yeast,
adjuvanted with CFA for the first application arfelAl for the boosts, 2 and 4 weeks
after the first immunisation. Placebo yeast WT3@G&wsed as negative control group
and induced antibodies at the same level like théSE negative control. This
confirmed that there was no immune response tcengast except a potential adjuvant

effect which would just work together with an aetig
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Figure 4. ELISA results of AT 12: The absdgot was determined as parameter for
Immune response in mice against intact VAK890,téysgeast material VAK89@ptimisec
VAK911 and antigen free yeast WT367. ELISA buff#),( mab63 and " antibody wer:
examined as controls for the ELISA. The exact geotgngement is explained in Table 7.

Table 7. Group arrangement and immunisation conditions ofLlTinvestigating lysated
yeast vaccines and an optimised yeast strain.

Group Yeast Adjuvant Amount Schedule Processing
1 WT367 CFA/IFA/IFA 3x 0.1 mg 2-2-1 Standard
2 VAK890 CFA/IFA/IFA 3x 0.1 mg 2-2-1 Standard
3 VAKS90 Lysate  CFA/IFA/IFA  3x0.1mg  2-2-1 OG“';‘E tki’oer?d
4 VAK911 CFA/IFA/IFA 3x 0.1 mg 2-2-1 Standard

All mice treated with VAK911 or lysated VAK890 rdad on the applied vaccine
formulation with good antibody titres, there were monresponders. In contrast, the
intact VAK890 group showed only a slight immunep@sse, compared to the wild
type yeast WT367 without a VP2 antigen. Two mice dot react on VAK890. The
higher antigen amount in VAK911 caused an increamsitbody production against
VP2. The VP2 concentration in VAK911 was twofoldmer than in VAK890. A high
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antigen amount is a key parameter for a strong inemuesponse [47,143].
Nevertheless, the aim was to reach a sufficient umemresponse with the lowest
possible amount of antigen, as this provides fast @conomic antigen production.
Lysated VAK890 showed a massive increase in théa@uohy titres compared to the
intact yeast cells. The antibody response waseaséime level as the optimised strain
VAKO911. This result indicated that there is an effef the cell disruption, although the
mechanism was not investigated in this experimiertiould lead to a reduction of the
applied amount of VAK911. The stability of the Iysd samples have been ensured by
the fresh preparation of the samples and confirneédspectively by SDS-PAGE and
western blot. Nevertheless, stability experimenith Wysated cells indicated a lower
stability of disrupted yeast vaccines in aqueowspsnsions and freeze-dried powders,

making lysated cells as market product questionable

The animal trial AT14 was performed to evaluate ¢fffect of disrupted cells and to
understand the mechanism of the improved immumeusdtion. The massive increase
in the antibody titres by disruption could be afeetf of better accessibility to the yeast
encapsulated antigen or due to higher immunoggniegp. an adjuvant effect of the
disrupted yeast cells. Adding lysated antigen W¢€367 to VAK911 was chosen to
investigate the influence of an adjuvant effectlistupted cells. Trials with intact and

treated VAK911 were performed to check the effé@ promoted antigen release.

The comparison of intact and disrupted VAK911 hadimfluence on the antibody
response in this experiment, as shown in Figuf@rbthe other hand, additionally added
lysated VAK367 decreased the immune response. Wllifgs resulted in responding
mice. However, large deviations between the indialdnice within the groups have to
be taken in account. A final statement about tifeceind mechanism was not possible
from AT14.

Concluding the results of AT12 and AT14, togeth@éhwesults performed with BVDV
E2, two main factors for an increased immune respdny lysated cells emerged. Yeast
with a relative low antigen amount which was noleatio induce a sufficient immune
response in intact cells and yeasts with rigid we&llls benefited from the lysation. An
upper limit in the dependency between antigen armnand antibody titre was reached
in the immunisation trials with IBDV VP2 in VAK911An additional adjuvant effect of

lysated yeast cells to the adjuvant effect of titadt cells could not be confirmed. The



Results and Discussion 35

investigations of sonicated yeasts in group 5 lpdaio the yeast cell disaggregation

experiments and are discussed in Chapter 4.1.2.
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Figure 5. ELISA results of AT14The absorption was determined as parameter f@
immune response in mice against VAK911, lysatecgtypmterial VAK91l,intact yeas
material VAK911 containing lysated WT367, VAK9Mated by ultrasonication anantiger
free yeast VAK36'ELISA buffer (EB), mab63 and®antibody were examined as controls
the ELISA. The exact group arrangement is explainddhble 8.

Table 8. Group arrangement and immunisation conditions ofLATinvestigating lysated
yeast vaccines and particle size effects.

Group Yeast Adjuvant Amount Schedule Processing

1 WT367 CFA/IFA/IFA 3x0.1mg 2-2-1 Standard

2 VAK911  CFA/IFA/IFA 3x0.1mg 2-2-1 Standard

3 VAK911  CFA/IFA/IFA 3x0.1mg 2-2-1 Glass bead digtion
4 yvp'\é%l?l CRANIFAIIFA gi 81 mg 2-2-1 (Saﬁgrs]ge;)rgad disruption
5 VAK911  CFA/IFA/IFA 3x0.1mg 2-2-1 Sonication 2 mirb W

4.1.2 Yeast Cell Disaggregation
4.1.2.1 Process Optimisation and Size Determination

The processed and resuspended yeast vaccines shggmedjates of several yeast cells
instead of single cells. As the recognition of immagens is dependent on the particle
size, it was the aim to achieve a specific sizdridigtion of the yeast material by

disaggregation [40]. Furthermore, smaller particlese necessary to incorporate them
into microparticles for adjuvants formulations with sustained antigen release to
replace the initial and booster injections by msé immunisationKluyveromyces lactis

is growing as budding yeast, meaning that durirggabexual replication the daughter
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cell buds from the mother cell [144]. In the folloyg, the cells do not exist as single
cells, but are sticking closely together. Furthemnahe clumping could be caused by
the processing of the fermented yeast. Especialijing centrifugation and heat
inactivation at 90°C for 2 h, they could stick ttdwgr. The single yeast cells should
remain intact, as they provide a stable compartmdué to their rigid cell wall.
Although many mechanical and chemical methods acevk from daily routine, only
ultrasonication is used standardly to disaggregells [145]. Neither EDTA, citric acid,
sodium chloride nor acidic and basic pH conditibagl a positive effect to singularize
the cells. Applying mechanical forces with the hrghving stirrer Ultra-Turrax T18
and SilentCrusher did not disaggregate the yedst eftgh pressure homogenisation on
an Avestin EmulsiFlex-C5 had no influence on theige size, but cracked yeast cells
at higher homogenisation pressures. The only ssftdedisaggregation method was

ultrasonication on a cell disrupter (Branson Senifi50, Emerson, St. Louis, USA).

The disaggregation experiments were performed ®ithg/ml to 30 mg/ml yeast at
sonifier output powers of 10-20 W. Different yeasnhcentrations had no influence on

the size distribution and on the process time.
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Figure 6. Impact of the ultrasonication power and time on pagticle $ze distribution o

yeas. Sonication powers of 10 W, 15 W and 20 W weréexpfor 30 s, 60 s, 120 s and 240 s.
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The time and power dependent effect of the disagdgien is shown in Figure 6.
Especially the lowest output power of 10 W showestrang time dependent effect.
While the median of the particle size changed froaum to 6.1 um after 30 s of
sonication, the gy value remained around 12.5 um. Longer applicatio®es up to

4 min led to a size distribution of 3.3 pm in medend 5.3 pm in [9.9), Which were
comparable with the shortest treatment of 30s e highest output power.
Nevertheless, with the lowest power it was not {mbssto reach a narrow size
distribution as with the high output power. Afted® 8 treatment at 20 W, the size
distribution was comparable with the treatment @\ after 240 s. Longer application
times at 20 W had nearly no influence on the parseze distribution. In the following,
they were mainly performed as stress conditionsnt@stigate the stability during
ultrasonication. At 15 W there was a size deperngleetween 30 s and 60 s, decreasing
the Do.g) from 6.4 um to 5.4 pm. Conditions with an outpatver of 15 W for 1 min

resulted in the desired and uniform size distritnutrf the yeast cells.

Microscopic investigations of the untreated yeast/@d the occurrence and dominance
of larger particle aggregates from 20 um to 80 After sonication, mainly single cells,
dimers and trimers were present in the microscej@w (Figure 7 right). Dimers and

trimers originated from replicating cells.
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Figure 7.  Left: Size distribution of yeast after ultrasonicatwith 20 W for 2 minuntreate:
yeast materic and resuspended yeast after ultrasonication andpHilisation. Right:
Microscopicview of untreated yeast in water and after sonarafior 2 min with 20 WScale

bars represent 100 pm.

From the microscopic view, the cells remained intatd their vitality was confirmed
by a methylene blue stain. To enable long timeagi@rof the disaggregated cell
material, it was lyophilised after sonication. Tiesuspended sonified and lyophilised

material did not show reaggregation tendencieseNbeless, the o) value increased



Results and Discussion 38

slightly from 5.8 pm to 6.6 pm. Thed2)and Qo sy values remained constant at 2.1 pm

and 3.3 um, confirming that the lower limit was #egle yeast cell.

4.1.2.2 Cell Wall Integrity - Beta-Galactosidase Assay and/P2-Detection

Ultrasonication is a frequently used procedureréek cells, especially for bacteria like
E. coli [146]. Due to their more rigid cell wall structurgeast cells are known to be
more stable against ultrasonication [136]. Thevagtdf beta-galactosidase was used as
a surrogate parameter to evaluate the integritthefcell wall. Beta-Galactosidase is
expressed in the cells #f. lactis if it is grown on lactose, to make it available a
nutrient [147,148]. Already small cracks in theloshll and membrane make the
enzyme accessible for the substrate OPNG. Therdftraeleased enzyme activity can
be linked directly to the amount of damaged célkgecially for long term storage, an

intact cell wall was required as natural barrigrdtability reasons.

VAK911 was grown on YP medium containing 2 % laetasernight up to an optical
density of 7.76. After harvesting and washing, @&swesuspended in beta-Gal buffer.
The yeast was treated with a Branson Sonifier 2600f5; 1; 2 or 4 minutes with an
output power of 15 W or 20 W. The enzyme activitgsameasured in the buffer after
centrifugation for 10 min at 1000 rpm and 4°C. Huo#ivity was measured in untreated
yeast as control group and in lysated yeast atiercation at 20 W to determine the

remaining activity.
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Figure 8. Left: Beta-Galactosidase activity vs. sonicatiomedi and power. The beta-
galactosidase activity w determined in the supernatant of sonicated yealtt 20 W upright
triangles and 15 W circles) and after cell lysissoiicated yeast (20 W squares) dyshtec
control yeast (reversed triangles). Right: Westblot for VP2 detection after ultrasonitian
and Ponceau S stain for the semi-quantitative pndtead verification.

Ultrasonication led only to minor damage of thel oghll and release of beta-

galactosidase. Both, increased power and longelicappn time, resulted in higher
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enzyme activities outside the cells, as shown gufé 8. The standard procedure with
2 min sonication at an output power of 15 W reldak25 % of the enzyme. Also the
most stressing conditions with 4 min at 20 W causely damage on 5 % of the cells.
After treatment with 20 W, the remaining enzymaehaist in lysated samples resulted in
no decrease of the enzyme activity. This indicdled the sonication itself just cracked

a very small amount of yeast cells.

To evaluate the stability of VP2 after sonicati@nml with 30 OD units of the treated
yeast were harvested by centrifugation for 5 mirb@0 rpm and 5°C. The samples
were prepared for SDS-PAGE and western blot agithescin the method section. The
primary antibodyu-IBDV was used in 1:6000 dilution. Sonication hawinfluence on
the protein stability. All sonicated samples, uprtost stressing conditions of 20 W and
4 min application time, contained the same levelVBf2 as the control group of
untreated VAK911. A Ponceau S stain proofed thd lofathe same amount of overall
protein. Additional, a part of the sonicated sarmplas plated to check the viability of
the sonicated samples. The plated volume was eadtlto contain around 100 CFU
before ultrasonication and was incubated for 48 BO4C. No single sample showed a
decrease in their viability. Instead the amounC&U increased by ongoing sonication
up to 200 CFU. Untreated yeast existed as associafi some single cells, but they
were just counted as one CFU on the agar plateer Adisaggregation, smaller
aggregates or even single cells could be counteelnimber of cells in all samples was
constant, just their recognition differed. All saegpwere treated and plated at the same
time to prevent from potential differences by refrction of the yeast.

The results of the stability tests concluded tliré was no negative effect of the
sonication on the cell viability, the integrity thfe cell membrane and the VP2 antigen.
From literature, a much higher energy intake isvkmdo crack yeast cells [149,150].
Operating between 120 W and 600 W resulted in & tand power dependent size
decrease and protein release at@aromyces cerevisia&he lowest energy intake of
120 W for 3 min released less than 10 % proteimyetating with the cracked cell
amount [149].
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4.1.2.3 Immunisation Trials in Mice

The results of the immunisation trial with disaggaied yeast cells were carried out
together with the investigation of lysated yeadiscen AT14. The results and exact
conditions are given in Figure 5 and Table 8, reBpely. The sonicated yeast samples
were prepared directly before the applications umdatrolled conditions on ice with

15 W sonication for 2 min at a Branson Sonifier 2&merson, St. Louis, USA).

Although ultrasonication did not affect the stalilof VP2 and did not crack the cells,
the antibody titres of sonicated VAK911l were low&he immune response of the
sonicated samples differed drastically between dimgle mice. While one animal

reacted with good antibody titres to the sonicateaist, two other mice showed only an
intermediate antibody response. Two mice showeg omhimal immune reaction to

the disaggregated yeast material. However, the ldeyiations of the antibody titres in
all investigated groups did not permit conclusi@mut a lower immune reaction.
Altogether, it was concluded that the sonic treatim@as not able to increase the
immune response. For the development of lipid basediolled release formulations of
the yeast vaccines, small and specified size digian of the yeast material was a main

requirement.

4.1.3 Alternative Inactivation Methods
4.1.3.1 Inactivation and Antigen Verification

The standard inactivation method of the lyophiligedst material with dry heat at 90°C
for 2 hours was introduced by Marina Arnold [108he heat treatment did not degrade
VP2 and the yeast material could induce antibodiesmmunisation studies [104].
Subviral particles of VP2 were described as stab0 % ethanol and 20 % dimethyl
sulfoxide as well within a pH range from pH 2.5¢gbl 9 [151]. Although the heat
stability of VP2 is contradictive in aqueous suspen, VP2 subviral particles remained
stable up to 60°C VP2 [151,152]. Due to the parstbility against heat, steam
sterilisation at 121°C and dry heat at 160°C, 178A@ 180°C were tested as described
in the pharmacopoeia. Additional, gamma irradiatoondry ice was tested as gentle
alternative inactivation and sterilisation methéd. the fermented yeast material fully
consisted of microorganisms, it was distinguishetivieen inactivation and sterilisation
in accordance with the pharmacopoeia. D10 value® @7 kGy were reported for the

gamma sterilisation of yeast, meaning that eacle afs2.7 kGy kills 90 % of the
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remaining living yeast cells [153,154]. A dose &fK&Gy would affect a survival rate of
10° which was not sufficient to reach a security aasce level of 18 for assumed 0
yeast cells per vaccine dose. As it was not passdofollow the applied dose of gamma
irradiation in real-time, dose ranges of 25-33 k&d 50-60 kGy were chosen. The
exact applied dose was confirmed dosimetricallyhviz8.0 kGy for the 25 kGy group
and 53.6 kGy for the 50 kGy group. The gamma iatoin was performed on
lyophilised yeast material on dry ice, as theseewbe gentlest conditions for proteins
[155].

90°C2 h - + + - 90°C2h - + +
25kGy 50kGy VAK367 25kGy 50kGy VAK367

170 kDa —. 170 kDa =
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Figure 9. Left: Western blot of the VP2 detection of untrdateeat inactivated (90°C I2),
heat inactivated and gamma radiated (90°C 2 h aBk@y) and gamma radiated (kGy
VAKJS27. Antigen free WT367 is given as negatimeraoRight: Ponceau S stain for the semi-
guantitative protein load verification.

All sterilisation experiments with dry heat betwel0°C and 180°C led to a complete
degradation of all proteins. Steam sterilisationseal notable degradation on VLPs,
VP2 and all other cellular proteins. Gamma stexiiem was more suitable. The results
of the inactivation experiments with the standarcpdure and gamma irradiation are
shown in Figure 9. Although there was a decreasbeoVP2 band around 40 kDa by
the heat inactivation at 90°C, the VLPs above 18 kemained unchanged. The
formation of VLPs with a diameter of 23 nm of IBD¥P2 was described in the

literature [156]. Because of the size and structir€LPs, they are able to mimic the

virus and represented the main immunogenic fracfitns, they provide an excellent

adjuvant itself, as they are recognised by the imgraystem as virus [45].

Applying additional 25 kGy gamma irradiation to theat inactivated yeast vaccine
VAKJS27 or just applying 50 kGy to lyophilised yea$id not decrease the VP2

content. Although the final adjuvant formulation ut be sterilised by steam
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sterilisation, the gamma irradiation provided tlessbility to sterilise the freeze-dried

adjuvant formulation and yeast vaccine by gamnaaliation in the final containers.

4.1.3.2 Immunisation Trials in Mice

The influence of gamma irradiation as inactivatiand sterilisation method was
examined on the immunogenicity. After the lyoplatisn, the yeast material was

inactivated at 90°C for 2 hours as standard pragedio assure sterility, with a security

assurance level of T0as requested by the European Pharmacopoeia, 25&@yna

irradiation was applied to inactivated materialo{gy 4). Applying 50 kGy was used to

inactivate and sterilise the yeast material in ste@.
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Figure 10. ELISA results of AT18: The absorption was deterthiag parameter for tt
immune response in mice agaimsat inactivated (90°C 2 h), heat inactivated araingn:
radiated (90°C 2 h and 25 kGy), gamma radiated K&Y) VAKJS27nd antigen free ye:
WT367. ELISA buffer (EB), mab63 arli &ntibody were examéu as controls for the ELIS

The exact group arrangement is explained in Table

Table 9. Group arrangement and immunisation conditions ofl&Texamining the effect of

9

gamma irradiation.” Serum samples of group 2 were added from AT1AV&S867 was

examined in AT18 without adjuvant (group 1).

Group Yeast Adjuvant Amount Schedule Processing
1 WT367 no 3x 1 mg 2-2-1 Standard
2 WT367 AddavaX" 3x1mg = 2-2-1 Standard
3 VAKJS27  AddavaX” 3x1mg 2-2-1 Standard
IM Additional sterilisation
4 VAKJS27  AddaVax 3x1mg 2-2-1 with 25 kGy
5 VAKIS27 Addava®" 3x1mg 2-2-1 |nactivationwith 25 kGy

Sterilisation with 25 kGy
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The radiated samples were investigated in an imsation trial with the 10-fold dose
of yeast and adjuvanted with AddaV¥x Sera of an AddaVva¥ adjuvanted negative
control group with WT367 was added as control grisapm AT17, as the WT367 group
was applied without adjuvant in AT18. Independehttt@ inactivation method, all
vaccinated animals have shown a strong immune nsgpoAs determined by SDS-
PAGE and western blot, gamma irradiation causeeaedse in the antigen amount.
Although the immunogenic VLP fraction remained mgamchanged, the decreased
antigen amount led to lower antibody titres, coredamwith the standard heat
inactivation. The results are given in Figure 10 andicated that the antibody
production against IBDV was not dependent on thediation dose. According to the
small group size and the large deviations in tleaigs, the results should be interpreted

carefully.

The adjuvant effect of the yeast itself is discdssedetail in Chapter 4.1.1. A major
fact is the exposure d¢f-1,3-glucans on the yeast surface. Heat treatnte@5%eC for

1 hour is known to promote exposure Bf,3-glucans orKluyveromyces lactisnd
Saccharomyces cerevisiaéAdditional, it has been demonstrated an enhanced
production of reactive oxygen species in blood plogtes after treatment with heat
treated yeast, as important pathway in the antdungsponse. In an immunisation trial
with Saccharomyces cerevisiaand Pichia pastoris carrying pp65 of the human
cytomegalovirus, Bazast al. found a massive activation of pp65-specific Chd
CD8" T-lymphocytes bys-1,3-glucan exposed yeast [157]. Comparing heatiisted
and with 25 kGy radiated yeast in group 4 with BfekGy radiated yeast in group 5
made a heat stimulating effect unprobable in thgeamental setting. The effect could
also be caused by a similar effect of gamma irtamhizor an overcompensation of the

stimulating effect of glucans by the used adjuvants

4.2 Test of Commercial Adjuvants

The immune stimulating effect of adjuvants is dejsT on the animal species and the
antigen [34,49,112]. Although the Freund’s Adjuvaknown as the gold standard
[31], its use is limited, because of its bad biopatibility [36]. To evaluate the
adjuvant effect for further adjuvants developméA, IFA, Montanide ISA720 VG
and AddaVvaX" were tested in mice using VAK911 as vaccine foatiah. Additional,

the effect of the antigen amount was investigated the 10-fold dose of VAK911.
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All adjuvants have stimulated the antibody formatiagainst IBDV (Figure 11). In
contrast, the control yeast WT367 did not inducibady formation, as it was antigen
free. AddaVax", Montanide ISA720 and CFA (boosts with IFA) showedood and
comparable antibody response against IBDV. Incngaitie antigen amount by a factor
of 10 strengthened the immune reaction dramaticAliyrough it is a possible principle
to reach sufficient high antibody titres, this sgy was unfavoured because of the
production cost and production time of the antigeach single animal in these groups

has shown an immune reaction. In contrast, the imsation with incomplete Freund's

Adjuvant caused a lower immune response, wherelwy animals had an antibody

response at the level of the antigen free yeast@¥T3
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Figure 11. ELISA results of AT16The absorption was determined as parameter f@
immune response in mice against VAK911, adjuvamigkd CFA, AddaVva®!, Montanide
ISA720 VG and IFA, and a 10x dose VAK911 in comparie the response against 8617,
ELIS2 buffer (EB), mab63 and®antibody were examined as controls for the ELIE#e exac
group arrangement is explained Table 10.

Table 10. Group arrangement and immunisations conditions D@ comparing the immune
stimulating effect of commercially available adjatsaand the antigen dose effect.

Group Yeast Adjuvant Amount Schedule Processing
1 WT367 CFA/IFA/IFA 3x 0.1 mg 2-2-1 Standard
2 VAK911 CFA/IFA/IFA 3x 0.1 mg 2-2-1 Standard
3 VAK911 Addavax" 3x 0.1 mg 2-2-1 Standard
4 VAK911 :\goAr;[gg is/% 3x 0.1 mg 2-2-1 Standard
VAK911 CFA/IFA/IFA 3x 1.0 mg 2-2-1 Standard

VAK911 IFA/IFA/IFA 3x 0.1 mg 2-2-1 Standard
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The initial immunisation with complete Freund's Adjnt was important to induce a
strong antibody response. Nevertheless, the gogqavad activity of CFA was
associated with bad biocompatibility. The Freunddjuvant, especially the CFA,
caused severe irritation, inflammation and hais lasthe injection side after some days.
The side effects progressed during the experimenti, the animals were sacrificed at
the end of the experiment. In contrast to the bestpatible adjuvant AddaVvaX, CFA
was a water in oil emulsion instead of an oil int@vananoemulsion and its lipid amount
was 20-fold higher than the squalene amount. Furtbee, paraffin is neither
biodegradable nor biocompatible and it is knowrdase granulomas and ulcers at the
injection side [36]. KilledViycobacteria tuberculosig the complete Freund’s Adjuvant
can further promote the irritations. Montanide IA7remained at the injection side
like Freund’s Adjuvant because of its lipophilicngmosition. Despite the remaining
squalene volume, it showed no signs of irritatiag, squalene is biocompatible and
occurs in the body as precursor of cholesterol ianithe skin [54,158]. The squalene
nanoemulsion AddaVva¥, its composition is also known as MF59was the best
biocompatible adjuvant. Within two days, the ingettvaccine was fully absorbed
without showing any signs of irritation. Despiteetlow injected squalene amount
(2.15 mg) it could be distributed by the lymphs dese of its size in the nanometre
range [159]. MF58 has been approved in 1992 and has shown its ertell
biocompatibility with several millions of appliedses in humans [60]. Because of the
excellent compatibility and strong adjuvant effauft squalene, especially of the
nanosized squalene emulsion AddaWhxit was focused on squalene containing
nanoparticles for the further adjuvants developmé&nirthermore, Addavd¥ was

selected as standard adjuvant for further immuioisatudies.
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4.3 Development and Characterisation of Nanoscaled
Adjuvant Systems

4.3.1 Formulation Development and Evaluation of Critical
Processing Parameters
As described previously, MF89is a well characterised and established adjuvant
system. Several million doses of MF5@nd other nanosized squalene formulations
have been used successfully since 1992 [60]. Folpwthe goal for all developed
formulations was to formulate squalene in the nagtoenrange. The formulation JS-1
was composed of the same ingredients as MFB%vas used as control to compare the
immune stimulating effects and to reveal possibl@aminations during the preparation
process, for example with pyrogens, due to the saiility of an aseptic preparation in
the high pressure homogeniser. Derived from J$d lipophilic emulsifier Span 85
was substituted by mannide monooleate to obtaid. 3annide monooleate is known
for its immunostimulatory effect itself. It is past several adjuvant systems, including
the gold standard for adjuvants Freund's Adjuvamtl &ontanide ISA720 VG
[31,160,161]. Span 85 and mannide monooleate ath hon-ionic water in oil
emulsifiers with HLB values of 1.8 for Span 85 ah@ for MMO, differing in the
degree of esterification with oleic acid and in #tereo chemistry of their hydrophilic

part. Both emulsifiers derived from sugar alcohols.

The aim of the development in the formulation J8&a3 the parallel use of the adjuvant
effects of squalene and saponins. Crude saponinmedefrom the bark ofQuillaja
saponaria Its purified forms Quil A and QS-21 were usedaauvants [162]. The
application of crude saponins and Quil A was limhjtebecause of their bad
biocompatibility. Together with phosphatidylcholimend cholesterol they form cage
like structures around 40 nm. These ISCOMs (immstmaulating complexes) were
approved for equine influenza and showed reduced &dfects in comparison with the
unformulated saponin fractions [90]. Further pgafion of the crude saponins to
QS-21, with a comparable adjuvant effect, and féatan with liposomes and
monophosphoryl lipid A led to the adjuvant systei®04, which was approved in the

malaria vaccine Mosquirix [48].
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Aim for the formulation JS-3 and its improved fod8-30 was to develop solid lipid
nanoparticles containing squalene. Solid partialgpensions have the possibility to be
transformed into powder by drying. The transforimaiinto a dry powder is expected to
increase the storage stability and reduces theistgrost and storage volume. For the
yeast vaccine, dried and inactivated yeast powslethe preferred and most stable
storage form. Thus, a ready to use formulation,jusy adding water for injection,
composed of antigen, adjuvant, buffer and isotdimgaagents should be developed.
Nanostructured lipid carriers of a lipid mixture sfualene and cetylpalmitate,
stabilised with soybean phosphatidylcholine andoRaier 188, have already been
developed by Liret al. The lipid particles with a size of 200-260 nm we/eloped
for the dermal delivery of diphencyprone [163]. #am lipid particles have been
developed for the topical psoralen therapy andrag darrier system for breast cancer
[164,165].

Table 11. Composition of the final squalene containing nanediformulations JS-1 — JS-4.

Formulation Emulsifier A Emulsifier B Lipid
JS-1 0.5 % Tween 80 0.5 % Span 85 4.3 % Squalene
JS-2 0.125 % Saponin 0.25 % Lecithin S100 4.3 % Squalene
1.375 % Softisan 154
- 0 o)
JS-3 0.5 % Tween 80 0.5 % Span 85 1.375 % Squalene
5 % Softisan 154
- 0,
JS-30 5 % Poloxamer 188 5 9% Squalene
JS-4 0.5 % Tween 80 0.5 % MMO 4.3 % Squalene

The first step of the emulsions preparation wasptieparation of the preemulsions with
an Ultra-TurraR. High speed rotor stator mixers are known for ghieduction of

nanoparticles and nanoemulsions [166,167]. Neviedbe the preemulsions had size
maxima in the lower pm range. Except the preemusdsior JS-1 and JS-4, they were
not stable for a longer time. Additional homoget@asteps of the preemulsion on an
EmulsiflexC5 high pressure homogeniser achieved sike of the market product
Addavax™. The homogenisation experiments have shown tea¢tis no change in the
size distribution of all formulations after five mogenisation cycles at constant
homogenisation pressures. In the following, all bgenisation experiments were

carried out with five cycles at each selected pness
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Development of JS-1 and JS-4

As JS-1 was a replica of AddaVA% its composition was given. Tween 80 was
replaced by MMO to get JS-4. Because of the siitylaf both emulsifiers, there was
no need to change the emulsifier concentration. déwelopment of these formulations
was limited to the optimisation of the productiorogess. Both squalene emulsions
behaved similar during the homogenisation procéé®ady stirring with an Ultra-
TurraX’ at 20000 rpm for 5 min resulted in a stable emouldietween 1 um and 20 um
(Figure 12). The application of low homogenisatmassures of 600 bar was sufficient
to obtain a nanoemulsion, although there was &tdbnsiderable fraction larger than
400 nm. Further increase of the homogenisationspresresulted in a smaller particle
size and narrower size distribution. Although asptee of more than 1200 bar had just
minor effects, larger particles were fully remowed1800 bar and resulted in the best

size distribution.

1 — Ultra-Turrax 1 — Ultra-Turrax
1 JS-1 600 bar i JS-4 600 bar
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Figure 12. Influence of the homogenisation pressure on theigharsize distribution of J%-
(left) and JS-4 (right).

Development of JS-2

The aim of developing a stable squalene nanoenmylsising saponin as stabliliser,
interfered with the high toxicity oQuillaja saponins. There were several publications
about the LIy values of saponin and its purified subfractionsl @uand QS-21. A
LDso dose of 50 mg/kg bodyweight has been reportediat A, corresponding 1 mg
for a mouse of 20 g [168]. Evext al.incorporated 100 pg of Quil A into lipid implants
for controlled antigen release in mice and obsemedside effects [37]. The use of
purified fractions like Quil A or QS-21 is prefediebecause of the higher toxicity of
crude saponins. Injecting 200 ug cruQeillaja saponin extract (Spikoside) in mice

killed 6 of 10 mice [90]. As saponins can stimuléte immune response in mice at
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concentrations below 1 pg, aim of the developmesd & stable formulation with the
lowest possible amount of saponin [169].

The saponin containing emulsions were not prodadiblthe standardly used 10 mM
sodium citrate buffer. Even adding citrate to theepared emulsion caused an
immediate increase in the particle size. Citrateniswn to act as a peptisator, meaning
it can overcompensate the Nernst potential. Thenasd effect is discussed in detail in
the zeta potential section. In initial experimenit® hydrophilic emulsifier Tween 80 of
AddaVax™ was substituted by the same amount of saponihoAh this formulation
accomplished the requirements stability and unifeine distribution (120-170 nm z-
average), the saponin content had to be decredsedp it hight toxicity. Decreasing
the saponin amount and substitution of Span 8%bihin were applied to reduce the
toxicity. There were just minor influences on theesdistribution of lecithin above a
concentration of 0.25%. Different from the prep@am method of the other
formulations, the lecithin was not dispersed in dggieous phase. It was dissolved in
the squalene at 65°C using an Ultra-Tufta4.0. The size and stability of the emulsion
was mainly dependent on the saponin content. Dsicigdhe saponin content up to
0.05 % had dramatic influence on the particle sisgribution and stability. At 0.05 %
the z-average of 187 nm was above the requiredlZ2m of AddaVaX'. Increasing
the concentration resulted in the desired sizegaid 55 nm at 0.125 % and 133 nm at

0.5 % saponin (Figure 13).

14 —— 0.5 % Saponin 12] ——JS-2 600 bar
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Figure 13. Influence of the emulsifier concentration at 18@0 feft, PCS resultsand the
homogenisation regime (right, static light scatteyj on the particle size distribution of JS-2.

It was possible to compensate the lower emulsifierount by applying higher
homogenisation pressures, whereas the lower $jalmibuld not be improved. A
saponin amount of 0.125 % matched acceptable isyalvdxicity and size distribution
for initial animal experiments. In contrast to J&id JS-4, a higher energy intake was
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needed to get a nanoemulsion. Each increase irndhegenisation pressure up to
1800 bar resulted in a smaller and narrower sizstrildution. Increasing the
homogenisation pressure from 1000 bar to 1800 banged the R value from
310 nm to 220 nm. For the most formulations 600veare often sufficient to acquire
an acceptable size. In this case, a very broadillistd emulsion below 1 um was
accomplished for JS-2, but it differed dramaticdllgm the intended size range of
Addavax™,

The low amounts of emulsifiers were made respoasibt the necessity of high
homogenisation pressures, as well for the instgtaid floating of the lipophilic phase
of the initially prepared preemulsion of JS-2. Ressof haemolysis tests showed that
the addtiton of lecithin to saponin did not prevémm the haemolytic activity of
saponins, like it is known for ISCOMs [90]. Nevestbss, as vaccine formulations are
mainly applied subcutaneously or intramuscularhge formulation was examined in

animal experiments.

Development of JS-3 and JS-30

The preferred preparation method for the soliddlipianoparticles was hot melt
homogenisation. This standard method offered thesipoity of a high scale production
and did not need any organic solvent. As squaleag tive immune stimulant in the
formulation, the lipid phase should contain at 1€#%% squalene to apply a sufficient
squalene amount per injection. The solid lipids eveselected because of their
biocompatibility and their incorporation capacitytbe liquid lipid. The melting point
should be above the body temperature of 37°C blonb65°C to be processed in the
EmulsiflexC5 homogeniser. Although Dynasan 114 degtgl trimyristate) provided
these requirements, it was withdrawn as solid tigliecause squalene was released
under mechanical stress. In contrast to Dynasan $dftisan 154 provided a much
better incorporation of the squalene. It was assuthat the high purity of glycerol
myristate forced the squalene release during Wyeallisation. As Softisan 154 consists
of chains from C10 to C18, the crystal structurdéess regular and can incorporate a
liquid lipid. Softisan 154 fulfilled all requiremén It is biocompatible and chemical
inert, due to its structure of saturated triglydes. The mixture with squalene was

homogeneous and solid up to a squalene concemti@tics %.
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For the solid formulation JS-3 it was necessamgdorease the lipid content to get a size
distribution comparable to AddaVB% An acceptable size was reached with 2.75 % of
the lipid mixture. Increasing the emulsifier contration had just minimal effects on the
size distribution. The emulsifying properties of dan 80 are highly temperature
dependent, due to the temperature dependent interad water with the polyethylene
oxide part of Tween 80 via hydrogen bridge bonds.t#e cloud point at 73°C,
Tween 80 loses its emulsifying properties and pitaties [170]. Although it was not
possible to mimic the size distribution of AddaV¥%with the formulation JS-3, 90 %
of the particle volume was below 300 nm. Figureshdws the size dependency of the
production conditions. The optimal homogenisatisaspure was at 1000 bar. Above
this pressure, there was no further size decrdasatrary at high homogenisation
pressures, the particle size distribution broadearetia residual in the lower um range
occurred. This behaviour was in contrast to theidigsqualene emulsions, where an
increase in the homogenisation pressure alway®ladarrower size distribution. This
effect has already been described by Innocestteal. and was attributed to the
coalescence of small particles in the homogenisatbamber directly after their
disaggregation [171]. Lower pressures e.g. at @00chused a second larger particle
population around 150 um. Because of the size dkgpersolubility of nanoparticles,
this could lead to massive instabilities by Ostwabegning [172].
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Figure 14. Influence of the homogenisation pressure on thégharsize distribution of JS-3.

The change of the emulsifier to Poloxamer 188 teduh a narrower size distribution
and the possibility of higher lipid contents. Theaf formulation consisting of equal
parts of each 5% of Poloxamer 188, Softisan 154 sgualene had a similar size
distribution like AddaVaX. A ratio of 1 part emulsifier on 2 parts lipid hstsown the
best properties. Hot melt homogenisation with 106 and 5 % Poloxamer 188 resp.
4.3 % lipid and 2.5 % Poloxamer 188 at 1400 baulted in a size distribution like
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AddavaxX™ (Figure 15). The high emulsifier content of 5 % vameted from the
formation of a second particle species around 1 Tims particle species occurred on
higher homogenisation pressures and could be owvercty applying a final
homogenisation step at low pressures. Althougtsitteedistribution of 2.5 % emulsifier
and 10 % lipid was still acceptable, the &increased from 200 nm to 260 nm. Lower
emulsifier contents, like 1.25 % Poloxamer, reslitea very broad size distribution.

12 5 % P188/10 % Lipid 12 —— JS-30 400 bar
i 2.5 % P188/10 % Lipid 1 JS-30 1000 bar
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Figure 15. Influence of the lipid and emulsifier compossitideft) and the homogenisati
regime (right) on the particle size distributiond$-3o0.

The homogenisation regime had just minor influeooehe formulation. As shown in
Figure 15 right, already a low homogenisation pressof 400 bar resulted in
nanoparticles with a median of 130 nm. Applyinghag pressures, with an optimum
between 1000 bar and 1400 bar, narrowed the parside distribution. A further
increase broadened the size distribution at lowigharsize as well at larger particle
sizes around 1 um. The addition of a final homaosgtion step at lower homogenisation

pressures removed the larger particles and gedetfaenarrowest size distribution.

4.3.2 Lyophilisation and Sterilisation

Aim of the work was to develop ready to use forrtiales, consisting of the yeast
vaccine, an adjuvant, buffers and further excipiery. for tonicity. Storage as dry
powder was the most stable form of the yeast vac&nen at room temperature it was
stable for several months. Therefore, the squatemaining solid lipid nanoparticle
formulations JS-3 and JS-30 were the most promisites to be dried. Lyophilisation is
the method of choice for sensitive and heat instafterial. After rapid freezing under
the eutectic temperature, the ice will sublimatéhaiit heating the sample by applying
vacuum. Cryoprotectants were needed to protedotineulation from collapsing and to
ensure good redispersibility. Especially polyaldshend saccharides have been widely
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used as cryoprotectants [173,174]. The investigatmf the Iyophilisation experiments
were divided into the freezing and the lyophilieatprocess. Freeze thaw experiments
were carried out to investigate the first necessaigp of rapid freezing in liquid
nitrogen. In the following, the formulation was wWed at room temperature and

investigated macroscopically and by static ligtatsaring.

Mannitol and trehalose are known as effective crgtgetants for lipid nanoparticles
[174]. Nonetheless, the exact behaviour is unptablie. Mannitol, trehalose, sucrose
and glucose have been tested in concentrations 3rétnto 15 %. The most promising
results are given in Figure 16. Mannitol formed an medispersible cake with both
formulations in all investigated concentrationsthélugh the Tween 80 and Span 85
containing formulation JS-3 was fully redispersihhout any cryoprotectant after
freezing, the volume weighted mediang&) changed dramatically from 0.127 pm to
6.54 um. Trehalose could improve the stabilitytdlyy but even 15 % were not able to
protect the formulation sufficiently. Glucose antti®se had the same dose depending
effect. More than 10 % of the saccharides hadmusimal influence on the particle size
than lower concentrations. The optimal concentratod 10 % broadened the size

distribution (Qo.1)— D(o.9), but remained the mean particle size)g).

— Untreated formulation —— Untreated formulation
10 —— 10 % Sucrose 104 —— 10 % Sucrose
10 % Glucose 10 % Glucose
8+ —— 10 % Trehalose 84 —— 10 % Trehalose

Without cryoprotectant

Volume in %
Volume in %

04 S e —
0.1 1 10 100 0.1 1 10 100
Size in pm Size in um
Figure 16. Freeze thaw experiments of JS-3 (left) and JS-Btjr Influence ofsucrose
glucose and trehalose as cryoprotecteon the particle size distribution.

The formulation JS-30 was not redispersible with@wryoprotectant. The addition of
10 % of glucose or sucrose led to no change irp#récles size distribution after the
freeze thaw cycle. There was no difference in tiae dlistribution between the raw
formulation and the freeze-thawed formulation wiltlese cryoprotectants. In contrast,
the gold standard trehalose was not able to fulbtgat the formulation from caking.

The formulation aggregated at low concentrations 5c% trehalose and higher

concentration increased the droplet size §p remarkably from 131 nm to 179 nm.
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Higher amounts of cryoprotectants could not imprtheestability and were withdrawn,
because of the higher tonicity of the redispersathpdes. Further freeze drying
experiments were performed for both formulationghwglucose and sucrose as

cryoprotectants.

Lyophilisation of JS-3 was not successful with Het¢ected cryoprotectants. A bimodal
size distribution around 0.1 um and 10 pum occuattdr lyophilisation (Figure 17).
Although increasing amounts of sucrose stabilibednanorange, it was not possible to
get an acceptable result. About 45 % of the witld6ucrose stabilised particles were
larger than 400 nm. In contrast to the freeze-teaperiments, sucrose was superior to
glucose and provided a smaller particle size aftgphilisation. It could be concluded
that the liquid emulsifiers were not able to stakilthe redispersed solid nanopatrticles.
During the drying process the liquid emulsifierspecially the hydrophilic Tween 80,
adsorbed on the saccharides. When water was adbdedemulsifiers were still
interacting with the saccharides and could not iksab the lipid nanoparticles.
Furthermore, the relative low emulsifier concentratcould not be sufficient to protect

the particles.

— Untreated formulation — Untreated formulation
104 - — -59% Sucrose 104 —— 10 % Sucrose
—— 10 % Sucrose - - -+ 15 % Sucrose
8- - - - - 15 % Sucrose 8+ 10 % Glucose

10 % Glucose .
Without cryoprotectant g

n

Volume in %
Volume
N

04 — —
01 1 10 100 01 1 10 100
Size in um Size in pm
Figure 17. Influence of sucrose and glucose as cryoprotectamts the particle siz
distribution after lyophilisation of JS-3 (left) ddS-3o diluted to 2.5 % lipid (right).

It was not possible to redisperse the Poloxamerct8gaining formulation with 10 %
lipid with any cryoprotectant after lyophilisatioriThe high lipid concentration
minimised the distance between the single part@hekthus, they aggregated during the
freeze drying. Decreasing the lipid concentration2t5 % by diluting with 10 mM
sodium citrate solution resulted in acceptable Ites@ucrose was superior to glucose
and an increase from 10 % to 15 % did not imprdwee redispersibility. The median
increased after lyophilisation from 0.131 pm to981mm for 10 % sucrose and

0.314 um for 10 % glucose. An amount of 10 % swermssured the best protecting
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effects and isotonicity. However, untypically foeézedried products it was challenging
to resuspend the formulations. Therefore, dextraolyvinyl alcohol (PVA),
polyethylenglycol (PEG) and polyvinyl pyrrolidoné€{P) have been examined to

enhance the redispersibility after freeze drying.

While Dextran 500 was not able to improve the $tgbjust adding 2 % of PEG 1500,
PVP 25 or PVA made it rapidly redispersable andblstaThe addition of 2 % PVA
resulted in a comparable size distribution to th&eated formulation. Especially for
low PVA concentrations and PEG, aggregates abquea bccurred, but they were less
than 5% of the particle volume (Figure 18). PVA REG alone were not able to
stabilise the formulation. Nevertheless, the z-agerincreased from 127 nm to 165 nm
with a constant PDI of 0.1, indicating a larger togi/namic diameter. It has been
assumed that the single particles were in contaghg the lyophilisation. Hence, they
could not be fully protected from sticking togetheinder stirring and dilution, like in
the static light scattering, the particles couldadigregate. The influence of the
lyophilisation on the particle size has also beaarestigated by electron microscopy in
section 4.3.4.4.

124 —— Untreated formulation 14 — Untreated formulation
10 % Sucrose 2 % PVA 0.2 um PES
104 —— 10 % Sucrose 1 % PVA 12+ -=--02 Hm RC
— 10 % Sucrose 2 % PEG 10 —— 20 min lTZMl C
" 4
s 8 AddavaX < Addava
£ | c 8-
o 61 ©
E E 6
g g,
2 24
04 04
0.1 1 10 100 1 10
Size in pm Size in pm

Figure 18. Left: Influence of polyvinyl alcohol and polyethyeglycolon the particle siz
distribution in the lyophilisation of JS-30 (2.5 Bpid content) with 10 % sucrose. Right:
Influence of steam sterilisation (121°C min) and aseptic filtration by PES and RC filters
the particle size distribution of JS-30.

In accordance with the European Pharmacopoeiantgaad formulations have to be
sterile. All liquid squalene formulations were diled through a 0.2 pm filter of
regenerated cellulose or polyethersulfone. Forsthiel formulations, it was necessary
to filter the hot emulsions to take advantage & tleformability of the liquid lipid
droplets. A terminal sterilisation processes lileathand steam sterilisation is always
favored. Parenteral fat emulsion for parenteratithh are routinely autoclaved [175].

Due to the strong temperature dependency of the MaBe and a cloud point of
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Tween 80 at 73°C, it was not possible to autockdivdeveloped adjuvants except JS-30
[170].

The filtration of the hot nanoemulsion through @ @m filter led to a small size
decrease and narrower size distribution by retgitémger particles. Figure 18 shows
the influence of the sterilisation procedure of3tSen the size distribution. While the
Do) values were constant theply values decreased from 190 nm to 180 nm. In
contrast, the z-average and PDI remained constahanm and 0.09. No different
effects between filters, made of regenerated a@akiland polyethersulfone, have
occurred for JS-30. Steam sterilisation causedffexts on the particle size. For the
Softisan 154 free nanoemulsion, it was not necgssar filter them at higher
temperatures. Squalene was already liquid at rasnpérature and thus, the emulsion
droplets were flexible enough to be filtered throug 200 nm filter. Larger particles
were retained, too, but in general there was ntuente on the size distribution.
Filtration was performed with filters made of pdlyersulfone or regenerated cellulose.
While there were no differences between the fibaterials for the most formulations,
it was not possible to use polyethersulfone filtersthe saponin and lecithin stabilised
emulsion JS-2. Probably due to adsorption of thalsifrers on the filter material, the

nanoemulsion was not stabilised anymore and shawedssive size increase.

4.3.3 Long Term Stability

As size is the most important factor to guarantee adjuvant effect of squalene, the
stability of the successfully tested squalene namofilations was investigated over
12 months at 4°C. Additional, the stability at 25%Was tested for the freeze-dried
formulation of JS-30. Figure 19 shows the staboityS-1, JS-2, JS-3 and JS-4 up to 12
months, measured by static light scattering. Addal measurements using dynamic
light scattering were performed at the same timatpoAlthough the high stability of
JS-1,JS-4 and JS-30 was confirmed by PCS, stgti¢ $cattering provided more
detailed information about the size increase, aafgm the pm range.

The most stable formulations JS-1 and JS-4 diffeustl in their composition of the
lipophilic emulsifier. Although they were nearlynsiar in their hydrophilic part and
differed just in their stereochemistry, they di#drin the HLB value of 1.8 for
Tween 80, by esterification with three oleic acidsd 4.3 for mannide monooleate, by



Results and Discussion 57

just adding one oleic acid. Nevertheless, the ltabif both formulations was excellent
over 12 months at 4°C. The static light scatteshgwed identical size distributions
after 12 months storage. These results were coedifny z-averages and PDI of 139 nm
0.09 and 140 nm 0.09 after 12 months for JS-1. ¥4 the parameters remained at
141 nm 0.06. Minimal deviations occurred, due t® ittherent measuring errors of the
instruments. The stability of MF5%as been investigated by @ttal. throughout the
shelf-life of 3 years at 2-8°C. Neither the meamtiple size nor the amount of large

particles above 1.2 um have changed during stdia@s.
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Figure 19. Influence of the storage time on the particle slizribution of JS-1, JS-2, JB-
and JS-4 up to 12 months storage at 4°C.

In contrast to the stable formulations, JS-2 an@ 3&re not fully stable over one year.
JS-2 based on a very low amount of 0.125 % of tdrdphilic emulsifier saponin,
because of the high toxicity @uillaja saponins [90]. Nevertheless, its stability was
surprisingly high. Although a second particle spscbetween 400 nm and 1 pm
appeared after 2 months, more than 90 % of thécfeatremained below 400 nm, even
after 12 months. While the #) value remained at 0.07 pm and the median remained
constant at 0.13 pm, theglg) value increased with the storage time. After 4 thenthe
size increase was visible macroscopically. Coatestmplets between 20 um and
100 um floated and formed a white foam on the tbthe emulsion. The foam was

fully redispersible. During the storage time, tipeces around 60 pum increased, while
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the species between 400 nm and 1 um disappearddr Ahe year, the volume
distribution of the squalene emulsion consistetivaf size maxima below 400 nm and

around 60 pum.

The SLN formulation JS-3 was just stable for 2 rhentDuring this time, the size
distribution was nearly identic, except a decrazfsgarticles larger than 400 nm which
could be followed by a decrease of thgdpvalue from 292 nm to 249 nm and a slight
decrease of the z-average after two months. Thisawbeur was explained by
aggregation and floating of the particles duringrage. In this early stage, the large
particle aggregates were not visible on the watheftubes. Although the samples were
slightly shaken before the measurements, the lpagtcles were not redispersed and
thus excluded from the measurements. After threatihso a ring of aggregated and
floated lipids appeared on the wall of the tubdse Toncentrated lipid ring was hardly
redispersible and was responsible for the secontitigaspecies around 200 um after
6 months storage. One year of storage resultechigady translucent agueous solution
with concentrated lipids on the top. Although ligitattering data indicated that there
was a main part of the formulation in the preferstzk range below 400 nm after
6 month, the exact lipid amount remained unclesatha aggregated lipid particles were
not fully redispersible. This effect was clearlassified as instability, especially as the
apparent initial size decrease was caused by the s#fect. Lipid aggregates tended to
stick on the wall of the tubes and could float dgrthe measurement because their
density was lower than water. After the formatidnacsecond larger particle species,
they grew at cost of smaller particles, which i©oWwn as Ostwald ripening. Smaller
particles dissolved and accumulated on larger @estidue to the size dependent
solubility. According to Ostwald-Freundlich, theldaility of smaller particles was

increased because of the higher curvature of ttfacgion smaller particles [172].

The results of the stability tests of the optimi€dd\ formulation JS-30 are given in
Figure 20. Changing the emulsifiers to Poloxamé 48d increasing the lipid content
to 10 % resulted in an outstanding stability. Eaéier one year, there was no change in
the particle size distribution. In contrast, a dgone-free placebo formulation of JS-30,
consisting of 10 % Softisan 154 and 5 % Poloxang&, vas not stable for more than
four weeks. The size distribution changed from nmaodal around 150 nm to a
bimodal distribution around 150 nm and 30 um. Aé ttame time, the viscosity

increased. Because of the lipophilic structure qbfiadene, it had no emulsifying



Results and Discussion 59

properties itself. Although Softisan 154 was chtmased by a hydroxyl value of 7.1,
implying very low amounts of mono- and diglyceridiésvas expected that the residual
mono- and diglycerides can bind water. Swellingha particles led to the increase in
size and viscosity. In addition, the gelation ofvl@iscous SLN formulations into
viscous gels is a well-known phenomenon. This @m®ds promoted by high shear
forces, like shaking or injecting through a syringgedle, and high lipid concentrations
[177]. As described by Siekmann and Westesen, életign process can be induced by
crystallisation or change of the lipid modificatiohhe transformation of the instable
a-modification into the favore@-modification caused the formation of lipid pladet
with an increased particle surface. In the follagyithe stabiliser was unable to cover
the new surface areas [178]. Section 4.3.4.6 dissuthe crystallisation process of the
solid lipid nanoparticles. During the first 10 dagdter production, the instable
a-modification was transferred completely into thabse B-modification. The increase
in size of the squalene-free formulation becamegreafter 4 weeks, delayed to the
change of the lipid modification. The hight amownt5 % Poloxamer 188 should also

ensure the coverage of all lipid surfaces withstabiliser.
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Figure 20. Influence of the storage time on the particle simtribution of JS-30 at 4°C (top)
and its lyophilisates at 4°C (left) and 25°C (righp to 12 months.

Also the lyophilisate of JS-30 presented perfeabifity properties at 4°C over one
year, albeit the lyophilisation broadened the siatribution. In contrast, storage of the



Results and Discussion 60

lyophilisate at 25°C influenced the particle sizbere was a continuous size increase in
the first 6 months, without changing the size cbimastics dramatically. After one
year, the size characteristics have completely gdénto a bimodal particle size
distribution with a main fraction of 50 % betweefl im and 200 um. The desired
fraction below 400 nm was reduced to 42 %. The sizeease is expected to decrease
the immune stimulating effects after 12 months.

The MF5% derived standard formulation JS-1, JS-4 and taditey formulation JS-30
provided excellent stability properties at 4°C. Tyaphilisate of JS-30 could be stored
for 6 months at room temperature without changetofcharacteristics. A vaccine
formulation, composed of the dried yeast vaccire the developed and dried adjuvant
JS-30, can be stored as dry powder. Although tmsdlation should be stored at 4°C,
it is possible to be stored at room temperatureafbmited time. It should be stored at
4°C until the dispensing of the vaccine formulattonthe user resp. veterinarian, then
the application of the formulation has to be asstioe the next 6 months.

4.3.4 Size Determination and Physicochemical Characterisi@n
4.3.4.1 Static Light Scattering and Photon Correlation Spetroscopy (PCS)

As the size is the main factor for the adjuvaneeffof squalene in water emulsions
[66], the size distribution of the final formulati® was investigated intensively using
several techniques. A z-average of 120 — 170 nm negaired for Addavay' in

accordance with the supplier information. In thikofwing, it was set as reference for all
developed formulations. Static light scattering grtibton correlation spectroscopy
were used as basic methods for the formulationldpu@ent and as in-process controls

for the adjuvants preparation.

The targeted z-average between 120 nm and 170 renreeeched by all developed
formulations, except the freeze-dried form of JSa8ih 185 nm. Table 12 presents the
results of the PCS and static light scattering measents. The AddaVaX replica

JS-1 and the nanoemulsion JS-4, stabilised withefiv@® and mannose monooleate,
provided with 140 nm and 141 nm a nearly identzaverage like Addava¥ of

146 nm. A polydispersity index around 0.065 indechta monomodal, narrow and
comparable particle size distribution. The z-averag the intensity weighted mean

hydrodynamic diameter, thus it is not fully compdmeawith the static light scattering
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data. Especially emulsifiers with long polyoxyetye chains like Poloxamer 188 can
result in larger hydrodynamic diameters [179]. Hoere the structure of the emulsifiers
in AddavaX™ and JS-1 were identical resp. comparable for JBeth measurement
methods conformed in their assumption of sphepeaticles for their calculations, as
they can be assumed for nanoemulsions [180]. Inrastn the primary result of the
static light scattering is the root mean squareusadr radius of gyration, which can be
calculated under the assumption of compact sphatesthe geometric radius [126].
The three nanoemulsions agreed in their mean denaebund 130 nm, 10 nm lower
than the z-average. As the z-average is intensaighted and the light scattering
intensity of nanopatrticles increases with the sozéhe power of six, large particles were
overestimated in the z-average. Different from B@S data the distribution width
increased in the order AddaVdk < JS-1 < JS-4. While the @) — Dp.g) width of
AddavaX™ was estimated with 120 nm, it increased to 133¥emdS-1 and 141 nm for
JS-4. The graphic visualisation of these size ibistions in Figure 21 illustrates the
narrower distribution of Addava¥ and higher particle amounts around a size of
100 nm.

Table 12. Size distribution of the developed formulations aafdlaVaX" determined by PCS
and static light scattering.

PCS Static light scattering

Formulation Z-Average PDI Do.n) Do) Mean Do.9g)

AddaVvax™ 146 nm 0.069 77 nm 124nm  132nm 197 nm
JS-1 140 nm 0.067 71 nm 121 nm 130 nm 204 nm
JS-2 164 nm 0.118 65 nm 129 nm 153 nm 268 nm
JS-3 166 nm 0.085 67 nm 127 nm 137 nm 224 nm
JS-30 141 nm 0.097 63 nm 118 nm 128 nm 212 nm
JS-30 Lyo 185 nm 0.116 65 nm 125 nm 146 nm 242 nm
JS-4 141 nm 0.063 67 nm 119 nm 129 nm 208 nm

Because of the low emulsifier amount of saponin laethin, JS-2 had a much larger
particle size and broader size distribution. Thé&SRP@asurements of the nanoemulsion
with 164 nm z-average and a PDI of 0.118 confirmatth the static light scattering
results with the largest mean of 153 nm and lar@est) — De.9) width of 203 nm.
Figure 21 (left) visualises the monomodal and brdestribution of JS-2, comprising

particles from 35 — 850 nm.
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Figure 21. Size distribution (determined by static light sestig) of the develope
formulationsJS-1, JS-2 and JS-4 in comparison to Addd¥dleft) and of the solid lipi
nanoparticle formulations JS-3, JS-30 and the Iyiigdte of JS30 in comparison 1
Addava™ (right).

The z-average of the Poloxamer 188 stabilised diplid formulation JS-30 of 141 nm
and a PDI of 0.097 was in the targeted size ramgiough an increase of the
hydrodynamic diameter had been described for stabilised nanoparticles [179],
static light scattering proofed a mean geometrargiter of 128 nm, nearly identical to
AddaVvax™. Lyophilisation led to a size increase of JS-30185 nm z-average and
0.116 in PDI. In comparison with JS-2, JS-30 Lyd lsalower mean and &) value,
but the z-average of JS-30 Lyo was increased dreatigt This was caused by the
overestimation of large particles in the z-averd@€S was not able to resolve the
second patrticle species in JS-3o0 Lyo around 1 pum,the second particle species
contributed to the z-average. Although the secqetiss comprised only 1.5 % of the
particle volume, it had large influence on the erage. Static light scattering data
clarified this findings, while the 1) and Qos) values remained in the range of the
unprocessed formulation around 65 nm and 120 neDife increased by 30 nm to
242 nm. As the majority of the particle mass conéid with the standard AddaVak

it was further characterised and investigated imahtrials, although it was not in the

target range of 120 — 170 nm (z-average).

The previously developed solid lipid nanopartiadenfulation JS-3 resulted in contrary
results between the static and dynamic light seageAlthough the mean patrticle size
and the [ value just differed 10 nm from JS-30, the z-averags increased by

25 nm to 166 nm. Both formulations agreed in theuoence of their largest particles
around 350 nm, thus the increase in z-average cowld be attributed to the

overestimation of larger particles. AdditionallipetPDI of 0.085 indicated a narrower
particle size distribution than in JS-30 (PDI 0.p@nd suggested by the static light
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scattering data. Electron microscopic pictures atc different particle shapes for
JS-30 and JS-3. The formulation JS-30 resultegheiscal particles, while the particles
in JS-3 showed a different structure of a basephate lipid topping. The assumed
structure of a baseplate with lipid topping prodddifferent sizes in the static light
scattering dependent from the orientation of thetigga. PCS measurements just
observed the congruent diffusion behaviour of theigles.

It was concluded that all developed formulationsevjted large conformance in the
particle size distribution with the market produbifferences occurred mainly in the
presence of particle amounts above 300 nm andistigbdtion width. As the producer
specifications allowed particles size from 120 mni70 nm (z-average), batch to batch
variations could provide much broader size distidou than the developed
formulations. Following, the adjuvant effect shoulat be interfered as long as 90 % of
the particle volume is below 300 nm. Additionale ttifferent preparation regimen of
the market product had to be taken in account. &HitidavaX" was filtered
terminally by a 0.22 um filter, the samples weret fiiered except for animal
experiments which required sterility. Due to thextbility of the emulsion droplets, also

larger particles can pass a 0.22 um filter, butrosized particles will be excluded.

4.3.4.2 Nanopatrticle Tracking Analysis (NTA)

Nanoparticle tracking analysis calculates the plarsize from the diffusion track of the
single particles, applying the Stokes-Einstein éiqua Table 13 presents the NTA
results as volume weighted distribution. The NTAules were in good agreement with
the dynamic and static light scattering data fodadax™, JS-1, JS-2, JS-30, JS-30
Lyo and JS-4. The low investigated particle numizér 300 particles during
5 measurement cycles tracking 60 particles eachstrang impact on the §) values.
The detection of a large particle increased thgyDvalue of AddavaX” and led to
large deviation of the [g) values between the measurement cycles. Neversheles
narrower particle size distribution was evaluatgdNT A in general. For JS-1, JS-30
and JS-4 the 1) — Dp.g) width was estimated with 50 nm instead of 140 rynstatic
light scattering. The obtained number weightedrithgtion in Figure 22 explains the
influence of large particles around 200 nm and R®0in the formulation JS-2.
Although just a low particle number differed fron$-1 and JS-4, the mean was
increased from 136 nm for JS-1 and JS-4 to 209ami$-2. AddaVvaX’ differed from
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JS-1 and JS-4 mainly in higher particle numbersvben 180 nm and 200 nm which

were responsible for the increased dpvalue and mean particle size.

Table 13. Size distribution of the developed formulations! akddaVaX" determined by
NTA. Data were calculated from the number weightiéstribution to a volume weighted
distribution under the assumption of compact sptatparticles.

Formulation Doy Do.s Doo.9) Mean
AddaVvax™ 109 nm 131 nm 175 nm 150 nm
JS-1 103 nm 120 nm 158 nm 136 nm
JS-2 109 nm 142 nm 222 nm 209 nm
JS-3 129 nm 160 nm 213 nm 182 nm
JS-30 102 nm 127 nm 153 nm 137 nm
JS-30 Lyo 132 nm 181 nm 250 nm 214 nm
JS-4 105 nm 124 nm 156 nm 135 nm
Addavax" —JS=
25 —JS-1 JS-30
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Figure 22. Particle number weighted size distribution of J9352 and J&-in comparison 1
Addava™ (lefty and of the solid lipid nanoparticle formtans JS-3, JB0 and th
lyophilisate of JS-30 (right). Results were deteadi by nano tracking analysis.

The lyophilised form of JS-3o0 and JS-3 showed naly dhe occurrence of small

amounts of larger particles. The patrticle sizerilistions were shifted to larger particle
sizes, while the distribution width remained const@igure 22). The strongly diluted

samples of JS-30 Lyo indicated an increase ingarsize by the lyophilisation, instead
of a reversible aggregation. It has to be takeradoount for JS-3 that the applied
measurement principles were comparable to photorrelations spectroscopy.

Following, the NTA results of JS-3 were comparatdePCS, but resulted in larger
particles sizes than in static light scatteringisTdifference was explained by the non-
spherical shape as base plate with lipid toppingil®/NTA and PCS determine the
hydrodynamic diameter independent from the oriémadf the dispersed particles, the

determined size in the static light scatteringapehdent from the observed side.
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4.3.4.3 Asymmetrical Flow Field-Flow Fractionation (AF4)

Asymmetrical Flow Field-Flow Fractionation (AF4) sombination with Multi Angle
Laser Light Scattering (MALLS) provided the posBiito characterise heterogeneous
particle size distributions over a broad partigiee gange. The method benefits from an
initial separation of the particles in the flow an&l in accordance with their particle
size. The exact particle size distribution is tlietermined by static light scattering of
the prior separated particles. Figure 23 presdmsetution profiles of the squalene
containing solid lipid nanoparticles JS-30 and tmarket product Addava¥.
Although the elution profiles were comparable, thi@fered in a second larger particle
species in JS-30, which was eluted after 60 mitarger maximal particle size in JS-30
could be concluded from the eluted particle sizetimse diagram. Nevertheless, in the
particle size distribution (Figure 24) the main tmde fraction of JS-3o0 was 10 nm
smaller than Addavdy', but a second particle species between 500 nmé&fAdm
occurred in JS-30.
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Figure 23. AF4/MALLS elution profile (detector signal at 9G. ime) and root mean square
radius (RMS) vs. time of AddaV#xleft) and the solid nanoparticle formulation J8-@ight).
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Figure 24. Size distribution of JS-1 and JS-4 in comparisoAddaVaX" (left) and the soli
formulation: JS-3 and JS-30 in comparison to AddaVfgxight) determined by AF4/MALLS.
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The Dos) and Qog) of JS-30 were with 120 nm and 178 nm, 10 nm smafian in
AddaVaxX™. The second particle species above 500 nm affeittedlarge particle
means of 288 nm for JS-30 and 220 nm for Addd¥aXhe particle size distribution of
JS-3 was determined 45 nm larger than for JS-3pedially the 1) value increased

to 145 nm, whereas it was determined with 67 nmstayic light scattering. Similar
differences were already investigated by dynangbtliscattering and nano tracking
analysis, but could be explained by the particlapsh However, this result was
contradictive to the static light scattering reswithich based on the same measurement

principles. Therefore, aggregation tendencies dutie focus step were assumed.

Table 14. Size distribution of JS-1, JS-3, JS-30, JS-4 andlaXedX™ determined by
AF4/MALLS. Data represent the average of 3 measemésn Meag..m, represents the mass
weighted geometric diameter.

Formulation Do Dos) Do.g) Meangeom
Addavax™ 106 nm 132 nm 189 nm 220 nm
JS-1 100 nm 121 nm 175 nm 270 nm
JS-3 147 nm 179 nm 228 nm 277 nm
JS-30 85 nm 120 nm 178 nm 288 nm
JS-4 103 nm 128 nm 177 nm 283 nm

The lecithin stabilised formulation JS-2 and theplyilised form of JS-30 could not be
investigated with AF4/MALLS. Both formulations imgeted with the membrane of the
flow channel or aggregated during the focus st&2 had already shown massive
instabilities with citrate buffer and during thdtrfation through a 0.2 um PES filter.
Even the application of lower focus flows and hidlesd water as eluent did not

improve the separation of JS-2.

The squalene nanoemulsions JS-1, JS-4 and Add¥vakowed a uniform size
distribution around 130 nm and were in good agre¢émdth the static light scattering
data. While the Bs) and Qo) values were nearly comparable around 130 nm and
180 nm, the mean differed especially for JS-4, Wwhias shown minimal particle
amounts between 500 nm and 600 nm. AF4/MALLS cordt a minimal larger fs)

of AddavaX™ and a broader size distribution compared to J8dl X5-4, as already
determined by NTA. All mean diameters (Table 14yaviarger than determined by
NTA and static light scattering. The calculationtloé particle size distribution over the
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whole elution peak always included very small anmtsuless than 0.25 % of the particle
volume, with a size over 400 nm. These particled Aahuge impact on the mean
particle size. Especially for JS-30, a second gartspecies was detectable between
500 nm and 650 nm. Experiments with filtered nagpeiisions excluded aggregation
effects during the focusing step. No other methad wowerful enough to detect this
small amounts of large particles and thus it umded the power AF4/MALLS. The

detected differences between the developed forionkaivere within the batch to batch

variations of AddaVvaX’. An influence on the adjuvant effect was not expec

4.3.4.4 Electron Microscopy

Size and shape of the solid lipid nanoparticle fdations were investigated by
transmission electron microscopy. The particle shagmportant for the interpretation
of the size measurement data, as the measuremémbdeeassume spherical particle
shapes. Nanoemulsions were described as smallicghdroplets. Their spherical
structure has been investigated sufficiently elsseh64,180,181]. In contrast, the
shape of solid lipid nanopatrticles has been founa wide range, depending on the
exact lipid and emulsifier composition and the rggion method [177,182]. Jores
al. observed highly anisotropic platelet structurésPoloxamer stabilised glycerol
dibehenate nanoparticles. Dependent on their $patiantation, they occurred as
needles, circles or ovals. The incorporation of im@dchain triglycerides changed their
shape to nanospoons, meaning the liquid lipid wakisg as a droplet on the solid
lipid platelets [121]. Furthermore, also sphericatund, rhombic and even completely

irregular geometric forms have been describeddbd $ipid nanoparticles [183,184].

The lipid particles of the Tween 80 and Span 8%biksad formulation JS-3 were
visualised by electron microscopy as disk like,l@ral spherical structures (Figure 25).
Especially the oval structures showed a high cehtah one particle side like a solid
baseplate covered with a droplet of the liquid $equa The disks were visible as
platelets with high contrast. Otherwise the splaérgiructures provided only a low
contrast. The high contrast could be explained withigher density or an increased
sample thickness. It was concluded that the diffestructures derived from just one
main particle species of a baseplate covered wiltoplet of the liquid lipid. Dependent
on the spatial orientation, spherical structuresevadservable in the top view and disks

in the side view. All other angels of vision resdltin the typical baseplate with lipid

topping.
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Figure 25. Cryo transmission electron fnicroscopic picturestloé Tween 80 and Span 85
stabilised SLN formulation JS-3. Scale bars repne4€0 nm.

Different from that, the particles of the Poloxam&8B stabilised formulation JS-30
occurred as oval, round and polygonal geometriggi(€ 26). Although these particles
did not form ideal spheres like nanoemulsions,fthumd geometries could regarded as
sphere like structures. No separation tendencies aeserved, as the particles provided
a homogeneous contrast in the cryo electron miapgig. Both formulations differed
only in the amount and composition of the emulssfid he preparation method and the
composition of the lipid phase remained constahusT the difference in the particle
shape was attributed to the emulsifiers. Duringhtbemelt homogenisation the particle
size reduction led to a massive increase of thécpmsurface. The emulsifiers had to
cover the surface of the hot emulsion droplets @articles during the crystallisation to

prevent from coalescing.

Figure 26. Cryo transmission electron microscopic pictureshd Poloxamer 188 stabilised
SLN formulation JS-30. Scale bar represents 100 nm.

As the sample preparation for the cryo electronrosicopy comprised a filtration step
through a 0.22 um filter to get rid of larger idégmg particles, especially in the
formulation JS-3, this method was not used for determination.
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As it was not possible to clarify the process afipee growth during the freeze drying,
it was investigated electron microscopically. Batamples showed a comparable
particle size and geometry (Figure 27). An increak@articles below 50 nm by the
freeze drying process can be discussed in the ngtitograph in Figure 27, but this
result is limited, because of the low investigatetmbers of particles by electron
microscopy. The negative stained TEM samples omeifil the irregular geometric form
of the particles in JS-30, but encouraged the aggamof sphere like structures. The
particle size distribution between 30 nm and 200agreed with the PCS and static

light scattering measurements.

. e L. ‘Ai' _ & » A =
Figure 27. Transmission electron microscopic pictures of J3s8éore (both lejtand afte
freeze drying both right). Samples were prepared by negativenstgiwith uranyl acetat
Scale bars represent 100 nm.

4.3.4.5 Zeta Potential

The zeta potential is a key parameter for the kabif nanoparticle formulations. High
electric charges below -30 mV and over 30 mV pre\sdfficient repulsion forces, and
thus prevent the system from aggregation [185]pé&nsed in liquids, particles are
surrounded by an electric double layer on the gar8urface. The electric double layer
is caused by the particle charge. Particle chadgeised from charged components of
the particles like imperfect crystals, ionic emiiéss, adsorption of ions from the media
or charged bulk material itself. The charge of platicle itself is characterised by the
Nernst potential. It is followed by the inner Helattiz layer of negative charges and the
outer Helmholtz layer of counter ions, forming toger the Stern potential. The less
fixed diffuse layer is attached, until the neutthhrge in distance from the particle is
achieved. The zeta potential is defined as theasartharge at the shear plane [186].
For reliable measurements low salt concentratiomsral a conductivity of 1 uS/cm are
favored to ensure the right formation of the eieaouble layer on the particle surface.
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High salt concentrations, multiple charged ions #red pH-value have great influence
on the zeta potential [187]. Hence, nanoemulsioos garenteral nutrition are
isotonicated with non-charged components like giyicer are mixed directly before
their administration with physiological salt sobrito maintain a high zeta potential
during storage for stability reasons [188]. Addpeptisators like citrate, tartrate or di-
phosphate can overcompensate the Nernst potemiganing that they are attached to
the surface and provide a more negative potentiadtabilise the system [187]. For
adjuvant systems an influence of the zeta poteotiathe immunogenicity is under
discussion. Although the exact mechanism and distole of the surface charge is not
clear yet, positively charged particles are favdi@dan improved antigen delivery to

dendritic cells and macrophages [14,15].

Except JS-2, all formulations were prepared in M sodium citrate solution which is
known as a peptisator. Adding sodium citrate tonfdiation JS-2 caused aggregation
immediately, probably because of an interactiomwbeh the stabilisers and citrate. As
0.9 % sodium chloride had no influence on the §talmf JS-2, this effect could not be
caused by a higher ion strength. The exact meadmaresnained unclear as saponins
were charged negatively and phosphatidylcholinghef lecithin Lipoid S 100 was
uncharged. An ionic interaction between contrargrghs could be excluded. Table 15

shows the results of the zeta potential measurement

All samples had a negative charge. A negative ehm@ well-known phenomenon for
lipid particles and emulsions in aqueous solutiahg to the adsorption of negatively
charged ions in the Helmholz layer [189]. Furthemmadhe negative charges could be
caused by impurities of free fatty acids in the tsifiers or in the high melting lipid
Softisan 154 in the solid formulations, respeciivelhe zeta potential of -15 mV in
10 mM and -23 mV in 5 mM sodium chloride solutichAmidaVax™ was observed in
all other samples except JS-30. The increased ti@mgth of the 10 mM sodium
chloride solution led to a fast decrease of theeqpidl in the diffuse layer. Thus, the
zeta potential in the 5mM sodium chloride solutismas more negative. The
formulation JS-30 consisted of 5 % Poloxamer 18&rasisifier, which is known to
stabilise the particles by steric interactions, avas characterised with less negative
zeta potentials of -8 mV and -12 mV in 10 mM anch® sodium chloride. As the
hydrophilic polyethylene glycol chains stabiliséx tparticles sterically, electric forces

were not necessary to provide a stable formuldti®@@]. Thus, a nearly neutral charge
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was expected for JS-30. Different salt concentnatiand pH-values had just a minor
influence on the Poloxamer 188 containing formolad which were less sensitive to
the pH-value and ion strength. The highly negaigta potentials in bidistilled water

for all formulations were attributed to the inapmtiate measurement conditions.
Bidistilled water did not provide a sufficient cardivity and interfered with the right

formation of the electric double layer. Measurersent pure water have often been
performed in the literature, but do not give megfuhresults. Measurements in 1:10
diluted Sérensen phosphate buffer at pH 7.4 regutt@ zeta potential around -30 mV,
providing a high stability for the Poloxamer fremrhulations. The pH increase from
6.5 to 7.4 changed the particle charge to a mogatine zeta potential by 8 mV. Only

JS-30 and JS-4 were not influenced by the pH stoficluding that the zeta potential is
mainly dependent on the emulsifier, especially phesence of Tween 80. Higher pH
values lead to an extended grade of deprotonafiameak acids like free fatty acids,

causing a more negative potential. Determinatios imM and 10 mM sodium citrate at
pH 6.5 resulted in less negative potentials thaBdrensen buffer and sodium chloride.
The used citrate concentrations were already tgb ta act as a peptisator. A pH effect
could be excluded, as it agreed with the examinedvalue in Sérensen buffer. The
effect of citrate was attributed to the multipleadiped ions. Multiple charged ions act

like high ion concentrations by a faster poterditrease in the diffuse layer.

For further development of the formulations, the o$ cationic emulsifiers like N,N-
Di-(B-stearoylethyl)-N,N-dimethyl ammonium chloride cdukead to a positive zeta
potential. Cationic particles and emulsions carvigl® an additional adjuvant effect
[14,15,89].
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Table 15. Zeta potential of the investigated squalene comginanoparticle formulations.

Formulation Diluent Zeta potential
Sodium chloride 5 mM -22.8 mV £ 0.5 mV
Sodium chloride 10 mM -15.2 mV £ 0.3 mV
1:10 Soérensen buffer pH 6.5 -20.1 mV £ 0.6 mV
Addavax™ 1:10 Sorensen buffer pH 7.4 -27.9mV £0.7 mV
Sodium citrate pH 6.5 5 mM -14.5mV £ 0.9 mV
Sodium citrate pH 6.5 10 mM -10.0 mV £ 0.7 mV
Bidistilled water -44.5 mM = 0.8 mV
Sodium chloride 5 mM -22.2 mV £ 0.5 mV
Sodium chloride 10 mM -16.0 mV £ 0.1 mV
1:10 Sorensen buffer pH 6.5 -24.8 mV £ 0.7 mV
JS-1 1:10 Sorensen buffer pH 7.4 -32.9 mV £ 0.6 mV
Sodium citrate pH 6.5 5 mM -17.2 mV £ 0.1 mV
Sodium citrate pH 6.5 10 mM -11.0 mV £ 0.1 mV
Bidistilled water -48.0 mV £ 0.6 mV
Sodium chloride 5 mM -25.4 mV £ 0.1 mV
Sodium chloride 10 mM -17.1 mV £ 0.5 mV
JS-2 1:10 Soérensen buffer pH 6.5 -27.7 mV £ 0.8 mV
1:10 Sorensen buffer pH 7.4 -36.4mV+1.1mV
Bidistilled water -34.4 mV £ 0.6 mV
Sodium chloride 5 mM -21.9 mV £ 0.4 mV
Sodium chloride 10 mM -13.2mV £ 0.5 mV
1:10 Soérensen buffer pH 6.5 -19.2 mV £ 0.3 mV
JS-3 1:10 Sorensen buffer pH 7.4 -27.5mV+£0.1 mV
Sodium citrate pH 6.5 5 mM -14.4mV +£0.1 mV
Sodium citrate pH 6.5 10 mM -10.1 mV £ 0.3 mV
Bidistilled water -42.1 mV £ 0.7 mV
Sodium chloride 5 mM -11.6 mV £ 0.4 mV
Sodium chloride 10 mM -7.8mV 0.2 mV
1:10 Soérensen buffer pH 6.5 -8.2mV +0.4mV
JS-30 1:10 Sorensen buffer pH 7.4 -9.3mV 0.1 mV
Sodium citrate pH 6.5 5 mM 5.6 mV +£0.4 mV
Sodium citrate pH 6.5 10 mM 2.3 mV +£0.2mV
Bidistilled water -40.8mV £ 1.1 mVv
Sodium chloride 5 mM -21.2 mV £ 0.3 mV
Sodium chloride 10 mM -14.2mV £ 1.5 mV
1:10 Soérensen buffer pH 6.5 -25.0mV £ 1.6 mV
JS-4 1:10 Sorensen buffer pH 7.4 -27.1mV £ 0.4 mV

Sodium citrate pH 6.5 5 mM
Sodium citrate pH 6.5 10 mM

Bidistilled water

-14.8 mV £ 0.7 mV
-10.9 mV £ 0.6 mV

-42.1mV £0.4 mV

72
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4.3.4.6 Differential Scanning Calorimetry (DSC)

DSC allows the investigation of endothermic and tleeonic processes, such as
melting, crystallisation and glass transition, iolid materials like solid lipids. It
provides information about polymorphisms, eutecticxtures and crystal ordering
[191]. Aim of the study was to characterise theawebur of the solid lipid matrix in the
solid lipid nanoparticle formulation. For the loworcentrated SLN dispersions,
especially with low amounts of Softisan, they we@ncentrated prior differential
calorimetric measurements by ultracentrifugationaonOptima MAX XP (Beckmann
Coulter, Brea, USA) at 100000 g for 15 min. Thid dot change the melting behaviour
nor the size distribution. The particles were gastidispersible and provided a better

signal to noise ratio.

The Softisan 154 derived from hydrogenated palntaoiisisting of different saturated
triglycerides with palmitic and stearic acid as méitty acids. The bulk material had a
melting point at 58°C, confirming with the supplidata. As common for solid
triglycerides, Softisan 154 showed polymorphisnrgylycerides can crystallise in three
different modifications and can be transformed ntmpically from thea- over thep -

to the thermodynamically stabfemodification [192]. Beside the melting peak of the
B-modification at 58°C, there was a second smalleiting peak of the less stable
a-modification at 49°C. Especially for tristearin, slow transition into the
thermodynamic stable form has been reported [1R8heating clarified the formation
and transition of the- into the preferre@-modification (Figure 28). The bulk material

crystallised at 42°C.

Replacement of half of the hard fat amount by ligggualene, shifted the melting point
to 52°C and it prevented the lipid from formingfdient modifications as well. As the

liquid squalene interfered the crystallisation loé 1ipid, the crystallisation temperature
decreased to 33°C. Likewise, the formulation as oparticles decreased the
solidification temperature by 14 K to 19°C for Sedin/squalene (1:1) and 29°C for
Softisan as solid lipid phase. The crystallisatiemperature below room temperature
made it necessary to cool the formulation on icensure stability. Additionally, the

Tween 80 and Span 85 stabilised formulation JS<ved a 10 Kelvin decreased
crystallisation temperature compared with JS-3as Eiffect was attributed to the type
and amount of emulsifiers, hindering the crystatien, as the size distribution

remained constant. Nevertheless, it was not pasddldetermine the extent of the
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solidification point depression of this effect froime size effect. The structure of the
stabiliser has an important influence on the ctlys&ion and can even promote the
nucleation by orientating the triglyceride moleaulgl94]. Helgasonet al. have
discussed the influence of the surfactant conceotraon the lipid crystal structure.
With growing amounts of Tween 20, the crystallisattemperature of tripalmitin SLNs
decreased and changed the melting behavior. Thagyoped that the tightly packed
surfactant shell may protect the lipid core fromstallisation [195]. In contrast to the
crystallisation temperature, the melting tempeegwof the SLN formulations decreased
just by 2 K. A size dependent shift of the melttegiperature is known from literature
and can be explained by the Gibbs-Thomson equ#ti®6]. Furthermore, adsorbed
emulsifiers onto the surface of the nanoparticlesld interfere the melting process
[197]. The size dependency broadend the melting agdtallisation peak as well,
because of the particle size distribution from &0 to 300 nm instead of a distinct

particle species.
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Figure 28. DSC thermograms of Softisan 154 (A) and Softi&#Squalene (1:1) as bt
materials (B) in comparison to the solid lipid ngaoticles composed of 10 % Softisan {6%
and 10 % Softisan 154/Squalene (1:1) (D).

Adding 25 %, 50 % and 75 % squalene to the trigigeecled to a linear decrease of the
melting and solidification temperature. The lineamrelation between the squalene
content of 0% to 75 % and the decrease in meltegpectively crystallisation
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temperature indicated the homogeneous distribuifdhe squalene in the matrix of the
solid lipid [198]. As shown in Figure 29, the meljiand crystallisation point decrease
was linear for the bulk material as well for theNsformulations. Different from the

bulk material, the melting temperature for the reamed formulations was always 2 K
lower than the bulk material. Moreover, the cry&ation temperature of the

nanoparticles was decreased by 14 K at each rdlsgaalene concentration. The two
different melting points of Softisan 154 nanopdesc represent the formation of
modifications. As the mixture of Softisan with stpree has not shown different

modifications, the stablg-form has been used for comparison.
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Figure 29. Influence of the addition of 25 % to 75 % liquicuabtene to Softisan 154 on -
melting and crystallisation points. Circles are cheterising the behaviounf the bulk materie
in comparison to the solid lipid nanoparticles (ages).
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Figure 30. Primary heating curve of the solid lipid nanopal#is containing Softisah54
(left) or Softisan 154 and squalene 1:1 (right)lipgd matrix directly after the preparation an
stored up to 4 months at 4°C.

Figure 30 shows the primary melting peaks of thiéndped solid squalene formulation
(JS-30) and squalene-free placebo formulation. &lvess no change in the melting
peaks for JS-30 over 4 months, confirming the atijsation of squalene and Softisan
in the stable modification. Compared with this, Hgualene-free formulation changed

to the stableg-modification. During storage the melting temperatincreased from
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48°C at the day of preparation to 55°C after 4 messtorage at 4°C. The melting peak
at 48°C confirmed with the melting temperaturehe imeta stable-modification in the
bulk material. The transformation completed 3°Colelthe maxima of the stable
B-form of the bulk material at 58°C, because of thelting point depression of
nanoparticles. The conversion was nearly finishiédr &0 days. After 4 days, both
melting points were visible in the thermogram, forgha broad melting range instead of
two distinct maxima. Especially for long chain tyigerides and complex triglycerides
like Softisan 154, a slow or even incomplete trémsiinto the stablg-modification
was reported by Bunjest al. [196]. Additional, the size distribution of theusdene-
free formulation changed over time from a unimodadtribution of 126 nm to a
bimodal distribution with maxima at 126 nm and I.[The size increase was much
slower than the change in the thermic analysisewike, the peak of the second heating
curve was at the same temperatures at all timetgolis ensured that the melting
point shift was a phenomenon of different lipid nficdtions and not a size effect.
However, it was assumed that the size increaseivdaged as a consequence of the

formation of platelets in thg-modification and is described in detail in sectb8.3.

4.3.4.7 X-Ray Diffraction

Triglycerides occur in three different crystal nifogitions and can be transformed
monotropically from the:- over thef - to the thermodynamically stalkffemodification

[192]. Wide angle X-ray diffractometry was usedrtgestigate the exact modifications
of the squalene containing (JS-30) and squalere+iemnoparticles (PS-154) directly

after preparation and after storage at 4°C.

Figure 31 shows the diffraction patterns of therftarmulations. The maxima of the
reflexes confirmed for the stored PS-154 and botim$ of JS-30. The short spacings of
the fatty acid chains were calculated with 0.46fonthe reflexes at 22.5°, 0.39 nm for
26.8° and 0.37 nm for the reflexes at 28°. Therdateed short spacings were in full
agreement with the stabl@-modification of a binary mixture of tristearin and
tripalmitin [199,200]. In contrast to the squalecentaining formulation JS-30, the
Softisan nanoparticles crystallised initially irddferent modification. From the strong
reflex at 25° a short spacing of 0.41 nm was catedl which agreed with the literature
data of then-modification [199,200]. A transition into thgmodification was already
indicated in the in the freshly prepared Softisamaparticles by the weak reflexion

signal at 22.5°C. These results verified the DSKilte which suggested an immediate
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crystallisation for the squalene containing forntiola into the stablgd-modification.
Additional, it confirmed the crystallisation of th&oftisan nanoparticles in the

a-modification and its transition into the staBlenodification during storage.

—— PS-154 fresh
J/k —— PS-154 stored
'™
——JS-30 fresh
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Figure 31. X-ray diffraction of the squalene-free nanoparticleS-154 and JSe directly
after preparation and after storage at 4°C.
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4.3.4.8 H-Nuclear Magnetic Resonance

'H-NMR spectroscopy is widely used for the strudtatarification of organic chemical
compounds like active pharmaceutical ingredientdyrpers and proteins [201,202].
Nevertheless, standarti-NMR is limited to liquid and dissolved compounds a
limited mobility of protons and following a massidecrease in proton relaxation times
(spin-spin relaxation) leads to line broadening@mplete disappearance of the proton
signal. This provided the possibility to characterthe microenvironment e.g. in gels
with a decreased mobility or highly mobile protanssupercooled melts [203,204].
'H-NMR spectroscopy can contribute to study therattons between the solid lipid
phase and an incorporated liquid lipid like in nstnactured lipid carriers
[198,205,206]. The line width at half amplitude luden been calculated to assess the
mobility [183].

The 'H-NMR spectra of JS-30, consisting of 50 % squaland 50 % hard fat as
disperse lipid phase, and of a squalene nanoemus@given in Figure 32. The proton
signals of squalene (Greek letters) and Poloxa®@r(Latin letters) in the structural
formulas were assigned to the spectra, correspgrididoreset al. and Pogliankt al.
[205,207]. As Softisan 154 was not mobile at ro@mperature, its protons were not
detectable in standarft-NMR. Trimethylsilylpropionate was used as intdrstandard

at 0 ppm. Due to the preparation in 80 % bidistiNeater, a large water peak occurred
at 4.8 ppm, but did not interfere with other signalhere was no difference of the
proton signals of Poloxamer 188 at 3.7 ppm (pro®tis+d) and at 1.1 ppm (proton e)
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in JS-30 and the nanoemulsion. Although the mgbditthe emulsifier at the surface
could be restricted, the high Poloxamer 188 comagah provided sufficient free
Poloxamer 188 for sharp signals. The proton sigoflhe methyl groups (peak at
1.6 ppm and of the methylene groups (peakat 2 ppm showed a massive line
broadening, indicating a limited mobility. Althoughe different methyl and methylene

groups in squalene were not magnetical equivaledttheir exact signals itH-NMR
spectroscopy have been described, chemical stizgs0gppm for all methylene groups

and 1.6 ppm for the methyl groups were assumeduBecaf their near peaks and for

simplification [207].
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Figure 32. 'H-NMR spectra of JS-30 (left) and a nanoemulsiosqfalene and Gloxame

188 (right). The Latin letters refer to the protsignals of Poloxamer 188 (lowsstructural

formule) and Greek letters refer to the proton signalsafialene (upper structural formula).
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Figure 33 shows the detailed investigation of thetgn peaks of squalene at 1.6 ppm
and 2 ppm dependent from the concentration of &oftl54. Already at the lowest
Softisan concentration of 25 %, it was impossilledétermine the line width at half
amplitude, as the distinct peaks changed to bragmhls, comprising several proton
species. As a result of line broadening, the p@aglitude decreased dramatically. The
broadened and reduced peaks were attributed tortme@bilisation of the squalene in

the lipid matrix causing shorter relaxation timepifg-spin relaxation). The highly
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restricted mobility in the lipid matrices was fugthincreased by the addition of more
Softisan 154. Pure Softisan SLNs were investigagdegative control and showed,
except the proton peaks of Poloxamer 188 and wabeproton peaks of the triglyceride
because of their full solid structure and very i@haxation times.

~~~~~~~~~~~~~ 0 % Squalene ------ 25 % Squalene

~~~~~~~ 50 % Squalene -----75 % Squalene

— 100 % Squalene a

B

Intensity

T T T T T T T
2.50 2.25 2.00 1.75 1.50 1.25 1.00
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Figure 33. 'H-NMR spectra of the squalene signal at a chenshit of 2 ppm and 1.6pm ir
Softisan 154 nanoparticles containing of 0 %; 25 %8 % (JS-30); 786 squalene and
squalene nanoemulsion. All formulations were sitsdxl with 5 % Poloxamer 188.

In comparison with the literature data, the mixtofesqualene and Softisan 154 has
shown strong interactions already at high liqugddiconcentrations. Jennirgg al. and
Joreset al. investigated nanostructured lipid carriers basedylycerol behenate and
medium chained triglycerides [198,205]. Alreadytaat liquid lipid concentrations like
16 % and 10 %, both described distinct NMR peakthefincorporated lipid. Because
of the relative high mobility of the medium chaineidlycerides and in accordance with
EPR experiments, Jores al. proposed a model of a solid lipid core with liqdiebps at
the surface [205].

The 'H-NMR experiments suggested an increasing limitatin the mobility of

squalene with increasing Softisan amounts. Thuspraogeneous distribution of the
squalene as nanosized liquid domains in the saglyteride was assumed. This was in
agreement with the DSC measurements which revealegar correlation between the
squalene content and the melting point depressiorthermore, the X-ray experiments
confirmed the presence of crystalline glycerided disproved changes in the crystal

structure in the nanopatrticles.
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4.3.5 Cytotoxicity Assay

The cytotoxicity tests were carried out with a sthibdamine B (SRB) assay on human
colon fibroblasts (CCD-Co18). Several cell lineg.eBALB/c 3T3 cells, foreskin
fibroblasts, mouse macrophages and colon carcircatgwere used in the literature to
estimate the cytotoxicity [88,208,209]. The ideall tine should simulate the conditions
at the side of application and action. Although hamcolon fibroblasts are no
subcutaneous cells, they behave comparable to wutemus cells and benefit from
their ability to proliferate on their own. In comyson, immortalised cells are always
modified and do not represent the natural cell biela, especially tumor cell lines

have a lower sensitivity to toxic substances [210].

Many immune stimulants are cytotoxic and raise sewide effects. Crude saponins
and to a lower extend also purified saponin fraxticause haemolysis [42]. Paraffin
containing adjuvants like CFA and IFA affect graostabs at the injection side. In
consequence, they are not used in human vaccireesodiheir toxicity, although they
are providing excellent immune stimulating effef36]. Although it is an adjuvant
mechanism, especially for squalene nanoparticlesprovoke a locally determined
inflamed area, it is necessary to ensure good bipatibility [68]. The effect of the
formulations was compared with the effect causethby emulsifiers at the same used

concentration and minimum essential medium (MEMp@sitive control.

Comparing the market formulation AddaV&xwith the identical adjuvant system JS-1
carried out massive toxic effects of both of thenthe three highest concentrations
(Figure 34). Only the lowest concentration of 0808 lipid in AddavaXx™ had no
effect on the CCD-Co018 cells. The toxic effects averainly raised by the squalene
based nanoemulsions because of the good biocortipatith Tween 80 and Span 85.
Tween 80 is one of the approved O/W emulsifiergpfmenteral applications in humans
and known for its good compatibility [88,211]. Twe®0 and Span 85 were just toxic in
its highest concentrations of 0.125 % Tween 80 &pdn 85. Already at the second
highest concentration of 0.025 %, the viability veas’5 %. Lower concentrations had
no influence on the cells. In the literature, IC&ues have been evaluated between
0.02 % and 0.08 % dependent on the test system].[Bizontrast, JS-1, JS-3 and
AddaVax™ completely inhibited cells from proliferating exteof dilution 1:125. At
the lowest concentrations the cell viability waslerated with 92 % for AddaVva¥,

40 % for JS-1 and 67 % for JS-3. The lipid phasd®{3 consisted of a mixture of
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squalene and Softisan 154 in equal parts. Diffeagncetween the market product
AddaVaxXx™ and the replica JS-1 might have occurred, dueifferent purity of the

excipients or contamination during the productioocess.
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Figure 34. Influence of the concentration of AddaV4xJS-1, JS-3 and the usedhulsifier:
Tween 80 and Span 85 on the cell viability in comngpa with untreated cells as contrdflear
+standard deviation.
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Figure 35. Influence of the concentration of JS-4 (left) agd2](right)and their appropriat

emulsifiers on the cell viability in comparison lwiintreated cells as contrdlean + standar

deviation.

The toxicity of the formulations was the resulttiloé toxicity of the emulsifiers and the
lipid phase. As Tween 80 + mannide monooleate apbrin + lecithin had toxic

effects itself, the squalene containing formulagiomere more toxic than the other
formulations (Figure 35). On the other hand, cedls be protected from the emulsifiers
by trapping them on the surface of the lipid p&8d213]. The mixture of saponin and
lecithin showed massive cytotoxic effects. Althoutje concentration of saponin in
dilution 1:25 was just 12.5 pug per ml, 75 % of tde#ls were not viable. Together with
the influence of squalene, the incubation with folation JS-2 caused no remaining

cell viability on all evaluated concentrations.
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Saponin is well known for its cytotoxic and haentigleffects. Hence, purified saponin
fractions like Quil A or QS-21 are favored, althbuthe toxic effects could not be
eradicated completely [214]. An alternative strgtég) the formulation of ISCOMS.
Saponin, lecithin and cholesterol formed cage $itectures of 40 nm and showed no
toxic side effects [90]. Ronnberg al. reported that Quil B, the most toxic and best
immune stimulating fraction duillaja saponins, lysed erythrocytes already at 5 ug per
ml. They estimated the same amount as IC50, usiJ & cytotoxicity test [215]. In
comparison with the IC50 estimated by Rénnberg toiecity in the experiments with

crude saponin and lecithin was at the same level.

The formulation JS-4 had a high toxicity, too. Tdedl viability at the highest dilution
was just at 25 %. JS-4 differed from JS-1 justhim $ubstitution of Span 85 to mannide
monooleate, emphasising toxic effects of mannidencoteate. Comparing the
emulsifiers Tween 80 + Span 85 with Tween 80 + ndemonooleate revealed a
lower biocompatibility of Tween 80 + MMO. For sirail effects Tween 80 + Span 85

could be 5 times more concentrated.
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Figure 36. Influence of the concentration of JS-30 and thelsifier Poloxamer 188n the
cell viability in comparison with untreated cells eontrol. Mean * standard deviation.
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Figure 36 shows the cytotoxic effects of the legdiormulation JS-3o0 compared with
Poloxamer 188. Poloxamer 188 showed nearly no teffiects. Even in the highest
concentration, when 0.5375 % emulsifier was appt®dhe cells, the viability was
about 75 %. Lower concentrations caused no tofectd. At the highest concentration,
there was no remaining cell viability for the othemulsifiers. In addition, this
emulsifier concentration was 4 times higher thae toncentration of Tween 80,
Span 85 and mannide monooleate and even 17 timgiserhithan the saponin
concentration in dilution 1. This proved the exeetl biocompatibility of
Poloxamer 188. Furthermore JS-30 showed the besbimpatibility of all developed
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formulations followed by JS-3. This indicated tegtialene may be the toxic ingredient,
as fifty percent of the squalene had been replagduard fat in both formulations. For
lipid nanoparticles, composed of glyceryl dibeher@tglyceryl trimyristate, it has been
shown that there was no cytotoxic effect up to 10igied nanoparticles [213]. The
cytotoxic effects of squalene nanoparticles at eatrations above 0.01 % confirmed
with the theory of causing a local inflamed areanasle of action.

In the immunisation trials, no local reactions weteservable except for the saponin
containing formulation. Also the toxic effect of -2ZSwas not severe, just slightly
irritant, limited to the injection side and limitédr some days after the application. In
contrast, CFA caused massive irritations whicheased over the time, because of the
non-degradability of paraffin oil. Beside the lodgaflammation, it resulted in hair loss

and bites at the injection sides.

4.3.6 In Vivo Experiments Adjuvants Development
4.3.6.1 Immunisation Trials in Mice

The developed formulations JS-1; -2; -3; -4 werdel@ in an immunisation trial with
VAK911. To ensure comparability, the squalene amouss adjusted to 2.15 mg per
injection. All vaccinated mice showed a reliabldilaody production. The replica of
AddaVaxXx™ JS-1 had the same effect as the market producthé\production by the
hot melt emulsion method and high pressure homseggan could not be run under
aseptic conditions, this confirmed that no impeastiike pyrogens led to an increased

immune response.

There was no difference between the liquid (JSAb) the solid squalene formulation
(JS-3). Although the adjuvant effect of saponind &s purified derivatives are well
known, the addition of saponin did not further siiate the antibody response in JS-2
[42,48]. It was not able to increase the adjuvéfieicein the formulation JS-4 by the use
of mannide monooleate as lipophilic emulsifier. T$tenmulating effect of mannide
monooleate was mainly attributed to impurities [[L6&8ll squalene containing groups
induced antibody titres at the same level (Figute B was concluded that the adjuvant
effect was mainly dependent on the nanosized sgealehas to be taken into account
that these findings were limited to the experimes&up with IBDV VP2 antigen in

mice. The immune stimulating effects of adjuvantslaghly dependent on the antigen,
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animal species and the route of administration.[@therwise, the immune response is
not only limited to the humoral immune responseariing the antibody response is
not able to investigate the cellular immune respoag. by cytotoxic T-lymphocytes
[216]. Especially saponins are capable to induce phoduction of cytotoxic T-
lymphocytes as further adjuvant effect [42,217].wdwer, the humoral immune
response is expected as the dominant defense m&thagainst the infectious bursal
disease virus. The current assessment of protegteeines is only based on the
quantity of the produced antibodies [102,218]. Rertimmunological tests were not
performed in mice. Histopathological investigaticaxsd challenge experiments were

performed in the target organism.
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Figure 37. ELISA results of AT19The absorption was determined as parameter fe
immune response in mice against VAK911, adjuvawitddthe developed nasized squalel
formulations J-1; -2; -3; -4 and AddaVva¥, in comparison to the response against WT
ELISA buffer (EB), mab63 an™ antibody were examined as controls for the ELIB#e exac
group arrangement is explainec Table 16.

Table 16. Group arrangement and immunisation conditions ofl®Texamining the effect of
the developed nanosized squalene containing fotionkg

Group Yeast Adjuvant Amount Schedule Processing
1 WT367 AddaVvaX" 3x0.1mg 2-2-1 Standard

2 VAK911 Addavax" 3x0.1mg 2-2-1 Standard

3 VAK911 JS-1 3x0.1mg 2-2-1 Standard
4 VAK911 JS-2 3x0.1mg 2-2-1 Standard
5 VAK911 JS-3 3x0.1mg 2-2-1 Standard
6 VAK911 JS-4 3x0.1mg 2-2-1 Standard
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Except the saponin containing formulation JS-2,daNeloped formulations provided
excellent biocompatibility. The saponin groups miked slight irritations at the
injection sides, but were much weaker than of FdésmAdjuvant. The slight local
inflammation was limited to the application sidedaured after some days. In contrast,
CFA and IFA caused massive irritations, becausth@fnon-degradability of paraffin
oil, and they increased over time. Beside the ladddmmation, it resulted in hair loss
and bites at the injection sides. Neverthelessnaé showed a comparable gain in their

body weight during the experiment.

Because of the comparable immune stimulation ofdéeeloped adjuvants and the
promising storage conditions, as dried powder efdblid squalene particles, the solid
lipid nanoparticle formulation was further develdpeThe formulation JS-3 was
optimised with the aim to get a formulation witthigher lipid content which can be
sterilised and freeze-dried. This optimised forrtinlaJS-30 and its steam sterilised and

freeze-dried forms were investigated in a mice imisation trial.

Table 17. Group arrangement and immunisation conditions o2 Texamining the effect of
steam sterilisation and lyophilisation of the leaglideveloped formulation JS-30.

Group Yeast Adjuvant Amount Schedule Processing
1 WT367 Addavax" 3x0.1mg 2-2-1 Standard
2 VAK911 Addavax" 3x0.1mg 2-2-1 Standard
3 VAK911 JS-30 3x0.1mg 2-2-1 Standard
4 VAK911 JS-30 Autocl. 3x0.1mg 2-2-1 Standard
5 VAK911 JS-30 Lyoph. 3x0.1mg 2-2-1 Standard

Like the other squalene containing nanosized foatits, JS-30 and its derivatives
were adjusted to 2.15 mg squalene per injectioniaddced a comparable antibody
response as the market product AddaVagEigure 38). Although the freeze-dried form
differed in the particle size distribution with eazerage of 190 nm instead of 145 nm,
this had no influence on the adjuvant effect. Alinaals reacted with a reliable antibody
production. The slight differences in the meankady titres were attributed to the low

group size of 5 mice per group and the large stahdeviations.
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Figure 38. ELISA results of AT21The absorption was determined as parameter f@
immune response in mice against VAK911, adjuvantddJS-30, itsterilised and lyophilise
forms and AddaV:™™, in comparison to the response against WT367. ELbS#er (EB)
mab63 and ? antibody were examined as controls for the ELISAe exact grou
arrangement is explained in Table 17.

The final mice immunisation trial AT23 was perforng¢o investigate the dose
dependency and to compare the immune responseawitmadjuvanted yeast vaccine.
Furthermore, the immune stimulating effect of squnalfree SLNs, based on
Softisan 154 and Poloxamer 188, were examinedhesdjuvant effect of solid lipid
nanoparticles as “stable biocompatible adjuvant heeen reported and patented
[86,88]. The standard squalene amount 2.15 mg,fd4nd 8.6 mg per injection were
tested for the dose dependency. As the lipid pb&gdé&-3o contained of squalene and
Softisan 154 in equal parts, the lipid concentratwas the double of the squalene
concentration. Additional, the placebo lipid forrmubn PS154 was applied at the same

dose.

The unadjuvanted VAK911 caused no production ofbadies against IBDV VP2,
confirming that an adjuvant is necessary for aicefit immune response (Figure 39).
For JS-30 there was a dose dependent immune respéhsthe lowest squalene
concentration, antibodies were only detectable of 3 mice. Increasing the squalene
amount led to a more reliable antibody responsé.vAtcinated mice showed an
immune reaction with the standard and 4-fold adjinaanount. The mean absorption,
as surrogate for the antibody titre, increased théhsqualene amount. Interestingly, the
squalene increase made the response more relmliléhe maximal antibody response
was not influenced. It was assumed that a certdjavant amount is necessary to

induce the immune reaction. A further stimulatirifpet can just be expected for none
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or partly responding mice. A dose dependent efféthe antigen and MF59amount
has already been shown for influenza A/H5N1 in hasn@nly 25 % of the standard
dose of MF58 was sufficient to induce a strong immune resporsecontrast,
increasing the antigen amount to the 4-fold dosevided just low additional
stimulating effects [219,220]. Because of the losste and good availability of the
adjuvants, it is favoured to increase the adjuanbunt instead of the antigen amount
or numbers of immunisations. As the higher adjusvaluise did not cause side effects, it

should be tested for further experiments and ansige
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Figure 39. ELISA results of AT23The absorption was determined as parameter f&
Immune response in mice against VAK911, adjuvantédthe standard, 4-fold and 0.25kd
dose of JS-30 and PS-154, AddaVaand without adjuvant,ni comparison to the respor
against WT367. ELISA buffer (EB), mab63 afftladtibody were examined as controls for

ELISA The exact group arrangement is explained in TaBle

Table 18. Group arrangement and immunisation conditions oR2ZTexamining the dose
response correlation of JS-30 and the adjuvantperiies of squalene-free SLNs.

Group Yeast Adjuvant Amount Schedule Processing
1 WT367 AddaVvaX" 3x0.1mg 2-2-1 Standard

2 VAK911 Addavax" 3x0.1mg 2-2-1 Standard

3 VAK911 25 % JS-30 3x0.1mg 2-2-1 Standard
4 VAK911 100 % JS-30 3x0.1mg 2-2-1 Standard
5 VAK911 400 % JS-30 3x0.1mg 2-2-1 Standard
6 VAK911 25 % PS154 3x0.1mg 2-2-1 Standard
7 VAK911 100 % PS154 3x0.1mg 2-2-1 Standard
8 VAK911 400 % PS154 3x0.1mg 2-2-1 Standard
9 VAK911 no 3x0.1mg 2-2-1 Standard
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The placebo formulation PS154 did not or just mainmteracted with the immune
system at the lowest and highest concentrationspriSingly, the standard lipid
concentration resulted in antibody titres. Impestor other mistakes during the sample
preparation like transposition of samples were nradponsible for this result, as there
was no antibody response at the highest concesrirafidditional, the control group
with AddavaX™ showed only minor immune reactions, underlining theory of

sample transpositions. This led to a partly rejostiof the experiment.

The test of the squalene-free SLNs was repeate&KNMA was adjuvanted with the
three different concentrations of PS154 and waspeoed against the standard squalene
amount of JS-30. In contrast to the single dos@SsBo, no dose of the placebo SLNs
were able to induce an immune reaction. This ctatifthat the squalene in the
nanometre range was responsible for the adjuvéettefilthough it has been claimed
by Miuller et al. that solid lipid nanoparticles act as an adjuvi@@], this was in
contradiction to the performed experiments for siqgalene-free system. Furthermore,
they were just able to demonstrate an adjuvantctefié their reported formulations
which were composed of known adjuvants [88]. An inm@ stimulating effect could be
assumed, due to their composition. Paraffin wa®dhiced by Jules Freund in 1937 in
IFA and CFA [30]. Paraffin is not used in humans @arrent adjuvants development
avoids it use, because of its toxicity and serieite effects, like the formation of
granulomas and necrosis at the injection side [Bbg¢ use of Esterquat 1 (N,N-O8-(
stearoylethyl)-N,N-dimethyl ammonium chloride) aationic emulsifier to develop
particles with an positive surface charge is a comigdjuvant mechanism [47,89,221].
Positively charged particles enhanced the uptakenbgrophages and dendritic cells
[14,15].

4.3.6.2 Tracking of the Squalene Based SLN Formulation

The mechanism of the adjuvant effect of squalereertta been fully understood yet.
Early investigations by Otét al. with radiolabelled nanosized squalene and antigen
showed a fast clearance of squalene and the anfigem the injection side after
intramuscular application. Six hours after applamat only 10 % of the squalene and
25 % of the antigen were present at the injectide.sAfter 5 days, just 5 % squalene
and 0.05 % antigen remained [68]. Thus, the foromatif a local depot for a controlled
release of antigen and adjuvant over a several, deyst is known for water in oll

emulsion like Freunds Adjuvant, can be excludedweiger, squalene stimulates the
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immune system by causing a local immunocompetentra@mment at the area of
injection. For HIV envelope protein gp120 antigarmouse, it has been shown that the
antibody titre just increased by injection of tmtigen and MF59 at the same injection
side [222]. Furthermore, a delayed injection ofaatigen intramuscularly in rabbits,
24 h after the injection of MF59at the same side, had the same effect as injected
together. Otherwise, there was no effect, if thegan was applied 24 h before the
adjuvant [68].

To investigate the biodistribution of this specBLN formulation, the optimised
formulation JS-30 was labelled fluorescently witiRDand tracked by non-invasive
multispectral fluorescence imaging. DiR is charaségl by its fluorescence in the near
infrared range (excitation maximum at 748 nm andssion maximum at 780 nm)
[223], providing a good tissue penetration, dueninimal absorption on water, blood
and cells in the range between 650 nm and 950 rizd].[A.ipophilic fluorescence
tracers like DIR have been used in several stuiigsack nanoparticle formulations
[179,225]. To quantify the fluorescence resultg, tbncentration of DIR was 0.4 % of
the lipid content. Concentrations up to 0.5 % aetow the quenching range and
consequently give a linear correlation between the concentration and the
fluorescence intensity [225,226].

The particles were produced as described in chdpfer The fluorescence dye was
dissolved in the liquid lipid mixture at 65°C dugithe particle preparation. To get rid
of not encapsulated dye, the formulation was cemgeid for 30 min at 200000 g on an
Optima MAX XP (Beckmann Coulter, Brea, USA). Theeanapsulated dye and the
Poloxamer 188 containing aqueous phase were withdrand the particles were
resuspended in fresh medium. After three purifazatycles, more than 92 % DIiR was
entrapped in the particles. Neither the incorporatf DiR nor the ultracentrifugation
steps had a substantial effect on the particle digiibution (Figure 40). Unstained
JS-30 and the raw formulation were characteriseth&ygame median particle sizg £
around 125 nm and z-average around 140 nm, bugrédfin their uniformity. For
JS-30 no particle was larger than 317 nm. In cettia% of the fluorescently labelled
particles (volume weighted) exceeded this sizeoup size of 10 um. As a side effect
beside the purification from unentrapped dye, aérdrifugation influenced the size
distribution positively. High centrifugal forces uf 200000g did not lead to

aggregation of the particles and narrowed the digiibution. Small particles were
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removed, because of their higher speed of diffysiand withdrawn with the
centrifugate. Larger particles aggregated becabtisket large contact area and could
not be resuspended in fresh media. The size disiib of the purified formulation with
a z-average of 125 nm and a PDI of 0.059 confirmwétl the specifications of the
commercial available Addava% (120-170 nm).

Because of the structure as an amphiphile andrtedr use to stain membranes, the
fluorescence dye could interact at the oil-wateterfiace. The high amount of
unencapsulated dye, with 45 % before the purificasiteps, confirmed that the dye was
solubilised by the emulsifier Poloxamer 188. Atmotemperature the critical micelle
concentration of Poloxamer 188 is around 0.1 % [223]. With increasing amounts of
the surfactant the surface becomes saturated amsbqgoently aggregates of tensides
molecules are formed. Micelles represent an ideafrenment for the uptake of
lipophilic molecules like DIR [229,230]. After thgurification step, the lipid content
had been measured in the purified formulation V@8#7 mg per ml by weighting the
remaining lipid mass after vaporization the medid ay fluorescence measurements.
Each mouse obtained a dose of 2.15 mg squalen®.amdg VAK911 in a volume of
120 ul of isotonic phosphate buffer pH 7.2. Thraeemwvere investigated O h, 12 h and
24 h after the immunisation and then twice a week @3 days.
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Figure 40. Left: Size distribution of DIiR labelled squalenenoparticles beforeand afte
purification in comparison to AdVax™. Right: Fluorescence intensity of DiR labelled 3tS-
in three mice over 23 days.

In the first 12 h after application the fluorescenitensity increased by 30 % because
of local distribution processes. After subcutaneapglication into the nuchal fold, the
formulation spread locally over the back of theln€@omparing the fluorescence signal
after 12 h resp. 24 h with the intensity directiyeathe application in Figure 41 showed

an expansion of the illuminating area and a deeredsthe maximal fluorescence
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intensity. In addition, the fast resorption of tapplied liquid volume decreased the
sample thickness and so the thickness of lightrabsp layers. Although near infrared
light is known for its relative low absorption orater and cells, this effect caused the
increase of the total fluorescence signal withia fiinst 12 h (Figure 40) [224]. For the
calculation of the amount of the remaining formiglat the fluorescence intensity of the
DIR spectra over the whole imaging area was redbgetthe intensity of the untreated
mouse. The translocation of the fluorescent fortmuais clearly visible in Figure 41,
when the fluorescence signal changed from a defaned with a high intensity, directly
after application, to a larger less specific al@amouse 2 the formulation migrated
even to the left subaxillary area, as clearly nletaddter 12 h and 24 h in Figure 42

(arrow A).

Within the next 22 days the distribution did notbe, but the fluorescence intensity
declined congruently in all animals to 13 % at d23. Beside the subcutaneous
dislocation and the elimination, the biodistributiof the formulation was investigated

fluorescently from the ventral side (Figure 42).

All three mice showed a fluorescence signal in thdllary area, indicating an

accumulation in the subaxillary lymph nodes (arBy Lymph nodes on both sides
right and left were affected, excluding just areetfof the migrated particles like on the
left side of mouse 2. For lipid particles it is Wehown that they can be eliminated by
lymphatic uptake [231,232]. However, there was lnorescence signal in the lymph
nodes after preparation at day 23, indicating thatelimination of the formulation had
been finished.

Mouse 1 und 2 showed strong fluorescence signdsRin the area of the bladder and
preputial gland with maxima within the first dayea application (arrow C). During
this period the elimination rate of the lipid naadples reached its maximum. As
mouse 3 showed not fluorescence signal in the bladdd the urine was fluorescently
active, this was attributed to urination prior timeasurments as a common effect to
anaesthesia. Furthermore, this proved the accuimlat the bladder instead of the
preputial gland. The signal in the bladder did represent an accumulation of the
formulation in the bladder, it represented the eted fluorescence dye amount per
time. Therefore, a renal excretion of biotransfadr®@R can be assumed.
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Figure 41. Time dependent fluorescence intensity of DiR labeflanoparticles JS-3on the
back of three male SKH-1 mice over dilys. Scales represent the unmixed fluores:
intensity of DiR in each mouse.
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Figure 42. Time dependent fluorescence intensity of DIR labeflanoparticles JS-3on the
ventral side of three male SKHmice over 21 days. Scales represent the unmixect$cenc
intensity of DiR in each mouse. The arrows indi¢ghtefollowing regions: A subaxillary area,
B subaxillary lymph nodes, C bladder, D and E liver.
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All mice showed massive accumulation tendenciesth& fluorescently labelled
nanoparticles in the livers already 12 h after #pplication (arrow D). The lower
fluorescence intensity of the liver in mouse 2 banexplained by the migration of the
SLNs from the neck to the left flank. In the follmg, the high intensity on the left side
was caused by the applied formulation and maskedudbrescence signals of the liver.
Nevertheless, a detailed view and coverage of &ngel fluorescence signal of the
translocated formulation proved the accumulatiorihie liver after 7 days (arrow E).
The accumulation in the liver was dominant durihg tvhole examination period, but
decreased with further elimination of the formwati It was attributed to the
elimination of nanoparticles by the reticuloendéitiiesystem and due to te rich blood
supply [233]. The reticuloendothelial system corsgsi the phagocytic cells of the
immune system, mainly of tissue macrophages in lympdes, the spleen and the
Kupffer cells in the liver [234]. Polyethylene ghlas known to provide a stealth effect.
The presentation of hydrophilic structures on thefaxe of nanoparticles protected
them from their uptake by macrophages [235]. THen@menon was desired for
nanoparticles to increase their circulation timel ao ensure the accumulation of
cytostatics in tumors for example [236]. As the @leped formulation was eliminated
slowly after the subcutaneous application, thers m@need to establish a stealth effect.
In contrast, for vaccine formulations it is a commairategy to promote the uptake of
the antigen by immune competent cells [34]. The sdak™ control verified the
absence of negative effects of Poloxamer 188 on ithenunogenicity in all

Immunisation experiments.

Elimination and biodistribution studies of MF5%ere performed in the past by @it

al. to investigate the adjuvant mechanism. After muacular application of
radiolabelled squalene and antigen the eliminatvas followed for 5 days. Both were
eliminated very fast in the first 6 h, disconfirmgithe theory of the formation of a local
antigen depot. Five days after the immunisation5u¥ of the squalene remained at the
injection side [68]. More detailed investigationspmparing the distribution and
accumulation of the squalene, were performed in9189 Dupuiset al, using
radiolabelled ®°H-squalene and fluorescently labelled squaleneerAfhtramuscular
injection, the half-life period was estimated w#B h, but it was eliminated from the

injection side with a shorter half-life period ob2h. Large quantities were distributed
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rapidly to the blood, liver and inguinal fat, aldyaafter 4 h [67]. Additional, the
adjuvant had been detected in the draining lymptes67,70].

The work has shown a similar elimination kineticdadiistribution to the liver and
lymph nodes. In contrast to the literature, therfiglation remained at the injection side
for longer times. As the assumed adjuvant mechamtmanosized squalene is the
generation of a local inflamed area, this couldvgl® an enhanced immune stimulating
effect [222].

4.3.6.3 Immunisation Trials in the Target Organism Chicken

The infectious bursal disease virus causes sigmfieconomic losses in poultry farms
by its mortality, exceeding 50 % for very virulestrains [99], and long-lasting
immunosuppression by the destruction of the lymghfallicles in the bursa of
Fabricius, making the animals susceptible for sdaon infections. Because of the
various possible secondary infections and the magryiirulence, the exact economic
loss could not be calculated [237]. Nevertheldss,gumboro disease was described as

the most important disease in the global chickeapction [103].

The immunisation of the target species was invatg) with the optimised VAKJS71,
adjuvanted with the sterilised and freeze-drieanfaf JS-30, in comparison with the
commercial adjuvant AddaVa%. WT367 and PBS were given as negative controls.
The exact group arrangement is explained in TaBleDuring the immunisation study
the antibody titres were monitored weekly. Befone first immunisation, no VP2
antibodies were detectable in any animal, ensuhegabsence of IBDV pathogens in
the SPF chickens. The antibody titres of the immation and challenge experiment are

given in Figure 43.

After 10 days, all vaccinated chickens showed amume reaction with low antibody
titres. Full seroconversion was reached after #wosd application. Six days after the
boost, a strong antibody response with mean tifé&®00 was raised by both squalene
containing formulations. Although the immune resgomwas reliable in all animals, the
titres differed in a range from 3500 to 7000. Dgritne following seven days, the
antibody titres increased only slightly, indicatirthe necessity of the booster

immunisation for a reliable immune response.
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Figure 43. HTV8: Development of the antibody tgran chickens against VP2 in w
Addava™ and JS-30 adjuvanted VAKJS71 in comparison to Bf®rol andantigen fre:
WT367 over 35 days. The exact group arrangemesipfained in Table 1%ingle values ar
mean + standard deviation.

Table 19. Group arrangement and immunisation conditions of VAT investigating the
adjuvant effect of AddaV&%and JS-30 in chickens.

Group Yeast Adjuvant Amount  Schedule Processing
1, PBS no Addavax" 2x10mg 2-2 Standard
2, WT367 WT367 Addavax" 2x10mg 2-2 Standard
3, Addavax™ VAKJS71 Addavax" 2x10mg 2-2 Standard
4, JS-30 VAKJS71 JS-30 Autocl.+ Lyo. 2x10mg 2-2 Standard

To estimate the protectivity, half of the groupsrevehallenged with TOEID of a very
virulent IBDV strain (vwIBDV Strain 89163/7.3, Etadossi, France) [134]. The
remaining unchallenged animals were used as cogtonlps for the histopathological
examinations and the bursa to bodyweight ratio. aljluvants were able to raise full
protection against the very virulent IBDV strainaple 20). No VAKJS71 immunised
chicken died or has shown any clinical signs of bidity, like ruffled feathers,
exhaustion, dehydration and watery diarrhoea [28Y]contrast, all animals of the
negative controls have shown severe clinical symptand 90 % of the WT367 and
66 % of the PBS negative control group died. Theusvichallenge induced the
production of antibodies in both negative contradugps at higher levels than 10 days

after the first immunisation in the vaccine grouphis clarified the potential of live-
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attenuated viruses because of their promoted rétmgnand interaction with the
immune system. Infection with vwIBDV increased thatibody titres in the vaccine

groups only slightly, confirming that a third immsation was not necessary.

Table 20. Morbidity and mortality of the JS-30 and AddaVadjuvanted yeast vaccine
VAKJS71 in comparison to antigen free yeast VAKB&/PBS control.

Group Morbidity % Mortality %

1, PBS 9/9 100 % 6/9 66 %

2, WT367 10/10 100 % 9/10 90 %

3, Addavax™  0/9 0 % 0/9 0 %

4, JS-30 0/10 0 % 0/10 0 %
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Figure 44. Bursa to body weight ratio of infected (infect.daminfected (uninfg subgroup
of the challenge experiment of HTV8. Single vatuebmean + standard deviation.

Finally, all chickens were sacrificed and the badyg bursa weights were determined to
calculate the bursa to bodyweight ratios with trenfula by Sarachait al.[238]. In the

challenged subgroups of the PBS resp. VAK367 grgust, three resp. one chicken
were available for the determination of the busdady weight ratio, because of the
high mortality of the vvIBDV strain (Figure 44). &ge surviving animals showed a
massive decrease in their bursa to bodyweight.rétsothe infectious bursal disease
virus causes massive damage and atrophy of tha,ies weight ratio can be used to

determine the severeness of the infection. Thelasiggd of VAKJS71 vaccinated
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chickens had no influence on the bursa to body htew@fio and corresponded with the

good protection of the examined vaccine formulation

Initially, the bursa lesions were investigated noacopically and assessed by the bursa
lesion score from 0 to 4 as following: 0 unchangedjel like swollen, 2 petechial
haemorrhages, 3 complete haemorrhages and atr. céonpletely atrophied.
Furthermore, the bursa samples were fixated withm#&tin and stained with
haematoxylin and eosin to be investigated microsedly. The samples were assessed
by the histology score introduced by Sharetaal. in 1989 on the basis of lymphoid
necrosis and depletion [238]. According to the @#d parts of the lymphoid follicles,
less than 5% led to a histo score of 0; 5-25 % $oae of 1; 25-50% to a score of 2;

50-75 % to 3 and more than 75 % affected lymphoiliicfes led to a histo score of 4.

Table 21 Bursa lesion score and histology score of the bufskabricius of the challegec
and control groups in HTVS.

Lesion Score Histo Score
Group

0 1 2 3 atr. 0 1 2 3 4
1 PBS Uncha”enged 9x 0 0 0 0 9x 0 0 0 0
’ Challenged 0 1x 3x 1x 4x 0 0 0 0 9
10x O 0 0 0 10x O 0 0 0

2 WT367 Unchallenged
Challenged 0 0 4x 4x 2x 0O 0O 0 0 10x
Unchallenged 10x O 100x. 0 0 0 O

3, Addavax™

Challenged  7x 2x 6x 1x 1x 1x O

9x O 0 0 0
8X 0 1x 0 1x

Unchallenged 9x O

4, JS-30 Challenged 8x 2x

o O o o
o O o o
o O o o

Table 21 presents the lesion and histo scores of81TAll unchallenged animals
showed no macroscopic and histopathological changdke bursa of Fabricius. In
contrast, the challenge of unvaccinated animalddethassive damage of the bursa of
Fabricius. Already the macroscopic investigationesded a complete atrophy of the
bursa in 4 chickens in the PBS group and 2 chickenthe WT367 group. The
remaining animals in these groups showed all seva&oscopic changes of the bursa
with lesion scores of 2 and 3, except one chickih avlesion score of 1. Nevertheless,
the histopathological investigation resulted inistdrscore of 4 for all unvaccinated
animals in group 1 und 2, indicating a nearly athophy of the lymphoid follicles. The
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macroscopic determined lesion score can just béeapps initial assessment, as the
detailed depletion of the lymphatic tissue can pesexamined microscopically.

Both squalene adjuvanted groups were protected|har80 % of the JS-30 adjuvanted
and challenged chickens showed no macroscopialesidistological signs of necrosis
in the lymphatic tissue and were fully protectedowsdver, in two chickens the
lymphoid tissues were affected. Already in the maacopic investigation, a lesion score
of 1 was determined for 2 animals in the JS-30 grdine damage was assessed with a
histo score of 2, moderate damage, and a score, @ohplete depletion of the
lymphatic tissues. The AddaVa% group reacted comparably, 67 % were fully
protected and each one of three bursae had a $ust@ of 1; 2 and 3, while the
macroscopic investigation only assessed a lesiamesof 1 in two animals. The
protection was attributed to the adjuvant effecth&f nanosized squalene. Interestingly,
the differences between the vaccinated animalsaapgenly in the histology, while the
antibody responses, morbidities and bursa to bomyweratios were comparable.
Comparing the raised antibody titres with the lessoores and the bursa to body weight
ratios did not reveal a correlation. Although tleatrol groups proved that a protective
effect was associated with the production of amlié®, high antibody titres were not
accompanying necessarily with low histo and lessonres and high bursa to body
weight ratios. These findings were in contrast whke current method to assess the
quality of IBDV vaccines just on the amount of iwedd antibodies [102,218].
Experiments using thymectomy and Cyclosporine Asitence the T-cell response,
indicated, that T-lymphocytes were necessary tarens full protection [218].

Vaccination with mild and intermediate strains iw€lattenuated viruses have shown to
cause damage in the bursa itself [102]. Despite #ide effects intermediate and
intermediate plus vaccines were not fully protextagainst vwIBDV. 75 % of the

intermediate plus vaccinated chickens developes$ian score of 3 or 4 after challenge
with vwiIBDV and led to a decrease in the bursa tal\bweight ratio [108]. The

developed vaccine system of VAKJS71, adjuvantech wis-30, reached a higher
protectivity against vwIBDV. Only 10 % reacted wighbursa score of 3 or higher and
the bursa to body weight ratio did not decreasestMommercially available IBDV

vaccines are less effective in the presence of mmaltg antibodies and do not provide
protection against very virulent strains [106]. Aduhal, the use of a single antigen,

instead of a live attenuated vaccine, preventeah firdection and lesion by the vaccine.
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Further experiments should be performed using are@ased adjuvant amount. The
mice experiments revealed that an increase of thevant amount has made the

immune response more reliable.
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5 Conclusion and Outlook

Aim of this work was to develop a vaccine formwatifor a novel yeast based vaccine
against the infectious bursal disease virus inkencAs the yeast vaccine is storable as
dry powder at room temperature for years, the fiioamulation should contain the
adjuvant as dry powder. The ideal adjuvant woulavjgle a strong antibody response,
excellent biocompatibility and stability as well afieap production costs to be

competitive with the market products.

Primary immunisation trials have shown comparallgnant effects of the squalene
containing nanoemulsion AddaVak and the gold standard Complete Freund's
Adjuvant in mice. AddavaX’ is also known as MF59%nd has been used in more than
150 million immunisations in humans since its apptdn 1997 [60]. The formulation
of squalene together with the high melting lipidftsan 154 resulted in a solid lipid
nanoparticle formulation. Additional, saponins amdannide monooleate were
introduced to squalene nanoemulsions to promoteadligvant effect of the squalene
nanoemulsion. All liquid lipid formulations were gmared by high pressure
homogenisation at room temperature resp. usingndhenelt emulsion homogenisation

method for the solid lipids.

The size of all adjuvant systems was characteriseitail by static and dynamic light
scattering, nanoparticle tracking analysis and MALLS. All nanoparticle
formulations were preparable in the size rangenefrharket product AddaVva% 120-
170 nm. Nevertheless, the saponin containing foatrart and the primary SLN
formulation JS-3 showed a broader particle sizé&ridigion and were only stable for
2 months. All other developed formulations wererfyealentical to AddavaX" and
provided excellent stability over 12 months. Theafi formulation contained of 5 %
squalene, 5 % Softisan 154 and was stabilised With Poloxamer 188. It could be
autoclaved successfully without any change in @ige size distribution and freeze-
dried with 10 % sucrose and 2 % PVA. The mean @ardiameter of the resuspended
lyophilisate just increased by 20 nm by the forwmatof a second particle species
around 1 pum, comprising only 1.5 % of the partietdume. At 4°C the lyophilisate
showed no change in the particle size over one. y@an at 25°C, it was stable for
6 months, providing the possibility of storage @m temperature after dispensing to
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the user resp. veterinarian. Then the applicatiothe formulation has to be assured

within 6 months.

The incorporation of squalene into the Softisanrixdtas been investigated by DSC,
'H-NMR and X-ray diffractometry. Adding squalene tBoftisan forced the
recrystallization of the hard fat in the staplenodification. In contrast to this, a placebo
SLN formulation of Softisan resulted in an instabledification after preparation and
transition into the stable modification within 7ydaThe linear decrease of the melting
temperature by the addition of squalene to SoffiXaray and*H-NMR data suggested
a homogeneous distribution of the squalene as maatbdiquid domains in the solid
triglyceride matrix.

Tests on cytotoxicity revealed a toxic effect oé thgualene nanoparticles itself. This
was explained with the adjuvant mechanism of nameadssqualene by the induction of a
local inflamed and immunocompetent area at theciige side. The toxicity of the
emulsifiers was compared with the emulsifiers @& tharket product. While even high
concentrations of Poloxamer 188 had no influencahencell viability, saponin was
cytotoxic as expected. In contrast to Freud's Aaljilythe final formulation provided
excellent biocompatibility in mice and chicken. @nthe saponin containing
formulation showed slight signs of irritation aetimjection side for some days after the

injection.

Tracking of the fluorescently labelled formulatid8-30 supported the theory of a local
immunocompetent area. The largest quantities resdaiat the injection side for

23 days. Lower amounts were detected in the liver the lymph nodes. The strong
accumulation in the liver was attributed to then@hiation of the nanoparticles by the

reticuloendothelial system.

Immunisation trials in mice verified the immunenstilating effect of all squalene based
adjuvants. There were no differences between amgegsed formulation and additional
adjuvants like MMO and saponins in comparison ® tharket product AddaVaX.
Although different arms of the immune system castiaulated by different adjuvants,
only the antibody response is used for the assegsthéBDV vaccines [102,218]. The
main adjuvant effect was attributed to the nanakiggqualene. Increased adjuvants
concentrations indicated a dose dependent adj@ffatt. While an increased squalene

amount did not improve the antibody response of melcting animals, it decreased the
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number of non or partly responding animals. Squefeee solid lipid nanoparticles did

not stimulate the immune system.

Immunisation trials in chickens resulted in comp#raantibody titres of the final
freeze-dried formulation and AddaV&k Further challenge experiments in chickens,
using a very virulent IBDV strain, resulted in fufirotectivity in both groups.
Unvaccinated chickens showed massive bursa lesioth$7-90 % of the unvaccinated
animals died. Whereas no vaccinated animal showegds sof sickness, the
histopathological investigation of the bursa regdabursa lesions in 20-30 % of the
animals. In contrast to commercial live attenuatadcines against very virulent IBDV,
the yeast vaccine did not cause bursa lesiond.itSatther experiments should be

performed using an increased squalene dose.

The final formulation JS-3o0 fulfilled the main reggments of the ideal adjuvant. The
final ready to use vaccine formulation was storadedry powder of the yeast vaccine
and the adjuvant. It provided an excellent immutiedating effect on the level of
AddaVaxX™, sterility, stability and could by produced in dar scales using the
preparation methods of MFB9Further improvements of the final formulation shb
focus on the storage stability at room temperatune the squalene amount. Both could
be achieved with a higher melting lipid like glycebehenate instead of Softisan 154.
The preparation process was limited by the homagdion temperature of 65°C.
Nanomilling of squalene lipid mixtures could be alternative to the high pressure

homogenisation at higher temperature. The usegafme solvents should be avoided.

In addition to the adjuvants development, the ygastine was processed with the aim
to achieve a defined particle size distributiorgriity and to optimise the immune
response to the yeast vaccine. It was possibleaitiivate and sterilise the yeast vaccine
with 25 kGy resp. 50 kGy-irradiation on dry ice without major influence dhe
antigen amount and the immunogenicity. Fheradiation with 50 kGy assured sterility
in accordance with the pharmacopoeia and repldoedniactivation step at 90°C for
2 h. Disruption of the yeast cells indicated a rgjteened immune response by an
enhanced release of the antigen. This effect waitelil to low antigen amounts which
affected only a low or no immune response. An &aoltiil adjuvant effect bf-glucans

of the disrupted yeast cell walls could not be destiated. Ultrasonication was applied

successfully to provide yeast material with a dediparticle size. Independent from the
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size of the clumped yeast material, the treatedstyeacurred mainly in mono- and
dimers with constant particle sizes. Ultrasonicati@d no influence on the integrity of
the cell wall and stability of the antigen. Nevetdss, a size dependent immune
response to the yeast material was not detectablenmunisation trials in mice.

Additionally, the size decrease of the yeast malterias performed to develop a

controlled release formulation.

The formation of an antigen depot is a common adjt\principle to increase the
interaction time between the antigen and the immsys&tem. Although the yeast
vaccine provided very good protectivity, their nrajorawbacks are the multiple
immunisations. For further experiments the formatashould release the antigen over
2-4 weeks to make the booster injections redundaittal experiments have already
been performed using a matrix of lecithin and héatd for the controlled release.
Softisan based microparticles with encapsulateardiscently labelled yeast showed no
yeast release except an initial burst release lypencapsulated yeast at the first days.
Adding lecithin, it was possible to control theeate. The addition of 50 % lecithin
extended the release period to 7 days and thei@ddit only 25 % lecithin extended
the release period to 14 days. Nevertheless, tfeahces in the antigen release did not
confirm with the antibody response. Because oftilglh applied yeast amount and the
initial release, all formulations induced a strargibody response against IBDV. This
promising system should be investigated with loagtigen amounts and an additional

adjuvant like the developed squalene based SLNUiaton.
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6.2 Supplementary Material

Laemmli buffer 10x: 600 mmol/l Tris/HCI pH 6.8
20 % SDS
20 % Glycerol
20 % Mercaptoethanol
0.05 % Bromphenol blue
20 mmol/l Dithiothreitol

SDS-PAGE gels:
Stacking gel 4.8 % Separation gel 12%  Substance

58 % 35% Bidistilled water

25 % 25 % Stacking/separation gel solution
16 % 40 % 30 % Acrylamid solution

1% 0.5% 20 % Ammonium peroxydisulfate
0.1% 0.1% Tetramethylethylenediamine

Stacking gel solution: 0.5 mol/l Tris/HCI pH 6.8 with 0.4 % SDS
Separation gel solution: 1.5 mol/l Tris/HCI pH 8.8 with 0.4 % SDS

10x SDS running buffer:  0.25 mol/l Tris Base
2 mol/l Glycin
1 % (w/v) Na-Dodecylsulfat (SDS)

10x Transfer buffer: 0.25 mol/l Tris Base
2 mol/l Glycin
ad11HO

1x Transfer buffer: 100 ml 10x Transfer buffer
700 ml O
200 ml MeOH

10x TBS: 80 g NaCl
24.2 g Tris
ad 1000 ml HO
pH 6.8 with HCI

TBS-T: 0.3 % Tween 20 in TBS
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Ponceau S: 250 mg Ponceau$S
2.5 ml Acetic acid
ad 250 ml HO
B60 buffer: 50 mM Hepes/KOH pH 7.3

Beta-Gal buffer:

60 mM KAc

5 mM MgAc

0.1% Triton X-100 (v/v)

5 % Glycerol

20 mM Glycerol phosphate

10 mM MgCb

1 mM Dithiothreitol

1 mM Phenylmethylsulfonyl fluoride
1 Tablet Roche protease inhibitor
ad 50 ml HO

5 mM Tris/HCI pH 7.8
5 % Glycerol
10 mM KCI

Soérensen phospahate buffer:

Solution A:
Solution B:
pH 6.5:
pH 7.4:

9.078 g/l KiPOy

11.876 g/l N®IPO, x 2H,O

31.3 ml solution B + 68.7 ml solution A
81.8 ml solution B + 18.2 ml solution A

Medium fed batch fermentation:

20 g/l Peptone

10 g/l Yeast extract

0.5 g/l NH,CI

0.68 g/l MgC}

50 ml/l Potassium phosphate buffer
10 ml/l Supplements

12 mg/l Niacin

0.25 ml/l Sterile antifoam
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2.5x feeding solution fed batch fermentation:

Supplements:

1 M Potassium phosphate

YPD medium:

YP medium:

50 g/l Peptone

25 g/l Yeast extract
1.25 g/l NH,CI

1.7 g/l MgCb

125 ml/l Potassium phosphate buffer

25 ml/l Supplements
200 g/l Lactose
30 mg/l Niacin

0.25 ml/l Sterile antifoam

0.1 g/l KBO3

0.3 g/l FeS®x 7 H,0O
0.45 g/l CaGlx 2 H,O
0.03 g/l CoCGIx 6 H,O
0.03 g/l CuS®x 5 H,O
0.12 g/l MNS@x H,O
0.035 g/l Nal

0.05 g/l NaMoOy4 x 2 HO
0.45 g/l ZnSPx 7 H,O
0.15 g/l EDTA

buffer:
22.99 g/l KHPO,

119.13 g/l KBPOy

2 % Pepton
1 % Yeast extract

2 % Glucose

2 % Peptone
1 % Yeast extract
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PBS 10x: 8.00 g NaCl
0.20 g KCI
0.20 g KRPOy
0.92 g NaHPOy
ad 100 ml HO

AdjustpHto 7.4
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