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Abstract
Vaccination is currently the predominant tool in the prevention of infectious disease. Each

year, an estimated -3 million lives are saved worldwide and infant mottalhas been
significantly reduced. Despite substantial recent advances, vaccine manufacturing can still
be laborious owing to difficulties in development, lengthy clinical trials, and stringent

regulations.

In light of the SARG0\2 (Covidl9) pandemicthe need for a development platform which

can rapidly screen potential candidates and/or a vaccine scaffold capable of adaptability to
new disease targets has never been more apparent. To meet this need, the breadth of
vaccine types under exploration haapidly expanded. DNA and RNA vaccines offer the
opportunity for rapid manufacture but can be poorly immunogenic, whilst subunit vaccines
can require complex processing. VHlike particles (VLPs) have the potential to address

these two factors.

Tandem Car VLPs, expressed in the methylotrophic yeRishia pastorisare an exciting
alternative to current manufacturing methods. They have excellent potential, both as
standalone vaccines for the virus from which they are derived, or as scaffolds for theeydispl

of foreign antigens. The hepatitis B core antigen (HBC) can spontaneousigssatible,
forming icosahedral particles that are inherently immunogenic. Tandem Core HBC VLPs have
been genetically modified in the major insertion region (MIR) enablingsadisplay of up

two epitopes of interest when assembled.

For HBC VLPs to be considered a viable vaccine candidate, their bioprocessing must be
optimized. Currently, there are various issues to address including problems with formation,

solubility and inmunogenicity, which are often clone dependent. In this work, Tandem Core



VLPs, consisting of genetically linked HBC monomers carrying different epitopes in the MIR
will be used to develop a highroughput platform and explore the impact of different
inserts on VLP production and processing. Influenza will be used as a model pathogen owing

to its persistence as a public health threat.
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technology in which the undeying, nearly identical mechanism, device, delivery vector or
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methods developed in this work were considered to enable: (1) thorough investigation of

three HBC VLP candidaten an attempt to identify a universal bioprocess, irrespective of

surface displayed epitopes; (2) formation of a srsallle high throughput platform which

could be implemented for rapid screening of new disease targets or to alloviuimieg of

proceses for epitopedependent optimisation.
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to investigate upstream bioprocessing of three influenza specific candidates {HBC
HA2,3M2E;LAH3,K1 aneBM2E,K1), explorindifferent fermentation induction strategies

and to identify epitope related differences. Following this, the most readily soluble

candidate (HBCAH3,K1) was selected for further upstream optimisation combining@mbr
250experimentation with statistical &ign of Experiments (DoE). An improved process was

identified enabling an increase in VLP titre, a 34% increase in biomass compared to the initial

condition, and a 6% decrease in process time compared to methanol induction. This process

was then appliedd the production of the alternative VLP constructs. The improved feeding

regime resulted in higher biomass and soluble HBC yield for all three VLPs.



Subsequent downstream process studies on the primary recovery of VLP candidates was
then necessary to accot for the reduced volumes associated with miniaturised
fermentation studies, and to bridge the gap between upstream processing and purification.
Building on previous work, a highroughput, small scale cell disruption method was
investigated using Adape focused acoustics®. A -@@ll plate workflow was
demonstrated, enabling suitable VLP release and recovery with a ~99.7% reduction in

sample volume, in comparison to high pressure homogenisation (HPH).

Finally, chromatography screening was undertakeimg higlthroughput PreDictor® plates

to rapidly identify separation conditions for the various vaccine candidates. Studies were
conducted to investigate suitable resins and binding/elution conditions and to determine
the influence of the physicochemicptoperties of the displayed epitopes on separation
performance. Multiple resins were identified as being suitable for VLP purification, and
results were useful to manipulate chromatographic separation (5mL column scale)

conditions for the VLPs to achievegroved product yield and purity profiles.

Overall, this research suggests that a Higltoughput vaccine development platform can be

realised through the integration of numerous smsdhle singlaise equipment, techniques

and methodologies. Namely, the use of the ambr®250 bioreactors, AFA® cell disruption in

96-well plates and 98 St f t NE5AO0G2NM NBaAy LI LFGSad / 2Y0AYS
platform can be used to rapidly optimise production and purification conditionsdéoel

vaccine technologies such as HBC Tandem Core VLPs. The improved bioprocessing of these

constructs paves the way for future vaccine candidates which exploit HBC as a vaccine

scaffold. These findings have implications for reducing the time taken tela@@waccine
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Impact statement

The need for novel platforms for vaccine development and manufacturing was evident long
before the start of the SARE0V2 (Covidl9) pandemic. In recent years numerous
emerging pathogens have resulted in infections of epidemic and pandemic proportion,

resulting in millions of lives lost.

Despite the appearance of various new zoonotic infectious diseases such as HIN1 influenza,
zika and swine flu, the world was seriously underprepared for the emergence ofThvid
Numerous factors have contributed to thfailure, such as fund reallocation once the
perceived threat is diminished resulting in unfinished vaccine development and significant
losses to manufacturers. This decision is dangerous; the losses sustained could discourage
future funding and engagemenand there remains a possibility of a second outbreak as in
the case of Ebola. Fortunately, Ebola vaccine manufacturing had been completed and was
administered to around 300,000 people in the 2019 outbreak, saving lives and further
emphasising theeed tobe prepared A rapid response is essential to reduce fatalities, an
aspect hindered by complex development and manufacturing processes and stringent

regulations which significantly increase time to market.

The work in this thesis largely intended to aéss these issues, amongst others. The

contributions are as follows:
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1 The highthroughput platform process deleped in this work can be used on
current VLPs constructs as well as similar vaccine processes to reduce process

development times. Further the workflow can also be adapted to other products
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with similar processing requirements such as monoclonal antibgiyyth factors

and therapeutic proteins and peptides.

Experiments seeking to understand the effect of different inserts on VLP formation
and immunogenicity are essential and could lead to the development of
computational models, based on empirical dahle to predict and modify epitopes

as needed.

Influenza is a major public health threat and therefore an excellent model pathogen.
Increased knowledge regarding conserved regions of influenza contributes towards
the aim of developing a universal influgnvaccine.

Pichia pastorigultivations can rely heavily on large volumes of methanol, which is
highly flammable, derived from fossil fuels and undesirable at large scale. The
feeding regime in this work reduced the methanol requirements, improved biemas
and increased protein yields.

Though arguably the most successful vaccines released to counter the-1@ovid
outbreak were based on mRNA technology, challenges in the supply chain
highlighted the need for a diverse portfolio of processes and vaccine pteda

speed the response to future outbreaks.
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1. Introduction anditeraturereview
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1.1 Thesis overview

This Thesis will explore the potential of Tandem Geokinology as a platform for the rapid
development and manufacture of Virus Like Particle (VLP) based vaccines. Using Tandem
Core technology, te Hepatitis B core (HBC) protein will be exploited as an antigen
presentation system for the display of foreign epitopes. Influenza will be used as a model
pathogen since various conserved epitopes from influenza have been genetically displayed
on the surbce of HBCand its relevance to public healtithe expression system used will

be yeast, more specificalRichia pastorisThe introduction to the thesis will first describe

the evolution of vaccination to provide a context for the concept of VLP teoggolThe

core protein of the Hepatitis B Virus (HBV) will be introduced, with particular focus on the
ability to present antigens in the Major Insertion Region (MIR). This introduction will then
review typical bioprocess routes for VLP manufacture, foltbwsy highthroughput
methods that could be employed to produce and purify HBC VLPs. The final section involves
a critical appraisal of the previous literature and available technologies in order to define

the overall thesis aim and objectives.

1.2 Vaccinabn: a history

Vaccination is, at present, the predominant tool used in the prevention of disease caused
by human pathogens. Vaccines have a considerable track record of success in the control of
infectious disease, with an estimatee32million lives saad each year and a 60% reduction

in child mortality between 1990 and 20{®/orld Health Organisation, 2021)

The observation that cowpox could prevent smallpox in humans, made by Edward Jenner in
the 1790s, is often considered the origin of vaccine tgwaent (Riedel, 2005)This

concept enabled a shift away from variolation, the use of a needle to deliberately introduce

24



G§KS RNASR &840Fo0& 2NJ LMzaGdzZ S ¥ flomeR 2@ and YI £ f LR E

towards vaccination as public health tool Despite strong opposition, vaccination was
implemented rapidly, becomingnandatory in 1810. Smallpox was eventually eradicated by
the twentieth century(Greenwood, 2014)Advances in vaccinology have stemmed from the
understanding of hospathogen interactions. In particular, Robert Koch determined that
disease was transmitted via infectious agents, and thus developed his four postulates which

are still used to determine causalifgonanni & Santos, 2011)

In the laboratory of Pasteur in881, it was hypothesised from an almost accidental
experiment, that environmental exposure could be detrimental to pathogen survival.
Following this, Pasteur was able to confirm his hypothesis regarding pathogen attenuation
with his work on both rabies ananthrax(Plotkin, 2005) Attenuated or reduced virulence
vaccines can induce a strong immune response and this, coupled with relatively low costs of
manufacture, promoted their use for more disease targets. However, whilst their long
lasting immunity isappealing there is a risk of virulence reversion as a result of mutation
(Hansson, Nygren and Stahl, 2006yleed, live pathogens have the potential, as they have
done so in the past, to result in a real viral outbreak despite attenugBamanni & &ntos,

2011).

In order to overcome the risks associated with live attenuated viruses, research was
subsequently directed towards the exploration of inactivated vaccines. It was observed that
formaldehydeinactivated pathogens were still capable of indwgcian immune response

and consequently, inactivated vaccines were developed for human use against diseases

including typhoid fever, cholera, and the plagi@anders, Koldijk and Schuitemaker, 2015)
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Towards the end of the twentieth century vaccine evmatunderwent a change, primarily

in line with advances in recombinant DNA technology which enabled a transition towards
safer, subunit vaccineKushnir, Streatfield and Yusibov, 2012 subunit vaccines are
derived from just part of the infectious groorganism, they are nepathogenic due to their
inability to replicate. A major advantage of this approach is the improved safety profile and
fewer side effects associated with these vaccin€snversely, they are typically less
immunogenic than their wble pathogen counterparts and often require the addition of
adjuvants, substances used in conjunction with the specific antigen to boost the immune

responsgRamon, 1924and more frequent or higher dosagelansson et al., 2000).

A current focus of sulmit vaccine development are VL Réich have great potential as both
standalone vaccines and as platforms for the display of foreign antigégisns, 2013)
More generally, the continued need for new vaccines and technologies that enable rapid
vaccine bioprocess development, scalgp and manufacture have been demonstrated
during the current Covid9 pandemidLurieet al., 2020) With an estimated 226,844,344
confirmed cases, and 4,666,334 confirmed deaths at the time of writing (World Health
Organistion, 2021) the urgency to produce effective vaccines is clear, with a myriad of
candidates in varying stages of development. Of these 108 are subunit, and 25 are VLP based

of which five are in clinical tria{€OVIEL9 vaccine trackemo date)

1.3Viruslike particles

VLPs, produced in recombinant systems, are-repiicating viral particles which lack the
viral genome; an aspect which promotes their use as safer vaccine candidates. Due to the
absence of genetic material, VLPs are unable to rdplioa cause infection and yet can

mimic the morphology of the native pathogen. VLPs are supramolecular assemblages,
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typically similar in size to native viruses (=200 nm) and have high, repetitive uniformity

in their surface structureéVicenteet al, 2011) The ability of VLPs to display epitopes in a
high-density, ordered fashion resembling pathogen associated molecular patterns (PAMPS)
enables them to be recognised by the pathogen recognition receptors (PRRs) of the host
immune cells. This, in turtrjggers a strong immune respongerisci, Barcena and Montoya,
2012) Their small size further enhances their immunogenicity, firstly,tdubeir ability to

enter the lymphatic system without the assistance of antigen presenting cells (APCs), and
seondly, via uptake by dendritic cells which engulf pathogens, and induce the adaptive

immune systen(Peyret, 2014)

Unlike subunit vaccines, VLPs do not necessarily require adjuvants as they are capable of
stimulating both the celmediated and humoral imune response. Alongside major
histocompatibility complex (MHC) class Il presentation via dendritic cells, resulting in the
stimulation of Thelper cells, VLPs can be presented by the MHC class | pathway which
activates CD8+ cytotoxic T celSrgacic andAnderson, 2006)In terms of the humoral
response, VLPs crebsk the constituents of the Bell receptor (Crisci, Barcena and
Montoya, 2012) In addition to this, VLPs can be exploited as an antigen presentation system
whereby the VLP acts as a so#dffor the epitope of interest. A simplified visual overview

of the effect of vaccination on the immune response is depictdeigare 1.1.

1.3.1 Antigen display

An increasingly popular application of VLPs is their exploitation as a platform for migtimer
display of foreign epitopes. The use of VLPs as vaccine platforms was an idea originally
introduced in the 1980s, around which time Clarkeal. (1987) utilised the HBC VLP

displaying a peptide sequence from the VP1 protein of the foot and mouth @saass
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(FMDV), to produce a vaccine candidate as a prophylactic measure for {ENéDkéet al.,

1987) This interest has enhanced considerably since then, namely as a result of the
development of recombinant DNA technology and the usdighresolution techniques

which enabled researchers to obtain vital knowledge regarding the structural nature of
virions and proteins. Currently, as highlighted previously, 25 VLP based candidates are under
development for the prevention of Cowvil® transnission,surpassing livattenuatedand
inactivated vaccines of which there are 3 and 24 respect(@&BVIEL9 vaccine tracker, no

date).

Simultaneous to these developments, scientists have been able to better identify,
characterise, and therefore, mamilate pathogerderived epitopes for use in vaccine
development. Through utilisation of the features that make them such excellent standalone
vaccines, VLPs can act as both a scaffold and an adjuvant for the antigen of interest. Novel
antigens can be positned on the VLP by either genetic fusion or chemical conjugation

(Figure 1.2, creating chimeric and conjugated VLPs respect{Bglycena and Blanco, 2013)

The position of the antigen of interest and therefore, the mechanism of antigen attachment,
is largely dependent on the desired immune response. To elicit a strong antibody response,
it is necessary to display antigens on the surface at high densitigbe@ther hand, if aT

cell epitope is employed, the bioengineering of the VLP becomes much more flexible as the
highly repetitive structure and surface exposure is no longer a requirement. In these cases,
chemical conjugation is likely to be a more desiestechnique and can overcome some of

the difficulties associated with the construction of recombinant VLPs. Chemical conjugation
can occur in various ways depending on the VLP and target antigen surface moieties

(Chackerian and Schiller, 2012)
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A common target is the amine functional group of lysiasidues, however; thiol groups,
carboxylic acids and others have@been shown to react with activated conjugatégen
designing a process for the creation of chemically conjugated VLPs the chemical
characteristics of the binding molecule must be carefully considered to ensure that there

will be no undesirable effectsn particle size, charge or structuf&rasso and Santi, 2010)

a4 YSYGA2ySR LINB@GA2dzates aAyOS GKS mpynQa OKAYS

of expression systems to target a variety of human and animal diseases. Chimeric VLPs have
been praluced based on VLPs from around 35 virus families incorporating a wide range of
antigen insertgZeltins, 2013)As the VLP self assembles into a repetitive, highly ordered
structure, the cloned DNA fragments which encode the desired epitope are presented at
high densities andideally with surface accessibilijennings & Bachmann, 2008)he
primary advantagesssociated with genetic fusion are the stable bond that is created
between the particle and selected epitope, and the simplicity of the manufacturing process.
Production methodologies, whilst still complex, may resemble those required for the

purificationof parental VLPs which have not been modif{€en and Lai, 2013)

VLP manufacture and commercialisation does face significant challenges, however, and to

date, there are fewer than 20 in clinical trials and only a small number which have been
commercid AASR® 'y SEIFYLX S GKFEG KF&a NBfSglIyOoS (2
vaccine, comprising plasmodium falciparum circumsporozoite protein fused to the Hepatitis

B surface antigen (HBsAg) and produced using a yeast expression flyateens, 2020)

Aside from obvious manufacturing limitations regarding costing and process scalability, the

major drawback in production and commercialisation of VLP vaccines relates to the surface

display. The predominant issue is the inability to predict whether theistructure of the
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desired insert will negatively impact VLP se§embly(Mobini et al., 202Q) Ultimately,
studies indicate that the VLP must display the antigens on the surface ifitneggantibody
responses are to be produce(Crisci, Barcenand Montoya, 2012)and therefore
understanding the effect on assembly, formatjalisplay and resultingnmuno- and antt
genicity is essential. The HBC is a widely studied VLP, in part due to its three possible
insertion regionsand inherent immunogenicit (Milich et al., 1987; Crowtheet al.,, 1994;

Rybkeet al,, 2019)

1.4 Hepatitis B virus

Hepatitis B virus (HBV), the causative agent of acute and chronic liver disease, was
responsible for an estimated 820,000 deaths in 2Qrld Health OrganisatiQr2021)
Chronic HBV infection occurs when hepatocytes become infected causing them to
continually produce virions and release them into the bloodstream. This, combined with a
long halflife of the virions in the bloodtream, ensures that all hepatocygere infected
which, in turn, enables viral persistence. The body responds accordingly by generating an
immune response, effectively destroying the liver cells and consequently causing serious

damage to the liver, primarily in the form of scarrif®eegeand Mason, 2000)

The HBV viral genome comprises one complete strand and a second, incomplete,
complementary DNA strand. The resulting circular genome is partially double stranded. HBV
virions, belonging to the famiblepnaviridagare approximately 48m in diameter and are
comprised of 3200 nucleotides. Hepatocytes, once infected, produce these particles,
NEFSNNBR (2 a W5IyS LI NIAOfSaQ sKAOK | NB
three glycoproteins: large, medium and small surfaceiganmts (HBsAg) whilst the inner

nucleocapsid consists of the HE&anem and Varmus, 1987; Roeseal., 2013) Whilst the
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HBsAg has previously been used as an antigen presentation system, research has identified
HBC as being far superi@round 100 fold betterin terms of immunogenicit{Milich et al.,

1987; Whitacre et al., 2009).

1.4.1 Hepatitis B core antigen

The HBC is a 21 kDa protein made up of around1B%3amino acidsHigure 1.3A and is

able to spontaneously sedfssemblgorming icosahedral particles. Thet&tminal domain
(residues 1 to 140) is necessary for dimer formation, which enables capsid assembly. Amino
acids 150 to 183 correspond to the carbetgdminal, synonymously termed the
WLINB G F YAYSQ R2Mardinh& and Hag MiyK RN Zaffinkiyh Thése domains are
separated by a linker peptide which is thought to assist with mobility to enable DNA
polymerase activity. In terms of secondary structure, unlike many other characterised viral
capsid proteins, the H/ A a -KBEOKOSF P y-Bheets(Rabbekt\alld 2083y |

Peyret, 2014)

The nucleocapsid is assembled when two HBC monomers dimEigsed 1.3B and 1.3C

The most common form is a 24ibunit particle consisting of 120 dimers of the HBC

protein. However, HBC can assemble into a smaller particle (90 dimers) with a triangulation

number of T = 3 as opposed to T fHbure 1.3D and ELrowtheret al,, 1994) The large

and small particles have a diameter of 34 and 30 nm respectively andchothe found in

AYFSOGSR LI GASyGad 2 KAf al-KEKS OlSa aISWighick aR2YIF Ay O
are able to form the hairpin, two of which associate to form the characteristic spikes by

which HBV is recognised. Each spike, comprising & fbalical bundle, is prominent on the

surface of the icosahedral partic{g/ynne, Crowther and Leslie, 1999; Nastal., 2007;

Peyret, 2014)
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HBC has a number of important characteristics which make it a prominent candidate as a
vaccine platform. Pominantly its inherent immunogenicity; HBC is able to produce a high
titre of antibodies during natural infection. A further advantage is that it poses no cytotoxic
threat, supported by its isolation from patients with no signs of liver danfegatacre,Lee

and Milich, 2009) Despite these potential advantages, scientists have found two major
problems in the design and production of HBC VLP vaccinesxgtent immunity and self

assemblyLuet al, 2015)

As HBC is derived from a human pathogeaiges concerns as to how it would interact with
individuals with prior HBV exposure. Both challenges can most likely be avoided by using
the core protein from related but nehuman hepadnaviruses, such as woodchuck
hepadnavirus (WHBCAQ). Interestinglysearch conducted by Billaud at al. (2005), indicates
that WHcAg could tolerate insertions in 17 locations, a far greater number than in HBC.
Nevertheless, research also suggests that prior immunity to HBC does not weaken antibody
production towards displagd antigens. Considering this, a more pressing concern may be
whether HB@ased vaccination can interfere with the use of adBC antibodies as a

serological measure for HBV diagno@@dlaudet al., 2005)
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core monomer(C)Hepatitis B core dime{D) Hepatitis B core particles froEscherichia coli
shown by electron micrographg$E) Hepatitis B core particle as seen by Ergtectron
microscopy(Figure sourced from: Roose et al., 2013).
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1.5 HBC as a vaccine platform

1.5.1 Different regions for insertion

HBC, when heterologously expressed, is able teassiémble intd/LPsas described in

Section 1.4.1Remarkably, research has shown that capsid formation is not always
perturbed by insertions or fusions, highlighting HBC as a promising tool in vaccine
development(Lachmanret al, 1999) HBC is therefore an excellent candidate for carrying
different antigens because it can present many copies of the chosen epitope on its surface,
as well as being a powerful immunogen; both a-oediated and humoral immune

response are induced as des@&tbinSection 1.3 These characteristics promote the

exploitation of HBC as a vaccseaffold despite it being an internal virion component.

Research indicates that the position at which the heterologous epitope is inserted greatly
influences both the itmunogenicity and antigenicifschodekt al,, 1992) Through the use

of cryoelectron microscopy (cry&M) and Xay crystallography three potential insertion
sites were identified: The Nand Gterminus and the immunodominant loop. Further
structural sudies were used to clarify that none of the three sites played a critical role in
molecular interactions and subsequent VLP assembly, promoting their use as potential
epitope sitegGrasso and Santi, 2010)hese three regions of the HBC have been ezglo
extensively as insertion sites; of which the immunodominant loop, synonymously termed
the major insertion region (MIRFigure 1.3B has proven to be the most beneficial at

eliciting an immune respond&arpenkcet al., 2000)

1.5.1.1 Nterminal in®ertions

The Nterminal end of HBC has been used extensively to display foreign epitopes and
insertions tend to be more surfagxposed than in the @rminus. Interestingly, whilst
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immunogenicity is typically thought to correlate with surface accegyibresearch infers
that this is not always the case. An example is the 45 amino acid insert which when inserted
into the Nterminus was found to be less surface accessible than when inserted inte the C

terminusin vitroand yet produced a higher titre ahtibodiesin vivo(Koletzkiet al., 2000)

Whilst insertions in this area are generally accessible, research has identified size to be a
limiting factor with a maximum capacity of around 50 amino a¢Ri&rcena and Blanco,
2013) In contrast, reseafltconducted by De Filettet al. (2005) found that after fusing a

63 amino acid epitope to target influenza, correct VLP assembly was still possibl&using
coli as the expression system. Additionally, the study found that three copies of the
ectodomain of influenza m2 protein (M2e) was more beneficial than a single copy and that
the protective efficacy of the particles was not improved when inserted into the
immunodominant loop. This study indicates that thetédminus may be an excellent

substitute for epitopes which cannot form particles in the Niie Filetteet al., 2005)

1.5.1.2 Germinal insertions

¢CKS WLINRGFYAYSQ R2YL A ythigthe particle andl yietis’stl Gapailyy | £ £t @ £ 2 O
of presenting the inserted antigen on the particle surface, although results vary. Despite

this, HBC particles are often produced either in the absence, or carrying a truncated version,

of the Gterminal domain a# is not required for capsid formation. Moreover, research has

indicated that inserting foreign epitopes in this site confers much lower immunogenicity

when compared with the other regions, particularly the immunodominant Idishlerset

al., 2015) In contrast, inserts into the-@rminus typically do not negatively impact capsid

assembly compared to the immunodominant loop which can only tolerate medium sized

inserts(Beterams, Bottcher and Nassal, 2000)
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The surface exposure of inserts is detemad by a number of factors, such as where the
truncation occurs and also the size of the insert. In terms of the former, studies have shown
that with truncations around 149 and 155 amino acids, inserts seem to be surface exposed
and nonsurface exposed reectively. In terms of the latter, larger insertions are often
surface exposed, wisit smaller ones are buried. The sequence itself also plays a role in
surface exposure(Peyret, 2014) The inherently low immunogenicity of-t€minal
insertions has ledhiem to be overlooked by many researchers who have instead exploited
the increasingly popular immunodominant loop. Recognising their ability to accommodate
large insertions however, Dishleztal.,(2015) were able to produce novel vectors in which
the HBVpreS1 sequence was exposed on the outer surfacetefr@inally inserted VLPs.
They found that these so called HBCG vectors (arginine residues replaced with glycine) had

improved immunogenicity when tested in an animal model.

1.51.3Major insertion regin

¢tKS KAIKE & SELR &S Reliallips,ds rdughi theirégion Hetyeer dnéo h
acids 76 to 81 Kigure 1.3A Due to extensive research, it is understood that this
immunodominant loop is able to both tolerate, and bestow its inherent immumnoggy to,

the antigen of interest. In addition, studies have shown that comparative to similar
insertions in either the Gor Nitermini, the MIR insertions tend to yield particles in higher

guantities(Lachmanret al., 1999; Peyret, 2014)

The MIR lendgself as an appropriate insertion site in numerous ways. One advantage of
using the MIR is the accommodation of large inserts which does not prevent native particle
formation. In particular, Kratet al. in 1999 were able to successfully insert the 28%geen

fluorescent protein (GFP) into HBC forming correctly folded fluorescent particles. Not only
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was this study a great success in terms of the size of insert which can be tolerated, it also
demonstrated that similar antibody responses could be evokedother antigens,

highlighting HBC as a vaccine carti&atz, Bottcher and Nassal, 1999)

Conversely, an insert of this size tends to be the exception rather than the rule. Typically,

VLP formation is likely to be maintained with smaller inserts. Teease the likelihood of
4dz00Saa¥FdzA [t TF2N¥IOGA2Yy F2ff26Ay3T aLw AYaSNIA?Z2
can be adhered to. The first rule is based on the structure of the insert and suggests that

proximity of the Nand Gtermini can be paramant for VLP formation. This, along with the

second techniquethe use of flexible linkers between insert and core, has been shown to

allow particle assemblfMcGonigleet al., 2015)

Ultimately, research indicates that epitopes fused at theininus are typically the least
surfaceexposed which in turn, confers lower immunogenicity while epitopes fused to the
N-terminus are often more immunogenic as a result of better surface exposuasertions

in the immunodominant loop tend to allow for greater accessibility and therefore,
immunogenicity and often yield more particles. Moreover, inserts in tharld Gterminus

tend to have lower antigenicity than the HBC carrier, whereas therteeprotein is
typically more immunogenic when in the immunodominant loop. This aspect is particularly
important when using HBC as an antigen presentation system for vaccine development
(Schodekt al., 1992; Peyret, 2014Recent advances have movedvard securing the HBC
dimers with a genetic linker sequence in order to prevent dissociation when an antigen is
inserted. This saalled Tandem Core technology may enable the insertion of a wide range

of antigens into the MIR, regardless of aspects sudizasand hydrophobicity.
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1.52 Tandem Core technology

Tandem Core technology, developed by iQur LTD., differs slightly from traditional HBC in
that the dimers are genetically fused together by a flexible lijkégure 1.4) This linker is

an attractive option as it holds together the dimers which ordinarily may be forced apart
due to epitope insertion and steric hindrance. A second advantage is that it enables equal
expression and formation of particles with equal copies of two distinct epitopesabbitity

to display dual inserts is an exciting prospect, particularly in terms of either-cross
protectivity across disease strains, lmeadth of protectivity across one strain. This aspect

makes Tandem Core HBC highly attractive as vaccine platform option

1.53 Why s aplatform needed?

VLPs are a promising solution to one of the predominant challenges of vaccine development;

GKS O2yOSLJi 2F NILARfe&@ RS@GSt2LAYy3I I @GFOOAYS T2
Ff ®X oHnHNO RS & bdionsSagentihatSsknat Surrently lkrbwndéd: cyluse

human disease, but an aetiologic agent of a future outbreak with epidemic or pandemic

LR GSYdAlLftéd 5AaSFHasS - Aa GKS NBadA G 2F tl GK2:
encompassing everything from bacteand fungi to parasites and even prions. Whilst viral

pathogens are a relatively small contributor in terms of emerging infectious diseases, many

RNA viruses have caused devastating emergence events. These include Influenza H1N1,

Ebola virus and severewe respiratory syndrome coronavirus, SARpsoret al., 2020)

As such, it is reasonable to assume that Disease X may again be a viral outbreak as

demonstrated in the case of the Coronavirus that caused the €d®igdandemiqFigure

1.5).
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Figure 14 Schematic representation of Tandem Core VLP TechnologyNfAkequence of
construct, including two HBC monomers genetically fused by a flexible linker. Each MIR can be
coded for different epitopesB)One expressed HBC un@){nits forming an icosahedral VLP.
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Figure 1.5 Timeline depicting infectious threats throughout history and modern potential
solutions Red circles denote pandemic events along with approximate death toll. At the time of
writing the Covidl9 death toll is estimated at 4,666,334.

vaccines to developing
countries.

40



Ly GKS LIl aidx @FOO0OAylLGA2Y KlFa o60SSy | WwW2yS o6dzA 2y
part because of emergent diseases. As such, more vaccine research is being driven to the

use of platfom technologies; both for vaccine design and Higioughput optimisation and

manufacture. Whilst the definition of what constitutes a platform for vaccine design is
RSolFOlFlofSY F2NJ 6KAA ¢KSaAa GKS F2fft2eAy3 RSTFAY]
underlying, nearly identical mechanism, device, delivery vector or cell line was employed for
WRSAAIY 2F6 YdzZ {(ANdLE & al.[i 200 s sificiénOfar yg&naral

discussion and encompasses the two discussion points of this Thesfer further clarity

YaOlI FF2fRQ YI& 06S dzaSR Ay NBFSNByOS G2 ¢FyRSY /[

sequence of methods developed to compare, characterise and enable scaffold exploitation.

Generally, the development of a new vaccine caatkdcan cost billions of dollars, takes
over 10 years to complete and has a high likelihood of failure; typically(GéUglast al,,

2018) A platform for rapid vaccine design would ideally speed up development times either
due to streamlined bioproasing or through wekstablished biosafety profiles and
regulationgCharlton Hume and Lua, 2017he latter is up for some debate as regulatory
agencies are likely to still view each product holistically and therefore as a novel product,
irrespective & whether the process is weknown. Conversely, if a platform is used
repeatedly over time, and without any problems, it is likely that approval processes may

become more efficien(Adalja et al., 2019)

Moreover, platform technologies can lower capitald operating costs, allowing facilities
to be more flexible and achieve economies of scale. This lowers the overall risks associated
with emergent infectious disease ventures and may reduce costs per(@bselton Hume

et al, 2019) Ultimately, the @iture success of VLPs as vaccine candidates is dependent on
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the development of improved bioprocessing and bioengineering which will enable antigenic

display to become both predictable and cestective (Luaet al,, 2014)

Another primary useof VLP technology is to target pathogens which either: (1) do not
ordinarily exhibit an immune response, or (2) are prone to antigenic drift thereby requiring
annual vaccinations. Based on these considerations a universal influenzzgevaa highly

desirable application of VLP technology.

1.5.4 Influenza as a model target

Influenza is responsible for approximately 250,@G0D0,000 deaths each year and around

3 million incidences of severe disease worldwi{Beet al, 2009) Thecurrent treatment
protocol is the use of a prophylactic vaccine targeted to induce an immune response against
hemagglutinin A (HA); a highly variable glycoprotein whose external amino acids are prone
to antigenic drift. Asa result, the vaccine must be uaikd and administered to highisk
individuals annuallyEllebedy and Webby, 2009 second issue associated with the use of
HA as a target to induce antibody mediated protection, is that immunity is ssgzeaific

and does not cover all Influenza AdaB subtypes. The current quadrivalent vaccine is
designed to protect against two A and two B strains, ultimately requiring the manufacture
of four different components. Moreover, strains must be selected around six months in
advance in order to accountifthe time required from manufacture through to distribution.
Whilst a norspecific vaccine which induces a broad immune response would be preferable
over a strairspecific vaccine administered too late, a universal influenza vaccine is arguably

the most cesirable solutior{Subbarao and Matsuoka, 2013)

Ultimately, the application of VLP platforms as a universal influenza vaccine aims to

eradicate the requirement for annual vaccination whilst increasing the breadth and
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longevity of responses. There arenamber of targets currently under investigation which
offer broad protection owing to their conserved nature. Examples of these include parts of

the HA stalk, M2e protei(Rajao and Pérez, 2018)

A prominent antigen employed in the development of HB®svas a vaccine scaffold
platform is M2e. M2e is the 23 aa ectodomain of M2, a transmembrane protein which acts
as a pH regulated proton channel, essential for the influenza infection process. This
ectodomain is highly conserved and therefore, is favowas a universal antigen for the
prevention of human influenzéierset al., 2009) As such, this antigen has been studied
extensively in various insertion sites of HBC subsequent to the wofieifyncket al,,

1999) As mentioned irBectionl.5.1.], three copies of M2e inserted in thetlrminus was
found to be more immunogenic than insertions in the MIR. On the other hand, in a more
recent study, M2e was successfully inserted into the MIR through the addition of flexible
linkers. The chimeric padies, produced i. coliwere found to be especially immunogenic

when carrying four copies of MZRaviret al, 2015)

The long alpha helix (LAH) region of Hw stalk has shown conservation across Influenza
A strains and, whemserted into HBC expressedHncoli resulted in properly formed
VLPYZhenget al,, 2016) The HA2 subunit of the HA stalk region is similarly well
conserved, promoting its potential as a target epitoped@play on the HBC scaffold

(Raymoncet al., 2018)

1.6 Expression systems

In recent years, five VHbased vaccines have been approved and have had reasonable
success in the prevention of human papillomavirus (HPV) and HBV. HBC has been

investigated as a platform for antigen display for anagrof diseases such as influenza,
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malaria and hepatitis (Barcena and Blanco, 2013; Chen and Lai, 20t#se VLPs can be
produced using yeast, mammalian or insect cell expression systems owing to the need for
the posttranslational modifications whichre restricted to eukaryotes; bacterial systems

however, can still be exploited as production platforralgle 1.).

When designing a process for the production of VLPs it is necessary to understand how VLP
stability and/or functionality can be impactedybthe choice of expression system.
Moreover, from an engineering point of view, it is necessary to understand how the selected
platform will influence the scalability of vaccine manufacture and the associated cost of

production(Chen and Lai, 2013)

1.61 Yeast

The exploration of yeast as an expression system beganSaiticharomyces cerevisige

)¢

0KS mMopynQad |yRZ RSALAGS | FSé LINRofSYa sAGK a
immune system, numerous species have now been investigated to produceyetikar
proteins(Cregeet al,, 2009) Yeast has an array of properties which promotes itsassm

expression system for foreign proteins, either for research, medicinal or industrial purposes

(Romanos, Scorer and Clare, 2002¢ast can be grown qulgkand to high cell densities

using simple media. Moreover, production is relatively cheap and scalable. Ultimately, yeast

enables easy genetic manipulation associated with single cells, coupled with a capability to

perform various postranslational modifcations(Mattanovichet al., 2011)
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Table 1.1 Different VLP product platforms, their advantages and disadvantages, and current state
of commercial development.

Expression Advantages Disadvantages Licensed VLP vaccine
System
Bacteria Can beproduced Unable to mimic GenHevac BHBV
cheaply and quickly.  mammalian post
Can be produced at  translational
large scale. modification.
Molecular biology and Downstream
biochemistry well processing can be
established. complex due to toxins
and chaperone proteins
Mammalian  Authentic VLP Complex construction. GenHevac B&RHBV
Cells assembly possible. Higher production
Capable of post costs in upstream and
translational downstream
modification. bioprocessing.
Preferred platform for  Lower productivities.
complex, enveloped
VLPS.
Numerous cell lines
have been used.
Yeast Can be grown quickly Glycan structures diffel Engeix-B®, Recombiva
and to high densities  from mammalian and sc HB®Yeast
using simple media. modifications differ. -Gardasil®HPV
Production is cheap Hypermannosylation
and scalable. can occur.
Easy genetic Plasmid loss and lowel
manipulation. protein yields can also
Various post be a problem.
translational Risk of incorrect folding
modifications. and VLP assembly.
Baculovirus Capable of multiple Complex purification  Cervari®- HPV
posttranslational methodologies
modifications. associated with remova
Can aid in role of VLP of co-produced
selfassembly and baculovirus particles.
release.
Hostderived
components may
imitate adjuvants.
Celklree Overcomes issues Relatively high InflexaPInfluenza A

associated with cell
membranes.
Flexible and amenable

associated costs.
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Yeast has been uskd in the production of numerous VLPs, both standalone and chimeric
design.S. cerevisiawas used to produce Gardasil®, the first HPV vaccine to be approved by
the United States (US) Food and Drug Administration (FDA). Commercialised by Merck and
Co., I; Gardasil is a VLP based on the recombinant L1 protein of HPV. Prior . this,
cerevisiaavas employed as an expression systenafBiBV VLPased vaccine, Recombivax
HB®Roldaoet al, 2010; Wang and Roden, 2018)ther species of yeast have alseeh
investigated. In a study conducted by Watekst al. (2002). P. pastoriswas used for
expression of HBC resulting in more suitable HBC production for diagnostic assays than

when the VLPs were producedbn col(Wateletet al., 2002)

1.7. VLP bioprcess development
1.7.1 Upstream processing: VLP production

1.7.1.1 Pichia pastoris phenotype

P. pastorigs often employed for production of biopharmaceuticals and enzymes due to its
tightly regulated promoters and intraand extracellular protein production capabilities
(Karbalaei, Rezaee and Farsiani, 20B0)pastoris a methylotrophic yeast, was iratly
investigated as a source of singleSf f LINRPGSAya Ay GKS mdTt nQa
who found the ability to use methanol as the salgrbon source a desirable characteristic

in high cell density fermentations. This, however, was prior to itlteased costs of
methane, from which methanol is derived, and therefore the 1973 oil crisis rendered the
use ofP. pastoriseconomically undesirabléMacauleyPatricket al, 2005; Ahmacet al,
2014) The subsequent turning point f&. pastoriaitilisation was the development of the
transformation system, enabling expression of foreign géeegget al,, 1985) Combined

with the previously defined fermentation process, this cemented the uge phstorisas a

heterologous protein expression sgsi.
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1.7.1.2 Methanol utilisation

When producing chimeric VLPs it is necessary to consider the effect that different
phenotypes may have aexpression andorrect assembly of HBC and hence the impact on
product yieldsP. pastorisalong with yeast fromhree other generaHensenula, Candida
andTorulopsisre able to utilise methanol as the sole source of enéRpvinet al., 2013)

The first step in the methanol utilisation (MUT) pathw&yg(re 16) is the oxidation of
methanol to formaldehyde and deiction of oxygen to hydrogen peroxide, catalysed by the
enzyme alcohol oxidag&OX)Cereghino and Cregg, 200Bdllowing this, formaldehyde is
further oxidised to C®by two cytoplasmic dehydrogenases, providing two molecules of
reduced nicotinamide adenine dinucleotide (NADH) per molecule of formalddiydeer

et al, 2012)

Whilst most strains oP. pastoriggrow on methanol at the wildype rate, there are ingct

two other phenotypes available which differ in their methanol utilisation. This is as a result
of two available enzymes, both of which are capable of catalysing the pathway, encoded for
by the AOX1 and AOX2 genes and under the control of promp#&@X{ and pAOX2
respectively. These two genes mean that there are actually three phenotypegpaktoris

with different methanol utilisatiorabilities,dependent on the deletion of one or both AOX
genes(Cereghino & Cregg, 2000)he Mut (methanol utilsation plus) phenotype relies on
both genes for alcohol oxidase production and so requires high levels of methanol during
fermentation. Muérelies on the weaker AOX2 due to gene knockout of AOX1 resulting in a
slower growing strain. Muthave both genes idrupted and as a result cannot grow on

methanol(Hartner and Glieder, 2006)
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Traditionally, the Mut phenotype is employed by most researchers when producing
heterologous proteins as it tends to have both a higher growth rate and productivity than
MutSstrains(Chiruvolu, Cregg and Meagher, 19H9wever, this comes at a cost owing to
the high oxygen demandeat production andhe formation of hydrogen peroxide as a
result of methanol oxidationwhichcan be detrimental to cell viabilityAs such, dgower
consumption of methanol may be desiralfiéernet al., 2007) achievable with the Mat
phenotype. Moreoveryesearch has indicated that slower rates of growth and reduced
protein synthesis may improve the folding of more complex protéhieto-Taypeet al,

2020)

1.7.1.3 AOX1 promoter

The use oP. pastorisas an expression system for VLPs and other heterologous proteins is
essentially based on the tightly regulaté@®XIlpromoter which can produce high levels of
the desired product dllowing methanol induction. Whilst there are limitations of this
promoter, namely associated with methanol use, it does allow for high level expression of
foreign proteins. In addition, the system of repression ande@ession ensures that a
suitable cd density is achieved before protein production is initiated. Ultimgtekpression
using this promoter is botBtraightforwardand tightly regulatedMacauleyPatricket al,,

2005) Despite the popularity and advantages associated with the use é@i€lpromoter

there are numerous occasions when this may not be appropriate. In terms of safety,
methanol is highly flammable, and the copious amounts required for large scale
fermentations, particularly when using the Mythenotype, may pose a safetykigAhmad

et al, 2014) These limitations must be considered when designing a suitable bioprocess for

chimeric VLP production.
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Figure 1.6. Methanol utilisation pathwa&implified schematic diagram showing only the alcohol
oxidase pathway. Adapted fro@ereghino and Cregg (2000). The peroxisome and cytosol are
encompassed by the small (inner) and larger (outer) circle respectively.
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1.7.1.4 Fermentation conditions

The basis oP. pastoriss an expression system is the AOX promoter, repressed by glucose,
ethanol and glycerol and induced 10€@fld by methanolCereghino et al., 2002; Hartner &
Glieder, 2006) With this in mind, a typical fermentation strategy involves an initial
cultivation step in media such as glycerol to repress the promoter, followed by an induction

phase when a suitable biomass is achie(@daroenratt al., 2005)

When producing HBC the induction strategy used is important as it can influence both the
formation ofthe VLP and theroductyield. A fourstage process is often recommended
comprising of a batch glycerol, fdzhtch glycerol, a transitional mixdded, and the final
fed-batch methanol induction phagdahicet al,, 2002) Various alterations to this ptocol

have been described, such as eliminating the transition phase and directly inducing with
methanol (Higgins and Cregg, 1998)d using different methanol feeding or mixéskd
induction protocols which impacts expression yields and growth rate dir¢Bibgvin,
Ahmad and Zhang, 2012)ell defined feeding regimes exist for cultivation, however it is
understood that processemust be tailored and finduned to suit the construchost
relationship and to accommodate difference or improvements in equipn(ieobseret al.,

2014) However, the nature of the relationship between feeding strategy and the production
of chimeric VLPwith different inserts has not been well defined. This will be explored as

part of this Thesis.

1.7.2 Downstream processing: VLP recovery and purification

To promote the use of VLPs as vaccine candidates it is necessary to: (i) develop a
downstream recogry and purification process for a particular VLP vaccine candidate as

quickly as possible, and (ii) design a downstream process with high yields and short
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processing times in order to minimise costs associated with large scale manufacture. What

is more, prity and robustness become critical factors as safety is paramount if VLPs are to

be employed as vaccine platforrigicenteet al., 2011) Unfortunately, due to the diversity

of VLPs, antigen inserts and expression systems, iskdSNBE A a §2 NS ’WLISE FAK
to downstream processing (DSP). When designing a purification primegtPsaspects

such as envelope presence, VLP size, propensity to aggregate, surface charge and media

composition must be accounted f@legrete, Pai and Shiloach,12).

Additionally, some particles, particularly enveloped VLPs, are susceptible teistiaaed
damage and vigorous clarification procedures may hinder intact VLP red®eshyp, Soares
and Ferreira, 2008)Current DSP techniques reported in litenagunclude centrifugation,
sucrosegradient ultracentrifugation, precipitation, tangential flow filtration (TFF) and
chromatography; however, not all of these methods are suitable for laogée production
(Morenweiser, 2005)As a starting point, theypical processes sequence for production of

a recombinant intracellular protein product can be considerféidyre 17).

Cell harvesting, irrespective of product cellular location or expression system, is likely to be
the first step in order to separate dglor VLPs from the media in which they were cultured.
Following this, initial downstream processing steps largely depend on the expression system
and where the VLP is secreted. In the cas€awidem CoréIBC produced iR. pastoristhe

VLP is intracellular and therefore primary recovery must incorporate cell lysis or disruption
(Vicente et al, 2011) Typical mechanical processes used at this stage include
homogenisation, ultrasonication and French press, the latter of which wasdfto be
reproducible and scalable when used to recover HBC RopastorigFreivaldst al., 2011)

The chosen treatmen partly dependent on the expression system and the nature of the

VLP(Zeltins, 2013)
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Figure 1.7 Generluioprocess flowsheet for downstream recovery and purification of VLP
vaccine candidates.
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Following cell harvest and cell lysis, a clarification step is required to remove cell debris and
other unwanted aggregates. Whilst centrifugation is the techniguglemented most
often, membrane filters offer several of advantages including scalability, low shear and, if
the filters carry a surface charge, the potential to achieve higher degrees of separation
(Vicenteet al,, 2011) In order reduce the volume of process fluid prior to polishing and, in
turn, reduce costs, a concentration step is likely to be undertaken. The operations generally
chosen for this step are microfiltration and diafiltration in TFF m{@edro, Soares and

Ferreira, 2008)

Purification and polishing are the final and arguably most critical steps in VLP DSP and focus
on the removal of bulk contaminants such as host cell proteins, and the further elimination
of trace impurities, typically including fragmendf the desired protein. This stage must be
The chosen treatment igilored to the specific VLP exploiting its specific physicochemical
properties in order to meet regulatory requirements for purity and removal of contaminants
(e.g. host cell protein an®NA) and produetelated impurities (e.g. incorrectly formed
VLPs). The Vidpecific nature of these stages mean that the additional work can add to
development times and will significantly influence ultimate lasgale manufacturing costs.
Sizeexclusim chromatography and ultracentrifugation lend themselves to VLP polishing as
illustrated by Rollanét al. (2001) who used both in the purification of HBC frEntoland

P. pastoridinding that the former enabled higher product recovery whilst the la&eabled

greater purity(Rollandet al.,, 2001)

1.7.3 Recent trends in bioprocessing

Bioprocess development is an essential part of biopharmaceutical manufacture, ensuring

high levels of the desired product are achieved and retained throughout thé farge
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scale manufacturing process. By maximising product titres and purity, the manufacturing
costs are reduced making the product more economically viable. Various aspects of a
process can be optimised, all of which interact with subsequent unit ot
Investigations performed during early and leiage bioprocess development can therefore

be time consuming and can often be on the critical path for product development.

Highthroughput methods are often employed early in process development asethalyle

a large number of experiments to be undertaken in a short space of time. The combination
of miniaturisation and parallel operation is particularly useful in reducing the costs
associated with large volumes of material and reducing development t{Gemmemeyer,

Ditz and Strube, 2014a; Loegal., 2014) Reducing time to market is critical, for example,

in the development of prophylactic vaccines in response to a pandemic tiixggalbuini,

2014)

Highthroughput and smalscale bioprocessing esirable since undertaking the same
development studies at large scale is often more difficult in terms of equipment and
logistics. Indeed, large scale bioprocessing is generally more labour intensive and carrying
out many experiments with large volume§material can be expensive and wastef@l. J.

Lyeet al, 2009) Large scale operation is, however, the ultimate outcome of bioprocess
development. Once a process has been optimised at small scale it is necessary to scale it up
to ascertain if the sameesults in terms of product quality, yield or characteristics can be

achievedTripathi and Shrivastava, 2019)

Bioprocess development and optimisation is often coupled with Design of Experiment (DOE)
methodologies. Unlike traditional One Factor Atmdi(OFAT) researchpB enables rapid

identification of optimal conditions using a statistical appro@etarini et al., 2014b) This
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reduces the number of overall experiments and can provide key information regarding
interactions among process variablgwalley, Fulghum and Chambers, 2006; Hemmerich

et al, 2017)

In order to meet the changing needs of the bioprocessing industry the equipment and
methodologies used have had to adapt, becoming smaller and increasing in throughput,
whilst retaining funtionality and enabling straightforward process seafe These are

reviewed in the following sections.

1.7.4 Miniaturised and fgh-throughput technologies

As mentioned inSection 1.7.3 miniaturisation of upstream and downstream bioprocess
equipment is currently of considerable interest, increasing experimental throughput,
reducing material requirements, and lowering overall development costs. A further industry
trend relates to the usef disposable or singlase systemg¢Sandle, 2018)Bioreactors are
typically made from glass or stainless steel, allowing them to be continualige@. This,
however, increases production time due to the necessary cleaning, sterilising and assembly
which occurs between each experiment. This is laborious, labour intensive and less
productive, resulting in higher operational costs. As well as increasing efficiency;usegle

reactors reduce the risk of contamination significantly and offer greaterga®dexibility.

Whilst singleuse technology can be expensive, the efficiency, accelerated process
development timelines and significant labour and energy savings have led to widespread
adoption in industry. There are a number of emerging technologiesigded to meet

modern industry needs. Examples of upstream, miniature bioreactor technologies currently

on the market are summarised in Table 1.2.
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The concept of higthroughput or E methodologies and techniques are often applied to
upstream processingparticularly in the identification of fermentation conditions or in
media optimisation as indicated in Table 1.2. The nutrient composition of the media for
example, is widely reported to be significant in terms of recombinant protein production in

microbid systemgTeramotoet al, 2011; Freieet al, 2016; Hemmericlket al,, 2017)

Miniaturisation of experiments is, however, arguably of greater importance in downstream
processing (DSP), particularly since DSP is considered a bioprocessing bottlengek and
DSP can represent 8D% of the final manufacturing costs of biopharmaceutical products
(Farid, 2007)DSP is expensive due to: (i) linear scaling of costs, and (ii) equipment limits at
the high titres now achieved in upstream procesgiBgonemeyey Ditz and Strube, 2014b)

In contrast to miniature bioreactors, there are fewer miniaturised approaches to the various

downstream process unit operatiorf$itchenerHooker, Dunnill and Hoare, 2008)
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Table 1.2. Comparison of srmadhle, singleise HP upstream process development
technologiesWV: working volume, MM: mixing mechanism TP: Throughput

Equipment Description Advantages Disadvantages Reference
Microwell Microwell plates High Not readily (Islam,
Plates are available in  throughput. scalable. Aryasomayajula
Various several formats  Low cost. Welkto-well and
(e.g., deepsquare Low volume. variability Selvaganapathy
well). Good for early (evaporation). 2017)
WV: various. parameter Cannot provide
Single use. screening. environmental
control.
Shake flasks Available in High Not readily (Maier and
Various different sizes throughput. scalable. Blichs, 2001)
and material. Low cost. Cannot provide
Baffled and non Good range of environnmental
baffled. volumes. control.
Reusable. Good for early
parameter
screening.
BioLector TP: 46 wells. High At high shaking (Kunzeet al,,
M2p-Labs WV:0.8¢1.5 throughput. speeds fluid 2014; Baclet
mL/well. Fluorescence  wall climbing al.,, 2016)
MM: Orbital monitoring may reduce
shaking. enables rapid path length for
Single use. screening. light scattering
Good for early measurements.
parameter Fluorescent
screening. proteins can
interfere
p24 TP: 24wells. High Lack of (Warret al,
Microbioreactor WV: 37 mL. throughput. automation 2013)
Pall MM: Orbital Control at the  Labour
shaking. individuatwell  intensive
Single use. level. Higher risk of
Good contamination
reproducibility.
ambr® 15 TP: 24 or 48 High Applicationto  (Velez
Sartorius wells. throughput. microbial Suberbieet al,
WV: 16015 mL. Good cultivations still  2020a)
ambr® 250 MM: Agitation. automation. limited.
Sartorius Single use. Good
TP: 4, 8, 24 or 48 scalability.
vessels. Good
WV: reproducibility.
MM:
Single use.
DASbox Mini TP: 4 vessels. Good Low throughput (Theronet al.,
Bioreactor WV: 60250 mL. scalability Longer 2020)
System MM: Agitation. Good downtime
Invitrogen Reusable. reproducibility  (reusable)
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1.7.4.1 Miniature, single use, stirred bioreactor system: ambr® 250

The ambr® system (Sartorius, Royston, UK) is one of the stirred MBRs that is gaining
popularity within the bioprocessing industryigure 2.3. Combining small working volumes

and singleuse vessels, the system is proving beneficial in early screening and development
and the parallel operability works well in combination witbEDmethodologiegEllert and
Vikstrom, 2014) The amb®system is available in a range of volumes, vessel numbers and
formats, and has both mammalian and microbial capabilities. Importantly, fermentations
performed in the ambg250 system have been shown to be scalable to pilot and
manufacturing scaleiXuet al., 2017) For these reasons the ambr®250 system was selected
for upstream studies of chimeric VLP production in this thesis. To date there are few reports
of VLP production in ambr2®50 systems. Since the Coronavirus pandemic outbreak Eibl et
al, (202INB LI2 NIl SR LINE RdzOA y 3 -ECoV®ysiaghViRs expresSetlny SQ F2 NJ {
coli cultured in an ambr®250 systeffranet al., (2021)also produced their spike protein
based nanocovax SARS\2 vaccine for clinical trial by culturing CHO cells indistem
(Tranet al, 2021) These recent publications highlight how crucial this technology can be to

rapid bioprocess developme(Eiblet al., 2021)

1.7.4.2 Miniaturised approacheto cell homogenisation: Adaptive focused acoustics

As discussed iSection 1.8.2in the case of intracellular protein production, subsequent to
cell harvesting, which is typically achieved through centrifugation, it is necessary to lyse cells
to liberate the product of interest. This can be achieved chemically, phlysiaad
mechanically with higipressure homogenisation (HPH) being a popular choice for pilot
scale microbial disruptiofLiet al, 2012) Conversely, namechanical methods, such as

sonication and enzymatic lysis, are used less frequently at large dueldo process
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economics, potential contamination through chemical addition, and more complex

downstream purificatior{Harrison, 1991; Grabski, 2009; Dowd and Kelley, 2011)

Whilst HPH may be the most beneficial at pilot scale, many mechanical methods are not
easily applied to cell suspensions of less than §@rabski, 2009)This is problematic in
high-throughput process development where small sample sizes are desiezyl. litfle

work has been done on the miniaturisation of HPH. One of the few approaches reported in
the literature is the use of the Covaris Adaptive Focused Acoustics®@/sfem as shown

in Figure 5.1Previous work has shown this device to be a succkssialtscale mimic of

HPH oP. pastorisells(Blaha, 2017; Blahet al,, 2018)hence it will be used in this thesis to

evaluate release and recovery of the various chimeric VLP constructs.

1.7.4.3 Miniaturised approaches to chromatography: Bietoru plates

Similarly, to upstreamSection 1.7.4.1 and primary recoverySection 1.7.4.2 some
miniaturised highthroughput systems exist for study of latetage purification operations.

The integration of HTP and singlse technologies has further enhaad their significant

role in earlystage bioprocess development. The same concept applies to downstream
processing unit operations, such as column chromatography, whereby column cleaning for

re-use may reduce functional capacity whilst increasing protgssaroundtimes.

Miniaturisation and automation of technology is also coming into play in chromatography,

in an effort to improve screening and optimisation, and to reduce the high costs associated

GAGK 5{t®d hyS &dzOK LINE R di€niihcakelr Thésk S6eltpldtBs5 A O 2 Nt f
are filled with a number of different resins and enable parallel screening of various binding,

elution and washing conditions. Combining these products with Freedom EVO platforms

(Tecan) offers an automated highroughputapproach, incredibly useful in a bioprocessing
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context(G. Lyeetal, 2009y LYy GKA& 62N)] GKS t NB5AOG2NMKU
changes in the binding and elution conditions of the various chimeric VLP constructs to
different resins. Theredicted separation conditions will then be verified in larger scale

chromatographic studies as describeddhapter 7.

1.8 Characterisation of VLPs

VLP characterisation is essential to bioprocess design and a range of complimentary
techniques must b@nplemented Table 1.3 in order to provide a comprehensive overview

of VLP biology, biochemistry and physical attributes. Engineered VLPs are diverse in both
structure and function and the analytical tools must account for this. VLP subunits are prone
to aggregation and therefore analytics play a predominant role in ensuring consistency and

safety when intended as vaccine candidafiesaet al., 2014)

Compositional analysis is often the starting point of VLP characterisation. A commonly used
tool is Mas Spectrometry (MS) which can determine both amino acid composition and
molecular weight (MW). MS has proven to be an invaluable tool in VLP characterisation.
Indeed, Freivaldet al. (2011) applied MS to determine the MW of HBC produce®.in
pastoris They concluded that the higher MW found kh pastorisderived VLP was likely a

result of posttranslational modifications acquired in yeast and yet absent fEarooli.

In order to determine protein purity two other biochemical tools are often employed;
sodum dodecyl sulphate; polyacrylamide gel electrophoresis (SBSGE) and reversed
phase¢ high performance liquid chromatography @RIPLC). The former, SBPAGE, is
frequently used to identify the VLP structural proteins during early VLP screening,lyypical
following a precipitation from impurities of lower M\ eltins, 2013)This technique is also

employed in conjunction with Western blot analysis to enable suitable analysis of VLPs with
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numerous capsid proteinglLi et al, 2003; Brightet al, 2007) SDSPAGE has merit in
determining VLP purity it can be laborious and time consuming and as a regdRIRPcan

be considered an attractive alternatiy®hytuhinaet al., 2014)

Subsequent to, or alongside, early screening and compositional analjisie are
numerous biophysical and imaging analysis tools which can provide information regarding
VLP particle size, morphology and structure. Visualisation tools such as transmission
electron microscopy (TEM), cAgEM and atomic force microscopy (AFM) aften used as

a final confirmation of the VLP structure. TEM is a relatively low cost and efficient way in
which to assess VLP morphology and size distribution and as such, is used ma8tuéen

al., 2007) Despite its apparent popularity howevemhet technique is not without its
limitations, namely the risk of particle aggregation and deformation caused by sample

preparation, adsorption to the grid surface and use of stéivislderet al., 2012)

The issues associated with deformation can be negian both cryeEM and AFM as the
VLPs are rapidly frozen allowing visualisation of the VLP in a hydratedjlgdssm (Zhao

et al, 2013). Cryd=M has been applied repeatedly in HBC VLP structural studies and was
used to determine VLP structure fromliflength (not truncated) HBC to a 33Fesolution

by Yuet al.(2013). CryeEM is primarily useful when analysing icosahedral particles, such as
HBC, but can be lacking when used on particles with different structures or eccentricities.
Moreover, a diffculty in penetrating thick particles limits its application in large VLP
visualisation (Kuznetsov and McPherson, 2011). Further structural studies such as dynamic
light scattering (DLS), electrospray differential mobility analysisD(#&8) and density
gradient ultracentrifugation are used when a quantitative output is required. DLS, while fast

and simple, does not resolve polydispersed particles well éLah,2013).
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VLPs often mimic native virions and therefore known antibodies exist which can béoused
help characterise VLPs. In addition, chimeric VLPs which display foreign epitopes can also be
identified in this manner. An example is the research undertaken by &tak(2012) who

used a competitive ELISA to assess if HBC VLPs were correctyimisghe envelope
domain Il of dengue virus type 2. Their findings indicated that fusion antigens displayed the
EDIH2 moiety and that it is surface accessible and able to bind to specificEBxhti2
antibodies. ELISAs and other biological assayseweny may identify the proteins in an
aggregated form and therefore visualisation tools should be implemented to confirm
correct VLP formation (Zeltins, 2013). For these reason?3B& ection 2.7.3 Western

Blotting Section 2.7.4 and TEM Section 2.7.1D will be used to characterise the VLP

constructs used in this work during their production and purification.

1.9 Computational methods and bioengineering

The production and commercialisation of VLPs as vaccine platforms can only be riéalised
a deeper understanding of how structure relates to formation is achi€kadet al.,

2014) It is necessary to comprehend the properties which may cause problems to VLP
selfassembly to enable predictions of which antigen inserts will be successfully
incorporated and displayed. Currently, there are a number of characteristics which have
been identified as having a negative impact on VLP assembly, the most obvious of which is
insert size. Conversely, the large GFP 232 kDa molecule was inserted inttRtha@op of

HBC without disruption, as mentioned previou@fyatz, Béttcher and Nassal, 1998his
efficiently disproved the notion of a limited capacity within the MIR and led to further
research which emphasised the role of the GFP structure irco’LP formation. The

close Nand Gterminus proximity, coupled with flexible linkers, allowed for easy

accommodation(Nassakt al., 2008) Further properties corresponding to incorrect
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formation include disulphide bond formation resulting from thepence of cysteines and
I -pleated sheets. Ultimately, the sedEsembly of wildype HBC relies on no interference

of the domains and therefore steric clashes must be avo{dadssenst al., 2010)

A combination of techniques and technology must be &wed in order to increase depth

of knowledge and speedp VLP development. Whilst imaging techniques such asko

are useful in providing structural information it does not provide information regarding the
VLP as a dynamic biological sys{@wshiet al., 2011) Advances in computational methods
such as bioinformatics are gaining popularity as complimentary techniques for applications
in vaccine developmeniHe, Xiang and Mobley, 2010)hus far, bioinformatics has been
used as a phylogeryased tml to help with epitope optimisation for VLP disp(&@iles and
Ross, 2011)Homology modelling of epitopes, employed by Schneemann et al, (2012) was
used to predict immunological results of influenza epitopes to be presented on Flock House

Virus (FHV[Schneemanet al,, 2012)

The current emphasis of computational methods is on reducing VLP aggregation by focusing
predominantly on selassembly kinetics. Moreover, many multiscale models and capsid
simulations are based on VLPs as standalone vacamksa as display platform@®inget

al., 2010) The future application of such techniques, however, will be on establishing VLPs
as vaccine platforms by enabling predictions of successful epitope insertion and
immunogenicityCorreiaet al, 2014; Zhangt al,, 2015) Ultimately, computational analysis

and understanding of the structusieinction relationships will enable rational biomolecular

design of VLP®attendenet al,, 2005)
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Table 1.3 Characterisation tools available for ViikegarticlesAdapted from Luat al.,2013).

Analytical Tool

Function/Role

Biochemical

MS

RRHPLC
SDSPAGE

Biophysical

DLS

ESDMA

Agarose gel electrophoresis
Density gradient

AUC

Biological
ELSA
SPR
Imaging

TEM

AFM

CrycEM

Computational
Bioinformatics

Homology Modelling

Amino acid composition
Molecular weight

Protein purity analysis

Molecular weight
Protein purity analysis

Particle size analysis
Particle size analysis
Surface charge
Density

Molecular weight
Conformation

Heterogeneity

Antibody binding
Antibody binding

Visualisation
Size

Visualisation
Size

Visualisation
Size

Predict/model unknown structures

Predict/model unknown structures



1.10 Critical appraisal of the literature

Vaccination remains the predominant tool used in the prevention of human disease and can
therefore, be considered the most appropriate solution against future pathogens and
infectious disease¢Andreanoet al., 2019) In comparison to bacteria, viral petgens
represent only a small proportion (54% and 25% respectively) of the pathogens that are
recorded as infectious disease agents. In spite of this, RNA viruses have been involved in the
emergence of a number of recent evef®&mpsoret al., 2020)sud as HIV, Influenza, Ebola,

Zika, and more recently, severe acute respiratory Coronavirus. The lack of preparedness in
the prevention and eradication of these events, highlights the need for VLP platform
technologies(Charlton Humeet al, 2019)that canbe rapidly redesigned to address new

pathogens.

Difficulties in vaccine manufacturing significantly drives up the cost of vaccination, which is
an issue for developing countries, in particular. As a consequence, The Bill and Melinda
Gates Foundation havecused their attention on the production of human vaccines at a
cost of US $0.15 per dogBrune and Howarth, 2018)mplementing an easily adaptable
platform could be advantageous in reducing the associated development and
manufacturing costs of new vaccines. Indeed, a well understood platform base, or as termed
in this work, vaccine scaffold, which enables high va@uwaccine manufacture of a
multitude of disease targets would theoretically shorten the time to market, thus, saving

lives and reducing cos{€harlton Hume and Lua, 2017)

In order to realise their full potential, scaffold technologies would ideallybenahe
development of a standardised manufacturing process (i.e. a platform process) founded on

the characteristics exhibited by the scaffold (e.g HBC). This, however, has proved difficult in
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multiple cases owing to the specific optimisation needs of difeering inserts(Charlton
Hume and Lua, 201.7¢onversely, if individual optimisation is needed to some extent, the
use of a welcharacterised base platform could still accelerate development due to its

established safety profiléMariniet al., 2019)

A promising and webBtudied example of a potential vaccine scaffold is the HBC VLP, found
by Milich et al (1987) to be around 1806ld more efficient in eliciting antibody production
and a Fcell response than the previously favoured Hepatitis B sertantigenMilich et al,,

1987) Despite its apparent potential as an antigen carrier, the marketing of a vaccine has
not been achieved, primarily due to problems with particle instability and associated
limitations of differing antigen fusiond.uet a., 2015) Indeed, it has been reported that
around 50% of inserted sequences may result in unsuccessful VLP fornfBiiladet al.,

2005)

Numerous parameters have been investigated in order to understand their effect on VLP
assembly. Typically LY formation is likely to be maintained with smaller inserts (with some
exceptions, including the insertion of 238 aa Gftatz, Bottcher and Nassal, 1999)
useful study also for demonstrating that antibody responses could be evoked to display

antigens, highlighting HBC as a vaccine carrier.

Research has been conducted to overcome these issues, primarily using spacers or genetic
linkers to either improve surface accessibility or to minimise steric hindrérahmanret

al., 1999; Aroraet al,, 2012) This seems to be particularly necessary for proteins whese N
and G termini are not in close proximity in the tertiary structure. Even so, the long linkers
may result in irregular particle formation and aggregatf@vhitacre, Lee and Milich, 2009)

Recent advances have moved toward securing the HBC dimers with a genetic linker
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sequence to prevent dissociation when an antigen is inserted. Thiallgal Tandem Core
technology may enable the insertion of a wide range of antigens into the MIR, regastiless

aspects such as size and hydrophobi(ftgyret, 2014; Ramirez al., 2018)

HBC can be produced using a range of prokaryotic and eukaryotic cells, all of which have
merits and limitations as expression systems. A popular choice for HBC prodsecteast,
specificallyP. pastorisas it is a welkstablished platform for the expression of recombinant
proteins and has been utilised to successfully express folded VLPs; including the generation

of VLPs for HBV and HfFYeivaldst al,, 2011)

Whilg three insertion sites for antigen display in HBC have been identified in HBC, research
indicates that the MIR is superior in terms of surface accessibility and therefore,
immunogenicityLachmanret al, 1999) Nevertheless, insertions in this regi@cé various
challenges regarding correct VLP assembly, potentially as a result of insert characteristics
such as size, hydrophobicity and steric claghegel, Vorreiter and Nassal, 200A)second
challenge of HBC production, and VLPs in general, is the propensity to aggregate, requiring

the development of robust DSP and characterisation proced{iadd Efficet al., 2016)

Whilst there has been considerable progress with the Tandera t&chnology there remain

two key unanswered questions; to what extent can the HBC Tandem Core approach be
considered a generic platform for rapid vaccine manufacture and how does the nature of
the insert impact on the creation of a platform manufactgiprocess analogous to those

achieved with antibody therapig€enter and Scott, 2019)

67



1.11 Aim and Objectives

Based on the considerations describedsigction 1.10the aim of this thesis is to:
Explore the potential of Tandem Core HBC VLPs ascaffold for rapid vaccine

manufacturing through the development of a highhroughput platform process

HBC is a promising candidate for vaccine development, namely as a result of its ability to
selfasemble, inherent immunogenicity and ability to display foreign epitopgsc{ion

1.3.1). HBC shows excellent promise as an antidjsplaying platform and its ability to
present foreign epitopes to the immune system is extremely advantageous for diseases in
which the necessary surface proteins are abg@ngacic and Anderson, 2006; Whitacre,
Lee and Milich, 2009More specifically, Tandem Core technology has the ability to hold two
different inserts in the MIRs, allowing for the display of multiple gpé® simultaneously.

This is a clear advantage over conventional VLPs.

However, research indicates that the position at which the heterologous epitope is inserted
greatly influences both the immunogenicity and antigeni¢Bgchodelet al., 1992) This
means that the particle may be unable to form or may be poorly immunogenic when it does.
A further problem is often the inability to predict whether the size or structure of the insert
will negatively impact the VLPs ability to se$semblegCrisci, Barcenand Montoya, 2012)

Whilst the Tandem Core technology was specifically designed to overcome these concerns,

due to the genetic linkage of the dimers, steric hindrance may still be a problem.

To explore this, HBELPs with four different epitope combitians (meaning different
sizes, conformations and physicochemical properties) will be studied to understand if the

insert necessitates individual processes unique to each VLP. Upstream processing, primary
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recovery and chromatographic purification will bepbored. Influenza will be used as the
model organism owing to the current need to produce a new vaccine for every new
influenza season. As such the 4 different VLP constructs were engineered with differing
influenza epitopes in the MIR. The propertieslaelevance of the different constructs are
described elsewhereSection 2.1.). The base Tandem Core VLP, HBK1 VLP, with

lysine rich regions and absent insertions, will be used as the benchmark in terms of VLP

assembly and yield and fit to a platfommanufacturing process.

In a similar manner, VLP commercialisation has also been hindered by various bioprocessing
aspects, such as expensive or complex purification issues and scale up considerations. The
use of the VLP as an antigen carrier creates a more complex processpesrtqproblem

due to differing characteristics of the antigen(s) of interest (Chen and Lai, 2013). With this
in mind, this work will address the following question: can a process be developed that is
able to efficiently produce and purify HBC VLPs in dimesway, irrespective of the insert it
displays? This would enable HBC to be used as a platform for rapid vaccine manufacturing

analogous to those available for mAbs.

In order for HBC to be exploited as a vaccine platform the bioprocessing must be well
understood. This Thesis starts by characterising the least complex model construet, HBC
K1,K1 and establishing a baseline methodology from which the series of more complex VLPs
can be explored. By using a platform of htghoughout bioprocess technologieshe

possible effects of different inserts on VLP production, protein recovery, and particle
formation will also be investigated. These will include the ambr®250 parallel bioreactor
system, AFRF2NJ LI NIAOEfS NBEtSIFaS FyR t N&Emhig Ol 2 N

separation conditions. The specifibjectivesof the project are as follows:
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Characterisation of the critical process parameters and analytical techniques to
assess the production and recovery of the model Tandem Core construdgt HRC.

This isaddressed irChapter 3.

Investigation of the effects of epitope variation on upstream process performance,
specifically biomass and soluble HBC VLP. This is addreeapter 4.

Determination of key factors at play in miniaturized and Higloughput el
disruption, through adaptive focused acoustics. This is addres<@dapter 5
Development of a higthroughput chromatographic method to rapidly assess the
extent of purification for HBC VLPs and optimal recovery conditions. This is
addressed irChapter 6.

Appraisal of the small scale, hitfiroughput development work discussed in this

Thesis and validation of methods at scale. This is addres$&ubioter 7.
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2. Materials and Methods
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2.1 Chemicals, VLPs and Microorganisms

All chemicals used were of analytical grade or higher. Reverse osmodiilas@® water

was used throughout for media preparation.

2.1.1 DNA Constructs and Yeast Strains

All VLP DNA constructs aRd pastoriskKM71H (Muf) transformants utilised irthis work

were designed, modified and provided by I1Qur Ltd. (London, UK). Four yeast codon
optimised sequences were designed, all of which had a similar sequence and encoded the
Tandem Core construct, but contained differing influenza specific antigequesees in the

two major insertion regions. The base construct HBCK1 Figure 2.} included lysine

linkers in both MIRs and the sequence was cloned into a pPICZC vector (Invitrogen, Carlsbad,
USA) using thBstBland Agelrestriction sites. In order tareate unique restriction sites in

both cores, silent mutations were introduced -upnd downstream of the two MIRs. The
resulting plasmid (pPICZC PHe k1, k1) henceforth referred to aKHRC was used as a
scaffold for the other insertion@~igure 2.2 (Kazaks et al., 2017). The other VLP constructs

studied were as follows:

HA2,3M2E; This construct had the lysine linkers in both core one and core two replaced
with different influenza specific epitopes. The former, HA2.3, is part of the hemagglutinin
(HA2 subunit, which forms most of the stelike structure and, unlike HA1, the globular
head is highly conserved (Fan et al., 2015). The latter, @\Ra)triplicate sequence of the

ectodomain of the M2 channel in influenza which is also highly conserved.

LAH3,K1¢ This construct had the lysine linker sequence in core 1 replaced with a 55 aa
influenza HA stalk domain sequence codon optimised for yeast. The MIR in core 2 was left

unchanged (Kazaks et al., 2017).
72



3M2E,K1g This construct had the lysine linkier the first core replaced with the triplicate
sequence of the M2 ectodomain, as mentioned above. The lysine in the second core was

left unchanged.

2.2 Media and Buffer Components

2.2.1 Stock Solutions

10X Yeast Nitrogen Base (YNBThis was prepared bgissolving 16.8 g (YNB) with
ammonium sulphate in 200 mL RO water. The solution was then filter sterilised and stored
at 4 °C.

10X Glycerok This was prepared by adding 100 mL glycerol to 900 mL RO water. The
solution was then heat sterilised in an aatave and stored aseptically at room

temperature.

10X Dextrose; This was prepared by dissolving 40 g dextrose in 200 mL RO water. The

solution was then heat sterilised in an autoclave and stored at room temperature

500X Biotirg This was prepared by didsog 20 mg biotin in 200 mL reverse osmosis (RO)

water. The solution was then filter sterilised and stored at 4 °C.

10X Towbin Buffeg This was prepared by dissolving 30.3 g Tris base, and 144 g glycine in 1

L of RO water. The buffer was stored at ro@mperature.

2.2.2 Yeast extract peptone dextrose (YPD) agar medium

In order to prepare YPD agar medium, 10 g of yeast extract, 20 g of bacteriological peptone
and 20 g of agar powder were dissolved into 900 mL of RO water. Following this, the mixture
wasautoclaved for sterilisation. Once cooled, 100 mL of 10X dextrose was aseptically added
and the solution distributed evenly in Petri dishes and allowed to set before being sealed

with parafilm and stored at 4 °C.
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Figure 2.1 Design of the K1, K1 Tandem Core constiuetred arrows indicate the lysine
sequences in the major insertion regions of each monomer. These regions were adapted with
different influenza specific sequences as describ&kgtion 2.1.1The y#dow arrow indicates

the flexible linker used to fuse the monomers into a covalently linked dimer, hence Tandem Core.
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Figure 2.2 Plasmid pPICZC PHe7 KThKYeast codepnptimised sequence was cloned into the
pPICZC vector using snapgene.
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2.2.3 Bufered minimal glycerol complex (BMGY) medium

To prepare one litre of BMGY medium, 10 g and 20 g of yeast extract and bacteriological
peptone respectively were dissolved in 700 mL of RO water before autoclaving. Once cooled,
the various preprepared stoclsolutions were added as describedTiable 2.1 Once mixed,

the solution was stored at 4°C until required.

2.2.4 Basal Salts Medium (BSM)

In order to prepare BSM the components frdmble 2.2were dissolved in RO water and
mixed on a magnetic stir plate for one hour. The medium was pH adjusted to pH 3.0 using

35 % (v/v) ammonia before being brought to the required volume using RO.water

2.2.5 PTM1 Salts

The components listed ihable 2.3vere dissolved in RO water. Once mixed, RO water was

supplemented to a final volume of 1 L. The solution was filter sterilised and stored at 4 °C.

2.2.6Lysis Buffer

Lysis buffer composition was varied in individual experiments however, the buffer most
commony comprised of: (1) 50 mM Tris pH 725mM 4(2-aminoethyl) benzene sulfonyl
fluoride (AEBSF) hydrochloride, 5 mM dithiothreitol (DTT) dissolved in reverse osmosis
water and titrated with 1 M sodium hydroxide, or (80 mM 3(Nmorpholino) propane
sulfonc acid (MOPS) , 2 mM AEBSF, and 5 mM DTT dissolved in RO water and titrated with

hydrochloric acid.
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Table 2.1. Components of BMGY medium.
10X YNB

100 mL

1M Potassium Phosphate pH 6 100 mL

10X Glycerol

500X Biotin

Table 2.Z2omponents of BSMedium (for 1L).

Phosphoric acid, 85 %
Calcium sulphate
Potassium sulphate
Magnesium sulphate 7@
Potassium hydroxide

Glycerol

Table 2.3. Components of PTM1 trace géds1 L).

Cupric sulphate 58
Sodium iodide
Manganese sulphate 7B
Sodium molybdate 24D
Boric acid

Cobalt chloride

Zinc chloride

Ferrous sulphate 74D
Biotin

Sulphuric acid

100 mL

2 mL

26.7 mL
0.93¢g
18.2¢
149¢
413 g

40.0 g

6.09
0.08 g
3.0¢9
0.2¢
0.02 g
05¢
20.0g
65.0¢g
0.2¢g

5009
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2.2.7Transfer (Towbin) Buffer

Transfer buffer was prepared by mixing 100 mL of 10X towbin bi@&stion 2.2.], 200 mL
of methanol and 700 mL of RO water. This was typically prepared on the day of transfer and

stored at 4°C before use.

2.3 CellBank Preparation

2.3.1 Master cell bank (MCB)

Cells were streaked from an IQur cell stock onto a YPD agar flattioqn 2.2.2 and
incubated at 30°C for 36 hours. A single colony was then transferred into 5 mL BMGY
medium Table 2.} in a 50 mL Falconte and incubated at 30 °C, 250 rpm for 24 hours in

an orbital shaker (Adolf Kuhner AG, Birsfelden, Switzerland) . Subsequently, 1 mL of culture
was inoculated in duplicate into 2 L baffled shake flasks containing 250 mL BMGY and
incubated at 30°C and 25@m. Cells were monitored for growth every few hours. Once
cells had reached midgxponential phase (~ OD of 15) 100% sterile glycerol was added to
achieve a 30 % (v/v) final glycerol stock concentration. Glycerol stocks were aliquoted and

then frozen at80°C.

2.3.2 Working cell bank (WCB)

To create WCBs a master cell bank Bakfion 2.3.)1 was inoculated into a 2 L baffled shake
flask containing 250 mL of BMGY. The flasks were grown at 30°C and 250 rpm until the cells
had reached migxponential phas of growth before the addition of 100% sterile glycerol

to achieve a 30 % (v/v) final stock concentration. Glycerol stocks were aliquoted and frozen

at-80 °C.
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2.3.3 Quiality control of cell banks

To qualify the cell bank and ensure homogeneity, morphiialgcharacterisation of yeast

cells was performed. YPD agar plates were spread with cells from each WCB and incubated
for 72 hours at 30°C. Plates werkecked for contamination ancblonies were compared

to ensure homogeneity. To further assess the duaif the cell bank, following a period of
freezing, an inoculation loop was used to scrape the top of the glycerol stocks and this was
streaked onto further YPD agar plates. Discrete colonies were again assessed for

morphology.

2.4 Small scaldermentations

2.4.1 The ambr® 250 modular system

ambr® 250 microbial vessels were purchased from Sartorius Stedim (Epsom, UK). Each
vessel was purchased sterile and individually wrapped, containing an oxygen spot sensor,
pH electrode, dual 20 mm Rushtompeller, and integrated exhaust gas condenser for
output to exhaust gas analysis, and a-pedibrated pH electrode and oxygen sensor. The

pH probe has a measurement range of pH@305 whilst the DO PreSens spot can measure
from 0¢ 200%. A septum caplews for rapid liquid additions. Each bioreactor has 5 liquid
reservoirs each with its own integrated single use syringe pump, two have a maximum fill
volume of 125 mL and three with a maximum fill volume of 50 mL. Each reactor seat contains
a temperatureprobe which sits in the probe port of the vessel, a pH BNC connector, and a

head plate that is secured on top of the vessel.

During a typical run, reactors were set up and media filled before inoculation as the pH
probes required a minimum of six hours fiehydration prior to use. After which reactors

were placed into one of four modules available, the hedate secured and the pH probe

78



attached. On the day of inoculation, the pH was quént calibrated offline at operating
temperature using an offlin&@hermoFisher pH probe. Once the pH was adjusted to the set
point, the reactor was inoculated. Reactors were operated at varying conditions depending
on the experimental parameters. Samples, typically 2 mL with an additional 1 mL of dead
volume, were remogd periodically from the sample port and analysed for optical density
at a wavelength of 600 nm (G@dg), wet cell weight (WCW) and dry cell weight (DCW) as

described irSection 2.7.1.1, 2.7.1.2 and 2.7.Ir@spectively.
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Figure 2.3 Picture of the ambr®adular250 modular Annotated to show key features
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Figure 2.4 Picture of the an#h250 vesselAnnotated to show key features. Image sourced from
Sartorius webpage.
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2.4.2 Puremethanol feed fermentations

The 250 mL ambr® 250 modular syste8edfion 2.4.] was used for small scale
investigations of variou®ichia pastorisnut® strains. The five reservoirs of the modular
system were filled in a laminar flow hood as follows: 15 mL of 50 % (v/v) glycerol
supplemented with 12 mLof PTM1 tracesalts, 50 mL of 10% (v/v) ammonium hydroxide
solution, 5 mL of 10% polypropylene glycol PPG 2000 antifoam, 10 mL of 8.5% (v/v)
phosphoric acid and the final reservoir was filled with 100 mL of pure methanol
supplemented with 12 mL £ of PTM1 trace saltsThe bioreactors were aseptically filled

with 100 mL presterile filtered BSM, prepared as described®ection 2.2.4

Subsequently, the individual reactors were loaded onto the ambr® modular platform and
heated to 30 °C. Dissolved oxygen and pH werbreadid and adjusted to pH 5.0, the latter

of which was confirmed through offline pH measurements after probes were allowed to
hydrate overnight. Once the inoculum, grown in BMGY, had reached early exponential
phase (OD600 of ~120) reactors were supplemésd with 0.43 pL PTM1 salts and, once

DO was stabilised at 100 %, 5 mL of seed was added aseptically through the septum.
Throughout the fermentation pH was maintained at 5.0 (£ 0.25 dead band) and DO
maintained at 30 % using a cascade control system wjttatoon rates varied between
~1000 and 3000 rpm and a constant airflow rate of 0.5 vvm with pure oxygen blended when

required (up to 40% v/v).

Following the completion of batch phase, typically -B® hours post inoculation when
glycerol was depleted, thfedbatch phase was initiated. The start of the featch phase
could be visualised by a brief spike in DO and was triggered by a 20 % drop in carbon

evolution rate (CER), which was monitored online. The initial glycerdbdtzh phase
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involved additionof a 50 % (w/v) glycerol feed, supplemented with 12 mLATM1 salts,

which was fed from reservoir A at a flow rate of 18.15 miLhl? for four hours.

The final feed phase was induction of protein expression by the pure methanol feed; glycerol
feeding was terminated, the temperature reduced to 25 °C, and induction initiated by
starting a 100 % methanol feed containing 12 mL PTM1 trace salts per litre of methanol. A
feed rate of 1 mL 2 h 1 was used for the first two hours. After this the feed rate was
increased by 10% increments every 30 minutes until a target feed ra&@endf L' h 1 was

reached.

2.4 3 Mixed-feed fermentations

This feeding strategy involved the same-gptand parameters as described3action 2.4.1

up until the end of the glycerol batch phase. However, upon completion of the glycerol batch
phase, the glycerol fedatch phase was omitted and methanol inductiaras initiated
immediately, but with no temperature shift. Moreover, the induction media was not pure
methanol, but was instead a mixed feed of 50 % (w/v) glycerol and methanol in a 60:40 ratio,
supplemented with 12 mL of PTM1 salts per litre of feed. thaiuilly, the feed flow rate

was maintained at a constant flow rate of 5 mL+Lt h

2.5 Pilot scale fermentation

2.5.130 L BIOSTAT® reactor

In order to study fermentation at pilot scale a 30 L BIOSTAT® C plus (Sartorius, Epsom, UK)
sterilisableln-Place(SIP) stainless steel bioreactor was employed at a working volume of
10.5 L. This bioreactor is designed for microbial cell culture and is made up of: a control
system, including integrated pumps and aeration system, a supply unit with a temperature

control system and vessel mount, and a culture vessel with associated equipment and
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attachments. During sterilisation the vessel heats via an electric heater and sterilises for 20
minutes at 121 °C. Ancillary lines including the sample, harvest and inoculus goer

sterilised via steanfrigure 2.55hows a labelled photograph of the bioreactor.

2.5.2 Puremethanol feed fermentations

The 30 L BIOSTAT® reacBaction 2.5.1 was filled with 10 L of BSM, prepared as stated in
Section 2.2.4and sterilised in plee for 20 minutes at 121°C and a pressure of 1 bar.
Subsequently, as with themallscalebioreactor, temperature was set to 30 °C, the DO
probe was calibrated and the spbint set to 30 %, controlled by a sequence cascade of
agitation (impeller speed 46@ 1123 rpm) and, once the upper limit was reached, oxygen

gas blending (0.5 vvm constant volumetric gas flow rate) in ratio mode. The pH was set to
5.0 (x deaebands 0.25). Once at the correct temperature the BSM was supplemented with
43.5 mL of sterile PM1 salts, resulting in a temporary drop in DO. Once thstabilised at

100%, the bioreactor was inoculated with 500 mL of inoculunsd§ab~1020). To prepare

the inoculum 1 mL WCB was inoculated into 200 mL BMGY in a 2 L shake flask and incubated
in an orbital shaker at 30°C and 250 rpm. The glycerol batch phase ended with the
exhaustion of glycerol in the media, typically around2DBhours, depending on the optical
RSyaArde FyR adldS 2F GKS Ay20dz | { Acatel byO dzf (i dzNBS &
a stalling of cell growth and sharp but brief rise in DO. This stage was also indicated by a
drop in CER as described for the ambr® modular250 bioreg&ection 2.4.2and this was

used to trigger a fedbatch glycerol phase, during which a 5d%'v) glycerol feed,
supplemented with 12 mL'LPTM1 salts was added at a constant flow rate of 18.15mL L h

-1, After four hours, glycerol feeding was stopped, the temperature was adjusted to 25°C
and the methanol induction phase was initiated. Methanol induction was conducted using

one of two methods.
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Figure 2.5 Labelled photograph of Bio8@PLUS stainlesteel fermenter.
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2.5.2.1 Multistage Feed

Glycerol feeding was terminated and induction initiated by starting a 100 % methanol feed
containing 12 mL PTML1 trace salts per litre of methanol. A feed rate of 3.6 Tidslused
initially, while the celledapted to the methanol feed. Once adapted (after approximately 4
hours) the feed rate was doubled to 7.3 mL-hand maintained for 2 hours. The final feed

rate was adjusted to 10.9 mL htlwas maintained for the remainder of fed batch phase.

2.5.2.2 Progressive Feed

Glycerol feeding was terminated and induction initiated by starting a 100 % methanol feed
containing 12 mL PTML1 trace salts per litre of methanol. A feed rate of 1 miwhhused
for the first two hours. After this the feed t@was increased by 10% increments every 30

minutes until a target feed rate of 5.5 mL t! tvas reached.

2.5.3 Mixedfeed fermentations

This method involved the same sgb and parameters as described3action2.5.2up until

the end of glycerol batcphase. However, upon completion of glycerol batch phase, the
glycerol fedbatch phase was omitted and induction was initiated immediately, but with no
temperature shift. Moreover, the induction media was not pure methanol, but was instead
a mixed feed of 8 % (w/v) glycerol and methanol in a 60:40 ratio, supplemented with 12
mL of PTM1 salts per litre of feed. Additionally, the flow rate was not progressive as

described irSection 2.5.2.2nd was instead maintained at a constant flow rate of 5 mL L h

-1
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2.6 VLP Downstream Processing

2.6.1PichiaFermentation Harvesting

Fermentation broth derived from the ambr®2500r 30 L BIOSTAT CPLUS bioreactors
(Sections 2.4 and 2.5yas harvested at 15,000 g, 20 min and 4°C using a Beckman Avanti J
25 floor-standing cetrifuge (Beckman Coulter, High Wycombe, UK). The supernatant was

discarded and the wet pellets retained and stored; &0 °C.

2.6.2 Cell Disruption by High Pressure Homogenisation (HPH)

Frozen cell pasteSection 2.6.) was weighed and rsuspended in appropriate lysis buffer

as prepared irBection 2.2.6o0 achieve a WCW concentration of 50 g linless otherwise
indicated. Using a Lab40 High Pressure Homogeniser (APV Gaulin, Lake Mills, USA) 40 mL of
cell suspension &s disrupted for three passes at 500 bar, unless otherwise stated. Sample
cooling was achieved during homogenisation by the use of a glycol cooling loop. Subsequent
to homogenisation a 1% (v/v) addition of a 10% (v/v) Tritd®& stock solution was added

to enable dissociation of protein from the cell membrane and allowed to incubate for 1 hour

on ice. Following this 1 % (v/v) 500 mM EDTA was added to each sample.

2.6.3Cell disruption by Adaptive Focused Acous®gs\FAR)

AFAmediated cell disruptiorfLiet al., 2012)was undertaken on 1 mL cell suspensions in
various lysis buffer compositions using an E2108%lesice (Covaris, Brighton, UK). Samples
were loaded into milliTUBE vials, each containing an integrated fibre which improves
disruption. The 4 % rack was placed into the Covaris water bath maintained at 10 °C,
subsequent to a 30 minute degassing and cooling period. Cell disruption was performed in

power tracking mode, with each tube moving sequentially above the focal zone of the
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submerged acoug transducer for 60 seconds. Following sonication 1 % (v/v) 500 mM EDTA

was added to each sample.

2.6.4Clarification of Disrupted Cell Suspensions

Samples with volumes of either 1 mL or 40 mL, fr8ection 2.6.2 and 2.6.3vere
centrifuged at 15,000 ot0,000 g for 20 minutes, respectively. Supernatant was retained
and filtered througheither 0.22 um or 0.22 ym and 0.45 pm 33 mm PVDF syringe filters
(Merck Millipore, Watford, UK), again respective of sample volumes. Filtrate was stored at

-20°Cuntil analysis.

2.6.5High-throughput Screening for VLP purification usingNB 5 A Plaiez N

+ NA2dza t NS5AO02NM tflGdSa o/ @ldA@dls ! YSNBEKIYXZ |
suitable resins and bind and elute conditions for the purification of €LEEX and AIEX resins

were tested for binding and elution at a pH range of 4.0 to 8.0, and an eluting NacCl

concentration of 0.5 1 M. HIC resins were screened for binding and elution over a pH range

of pH 5.0 to pH 8.0, a binding ammonium sulphate conegiain of 1 M and elution

concentrations of 0.6 and 0.4 M\schematic of the method is shown @hapter 6 Figure

6.6. Samples were retained at each stage and subjected to the dot blotting and

immunostaining procedures as outlidé Sections 2.7.5 and 2.6.
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2.6.6 Preparative scale column chromatography

Preparative scale column chromatography was performed using prepacked 5mL columns

operating with different separation chemistries. A precise methodology and overview of the

conditions is provided iBection 6.2. Using an& Y ¢ !Avant system (Cytiva, Amersham,

United Kingdom) equipped with a fraction collector (5 mL were collected in each fraction)

the bindand-elute chromatography runs were performed. Samples were loaded, volume

dependent to the chromatgraphy mode, this was followed by the appropriate buffers

0SAYy3 LIzYLISR & LISNI YIydzFlI OGdzNENDa AyadiNHzOGA2Yy A
changing the gradient of buffers and allowing different combinations to be mixed. The outlet

of the columnswere also equipped with an absorbance detector measuring at 260 and 280

nm for protein detection

2.7 Analytical Methods
2.7.1 Biomass Quantification

2.7.1.1 Biomass Quantification (Optical Density)

Fermentation samples were appropriately diluted withiehised water into 1 mL acrylic
cuvettes and the light absorption was measured at a wavelength of 600 nm using an
Amersham Ultrospec 500 Pro spectrophotometer (GE Healthcare Life Sciences; Hatfield,

UK). All readings were in the range 0.2 to 0.8.

2.7.1.2Biomass Quantification (WCW)

In a preweighed 2 mL centrifuge tube 2 mL or less of fermentation broth was centrifuged
at 10,000 g for 10 minutes at 4°C using a benchtop Eppendorf Centrifuge (5415R). The

supernatant was discarded or immediately 0.22 pukéféd for HPLC analysBdction 2.7.8
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and the pellet weighed. WCW was recorded as the pellet weight minus the initial tube

weight. Cell pellets were retained for further analysis

2.7.1.3 Biomass Quantification (DCW)

Microcentrifuge tubes were dried ian oven at 100°C for 24 hours before being weighed.
The tubes were then stored in the oven until required. Once needed, 1 mL of cell suspension
was aliquoted into the tube, centrifuged to pellet the cells, the supernatant discarded and
the tube dried in aroven for 24 hours. The tube was weighed again and the initial weight

subtracted in order to determine the weight of the pellet.

2.7.2Physical characterisation of cells and lysate

2.7.21Cell Size Distribution: £SY

The average size of cells and caltutlebris within the lysate was determined following
various lysis conditions to examine the effect on particle sizeA®Y® cell counter (OMNI
Life Science, Bremen, Germany) fitted with a 150 uM capillary was used. SariilegL(b
were resuspended inlmL Casyton buffer and measured five times. The average of these

measurements was plotted.

2.7.2.2 Viscosity

Viscosity of cell suspensions and cell lysates was measured a Kinexus, conical plate
rheometer (Malvern Instruments, Malvern, United KingdofNpwton, Vlahopoulou and

Zhou, 2017)1 mL of sample was placed onto the lower plate. The upper plate geometry
used was a conical plate with a 4 ° angle and 40 mm diameter (CP4/40). This geometry has
a fixed gap distance of 0.4 mm. The temperature was s23°C and the viscosity was

measured at a shear rate of 50Dadter steady state Torque measurement was achieved.
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2.7.3Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis-FFAISE)

An XCell Surelock® Midell (Invitrogen, Carlsbad, USA) wasedusto carry out

electrophoresis of protein solutions. Rl & G b dA2% Biris gefs (Invitrogen) were

placed into thegel tankand 200 mL of MES running buffer with 500 pL NuPage

antioxidant was added to the inner chamber and the comb removed.

ProtSAY &l YL S& 6SNB LINBLI NSR 6o0H®p X[ LINPUSAYZI Mt
p X[ bdzt Il 3Su mnE NBRdzOAYy3I | 3Syioz @G2NISESR | yR
gSNBE | LILX ASR G2 GKS 3ISt atz264a 4 + @2tdzyS 2F wmd
(Thermo Fisher Scientific) was applied at a volume of 3 uL to aid molecular weight
determination. The outer chamber of the gel tank was filled with 600 mL MES running buffer

and electrophoresis was performed at 200V for 35 minutes. Gels were eithaedtaiith

Hn Y[ 2F [/ 22YFa&aAS Lyadlyd. tdzSu F2NJ 2yS K2dzNJ 2
described irSection 2.7.4 After staining, the gels were washed for a minimum of one hour

before imaging with an Amersham Imager 600 (GE Healthcar8didaces).

2.7.3.1 Zymograms

To determine protease presence and activity Novex® 10% zymogram plus proteins gels
(Thermo Fisher Scientific, Waltham, USA) were run. 5 pL of clarified samples were added to
5 uL of of TrisGlycine SDS sample buffer. No redgcagent was added and, unlike SDS
PAGE, the samples were not incubated at high temperature for denaturation. Gels loaded
with 10 pL of each sample were run at 125 volt for 90 miuntes. Following this, the gel was
gently agitated at room temperature with 00mL of zymogram renaturing buffer for 30
minutes. After discarding the buffer, a developing buffer was added for a further 30 minutes

at room temperature. Following the removal of this buffer a further 100 mL of developing
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buffer were added to the gel andcubated 24 hours at 37°C for the reaction to take place.
¢KS 3IStf gla GKSYy ¢lFaKSR gA0K wh g Gt8N I yR adl A
(Thermo Fisher Scientific) for 1 hour. The gel was then imaged with the Améetéimaager

600.

2.7.4\Western Bbt Analysis

For Western Blot analysis, proteins from SEXS5E gelsSection 2.7.3were transferred to
YAUNROSttdzAZ 2aS YSYONIySa Ay +y -/ Stftwnw LL .f21
buffer (Section 2.2.] at 30V for one hour. The immunostainingofmcol described in

Section 2.7.6vas then followed.
Densitometry measurements were carried in ImageJ software (LOCI, Wisconsin, USA).

2.7.5Dot Blotting

Samples (lysed, centrifuged and syringe filtered) were applied to nitrocellulose membranes
at a voume of 2 pL. In some cases, samples were diluted in MOPs buffer to prevent
membrane over saturation. Membranes were allowed to dry at room temperature for a

minimum of 15 minutes before the immunostaining protoc®é¢tion 2.7.% was followed.

2.7.6VLP Ieéntification (Immunostaining)

Subsequent to Western or Dot Blotting protocofe¢tion 2.7.5 and 2.7.Gespectively),
membranes were blocked in 5% (v/v) skimmmadk powder PBS (0.1% Tween20) for a
minimum of one hour at room temperature or typicalbyernight at 4 °C. Membranes were
then incubated with antHepatitis B virus core antibody (10E11) (Abcam, Cambridge, UK) in
a 1:1000 solution in 2.5% skimmedlk powder PBS for one hour. After three washes with

PBST, membranes were incubated with acemdary antibody conjugated to horseradish
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peroxidase, goat antnouse (Abcam, Cambridge, United Kingdom). Finally, membranes

were washed three more times in PBS to rinse away antibody and residual detergent. Clarity

Western ECL substrate (Bid, Herculs, USA) was used to develop the membrane

I 002 NRAY 3 02 0dKS YI ydzF I OG dzZNB NR a AYaidNHzOGA2Yy a
chemiluminescence automatic exposure with colorimetric marker on an Amersham Imager

600 (Cytiva, Amersham, United Kingdom).

2.7.7 Protein giantification

2.7.7.1 Total Protein AnalysisNanodrop

Total soluble protein analysis of unclarified, clarified and column purified lysStzgi¢n
2.6.2, 2.6.4 and 2.6)5wvas performed using a Nanodrop 1000 spectrophotometer (Thermo
Fisher Scientifid, F A4t S&X ! YO® ! & LISNJ GKS YI ydzZFl OGdzZNBENRA

applied to the instrument in triplicate and values read at an absorbance of 280 nm.

2.7.7.2 Total Protein AnalysigicinchoninicAcid (BCA Assay

PAAY 3 (KS Profeif &Exg kit (Thefrmo Fisher Scientific) the working reagent was

LINBLJI NBR & LISNJ GKS YIFydzF OGdzNENR& Ay adNHzOGA2Y 2
dilution series was also prepared and 25 L of each was loaded in triplicate into a 96 well

plate (type and supplier) alongside appropriately diluted samples. To each well 200 L of

working reagent was added. The plate was sealed with foil in order to prevent evaporation

during the subsequent 30 minute, 37°C incubation. Following this, plate reading was

performed at 562 nm using a Safire Il mypltaite reader (Tecan, Reading, UK). The BCA

calibration curve are shown inAppendix10.2.
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2.7.7.3 VLP Particle Size Distribution: (Dynamic Light Scattering, DLS

Particle size distribution was determined by DLS using a Zetasizer Nano ZS (Malvern
Instruments Ltd.,Worcestershire, UK This estimates the size distribution of dispersed

particles in the nm range based on the intensity of light scattered. Brownian matio

particles induces rapid fluctuations in light scattering from which the speed of motion and

in turn, the particle size can be calculated (Malvern, 2018). Following homogenisation and
centrifugation, samples were syringfiitered (Millipore) usingpd®8 a Al S&a 2F noénp >Y
n®HH >Y NBaLS Ol sadthhii 26.4Banpldd SéraxeR dilBaR 200%yin PBS.

Ten readings were taken for each sample and the average volumes with standard deviation

error bars were plotted.

2.7.8Methanol Quantification(High Performance Liquid Chromatography, HPLC)

A Dionex UltiMate3000 HPLC (Thermo Scientific, Paisley, UK) system fitted with an Aminex
HPX87H column (Biwad, Hercules, USA) was used to determine methanol and glycerol
concentrations during the inductiophase of each fermentation. Using 0.1 % trifluoroacetic
acid (TFA) as the mobile phase the column was run isocratically at 0.6 mtfarir80
minutes with column temperature maintained at 60 °C. An ERC Refractomax 250 refractive
index detector was usetb monitor the samples (injection volume 20 pL). Quantification

was performed using external standards.

2.7.9VLP Visualisation (Transmission Electron Microscopy, TEM)

In order to visualise VLP morphology by TEM, electron microscopy grids were prapdred
negatively stained. Briefly, 2 pL of sample was applied to one side of adifolarged
carboncoated copper mesh grid and allowed to incubate for around 60 seconds.

Subsequently, excess sample was blotted away and the grid washed with a dropllefidisti
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water applied using a Pasteur pipette before staining with 2 % uranyl acetate. The grid was
drained of excess uranyl acetate, enabling it to stay wet for 30 seconds, before blotting and
air drying. The sample was then visualised undéE®L JEO10transmission electron
microscope (JEOL, Welwyn Garden City, &f€)) imaged using &atan Orius camera

(Abingdon, UKat a variety of different magnifications.
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3. Identification of critical process parameters
and initial characterisation of HBALP
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3.1 Introduction

To facilitate the development of HBC as a flexible vaccine platform, it is first necessary to
characterise the production and purification of protein and V&ec{ion 1.7 and create a
benchmark process from which further hypotheses can dxplored. Ultimately, the
objective of successful bioprocess development is to improve yield, reduce costs or, more
likely, a combination of both. In addition, there are other important aspects to consider,
such as quality of the final product, and ovi@oductivity. However, whilst some process
2LJ0A2ya YIeé aSSY | R@GIyGlr3aS2dzas GKSNBE Aa y?2

and subsequent product.

With this in mind, it is necessary to first identify critical process parameters and estaiblish
understanding of the particular expression system and the product of interest. The
expression system utilised in this thesis As pastoris(Section 1.§, and whilst the
fermentation of P. pastorias been extensively studied, it is clear from ther&ture that

the optimum cultivation process is strain or indeed, product dependent. In Chapter 1, typical
bioprocess methodologies for recombinant proteins produceH.ipastorisvere discussed

and evaluated and a number of initial research questionatired to upstream processing

were formed to be addressed in this chapt&egttion 1.1).

Following upstream process development comes an important part of the overall process;
product recovery. In this work, the protein(s) of interest are VISest{on 1.3 which will be
produced intracellularly and therefore must be released from the cells. Product recovery
can be difficult and expensive, particularly when the product is intracellular, and
downstream processing can consume over 50% of total process (featsl, 2007)

Typically, a multistage primary recovery process is used, including separation and
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concentration of cellular solids from the broth using centrifugation and a lysis step to
liberate the product from the cells. The various lysis methods werefly reviaved in
Section 1.7.2 and can be mechanical, physical or chemical ocoabination of these
techniques. Subsequent to lysis, the product stream is often centrifuged and/or filtered to
remove cellular debris. Further steps may then be necessaoy to further purification,

such as solubilisation or precipitation.

Highpressure homogenisation, a mechanical disruption technique, is a popular choice for
large scale microbial cell disruption and, in simplistic terms, works by forcing cells through
a restricted valve at high pressu(8hepardet al., 2002; Let al, 2012) By altering either
pressure or pass humber it is possible to improve product recovery, however, it also results
in a large quantity of fine cellular debris which may prove to be difficult to remove in later
downstream processing stagéset al,, 2013) An optimal primary recovery step must take
this into account and therefore a tradeff between maximum product yield and ease of

recovery is likelyTamet al,, 2012)

In addition to the method used to lyse the cells, the chemical composition ofufiertused

at this stage is also importarfislam, Aryasomayajula and Selvaganapathy, 2@ujing
protein purification the buffer system utilised, and the pH of the buffer system, are
important considerations. It is necessary to select a pH that esghlefication throughout

the downstream processing aligning with the requirements of later chromatography
processing steps whilst also maintaining protein solubility and stability. As a result, scouting

of different pH values at the lysis stage is ess#nti optimise overall protein recovery.

Finally, the developmerdf a successful VLPguess requires an effective analytical toolbox.

As discussed in Section laalytics are crucial process development, enabling processes
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to be assessednd optimsed and products to be understood, defined and imprové&grly
process developmenin generalshould focus on rapid and easily interpretable results
whilst later stage development shoukmploy more indepth and robust techniqueto

monitor yield, purity and artiand immurogenicity.

3.2 Aim and objectives

The aim of this chapter is to establish baseline methodologies and identify critical process
parameters for the production of HBKL, KISection 1.11)n P. pastorisThe aitput of this
chapter will be a benchmark process from which the overarching hypothesis of this thesis
can be further explored. To achieve this, the construct, HBE&1 will be utilisedSgction
2.1.1). The experimental approach will first involve ideyitij a suitable fermentation
protocol, including identifying appropriate media, feeding and induction parameters.
Following this, an effective primary recovery process will be established. The results of this
chapter will also provide a benchmark for thesation of highthroughput bioprocess

development approaches. The key objectives of this chapter are outlined below:

1 Establish a baseline fermentation protocol for production of the HHBCK1 VLP in
P. pastorisncluding, but not limited to; growth media, induction strategy, duration
of induction.

1 To determine both the sequence of, and operating conditions for, presingin
primary recovery techniques for effective lysis and product recovery by conducting
a presscreening experiment.

1 Identify and establish the analytical techniques necessary to qualitatively and

guantitatively assess soluble and insoluble HBECK1 produen.
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3.3 Results and Discussion

3.3.1 Methanolinduction of P. pastorifermentationsto produce HBCK1, K1

Many VLPs have previously been producedPinpastorisas published in the literature
(Section 1.7.). Moreover,TandemCore HBC VLPs havedreproduced in bacteria and in
plants(Thuenemann, 2010As such, it may be reasonable to assume the constructs would
be produced easily using typical, well characterised methodologies. However, literature also
highlights that the size and physicochealigroperties of the inserted sequence may
influence soluble HBC production and recovery and this has not been widely investigated
for VLPs made usingandem Core technology. Certainly, numerous undesirable
characteristics have already been identified in the search to facilitate VLP vaccine
development. For example, research highlights the role of high hydrophobicity and cysteine
residues in particle formatio@anssenst al,, 2010; McGoniglet al., 2015) Moreover, the
disulphide bonds in HBC have been found to be unnecessary for appropriate VLP formation

and may irfact sterically hinder chimeric VLP assen{ld#fhitacre, Lee and Milich, 20Q9)

Whilst Tandem Core technology in itself was developed to overcome issues offatding

and steric hindrance by genetically linking the monomers together, there have been many
reported failures to produce VLRSchumacheet al., 2018; AstorDeavilleet al., 2020;
Peyet et al, 2020) Initial work was therefore carried out to verify VLP expression and
formation and to establish baseline protocols which can be used as a benchmark for later,
more indepth studies. In order to achieve this, initial work focused onsutid a simple,

well established Invitrogen cultivation strategy to produce HBCK1 (Invitrogen, 2002).

An induction strategy using pure methanol was first implemerdsdiescribed ifsection

2.4.2 This was carried out using the ambr®250 shugke, paallel bioreactor system
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(Section 2.4.}, with a working volume of 100 mL and 40'glycerol in the medium as the

initial carbon source during the batch growth phase. The results are shokigure 3.1

The standard Invitrogen protocdhfitrogen, 20@) is widely reported in the literature and

is generally accepted as a good starting point for expression under the AOX promoter.
However, as outlined by Looser et al. (2015) it is becoming more common to adapt this
procedure to better suit the protein oto match an otherwise established process or
equipment. In any case, the assumption that the process is generally applicable proved
correct and the fermentation stages and online measurements were as anticipaitd

the exception of arextended batch phse This wasalmost certainlya result ofthe seed

inoculum as opposed to product or process characteristics.

The DOT declines as anticipated during the batch phase due to increased cell growth and
therefore, increased oxygen consumption. Once D€ached the sepoint of 30% it was
maintained constant by the feedback control loop, illustrated by the rise in stir speed from
~1300 rpm to the maximum set point of ~3175 rpm throughout the duration of the batch
phase(Figure 3.). The maintenance of DOJ important for a successful induction phase,

as methanol catabolism cannot occur in the absence of oxygepeda, Pessoa and Farias,
2018) After approximately 45 hours, a spike in DOT can be observed indicating depletion of
the carbon sourcéBawaet al., 2014) Subsequently, a fedatch phase of a carbaimited
glycerol feed was initiated for four hours prior to methanol induction. During this time, DOT
is maintained close to the set point as cell metabolism continues. Inherently, medium pH
and DOT is highly influential on cellular growth and protein synth@seciri, Kuystermans

and AlRubeai, 2008)
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The second DOT spike at 49h signifies the end of thddéch phase, at which point the
temperature was lowered to 25°@igure 3.1A)which, asresearch suggests, may prove
beneficial to protein productiorfDragosits, Mattanovich and Gasser, 2011; Anasoetzis

al., 2014) Methanol induction was initiated at a low flow rate@i mLh*to allow the cells

to adapt and minimise the potentialf anethanol toxicity after which, the flow rate was
increased exponentially a final flow rate of 0.3 mL h(Anasontzi®t al., 2014) Induction

was carried out for 140 hours in order to study the effects on biomass and protein
production over time. fie DOT profile presented Kigure 3.1Bemained stable throughout

the induction phase implying that the cells continued to metabolise at a steady rate.
Increases in DOT beyond induction would indicate a decreased oxygen uptake rate and, in
turn, reduced ell metabolism(Naciri, Kuystermans and-Rubeai, 2008)Also depicted in
Figure 3.1Bs the carbon evolution rate (CER) which can be useful in indicating metabolic
activity and is an indirect estimation of biomass. CER essentially depicts the rate of substrate
combustion and in essence, increased CER is indicative of carbonaceous sulssdrat a
higher rate(Omstead and Greasham, 1989; Meyer and Schmidhalter, 20A4a3uch, at

glycerol depletion the CER dropped rapidly, hence triggering initiation of induction.

Samples were taken periodically throughout the fermentation andsg@Bnd WCW
measurements conducted as describedSection 2.7.1.Jand 2.7.1.2to monitor biomass.

The Olgyg, increased throughout the batch phase, as expected for microbial growth (data
not shown). The aim of fedatch operation is to continue increasing biorsashilst de
repressing the enzymes required to assimilate methanol and, as such, OD values continue
to increase, albeit more slowly than in exponential ph&Seset al, 2005; Junget al.,

2007)
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Figure 3.1 Initial fermentation d?. pastorisexpressing construct HBC, K1 Fermentation
profile for athree-stage,pure methanol induced fermentation of a Tandem Core HBC construct
with K1,K1 insert©nline déa showing(A) (@ ) pH, andemperature (@ ) and(B) (¢ ) agitation
rate, (p ) dissolved oxygen tension (DOT) amil CQ evolution rate (CER). The grey dotted lines
indicate the end of batch and glycerol fleatch respectively. Induction is marked by thEigure
legend also included top rigltermentation was carried out as outlinediection 2.4.1
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During induction, he aim is no longer to increase biomass but instead to initiate protein
expression, and this is reflected in the OD measurements which indicateaamiyor
increase in optical density, maintaining an almost constant value over timecdlleeted
fermentation samples were, following numerous processing stepsc(ion 2.6.2, 2.6.4,
2.7.3 and 2.7.% utilised to monitor total and specific BC protein expression overtime.

This data can be seenkilgure 3.2and is discussed in the following section.

3.3.2Effect of induction time orPichiagrowth and protein production

Whilst high product titres are a desired outcome of upstream process development, it is not
the only aspect to consider. In order to enable future commercialisation of a product, it is
vital to accelerate both upstream and downstream process development. This, in the short
term, reduces processing time and costs whilst, in the long term, reduces process

development time scales (Lye et al., 2009).

Moreover, in the case of HBCL, K1, incre&sl protein expression may not correlate directly
with increased VLP production due to factors such as steric hindrance, formation of
degradation products and undesirable aggregation (as discussed lagarction 3.3.3.2
Therefore, during process development, changes to product quality must be monitored
throughout the duration of induction. Samples were taken every 24 hoursipdsiction

until 140 hours in order to select an optimum induction tinkégure 3.2Ashows tle SDS

PAGE gel and western blot of these thomirse samples.

The fulllength HBEK1, K1 can be seen at ~ 45 kDa, and whilst this is the protein of
interest there are also many truncations of the product in the crude lysate. These
truncations are not premnt in the soluble fraction (post centrifugation and 0.22 pm

filtration) indicating they are insoluble. One explanation for these degradation products is
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Figure 3.2 SBBAGE and western blot analysis of HBCK1 production by. pastori®overthe
course of methanol inductioffA) Coomassie stain of crude, soluble and supernatant samples
taken over 140 hours post inductidB)Western blot using antibody 10E11 of crude, soluble and
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taken from the fermentation shown fRigure 3.1 Following lysis, 100 pL of crude lysate was
retained and the remainder was centrifuged and filtered as descrit&eciion 2.6.4
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proteolytic activity during cell lys{&leesoret al., 1998) Alternatively, research conducted

by Jeng et al, (1991) suggests thattpBoduced intracellularly may be more unstable than
extracellularly produced core particlgdeng and Changi, 1991owever, given that
Tandem Core HBC constructs have a genetic linker to hold together the monomers this
explanation may be insufficient. A further explanation for the truncation may simply be a
result of improper translation initiatiorfJennings et g1.2016) Whilst truncated products

can complicate the subsequent purification steps these products were easily separated from
the desired protein and so no further investigation was required at this .tisethe HBC
K1,K1 was producddtracellularly, no protein can be seen in the supernatant during early
induction. At 140 hours howeverFigure 3.2B faint bands can be observed in the
supernatant samples, most likely as a result of cell lysis. This observation suggests a shorter
inducton length would be more beneficial. Moreover, one of the advantageous of
heterologous protein expression in yeast is that high cell density fermentations can be
completed much faster than that of mammalian expression systems. Whilst process time
and costsmay be insignificant at small scale, in the case of sgaler product

commercialisation, a shorter fermentation would be considered beneficial.

Densitometry analysig-{gure 3.3 indicates only a small increase in protein expression 48 h
post induction,however while protein expression appears highest after 140 hours this
increase was only marginal and so this was ruled out due to lysis and time constraints.
Ultimately, the results show significant protein expression after just 24 hours of induction,
with band intensity increasing only a little at 48 hours. As a result of these findings a
maximum induction length of 48 hours was selected as a suitable-wédeetween protein

expression and process time.

105



12000-

10000+

(o5}
o
o
(lD

6000

Densitometry Signal

40004

2000+

24 48 72 96 140

Sample timepoint post induction (h)

Figure3.3 Densitomefr analysis of soluble HBGCK,K1 protein poshduction. Densitometry
analysis was carried out on the bands of interest from the Western blot depidtiguie 3.2
Densitometry performed as describedSection 2.7.4.
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Ultimately the bandintensity in the crude, unclarified and unfiltered samples is much

ANBFGSNI GKFYy GKS WwazfdzotS FNIOGA2YyQ 2F GKS aly
soluble VLP recovery. In order to achieve more efficient primary recovery, it is necessary to

recover more of the insoluble VLP that remains within the cell pellet and this will be

addressed in greater detail later @hapter 5.

3.3.3Initial product recovery screening of HBE1,K1

Section 3.3.5howed that soluble HB®1,K1 can be produced in, and recovered frém,
pastoris The induction strategy utilised can serve as a benchmark for further upstream
optimisation. Furthermore, a suitable induction time of 48 h was selected, providing a
satishctory tradeoff between protein production and fermentation length, both of which
are important aspects to consider; particularly at large scale. The previous work also
highlighted the necessity of finding an appropriate primary recovery method to achieve
good soluble protein recovery and limit loss of protein in the insoluble fraction. With this in
mind, this section aims to address the hypothesis that manipulation of both mechanical lysis
and buffer conditions characteristics could improve VLP recoveryest this hypothesis,

the following questions were addressed:

1) What impact do homogenisation conditions have on cell lysis and soluble HBC
recovery?
2) Do different pressures affect clarification and recovery of soluble HBC?

3) Does lysis buffecomposition lave an effect on soluble protein recovery?

The data obtained will also provide a benchmark primary recovery process which can be

used as a foundation for further development.
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3.3.3.1Effect of pHand detergenton product recovery

The cell disruption methib used for primary recovery of intracellular protein is important,

as is the composition of the buffer used during this process. It is necessary to select a buffer
pH that both compliments the protein of interest and allows for proper folding and stability
whilst also aligning with later downstream purification unit operation requirements. As a
result, pH scouting is essential to optimise protein recovery at this stage. Detergents are
also commonly used in protein extraction to assist with permeabilisatibrells and
solubilisation of released proteins. Detergentdiated processes allow for efficient VLP
recovery by enabling separation of proteins from the process stream such as the cell
membrane and other debris. Tritor200 (TX100) is one of the mosidely used and has
been effective in various protein recovery methodologies, including for YK&ey and

Bard, 2010; Sengottaiyan, R#davon and Persson, 2013; Norkiene et al., 2015)

An initial screening experiment was therefore performed to invedéghe effects of pH,
homogenisation pressure (bar) and incubation time with TritetO® on product yield and
recovery. Material was generated by mixesbd fermentation (previously described in
Section 3.3.2. Samples were reuspended in lysis buffert &awvo different pH conditions
(succinic acid, pH 4.2 or MOPS, pH 7.5). Samples were homogédfige® 3.4 for three
passes at either 300 or 500 bar. Subsequent to homogenisation, samples were incubated in
TX100 either for 1 hour or 20 hourkigure 3.5. Analytical techniques implemented to
assess differences in conditions included -PB&E, Western blotting using 10E11 as
primary antibody and dynamic light scatterin8egCtion 2.4.1, 2.4.2 and 2.4.3This pre
screening study aimed to outline the effeatbpH, TX100 and homogenisation pressure on

primary recovery of HBCAH3,K1 fron®. pastorisin order to identify critical processing
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Figure 3.4 Schematic diagram depicting the experimental workflow ofptégbure
homogenisation (HPH}amples are deposited into the reservoir and can be lysed at a pressure
ranging from 300 to 1200 bar for a number of passés ®hen doing consecutiyeasses
samples can be taken after each pass and retained for analysis. A detailed method can be found
in Section 2.6.2This figure was created using Biorender.com.
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Figure 3.5. Western blot analysis of primary recoveryspreen experiment. Lane YIP 2
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parameters for later optimisation. The parameters for evaluation were; presence and
solubility of correct protein as determined by SBSGE and Westerrdh analysis.

All eight crude samples were ran on the NuPAGH iB3sgel, as well as a partially purified
sample of HBCAH3,K1 supplied by iQur Ltd. which acted as a reference for typical recovery
efficiency Figure 3.5. Bands were present in lanes grieo, five, six and eight and absent
from all other lanes. Lane one corresponds to the reference lane containing material

provided by iQur and therefore band presence was expected.

All lanes with visible bands were the samples lysed at a pH of 7.5 alhdsimples lysed at

pH 4.2 produced no visible bands. This suggests that pH 7.5 enables better product recovery
from P. pastorisnd that pH 4.2sunsuitable, possibly due to poor solubility at that pH. With
regards to the pH 7.5 samples, those homogedi at 3 passes and 500 bar appear to
produce bands which are darker and more intense, suggesting that a higher pressure is

preferable for efficient protein recovery.

The faintness of the correct (~58 kDa, between 55 kDa and 70 kDa on the molecular weight
ladder) band in the 24 h TX100 incubated samples at both pressures (lanes 6imafiets8)

the presence of inherent protease activity in the samples which were incubated for 20 hours
prior to EDTA addition. When quantifying intracellular components fropastoris,Garcia
Ortega et al., (2015joncluded that decreases in protein were as a direct result of longer
disruption times which enabled proteolytic activi$tarciaOrtegaet al., 2015) Protease
activity in P. pastorisoften negatively impacts hetetogous protein yield as a result of
undesirable proteolysis (Ahmaet al., 2014). To overcome this effect, EDTA, a protease
inhibitor, can be added prior to purification, but subsequent to detergent extraction so as

to not prevent the nuclease activiffpemirovet al., 2012) The less intense bands observed
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in lanes 6 and 8gure 3.10 were potentially exposed to proteases and therefore the VLP

protein may have been degraded. This will be explored lat&eiction 3.3.4.1

3.3.3.2Effect ofvarying HPH parameters on primary recovery

As mentioned irSection 3.1high pressure homogenisation is one of the most widely used
techniques for large scale microbial disruption (Islam et al., 2017). Research indicates,
however, that the degree of cellar disruption is dependent on sample characteristics,
intensity or operating pressure and the number of passes through the valve of the
homogenise{Comuzzo and Calligaris, 2018pnversely, some have reported that higher
pressures can lead to procesgidifficulties due to the creation of micronized debris (Li et
al., 2013). It therefore seems likely that there will be a tradiebetween protein release

and ease of purification.

With this in mind, studies were performed to identify a reasonable wimdboperation and
establish if any effects could be seen on clarification and protein recovery. In order to study
this, frozenP. pastorigellets obtained from fermentation described 8ection 3.3.2vere
re-suspended in either buffer or water to a fir@ncentration of 5% (we/v) solid loading.
Samples were then passed three time8%R) through an APV Gaulin Lab40 homogeniser
at an operating pressure of either 300 or 1200 bar, these being the upper and lower limits
of the instrument, respectively. rAaliquot of 1 mL was taken in between each pass and
retained on ice until further processing. Samples were then centrifuged a@quthayringe
filtered as described iBection 2.6.4The filtered samples were prepared for SBSGE and
were ran in duplicee, to allow for both Coomassie staining and Western blotting. The results

of this experiment can be seenkigure 3.6

111



water buffer

kDa mwm 300 bar 1200 bar 300 bar 1200 bar
100 w|P1 P2 P3 |P1 P2 P3 |P1 P2 P3 |P1 P2 P3
-~ ’ e
70 B B
. ; . .
55 -
20 R — H -
b e — H
35 - ea &1
L B
25 = R
15 -~
10
(A)
water buffer
kDa Mmwm 300 bar 1200 bar 300 bar 1200 bar
100 == |P1 P2 P3 |PiwR2 P3 |P1 P2 P3 |P1 P2 P3
70 d
55 SR o - '.- --m
40 - -
— e ——
35 - na
- e — .
25 -
15 -
10 ™=
(B)

Figure 3.6 Protein analysis of different homogenisation conditions foiLANB& K1
release. (Afoomassie stained SPAGE def soluble protein(B)Western blot of HBC
specific protein transferred onto nitrocellulose membrane. Protein samples were
obtained from a fermentation as outlined 8ection 2.6.1 Centrifuged and filtered
lysates were immunostained as describe8egtion 2.7.6
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The protein bands visible Figure 3.6suggest that a highepressure of 1200 bar resulted
in higher protein release irrespective of the resuspension medium. Basdtedddomassie
stain, this observation holds true for both host cell proteins and -HE(E13, K1 indicating
greater levels of disruption. With regards to the use of water or buffer assaspension or
lysis medium it seems that protein recovery was higlmetiis pH 7.5 than water at both
pressures investigated. This could be due to the lower pH of MilliQ water and the lack of

buffering capacity during protein release.

The bands that are visible on the Western keigure 3.6Bput are smaller in size indicate
likely truncation of the desired heterologous protein. Whilst the HBEI3, K1 can be seen

at around 50 kDa there are numerous degradation bands at a lower mategeight. These
bands are not observed in the lower pressure conditions, likely because less protein was
released overall in these conditions. This truncation effect also appears to increase with

more passes.

To better visualise the protein release afteach pass at each condition, densitometry
analysis was carried out on the band of interest on the Western blot and on the Coomassie
stain. The results of this analyses can be seeRigure 3.7A and BThe densitometry
analysis corroborates the finding @ined inFigure 3.6 namely that P= 3 results in higher

total protein and product release. Whilst most of the protein release across all conditions
appears to occur in the first pass, indicated by the grey Bagsi(e 3.7A, a further increase

in solube protein did occur after two and three passes. As a result of this increase, and upon
surveying the literature, three passes were selected as an appropriate baseline condition
for subsequent studies. Identification of the protein of interest in the-8ASE gel is more

difficult owing to the many host cell proteins present. It should be noted that whilst these

113



are not directly comparable due to different visualisation protocols the trend will remain

the same.

3.3.3.2 Effect of homogenisation conditions @entrifugal clarification

When optimising a bioprocess, it is essential to take a holistic approach in order to
understand how each unit operation interacts with the next and is affected by previous
steps. Following cell disruption, the supernatant igifitked to remove unwanted cellular
debris and contaminants. It is therefore necessary to understand the effect of varying
homogenisation conditions would have on subsequent clarification and purification. The
ability of centrifugation to clarify the samgpivas assessed both before and after HPH. Equal
weights of frozen cell pellet were 1®uspended in buffer to a final concentration of 5%
(Wwet/V). These samples were then centrifuged to pellet tedls and the absorbance of the
supernatant read at 600 nnT.hen, samples were lysed at either 300 or 1200 bar for three
passes through the homogeniser. Both samples were centrifuged again and the resulting

absorbance readings at 600 nm are showfigure 3.8

At the lower homogenisation pressure, the superndtasorbance reading was ~27%
lower following lysis than in the high@ressure condition which suggests greater ease of
clarification. This result was further supportedpirically,when each sample was passed
through a 0.45 pm syringe filter, as the hagtpressure sample proved to be more difficult

to filter. As mentioned earlier, homogenisation at higher pressure results in micronised
debris which in turn makes membrane clarification more diffilltet al, 2013)due to
plugging of the membrane pes. In essence, the nature of the debris that is formed during
homogenisation can negatively impact initial clarification and downstream processing.
Taking into consideration the need to maximise cell disruption, or rather, maximise soluble

protein recovey, combined with the requirement to minimise any negative impacts on
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further downstream processing unit operations, further investigation and lysate

characterisation was required.

3.3.3.3 Effect of pass number at varying pressure

Cell disruption using HHPis a function of both pressure and pass number and as indicated
in Section 3.3.2and as previously reported in literature, can severely impact subsequent
unit operations(Cooket al, 1999; Bracewebt al., 2008) As already shown here f&tBC

K1,K1 high pressures and higher pass numbers resulted in better specific product recovery
but also proved worse in terms of clarification. In order to better understand this, and to
visualise the possible micronisation of cellular debris, it was deamsetul to quantify the
average patrticle size within the cell lysates. Moreover, the previous samples were each lysed
for three passes through the system, which may contribute to clarification difficudtes

product truncation

Another point of interestis whether pass number is still influential or necessary for cell

disruption beyond a certain pressure threshold. An experiment was set up exploring

pressures of 300, 700, and 1100 bar with either 1 pass or 3 passes and a duplicate 1 pass

lysis at 500 an@00 bar. Samples were also taken in between passes to provide a duplicate

of the other 1 pass conditions but the data is not shown here due to good reproducibility of

the samples at 500 and 900 barCASY® cell counter (OMNI Life Science, Bremen, Ggrmany

(Depicted irFigure 3.9 was used to count and size the particles; a Malvern Kinexus parallel

plate rheometer was utilised to determine sample viscosity (as descrilfgelditon 2.7.2.1,)

and total protein measurements were carried out on unclarifietl fisS dza Ay 3 G KS bl y 2 RNJ

mann {LISOGNRLIK2G2YSUSNI 6¢KSNY2 {OASYOGAFAOu:T 2 Af
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Figure 3.7 Total protein and specific protein release determined by densitometry analysis of
Figure 3.5(A) Graph depicting protein release following different homogenisation conditions.
Analysis is of the band of interest only and not degradation/truncation products. Grey bars
indicate first pass, blue bars second pass and orange bars third(Bp3¥stal prdein as
determined by densitometry analysis of the $SI2&E (white bars), whilst specific protein was
determined from densitometry analysis of the Western blot (grey bars). Densitometry performed
as described iBection 2.7.4
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Figure 3.8 Absorbance at 600nm of centrifuged cell suspensioanal@ost lysis.Cells were re
suspended in Tris buffer, centrifuged to pellet the cells and the supernatant absorbance read at
600 nm. Following lysis at 300 or 1200 bar, the samples @@mreifuged under the same
conditions and the absorbance measured again. The black bar indicates absorbdysie pnel

the grey bar indicates absorbance plysis. Absorbance was measured as describ8edtion
2.7.1.1.
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The results ifrigure 3.1@lepict the particle size distribution of the various conditions tested
ranging from the lowest pressure of 300 bar in the top panel to 1100 bar in the bottom
panel. Solid lines indicate one pass through the homogeniser and #eddine represents

3 passes. The samples at 900 and 500 bar were duplicated for one pass only and showed
good reproducibility in the particle size distribution. It is important to note at this stage that
the only capillary available within the CASY®aoelhter had a range of detection from 3

pm to 150 pm.

The results indicate that the average particle size is typically higher, approximateisn4.8

for lower pressure homogenisation and when only one pass is applied to the sample. As
pressure increasethe application of three passes decreases the average size distribution.
It is important to note that even at the high pressure of 900 bar, one pass is not sufficient
to alter the average size distribution. At 1100 bar, the highest pressure tested, pasenu
becomes less relevant and one pass is adequate to reduce paitieavith the peak of the

distribution moving from 5 pm at 300 bar, 1 pass to 4 um at 1100 bar

Further, the more severe lysis conditions resulted in the overall shape of the diginbut
being skewed towards the left, indicating a reduction in particle size. It should be noted
that following lysis samples were syringe filtered to remove debris for protein analysis.
Samples lysed at higher pressures proved more difficult to filter randired numerous
filters to adequately filter the entire sample. This is likely due to micronized debris which is
beyond the limit of detection of the CASYResearch indicates that pass number and
pressure are linked with increased product recovery, hesve the fine cellular debris

becomes more difficult to clarify (&t al.,2012; Lt al.,2013).
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Figure 3.%5chematic diagram representing working mechanism of CASY® instrumentation used
for cell lysate characterisatio@AS®diagram depicting compents and sample application
workflow. The CA®reasures particle size distribution by drawing the cell suspension up
through the pore, enabling contact with the electrodes in the measuring capillary and in the
sample container. The pore size and partideductivity and size results in a resistance signal.
The diagram was created using Biorender.com with the former being adapted from ti#®& CASY
page of the Cambridge Bioscience webpage (bioscience.co.uk).

119



1 2 3 4 5 6 7 8

— 6300L 300bar
S F ---3P—1P
o 4200}
U L
2100 |
0
i 1 |
+~— 6000} 500 bar:
S - — 1P 1P
3 4000}
U L
2000
0
i L |
+— 6300} 700 bar:
S - —1P- -3P
o 4200
(_) L
2100 |
0
| 1 |
+— 6300} 900 bar:
S - —1P—1P
o 4200}
O L
2100 |
0
| N |
+— 6300} 1100 bar:
S - — 1P- -3P
3 4200
O L
2100 |
0
|
1 2

Particle Sizenfn)

Figure 3.10 Particle siziistribution of HBC lysates prepared under different high pressure
homogeniser operating conditionBanels are ordered from (Top) low to (Bottom) high pressure
(300, 500, 700, 900 and 1100 bar) at either 1 pass, 3 passes or both. Particle size wasedetermi
using the CA®Yinstrument adepicted inFigure 3.9Samples which underwent one pass through

the homogeniser are represented by a solid line whilst samples which underwent three passes
are represented by a dashed line. Samples were resuspended Y® €& rolyte buffer and
analysed as describedSection 2.7.2.1
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Had a capillary with a lower detection limit been available, it is possible that a significant
volume of particles below 3 um would have been present as suggested by the filtration
behavour of the samples with increasing pressure. As a result, this data is only presented

as a comparative overview of the effects of pressure and pass number on particle size.

In order to determine the viscosity of the homogenised samples they were applied to the
Kinexus rheometefMalvern Instruments Ltd., Worcestershire, UXiscosity is essentially

how resistant a sample is to flow and can be determined by the followingtexua

[Equation 3.1] .

alé
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A rheometer such as the Malvern Kinexus operates by having a sample placed between a
fixed lower plate and a moving uppeplate. The device measures the Torque (N.m) that is
required in order to move rotate the upper plate, in this instance a conical plate (CP4/40) at
a specific, praletermined speed. The torque measurement can then be converted to the
shear force appliedro the liquid, whilst the shear rate is a function of the rotational speed
and the distance between the upper and lower plates. The viscosity is then calculated by

applyingEquation 3.1

The viscosity readings obtained by the rheometer are showrigne 3.11A.In general,
samples that were lysed for three passes had higher viscosities in comparison to their one
pass counterparts. In addition, the higher pressures also resulted in more viscous samples.
This increase in viscosity could be due to increasalt disruption associated with high
pressure and pass number which results in the release of highly viscous DNA from the cells.

This is supported in the literature and is the reason why nuclease inhibitors are added to
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lysis buffers to reduce the impaof intracellular DNA releas@gNewton, Vlahopoulou and

Zhou, 2017)

In order to determine total protein of the crude lysate 2 pL was applied in triplicate to a
blry2RNRLIM wmMnnn {LISOGNRLIK2:G§2YSGSNI 6 ¢caddS NI 2
absorbance was measured at 280 nm. The reskHitgute 3.11Bindicated higher levels of

total protein at the high pressure lysis condition and the lowest protein recovery at the
lower pressure (300 bar). In all cases three passes resulted in higledr pgrotein

measurements than one pass alone. However, this effect is less obvious at 1100 bar.

3.3.3.4.Impact of solid loading on pass number and recovery

The previous section addressed the effects of pressure and passes on various aspects of cell
disruption, measured through total protein, viscometry and particle size analysis. Before
assessing the effects on soluble HBC recovery, the solid loading during lysis and how this
might reduce efficiency was also determined. For this experiment the presaas
maintained at 700 bar, the midpoint of the pressure ranges investigated, and the solid
loading (gcw L) and pass number were varied. The particle size analysis results obtained

from the CASY counteBéction 2.7.2.}, are shown irFigure 3.12

The overall particle count (the area under the curve) for the two bottom panels denote 1%
(Wwet/V) solid loading (10 g1WCW) is lower count than the other conditions. This is due to
the lower cell loading in the sample. The 1% samples also show a distriburve skewed
towards smaller particles indicating good cell disruption, more so than higher loadings. This
holds true for both the 1 and 3 pass conditions suggesting that at low solids the lysis
efficiency is good. The three panels above are tripiisaif the 5%, 3 passes condition and
also show a left leaning distribution and the replicates show good reproducibility
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Figure 3.1Effect of pass number and pressure at a fixed solid loadiriy¢g HBC K1.K1 release
from P. pastoriby HPHSamples resuspended at 5% solid loading, lysed for either 1 or 3 passes
across three pressures (300, 700, and 1108)Effect on viscosityB) Total protein of non

clarified lysate under the differing opeii A y 3
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Spectrophotometer. Viscosity measured as outline&eotion 2.7.2.2and Nanodrop protein
concentration was estimated as describedSection 2.7.7.1Dot blot analyses shown in

Appendix10.1.
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Figure 3.12Particle size distribution of lysates under different solid loading conditititis was
performed at 700 bar for this comparison and the concentration of solids resuspended in lysis
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described irSection 2.7.2.1.
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The distribution for the no#tlysed 5% (wet/v) material, highlights a large volume of 5 pm
particles as expected from the sizeRithiacells cited in literature, ranging between 4 pum
and 6 um(Gmeineret al,, 2015) The top two panels indicate 10%.¢v) solid loading (100

g ! WCW) where th distribution of particles lies slightly shifted to the left of 5 um

indicating poorer disruption, which is still improved through pass number.

The viscometry data of differently resuspended samples homogenised for the same number
of passes (=3) shownin Figure 3.13indicates that higher solid loading coincides with
higherviscosity. This is likely related to the higher cell disruption and corroborates what was
observedin Figure 3.12Interestingly, the viscosity of the lysed samples after 1 smsys

that the 1% (wet/V) solid loading was more viscous than the 10%{w) 1 pass. This could

be perhaps due to higher efficiency of disruption and resultant increased release of viscous
intracellular materials. These findings are in good agreemetit prievious research. For
example, Kleinig et al. (1995) found that cell concentration has a strong influence on
rheology, which in turn contributed to lower disruption efficiencies. In the same publication,
studying the disruption oE. coliJM101 cell sspensions they also observed an initial
increase in viscosity after 1 homogenisation pass followed by a viscosity reduction, as was

observed for the 1% (w/v) suspension ifrigure 3.13Kleiniget al., 1995)

Ultimately the results imply thatlysis efficiency is higher in less concentrated cell
suspensions. However, lysing large volumes of very dilute samples is time consuming and
would be impractical to reproduce at large scale due to large liquid volumes and lower
process efficiency overal\s indicated in their results, Kleinig et al., (1995) they discovered
that broth dilution was synonymous with higher homogenisation efficiency, but similar to

this work decided the effect was not high enough to warrant the increase process volumes.
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Given te results thus far, a number of initial conclusions can be drawn regarding the
performance of HB&1,K1 release from P. pastoris by HPH, naniglyhe lowpressure
condition (300 bar) was less effective in terms of total protein releBspi(e 3.6andHgure

3.11) and cell disruption based on the assumption that smaller particles correspond to more
efficient cell breakageFgure 3.10. 2) The highpressure condition (1100 bar) whilst
performing admirably in terms of total protein release and particlee sand giving the
potential for reduced pass requirements, proved extremely difficult to clarify and was
therefore, excluded.3) Across different pressures and solid loadings, the highest pass
number of 3 was deemed essential for protein release and getidoceakage, given the
smaller particle distribution observed after 1 homogenisation pass. In almost all conditions
increase in pass number was synonymous with average decreased particle size, which is
indicative of better cell disruptiort) The upper ad lower range of solid loading were ruled

out due to low sample specific efficiency and low overall process efficiency respectively.

Considering the abovalongside the need to maximise cell disruption and soluble protein
recovery whilst maintaining affiency and reducing negative impacts on further
downstream processeshomogenisation conditions were selected. In early screening
experiments SDBAGE and Western blotting had also been undertaken at differing
pressures and these results were also takato iaccount. Consequently, the working
conditions selected were a solid loading of 5%e(tv), a working pressure of 500 bar, with

3 passes through the homogeniser. These operational conditions offer a good compromise
between those conditions tested thufar and are in line with operational conditions
suggested in the literature (Gare@rtega at al., 2015). These conditions were also set as a

baseline process for the continuation of this Thesis unless explicitly stated otherwise.
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Figure 3.13 Effect ofolid loading and pass number on viscosity of samples lysed at equal
pressure Viscosity measurements of ntysed samples at 1% and 10% solid loading (NL) are
shown alongside measurements for homogenised samples. Samples were lysed at 700 bar for

differing number of passes (1 or 3) and different resuspension levels (1, 5 and J@\%9).(Won

lysed material and 5% lysis samples were lysed and analysed in triplicate. A diagram of HPH can
be found inFigure 3.4and a method is found iBection 2.6.2Viscosity was measured as

described irSection 2.7.2.2
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3.3.35 Impact of ysis condilonson nan@article size distribution

The material analysed fBection 3.3.3.2vas also measured using Dynamic Light scattering
(DLS) to determine the effect, if any, on particle size distribution. DLS enables analysis of
much smaller particle0(3nm- 10pum)than those measured by resistance signal, such as
with the CASY® instrument (@250 um). As such DLS was implemented in an attempt to
identify the presence of VLPs as opposed to micronized debris. DLS operates by measuring
the type and extent of gattering caused by light being shone on a sample. The reported
volume distribution is calculated under the assumption that the particles in the samples are
homogenous and spherical. As a result of these assumptions, it is important to implement
this technque in conjunction with others, such as TEM in order to better identify the
presence of correctly formed VLR®lalvern, 2011; Tom&mat et al, 2014) Western
blotting previously indicated that pH 4.2 was unsuitable for protein recovery Ropastoris

and no bands were visible and therefore DLS analysis was conducted on pH 7.5 samples
only. The DLS dat&ifure 3.14 shows a large volume of particles were within the expected
size range of 30 to 40 nm reported in the literature for HBC WLt al., 2013; McGonigle

et al, 2015)

Whilst there are no major observable differences between the two incubation tirhese®

hour in TX100, there does appear to be a small difference depending on the pressure used
during homogenisation. Samples homogenised at 500 bar appear to have a larger amounts
of smaller particles whilst samples homogenised at 300 bar tend to haigheartvolume of

larger particlesln addition to this, samples which were homogenised at lower pressure and
incubated in TX100 for 20 hours appear to have, on average, larger particles than the other

three conditions; perhaps indicating aggregation.
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DLS is unable to differentiate between fully formed VLPs and other particles of similar size
and therefore in a crude sample the size distribution may be dated by other

components. As a result, DLS may be better used further downstream in the identification
of contaminants as opposed to a measure of VLP release efficiency.

3.3.4 Characterzation ofanalyticalmethodsfor HBC K1, K1 VItBsolution and
compailison

3.3.4.1 Western blots and zymogram characterization

An important consideration when designing experiments is ensuring that the results can be
analysed and compared adequately and efficiently. Gel electrophoresis is a commonly used
and rapid method @ separate and visualise proteins of interest and otherwise. However,
there are a multitude of matrices that enable this to happen and each of these can be
conducted in numerous ways to gain a broader product understanding. In the first instance
SDSPAGE was selected for analysis in this Thesis as it is very broadly used in the literature.
The concentration of the two polyacrylamide components determines the pore size of the
gel which in turn drives resolution. Often these gels are nowgast wth a gradient of

these components which allows for even broader protein separation (Thermofisher Protein
Separation Technical Handbook).-A206 bidtris gradient wagpredominantlyutilised as the
separation pattern achievable would allow good resolutadrihe various constructs to be
produced in this work. Unless stated otherwise, samples were denatured and reduced to
visualise thefandemQore dimers. These gels were run Hil¢morpholino) ethane sulfonic

acid (MES) and this combined with the bis te$ gnables an operating pH of 7.0 in which

HBC VLPs have been found to be stélllehamed Suffiart al,, 2017)

Whilst these gels represent the common protein separation methodology throughout this

Thesis,Figure 3.15depicts a range of gels which wetealled during initial construct
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characterisation to assess native protein formation, and evidence of protease activity. The
FANRG FEOSNYFGA@S ISt gl a Iy LYGAGNRISYnH
activity by providing a substrate on whiddNR2 G S aSa OFy WFSSRT
incubation period at 37 ° C. Given the degradation products visible on thé>806E in
Figure 3.15Apotential protease activity could not be ruled out. The electrophoresis was
02y RdzOG SR | OO02 NR AnstRictiong and &s\lezdiibed in detcbIedden A

2.7.3

To begin withsamples not containing lysis buffer or reducing agents were run to see if

protease activity was an issue and if the protease, if present, could be identified. Two
standards were ran lermolysin, 37 kDa and trypsin 19 kDa) to act as reference markers.

As white bands are visible on the gel it is evident that some protease activity is in present.
Whist it is possible that the truncation seenkigure 3.6Bs due to protease activity, is

also possible that other factors are at play. These alternate factors could further explain why

the extent of truncation changes with number of homogenisation passes.

Whilst these gels can provide useful information about a construct or suitabilitg of
particular experimental condition, they are also time consuming and therefore were not
employed routinely throughout the worlkigure 3.18indicates a Western blot of the same
sample range (fermentation timeourse samples, Figure 3.6) using two déferanttHBC
antibodies to select the most appropriate for this work. Since the 10E11 gave the brightest

resolution, this antibody was used in subsequent analyses.
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Figure 3.15 Differing modes of electrophoresis and resolutiogréater sample analysiéd)
Zymogram gels for protease activity analysis. Lanes 1 through samples lysed froputsee
samples analysis in Figure IB)Comparison of two anti HBC antibodies on the same samples

in Western blots. An SBPR\GE was perfared on Fermentation samples (different fermentation
times), and Western blots using 2 different HBC antibodies were screened. Zymograms and SDS

PAGE, Western blots and Immunostaining were performed as outliSedtion 2.7.32.7.4and
2.7.6.
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3.3.4.2 @nfirmation of VLHormation by TEM

The final objective of this characterisation chapter was to visualise the HBC VLPs produced
in P. pastorisusing TEM. Whilst gel electrophoresis can provide a wealth of information
regarding the construct dimers, therfoation of VLP is not fully addressed or assessed.
Whilst it is assumed that the constructs provided would readily-astemble much like
wild-type HBC dimers this was not certain, in part due to genetic manipulation, uader
over-production or unsuitake operating conditions for particle formation. VLP formation
was therefore confirmed by TEM with samples prepared as outlin8edtion 2.7.%nd the

grids imaged using JEOL JEMD10 transmission electron microscope and imaged under a
Gatan Orius camar The results at various magnifications (200, 100 and 50 nm) can be seen

in Figure 3.16.

The third panel ifrigure 3.1&hows particles with a scale of 50 nm in the bottom left corner.
The patrticles in the image are slightly smaller than this scalessnchnfirmed using ImageJ
software, represent particle sizes of around @84 nm. This finding is consistent with the
literature (Spiceet al., 2020)and the particle size distribution of the homogenate obtained

in Figure 3.14This sizecould potentially orrespond to the t=3 symmetry form, comprising

of 90 dimers, which is less common in wild type HBC than its larger t=4 symmetry form of
120 dimers(Rybkaet al, 2019) (seeSection 1.3.1 These TEM results confirm the

production of VLPs .

133



(A)

(B)

(©)

Figure 3.16 Negativestain TEM images of HBC K1,K1 VLPs produegastorisising three
different magnifications (200, 100 and 50 n8i}e of bar represents 200 nm for the 200 and 100
nm magnificationA andB), and 50 nm for the 50 nm magnificatid).(TEM was performed as
described irSection 2.7.9

134



3.4 Summary

The aim of this chapter was to establish baseline methodologies andfideritical process
parameters for the production of HBCL, K1 ifP. pastorisAs shown in Figure 3.16 correctly
formed VLPs of the right size could be produced.

The first objective was to demonstrate a baseline fermentation strategy for HBC VLP
formation based on a purmethanol cultivation strategy. Preliminary work on the upstream
induction strategy for HBC production has shown that puethanol induction was
successful and can be adopted as the baseline process for further optimisationsd loé u
Basal Salts Medium (BSM) and the operating parameters of the fermentation have been
demonstrated to successfully produce HBC and importantly, correctly formed virus like
particles. An appropriate induction length was determined as 48dufe 3.2 and a method

to visualise these proteins successfully, using Western blotting was slkogume 3.1%. The
Western blots also enabled identification of product related impurities including aggregates

and fragments.

The second objective was to determine batle sequence of, and operating conditions for,
preliminary primary recovery techniques for effective lysis and product recovery.

For the initial high pressure homogenisation step used for cell lysis, pH, number of passes,
pressure and buffer compositionese screened. Unlike pH 7.5, pH 4.2 resulted in no
detectable product in the lysateF{gure 3.5).Number of passes and homogenisation
pressure resulted in more protein release. However, at more severe homogenisation
conditions (higher pressure and more pas) increased truncation was also observed
(Figure 3.7)The use of a buffer system when compared to a water resuspension provided
improved recoveryKigure 3.6 urther reiterating the importance of the chemical as well as

physical process parameters fibiis step. Higher homogenisation pressure and more passes
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led to better release of protein as well as increased viscosity, likely due to the release of
viscous DNA into the lysat€igure 3.1). Though the highest pressure of 1200 bar led to
increased disiption, samples were more challenging to clarify through filters. This likely
indicates excessive micronisation of particles and potential challenges when scaling the

process.

The effect of solid loading was also examined. A negative correlation between solid loading
and disruption efficiency was determined by particle size distribution measurements.
Additionally, the nodysed samples showed good agreement with literature valfos P.
pastorissize (46 pm as described isection 3.3.4 DLS of lysis samples confirmed a
presence of nanoparticles in the 3@ nm size range; which was in agreement with reported
literature values of HBC VLFsgure 3.14. As stated above, thesagicles were shown to

be fully assembled through TEMigure 3.1%. Computational analysis of the TEM imaging
corroborated the size of the VLPs of approximately 30 nm, suggesting that thi& HRC

construct seHassembles into icosahedral particles wati=3 symmetry.

In summary, the work presented in this chapter successfully characterised the production
and primary recovery of HBICL,K1 VLPs. Further it demonstrated the ability produce,
guantify and analyse fully formed VLPs. In the following chapifdcus will be the use a
smallscale bioreactor system to rapidly compare different VLP constructs, understanding
whether an individual process is sufficient for all or whether their unique epitopes heavily

influence their production needs.
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4. Fermendation bioprocess development for
rapid production of HBCVLP variast
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4.1 Introduction

In order to explore the potential of Tandem Core HBC VLPs as a platform for rapid vaccine
manufacture, the upstream bioprocess must first be defined and optimised. As discussed,
in Section 1.3.1 HBC is an excellent candidate for a flexible vacsaafotl due to its
inherent immunogenicity and ability to display different epitopes inserted in the MIR. Some
inserts have resulted in poor expression or VLP formation due to issues with hydrophobicity
or particle assembl{Liet al., 2018) The Tandem CoreB€ technology was designed with

this in mind and attempts to assist particle assembly through the use of a flexible linker

sequence which prevents dissociation of the dimers.

2 KAfald OKSIuHitshaf g2 WRINBF OK F2NJ ( rcPproteide RdzOG A2y 2
utilising yeast as the expression system is an attractive option as it combines both high yields

and protein productivity, alongside low costs and the ability to post translationally modify

proteins. More specificallyP. pastorisis an excellet candidate, due to it being a

methylotrophic yeast, coupling tightly controlled alcohol oxidase promoters and ease of

growth in an array of conditions (Mattanovieal., 2012). As shown fBection 3.3.4t was

possible to produce intact and correctlgssembled HB&1,K1 variant if. pastorisising a

well established methanol feeding reginfevitrogen, 2002

Due to the manner in which protein production is induced, i.e. the transcriptional activity of
the AOX promoters iR. pastoristhe induction strategy implemented is critical. Typically, a
two or three stage fermentation proces&igure 4.} is used, detenined by numerous
factors such as the desired protein and the phenotype ofRhpastoristrain usedCapone

et al, 2015) The genome d?. pastoriencompasses two copies of the alcohol oxidase gene,

AOX1 and AOX2, of which the promoter of the formseresponsible for around 85% of AOX
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production. Three phenotypes exist, MuMut® and Mut depending on the location of the
inserted expression casset{&hanget al, 2003) Numerous studies have explored the use

of Mut*and Mu€phenotypes in protan production. Interestingly, the benefit of each varies,
not only proteinto-protein being expressed but also with regards to other factors, such as
gene dosage. As a result, there is still considerable uncertainty surrounding which is the

most suitable ér protein expression.

Mut* strains are typically associated with higher productivities. Conversely, Kigtiradr

2012 described higher volumetric productivity and efficiency in asMtrain producing
horseradish peroxidase C1, in comparison with a*™\triain. Irrespective of productivity
there are other factors which influence phenotype selection; methanol use being especially
important. Despite Muta i NI Ayad KA&AG2NRAOlIffe& o0SAy3a Tl @2dz2NBR
counterparts, current industry trendsre towards a reduction in methanol use, particularly

at large scales. The reasons for this are threefold.|¥irstethanol is highly flammable and
therefore, use at large scale is undesirable for safety reagBnglhoferet al, 2013)
Secondly, theelationship between heat production and oxygen consumption is linear; as
methanol is metabolised heat is produced which, in turn, increases the demand for oxygen
(Niuet al, 2013) This is important as control of reactor cooling and the transfer ofjeny

are crucial to successful fermentatigdungo, Marison and von Stockar, 200#)irdly,the
cytotoxicity of methanol metabolisnsanresult in the formation of byroducts such as
hydrogen peroxide(Bawa and Darby, 2012With these factors in mind, Mutstrains

become more desirable for industrial use due to the lower rates of methanol consumption.

In a typicalP. pastorigermentation for heterologous protein production, the process can
be separated into two primary stages, cell growth and induction of protein expression

6 al NJ 204,22015) Typically, cells are first grown on glycerol in batch mode
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to increase biomass. After glycerol depletion, the enzymes which assimilate methanol are
de-repressed through the use of a féxhtch glycerol phase whilst biomass is further
increased(Coset al., 2005; Jungo, Marison and von Stockar, 20@#)ally, the induction
phase that follows consists of either: (1) a pure methanol feed which is often increased over
time, or (2) a mixedeed which contains a prdetermined ratio of methanol and a
secordary carbon source such as glycerol. With the latter induction strategy, the
intermediate fedbatch phase is sometimes omittéBrierleyet al., 1990; Charoenrast al,,

2005)reducing process time and leading to higher overall productivities.

In terms d linking fermentation conditions with phenotype, a tvetage mixed feed process
using methanol and a second carbon source are useful for;;Mbé former enabling
induction and the latter, cell growth (Zhaeg al., 2003). In contrast, a thregtage proess
comprising an intermediate featch glycerol stage followed by pure methanol induction
is often employed with Mut strains due to their inherent ability to efficiently utilise
methanol as both a carbon source and inducer. Both strategies have howesen,
implemented in the production of heterologous proteins using the Mienotype(Coset

al., 2005; Julien, 2006)

Aside from theP. pastoriphenotype selected, the biophysical properties of the product of
interest are also an important considerai when selecting an induction method. With
more complexXVLPsor thosewhich display larger epitopes on the surfagemay be the
case that over expression of recombinant protein is not optimal due to the physiological
burden on the cell or steric hindnae during VLP formatidifripathi and Shrivastava, 2019)
Thesefactorscould result in reduced productivity or formation ioicorrectly assembled or

insoluble protein aggregates incapable of generating an immune resgdaiset al., 2015)
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Figure 4.1 Schematic overview of the two or three sBagestori$ermentation process and the
different operating conditions investigatéthe threestageprocesgpure methanolj (1) glycerol
batch,(2) glycerolfed batchand(3) methanol inductionThe twostageprocesgmixed feed](1)
glycerol batch2) mixed feed induction with both glycerol and methanol. Initial stu@estion
4.3.7) compared the two feeding/induction regimes, (in orange above), on the production of
three different HBC VLP variants. Operating conditions were rnim@dtapart from induction
temperature, which was reduced during the thigage, pure methanol induction. The next
series of experimentSection 4.3.2formed the DoE screen (blue dotted arrow), during which
the mixed feeding regime waxplored through keration of feed rate and rati. The third,

Wi £ 0SNY I (Bactibs Q3) fred NdBeS virrow) was also centred on the tatage regime

and explored the alteration of various operating conditions. The final experimental option (blue
box on the left) is a variation on thieree-stageprocess whereby methanol is increased in three
fixed steps as opposed to exponential increase (data not shown).
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4.2 Aim and Objectives

For HBC to be exploited as a vaccine platform the upstream bioprocessing must be well
understood. This starts with understanding the effects of different insertprawluction,
protein recovery, and particle formation. This chapter therefore aims to address the
following question: can an upstream process be employed or rapidly developed, that is able
to efficiently produce VLPs irrespective of the insert that isldigml? Research indicates
that the position at which the heterologous epitope is inserted greatly influences both the
immunogenicity and antigeniciffschodekt al, 1992) This means that the particle may be
unable to form or may be poorly immunogenitien it does. The predominant issue is the
inability to predict whether the size or structure of the insert will negatively impact the
ability of the VLPs to sedfssemble(Crisci, Barcena and Montoya, 2013his begs the
guestion, would a platform evebe possible, or would the bioprocessing be fundamentally

different depending on the insert?

In this chapter, the effect of insert variation on fermentation processes performance and
product yields are investigated along with an evaluation of alternateeihg strategies on
product yield. To study these effects, an ambr®250 bioreactor will be used to facilitate rapid
evaluation of different feeding strategies and constructs. The parallel and sisglaature

of the ambr® system supports the widebjective of developng of a highthroughput
bioprocess development platform. Initial work will build upon the studies described in
Chapter 3 that provided benchmark fermentation data for production of the simplest
construct, HB&1K1, from which further invegttions can be based. These will investigate
the production of the three influenza tailored VLP constructs using two different
feedinginduction strategies All the constructs utilised are of Mythenotype, as described

in Section 2.1.1. and were provided by iQur. The cells were transformed with pPICz
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expression vectors carrying the gene for thenetically linked HBC dimer. These dimers

contained one of four possible insert combinations as indicatelchlvie 4.1

In terms of fermentatio process operation, the impact of induction strategy (mixed versus
pure methanol feeds), and phenotype and insert variation will be explored, taking into
account: cell growth (determined by @, wet and dry cell weight) and protein expression
(primarily assessed qualitatively using SEYSGE and Western Blots). Fermentation
performance will also be monitored through online measurements such as DOT, pH and
agitation. Additionally, the OUR and CER will be calculated, based on measurement of O

and CQconcentrations by offgas analysis.

The specific chapter objectives are as follows:

1 Evaluate the extent to which an establisheithiaexpression protocol can be used
to produce a range of HBC VLP constructs.
1 Explore alternative induction regimes to establisthere is a relationship between

induction profile and the epitope being expressed.

1 Identify if the optimisation of a single construct can be applied to similar products

due to the scaffold as opposed to the surface epitope.

1 Evaluate the use of singleuse ambi®microbioreactor systemcombined witha

DoEmethodologyfor integrationin a HT bioprocess development platform
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Table 4.1 Information regarding the different influenzadBT constructs utilised in this work.

Construct MW Alternative Description
HBCK1,K1 ~44 kDa K1,KY ¥mptyrandem Core
HBCHA2,3M2E ~65 kDa VLP1

HBCLAH,K1 ~49 kDa VLP2

HBCK1,3M2E ~58 kDa VLP3
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4.3 Results and Discussion

The following studies build upon the work describedimapter 3and were carried out to
investigate if a single fermentation strategy can be successfully applied to the production of
all HBC VLPs, irrespective of differences in their epitope. Two diffedurction strategies
were explored to identify the one most appropriate for both cell growth and protein

production in all three HBC VLP variants.

4.3.1 Investigation of different induction strategies
4.3.1.1 Methanol induction experiments

The first comparative study of the constructs explored the effects of using pure methanol
as the inducer as in Chapter 3. The fermentations were performed at 100 mL working
volume and used 40 g'lglycerol as the primary carbon source. Following the depletion of
a glycerol, confirmed by an observed DOT spike, do&tch glycerol phase was initiated,
after which a progressive methanol induction commenc&eaction 2.4.2 alongside a
temperature redwtion from 30 to 25°C. The results of these fermentations can be seen in

Figures 4.24.4.

In all profiles a rapid decline in DOT is observed from the initial 100% to the minimum
setpoint of 30% as anticipated, indicating a heathy inoculum and a resqgoD€)T probe.

The dissolved oxygen and CER traces for the three constructs are very similar, particularly
for VLP1 and VLR2hwhich the inoculum in the shake flask had reached the samg/©D

15, as opposed to an @doof 10 in the VLP3 fermentatioihe result of this is that the DOT
spike, indicating glycerol depletigBawaet al, 2014) can be seen at around 18 hours and

20 hours respectively.
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Figure 4.2 Fermentation d?. pastorisexpressing construct VLP1 with methamaluction
Fermentation profile for Tandem Core HB&2,3M2E(VLP1).(A) Offline and online data

Ay Of dzR A ey, FpY) pH) and terhpBrature (). (B) Online fermentation data includingp §

agitation rate, ¢ ) dissolved oxygen tension (DOT) apd CQ evolution rate (CER). The grey
dotted lines indicate the end of batch and glycerol fed batch phases respectively. Induction is
marked by the X. Colours are used to differentiate between VLPs. Figure legend also included top
right. Fermentation was carriedibas outlined irSection 2.4.2.
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Figure 4.3 Fermentation d?. pastorisexpressing construct VLP2 with methanol induction
Fermentation profile for Tandem Core HBA&H,K1 (VLPZA)Offline and online data including:

0  Usoo @9 pH, and temperaturen(). (B) Online fermentation data includingp § agitation

rate, (0 ) dissolved oxygen tension (DOT) amil CQ evolution rate (CER). The grey dotted lines
indicate the end of batch and glycerol fed batch respectively. Induction is marked by the X.
Colours are used to differentiate between VLPs. Figure legend also included top right.
Fermentation was carried out astlined inSection 2.4.2
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Figure 4.4 Fermentation d?. pastorisexpressing construct VLP3 with methanol induction
Fermentation profile for Tandem Core HBMI2E K1 (VLPZA)Offline and online data including:

0  Ueoo, @9 pH, andemperature @ ). (B) Online fermentation data includingp § agitation

rate, (p ) dissolved oxygen tension (DOT) amil CQ evolution rate (CER). The grey dotted lines
indicate the end of batch and glycerol fed batch respectively. Induction is markee by th
Colours are used to differentiate between the VLPs. Figure legend also included top right.
Fermentation was carried out as outlinecSection 2.4.2.
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At this point in the fermentation a fedatch phase of glycerol was undertaken, providing
carbon limiing conditions to enable adaptation to the methanol phase, ultimately, the
enzymes which dissimilate methanol are-idpressed whilst biomass is further increased

(Coset al., 2005; Junget al.,2007).

4.3.1.2 Mixedfeed induction experiments

Whilst allconstructs were produced using the methanol induction an alternative regime was
trialled. The reason for this was thrdeld. Firstly, research indicates that a mixed feed
regime may be beneficial to improving metabolic activity, increased biomass addgtro
synthesis than growth on only methanol (Cregg et al., 1999). Secondly, high levels of
methanol can be toxic to cells and some strains, particularly’ Wiich may be susceptible

to the accumulation of the toxic bgroducts, such as formaldehyde anddhggen peroxide
(Zhang et al., 2003). Thirdly, the mixed feeding regime often omits the adaptation phase and
as such would reduce processing times and therefore costs at large scale. Ultimately, the
alternative feeding regime was examined to explore if Wid@luction would differ based

on either: (1) induction strategy; (2) the specific construct; or (3) a combination of the two.
It was hypothesised that (3) would be appropriate in this case owing to differences in
hydrophobicity, formation kinetics and sizThe mixed feed protocol was carried out as

descrbed in methods sectio.4.3and the resulting traces are shownkigure 4.5 4.7.
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Figure 4.5 Fermentation &f. pastorisexpressing construct VLP1 with mixed feed induction
Fermentation profile for Tandem Core HBMI2E K1 (VLPYA)Offline and online data including:

0  Ueoo, @9 pH, and temperature (). (B) Online fermentation data includingp § agitation

rate, () dissolved oxygen tension (DOT) am)l CQ evolution rate (CER). The grey dotted line
indicates the end of the batch phase. Induction is marked by the X. Colours are used to
differentiate between VLPs. Figure legend also included right. Fermentation was carried out as
outlined inSection 2.4.3.
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Figure 4.6 Fermentation dP. pastorisexpressing construct VLP2; mixed feed induction
Fermentation profile for Tandem Core HBAH,K1 (VLPZA)Offline and online data including:

0  Ueoo, @9 pH, and temperaturep(). (B) Online fermentation data includingp § agitation

rate, (0 ) dissolved oxygen tension (DOT) am§l CQ evolution rate (CER). The grey dotted line
indicates the end of the batch phase. Induction is marked by the X. Colours are used to
differentiate between VLPs. Figure legend also included top right. Fermentation was carried out
as outlined irBection 2.4.3
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Figure 4.7 Fermentation &f. pastorisexpressing construct VLP3 with mixed feed induction
Fermentation profile for Tandem Core HBMI2E K1 (VLPZA)Offline and online data including:

0  Ueoo, @9 pH, and temperaturep(). (B) Online fermentation data includingp § agitation

rate, (p ) dissolved oxygen tension (DOT) amyl CQ evolution rate (CER). The grey dotted line
indicates the end of the batch phase. Induction is marked by the X. Colours are used to

differentiate betweerthe VLPs. Figure legend also included top right. Fermentation was carried
out as outlined irfSection 2.4.3.
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Whilst the batch phase was identical in all cases, at the point of glycerol depletion a
combined feed of 50% v/v glycerol and methanol was sthitea ratio of 60:40 (instead of
fed-batch and exponential methanol feeding). It was theorised that as glycerol assimilation
was still possible, methanol acclimatisation was unnecessary. The concentration of PTM1
salts was retained and the feed rate wasefl at 5 mL Lh 1. These feeding regimes are
depicted inFigure 4.1 for clarity. In addition, the temperature was not lowered as in the
methanol protocol, as it was hypothesised that continuous glycerol feeding would allow for
continued biomass accumulation and that reducing temperature would slow the rate of
growth, posibly resulting in glycerol accumulation and in turn, promotor inhibition or

reduced induction activityCaponeet al., 2015)

4.3.13 The impact of induction strategy on metabolic activity

During aerobic fermentation cells continually consume oxygehmoduce carbon dioxide.

The rate at which these two activities occur are called the oxygen uptake rate and carbon
evolution rate respectivelyand are of great interest to fermentation scientigoyce and
Thornhill, 1992) The traces of these valuedongside DOT can infer useful information
around cell health as well as playing an essential role in the control loop used to initiate

induction at the end of batch phase.

The traces of DOT and CER are consistent with the batch phase of the pure rhethano
experiments above, as anticipated. Only one spike is observed here, owing to the lack of the
adaptation phase. Any differences observed aftetuction (denoted by thelashed grey
line) are likely a result of the induction strategy employed. The mosbleiglifferences
between the induction strategies can be observed in the CER and are mirrored in the

agitation traces. In the case of mixed feed, both CER and stir speed continually increase after
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the initial drop at the beginning of induction. This comstiawith the same traces for all three
constructs produced with the methanol regime. In the case of VLP2 for example, the carbon
evolution rate at the point of harvest for pure methanol and mixed feed is around 8 mmol
L*htand 2 mmol £ hrespectivey. In addition, the stir speed is still increasing, presumably
due to the requirement of providing a sufficient oxygen transfer rate to maintain DOT at the
set point. These inducticrdependent differences can be observed more clearligigure
4.8which ompares the CER profiles of all the fermentations reported so far in this chapter
Critically, DOT is maintained at 30% in all conditions and constructs. This is vital as oxygen
limitation would have a large impact on the core metabolism of the cells aodldv
negatively impact growth due to less ATP availability as cells struggle to sustain their energy

needs(Baumanret al,, 2010)

Whilst induction strategy seems to play a role in the metabolic procesdespastoristhe
nature of the T&/LPs expressed seems to have little to no impact metabolically dheng
fermentation. This may not be the case with regard to soluble protesdyction, however,

which is shown later i®ection4.1.3.5

Evaluating the success of a particular product or process can be based on a multitude of
factors, which is often specific to the product or due limitations of the process, such as
equipment avdability and other factors such as time, labour intensity and money available.
For the purpose of this work, the critical outcomes were identified as biomass and soluble
HBC production. Other factors such as fermentation duration were considered and tested
with a desire to keep processing times within a week. Whilst time and costs are not

significant at this scale, potential manufacturability was considered during process design.
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Figure 4.8 Comparison of fermentation.@@olution rate profiles for different VLP constructs.
(A)CER of VLP 1, 2 and 3; mixed feed indud®B)CER of VLP 1, 2 and 3; methanol induction.

(C)CER overlay of the three constructs to highlight the differences between feeding strategies.
Data talen fromFigures 4.20 4.7.
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4.3.1.4The impact of induction strategy ohiomass accumulation

To measure the biomass concentration, optical density, WCW and DCW were recorded
throughout the fermentations. Given the results above, it was not unexpetttatithe
endpoint wet and dry cell weights would be highly induction dependent as opposed to
showing obvious construct dependent differences. This is evideriigare 4.9which
indicates higher cell weights resulting from mixed feed induction in all ca$es finding is

in good agreement with literature where carbenethanol cefeeding methodologies have
been utilised to improve biomass recover{@singo, Marison and von Stockar, 2007; &tiu

al., 2013)

The induction strategy utilisednfluences both biomass accumulation and product

formation. Whilst it may be expected that increased biomass is desirable due to the
simplistic viewpoint that more biomass means more protein it may be that slower protein
production or fewer cells is benefal for HBC synthesis. For instance, research by Freivalds
et al., (2011) found that by altering the growing conditions they were able to double their

biomass yield but the level of HBC synthesis was three times lower than the other condition.

4.3.1.5Theimpact of induction strategy orprotein production

In terms of protein analysis, Bicinchoninic AcigBCA) assay was used to evaluate total
protein in the crude and subsequently clarified and filtered cell lysate. Given that the VLPs
are produced and retained intracellularly withi. pastoristhis cannot be used as an
accurate measure of product due tmntaminating host cell proteins. All samples were
normalisedto protein available irequal weights ofvet cell pellet, resuspended 50 g'lin

40 mL of lysis buffer.
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Figure 4.9 Comparison of final biomass and total prgsiduction (after 48 hours) for different
induction conditions and VLP constru€ss) Graph depicting endpoint results for both wet and

dry cell weight. For WCW samples, aliquots were centrifuged, the supernatant removed and the
pellet weighed and frozeat -20°C. DCW samples were incubated at 100° C for 24 hours in pre
heated and weighed microtubes. After weighing samples were discgBedotal protein
obtained from crude and filtered lysate. Frozen samples were defrosted and resuspended in lysis
buffer at a concentration of 50 g'L(5% solid loading). The crude lysate was diluted 1:4 and the
filtered 1:2 to be within the range of BCA standards. Total protein was calculateastaimdgard
curveas depictedn Appendix10.2 and normalised to milligrams of protein per gram of WCW
resuspended at 5% solid loading. Samples taken from the fermentations sHeiguares 4.3 to

4.7.
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Interestingly, use of a mixe@ed induction did seem to indicate higher protein
concentration, inspite of normalisation. The reason for this phenomenon is not fully
understood, unless the increased methanol usage proved toxic to protein production, either

TandemCore or otherwise.

The SDPAGE and western blots depictedrigure 4.1Ghow the soluble and crude protein
lysates for mixed feeA and Band pure methanol inductio(C and D)The band of interest

for each construct is outlined in red. To attain these samples, the relevant cell pellet was
resuspended in cold lysis buffendthomogenised as described$ection 2.6.2 Following

lysis, samples were incubated on ice in 0.1% (v/v) T&an increase protein solubilisation
from intracellular membranes, prior to the addition of a protease inhibitor. The crude
samples were takemt this point and retained for further analysis. The remainder was

centrifuged and filtered as described$®ction 2.6.40 remove the insoluble cell debris.

For all constructs, protein solubility and degradation require significant improvement,
through increased soluble recovery and reduced degradation. Interestingly, the bands of
interest are not easily identifiable using the SIBXSGE alone. This is likely a result of two
factors, the number of host cell proteins that are visible and the increasedtisgysof
Western blotting compared to Coomassie staining. In all conditions the crude sample is
significantly more intense than the soluble lysate. This is to be expected, as the crude sample
encompasses all soluble protein as well as pellet associatalible protein, however, it

would be preferable to achieve greater band intensity in the soluble sample.
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induction conditions and VLBrestructs SDSPAGE and western blot analyses of VLP constructs
1-3 following(A +B)nixed feeding(C + Dpure methanol inductior(E)soluble (filtered) TEIBC
constructs with arrows indicating expected molecular weight alongside schemetinstfuct
design and siz&amples taken from the fermentations showirigures 4.2 to 4.7.

159



As mentioned above, Western blotting can be very sensitive and chemiluminescent
detection works within a certain range; it may be that the soluble protein regogemore
readily observed if ran separately to crude samples which have greater intensity. VLP2
[HBCLAH,K1] appears to be the most soluble of all the three VLP constructs across both

conditions, in particular for the mixed feed induction.

The resultsndicate that all constructs were produced to a degree using either feeding
regime, thus allowing the selection of either regime as a standard process for VLP screening
or manufacturing. However, it is clear from the above that there are differences in
fermentation performance that are both construct and induction strategy dependent.
Essentially all of the products, but primarily VLP1 and VLP3, suffer with insolubility issues,
with a slight improvement in solubility evident when using the mixed feed indactio
Ultimately, individual optimisation would be preferable to increase biomass, protein
expressiorand solubility. By utilising small scale bioreactors this can be accomplished easily
and in a high throughput fashion. As such it was hypothesised thatytlegossible to
optimise conditions either individually, or for one construct and apply the improved

methodology to the other constructs.

Further study of methanebnly induction was halted at this stage given the previous results
and results for an almative 3 staged protocol suggested by Invitrogen (2002) for*Mut
strains; this performed less well than the exponential induction, resulting in reduced cell
viability (data not shown). Whilst this may be due to the knockout of the AOX1 promotor,
and therdore reduced methanol assimilation capabilities researchAlmasontzis et al.,
(2014) devised an exponential feed for their Mstrain and found that a low exponential
feed resulted in an increase of ¥&ld higher volumetric productivity compared to higher

feed rates. In addition, despite much exploration into matching the feeding profile
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specifically to biomass concentration neceal improvements were found in the
concentration of recombinant protein produced. Considering the above it was deemed

unnecessary to further characterise the feeding rates of methanol for this thesis.

In contrast, the ratio and flow rate of the mixed féieag protocol was investigated further

for the purposes of finding the balance between high biomass and improved protein/VLP
specific productivity. Moreover, glycerol feeding would reduce the oxygen demand and
produce less heat during induction, anothesug during large scale cultivations (Junker,

2004).

Table 4.2 Summary of biomass and protein yielddéodifferent induction conditions and VLP
construct investigateddata compiled fronfiermentatiors carried out inFigures £2to 4.6.

Protein data wasbtained using a BCA assay as describ8détior2.7.7and represents total
protein, the crude and soluble fractioasd as such isot HBC specific.

. WCW DCW  Proteinotal Proteins
Construct | Induction: g 9l mg rrT‘](L?lt]a) g mrL]('l])
Mixed 219 69 2.76 1.35
VLP1
(HAZ3M2B) | \jethanol 178 59 1.98 0.49
Mixed 226 72 2.26 0.67
VLP2
(LAH, K1) | Methanol  169* 46* 2.07 0.56
Mixed 212 68 2.75 0.66
VLP3
(BM2EK1) | pethanol 173 56 2.25 0.51

* issues during harvesting of thHigoreactor
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4.3.2 A small scale platform (am®250) for rapid evaluation oP. pastorisgrowth
and VLP production

4.3.2.1Application of DoE for process optimisation

The mixed feeding/induction scheme was selected for further study for numeeasons.
To reiterate, reduction in methanol use is advantageous for reasons of manufacturing
safety, decreased chances of cell toxicity through oxidised methangkdnucts and
lowered oxygen demandAdditionally, the omission of the adaptation phaseoai for a
shorter overall fermentation process time. Whilst this may not seem significant at the scale
used in this thesis, it would significantly reduce costs of lagde production, the ultimate

aim of bioprocess development.

Moreover, through the Bmination of the fedbatch phase entirely, it reduces process
complexity and allows for a reduction in the number of factors to be studied and an
increased focus on the carbon ratio and optimum feed rate which will be further explored
here. The ratio of lgcerol to methanol was selected for further study in order to better
understand the relationships between biomass production and specific protein productivity.
It is likely there will be a tradeff between protein and biomass production. However, what
remains to be seen is if it is worthwhile producing less protein at a higher biomass, or a large
amount of product with lower biomass. It may be fair to assume that the best condition will

be a balance between the two.

Numerous factors are at play here, inding the potential toxicity of methanol and the
repressive nature of glycerol. Moreover, the feed rate is critical to ensure that cells remain
healthy and not nutrient deprived throughout the fermentation. In relationtids thesis,
whilst a one sizets all platform process would certainly be efficient in terms of planning,

and the potential of employing Tandem Core HBC as a vaccine sctfolobotential to
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tailor the induction regime specifically on a cdsecase basis is an advantage when using
small-scale, parallel bioreactor systems. It may be that to exploit HBC as a vaccine platform,
GKS 0F&aA0 WYAESR FTSSR AyRdzOGA2y LINR(G202fQ A& as
if product titres are inadequateTable 4.3indicates the factor&nd ranges studied in the

following experiments.

Besides total specific protein another aspect to consider is product or protein quality. As
seen inChapter 3 and inSection 43.1, product related impurities such as degradation
products and aggregateseaalso produced alongside the protein of interest. As these are
unlikely to aid in immunogenicity and removing them downstream would be difficult, time
consuming and expensive it may be worth identifying if changes at the fermentation stage
can reduce thee. Research by Torres et al., (2019) for example indicates that high
production rates and overexpression can negatively impact protein formation and folding
(Torreset al,, 2019) This may result in poor protein expression. Moreover, some groups
have faind that higher levels of methanol resulted in more degradation products and

therefore less specific proteifVanzet al., 2012; Kastilaet al., 2017)

The next section aims to explore if minor changes to a base process can improve total
protein, specific protein, biomass and/ or reduce product related impurities. As such, a small
DoE screening experiment was undertaken exploring two factors, feed fetid rate and

a number of responses were evaluated, such as total protein, specific protein, and biomass

(DCW)Table 4.3andFigure 4.11/andB).
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Table 4.3 List of experiments fofdttor, 2level fractional factorial design to optimise the two
stage, mixed feed regime fermentation for production of the -HBB,K1 (VLPZoluble HBC
was calculated using densitometry signals from western blottisgrnoples normalised by WCW.

Experiment No.| Feed Ratio Feed Rate Biomass HBGol
(%) (mL " h) (9ocwl?)
1 60 5.0 72 9.01
2 80 3.5 79 27.88
3 40 6.5 51 1.12
4 80 6.5 94 19.33
5 60 5.0 68 9.53
6 60 5.0 70 8.94
7 40 3.5 47 5.51
- ®
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Figure 4.11 Depiction of experimental design space and experimental condRidhshematic
diagram showing the design spaf®) Graphical representation of conditions for each rTime
blue dashed line indicates the centre point of the DoE, which was explored in triplieagrey
and white bars represent theatio of 50% glycerol andethanol in the induction feed
respectivelyas per the left axi§he orange dot indicates feealte as per the right axis.
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4.3.2.2 Centre point comparison from screening experiment.

The seven experiments were carried out using an ambr® modular with the set up and batch
phase being undertaken as describedSection 4.3.1 After the observed DOT spilkad

drop in CERndicating the end of the batch phase, various alterations on trevipusly
described mixed feeding/induction scheme were carried igure 4.11). The midpoints

were carried out in triplicate across different weeks and using different positions in the
ambr® system. This was to enstgsults were not skewed byatchto-batch variability and
eliminate the effects of potential operator error owing to differences in cell OD and seed
viability. The first set of graphs in Figutd2depicts the respiratory quotient (RQ) and CER

of the midpoints. These provide information alicthe viability and metabolism of cells
during fermentative growth. The CER traces are almost identical across the three runs. The
RQ however, whilst starting with minor differences, does recover quickly and is very stable
from about 8h onwards. RQ is uséo characterise the physiological state and metabolic
pathways being used by the ce{Bhanget al, 2016)and is calculated from the ratio of
CER/OUR. It has been reporigéhrean, 2014)hat RQ values ~0.5 indicate that methanol

is being metabolisd as observed in these fermentations

The time course profiles of WCW and DCW of these midpoint runs are plotted alongside
OD600 in Figurd.13 The DCW is represented as grey bars within the transparent WCW
bars on the same scale (§)LTime is meased from inoculation to harvest, with time 0
being the point of induction. The error bars are small, indicating good reproducibility across
the growth of the midpoint conditions. As a result of the good reproducibility, regardless of
run week, batch variabiy or position in the ambr® 250 modular the results from the full

experimental design can be attributed to changes in factor levels with confidence.
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The triplicate runs were carried out across two weeks on the ambr® modular system and
utilised a different position in the system. The data of all seven runs are depickedure
4.14,4.15and4.16. These figures explore, in turn, fermentation traceghve focus on stir
speed and DOT, base addition and feed rate against residual methanol, and wet and dry cell
weight data over time post induction. Panels have been labell@ddr simplicity and are
colour coded where possible for easier comparison betwvgraphs and factors. A summary

of the findings focused on various responses can be view&dhie 4.4

4.3.2 3 Effect of factor manipulatioron cell growthand processcontrol variables

The DOT and agitation traces are nearly identical fordimation of the batch phase, as
anticipated. At this stage all bioreactors were running at the same conditions (starting
inoculation ~ OD600 of 1.0; pH 5.0 £0.3; T = 30°C, initial glycerol concentratiort)4Ttoel
reason for this was twdold; firstly, allowing any differences observed to be more easily
related to the manipulation of factors as opposed to either bioreactor or operator error.
Secondly, the work throughout this chapter primarily focuses on the method of induction
and how this may differepending on the characteristics of the VLP insert. There are some
minor differences in in profiles during batch growth, namely some noise in the DOT trace
for panels 5 and 6, (corresponding to runs 5 and 6) and the ramping up of agitation speed,
increasingat a greater rate than most of the other runs. These differences could be due to
differences in inoculum and the resulting foaming or, vessel variability due to use of

different batches of ambr® vessels.

Following the DOT spike, observed at around 28 hours post inoculation, more marked
differences can be seen. This is particularly true for panel 3 which corresponds to the top

right corner of the design space where the highest glycerol concentration and the highest
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flow rate explored. The stirrer spdds much higher throughout this culture, owing to the
greater oxygen demand associdteith higher cell growthThis is further supported by the
results inFigure 4.14with this condition (labelled as run 4) indicating the highest carbon

evolution rate aml having the greatest base addition in comparison to other conditions.

The CER measured in all experiments is comparédyure 4.15(A)Run 4 has the highest
evolution rate and corresponds to the high glycerol, high flow rate condition. This is not
surprising as the cells were provided with high carbon throughout and therefore,
predictably, resulted in the highest biomass. Likewise, the low catlbanflow rate factor
settings used in condition 7 resulted in the lowest CER. Whilst it is clear the Bicarabe
easily manipulated and increased the same may not be true for protein production and
solubility. During aerobic yeast cell growth, cells continuously produce acigiooducts

and therefore, require steady base additions to maintain thep@ht. As such, increased
base requirements may be synonymous with a successfully growing cieger and

Schmidhalter, 2014b)

Samples were taken throughout the induction phase to enabldimdf analysis of cell
growth, protein and residual methanol. Following centrifugation, samples were weighed to
ascertain WCW and then stored a20 °C for later analysis. The supernatant was
immediately filtered and stored for HPLC analysis. The residual methanol is pldEigdia
4.15Calongside the total feed pumped over time. Condition three, has the highest residual
methanol and corresponds to one of the high methanol conditions asaséilgh flow rate

of feed.
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Figure 4.14 Summary of DOT and agitation data for each of the two stage, mixBd gastbrisermentations explored in the DoE screening experiments.
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This excess methanol and lower cell weight indicate that the cells were unable to consume
and adapt to the methanol they were fed. Condition two, on the other hand, shows no
residual methanol, which is predictable due to being the high glycerol condition combined
with the lowest feed rate explored. The midpoint of the design space, which wastased
compare the strains irsection 4.3.1does result in some residual methanol which may

negatively impact cell growth.

4.3.2.4Effect of factor manipulatioron cell biomass

It is clear from the wet and dry cell weight data that glycerol concentratia datrong
positive effect on biomass formation. In particular, the high glycerol and high feed flow rate
condition resulted in the highest cell weights. Run two also resulted in high biomass despite
a low flow rate, owing to the large residual concentoatiof glycerol. The worst performing

run, in terms of biomass formatigrcorresponds to run 3, which was operated with high
levels (20:80) of glycerol: methanol at the highest flow rate tested, 6.5hl*Lsuggesting
possible methanol toxicity. This further supported by run 7, which also had a higher

methanol percentage but at a lower feed rate of 3.5 miht.

Ultimately, the observations regarding cell growth are consistent with the published
literature on the influence of glycerol and methdndhe real response that is of interest
then, is protein produced and whether the relationship between increased biomass mirrors

that of protein production.
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Figure 4.15 Differences in online measurements over time for each set of conditions investigated
during mixed induction DoA) CER variation over timfB)Base additions over timéC)Feed
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Figure4.17(A)depicts the SDBAGE and Westerndil analysis of the seven conditions
tested, portraying both the soluble and crude lysate. Samples 2 and 4 have the strongest
intensity in the soluble fraction visible by eye, both corresponding to the 80:20 glycerol to
methanol feed at differing flow ratesf 3.5 and 6.5 mLh™ respectively. Interestingly, this
condition features the highest glycerol and lowest methanol levels. Data for all samples
were normalised based on WCW and therefore it is conceivable that higher methanol may
result in higher spefic protein production. The weakest band of all those tested appears in
lane three, corresponding to both high levels and high flow rates of methanol (6.5 mL L
Land 40:60 glycerol:methanol). This result is particularly interesting as high cellssi@nd

high protein production appear to be correlated, even when normalised tWCW, which
would be the best outcome from a bioprocess design viewpoint. However, as soluble HBC
was chosen as a factor for the DoE, densitometry using imageJ softwareanried out on

the soluble fractions.

The Full Factorial DoE screen was used to validate the importance of the selected factors
and ranges and their interactions. The DoE results validated the biomass findings depicted
in Figure 4.16 andFigure 4.18Aindicating that a high glycerol concentration in the feed
and high feed rates would result in maximum biomass. Indeed, condition 4 resulted in a 34%
improvement over the average midpoint condition. In terms of the protein response,
maximum protein was adébved in condition 2, corresponding to the high glycerol low flow
rate condition. The statistical models generated for both biomass and protein responses
were found to be significant{gure 4.19)the analyses and effect summaries are shown in

Figures 418 and4.19respectively.
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Figure 4.16 The impact of factor manipulation on cell weight respghnseghout mixed feed
induction.(A) Wet cell weight for each set of conditions over the course of indu¢Bybry cell
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centrifuged as descibed in Section 2.6.4 for WCW and DCW. Followinfugation WCW
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Figure 4.17 SBISAGE and Western Blot analysis of HBC peakinP. pastorisising altered twe
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2.7.6
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Both feed rate and ratio were found to be significant, with the most significant factor being
feed ratio. The maximum biomass predicted by the model is located at the edge of the
design space indicating that the parameters could have been widened in the first instance.
Insufficient extension of the design space is a common problem when conductingisgreen
DoEs due to reluctance to push the limits far enaugfhilst a high glycerol concentration
had a positive effect on both responsésdure 4.22 the performance optima for X2; feed
rate, were not aligned for the two responses. By altering the predicpoofile from
midpoint settings to maximise desirability, the optimum conditions are gi#ayu(e 4.22.
Figure 4.23llustrates the parameters of each factor and their significance. The equations
for Biomass content and protein content in coded term®r(f -1 to +1) are reported in
Equation 4.1and Equation 4.2 As the positive effect of feed ratio on biomass was greater
than the negative effect on protein (the terms were +4.75 for biomass 8235 for
protein) and that the negative effect was not siggant, the optimum parameters were
most closely aligned with run 4, the high glycerol high flow rate condition.
[Equation 4.1]

0QEADRi o& p@Zp THZAC CH? OPZ A
[Equation 4.2]

01 ¢ 0 00E i Q0 & AMAEICEE pBH2ip 0F2HO P82 P2 GX
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4 Parameter Estimates

Term Estimate Std Error tRatio Prob>|t|
Intercept  68.714286 0.891189 77.10 <.00071
X1(40,80) 1875 1.178932 1590 0.0005°
X2(3.5,6.5) 475 1.178932 403 0.02/75%
(A) X1*X2 2.75 1.178932 233 0.1019

4 Parameter Estimates

Term Estimate Std Error tRatio Prob>|t|
Intercept  11.617143  1.232592 942 0.0025*
X1(40,80) 10.145 1.630566 6.22 0.0084
X2(3.5,6.5) -3.235 1630566 -198 0.1415
(B; X1*X2 -1.04 1.630566 -0.64 0.5689

Figure 4.21 Parameter estimates for mixed feed induction regime fermentation DOE screening.

(A) Parameters for biomass estimatio(B) Parameters for protein estimate. DoE analysis
performed using JM&oftware.
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Table 4 Comparison table of response criteria at 48 h induction from the VLP2 mixed feed
induction regime DOE screen.

WCWgn)

DCWgn)

ODsoo

ProteinTotal)  Proteinspecific) HB ol

Run 1
[60:40]

S5mLEh

1

Run 2
[80:20]
35mLt
h-l

Run 3
[40:60]
6.5mL L
ht

Run 4
[80:20]
6.5mL L
h-l

Run 5
[60:40]

5mL 2 h

1

Run 6
[60:40]
5mL L1
h-l

Run 7
[40:60]
3.5mLt
hl

227

248

160

315

228

229

162

72

79

51

94

68

70

47

370

402

266

477

365

376

258

2.30 0.65 9.01

2.01 0.83 27.88

2.03 0.48 1.12

2.04 0.83 19.33

2.57 0.62 9.53

2.23 0.61 8.94

2.03 0.53 5.51
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4.3.3 Application of optimal process to alternative FBBC construct production

In order to validate the optimum conditions in the previous section, the ambr® modular
system was againsed to validate the optimum fermentation conditions in duplicate for
both VLP1 and VBRroduction These corresponded to a feed ratio of 80:20, 50% glycerol
:methanol with a feeding rate of .6 mL ! h' at the point of induction. No further
optimisation was undertaken as the improved biomass and protein production was deemed

adequate for the purpose of this work.

Given that the underlying premise of this thesis is to explore the potential ¢1BC as a
vaccine scaffoldSectiors1.5and1.11) one objective was to identify if a single set of process
conditions could be used to produce all VLP candidates, irrespective of their differing
surfacedisplayed epitopes. If this is possible, the optimisation of one construct should, upon
application b other constructs used in this work, lead to improvement. To test this
hypothesis, the run four conditions were applied to-VP1 (HA2,3M2E) and -VCP3

(3M2E,K1).

These experiments were performed in duplicate using the ambr®250 as described
previously.For clarity, one data set from each construct in shown compared to the original
mixed feed induction protocol, as describedSaction 4.3.Jand employed as the midpoint

of the screening experiment iBection 4.3.2Figure 4.22shows the DOT and stir sppke
fermentation traces of original against optimal in pan@gand (B) for VLP 1(C)and (D)

for VLP2 andE)and (F)for VLP 3. PanéF)in the centre overlays the CER for each, with the
dashed line corresponding to the original and the solid linedptmised runs. The colours
match the stir speed colours of the corresponding VLP but for clarity; green is VLP1, blue is

VLP2 and purple is VLP3.
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Figure 4.22 DOT, agitation and CER data for the application of optimised feeumegamditions to three Tandem CAreP variantgA, CandE) represent
initial mixed feed induction conditions [60:40 gly:MeOH, 5 #itl] (Section4.3.1) for VLP1,VLP2 and VLP3, respecti@\D4&nd E) represent optimised
mixed feednduction conditions [80:20 gly:MeOH, 6.5 miht] as established in the DoE screen and applied to VLP1, VLP2 and VLP3, re{f9TttieeGER
traces of the three VLP variants using the initial (dashed line) and optimised (solid line) feedimnsomdgi colours in the CER graph match the agitation
trace of the corresponding VLP. For clarity; Green = VLP1, Blue = VLP2 and Purple = VLP3.
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The traces of the duplicate fermentations of VLP1 and VLP3 were in congruence,
emphassing further the reproducibility of the fermentative process (data not shown). What
is more the three CER traces from the initial mixed feed regime fermentat®eion
4.3.1.3and dashed linessigure 4.22 are similar to each other, as are the threerfr the
optimal feed conditions (solid linegjgure 4.22, irrespective of the VLP expressed. This
further demonstrates the impact of available carbon source on metabolism of the cells. The
cell weight data presented iRigure 4.23hows a marked improvemein final biomass in

the optimised condition; this is true for both wet and dry cell weight and for all three
constructs.

Samples from the new feeding regime process were normalised and lysed befeRASIES
and Western blot analysis and comparison agiithe previous samples at the DoE
midpoint. The results presented iRigure 4.24clearly show a marked improvement in
soluble protein, comparative to the initial runs. This is a good result given that the run
criteria were optimised for biomass produaticas opposed to soluble HBC recovery. A
comparison of the endpoint data for the optimised versus initial feeding regimes can be

found inFigure 4.25.

In summary, the results presented in this section have clearly demonstrated the feasibility
of the ambr@HTP microbioreactor in rapid process optimisation, particularly when used in
conjunction with a DoE methodology. Furthermore, the results sufficiently demonstrated
the ability to apply optimum performance criteria for production of one HBC construct, for
the improvement of alternative constructs. Given the ease of use and speed of this study,

the ambr® system could also be applied for further optimisation of specific constructs.

184



400

pew[_Jwew

300

200

Cell weight (g %)

1004

Initial | Optimal Initial | Optimal Initial |Optimal
VLP1 VLP2 VLP3

Figure 4.23 Cell weight comparison of optimal versus initial two stage, mixeR.fgadtoris
fermentation conditions for the three influenza -HBC constructsThe patterned section
denotes dry cell weight and the unfilled section denotes WCW. Colmadgor emphasis of the
optimum conditions for each run and corresponds to the appropriate colour as uBaglie
421

VLP1 ‘ VLP2 ‘ VLP3 ’

£

3
kDa £
100 s | O | O I O
70 -

-
55 - -
-

40 R
35 - =
25 -
15 -
10 -

Figure 4.24 Western blot analysis of optimal versus initial two stage, mixed fgmdtoris

fermentation conditions for the theeinfluenza TE€IBC constructd.= initial and O = optimal.
Samples were normalised through equal lysis of wet cell pellet at a concentration ofiB@g L
mL of lysis buffer. Western blot performed as describ&eatiors 2.7.4and2.7 6.
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Table 45 Comparison of endpoint biomass data derived from initial and optimal experimental
runs for two stage, mixed fed pastorifermentationsValues taken offline from fermentations

shown inFigure 4.22

. WCW DCW
Construct Process conditions
[g L] [g L]
Initial 219 69
VLP1
(HA2, MEx3 Optimal 326 101
Initial 228 72
VLP2
(LAH, K1) Optimal 315 94
Initial 230 70
VLP3
(M2ex3, K1) Optimal 317 96
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4.3.4 Case study on the use of an@systems for rapid evaluation of alternative
operating conditions or induction medium

4.3.4.1 Effect of alternative fermentation operating parameters

This chapter initially aimed to identify if a single fermentative process could be defined for
HBC constructs irrespective of the epitope displapedthe particle surface. Following
implementation of the commonly employed Invitrogen protocol alongside a glycerol co
feeding regime, the effects of insert and induction on biomass and protein production (both
soluble and insoluble) was assessed. It wascluded that all processing strategies were
feasible for all constructs however, the construct differed significantly in terms of soluble
protein expression. Namely, more complex VLPs produced little soluble protein, whereas
GKS WwWSYLIieQ GlcadiplexR/LA2yeRulted i $noré &vdilable protein. It was
concluded that a single process could indeed be used for initial production and construct

screening but ideally, each construct would benefit from focused optimisation.

Glycerol cefeeding was selded as a candidate process moving forward due to improved

safety and solubility features. The singige and highly reproducible nature of the ambr®

system means it lends itself well to high throughput, rapid screening of many constructs, or

to optimise and explore best case conditions for a single construct, perhaps with a DoE

approach. To test this, VLP2 and the two stage, glyceréeaxing induction regime was

selected with the view to alter both the rate of feed and the ratio of methanol and glycerol

in the feed. The results have been reported previousi8ection4.3.2 Other factors that

O2dz R 0SS SELX 2NBR K2¢gS@OSN) I NB (KS Y2NB wWieLA Ol f
temperature. Whilst these were not studied in the first instance, the pdssdifect on

soluble protein was still of interest. Moreover, given this Chapter has largely focused on

improving the twestage induction methodology, thus moving away from the traditional
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pure methanol Invitrogen protocol, further exploration into indigt was of interest.
Namely, the complete elimination of methanol as the inducer. To explore these parameters,
three additional runs were conducted with the aim of identifying if aligriproces
conditionscan improve soluble HBC production. As VLP2 kas lof the most interest
throughout this Chapter, the three experiments were framed around its production. The
initial two-stage feeding regiméSection 4.3.1was selected to better observe aeyjfects

of alteredoperating conditionsTable 46 indicatesthe condition similarities and differences

of the three additional runs.

Table 4.6 Experimental conditions of alternative parameter safeébP2ising two stage, mixed
feed P. pastoridermentations.Similarities across all three are indicategreen, two in amber
and the difference is highlighted in redll other parameters were fixed. Fermentations
performed as described Bection2.4.3

Feed rate Glycerol Inducer Induction Induction
(mL LK) ratio Temp. (° C) pH
(+/-0.25)
pH shift 5 60 3.5
A+D
Formate 5 60 Sodium
B+E formate
Temp. S 60 25
C+F
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Figure 4.25%hows the online data for the different conditions tested. The bioreactors were
inoculated from the same seed train and were subject to the same feeding/induction
regime, as outlined in the initial mixed feed regime meth8dction 2.5.3 The only
differences between the fermentation conditions, was a pH shift or a temperature shift at
the point of induction. Panels AandD represent the pH shiftondition andPanelCandF

the temperature shift. A pH shift was identified as a point of interest owing to examples in
the literature and the possibility of reduced protease actiifhhang, Liu and Wu, 2007;
VelezSuberbieet al., 2020b) Whilst the HBC VLPs are produced irgHadarly in this work,

it is possible that insufficiently washed cell pellets could result in unwanted protease activity
following resuspension and cell disrupti(@urgardet al., 2020) Temperature on the other
hand, was selected to enable a directngoarison between the two stage, mixed feed
induction and the three stage, pure methanol induction regime useSection 4.3.1The
latter regime included a temperature shift during induction to counteract the excessive heat
generation associated with meéimol culturegWang, 2019)

The results show that metabolically, the traces of agitation and DOT are very similar,
providing yet more evidence that the carbon source and feed ratio is paramount to cell
growth and metabolism. For comparative analysis, 48 hour post induction samples were
processed as for the samples derived from the fermentatior@eiction 4.3.1Samples were
loaded in equal volume onto the SIPAGE Section2.7.3) prior to Western blotting and
immunostaining $ections2.7.4and 2.7.6). Figure 4.26Aand B depict the resulting images.
Interestingly, both the pH and temperature shift conditions produced similar soluble HBC to
the initial mixed feed condition and significantly more than the pure methanol condition,
even when normalised tgwew L 1. The pH condition appears to be the most favourable,

perhaps as a result of reduced protease activity.
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Figure 4.25 Fermentations to explore alternative induction operating paranmefgiesnented with two stage, mixed feed induction regime. (A + D)
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In terms of final biomas the WCW and D& (Figure 4.26% shows that the pH and
temperature experiments yielded similar results in terms of final biomassnall effect of
reduced biomass accumulation due to low temperature can be seen, however, this effect is
reduced in the DCW comparison. These results are interesting and provide a basis for future
investigation of operating conditions to improve solulpletein production and recovery.

The final results subsection of this Chapter investigates the potential of an alternative

inducer to methanol.

4.3.4.2Sodium formate as a potential inducer of the AOX promoter

As discussed throughout this thesis, tlssues associated with metharohly induction
protocols are numerous, particularly at large scales where flammability and heat generation
could become a safety conce(Woglet al., 2018) As a result, this Thesis, and many in
literature (Caponeet al, 2015; Woodhouse, 2015; Wang, 201%ave explored the
development and optimisation of a twstage mixedeeding regime. The rational being

both the reduced methanol requirement, as well as shorter process time.

Theresults inSection4.3.1signifiedthat mixed feed induction was infact superior in terms

of biomass and production of the VLP variants. Following this, the screening s&eftiion
4.3.2was able to optimise the feeding rate and ratio for HBXH3,K1 construct, resulting

in higher final lhmass Figure4.18) and soluble HBC dimer productidfiqure4.17). This
optimised process, which was then successfully applied to the other HBC VLP variants
(Section 4.3.3, comprised a greater glycerol concentration and reduced methanol

concentration.

Whilst minor reductions in methanol requirement can be considered a success, particularly

for large scale vaccine manufacture, this raised the question of whether methanol could be
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eliminated entirely. The methanol assimilation and dissimilation pathwaysséh been
studied extensively in methylotrophic bacteria and yeaatsl has resulted in some
fascinating research regardifjchiainduction. Research conducted by Singh and Narang,
(2020) explored the potential of two methanolJpyoducts, formaldehyde ahformate, to

induce PAOX1. They found that all three were capable of PAOX1 expression. This finding was
further supported through the successful expression in Mwthich lacks th@ppropriate
pathways to synthesize methanol from formate or formaldehy@mgh and Narang, 2020)
Further research from Tyurin and Kozlov (20Ehowed that in the absence of the
formaldehyde dehydrogenase gene, FLD, induction still occurs and therefore is not a result

of formate reduction to methang(Tyurin and Kozlov, 2015

These findings are interesting as they enhance our understanding of the AOX promotor
whilst potentially offering a methanol free induction process. To explore this, the initial two
stage, mixed feed process was employed, wgibdium formatesubstituted for methanol

Sing and Narand2020 utilised a defined medium with potassium formate and alanine
however, previous works had also explored the use of sodium formate. One suchlstudy,
Sahm et al., (1973) used methanol and formate in a ratio of 5:1 and thus the molar
concentration of methanol utilised in the standard two stage process was utilised to

calculate the concentration of sodium formate (0.98 and 0.288hm and Wagner, I9).

The results indicated that the used of sodium formate had no significantly negative effect
on cell growth or biomass productioRigure 4.26Acompared to the typical mixed feeding
protocol, producing around 70 g'LDCW in 48 hours of induction. The addition of PTM1
salts to the sodium formate and glycerol did result in a deeper colour and some

precipitation, however PTML1 salts were considered important to maintaining similarities
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across experiments. The results betWestern blot Figure 4.26Cindicate lower soluble
HBC comparative to other conditions both in the soluble and insoluble fractions, as denoted
by band intensity. However, the presence of a band in the sodium formate induced
condition provides potentiafor future exploration into this as a novel, methanol free

induction regime.

4.4 Summary

For a vaccine candidate to be successful it needs to be able to be produced in high cell
density cultures. To attain high yields, cultures at larger scales amatlyprunusingfed-

batch protocols P. pastoriss typically induced with methanol, which acts both as a carbon
source and induceHowever, there is interest in reducing the amount of methanol used in
large scale fermentations. In this chapter, use qfure methanol feed/induction regime

was compared to a 60:40 feed (50% glycerol : methanol) on all 3 VLP conStalits4.1).
VLPs were expressed in all fermentations performed, however, differences between
constructs in terms of biomass and protein puation were measured. Despite this, in all
three constructs a mixed feed strategy resulted in both higher biomass and higher protein
(Figure 4.99nd4.10). Moreover, whilst the most complex construct, VLP1 (HB2Z,3M2E)
would have been of the most intesé as a vaccine candidate due to the inclusion of two
influenza specific epitopes, it proved to be the least soluble and produced low yields as

determined by Western Blot.

Following this, the combination of aoB approach with use of the ambr® microbiarea
was explored to enhance further VLP2 production using a two stage, mixed feed regime.
Feed ratio and feed rate were manipulated as factors and biomasssaluthle protein

expressionwere measured as responses. The models obtained for both responses we
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significant Figure 4.19 and revealed that increasing the glycerol component in the mixed
feed ratio (i.e. more glycerol, less methanol) resulted in higher biomass and protein
expression. Meanwhile, feed flow rate was found to positively affect bismagilst

negatively affecting protein content over the range investigateidire 4.20 .

A desirable feature of a platform process would be the ability to translate trends and
results observed during the production of one product to similar, or sepamaiducts.

The ambr®250 results demonstrate effectively the ability to employ the susglesystem

as a high throughout platform, as well as demonstrating how HBC VLP variants may be
optimised in tandem, based on what unifies them (expression host) anthaw

differences (surface epitopes). The optimised conditions obtain&kation 4.3.2n VLP2
were applied to VLP1 and VLP3, resulting in improved biorkagas ¢ 4.23 and to a lesser
extent, soluble HBC dimer productidiidure 4.24. These resultsdicate that a two

stage, mixed feed regime could be applied to production of any VLP constructs produced
in P. pastorislargely due to the flexibility that remains inside the regime allowing for
tailoring to harder to express proteins. However, protpneduction and solubility seems

to be largely construct dependent. As such, constructs may benefit from minor individual
process tweaks, for example, alterations in pH and temperature, which may provide
improvements on a construct basis. A single useobioreactor system, either in
conjunction with a DoE methodolog8€ction 4.3.2pr without (Section 4.3.4, would

largely benefit this activity.

Finally, sodium formate was investigated as a potential replacement inducer, eliminating
the need for methanbaltogether, and resulted in successful expression of HBC VLP,

though at lower levels than observed with methanol.
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Further study of formate products and concentrations may derive positive results in future

studies.

Following the development of a methoauay for the production and expression of different
VLP constructs at small scale, the establishment of miniaturized downstream unit
operations is necessary to create of a hitgloughput platform to enable rapid VLP process
development. In the next chapteéhe miniaturization of the critical cell lysis step, through

the use of adaptive focused acoustics, will be investigated.
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5. Cell lysis method development for primary
VLP recovery
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5.1 Introduction

Chapter 4focused on the implementation of the ambr®250 modular bioreactor to
characterise and understand the feasibility of HBC as a vaccine scaffold and subsequently
the use of the system as part of a hifttoughput screening platform for HBC or other
vaccine cadidates. For both applications, a smsdlale primary recovery methodology is
necessary in order to handle the smaller process volumes enabled bythinaglghput
fermentation systems. The strains used in this work (Sectitri)2all require cell lysis to
liberate the assembled HBC VLP which is produced intracellularly. Given that volumes are
small, and that timecourse analysis can be useful in order to optimise cell growth and
protein expression, it is essential that lysis can be conducted in a wagltbeis parallel

processing of small volume samples.

Furthermore, this work is centred around vaccine development with the aim of establishing
processes that could be readily scaled up to manufacturing scale. As such, some lysis
techniques were ruled out duto either cost, safety, or lack of applicability to large scale
employment. In particular, sonication and chemical lysis methods were deemed
inappropriate for these reasons. As highlighted in the Introduct®ection 1.7.2 and in

early characterisatiorstudies inChapter 3 HPH is an excellent method for intracellular
product release owing to its popularity and scalabiliyévillonet al., 2019; Pekarskst al,,

2019; Rodriguez and Vaneechoutte, 2019; Neeatal., 2021) However, HPH has sample
siz limitations with a minimum volume of 40 mL in the smallest available HPH devices
(Section 2.6.2 Diluting the sample in lysis buffer could potentially circumvent this but
would cause changes in disruption effectiveness as highlight&gation 3.3.3.4dilution

would also add expense and lead to further processing issues downstream in terms of liquid

handling, purification and protein concentration, identification and analyses.
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A technique that can mimic HPH at small scale, i.e. with sample volu4 qf1 mL,
predicting total disruption, protein recovery, purity or any other defined performance
criteria would be highly beneficial. In previous work, Blataal (2018) were able to
demonstrate this capability using Adaptive Focused Acowtigs—A&) a focused
ultrasonication disruption method. Critically, they reported results comparable to HPH in
several key performance metrics when samples were supplemented with addition of an
enzyme lyticase, which is able to hydrolyg&ican in yeast cell wall$te enzyme addition

might be considered a disadvantage of the approach owing to the disparity across the scales
(not required for HPH), increased complexity in the purification process (for enzyme

removal) and increased cost (if used at scale).

Regardless of these limitations, the comparability of this method to large scale process
operations promotes use of this technique in this thesis. At best, it can be considered as a
smallscale mimic of large scale HPH performance while, at worst, ipatiides a fast,
efficient lysis technique for rapid construct screening and high throughput analysis of
miniature bioreactor samplesChapter 4. Further exploration of this technique was
therefore deemed useful for rapid analyses of amliermentation samples of different
Tandem Core HBC VLPs and potential application as HTP primary recovery step, bridging the

gap between fermentatioiChapter 4)and chromatography screenirf@hapter 6).
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5.2 Chapter aims and objectives

The aim of thisltapter is to explore miniaturised cell disruption adaptive focused acoustics

for rapid VLP release from small volume fermentation samples . DoE techniques will be used
to reliably evaluate which conditions lead to effective product release using both the
milliTUBE (1 mL) and microTUBE (130 pL) cell lysis vessels. Firstly, the conditions such as
buffer composition and incubation times will be explored in the milliTUBE, following this the
influence of the AFRoperating parameters will be explored in the nudtUBE. The key

objectivesof this chapter are outlined below:

1 To study the impact of sample preparation factors, such as buffer composition, solid
loading and incubation time on the effectiveness of cell disruption usingrBE
vials.

1 To establish theotential of the highthroughput 96well microscale microTUBE for
P. pastorigell lysis.

1 To determine AFBparameters for optimal VLP release in the higloughput 96

well microscale microTUBE format.
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5.3 Results
5.3.1 Method development for milli-scde lysis

5.3.1.1 Effects of buffer composition and solid loading on lysis efficiency

AFMA®treatment involves the application of highequency acoustic waves to a sample,
occurring as a series of bursts, followed by a zBywer state. The acoustic energy a
focused and notinvasive way to disrupt cells, enabling lysis, as showigure 5.1A and B

This process generates the shear forces necessary to disrupt cells as a result of bubble
formation, oscillation and collapse (Covaris, 2021). Numerous tipeed parameters can

be changed in AR&including the alterations to frequency tuning, treatment time and the
application of acoustic energy. These settings are selected based on the sample properties,

the vessel used and experimental investigation being performed.

Previous work has studiedhé impact of operating parameters extensively and so these
were fixed at the optimum (and incidentally maximum) values for duty cycle, cycles per
burst and intensity with the acoustic time set to 60 seconds, after which no improvement in
lysis was observe(Blaha et al., 2017). Whilst operational parameters were not the focus of
this investigation, for clarity, these terms are defined and illustrateligure 5.1CBriefly;

duty cycle is the percentage of time within the treatment time that acoustic ené&gy
applied (the maximum of 20% was used in this study) intensity is the amplitude and
therefore energy of each acoustic wave, and cycles per bupk) (€ how many waves are

generated within each burst.
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Figure 5.1 Principle of Adaptivecised Acousti®&AFA&) cell lysis methodschematic diagram

indicating the focused acoustic waves emitting upwards from the transducer with the signal

directed at:(A) small scale (1 mL) miliTUBE vials utilised througBeations 5.3.5and (B)

microscéde (130 pL) vials fixed in a-@@ll plate format used i8ection 5.3.2The Blue arrow on

A indicates the rodike cavitatiorfibre, present in both milli and micro scalé€)Depiction of

the different operating parameters of the system. $iistem operates for a particular treatment
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each burst is defined as well as amplitude, dictated by the intensity. Duty factor [t1/t2] is the %

of time the tansducer is on within the treatment. Figure produced using Biorender.com and

adapted from Covaris.com.
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The focus of this work was to investigate the suitability of@®BAprimary recovery method
development and to identify optimal lysis buffer conditions for HBE3, K1 VLP recovery
from P. pastorisThe factors selected for investigation were sample solid loading (g wcw L
1 buffer concentration (mM), Triton-X00 (TX-100) concentration (% Vv/v)-@-aminoethyl)
0Syl SySadzZ F2yet Ffd2NARS KEeRNROKf2NARS 06! 9. {C0
concentration (U mt) and incubation time (post ARAtreatment). All lysis buffer
compositions included the redox reagenbDithiothreitol (DTT) and lyticase in equal
concentration Section 26.3). Table 5.1provides a brief description of these factors, the
rationale of why each was selected for study and the expected impact on soluble VLP
recovery. Frozen cell paste was gleed and resuspended at the defined solids loading
(Table 5.2 and common components added prior to aliquoting into microcentrifuge tubes

for addition of unique components, limiting weighing and pipetting inconsistencies.

Once in their respective buffersamples were transferred to the glass vials each containing

an AFRfiber, a thin rodlike tube that assists with cavitation. Samples were subjected to 60
seconds of treatment each and were left to incubate on ice for 1 hour before either being
centrifugedand filtered through a 0.22 um membrane or incubated at RT for 12.5 or 24
hours. Samples were stored in the freezer until the completion of all lysis conditions, after
which they were thawed and prepared for SBSGE and Western Blot analysis. A
calibraion curve was prepared using known concentrations of Recombinant HBC Antigen
(ab49014) from Abcam (Cambridge, UK) and one reference sample was run on each gel and
Western Blot. After immunostainingéction 2.7.% densitometry of the correct MW band

was camducted using ImageJ softwai®dction 2.7.4 and the resulting concentrations were

utilised as response values in the experimental deGignpendix10.3).
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Table 5.1 Factors explored in BFfethod development with reasons for selection and proposed
impact on cell disruption and VLP release.

Factor Description Justification/Reasoning
gwewL! of cells Solid loading is known to have an effe
Solid loading _ _ ]
resuspended in lysis buffe on HPH performanceSgction 3.3.3.4)
Buffer Concentration of MOPs
concentration buffer Buffering ability and detergents coulc
impact solubility as seen iBéction
TX100
Detergent 3.3.3.2)

concentration

Presence ogproteases could affect
AEBSF Protease inhibitor product recovery and have an impact

product quality e.g. by truncation

DNA release from cells could impac
Benzonase Nuclease disruption effectiveness due to increa:

in sample viscosity

o Time after lysis butefore  Increase opportunity for detergent to
Incubation time o - .
clarification solubilise released intracellular produ
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The responses chosen in this study, normalised densitometry measurements (i.e.
densitometry measurement divided by solid loading), were selected to account for the
inevitable differences in band intensity when using solid loadings spanning an order of

magritude. The resulting effect estimates and prediction profiles are showvAigare 5.2A.

The E model established from this initial screen was found to be significant (p<0.0092),
with solid loading (WCW), lysis buffer concentration (mM), and the intenattetween the
two ([WCW]*[Buffer conc]) found to be significant at p< 0.0001, p=0.0233, and p=0.0463,
respectively. Similarly to previously published findings with HBétt{on 3.3.3.% solid
loading had an important impact on disruption effectivenessoalwhen using
ultrasonication. Interestingly, Benzonase®1DR concentration, postysis incubation time
and AEBSF were not found to have a significant effect on the released protein concentration

over the rangesnvestigated Table 5.2.
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Table 5.2 Exgrimental design for a sfactor, two- level fractional factorial experiment with three
centre points to evaluate the effect of different lysis buffer componé@itits.factors selected are

listed below and detailed, along with some justification for studyable 5.1. Frozen cell pellets
were resuspended in their respective lysis buffers to a final solid loading of 1, 5 or 10% [10, 55 or
100 g t). Samples were transferred into to the miliTUBE, each containing thi&ediber.

Tubes were secured in the rack and processed under identical operating conditions as described
in Sectior2.6.3

Factor Buffer conc. Solid TX AEBSF Benzonase Inc. time
(mM) loading 100 (mM) (UmL?) (h)
(owewL-) (%)
Range 10, 100 10, 100 0,02 0,4 0, 10 1,24

A Sorted Parameter Estimates

Term Estimate Std Error t Ratio Prob:=|t|
[WCW] (g/L)(10,100) -1.594465 0175226  -9.10 N <0001
[Buffer conc] (mM)(10,100) 04190142 0175226 2.39 s :

[Buffer conc] (mM*[WCW] (g/L) -0.364232 0175226  -2.08 |

[TX] (%6)*[tinc] (h) -0.258008 0175226 -147 ‘m

(A)

4 = Prediction Profiler

7 !

6 Rk
£ 4844624 2 :

@ -t |t
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Figure 5.2 Millscale DoE screening results for lysis buffer optimisatioRaf&)neter estimates
of reduced model for HBICAH3, K1 VLP release fienpastorigB)Prediction Profiler of reduced
model.Model established from response data showippendix10.3.
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In Section 3.3.4the solubility of the construct as well as the presence of proteases as
determined through zymogramgigure 3.1% were discussed. As such, it was expected that
incubation with AEBSF and-IB0, along withmodulation of the postysis incubation time
could have an effect on product recovery. Despite this not being the case in this study, it is
possible that these factors could have an effect with other VLPs, as solubility differences
between HBE&K1,K1; HBEA2.3,(M2e) (VLP1); HR@H3,K1 (VLP2); and HBG(M2e)3
(VLP3) were quite marke®&éction 4.3.). Also, at the highest solids loadings, it is possible
that the resulting bands were near the saturation point of the blot imager, resulting in
inaccurate dengometry measurements. If this were the case it could have magnified the

solids loading effects as higher protein content would not have been quantified accurately.

As such, in future iterations of this initial screening experiments, loading sampleSDbi&o
PAGE gels should be done to match the solids loading (i.e. 10 times smaller sample for a 10
times larger solids loading). A further improvement could be the addition of a second
response to better assess the effect of Benzonase®. Benzonase was addddd® the

effect that released DNA, through increased sample viscosity, could have on overall protein
release. Measurement of viscosity or DNA guantification (through gPCR, for example) could

therefore be used as further responses.

Conversely, TX00 wasused in further studies as its importance is highlighted in literature.
For example, research conducted by Kee (2009) demonstrated the effectivenesd@d TX
on HBsAg recovery, and many others have reported its use as a lysis buffer component to
improvecell disruption and protein extractiofNicholson and McMurray, 1986; Kee, 2009;

Koley and Bard, 2010b; Feitelson, 2012)
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5.3.1.2Reduced factor millscale DoE investigation

Section 5.3.1.highlighted the importance of solid loading and buffer cortcation on the
release of soluble VLP proteins. However, possible challenges in accurate protein
guantification were raised due to differing solid loading. As such, a more focused DoE screen
was designedagain using HBK1,K1 The solids loading was fixed 50 g t* which was

found in Chapter 3to be a good compromise between cell disruption and ease of
clarification using HPH. Incubation time (po&FARlysis, preclarification) was included

with an upper limit of 12 hours, after which little to no eftavas observed when maximising
desirability Figure. 5.2B and TXLOO was considered again due to its importance described

in literature. AEBSF was also included given that the reason for inclusion as a lysis buffer
component was to mitigate apparent protease activity evidenCimapter 3 (Figure 3.15A)

A protease inhibitor screening study was run concurrently to this study to identify more
directly if AEBSF was having the intended effect. The resulting zymogram from this

concurrent study is depicted iigure 5.3

A lyticase incubation time (prAFAIysis) wa added as a new factor in the DoE design as it
was hypothesised that weakening the cell wall prior to &mfould enable greater
disruption. Research conducted by Rodriguez and Vaneechoutte (2019) found that 1 hour
of lyticase incubation was sufficient f86% cell lysi§Rodriguez and Vaneechoutte, 2019)
and thus a maximum of 2 hours was selected here. A summary of the factors and their
corresponding ranges can be viewed eible 5.3 The response was again limited to soluble
HBC recovery using densitotneof Western blotting, as that was sufficient for the purposes

of this study i.e. evaluation of the ABANIlliITUBE system for rapid, smatlale screening of

HBC VLP vaccine candidates.
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Figure 5.3 Zymograms exploring the effect of diffepentease inhibitors on protease activity.
(A)Evaluation of a range of inhibitors in isolation and in combination. Samples were lysed in lysis
buffer containing either an individual inhibitduiafies 43) or a mix of two inhibitord anes 4).

Lysis bu#fr containing the threénhibitor mix was used as the negative conttahg 7, and lysed

pellet in the absence of inhibitors was used at the positive cohmokl(§. (B) Zymograms with
inhibitors added during incubatiofProteases were added during the incubation stage (37°C
overnight). For each gdlane 1 protease standard,ane2; a sample lysed and incubated in the
specified inhibitorl.ane 3a positive controZymograms were performed as describe8eation

2.7.31.
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Table 5.3 Design space fds-factor, Central composite design with 5 centre points to evaluate
the use of milliTUBES for lysis buffer optimisatiati. paste was resuspended in corresponding
lysis buffer at a solid loading of 5% (w/v). At this spadjets were left to incubate for either 2
hours, 1 hour or immediately subjected to focused acoustics (lyt. Inc). Following lysis, samples
were left for 1, 6.5 or 12 hours, (1 h on ice and the remainder at 4 ° C) prior to clarification as
described irBedions 2.6.34. Lyt. Inc = lyticase incubation [pre cell disruption, T, inc. = incubation
time [post cell disruption].

Factor Buffer conc. Lyt. Inc.(h) TX (%) AEBSF T. inc. (h)
(mM)

Range 10,100 0,2 0,0.2 0,2 1,12
Source LogWorth PValue
Lyt. inc. 3653, | oo 0.00022
AEBSF o818 | | i - 0.15203
Buffer conc. o320 f] ¢ | ¢ o0 i b 0.46868
TX100 0289 ] ¢+ | ¢ oo 0.51413
t,inc. 0259 ] | | 0.55132

Figure % Effect Summary of reduced factor rrltiale DoE screeffractors are arranged in
descending order of significance and the most (and only statistically significant value) is
highlighted in blue (p= 0.05)he blue dotted line indicates the threshold fgngiicance. Lyt. Inc

= lyticase incubation [pre cell disruption], T, inc. = incubation time [post cell disruption].
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The effect summary of this investigation is showfigure 5.4 The model was found to be
significant with a P valug0.0001. Lyticase incubation was the only significant factor (P <

0.00022) with increased pramcubation resulting in higher HBC detection.

The effect of TX00 and AEBSF were again insignificant. This was further supported by the
zymogram results in whidbands of protease activity appeared on the gels irrespective of
addition of AEBSF, EDTA and a commercial protease inhibitor cocktail. In the second trial,
the protease inhibitors were added at various points in the incubation and protease activity
was stil evident regardless of their presence. Buffer concentration, which was shown to
have an effect in the previous trial, was no longer found to be significant. This could be
explained by the confounding effect caused by the inaccurate readings at higher sol

loadings.

Ultimately these experiments demonstrated the capabilities of the 1 mL vials for mid
throughput process development and could conceivably be used to study the HBC VLPs and
improve recovery. However, experimental set up was relatively timeswmmng, relying
heavily on operator precision and would be difficult to implement with higlue samples

high sample numbers arldw volume samples. In addition, only 24 vials can be utilised at
once and there was no ability to automate tfpeocess. As such, no further work was
undertaken in the 1 mL tubes and instead smaller &Aals in a 96well plate format

became the focal point for implementation into a platform process.
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5.3.2 Further miniaturisation, increasing throughput aratform development

The previous results section focused on applying the lysis methodology employed by Blaha
et al (2018) to lysis buffer optimisation. Whilst this was useful and could lend itself well to
analysis of 24vell microwell plate samples, the sateppreparation and vial handling was
relatively tedious and would be ill suited to larger sample numbers.-A&bplate format,

on the other hand, would enable higher throughput, smaller volumes and easy liquid

handling through multichannel or automatguipetting.

What is more, samples could be directly transferred into filter plates for easy cell debris
removal and then into 98vell, chromatography resin plates (Sectio6.8) to enable rapid
chromatography screening studies. This idea was first exgllioran ordinary 94vell plate

with a simple lysis screen to identify a suitable lysis duration and to understand consistency
across the plate. However, this is not advised by the manufacturer owing to uncontrolled
sample heating and so, following thisetFAmicroTUBES (Covaris, Brighton, UK) were
selected, allowing sample volumes of 130 yL and containing the sardéeodavitation

enhancing fibre as in the 1 mL milliTUBE vials.

In the first instance it was deemed essential to characterise the operatparameters and

not assume the same operational settings as implemented in the larger vial. This was
supported by Blahat al. (2018) whose study highlighted very different responses based on
vial geometriesFigure 5.5hows initial PSD distributiorath of identical samples at various
positions in the 9éwvell plate that were disrupted using the same conditions to ensure good
consistency in response across the plate, irrespective of positMtel-to-well
inconsistencies would diminish the use of theghnology as an appropriate cell lysis or

process development method.
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Figure 5.5 Initial characterisation of particle size distribution w&lBAF®microtube plates.

(A) Overlay of particle size distribution of samples after@®ABPNA samples were loaded at 5%

(Wwe/V) solid loading and lysed using the same operational set(B)Yf2anel view of particle size
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described irBection 2. 7.2.1.
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Particularly as this was intended as an intermediate stage prior to chromatography
screening. Furthermore, the implementation of this method to clone screening would
require good welto well consistency so viable clones could be adequately selected.

Fortunately, the data indicates good equivalence across the plate.

An experimental screen of mechanical parameters was conducted. For simplicity, all

microTUBES were filled with 120 pL sample (8@w L) and chemical buffer components

were omitted, given the lack of significance foundSection 5.3.1.2 The operational

LI N} YSGSNBR 6SNB aSt SOUSR F2ft2¢gAy3 GKS YI ydZl O
milliTUBES i®ection 53.1. The microTUBES were not compatible with the higher end of

acoustic energy achievable by the ultrasonicator, as such the range was reduced. To counter

this reduction, the burst duration was extended from 60s to 12tGhle 5.4indicates the

factors and dsign of the screening study. Given the challenges in obtaining accurate protein
concentrations from densitometry the nine runs were repeated in random order in

triplicate, yielding a total of 27 runs. The Dot blot, which included also a calibration curve

using purified recombinant hepatitis B protein, was used for densitometry analysis is shown

in Figure 5.6

Irrespective of the DoE analysis, it Is possible to identify intense dots on the nitrocellulose
membrane and cross reference these with the resuit3able 5.5and the averaged and
ordered results inTable 5.5to identify the importance of particular conditions. This is
immediately advantageous when considering the aims of this thesis. The ability to rapidly
identify best conditions by eye, without@need for laborious analytics is extremely useful

in early screening and process developméaiven that the premise of the Tandem Core

VLPs is to serve as a scaffold displagingmber of different inserts, directed to different
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Table 5.4 Factor selégh of the four factor, 8 levelfractional factorialwith lower, mid and
upper performance rangeBach condition wasndomised andun in triplicate

Factor

Duty Cycle (%) CPB

Intensity (mV)

Time(s)

Ranges

15,10

10,100,200

0.1,5,10

10, 60,120

Table 5.5 Averaged Factor and responses of triplicate condiiongd in ascending order of
Duty Cycle, Intensity, Cycles per burst and Time (s). Standard deviation and percent error also
reported. Full response table can be foundppendix.0.4.

Run DUty  |ntensi Time Conc. Std. Dev Errar
Numbers &AM el (mv)ty CPB  (s) (ugmLY)(ugmly) (%)
3,924 bbLL 0.1 0.1 50 10 5.43 0.12 2.3
5,6,19 £000 0.1 5 100 60 5.87 0.05 0.8
7,13,21 bLt+++ 0.1 10 200 120 6.00 0.16 2.7
1,11,20 nbn- 5 0.1 100 120 5.60 0.29 5.3
10,17,2* nnb’ 5 5 200 10 7.80 0.00 0.0
4,14,23 nbb. 5 10 50 60 13.13 3.17 24.2
2,8,27 bbb. 10 0.1 200 60 5.47 0.05 0.9
15,18,2. bnb- - 10 5 50 120 22.03 1.46 6.6
12,16,2¢ bbn" 10 10 100 10 12.10 0.22 1.8
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diseasetargets rapid development and manufactugnmethods are essential to reduce

costs and time to market.

The percentage error and standard deviations are suitably low with the exception of one set
of averaged results (4, 14, 23) which seem to have been skewed by a single outlier result,
likely as aesult of operator error. The removal of this data point increases the R squared
value from 0.73 to 0.77, indicating a good fit and in either case the model is significant. The
predicted model (P = <0.0001) resulted in equatiéguation 5.3 which modelshe desired
response in terms of coded factors enabling rapid and easy estimation of important terms

and their effects.

[Equation 5.1]

‘066" Qo YBoX WO palp C8& TXW O MPWo P& O I

The factors identified as mosignificant were duty cycle,pB and intensity, in that order
(Figure 5.7A The factors provided by the equation model indicates that duty cycle and
intensity have a positive effect on the response, wherepls ltas a negative effect on the
response Understanding this from an operational viewpojnt is logical that duty cycle is
significant given that low duty cycles mean limited application of acoustic power during the
treatment time. Similarly, the energy input of the acoustic wave was likely to ingaict
disruption. Maximising desirability using the Prediction Profifégure 57B) shows both at

the upper limit of that explored in the design space. Given that these limits were due to the
design constraints of the microTUBES increasing them furtlasrvat a possibility. Time
was not significant but did exhibit a small positive effect on B@sidering the above, the
conditions that will be used for future work incorporating the &#ficroTUBE lysis method

are outlined inFigure 5.B.
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Source LogWorth PValue
X1(0.1,10) 4.372 | | r o 0.00004
X3(50,200) 3700 T o 0.00020
X2(0.1,10) 253 [ ¢ 0 G i i 0.00295

X4(10,120) 1.202 R 0.06282
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Figure 5.7 Analysis of milliTUBE®P@E study for BGK1.K1. (A) Effect summary. (B) Prediction
profiler. Factors are listed in decreasing order of significance. Statistically significant factors (at

0.95 confidence level) are highlighted in blue
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5.4 Summary

The aim of this chapter was to explore existing and novel ssnale methods capable of
high-throughput Tandem Core construececovery and potential incorporation into a
platform process for rapid vaccine bioprocessing. Initial studies employed a@rnA¢tAod
described in literature to investigate lysis buffer components whilst evaluating the method
in terms of throughput, ease of use@product recoverygection 53.1). The factors studied
were found to be largely insignificant, with lyticase (enzyme) incubation time being one of
the few notable significant factors, in line with the literatuféigure 5.4. Ultimately, the
mid-throughpu nature of the method, coupled with the need for additional chemicals to
aid lysis and the inability to automate resulted in the elimination of the milliTUBE vials from
further study.However, smaller microTUBE sample vials were also available and lggven t
success of ARRAultransonication they were selected for investigation of operating
procedures given the new geometry. Enzymatic lysis was omitted, in spite of its significance
in the prior study due to processing constraints that would be encounterddrgé scale.

The results of the microscale experiment indicated good -teellell and condition
reproducibility Figure5.5) and highlighted key operating parameters for sufficient HBC

recovery were defined for microscale lysis experiments going forgragiire 5.7.

Ultimately, primary recovery was not a focal point of this thesis, particularly as much of the
work aims to understand epitope effects on key unit operations. Given that\HBGS are
produced intracellularly and all withiR. pastoris differences in cell disruption due to
epitope differences were not anticipated. However, given the ease of usetlinigbhghput,
reproducibility, and adequate HBC recovery it was decided it would work well forsraie!
fermentation sample analysis and as pafthe highthroughput platform process. Further

usage of the method in conjunction with other unit operations is exploredhapter 6
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6. Rapid establishment of chromatographic
methods for purification of VLP variants
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6.1 Introduction

6.1.1 Highthroughput DSP development

The development of methods for protein purification is critical for the field of biotechnology
and the manufacture of vaccines and other biopharmaceuticals. Chromatography is used
extensively in biopharmaceutical process devet@mt and commercial manufacture of
biological medicines. A typical downstream process includes one or more orthogonal
chromatographic steps to remove impurities and further purify the protein of interest.
There are numerous chromatographic techniques awdd, which use different principles

or selectivities to achieve purification.

The basis of most chromatographic separation for protein purification is the differential
partition of proteins between the stationary and the mobile phase; the former being the
chromatographic medium and the latter being the solution containing the product mixed
with impurities(Coskun, 2016)The differences between the various liquid chromatography
techniques is therefore dependent on the type of stationary phase select@ehn@nly
used techniques in protein purificatioiTable 6.1)are hydrophobic interaction, ion

exchange and affinity chromatography

As chromatography utilises the differing physicochemical properties of a protein in order to
separate product and impuritie®t stands to reason that HBC proteins with different inserts
may require different purification methodologies, either in the type of stationary phase
employed, or, in alterations to the mobile phase to enable better separation. Furthermore,
within each echnique there are a variety of resins available with differing characteristics

which will affect how well a mixture of proteins in a solution is resolved.
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DSP can be a bottleneck in bioprocessing as a result of advances in upstream bioprocess
development.Higher biomass and protein concentrations achieved in bioreactors have in

some cases overpowered the capacity of purification proceSasdneet al., 2018)

Moreover, developing robust purification strategies which do not compromise on product
guality or cost can be a resource intensive endeavour. ithgbughput screening methods

are growing in popularity in biotechnology research and development as they enable
process screening and optimisation to be conducted in both a timely andeffestive
manner. Whilst these technologies may not perfectly mimic the process as operated at large
scale, they can serve as a useful tool for initial screening and process characterisation.
t NEB5AOG2NM LI I 4SaZ | yR vlifikes plateOchtxiny Sedplds f &
of chromatographic resins, are a good example of a-thgbughput screening tool which

can be used to rapidly identify suitable chromatography media as well as defining initial

binding and elution conditions for further studligure 6.).

In the context of this work, it is possible to assume the epitope modificaibaisle 6.2)will

alter either the size or surface properties of the HBC VLP, all of which could result in differing
purification needs. Whilsin silicq dynamic simulatiorand computational methods are
being utilised to better predict particle formation, surface hydrophobicity and charge
(Mobiniet al., 2020b; Zhangt al., 2021) most work is still largely empirical. If a HBC vaccine
scaffold is to become a reality, a torim purification methodology or a higthroughput
adaptable workflow is needed to rapidly screen candidates and facilitate large scale

manufacturing(Liet al., 2010)
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Table 6.1. Common chromatographic methods used for protein purificakitepted from
Jansen (2011).

Chromatogragic Methods Principle of Separation
Hydrophobidnteraction Surface ldrophobicity
Reversed phase chromatography Hydrophobicity
lon - exchange Net chargd charge distribution
Affinity Biological functior bio-specific
affinities
Gel filtration/ size exclusion Size and shape
Chromatofocusing Isoelectric point

Table 6.2 VLP variants used in this work and estimated variation in dimer sequence as a result of
molecular engineering to produce a potential influenza vacveine.variants described further in
Section2.1.1 Information obtained from IQur Ltd.

VLPvariant % HBC % Influenza

HBCK1,K1 100 0
(Empty Tandem Core)
VLP1 [HBEIA2,3M2E] 55 45

(Hemagglutinin stalk & M2e)

VLP 2[HBCAH,K1] 70 30
(Hemagglutinin stalk, empty)
VLP3 [HBGM2E,K1) 70 30

(M2E, empty)
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Figure 6.1 Schematic diagramtlining the stages involved in a typical purification process and
the tradeoff between product recovery and puritizarly stages of chromatography are usually
concerned with low resolution separation and high efficiency product capture. Throughout the
process the resolution must increase and contaminants must be removed. Product loss is
inevitable throughout this process and therefore optimising each step and minimising total
number is imperative to retain high product titres. Adapted from GE healthcdé& 5 A O G 2 N @
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modes and can be purchased in a number offdled formulations or personalised to suit

the needs of the consumer or product. The®éll plate format #iows for small sample and

media volumes and filling steps can be readily automated to enhance throughput.

Moreover, in choosing to use these plates in this work, it was hypothesised that the
chromatographic separation conditions identified could be readitaled to benchtop

columns, given that the mode of operation should have no bearing on the selectivity of the

ligand.

6.1.2 Aims and objectives

Given the importance of an efficient downstream purification strategy for the success of a
vaccine platform process, the aim of this chapter is to develop a Higbughput
chromatographic method to rapidly assess the extent of purification for HBC VLPs and
optimal recovery conditions. Moreovait,builds upon work describing cell lysis and primary

VLPcapture described i€hapter 5

The specific objectives of this chapter were as follows:

T 9adlotArakK | YSGK2R2f23&8 F2N) d&asS 2F tNB5AO0U
separation conditions

1 Identify chromatography resins, and initial binding and elution d¢omaks, suitable
for VLP purification using highroughput screening techniques.

1 Identify if resin requirements, or mobile phase conditipdfer dependent on the
differing inserts in the major insertion region of the HBC VLPs.

1 Develop an initial chrontagraphic purification method for HBC VLP purification.
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6.2 High throughput PreDictat plate method development

Due to the range of resins, buffers and conditions needing to be evaluated for VLP
separations, a systematic approach and workflow for uséi €S t NBE5A Ol 2 NM
AYyAdGArtte Saldlof AaKSR® ¢KS FAYIlIf LINRPG2O0O2f
Section 2.6.5however, this section elaborates on the sequence of operations and the
considerations involved at each step. These@esented here in both tabulai@ble 6.3

and diagramatic formHigure 6.2.

It has already been stated that chromatographic protein separations are influenced by the
nature ofthe mobile phase hence a wide variety of buffers (BIS TRIS, CITRATEMEEPES,
MOPS, TRIS) were tested in initial screens at varying buffer concentrations (205&M
mM), pH ranges (5.6 8.0) and salt concentrations (02 M NaCl and (Nf#SQ. The exact
buffers used in particular separations will be specified in the textrdliscussing relevant
figures. A diagram depicting buffers, their pH buffering range and the chromatography

mode in which they were implemented is availablé-igure 6.10.

Similarly, the nature of the resin itself is important hence approximately 14reliffeesins
spanning three chromatography separation techniques were investigated. These were:
cation exchange chromatography (CIEX); anion exchange chromatography (AIEX); and
hydrophobic interaction chromatography (HIC) as these were considered modtlsuiba
purification of whole VLPs in their native state (as would be required in a final formulated
vaccine). Within each mode of chromatography resins can still differ greatly. For example,
the chemistry of the resin can change through the use of diffefggands and spacers,
whilst physical characteristics i@sins can be different due to different base materials being

used. The resins used in this work are comprised entokbgarosebased resins, widely
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used in biopharmaceuticals owing to ease adrmafacture and adaptabilityNweke et al.,

2017).

In order to evaluate the resingnd to work towards the inclusion of high throughout
chromatography screeningethodsin a rapid manufacturing platform, a qualitative dot bot
method was utilised. Téreasors for this were numerous. Namely, dot blotting provides a
simple and relatively fast way in which to verify HBC expression, eliminating the need even
for SDS PAGE. Mamver, the nature of the system is almost binary, whereby the presence

and absence of a black dot can be useihfer success dfifferingbind and elute conditions.
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Table 6.3 Experimental workflow employed for chromatography screening experimentsxt
in blue emphasises each stage at which the eluent was retailed for dot blot analyses. Guidelines
are provided by the manufacturer.

Steps Description

Sample Prep Samples lysed in selected binding buffer. Minor pH and salt
Retain [Ini.] adjustments made as needed before loading.

Plate Prep PreDictom plates brought to room temperature before inverting
Discard

Equilibration[x3]
Discard

Sample Binding
Retain [FT]

Wash[x3]
Retain [W13]

Elution [x3]
Retain [E43]

Final washx3]
Retain [FW413]

~20 times to rehydrate the resin.
Foil removed and plate placed over collection plate.

Equilibration buffer (same as binding buffer) added (RO0
Mixing using orbital shakgb mins, 1100 rpm)
Centrifugation (1 min, 500 x g)

Sample loadednto PredDictor platg€150 pL)
Incubaton [RTland mixing using orbitathaker { hour,1100
rpm) Centrifugation (1 min, 500 x g)

Plates washed with binding/equilibration buffer (200 L)
Mixing using orbital shaker (5 mins, 1100 rpm)
Centrifugation (1 min, 500 x g)

Elution buffer added (200 pL)
Mixing using orbital shaker (5 mins, 1100 rpm)
Centrifugation (1 min, 500 x g)

Wash all wells with 50mM MOPs pH 7.5

Wash x3 with 200 uL
Incubate 5 min on shaker (1100rpm), spin 1 min 500 x g
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elute studies For each of the chromatography modes tested (HIC, CIEX and AIEX) the
experimental procedure remained largely the same. PPs were prepareaiing to rehydrate

the resins and the storage buffer was removed using centrifugation. Equilibration involved 3
washes with appropriate binding buffer. The binding stage required 1 hour of mixing at room
temperature. Subsequent wash and elute stage®wagain undertaken in triplicate. Mixing was

carried out at 1100 rpm for 5 minutes unless otherwise stated. Centrifugation conditions were

500 x g for 1 minute. At each stage the collection plate under the PP was changed and the flow
through retained for dt blot and absorbance analyses as describ&kettions Z..5and2.7.6,

respectively.
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Table 6.4 Details of the resins screened in VLP-dhinel studies to identify initial
chromatographic separation conditionsl] resin plates supplied by Cyti¢a A = cross linked
agarose.

Resin Class Resin Specification
Anion exchange Capto Q Highly GLA, spherical, strong
chromatography anion
Capto DEAE HighlyGLA sphericalweak anion

Q Sepharose Fast#low GLA 6%, sphericaktrong anion

Capo Adhere Multimodal, strong anion
Cation exchange Capto S HighlyGLA spherical strong
chromatography cation

SP Sepharose FF GLA 6%, sphericabktrong cation

/[ LJi2 aal Q Highly GLA, spherical
Multimodal weak cation

Hydrophobic Capto phenyl HighlyGLA sphericalphenyl |
interaction (high sub)
chromatography . _
(High) Phenyl Sepharose 6 FF (Ic GLA 6%, sphericaphenyl
sub)
Capto butyl HighlyGLA spherical butyl
Phenyl Sepharose 6 FF  GLA 6%, sphericaphenyl
(high sub)
Hydrophobic ButylS Sepharose 6 FF  HighlyGLA 6% butyl S
Interaction
Chromatography  Octyl Sepharose GLA 4%, sphericabctyl
(Low) 4 FF
Butyl Sepharose GLA 4%, sphericabutyl
4F
Capto Octyl Highly GLA, spherical, octyl
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6.3 Results
6.3.1 Cation exchangeesin screening

6.3.1.1. Cation exchangmethod development for HB&1,K1

Chromatography is the core purification technology in protein manufacfarenstronget

al., 2021)with IEX being one of the most utilised chromatographic methods. This is because
of its high reolving power and high binding capaciyungbauer and Hahn, 2009)
Moreover, these types of resin are relatively cheap, particularly in comparison to affinity
resins, and can be very effective in reducing the concentration of aggregates, host cell

proteins (HCPs) and DNWQuet al., 2010)

The two types of ion exchange resins available, cation and anion, with their differences in
charged groups, modes of operation and ranges in operability, offer high versatility for many
products and processes. The basis of this technique is the eleciattaiction that exists
between the charged groups on the stationary phase, and the ionic species in the mobile
phase. The strength of this interaction is dependent on several factors, including: the charge
of the protein, competing ions and the ion excige resin, nowelectrostatic interactions,

and buffer characteristics such as temperature and (Mukherjee, 2019) Protein
adsorption generally occurs when the overall net charge of the protein is opposite to that
of the ion exchanger. Whilst a rangepH can be used to improve binding capacity it can
also be employed to facilitate elution by changing the net charge of the surface of a protein
to be the same as the ion exchange resin. More commonly however, protein elution is
achieved by increasing thsalt concentration in the mobile phase. This increases the
competition for binding with the ion exchanger, between the protein and similarly cldarge

ions, leading to the protein being releas@teketeet al,, 2015)
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elution conditions across three cation exchange resins, by altering pH and salt (NacCl)
concentration. To establish a simple process that could be incorporated into a high
throughput platform, a rational desimgapproach was desirable, whereby the buffers and pH
ranges were intended to be compatible with other process conditions; thus reducing the
need for buffer exchange steps between chromatographic stages. However, the ranges
selected had to be compatible withe mechanism of CIEX, which typically favours binding
at low pH. A rapid cell lysis screen was therefore conducted at pH640and samples run

in duplicate on a dot blot to confirm adequate protein detection. This was important since
analysis for tb chromatography plates would be based on qualitative blbtgure 6.3B
shows no detection of soluble VLP the lysate at pH 4.0, which agrees with the lysis
experimental results isection 3.3.3.1This could be due to protein aggregation induced by
the low pH, resulting in the removal of aggregates during clarificgfitazzeret al., 2015)

The lack of detectable protein led to elimination of a pH 4.0 binding buffer from the

experimental design.

The overall experimental design employed for catiooh@nge resin screening can be seen

in Figure 6.3A Samples were prepared by -sespending and lysing pellets in the
appropriate buffers, with minor adjustments made as necessary after clarification. The resin
plates were rehydrated and equilibrated withnbling buffer as described ihable 6.3and

150 pL of sample was pipetted into each well using a multichannel pipette. Aftehame
binding (1100 rpm on an orbital shaker, at room temperature), the wash and elution steps

were carried out as outlined iAgure 6.2
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Figure 6.3 Screening plate designs for CIEX platesiit{#{) process plan(B) Condition limit

testing results(C)Revised process plarhe CIEX initial plate designs aimed to explore a range of
different pH binding buffers, leaning towards the use of more acidic buffers considering the
mechanism of cation exchange. A simple elution strategy was designed, utilising the lowest and
highestbinding pH, supplemented with 0.5 or 1 M NaCl. To avoid buffer exchange steps at this
stage, cell pellets were to be lysed using the buffer for binding, and pH altered as necessary in
case of drift upon intracellular product release. Given the resultg psind.2 irSection 3.3.3.1

a fast lysis experiment was carried out and no product was detected at pH 4.0. As such the lower
limit of the study was increased to pH 5.0 accordingly. The revised method utiliBigifes 6.4

and 6.5 depicted i(C)
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In the first instance, absorbance readings of eluted solutes in the collection plates at 280
and 260 nm was selected for analytical purposes, owing to the ease of sample processing
and high throughput nature. However, this proved ineffective at identityidifferences in

HBC binding/elution, due to the presence of HCPs and other contaminants released during
cell disruption that absorbed at these wavelengths. Conceivably, extracellular products
would be better suited to this analysis. Instead, dot blottwas used as a rapid, visual and
hightthroughput method of analysis as described Section 27.3. This enabled easy
identification of resins as well as outlining conditions suitable for HBC binding and elution.
This would not allow for the monitoring (andeally reduction) of impurities, however, the
advantages of a simple visual approach, in the context of athiglughput platform cannot

be overstated. More detailed analyses could always be implemented once the experimental

space and sample number haden reduced.

The eluent at varying stages was selected for investigation; initial, unbound, the third
washing stage, and the first and second elution. The first two dots (Ini. and FT) can be used
to qualitatively infer binding capabilities or used moreaqtitatively with densitometry and
protein assays to calculate static binding capacity. The third wash step (W3) was included to
ensure that any dots present in the elution fractions were not simply due to protein
overloading and were instead a responséhe elution condition used. The imagedHigure

6.4 show the results of HBK1,K1 binding to CIEX screening and polishing plates. Because
each condition resulted in 5 samples to analyse (initial, flow through, third wash, first and
second elution) one plte resulted in 4 dot blots. These are the 4 panelBigure 64: (A)

pH 5.0;(B),pH 6.0;(C)pH 7.0; andD) pH 8.0. The results shows that SP Sepharose was the

superior resin at this stage due to the dots present at E1 (highlighted in orange) and E2.
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purification. The four panels depict different equilibration/binding buffer conditions, which can
be cross referenced witRigure 6.3 (Qpr clarity. (A) Samples bound using Citrate buffer pH 5.0,
rows A and EB)Samples bound using Citrate buffer pH 60ys C and [C)Samples bound

using MOPS pH 7.0 rows (E and F)(B)@amples bound using Tris pH &@®s G and HThe

same amount of sample, derived from lysing 40 mL of 50 g wet cell pastihé corresponding
buffers was applied to the plate using a multichannel pipette. Elution was conducted at either 0.5
or 1 M NacClin Tris pH 8.0 or Citrate pH. BBbrevidions in the above figures are as follows:

= initial, FT = flowthrough (unbound) W3 = wash 3, E1 = elution 1, E2 = ellitieriat elution

step is highlighted in orange on the dot blot as it was considered the most important result at this
stage.
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The protein in the unbound fraction is relatively high in most conditions, either due to sub
optimal binding or too high a protein content for the binding capacity of the resin. However,
at the lower pH range there are faint or absent bands in the unbloeluent for both SP
Sepharose and Capto MMC, suggesting good binding was achieved. It appears that for the
latter the binding was perhaps too strong given the lack of dots visible in the Capto MMC
E1l, E2 lanes-{gure 6.4A This was considered a goodfiresult which also suggested that
protein binding/capacity issues could be further improved at a later stage. Furthermore, it
Ffa2 KAIKEAIKGSR GKS ST7FS00MaGighpuitachmldgy G K S

for chromatography screening.

As staéed above, dot blots were used qualitatively for the most part, however it was decided
that performing an SDBAGE and Western Blot analysis at this early stage of development
would be useful before exploration of the other VLP variants. Thus, followaddhblot,

wells of interest were selected and analysed via-BBGE and Western bldtigure 6.5.
Moreover, it enabled a closer look at any VLP degradation products; a common issue
throughout this study and ideally one that could be partly resolvedrdupurification. The
results indicate that the samples lysed and bound at pH 5.0 had less HBC protein visible on
the Western blot. This could be due to the pH differences close to the matrix, which can vary
by up to 1 unit meaning the sample could have esposed to around pH @lukherjee,

2019) Detection at pH 4.0 has already been explored with a negative result. Despite also
showing fewer truncation products, the absence of a band in the E1 fraction meant pH 5.0

may not be suitable for further study.
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screening.Initial, flowthrough, elution 1 and elution 2 fractions were selected from the SP

Sepharose resin onlfA) and (B) correspond to collected fractions which were bound under

different conditions to the resin at [pH 5.0, 6.0, 7.0 or 8.0] but all eluted 8t(oH. M NaC(C)

and(D)shows fractions which were all bound at pH 8 but eluted at either pH 5.0 or pH 8.0 and at

either 0.5 M NaCl or 1 M NacCl.
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In the other conditions very faint protein bands can be observed in the first elution in the
Western blot but are seemingly absent from the SES5E. This may be due to the increased
sensitivity of antibody immunodetection in comparison to Coomassie s@@oldman,
Harper and Speicher, 2018 Figure 6.5 (Cand (D) the binding pH was maintained at pH
8.0, with the elution conditions varying in both pH (5.0 or 8.0) or salt concentration (0.5 M
or 1 M NacCl). At both salt concentrations pH 8.0 app&abke the most suitable for elution
with 1 M NaCl providing the most intense band in the elution lanes. At this stage it is unclear
what else is binding to the resin but even so elution at a lower salt concentration would be
preferable as late eluting pducts can often be lost to the cleaning and regeneration stages.
The appropriate elution conditions would of course depend on the PI of the protein of
interest and the need to elute separately to any HCPs that may be bdumsl first result
enabled the skection of at least one resin for purification of Tandem Core VLP and began
outlining suitable buffer characteristics. The key findings thus far were as follows; of the
three CIEX resins tested Sepharose SP FF results in elution of the most proteifirst the
elution fraction. Buffer pH had an effect on both binding and elution with elution at pH 8.0

giving the greatest response.

6.3.1.2 CIEX chromatography method application to VLP variants

Typically, in bioprocess development these results would Iseduto reduce the
experimental space and further define conditions, prior to scale up. However, the wider aim
of this thesis is in understanding epitope effects on bioprocessing. As such, the same
conditions were applied to the purification screening oé tthree influenzespecific HBC
VLPsto investigate if different effects would be observed. Cell pellets were resuspended at
50 g Lt in lysis buffer, lysed by HPH, centrifuged and clarified as previously described in

Section2.6. For this series of expenents, the analysis was approached in two ways. First,
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success, the entire elution plate for each run was dot blotte@igure 6.6 This has the

advantage thatletection is not skewed by the more intense dots that would be visible if ran

against the initial protein sample applied to the resiisible in the initial samples. However,

as the VLP constructs may also have different epHiggendent binding prefereres, a

second dot blot analysis was also conducted abkigure 6.4showing FT, W3 and £1

(Figure 6.7 only for binding at pH 6.0.

Looking first at the screening plate results in Figure A,8C( E and)lSome minor, possibly
constructdependent diffeences can be seeN.LP2(E)for example elutes at both pH 5.0
and pH 8.0 primarily from Sepharose resins but with a faint response for elution from Capto
MMC, both at 0.5 M NaCl. On the other hand, HBCK1 preferentially elutes at pH 8.0,

again for bothresins but at both salt concentrations.

It appears that the resins in the polishing plates are superior to the screening ones in terms
of either protein binding or elution from the membrandemonstraed by more intense
protein dots on the membrane. Theasons for this difference are unclear, particularly as
the polishing plates are not recommended by the manufacturer at this stage of process
development. The second observation is the poorer quality images derived during the HBC
Influenza epitope experimés (Figure 6.6 €H) in comparison to the clear HBQ ,K1 image.

This is probably due to a need for overexposure using the imager, an action typically
synonymous with lower protein available for detection. This result is consistent with findings
reported inChapter 4where the increased insolubility of complex constructs is apparent,

causing issues with soluble detection.
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Figure 6.6 CIEX Plate method development using HBC VLP variants. (AH&®KBK1
screening/polishingd and DHBCGCHA2,3M2E/(VLP1) screening and polish(Bgand FHBC
LAH3,K1/ VLP2 screening and polisf@gnd HHBCK1,3M2E/VLP3 screening andigiuhg.
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VLP 3G)again has faint dots for both Capto resins (albeit less obvious than Sepharose) at
elution pH 8.0 and both salt concentrations. VLP1, the double epitope construct which
characteristically suffers from insolubility issues in this woekembles more closely the

salt elution habits of VLP2. In fact, the dot blot profiles of HBRE1 seems to be most like
VLP3, and/LP1to VLP2. This could be because LAH epitopes (VLP2) are derived from the

HA2 (VLP1) stefdachiet al,, 2019).

The results also indicate that the washing steps are adequate at removing unbound protein
Fa y2 R2Ga4 Oly 0S5 E&§&W? AN, YB), ank(S. IWinaggp), he dzSy i
protein intensity is lower in the flonhrough dot for the Capto MMC ras perhaps
indicating that binding was successful and that the lack of protein in the eluent was due to
unsuccessful elution. This could be because the protein is binding too tightly to the resin
and as such different conditions are required to succebstlute it. Again, this holds true

for both VLP1 and VLP2 whilst no obvious effect can be seen in the case of VLP3. Ultimately,
in all cases Sepharose SP seems to be the resin of choice, with binding at pH 6.0 and elution

at pH 8.0 working well for all fo VLP variants.

6.3.2 Hydrophobic Interaction Chromatography resin screening

HIC was investigated as an alternative or orthogonal chromatographic separation method
to CIEX. HIC is also an inherently popular chromatographic mode, with operation at
favourable buffer pH ranges which help to reduce the complexity of downstream

processing.
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(B) VLP2(C)VLP3. Samples bound using citrate buffer pH 6.0. The same amount of sample,

derived from lysing 40 mL of 50 g wet cell pasta lcorresponding buffers was applied to the

plate using a multichannel pipette. Elution was conducted using either 0.5 dfaCMn Tris pH

8.0 or Citrate pH 5.0. Abbreviations in the above are as follows: Ini = initial, FT = flowthrough

(unbound) W3 = wash 3, E1 = elution 1, E2 = elution 2. The first elution step is highlighted in

orange on the dot blot as it was considered thost important result at this stage.
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From a downstream process design perspective, the requirement for binding at high ionic
strength would enable use of HIC after a high salt elution step such as that required in CIEX.
As with CIEX screeningection6.3.1), the premise of this investigation into HIC resins is
first and foremost to establish an appropriate purification based on the HBC core and
secondly, based on the specific physicochemical properties of the influenza based antigens

displayed on theparticle surface.

HIC is based on the hydrophobic interactions that exist between the protein surface and the
column to which they bind. As HIC is largely reliantVan der Waals forces, the interaction

is weak enough so as not to damage the pro@eO2 YSGGA | yRByWwapingd >~ HA MO U
the nondenaturing characteristics of salt precipitation with chromatography, HIC is able to
achieve high product recovefiukherjee, 2019)This is of particular interest to this work,
owing to the frequent use foNH;).SQ to facilitate binding and the relatively common use

of ammonium sulphate precipitation in VLP recovery, able to alter solubility with little to no
impact on VLP formatiofZhanget al,, 2021) Indeed,(Kazak®t al,, 2017)have previously
described an ammonium sulphate precipitation method for purifying HBC VLPs. Given that
1 M (NH).SQ is not equal to 1 M NaCl in its ability to salt out prote{i&ng, 2009)a
precipitation screen was conducted from 0 M to 1 M to ensure that proteiect&n was
possible and that total precipitation of the protein did not occur. The results of this screen
are shown irFigure 6.8along with the screening design as it was set up for this study. The
full bind to elute and elution plate results from the HIC chromatography screen are shown

in Figures 6.2nd6.10.
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Figure 6. Considerations andcreening platedesign for HIC. (A)Ammonium sulphate
precipitation screerfB)High hydrophobicity desigfC)Low hydrophobicity design. As with the
previous CIEX plate desigkig(re 6.3 a range of different salt concentrations were tested for
elution due to the mechanisms of HIC. Again, to avoid buffer exchange steps, cell pellets were
resuspended and lysed in the buffer used for binding and pH adjusted as needed. To ensure
samples did not entirely precipitate at high salt concentrations desisgpeen was carried out.

As such, proteins were bound at high (N8 (1 M)and eluted at either 0.4 or 0.6 M. Samples

were lysed and clarified prior to salt adjustment with a 3 M solution. The experimental method
was performed as depicted Figure6.2.

244



(NH,),SO, Elution:

04M 0.6 M (NH,),SO, Elution:
0.4 M 0.6 M
9 T o2 T o
[V - i E . . [N E
e 2 o 2le T 5 B - W= |E W s
) S5 © S ©0 S5 W > © ¥+ o 2|l & o 2
(%] 2] %) @ % @ n @ n < < ] n S < O
c 2 ¢ 2|lc 8 ¢ g2 2 v 4 Qe v 4 G
[} Q Q Q. () Q <] Q. = = = - = = = —
£.8 & S|& 8§ & & £ 5§ 2 %158 5 3§
Ini S Rl om @] o @] [) (@) om (@]
FT o > 1
G e © 06 06 0 ° FT ' .. "
w3 = - ] @ o 0 ® 0|
- W3 3
o) g
E1l
D = 1| ® © @ R g
E2 E2
m. | @ ® ® ¢ 60 0 O ni. @ ® ® @ & & o »
Tl @ © o © 0 0 0 2 T le ® o © e O |
0
T T
w3 a W3 S
E1 | © [l |@ 0 © o $) =
E2 E2
(A) — — B = =

CA3dzNB codp 1L/ t NBE5AOG-RINI (A)IHighihgdroptidicityf (H) 3.&v hydophBbiity fesli® above fepresent a fraction of the
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the dot blot as it was considered the most important result at this stage.
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The dot blots 6the HIC experiment were divided again by binding pH and a representative
sample of results for high and low hydrophobicity resins is shown. The elution fraction is
highlighted by an orange rectangle. The results show a positive protein response in the
elution fractions of all of the resins to varying extents. This could be a result of overloading
protein to the resins, a possibility supported by the faint protein signal seen in the wash
step. This indicates that the wash step was not sufficient to renadilwenbound protein and
could affect the integrity of the elution results. However, given the intensity of some of the
dots in the elution fraction comparative to the wash dots it is unlikely that the elution effects
are false. The different buffers and p&hges utilised seem to have had far less effect than
in CIEX chromatography (compdre Figure 6.4 as anticipated. Product elution occurs as
low as 0.6 M salt concentration and is therefore also eluted at 0.4 M. A closer look at
contaminants and the wsof a gradient or stepwise elution would be required to identify

optimal elution conditions.

The same methodology was applied to the other HBC variants to examine the effectiveness
of HIC for each construct. The resultd-igure 6.106show the first elutbn plates for these
experiments with high hydrophobicity resins on the I&t D and low hydrophobicity resins

on the right (A, C, E Interestingly, there is no blot for VLP1 purified using the high
hydrophobicity resin as there was no detection, evérhigh exposure and the response
using low hydrophobicity resins was low. This is in contrast to the other constructs, all of
which have a protein response to both high and low resins. These differences are likely
epitope dependent, either as a result offfdrent, inherent solubilities or less interaction
between the influenza epitopes and the chromatography ligand. Over exposure of the blots
for the VLP1 construct with low hydrophobicity resippendix10.5) does highlight the two

butyl resins as the most favourable options.
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The results for VLP2 and VLP3 show protein in the eluents across numerous resins, as with
HBCGK1,K1. VLP3 in particular, is responsive to many of the low hydrophobicity resins, a
findingthat is mirrored in the HB&1,K1 elution fractions iRigure 6.10 Clearly, construct
dependent differences are at play and arguably different resins may be more suitable for
each construct with some manipulation of binding and elution conditions. In the
exploitation of HBC as a vaccine scaffold, if one HIC resin had to be selected to enable a
platform approach to purification of all HBC VLPs, at this stage the best choice would likely
be Butyl S Sepharose FF.

6.3.3Enhanced screening througine-tuning of binding and elution conditionsand
improved upstream processing

As the upstream processing methodologies were improvedapter 4 and the soluble

protein recovery increased (per gram of WCW) a set of experiments were designed to fine
tune the chromaography screening conditions. Beginning with CIEX, careful consideration
was given to conditions at this stage, taking into account previous findings coupled with

research reported in the literature.

To begin with, binding pH was fixed at pH 6.0 usin@ Mifer; this was a change from using
citrate buffer owing to the greater buffering rangEigure 6.1) and hence the ability to
better explore elution conditions. Secondly, two lanes were selected for binding at 0.1 M
salt concentration, given that therjor results indicated that the VLP may be bound too

tightly to the resin.
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Figure 6.10 Elution plate results of HIC initial process method applied to influer¥aPEBCA)
HBCHA2,3M2E (VLP1) low hydrophobic(® and C)HBGLAH3K1 (VLP2) high and low
hydrophobicity(E and FHBGK1,3M2E (VLP3) high and low hydrophobicity. Cell pellets were
resuspended and lysed using HPH in their designated buffers. Following clarifetition(
2.6.4 the ionic strength of samples was incezhto 1 M (NH)>SQusing a 3Molution and final
adjustments to pH were made prior to binding.
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Figure 6.10verview of the different mobile and stationary phases utilised for VLP purification.
Summary offA)the buffer types and pH ranges explored in this work (Bjttheir impact on the
operation of chromatographic separations using different resins. Figtgated using
BioRendecom.
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From a scale up perspective, reducing the affinity of binding may prevent product loss in
resin washing and regeneratiqBurdenet al., 2012) This approach can also be useful if
contaminants compete for binding in the salt free condition enabling therbe washed
away in the flow through. Both NaCl and @¢¥B8Q were studied in this respect (rows B and

D of the plate respectively). The second salt was introduced to see if it was possible to
identify overlapping/common operating conditions between CHfd HIC which would

enable these to be used in succession without the need for buffer exchange in between.

For elution, a range of conditions were used to explore: (1) increased pH and salt elution
(MOPS pH 7.8 at 0.5 M NaCl and {pi50), (2) pHonly eldion at the binding pH (control)

and increased pH (MOPS pH 7.8), and (3) salt only elution at fixed binding pH (MES pH 6.0)
with 0.5 M NaCl or (N§SQ. The protein samples used in this study were clarified VLP1 and
VLP2 obtained from the optimised fermtation strategy devised i€hapter 4. The results

of this screen are shown Figure 6.12.

The first observation is that there is little protein seen on the blot when eluted with the
binding buffer (Row E), providing a level of confidence in the obsenstiThe higher pH

elution condition by comparison demonstrates a good elution response for both constructs
(Row F). Secondly, whilst VLP2 is still more visible than VLP1 in most cases, the response of
VLPlappears to be much stronger than in previous Gittiies Figure 6.6 D and)EThis

could either be due to success of tineproved protein expression achieved during upstream
optimisationor the purification. In any case the result is positive. Notably, the VLP1 response
when purified using the Captor&sin sems to outperform VLP2 (columns 1+2 compared to

3+4).
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Chapter 4, Section 4.3:re purified using modified conditions on CIEX plates containing three different resins. Samples were lysed in M&&niftgg0, ¢

and 0.22 um filtered. Prido application to the resin, samples in raBandDwere adjusted to 0.1 M NaCl and 0.1 M (N respectively. Plate experiments

were conducted as depicted in Figure 6.2. For elution, a range of different pH and salt combinations were trialleiji{gb&avaA - Cwere eluted with

MOPS pH 7.8 with either 0.5 M Na®&GtB or (NH).SQ (C+D. RowsE, GandHwere eluted using MES pH 6.0 wis;No salt (control)G- 0.5 M NaCl anHi -

0.5 M (NH).SQ. Row F was eluted with high pH (MOPS pHh@.83lt. For analysis, a multichannel pipette was used to remove 2 L from each well of the first
elution plate (eluted with reduced salt (0.5 M) binding buffer) and applied to a nitrocellulose membrane. Membranes wessegraccording to the
immunostaning protocols described Bection 2.7.5.
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As anticipated, the protein response on the blots using the Sepharose resin are the
strongest, however protein is also seen to be present in the eluent from the two alternative
resins. Both salts effectively édd protein (Rows M) from the resin and as such can be
explored in conjunction with HIC for orthogonal chromatography method development.
Furthermore, binding at 0.1 M of either salt did not seem to negatively impact the binding
capability of either pragin and in fact, may have improved binding for both VLP 1 and 2 as
inferred from the darker dots in lane B and D. Interestingly, binding at 0 M NaCl and eluting
at 0.5 M NaCl, which was largely used as the condition in the previous study, seems

comparativdy poor in comparison to other conditions.

Following the improvement in the CIEX methodology, a similar approach was taken to
improve HIC conditiond={gure 6.13) again utilising the soluble clarified protein variants
from the optimised fermentationsSedion 4.3.3). Given that excessive binding seemed to
be the biggest issue in the previous stuijg(re 6.10, alternative elution conditions were
studied using two different buffers and two different salts at 0.5Mgy(re 6.B). In terms

of practically carrying out these studies, rapid implementation of elution conditions across
the whole plate was achieved by pipetting using a multichannel pipette. The establishment
of different binding conditions was more complex and time suoming, however, due to
each well requiring its own combination of buffers and salts. To avoid uneven binding times,
a preparatory plate was used where each well had the desired solutionprppared; a

multichannel pipette was then used to enable theipid transfer into the PreDictor® plate.
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High and (B) low hydrophobicity resii&Ps obtained from the optimised fermentation protocol

described irSection 4.3.2vere purified using modified conditions on HIC plates. Samples were

lysed in MOPS pH 7.8 or Tris pH 8.0 buffer, centrifuged and 0.22 um filtered. Prior to application

to the resin, samples were salt and pH adjusted (above left, grey fai€).eRperiments were

then conducted as described Bection 2.6.5and depicted inFigure 6.2 For analysis, a

multichannel pipette was used to remove 2 pL from each well of the first elution plate (eluted

with reduced salt (0.5 M) binding buffer) and agglio a nitrocellulose membrane. Membranes

were processed according to the immunostaining protocols descritgmsttion 2.7.6.
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The results from the second HIC investigation are again promising for VLP1, with evidence
of binding and elution across bothgh and low plates, unlike the previous studiigure

6.10). In this study, salt concentration for binding was increased to 2 M to see if this
improved VLP adsorption, whilst NaCl was added as a second salt option. 1 M NaCl did not
facilitate good VLP bindg to the resin, as indicated by Row B and Row F of both
membranes. Conversely, 2 M NaCl did facilitate binding but to a lesser extent than 1 M
ammonium sulphate. This suggests that increasing the NaCl concentration further may be
needed to improve bindig. This finding is in agreement with the literature as sodium
chloride is more neutral than the kosmotropic ammonium sulphate and therefore, in
research conducted by Xia et al. (2004), ammonium sulphate was used at a third the
concentration of NaCL in ordé maintain constant ionic strength, as calculated using the
DebyeHuckelequation (Xiaet al, 2004) The Butyl resins remain the best performers for
both constructs at both salt types, again in agreement with research in the literature for

VLP4Liet al, 2018) Moreover, TRIS pH 8.0 appears marginally better than MOPs at pH 7.8.

Ultimately, both saeening studies reported in this section seemed to outperform the initial
studies reported inSection 6.3.12 due to improved method development using the
PreDictomn plates and as a result of improved protein recovery owing to an optimised
upstream fermentdon method development ection 43.3). These data highlight the
advantages of these small scale hthhoughput methods, both in isolation and in series.

6.3.4 Combining HTP downstream processing methods for VLP recovery@/Admal
purification (Predictau plates)

The final experiments in this chapter aimed to combine the findingshaipter 5 using the
optimised AF® conditions to connect the unit operations and complete the srsallle

downstream processing platform. A previously unexplored (in this work) AIEX plate was
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selected for use with HBK'1,K1 along with a set of simple parameters to test as outlined in
literature (Kazaks et al., 2017; Ng et al., 20@%)ion exchange ré&ss carry a net positive
charge, unlike cation exchange resins, and so have an affinity to molecules with a net
negative surface chard&igure 6.11)The bufers selected were trislCL pH 8.0 for binding,

to ensure the protein was negatively charged andld bind to the resin. Biological proteins
typically carry a negative charge at physiological values of pe &@(Mukherjee, 2019).
Elution was carried out using Hiss pH 6.0 (for the opposite purpose, to enable a change

in surface charge and ss&quent removal from the column). Other conditions tested were
elution in the same buffer as for binding and equilibration (a negative control as no elution

should occur) as well as variations of the salt and pH used for elution.

Critically, the cell lysimethods used to recover the VLPs to be loaded onto this plate
included both HPH, as in the previous studies, and theRARéthodology discussed in
Chapter 5 Samples from the latter were transferred directly from the-\@éll AF®
microTUBES and clarifieaing a 0.22 um 96well filter plate to remove debris before
OGN yAFTSNI G2 G4KS 1L9:- tNBRAOG2NM LI GSo |

plate as usualSection2.6.2). The outcome of this study is showrFigure 6.14.

The results fronthis dot blot show that eluting from the AIEX resin the absence of any

salt was not successful even when performed in conjunction with a pH shift (rows A, C, and
E). This is in contrast to the results found for CIEX in which a pH change to facéitatimm
proved successful. A pH shift in conjunction with salt worked fine, obviously entirely due to
NaCl.No differences were observed between pH and salt conditions. Importantly, the
results from samples clarified from ABAisrupted cells appear to sioa good match to

the samples lysed by HPH. This agreeability in protein intensity at the same conditions,

coupled
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AFM® conditions as outlined i€hapter 5 Samples were resuspended in the appropriate lysis buffer (left) and a small volume remove®toeféieA
homogenisation. HPH samples were damyed and 0.22 pm filtered. ABSamples were transferred by multichannel pipette into centrifugal filter plates (0.22
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conducted as described 8ection 2.6.5and depicted ifFigure 6.2 For elution, a range of different pH and salt combinations were trialled, (above right). Rows

A, B, BFwere eluted with low pH BIS TRIS pH 6.0, As BB¢r 0.5M NaCIB, F, G, HRows C and D were eluted with their binding buffer (Tris pH 8.0) with no

salt and 0.5 M NaCl respectively. For analysis, a multichannel pipette was used to remove 2 uL from each well aftibe &irgt applied to a nitrocellulose
membrane. Membranes were processed according to the immunostaining protocols desc8betian 2.7.6.
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with the high throughput nature of the method and ease of transfer, promote the use of

AFARas a part of a HTP platform proses

6.4 Summary

The objectives of this chapter were to identify and investigate chromatography resins
suitable for HBC VLP purification, whilst understanding the effect of epitope

physicochemical properties on the resin or parameter selection. In ordechgeve this,

w

initial work focused on establishing the 96Sf f LINS5AO02NM LI | &
designing straightforward but comprehensive bind and elution conditions to evaluate
potential chromatographic separation conditions based on the use of rqpéitative
immunostaining analyses. The initial experiments explored the use of two modes of
chromatography, CIEX and HIC and worked to identify a set of operating conditions to test

the affinity and resolution of HBK1,K1.

Within the CIEX screeRiQure6.4), SP Sepharose was identified as the most promising resin,
with evidence of both binding and elution through the absence and presence of protein
detection on the dot blots. Other resins showed promise with binding but had a
comparatively poor elutiomesponse. Once the experimental design had been realised, the
same conditions were applied to chromatographic screening of alternative HBC constructs
as a simple way of identifying differences In purification needs as a result of epitope
variation Eigure 6.6). Differences were observed at this stage, with minor but visible
differences between HBK1,Kland VLP3, and VLP1 and 2, two epitopes derived from the
hemagglutinin stalk region of influenza. In spite of these differences, Sepharose SP identified
as being a suitable resin for use with all constructs, with binding at pH 6.0 and elution at 0.5

M saltand pH 8.0 giving good resulSdure 6.5.
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A similar approach was used for investigation of VLP construct purification using HIC resins
(Section 6.3.2 Butyl resins were identified as the most promising, with binding needing
further investigation eithedue to capacity or poor interaction. Three of the constructs were
also able to interact with some high hydrophobicity resins, with the exception of VLP1.
These differences were deemed construct dependent owing to fundamental differences in

their solubilty.

Following this, VLP samples obtained as a result of fermentation optimisation studies in
Chapter 4 were trialled with fintuned conditions drawing from the literature and results
from the earlier studies. This enabled improved recovery of the progubbth CIEX and

HIC, particularly for VLP1 which was able to interact with both high and low hydrophobicity
resins Figure 6.13. This second round of investigation also explored different salts within
each plate, with the view that future tandeolumnwork may be desirable. It was found
that both salts enabled elution and binding for CIEX and HIC respectively, but that salt
concentration would need to be adjusted to match the binding strength of ammonium

sulphate for HIC resins.

Finally, the feasibilt of establishing a microwdtlased, HP development platform was

demonstrated based on sample transfer from &Hysis Gection 5.3.2to centrifugal filter

LX F ST F2NJ OStf RSONAR&EA NBY2QI s G2 t NE5AOU2 NI
results were compared against VLP samples prepared by conventional HPH lysis and

clarification method Section2.6.2 and 2.6.%t The results shown iRigure 6.14ndicate a

similar level of VLP recovery using the same buffer and salt conditions f@a&Fér HP

which is an important result. In the next chapter the results of Chapté&rare summarised

and a high throughput screening platform proceserkflow is proposed, detailing the

critical data which supports the platform implementation.
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7. Demonstratiorand scaleup verification of
highthroughput VLP development platform
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7.1 Introduction

The underlying objective throughout this work has been platform development; referring
both to the HBC and its potential as a vaccine scaffold for rapid vaccinefactuming, and

also the creation of a higthroughput platform process, to enable easy exploration and
optimisation of process conditions. Numeramaltscalemethods were explored, spanning

the unit operations from upstream processir@gh@pter4) to product purification Chapter

6). The advantages of both a product and process platform (the vaccine scaffold and the
scaled down processes, respectively) is to speed up vaccine development by shortening
experimentation times, minimising material costs and maximising process undersgandi

By achieving this, the platform could in turn reduce vaccine time to clinic and therefore to
market as platform approaches have already achieved for monoclonal antibody
therapeutics(Petersen and Kristensen, 201This would significantly reduce d¢ssand

would be highly beneficial in the face of unknown pathogens, such asGARS

However, in order for this platform to be realised, the methods developed must be a good
mimic or predictor of results at largeale Section 1.7. There is no advaafye to data which
does not support reliable translation to large scale manufacture if the process has to be
reoptimised at each scale. Validation, at scale, of the small scale andhhagighput

methods developed in this thesis is of great importanchefjtare to have industrial impact.
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7.2 Chapter Aims and Objectives

The aim of this chapter is to conduct an overall appraisal of the small scale, HTP
development work conducted throughout this thesis and to validate the results obtained

across the bioprocess sequence at pilot scale.

The specific chapter objectives arefaows:

1 To summarise the overall project aim by drawing together the results presented in
the previous chapters to illustrate the concept of the proposed HTP platform.

1 To validate the smalicale upstream fermentation data by demonstrating successful
sale up of VLP production to 20 L pilot scale.

1 To validate the chromatography resin screening and separation method
development approaches to chromatographic VLP purification in preparative scale

5 mL columns.
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7.3 Results and Discussion

7.3.1 Summary of Tandem Core VLP designs and workflow overview

HBC is a promising candidate for use as a vaccine scaffold but is somewhat limited by
processing difficulties as a result of the surfagstopes Gection 15.1). A shgle process
workflow, able to purify the VLPs based on the physicochemical properties gfariB@ot

the surface displayed epitopes it carri@guld be ideal However, given that the surface
epitopes can account for a large proportion of the whole camst it is likely that any
platform process would need minor modification to operating conditions to account for
epitope-dependent differences. A common workflow, capable of rapid screening and
optimisation based on these properties would be advantagedliernatively, a defined
process that is suboptimal for any individual given product but holistically adequate for a
multitude of candidates may be also acceptafidmwd and Kelley, 2011yhese concepts

align well with the definition of a platform outied in Section 1.5.3.

To study the effect of the insert on HBC process development, and to develop a series of
methods to achieve this, four HBC Tandem Core VLP variants were used. Given that that the
platform (again, both scaffold and process) was desigmigh rapid vaccine manufacture in

mind, the industrial relavance of exploring universal influenza epitopes was considered

advantagoustaking steps towards a much needed universal inluenza vaccine.

Figure 7.1shows how the different Tandem Core VLPs were designed. As shown by the
Westernblot, though similar in design, and inherent ability to ssesemble, the VLP dimers
present as different sizes (kDa) with different solubilities, highlighting the needdstate
Section 1.10for bespoke process development. After initial fermentation scoping

experimentgChapter 4the need for improvement to culture conditions was clear and thus
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a DoEbased approach to feeding regime optimisation was established using a HTP
microbioreactor systemAlthough the amb®250system used in this workwas modular,
comprising of only parallelvesses, there are already commercially available systems which

allow for up to 24 bioreactors in parall&éction 1.7.1

However, whilst tese HTP USPnethodolodes can overcome the time and resource
limitations associated with the running of larger, klwoughput vessels, it can end up
shifting the bottleneck towards sample processing and data anggaisdnelet al., 2018)

By couplinghese systems with 9@/ell plate based lysis and purification techniques, the
work presentedn Chaptersb and 6 showed that this limitation can be avoided. This enables
simultaneous process development in which upstream conditions can be evaluated
throughout, not only in terms of conventional cell culture metrics {&DWCW, DCW, titre)

but also for their effect o downstream processing steps (e.g. ease of lysis and clarification,
solubility and aggregation, or binding capacity during chromatographic separations). This
holistic approach to bioprocessing ensures that the end product is cost effective

(Mukherijee, 209).

Given the increasing popularity of such HTP microbioreactors, and the need to process the
micro-milliliter scale samples obtainable, the need for minaturised disuption platforms
becomes paramount. However, being small enough does not equate to geathenough,
particularly if methods are laborious or not relevant to industrial scale processes. Tige AFA
equipmentand methodused inChapter5, Sectiion 5.3.Jhas been cited in literature as
being a comparable mimic of high pressure homogenisatiiara et al., 2018) the gold
standard for industrial cell disruption. Given this, and the continued reduction in sample

volume requirements, use of this ultrasonication equipment was explored for this work.
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Figure 7.1 Summary of Tandem Cdireer designexplored in this thesigA) From sequence to
formed VLP: ANA sequence of construct, depicting two HBC monomers genetically fused by a
flexible linker. Each MIR can be coded for different epitop®gldtype monomer. GNild type

dimer. ETandem Core dimer.-Wild type VLP.-Bnits forming an icosahedral V(B)Schematic
diagram of the constructs with differing epitopes in the MIR. Molecular weight and corresponding
Western blot imagef soluble VLPs provideRed arrows indicate the acipated band for each
construct. MF = mixed feed, PM = pure methanol.
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A series of DOE methodologes were applied to the-thidughput 1 mL scale and high
throughput 130 pL 96 weplate conformations, during which they were evaluated for a
number of keycriteria, including ease of use, sufficient disruption and potential for
automation.Whilst the former proved useful it was deemed too low in throughput and too
difficult in sample preparation. The microplate vials however, faired favourably in terms of

the aforementioned criteria and improved operational conditions were defined.

Purification can be expensive, particularly given the range of conditions which can affect
protein binding and elution characterisitcs. Typical screening would need to examine a
range of resins alongside various pH, salt and operating charactessiticasnobile phase

flow rate and binding/elution regimes. Sample volumes and cost increase rapidly and thus
miniaturising this stage can significantly speed up vaccine bioprocesdogenent. The
analyses implemented can vary in their complexity, however, given the number of factors
that would need to be investigated the advantages of rapid purification screening would be
dimished if evaluating the experimental output is difficulbtblots can provide rapid and
user friendly qualitatative or sergjuatitative analysis at this stage as shown earaction
5.3.2. SDSAGE, Western blots, and, though not discussed here, ELISAs can then be used
to study the most promising conditioms more detail without requiring excessive amounts

of material (<100 pL of sample size).

Once the experimental space has been reduced, promising recovery and purification
conditions and methods can be readily scaled to the bench/pilot scale techniques used
throughout this thesis; this includes HPH, using the Gaulin APV (working volume &dmL)
bench scale chromatography columrighe full upstreanrecoverypurification workflow
ultimately implemented and explored in this thesis is showfrigure 7.2 A collection of

findings which support the usage of these methods in succession is displdyigdia 7.3
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Whilst the advantages of each component have béemonstrated at small scale the need

for validation at larger scale is necessary to ensure the -thighughput system can
accurately predict process parameters at larger scale e.g. for production of material for
clinical trials or commercial supply. Givérat cell disruption was not a focal point of this
work, particularly in terms of exploring epitopes and processing of the HBC scaffold, no scale
up work was implemented for this unit operation. However, both fermentation and

chromatography methods were phored at a larger scale.

7.3.2Method validation at scale

Data collected from small scale, HTP microbioreactors can be extremely valuable in the
design of commercially viable processes, reducing the risk to manufacturers thereby
enabling the transitionrbm lab to production scale. However, scaling from gram to kilogram
guantities can be difficult and the process may require additional modification. Larger scale
equipment such as litrgcale bioreactors or millilitre packed columns can provide further
ingghts into conditions obtained from small scale data. Moreover, given the small sample
volumes associated with microscale bioreactors, there may be constraints on investigated

factors.

Thus, large scale fermentations may be implemented to explore fantors thoroughly,
adding value and more 4depth analyses to experimentation. For example, during this
research sampling volumes were limited and the volume taken was largely usedd@r OD
and DCW measurements, both of which are sample sacrificial tectmigiven the
intracellular nature of the VLP. Therefore, by employing a larger scale process, increased
sample volumes could have been used to provide further insights to aspects such as protein

solubility over time to complement harvest point expressi@tadSection 3.3.2
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Figure 7.2 Diagram of the proposed platform process for rapid vaccine bioprocess devel&pabientn consists of: (1) HTP small scale fermentation. (2)
Focused ultrasonic cell disruptiond6well plates. (3) Chromatography resin fipgate purification screening. (4) Analysis through dot blot immunostaining
protocols. Following initial screening, methods can be scaled to bench and subsequently pilot scale for continued oimdiseted of concept. Created
with BioRender.com.
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