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Understanding the structures and mechanisms of proteins gives direct insight into cellular
function as well as providing targets for the investigation of disease. Since the vast majority
of proteins are not sufficiently abundant from natural sources, recombinant overproduction is
a universally-recognised solution to obtaining the milligram quantities required for
applications as diverse as structural genomics and biopharmaceutical manufacture. The
routine achievement of high production yields in any of the currently-available host cell
systems continues to be a substantial bottleneck to further progress, and still relies on trial-
and-error. As such sub-optimal product yields are often obtained and further experimentation
is required for process scale-up. The work described in this thesis focuses on the use of a
design-of-experiments approach in a multi-well mini-bioreactor to enable the rapid
establishment of high yielding production phase conditions in yeast, which is an increasingly
popular host system in both academic and industrial laboratories. Using green fluorescent
protein secreted from the yeast, Pichia pastoris, a scalable, predictive model of protein yield
per cell was derived from 13 sets of conditions each with three factors (temperature, pH and
dissolved oxygen) at 3 levels and was directly transferrable to a 7 L bioreactor. This was in
clear contrast to the situation in shake flasks, where the process parameters cannot be tightly
controlled. By further optimising both the accumulation of cell density in batch and
improving the fed-batch induction regime, additional yield improvement was found to be
additive to the per cell yield of the model. A separate study also demonstrated that improving
biomass improved product yield in a second yeast species, Saccharomyces cerevisiae.
Investigations of cell wall hydrophobicity in high cell density P. pastoris cultures indicated
that cell wall hydrophobin (protein) composition changes with growth phase becoming more
hydrophobic in log growth than in lag or stationary phases. This is possibly due to an
‘ncreased occurrence of proteins associated with cell division. Finally, the modelling approach
was validated in mammalian cells, showing its flexibility and robustness. In summary, the
strategy presented in this thesis has the benefit of reducing process development time in
recombinant protein production, directly from bench to bioreactor.

Key words: recombinant protein; predictive model; process optimisation; Pichia pastoris;
hybridoma
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CHAPTER1

pmdu@uon parameters and shortcmng the
down and its rel@van@@ fo 1arge sgale

was a driver for this work,

Since the vast méjofity of therapeutic ‘p;‘:at
SOUTCEes, recombinant. Qverpmductmn has b@c@ e
Qbmmmg Lh@ r@qmred prot@m, These r@qmrem@nts are g_ ten multi-g
\'\fm' appheauons as dwm@ as struatural genomms and bmphaxma“
\ R@uun@ly achieving hlgh pmdu@uan yl@]da in any of the cprr a
continyes fo be a substantial bottleneck fa f

and-error approach, As such, subeopti
experimentation is required for process seal
the use of a design-of-experiments ap|

rapid establishment of high yielding prodt

The range of possible host cell factories sultable_
microbes such as Escherichia colz, Saccharomyces cerew ae and |
mammalian (e.g. CHO, NSO and BHK) and insect (eg Sf9 SfZl SZ’a'

transfected with viral vectors. Each system ha& its i

use, Yeast with its well-established gcnetm and‘
case and speed of use of bac;t@mal sysfen

iranslationally-modified proteins. Aa;f
hoth academic and industrial 13b@fﬁt01‘3@82 and was

, Using green flurescent profein sa@r@t@d from
profein yield per cell Was derived fr@m 13 sel
pH and dlSSQIV@d axyg@n) a!z 3 IQV&IS whic was dire

(temperature,
the & ma n

bioreactor (Chaptezr 3). This was in @Ia@w @amm&t i
ﬁfﬁﬁ@&% pmamﬁm ce:mld Timl be ngm y gaﬁ" ol




cell density P. pastoris cultures indicated that

changed with the growth phase, The cell wal

in the lag or stationary phases (Chapter

proteins associated with cell division o

demenstrated that improving biomass improve
Saccharomyces cerevisiae (Chapter 6). In sum

contributed to reducing process development time in recambine
from bench to bioreactor. ‘

1.1 Recombinant proteins as pharmaceuti

Virtually all biotherapeutic agents in clinica

pharmaceutical being any medically-u
organisms or substances that living orga
biotech pharmaceuticals are recombinant proteins:

One of the earliest biotech pharmaceuticals to be apprc

Steinberg has classified biotech pharmacenticals (excluding g_énf:?therap,

. . . . 3
profeins) info six categories:’

1. Cytokines

2. Enzymes

3, Hormones e.g.: Tnsulin, Erythropoietin (EF
o Hormone (hﬁH)J .




4, Clotting factors

5. Vaccines

include vaccines, monoclonal antibody-based products, me

(e.g. anti-sense technology).”*

1.2 Host systems for recombinant protein production
The manipulation and exploitation of micro-organisms an : oIl-lines plays an
important role in the production of him@@hphaméﬁ/ 5. In partcular, the i,;%sé'

medicine.’
Micro-organisms and eukaryotic cell-lines are used as host systems for protein pro

each with their own benefits and drawbacks. All host systems must meet siringe

therapeutic use are of human origin, the corresponding r
produced in a host cell as close fo its native cell as pgssibl-

employed by industry are summarised below,”

1.2.1  Escherichia coli,

are well characterised both genefically and physiologically. E.coli has
characterised fermentation techniques and a high capaciry for exogene




efficiency (resulting in some pr

translational modification.

inducible system. This brings the potential risk of fire o1

1.2.3  Filamentous fungi e.g. Aspergillus nidulans, Aspergtllus mgei; Aspergillus Sydawﬁ, .

Aspergillus awamori, and varions Fusarium sp. and Trichoderma sp. .
These have complex post-translational modification apparatus. However, fu,njgﬂ
and their genetics are less well-understood than either E, coli or yeast, Fungl have a vm’y i
defence system in being able to degrade foreign DNA rapldly thsrgfar@, expresgion Ve
degradation and low transformation rate are also serious drawback |

1.2.4 Insect cell-lines e.g. Spodoptera frugtperda ell lines (sf9, sf2
Insect cell-lines can be more stress resistant, productlve and eaSIer to handle than mammal'i :
cell-lines these attributes make these cell lines suitable for hxgh~throughput 'pmtem
expression. However, insect cell lines can have high protease activity and dlfhcu]tles with the

scale-up regarding oxygen supply and carbon dioxide accumu]atmn.

1.2.5 Mammalian cell-lines e.g. Chinese Hamster Ovary (Q 0), HeLa (cervi@al gam@r . ; f
cells taken in 1951 from Henrietta Lacks) and hybrld ,rm  (in mm*tal ﬂ@ii iifi@ k'
created by fusing B-cells and myeloma cells) o / -~

These provide the highest similarity in pattern and capacity of pa

of human proteins. However, cultivation is complicated, @aat]y
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lines (csp;eclally CHO) are w1g1e1,y us )
histary of regulatory (e.g. FDA) approva
not necessarily the same and generated /’rﬁait,,. _
systems. For example, an academic laboratary exp 88
would need an authentic molecule but not an FDA Ep

production of the same molecule for use as a therap@utf : eed FDA _ap?m:\;@ -

1.3 Yeast as a host system

Tn choosing a host system, the balance between an inexpensive, @asy%@whandle h@st Symmfﬂ: -
and one giving the most authentic environment for the target praiein is one of thﬁ mﬁ;l?rrf - .
challenges in designing a good protein production experiment, The produetion of r@mmbmaﬁt -
luman proieins is an area that is well suited to yeast expression as they provide ! t?;@b@:;@f;tspf -
a eukaryotic host, can perform complex post translational medifications but : are a8 easy (0
handle as the prokaryote, E. coli. i Cam%@quﬁznﬂy2 the yensts Pichia Pﬁ@i@i"ié‘ ﬁﬁdf" .

Saccharomyces cerevisiae were studied as producuon hosts in the ‘work descnbed in thls,;.";' ,

thesis. Table 1.1 highlights some of the main charactensucs of these orgamsms

Characteristic TS, cerevisiae P, pastoris

Industrial application T 4 W sEve
Requirement of explosion-proofed equipment G + -

Food grade (GRAS) o i -

Secretion efficiency iSae -
Hyperglycosylation e

Episomal vector stability ' Sl .
Protease activity in secretion vesicles High '

Table 1.1, Comparison of some characteristics of the yeasts S, ﬁfzr@vi@imf ﬁﬁd I"’y pﬁsiﬁﬁi% .

Adapted from Schmidt, 2004.°
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S. cerevisiae has been historically usedm i

prime examples, This has lead to it bemg :

by the U.S. FDA." In 1996 it was the fi

following this, yeast has \bee.cs)m@u key organis

food production and the wealth of genetic in’f@;:m&ti@

genome sequencing has established S. cerevisiae as one
6

production of heterologous proteins,

13,1 Pichia pastoris, an industry standard forpmtel , -
In the 1970s the methylotropic yeast P. pasioris was developed hy the Phillips P}@{tmi@imi; -
Company as a potential source of Single Cell Protein O(S °P) for animal feeds, HQW@V?@ the '

major ol crisis of that decade resulted in this form of SCP becoming an unecanomical opfian, j

Despite this, a wealth of information for achieving continuous high cell d@nsny culmr@s hﬁd* -
heen amassed.' During the 1980s, the Salk Institute Blotcc:hmlagy/lndustry Assagmt@' _
(STRIA, La Jolla, CA) developed P. pastoris for the production of r@mmbmant proteins, «Th@ -

highly inducible AOX] promoter controls methanol oxidase expression; the first enzyme n
the methanol utilization pathway, which accounts for up to 35 % total protein in cells gfﬁ%’ﬁ
on 1% methanol."" Using this promoter for induction of recombinant proiein expression g a
powerful tool.' The achievement of high densit,y/cult;u; / ' / : k
collagen)® of recombinant proteins has resulted in the Pichia Systej i'bmg the mOSt frequcntly .
used host for heterologous protein expression in general, le }li’:Tofday P, pastoris 1&&\,1&&!&131&
as an “off-the-shelf” heterologous protein expression kit from Invitmgen,Ltd.. However, P. .
pastoris does not have the classification of GRAS, has a privately-held genome ‘chu,@gg@
requires special precautions when handling large amounis of methanol due to risk of fire an

: 612
its toxicity.> '

1.3.2 . cerevisiae Alcofree™; a novel respiratory yeast ‘ |
In this project, a unique respiratory S. cerevisiae Alcofree B h,as;alggftgmn;éﬁamiﬁ@d A]@éf?ﬁ@, -
is a novel S. cerevisiae strain produced by Gathia Yeast Salmigné (C _E/,hgmbmg? gwﬁd@m I .
has a modified glucose uptake system resulting in the cell-line havmg a fuﬂ}f r@&pimt@ry, o
metaholism. This was achieved by introducing chimeric hexose Waﬁ&p@r f@f’% limiting ﬂ?@'*;
uptake of glucose into the cell.”® Therefore, the strain does not produce ethanal i;mﬁi@f Bl
fermentation conditions (aerohic cultivation at high glicosg c:,anc;@mmmm)_q. As ;th@

does not exhibit a diauxic shift, mare energy is available for profein expression and no aleehal
10 , T




is present to depress growth rate.

expression.

Production of fine chemicals; novel possi
¢ Food industry; yeast-based products with novel properties (flavour, taste)

¢ Reverage industry; production of aleohol-free or algghﬁlwredgg@d W’_

beer and development of novel (functional) dﬂmi& | '/

1.4 Target proteins
As this project was a CASE studentship, the‘majo'x:i/t,yi the éOmnleféia
laboratories of Alpha Biologics Ltd. This facilitated work arg /protems that had a dlrcct« 7 .
industrial relevance either as proven success stories or potent fdrug product Candldates The V: -
initial target proteins were chosen because they had a proven record of pmducuon at an -
industrial scale or there were examples in the scientific literature using expression in yea it
The farget proteins selected were green fluorescent protein, an anti-tumour f actor antibod

insulin, human growth hormone and a novel monoclonal antibody-based influenza va,c;c;;n@,.

1.4.1 Green fluorescent protein (GFP) '
Green Fluorescent Protein (GFP) is a widely-used tool in mgdemb seic f was origin ly
isolated from Aequorea victoria commonly known as the crystal 3@11}71“1813, These jellyfis]

primarily found in the waters off western North America, Wbﬁi’a Shsmﬁmurav af a
Harbour Laboratories of the University of Washington) coll @at@d &p@mm' '
Jight-emitting tissues, Consequently, GFP was identified as part of the b

mechanism of Aeguorea victoria, being an accessory profein fo aequari
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GFP has an unusual folding pattern of an 11 vs rand
B-can), enclosing an a-helix structure which ‘icfonai?n.v, |
also found at either end of the barrel. GFP contains 238 amino-aci is, f
residues) and 14 B-strands (117 residues; UniProt reference; P42212) .

The primary citation for the structure of GFP, solved /byf; -ray diffract .90 A res )
is from Ormo er al (1996)," PDB accession number | MA, u ng mulﬁplé‘énémal@lis
dispersion of selenomethionine groups to generate phasing informaﬁéh/gn I@Gbmbin’ant;GFR
However, GFP was first crystallised in 1974 and had a diffraction pattern reported in 19881
Numerous protein structures have been solved for GFP, bjotﬁ'native and with specific

mutations, indicating how important GFP has become as a research tool.

The GFP chromophore, p-hydroxybenzylideneimidazolinone, is located in the centre of the (-
can structure and is composed of residues 65, 66 and 67; serine, tyrosine and glycine,
respectively (Figure 1.2). The cyclised backbone of these residues forms the imadazolidone
ring of the chromophore. The fluarophare is not accessible to solvents, but does interact with
the side-chains of surrounding residues by hydrogen banding. GFP chromaphore farmation
accurs as follows, also shown in Figure 1.2. Key features are:

e GFP folds into semi-native conformation

e Imidazolinone is formed by nucleophilic attack of the amide (Gly67) on the earbonyl

of residue 65, followed by dehydration.

¢ Molecular oxygen dehydrogenates the a-B bond of residue 66, putting its aromatﬁic

group into conjugation with the imidazolinone.

¢ The chromophore now has visible ahsorbance and fluorescence.



Ser/Thr65

FOLDING
]

N/\ﬁ CYCLISATION '
R

H DEHYDRATION
OH

AERIAL
OXIDATION

~

H 02 H202

Figure 1.2. GFP chromophore (p-hydroxybenzylideneimidazolinone) formation of active
state. Adapted from Tsien (1998)"

1.4.2.1 Protein engineering of GFP

Numerous mutations have been performed on native GFP to alter the characteristics to befter
suit specific applications. The PDB, accessible at http://www,rcsb.org/pdb/h@me/h@fme.do
provides 183 structures for GFP (accessed on 9" December 2008) many of which show
specific mutations that infer non-native traits such as alternative excitation/emission
wavelengths (different coloured light; yellow, blue, red fluorescent proteins to allow multiple
labelling),'” '® reduced maturation time (quicker detection of gene regulation), codon
optimisation (allows improved expression in different species),” optimisation for use as a tag
in fluorescence activated cell sorting (FACS) analysis,zo improving thermostability (a]]aw,s'"
the use of GFP at clevated temperatures)’ and alternative pH tolerances.”® As new

applications are devised, the structure of GFP continues to be altered to betier suit the task at

hand.

1.4.2.2 GFP as a tool

GEP can be used for imaging intra-cellular processes without the need for invasive fechniques
ar the use of co-factors, as with Tuciferase systems. There are many examples of the vses of
GFP. The majority are directly relevani to biclogical research, however some are applicable to

industrial bio-processing and include:




e Biomass estimation using fluorescence
e Non-invasive intracellular pH indiqat.qrz

¢ Real-time studies on gene expression, used as a visual reporter (e.g.

o High throughput screening of gene expression®

e Protein expressu)n reporter in  Pichia pasfor s (has linnf.ta,t}i()ns ‘~‘ du@f'_r
dependence)”’ - .

e Quantitative fluorescence micros:,copy28
¢ Real-time monitoring of protein localisation (GFP tagging) cellular-and sub-cellular,"?

¢ Visualisation of physmloglcal processes, mcludmg neuronal function, identification of
cells for in vitro and in vivo manipulations efc.”

@ FA(;OS (fluorescence activated cell sorting) labelling positive clones, cell types, tissue
elc -

' o 3
e Moniior protease activity 0
¢ Monitor transcription factor dimerisation”'

24 . 3
e Ca* detection™

Overall the applications of GFP in cell biology can be classified according to its use as a tag
or as an indicator. When used as a tag, fluorescence can provide information on géne
expression level or sub-cellular localisation due to targeting domains or host proteins Whi,ch
fuse GFP. When used as an indicator, fluorescence is controlled post-translationally by
environmental factors, such as pH, or by protein-protein interactions. When GFP is used as an
active indicator, fluorescence resonance energy transfer (FRET) between two fluorescent
proteins, with different emission spectra, is utilised. FRET will occur when the emission
spectra of the two fluorescent proteins overlap so that the emission peak of one (e.g. blue
fluorescence protein) matches the excitation peak of the second (e.g. GFF). The twa
fluorophores must be within 100 A of each other for this quantum-mechanical effect to take
place. Any biochemical event that changes the spatial relationship of the two fluorophores

will also alter the efficiency of FRET. Many of the available GFP mutanis were created (o

give novel FRET characteristics.




1.43 Monoclonal antibody raised against a tum

The monoclonal antibody used here was made a :
development project at Alpha Biologics Lid, and was the secgndtarg
thesis. The ability to generate antibodies that ‘_s_pccific:ally'recogﬁiSe and bind to W
makes immunochemotherapy and radioimmunotherapy possible, by bindifngf éh,_@m
radiotherapy agents to an antibody and used to directly target can_céféﬁs )ti,ssué,?’gfﬁ'l?his, isa .
very appealing proposition as this will target only those cells which display tquUrém

characteristics and not ‘normal’ tissue, as monoclonal antibodies are highly selective in their .
binding. If these antibodies are labelled, they can also be used for the identification of tumour

fissue during traditional surgery.

1.4.4 Insulin

1.4.4.1 The role of insulin in healthy humans

Insulin was chosen as the third target because it is one of the mast famous hiotech
pharmaceuticals and has been produced in yeast on an industrial scale. The peptide hormone
insulin plays a number of roles in human metabolism as a whole and on individual cells, The
ievel of inswlin in the blood circulation throughout the body, can have exceptionally
widespread and varying effects on different cellular processes. Actions on human metabolism
include the control of cellular uptake of glucose in muscle and adipose tissue, control of DNA
replication and protein synthesis via regulation of amino acid uptake and modifying the

activity of numerous enzymes via allosteric interaction.
Tnsulin acts upon cells with a range of critical effects:

« Glycogen synthesis in liver and muscle cells. Insulin induces these cells to
store glucose in the form of glycogen. Lower levels of insulin resulis in liver
cells converting glycogen to glucose and secrefing it into the blood stream.

This is the clinical action of insulin.

o Faity acid synthesis. Insulin causes fat cells to accumulate blood Tipids which
are then converfed fo triglycerides. Lowered insulin levels lead to a reverse in

ihis process /.e. conversion of triglycerides to blood Tipids.




« Esterification of fatty acids. Insulin cau
(fats) from fatty acid esters. Lowered insul

process.

« Proteinolysis. Insulin suppresses protein degradation. Lowerin

results in removal of this suppression.

o Lipolysis. Insulin reduces the conversion of fat cell lipid stores (o blood fatty

acids. Low insulin levels lead fo a increased conversion of fat stores to blood

fatty acids.

s Gluconeogenesis. Insulin decreases the production of glucose from subsirates

in the liver. Reduced insulin levels results in increased glucose production.

« Amino acid uptake. Tnsulin promotes the uptake of amino acids by cells. Low

insulin levels lead to an inhibition of their absorption.

s Potassium uptake. Insulin promotes the nptake of serum potassium by cells,

low insulin levels lead to an inhibition of this absorption.

« Arterial muscle contraction. Insulin causes arterial wall muscle to relax so
increasing blood flow, especially in micro arteries, low insulin levels allows

these arteries to contract so reducing blood flow.

1.4.4.2 Insulin and disease

There are several conditions associated with atypical insulin distribution. Diabetes mellitus is
the general term referring to states characterised by hyperglycaemia. The major conditions are
Type 1, 2 and 3 diabetes (described below), however other canditions do involve insulin e.g.

insulinoma, Reaven’s syndrome (metabolic syndrome) and polycystic ovary syndrome.

¢ Type 1 diabetes is the autoimmune-mediated destruction of insulin-producing
pancreatic beta-cells resulting in an absolute insulin deficiency. There is also ihe

production of antibodies raised against insulin and islet cell proteins, The foremosf
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they require. This form of diabetes is highly inherited but environmental factors are
also influential. Factors that contribute to susceptibility include Qbe.sit:y,?agé and

physical inactivity.

¢ Type 3 or gestational diabetes is found in pregnant women. It is a combination of
inadequate insulin secretion and responsiveness, resembling type 2 diabetes. It is
temporary and fully treatable. However, if untreated there may be issues with the
pregnancy, such as macrosomia (significant foetal overgrowth), foetal malformation
and congenital heart disease. There is no specific cause but it is believed that hormane

levels reduce receptivity of insulin leading to high blood sugar.

Insulin is phylogenetically ancient; its presence is observed in mammals, reptiles, hird and
fish with a similar conserved sequence encoding it. Insulin is synihesised from precursor
molecules; preproinsulin and proinsulin in the f-cells of the Isleis of Langerhans within the
pancreas. The proinsulin precursor comprises of B-chain C-peptide A-chain, as shown in

Figure 1.3. The C-peptide shows the highest level of divergence between species.*

Proinsulin is processed by enzymatic cleavage to form insulin plus a C-peptide. (Figure 1.3).
This is achieved by the action of two endopeptidases; prohormone convertase 2 and 3 (PC2
and PC3) at two dibasic amino acid sites. PC3 cleaves at Arg’'-Arg®* at the junction of the
B/C chains and PC2 cleaves at Lys*-Arg®, the A/C chain Jjunction. Both the PC2 and PC3
forms are calcium-dependent and have acidic pH optima; however they differ in their

kinetics.*
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Figure 1.3, Enzymatic conversion of proinsulin to mature insulin and C-peptide.
Adpated from Clark (1999)*

The PDB has 279 (accessed on 9" December 2008) model structures relating to the insulin
molecule. Many of the structures are of structural mutants; the inferest in these mutants lies in
their activity and haif life when administered as treatment for medical conditions. The
structural modifications present in these analogues were engineered into the molecules using
recombinant techniques. The analogues possess characteristics that improve their value as a

drug over native insulin. Commercially available insulin analogues fall into the following

categories:

Y 6566 split T 32-33 split
Proinsulin Rroinsulin

64-65 spilit
Proinsuiin

31-32 spiit
Proinsuiin

c
“a& N\ C-peptide

insulin
B

Quick-acting; begins working 5 to 15 minutes post injection and remains

active for 3 to 4 hours (e.g. lispro)

Short-acting; begins working within 30 minutes post injection and remains

active for 5 to 8 hours (e.g. native insulin)

Intermediate-acting; starts working 1 to 3 hours post injection and is active for

16 to 24 hours (e.g. NPH or lente insulin)

Long-acting; starts working 4 to 6 hours post administration and is active for

24 to 28 hours (e.g. ultralente)




The dose may contain a combination of analogues to

1.4.4.3 Insulin as a biotech pharmaceutical

The historical supply of insulin for clinical use was from the pancreas of cows, ‘h@rﬁ&es,‘ pigs |
and fish. Of the animal sources for insulin, that of the pig most closely mimicé, the regulatory
function of human insulin. The high level of homogeneity in structure allows cross-species
reactivity. The purity of the extracted insulin was a problem both in relation to allergic
reactions to non-insulin substances that were co-purified and viral contamination, Despite
these issues with purity, insulin harvested from animal tissue was used to successfully treat
diabetes mellitus. The first patient was treated with insulin injections on the 11" January 1922
from material produced by Frederick Banting, Charles Best and James Collip. Unfortunately
the material, extracted from foetal calf pancreas, was impure and caused a severe allergic
reaction. However, 12 days later following the production of an improved extract, Loenard
Thompson a fourteen year old diabetic received a second dose and completely eliminated the
glycosuria (elevated levels of glucose in the urine). Banting and the Laboratory Director J.J.R,

Macleod received the Nobel Prize in Physiology or Medicine for the work in 1923,

Further improvements to the processes of extracting and purifying insulin from the pancreas
of animals led in 1923 to Eli Lilly producing commercial quantities of much more pure
bovine insulin for medical use. Despite these improvements, allergic reactions continued to
arise although with reduced severity. Bovine and porcine derived insulin were produced by

Eli Lilly untl 2005.

Recombinant human insulin is now manufactured for widespread clinical applications using
genetic engineering techniques. These greatly reduce issues associated with animal derived
products i.e. contamination and allergenic response. In 1982 Eli Lilly was the first company
to reach market with a product (Humulin; human insulin analogue) manufactured using
maodern genetic engineering techniques. Genentech and Novo Nordisk also market human
insulin analogues, manufactured using genetic engineering. Both E. coli and yeast systems are

used at production scale for insulin manufacture.

29



1.4.4.4 Recombinant production of insulin

Since recombinant human insulin was first produced in Escherich coli *® an
been possible to use a recombinant insulin analogues rather than an animal de

clinical applications.

Expression in E. coli is as proinsulin or as separate A- and B- chains. The expressed pmddét‘ -
formed inclusion bodies (aggregated recombinant protein held intracellularly) which r@q,ukirék
denaturing using caltropic agents such as high molarity urea or guanidine-HCI followed by a
refolding step. This increases the amount of handling required to obtain a functional form of

the molecule therefore increasing manufacturing costs and decreasing yields.

Yeast systems have been used to minimise the amount of handling required for a functional
molecule. A single chain insulin molecule, with appropriate post-transiational modifications,
can be secrefed in a correctly folded active form at high levels. Yields of up o 1.5 g/l are

reported in the fiterature.™

For efficient expression of insulin homologues in yeast systems (5. cerevisiae and P. pastoris)
the native human proinsulin (A-chain — C-chain — B-chain) cannof be used. The C-peptide
must be replaced with a short (tri—peptide,39 pentapeptide40) linking sequence forming an A-
chain — B-chain fusion protein (Mini Pro-Insulin; MPI).41 A leader sequence (prepro-peptide),
such as the S. cerevisiae a-mating factor, is also required to promote secretion of the MPI

protein into the culture medium by the secretory pathway. 42

By using protein engineering and recombinant technologies, the previously-mentioned insulin
analogues can be tailor-made to suit the intended applications, which would not be possible

with animal-derived insulin products.

1.4.5 Human growth hormone

Human growth hormone-2 (hGH2) cDNA codes for human placental growth hormone
(WPGH) or placental specific growth hormone, which s a member of the
somatotrophin/prolactin family of hormones and is the placental variant of pimitary growth
hormone. The choice of hPGH and not hGH was made because of cDNA availability. Despite
hGH having more of an industrial relevance, this was not seen as a problem as hGH and

WPGH are very similar and hPGH is also an impaortant target. Of the 191 residues in ihe
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mature proteins (h\GH and hPGH), there are only 13
however, native hPGH shows glycosylation whereas hGH does not.
used in the work described here, the physiological role, conditions relating fo hGH and S

recombinant production is also described on account of its industrial relevance.

1.4.5.1 Role of human growth hormone in healthy humans

1.4.5.1.1 Role of hPGH

In healthy humans hPGH appears in the maternal serum in mid-pregnancy and rises in
concentration thereafter to term, being secreted by the placenta. The hPGH is not expressed in
the anterior pituitary gland as with growth hormone. The hGH2 gene, along with four other
closely-related genes, is located on chromosome 17. They share a remarkable degree of
sequence identity, with alternate splicing generating additional isoforms of all five hormones.
hPGH stimulates the liver and other tissues to secrete insulin-like growth factor 1 (IGF1). It
also stimulates both the differentiation and proliferation of myoblasis. Additionally it
stimulates amino acid uptake and proiein synthesis in muscle and other fissues, There is
evidence that circulatory hPGH levels during pregnancy regulate IGF levels and foetal growth
in mothers with Type 1 diabetes.** However, hPGH has not heen shawn fo posses lactogenic

activity.45

1.4.5.2 Synthesis/structure of native hPGH

The hGH2 gene product, hPGH, is specifically expressed by the syncytiotrophoblast layer of
the placenta in a continuous manner. Pituitary hGH is expressed in a pulsatile 24 hour cycle.
Anti-hPGH monoclonal antibody assays have shown hPGH to be found in the maternal
circulation from 15-20 weeks to term, but not detectable in the foetal circulation.*® Secretion
of hPGH has been shown to be inhibited by glucose. Women with gestational diabetes show
an increase in glycaemia and a decrease in circulating hPGH following oral glucose load. This
suggests that hPGH regulation can protect the foetus against reduced nutrient availability. The
WPGH sirongly stimulaies maternal organs, such as the liver, to switch 1o gluconeogenesis,

lipolysis and anabolism, therefore increasing nutrient availability to the fetaplacental unit.

The structure of hPGH has the following features: 1-26 signal peptide, chain 27-217, single
glycaslyation site at 166, two disulphide bonds at positions 79 to 191 and 208 fo 215,
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(Uniprot entry # P01242). As with other members of

structure with four a-helicies.

1.4.5.3 Role of hGH _ .
Human growth hormone is secreted from somatotropes in the anterior pituitary in response to

a number of factors including:

Stimulators; growth hormone releasing hormone (GHRH), sieep, exercise,

hypoglycaemia, dietary protein levels, elevated androgen levels.

Tnhibitors;  somatostatin, circulatory hGH and IGF-1 (negative feed-back loop),

hyperglycaemia, glucocortocoids and estradiol.

The secreted hGH is found in the circulatory system and perfarms a number of physiological
roles, most notably anabolic growth in children. The mechanism of action is either by direct
stimulation of chondrocyte division (found in the cartilage); these are the “growth centres”
(epiphyses) for the body’s long bones such as arms and legs. The second mechanism is by
hGH stimulation of IGF-1 expression in the liver; IGF-1 has a grawth-inducing effect in a

range of cell types including muscle, cartilage, bone, skin liver, lungs and kidneys.

1.4.5.4 Human growth hormone and disease

Mutations in the hGH2 gene can lead to placental growth hormone/lactogen deficiency (NCBI
Entrez GenelD: 2689). It has been noted that hPGH levels are significantly elevated in cases
of Down’s syndrome and can be used as a screening target, giving a 71.9 % detection raie; a

gold standard test provides 65.6%."

Diseases relating to hGH correspond to abnormal, either depressed or elevated, circulafory
levels of the hormone. hGH excess is often the result of fumour formation in the pituitary
region of the brain, composed of somatotroph cells (somatoiroph adenoma). These are
generally benign, slow growing tumours which as they grow produce increasing amounts of
hGH. High circulatory levels of hGH result in excess bone development (increased thickness)
in the jaw, digits and foes, which in turn can lead to carpel tunnel syndrome and muscie
weakness. The fumour itself may exert pressure on the surrounding tissue resulting in
headaches, impaired vision and reduced secrefion of other pituitary hormones,
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Deficiencies in hGH are the other major class of me ca xﬁlating
effects of the deficiency are dependant on the age of the sufferer if present fron
childhood or in adults. |

Prenatal severe hGH deficiency can lead to hypoglycaemia and jaundice, but, does not lead fo
reduced growth. Severe hGH deficiency in early childhood results in reduced muscle
development and altered body composition (ratios of bone:muscle:fat) with a 50 % reduction
in rate of growth and physical maturation. If severe hGH deficiency is present and not treated

from birth, peak adult height can be as low as 150 cm.

Adult hGH deficiency results in abnormal body composition leading sufferers to have reduced
strength and mass in muscles and bones. The effects of adult hGH deficiency are not limited
to just reduced physical strength but extend to impairment of cognitive processes (reduced
concentration and memory), depression, elevated cholesterol levels and mortality due to

cardiovascular disease.

1.4.5.5 hGH as a biotherapeutic

The main therapeutic use of hGH is for the treatment of the various diseases resulting in short
stature including hGH deficiencies,”® *° described above. Since recombinant hGH has been
available it has also been misused as a doping agent to enhance athletic performance *% and

has been reported as a “treatment” for old age. !

During the 1960°s purified pituitary hGH began to be used as a treatment for severe hGH
deficiency in children. The national agencies, such as the national pituitary agency (NPA),
were set up to supervise the collection, purification and distribution of hGH obtained from the
pituitary glands removed from cadavers. Treatment using human-derived hGH continued until
1981 when Genentech began trials of a recombinant form of hGH expressed in E. coli. This
coincided with several reports of people contracting Creuizfeldt-Jakob disease (CID) after
receiving human-derived hGH.*> The link between the two was recognised in 1985 and
Genentech’s thGH (Protropin) was rapidly granted FDA approval. Other manufacturers
quickly released recombinant forms of hGH including Eli Lilly, Pfizer, Novo Nordisk and

Serona.




1.4.5.6 Recombinant production of hPGH (thGﬁ: . ‘ ,
Commercial thPGH is available from AbD Serotec (Oxfér , UK) (Cat# OBT187QG) This

rhPGH is expressed in E. coli and is primarily for use in enzyme-linked 1mmunosarbant
assays (ELISAs) as a standard. Many of the examples in the literature of thPGH pr‘oductionf
also use E. coli as the expression system,” > >* but there are cases where yeasts (P, pastoris
and S. cerevisiae) are used as the production host.” >>>" In these situations the hGH is used as
a target protein to evaluate novel expression technologies (promoter sequences, transcription

factors) or novel strains (protease deficiencies).

1.4.6 Novel monoclonal antibody-based influenza vaccine

The final target protein was highly industrially orientated as the work on it formed part of an
Alpha Biologics client contract. The client company wanted to demonstrate proof-of-concepl
that the yeasts S. cerevisiae and P. pastoris could be used fo rapidly express their molecule
whilst maintaining efficacy of the end product. If expression were feasible in yeast, this would
reduce the time and cost for development and the clinical production when compared o the
haculovirus-mediated mammalian expression system currently being used. This could be of
particular importance in instances of vaccine production where a rapid furnaround from the
point of isolating a newly emergent strain (e.g. during the 2008/2009 season, HINI and
H3N2-like viruses were predicted to be most prevalent) to supplying medical practitioners
with the specific vaccine can provide protection/immunisation to the populous. In this
instance the speed would enable the prevention of an epidemic or potential pandemic such as

Spanish (HIN1) or Avian (H5N1) flu.

1.5 Optimisation of culture conditions for the expression of recombinant proteins

Optimisation of culture conditions or ‘process control parameters’ for the expression and
production of biotherapeutic agents is a key element to the rapid and cost effective
manufacture of these important molecules.” Tt has previously been shown that optimal
production conditions do not necessarily support optimal growth and that point of harvest can
he critical for achieving high yie]ds.59 Usually, process optimisation is conducted on a case~
hy-case basis and is thus essentially a trial-and-error-hased procedure. Major factors offen
considered when producing proteins from micro-organisms include pH, temperature, carbon
and nitrogen sources and the essential oxygen requirement. Although these are most the

frequently investigated factors, there are many other factors which offer further possibilities
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for optimising the protein expression process, The facto vered mn th@wor ere W
temperature, pH, dissolved oxygen (DO), carbon sour‘(;es; t/riacé element[ﬁutfi@nt,‘v"additié.‘hs;f -
antifoam agent and concentration, and induction strategy. There are many other factors which
affect recombinant protein expression, such as expression vector design including pr@matcﬁ’f“; \
sequences, leader sequences and codon optimisation which can be manipulated fo ‘givé‘ f
increases in yield.”™ ™™ 5 These other factors relate to the molecular biology of the chosen
expression strategy, itself a large and important field of research critical for successful

production of any target protein.

As there are such a large number of possible avenues for investigation to obtain an optimised
process, simply changing one factor at a time is not only time consuming but may also miss
critically important interactions between the factors. To circumvent these issues statistical
techniques such as statistical design of experiments and response surface methodologies can
be employed to develop a process. These techniques provide the maximum amount of data
from an experimental period and can estimate factor interactions,”’ resulting in a reduction of
required experimentation. A way of further increasing the throughput of the optimisation
process includes scalable madelling, where the prolein expression experiment is carried out in
“micro-bioreactors” (e.g. 6 mL) and directly transferred to large(r) (e.g. >7 L) vessels. The
use of micro-bioreactors allows many parallel experiments to be run at once so reducing the
overall development time. Using traditional stirred tank bioreactors it may be possible for one
operator to run 6 experiments in parallel, however micro-bioreactors could allow >72 parallel
experiments. Increases in throughput can make it possible to investigate additional factors in

the experimental period which would otherwise be overlooked.”?

1.5.1 Temperature

Optimum temperature must be maintained, either by heating or coaling the medium with the
use of a probe and a control system coupled to an incubator, heat exchanger or heating jacket.
Optimal temperatures for growth are different for each organism, typically 37 °C for E. coli
and 30 °C for yeasts. Optimising temperature in relation fo recombinant protein EXPression
focuses on maximising the yield of protein produced per cell. It is likely that the optimal
temperature for cell growth and recombinant protein expression will be different. Low
temperature induction conditions in P. pasioris® % and E. coli" or high temperature (42
°Cy induction expression in L. coli™ have been shown fo provide increases in protein yield. In

many examples of recomhinant protein expression found in the liierature, fhe same
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temperature is used for growth and expression‘.ﬁi’ ) ¢ (i mpeiﬁa;mre_ h

optimised for expression, increases in yield can be seen. =

1.52 pH

During fermentations, the pH of the medium changes as the organism grows, A d‘eﬁned
setpoint can be controlled by the addition of acid, or maore usually, base. A pH probe
connected to a control unit and a pump maintains a pH set-point. The pH set-point is not only
important for the optimal growth of the organism but also for the optimal expression of the
recombinant protein. The pH of the medium will also influence the stability of secrefed
profeins depending on the isoelectric point (pl) of the protein. The pl of a molecule is the pH
at which the molecule has no net charge; this is determined by the amino acids displayed on
the surface. It has been shown that using a low pH in P. pastoris fermentations leads to a
decrease in proteolytic degradation of secreted recombinant protein.”’ The medium may have
a buffering capacity, which is especially useful in shake flask cultures. For example, standard
BMGY/BMMY media contain potassium phosphate buffer adjusted to pH 6.0. The medium
camponent used to provide buffering capacity can be altered depending on the desired pH
value; e.g. citrate buffer, phosphate buffer or HEPES. The specific acid and base used for the
pH control will be important as different cell types may not have the same tolerances. This
gives several variables that can be optimised for the application; pH set-point, buffer range,

acid type and concentration, base type and concentration.

1.5.3 Aeration

The demand for oxygen by a micro-organism can be met by aerating the culture medium. The
values associated with aeration are typically (%) dissolved oxygen (DO); where 100 % is
oxygen saturated (with respect to air, (wrt air)) and 0 % has no oxygen in the medium.
Aeration of the medium is normally achieved by sparging sterile air or oxygen-enriched air
directly into the medium or into the headspace of a culture. High DO levels may require
additional agitation and/or increased gas flow rates to maintain the desired setpoint.
Increasing the agitation of the culture (different impellor design, additional impellors,
increased agitation rate (rpm)) extends the retention time of the gas bubbles in the culture
therefore improving the mass (ransfer of oxygen from the gas (o the medium and hence to the
m‘gﬁnism,67 Sparger (a tube with numerous small holes which gas is passed through fo form
hubbles) design may also play a role in improving oxygen transfer by having smaller holes

and thus smaller bubbles giving a larger surface area for diffusion o accur aver.™ The PO
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set-point for an experiment is likely to be determined by the toler of 1th-év cells to hlgh DO .
levels, equipment capabilities/limitations, cost and optimal levels for protein expressicn; ar
growth.’” ® For instance it may not be economical to run a high cell density fermentation at : |
100% DO as this may require very high agitation and gas flow rates with lpuré oxygen. An -
additional possibility for maintaining high DO is to introduce back-pressure to the gas flow in
the system, so aiding diffusion into the liquid phase: this is possible in stainless steel vessels

but not possible in a glass fermentation vessel.

1.54 Medium design

The type of medium used is dependent on the system’s requirements, promofer strategy and
cost. There is a wide range of medium recipes available including complex, defined, pH
buffered and selective. The medium used for a particular application will reflect a specific
arganism’s preference for carbon and nitrogen sources. The medium should provide all
required nutrients without excess which can result in nutrient inhibition. Medium design is the
optimisation process used fo achieve a medium most suited for the particular application;
improving growth, increasing product yield or other goals such as reducing process Coss.
Spent medium analysis can be used fo determine which, if any, medium components are
depleted/consumed and which are still in excess afier being used for an experiment. It can
also identify accumulation of toxic metabolites. From this analysis it is possible to further
improve the medium, by either increasing or decreasing the starting concentrations of the
relevant nutrients. Due to the potential for having a large number of variables (carbon sources,
nitrogen sources, essential and non-essential amino acids, trace elements and other additives
such as foetal bovine serum) this subject is well suited to design of experiments

methodologies as described in the literature.”*"

1.5.5 Anti-foam agents

An unfortunate effect of both sparging gas through culture medium at high rates and agitation
is the formation of foam. This is a particular problem when surface-active species, such as
proteins, are present at high concentrations. Foaming reduces the efficiency of gas exchange
at the surface of the culture, as a barrier is formed between the culture and the gases in the
headspace of the vessel. Foaming can also be detrimental to the cells in culture. For example,
when buhbles burst they exert sheer forces which may damage cells or secreted proteins. They
can also cause a loss of cells from the culture to be made by deposifing cells ahove the

air/medium interface. Additionally cells and culiure medium can he lost fo the foam phase
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which can lead to a decrease in process produotivitiﬁf.“l / s of foaming, ‘foam out’
can lead to loss of process sterility when rising foam enters the off-gas fi-lt.ens;faf other

ancillaries in the headspace.74

Tn order to minimise the detrimental effects of foaming, an antifoam agent can be included in
the culture medinm. Antifoams prevent foam forming by reducing the surface tension of the
culture so that any bubbles that reach the surface cannot be supported and therefore disperse

without bursting.”®

1.5.6 Induction strategy/protocol

The strategy for inducing recombinant protein expression needs to be defined when designing
the expression casseite for the intended cell type. There are many promoter types used
including AOX1 (P. pastoris alcohol oxidase 1; methanol inducible promoter), IPTG (system
used in E. coli, CHO), temperature mediated (E. coli temperature drop from 37 to 30 °C) and
galactose induction (S. cerevisiae). The ideal system would be highly inducible, very tightly
regulated (not “leaky”), being acceptable o regulatory bodies (FDA) for use in large scale

manufacture and practical for use at large scale.

In the case of the AOXI promoter, as used in the work described here, the method of inducing
expression can be varied. The standard method of induction uses a feed of 100 % methanol.
Alternatives such as mixed feed induction use a mixture containing methanol and sorbitol
instead of 100 % methanol and methanol-free induction of AOX1 promoters has also been
reported.” 7% Once the promoter system is determined, the method will require optimisation.
In the instance of the P. pastoris AOX1 system the rate of methanol addition is critical in
optimising recombinant protein expression. If the rate of addition is too slow methanol will be
limiting so resulting in sub-optimal yield, but if the rate is too fast the cells will not be able (o
metabolise the available methanol so resulting in a build up of methanol in the medium. Once
at a critical concentration this becomes toxic to the cells and they die 77 ™ Therefore, the
methanol feed rate must be balanced against the rate of uptake and metabolism of the cells
and their specific growth rate ()" This will be dependant on the culture condifions used
during induction i.e. low temperatures may give a slower rate of cell metaholism, so methanol

feed rate should be adjusted to meet this.




1.5.7 Scale-down modelling and Design of Expél‘-iiﬁ

Small-scale culture techniques, based on shaken vessels, hav en in use since Erlenmi er .
flasks (designed for chemistry laboratories) were first adopted for microbial culture in the .
1880°s and later for the first instance of biotechnology, namely antibiotic producfian in th@
1940’5, 8" More recently, during the 1980-1990’s, microtiter plates (MTP) have also found a
role as culture vessels, providing increased throughput for applications such as mutant
screening and secondary metabolite discovery. 80 These vessels have recently been the focus
of characterisation using an engineering approach to determine the hydrodynamics, mixing
and mass transfer characteristics, previously only applied to large stirred tank bioreactors.”
The characterisation of these vessels, along with the introduction of more sophisticated micro-
bioreactors with elements of monitoring and control,*> has begun to allow processes
developed at the small scale to be (more) directly transferred to large-scale production (by
scalable modelling). Scale-down modelling applies to situations where a process is already in
use at the commercial large-scale and requires investigations into process changes.
Conducting these experiments in production scale vessels would be undesirable due fo
economic, strategic or environmental reasons.t Therefare using small-scale vessels that have

equivalent characteristics to the production vessel is ideal.

The combining of methods for scale-down modelling of industrial fermentation processes and
statistical design of experiments (DoE) provides the opportunity for developing an optimised
up-stream process Iin a compact time frame. Scale down modelling allows large-scale
processes to be performed at a small-scale; perhaps 1000 fold smaller volumes. The attraction
of this is the reduced cost and time required for conducting the experiment, which is further
enhanced by using multiple parallel experiments. Statistical DoE is an efficient way of
planning an experiment to provide data capable of giving objective and valid conclusions, in
this case optimising a fermentation in a reduced number of runs compared to investigating
each variable separately as with one factor at a time (OFAT) methods. The statistical nature of
DoE methods also allows the determination of interactions between independent variables

(e.g. culture temperature and pH) and how they impact on the response for example protein

yield.

1.8.7.1  Scale down modelling of the fermentation process
Scale-down process modelling is used to determine the effects of altering a production scale

fermentation process from small-scale experiments. This frees-up production equipment for
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product generation and avoids the cost implications (sucih,/f&rlsi the ra ,4,at€r,ial‘s and utilities.)
of performing development runs at a large scale.” Any product generated, however would not
be acceptable as cGMP grade material, due to process generated profocol deviations. Scale-
down modelling is applicable to fields such as natural product fermentations (e.g. antibiotics,
citric acid and enzymes) and recombinant protein expression (e.g. hormones, monoclonal
antibodies and enzymes) where the commercial scale makes process development activities in
those large vessels unfavourable (e.g. expensive, time consuming, cumbersome and fie up

manufacturing resources).”

Scale-down modelling is essential for process validation and commercial manufacturing
including process characterisation and supporting production processes.** The goal of a scale-
down experiment is to define a lab-scale system which replicates the large scale process,
(herefore allowing changes made at the small scale to be reproducibly implemented in the
large scale. If the scale-down model produces inaccurate data for the large-scale system,
inappropriate conclusions may be drawn resulting in a sub-optimal large-scale process. One of
the major factors in consiructing a valid scale-down model is the use of appropriate
equipment capable of replicating the environment present at the large scale e.g. mass transfer
coefficients. This is referred to as having a similar reactor or similar reactor geomeiry e.g.
aspect ratio. This is simplified by using comparable vessels (e.g. stainless steel) with fixed
geometry or aspect ratios, such as height to diameter to impeller size and spacing or having

fixed flow rates in volume per volume per time.

Once the small scale system is validated against its large scale counterpart, 1t is possible to
begin the procedure of optimisation. Validation might be based upon running a number of
fixed conditions in both systems and comparing the outputs (specific growth rate/yield),
which would highlight any systematic variation between the systems. As the difference in
vessel volume may be 100,000 fold from bench to manufacture. Heterogeneity in the vessels
is critical: all locations within the vessel must be subject o the same conditions (e.g.

temperature, pH and aeration).

1.57.2  Use of statistical Design of Experiments in process optimisation
Statistical DoE is a way of planning any experiment with one ar more variables to give valid
and objective conclusions on the response seen. DoE can be applied fa situations where there

are controlled inputs with measureable output(s) and the operator wanis (o efficiently use iheir
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time. Applications include optimisation of feed rates,”> fermentation pmc_essk. condition

70, 71, 89, 90 (92, 93

555 media composition, inoculum size’" and a_ge.,gz’ harvest point™

optimisation,
and yeast biomass.” The DoE here differs from the majority: the examples in the literature, as
it was implemented using multiple simultaneous small-scale experimentation in a non- .
traditional micro-bioreactor. The direct transfer of the optimised process conditions from the
micro-bioreactor to a traditional larger-scale bioreactor is also uncommon in the literature due

to the juvenile status of micro-bioreactor technology.

The statistical basis of DoE is rooted in the concept of process modelling. Producing a
process model allows the estimation, prediction, calibration and optimisation of the real-life
process. Common process models are seen as ‘black boxes” with several input factors (e.g.
temperature, pH and DO) which can be conirolled by the operator and one or more output
responses, which can be measured by the operator. Experimental output data, from a number
of different input factor combinations, is used to build an empirical model of inputs and
outputs.” These models are often linear or quadratic (cubic functions and higher are also
possible) and can be used for comparisons, key facior selection, process optimisation,

removing process variability, improving process robusiness or other outcomes.

The experimental design employed will depend on the number of factors (input variables) and
the objectives of the experiment. Available designs include completely randomised designs,
randomised block designs, full-factorial designs, fractional factorial designs, Plackett-Burman
designs and response surface designs.gS Here we utilised a response surface Box-Behnken
design requiring each factor to be varied at three levels. This design was selected due to the
reduced number of experimental treatment combinations required to generate a predicfive
model. The drawback of using fewer combinations is an increased number of aliased terms in
the model (e.g. [A] = A or BEF or CDF and [AB] = AB or EF or ACDE or BCDF). This may
be problematic if there is poor understanding of the process and the correct term cannol be
identified from the possible aliases. The design space given by a Box-Behnken model with 3
factors at 3 levels is illustrated by Figure 1.4. The design space, which is rotatable, contains
regions of poor prediction quality. These "missing corners” may be useful when the
experimenter should avoid combined factor extremes. There are also no combinations
requiring all 3 factors to be maximal. This property prevenis a potential loss of data in those

cases.
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combination of factors (fermentation conditions) at the surﬁi’hiti’:suﬁ—optimal areas would
resemble a portion of the hill-side or valley. The quality of the predictive model is described
by analysis of variance (ANOVA) analysis of how well the line of regression for the equation
fits with the experimental data. Each of the terms in the model will have a p-value describing
the probability of that term not being statistically significant. The equation is refined by
removing terms with high p-values until the equation as a whole is acceptable. The
engineering statistics e-handbook™ provides an excellent source of information on the
statistical DoE and modelling methods used and discussed here. Chapter 3 provides more

information on how the process model was refined and tested.

1.6  Praject aims and objectives

This project aimed to generate a scalable predictive modelling methodology suitable for the
optimisation of range of industrially-relevant recombinant proteins and host systems. The
yeast P. pastoris (expressing GFP) was used for developing the methods. The approach was
then tested using a mammalian cell-line (hybridoma) expressing a monoclonal antibady to
confirm the transferability of the modelling process. Additional factors (medium composition,
antifoam agent use, induction strategy and cell surface hydrophobicity) which may impact
target protein yield were identified and investigated for further optimisation of the process i.e.

maximising product yield.

In order to accomplish this, the following objectives were identified:-

Identify appropriate target proteins

€

e Create strains/transformants for each host system to express the target proteins

o TIdentify suitable factors/variables for process optimisation (applicable to small and

large-scale)
e Identify suitable DoE/modelling processes
¢ Implement proposed modelling process

¢ Confirm the predictive capacity of the model at the small-scale
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Confirm the predictive capacity of the model at the large(f);scal,e

Confirm the scalable modelling process with an alternative target protein and

expression system

Identify and investigate further factors applicable to process optimisation




“Oh, well, the night is long the beads of time pass slow

Tired eyes on the sunrise, waiting for the eastern glow”

(Battle of evermore, Led Zeppelin)
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CHAPTER 2

2  MATERIALS AND METHODS

2.1 Microbial strains used
The organisms used during the construction of expression vectors (Escherichia coli) and

recomnbinant protein expression experiments (Saccharomyces cerevisiae, Pichia pastoris and

hybridoma cell line) are shown below.

2.1.1 Escherichia coli

E. coli was used to generate quantities of plasmid DNA during expression vector construction
and (o provide sufficient expression vector for transformation of yeast cells. Different strains
were used due to availability and purpose e.g. TOPO10 strain was used during expression
vector construction as it had a high transformation efficiency. Details of the E. coli sirains

used here are available at hitp://openwetware.org/wiki/E._coli_genotypes

2,1.1.1  XL1-Blue super-competent cells

Wild type strain, Genotype: endAl gyrA96(nalR) thi-1 recAl relAl lac gIlnV44 F[ :Tnl0
proAB” lacl?  (lacZ)M15] hsdR17(rg’ my’). Nalidixic acid resistant, tetracycline resistant
(carried on the F plasmid) Available from Stratagene (Cat  #200236).

(http://www.stratagene.com)

21.1.2 DH5a 97 98 99 100

Genotype: F endAl gInV44 thi-1 recAl relAl gyrA96 deoR nupG @80dlacZ M15
(JacZYA-argF)U169, hsdR17(rx” mg'), A~ An Hoffman-Berling 1100 strain derivative
(Meselson68)

Promega also lists DHS50 as phoA nalidixic acid resistant
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2.1.1.3 BL21-DE3'" '
Genotype: F~ ompT gal dcm lon hsdSp(rpg” mg) MDE3 [lacl lacUV5-T7 gene 1 indl Syam7 o
nin5)) an E. coli B strain with DE3, a & prophage carrying the T7 RNA polymerase gene and

lacl?

Transformed plasmids containing T7 promoter driven expression are repressed until PTG
induction of T7 RNA polymerase from a lac promoter. Derived from B834 by transducing fo

Met™".

21.1.4 TOPO10” ™
Genotype: F- mcrA (mrr-hsdRMS-merBC) @80lacZ M15 lacX74 nupG recAl araD139
(ara-leu)7697 galE15 galk16 rpsL(Str™) endAT A

Streptomycin resistant

2.1.2 Pichia pastoris
Different P. pastoris strains were used due to initial availability, GS115 was immediately
available at the Alpha Biologics laboratories, X33 was later supplied by the laboratory at

Aston.

2.1.2.1 GSI11S

Genotype his4

The Pichia host strain GS115 and has a mutation in the histidinol dehydrogenase gene (his4)
which prevents it from synthesising histidine. The expression plasmid carries the HIS4 gene
that complements his4 in the host, so transformants are selected for their ability to grow on

e . . 104
histidine-deficient medium.

3122 X33

Wild type strain suitable for zeacin selection, available from Tnvitragen (Cai#t C180-00)
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2.1.3 Saccharomyces cerevisiae
Different strains of S. cerevisiae were required for the this projéct due to the different a,spscts
of protein expression being examined. W303-1A was used in instances where a wild type
strain was required. The Alcofree uracil auxotroph was used for protein expression Withrt’hé

pYX212 expression vector.

2131 W303-1A '

Genotype: MATa/MATa (leu2-3,112 trp1-1 canl-100 ura3-1 ade2-1 his3-11,15) [phi]

Notes: W303 also contains a bud4 mutation that causes haploids to bud with a mixture of
axial and bipolar budding patterns. In addition, the original W303 sirain contains the rads-
535 allele. Further information is available at

hitp://wiki.yeastgenome.org/index.php/CommunityW303.html

2.1.3.2  Alcofree (TM6* prototrophic)

Saccharomyces cerevisiae KOY . TM6*P was derived from the CEN.PK2-1C""" strain.
Described in Bibing (2004) '

Further information on the commercialisation of Alcofree strain can be obtained from Gothia

yeast solutions (http://www.gothiayeast.com/).

2.1.3.3 Alcofree (TM6* URA)
Uracil auxotroph of Saccharomyces cerevisiae KOY.TM6*P was derived from the CEN.PK2-

1C'%7 strain. Described in Elbing (2004) '

3.2  Mammalian cell lines used

2.2.1 Hybridoma cell line HD1
The HD1 hybridoma cell line was supplied by a customer company of Alpha Biologics Lid

and is subject to a confidentiality agreement.

3.3 Molecular biology
The following techniques were used during the manipulation of cDNA and the consfruetion of

eXPression veclors used with yeast cells.
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2.3.1 DNA manipulation

The DNA manipulation techniques used for the construction of expression vectors, in.cluding
cutting (restriction digests), joining (ligations) mutating and multiplying (PCR) are described

below.

2.3.1.1 Restriction Digests

(All steps were carried out on ice unless otherwise stated)

To a pre-chilled 1.7 mL Eppendorf the following were added:

Restriction enzyme 1 puL
Enzyme buffer 2.5 L
DNA 4 pL
milliQ dH>0 to 20 pL

This was then incubated at the optimum reaction temperature (enzyme dependant) for 1 hour.
To deactivate ihe enzyme, this was heated to 70 °C for 10 minutes and then returned to ice or

stored at -20 °C.

Note: All timings, buffers and incubation conditions used were as per manufacturers’ data
sheei. Double digests, where possible, were performed as above using the most appropriate

enzyme buffer.

2.3.1.2 Ligations
(All steps were performed on ice unless otherwise stated)
Ligation mixture contained:
Vector DNA (e.g. pYX212, pPICZ-C, pYES2) 100 ng
Insert DNA (2-3 times vector DNA) e.g. 300 ng
dH,0 to 18 pl.
This was heated to 45 °C for 5 minutes (to melt any annealed cohesive ends) and returned o
ice. The following were then added:
5X ligase reaction buffer 4 ul
T4 DNA ligase 0.5 pL




This was then incubated at room temperature for 2-4 hours or overnight at 4 °C. The T4 DNA .

ligase was deactivated by heating to 65 °C for 10 minutes. 5-10 pL of the ligation mixture

was then used to transform competent cells.

2.3.1.3 Polymerase chain reaction (PCR)

(All steps were carried out on ice unless otherwise stated)

A reaction mix was made of:

Reaction buffer 10 puLL
25 mM MgCl 4 uL
2 mM dNTPs 10 pL
50 pM Forward primer Il
50 uM Reverse primer 1yl
milliQ dH,0 72 pL
Polymerase I pL
Template DNA (0.5 ng) I pl

(The negative conirol reaction omitted the template DNA)

PCR annealing temperatures and extension times were optimised for each reaction by using a

gradient PCR for each new reaction and adjusting extension time depending on fragment size.

Typical PCR conditions were:
95 °C 30 s (denaturing step)
45-65 °C 20 s (annealing step)
72 °C 40 s (extension step)

This was repeated for 35 cycles then followed by a final extension step of 3 minutes.

3.3.2  Agarose gel electrophoresis
Agarose gel elecirophoresis was used to visualise DNA during the manipulation of cDNA and

construction of expression vectors.
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2.3.2.1 Pouring agarose gels

0.9 % agarose gel (50 mL):
To a suitable container (e.g. 125 mL conical flask) the following were added:
Agarose 045¢g
1 x TAE Buffer 50 mL
The agarose and buffer were heated in a microwave (800 W) on full power until the agarose
dissolved, typically this took 20-40 s. Care was taken on removal from the microwave as the
conients occasionally boiled over. The dissolved agarose was allowed to cool slightly for 2-
5min, | pL of ethidium bromide was then added. The solution was agitated until the ethidium
bromide was fully mixed. A gel cast was set up with an appropriately-sized comb, the agarose
solution was poured into the gel cast and allowed to set for approximately 30 min at room

temperature.

2,.3.2.2 Sample preparation
Before DNA samples could be loaded onto agarose gels 5 pl. 2X loading buffer was added to
10 ul. DNA sample and mixed thoroughly.

For the 1kB ladder (reference bands at 10, 8, 6, 5, 4, 3, 2.5, 2, 1.5,1, 0.75, 0.5, 0.25 kB) 3 uL
ladder buffer was added to 1 uL. 1kB DNA ladder.

2.3.2.3 Running conditions
A power pack was set to 70 V and run for 30 min, checking regularly to prevent bands

running off the bottom of the gel.

2.3.2.4 Visualisation
Bthidium bromide-stained DNA was visualised under a UV source, e.g. UV light box or a

geldoc system and the image saved as a jpeg file.

Appropriate personal proteciive equipment was used to protect against UV radiation
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2.3.3 Plasmid preparation (mini/maxi preps)

Purified plasmid DNA was generated by using Qiagen (Cat #27104) mini-prep (20 pg DNA
yield) or maxi-prep (500 pg DNA yield) Qiagen (Cat #12163) klts_ac.cordmg to the

manufacturer’s instructions.

2.3.4 Sequence analysis
DNA sequence analysis was performed by the proteomics laboratory at Birmingham
University. The DNA sample (e.g. 8 uL expression cassette of plasmid DNA) was mixed with
(1 pL) of 5" and 3’ sequencing primers (below) which had recognition sites ~100 bp from the
sequence of interest. The results were received as abl files and viewed using Chromas v1.45
software. The sequences were then exported into Microsoft Word format. The forward,
reverse and consensus sequences were aligned with the reference sequence and deviations

identified.

5” sequencing primer  5"-GACTGGTTCCAATTGACAAGC-3°
3" sequencing primer  5-GCAAATGGCATTCTGACATCC-3”

2.4 Transformation of cells

In order to obtain target protein expression from the cells, the appropriate DNA sequence
(expression vector) was introduced into the cells. The DNA was either stably integrated into
the genome for P. pastoris or held episomally as a plasmid in the case of the S. cerevisiae

transformants.

The plasmid vectors (e.g. pPICZaA-MPI(F)) were linearised by enzymatic digestion at a
recognition site (e.g. Sacl) allowing integration into the P. pastoris genome. The
recombination event occurs away from the AOX1 structural gene with 95-75 % frequency,
resulting in a strain with the His® Mut” phenotype.'* The method used for transformation was
electroporation; passing a high voltage across the cells disrupts the cell membranes so
forming pores through which the linearised DNA can pass into the cell and translocation to

ihe nucleus. Positive transformants were selected on Zeocin.

Transformation of the Alcofree strain used the lithium acetate (LiAc) method to make the cell

membrane poraus, so allowing plasmid PDNA (e.g. pYX212-a-MPI(P) o enter the cell. The
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vector is maintained as a circular structure and not integrated 1to the genome. Theref(‘)re;,' -
constant selection pressure was applied to prevent plasmid lO’SZS;KThe Alcofree strain has a
disrupted gene ( URA3) which codes for orotidine 5-phosphate decarboylase (ODCase).
ODCase has a role in pyrimidine ribonucleotide synthesis (e.g. uracil). If URA3 is non-
functional, uracil must be added to the culture medium for growth of a UURA3 strain. When
used as a selection marker no uracil is added to the medium, but URA3 is complimented by

an intact copy of URA3 on the plasmid which permits growth in uracil-deficient media.

Cells that were positively selected by the marker had variable expression of the target protein.
Therefore, it was necessary to perform expression screening using small scale cultures. The
cells that produced the highest levels of the target protein were banked and taken forward for

further work.

2.4.1 Preparation of competent cells

Far successful electroporations to be possible the cells being transformed must be competent,
essentially being able o survive the elctroporation process. This invalved chilling mid-log
phase cells on ice and the removal of sats from the cell suspension (medium) in order to

avoid arcing when an electric pulse is passed over the cells.

24.1.1 E.coli

Cultures were set up in 250 mL shake flasks 50mL LB medium that were inoculated with 200
pL glycerol stock E. coli BL21 (DE3). Cells were grown at 37 °C with elliptical agitation at
200 rpm to an ODsos 0.5-0.6. The cells were chilled on ice for 15 min and transfered to a pre-
chilled centrifuge bottle. The cells were harvested by centrifugation (20 min 5000g 2-4 °C).
The cells were kept cold for the rest of the procedure. The cells were washed twice with the
original culture volume of ice-cold sterile water and then centrifuged again as above. The

final cell pellet was re-suspended with the residue from wash.

2.4.1.2 P. pastoris
The method used for preparing electrocompetent P. pastoris cells is essentially as described

by Cereghino er al (2;0()5)109
A § ml YPD culiure of P. pastoris cells was grown overnight in & 30 °C shaking incubator

with an agitation rate of 250 rpm. The avernight culture was diluted to an ODgoof 0.15-0.20
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in a volume of 50 mL YPD in a flask large enough to provide good aeration. The culture was
grown to an ODggg of 0.8—1.0 in a 30 °C shaking incubator. Based on a generation time of
100-120 min, it was estimated that yeast should reach 0.8-1.0 in 4 to 5 h. ‘the culture was
harvested by centrifugation at 500x g for 5 min at room temperature and the supernatant
discarded. The cell pellet was re-suspended in 9 mL of ice-cold BEDS solution (see below)
supplemented with 1 mL 1.0 M dithiothreitol (DTT) and then incubated for 5 min at 100 rpm
in a 30 °C shaking incubator. The culture was centrifuged at 500x g for 5 minutes at room
temperature and the cells re-suspended in 1 mL (0.02 volumes) of BEDS solution without
DTT and split into 40 pL aliguots. The competent cells were then ready for transformation.
Alternatively, the cells were frozen slowly in small aliquots at -80 °C by placing the aliquots
inside a styrofoam box to reduce the rate of the medium freezing. Competent cells were stored

for up to 6 months at this femperature.

BEDS solution contained:
10 mM bicine-NaOH, pH 8.3
3 % (v/v) ethylene glycol
5 % (v/v) (dimethy] sulfoxide) DMSO
I M sorbitol
Autoclave (121 °C 20 min) to sterilise, normally a 100 mL volume was prepared and stored at

RT for 6 months.

2.4.2 Heat shock transformation of E. coli DH5a cells

Cells were thawed on ice (from glycerol stocks at -80 °C) prior to addition of transformation
ligation mix (three transformations; with insert, self ligation and a positive control as in
2.3.1.2) and then incubated on ice for 30 min. The transformation mixes were transferred o
42 °C for 40 s and then incubated in ice for 1 min. The transformations were plated on LB

agar with appropriate antibiotic selection and incubate at 37 °C until colonies appeared.

3.4.3 FElectroporation

2.4.3.1 Electroporation of E. coli cells
This method was adapted from the Eppendarf Mu]tipmamrR protocol # 4308 915.512 -
04/2002. An electroporation cuvette (2 mm gap widih) was pre-chilled and had 40 pl of

electrocompetent £. coli cells and 1 pl of DNA added which were gently mixed with a
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pipette. Any moisture was wiped from the cuvette and theﬁ ih’se _into the Electmparatién -
device. The cells were electroporated using the prokaryote “o0” méde with 1700 V and 5 ms
time constant. 1mL SOC medium was immediately added and then incubated at 37 °C with
elliptical agitation at 200 rpm for 60 minutes. The cells were then plated on selective (e.g.
zeocin / ampicillin) LB agar plates and incubated at 37 °C until colonies were easily

distinguishable.

2.4.3.2 Electroporation of P. pastoris cells

The electroporation method that was used during the work was essentially as that of
Cereghino et al (2005)."”

Approximately 4 pL (50-100 ng) of linearized plasmid DNA was mixed with 40 pL of
competent cells in an electroporation cuvette and incubated for 2 min on ice. The samples
were then electroporated using the following parameters in an Eppendarf multiporator set {o
“eykaryotic” mode. Pulse voltage set to 1200 V, with a 20 ps time constant. Immediately
after electroporation the samples were re-suspended in 1 mL cold 1.0 M sorbitol and then
plated on selective media (YNB, 2 % dexirose + 1.0 M sorbitol) for auxotrophic strains.
Alternatively, if using zeocin-based plasmids, the samiples were re-suspended in 0.5 mL 1.0
M sorbitol and 0.5 mL YPD then incubated in a 30 °C shaker for 1 h. Post this incubation
period the sample was plated onto media containing increasing concentrations of zeocin (100,
250, 500, or 1000 pg/mL) for the selection of multicopy integrants. Note that increased
numbers of transformants could be achieved for both types of selectable markers by
incubating the re-suspended cells in a 30 °C shaker for longer periods of time (1-3 h).
However, this is partly due to replication of transformants. This adapted method worked well

and was used for all electroporations prepared.

3.4.4 Lithium acetate transformation of S. cerevisiae cells

The following metheod for the transformation of cells with lithium acetate was follwed. 10
mL of YPD was inoculated with a loopfull of freshly-plated cells. The culture was incubated
for approximately 24 h at 30 “C with 230 rpm agitation, TM6* taking longer. Post incubation
0.5 ml of culture was harvested by cenirifugation at 7000 rpm for 2 min and the supernatant
discarded. A 2 — 5 pg quantity of plasmid DNA was added together with 10 il carrier DNA
and added to the cells. 0.5 ml plate solution (below) was added and then vartexed briefly.
The mixture was then incubated at room temperature avernight (approx 14 h). The boitom

100 i was withdrawn from the tbe and plated on SD “URA agar.
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The plating solution comprised of the following ingredients. Normally a 100mL volume was

prepared and stored at RT for 6 months.

Plate Solution 40 % (w/v) PEG-3350
1 mM EDTA
10 mM Tris-HCI (pH 7.5)
0.1 M Lithium acetate

Autoclave (121 °C 20 min) to sterilise

2.4.4.1 Carrier DNA

The carrier DNA used for the transformation of S. cerevisiae was 7 mg/ml sonicated salmon
sperm DNA. This reagent was prepared by sonicating (3x 20 sec pulses), 1 mL of 7 mg/mlL

salmon sperm DNA this was stored at -20 °C.

3.4.5 Modified Heat shock lithium acetate transformation of S. cerevisiae cells

10 mL of YPD was inoculated with a loopfull of freshly-plated cells. The culiure was
incubated for approximately 24 h at 30 °C with 230 rpm agitation. 0.5 mL culture was
harvested by centrifugation at 7000 rpm for 2 min and the supernatant discarded. 2 — 5 pg of
plasmid DNA and 10 pL carrier DNA was added to the cells. 0.5 mL plate solution was added
and then vortexed briefly before being incubated on ice for 30 min. The transformation mixes
were transferred to 42 °C for 40 s and then incubated in ice for 1 min. The mixture was then
incubated at room temperature overnight (approx 14 h). The bottom 100 nl was withdrawn

from the tube and plated on SD “URA agar and incubated at 30 °C until colonies appeared.

2.5 Clone selection
Clone selection was used to isolate transformed cells (E. coli, 8. cerevisiae or P. pasioris)
which contained the intended plasmid vecior (shutile or expression) or had an integrated copy

of the vector.
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2.5.1 Confirmation of DNA uptake / integration (coloniéé:bh’éelefétive agar)
Following transformation 100 pL cells were gently pipetted onto agar plates containing the
appropriate selection marker e.g. 100 pg/mL Zeocin and incubated at the optimum
temperature (30 °C for P. pastoris and S. cerevisiae 37 °C for E. coli) until colonies were
visible, typically 1-3 days. 20-30 colonies were then picked and re-streaked on a fresh

selective plate and returned to the incubator until the colonies re-grew.

2.5.2 Expression confirmation (screening small cultures)

10-20 colonies were picked from re-streaked selection plates (as described in section 2.4.1.)
and used to inoculate small (125 or 250 mL) shake flasks with the appropriate media (e.g.
BMGY/BMMY, 2xCSM, SD-URA). Cultures were incubated at 30 °C with 250 rpm
agitation. Supernatant and cell pellet samples were taken during the time course for

expression confirmation by SDS-PAGE, western blotting and mass spectromelry.

3.6 Storage of strains (wild-type and transformed) by glycerol stock
Actively growing cells, early-mid log phase, were harvesied by cenfrifugation 6,500 rpm in a
microfuge and re-suspended in initial volume of fresh media containing 10 % w/v glycerol

and stored at -80 °C.

2.7 Analytical methods

The methods used for the detection, identification and quantification of proteins, cell growth,

physiological properties and carbon source utilisation of cultured cells are described below.

37.1 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

Culture supernatant (12 pl.) was added to 4 pl. NuPAGE LDS sample buffer (Invitrogen Lid.
Cat # NPO0DO7) heated to 95 °C and loaded into a NuPAGE 4-12% Bis-Tris polyacrylamide
gel (Invitrogen Lid. Cat # NP0322BOX). 5 pL of a molecular weight marker (MWM)
SeeBlue Plus? (Invitrogen Ltd. Cat # LC5925) were also loaded for sample band weight
determination. A 1x solution of MES SDS running buffer (20x) (Invitrogen Lid. Cal #
NPON02) was made using dH20. Proteins were separated by SDS-PAGE at 180 V for 0.75 h.




272 SDS-PAGE protein band visualisation by InstantBlue stain

Following separation the gel was washed briefly in 30 mL dH,O and then bands were
visualised by adding 5 mL of InstantBlue stain (Novexin Cat # ISBO1L) and incubated with
gentle agitation for a minimum of 20 min. The gel was then de-stained with multiple washes

of dH,0 and an image scanned and saved as a jpeg file using a PC with a flat-bed scanner.

2.7.3 SDS-PAGE protein band visualisation by silver stain

Following separation, the gel was washed briefly in 30 mL dH,O and the bands were then
visualised using a SilverXpress silver staining kit (Invitrogen Ltd Cat # LC6100) allowing

detection of sub ng quantities of protein.

2.74 Western blotting

An SDS-PAGE gel was run as per 2.7.1 but not stained. The protein bands were transferred fo
a nitrocellulose membrane (Invitrogen Lid. Cat # LC2000) following Invitrogen instructions.
The membrane was then blocked using 20 mL PBS-T (phosphate buffered saline with 0.005
% vlv Tween 20) with 5 % w/v non-fat skimmed milk powder and incubated at room
temperature with gentle agitation for 45 minutes. The membrane was washed with 20 mL
PBS-T and then probed using a 1:5,000 dilution of rabbit polyclonal anti-Hisg antibody
conjugated to HRP (Abcam Cat# ab1187-100) in PBS-T with 1 % w/v non-fat skimmed milk
powder and incubated for 1 h at room temperature with gentle agitation or overnight at 4 °C
with no agitation. The membrane was then washed three times with 20 mL PBS-T before
visualisation using EZ-ECL reagent (Biological Industries. Beit Haemek, Israel. Cat# 20-500-
120) and a gel-doc imaging system with 15 minute cumulative exposure time. The resuliing

image was saved as a jpeg file.

2.7.5 Mass spectrometry

An SDS-PAGE gel was run as per 2.7.1 and visualised as per 2.7.2. The protein band of
interest was excised using a clean sharp scalpel and de-stained following the Novexin
TnstantBlue handboak protocol. The de-stained protein bands were then sent for ESI-QUAD-
TOF at the protein science group at Birmingham University. Analysis was carried out using
the online program MASCQOT MS/MS jan search, accessible af

h’iir,p://www,matrixscience.com/search_form“sei ect.html
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2.7.6 GFP,, fluorescence analysis

Culture supernatants (100 pL) and BMMY blanks (100 pL) were loaded onto black 96-well
plates (Greiner Maxisorp Cat # M9685). All samples and blanks were buffered using 50 uL 1
M potassium phosphate pH 8.0. The plates were assayed using a fluorescent plate reader
(SpectraMax Gemini or PerkinElmer Victor3 with GFP specific filter set) with an excitation
wavelength of 397 nm and emission wavelength of 506 nm. Each sample was loaded in
friplicate and each well was read three times. Results were exported as excel spread sheets

and used for yield determination.

2,777  Antibody quantification by Protein-A purification

The HD1 antibody was quantified using product peak area integration following elution from
a profein-A chromatography column. A standard purification protocol was devised based on
the use of a 1 mL HiTrap MabSelect SuRe (GE Healthcare Cat # 11-0034-93) and an AKTA
purifier purification system (GE Healthcare). Clarified (0.2 pm filtered) HDI culture
supernatant (5 mL) was loaded into a 5 mL sample loop attached fo the AKTA sample valve.
The MabSelect column had a column volume (CV) of 1 mL. The column was equilibrated
with 5 CV 1x phosphate buffered saline (PBS) pH 7.4, the sample (5 CV) was then loaded
onto the column and washed with 2 CV 1x PBS. An isocratic elution was then performed over
5 CV 0.1 M glycine (pH 2.7) with 0.5 CV fractions. A Frac100 (GE Healthcare) fraction
collector was used to automatically collect the fractions. The collection tubes contained 50 pL
1 M Tris-HCI (pH 9.0) to neutralise the pH of the eluate. The column was then cleaned with 2
CV 0.1 M glycine to remove any unbound material. The fractions containing the product peak
were identified from the chromatogram, pooled and stored at 4 °C for future analysis. A high
yielding sample pool was quantified by Asgoum and used to calculate the HDI product
concentration in the supernatant samples from the associated peak areas (from individual

chromatograms).

37.8 Optical density at 595 and 600 nm wavelength (ODsos/600)

Two wavelengihs were used for cell density estimation because of the different
photospectrometer filter sets in place at Aston University and at Alpha Biologics. Culture
samples were diluted with dH,0 to be in the linear range; an approximaie ODsgs of 0.15 - (1.3
units. The maximum single dilution was 1 in 100. If further dilution was require serial

dilution steps were used. The spectrophotometer was set 10 wavelength of 595 nm or A00
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nm and allowed to warm-up for 15 minutes before blan‘ki,ng alem path length disposable
cuvette with the major diluent. The diluted sample was then read and the absorbance

multiplied by the dilution factor.

2.7.9  Cell surface hydrophobicity (CSH) assays

2.7.9.1 Microbial Attachment to Hydrocarbons (MATH) assay
Method adapted from Smith er al (1998).""°

Cell growth was monitored by ODsgs. Replicate samples of cultures were taken, with
sufficient volume for 4 mL of an ODsgs-adjusted sample of 0.5 units. Cells were harvested by
centrifugation 6000 rpm 10 min, the supernatant was removed and the cell pellet re-suspended
in the original sample volume of PUM buffer (below). The cells were pelleted by
cenfrifugation at 6000 rpm for 10 min, the supernatant was removed and cell pellet re-
suspended in 4 mL PUM buffer (ODsps 0.5). 1 mL was removed for the OPsos control reading
and 1.5 mL of re-suspended cells dispensed info acid-washed glass tubes (12x75 mm) and
300 L of n-hexadecane added. This was incubated for 10 min at room temperature and then
voriexed for 3x 30 seconds and let to stand for 10 min. The n-hexadecane layer was remaved
by pipette and incubated at 4 °C for 15 min. The remaining solidified n-hexadecane was
removed with a plastic inoculation loop. The samples were brought to room temperature and
read at ODsgs of treated sample.

The hydrophobic index was calculated by:

Relative cell surface hydrophobicity (%) = Initial ODsgs — final ODsgs x 100
Initial ODsgs

PUM buffer contained:
127 mM K,HPO4
53 mM KH,PO,
30 mM urea
0.8 mM magnesium sulphate (heptahydrate)

This was made up with dH>0 and filter sterilised (0.22 pm).
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2.7.9.2 Hydrophobic interaction chromatography (HIC) assﬁeiy;
Adapted from the PhD Thesis of Alexander John Foster, Aston University, May 2004, Cell

surface analysis of the basidiomycete yeast Cryptococus neoformans.

Columns were prepared (I column volume = 1 mL) using gravity flow. A glass Pasteur
pipette was plugged with silanised glass wool and then packed with 1 mL of either sepharose
CL-4B (Sigma Cat # CL4B200) or phenyl-sepharose CL-4B (Sigma Cat # P-7892) and then
washed (3x) with 4 mL PUM buffer

Cell growth was monitored by ODsos. Replicate samples were taken from X33 cultures, of
sufficient volume to give 2 mL of an ODsgs.adjusted sample of 0.5 units. Cells were harvested
by centrifugation at 6,000 rpm for 10 min, the supernatant was removed and cell pellet re-
suspended in the original sample volume of PUM buffer. Cells were pelleted by
centrifugation at 6,000 rpm for 10 min, the supernatant removed and cell pellet re-suspended
in 2 mL PUM buffer (ODsos 0.5). 1 mL of sample was loaded onto each column (control and
phenyl). The sample was eluted from the column with 4 mL of PUM buffer and fractions
collected. The fractions were pooled and centrifuged at 6,000 rpm for 10 min, the cell pellet
was re-suspended cells to 1 mL and ODsos measured for conirol and phenyl eluates. The

relative CSH was calculated:

Relative cell hydrophobicity (%) = control ODsgs — experimental ODsos X 100
Control ODsgs

3.7.10 Ethanol concentration assay (UV-method)

Culture samples were assessed for ethanol concentration using an ethanol assay kit (Roche
Cat # 10 176 290 035) which used an enzymatic reaction to provide a colour change detected

using a spectrophotometer. The assay was carried out as per manufacturer’s insiructions.

3.8 Shake flask (Erlenmeyer flask) cultures
Shake flasks of various sizes (125, 250 500, 1000, 2000 mL), closure types (0.2 pm venied
screw cap and foil) and with or without baffles were used. Unless otherwise stated, culture

volume did not exceed 20 % total volume of each flask. Flasks were sterilised hy autoclave
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(121°C, 20 min). Cultures were incubated in bench or ﬂoor-mountéd Shaldng incubators with

agitation 200-250 rpm.

2.9 Media

The media used for culture (solid and or liquid) of E. coli (LB), S. cerevisiae (YPD, 2x CBS,
CSM, BSM and SD™VR), P. pastoris (YPD, BMGY, BMMY and SOC) and liquid culture of
hybridoma cells (ExCell 302) are described below.

291 LB

(per litre)

Bacto-tryptone 10g
Yeast extract 5g

NaCl 10 g
dH,O 800 mL
pH was adjusted with 1M NaOH

dH0 1000 mL

The LB was autoclaved using a 121 °C, 20 min cycle to sterilise.

292 YPD

(per L)
Yeast extract 10g
Peptone 20g
Agar (plates only) 20 g
Glucose (40 % stock solution) 50 mL

The YPD was autoclaved using a 121 °C, 20 min cycle to sterilise.

Addition of glucose after autoclaving was routine.

3.0.3 BMGY (Buffered Glycerol-complex Medium)
(1% vyeast exiract, 2% peptone, 100mM potassium phosphate pH 6.0, 1.34 % YNBH, 4x10° %
hiotin, 1 % glycerol). 10 g yeast extract and 20 g peptone were dissolved in 700 mi dH20 and
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autoclaved for 20 min at 121 °C. This was then cooled to room témpicrature and the folloWiﬁg
added:
1 M potassium phosphate buffer pH 6.0 100 mL

10x YNB 100 mL
500x biotin 2 mL
10x glycerol 100 mL

The medium was stored at 4 °C for up to 2 months.

Stock solutions:

10x YNB (13.4 % Yeast nitrogen base with ammonium sulphate with out amino acids)
YNB 134 g
dH0 1000 mL.
Filter sterilise (0.2 pm)
Store at 4 °C

500x bhiatin (0.02 % biotin)
biotin 20 mg
dH,0 100 mL
Filter sterilise (0.2 pm)
Store at 4 °C

10x GY (10% glycerol)
Glycerol 100 mL
dH,0 900 mL

Filter sterilise (0.2 pm)

| M potassium phosphate buffer pH 6.0
1 M K,HPO4 132 mL
1 M KH,PO4 868 mL
pH was adjusted with phosphoric acid or KOH
Autoclave (121 °C 20 min) cycle
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2.9.4 BMMY (Buffered Methanol-complex Medium)

(1 % yeast extract, 2 % peptone, 100 mM potassium phosphate pH 6.0, 1.34 % YNB, 4107
% biotin, 0.5 % methanol). 10 g yeast extract and 20 g peptone were dissolved in 700 mL
dH,0 and autoclaved for 20 minutes at 121 °C. This was cooled to room temperature and the
following was added:

I M potassium phosphate buffer pH 6.0 100 mL

10x YNB 100 mL.
500x biotin 2 mL
10x methanol 100 mL

Media was stored at 4 °C for up to 2 months.

Stock solutions:
10x YNB (13.4 % Yeast Nitrogen Base with Ammonium Sulphate with out amino acids)
YNB 134 g
dHO 1000 mL
Filter sterilise (0.2 pm)
Store at 4 °C

500x biotin (0.02 % biotin)
biotin 20 mg
dH,O 100 mL
Filter sterilise (0.2 pm)

Store at 4 °C

10x M (5 % methanol)
methaol 50 mL
dH.0 950 mL
Filter sterilise (0.2 pm)

| M potassium phosphate buffer pH 6.0
I M K;HPOq4 132 mL
1 M KH2PO4 R68 mL
Adjust pH with phosphoric acid or KOH
Autoclave (121 °C 20 min) cycle
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295 2xCBS

(Per L)
Ammonium sulphate 10g
Potassium phosphate 6g
Magnesium sulphate lg
Glucose 10 g

This was autoclaved (121 °C, 20 min) and once cooled to room temperature the following was
added:
Trace element solution I mL

Vitamin solution I mL

Trace element solution for CBS (per L)
EDTA (di-sodium-) 150 g
Zinc sulphate heptahydrate 45¢g
Manganese chloride tetrahydrate 1.0g
Cobali (ID)-chloride hextahydrate 03g
Copper (I1)-sulphate penthydrate 0.3 g

Di-sodium molybdenu dihydrate 04¢g

Calcium chloride dihydrate 45¢
Iron sulphate-heptahydrate 30g
Boric acid 10g
Potassium iodide 0.1g

Filter sterilise (0.2 pm).

Vitarmnin solution for CBS (per L)

D-biotin 005¢g
Ca D(+) panthothenate 1.0g
Nicotinic acid 1.0g
Myao-inisitol 250¢g
Thiamine hydrochloride 1.0g
Pyridoxol hydrochloride 1.0g
p-amino benzoic acid 1.0g

Filter sterilise (0.2 pm).
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2.9.6 CSM (Complete synthetic medium)

(Per L)
Yeast nitrogen base with out amino acids 1.7 g
Ammonium sulphate 50g
Glucose 200 ¢
IM MES pH 6.0 2.5mL
10x complete Drop Out (DO) solution 50 mL

10x DO Solution (complete) (per L)

L-Adenine hemisulphate salt 200 mg
L-Arginine HCI 200 mg
[-Histidine HCI monohydrate 200 mg
L-Isoleucine 300 mg
L-Leucine 1000 mg
L-Lysine HCI 300 mg
L-Methionine 200 mg
L-Phenylalanine 500 mg
L-Threonine 2000 mg
L-Tryptophan 200 mg
L-Tyrosine 300 mg
L-Valine 1500 mg
Uracil 1500 mg

2.9.7 BSM (Basal salts medium)

(Per L)
85 % H3POy, 26.7 mL
CaS042H,0 093 ¢
K2SO4 182 ¢
MgSO47TH0 149 g
KOH 413 g
Glycerol 40 g

pH (25 °C) was adjusted to pH 5.0 with 30 % NH4sOH

The BSM was autoclaved using a 121 °C, 20 min cycle to sterilise.
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298 SD
(per L)
Yeast nitrogen base with out amino acids 6.7 g

Agar (plates only) 20g

The medium was autoclaved using a sterilisation cycle (121 °C, 20 minutes), brought to room
temperature and then the following was added:

DO solution (10x Stock) 100 ml

Glucose 20¢g

10x PO Solution (— uracil)

(per L)
L-Adenine hemisulphate salt 200 mg
L-Arginine HCI 200 mg
L.-Histidine HCI monohydrate 200 mg
L-Isoleucine 300 mg
L-Leucine 1000 mg
L-Lysine HCI 300 mg
L-Methionine 200 mg
L-Phenylalanine 500 mg
L-Threonine 2000 mg
L-Tryptophan 200 mg
L-Tyrosine 300 mg
L-Valine 1500 mg

The 10x DO Solution (- uracil) was autoclaved using a 121 °C, 20 min cycle to sterilise.

The medium was stored at 4 “C for up to 1 year.

299 SOC

(Per L)
Bacto-tryptone 20 g
yeast exiract 5g
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NaCl 05¢g

1M KCI 2.5mL

dH,O tol L
pH was adjusted to 7.0 with NaOH.

The medium was autoclaved using a sterilisation cycle (121 °C 20 minutes), brought to room

temperature and 10 mL 20 % glucose was added.

2.9.10 ExCell 302

Ex-Cell 302 is a serum-free medium without L-glutamine for CHO Cells and is available
from Sigma Aldrich (Cat # 14324C). The medium (per litre) was supplemented with 10 mL
foetal bovine serum, 10 mL L-glutamine and 10 mL 100x non-essential amino acid solution
(Sigma Aldrich, Cat # M7145)

2,10 Antibiotics

Antibiotics were used fo create selection pressure on transformed cells o select for positive
iransformants i.e. those thal confained genes encoding antibiotic resistance from expression
vectors. Ampicillin sodium salt (Melford Cat # 69-52-3) and Zeocin (Invitrogen Ltd. Cat #
R250-01) were the two antibiotics used to select clones containing the pYX212 and pPICZaA
plasmids. These were used at 100 pg/mL unless otherwise stated. 100 mg/mL working stocks

of each were stored at -20 °C and thawed in the dark prior to use.

2.11 Applikon Micro 24 bioreactor

The Applikon Micro 24 bioreactor is based on a modified 24 well plate incubation casseite
and a control unit which both monitors and controls the culture conditions of each well
independently (see Figures 2.1 and 2.2). The incubation cassefies are supplied as sterile
single-use units, with a 10 mL total volume and a 3-7 mL working volume per well. The
closures for the wells used here were type D, which are for use with high gas flow rates;
cultires with DO set points above 40 %. The incubation casseties have two aptical sensor
pads and a gas sparging port in the bottom of each well. Culture pH and DO were measured
using the optical sensors and controlled by sparging CO,, ammonium hydroxide vapour and
0), through the culture. COz and Oy were supplied from (minimum 1.5 Rar) gas cylinders and
the ammonium hydroxide from a pressure vessel containing 13 % ammonivm hydroxide
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solution. Culture temperature was controlled and monitored ‘usiﬁc a thermocycler t.yp@h@atjng
block. Adjacent wells could have set points varying by up to 4 e /The lowest temperature set
point was limited to 2 °C above ambient room temperature. The Micro 24 requires a sterile 6
Bar clean dry air (CDA) supply to run its vacuum generator, achieved using a suitably sized
compressor supplied by Applikon Biotechnology. The Micro 24 was capable of agitation 500-
800 rpm with a circular orbit of 5 mm. When the Micro 24 was first used it was found that the
solenoid valve controlling O, supply to well A6 was stuck in the open position. This removed
DO control from well A6; experiments were therefore designed and carried out to avoid any
problems related to this lack of control. The solenoid valve was fixed when the unit was used
for performing DoE2 and DoE3 (Chapters 3 and 4) Both the Micro 24 and laptop computer
were run using an uninterruptible power supply (UPS) to prevent equipment failure and data

Joss in the event of a power outage.

Figure 2.1. Micro 24 micro-bioreactor (Applikon Biotechnology Ltd.) in use at Aston
University. Labels highlight the required ancillary equipment for running the Micro 24.
CDA is clean dry air and UPS is uninterruptable power supply.
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Sterile single use 24 well
incubation cassette, with high
flowing vented closures

Well volume 10 mL, working
volume 3-7 mL

Shaking, vacuum
clamp platform

Figure 2.2. Micro 24 micro-bioveactor (Applikon Biotechnology Lid.) in use at Aston
University. The incubation cassette, well closures and shaking platform are highlighted.

2.11.1 Installation
Installation of the Micro 24 was performed by Applikon Biotechnology Ltd personnel. Upon
installation a test run using a simple plate layout with multiple replicate conditions across the

plate was performed, referred to as the installation run.

As the Micro 24 uses gas sparging to control the pH and DO of each well, culture foaming
was expected and was controlled using an antifoam agent. Antifoam suitability was confirmed
by a foam test. 700 ppm (4.2 uL) of four antifoam agents (Fluka P2000 (Sigma-Aldrich Cat
#81380, Sigma Antifoam-C (Sigma-Aldrich Cat #A8011), Strukiol SB2121 (Schill &
Seilacher, Germany) and Struktol J673A (Schill & Seilacher, Germany) were added to S mL
YPD medium in wells of the incubation cassette. Gas was then sparged through the medium
fo identify antifoam agents that prevented foaming. The antifoam P2000 at 700 ppm was
selected for use in the Micro 24 as it prevented foaming and was commonly used by others in

the laboratory at Aston University.
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2.11.2 Programming/ run set-up

The run conditions for each of the wells were programmed using a laptop computer and the
Micro 24 control software. The gas flow method (standard) was selected and gas cylinders
and CDA attached to the appropriate ports. The PID settings which can also be altered,
remained as supplied unless other wise stated: pH (P = 8, I = 4), DO (P = 4, I = 15). The

logging rate was set to 20 minutes as this was suitable for the intended culture duration.

2.12 7 L vessel Fermentor/ ADI1030 control unit (Scale-up experiments)

2.12.1 Fermentor set-up/ operation

A jacketed 7 L (total volume) glass vessel (as shown in Figure 2.3) was used for all large-
scale bioreactor runs. All seals, o-rings and tubing were inspected and replaced as required
prior to use. The head plate had ports for the impellor drive shaft, septum, 2 x sample tubes,
Ix top tri-port for addition tubes, 3x single top “drip” addition port, 1x single botiom addition
fube port, sparger bar (gas in), condenser (gas out), pH probe, DO prabe, temperature probe

and a universal sampling device.

The choice of impellor design was dependant on the organism being cultured. For mammalian
cell culture (hybridoma HDI cell-line) a single marine blade impellor was positioned one
blade diameter from the bottom of the vessel. For P. pastoris, three 6-blade Rushton turbine
impellors were used, positioned so that the bottom impellor was one diameter from the
bottom of the vessel, the top impellor was positioned one diameter from the top of the
(expected) culture volume. The third impellor was located equidistant to the bottom and top

impellors.

The heat exchanger used to control the jacket temperature, was not controlled by the ADI1030
unit but has its own internal feed-back loop. Therefore, control of culture emperature was
dependant on an operator defining a heat exchanger set-point that was appropriate for the

culture set point. This was typically 2 °C higher than the culture set-point.

Aeration was primarily provided by a sparger bar supplying 0.2 pm filtered laboratory air
from an air pump at 0.2-2 vvm. Pure O, was supplemented on-demand as required fo mainiain
sef-point. Gas flow regulators were used to step down the flow rates, depending on organism

being cultured and process conditions.




The vessel was decontaminated, thoroughly cleaned and double autoclaved (121 °C, 20 min)
prior to each run. When switching from one organism to another all seals were checked,

silicone tubing was replaced and the vessel was autoclaved three times with at least one day

between runs to ensure no cross contamination occurred.

Figure 2.3. 7 L bioreactor with Applikon ADI1030 control unit and ancillary equipment,
in use at the Alpha Biologics laboratory.

2.12.2 Applikon ADI1030 set-up and operation
An Applikon ADII030 proportional-integral-derivative (PID) control unit was used for

control of process conditions (pH, DO) and used to control the perisialtic feed pumps for
inducer or glucose addition. Devices such as solenoid valves, peristaltic pumps and probes

(pH, DO and temperature) were connected to the ADIT030 as required for each run.

2.12.3 Applikon BioXpert Lite software

RioXpert Lite software was used for data-logging of on-line measurements (pH, DO and
temperature) and plotting of off-line measurements (e.&. cell density, cell viability, glucose
concentration, heat exchanger set point, agitation rate, gas flow raies). The BioXpert software
was run on a PC connected to the ADI1030 control unit with an RS232 cable. At the end of a

run the dara were exporied in Microsoft Excel format and frace images as hitmap files. The
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software removed the data-holes that occurred during overnight periods where there was not
operator present to manually log the on-line measurements from the ADI1030 control unit,

allowing a fuller picture of the culture profiles to be generated.

2.13 MiniTab statistical software

MiniTab software (version 15.1.30.0) was used extensively during the DoE planning and
model building processes. The DoE response surface design creation wizard was used to
generate the experimental matrix for the model building experiments in the Micro 24. Once
the experimentation was completed the responses (product yields) were analysed using the
“analyse response surface design” function of the software. This produced an initial
regression model and corresponding statistical analysis (ANOVA). The “contour/surface plot”
function was used to generate all graphical representations of the models. Determination of
optimal factor settings was achieved using the “response optimiser” function of the software.
Further information on the use of this software can be found on the MiniTab website, at

hitp://www.minitab.com/products/minitab/.

2,14 Model huilding and refinement

The models generated by the Minitab software contained all of the factor terms including
interactions (e.g. pH*DO). Bach of these terms has a p-value associated with it, indicating the
probability of that term not being statistically significant to the model. It was possible to
refine the model, as a whole, by removing those terms with high p-values (e.g. > 0.300). After
cach round of refinement a new model was generated and the refinement process continued
until the higher p-value terms were removed or the R2adj value of the model was maximised.

This process is more fully discussed in Chapter 3.




“Hand against hand, foot against foot,

There is no unstoppable technique”

(Wing Chung proverb)




CHAPTER 3

3 OPTIMISATION OF RECOMBINANT PROTEIN YIELD USING PARALLEL
MINI-BIOREACTORS AND A DESIGN-OF-EXPERIMENTS MODELLING
APPROACH

Proteins lie at the heart of biology: understanding their structures and mechanisms of action
gives direct insight into cellular function as well as providing targets for the investigation of
disease. Since the vast majority of proteins are not readily available from natural sources,
recombinant protein overproduction is a universally-recognised solution (o obtaining the
milligram quantities required for applications as diverse as structural genomics and
hiopharmaceutical manufacture.” Suitable host cell factories for producing recombinant
proteins include microbes such as Escherichia coli, Saccharomyces cerevisige and Pichia
pastoris, as well as mammalian cell-lines (e.g. CHO, NSO and BHK) and insect cells (e.g.
§f9, 821, S2 and Tn5B1-4 cell-lines) transfected with viral vectors. Each system has certain
benefits and potential drawbacks in their use (see Chapter 1), but yeast, with its well-
established genetic and molecular biological resources, combines the ease and speed of use of
bacterial systems with its ability as a eukaryofe to secrete post-ransiationally-modified
profeins. As a consequence it is an increasingly popular chaice in both academic and
commercial laboratories.” Nonetheless the routine achievement of high production yields in
yeast or indeed any of the alternative systems mentioned above continues to be a substantial

bottleneck to further progress.

Following the initial identification and selection of positively expressing clones, the methods
to optimise and scale-up promising small-scale results are still largely based on an empirical
trial-and-error basis. In order to devise a strategy for the optimisation and scale-up process,
several groups have recently adopted the ‘design of experiments’ (DoE) type approach that is
frequently used in the bioindustry. Studies have focused on how critical elements of the
experimental set-up in production systems as bioreactors or shake flasks, such as the medium
compc)sition,m’”’87 nutrient feed rates,”” induction of e)qaressionﬁ3 and cell biomass,”* can
affect the total product yield. Recently Islam and colleagues''' used DoE in a micro-well plate
format to examine the optimisation of firefly luciferase production in k. coli by applying an
experimental design that included liquid fill level and culture agitation raies as input
parameters. These two parameters both strongly influence oxygen transfer rates in the wells.
The authors of this study found that while oxygen transfer was indeed important, they were
anly able to look at it indirectly in their set-up via agitation rate and liguid fill volume. In
addition, pH which routinely varies in growth conditions unless controlled by a pH feed-back
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loop, was not included as a factor in their DoE design. While the model generated predicted
yield values in good agreement with those obtained (R?* = 0.817), the protein yields were
unexpectedly low and appeared to result from lysed cells. Subsequently, the same authors
examined how oxygenation efficiency (as measured by the oxygen mass transfer coefficient,
kia) is a parameter that can be used to guide scale-up from small scale processes such as
micro-well plate experiments up to larger, more conventional bioreactor production

2
systems.'

In this study we wanted to determine a simpler, more direct method, for the rapid scale-up of
initial and potentially promising small-scale screening methods, thereby minimising
empirical, time-consuming trial-and-error practices. Here, we describe how a DoE-derived
model generated using a parallel mini-bioreactor (that can control pH, temperature and
dissolved oxygen tension (DO)) is predictive not only of protein yield normalised for culture
density in the same system, but is directly scalable to cultures grown in a 7 L. bioreactor. By
further optimising both the accumulation of cell density in batch and impraving the fed-batch
induction regime, we then demonstrate that additional yield improvement can be achieved. By
essentially investigating the cell growth and praductivity phases separately, our approach has
the benefit of reducing process development time by allowing the direct scale-up of the best

production conditions from bench to bioreactor.

Figure 3.1 illustrates a typical fed-batch P. pastoris fermentation profile: Region A is the
glycerol batch phase where biomass is accumulated; it is also common to include a glycerol
feeding stage to further increase achievable biomass; Region B is the carbon-source starvation
phase where all remaining glycerol is utilised for cell growth; Region C is the adaptation
phase where the process conditions (temperature, pH and DO) are gradually changed from
those for optimal cell growth to those for optimal protein expression; Region D is the
induction phase where methanol is supplied to the cells at a defined feeding rate (methanol

activates the AOX1 promoter frequently used with the Pichia sp. system).







The new strain was then characterised for growth and productivity. Such profiling provides
the operator with an expectation of how the organism will behave in culture. Productivity
profiling confirmed the expression of GFP,, and at what point during the culture it was

detectable.

3.1.1 GFP as the target protein

GFP was chosen as a target protein, due to its ease of detection coupled with numerous
examples in the literature of successful recombinant expression. The main attraction of using
GFP for developing our optimisation methods was the rapid assay techniques that could be
applied to determine secreted product yield in the culture supernatant ie. fluorescence

analysis of culture supernatant. Campbell and Choy'"

indicated the steps required fo gain
successful expression of two secreted GFP variants from P. pastoris. This showed that

generating a GFP-expressing strain of P. pastoris was feasible.
P I

3.1.2  Strain creation

The parental P. pastoris strain, wild-type X33, was transformed with a linearised vector
containing the GFP,,-coding cDNA generating the strain X33GFP,,. The GFP,, cDNA was
sourced from Clonetech and supplied in the plasmid holding vector pGFP,, which also
contained an antibiotic resistance (ampicillin) gene and an origin of replication for E. coli
(pUC). The holding vector was propagated in E. coli to provide sufficient material (GFP,,
cDNA) for manipulation prior to transformation of X33 cells. Clone Manager v5.02 software
was used to design the plasmid and identify suitable restriction enzymes for each

manipulation of the DNA sequence.

The GFP,, coding sequence was isolated and amplified from pGFP,, by PCR. The forward
and reverse primers were designed to introduce resiriction sites at either end of the GFP,,
sequence: 5° EcoRT (GAA TTC) and 3" Xbal (TCT AGA). The restriction sifes allowed the
insertion of GFP,. into the P. pastoris expression vector pPICZaA as the multiple cloning site
(MCS) contains both EcoRI and Xbal recognition sites. The PCR product (EcoRI-GFPuv-
Xbal) and expression vector (pPICZaA) were sequentially digested with EcoR1 and Xbal to
provide fragments with “sticky ends”. The digested fragments were ligated to form the
plasmid pPICZaA-GFPyy. Figure 3.2 shows an annotated plasmid map for pPICZuA-GFP,y

generated using Clone Manager v5.02. Before the vector could he wsed o transform
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competent X33 cells, the expression cassette was sequenced to confirm the fidelity of the
completed vector. The attached data CD contains sequence analysis files showing that the

correct sequence had been obtained.
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Figure 3.2. Plasmid map of pPICZaA-GFPuv generated in Clone Manager v5.02.
Notable features are the AOXI promoter, a-factor secretion signal, GFPuv coding
sequence and the N-terminal tags, c-myc and Hisq. The location of the Pmel recognition
site is also visible in the AOXT promoter region.

The pPICZaA-GFP,, vector was incorporated into the host genome thus providing a stable
integration. To achieve this, the plasmid was linearised by enzymatic digestion, the selected
enzyme having only one recognition sequence in the plasmid so fragments were not
generated. pPICZaA-GFP,, was linearised with Pmel, as the alternative Sacl had recognition
sites within the GFP,, sequence. Parental P. pastoris X33 cells were transformed hy
electroporation, which subjects the cells to a large (>1200 V) electrical pulse forming pores in
the membrane through which linearised vector DNA can enter the cell. To prevent damage fo
the cells during the elecirical pulse, the cells were made electrocompetent. The preparation
involved extensive cell washing to remove any remaining medium salis and chilling of the
cells to 2-4 °C. Any medium remaining in the cell slurry allows arching of the current and a

characteristic ‘pop’ can be heard, which reduces transformation efficiency.
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For the cell transformation, 5 uL. of Pmel-linearised pPICZaA-GFP,, (approximately 20 g
from a Qiagen Maxiprep) were mixed with 4 pL electrocompetent X33 cells, transferred to an
electroporation cuvette and pulsed at 1800 V. The cells were recovered at 30 °C with 200 rpm
agitation for 1 h. The cells were then plated on selective agar (100ug/mL zeocin) and
incubated for 72 h. From this process a total of five colonies were obtained. These colonies
were individually re-streaked onto fresh selection plates and all five colonies re-grew
indicating that the zeocin resistance gene from pPICZaA-GFP,, had been integrated. Glycerol
stocks of each X33GFP,, clone were generated and stored at — 80 °C, as described in Chapter
2.

3.1.3  Strain characterisation

The X33GFP,, clones that re-grew on selective agar, were able {o survive on account of
having integrated the zeocin antibiotic resistance portion of the linearised plasmid into the
cellular genome. It was theoretically possible that the clones did not contain the GFP,y
expression cassette and so to confirm full integration, expression screening was carried oul as
part of the strain characterisation. Shake flask cultures were carried out 1o identify positively-
expressing clones. Five 500 mL baffled shake flasks containing 50 mL BMGY medium were
inoculated with a single colony of each of the five clones and grown overnight. Clone 2 did
not grow in liquid medium despite growing well on agar and was therefore not used in any
further work. In contrast, clones 1, 3, 4 and 5 grew well and were used for expression studies.
Overnight BMGY cultures were used to inoculate 50 mL BMMY medium (1 L baffled shake
flasks) to ODsgs 1.0. The flasks were incubated at 30 °C with 200 rpm agitation for 48 h with
100 % methanol added to 1 % v/v at 24 h to maintain induction. The cultures looked visibly
green when exposed to UV light and supernatant samples were assayed by SDS-PAGE and
anti-His, Western blotting. All the clones showed two bands at approximately 27 kDa by anti-
Hiss Western blot in agreement with the expected size for native GFP. Two bands were
excised from the corresponding SDS-PAGE gel in this region and sent for analysis by ESI-
QUAD-TOF mass spectrometry. The raw results were subjected to a MS/MS ion search using
the web-based Mascot program (available at www.malrixscience.com). The full mass
spectrometry results can be found in the attached data CD. The upper band (see Figure 3.3)
was found to be cycle 3 mutant GFP,, and Figure 3.4 shows the mass-spec fragment resul(s

on a snake plot of the GFP,,, amino acid sequence.
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3.1.4 Fluorescence analysis

One of the main motivations for using GFP,, as a model target protein is the ease of its
detection by fluorescence. The GFP,, fluorophore is excited by light at a wavelength of 395
nm and emits at 509 nm (green light). To determine if the fluorescence signal in relative
fluorescence units (RFU) possessed a linear relationship to product (GFP,,) band density on
SDS-PAGE gels, a supernatant sample containing GFP,, was serially diluted and assayed by
SDS-PAGE and fluorescence. Figure 3.6 shows a plot of the SDS-PAGE band densitometry
and corresponding RFU values. A linear relationship can be seen between fluorescence and
band density, which shows that RFU can be used to rapidly estimate GFP,, concentration in a

supernatant sample.
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Figure 3.6. Scatter plot showing the relationship between P. pastoris X33GFP,, culture
supernatant fluorescence (RFU) and SDS-PAGE band densitometry. Serial dilutions of
a GFP,,-containing culture supernatant were assayed by fluorescence and SDS-PAGE.

In order to quote GFP,, protein concentrations and not just the associated RFU values, GFP,,
was further quantified using a Bradford assay. Serial dilutions of X33GFP,, supernatant
samples were compared to a bovine serum albumin (BSA) standard curve to determine the
total protein concentration of the X33GFP,, samples. The X33GFP,, supernatant samples
were also assayed by fluorescence and the RFU values plotted against the Bradford assay
results. The equation for the line of fit provides a conversion for fluorescence (RFU) to
mg/mL GFP,,. Figure 3.7 shows the scatter plot of GFP,, fluorescence and protein
concentration. The resulting conversion factor for RFU to mg/mL is 3.101 X 107, This was

used in all yield calculations where protein concentration was required.
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Figure 3.7. Calibration plot for GFP,, fluorescence (RFU) to GFP,, protein
concentration (mg/mL). The line of fit provides the conversion factor, protein

concentration (mg/mL) = 3.101 X 107 x RFU.

3.2 Initial optimisation of GFP yield using a design-of-experiments approach

If an optimisation process were based around varying one factor at a time for a large number
of variables, the time required to carry out the experimental runs would be considerable and
costly. If it were instead possible to extract the same information from fewer experiments in
parallel this would dramatically reduce the costs and time associated with optimising the
process. We therefore explored the use of statistical design of experiments (DoE) n
combination with a parallel mini bioreactor in process optimisation to maximise the yield of
GFP from clone 5. DoE uses statistical techniques to model the process based on a number of
“snap-shots” or treatment combinations and then infer what occurs elsewhere in the design
space within the process limits. The role of DoE in process optimisation is more fully

discussed in Chapter 1.

3.2.1 The Applikon Micro 24 Bioreactor

Generating a scalable process model can greatly reduce the time and cost of developing an
optimised production process. A key requirement of any small-scale system used for model
building is equivalence: the process must run in the same manner at both small and
production scale. Here we used the Micro 24 Bioreactor from Applikon Biotechnology. This
is a bench-top, computer-controlled micro-bioreactor system. The Micro 24 uses a modified
deep 24-well plate as an incubation cassette to provide 24 individually-controlled “vessels”

which are run in parallel. Figures 3.8 and 3.9 show annotated photographs of the Micro 24
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system, whilst in use at Aston University. The Micro 24 is a relatively new system with few

examples in the literature describing its use. It is of particular use to those in industrial

process development settings where a rapid development timeline is important.

Figure 3.8. Applikon’s Micro 24 bioreactor system in use at the Aston laboratory,
highlighting the required ancillary equipment and bioreactor wunit size. The
uninterruptable power supply (UPS) and clean dry air (CDA) supply are also shown.
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Figure 3.9. Applikon’s Micro 24 bioreactor system in use at the Aston laboratory. The
lid of the incubation chamber is open showing the incubation cassette, well closures and
cultures during an experimental run.

The incubation cassette has dissolved oxygen tension (DO), pH optical sensors, a sparging
port and two thermal conduction pads in the bottom of each well for monitoring and control.
One thermal pad is used for monitoring the culture temperature and the other to transfer heat
into the well from the heating element in the base unit. The culture pH and DO are controlled
to set point by sparging gas through the medium e.g. O, for DO and CO; or ammonium
hydroxide vapour for pH. The actual gassing strategy is determined by the requirements of the
organism. The settings used here may not be suitable for other organisms or even

experiments, depending on the run conditions such as a requirement for micro-aerobic

conditions.

The wells were sealed using Type A closures, which are 0.2 pm vented caps with a non-return

ball valve suited to high gas flow rates. Two other types are available for differing gas
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3.2.5 Building a predictive model for yield

The normalised yield data where outliers had been removed from the Micro 24 cultures, as
shown in Table 3.2, was used to build a predictive model of normalised yield as a function of
process conditions (temperature, pH and DO). The model building process used Minitab
(v15.1.30) software to generate coefficients for each of the factor terms as shown in Table 3.3.
The model was refined by removing those terms with high p-values associated with them, see
Chapter 2 section 2.14. The resulting refined model was named “DoEl”. Equation 3.1 shows

the terms and coefficients for the DoE1 model.

Term Coefficient
Constant 1027.92
T 18.7193
pH -491.271
DO 0.822675
T*T -0.01201

H*pH 54.205
DO*DO 0.004139
T*pH -3.15409
T*DO 0.042111
pH*DO -0.32396

Table 3.3. Initial predictive model terms and coefficients based on the model-building
data shown in Table 3.2, leading to Equation 3.1 for normalised yield (RFU) where T =
temperature (°C), pH = pH and DO = dissolved oxygen tension (%).

Normalised yield (RFU/ODsgs) = 853.114 + (19.9937 * T) - (447.489 * pH) + (2.248 * DO) +
(50.5565 * pH * pH) - (3.15409 * T * pH) - (0.32396 * pH * DO)

Equation 3.1. Refined DoE1 predictive model, where; T = temperature (°C), DO =
dissolved oxygen tension (%)

The model was examined statistically by analysis of variance (ANOVA; Table 3.4). It can be
seen that the p-value associated with the regression F-statistic (11.09 %) is 0.002, this is
strong evidence (99.8 %) against the null hypothesis (no linear relationship between any of

117

the predictors and Y) '’ therefore, there is evidence of a relationship between predicted and

experimental GFP,, yields.
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how well the model predicted real experimental yields. Figure 3.15 shows the resulting GFP,,
yields normalised to cell density. The data show that the model does predict experimental

yield and the dramatic affects of varying pH are confirmed Figure 3.15.

140 -
0 0 DoE1 predicted yield
= Micro 24 experimental yield
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Figure 3.15. DoEl-predicted normalised yield compared with experimental normalised
yield in Micro 24 cultures. Check point conditions are from within the model design
space with yield normalised to cell density (RFU/ODsgs).

3.2.7 Improving the predictive model: generating DoE2

The limits of the design space used to construct the DoE1 model were shown not to capture a
truly optimised set of culture conditions (T, pH and DO). The DoEl model building and
validation process had shown that the methods devised would work provided the correct
initial question or hypothesis was asked of the DoE. A second round of model building was
therefore devised based on the Box-Behnken design with the design space moved towards the
summit of the DoEl yield ‘mountain’: towards lower temperature and higher pH and DO
values. The -1 temperature was set at 19 °C as it was not feasible to go lower since room
temperature must be at least 2 °C lower than the culture set-point. Reducing room temperature
below 17 °C may have interfered with other ongoing experiments in the laboratory and it was
not possible to house the apparatus in a cold room. On balance, however, it was concluded
that the yield benefits at even lower temperatures would be outweighed by slow growth. Table

3.5 shows the coded and non-coded factor settings used for the second round of DoE (DoE2).
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CODED FACTORS INPUT FACTORS
T pH DO T (°C) pH DO (%)
N T T R U N - I
S o | 1 | 8 | 60
! 1 o | o | 8 | e
S T T S T R T A
1 0 -1 29 7 30
-1 0 1 19 7 90
1 0 1 29 7 90
o | | | 2| e | 30
o | 1| | o2 | 8 | 30
o | | 1| 2| 6 | %0
o | 1 (N I I BT
0 0 0 24 7 60
0 0 0 24 7 60
0 0 0 24 7 60

Table 3.5. Experimental matrix showing coded (-1, 0, 1) and non-coded set-points
required for the Box-Behnken DoE2 predictive model.

3.2.7.1 Data collection for predictive model DoE2

As with the DoEl model, Minitab software (v15.1.30) was used to generate an experimental
matrix of factor combinations required to build a predictive model to a Box-Behnken design.
Table 3.6 shows the input variables and detailed measured outputs for the model building
experiments which were performed in the Micro 24 parallel multi-well bioreactor. The factor
combinations were carried out in at least triplicate to provide statistical confidence in the
model building data. Biomass (ODsgs) and yield (RFU) measurements were taken at 48 h post
induction. The centre point conditions (24 °C, pH 7.0, 60 % DO) had 9 replicate runs
(cultures) to ensure good quality data for the centre point of the model. Table 3.7 shows the
RFU yield data from Table 3.6 also converted to pg. It can be seen that while culture pH had a
major influence on cell density, with the highest values being achieved at pH 6.0 (mean ODsos
20.6, Table 3.7) and the lowest at pH 8.0 (mean ODsgs 2.8), the effect of temperature and DO
on growth were less marked. The overall relationship between yield and ODsgs was found to
fit to the line y = 0.1305 x (R* = 0.53), indicating a tendency for higher yields to be associated

with denser cultures (Figure 3.16).
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y = 0.1305x o
R? = 0.5269

GFPuv (ug)
w

N
1

Culture ODsgs

Figure 3.16. Relationship between biomass (ODsys) and GFPuv yield (pg) for the
cultures in Table 3.7. The line of fit is described by the equation y = 0.1305x with an R*
of 0.53.

3.2.7.2 Building a predictive model for yield (DoE2)

The normalised yield data where outliers had been removed, as shown in Table 3.6, was used
to build a predictive model of normalised yield as a function of process conditions (T, pH and
DO). The model building process was exactly as for DoEI. The model refinement process for
DoE2 was more extensive than that used for DoEl, as the DoE2 design space was found to
include optimal factor settings. Chapter 2 describes the initial refinement process which was
then extended to improve the quality of the DoE2 model. The additional refinement steps
were based around how the adjusted R? value (Rzl,dj) for the regression changed as terms were
removed. Rzadj is a modification of R? that adjusts for the number of terms in the model, Rzadj
increases if the new model terms improve the model. Terms were removed from the model
based on their p-values (highest first) giving Rzadj values of -0.16 (full model), 0.115 (1 term
removed), 0.274 (2 terms removed), 0.324 (3 terms removed) and 0.292 (4 terms removed). It
was found that when 3 terms were removed from the full model, the Rzadj was maximised.
The resulting refined model was named “DoE2” and is described by Equation 3.2, which
shows the terms and coefficients for this model. In this model, the yield was expressed in

ug/ODsgs rather than RFU/ ODsgs because it was felt that this was a more widely useful unit.
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Yield (ug/ODsos) = (— 21814.9 + (328.6xT) + (5502.1xpH) — (37.8xDO) — (325.6xpH?) —
(47.9xTxpH) + (6.4xpHXDO)) x ¥,

Equation 3.2. Refined DoE2 predictive model, where; T = temperature (°C), DO =
dissolved oxygen tension (%) and y = 3.0 %107 and is the conversion factor from total

RFU to pg of protein.

The model was examined statistically by ANOVA (Table 3.8). It can be seen that the p-value
associated with the regression F-statistic (1.96 %) is 0.217 this shows some evidence (78.3 %)
against the null hypothesis (no linear relationship between any of the predictors and )
therefore, there is some evidence of a relationship between predicted and experimental GFP,,
yields. The p-values for the DoE2 model were poorer than those seen from the DoE1 model.
It was expected that the impact of this on the predictive capability of the DoE2 model would

be negative, but this required testing experimentally with “check point” conditions, to confirm

this.

During the model building process we noted that terms including DO had higher p-values
(increased probability of not being significant) than those terms without. This suggested that

of the factors investigated here, DO had the least influence on normalised yield.

Source | DF | SS ’ MS 'F statistic| p value
regression, 6, 1288405 214734 1.96 0.217
linear | 3, 586988 223083 2.04 0.21
square | 1 326196 326196 298  0.135
interaction; 2. 375221 187610 171 0.258
residual 6 657203 109534
total 12 1945608 i
DF = degree of freedom ‘

SS = sum of équaresA
MS = mean square

Table 3.8. ANOVA results for the DoE2 model. Where; DF = degrees of freedom, SS =
sum of squares, MS = mean square.

The response optimiser function of the Minitab software was used again to predict the optimal
conditions for GFP yield on a per cell basis (yield normalised to ODsgs). Figure 3.17 shows
the output from the response optimiser indicating that the factor settings 20.2 °C, pH 7.76 and
90 % DO should be the highest yielding set if process conditions within the DoE2 design
space. The lower panels in Figure 3.17 show how the individual factors influence yield over

the design space: higher yields are obtained at lower temperatures, with 20.2 °C being the
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DoE2 Micro 24

predicted experimental
DO yield yield

TCeC) | pH (%) (ng/ODsys) (ng/ODsys)
20 7.5 60 2058.39 1529.33
20 7.7 80 2408.61 2223.45
27 8 50 1071.36 865.10
28 7.5 90 2155.23 1610.99
28 6 80 1203.12 1042.06
23.6 7.25 60 2120.00 2062.35
27.5 6.7 80 1990.96 2207.22
27.5 6.5 60 1711.26 1692.87
27.5 6.3 60 1546.07 1323.05
21.5 7.6 20 1356.07 1082.17
21.5 7.6 40 1719.67 1327.46
21.5 7.6 60 2083.27 1683.97

Table 3.9. Factor settings (T, pH and DO) and yield results (ng/ODsos) for the check
point conditions used to validate the DoE2 model in the Micro 24. These factor settings
were not used in the model building process.

37 0O DoE2 prediction @ Experimental (Micro 24)
— 251 -
® 27 % . B 7 _
3 T
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Figure 3.20. Normalised GFP yield (ug/ODsys) as predicted by the DoE2 model. Error
bars represent standard deviation where n = 3.

Figure 3.21 shows a scatter plot of DoE2-predicted and Micro 24 experimental yields.
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Figure 3.21. Relationship between predicted and experimental normalised yields from
Micro 24 cultures from Table 3.9 and Figure 3.20. Check point conditions are from
within the model design space with yield normalised to cell density (ng/ODs¢s). The line
y=x illustrates the spread of the predicted and experimental check points compared to
the ideal situation where predicted yield = experimental yield.

As Figure 3.20 demonstrates, the DoE2 model provided a reasonable prediction of normalised
GFP yield based on varying process conditions (T, pH and DO). It was now necessary to

validate the model on a larger scale to demonstrate that it was indeed scalable and hence a

useful tool for large scale process optimisation.

3.3 Is the predictive model scalable?
Having shown the DoE2 model was predictive on a small-scale in the Micro, 24, the model

was tested on a larger scale to determine if a large-scale process could be optimised directly
from a model built using small-scale data. To show if this were possible, a number of check
point conditions were selected to be run in a 7 L stirred tank bioreactor (STB). The conditions
selected were DoE2-predicted optimal conditions (21.5 °C, pH 7.6, 90 % DO), DoE2 centre
point (24 °C, pH 7.0, 40 % DO), DoE2 best small-scale experimental fit to the model (27.5
°C, pH 6.5, 60 % DO) and standard P. pastoris conditions (30 °C, pH 6.0, 20 % DO).

Figure 3.22 shows an overview of a typical scale-up STB experiment. A BMGY shake flask
seed culture was inoculated using a freshly-plated single colony of X33GFP and grown to an

ODsgs 2-6. This was used to inoculate the 7 L vessel containing 3 L BMGY medium
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equilibrated to standard growth conditions (30°C, pH 6.0, 20% DO). The culture was grown
until the glycerol carbon source was exhausted and the culture had entered the starvation
phase. This ensured all glycerol had been consumed by the cells as it represses protein
expression by the AOXI promoter.”8 The culture conditions were then gradually altered to the
chosen DoE2-defined expression conditions during an adaptation phase, which was carried
out over 1-3 h so the cells were not suddenly exposed to different conditions. The methanol
fed-batch phase used three methanol feed rates starting with a slow feed (0.167 mL/min to a 3
L culture) to allow the cells to adapt their metabolism to methanol utilisation.'" The methanol
addition rate was then increased to 0.417 mL/min (to a 3 L culture) and finally to 0.583
mL/minute. The final feed rate was maintained until the point of harvest at 48 h post-

induction as with the Micro 24 cultures.

L 5 H A

Shake flask seed Glycerol batch Glycerol fed-batch Adaptation to Methanoi fed-batch fermentation.

cuiture. fermentation (BMGY). STARVATION DoE2 run Target cell density 350-450 g/L.

Target 0D, 2-6 Target cell density 90- 1ermentatfon, Target conditions Maintained for ~48 h (Yield samples every
150 g/L cell density 180-220

o DoE2 Set 6-24 h)

30 °C, 250 rpm, pH Maintained for 18-24 h, gL ints reached

6.0 (Buffered) ; . . po Feed rate (Initial 2 h): 3.6 mi/WL
until DO returns to 100 Maintained for ~3 h owr3h

BMGY, 2 L Baffled % (typically 20 h) Feed rate (2 h): 7.3 mU/hiL

flask 200 mL ° {typically o

working wlume 30 °C, pH 8.0, >20 % Feed rate (final): 10.9 miJ/hL

DO, 3 L working
volume (start), 7 L totai
volume vessel DoE2 conditions (T, pH, DO)

“standard” conditions DoE2 conditions
R s, B B B BB B B O e e

~40 h 48 h

Feed: 100% Methanol

Figure 3.22. Schematic overview of a typical scale-up bioreactor experiment. The
timings and expected biomass values are based on the Invitrogen Pichia pastoris
fermentation handbook and previous experience of the X33 strain.

3.3.1 Bench-scale (7L vessel) experimental set-up

A jacketed 7 L (total volume) glass vessel with an Applikon ADI1030 proportional-integral—
derivative (PID) control unit was used, as shown in Figure 3.23. The heat exchanger used to
control the jacket temperature, not visible in Figure 3.23, was not controlled by the ADI1030
unit but had its own internal feed-back loop. Therefore, control of culture temperature was
dependant on an operator defining a heat exchanger set-point that was appropriate for the
culture set point; which was typically 2 °C higher than the culture set-point. Aeration was

primarily provided by a sparger bar supplying 0.2 pm filtered laboratory air from an air pump

107




at 0.5-2 vvm. Pure O, was supplemented on-demand as required to maintain set-point under
the control of the ADI1030 control unit and a feed-back loop. Control of culture pH was by
the ADI1030 unit using a PID feed-back loop with addition of either 2 M HCl or 15 % NHj3 as
required to maintain set-point. During methanol induction, the methanol feed was
administered using a peristaltic pump (not shown in Figure 3.23) with calibrated tubing. The

feed rate was achieved by “pump on time” i.e. number of seconds per minute that the pump

would run, which was controlled by the ADI1030 unit.

Figure 3.23. Set-up of 7 L (total volume) stirred tank bioreactor used for the P. pastoris
X33GFP,, scale-up experiments.

The medium used for the initial scale-up bioreactor runs was BMGY for the glycerol batch
phase (biomass generation) to mirror the Micro 24 set-up. BSM medium, which is typically
used in bioreactors in place of BMGY, also suffers from heavy precipitation when pH > 5.5'%0
meaning it would have been unsuitable for these experiments. The use of a STB allows
additional improvements to be made to the process not possible in the Micro 24, such as
switching to a fed-batch strategy using a feed pump for nutrient or inducer additions. The
induction phase was initially run using methanol induction as per the Invitrogen Pichia
pastoris fermentation handbook using three methanol feed rates of 0.167, 0.417 and 0.583
mL/min. The sterile 100 % methanol feed was supplemented with PTM, trace salts to 12

mL/L.
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3.3.2 Initial DoE2 scale-up bioreactor experiments
Demonstrating that the DoE2 model predicts the per cell yield from the P. pastoris X33GFP,,

strain 1n bioreactors was approached in the same manner as for the Micro 24. A number of
check point conditions were selected: DoE2 optimised conditions (21.5 °C, pH 7.6, 90 %
DO), DoE2 centre point conditions (24 °C, pH 7.0, 40 % DO), DoE2 best small-scale
experimental fit conditions (27.5 °C, pH 6.5, 60 % DO) and “standard” conditions (30 °C, pH
6.0, 20 % DO). The number of check point conditions used at the large scale was lower than
when testing at the small-scale in the Micro 24. As the model had already been validated at
the small-scale it was thought that any failure in predictive capacity at the large scale would
be identified by the widely spaced scale-up check points which spanned the DoE2 design

space. The scale-up experimental runs are detailed in Table 3.10.

Each of the initial “direct transfer” experiments (f002-006) were monitored to provide culture
profiles for each experimental run, with biomass (ODses) measured off-line whilst culture
temperature (°C), DO (%) and pH were on-line measurements but logged manually.
Following run f005, data logging software (BioXpert Lite, Applikon Biotechnology) was
available and so the overnight “data gaps” could be avoided, providing a more complete
picture of the process. Figure 3.24 shows the culture profiles for each of the runs detailed in

Table 3.10.

In all the runs it 1s possible to identify the culture phases as outlined in Figure 3.1. With the
glycerol batch phase typically running from 0 to 24 hours effective fermentation time (EFT),
ending when the DO spikes back to 100%. The glycerol batch phase is when biomass is
generated, typically reaching ODsgs ~30. The subsequent starvation period of at least 1 h
ensured all glycerol was utilised prior to induction. Starvation is followed by an adaptation
period when the process conditions (temperature, pH and DO) are gradually altered from
growth to expression conditions. The adaptation was generally performed over 1.5 h. Once
expression process conditions were met, induction was initiated by methanol addition

(indicated arrows in Figure 3.24)
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Table 3.10. Initial DoE2 scale up experimental run descriptions and yield data. Note

Run f001 was terminated following the glycerol batch phase due to media component

precipitation making biomass estimation problematic and DO not being under PID

control.

During the glycerol batch phase of f004 biomass accumulation was two fold higher (ODsgs

~40) than expected (ODsgs ~20). This run was therefore repeated (fO06) resulting in glycerol
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batch phase biomass accumulation (ODsgs ~20), being more similar to the other runs. This
indicates that f004 was subject to non-standard conditions most likely medium composition

allowing higher biomass accumulation.

Following the initial induction all cultures showed an increase in biomass as additional carbon
source was supplied to the culture. In some cases (f002 and f006) this was followed by an
apparent decrease in biomass at approximately 50 h (EFT; Figure 3.24). The apparent
decrease in biomass could be due to the cells swelling rather than dividing leading to an
increase in culture transmittance, therefore a decrease in optical density. Alternative
explanations would be culture dilution due to the methanol feed or the toxic affects of
methanol accumulation leading to cell death and subsequent lysis, which is supported by

corresponding increases in DO.

—o—pH —O0-T(°C) —o—pH —0-T(C)
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Figure 3.24. Initial DoE2 scale up culture profiles for fed-batch P. pastoris X33GFP,,
experiments, using the conditions indicated by Table 3.10. Where culture temperature =
T (°C), dissolved oxygen = DO (%) and biomass = ODsys. Culture biomass is shown on
the secondary y-axis. Point of induction is indicated by an arrow.
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Figure 3.25 shows the GFP,, yields (accumulated GFP,,) from the bioreactor runs (f002 —
f006). The GFP,, yield increases from O to typically 10 h post-induction for all runs. The post
induction period where GFP,, yield is increasing can be thought as the effective induction
period. Table 3.10 shows that the effective induction period lasts for 8-30 hours, depending

on the expression conditions.

The GFP,, yield profiles (Figure 3.25) can be linked to the effects of methanol accumulation
seen in the culture profiles (Figure 3.24). The effective induction periods end approximately
when the DO trace increases to 100 %. Following the effective induction period the GFP,,
detectable in culture supernatants decreases, this can be linked to methanol accumulation, cell

lysis and the release of proteases from the dead cells.

There is no major decrease in yield in f004, as seen in the other scale-up runs; this is most
likely associated with the higher pre-induction biomass allowing the cells in culture to cope
with the methanol feeding rates used. This increase in pre-induction biomass could be used as

an option for further optimising the process.
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Figure 3.25. GFP yield data from fed-batch P. pastoris X33GFP,, DoE2 scale-up
experiments using conditions described in Table 3.10. Culture supernatant samples were
assayed for GFP,, fluorescence (RFU) at time points during the induction phase of the
experiments. Total GFP yield (RFU)profile is shown for each fermentation.
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3.3.2.1 DoE2 scale-up conclusions from initial runs

The DoE2 scale-up process aimed to prove that a model built using data from small-scale (6
mL) cultures could be directly used to optimise culture conditions with a five hundred fold
increase in volume (3 L). Figure 3.26 demonstrates the predictive capability of the DoE2
model for normalised GFP,, yield (ng/mL/ODsgs) at both small (Micro 24) and large (7 L
Bioreactor) scales. Where conditions used in the Micro 24 differ from those used in the

bioreactor, the most similar Micro 24 conditions are substituted.

The yields obtained from the large scale experiments are higher than predicted by the DoE2
model but do fit the trend indicated by the small scale experimental data. As the large scale
experiments were not repeated, with the exception of f004 (as f006), it is possible that these
results may not be representative of the culture conditions (set points). Another possibility is
that the small scale system is not completely equivalent to the large scale system. Differences
do exist between the two systems (Micro 24 and 7 L bioreactor) notably mode of agitation
and pH control, which could account for the poor predictive power of the model. The biggest
difference, however, was the induction regime. It was noted that there was scope for further
optimisation of the large-scale process, which was not possible at the small-scale due to

limitations of the equipment e.g. no provision for on-line liquid additions to the cultures.
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Figure 3.26. Comparison of normalised yield (ng/mL/ODsys) data at 48 h post-induction
for DoE2 model predictions, small-scale Micro 24 experimental runs and large-scale (7
L Bioreactor) experimental runs. Error bars represent standard deviation where n 3.
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The large scale runs highlighted the importance of optimising the rate of methanol addition
used during the induction phase of the cultures. The feed rates were not well matched to the
metabolic activity of the X33GFP,, cells at non-standard (DoE2) induction conditions and
lead to methanol accumulation at ~8-30 h post-induction. This resulted in sub-optimal protein
yields as the “useful” induction/expression period was limited to 8-30 h and not the full 48 h.
This was especially noticeable when using the DoE2 predicted optimal conditions (21.5 °C,
pH 7.6, 90 % DO). However, despite the short period of “useful” expression in f005 (DoE2
predicted optimal conditions) the total yield was higher than that achieved using the standard
Invitrogen handbook conditions in f002 (See Figure 3.27), which had a longer effective

induction period.

—o— 002 (30 °C pH 6.0 30 % DO)

o5 . —0—1003 (24 °C pH 7.0 40 % DO)

—— 1004 (27.5 °C pH 6.5 60 % DO)
(27.5 °C pH 6.5 60 % DO)
(21.5 °C pH 7.6 90 % DO)

—— f006
—0— f005

—_ )
w o
i 1

Total GFP yield (mg/L)
5

Hours post induction

Figure 3.27. Total GFP,, yields (RFU) profiles for the initial DoE2 scale-up bioreactor
runs. Culture supernatant samples were assayed for GFP,, fluorescence (RFU) during
the 48 h induction phase of the cultures.

Figure 3.27 also demonstrates the influence of increasing pre-induction biomass on GFP,,
yield, as experienced in f004 (DoE2 best small scale fit conditions) where GFP,, yield was
higher than expected. In this case the methanol feeding rate during induction did not lead to

rapid methanol accumulation and toxic effects. It is thought that the methanol utilisation rate

of the higher density culture was better matched to the methanol addition (feed) rate.

As all large-scale experiments suffered from methanol accumulation, to some extent, the
“standard” large-scale process requires altering to avoid methanol toxicity so increasing yield.

Two improvements were suggested by the initial experiments; change the induction protocol
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(i.e. methanol feed) and increase the pre-induction biomass. These alterations can be used in
addition to the optimised process conditions (temperature, pH and DO) predicted by the
small-scale modelling e.g. DoE2 optimised conditions (21.5 °C, pH 7.6, 90 % DO).

3.4 Further improvements are possible to the DoE modelled process

The DoE model building process provided an optimised set of process conditions (21.5 °C,
pH 7.6, 90 % DO) for maximising per cell GFP yield from P. pastoris X33GFP. During the
initial scale-up bioreactor runs is was noted that the fermentation protocol used in the small-
scale Micro 24 experiments could be improved upon for use in a traditional bioreactor. The
toxic effects of methanol accumulation during the induction phase of the runs limited the
duration of effective induction period; typically 8-30 h of GFP,, expression achieved from a
possible 48 h. Two approaches were identified to avoid methanol accumulation; increase pre-
induction biomass and use a mixed feed for the induction. Increasing the pre-induction
biomass provides more cells to utilise the methanol feed (at the original addition rate),
although ideally the utilisation rate should be balanced by the addition rate. Using a mixed
induction feed of a non-repressive carbon source (sorbitol) and the inducer (methanol) might
be effective in two ways. Firstly the concentration of methanol supplied to the culture is
reduced due to dilution with sorbitol. Secondly the sorbitol provides an additional/alternative

carbon source for the cells to utilise.

3.4.1 Increasing pre-induction biomass with DoE2 optimised process conditions

The DoE2 predicted optimal conditions for per cell (normalised) GFP,, yield had been shown
to fit small and large scale experimental data. The fermentation run fO04 had indicated that
higher total or “volumetric” yield was obtainable by increasing the number of cells (biomass)
present prior to induction with methanol. To harness this for increasing total yield, medium
composition was identified as an area for further investigation. The medium used in the Micro
24 experiments and initial bioreactor runs was BMGY; this medium was used as the standard
fermentation medium, basal salts medium (BSM), suffers from precipitation at pH >5.5. The
pH set-points defined by the model design space exceeded pH 5.5 and would result in heavy
precipitation.120 The carbon source used in both formulations is glycerol (represses the AOXI
promoter) but the glycerol concentrations differ at 10 g/L. (BMGY) and 40 g/L. (BSM). The
high concentration found in BSM can support higher biomass accumulation than BMGY;
such cell densities require a high oxygen supply, which is feasible in a bioreactor but not in

shake-flask culture. Once the process had been moved to larger-scale (7 L) bioreactors it
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would be possible to sustain high pre-induction cell densities using a modified BMGY
medium. The glycerol concentration of BSM (40 g/L) was adopted for use in BMGY; f007
utilised the modified BMGY (40 g/L glycerol) medium for the glycerol batch-phase to see if

the “useful” induction period could be extended by increasing pre-induction biomass.

Figure 3.28 shows the f007 “DoE2 predicted optimal induction conditions” culture profile
with biomass (ODsgs) measured off-line whilst culture temperature (°C), DO (%) and pH were
on-line measurements with data-logging by Applikon’s BioXpert Lite software. It is possible
to identify the culture phases as outlined in Figure 1. The glycerol batch phase runs from 0 to
25.6 h EFT ending when the DO spikes back to 100 %, achieving ODsgs ~40. This was an
approximate two fold increase in biomass achieved during the glycerol batch phase over
standard BMGY with 10 g/L glycerol. As the expression conditions differed from “standard”
conditions used for the growth phase there was a requirement for an adaptation phase ~26.5 —
28 h (EFT). During the induction phase, methanol was fed at ~0.2 — 0.4 mL/min and the
biomass remained fairly constant. This plateau was maintained until harvest at 48 h post-

induction (78 hours EFT).

During induction, DO was seen to fluctuate during early-mid induction (<60 h EFT). The
drop seen at ~35 h (EFT) was attributed to cellular utilisation of methanol and the subsequent
increase (to 100 % DO) due to methanol accumulation. During induction, the methanol feed
rate was varled in an attempt to match the rate of addition to utilisation; the DO drops seen at
~50 and 55 h (EFT) were due to reduction of the feed rate. When the DO reached 100 % (49 h
EFT), the feed was stopped until the DO was seen to drop to 60-80 %. This was seen as
evidence that the ~0.4 mL/minute feed rate was supplying methanol at a rate above that of
utilisation. The feed was therefore set at ~0.2 mL/min for the remainder of the run. The DO
remained below 100 % for ~10 h, but it returned to 100 % during the over-night period from
56 h (EFT) when there was no operator monitoring. This indicates that the combined

methanol addition had surpassed methanol utilisation resulting in methanol accumulation.
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Figure 3.28 Culture profile for fed-batch P. pastoris X33GFP,, DoE2 scale-up
experiment (f007) using “DoE2 predicted optimal” conditions (21.5 °C, pH 7.6, 90 %
DO) with 40 g/L glycerol in batch phase, where culture temperature = T (°C), dissolved
oxygen = DO (%) and biomass = ODsgs. Culture biomass is shown on the secondary y-
axis.

Figure 3.29 shows the GFP,, yield (accumulated GFP,,) from the “DoE2 predicted optimal”
condition bioreactor run with 40 g/L glycerol batch phase (f007). The total GFP,, yield
increased from 0 to ~15 h post-induction followed by a slight decline until harvest (48 h post-
induction). This yield profile can be linked to the effects of methanol accumulation leading to
a halt in GFP,, expression and increased cell death/lysis leading to proteolysis. Total yield
reached a maximum of ~55000 RFU at ~ 15 h post-induction and then decreased until harvest

at 48 h post-induction, suggesting the early part of induction was the only productive stage

and no further GFP,, was expressed by the culture after ~15 h post-induction.
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Figure 3.29 GFP,, yield data from (f007) fed-batch P. pastoris X33GFP,, DoE2 scale-up
experiment using ‘“DoE2 predicted optimal” conditions (21.5 °C, pH 7.6, 90 % DO) with
40 g/L. glycerol in batch phase. Culture supernatant samples were assayed for GFP
fluorescence (RFU) at 0, 15.3, 24.5 and 48 h post-induction. Total GFP yield (RFU)
accumulation is shown over the time course for the fermentation.

Figure 3.30 shows how using the modified BMGY medium lead to an approximate two fold
increase in total GFP yield when using the DoE2 predicted optimal conditions with standard
(10 g/L) glycerol BMGY and five fold increase when compared to standard process
conditions and media. The effective induction period was still curtailed by cell death/stress
due to methanol accumulation, probably a poorly-balanced methanol addition rate. It was

therefore concluded that further development of the induction strategy would be required to

eradicate the limited expression period.

—O— Standard conditions
60000 —O— DoE2 predicted optimal
—O— DoE2 predicted optimal (40 g/L glycerol)

Total yield (RFU)

0 5 10 15 20 25 30 35 40 45

Hours post-induction

Figure 3.30. Total GFP,, yields (RFU) profiles for the initial DoE2 scale-up and
increased pre-induction biomass bioreactor runs. Culture supernatant samples were
assayed for GFP,, fluorescence (RFU) during the 48 h induction phase of the cultures.
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3.4.2 Increasing pre-induction biomass and using a mixed feed induction with DoE2

optimised process conditions

Increasing pre-induction biomass improved the volumetric yield for DoE2-predicted optimal
conditions, as seen in Figure 3.30 The use of a mixed feed induction was identified in the
literature as an additional possible method of increasing specific product formation rates in P.
pastoris fermentations.'?! It was suspected that an additional benefit of providing a mixed
feed during induction was the elimination of methanol accumulation. The mixed feed selected
for use was 60 % w/v) sorbitol 40 % (v/v) methanol with PTM; trace salts at 12 mL/L. As the
mixed feed contained a lower methanol concentration, the feed rates would supply 60 % less
methanol whilst maintaining the same addition of ‘carbon source’, which might allow the
cells to utilise the supplied methanol thus avoiding accumulation and extending the period of

useful induction to 48 h.

To show the DoE2 model remained predictive for yields following the introduction of the new
large-scale process, check point conditions were used. These were performed in a similar
manner to the previous model confirmation experiments. The details of these runs are shown
in Table 3.11; f007 (modified BMGY medium only) is also shown for comparison between

induction strategies.

The culture profiles for each of the runs described in Table 3.11 are shown in Figure 3.31. As
with the initial scale-up runs it is possible to see the culture phases illustrated in Figure 1:
glycerol batch, starvation, adaptation and induction. The glycerol batch phase typically lasted
for 26 h reaching ODsgs ~80. It should be noted that the biomass achieved during fO11 was
ODsgs ~50. This is more comparable to the biomass achieved during the glycerol batch phase
with standard BMGY (10 g/L glycerol), suggesting the BMGY medium used for the batch
phase of f011 may not have contained 40 g/L glycerol.

Following the start of induction in f008, the DO level remained around set-point under control
of oxygen supplementation via the ADI1030 control unit and did not climb to 100 %.
However, with cultures fO09 and fO11 the DO was very unstable, fluctuating from set-point to
100 %. This was attributed to the carbon source being supplied at a limiting rate. The carbon
feed limited cellular activity so the cells were not able to consume all the available oxygen. If
these runs were not being used for model confirmation, the rate of mixed feed addition would

have been increased from 0.16 mL/minute to 0.58 mL/minute (standard handbook rate).
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In all three runs (fO08, f009 and f011) the biomass began to increase following the start of
induction. In f009 and fO11 this continued to increase until harvest at 48 h post induction. In
f008 there was an apparent drop in biomass following ~55 h (EFT) which was attributed to
changes in cellular morphology, as previously discussed. Both the increases in post induction
biomass and DO profiles indicate that methanol accumulation was not occurring when the

mixed feed induction was used.
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Table 3.11 DoE2 scale up experimental run descriptions and yield data for cultures
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Figure 3.31 DoE2 scale up culture profiles for fed-batch P. pastoris X33GFPy,
experiments, using improved medium composition (40 g/L glycerol) and mixed feed (60
% sorbitol, 40 % methanol) induction. Run conditions are indicated by Table 3.11.
Where culture temperature = T (°C), dissolved oxygen = DO (%) and biomass = ODsgs.
Culture biomass is shown on the secondary y-axis. Point of induction is indicated by an
arrow.
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Figure 3.32 shows the GFP,, yields from the bioreactor runs f008, f009 and fO11l as total

GFPy (RFU). The GFP,, yield increases from O to 48 h post-induction for all runs, giving an

effective induction period of 48 h. The accumulation of product (total GFP yield) is

representative of the result originally expected for a fed-batch culture.
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Figure 3.32 GFP,, yield data from fed-batch P. pastoris X33GFP,, DoE2 scale-up
experiments using improved BMGY medium, mixed feed induction and process
conditions described in Table 3.11. Culture supernatant samples were assayed for GFP,,
fluorescence (RFU) at time points during the induction phase of the experiments.

The total yield of fO11 was expected to be between those of the “standard” (f009) and DoE2
optimised conditions (fO008), but this is not the case (Figure 3.33). The total yield of fO11 at
harvest 1s 50 % higher than that of the DoE2 predicted optimal conditions. The normalised

yields of f007, f008, f009 and fO11 at harvest are higher than expected; approximately ten fold
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higher than the yields from the small scale (Micro 24), Figure 3.34 shows these results on the
secondary axis. Additionally the normalised yield of fO11 is higher than expected (13.03
ng/mL/ODsys) exceeding that of the DoE2 optimised conditions (f008) 12.31 pg/mL/ODsgs.

The high yields from the improved process (40 g/L glycerol batch and mixed feed induction)
are not predicted well by the DoE2 model. As the DoE2 model was based on data from the
standard process (10 g/L glycerol batch and methanol induction), the lack of predictability is
not surprising and would require a new model to be built using data from experiments using

the improved process.

The high yield from fO11 is possibly due to a better matching of pre-induction biomass,
methanol feed rate and process conditions and hence cell metabolism and methanol induction
strategy. The unexpected yield data is a strong indication that future optimisation experiments
should include induction feed rates in the initial DoE plan or in a further round of DoE and

modelling building on existing models e.g. DoE2.

700000 7 _A— DoE2 “best small-scale fit" (40 g/L glycerol and mixed feed induction)
—O— DoE2 predicted optimal (40g/L glycerol and mixed feed induction)

600000 1 _ standard (40g/L glycerol and mixed feed induction)
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Figure 3.33. Total GFP,, yields (RFU) profiles for the DoE2 scale-up increased pre-
induction biomass and mixed feed induction bioreactor runs. Culture supernatant
samples were assayed for GFP,, fluorescence (RFU) during the 48 h induction phase of
the cultures.
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Figure 3.34 Comparison of normalised yield (ng/mL/ODs¢s) data at harvest (48-50 h
post-induction) for DoE2 model predictions, small-scale Micro 24 experimental runs and
large-scale (f002-f011) experimental runs. Error bars represent standard deviation
where n 3. *f007 used DoE2 optimised conditions with modified BMGY (40 g/L
glycerol) and low methanol feed rate. **f008 used DoE2 optimised conditions with
modified BMGY (40 g/L glycerol) and mixed feed induction. f009 used ‘“standard”
conditions with modified BMGY (40 g/L glycerol) and mixed feed induction. f011 used
“DoE2 best small-scale experimental fit” conditions with modified BMGY (40 g/L
glycerol) and mixed feed induction. Experimental yields for f007, f008, f009 and f011 are
shown on the secondary axis.

3.5 Use of predictive scale-down/up modelling and micro-bioreactors for process

development

The work described in this chapter outlines a series of steps that can be used for rapid and
scalable process development of recombinant protein expression. Figure 3.35 summarises the
methodologies employed in optimising process conditions for maximising secreted GFP,,
yield (the yield normalised to cell density) from bioreactor cultures of Pichia pastoris
X33GFP,,. These steps should be applicable to other target proteins and alternative
expression systems. The key consideration in using this work scheme is posing an appropriate
question of the DoE which can be fulfilled by the small-scale equipment. For example, here
temperature pH and DO were selected as factors in the DoE and then shown to be important
in maximising yield at both small and large-scales. The induction strategy and medium
composition were later recognised as factors that should be included in the DoE question.
However, there was no provision for on-line-controlled liquid additions of methanol to the
small-scale bioreactor so this could not be included in the small-scale model-building
experiments. Medium composition and specifically BMGY glycerol concentration, was not
initially envisaged as being critical during the small-scale work so should be included in an

additional round of DoE (e.g. DoE3) or a factor in the initial design space for future
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processes, as this was seen to be important on a large scale. Where the small-scale equipment
prevents a factor being included in the model building it may be necessary to perform

optimisation at the large-scale. As recombinant protein expression is complex involving many

factors, a truly optimal process may be difficult to achieve. The cyclical nature of

optimisation methods (Figure 3.35), however, can provide substantial improvements to the
process.
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Figure 3.35. Overview of the optimisation process used for maximising GFP,, expression

from P. pastoris X33GFP,, bioreactor cultures as well as other target proteins and
expression systems.
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“If I could have my wasted days back

Would I use them to get back on track?”

(Frantic, Metallica)
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CHAPTER 4

4 PRODUCTION OF INDUSTRIALLY RELEVANT PROTEINS

In Chapter 3, GFP,, was used as a tool to demonstrate the power of DoE in optimising
process parameters in a recombinant protein production experiment. In this chapter the
approach was extended to a hybridoma cell-line. In addition other industrially-relevant
targets, mini-pro-insulin (MPI), hPGH and a monoclonal antibody-based influenza vaccine,

were trialled for expression to establish if they could also be used in a DoE approach.

As part of the partnership between Aston University and Alpha Biologics a hybridoma cell-
line was made available for use in this work. The cell-line expressed a monoclonal antibody
raised against a tumour-inducing factor. The possible uses for such an antibody include
attaching chemotherapy agents for direct targeting of tumour cells.”® The hybridoma cell-line
(referred to here as hybridoma HD1) did not require any further cell-line development work,
so could be used immediately for evaluating the scalable process optimisation methods
developed in Chapter 3. These methods, although designed using Pichia pastoris expressing
GFP,,, were intended to be transferable for use with other target proteins and expression
systems. The hybridoma cell-line is markedly different to the methylotrophic yeast P.
pastoris, notably the cells are mammalian requiring different handling and culture techniques
and expression is constitutive not inducible. These major attribute changes would fully

challenge the robustness of the derived optimisation methodologies.

The creation of yeast strains expressing MPI and hPGH were chosen as additional targets as
they have been produced on an industrial scale in yeast. These strains were intended to be
used for comparing expression levels between the S. cerevisiae Alcofree strain and P. pastoris

and to further test the DoE scalable modelling methodology.

4.1 Extension of the DoE approach to a hybridoma cell-line

The DoE scalable process optimisation methodologies developed using the GFP,, expressing
strain of P. pastoris (X33GFP,,) were applied to the hybridoma HD1 cell-line. The product
was truly industrially relevant being an anti-tumour factor antibody. The protein expression
also differed from the methylotrophic yeast P. pastoris being a mammalian cell-line

(hybridoma) that constitutively expressed the antibody.
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The question asked of the DoE was whether altering the process conditions (culture
temperature, pH, DO and glucose concentration) would increase the product antibody yield
from the hybridoma HD1 cell-line. Temperature, pH, DO and medium glucose concentration
were therefore varied at three levels -1, 0 and +1 (low extreme, mid point and high extreme).
The Box-Behnken experimental design was used in conjunction with response surface
methodologies (RSM) to build a predictive model and determine the conditions for

maximising antibody yield.

The methods set-out in Chapter 3 were followed closely only deviating where culture
technique or product yield determination required e.g. gas supply strategy, pH control and
yield determination. The fluorescence assay could not be used for yield determination as the
antibody does not contain a fluorophore. A robust method was therefore required for yield
determination from the small-scale cultures. A Protein-A chromatography protocol was
devised for use with a GE Healthcare AKTA purification system where the elution peaks
could be directly compared and quantified by peak area integration. A standard of known
product concentration was assayed and the resultant peak area was used to generate a

conversion from peak area to protein concentration for each sample.

4.1.1 Cell-line characterisation

Determining the growth (cell number and viability) and antibody productivity profiles is an
important first step in working with a new cell-line. To gain an understanding of how the
hybridoma HD1 grew some preliminary flat and shake-flask cultures were set-up in triplicate
and monitored over 12 days (288 h). These extended time course cultures were monitored
daily for cell number, cell viability, culture pH, glucose concentration of the medium and
product determined by SDS-PAGE. This provided information to form an understanding of
the growth characteristics and productivity of the cell-line enabling a robust expression
strategy to be put in place. The productivity profile allowed identification of earliest point of
harvest, allowing the process optimisation runs to be performed over a short duration,

therefore reducing development time.

The medium used with hybridoma HDI was ExCell 302 supplemented with 10 mL/L
glutamine, 10 % bovine serum albumin (BSA) and 10 mL/L non-essential amino acids. The
flasks used were single use pre-sterilised T 75 cm? flat flasks (T75) and 250 mL shake flasks,

both with 0.2 pm vented closures. All cultures were incubated at 37 °C with 5 % CO,, flat
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flask cultures were incubated without agitation and shake flask cultures with 75 rpm agitation.
The established standard seeding density for the hybridoma HDI cell-line was 2x10’

cells/mL.

4.1.1.1 Growth profiling

The growth profiles of hybridoma HD1 cells cultured in flat (T75) and shake (250 mL) flasks
were generated from triplicate cultures set-up in parallel using the same seed culture to ensure
the reproducibility. Table 4.1 describes the cultures used for hybridoma HDI cell-line
characterisation. Figures 4.1 and 4.2 show representative growth profiles for T75 culture (15

mL medium) and 250 mL shake flask (50 mL medium) cultures over 288 hours (12 days).

Glucose concentration
VCN (x10° cells/mL) pH (mg/mL)
Culture | Culture
wolume | duration
Culture type {mL) (h) Inoculation | Hanest |maximum] Inoculation | Harest [lnoculation| Hanest

T75 Flat flask (75 cm?) (A) 15 288 2.0 18.1 23.9 8.22 7.09 22.2 3.3
T75 Flat flask (75 cm?) (B) 15 288| 2.0 13.5 20.3 8.22 7.08 22.2 3.0
T75 Flat flask (75 cm?) (C) 15 288| 2.0 18.4 18.7 8.22 7.10 22.2 3.0
Shake flask (2560 mL) (D) 50 288| 2.0 16.5 16.6 8.22 7.23 22.2 3.0
Shake flask (250 mL) (E) 50 288 2.0 13.1 26.9 8.22 7.22 22.2 3.0
Shake fiask (250 mL.) (F) 50 288 2.0 15.1 17.86 8.22 7.28 22.2 3.0

Table 4.1. Culture descriptions for hybridoma HD1 cell-line characterisation
experiments. Growth profiles of cultures B (T75 flat flask) and D (250 mL shake flask)
are shown in Figures 4.1 and 4.2.
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Figure 4.1. Example of the growth profiles for T75 flat flask (culture B) batch culture of
hybridoma HD1 cells over 12 days. Values for cell viability (%), medium glucose
concentration (mg/mL) and culture pH are shown on the left hand y-axis, viable cell
count (cells/mL) is on the secondary y-axis.
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Figure 4.2. Example of the growth profiles for 250 mL shake flask (culture D) batch
culture of hybridoma HD1 cells over 12 days. Values for cell viability (%), medium
glucose concentration (mg/mL) and culture pH are shown on the left hand y-axis, viable
cell count (cells/mL) is on the secondary y-axis.

The replicates of each flask type showed very similar profiles and were further confirmed by
the growth profiles of the additional “back-up” cultures, using both T75 cm’ flat and 250 mL
shake flasks. A batch culture of hybridoma HD! using standard media could be expected to

reach a cell density of ~1.5x10° cells/mL in 3 days when seeded at 2x10° cell/mL.

The growth characterisation demonstrated the link between the measured factors: culture pH
drops as the cells metabolise the glucose forming lactic acid and as cell number increases the
glucose concentration decreases as the cells utilise the available carbon source. Cell viability
initially decreased as the cells were introduced at a low cell density. Viability increased as the
cell density increased (more secreted growth factors present in the culture medium) and then

decreased as the available nutrients were exhausted.

4.1.1.2 Product detection

During the growth profile characterisation of the cultures described above (4.1.1.1), samples
were taken daily for productivity assays. Supernatant samples were taken daily at 0, 23, 46.5,
71, 99, 123, 142.5, 168, 264 and 288 h post inoculation. The aim of this analysis was to
determine the time point of earliest product detection. Cell free supernatants were run on
SDS-PAGE in both non-reduced and reduced (p-mecaptoethanol addition) states. The reduced
state resulted in the antibody heavy and light chains separating. Figure 4.3 shows that the

intact hybridoma HD1 antibody has an approximate mass of 160 kDa, also existing as a dimer
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(~300 kDa) and there are a number of break-down products including a readily identifiable

band at ~ 16 kDa.

The hybridoma HD1 product dimer can be seen as a distinct band above the 188 kDa marker.
The antibody is detectable from 71 hours (3 days) post-inoculation as indicated by the
accumulation of the 16 kDa breakdown product (arrowed). Figure 4.4 shows the Coomassie
stained image of the reduced SDS-PAGE gel. The hybridoma HD1 product can be seen as a
band at approximately 160 kDa. The reduced state of the samples has removed the product
dimer (~300 kDa) seen in the non-reduced gel (Figure 4.7). The ~16 kDa break-down product
1s detectable from 71 h (3 days) post-inoculation. These gels indicate that the hybridoma HD1
antibody can be detected by SDS-PAGE at 3 days post-inoculation. It was concluded that
future experiments should have a minimum duration of 3 days. To ensure reliable detection
from cultures with lower yields than those shown in Figures 4.3 and 4.4, the standard culture

duration was 96 hours (4 days).

The hybridoma HD1 antibody was detected in all samples including the time O (point of
inoculation). This is a result of product carry over from the inoculum culture. The cells used
to inoculate the experimental cultures were transferred directly from a seed culture and were
not subjected to a full media exchange. The use of the ~16 kDa break-down product as an
indicator for point of earliest detection was intended to give an approximation for shortest
culture duration. This was exceeded by the 4 day culture period selected for further
experiments. Additionally SDS-PAGE band densitometry could not be used for yield
analysis in the DoE experiments. The chosen method was product peak integration from
Protein-A chromatograms with “blanking” using the time O result to remove carry over

effects.
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Using the Micro 24 for mammalian cell culture requires a slightly different equipment setup
and operational procedure to those used for yeast culture (as described in Chapter 3). The rate
of agitation for the incubation cassette was reduced to 500 rpm (from 800 rpm): this is the
lowest setting possible which still achieves adequate mixing. This is much higher than
agitation rates used in STB which are typically <100 rpm, but the wells of the incubation
cassette provide a low(er) sheer environment than a STB with an impellor. There were
initially concerns over how the hybridoma HDI cells would cope with the agitation rate (500
rpm) in the Micro 24, but data from other groups using the Micro 24 for a CHO cell-line

. . 2
showed this was not an issue.*?

Concerns over the method of pH control using carbon dioxide and ammonium hydroxide
vapour were also shown to be unfounded for mammalian cell culture (with the hybridoma
HDI1 cell-line). It was thought that the ammonium hydroxide might be too harsh, resulting in
cell death and that a pH buffer addition strategy should be employed. This method of pH
control had been used previously for CHO cells in the Micro 24 % The buffer addition method
required additional liquid to be supplied to the wells, with each culture having differing set
points (including pH) that would require a different buffer type/volume to be added. This
liquid addition method was not seen as ideal for a “high-thoroughput” methodology. It was

decided that a gaseous pH control by CO; and ammonium hydroxide vapour was trialled.

The Micro 24 has 5 gas-in ports; CDA, 1, 2, 3 and an auxiliary (AUX) port. The AUX port
directs gas into the incubation chamber and not into the culture. When using the Micro 24 for
yeast culture the AUX port was not used. The control strategy for the hybridoma HDI
cultures required both up and down control of pH which meant it was not possible to have
both up and down control of DO as there are insufficient gas ports leading to the cultures.
Therefore, upward control of DO remained as with the yeast strategy using O, addition to the
culture but downward DO control was attempted by having nitrogen “overlay” in the
incubation chamber using the AUX port. This was hoped to reduce the DO 1n the cultures.
The well closures used were the free flowing 0.2 pm vented type so allowing nitrogen in the
chamber to enter the culture wells and strip the oxygen from the cultures therefore reducing
DO. Culture DO was controlled upward with O, addition, allowing full control of DO to set-

point.
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4.1.3 DokE plan for hybridoma HD1 yield optimisation (DoE3)

The non-coded levels for each factor were based on previous experience of the standard
hybridoma HD1 cell-line process, discussions with those working on the hybridoma HD1
project and examples in the literature of hybridoma culture. The lower “-1” limit for media
glucose concentration was set by the medium composition at 2 mg/mL as it was not possible
to obtain a lower glucose concentration with ExCell 302. Table 4.2 shows the DoE matrix of
required factor settings for the hybridoma HD1 (DoE3) predictive model in both coded (-1, 0,
1) and the non-coded input factors used as set-point for the experimental Micro 24 runs. The
run order of the model building conditions allowed each run to generate a model, allowing
earlier indication of trends. Once the full data set was available a model could be built using

data from replicate runs.

CODED FACTORS INPUT FACTORS
Glucose
Tenp pH DO Glucose | Temp (°C) pH DO (%) (mg/mL) Micro 24 experimental run order
1 1 0 0 34 6.6 40 6 2 3 4
i 1 0 0 38 6.6 40 6 2 3 4
-1 1 0 0 34 74 40 6 2 3 4
1 1 0 0 38 74 40 6 1 2 3
0 0 -1 -1 36 7 20 2 1 2 3
0 0 i -1 36 7 60 2 1 2 3
0 0 -1 I 36 7 20 10 1 2 3
0 0 1 1 36 7 60 10 1 2 3
1 0 O -1 34 7 40 2 1 2 3
1 0 4] -1 38 7 40 2 1 2 3
-1 0 0 1 34 7 40 10 1 2 3
1 0 0 | 38 7 40 10 1 2 3
0 -1 -1 0 36 6.6 20 6 1 2 3
0 1 -1 0 36 74 20 6 1 2 3
0 -1 1 0 36 0.6 &0 6 1 2 3
0 1 1 0 36 74 &0 6 1 2 3
-1 0 -1 0 34 7 20 6 1 2 3
1 0 -1 0 38 7 20 [ 1 2 3
-1 0 1 0 34 7 60 3] 1 2 3
1 0 1 0 38 7 o) %) 1 2 3
0 -1 0 -1 36 6.6 40 2 1 2 3
0 1 0 -1 36 7.4 40 2 1 2 3
0 -1 0 1 36 6.6 40 10 1 2 3
0 i 0 1 36 74 40 10 1 2 3
0 0 0 0 36 7 40 6 1 4
0 0 0 0 36 7 40 [ 1 4
0 0 0 0 36 7 40 6 1 4

Table 4.2. Experimental matrix showing coded (-1, 0, 1) and non-coded set-points
required for the Box-Behnken DoE3 predictive model for optimising antibody yield
from hybridoma HD1 hybridoma cell culture. The experimental run order is also
indicated demonstrating that each run provides sufficient data for an independent
model to be generated.

4.1.4 Data collection for predictive model building

The classic quadratic Box-Behnken designgl was employed for generating the predictive
model. This allowed a reduced number of treatment combinations to be used in building the
model and gave no bias towards any potential optimum region of the process space. Minitab

v15.1.30 software was used to generate an experimental matrix of factor combinations
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required to build a predictive model to a Box-Behnken design. Table 4.3 shows the input
variables and measured outputs for the model building experiments which were performed in
the Micro 24. The factor combinations were carried out in at Jeast triplicate to provide
statistical confidence in the model building data. Cell density, viability and glucose
concentration were monitored daily by off-line methods. Antibody yield was measured at
point of harvest (4 days post inoculation) by Protein-A purification of 5 mL cell-free culture

supernatant.

A conversion factor was generated by purification of a high yielding sample of hybridoma
HD1 culture supernatant, taken from a 7 L bioreactor culture. The sample was purified using
the hybridoma HD1 purification protocol on the GE Healthcare AKTA system, the resulting
eluted product fractions being pooled and quantified by Aago. The conversion factor was
determined by dividing the product concentration (from Asgo) by the associated peak area and

sample volume (5 mL), giving the conversion antibody yield (pg/mL) = 0.1564 x peak area.
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Table 4.3. Specification of the input factors and measurable outputs for the hybridoma
HD1 model building experiments. The input factors were temperature (T), pH and
dissolved oxygen tension (DO). Antibody yield (ng/mL) was measured 48 h post
induction in at least triplicate. The standard deviation (SD; n 3) is given for the yield. *
indicates a contaminated culture and * an error in purification resulting in no yield
data.
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4.1.5 Building the DoE3 predictive model

The yield data from the Micro 24 cultures, as shown in Table 4.3, were used to build a
predictive model of yield and process conditions (T, pH, DO and glucose concentration). The
model building process used Minitab (v15.1.30) software to generate coefficients for each of
the factor terms as shown in Table 4.4. The model was refined as with the DoE1l and DoE2
models in Chapter 3; terms were removed from the full model, based on their associated p-
values, to maximise the R2udj value of the model The R2adj values were 83.09 (full model),
84.26 (1 term removed), 85.21 (2 terms removed), 84.77 (3 terms removed) and 84.21 (4
terms removed). The model with 2 terms removed (Rzadj 85.21) was selected as the refined

model and was named “DoE3”.

Term | Coefficient | _p-value |
Constant : 5.87195 0.389
T 057227, 0.029
pH 148234 0218
DO . 002624, 0.088
Glucose . 009185, 0382
T*T 000765 0.034
pH * pH . -0.10615! 0216!
DO*DO 000017 0000
Glucose * Glucose . 000485 0.000
T* Glucose , 000833 0001
pH* DO 000245, 0242
pH * Glucose -0.03346: 0.005
DO * Glucose . -0.00075 0.002

Table 4.4. Refined DoE3 predictive model terms, coefficients and associated p-values
based on the model building data shown in Table 4.3.

Antibody yield (ug/mL) = 5.87195 - (0.57227*T) + (1.48234*pH) - (0..02624*DO) -
(0.09185*Glucose) + (0.00765*T*T) - (0.10614*pH*pH) + (0.00017*DO*DO) +
(0.00485*Glucose*Glucose) + (0.00833*T*Glucose) + (0.00245*pH*DO) -
(0.03346*pH*Glucose) - (0.00075*DO*Glucose)

Equation 4.1. Refined DoE3 predictive model for Yield (ng/mL) where T = temperature
(°C), pH = pH, DO = dissolved oxygen tension (%) and Glucose = glucose concentration
mg/mL.

The DoE3 model was examined statistically by ANOVA (Table 4.5). It can be seen that the p-
value associated with the regression F-statistic (13.97 %) is 0.000. This shows strong
evidence (> 99.9 %) against the null hypothesis (no linear relationship between any of the
predictors and Y)!'7 therefore, there is strong evidence of a relationship between predicted
and experimental antibody yields. The p-values for the DoE3 model were lower than those

seen from the DoEl and DoE2 models. It was expected that the impact of this on the
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Micro 24 bioreactor was used to run “check point” conditions to demonstrate how well the
model predicted experimental conditions. Figure 4.8 shows that the model does predict

optimal experimental yield, from those tested.

2.0 iD DoE3 predicted yield @ Micro 24 experimental yield
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10 mg/mL 10 mg/mL mg/mL 8 mg/mL 7 mg/mL 10 mg/mL
Internal check point conditions

Figure 4.8. DoE3 model predicted and experimental yield from model confirmation
Micro 24 cultures. Check point conditions are from within the model design space with
yield in pg/mL.

The p-values given by the DoE3 model for each term are much lower than those from the
DoE2 (P. pastoris GFP expression) model indicating a higher quality model, statistically.
However, the predictive capability for experimental values is poorer than expected. Figure 4.9
shows an XY scatter plot of DoE3 predicted versus Micro 24 experimental yield (ug/mL) for
the internal check point conditions. It can be seen that the data points lie either side the line
y=x, indicating that the model both over and under-estimates the antibody yield values. This
is most likely due to the variability in the experimental model building data and no repeat data
from the model confirmation run. Despite this the predicted conditions did provide the highest
yields. If possible an increased number of experimental repeats and should be performed to
identify and remove outlying results to reduce the standard deviation for each set of model

building conditions.
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Figure 4.9. XY scatter plot of DoE3 model predicted and experimental yield (pg/mL)
from model confirmation Micro 24 cultures (as shown in Figure 4.12). Check point
conditions are from within the model design space. The line y=x is shown to demonstrate
the ideal relationship between model predicted and experimental yields.

It was previously noted that the RSM plots for DoE3 indicate that the design space does not
encompass the optimal factor setting for maximal product yield. During the experimental
planning stage the upper and lower process limits for each factor were selected based on
previous experience and expectations of hybridoma HD1 behaviour. The model suggests that
increasing both temperature and glucose concentration beyond the “+17 limits will result 1n
further increased yield. To demonstrate if this were the case and the process limits were not
limits, factor settings outside the design space were run as check point conditions. Figure 4.10
shows the antibody yield (ug/mL) for the check point conditions outside of the design space.
The conditions tested lower (33 °C) and higher (39, 40 °C) temperatures and higher glucose

concentrations (15 mg/mL).
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Figure 4.10. DoE3 model predicted and experimental yield (pg/mL) from model
confirmation Micro 24 cultures. Check point conditions are outside the model design
space.

Figure 4.11 shows the yields (ug/mL) for all check point and “optimised” conditions. The
increases in yield suggested by the contour plots of the DoE3 model, when the design space
Jimits are exceeded, are not met by the experimental data. This shows the design space limits

were correctly set and the further yield increases are not possible whilst investigating these

(temperature, pH and glucose concentration) factors alone.
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Figure 4.11 DoE3 model predicted and experimental yield from model confirmation
Micro 24 cultures. Showing antibody yield (ug/mL) from optimised conditions and both
internal and external design space check point conditions. (Error bars show SD, where
n=3).
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4.1.77 Model scalability

Having shown the DoE3 model was able to predict optimal conditions at the small-scale in
the Micro 24 system, the model required testing at a larger scale as with the DoE2 model. To
show if this were possible check point conditions were selected to be run in a 7 L stirred tank
bioreactor (STB) as with the small-scale model testing. The conditions selected were
“standard” (37.0 °C, pH 7.0, 2.5 g/L glucose and 40 % DO).

DoE3 optimised (38.0 °C, pH 6.7, 10 g/L glucose and 40 % DO) and DoE3 best small-scale
experimental fit (36.5 °C, pH 6.9, 8 g/L glucose and 40 % DO). Each of the scale-up runs was

named as shown in Table 4.6.

Name Run conditions

BRO1 | Bi-phase

Day 0-4 “standard” (37.0 °C, pH 7.0, 2.5 g/L glucose and 40 % DO)
Day 4-5 DoE3 “optimised” (38.0 °C, pH 6.7, 10 g/L glucose and 40
% DO)

BRO2 | Day 0-2 DoE3 “optimised” (38.0 °C, pH 6.7, 10 g/L glucose and 40
% DO)

BRO3 | Bi-phase

Day 0-4 DoE3 best small-scale experimental fit (36.5 °C, pH 6.9, 8
g/L glucose and 40 % DO)

Day 4-7 DoE3 “optimised” (38.0 °C, pH 6.7, 10 g/L glucose and 40
% DO) '

Table 4.6. DoE3 scale-up experimental run conditions. Note: BR02 was not run in a bi-
phase manner as it was already using DoE3 optimised conditions.

4.1.7.1 Bench-scale (7L vessel) experimental set-up

The vessel used for the DoE3 scale-up experiments is the same as was used for the DoE2
scale-up work. As DoE3 is based on mammalian cell culture the vessel required some changes
in set-up to allow culture of hybridoma cells instead of yeast. Figure 4.12 shows an annotated
photograph of the vessel set-up and required ancillary equipment. The main differences
between the microbial and mammalian set-ups are impellor design, agitation rate, gas type

and flow rate (vvm) and pH control strategy.

The six bladed Rushton turbine impellors used in DoE2 scale-up produce a high shear
environment capable of maintaining high oxygen transfer. However, mammalian cells have a
lower tolerance to shear than yeast cells and do not require such high oxygen transfer rates.
For these reasons a single marine blade impellor was used in place of the three Rushton

turbine impellors. The agitation rates used with the marine blade impellor were much lower
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(80-90 rpm) than those used in DoE2 scale-up (600-900 rpm) to reduce the shear of the

system and was sufficient to meet the lower oxygen demand of the hybridoma HDI cells.

The gas flow rates were reduced to 0.2 vvm for hybridoma HD1 culture; those used in DoE2
scale-up (0.5-2.0 vvm) would produce deleterious effect to the hybridoma cells. Shear forces
are exerted by bubbles popping, which would be exacerbated by high gas flow rates. In
addition the ExCell 302 medium used with the hybridoma HD]1 cells is supplemented with 10
% BSA; this increases the protein concentration of the medium for product stability but also
foaming. Low gas flow rates help to reduce the volume of foam generated, but to further
reduce foaming, an antifoam agent (Sigma Antifoam-C) was added to 0.02 % v/v which had
been shown to have no detrimental effect to hybridoma HD1 cell growth, yet be effective in

foam control.

The pH control strategy also differed from that used for DoE2 scale-up: CO; replaced HCl
and sodium hydroxide replaced ammonium hydroxide. These control agents are more suited

for use in mammalian cell culture, as they are seen as being less “harsh” to the cells.

Glucose “slug” addition to the culture was via a stand alone peristaltic pump, not controlled
by the ADI1030 unit. Glucose (200 g/L stock solution) was added to culture set-point using
calibrated pump tubing. The peristaltic pump was used at its maximum rate (0.917
mL/minute) for “X” minutes. The time “X” was calculated from culture  g/L glucose and

pump rate.
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Figure 4.12 Set-up of 7 L (total volume) stirred tank bioreactor used for the mammalian
cell culture of the hybridoma HD1 cell-line for DoE3 scale-up experiments.

4.1.7.2 DoE3 scale-up experiments

Demonstrating that the DoE3 model predicts the per cell yield from the hybridoma cell-line
HDI1 in bioreactor cultures was approached in the same manner as for the Micro 24. A
number of check point conditions were selected: standard mammalian cell culture conditions
(37 °C, pH 7.0, 2.5 g/L glucose and 40 % DO), DoE3 derived optimised conditions (38 °C,
pH 6.7, 10.0 g/L glucose and 40 % DO) and DoE3 best small-scale experimental fit (36.5 °C,
pH 6.9, 8 g/L glucose and 40 % DO). The number of check point conditions used at the large
scale was lower than when testing at the small-scale in the Micro 24. As the model had
already been validated at the small-scale it was proposed that any failure in predictive
capacity at the large scale would be identified by the widely spaced scale-up check points
which spanned the DoE3 design space. The scale-up experimental runs are detailed in Table

4.7.

The DoE3 scale-up experiments used a bi-phasic process with the check point conditions run
for the first 4 days to provide comparative data for model scalability. The process conditions
were then switched to the DoE3 predicted optimal conditions for the second phase of the

experiment. This bi-phasic process is more representative of a production experiment where
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cell biomass is generated using the optimal growth conditions (standard conditions) and then
optimal expression conditions used to gain maximal product from the high biomass. In such a
process, normalised (per cell) and volumetric yields can be maximised giving a higher total
yield than possible by either optimisation process alone. As BRO2 had DoE3 optimised
conditions as the check point, these were to be maintained during the second phase of the

experiment.

Each of the DoE3 scale-up experiments (BRO1-BR03) were monitored to provide culture
profiles for each experimental run, with viable cell density (x10° cells/mL) and glucose
concentration (g/L) measured off-line whilst culture temperature (°C), DO (%) and pH were
on-line measurements but logged manually. Data logging software (BioXpert Lite, Applikon
Biotechnology) was used so the overnight “data gaps” could be avoided, providing a more
complete picture of the process. Figure 4.13 shows the culture profiles for each of the runs

detailed in Table 4.7.

Culture samples were taken at the point of inoculation, end of Phase 1 and at harvest (end of
Phase 2) for antibody yield determination by Protein-A analysis. As expression is constitutive,
there was product carry-over from the inoculum culture. The time zero sample therefore

served as a blank for each protein expression experiment.

Each experiment was inoculated at a viable cell density of 1.1-1.8x10° cells/mL. A higher
seeding density would ideally be used e.g. 5x10° cells/mL, but this was not possible due to the

volume of seed culture available and the minimum operating volume of the bioreactor.

During BROI the Phase 2 optimised conditions were maintained for only 2 days as the culture
became contaminated. This can be seen in Figure 4.13 as a drop in DO at approximately 135
h. A supernatant sample was taken at harvest (culture termination) to determine antibody

production from the second phase of BROI.

In BRO2 a drop in culture temperature can be seen prior to inoculation (during the overnight
equilibration). This was due to a leak from a tube connecting the heat exchanger and the
vessels water jacket. This was fixed and the culture temperature returned to set-point before

the vessel was inoculated.
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The cell density at point of inoculation of BRO2 was 1.1x10° cells/mL. This appears to be too
low to allow cell growth under the optimised expression conditions, indicated by the post
inoculation drop of cell density (cells/mL) and cell viability (%). Cells were 85 % viable at
inoculation which decreased to 24 % at 23 h post inoculation and 6.8 % at 48 h. The decision
was taken to end the run prematurely as the cells were dead and the process was not

reproducing the small-scale growth curves.

The BRO3 culture was grown for 4 days with supernatant samples taken at the point of
inoculation and at the end of the Phase 1. The process conditions were then altered to the
DoE3 optimised set-points and the run continued for 3 days. The culture was harvested after
~218 h, 3 days post-shift to DoE3 optimised conditions as a failure with the feed-back loop
had lead to a loss of pH control, reaching pH 7.2 during an unmonitored overnight period.
Cell viability had decreased to 28.7 %, with 30 % being the standard cut-off limit for

maintaining a culture.
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Table 4.7. DoE3 scale up experimental run descriptions and yield data. Note that run

BR02 was terminated following 48 h due to cell viability dropping to 6.8 %. Negative

yield is seen in BR03 Phase 2 possibly due to protease release from dying cells.
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Figure 4.13. DoE3 scale up culture profiles for fed-batch hybridoma (hybridoma HD1)
cell culture experiments, using the conditions indicated by Table 4.7. Where culture
temperature = T (°C), dissolved oxygen = DO (%), glucose concentration = glucose (g/L)
and biomass = viable cell density (x10° cells/mL). Culture biomass is shown on the
secondary y-axis.
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4.1.7.3 DoE3 scale-up antibody yield results

The supernatant samples taken during the DoE3 scale-up experiments (BRO1, BRO2 and
BR03) were assayed for antibody concentration (yield) at both day 4 (end of scale-up phase of
the run) and at point of harvest (end of process development phase). The BR02 experiment
did not show any expression. It is thought the low cell density at inoculation coupled with
conditions not well suited to cell growth (DoE3 “optimised” expression conditions) resulted
in the cell death and lysis leading to proteolysis. Figure 4.14 shows the antibody yield data
from BRO1 and BRO3. These experiments were bi-phase processes, therefore have two yields
associated with them. The yield from the BRO1 standard conditions (37 °C, pH 7.0, 2.5 g/L
glucose and 40 % DO) was 0.993 pg/mL, which is similar to the small-scale (1.051 pg/mL)
but higher than the DoE3 (0.150 pg/mL) predicted yields. BRO3 “best small-scale
experimental conditions” gave an antibody yield of 1.500 pg/mL, higher than either the small-
scale (1.126 pg/mL) and DoE3 predicted (0.204 ng/mL) yields.

BRO1 demonstrates that yield can be increased by using a bi-phase process, the 2 day period
using DoE3 optimised conditions gave a higher yield (1.717 pg/mL) than either “standard”
(BRO1) or “best small-scale experimental fit” (BR03) conditions over 4 days. Similar
increases in yield were not seen during the DoE3 optimised conditions phase of BRO3. It is
thought that the loss of pH control towards the end of the culture resulted in both cell death
and product protein degradation. As shown by Figure 4.14 the yield from the second phase of
BRO3 (alternative conditions) was lower than the sample used as a blank, therefore giving a
negative yield. This decrease in detectable product is likely to be due to proteolytic

degradation by enzymes released following cell death.
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Figure 4.14. Antibody yields from the bi-phase DoE3 scale-up experiments BRO1 and
BRO3.
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4.1.8 Conclusions on DoE3 model scalability

In this Chapter the methods of process optimisation (designed in Chapter 3) were tested using
an alternative target protein and expression system. The methods were shown to be
transferable and capable of predicting antibody yield and optimal expression conditions from
hybridoma HD1 (hybridoma) cultures at the small-scale. The DoE3 scale-up process
highlighted some deficiencies in the process, most notably seeding density (as seen in BR0O2).
These scale-up experiments also demonstrated the benefit of bi-phase conditions, where
optimal conditions for growth are used to generate biomass followed by optimal expression
conditions to provide maximal per cell yield. The bi-phase conditions used in BRO1 could be

further developed to give a higher yielding process.

4.2 Examination of additional industrially-relevant target proteins to the DoE process
in yeast

The initial choice of target proteins was dependent on the protein having a proven record of

expression at an industrial scale and having examples in the literature using P. pastoris and S.

cerevisiae expression systems. The target proteins selected were insulin (MPI), human

placental growth hormone (hPGH), and a monoclonal antibody-based influenza vaccine. The

strategy is outlined in Figure 4.15. Detailed sequence information relating to the construction

of each of the expression vectors can be found on the attached data CD.

The quantity of each complete expression vector was increased by transformation of
competent E. coli cells. This is possible as the plasmids contain origins of replication and
selection markers (e.g. ampicillin resistance) compatible with E. coli, and are hence referred
to as shuttle vectors. Subsequent shake flask culture of positive transformants and DNA
purification were used to generate sufficient plasmid DNA for analysis and yeast
transformations. Glycerol stocks of each E. coli transformant were stored at -80 °C for long

term storage.

Prior to use in yeast transformations, samples of each plasmid were taken and subjected to
DNA sequence analysis to confirm the fidelity of the expression cassette. Those that showed
deviations from the reference sequence were not used in any further work. The plasmids

which had the correct sequence were used for transforming yeast cells.
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Figure 4.15. Schematic of the clone creation strategy. The cDNAs for each of the target
proteins were provided in “holding” vectors suitable for cDNA propagation in E. coli.
The coding sequence was removed by PCR using primers designed to introduce
recognition sites 5” and 3" for restriction enzymes found in the multiple cloning site
(MCS) of the expression vector. The ¢cDNA and expression vector were then ligated
together and used to transform E. coli cells allowing the production of increased
quantities of the complete expression vector. The target protein insert was sequenced to
ensure authenticity and then wused to transform expression host cells.
Transformants/clones were screened for vector up-take and product expression. Positive
transformants/clones had glycerol stocks generated and kept at — 80 °C for long term
storage.

4.2.1 Insulin

Insulin is a suitable target for optimising protein production in yeast as it is a soluble, secreted
protein produced by industry in yeast expression systems. However, full length insulin cDNA
from Homo sapiens is not efficiently expressed in yeast (S. cerevisiae or Pichia pastoris).42
Several modifications are required, most importantly the removal of the C-peptide sequence
and either direct fusion of the B and A chains or the insertion of a mini C-peptide (AAK).
This gives a mini-proinsulin (MPI) construct which is efficiently expressed in yeast.40 MPI is

the form of insulin which is used in this project.

The attachment of a secretion factor, the o-mating factor, aids efficient secretion of the MPI
into the culture medium. The expression of insulin analogues in P. pastoris and S. cerevisiae

was documented by Kjeldsen et al. *2 They investigated how pro-leader and C-peptide
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replacement sequences impact on expression levels. By using the S. cerevisiae a-mating
factor they obtained secreted proinsulin from both yeast strains. The a-mating factor is used in
the pPICZo (Invitrogen) vector series to confer secretory expression to the “expression

cassette”.

It has been shown that the C-peptide of the insulin precursor (A chain, C-peptide, B chain)
can be replaced with a short linker sequence or completely removed and still result in correct
disulphide bond formation between the A and B chains.”” In a later paper Kjeldsen ez al 122
demonstrated that a tri-peptide linker can be used to successfully express proinsulin in S.

cerevisiae. These shortened proinsulin proteins are referred to as mini-proinsulin (MPI).

As an extensive modification of the original sequence was required (C-peptide substitution);
two tags (c-myc and Hise) were attached to aid detection and purification of the expressed

protein.

Construction of an expression cassette containing MPI with a secretion factor and tags
required several steps; manipulating the native human sequence using a combination of
polymerase chain reactions (PCR), specific restriction enzyme digests and ligations.
Construction of the three expression vectors pPICZaA-MPI(F), pYES2-a-MPI(F) and
pYX212-a-MPI(F) follows the strategy outlined in T Kje]dsen,42 who expressed insulin

precursors in a S. cerevisiae system.

The molecular biology strategy used is outlined below:

« Removal of pre-B chain and post-A chain sequences and introduction of EcoRI
(57) and Xbal (37) sites to insulin sequence (manipulations carried out by Round 1
PCR)

« Ligation of PCR Round 1 product (EcoRI-Insulin-Xbal) with pUCI9 (2686 bp,
Fermentas)

« C-peptide replacement by reverse PCR (PCR Round 2) to give MPI

o Attachment of o -factor, c-myc epitope, Hise tag and stop codon to MPI by ligation
into pPICZoA, producing the a-MPI expression cassette and the expression vector
pPICZoA-MPI(F)

« Addition of HindIll and Sacl restriction sites to 5" and 3" ends of a-MPI (PCR
Round 3)
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o Ligation of a-MPI into S. cerevisiae expression vectors; pYX212 and pYES2
using the Hindlll and Sacl sites producing expression vectors pYX212-a -MPI(F)
and pYES2-a -MPI(F).

Using Clone Manager 5 software, diagrammatic illustrations of the three expression Vectors

were created, as shown in Figure 4.16.
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Figure 4.16. Representations of the three expression vectors used for the production of
secreted MPI in P. pastoris, S. cerevisiae Alcofree and S. cerevisiae W303-1A

After electroporation the cells were plated on YPDS agar with Zeocin and incubated until
colonies were visible; 10-20 colonies were re-streaked on fresh Zeocin plates to ensure

cultures for production screening were from clonal cells.

A transformation was carried out using competent P. pastoris GS115 and X33 cells with 5 pL.
and 10 pL Sacl linearised pPICZoA-MPI(F). This yielded no colonies on selective agar after
incubation for 6 days. This was repeated using BstXI-linearised pPICZaA-MPI(F); no
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colonies formed with the GS115 transformations, while the X33 selection plates grew to
“lawn coverage”. Cells on the X33 selection plate were resuspended in 2 mL YPD and diluted
1:10 in YDP; 20, 40 80 and 160 pL of the suspension streaked out on fresh selection plates.

No colonies formed after 8 days of incubation.

A further transformation produced 20 colonies, which were re-streaked. Ten colonies (2-11)
re-grew and were used to inoculate production screening cultures. SDS-PAGE analysis of the
supernatants 90 hours post induction showed that clones 6 and 10 had strong 4 kDa bands on
Quick stain (Coomassie type) visualisation. Western Blot analysis using an anti-Hiss HRP
conjugated antibody only detected the Hise tag positive control. It was thought the His tag
may have been cleaved from the MPI so an anti-insulin antibody was used to repeat the

analysis. This failed to highlight any product bands

It was noted that B-mecaptoethanol had not been added to samples prior to SDS-PAGE and
Western Blot analysis, which might explain the negative results as few of the disulphide
bonds may have been broken by the heat treatment leading to poor display of the Hise tag or
insulin antibody recognition sites, especially in the case of the samples with 4 kDa bands
visualised by Coomassie stain. This highlighted the Hise positive control but no product bands
when using the anti-Hiss antibody and only the insulin B chain in the molecular weight

marker (MWM) with an anti-insulin antibody

LiAc transformation of TM6 ura3 cells with pYX212-a-MPI(F) resulted in >20 colonies; 10

ura

of these were re-streaked and all re-grew on fresh selective agar plates (SD™ agar). Single
colonies were picked and used to inoculate SD™ shake flask cultures and grown for 72 hours.
Cell free supernatant was concentrated by acetone/ethanol precipitation resulting in a one
hundred fold concentrate which was analysed by SDS-PAGE and anti-Hiss Western Blotting.
Figure 4.17 shows images from the analysis. The low molecular weight (~4 kDa) band seen in
panel A was initially thought to be product however it was not detected by Western Blot
(Panel B). The Western Blot (panel B) shows a band at ~17 kDa and a number of higher
weight bands (multiples of 17 kDa). This is thought to be dimer (17 kDa) and higher order

aggregates, or perhaps the result of hyper-glycoslyation. Clones 1 and 6 were selected for

further study, as they showed higher yields than the other transformants.
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yeasts 55.123.124 514 at an industrial scale in E. coli.*>'* Unlike insulin, hPGH did not require
any modifications to the cDNA from Homo sapiens for efficient expression in either yeast
system used here.'*® A similar approach was taken to that employed in the creation of MPI
expression vectors. The hPGH cDNA was removed from the holding vector and inserted into
the pPIZaA plasmid, so creating pPIZaA-hGH2. This was used to generate a clonal Pichia
Sp. cell-line expressing secreted hPGH. The expression cassette was copied from pPIZoA-
hGH?2 and inserted into the Alcofree expression plasmid pYX212 creating pYX212-hGH2

and used to generate Alcofree transformants expressing secreted hPGH.

The sequencing analysis of the completed hPGH expression vectors showed that pPICZaA-
HGH?2 clone 1 and pYX212-HGH2 clone 11 contained an authentic hPGH coding sequence,
which were used for all yeast transformations where appropriate. After electroporation the
cells were plated on YPDS agar with Zeocin and incubated until colonies were visible; 10-20
colonies were re-streaked on fresh Zeocin plates to ensure cultures for production screening

were from clonal cells.

The initial electroporation with X33 cells used Pmel linearised “clone 1” pPICZoA-HGH?2
and produced 20 colonies on 100 pg/mL Zeocin YPDS agar. No colonies came through on the
higher (500, 1000 and 2000 pg/mL) Zeocin concentration plates, suggesting low copy number
integration events. All 20 colonies were re-streaked and re-grew on 100 pg/mL Zeocin YPDS

agar plates.

The X33-HGH2 colonies which re-grew may only have contained the Zeocin resistance gene
from the expression vector and not the entire sequence. To verify if the full vector, including
expression cassette, was integrated the clones were subjected to a selection screen. A single
colony of X33-HGH2 clone | was used to inoculate 50 mL BMGY in 500 mL baffled shake
flask and grown overnight. This seed culture was then used to inoculate 50 mL BMMY
medium in 1 L baffled shake flask and incubated with methanol induction for 48 h. Samples
were taken at 24 and 48 h post induction and analysed by SDS-PAGE and anti-Hiss Western
Blotting. No product bands were visible or detected in either the Coomasie stained gel or by

Western Blotting.

Other X33-HGH2 clones (6, 7, and 8) were isolated and screened in a similar manner but over
an extended time course induction of 91 h. No product (WPGH) was detected by either SDS-

PAGE or Western Blotting. Only the Hise positive control was detected. Further screening
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was not pursued due to success with creating a GFP expressing cell-line. The remaining X33-

HGH?2 clones were therefore banked for future use.

The standard LiAc transfection method was used with Alcofree (TM6 ura3) cells and
pYX212-HGH2 clone 11 plasmid DNA. This generated 20 colonies on the 2xCBS agar
selection plate. All of these colonies were picked and re-streaked onto fresh 2xCBS agar
plates; all grew. Single colonies from each re-streak were used to inoculate small shake flask
expression screening cultures. Transformants 1 and 7 grew poorly so were not used in further
work. At 72 h post inoculation supernatant samples from the remaining 18 cultures were
assayed by SDS-PAGE and anti-Hiss Western Blot. No product or non-specific protein bands
were visible on the Coomassie stained gel or by ECL detection of the Western Blot. The
cultures were grown to 144 h post inoculation and again supernatant samples were assayed by
SDS-PAGE and anti-Hiss Western Blot; no ECL signal was detected. To determine if hPGH
had not been secreted into the culture medium, samples of 144 h cell pellets were subjected to
three freeze (-20 °C) thaw (95 °C) cycles and the soluble fraction assayed by SDS-PAGE and
anti-Hiss Western Blot; there were many non-specific protein bands but no product was

detected.

Further attempts to create hPGH expressing Pichia sp. and Alcofree clones/transformants
were not pursued. It was noted that the cell densities achieved in shake flask cultures of
Alcofree were approximately half those obtained with Pichia sp. This is not ideal as the
pYX212 vector used with the Alcofree strain confers constitutive recombinant protein
expression; therefore, product titre is proportional to cell density. In an attempt to address
this; optimisation of media composition was identified as a route to increasing Alcofree

biomass and thus product yield and is discussed in Chapter 6.

4.2.3 Monoclonal antibody based influenza vaccine

The aim of this “proof of concept” project was to investigate an alternative expression system
for a novel vaccine product being developed by a client of the industrial sponsor of the
studentship, Alpha Biologics. If expression were feasible in yeast, then this production system
would reduce the time and overall cost for production when compared to the baculovirus
mediated insect cell culture system already in use. This work is subject to a confidentiality
agreement (CDA) between the customer company, Alpha Biologics and Aston University.

Due to this, aspects of the work have been anonymised for publication here with the customer
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company’s permission. The product protein was based on a monoclonal antibody with an

undisclosed specificity.

The project aimed to generate P. pastoris clones with confirmed secretory expression of the

target monoclonal anti-body. The following deliverables were to be provided from the project:

e 2 ampoules (glycerol stocks) of up to ten clones generated from transformations

e Agar plate stocks for the clones derived from the transformations

o Samples from small scale shake flask cultures from each clone for product screening

e Samples of cell paste and culture supernatant from larger (400 mL) cultures for each
clone

e Western Blot data from the samples generated in the 400 mL shake flask cultures

e Technical report detailing the above work

The expression cassette for the monoclonal antibody was supplied in an appropriate plasmid,
based on pPICZaA, for transforming competent P. pastoris cells. The expression vector had

been analysed for authenticity by the customer prior to delivery.

The supplied plasmid DNA was linearised with BszXI, as there was only one recognition sites
for BstXI on the plasmid. This was then used to transform electro-competent P. pastoris cells
and plated on selective agar containing Zeocin. 10 colonies were visible after 48 h which were
re-streaked on fresh selective agar plates and incubated for 72 h. 6 of the 10 clones re-grew

and had glycerol stocks layed down.

Single colonies of the 6 clones were picked from the re-streaked selection plates and used to
inoculate small shake flask expression screening cultures. Induction was maintained for 72 h
with samples taken for biomass determination by ODsgs and product analysis by Western
Blot. Product analysis was carried out by the customer company; two clones were selected for

further study.

The supplied plasmid DNA was used to transform Alcofree cells by the standard LiAc
method. After 72 h incubation on selective agar plates 35 colonies were visible, these were
picked and re-streaked on fresh agar plates. All colonies plated out were able to be cultured on

the agar plates.
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Single colonies from 10 re-streaked transformants were used to inoculate small shake flask
expression screening cultures. These were incubated for 72 h; ODsos,m Was measured at the
point of harvest. Samples of supernatant and cell pellet were analysed by SDS-PAGE and
Western Blot using appropriate antibody (supplied by the customer) detection and

visualisation.

The first SDS-PAGE gel and Western Blot of the samples showed possible product in the
supernatant and no visible product in the cell pellet. A repeat of this gel/blot was conducted
but with a ten-fold sample concentration using an ethanol/acetone method. In addition a lower
standard concentration and blank lanes to identify spill over from the standard. Visualisation
was by staining using an AEC kit (Invitrogen) but only the applied standards were visible.
The blot was repeated and visualised using an ECL method. Product was able to be visualised

but only very faintly in the supernatants of clones 2, 3, 6 and 7.

The supernatant samples for clones 2, 3, 6 and 7 were concentrated one hundred-fold and re-
run for Western Blotting. ECL detection showed a clear product band in all clones but visibly
denser banding in clones 3 and 7. See Figure 4.21. Clones 3 and 7 were selected for 400 mL

cultures.

Figure 4.21. Image of a photographic film developed from ECL detection of a Western
Blot. Samples are of 100x concentrated supernatants of S. cerevisiae Alcofree clones.
Lane 1; Clone 2 supernatant, lane 2; Clone 3 supernatant, Lane 3; Clone 6 supernatant,
Lane 4; Clone 7 supernatant, Lane 5; 0.1uL HS Standard with blank lanes between each
sample and 2 blank lanes between the samples and standard. The positions of the
molecular weight markers have been added for reference.
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It was noted that the apparent molecular weight of the product band expressed in the Alcofree
system was higher than that of the positive control supplied by the customer. It was thought
this may be the result of increased glycoslyation over that of the control expressed in a
mammalian cell-line. Another explanation may be the aggregate formation during the
actone/ethanol concentration step, The use of high cell density cultures (fermentations) to
express the protein at levels detectable without concentration would show if this were the

case.

The customer company required additional material for characterisation of the product
identified during the clone/transformant selection process. Larger shake flask cultures were

used to express product from clones/transformants selected by the customer.

Pichia pastoris “production” shake flask cultures were set up in baffled 2 L shake flasks with
400 mL BMMY and induced for the two clones selected by the customer company. The
cultures were induced for 75.5 h. Samples (5 mL) were taken during the time course of the
cultures; these and all supernatants and cell pellets at harvest were sent to the customer for

analysis.

Alcofree “production” shake flask cultures were set up in baffled 2 L shake flasks with 400
mL SD™™™ for the two clones selected by the customer company. The cultures were grown for
72 h. Samples (5 mL) were taken during the time course; these and all the culture supernatant

and cell pellets at harvest were sent to the customer for analysis.

The growth profiles of the 400 mL production cultures (P. pastoris and Alcofree) were
comparable with previous cultures. The use of baffled flasks allowed higher biomass
accumulation to be reached than with un-baffled flasks, this is due to improved mixing, and

so, increased oxygen transfer to the medium.

A detailed technical report was written on the above work and submitted along with all
required deliverables to the customer company. A second project was secured, on the basis of
the work here, to evaluate an alternative vector construct for expression using P. pastoris.
Transformation by electroporation was used but failed to produce any colonies on selective
(zeocin) agar plates, this was repeated but was again unsuccessful. The customer is currently

reviewing the use of yeast as an alternative expression system.
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4.3 Conclusions from yeast strain creation

This work highlights two main points for the using P. pastoris and the Alcofree strain for the
expression of industrial proteins: generating positively expressing clones/transformants 1s not
a straightforward process and can be highly time consuming. When using systems with
constitutive expression it may be important to have high biomass levels to produce the

required amount of target protein.

Despite problems with generating positively expressing clones, the methods used were
deemed by colleagues to be appropriate, especially as attempts by others were also
unsuccessful. The cause of the poor transformation efficiencies is currently unknown. Areas
for further investigation are plasmid/vector fidelity and parental cell-line authenticity. This

would initially require further vector sequencing analysis and cell-line phenotyping.

The problem of low biomass (low expression) with the Alcofree system was identified as an
area for further investigation. It was decided to investigate this by media design techniques as
the SD™YR* and 2xCSM media were suspected to be sub-optimal for use with this strain of S.
cerevisiae. Moving from shake flask cultures to a fully controlled bioreactor vessel could also
aid in increasing achievable biomass, due to improved aeration and culture homogeneity. This

is discussed in Chapter 6.
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“There's a darkened sky before me
There's no time to prepare
Salvage a last horizon
But no regrets from me”

(No more lies, Iron Maiden)

166




CHAPTER 5

5 OPTIMISING ADDITIONAL FACTORS: INVESTIGATIONS OF THE
INFLUENCE OF CELL SURFACE HYDROPHOBICITY AND ANTIFOAMS ON
PRODUCTIVITY IN PICHIA PASTORIS CULTURES.

Many optimisation experiments described in the literature investigate obvious factors

8, 12
128, 129 and

influencing protein expression such as culture temperaturem, pHél, aeration
medium compositiongo. However, the optimisation of many additional factors offers the
possibility for further improvements to the overall process. Here we examined how cell
surface hydrophobicity and antifoam agent use affect the characteristics of recombinant
protein expression in yeast systems. It could be envisaged that if cell physiology changes (e.g.
as indicated by a change in cell surface hydrophobicity) the protein production process could,
perhaps, be manipulated to exploit this. In a similar way if simply using an alternative
antifoam agent or alternative concentration of the selected antifoam can improve cell growth

or product yield, this could prove a rapid and convenient way for improving the target protein

yield.

It was hypothesised that cell surface hydrophobicity might be subject to change during the
high cell density (HCD) culture of Pichia pastoris. At HCD cells are in close proximity to
each other and it is expected that they will interact in a different manner to that seen at Jow
cell densities. If this were the case, it might be possible to exploit cell surface hydrophobicity

to improve the process yield.

There is a wide variety of antifoam agents available for use in microbial and cell culture
applications. The mode of action may be the same for each antifoam type, but the molecules
vary dramatically in their physiochemistry e.g.: oils, polyalkylenglycol, siloxane polymers
and polypropylene glycol. It would be very surprising if these different molecules influenced
cell growth and subsequent protein expression in the same way. The effect of each of the
different types of antifoams on the cells and protein expression were to be examined. The

study was trying to determine if any had a beneficial effect on the overall process yields.

Two secreted target proteins were used to determine changes in protein yield; an Fc-fusion
protein and green fluorescent protein (GFPy.). The Fc-fusion protein was used as it was
industrially important and real protein being developed for use in clinical trials. GFP,, was

used due to its ease of detection and higher expression levels allowing small changes in
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productivity to be observed. In addition the methods for GFPy, expression had already been

established in Chapter 3.

5.1 Investigation of cell wall hydrophobicity in high cell density Pichia pastoris

cultures

Previous chapters have dealt with various aspects of recombinant protein expression
involving the yeasts P. pastoris and S. cerevisiae as host systems. Here one facet of the host’s
physiology is further investigated: how the cell surface hydrophobicity (CSH) of the yeast cell

wall changes when grown as HCD cultures.

If the CSH of P. pastoris cells changes during a culture this could provide an opportunity for
improving the process yield. An example of a similar situation is flocculation in S. cerevisiae
during the brewing processes. Nutrient supply can be used to control the onset of flocculation
which affects the fermentation process as a whole and therefore the quality of the resulting
beer.'>° If CSH can be used as a control factor in the production of recombinant proteins in P.
pastoris then the parameters to cause the CSH change could be incorporated into a process to

provide a mechanism of optimisation.

As demonstrated in Chapter 4 and Chapter 6 there have been limitations on the overall
achievable yeast biomass when working with the S. cerevisiae strains. Although progress was
made in improving the biomass, the cell densities were still lower those attained with P.
pastoris cultures. Therefore, the work described here uses data from P. pastoris X33GFPy,
shake flask and HCD bioreactor cultures. When the problem of low biomass accumulation
can be overcome with the S. cerevisiae Alcofree strain, determination of CSH during its

culture should also be examined.

5.1.1 Cell surface hydrophobicity; Important aspects

The cell wall of any microorganism provides structural support and protection between the
cell membrane and the extra-cellular environment. The structural support offered by the cell
wall prevents unwanted swelling as a result of water ingress. The major components of the
yeast cell wall are mannoproteins, 1,6-B-glucan, 1,3- B -glucan and chitin: this makeup 1S
tightly controlled by the cell cycle'®'. These components directly affect the CSH as they are

the outer surface of the cell. If the ratio of the cell wall components is changed, the CSH will
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reflect this. This is useful as simple techniques are available to determine CSH'" from which

cell wall composition may be inferred.

CSH has important consequences in an industrial setting as the hydrophobicity of the cells
could affect the dynamics of a HCD culture, influencing factors such as cell aggregation,
biofilm generation, nutrient availability and possibly on-line data acquisition (i.e. Supervisory
Control and Data Acquisition or SCADA).'* If cells increase the hydrophobicity of their
outer surface, they will gain a tendency to repel water. Therefore, any dissolved medium
components have a reduced opportunity for reaching the cells. When hydrophobic entities are
dispersed in an aqueous environment they tend to aggregate. A notable example of this is the
formation of lipid bilayers,133 where lipids form a polarised bi-layer with the hydrophilic head
groups displayed towards the aqueous cytosol and the hydrophobic tails “hidden” from the

water.

There are few references in the literature on the dynamics of CSH in HCD cultures of P.
pastoris; many articles relate to the pathogenic yeast Candida albicans and its mode of
attachment in the colonisation of human tissue.”>* The role of CSH in flocculation of S.
cerevisige cells has also been investigated and it was shown that CSH is a major determinant
in flocculation, as a result of nutrient limitation, with hydrophobicity significantly increasing

shortly before initiation of flocculation.'*

5.1.2 Determination of CSH
The two methods (MATH and HIC)' "0 used here for the calculation of relative CSH rely on

the propensity of the cells to avoid water, i.e. transfer to the non-aqueous phase. This is the
hydrocarbon (n-hexadecane) layer in the microbial attachment to hydrocarbon (MATH) assay
or the chromatography matrix in the hydrophobic interaction chromatography (HIC) assay.
The values provided by both assay methods are relative percentages of the cells in the sample
which transfer to the non-aqueous phase. The cell density of the sample is measured (e.g.
ODsgs or viable cell count) prior to the assay and compared to the cell density after the cells

have had been exposed to the non-aqueous phase.

In the work presented here, the CSH was determined in non-induced and induced cultures of
P. pastoris X33GFP,, in both shake flask and bioreactor (HCD) cultures. Samples were taken

at time points throughout the course of the culture to capture early, mid and late log phases of
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the growth profile and several points post induction. The MATH assay was primarily used

due to its high(er)-throughput nature, when compared to the HIC assay.

5.1.3 Preliminary CSH investigation with shake flask cultures

To gain some understanding of how CSH changes during the course of a P. pastoris culture
an experiment was setup using shake flasks and two medium types: BMGY and BMMY. This
aimed to highlight any differences between non-induced (BMGY) and induced (BMMY)
cultures expressing GFP,, and to generate a preliminary data set prior to data acquisition from

HCD fermentations.

Two 1 L shake flasks containing 100 mL of medium (either BMGY or BMMY) were
equilibrated and then inoculated to ODggo 0.4 using an overnight YPD seed culture (typically
at ODggo 8-13). Samples were taken at 0, 6, 8 and 25 h post inoculation and ODyggo
measurements were taken at each time point to follow the growth profiles of the cultures. The
growth curves in Figure 5.1 indicate when samples for CSH determination were required to

capture early/mid and late log phases; ~8 and 25 h post inoculation respectively.

5 . —

OD600nm

Figure 5.1. Growth curves (ODgqo) for P. pastoris X33GFP,, shake flask cultures grown
in non-inducing (BMGY) and inducing (BMMY) media. Arrows indicate sampling
points for CSH assays at 8 h (early/mid log phase) and 25 h (late log) post inoculation.
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It is noticeable from Figure 5.1 that the non-induced culture reaches a higher biomass than the
induced culture, as there is no metabolic load for recombinant protein expression. This is
expected as in a protein production experiment the culture has two phases: growth phase
using glycerol as the carbon source to generate biomass and then the production phase where

methanol is used as both a carbon source and trigger for induction of expression.

Figure 5.2 shows the CSH results from the MATH assay for the non-induced P. pastoris
X33GFP,, shake flask culture grown in BMGY medium. The hydrophobicity measurement at
8 h (29.0 % relative CSH) is very similar to the measurement at 25 h (29.4 % relative CSH).
The HIC assay was not used for these samples (non-induced) as the number of HIC columns
was limited and we wanted to more-fully capture the effects of secreted protein (GFPu)
expression from the induced culture. These results suggest that CSH is not affected by the
growth phase of the culture over the two points sampled here. As this was a single culture,
repeats would ideally have been performed to confirm this. However, as the culture did not
reach a “high” cell density (for P. pastoris), subsequent experiments were performed in a

controlled bioreactor where cell densities can be >400 (ODsgs).
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Figure 5.2. Non-induced (BMGY) P. pastoris X33GFPy, shake flask culture. Relative
CSH and cell density (ODgg) at early/mid and late log phases of growth curve are
shown; 8 h and 25 h post inoculation respectively.

Figure 5.3 shows the CSH results from the MATH and HIC assays for the induced P. pastoris
X33GFP,, shake flask culture grown in BMMY medium. The hydrophobicity measurements
at 8 h (40.4 % MATH, 0 % HIC) differ from the measurements at 25 h (14.6 % MATH, 7.2 %
HIC). The two assays show very different trends over the time point sampled; CSH decreases

according to the MATH results but increases according to the HIC assay.
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Figure 5.3. Induced (BMMY) P. pastoris X33GFPyy shake flask culture. Relative CSH
and cell density (ODggo) at early/mid and late log phases of growth curve are shown; 8h
and 25 h post inoculation respectively.

If the CSH of non-induced (Figure 5.2) and induced (Figure 5.3) cultures are compared, it can
be seen that both non-induced and induced cultures are ~ 35 % (£ 5) hydrophobic at 8 h post
inoculation. The cell densities of the cultures are also similar: non-induced ODgoo 8.09,
induced ODgo 5.4. At 25 h post inoculation the non-induced CSH remains at 29 % whereas
the induced culture drops to 14.6 % by MATH (7.2 % HIC). The cell densities at 25 h also
show differences: the non-induced culture reaches ODggo 34, induced culture ODgo 11.2. The
difference in cell density is as expected, with the non-induced culture reaching a higher
density than the induced culture. The CSH change in the induced culture could be due to the
protein expression (secreted protein trapped in the cell wall) or more directly linked to the

methanol addition resulting in a physiological change to the cell surface.

As this was the first attempt at running these assays and no references were found in the
literature on how CSH varies in P. pastoris cultures, repeats would be necessary to confirm
whether the trends seen in the preliminary shake flask data are valid. However, further
experiments were performed using a bioreactor as the cultures were more tightly controlled
and capable of yielding higher cell densities (ODsos > 100) than those possible in shake flasks
(ODsgs 10-30). For all subsequent experiments relative CSH was calculated using the MATH
assay as the HIC method required the time consuming preparation of chromatography

columns and was therefore not pursued further.
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5.1.4 High Cell Density 7 L bioreactor culture

The CSH values determined from P. pastoris X33GFP,, shake flask cultures showed that
CSH may vary with culture growth phase. However, the results were based on only one
culture. The cell densities achieved in the shake flask cultures (see Section 1.2.1.1) could not
attain the high levels reported in the literature of ODggo > 500 !"and from personal experience
(ODs¢s >100): these HCD cultures can only be achieved with the use of a controlled
bioreactor, providing appropriate aeration, temperature and pH control. A 7 L jacketed glass
vessel with an Applikon ADI1030 control unit and required ancillaries was therefore used to
culture P. pastoris X33GFP,, to cell densities (ODsgs) > 100. These bioreactor runs had fully
controlled temperature and pH, but only upward DO control as the cell growth would use the
dissolved oxygen and cause the DO to be decreased. The medium used for the initial batch
phase was BMGY with non-standard glycerol concentrations (40 g/L not 10 g/L), which is
equivalent to the glycerol concentration found in the Invitrogen fermentation BSM medium.
The increase in carbon source (glycerol) used in the batch or growth phase had been found to
yield higher achievable biomass than standard BMGY, whilst avoiding the problems of

precipitation seen with BSM at pH’s > 5,%* which was discussed further in Chapter 3.

As in the shake flask experiments, samples were withdrawn from the cultures at time points
covering early, mid and late log growth phases. In addition, samples were also taken during
the fed-batch induction phase of the culture. The induced cells were expressing secreted
GFP,, under the control of the AOXI promoter, induced by methanol (or methanol/sorbitol

mixed feed) addition.

Three fermentations were sampled for CSH determination. These were part of the design of
experiments scale-up process (Chapter 3), which involved 10 fermentations in total and as
such had different process set-points post-induction. The conditions during the batch growth
phase, however, are the same for each of the fermentations (30 °C, pH 6.0, 30 % DO). For
cach run the vessel was equilibrated overnight to the growth phase set-points to determine
sterility of the medium pre-induction. The starting volume for the fermentations was 3 L
(BMGY medium) 40 g/L glycerol with P2000 antifoam added to 0.07 % (v/v). Samples were
withdrawn aseptically using the sample port device to determine biomass (ODsgs) and CSH

(MATH assay).

Figure 5.4 shows the on-line and off-line measurements for the 7 L bioreactor run using
model-predicted optimal induction/expression conditions (21.5 °C, pH 7.6, 90 % DO).
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Induction was by a slow (0.167 mL/min) 100 % methanol feed with 12 mL/L PTM, trace
salts. The sample points for the CSH assay are indicated by the arrows in the growth (batch)
phase at early, mid and late log phases of the growth curve: 4, 19 and 26 h post inoculation
respectively. The induced (fed-batch) phase was sampled at early, mid and late induction: 44,

52 and 79 h post inoculation (15, 23 and 50 h post-induction)
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Figure 5.5. Non-induced (BMGY batch) and induced (methanol fed-batch) P. pastoris
X33GFP,, 7 L bioreactor culture, as shown in Figure 5.4. Relative CSH (%) and cell
density (ODsys) of non-induced and induced phases of the culture are shown. The growth
(batch) phase at early, mid and late log phases of growth curve are shown: 4, 19 and 26
h post inoculation respectively. The induced (fed-batch) phase was sampled at early, mid
and late induction: 44, 52 and 79 h post inoculation (15, 23 and 50 h post-induction).
Error bars show the standard deviation (n=3).

It was considered that the fermentation depicted in Figures 5.4 and 5.5 suffered from
methanol accumulation during the induction phase due to poor matching of the standard
methanol feeding rate and cellular metabolism at the non-standard induction conditions (21.5
°C, pH 7.6, 90 % DO). To address this, an alternative induction regime was devised using a
mixed feed of 40 % methanol 60 % sorbitol. Thorpe et al (1999)"2! demonstrated that a non-
limiting mixed feed induction of P. pastoris can result in an increased specific protein
production rate. This was a method of circumventing methanol accumulation at non-standard

induction conditions (e.g. low temperature) by supplying a non-repressive carbon source

(sorbitol) and a lower methanol concentration.

Figure 5.6 shows the on-line and off-line measurements for the 7 L bioreactor run from
BioXpert Lite monitoring software. The run conditions use model-predicted optimal
expression conditions (21.5 °C, pH 7.6, 60 % DO) as in the previous run. Induction was by a
mixed feed of 40 % methanol, 60 % sorbitol with 12 mL/L PTM, trace salts at a rate of 0.167

mL/min. It is noticeable that the DO trace is maintained at the set-point (60 %) and biomass
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Figure 5.7. Non-induced (BMGY batch) and induced (methanol fed-batch) P. pastoris
X33GFP,, 7 L bioreactor culture, as shown in Figure 5.6. Relative CSH (%) and cell
density (ODses) of non-induced and induced phases of the culture are shown. The growth
(batch) phase at early, mid and late log phases of growth curve are shown: 2, 23 and 26
h post inoculation respectively. The induced (fed-batch) phase was sampled at early and
late induction: 48 and 89 h post inoculation (17 and 58 h post-induction). Error bars
represent the standard deviation (n=3).

The data obtained from this run would suggest CSH increases during periods of rapid growth
such as mid-log phase. This does not necessarily contradict the previous results, as the time
points when sampling occurred are different, and therefore the cells may not have been in late

log but perhaps in stationary phase. To confirm this, an additional repeat fermentation run

would be required.

Figure 5.8 shows the on-line and off-line measurements for the 7 L bioreactor run from
BioXpert Lite monitoring software. The run conditions for (fO09) use the standard expression
conditions (30 °C, pH 6.0, 30 % DO) as suggested by the Invitrogen handbook. Induction
was by a mixed feed of 40 % methanol, 60 % sorbitol with 12 mL/L PTM, trace salts at a rate
of 0.167 mL/min. It is noticeable that the DO trace is maintained above the set-point (30 %)
and biomass continues to increase following induction with the mixed feed. Off-line biomass
estimation by (wet) cell weight confirmed that biomass continued to increase post-induction.
This, with the fO08 data, suggests that the cells in the initial run (f007) were subjected to
methanol accumulation: the DO trace was not held at the set-point and biomass did not

increase following induction with 100 % methanol.
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Figure 5.9. Non-induced (BMGY batch) and induced (methanol fed-batch) P. pastoris
X33GFP,, 7 L bioreactor culture, as shown in Figure 5.8. Relative CSH (%) and cell
density (ODsgs) of non-induced and induced phases of the culture are shown. The growth
(batch) phase at early, mid and late log phases of the growth curve are shown: 8.5, 23.5
and 28 h post inoculation respectively. The induced (fed-batch) phase was sampled at
early and late induction: 31.2, 48, 53 and 77.5 h post inoculation (1.75, 18.5, 23.5 and 48
h post-induction). Error bars represent the standard deviation.

The results from the latter bioreactor runs suggest that the late-log phase sample from the first
bioreactor run was not in the intended portion of the growth curve (late-log) and were instead
cells from the mid-log phase. The effects of methanol accumulation during the induction of
initial bioreactor run can be seen in Figure 5.4 as a drop in temperature (generated by the
cells) and an increase in DO (supplied oxygen not being utilised by the cells) following
induction with the 100 % methanol feed. The increase in CSH associated with this culture

(see Figure 5.5) post-induction is thought be related to the effects of methanol accumulation

and not cell growth as with the other HCD cultures.

The reference'*? on S. cerevisiae CSH did not use relative hydrophobicity (%) as a measure of
CSH, but rather used a scoring system (e.g. +++, ++, =) so the results here can not be directly
compared to those involved in S. cerevisiae flocculation. The example of CSH determination
with Candida albicans used cell adhesion to styrene beads (hydrophobic) measured by flow
cytometry, providing a relative (%) attachment to beads,'** again not directly comparable to
the methods used here. Smith er al '’ used both the MATH and HIC methods for CSH

determination of five Coniothyrium minitans isolates. They tracked CSH changes over culture
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age (0-42 days). Depending on the isolate CSH remained constant, increased or decreased
with age. Typical relative hydrophobicity (day 10) was 95 % (by HIC) or 80 % (by MATH).
The majority of the isolates dropped to 50 % (HIC) or 30 % (MATH) by day 40. Two isolates
had a constant (HIC) or increased CSH reaching 95 % (MATH) by day 42. These values are
much higher than any of those seen here with non-induced and induced cultures/HCD
fermentations of P. pastoris. The C. minitans data should be used as an indication that the
assay methods are able to determine changes in CSH, but not for direct comparison to the P.

pastoris data as the expression systems are so different.

The data presented here suggest that rapidly-growing P. pastoris cells, i.e. those in mid-log
phase, have higher cell surface hydrophobicities than “resting” cells in lag or stationary
phases. This appears to be true for both non-induced and induced cultures. The assay
technique (MATH) employed here provided quite variable results from the same sample pool,
which could be attributed to inconsistent mixing of the aqueous and hydrocarbon phases. If
the MATH assay is used in future work, the agitation rates and timings should have increased
stringency. Other techniques are possible, such as flow cytometery134 which may provide

more consistent results in a timely fashion.

5.1.5 Implications for high cell density fermentations

The effects of variable cell surface hydrophobicity are known to influence other yeast species:
flocculation in cultures of S. cerevisiae'” and surface adhesion in Candida albicans."® 7 1t
is not inconceivable therefore that cell aggregation in P. pastoris could also be influenced by
CSH. This would have an effect on the dynamics of a HCD P. pastoris culture, especially
when high biomasses are reached of >500 ODggo, equivalent to 130 g/L dry cell weight.'
During culture, wet cells could represent 10-20 % of the total culture volume. If these formed

138 this

aggregates (due to increased CSH) and thus increased the viscosity of the culture,
would have an influence on the mass transfer coefficient (kpa) of the systeml39 since
increasing viscosity leads to a decrease in ki a.'”® Reducing the k;a will lead to decreases in
cellular uptake, e.g. oxygen and media components, and so reduce cell growth. This could
give scope for further optimisation of a HCD culture: altering process factors e.g. agitation
rate to compensate for the deviation from designed or expected kpa during periods of rapid
growth such as mid-log phase cultures. Variable agitation rate during mid-log phase growth

could be included as an additional factor in a Design of Experiments (DoE) optimisation

matrix, as used in Chapter 3. This approach may not be suited to large scale manufacture as
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bioreactor vessels are likely to be already set-up (run conditions e.g. agitation and gas flow
rates) to provide maximal ka for the system. However this may be useful for bench-scale

experiments where the system has not already been fully optimised.

5.2 Rationalisation for the use of antifoam agents

During the aerobic culture of micro-organisms, such as E. coli and P. pastoris, the cells
require a source of oxygen to maintain efficient rapid growth and/or recombinant protein
expression. Oxygen is required for energy generation (ATP) by electron transfer during the
final step in catabolism (biodegradation of biomolecules such as glucose, amino acids and
fatty acids), namely oxidative phosphorylation. Oxidative phosphorylation is the process of
electron transfer from NADH and FADH, to molecular oxygen forming HO. This is
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“formally equivalent to burning of hydrogen in air to form water and produces a major

portion of a cell’s ATP and heat energy.

The demand for oxygen by micro-organisms and cultured cells can be met by aerating the
culture medium. This aeration of the medium is normally achieved by agitation and sparging
sterile air or oxygen-enriched air into it. An unfortunate effect of both sparging gas through
culture medium at high rates and agitation is the formation of foam. This is a particular
problem when surface-active species, such as proteins, are present at high concentrations.
Foaming reduces the efficiency of gas exchange at the surface of the culture, as a barrier 18
formed between the culture and the gases in the headspace of the vessel. Foaming can also be
detrimental to the cells in the culture. For example, when bubbles burst they exert sheer forces
which may damage cells or secreted proteins. Additionally cells and culture medium are lost
to the foam phase which can lead to a decrease in process productivity. In extreme cases of

PR arilie T4
foaming, ‘foam out’ can lead to loss of process sterility.

In order to minimise the deleterious effects of foaming, an antifoam agent can be included in
the culture medium. Antifoams prevent foam forming by reducing the surface tension of the
culture so that any bubbles that reach the surface cannot be supported and therefore disperse
without bursting.58 Control of foam formation in high cell density (HCD) fermentations is an

important consideration with regard to maximizing product yield.”

The use of antifoam agents in the research environment is often based on anecdotal evidence,

i.e. “Will often says- I know three drops of this antifoam works because that is what we’ve
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always done”. Here, a systematic approach was undertaken to evaluate the use of a number of
commercially-available antifoam agents. For this investigation two secreted target proteins
were used: a recombinant Fc fusion protein and green fluorescent protein (GFP). The Fc
fusion protein was obtained from a client of Alpha Biologics and was expressed in P. pastoris
and S. cerevisiae cell lines. The Fc fusion protein was industrially relevant and was available
for use in addition to the GFP,, expressing P. pastoris cell-line as used in Chapter 3 for

process condition optimisation.

Four antifoam agents were evaluated:-

1. Schill & Schelinger’s Struktol SB2121 (polyalkylenglycol);

2. Schill & Schelinger’s Struktol J673A (an alkoxylated fatty acid ester on a vegetable
base);
Sigma Antifoam C (an aqueous emulsion of Sigma Antifoam A; siloxane polymer).

4. Fluka P2000 (polypropylene glycol). Fluka P2000 is a polypropylene glycol (PPG)

with an average molecular weight of 2000 Da.

The structure of PPG is shown in Fig 5.10. The exact structures of the three other antifoams

were not available.

B } CH;
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Figure 5.10. Structure of polypropylene glycol (Struktol P2000 antifoam)

52.1 Antifoam evaluation with an Fc fusion protein as an indication of yield

S. cerevisiae Alcofree™ transformed with the pYX212-Fc vector and P. pastoris GS115 with
an integrated copy of Fc (from the pPICZa-C-Fc vector) were used. In S. cerevisiae Alcofree
(a uracil auxotrophic strain discussed in Chapter 4) protein expression from the episomal
plasmid was under the control of the TP/I constitutive promoter, and in P. pastoris it was

under inducible control of the AOXI promoter.
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Each antifoam type was added at 0.5, 1.0, 2.0, 4.0 and 8.0 % (v/v) with 0 % (v/v) antifoam as
a negative control. The culture medium was also varied to demonstrate any differences in

antifoam affects between non-induced (YPD) and induced (SD™ or BMMY) cultures.

Triplicate shake flask cultures were used to evaluate each of the organism and antifoam agent
combinations. Samples were taken from each shake flask to monitor cell growth (ODsgs) and
supernatant was assayed for Fc fusion protein expression by SDS-PAGE and silver stain
visualisation. The analysis of Fc fusion protein yield was problematic as the protein was
expressed at levels towards the lower limit of SDS-PAGE and silver stain detection.
Therefore, small differences in yield were difficult to identify by product band densitometry

from SDS-PAGE images.

It was found that the different types of antifoam affect S. cerevisiae and P. pastoris growth in
different ways depending on the concentration and medium type being used. The Fc fusion
protein data indicated that antifoam agents can be used at concentrations up to 1 % total
volume. Higher concentrations can lead to an apparent decrease in protein yield. Additionally
some antifoam agents (e.g. Struktol J673A) become difficult to work with at higher
concentrations, producing precipitates which interfere with sampling and analysis. Table 5.1

highlights the main conclusions for each individual antifoam and application.

S. cerevisiae Alcofree™ P. pastoris GS115
Antifoam Lype Growth Prl())rdoutiiinon Growth PrIZ)iiOutii?on
S prreaedty | O | Nocter s
Struktol J673A Deereassd bY | figreased Decreased by
Anfiié)r:rz:l - No effect 8% Decr:;;(zd by No ;t;;ect No giﬁaect
Fluka P2000 Decrleii/coad by No gt;;oect Decrfjfyid by

Table 5.1. Summary of antifoam influence on yeast (S. cerevisiae Alcofree and P.
pastoris) growth and recombinant protein production (Fc fusion protein) in shake flask
cultures. Beneficial interactions are highlighted
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5.2.2 Antifoam evaluation with green fluorescent protein (GFP,,) as an indication of
yield

The GFP,.-expressing P. pastoris strain X33GFP,, described in Chapter 3 was seen as a

convenient tool for the rapid evaluation of antifoam type and concentration. Culture

supernatant could be reliably assayed using GFP fluorescence with a 96 well plate and a UV

plate reader for yield determination, rather than SDS-PAGE and silver stain visualisation as

used with the Fc fusion protein, so moving towards a high(er)-throughput system.

The previous study using the Fc fusion protein highlighted unwanted properties in two of the
four antifoam agents used. J673A formed a white precipitate that adhered to plastic and glass
making sampling and analysis difficult. Antifoam C suffered from phase separation following
dilution and sterilisation by autoclave; making measurement of accurate volumes difficult (the
siloxane polymer formed “droplets” that were not evenly dispersed). It was for these reasons

Struktol J673A and Sigma Antifoam C were not used in the second evaluation.

GFP fluorescence is sensitive to pH,** therefore all samples involving GFP,, were buffered to
pH >7.0. To achieve this, the addition of 50 % sample volume 1 M potassium phosphate

buffer pH 8.0 was identified as sufficient for all the culture pH values.

A calibration curve was needed to convert from the plate reader output of relative
fluorescence units (RFU) to protein concentration (e.g. mg/mL). To achieve this, GFPy,-
containing culture supernatant was serially diluted and assayed by SDS-PAGE and
fluorescence. The results were plotted as a XY scatter plot (see Figure 5.11) and a conversion

factor calculated (3.0 x 107 x RFU = pg/mL GFP,,).

Shake flask cultures of P. pastoris X33GFP,, were used to evaluate how two antifoam agents
(Fluka P2000 and Struktol SB2121) affected growth and protein expression at a range of
concentrations (0, 0.2, 0.4, 0.6, 0.8, 1.0 % v/v), more typical of those used for bioreactor

cultures.
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Figure 5.11. XY scatter plot of GFPuv protein concentratlon (ng/mL) and associated
fluorescence (RFU). Line of fit has the equation y=3.0 x10 x giving the conversion of 3.0
x 10% x RFU = pg/mL GFP,,) so allowing GFP,, yield to be calculated from
fluorescence.

A single colony of P. pastoris X33GFP,, from a freshly-streaked agar plate was used to
inoculate an overnight BMGY seed culture. This was used to inoculate 400 mL BMMY to an
ODsgs of 1.0, and then 20 mL of seeded BMMY was aliquoted into twenty 125 mL shake
flasks, to ensure comparable results. The BMMY shake flasks contained 0, 0.2, 0.4, 0.6, 0.8
or 1.0 % v/v antifoam (SB2121 or P2000) in triplicate. These were incubated at 30 °C with
250 rpm agitation for 48 h. Sterile methanol was added (1 % v/v) to the shake flasks at 24 h to
maintain induction. Samples were taken at 24 and 48 h post induction to determine cell
growth by ODsgs. At harvest (48 h post induction) a supernatant sample was taken from each
culture and assayed for GFP yield. Yields were calculated as normalised to cell density
(ODsys) so that direct effects on protein expression could be seen and not masked by any
differences in cell growth (ODsgs). Figure 5.12 shows the normalised GFPy, yields for the
cultures with P2000 antifoam. There is no significant difference in normalised GFP,, yield

when using P2000 antifoam at concentrations up to 1 % v/v in shake flask cultures.
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Figure 5.12. Normalised GFP,, yield at 48 h post induction from triplicate shake flask
cultures of P. pastoris X33GFP,, containing a range of Fluka P2000 antifoam
concentrations. Error bars represent standard deviation.
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Figure 5.13. Normalised GFP,, yield at 48 h post induction from triplicate shake flask
cultures of P. pastoris X33GFP,, containing a range of Struktol SB2121 antifoam
concentrations. Error bars represent standard deviation.

Figure 5.13 shows the normalised GFPy, yields for the cultures with SB2121 antifoam. There
is an obvious difference in normalised GFP,, yield when using SB2121 antifoam at all tested

concentrations above 0.2 % v/v in shake flask cultures. There is no obvious difference in

GFP,, yield between 0.2 % v/v and the higher concentrations used here.

187




To confirm that these effects were not due to an auto-fluorescent property of the SB2121
antifoam, a blanking experiment was run. SB2121 antifoam additions were made to BMMY
media and then assayed for fluorescence. To further determine whether SB2121 was
interacting with GFP,, to enhance fluorescence, SB2121 antifoam additions were made to
culture supernatant already containing GFP,,. The results from both blanking and GFP.y

interaction experiments are shown in Figure 5.14.

8 -
} 0 BMMY SB2121 blank @ X33GFP SB2121 culture @ GFP SB2121 interaction
o T
SEN I I T
2 nl & 8
2 S iR isis i
2 i NE N\ 2
4 5 N NBE g
: N N N N
c = N i NS
g% N AN BN N B
NN N
21 N N\ Y NE \
NRE N N\ N
X N N N
1+ N N NS \
S g N B
i N N
O T T - T ¥ 1
0.0 0.2 0.4 0.6 08 1.0 2.0

SB2121 (% v/v)

Figure 5.14. Fluorescence blanking experiments with Fluka SB2121 antifoam additions
(white bars); BMMY medium, culture supernatant with existing GFP,, (spotted bars).
Raw RFU values of X33GFP,, shake flask cultures are shown for comparison as grey
hashed bars. Error bars represent standard deviation.

When SB2121 is added to culture supernatant with existing GFP,, present a slight decrease in
fluorescence can be seen, demonstrating the SB2121 does not interact with GFP,, to increase
the RFU. When SB2121 is added to BMMY, SB2121 possesses some fluorescence above the
BMMY background fluorescence, but this does not account for the increases seen during the

X33GFP,, shake flask culture, where the raw RFU values were 40292.1 in the absence of
SB2121 and 53044.6 in the presence of 0.2 %.

This suggests that the presence of SB2121 enhances recombinant protein expression of
GFP,,. This could be associated with an enhanced mass transfer coefficient (k.a) for the
shake flask system. The mode of action for antifoam agents is to reduce the surface tension of

the liquid, so that bubble formation cannot be supported. It is feasible that the reduction in
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surface tension, in the presence of SB2121, results in more efficient oxygen transfer from gas
to liquid phases and/or liquid phase to cells. To confirm this, further experiments in a
controlled bioreactor system would be required to ascertain any change in dissolved oxygen

(DO) level when antifoam is added to the medium.

The background fluorescence of both culture medium (BMMY) and antifoam agents highlight
some of the difficulties that may be encountered when using on-line fluorescence for

. . . . . . . 40, 27
fermentation process characterisation/monitoring, as suggested in the literature. "

5.3 Many factors can affect a protein production process

The work presented in this chapter on cell physiology and rationalising antifoam use has
shown that these factors are capable of influencing the characteristics of a protein production
experiment. The cell surface hydrophibicity (CSH) and antifoam evaluations are not well
documented in the literature, which may be an omission, as it has been demonstrated that

these factors could provide scope for further optimisation of the process.

Ideally as many factors as possible should be considered and preferably included in a multi-
factorial design of experiments (DoE) optimisation process such as that described in Chapter
3. Factors identified here are agitation rate during mid-log phase growth and antifoam type

and concentration.

The viscosity of a culture may increase with CSH, which would decrease the mass transfer
coefficient (ki a) of the system, so reducing oxygen uptake of the cells in culture. Varying the
agitation or gas (air/oxygen) flow rate used during periods of rapid growth, such as mid-log
phase cells could allow improvements in cellular growth. This could decrease the overall

process time, as cells would reach the target achievable biomass more quickly.

The addition of antifoam agents may also influence the kia of the system. Antifoam agents
reduce the surface tension of a culture medium, which prevents stable/standing foam
formation. An additional result of reducing surface tension could be improved diffusion and

therefore increasing ki a.
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“If you do not train hard whilst you are young,
You will have nothing when you are old”

(Wing Chung proverb)
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CHAPTER 6

6 IMPROVING BIOMASS AND VOLUMETRIC PRODUCT YIELD IN WILD
TYPE AND A NOVEL ALCOFREE STRAIN OF SACCHAROMYCES
CEREVISIAE

The methylotropic yeast P. pastoris was initially developed as a potential source of Single
Cell Protein (SCP) for animal feeds, a prerequisite for this being high achievable biomass in
culture. During the 1980’s a wealth of information for achieving continuous high cell density
P. pastoris cultures was amassed, with the yeast being developed for the production of
recombinant proteins.’ The achievement of high density cultures with high yields (e.g. 15 g/L
murine collagenG) of recombinant proteins has subsequently resulted in the Pichia pastoris

system being the most frequently used host for heterologous protein expression in general.l’ 6
)

The S. cerevisiae Alcofree strain was designed to combine the industrial benefits of S.
cerevisiae (well understood genetics and physiology) and the high achievable biomass of P.
pastoris. The unique respiratory nature of the S. cerevisiae Alcofree is a result of the modified
glucose uptake system which was achieved by introducing chimeric hexose transporters so
limiting the uptake of glucose into the cell. Therefore, the Alcofree strain does not produce
ethanol under the standard fermentation conditions of aerobic cultivation at high glucose
concentrations.'® This use of metabolic engineering allows high cell biomass to be achieved

without the need for complex control mechanisms to avoid ethanol formation.'*'

In Chapter 4 it was highlighted that low S. cerevisiae Alcofree biomass hindered the detection
of expressed recombinant proteins. This low volumetric yield proved problematic during the
positive transformant selection as product (if present) was not readily detected by SDS-PAGE
or Western blotting. A hundred-fold concentration procedure was required for target protein
detection from positively-expressing cultures. If these transformants were to be used for
further production of the target proteins, the low volumetric yield of the cultures would not be
favourable for efficient manufacture. One of the proposed avenues of investigation was to
improve the composition of the growth medium, by medium design, so allowing higher cell
densities (biomass) to be met. To this end, alternative carbon sources to glucose and various
additives were screened to try to improve biomass yield. The novel S. cerevisiae Alcofree
strain and wild type strains W303-1A and VWK70-945 were used for this medium

development.
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Chapter 3 demonstrated the usefulness of small-scale bioreactors, e.g. the Micro 24 (Applikon
Biotechnology), for performing parallel multi-factorial experiments. The controlled nature of
these small-scale cultures, whilst being high-throughput unlike traditional stirred tank
reactors, made the Micro 24 an appropriate option for performing this medium development

study.

6.1 Constitutive expression and growth; linking yield to biomass

The plasmid vector (pYX212) used with the Alcofree strain utilises the constitutive
triosephosphate isomerase (TPI1) promoter for expression of genes inserted into the multiple
cloning site (MCS). Thus as cells harbouring the plasmid grow they express the target protein.
This contrasts with the inducible system used with P. pastoris. clones where the cells grow
but do not express the inserted gene until they come into contact with the methanol induction
substrate.'® This inducible system allows high cell densities to be met prior to induction of

protein expression.

The enzyme Tpil forms part of the glycolytic pathway and is responsible for the inter-
conversion of dihydroxyacetone phosphate and glyceraldehyde 3-phosphate. These are
isomers but dihydroxyacetone phosphate is not on the direct pathway of glycolysis whereas
glyceraldehyde 3-phosphate is. Both molecules are formed when fructose 1, 6-bisphosphate is
enzymiatically split by aldolase.'* As Tpil is required for efficient continuation of glycolysis,
using the TPI1 promoter sequence will result in expression of the inserted recombinant
protein whenever the cell up-regulates glycolysis ie. is growing on glucose. The TPI1
promoter is both constitutive and powerful, however, it may lead to down-regulation of copy

number when used with high copy number plasmid systems.42

The link between cell growth and productivity can be manipulated to achieve higher product
yields. This can be done primarily by increasing the achievable biomass (number of cells) in a
culture. The amount of biomass in a high cell density culture will be limited by one or a
number of factors, for example: carbon source, nitrogen source, trace elements, vitamins and
essential amino acids.'® > '* These are available at fixed levels in a batch culture, but by
increasing the amount accessible to the cells, it may be possible to remove that limiting factor
and increase the biomass. The goal is to provide enough of everything the cell requires for
growth, whilst avoiding excess, which can lead to nutrient feedback repression or toxic

inhibition. Catabolite repression is a form of nutrient feedback repression seen when cells are
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grown in the presence of excess glucose. The expression of enzymes required for the
metabolism of non-glucose carbon sources is repressed. This is also seen with nitrogen source
utilisation; the cell preferentially uses high quality nitrogen sources (if present) in preference

to poor ones and the enzymes required for the processing of the poor sources are repressed.145

In summary the objective is to provide sufficient nutrients but not an excess, so avoiding the
overload of one particular enzyme in a metabolic pathway. The nutrients must also be in a

readily utilisable form.'**

6.2 Medium design

As the composition of a culture medium is critical to obtaining good growth and/or
productivity from the cells, it has been the focus of many optimisation studies.” 73 70 7190 146
8 In essence this should be carried out with each new cell-line as nutrient requirements may
vary with the organisms and recombinant protein being expressed. Some of these medium
optimisation studies use statistical design of experiments (DoE) to help reduce the number of
experimental cultures required to identify the optimal composition. Many of the studies do not
use DoE and rely on empirical determination which may overlook important interactions

between the factors (medium components).90 The approach used here was empirical and built

on previous observations of the Alcofree strain.

The use of non-fermentable carbon sources has been shown to increase heterologous protein

147
used ethanol as the sole carbon source

expression in S. cerevisiae. Teun van der Laar ef al
in fed-batch S. cerevisiue fermentations expressing an antibody fragment. They found an
increase in specific productivity (1.2 to 4.8 fold) when they tested the ethanol limiting
protocol against their standard glucose protocol; they tested this with a panel of seven target

proteins.

It is not possible to supply all the required ethanol to the culture at the point of inoculation, as
this would result in toxic levels of ethanol being present. Instead a fed-batch protocol must be
implemented with either “slug” additions at time points during the culture or using a feed
pump. The use of a feed pump is preferred as this allows control over the feeding rate and

matching of carbon source addition to biomass accumulation.

6.2.1 Non-fermentable carbon sources

It should be possible to achieve biomasses comparable to P. pastoris with S. cerevisiae

Alcofree cultures using ethanol as a sole carbon source as this should negate the ‘Crabtree
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effect” observed when glucose is used as the carbon source. This would result in a much
increased volumetric productivity with the Alcofree strain, possibly leading to product yields

comparable to those seen in induced P. pastoris cultures.

The use of ethanol as a non-fermentable carbon source was investigated for growth of
Alcofree and wild type S. cerevisiae strains. Ethanol-containing media; 2xCBSE (defined)
and YPE (complex) were required for this work, based on standard 2xCBS and YPD media.
In the first instance Alcofree and wr (VWK70-945) cells were streaked out on 1 % ethanol

2xCBSE and YPE agar. Both grew well on the new media.

The ethanol tolerance of the Alcofree cells was then evaluated in shake flasks, to determine
working culture concentrations. Cultures of Alcofree were set-up using 2xCBSE with ethanol
concentrations; 1, 2, 5, 10 and 15 % (v/v) and glucose (1 %) as a control In the first instance
the Alcofree cells used were transformed with an “empty” pYX212 plasmid. Figure 6.1

depicts the growth profiles (ODgog) obtained for these cultures.

Seed cultures were grown in standard 2xCBS and used to inoculate the experimental shake
flask cultures to a target density of ODggy 1.0. Ethanol (or glucose), trace elements and
vitamins (as per 2xCBS) were added at 31 hours post inoculation to see if further growth was
possible and incubated for a further 90 h. It should be noted that both 1 and 2 % ethanol (vlv)
have higher achievable biomass (ODggo) than the 1 % glucose (w/v) control. The cultures with
higher (5, 10 and 15 % v/v) ethanol concentrations showed reduced growth. Therefore the
ethanol tolerance of the Alcofree strain can be inferred as 2 % (v/v) in shake flask culture,

which should not be exceeded in future work.
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Figure 6.1. Growth profiles of S. cerevisiae Alcofree 2xCBSE shake flask cultures. The
concentration of ethanol was varied to evaluate the ethanol tolerance of the novel strain.
A glucose control culture was included for comparison of achievable biomass. Culture
time is displayed as effective fermentation time (EFT) in hours.

In order to determine an ethanol feeding strategy for “slug” additions to shake flask cultures,
ethanol depletion was monitored during YPE batch shake flask cultures. S. cerevisiae
Alcofree and wt (W303-1A and VWK70-945) strains were used to further test the use of
ethanol as a sole carbon source. Ethanol concentration was determined using a kit from Roche
(Cat # 10 176 290 035). All three S. cerevisiae strains were grown in YPE medium with 1 and
2 % ethanol (1 and 2 % YPE). Figures 6.2A and 6.2B show the growth curves (ODggo) and
corresponding ethanol consumption curves. It can be seen that all cultures reach a plateau in
their growth profiles at ~40 hours post inoculation. This correlates with the ethanol depletion
curves dropping to 3 g/L ethanol at ~40 hours post inoculation. The cultures with 2 % YPE
reach a higher final cell density than those with 1 % YPE and take longer to exhaust the
ethanol supply. The VWK70-945 strain exhibits the fastest growth on both 1 and 2 % YPE,
depleting the ethanol sooner than the other strains in the same medium. VWK70-945 also
achieves higher biomass than other strains in the same ethanol concentration. The cultures
with the Alcofree strain show slower growth and ethanol utilisation than the VWK70-945
strain but faster than the W303-1A strain. Using Figure 6.2B as a guide, fed-batch 1 % YPE
shake flask cultures of VWK70-945 and Alcofree should have additional carbon source
(ethanol) added at ~48 hours post inoculation. At this point the ethanol content of the medium

is much depleted, as indicated by the growth curve reaching plateau (stationary phase) and
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additional ethanol can be supplied to the culture without reaching toxic concentrations (this

was earlier determined as >2 % Vv/v).

35 1 —O—W303-1A 1% —O— VWK70-945 1 % —— VWK70-945 2 % —— Alcofree 1 % —O— Alcofree 2 %

0ODb600nm

0 ud T T T T T ¥ ]
0 20 40 60 80 100 120 140

EFT (Hours)

Figure 6.2A. Growth curves (ODgq) for S. cerevisiae 250 mL baffled shake flask cultures
with 50 mL of 1/ 2 % YPE medium. Strains used are Alcofree and wt (W303-1A and

VWK70-945)

14 - —o—W303-1A 1% —0— VWK70-945 1 % —A— VWK70-945 2 % ——Alcofree 1 % —O— Alcofree 2 %

Ethanol g/L
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Figure 6.2B. Ethanol depletion curves for S. cerevisiae shake flask cultures shown in
Figure 6.2A.

6.2.2 Optimisation of CSM media

The concept of using alternatives to glucose as non-fermentable carbon sources such as
ethanol, glycerol, lactate and acetate, were further developed. Other means of improving the
achievable biomass in CSM medium were also identified; other researchers in our laboratory
had observed that the addition of inositol, biotin, copper zinc and cobalt were beneficial.
During this period of work the Micro 24 bioreactor was available for use which was seen as

an opportunity to gather data from a controlled culture (T, pH and DO). This was not possible
196




in the initial shake flask studies with ethanol, where growth conditions were assumed to be
more heterologous and relied on medium component buffers for pH “control”. The Micro 24
allowed 24 cultures (6 mL working volume) to be run in parallel with growth conditions
maintained at set-point so removing some of the variance in the growth data seen with the

shake flask cultures.

6.2.2.1 Carbon source: Micro 24 experiments

The Alcofree and wr W303-1A strains were used to provide a comparison, as the Alcofree
strain has an altered (chimeric) hexose transporter which confers its solely respiratory

phenotype.

Both 2xCBS and CSM media were supplemented with a complete amino acid solution and
used to evaluate ethanol, glycerol, lactate and acetate as replacement carbon sources for
glucose. The Micro 24 parallel bioreactor was used to reduce the experimental time,
compared to using a traditional stirred tank reactor (STR) such as the 7 L glass vessel used in
the scale up/down experiments in Chapter 3. Each well on the incubation cassette has a total
volume of 10 mL and a working volume of 4-7 mL; 6 mL was selected as the starting
working volume as a number of samples would be withdrawn to determine biomass

accumulation.
The total available carbon was maintained at 2 % w/v with the ratio of the individual carbon

sources (ethanol, glycerol, lactate and acetate) being varied. A plate layout was designed and

used for the experimental run as shown in Table 6.1.
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.Plate layout ; ‘ )
1 2 3 4 5 6 B
A e
B
C
D !
. j g ~
% Carbon source 0OD600nmM
Well Strain | Medium | Gilucose | Ethanol | Glycerol | Lactate | Acetate xDO 0 18 25 42 48
Al Alcofree | 2xCBS 100 1 0.2 8.0 18.4 22.5 26.0
A2 Alcofree | 2xCBS 100 1 0.2 14.7 25.5 25.8 28.8
A3 Alcofree | 2xCBS 100 1 0.2 16.9 24.3 23.4 29.4
A4 Alcofree CSM 100 1 0.2 4.3 8.8 10.8 12.1
A5 Alcofree CSM 100 1 0.2 4.1 8.3 10.6 10.2
A6 Alcofree CSM 100 1 0.2 3.9 6.8 9.4 8.3
B1 Alcofree CSM 100 1 0.2 2.6 3.3 4.4 4.7
B2 Alcofree CSM 100 1 0.2 2.5 3.4 5.9 5.7
B3 Alcofree CSM 100 4 0.2 2.4 2.6 3.2 3.8
B4 Alcofree CSM 100 4 0.2 25 2.8 3.6 3.9
BS Alcofree CSM 100 4 0.2 2.2 2.6 2.9 3.5
B6 Alcofree CSM 50 50 4 0.2 1.5 2.0 3.2 4.2
C1 W303-1A| 2xCBS 100 1 0.2 1.6 2.2 4.0 4.5
C2 |W303-1A| 2xCBS 100 1 0.2 16 2.0 2.4 3.4
C3 W303-1A CSM 100 1 0.2 24 3.3 4.0 4.4
C4 W303-1A CSM 100 1 0.2 2.4 3.3 4.0 4.6
C5 W303-1A| 2xCBS 100 1 0.2 1.4 2.2 3.0 3.7
C6 W303-1A| 2xCBS 100 1 0.2 1.7 2.2 3.0 3.4
D1 W303-1A| 2xCBS 100 1 0.2 1.4 1.9 2.6 2.7
D2 W303-1A| 2xCBS 100 1 0.2 1.0 1.5 1.8 2.0
D3 W303-1A| 2xCBS 33 33 33 1 0.2 1.6 2.2 3.0 3.8
D4 W303-1A| 2xCBS 25 25 25 25 1 0.2 1.8 2.2 3.3 4.1
D5 W303-1A| 2xCBS 50 30 10 10 1 0.2 1.7 2.3 2.8 3.6
D6 W303-1A| 2xCBS 60 30 5 5 1 0.2 1.4 2.1 3.1 3.5

'NOTE: A1 is at 28 °C not 30 °C

Table 6.1. Micro 24 well information for alternative carbon source experiment. S.
cerevisiae strain, carbon source composition and ODgy measurements are shown.

The cultures were set-up with 5.7 mL 2xCBS (w/o carbon source) in each well, 300 pL (total)
carbon source was then added with 4.5 pL P2000 antifoam. The plate was equilibrated to the
run condition set-points (30 °C, pH 6.0, 20 % DO) prior to inoculation to a target of ODsgo
0.2. The culture was incubated for 48 h with samples taken for biomass estimation by ODgqo
at time points 18, 25, 42 and 48 h post inoculation. Figure 6.3 shows the growth curves for all

cultures described in Table 6.1.
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Figure 6.3. Micro 24 culture growth profiles for S. cerevisiae Alcofree and W303-1A
strains grown on CSM and CBS media with variable amino acid and carbon source

compositions (as indicated by Table 6.1)

The W303-1A cultures achieved higher biomasses than in the previous run; these are shown
in isolation by Figure 6.4. The W303-1A strain had the best growth on CSM and 2xCBS
media with glucose as the sole carbon source (ODgy 4.6 and ODgop 4.5, respectively)
followed by 2xCBS with 25 % ethanol, 25 % glycerol, 25 % acetate, 25 % lactate (ODggo 4.1).
The lowest biomass achieved was observed with the 2xCBS with acetate as the sole carbon

source (ODé()() 20)
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Figure 6.4. Micro 24 culture growth profiles for S. cerevisiaze W303-1A grown on CSM
and CBS media with variable carbon source compositions (well contents as indicated by
Table 6.1) Cultures C1 and C2 are replicates as are C3 and C4.

The media compositions were ranked by achievable biomass at harvest (48 h post inoculation)

and represented in Figure 6.5 The use of 2 % glycerol as the sole carbon source is favourable

in both 2xCBS and (to a lesser extent) CSM media.
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Figure 6.5. Ranked 2xCBS and CSM media carbon source composition, based on S.
cerevisiae Alcofree Micro 24 culture biomass at 48 h post inoculation.

Further validation of these results was not carried out due to the constraints of equipment

availability. The Micro 24 system was on loan from Applikon Biotechnology for a fixed

200




period. However, the use of glycerol with 2xCBS can be seen to provide increased achievable
biomass, compared to standard 2 % glucose 2xCBS and this could be the subject of future

work.

6.2.3 Nutrient addition: Micro24 experiments

The use of simple nutrient additions to boost achievable maximum Alcofree biomass had
previously been shown to be effective by other researchers in our laboratory (data not shown
here). To follow this up the addition of inositol, biotin, copper, zinc and cobalt to CSM
medium was examined. It was hypothesised that the composition of standard CBS and CSM
media may not be optimal for biomass accumulation. Therefore, the amino acid and trace
element/vitamin concentration of the CBS and CSM were also investigated. This was
achieved by developing the novel media 2xCSM, 3xCSM and 4xCSM. These contained 2, 3
and 4 fold more amino acid or vitamin/trace element solutions. Table 6.2 shows the initial

experimental plan for the Micro 24 nutrient addition cultures.

Micro 24 incubation cassette well layout:

1 2 3 4 5 6
A 1
B i
D {
i
CSM (2 % glucose) !
Al B1 C1 D1 |A2 B2 |[C2 D2 (A3 B3 C3 D3 [A4 B4 C4
insitol + + + + + + + + + + +
copper + + + + + + +
zinc + + + + + + + +
biotin + + + + + + + + 4
cobalt + + + + + +
Well Medium !
A5 2xCBS i
B5 3xCBS
C5 4xCBS i
D4, D5, A6 |[CSM
D6 2xCSM
B6 3xCSM
C6 4xCSM

Table 6.2. Initial Micro 24 incubation cassette well layout for the nutrient addition and
novel media cultures. The CSM media additions required for each well are indicated.
Additions were made to the level found in CBS medium with the exception of inositol (10
pg/mL). The amino acid and trace element/vitamin were the only components altered in
the novel CBS and CSM media.

The cultures were set-up with 6 mL CSM in each well, 20 pL of each nutrient was then added
with 4.5 pL P2000 antifoam. The plate was equilibrated to the run condition set-points (30 °C,
pH 6.0, 50 % DO) prior to inoculation to a target of ODgg 0.2. The culture was incubated for

48 h with samples taken for biomass estimation by ODsgo at time points 9, 24, 33 and 48 h

201




post inoculation. Table 6.3 shows the media, nutrient additions and ODgp values for all

cultures. Figure 6.6 shows the growth curves for all cultures described in Table 6.3.

Additions OD600nm
Well Media Inisitol Copper  |Zinc Biotin Cobalt 0 9 24 33 48
At CSM 20 20 20 20 20 0.2 0.968 2.98 3.08 2.44
A2 CSM 20 20 0.2 1.188 3.18 3.4 2.74
A3 CSM 20 20 20 0.2 1.472 3.48 3.28 3
A4 CSM 20 20 20 0.2 1.16 3.04 3.34 2.7
A5 2xCBS 0.2 0.204 0.205 0.32 0.3
AB CSM 0.2 0.928 2.9 2.7 2.32
B1 CSM 20 20 20 20 0.2 1.5 2.92 2.82 2.3
B2 CSM 20 20 0.2 1.332 3.84 3.7 3.1
B3 CSM 20 20 20 0.2 1.464 2.8 2.8 2.04
B4 CSM 20 20 20 0.2 1.64 3 2.76 2.42
BS 3xCBS 0.2 1.92 0.14 0.24 0.32
B6 3xCSM 0.2 1.248 6.22 6.48 6.88
C1 CSM 20 20 0.2 1.492 3.32 3.44 3.04
Cc2 CSM 20 20 0.2 1.492 3.32 3.32 2.92
C3 CSM 20 20 20 0.2 1.536 2.66 2.76 2.36
C4 CSM 20 20 20 0.2 1.52 2.68 2.6 1.96
C5 4xCBS 0.2 0.216 0.2 0.22 0.4
C6 4xCSM 0.2 1.308 6.88 7.84 8.42
D1 CSM 20 20 0.2 1.372 3.36 3.28 2.42
D2 CSM 20 20 0.2 1.208 2.66 2.88 2.58
D3 CSM 20 20 20 0.2 1.216 2.72 3.08 2.24
D4 CSM 0.2 1.4 3.46 3.74 3.18
D5 CSM 0.2 1.46 3.44 3.72 2.7
Dé 2xCSM 0.2 1.532 55 5.94 5.74

Table 6.3. Micro 24 well information for nutrient addition and novel medium
experiment. S. cerevisiae WT W303-1A strain was used in all wells. Medium composition
and ODgy measurements are shown.

The most noticeable improvements in biomass were observed with the CSM media cultures
with an increased total amino acid concentration (See Figure 6.6). The biomass yields at 48 h
being 4xCSM (ODggo 8.4), 3xCSM (ODggp 6.9), 2xCSM (ODgqg 5.7) and CSM (ODgoo 2.7).
This improvement was not dramatic in CBS medium when the vitamin/trace element
concentration was increased a similar way: 4xCBS (ODggo 0.4), 3xCBS (ODgoy 0.32) and
2xCBS (ODggp 0.3).
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Figure 6.6. Micro 24 culture growth profiles for S. cerevisiae W303-1A grown in media
as indicated by Table 6.3. The highest biomass was achieved 4xCSM followed by 3xCSM
and 2xCSM. The simple nutrient additions lead to only small improvements to biomass
in comparison to increasing the total amino acid composition of CSM the medium.

The simple addition of inositol, biotin, copper, zinc and cobalt to the CSM medium did not
lead to any noticeable improvement in biomass accumulation during the 48 h culture. This
was unexpected as these had been shown previously to improve biomass; therefore, a repeat

of this experiment was made. Table 6.4 details the media, nutrient additions and ODgo values

for the repeat experiment.
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Micro24 well layout H : | r
1 2 3 4 . 5 . & ;
A ;
5 {
Cc
D !
i
t
Additions
Well Strain Medium | Inisitol Copper Zinc Biotin Cobait xDO 0
Al W303-1A CSM 20 20 20 20 20 1 0.20
A2 W303-1A| CSM 20 20 1 0.20
A3 W303-1A CSM 20 20 20 1 0.20
Ad W303-1A}| CSM 20 20 20 1 0.20
A5 W303-1A| 2xCBS 1 0.20
AB W303-1A1 CSM 1 0.20
Bt W303-1A CSM 20 20 20 20 1 0.20
B2 W303-1A| CSM 20 20 1 0.20
B3 W303-1A| CSM 20 20 20 1 0.20
B4 W303-1A CSM 20 20 20 1 0.20
B5 W303-1A| 3xCBS 1 0.20
Bé W303-1A| CSM 3 0.20
C1 W303-1A| CSM 20 20 1 0.20
c2 W303-1A| CSM 20 20 1 0.20
C3 W303-1A{ CSM 20 20 20 1 0.20
C4 W303-1A1 CSM 20 20 20 1 0.20
C5 W303-1A| 4xCBS 1 0.20
Cé W303-1A CSM 4 0.20
D1 W303-1A CSM 20 20 1 0.20
02 W303-1A| CSM 20 20 1 0.20
03 W303-1A CSM 20 20 20 1 0.20
D4 W303-1A CSM 1 0.20
D5 W303-1A| CSM 1 0.20
D6 W303-1A CSM 2 0.20

Table 6.4. Micro 24 well information for repeat nutrient addition and novel medium
experiment. S. cerevisiae WT W303-1A strain was used in all wells, Medium composition
and ODgop measurements are shown.

The cultures were set-up with 6 mL CSM in each well, 20 pL of each nutrient was then added
with 4.5 uL. P2000 antifoam. The plate was equilibrated to the run condition set-points (30 °C,
pH 6.0, 50 % DO) prior to inoculation to a target of ODggo 0.2. The culture was incubated for
48 h with samples taken for biomass estimation by ODggo at time points 0, 17.5, 21, 28, 42
and 48 h post inoculation. Table 6.4 shows the media, nutrient additions and ODggg values for

all cultures. Figure 6.7 shows the growth curves for all cultures described in Table 6.4.
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Figure 6.7. Repeat Micro 24 culture growth profiles for S. cerevisiae W303-1A grown in
media as indicated by Table 6.4.

Again the most noticeable improvements in biomass were seen in the CSM media cultures
with an increased total amino acid concentration (see Figure 6.7). The biomass yields at 48 h
being 4xCSM (ODggo 7.3), 3xCSM (ODgqp 6.4), 2XxCSM (ODggo 5.5) and CSM (ODggg 3.4).
This improvement was not dramatic in CBS medium when the vitamin/trace element
concentration was increased a similar way: 4xCBS (ODgyo 2.8); 3xCBS (ODggo 3.2) and
2xCBS (ODggo 3.1).

Figure 6.8 shows the combined data for S. cerevisiae W303-1A achieved biomass with simple
additions of inositol, biotin, copper, zinc and cobalt to CSM media. With the exception of the
inositol, biotin, cobalt combination all of the addition combinations showed, on average, an
improvement over standard CSM. The increase in biomass is greatest with CSM + inositol
and copper. CSM + inositol and biotin also showed an increase but with a larger error. These
mean values are based on just two replicates, therefore additional repeats should be run to

confirm these differences are not solely due to run to run variation.
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Figure 6.8. Combined biomass data from S. cerevisiae W303-1A Micro 24 cultures at 48
hours post inoculation. CSM medium was used with simple additions as indicated. Error
bars represent the standard deviation.

6.3 Conclusions on improving S. cerevisiae biomass

The standard media (CSM and 2xCBS) used for S. cerevisiae cultures can be improved upon
for biomass generation with the Alcofree and W303-1A strains. The work presented here has
indicated that using non-fermentable carbon sources, such as ethanol and glycerol can permit
a higher biomass to be attained. The amino acid and trace element components of widely-used
media can be developed to support such increased cell densities. The estimation of biomass
could have been calculated more accurately by using dry cell weights, although this would
reduce the throughput achieved using the ODgy measurements. The improvements in
achievable biomass observed here, at the bench scale (< 7 L), may not be practical or possibly
economically viable at larger scale industrial use, due to the cost implications of the additional
amino acid and trace elements. One of the main “selling points” for using yeast as an
expression system is the low cost of goods, removing this may make it less desirable.
Nonetheless if volumetric yield is improved, this could counteract the increase in media cost,

especially on smaller scales.
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“Been dazed and confused for so long it's not true”

(Dazed and confused, Led Zeppelin)
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CHAPTER 7

7 CONCLUSIONS

This thesis is concerned with the production of therapeutically-applicable recombinant
proteins and particularly in understanding how to design more effective production systems
for optimising development parameters and shortening the development time frame. The work
described focused on the use of a design-of-experiments approach in a multi-well mini-
bioreactor to enable the rapid establishment of high yielding production conditions in yeast

and mammalian cell lines.

This project aimed to generate a scalable predictive modelling methodology suitable for the
optimisation of range of industrially relevant recombinant proteins and host systems. The
yeast P. pastoris (expressing GFP) was used for developing the methods. The main attraction
of using GFP as a target protein for developing our optimisation methods was the rapid assay
techniques that could be applied to determine secreted product yield in the culture supernatant
i.e. fluorescence analysis of culture supernatant. The approach was then evaluated using a
mammalian cell line (hybridoma) expressing a monoclonal antibody to confirm the
transferability of the modelling process. Additional factors (medium composition, antifoam
agent use, induction strategy and cell surface hydrophobicity) which may also impact target
protein yield were identified and investigated for further optimisation of the process ie.

maximising product yield. Table 7.1 lists the objectives and current status of the project
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Objective Status

GFP, anti-tumour factor antibody,
Identify appropriate target proteins insulin, hPGH, novel antibody based
vaccine (Chapter 1)

X33-GFP, HD1, Alcofree MPI,

Create strains/transformants for each host P. pastoris and Alcofree expressing an
system to express the target proteins antibody-based vaccine (Chapters 3 and
4)

Identify suitable factors/variables for process
T, pH, DO, glucose concentration

optimisation (applicable to small and large-
(Chapters 1, 3 and 4)

scale)

Box-Behnken, response surface methods
(Chapters 1, 3 and 4)

X33-GFP, Micro 24 (DoE1 and DoE?2)
(Chapter 3)

Identify suitable DoE/modelling processes

Implement proposed modelling process

Confirm the predictive capacity of the model | Micro 24 parallel mini-bioreactor (6 mL)

at the small-scale (Chapter 3)

Confirm the predictive capacity of the model
7 L stirred tank reactor (Chapter 3)
at the large(r)-scale

Confirm the scalable modelling process with
Anti-tumour factor antibody, HD1

an alternative target protein and expression
(DoE3) (Chapter 4)

system

- ) Medium composition, cell surface
Identify and investigate further factors o »
hydrophobicity, antifoam use (Chapters 5

applicable to process optimisation
and 6)

Table 7.1. Thesis objectives and current status.

Chapter 3 describes how a DoE-derived model was generated using a parallel mini-bioreactor
that was predictive not only of protein yield normalised for culture density in the same
system, but is also directly scalable to cultures grown in a 7 L bioreactor. By further
optimising both the accumulation of cell density in batch and improving the fed-batch
induction regime, we then showed that additional yield improvement could be achieved. By
essentially investigating the cell growth and productivity phases separately, our approach has
the benefit of reducing process development time by allowing the direct scale-up of the best

production conditions from bench to bioreactor.
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The limits of the design space used to construct the DoE1 model were shown to not capture a
truly optimised set of culture conditions (T, pH and DO). The DoEl model building and
validation process had shown, however, that the methods devised would work provided the
correct question was asked of the DoE. A second round of model building (DoE2) was
therefore devised based on the Box-Behnken design with the design space moved towards the
summit of the DoEl yield ‘mountain’: towards lower temperature and higher pH and DO
values. The DoE2-predicted optimal conditions (20.2 °C, pH 7.76 and 90 % DO) were run at

the small-scale and gave the highest experimental yield of those conditions tested.

The DoE2 model was subjected to a scale-up process aimed at proving that a model built
using data from small-scale (6 mL) cultures could be directly used to optimise culture
conditions with five hundred fold increase in volume (3 L). With the exception of one result
from f004 “best small-scale experimental fit” conditions (27.5 °C, pH 6.5, 60 % DO) the
predicted yields give a good approximation of both small and large scale experimental

normalised yield.

It was noted that there was scope for further optimisation of the large-scale process, which
was not possible at the small-scale due to limitations of the equipment e.g. no provision for
on-line liquid additions to the cultures. Two improvements were suggested by the initial
DoE2 scale-up experiments; change the induction protocol (i.e. methanol feed) and increase
the pre-induction biomass. These alterations can be used in addition to the optimised process
conditions (temperature, pH and DO) predicted by the small-scale modelling e.g. DoE2
optimised conditions (21.5 °C, pH 7.6, 90 % DO). Increasing pre-induction biomass by
increasing the carbon source (glycerol) in the medium (BMGY) from 10 g/L to 40 g/L, during
growth phase was found to improve the volumetric yield for DoE2-predicted optimal
conditions. Additionally switching to a mixed feed (60 % w/v sorbitol, 40 % v/v methanol)
induction strategy was seen to eliminate methanol accumulation and associated deleterious

effects, leading to further improvements in total and normalised yield.

Figure 7.1 illustrates the optimisation process developed. As recombinant protein expression
is complex involving many factors, a truly optimal process may be difficult to achieve.
However, the cyclical nature of optimisation methods can provide substantial improvements
to the process. The key consideration in using this work scheme is posing an appropriate

question of the DoE which can be fulfilled by both the small and larger-scale equipment.
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Figure 7.1. Overview of the optimisation process used for maximising GFP expression
from P. pastoris X33GFP bioreactor cultures as well as other target proteins and

expression systems.

As part of the partnership between Aston University and Alpha Biologics a hybridoma cell
line (HD1) was made available for use. The cell line expressed a monoclonal antibody raised
against a tumour-inducing factor; possible uses of such an antibody include attaching
chemotherapy agents for direct targeting of tumour cells.” Applying our optimisation strategy

to antibody expression in HD1 challenged the robustness of the optimisation methodologies.

The question asked of DoE3 in Chapter 4 was whether altering the process conditions (culture
temperature, pH, DO and glucose concentration) would increase the product (antibody) yield
from the expression system (HD1, hybridoma cell line). The Micro 24 was used to generate
small-scale yield data for building the DoE3 predictive model. DoE3 suggested that optimal
expression conditions were 38.0 °C, pH 6.6 and 10 mg/mL glucose, with DO not being
significant The p-values given by the DoE3 model for each term are much lower than those
from the DoE2 (P. pastoris GFP expression) model indicating a higher quality model,
statistically. However, the predictive capability for experimental values was poorer than
expected, with the model overestimating the yield. This was most likely due to variability in
the experimental model building data and no repeat data from the model confirmation runs.

Despite this the predicted conditions did provide the highest yields.

Having shown the DoE3 model was able to predict optimal conditions at the small-scale in

the Micro 24 system the model was tested at a larger scale as with the DoE2 model. The
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DoE3 scale-up experiments used a bi-phase process with the check point conditions run for
the first 4 days to provide comparative data for model scalability. The process conditions were
then switched to the DoE3 predicted optimal conditions for the second phase of the
experiment. This bi-phase process is more representative of a production experiment where
cell biomass is generated using the optimal growth conditions (standard conditions) and then
optimal expression conditions used to gain maximal product from the high biomass. BRO1
demonstrated that yield can be increased by using a bi-phase process, the 2 day second phase
using DoE3 optimised conditions gave a higher yield (1.717 pg/mL) than either standard
(BRO1 phase 1) or best small-scale experimental fit (BR03) conditions over 4 days. The DoE3
scale-up process highlighted some deficiencies in the process, most notably seeding density
and cell survival at optimal expression conditions. The bi-phase conditions used in BROI

could be further developed to give a higher yielding process.

Further target proteins were selected: insulin (MPI), human placental growth hormone
(hPGH), and a monoclonal antibody based influenza vaccine to extend this approach. Since a
positive P. pastoris MPI clone was not produced it was not possible to carry out a comparison
of MPI expression between the Alcofree strain and P. pastoris. The Alcofree MPI work
indicated that increased biomass would be needed to easily detect a secreted recombinant
protein when constitutive expression is utilised with the pYX2121 plasmid system. The
failure to generate a positively-expressing MPI Pichia strain, indicated that strain creation is
not as simple as suggested by the literature, especially Invitrogen’s Pichia expression
handbook. Further attempts to create hPGH expressing Pichia sp. and Alcofree
clones/transformants were not pursued. It was noted that the cell densities achieved in shake
flask cultures of Alcofree were approximately half those obtained with Pichia sp. This is not
ideal as the pYX212 vector used with the Alcofree strain confers constitutive recombinant
protein expression; therefore, product titer is proportional to cell density. In an attempt to
address this optimisation of medium composition was identified as a route to increasing

Alcofree biomass and thus product yield, as described in Chapter 6.

Many optimisation experiments described in the literature investigate obvious factors such as

7 129

culture temperature'”’, pH®', aeration'*® and medium compositiongo. However, the
optimisation of many other factors offers the possibility for further improvements to the
process. In Chapter 5 we examined how cell surface hydrophobicity and antifoam agent use
affect the characteristics of recombinant protein expression in yeast systems. If cell

physiology changes (e.g. cell surface hydrophobicity), the protein production process could,
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perhaps, be manipulated to exploit this. In a similar way if simply using alternative antifoam
agents or concentrations of the selected antifoam can improve cell growth or product yield,

this could prove a convenient way for improving the target protein yield.

Our data suggests that rapidly-growing P. pastoris cells, i.e. those in mid-log phase, have
higher cell surface hydrophobicities (CSH) than cells in lag or stationary phases. This appears
to be true for both non-induced and induced cultures. The effects of variable CSH are known
to influence other yeast species: flocculation in cultures of S. cerevisiae 132 and surface
adhesion in Candida albicans."*® '¥" 1t is not inconceivable therefore that cell aggregation in
P. pastoris could also be influenced by CSH. This would have an effect on the dynamics of a
HCD P. pastoris culture, especially when high biomasses are reached of >500 ODgponms
equivalent to 130 g/L dry cell weight.l During culture, wet cells could represent 10-20 % of
the total culture volume. If these formed aggregates (due to increased CSH) and thus

138 this would have an influence on the mass transfer

8

increased the viscosity of the culture,

9 . . . . . . 12
since increasing viscosity leads to a decrease in kpa.

coefficient (kpa) of the system13
Reducing the ki a will lead to decreases in cellular uptake, e.g. oxygen and media components,
and so reduce cell growth. This could give scope for further optimisation of a HCD culture:
altering process factors e.g. agitation rate to compensate for the deviation from designed or
expected kja during periods of rapid growth such as mid-log phase cultures. Variable
agitation rate during mid-log phase growth could be included as an additional factor in a DoE
optimisation matrix. This approach may not be suited to large scale manufacture as bioreactor
vessels are likely to be already set-up (run conditions e.g. agitation and gas flow rates) to

provide maximal ki a for the system. However this may be useful for bench-scale experiments

where the system has not already been fully optimised.

We also evaluated the use of four antifoam types as part of Chapter 5: Schill & Schelinger’s
Struktol SB2121 (Polyalkylenglycol); Schill & Schelinger’s Struktol J673A (an alkoxylated
fatty acid ester on a vegetable base); Sigma Antifoam C (an aqueous emulsion of Sigma
Antifoam A; Siloxane polymer) and Fluka P2000 (Polypropylene glycol). It was found that
the different types of antifoam affect S. cerevisiae and P. pastoris growth in different ways
depending on the concentration and medium type being used. The data suggested that the
presence of SB2121, although not the other antifoam types, enhanced recombinant protein
expression of GFP in P. pastoris. This could be associated with an enhanced mass transfer
coefficient (kpa) for the shake flask system. The mode of action for antifoam agents is to

reduce the surface tension of the liquid, so that bubble formation cannot be supported. It is
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feasible that the reduction in surface tension, in the presence of SB2121, results In ‘more

efficient oxygen transfer from gas to liquid phases and/or liquid phase to cells.

In Chapter 4 it was highlighted that low S. cerevisiae Alcofree biomass hindered the detection
of expressed recombinant proteins. This low volumetric yield proved problematic during the
positive transformant selection as product was not readily detected. A hundred fold
concentration procedure was required for target protein detection from positively expressing
cultures. One of the proposed avenues of investigation was to improve the composition of the
growth medium, so allowing higher cell densities (biomass) to be met. To this end, alternative
carbon sources to glucose and various additives were screened for to try and improve biomass
yield. The novel S. cerevisiae Alcofree strain and wild type strains W303-1A and VWK70-

945 were used for the medium development, described in Chapter 6.

The use of ethanol as a non-fermentable carbon source was investigated for growth of
Alcofree and wild type S. cerevisiae strains. The concept of using alternatives to glucose as
non-fermentable carbon sources such as ethanol, glycerol, lactate and acetate, were further
developed. Other means of improving the achievable biomass in CSM medium were also
identified such as addition of inositol, biotin, copper zinc and cobalt. The use of 2 % glycerol
as the sole carbon source was found to be favourable in both 2xCBS and CSM media. With
the exception of the inositol, biotin, cobalt combination, all of the nutrient addition
combinations showed, on average, an improvement over standard CSM. The increase in
biomass was greatest with CSM + inositol and copper, but CSM + inositol and biotin also
showed an increase. This demonstrated that standard media (CSM and 2xCBS) used for S.
cerevisiae cultures are not fully optimised for biomass generation for the Alcofree and W303-
1A strains. The work presented here has indicated that using non-fermentable carbon sources,
such as ethanol and glycerol can achieve a higher biomass to be attained. The amino acid and
trace element components of widely-used media can be developed to support increased cell
densities. The improvements in achievable biomass observed here, may not be practical or
economically-viable for larger scale industrial use due to the cost implications of the
additional amino acid and trace elements. One of the main selling points for using yeast as an
expression system is the low cost of goods. Removing this may make it less desirable.

Nonetheless if volumetric yield is improved, this could counteract the increase in media cost.

The optimisation process described here can allow the rapid establishment of robust process

conditions for improved recombinant protein yield in a range of expression systems. The

214




increase in throughput achieved by using the small-scale parallel DoE approach can provide
sufficient time for investigating non-traditional process factors, which may otherwise be
overlooked or excluded as trivialities. As optimisation of recombinant protein expression is a
complex activity, a balance must be made between gaining a full understanding of the
process, through inclusion of as many factors as possible and devising a process capable of
meeting its targets within budget. The work described in this thesis has contributed to

achieving this balance.
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“When you can take the pebble from my hand
It will be time for you to leave”

(Master Kan, Kung Fu)
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The round 2 PCR product was digested with HindIII and Sacl then ligated into pYES2 and
pYX212 S. cerevisiae expression vectors
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Statistical design of experiments (DoE)

Small scale culture using a parallel multi-well
micro bioreactor

240



Small scale culture using a parallel multi-well
micro bioreactor

-Aradiic
stirred tank
Fed-batch cultures not
currently possible

241




Initial method planning and experimental trial
(X33GFP)

Initial method planning and experimental trial
X33GFP)

Two rounds of Dok

Round 2:

Temp

242



Initial method planning and experimental trial
(X33GFP)

Models

s (i%il’i@{ﬁ wmm
"’%’mﬁ ;::{zzm cor

D kode @ &ico 24

Check conditions

Direct process scale-up

243



Direct process scale-up

O Predicted yield
Expenmental yeld {#icro 24}
8 Expenmenial yield {7 L Vessed}

Standard conditions Optimised DoE conditions

Testing the methodology with an alternate
r & r F3 — e

244



Testing the methodology with an alternate

Testing the methodology with an alternate
/ t protein

Tewmp (C)

245




obdodel @ Micro 24

o 4+ = i s ! 3
‘Opairm‘»sed“l intemal check points l External check poinis

Testing the methodology with an alternate

246



In conclusion

~Opfimised” process

247




