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Recenimprovementsn volumetricantibody productivityoften in excess of 5 gjlhave

been achiexdby advances in cell lines an@stream processinigut often lead tharvest
material becoming more difficult to recovefhese intensified upstream operations
require a renewed prioritisation of the integratadrupstream and downstream process
development to ensupgroduct purification issues are taken istmnsideratia, to avoid
extensive and expensive clearance stratetfiesstream

Here it wasdemonstrated that changes to upstream process parameters at the bioreactor
stage of monoclonal antibody productaffectproductquantityand quality. Culture pH,
temperatue andseed densitgetpoints leaidg to high titre are commonly also linked to
higher postprotein A HCP levels, reduced monomer percentages and increased
percentages of undesirable glycan structures.

To predict posprotein A product quality, everal poéntial indicators that can be
measured irharvest materia(prior to using expensive purification resourcegre
explored including culture viabilityand osmolality revealing unexpectédthat culture
viability couldnot be used for such a purpobat that osmolality hathe potentiato be
usedas a product quality indicator

The impact of culture duration gmoductquality was also investigated and it was shown
that as cultivation progressed and antibody titreeasedproduct quality declined, in

one case due to pegtotein A HCP levels increasing by 75% from day 14 to day 17 of
culture.HCP identification by mass spectrometry was applied to this system to provide
insights into cellular behaviour and HCP cakgo during protein A purification. It
showed increases in several classes ofpagein A HCPs (e.g. stress response proteins)
as the culture progressed, particularly onsdd&yand 17 of culture whicheveassociated

with significant increases in totédlCP levels. This provides a new level of insight into



HCPsthat are retainedluring mAb purificationwhich may be used to aide process

development strategies.



There are several possible and promising impacts deriving from this thesis pegja)

on commercial drug manufactuemdpatient safety as well @8 in an academic context

as university researgirojects.

a) Commercial drug manufactuaiad patient safety

First and foremosthe discoveries presented in this thelg@monstrate how upstream and
downstream processirmgj biopharmaceuticalareinterconnectedThe holistic aproach

implemented during thstudiesdiscussed herkeasa high potential to be used as a tool

for future process developmentorderto gain sigificant insight into biopharmaceutical

production and ultimately accelerate drug manufactufdae methodology ofthis
integratedupstream / downstreaapproachservesto optimise industrial processes by
streamlining the entire process development rathan thaving segregated units of

operations. This will not only improve production timelines and resource management

due to(amongst otheparametersa¢ fif ai | early, fail cheapd ment
in being more cost efficienAnother important spect with regards to manufadhg

costs would be that thholistic approach enaldé he compani ®Weierace mpl oyees
more efficiently with cieagues from different stages of the production prolezsting

to an optimisation of thevorkflow.

Furthe to its use in future biopharmaceutipabcess developmenhis approach can also

help to ensure that regulatory requirements for patient safety are met.

Al | of these benefits wildl ultimately offer
competitveness in the international market.

b) Academic research

Implementation of the knowledge acquired throughout this work @affess possible

applicationgn the field of academic reaech.Specifically, furtherresearch projectsan

be based upon my woik the form of M.Sc. student projects, PhD or EngD studies or
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postdoctoral work, in order to broaden the understanding for the) (bihemical
engineering community, both within university and indudiixample projects that would

be particularly relevant and which would offer great potentiagfoundbreakingnew
discoveries are those involving host cell protein profile characterisation of material at
different stages of the drug development process, the results of whichahikendeeper
understanding of the host cells being used during therapeutic antibody production and the
cel |l so6 b erlvayng pracess paranteeers.

As this topic is currently receiving much international attention, there is scope for
extensivecollaborations between universities amdesearch institutes all over the world.
This will consequently lead to many noggbundbreakingdiscoveries that are suitable

for publication.

Similarly, collaboratiors between universities and industrial companigght occur,
which will prove mutually beneficial due to the availability of stafethe-art laboratory

equipment and cosfficient researchers.
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Recombinant therapeutic antibodies are a
From January 2014 to July 2018, 129 distinct biopharmaceutical active ingredients have
been aproved in the EU and US, and monoclonal antibodies (mAbs) generatsd$al

ca. $ 100 billion in 2017Walsh, 2018)In order to remain competitive in this market,
biopharmaceutical companisbould explorestrategies for intensifying manufacturing
proceses to maximise productivity whilst following best practice to meet regulatory
expectations regarding product qualifyo this end, much research is carried out to
investigate innovative technologies such as single use bioreactors or new separation
techniques. In addition, more sensitive assays and analytical tools are always of interest
in order toenable bettecharacterisation of ever improving product quality

However, biopharmaceutical manufacture comprises a series of segregated units of
operation andlevelopment activity is focusemh each individual unitCharacterising
interactions between unit operatidas keychallengeOverthe past decagsignificant
improvements made to upstregmmocess parametetsave led to incrasingly higher
productivity. Antibody titres of §/L are routinely produced but can be as high ag/R0
(Grénemeyeet al, 2014).Theseoptimisationgnade upstream can result in unfavourable
conditions for downstream purification and stability proféeswell as potgially cause
increased production costdigherlevels of titre will soon represent a serious concern for
downstream processing as the purification equipment was not intended for these amounts.
Capacity limits will be reached amdnsequentlyprocessingime, material consumption

and downstream processing costs will increligbese costs outweigh the decreased cost
per gram gained from highétres, then this may even raise the overall manufacturing

costs(Strube et al., 20)2It may therefordoe more beneficial to take a holistic approach
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to biomanufacturing and airfor total process optimisation, rather than focusing the
optimisation on individual unit operations.

To date, limited research has bemiblished about investigatirthe interface betwee
upstream and downstream processing andidgfwhich upstream parameters are critical

for not only high product titre but also for efficient downstream purification and high
productpurity.

An example of published research in this field inclGadey et al. (2017) who studied one
particular upstream parameter (i.e. a temperature downshift to mild hypothermia on day
5 of fedbatch CHO cell bioreactors) and the effect this had on antibody titre, HCP
concentration and HCP species. They concludedXH& cell cultures grown at standard
physiological temperature followed by a shift to mild hypothermia on day 5 of culture
resulted in material with similar antibody titre and HCP concentration, but with
noticeably different HCP composition. They also datdower cell growth rate but higher
percentages of healthier cells and a less apparent onset of apoptosis, leading to less varied
HCPs, particularly intracellular ones or those localised to the cell membrane. While this
research is very interesting, bdussed only on one upstream parameter (i.e. culture
temperature) whereas the aim of this thesis is to take a much more holistic approach (as
will be discussed more extensively later).

Another published paper of interest is by Agarabi et al. (2017) whishighlighted the
importance of linking upstream and downstream studies during process development.
They investigated how changes to upstream process parameters can influence capture
chromatography performance and discovered that higher dissolved ogygen(D0O%)

and higher sparge rates were associated with fewer HCPs, increased antibody monomer
levels and improved protein stability with properly folded native structures. The authors
suggest this is possibly because vealtated and oxygenated cultuneigiht be healthier

and have intact machinery for protein assembly and processing which should result in
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fewer misfolded HCPs. This research is more in line with the approach that is presented
in this thesis, although Agarabi et al. (2017) focussed onreliffaipstream parameters
compared to those discussed here. Other literature of interest will be discussed throughout
this thesis.

Recentadvances in technology allow for a thorough investigattdhe interface between
upstream and downstream processifige ambrl5 ancambr250 scakelown bioreactor
systems from TAP Biosystems enable efficient cell culture experiments using the
statistical Desig+of-Experiments (DoE) approach where a large number of screening
experiments can be done with only small amowrftsaterial. Several factors can be
changed within one set of experiments which decreases the number of required
experiments and allows the influence of several parameters to be determined and
significant ones to be identifiedljang et al., 20135ronemewgret al, 2014). Moreover,

the useof scale down higtthroughput dwnstream processing equipment like the liquid
handling robots from TECAN allow rapid purification of the large nundfdrarvested

cell culture fluid (HCCF) samples supplied by the upstneaxperiments. The ambr250
scale down bioreactors and the small scale,-thigbughput TECANobot in particular
enable extensive yet tiredficient research into the interactions betwegstreamand
downstream processirgs various differentipstream proess parameters che tested

for their impact on dwnstream performance with regards to fast and-efbsttive
separation and high product purity. Highéensitive instrumentation such as mass
spectrometry andautomatableassays likethe enzymelinked immunosorbent assay
(ELISA) for the guantification of host cell proteimpurities enableprecise analytical
support and fast analysis of a large amount of data. Due to these advartbedieited
knowledge about the impact ofpstream operating conditions onowinstream
performance, it is highly advisable to investigate ititerface betweemipstream and

downstream processing and define critical procesanpeters (CPPs) associated with
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upstream HCF production. Once these are defined, the optimal operating ranges of the
CPPs can be investigated and a traffic light system can be used to highlight which
operatingconditions havan advantageoused) ordisadvantagous(green) effect on the

most impatant critical quality attributes (CQAS). This would efficiently demonstrate
whether a robust process with high productivity and puritglisexable for a certain set

of upstream operating conditions.

Monoclonal antibodies represent an increasingly higher share of biological products on
the market. As these molecules require fi@sislational modifications such as
glycosylation for efficient activity, mammalian host expression systems that are capable
of making these modifications such as Chinese hamster ovary (CHO) cells are
progressively preferred for the production of therapeutic antibodies (Walsh, 2014).
Microbial expression systems are unable to fold the proteins correctly and to carry out the
necesary postranslational modifications in ways that are favourable for use in humans.
Currently, biopharmaceutical manufacturing processes are developed and delivered by
several segregated units of operation and of particular interest here are two gneups:

is the upstream processing group which selects cell clones for the production of
therapeuti@antibodesand defines operating conditions under which agitsv well and
produce high amounts of antibadihe second group of interest tise downstream
processing grop which subsequently purifies the produced antibody and separates out

processand product related impurities.

The upstream processing group grows different cell lines that are transfected with a
desired gene and ewualtes the cell line stability in various media processes. The best

performing cell lines in terms of high productivity are then scaled up in bioreactors and
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grown under certain process gareters until the cells are harvested, usually between
days 12and 18.0Optimisationin upstream processing is usually focused around cell line
development, media and feed development, scale up, process control and cell harvesting
(Li et al., 2010; Zhpy2012. The main focus of this group is on making sure cells show
high viability and healthy cell growth in order to produce high amounts of antibody titre,
whereas the ease of purditon can be a ratheegligibleconcern at this stage (Bhoskar

et al, 2013).

N

~
\

Seed

Shake flasks expansion

bioreactor

N N
ProductionJ Depth J Cell culture

CentrlfugatlonJ filtration harvest

Figure 1. Genericupstream procesflow diagram for a monoclonal antibady

Vs . ~ B N N A
ﬁgmtll?r/e L(\)I}';'UF;H Polishing Polishing Virus UF/DE
(pro{)ein A) inactivation column 1 column 2 filtration
| A

Figure 2. Generic @wnstream process flow diagram for a monoclonal antibody

The filtered harvested cell cultudeid (HCCF) is passed onto thewnstreanprocessing
groupfor protein purification where the desired pharmaceutical protein is separated from
most processand productelatedimpurities. A typical downstream process for the
purification of therapeutic mAbs is done in two or three caolsteps depending on the

molecule expressed by the selected cell lines. The initial affinity chromatography
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commonlyuses protein A to bind the Fc region in immunoglobulins (Igs) while most cell
impurities flow through the column without binding and arestlseparated from the
therapeutic product. This very poxiid step is considered a godlandard as the initial
purification step due to its very high affinity specifically for the Fc region in Igs and
therefore its capability of removing mastpuritiesincluding the majority of host cell
proteins (HCPs)Protein A affinity capture is commonly followed by low pH viral
inactivation which inactivates or denatureggmtial (enveloped) viruses by altering their
surface chemistry. Further separation technigaesncludeanion and cation exchange
chromatography. The former can be used to separate out negatively charged impurities
such as DNA, endotoxins and HCPs, while the latter can be used to inmpooener

purity if required Cation exchange chromatograpfgmoves product aggregates by
binding the highly positively charged aggregates more tightly than the monomers and this
causes the aggregates to elute after the monomers. The eluate is collected in fractions and
those fractions containing the product momesnare pooled.

Optimisation in downstream processisgocused mainly around improving individual
chromatography steps such as the implementation of superior resins with new matrix or
ligand chemistry, or the use of intermediate washing steps to remeowaining
impurities. Inaddition, aarge amount of research has beamied out to find alternatives

to protein A resin as it is the most expensive chrography stepGronemeyeeet al,

2014).

Due to thesegregated approach to antibody producioth process developmeptocess
optimisations are carried out within each individual group rather than for the whole
production process and this lack alfgnmentcan causalisadvantages to the overall
manufactuing process. For instance, certain cell lines or bioreactor processing

parameters will increase product titre but may increase the amounmpuftiesas well.
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These impurities will eed to be removed again duringwhstream processing which

may affectworkload and process cost. To prevent increasingly high@wvnstream
processingcosts with further increasing product titre, critical parameters in process
development need to be thoroughly investigated.

Critical quality attributes (CQA) amefined by thé&-ood and Drug Administratior-DA)
(2009) as being #Aphysical, chemical, bi ol ogi
characteristic[s] that should be within an appropriate limit, range, or distribution to ensure

t he desired pr odu cggreggtesaftagmentscand hésbcell ppoteiasmp | e a
which can affect monomer purity, product stability and efficacy. As such they need to be
closely monitoredParameters of the manufacturing process that can affect these CQAs
are considered critical process paedens (CPPs). Potentigbstream process parameters

that can affect product CQAs are generally at the bioreactor @tagee 3). Examples

include the seed density, the temperature and pH under which the cells are grown and the
process duratiofNagashima et al., 20L3Seed density and temperature impact the
growth profile and viability of the culture, while the amount of time for which the cells

are grown has an effect on the culture viability at harvest. As such, cultures which are
grown for an extended duration may start showing declining viability raag be
associated with higher amounts of host cell proteins. Sparge rate and agitation rate are
also potential CPP# is possible that changes to these parameters have a big impact on
the product quality, and as such they may be considgitichl (Agarabiet al., 2017)
However, theparameters mentionegreviously are generally easily regulated with
current bioreactor controls, so as soon as an optimal operating range for these parameters
is determined and they are maintained within this design space;dhdye considered

less critical (Haigney, 2013Rnthe other hand, parameters such as dissolved oxygen and
carbon dioxide concentration as well as the concentration of critical nutrients are harder

to control and may therefore need to be regarded alylagtical. The concentration of
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nutrients reportedly affects the mol ecul

of the drug Hossler et al., 2009 Reducingthe concentration of CObut avoiding
interference with the pHsia fine balance thaan influencehe drug qualityZhu et al.,

2005 Darja et al., 2016

Nutrient concentration )
Process duration

ivee \ Temperature X

seed Production Centrifugation Depth filtration Cell culture

Shake flasks

expansion bioreactor harvest
CO, concentration / pH
Dissolved O,

Figure 3. Potentialcritical process parameter€€PP) in a generic pstream proces®ote, iVCC
stands for initial viable cell density, or seed density.

In terms of the ownstream purification process, potential CPPs include the protein load
and flow rate duringachchromatographgtep as well as the pH and conductivity during
the washand elution phasd§igure4). The elution gradient during chromatography may
also affecproductquality. All of the above determine how well the f@ion of interest is
separated from the produ@nd processelated impurities and therefore how good the
quality of the final drug substrate will &athore & Winkle, 2009)Similarly, the pH,

hold time and temperature during the vir@ctivation step as well as the membrane
characteristics, filtration volumes and pressure during viral filtration all have an impact

on the drug CQAsJ{n et al., 2019Dizon-Maspat et al., 201 Haigney, 2013).
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Figure 4. Potential critical process parameter€PP) in an examplalownstream process

Biopharmaceutical manufacturing is associated with several types of impurities, such as
product related impurities (e.gggregates) and process related componentsHERBs,

DNA, residual media components, protein A leachabla#l).impurities need to be
monitored and ihecessaryremoved during product purification in order to achieve drug
guality specifications. Theseeaset in accordance with guidelines published by the ICH
and are harmonised between the regulatory authorities and the pharmaceutical industries

in Europe, Japan and the United States of Amé@shinbolu et al., 200).

Aggregation is the skehssociation of proteins with each other and can vary in structure,
bonding, reversibility and solubility. Particularlyidng cellular stress and/or when high
amounts of proteins arexpressedand ER chaperonedo not function sufficiently
proteins can unfold/misfold resulting in the exposure of hydrophobic patches of the
peptide structures. This can cause accumulation of numerous unfolded proteins into
aggregatesSuch conditionganoccur during the expression of recombinant antibodies,
where aggregain might occur both intracellularly during the actual synthesis of
antibodies as well as in the culture medium dfterproteins are secreted (Bhoskgal,

2013).Aggregates can also form when therapeutic proteins are exposed to chemical (e.g.
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pH), physical (e.g. aeration or agitation), and/or biological damage (e.g. proteases) which
can cause conformationehanges omight even form on the chromatography column
during protein purificationKarys et al., 2(8). As these aggregatbave different actity

and efficacy compared to the product monomers and can pose a safety cluectrn
adverse immune responses in pati€Msussaet al, 2016, they need to be removed
during dbwnstream purification.

As mentioned, for the production oécombinant proteins, cells are expressing and
folding a higher amount of proteins than normal and this can cause stress, particularly if
chaperones in the endoplasmic reticulum (ER) such agliding immunoglobulin
protein) are unable to fold the nasderoteins in a timely and precise manaed these
unfolded or incorretty folded proteins are prone to aggregation (Bhostaal, 2013;
Schréderet al, 2002). It has been found that heterotetrameric antibadibdwo heavy
chains and two light chas (HoL2) assemble in a manner that requires correctly folded
and functional light chain (LC) domains to be present in the ER. In the absence of light
chains, the ER chaperone BiP binds tightly to one particular heavy chain domain (CH1)
and prevents the liding of this domain and thus the assembly of a complete antibody. If
functional light chains are present, BiP and CH1 dissociate from each other and the latter
is able to fold and subsequently assemble with all subunits to create an immunoglobulin
(Bhoska et al, 2013; Leeet al, 1999). Free LC domains are easily transported from the
ER and the cell, so a high amount of light chains in the culture methaught to be
indicative of their concentration within the cell. Based on this knowledge, Bhdskiar e
(2013)havepublishedthat a high amount of antibody light chains in the culture media is
linked with high antibody productivity, high cell viability and low aggregation. Of
particular interest here is the correlation between high levels of fraechgms (i.e. LC

in the culture media) and low product aggregation. This research suggests that the

concentration of antibody LC domains in the culture media might be used as an indicator
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of issues pertaining to product aggregation: low levels of fréédigains imply a lack of
intracellular LC domains, which means CHL1 is unable to fold and assemble with the other
subunits into a full immunoglobulin. If unfolded proteins are not degraded by the cells in
a timely manner but instead accumulate, aggregatilboccur. These cells with low LC
domains would therefore be associated with high aggregation levels. BhoskgGt 3.

have found that such cells also have low viability which may betaludke resulting
toxicity. As such, functional light chain dwins are a presquisite for immunoglobulin
assembly and they minimise the risk of aggregation of unfolded heavy chains, which
might classify free LC in culture nde as a critical parameter opstream processing.
However, this research was only carr@d with an IgGitype mAb, so further research

is required to verify these finding with other types of recombinant antibodies (Bletiskar
al, 2013). Also, it would need to be determined at which point the light chain
concentration can be considered tow lto produce high quality drugs and becomes

critical, although this may very well vary between different antibodies.

During protein synthesis in eukaryotic cells, one significant -prasslational
modification that is carried out is the attanent of oligosaccharides to specific amino
acids of the protein, known as glycosylation. The noashmon type of glycosylation
seen in antibodies is-Nhked glycosylation where glycan structures are attached to
asparagine at the following consensus: & XaaSer/Thr where Xaa is not a proline
amino acid. This podtanslational modification is very complex and a cause for great
heterogeneity in mAbs. There are three different types-gfybans found on IgGs
complex, high mannose and hybriiqure5), of which the complex and hybrid types
occur either with or without a core fucose residue attached to the innermost N
acetylglucosamine (GIcNACc) residue. Usually, mAbs are associated with high amounts

of complex biantennary glycans with core fucosylation (Higel et al., 2016).
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Figure 5. Diagrams of glycarstructurescommonly found ommunoglobulinsTaken from Zhou
& Qiu, (2019, figure 2

Upstream processing conditions directly influence correct glycosylation formation since
the expression system and growth conditioasehan impact on the glycosylation
pathways (Hosslezt al, 2009).

Glycosylation itself greatly affects product solubility and stability and influences the
mechanisms by which therapeutic mAbs work. A lack of glycan residues makes mAbs
more susceptible tonfolding and aggregation (Zheng et al., 2011). Furthermore, certain
types of glycan species have the undesirable effect of clearing the product from the
bloodstream too quickly. Mannose receptors, which bind to mannose and N
acetylglucosamine residues Mfglycans and which are most noticeably expressed on
immune cells (Allavena et al.,, 2004), are responsible for selective clearance of
glycoproteins, thereby reducing the higi¢é of affected mAbs in patients. Similarly,
mADbs with Nglycans lacking galaosylation (and therefore having a terminal GIcNAc

residue) have a higher rate of clearance from circulation according to Huang et al. (2006).
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Glycan species also influence the way by which therapeutic mAbs can act. For mAbs that
rely on Femediated effectofunction, changes in Fc glycans can affect the mechanism
of action, e.g. IgGs with afucosylated Fc glycans increase antibepigndent cell
mediated cytotoxicity (ADCC) (Reusch & Tejada, 2015). Therefore, products with an
incorrect glycan profile will beestricted in their functionality, which makes correct
glycosylation a crucial quality attribute.

There has been a lot of development to measure and monitor glycosylation patterns,
which has become particularly relevant for the manufacture and apprduakohilars.

The first therapeutic mAb has lost patent protection in the US in 2016 and there has since
been a rise in the production of biosimilars. Given the effect that incorrect glycosylation
can have on drug efficacy, it is important to monitor glyspecies in biosimilars to
ensure that they have the same pharmacokinetics and immunogenicity as the original
mAbs (Kang et al., 2018).

As mentioned, it is important to control the production of only specific glycan structures.
This can be achieved in sral ways, e.g. by

a) controlling culture pH, temperature, media and nutrients, which are parameters that
affect high mannose and terminal galactosylation levels (Zupke et al., 2015), or by

b) creating knockout cell lines with silenced genes for Fucosglfieaase 8 or GDP
Mannose 4,@lehydratase (Yamar@hnuki et al., 2004; Kanda et al., 2007) which results

in reductiorof fucosylationlevels. The absence of core fucose is responsible for enhanced
ADCC and increased drug efficacy, which proved especially beneficial for oncology
products (Higel et al., 2016). On the other hand, in diseases where ADCC is not the

desired effector functiorihe absence of core fucose is unfavourable.

One product quality attribute in particulaais proven to be quite challenging to monitor

and to remove from the final drug prodaetd has thus come under increasing scrutiny
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over the last f@ yearsi host cell proteinsThe host cells that are implemented for the
expression of recombinant therapeutics (e.g. monoclonal antibodies) produce not only the
desired antibody but also-@xpress indigenous proteins that enable the cells to survive,
known as host cell proteins (HCPs). They are present in the harvested cell culture fluid
(HCCH and are process relatedpurties requiring separation from the drug product
during downstream processing.

HCPs are a complex mixture of a huge variety of pnstevith significantly diverse
physicochemical properties (e.goelectric point molecular weight and degree of
hydrophobicity) (Jin et al., 2010; Nogal et al., 2012), which makes it necessary to use
multiple techniques for efficient clearance. Shuklalet(2008) have investigated two
strategies to demonstrate robust HCP clearance during downstream purification steps.
The reason why HCP removal is so essential is not only due to the possibility that they
might influence the efficacy of the drug produmif also because they can cause adverse
immune reactions in patients, including crosactivity and autoimmunity, and as such

are a major safety concern (Beaell et al, 2015; FDA, 2014; Gao et al., 2011; Nogal et

al., 2012; Singh, 2I1). One notable caswas published by Genentech about phase llI
clinical trials for the asthma drug Lebrikizumab. Material for this study was found to
contain high amounts of the HCP species PLBL2 which caused a notable immunogenic
response in ~90% of subjects, although deease safety effects weobserved (Fischer

et al., 2017). For these reasons, the Food and Drug Administration recommenutgreduc
HCPs to acceptably low levels (<100ppm) (Chon and ZaHRagastoitsis, 2011),
although in reality HCP limits are cabg-ca® dependent and are defined from {pre
clinical studies and manufacturing consistency lots (ICH, 1999; Oshinbolu et al., 2017).
The recommended limit is a guideline only and aims to reduce the impurities as much as
possible as our limited understandingabthe exact types of HCP species that are being

retained in the final drug product means it is unclear how dangerous their presence may

27



be to the patient. Low levels of HCPs overall reduce the possibility that harmful types of

HCP species are still pragdn the final drug substrate and pose a risk to patients.

When it was first discovered that significant amounts of host cell proteins wdreingt
efficiently separated during the antibody purification process but inefiact retained
during protein A affinity chromatographit,was unclear whether the host cell proteins
co-eluted with antibodies by nespecifically binding to the resin or by associating with

the bound antibodieshukla & Hinckley(2008) have demonstrated that the latter was
the case and that column wash buffers that disrupt mABP interactions (rather than
resini HCP interactions) need to be developed and applied after loading material onto
columns in order to maximise HCP atance. Subsequently, Nogal et al. (2012) have
also shown that HCPs @ute with bound mAbs by performing two protein A
chromatography runsn the first case, mAb free HCP material was loaded onto clean
protein A resin, whereas in the second case, thb frée HCP material was loaded onto
aprotein A column that already had antibodies bound fhie design of this experiment
effectively allowed a conclusion to be drawn on whether host cell proteipsrifg

during protein A affinity chromatography byniding to the resin or the bound antibodies:

if the eluate from the first experiment contained high HCP levels, the impurities must
have bound to the chromatography resin because there were no antibodies present yet to
which they could have bound; if théuate from the second experiment contained high
HCP levels, the impurities bound to the antibodies that were already bound to the resin.
It was found that upon elution, the HCP levels were significantly higher in the second
run, demonstrating that most HCspecies cgurify during protein A affinity

chromatography due to their interactions with the bound antibodies.
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Nogal et al(2012)also demonstrated that only select subpopulations of host cell proteins
co-elute with the antibody during protein A affinity chromatography. They loaded
harvested cell culture fluid containing antibody and HCPs onto protein A resin, spiked
the flowthroughwith purified antibody again and recycled this material for a total of five
cycles.This experimental design allowed a conclusion to be drawn on whether all or only
select subpopulations of host cell proteinsetide with the antibody during protein A
affinity chromatography: if only specific subpopulations of HCPsekde with the
antibody, then these populations should be depleting from the CHO culture and the eluate
samples should contain decreasing amounts of HCPs over the course of the five cycles.
However, should all HCPs eslute with the antibody similarly, any depletion from the
large supply that is present in the CHO culture is unlikely. In this case, the HCP levels in
the five eluate samples should remain similar. And indeed, Nogal(20&P noted that

HCP levels in the flovthrough samples remained fairly consistent while eluate samples
from the five cycles contained rapidly decreasing levels of HCPs. They concluded that
only specific subpopulations of HCPs-elute with the antibody, whictvere gradually
depleted from the load materi@ther research groups have confirmed these findings
(Aboulaich et al., 2014Bailey-Kellogg et al., 2014; Hogwood et al., 2014; Levy et al.,
2014; Sisodiyaet al, 2012, and have furthermore focussed reskann identifying

specific HCP species as discussed in the next sections and throughout this thesis.

Considerable research has been done recently to identify the specific HCP dpmcies
are being retained during protein A affinity chromatography with certain antibodies
expressed in CHO cells. HCR=portedto bepresent in high amounisclude thosehat

are involved in essential cell survival processes such as in translation (e.g. elongation
factor 2), in protein folding (e.g. heahock proteins Hsp70 and Hsp90 and clusterin),

and in glucoseor lipid metabolism (e.g. GlyceraldehydepBosphate dehydrogase;
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pyruvate kinaselactate dehydrogengsBLBL2) (Albrecht et al., 2018Farrell et al,

2015; Taitet al, 2012; Zhanget al, 2014). In addition, proteases such as cathepsins and

serine protease HTRAL have been identifiatb(echt et al., 2018Farell et al, 2015;

Taitet al, 2012; Zhanget al, 2014), particularly during late stages of tétureprocess

when they are suggested to cause fragmentation of HCP&{BE€2015; Farrelkt al,

2015).Levy et al. (2016) have also identified difilc-to-remove HCP species from non

affinity chromatographic polishing resins commonly used in polishing steps for mAb

purification (i.e. iorexchange, hydrophobic interaction, and multimodal).

Identified post-protein A HCPs
78 kDa glucoseegulatel protein
Actin cytoplasmic 1

Clusterin

Elongation factor dalpha 1
Elongation factor 2

Glutathione Sransferase P

Glyceraldehydes-phosphate
dehydrogenase

Heat shock cognate 71kDa protein
Peptidytprolyl cistrans isomerase
Peroxiredoxinl

Phosphoglycerate kinase 1
Pyruvate kinase

Serine protease HTRAL

Table 1. Selectionof host cell proteinspecies that have been identified by different research

Source

Farrell (2015), Zhang (2014), Zhang (2016)
Farrell (2015), Zhang (2014), Zhang (2016)
Farrell (2015), Zzhang (2014), Zhang (2016)

Zhang (2014), Zhang (2016)

Albrecht (2018),Tait (2012), Zhang (2014),
Zhang (2016)

Albrecht (2018)Zhang (2016)

Albrecht (2018)Farrell (2015), Zhang (2016
Albrecht (2018)Zhang (2016)

Albrecht (2018),Tait (2012), Zhang (2016)
Albrecht (2018)Farrell (2015), Zhang (2016
Zhang (2016)

Tait (2012), Zhang2014), Zhang (2016)

Farrell (2015), Zhang (2016)

groups to be celuting with monoclonal antibodies.
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In addition to carrying out HCP research in the downstream spaxck has also been

done to investigate whether certain upstream process conditions affect the composition
of HCPs present in harvested cell culture fluid. For instance, Jin et al. (2010) researched
how media, temperature, feeding strategy, agitation speed, process dunatiogalla
viability impact the levels of total HCPs. They found low cell viability to have the most
significant effect on HCP composition. Not only did they measure higher levels of HCPs
at day 15 when viability was only 11% but they also discovered thaiv molecular

weight species were more abundant at this time in the culture process, suggesting the
release of proteases and the associated degradation of proteins at low viability. This
suggests that viability needs to be closely monitaaktdpugh it fould be noted that the
viability of 11% observed in this research is not a realistic manufacturing process
viability. Low viability cultures are likely to be avoided for the production of therapeutic
antibodies anyway but even well behaving cell cultmesd to be monitored to prevent
such cultures from producing high amounts of HCP at the end of the culture process when
viability might be decreasing and extra care must be taken to harvest cells at high viability
and not extend the process duration tgoTait et al. (2012) have also reported that the
changes in environment, metabolism and declining viability at the end of the culture
period result in different compositions of HCPs at the end of the process compared to
earlier days. Both the work fromnJet al.(2010)and Tait et al(2012)suggest that the

time of harvest is a crucial parameter with regards to HCP composition and that cell
culture duration and cell viability should be controlled for process consistency. Further
research is required tonestigate if an earlier harvestght be worthwhile to obtain
HCCFwith easier separable HCP species.

However, there has been little research to link these HCP discoveries to upstream process

conditions. Experiments are often focussed either on downsti€dPnanalysis without
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consideration of the upstream process conditions under which the material was produced,
or theyarefocussed on upstream process conditions and their effect on HCP composition
in the harvested cell culture fluid, but not on the HEaracteristicsin processed
material. One paper of interest thdeslink upstream andlownstreamstudies is by
Agarabi et al. (2017) who have investigated how changes to upstream process parameters

can influence capture chromatography performance.

There are several techniques which can measure the percentage of differently sized
particles in a solution. Size exclusion chromatography (SEC) separates the maecules

a sample by their respective sizes, using resin beads with different pore sizes. During the
chromatography run, large molecules (such as product aggregates) are unable to enter any
of the pores or only diffuse into a few of the larger pores and aseelioted from the
chromatography column first. Small molecules like product fragments on the other hand
will diffuse into many if not all the pores and are thus retained in the column for the
longest periocdandelute last. Mediunsized proteins like produenonomers can diffuse

into some but noall the pores so they are eluted in between the large and small sized
molecules. As the proteins are eluted, [UNtraviolet light)absorbance is measured and

the relative percentage of each group of molecules easaloulated to determine how

high monomer purity is. However, since separation depends on the pore dimensions, it is
crucial to select the appropriate range of pores for the respective sizes of the proteins that
are to be separate§SEC is themost commortechnique to quantify mAb aggregates and
ensure that the amount meets regulatory guidelibés considered a gold standard in
industry to monitor mAb monomer purity and support processelopment /

manufacture.
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Dynamic light scattering (DLS) isnotter orthogonal tool to measure particle size
distribution. It measures the scattered light from the molecules that are moving in
solution, which is dependent on the rate of diffusion and the hydrodynamic radius of each

molecule (Wyatt Technologies). Accugaimeasurement depends on sufficient protein

concentration.
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Figure 6. Process o$ize exclusion chromatograph{A) Schematic picture of a particle with an
electron microscopic enlargement. (B) Schematic drawing of samgéxules diffusing into the
pores of the particle. (C) Graphical description of separation: (i) sample is applied to the column;
(if) the smallest molecule (yellow) is more delayed than the largest molecule (red); (iii) the largest
molecule is eluted fitsfrom the column. Band broadening causes significant dilution of the

protein zones during chromatography. (D) Schematic chromatogram. Fagutdegendaken
from GE Healthcar€2018.
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Characerising the glycosylation of a therapeutic protein is critical. According to the ICH

Q6B guidel i ne,, thefcarbohydrdteycaenteghoull beeletenmsned. In

addition, the structure of the carbohydrate chaitise oligosaccharide pattern and

glycosylation sites of the polypeptide chain should be analysed ®xhé e nt possi bl eo
(1 CH, 1999) . And the European Medicines Agenc
becharacterisedand particular attention should be paid to tdegreeof mannosiation,

galactosylation, fuscosylation and sialylation. The distribution of main glycan structure
present (often GO, G1 and G2) should be deter
Glycan profiling can be achieved by means of two strategies, the first of which requires

cleavage of the protein peptide chain, e.g. using trypsin, while the second removes the

glycan structures from the protein peptide chain (either by chemical means or by

enzymatic cleavage). In order to detect and quantify the released glycopeptides or
oligosacharidesrespectively, several analytical techniques can be uUBkere are

commonlytwo groups of analytical techniques for the analysis of mAb glycandy&ing

mass spectrometric technigues and the other lsaipgratiorbasedechniquegdel Val

et al, 2010)

An example ofa MS technique is MALDITOF (Matrix Assisted Laser Desorption

lonizationTime of Flight), while an example of the separation based techniques is

HILIC-HPLC (Hydrophilic Interaction High Performance Liquid Chromatography) or

HILIC-UPLC (Hydrophilic Interaction Ultra Performance Liquid Chromatography)

(Figure7). In HILIC, separation of compounds occurs based ondiférential capacity

of producing hydrogen bonds with the polar media of the stationary phase. UPLC systems

as opposed to HPLC systems have improved resolution, are more sensitive and are

capable of quantifying mAb glycans within 30 minu¢€sarke et al.2009).
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Mass spectrometry is considered the gold standard for qualitative characterisation of
glycans. Tandem MS is a possible approach to obtain glycan identification and
sequencing and can provide purification and analysis in one system (WuhrezGa4l.,
However, for quantification of oligosaccharides, techniques such as liquid
chromatography which render direct results due to fluorescence or UV absorbance
detectors are more commonly used compared to mass spectrometry which only quantifies
resultsrelative to other glycan structures in a sample.

High sensitivity of an analytical technique used to quantify glycans is very important in
order to allow detection of glycans present in low concentrations as well as to enable
analysis of low volume samgs, as is commonly the case during small scale process

development (del Val et al., 2010).
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Figure 7. Example of HILICGUPLC for Nglycan identificationtaken from Reusch et 2015,
figure 2.
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Enzymelinked immunosorbent assays (ELISAS) are considered a gold stand#nd for
guantification of HCPs and are most commonly used to ensure the drug specification
limits of HCP impurities are met. The antibodies used in such assays are produced by
immunised animals such as goats or rabbits. Therefore, only HCPs with immunggenicit
in the host animals will be accurately measured. For HCPs which do not cause an immune
reaction in the immunized animals, there will be no specific antibody produced and so
they will not be detected in the corresponding ELISA. As an ELISA is unlikedgtiect

100% of HCPs, & quantfication is limitedand does not provide absolute results about
the total mass of HCPs present in a sanfleampion, 2005)

Moreover, this type of ELISA does not provide any information about the identity of

HCP speciethat are present.

Substrate

Well coated with Non-specific binding Detection antibody Enzyme-conjugated Substrate added
capture antibody sites blocked and added detection reagent and plate read at
antigen added added 450 nm

Figure 8. Schematic of a sandwich ELISAken from Rockland Immunochemicals [26019.

The identity of specific HCP species can be investigated b RGE (twedimensional
polyacrylamide gelelectrophoresis) and L®IS/MS (liquid chromatography with
tandem mass spectrometry). Electrophoresis sensitive protein staining enables the
visualization of the proteins and 2D electrophoresis supplies information about the
distribution of HCP speciesccording to molecular weight and isoelectric point. Coupled

with LC-MS/MS, these species can be identified and quantified. This approach allows for
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HCP species with low immunogenicity to be recognized as well. On the other hand, low
abundant proteins amasked by high abundant ones and are less likely to befieénti
(Hogwoodet al, 2014; Luet al, 2015).This is a concern when trying to quantify and
identify low abundance HCPs in the presence of highly abundant antibody product. To
address this issueecent advances in mass spectrometry have enabled improvements in
the specificity and dynamic range using targeted mass spectrometry technigues, e.g. using
a QExactive mass spectrometer which contains a quadrupole mass filter and orbitrap
mass analysdor high resolution and accurate mass (HR/AM) measurenfErastti &
Aebersold 2012; Gallienet al, 2012; Gillet et al, 2012) Recent research has
demonstrated that it is possible to quantify HCPs down to sdigieppm rangewithin

1 hour for realitme bioprocess development supp®talkeret al, 2017)

An example ofa workflow used to identify HCP species by mass spectromistry
presented irfFigure 9, which shows that samples ioterestaredigested overnight with
trypsin with the purpose of cleavitCP proteins into peptideShe reducing age@TT
(dithiothreito) is added the followig day for aduration of 30 minutes, after which the
digestion is stopped, samples are dried, and dnatysedn a nand_C Orbitrapmass
spectrometerThe data is then processed using software for identifying peptides and
proteinsby correlating the detected peptides against a database which contains a list of
previously identified CHO HCPs.

Common contaminas as well as HCPs that are identified oe thasis of only one
detected peptide afédtered out and manual data validation is performed based on the
MS/MS data qualityandthe isotope plot datavhich removes false or uncertain results
and increases confidence in the accuracy of the identifisticlet proteins

However, it should be noted that Mfased HCP detection has its limitations, one of
which might be the software (if thism®t programmed to search for certain species, then

these will not be detected), another limitation can be thebdae used to correlate the
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detected peptides agai nst (if the database
identified). A third possible factor that might prove to be an issue for getting good quality

data, is the sensitivity of the instrument used ftedtion, as instruments which have a

|l ow resolution wondét be able to detect protei
If a certain HCP species of interest needs to be identified, ELISAs using antibodies raised

against a specific problematic HCP slgs can be carried out. Alternativelyestern

blots can be performedagain, either using a polyclonal mix of ahtCP antibodies to

verify the presence of HCPs in general, or using antibodies raised against a specific HCP

species to identify the parular HCP species in questiqilogwood et al, 2014)

However, this approach is very time consuming and it can be expensive to raise antibodies

against several specific types of HCPs. Additionally, only HCP species that are
immunogenic and against which #nuidies can be raised in the first place, will be able to

be identified using this techniqu&logwood et al, 2014) Table 2 summarizes the

advantages and disadvantages of each analytical assay, and often it may be necessary to

use several orthogonal assag ensure confident HCP detection and characterisation.

Technique Advantages Disadvantages

Highly sensitive & fast ; o
Only semiquantitative and

ELISA measurements of HCP ; ; ;
unable to identify HCP species

amounts

Visualizes HCPs angrovides Abundant proteins mask less
2D-PAGE or _ _

information about molecular abundant ones and make
2D-DIGE : . o . . :

weight and isoelectric point detection of the latter impossib
LS-MS/MS » _

; Identifies HCP species of ;

(coupled with 2D Takes a lot of time andavrk

. interest
electrophoresis)

_ Only works on immunogenic
_ Confirms presence of _ o
Western blotting - _ HCPs for which antibodies are
(specific) HCP species _ _
available; can be expensive

Table2. Advantages and disadvantages@¥eralanalytical tools for the measurementt€Ps
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Since lopharmaceutical manufacturing processes are developed and delivered by
segregated units of operation, all development activity is focused on the specific function
of each individual group, such as increased antibody production in the upstream
processing gup, whereas HCP clearance is one of the aims of the downstream
processing group and is not commonly monitored during upstream procd$sng are
certain disadvantages to this segregated approach: The upstream selection criteria for the
best cell lines and culture conditions are based mainly on titre considerations, but
adaptations/optimisations to the upstream process conditions witht¢he to increase

titre will also have an effect on the amount and composition of host cell proteins (Jin et
al., 2010). It is therefore possible that certain process conditions cause the HCCF to
contain high amounts of HCPs or species that bind paatiguightly to the therapeutic
antibody, causing their retention during the purification process. The removal of these
HCPs, but also the removal of other process relatguirities like DNA and lipids
presents a developmental challenge for the downstgeanp. If the clearance strategy
necessitates the implementation of additional purification steps and each step is
associated with a loss of product, then the high titre gaipstteammay ultimately be
negated again. As such, optimisations to the adgibproduction process in one
segregated unit of operatiomay not necessarily lead to total process optimisation.

From an economic point of view, another disadvantage to this isolated approach is an
increase in cost: As it currently stands, the incredgiligher titres producedy
upstreanprocessing groupsver the last decade have caused the majority of the process
costs to shift fromupstreamto downstream resulting in the fact thatogvnstream
processing now contributes the majority of the cdst the manufacture of
biopharmaceutical¢Guiochon & Beaver, 2011evy et al, 2014). There are several

reasons for this cost shift. For one, the overall cost per gram decreases with increasing
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titre, resulting in other costs becoming more pronounced suttfeasost of protein A

resin. The other effect of higher titres is that the protein A resin binding capacity may
reach its limits which will either call for larger amounts of the expensive resin or longer
processingimes. The lattecausedewer batches peyear which increases the COG/g.
Lastly, sincecultures which produce more titre may also be associated with higher levels
of impuritiesthat require a more extensive clearance stratibgycost fordownstream
processingurther increases due to highleaffer consumption during the purification
process, eithatueto an extended number of purification stepslueto longer processing

times As such,higher titresproduced upstrearmauselonger downstreamprocessing

times more material consumption and overall higher costs to the manufacturing process
when using the currentlownstream processingquipmentand industry standard
processedDecisions made during upstream processingticarefore have a big impact

on downstren operations.

To addresthis issuea more holistic approach to process development is dudwjsehich
considers the impacts on downstream purification during the developmepstofam
processing For this, it is crucial to identify hovexactly upstreamand downstream
processeaffect each other aratermine which operating conditions amical not just

for the best performance of one group but for an optimal entire process. The goal is to
aimfor total process optimisation rather than just optimisation of each segregated unit of
operation. For example, rather than focusing on process conditions that yield the highest
titre, process conditions thagsult ina tradeoff between product quantitgnd purity

should be used.

Over the past decade, significant improvements have been made to upstream processing
and the optimisatioof process parameters have e increasingly higher antibody titres.

However,antibody purification issues are not taken into consideration during upstream
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development and one side effect of this is that downstream processing has tlecome
most expensive pant the production of therapeutic drugs.

This is partly due tehe challeges of carrying out a whold@oprocess analysis type of
research: Pcessesnustbe designed and evaluated for every new therapeutic protein
candidate, which historically involved largeale studies that consume resources (i.e.
capital, workforce and tig) (TitchenerHooker et al., 2008)The amount of time such
studies take may also affect product release and the duration for which the product has
market exclusivitywhich in turn impactssales proceeds. While it is important to gain
process design inforation as early as possible to address any potential problems, these
studies need to beosteffective enough that it would not be a huge loss should the
product fail during anyubsequentrials. Capital, workforce and time can be saved by
implementing smi&scale biochemical engineering methoddich can providesarly
information about how largscale downstream processes are likely to perform.
(TitchenerHooker et al., 2008 However, this requires very particular equipmeng(
smaltscale bioreactorsmall scale columns, liquid handling robots, automated assays
etc.)and if such equipment is not readily available, early process development research
is severely limited

However, another reason that antibody purification issues are not taken intee cateaid

during upstream development is due to the segregated approach to bioprocessing. In order
to deal with this aspect, several changes to the antibody production process will need to
be implementedWhile optimisation of current separation processedl continue,
another approadio deal with the new challengisso considethe manufacturing process

more holistically and think about the ease of downstream protein purification during the
selection of upstream operatirgpnditions, and essentially integrate upstream and
downstream processing. A prequisite for this approach is to determine which upstream

process parameters are critical not only for high productivity and antibody titre but also
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for the ease of purificain and good product quality in terms of low aggregation, low
fragmentation and low host cell protein impurities.

The impact of upstream operating conditions on downstream performance is still not very
well understood, and it is thus highly advisable i@stigate the interface between these

two groups and define critical process parameters (CPPs) associated with upstream HCCF
production. Once these are defined, the optimal operating ranges of the CPPs can be
investigated and a traffic light system carubed to highlight which operating conditions
have a bad (red) or good (green) effect on the most important critical quality attributes
(CQAs). This would efficiently demonstrate whether a robust process with high
productivity and purity is achievable forcartain set of upstream operating conditions.
The robust operating conditions are likely to vary between molecules, but identification
of important CPPs and CQAs should enable a more concise approach to finding a robust
window of operation. Recent advasdea technology allow for a thorough investigation

at this interface of upstream and downstream biopharmaceutical processing. 250 mL or
even 15 mL scaldown bioreactor systems enable efficient cell culture experiments using
the statistical Desigof-Expeiments (DoE) approach where a large number of screening
experiments can be done with only small amounts of material. Several factors can be
changed within one set of experiments which decreases the number of required
experiments and allows the influence sdfveral parameters to be determined and
significant ones to be identifiedlfang et al., 2013 Moreover, the use of scale down
high-throughput downstream processing equipment like liquid handling robots allow
rapid purification of the large number of kasted cell culture fluid (HCCF) samples
supplied by the upstream experiments. The 250 mL or 15 mL scale down bioreactors and
the small scale, higthroughput robot in particular enable extensive yet aifieient
research into the interactions betweestitgam and downstream processing as various

different upstream process parameters can be tested for their impact on downstream
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performance with regards to fast and eefééctive separation and high product purity.
Highly sensitive instrumentation suchraass spectrometry and higjftroughput assays

like the ELISA enable precise analytical support and fasysisabf a large amount of

data.

The project described hereiiocuses on a systematic investigation of the interface
between upstream and downstrearanofacturingactivities. Specifically, this project

aims to combine offline with online orthogonal analytics to generate mifalttorial
signatures associated with upstream HCCF and thereafter understand how such outputs
impact downstream events (includirproduct recoverypurity and impurity). The
following aims were set out at the beginning of the research and will be addressed in the
following chapters:

a) Scope upstream processing parameters for several
modellgG1 biopharmaceuticals using a range of different upstream operating
conditions, anduse online and ofine analytics,to identify critical upstream
process parameters (CPPs) that impact HCCF quality and downstream product
purificationT do cell culture pH &temperature, seed density, culture duration
have a critical impact ofi.e. significantly changeproductamount viability,
postprotein A HCP quantity gproduct monomepurity??

b) Scope upstream processing parameters for several
modellgG1biopharmaceitals using a range of different upstream operating
conditions tadentify HCCFRassociated critical quality signatures (indicators for
the prediction of poor product quality) that impact HCCF quality and downstream

product purification

! Please note, investigated upstream parameters were chosen based on literature rekigue@fand
availability of GSK's resources.
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c) Model a design spacsummarising the optimal process conditions for the entire
antibody production process, resulting ideally in HCCF with high titre and low
CQA-associated impurities

d) Scope downstream processing parameters for several model IgGl
biopharmaceuticals using both fixed and variable upstream conditions to identify
the robustness of the downstream processing space in terms of improving product
quality i do washbuffer, column scale, polishing chmatography have a critical

impact on monomepostprotein AHCP quantity?

In summary, his thesis reflects the work that was done to investigate the interface
between upstream and downstream processing and takes a holistic approach to mAb
production to ieéntify process parameters that significantly affect both upstream and
downstream responses. As harvest material is becoming progressively more difficult to
recover with intensified upstream operations, using an integrated approach to upstream
and downstrea process development strategies enables efficient whole process
optimisation, as well as the design of a mutually beneficial operating space for
biopharmaceutical productiomheapplications of th&nowledgegained throughout this

work will support futue biopharmaceutical process development amtbustness

strategies.
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Upstream operating conditions and titre results are confidential and have therefore been
redacted throughouhis thesis. Operating setpoints have been described in a relative
manner: e.g. in the first experiment the pH ranges have been descril@etha® + 0.15

in relation to the pH centre point of 0. Temperature and seed density ranges were
described in aimilar manner. In order to compare experimental setpoints between
studies, subsequent experimental ranges were described relative to the first DoE study.
While not being able to disclose actual values might limit the analysis of certain
observations or anyotential future work involving the replication of the specific
operating ranges used here, it does not restrict any conclusions for this thesis since the
aim of this thesis is not to provide specific optimal values for upstream operating

parameters asdise vary from antibody to antibody and process to process anyway.

A Designof-Experiment (DoE)with a bespokedefinitive screening design had been
carriedout on anambr250 system (Sartorius, Goéttingen, Germarsgihg a Chinese
hamsterovary (CHO) cell line expressing an Ig@ionoclonal antibody (mAb)ito
explorethe effects ofcell cultureseed density, pHemperatureand batch versus fed
batch mode on titrand product quality ando investigataf starting cell cultures with
higher seeddensitiescould circumvent the initial few days of cell growth order to
produce desiretevels of antibody titre quickeFor this study, smalcale bioreactors
were inoculatd to the DoE seed density setpoints and maintained at a defined DO and
the DoE temperature and pH setpoints. A pH range #aib to +0.15 a temperature

range from-3 to +3 and a seed density range freén3 to +5were exploredqredacted
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seed density values represent ranges in units®afidble cells/mLand are relative to the
seed density centre pojrffull experimental design details Figure10andTable3).

Samples were harvested on various days by centrifugation in a Sorvall Legend RT
(Thermo Scientific, WalthamlA) at 4000 rpm for 5 mins at 4C. Antibody titre was
measured using a CEDEX BioHT (Roche Custom Biotech, Mannheim, Gerraaualy),
culture viability was determined by the trypan blue exclusion method using a benchtop
Vi-Cell XR (Beckman Coulter, Indianal IN). Samples were then frozen-a0 °C and
subsequently thawed prior to further analysieefantibody light chain levels were
measured as describeddrB8.2 samples were affinity purifieds described i2.2.1and

monomer andHCP levels were quantifieds described i2.4.1and 2.4.2respectively

usi ng GBUSeOELISA reagents
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Figure 10. Representation of the esqgmental space explored in the mAb 1 ambrZ&fE.

Setpoints are shown in grey, the 6 centre poimdsch and feebatch)in blueg and the green dot
outside of the main frame represents2imeplicatesrun atthe operating conditions usually used

for mAb 1 production.
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Culture Temp pH Seed density Mode

1 +3 0 +5 FedBatch
2 -3 0 -5 Batch
3 -3 +0.15 0 FedBatch
4 +3 -0.15 0 Batch
5 +1 +0.15 -5 Batch
6 +1 -0.15 +5 FedBatch
7 -3 +0.15 +5 FedBatch
8 +3 -0.15 -5 Batch
9 +3 +0.15 +5 Batch
10 -3 -0.15 -5 FedBatch
11 +3 +0.15 -5 FedBatch
12 -3 -0.15 +5 Batch
13 +1 0 0 Batch
14 +1 0 0 Batch
15 +1 0 0 Batch
16 +1 0 0 FedBatch
17 +1 0 0 FedBatch
18 +1 0 0 FedBatch
19 +3 0 -6.3 Batch
20 +3 0 -6.3 Batch

Table 3. Upstream process parameterstibf mAb 1ambr250DoE. 0 = middle point of each
parameterrange numbers indicate relative values basedOrRedacted seed density values
represent ranges in units ofNdable cells/mLCultures were harvested when less than gL

of antibody was produced over 2 days, although cultures that never reached this rate were
harvested discretionally to gather data for comparidadarvest days for each culture are listed

in the appendixCultures 1318 are centre point repeats ai@®-20 are replicates of the operating
conditions usually used fonAb 1production.

A further Desigrof-Experiment (DoE) based on the previous design but adjusting for
the fact that only two temperatures could be expléredscarried out on the smaller

ambrl5 system (Sartorius, Gottingen, Germarsyig aChinese hamster ovary (CHO)
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cell line expressing the same IgG1 roolonal antibodyfiAb 1) to explore the effects

of cell culture seed density, pH and temperature on titre and product guaitgfined

range of parameters amol compare these findings between the two different upstream
bioreactor scales. As beforgmallscale bioreactors were inoculated to the DoE seed
density setpoints andnaintained at a defined DO and the DoE temperature and pH
setpoints A pH range from0.15 to +0.25a seed density range froi.3 to O (relative

to the previous DoE) ahtwo diferenttemperature(-1 and +3; relative to the previous
DoE) were exploredfull experimentatlesign details ifrigurell andTable4).

Samples were harvested on day 17 by centrifugation in a Sorvall Legend RT (Thermo
Scientific, Waltham, MA) at 4000 rpm for 5 mins at@. Antibody titre was measured
using a CEDEX BioHT (Roch€ustom Biotech, Mannheim, Germany), culture viability
was determined by the trypan blue exclusion method using a benchopllVXR
(Beckman Coulter, Indianapolis, IN3Jamples were then affinity purified as described in
2.2.1 before HCP levels were quantified as describe@.h2u si ng GBUed s i n

ELISA reagents

Figure 11. Representation of the eeqpmental space explored in the mAb 1 amidpti.
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Culture Temp pH Seed density Mode

1 -1 +0.25 -6.3 FedBatch
2 -1 -0.15 0 FedBatch
3 -1 -0.15 -6.3 FedBatch
4 -1 + 0.05 -3.15 FedBatch
5 -1 -0.15 -6.3 FedBatch
6 -1 +0.25 -6.3 FedBatch
7 -1 +0.25 0 FedBatch
8 -1 +0.25 0 FedBatch
9 -1 + 0.05 -3.15 FedBatch
10 -1 -0.15 0 FedBatch
11 -1 0 0 FedBatch
12 -1 0 0 FedBatch
13 +3 -0.15 -6.3 FedBatch
14 +3 +0.25 0 FedBatch
15 +3 -0.15 -6.3 FedBatch
16 +3 +0.25 -6.3 FedBatch
17 +3 -0.15 0 FedBatch
18 +3 +0.25 -6.3 FedBatch
19 +3 + 0.05 -3.15 FedBatch
20 +3 + 0.05 -3.15 FedBatch
21 +3 -0.15 0 FedBatch
22 +3 +0.25 0 FedBatch
23 +3 0 -6.3 FedBatch
24 +3 0 -3.15 FedBatch

Table4. Upstream process parameterstioé mAb 1ambrl5DoE. 24 fedbatch cultures were
grown in 15mL small scale bioreactor vessels (TAP ambr250) under three different seed
densities, 3 different pHs and 2 different temperatudesnbers indicate relative values based

on the process parameters of the previous experiment (mAb 1 ambr250R2dErted ==
density values represent ranges in units fvifble cells/mLAll cultures were harvested on day
17.Centre points are highlighted in blue and platform conditions in green.
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Another Desigrof-Experiment (DoEWwith a central composite designd with 6 centre

point replicatesvas carried out on the ambr250 system (Sartorius, Géttingen, Germany)
using aChinese hamster ovary (CHO) cell line expressing an IgG1 monoclonal antibody
(mAb 2)to explore the effects of cell cultupél and temperature on titre aHCP levels.

For this fedbatch process, all vessels were inoculated to the same defined seed density,
performed with defined DO and temperature setpoints, and maintained sartiee
defined pH for the first three days, before the pH was reduced to the various DoE
setpoints. A pH range fror0.15to +0.15and a temperature range fregto +4 (relative

to the first DoE)were explored (pH and temperature setpoints are illustimtédure12

andTableb).
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Figure 12. Representation of the experimental space explored in the mAb 2 ambr2504D0E.
fed-batch cultures were grown in 253 small scale bioreactor vessels (TAP ambr250) under a
range of different pHs and temperatures. Thetgmmltfilled and filled symbols represent low,
medium and high temperatures respectively, whereas the squares, triangles and circles represent
low, medium and high pH points. All cultures were harvested on day 16.

Samples were harvested on day 16 hytrifeigation in a Sorvall Legend RT (Thermo
Scientific, Waltham, MA) at 4000 rpm for 5 mins at 4 °C. Antibody titre was measured
using a CEDEX BioHT (Roche Custom Biotech, Mannheim, Germany), while culture
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viability was determined by the trypan blue ex@uasmethod using a benchtop-Cell

XR (Beckman Coulter, Indianapolis, INpamples were then frozen &0 °C and
subsequently thawed prior to further analysasnples were affinity purifieds described

in 2.2.1and HCP quantification was carried out on the purified samples as described in

2.4.2using Cygnus reagents.

Culture  Temp pH Seed density Mode Harvest day

1 +1 0 -6 FedBatch 16
2 +1 0 -6 FedBatch 16
3 +1 0 -6 FedBatch 16
4 +1 0 -6 FedBatch 16
5 +1 0 -6 FedBatch 16
6 +1 0 -6 FedBatch 16
7 +3.8 0 -6 FedBatch 16
8 +1 +0.14 -6 FedBatch 16
9 -1 +0.1 -6 FedBatch 16
10 +1 -0.14 -6 FedBatch 16
11 -1 -0.1 -6 FedBatch 16
12 -1.8 0 -6 FedBatch 16
13 +3 +0.1 -6 FedBatch 16
14 +3 -0.1 -6 FedBatch 16

Table5. Upstream process parameterstioé mAb 2ambr250DoE. 14 fedbatch cultures were
grown in 250mL small scale bioreactor vessels (TAP ambr250) under a range of different pHs
and temperatureNumbers indicate relative values based on the process parameters of the first
experiment (mAb 1 ambr250 DoRedacted seed density values represent rangestsof 16

viable cells/mLAll cultures were harvested on da§. Culturesl-6 are centre point replicates

This experiment was performed with a Chinese hamster ovary (CHO) cell line expressing
an IgG1 monoclonal antibodyn@b 3) to investigate how much impact the culture

duration ha on the amount of host cell proteins present in-postein A material, and
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whether there is a point during thalturewhen product titre is already quite high but
impurity levels of HCPs are still relatively lowells were grown in a 50 Single Use
Bioreactor $artorius Gottingen, Germanyusing chemically definedmeda under

defined pH, temperature and DOa@nhts Ondays 1, 3, 7, 10, 14 and $@mples wre
takenand centrifugeih a Sorvall Legend RT (Thermo Scientjfitffaltham, MA at 4000

rom for 5 mins at 4°C. Antibody titrewas measured using a CEDEX BioHT (Roche
Custom BiotechMannheim, Germarny while culture viabilitywas determined by the

trypan blue exclusion method using kenchtop Vi-Cell XR (Beckman Coulter,
Indianapolis, IN. 6 mL pe sample werdahen affinity purified as described h2.1and

HCP guantificatiowas carried out on purified samples as describ8dli@u s i ng GSK©6

in-house ELISA reagents

CHO-expressed IgG1 monoclonal antibody (mAb 1) was cultivated in shake flasks under
fixed culture parameters (batch process with defined temperature, DO and pH setpoints,
and with glucose addition on day 7) usingmeally defined media. Samplé®m the

shake flasksvere takerand pooledht four time points (days 10, 17, 20 and 24) to generate
samples with a wide range of viability percentages. To mimic harsh mechanical
conditions that might cause cell breakagernyidultivation(e.g. bioreactor impeller type,
impeller speed or sparge ra@d/or harvestinge.g. improper use of a centrifuge)
rotating cell shearing device (with a stainlsssel chamber of 50 mm diameter and 10
mm height, and a rotating disc 40 mm diameter and 1 mm thickness) was u$ads
ultra-scaledown (USD) centrifugation technology was developed at UCL and has
previously been described in Hutchinson et al. (2006) and Tait et al. (2009).

Half of the material from each time point was siedaat 12,000 rpm for 20 seconiich

is equivalent to 0.53 x POW/kg. These settings havereviouslybeendetermined by

Hutchinson et al. (2006) and Rayat et al. (2016) to be sufficient time for full cellular
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breakdown which might occur during harsh treatment. The shear device chamber was
carefully filled with 20 mL aliquots of cell culture material usingda@ syringe excess

material was used to flush out any air bubbles trapped in the chamber. The selected shear
was then applied to the material for 20 seconds, after which the material was removed
from the chamber with a second syringe. This processepasited with fresh cell culture

material until enough material for protein A purification was obtainéé. dther half of

the cell culturematerial was not exposed to this particular shearing technique. Both
sheared and nesheared material was subsequeotntrifuged in a Sorvall Legend RT

(Thermo Scientific, Waltham, MA) at 4000 rpm for 20 mins at 4 °C and filtered Qs2ng

Om syringe filters (Mini KleenpakE 25 mm syri
membrane, Pall Corporation, Portsmouth, UKhtibody titre was measured using a
CEDEX BioHT (Roche Custom Biotech, Mannheim, Germany), while culture viability

was determined by the trypan blue exclusion method using a benchOpllVXR

(Beckman Coulter, Indianapolis, IN). Samples were affinity purdiedescribed i8.2.2

using 4.7 mL HiScreen columns goacked with protein A resims well as polished by

anion and cation exchange chromatogyagB.2.4 and 2.2.5 respectively). HCP
guantification was carried out on the purified samples as descritied.Bu s i ng GSKO s

in-house ELISA reagents

A second shear study was carried tmuturther examing¢he shear sensitivity of cells by

analysing culture time points that maé t been investigated in the
such, this study was performed wittetsame mAb 1 that wassoused in thdirst shear

study, and as before, the antibodyas culivated inshake flasks undeixed culture
parametergbatch processvith defined temperature, DO and pH setpoints, watti

glucose addition on day 7) usiogemically definedneda. Additionally, mAb1 was also

cultivated in 2 L bioreactors under the same operating conditiangI8s were takeon
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days8, 10, 13, 15 andl7 (and 21 in the case of shake flask cultures). Once again, a
rotating sheardevicewas used to applynechanical stress to the eelln addition to
shearingcellsat 12,000 rpm as in the first study, material was also sheared at 6,000 rpm
for 20 secondgequivalent td.06 x 16 W/kg which cells are likely to experience in the

feed zone of &ydro-hermeticdisk stackcentrifuge(Chatel et al., 2014) All material

was subsguently centrifuged in a Sorvall Legend RT (Thermo Scientific, Waltham, MA)

at 4000 rpm for 20 mirat 4°C andfilteredusingd . 2 Om syringe filter
25 mm syringe f iSugo®rEKV membrane, ®all 2Corgonation,
Portsmouth, UK)The sampl esé turbidity was measu
determine clarification usintpe LaMotte 2020we/wi turbidity meter (LaMotte Company,
Maryland, US) while antibody titreand cultue viability were determined as described
previously.Samplesverethenaffinity purified as described i2.2.2 using 1 mL HiTrap
columns prepacked with protein A resitdMlonomer andHCP quantification was carried

out on the purified samples as described.thland2.4.2u s i ng G BSUSDELISA n

reagents.

A comprehensiveDoE with a entral compositedesign including 3x centre point
replicatesvas performean theambr250 system (Sartorius, Gottingen, Germany) using

a Chinese hamster ovary (CHO) cell line expressing an IgG1 monoclonal antibody (mAb
4). The DoE was carried out twice with two differengstream processésfed-batch
version A (FBvA) and fedbatch version B (FBvB). The differences betwésese two
versionsare summarised ihable6.

Within each process version, the following factors and ranges were exploredi 1pHo
+0.15, temperature 0 to +4, and seed den6ify to-5 (relative to the mAb 1 ambr250

DoE setpointsfsee experimental design detaild-igure13).
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Fedatch version AFeldbatch version B

DO x% DO V%
| ni ti aD.NDBH 1i5s | ni ti aD.NpBO.ils5
Final ONMH*05 s Final ONHO. 16

Day 3 suppl ement No day 3 suppl ement

Production medium
and | ess salt;

Nutrient feed is sl
Feedsngategy and v
di fferent to avoid

Culture Hdeagsion Cul ture MXuaryhsti on i ¢

Di fferent produc
feeding strategy

Table6. Differences between the two fleatch processedpH shift is on day 3 prior to feeding.

Note that during FBVA, two additional cultures were grown at the upstream industry
standard conditionfor mAb 4 (i.e. at the default upstream operating conditisesl in

the production of this molecule based on an extensive legacy of biopharmaceutical
manufacturemarked in green) but using an alternative cell line, while during FBvB, two
additional cultures were grown at the upstream industry standard conditiaried in
green) but using the FBVA process, coming to a total of 24 cultures.

Samples were harvested by centrifugation in a Sorvall Legend RT (Thermo Scientific,
Waltham, MA) at 3300y for 10 mins at 4 °C. Antibody titre was measured using a
CEDEX BioHT Roche Custom Biotech, Mannheim, Germany), before samples were
affinity purified as described i2.2.1 Monomer and HCP levels were quantified as
described irR.4.1and2.4.2respectivelyu s i n g GhBusedEL ISA reagents

In additionto this, timedependent effects on product quality were studied by taking

samples on days 8, 10, 13 and 15 during cultivation of the mAb 4 culture grown using
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FBvB and the upstream industry standard process conditions. These samples were
processed in theame way as the DoE samples.

A few select samples (including the mAb 4 culture grown using the upstream industry
standard process conditions) from FBVA were also chosen for investigations into
alternative protein A wash buffers. These samples were prAtgarified on 1 mL
HiTrap columns as described ;2.2 with four different wash buffers (equilibration
buffer, downstream industry standard buffer, alternative wash buffer A, alternative wash
buffer B) before they were analysed as describéddriand2.4.2 These samsamples

were also protein A purified on 4.7 mL HiScreen columns as descritied.®in order

to produce enough material for an investigation into polishing chromatography which
was carried out as described2r2.4 After both theprotein A purification and the AEX
step, material was analysed as describéddriand2.4.2 Given the complexity of this
integrated case study, the methods described herein have been summiigpec i

andFigurel5.
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Figure 13. Representation of the experimental space explored in the mAb 4 ambr25@\DbE.
DoE points in grey3x centre point replicates). (B)Jdditional runs to validate the model (orange)

and duplicate mAH industry standaratonditions (green
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Figure 14. Summary of mAb dasestudy.DoEs, timecourse studies and downstream robustness studies.
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Supernatant samples were Q& filtered and affinity purified on ppacked0.2 mL
MabSel ect SuReE ( GE He aRobdColumnse(Atoll GplgHs a | a
Weingarten, Germanyising a liquid handling robot (Freedom Evo 2&bbot wih
EVOware standard softwgréecan, Mannedorf, Switzerland)he purification protocol

was ascaledown mimic of the typical downstream processing method for mAbs
Columns were equbrated with a Tris acetate buffer (pH 7.5) before loadBgng
product / mL resin (unless otherwise specified) at a flowrate of 0.2 mL/Fhis was

then followed by a column wash step with a Tris acetate buffer containing caprylate (pH
7.5) and a reequilibration step before product elution using a sodium acetdir fpH

3.6). The eluate from each column was collected acrogsagflonsusing a 96 well
collection platelined with 10 uL of 1 M tris base to neutralise the eluate. The UV at 280
nm was read by a Magellan Infinite 200 plate reddecan Mannedorf, Svitzerland)

and factions containing high levels of protein were podRebled protein concentrations

were checked onldanoDrop 1000

Supernatant samples weé¥ um filtered to remove all cell debris aqepare samples

for affinity purification. A 1 mL MabSelect SuR@rotein A HiTrap column (GE
Healthcare, Uppsala, Swedear)a4.7 mL MabSelect SuRerotein A HiScreen column

(GE Healthcare, Uppsala, Swedéas specifiedyvas used for the purificationsing the

same steps as previously described for the Rohonns, and loading to 85% of the
manufacturer s suggestWhere shgcifiepratenn Akluated i n g
samples were then further processed by anichange chromatography as specified in

224
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Low pH viral inactivation was done by titrating protein A eluates to pH 3.5 G§ingM
Acetic Acid / 100mM HCI and holding samples at this low pH for 30 minutes before
adding 1M Tris base to raise the pH to 7.5 again. Samples were themOftered to

remove any precipitation caused by the low pH hold.

Where specified, protein A eluate samples were further processed by anion exchange
chromatography in flovthrough mode usin@.2mL pre-packedATOLL RoboColumns
The flowrthrough material was collected amehere specifiedqolished with a final cation

exchange chromatography step as describ@dra

Where specified, anion exchange fltvough material was polished with a final cation
exchange chromatography step, usimgL MiniChrom columns (Repligen, Waltham,

MA).

LDH was measwd using a CEDEX BioHT (Roche Custom Biotedlannheim,

Germany).

Culture osmolality was measured usin@amoPRO MultiSample MicreOsmometer

(Advanced Instrumengtglorsham, UK

To measure the amount of free antibddyt chains present in harvested cell culture
fluid, samplesvererun on a ThermoScientific MabPac RRu#h 50x 2.1 mm column
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(Agilent HP1290) by loading duplicates of each sample onto the column with the

following method conditions:

Load volume 5L
Mobile Phase A Water + 0.1 % TFA (v/v)
Mobile Phase B Acetonitrile + 0.1 % TFA (v/v)
Flow Rate 0.9 mL / min
Column Temperature 80°C
Sample Temperature 5°C
Wavelength 280 nm & 214 nm
Gradient 071 100%

Table7. HPLC method conditions for the measurement of free antibody light chains.

The elution peak sizes were compared against two markers, one for the whole mAb
analysedand amother for themAb light chain using Empower 3 softward&keported

results are averagef the duplicate injections of each sample.

Since tolesterol is a lipidhat ispresent in cellnembranest was explored i€holesterol

content as a measure of cell lys@uld be use@s an indicator for pogtrotein A HCP

levels. For this a commercial cholesterol assay kit (E2@H0, BioAssay Systems,
California, USA) was used ttetermine theholesterol content in various sampBased

on previous literature (Senczuk et al., 2016), the detectable levels were expected to be
low, so thefluorometricpr ocedur e of the manufacturer
whichthe linear detection range is 0.2 to 10 mg/dlsingle working reagent is used in

the EnzyChromTM cholesterol assay which combines cholesterol ester hydrolysis,
oxidation and clour reaction in one step. The fluorescence intensity of the reaction

product abem/ex = 585/530 nm is directly proportional to total cholesterol concentration
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in the sampleand is calculated using the following equation w h @@ if EBadindy e

obtained for the sample containing only assay buffer

_ FSampIe - FBIank
[Cholesterol] = Slope (mg/dL)

Product monomer, aggregan andfragmentation percentagé processed samples were
determined by size exclusion chrawgraphy (HPLESEC) using an Agilent HPLC
system (Agilent 1100 series) amd7.8mm x 300 mm TSKgel G3000SWXIcolumn
(Tosoh Biosciendewith a running buffer catainingsodium phosphate (monobasa)d
sodium chloride(pH 6.7). The flow rate was 1 mL/min and protein was detected using
UV detectors at 214 nm and 280 nm. The SEC data was analysed on ChromView for
ChemStation version 2.4@hd has an accuracy of £0.5% as previously established by

GSKdés analytical team.

ELISAs were used to quantify total immunoreactive HCP content in processed samples
usi ng iehBused atiCHO HCP antibodiesaised against media from null CHO
cellswi t h @fdged stsandar(except for samples from the mAb 2 ambr250 DoE
wherecommer@l Cygnusanti-CHO HCP antibodie€3G-0016AF and 3GO016AFB,
Cygnus Technologies, Southport, NQ@Qvith antigen standard (FO18H; Cygnus
Technologies, Southport, N@®as used as the Cygnastibodieswere raised against
CHO cell lysate which should detemiore HCPs in lower viability cell culturgsThe

polyclonal mix ofantibodies wasnmobilized on 96well plates and diluted samples were
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added to the wells. Serial dilution was performed for the samplassiare results were
within the quantification range of the standard curve. After sample incubation ‘& 24
and 400rpm for 1 hour, goat antiCP biotinylated antibody was incubated under the
same conditions, followed by a final incubation with streptavidimseradish peroxidase
(HRP).The HRP enzymatic activities were quantified using substrate and stop solution
by SeraCare Life Sciences (Milford,AM United States), and measuring UV absorbance
with the SpectraMax190 Microplate Reader (Molecular Devices, San Jose, CA, United
States). Rsults were analysed using SoftMax Pro version mAddwere only accepted

if calibration curves had ar’Ralue of at least 0.95 wittoacentrations of the calibration
curves accurately back calculateid 100+20% of the expected concentrations with

% C V dedow 20%. The same criteria was appliethhigh and low controls.

HCP species present in various samples were identifieddsg spectrometrgamples

were prepared bgdding 4Qug of protein A purifiedmAb to45puL of 50 mM ammonium
bicarbonate anthen addindl pg/uL trypsin in a 20:1 mAb/trypsin rati®amples were
incubated overnight at 37 °C, and the next day 5 yL of 200 mM DTT were added prior to
a further incubation period of 30 minutes at 37 °C. Thegtign was stopped by adding

1 uL neat formic acid and then drying the samples by spaedum. Samples were-re
dissolved in 40 pL 0.1% formic acid and then analysedh oraneLC Orbitrap mass
spectrometerCommon contaminants as well as HCPs with amigor two peptides (as
specified)have been filtered out and a MS/MS score of 150 was applied to accept the
MS/MS data qualityThe remaining data was manually evaluated based on the isotope
plot dataBiological process information was obtained for déntified HCP species by

searching the UniProt databas#ngprotein accessionumbers.
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Gl ycan analysis was carr i edWaersRapittugrMSGS K 6 s
UPLCto determine the relative % areas of observaglyidans.Samples were denatured,
N-glycans were released and labelled with RapifluorMS before subsequently being
loaded onto &HILIC SPE cartridge Samples were processed using MassLynx v4.1
softwareand aWaters RapifluorMS Performance Standard was used to check the system

suitability.

DoE results were analysed and ploteath JMP 13.2.1(SAS Insttute, Inc., Cary, NC
All other graphs were creatad OriginPro 2016 softwar€OriginLab Corporation,
Northampton, MA.
The heat maps were created in IMP by displaying three variables (two operating factors
and one response) in a tgomensional view where the third variable is represented by
contour curves of equal value. Contour valuese specified so that minimum values,
maximum values and increments were the same for all heat maps that were to be
compared with each other.
Standard deviation was calculated using the following equation

> (x— %)

(n=1)

where X is the sample mean average andheisample size

Correlation coefficients were calculated using the following equation

> (=) -»)
T =Y (-3

Correl(X. 1) =

where ¥ and ¥ are the sample means average(arrayl) and ayareme).
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Traditionally, biopharmaceutical manufacturing processes are developed and delivered
by several segregated units of operation. Isolated decisions made during upstream
processing can result in unfavourable conditions for downstream product purification and
stability prdiles as well as cause increased production costs. For instance, certain
bioreactor process parameters will increase product titrenaytalso negatively affect

the product quality in terms of its monomer purity and HCP profile. All impurities need
to beremoved during downstream processsogf upstream conditions result in material
with more impurities, these will need to be cleared during downstream processiig
affects theworkloadand process codbue to the segregated approach to bioprocessing,
antibody purification issues are not taken into consideration during upstream
development and this can place increasing demands on downstream processing.

The aim ofthis chapteris to explore the impact afipstream operating conditioms
downstream peoirmance and evaluate potenttedadeoffs between titre and product
guality, using a Desigof-Experiment (DoE) approach which is a common industry
standard to optimise process paramedersng process developmen example of the

DoE approach is desbrie d e xt e n sMab:eAl Gase iStudy inABioprocess
Devel opmento (CMC Biotech Working Group,
The firstDoE discussed in this chapteras carried oubn anambr250 system (Sartorius,
Gottingen, Germanysing aChinese amsterovary (CHO) cell lineexpressing an 1IgG1
monoclonal antibody (mAb)lto explorethe effects ofcell cultureseed density, pH,
temperatureand batch versus fethatch mode on titre angroduct quality ando

investigatdf starting cell cultures with higheeeddensitiescould circumvent the initial
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few days of cell growtin order to produce desired levels of antibody titre more quickly

For this study, smafltcale bioreactors were inoculated to the DoE seed desasfignts

and maintained at a defined DO and the DoE temperature and pH setpoints. A pH range
from -0.15to0 +0.15 a temperature range frof@ to +3 and a seed density range frem

6.3 to +bwasexplored(full experimental design details Figurel0andTable3). While

the upstream aspect of thesx per i ment had been designed
upstream processing group prior to the start of this thesis work, it was deemed to be an
excellent starting point to investigate the effects of various upstream process parameters
on upstream and dowmsam responses.

Further to the first DoE, a second DoE with the same moleculeweasuallycarried out

at an even smaller bioreactor scale (15 mL bioreactors compared to 250 mL bioreactors
in the first DoE) andising slightly different upstream procgssameter ranges, in order

to expand the dataset andmpare outputs betwedmetwo bioreactor scales.

A third DoET whi ch had also previously been de
upstream processing groupvas subsequentipvestigated in order to atude a further

model IgG1 mAb in the research. The third DoE was comparable in scale to the first DoE
as both were carried out on 260 smallscale bioreactors, and both studies explored
similar pH and temperature ranges, although seed density hademoinotuded as a

factor in the third DoE. A summary of all three experimérssillustrated inFigure17.

Using these three experiments, this chapmgplores effeds of upstream culture
conditions on harvested cell culture fluid (HCCF) qualigpecifically antibody titre and
culture viability i as well as on mAb product qualitit. also investigate correlations

amongst these outputs

2Thefistand t hird DoE had been carried out by GSKo&s
research project, while the second DoE as well as the downstream processing, analytical assays and data
analysis of all three DoEs was carried out by me.

3 The window of operation shown in figure 33 (along with results discussed in chapter 5) has been published

in Wilson et al., 2019.
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Figure 17. Summary of DoE experiments discussed in ch&pterAb 1ambr250 DoEmAb 1
ambrl5 DoEmAb 2ambr250 DoE).

During upstream processing of biopharmaceuticals, theapyi response of interes i
antibody titre As such, upstream process parameters are optimised with the goal of
creating ideal culture conditions and increase titre as much as possible. The figure below
shows the titre results for three different experimernbse 250 mL bioreactor DoE using

mADb 1(A), the 15 mL bioreactor DoE usimgAb 1(B), and the 250 mL bioretor DoE
usingmAb 2(C). AsFigurel8A-Cillustrates, the titre produced by cultures grown under
differentbioreactor conditions varies quite significanfég.by more than 150%n the

first DOE). Figure18 A alsohighlights how changes in operating conditions can improve

or reduce titre (compared to the cohirogreen) andlemonstratethat similar titres are

achieved by replicate operating conditions (vessel$513618; 1920).
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Figure 18. Titre results fothe three DoE<Due toconfidentiality, results are normalised to show
titre as a comparison to other samples of the same DoE, rather than as actual measuf@nents.
mAb lambr250 DoE, (BjnAb lambrl5 DoE, and (OGnAb 2ambr250 DoESamples have been
colour coded with blue saptes representing the centre point conditions@athDoE and green
samples representing the platform conditions (i.e. the chnivbere applicable. Note in (B)
centre points are differentiated for low temperature samples (light blue) and high temperature

samples (dark blue).
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Since bioreactor operating conditions have such a big impact on the amount of antibody
that is produced by cultures, their optimal ranges need to be identified. Each of the three
DoE studies discussed in this chapter has been anlalyitie the statistical softwatBVIP
13.2.1(SAS Insttute, Inc., Cary, NE The prediction and interaction profilers below
weregenerated by fitting least squares regression models for theetitdés ForthemAb

1 ambr250 DoE (medicted RMSE= 211.07 R? = 0.95 p value< 0.0007), it canbe sea

that more titre is produced when cells are inoculated with a higher seed density and grown
at higher pH in feebatch mode. An increase in temperature is initikyeficial for

higher titre, although it seems that a temperature abbvet2results in lower titre for
thesemAb 1-producing CHO cells using this particular procdsgyre19 A). However,

the prediction profiler is based on all data points from this experiment and does not
distinguish between different factors. While the confidence intervals give an indication
of the variance between results by shayva broader range at high temperatar¢his
instanceit is important tdook at the interaction profiler to determine how factors affect
each otherln Figure19 B, we can see that the impact of temperature on titre is linked
with the seed density. An increase in temperatres is productive for cultures seeded

at-5 but less so at a seed density+6f This is most likely becausetemperaturef +3

is promoing cell growth which is favourable for low density cultures to enhance
productivity. In contrast, operating high density cultures at a temperature that promotes
more cell growth will likely be detrimental and result in increassbddeath due to limited
nutrient supplyA slightinteraction is also seen between temperature and feed mode with
the benefits of fedbatch mode being enhanced at higher temperature perhaps due to cells
being more metabolically acevat higher tempenate and thus consuming media
components more readily. The effects of seed density, pH and temperature are
summarised as heat mapdigure19 C-E with high titres shown in green and low titres

in red.
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Figure 19. Effects of culture conditions on titfer the mAb 1 ambr250 DofR’= 0.95) as
prediction profiler (A) interaction profiler (B) and heat maps (E). In the heat maps, hiditre

levels are indicated in green and lditre levels in red.Contour values were specified so that
minimum values, maximum values and increments were the same for all three heat maps with 0.5
g/L increments. Black dots represent the experimental data points.
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For the mAb 1 ambrl5 DoE (low temperature: predicted RM®B.43 R? = 0.99, p

value < 0.0001; high temperature: predicted RMSE = 162.5,(R91, p value = 0.004),

the results are separateg low and high temperature. Since the culture temperature for
the ambr system is controlled by culture stations, and only two of these were available
for this study, only two temperature setpoints could be included in the experimental
design {1 and +3)and as such they were analysed as a categorical factor rather than a
continuous onéNonetheless, results show similar trends as in the first DoE: a higher seed
density and culturing at higher pH leads to increased titre production, especially at a low
temperature ofl (Figure20 A-C). This case study illustratéhe importance of analysing
factor interactions in order to explain the great variance seendarof the prediction
profilers Figure20D). At a high temperature of +3, an increase in titre due to operating
at higher pH is only effective in cultess that were inoculated to a low seed denBityure

20 E-F). For high seed density cultures, an increase in pH only margineigases the

titre, presimably because both higher temperature as well as higher pH promote cell
growth (Trummer et al.,, 2006) and operating high seed density cultures under these
conditions will therefore likely result in decreased culture viability and be detrimental to
an incease in antibody productiohese observations correlate with the previous,DoE
demonstrating that the investigated culture conditions have the same effect on antibody

production at 15 mL as well as 250 mL bioreactor scale
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Figure 20. Effects of culture conditions on titre for the mAb 1 ambrl5 Rokow and high
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0.91).In the heat maps, high titre is indicated in greed &w titre in red.Contour values were
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maps with 0.25 g/L increments. Black dots represent the experimental data points.
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As mentioned, the third DoE wasomparable in scale to the first DoE (250 mL

bioreactors), but was carried out with a different antibody (mAb 2) and all cultures were

inoculated at the same seed density-@fvhich is comparable to the seed densities

refer ed to as Al owo in the previous two studies
high seed density setpoint. In this third Dqiegdicted RMSE = 208.88,°R- 0.95, p

value < 0.0001), increasing the pH results in cultures producing more antibogdsrtdre

increasing the temperature also leads to higher titre; howesreasingemperature and

pH togethelin order to produce more antibody only worksatoertain point before titre

declines again as already seen in the two previous DeEsuch, theséhree studies

demonstrate that the observed effects of culture conditions on antibody titre hold true for

both investigated mAbDs.

(A) (B)

+3.8

Temperature -1.8

Titre

Titre

ol T 10.14

n
=
Q@

Temperature pH

pH

+0.15
Titre

-0.14

Figure 21. Effects otulture conditionson titre for themAb 2ambr250 DoER? = 0.95)
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These resultirgelyreflect what has previously been published in the literature, although
while it is generally accepted thatquess parameters can influence product quality
attributes (Goey et al., 2017; Schneider et @119 this impact has also been reported

to beprotein dependent and therefore remgjlinvestigationon anindividual caséasis
(Hennicke et al., 2019)

With regards to culture temperaturaoging mammalian cells at syhysiological
temperatures hasebn shown to result in slowed or arrested growth and reduced
metabolism (Trummer et al., 2006), eejicle arrest in the G1 phase as well as increased
viability for prolonged periods of time (Fogolin et al., 2004), and reduced transcription /
translation Klason et al., 2014)t has also been reported to result in increased specific
productivity rates (Yoon et al., 2003) and maintained or even improved product quality
and titre (Fogolin et al., 2004; Trummer et al., 2006; Schneider et al., 2019). Recent
studies have suggested that improved protein titres apbysiological temperatures are

due to an increase in mMRNA hdife as well as extended stationary phase (Masterton et
al., 2010; Mason et al., 2014).

However, there are also reports where decreagade temperature had little or no effect

on protein expression (Yoon et al., 2003). Mason et al. (2014) have further reported that
reduced culture temperature had a differential effect on protein and mRNA expression of
closely related antibody mutant®m stable cell lines, and they therefore propose that
the effect of reduced culture temperature on titre is pratependent, with the accuracy

of protein folding and assembly being improved at lower temperatures, and therefore
enhancing the expressiohproteins that have a propensity to misfold.

Another effect of decreased temperature is the reduced consumption of glucose and
therefore the associated production rate of lactate, which is a maodyct of the

glycolytic pathway during incomplete aation of glucose. As accumulated lactate in the
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culture medium has an inhibitory effect on cell growth and protein production, decreased
temperature may prevent this (Eibl et al., 2009).

Culture pH is another parameter known to influence cell growth, nsethbolism,
recombinant protein production and product quality (Trummer et al., 2006).

Trummer et al. (2006) used a recombinant CHO cell line expressing the fusion protein
EpoFc to examine (among others) the effects of pH and temperature on cell gnowth a
productivity. They reported that pH and temperature both had a strong effect on the
performance of cells with a reduction in either parameter resulting in a significantly
decreased specific growth rate (or even growth arrest at 30 °C). However, tifie spec
productivity rate was enhanced at lower culture temperature (30 and 33 °C) and was
maintained throughout the entirety of the batch cultivation, as opposed to a steady
decrease in specific production rate during cultivation at 37 °C. With regardew a
culture pH, Trummer et al. (2006) observed an increase in product yield, but rather than
being caused by a higher specific productivity rate (as was noted for low culture
temperature), the improved product yield at pH levels lower than 7.1 was theofesu
higher integral of viable cells (which in turn was due to high cell viability and a
consequently prolonged cultivation time).

Hennicke et al. (2019) studied how culture pH and temperature affected IgM product
guantity and quality by using a cent@mposite design with five temperature levels
(38.5 °C, 37 °C, 33.5 °C, 30 °C and 28.5 °C) and three pH levels (7.05, 6.9, 6.75) for a
total of 12 batch fermentations. The initial growth phase was performed at 37 °C and pH
7.0 before the process paramsteere subsequently switched to the various temperatures
and pH values at production phase. Unlike previous literature, they noted no impact on
cell growth or antibody production by changing the culture pH, and no significant effects
on IgM product qualityTemperature also did not significantly affect product quality, but

lower culture temperature did in fact substantially decrease IgM titres. Furthermore, at
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subphysiological temperatures, cell growth was decreased, possibly caused by cell cycle
arrest inthe GO/G1 phase and decreased metabolism. Lower volumetric asgesfic
productivity was also observed, which is contradictory to some literature that has reported
optimised specific productivity following a shift to lower temperatures (Trummer,et al
2006). Hennicke et al. (2019) suggest that a temperature shift is not always beneficial for
improved production of therapeutic proteins (as is commonly reported in the literature)
and is strongly dependent on the cell line and the expressed product.

Scmei der et al . (2019) reported that dur
variant immunocytokine) in CHO cells, fragmented product (and therefore reduced
cytokine activity) was observed. To control product fragmentation, different production
process conditions were investigated, and it was determined that decreasing the
temperature or pH during their process led to a decrease in fragmentation. However, this
was also accompanied by low product titre. Subsequently, they carried out a DoE to
determineoptimal values for temperature, pH, seed density, and harvest day in order to
minimize product fragmentation while maximizing titre. The best results were achieved
when inoculating with a higher cell density, shifting the temperature to a lower
temperatue and the pH value to a higher pH on day 8 of cultivation, and harvesting the
product on day 14. This improved process reduced fragmentation to 4% (compared with
12% in the standard process) while keeping a titre of approximately 2 g/L (comparable

with thestandard process on day 14).

79



(A)

100

50+

234

Harvest viability (%)

Culture
(B)

1001
754 lmm
50

251

AR Ao

0 8 16 24
Culture

Harvest viability (%)

(©)

100+

754 (] -

50+

Harvest viability (%)
|

0 L] T T
0 4 8 12

Culture

Figure 22. Harvest ailture viability results for the three DoEGA) mAb 1 ambr250 DoE, (B) mAb

1 ambr15DoE, and (C) mAb 2 ambr250 Do&amples in (A) have been colour coded according
to Figure 10 and Table3 with blue samples representing the centre point conditions of this DoE
and green samples representing the platform conditions (i.e. the control).
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One of the most commonly monitored upstream responses is the viability of cultures
during the production process. This is done to enthat cells remain healthy and
produce as muclantibody as possible. If cells are experiencing suboptimal growth
conditions, their energy will go towards supporting cell survival processes rather than
antibody synthesis.Figure 22 A-C shows culture viability results for the same three
experiments discussed previouslthe 250 mL bioreactor DoE using mAb 1 (A), the 15
mL bioreactor DoE using mAb 1 (B), and tB80 mL bioreactor DoE using mAb 2 (C).

As can be seen, the viability of cultures grown under different bioreactor conditions
undeniably varies quite significantly, e.g. the variation in culture viability for the first
DoE ranges from 3% to 96%.

However, titre and culture viabilities from tHeee DoE studies have been plotted against
each other ifrigure23which sfnowsthat there is a clear lack of linear cortada between

high culture viability at the point of harvest ahagyh titres On the one hand, this is
unexpected as one would assume gt viability cultures produce more titre than low
viability ones, based on the assumption that low viability cultures focus more energy on
cell survival processes than on the production of the therapeutic antibody. On the other
hand, cultures startingitlh higher seed densities presumably produce antibody more
quickly at the start of the cultuees the higher cell densitgircumvents the need fdine

initial growth period and then rapidly become less viable compared to low seed density
cultures.Therefae, product titre and culture viability at the point of harvest need not

necessarily correlate with each other in the investigated DoEs.
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Figure 23. Correlations between harvest culture viabiligndtitre in the three DoE$A) mAb 1
ambr250 DoE (R= 0.21), (B) mAb 1lambrl5 DoEat low temperatur¢R2 = 0.04); (C) mAb 1
ambrl5 DoE at high temperaturelR 0.04), and (D)mAb 2ambr250 DoE (R= 0.38) showing
that high harvest viability is not an indicator for high titr€itre has been redacted due to
confidentiality.Samples in (A) have been colour coded accordiriggore 10 and Table3 with
blue samples representing the centre point conditions of this Dabgraen samples representing
the platform conditions (i.e. the control).

In addition, titre is determined by two factdrghe integral viable cell density (IVCD)

and the specific protein productivity ra@RR o) i andthe lack of correlation between

titre and harvest culture viability could be due to differential impacts on these two factors
whereby there could baultures with low viability(and therefore less viable célthat

might still producehigh amounts ofitre due to a higherypr alterratively, there might
becultures with high viabilitywhich one mighexpect tdbe produdng high amounts of
antibody titrg that mayhave a low g

The IVCD and SPR data for the samples from the first DoE are therefore illustsaded
examplan Figure24. It can be seen that titre is primarily affected by IVCD as an increase
in IVCD is linked to a fairly steady transition from red cultures (i.e. low titres) to green

cultures (i.e. high titres)
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The @ seems to have a lesser impact, as demonstrated by the fact that cultures,with a q
of approximately 15 pg/cell/day produce a wide variety of titeags, samples 168 have

a similar g compared to the control group (samples 19 & 20) but a higher fiti€igare

23 A) due to having a higher IVCD. Furthermoosjture 2 with a gof ~ 15 pg/cell/day

has a much lower titre than cultures 9 orlBwhich al have a lower g

In general, none of the changes to process parameters have led to a higher specific protein
productivity rate (compared to the control), apart from culture 3 which had the highest g
but by no means the highest titre measured fromaatiptes in this DoE. # such, the
specific protein productivity rate has a lesser impact here than the integral viable cell
density and the focus will therefore remain on cell counts rather than specific productivity

rate.

In summary, fgh culture viabiliy at harvest ishusnot a suitable indicator for high titre
Nonetheless harvest culture viability may serve as an indicator for other responses such
as product quality attributes and was therefore analysed in JMP in the same manner as

was done for titréo examinewhich factorsaffected celliability.

The firstDoE (predicted RMSE #4.85 R? = 0.84, p value = 0.00) Bhowsthatharvest
culture viability seens to be greatly influenced by treeed density withhigh seed
densities resulting in lowerell viability at harvest. Vability is also decreased when
operatingin fed-batch modeor growing cellsat higher pH(Figure 25 A-E) 1 all
conditions that promoted higheitres which confirms once more that high culture

viability does not necessarily correlate with high titres
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Figure 25. Effects of clture conditions on harvest cultukgability for the mAb 1 ambr250 DoE

(R? = 0.83) as prediction profiler (A), interaction diter (B), and heat maps (E). In the heat
maps, highviability is indicated in green and lowiability in red. Contour values were specified

so that minimum valuemaximum values and increments were the same for all three heat maps
with 5% increments. Black dots represent the experimental data points.
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In addition, temperature hasstrong effect in batch modeth cultures grown at low
temperaturég-3) beingof higherviability compared to those grown at highemperature

(+3) (Figure 25 B). Interestingly, temperature does not seem to affect culture viability
greatly when operating in fdohtch mode, although culture viability is worse when
combining high temperature conditiomsth high pH or high seed density conditions.
This supports the previously stated hypothesis that cultures grown under growth
promoting conditions (high pH and high temperature) and inoculated with a high seed
density likely exhaust their nutrient supptyore rapidly which leads to increased cell
death and overall less titre compared to those cultures grown at lower pH and/or

temperature or those inoculated with fewer cells.

Figure 26 displays theeffects of culture conditions on harvest culture viability for the
second DoEl¢w temperaturepredicted RMSE 3.5 R? = 0.78, p value 9.05; high
temperature: predicted RMSE = 4.12%2 R 0.97, p value = 0.@®). As explained
previously, the results for i DoE are separated by low and high temperatéréower
temperature, culture viability is not significantly affectechloljfferent pH or seed density

as all cultures remained fairly viablebove 70% ofhe total cell count although harvest
culture viability is slightly decreased in cultures that were inoculated wgtheh seed
densites, and low seed density cultures are slightly more viable when grown at higher
pH (Figure26 A-C). In comparison, high temperature cultures were associated with much
more varied culture viabilities. Much higher viabilities were observed in cultures that
were grown at loveeed density, especially when combined with high pH which confirms
once more that high seed density, high pH and high temperature together causes increased

cell death.
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Figure 26. Effects of culture conditions on harvest culture viability for the mAb 1 ambri1sbDoE

low and high temperaturéA-C) Prediction profiler, interaction profiler and heat map showing
effects of pH and seed density at lmmperature on harvest viability {R 0.78). In the heat

maps, high levels are indicated in green and low levels inGedtour values were specified so

that minimum values, maximum values and increments were the same for both heat maps with
5% incremerd. Black dots represent the experimental data po{its) Prediction profiler,
interaction profiler and heat map showing effects of pH and seed density at high temperature on
harvest viability (R= 0.97).

Similar results were observed inetthird DoE (predicted RMSE #.86 R? = 0.94, p
value =0.048 with higher pH and higher temperatwausingdecreasetharvest culture
viability, although some curvature effects were visjeticularly when analysing the

impact of temperature, with temperature of approximatelyto +2 resulting in even
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worse culture viability thar3. This could potentially be explained by two different
forces affecting culture viability at low temperature, cells nhigbe quite dormant and

not very active in terms of antibody production and cell growth. In this latent state, cells
might remain viabledue to inactivity. At higher temperature however, cells become more
active but if conditions are not yet ideal, cellaytbe more susceptible to cell death. A
temperature of3is more ideal and growth promoting which might raise culture viability
again compared to a slightly lower temperature, even though viability may not be as high
as at the lowest temperature invedeghere {1). This correlates with the previous DoE
study which showed that cultures grownkhad consistently higher culture viabilities
while cultures grown at3 were only associated with high harvest culture viabilities if

they were growrat high i1 and low seed densities.
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Figure 27. Effects otulture condition®n harvestulture viability for the mAb 2 ambr250 DoE
(RF=10.94)

In conclusionwhile cultureviability at harvesimaynot necessarily correlate with product
titre and is thereforenot asuitableindicator for high titre it is nonethelesgenerally
considered desirable to have healthy cells and culture viability may well impact upon the
guality ofthe produced therapeutic antibody, if not the quantity. This will be investigated

in section3.4.2
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As discussed in great length in the introduction chapter, host cell proteins are process
related impurites that need to be removed from the therapeutic protein during product
purification.Initially, it wasattempted to measure HCP quantities in harvested cell culture
fluid (HCCF) as one of the product quality attributes. However, the quantification of
HCPsin HCCF by use of an ELISA pvedto be unreliable as the vast quantities of HCPs

that were present seemed to saturate the detection antibodies used in this type of assay
which meant that impurity levels could not confidently be determined (data not shown)
However, this was not a major drawback as thi
upstream and downstream processing and as such, HCP impurities that are present in the
HCCF are of less interest here than those tat retained during downstream
purification asit is the HCPs that are retained during drug purificatileat can influence

final drug efficacy angbose potential safety risks to patiefthe byfar most effective
purification step for the clearance of HCPs is protein A chromatography which utilities
the strong affinity between protein A and the Fc region in antibodies to bind the product
of interest and clear away the majority of impuritissakng the saturation of ELISA
detection antibodies less likeKs mentioned, tinterest for this thesis atbe HCP levels
following protein A purificationsince too many HCPs remaining associated with the
antibody require a more extensive HCP clearanegesfy andnight provechallenging

for the downstream group to reduce.

Using the previously discussed three DoE studiespbstprotein A HCP levels foall
samplesvere determined aratedisplayedn Figure28. As can be seen, there is variation

in HCP levels amongst the samples, showing that upstream conditions and process

parameters affect the levels of impurities associated with a drug product.
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Figure 28. Postprotein A HCP results for the three DoEs) mAb 1 ambr250 DoE, (B) mAb 1
ambrl5 DoE, and (C) mAb 2 ambr250 D&amples in (A) have been colour coded according
to Figure 10 and Table3 with blue samples representing the centre point conditions of this DoE
and green samples representing the platform conditions (i.e. the control).
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The figure also shows that pgstotein A HCPs levels vary between different mAbs
Figure28 A and B both show results for mAb 1 studies anttures from both studies

were associated with levels of roughly between 2000 ppm and 6000 gmtifram two
outliersin the second DoH.e. cultures7 and 8 which were also associated with high
levels of titre and were grown at conditions that wdetiified insection3.2.1as being
particularly beneficial for protein productionfigure 28 C on the other hand shows
results for the DoE using a different molecul®Ab 2, and cultures from this study were
associated with much lower pgatotein A HCP levels. This highlights the fact that HCP
levels are not just determined by upstream culture conditiorsréalsodependent on

the antibody being expressed.

DoE analysis using JMP software was performed as before to investigate which upstream
factors affect posgprotein A HCP levelsFigure 29 displays the effects of culture
conditions on posprotein A HCP levels fothe first DoE (predicted RMSE =715.1% R

= 0.88, p value = 0.0046), whighows thatells express higher levels of HCPs when
grown in fedbatchmodeas opposed to batch mode. The prediction profiler suggests that
factors pH and seed density only contribute slightly to-postein A HCP quantities with

a slightlyinverse correlation, whereas temperature appears to have a stronger negative
correlationi however confidence intervals are fairly wide towards the extreme ends of
the tested temperatures. Looking at the interaction profiler, it becomes apparent that there
is a factor interaction between temperature and pH as well as temperature and seed
density; at low temperature, the seed density has quite a strong impact on the level of
HCP impurities with a low seed density resulting in fewer HCPs than high seedesensit

At high temperature however, inoculating cultures with higher seed densities results in
the production of more HCPs. Furthermore, pH has a much bigger impact on HCP
production at high temperature in comparison to a lower temperature, with an imcrease

pH at high temperature correlating with a decreased number of HCPs. In summary, the
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data from this first DoOE suggest that cells produce fewer HCPs when they are inoculated

with a low seed density and grown at high temperature and high pH.
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Figure 29. Effects of culture conditions on pgsbtein A HCP leveldor the mAb 1 ambr250

DoE (R? = 0.89 as prediction profiler (A), interaction pfiter (B), and heat maps (E). In the
heatmaps, lowlevelsof HCP impuritiesare indicated in greenral highlevels in red Contour

values were specified so that minimum values, maximum values and increments were the same
for all three heat maps with 500 ppm increments. Black dots representpibensental data

points.
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The results for theecond DoEl¢w temperature: predicted RMSE = 565.28,-R0.89

p value 9©.000% high temperature: predicted RMSE371.03 R? = 0.77, p value =

0.0629 can be seen iRigure30. Cells grown at low temperature, low pH and low seed
density appear to be mostly inactif@s discussed previously) and therefore do not
produce many HCPs. Increasing the pH or the seed density individually causes the
production of slightly more HCPRsand increasing both conditions together (i.e.
inoculatirg cultures with high seed densitiesdagrowing cells at high pH while
maintaining the low temperature df) significantlyincreases the levels of HCPs that are
associatedvith the material after protein A purification. In comparison, cells that are
grown at a higher temperature3j behawe slightly differently A low pH and a low seed
density still leads to minimal host cell protein production and increasing the seed density
(while maintaining a low pH) still only results in slightly more HCPs being produced. But
growing a low seed densitylture at a higher pH (and the higher temperature) produces
material with more than double the amount of HCP impurities. Of further interest is that
seed densitgoes not have as strong of an impact on-postein A HCP levels as it did

when operatingtdow temperature. Aa temperature of3 and a pH of+0.25 high seed

density cultures seem to produce less HCPs than those inoculated with a low seed density.
One possibility as to why the results of the first DOE do not correlate with the results from
this second DoE could be because cultures from the first DOE were harvested on varying
days. As mentioned, t hat particul ar DoE
upstream processing group and as such was designed with a ddferémimind than to
investigate the interface between upstream and downstream processing as is the aim of
this thesis. Cultures were harvested as soon as a plateau of titre production had been
reached which occurred between days 12 and 21. This additional factor likely had an

influence on the varying HCP results seen in the first DOE as compared to the second DoE

94

had



in which all cultures were harvested on the same Tag removal of this variable factor

provides more confidence in the data results from the sd2oBd
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Figure 30. Effects of culture conditions on pgsiotein A HCP levels for the mAb 1 ambrl5 DoE

at low and high temperaturéA-C) Prediction profiler, interaction profiler and heat mapowing

effects of pH and seed density at low temperature orppotin A HCP levels (R= 0.98). In

the heat maps, lolevekof HCP impuritiesare indicated in green and hidgévels in redContour

values were specified so that minimum values, maxivalues and increments were the same

for both heat maps with 1000 ppm increments. Black dots represent the experimental data points.
(D-F) Prediction profiler, interaction profiler and heat map showing effects of pH and seed
density at high temperature gostprotein A HCP level§R? = 0.77).
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Figure 31 Effects ofculture conditionson postprotein A HCP level$or the mAb 2 ambr250

DoE (R?=0.91).

The thirdDoE (predicted RMSE = 122.772R 0.91, p value = 0.0831ews a factor
interaction between pH and temperatufg(re31). Cultures grown at low pH and low
temperature appear to be rtigsnactive (as discussed previously) and therefore do not
produce many HCPs. If a low temperature is maintained but the pH is increased, cells
become more active and produce more HCPs. Likewise, if the low pH is maintained but
the temperature is increakedHCP levels also rise. If cells are grown at both high pH as
well as high temperature, cultures are interestingly associated with fewer HCPs again.
This same trend was also observed when the antibody titre for this DoE was analysed,

suggesting that ther@duction of antibody and the production of HCPs is affected by
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similar operating conditions, an observation that will be discussed further in the next

section.

Of great interest for this remech wago see if there is a correlation between antibody titre
(the main output of interest to upstream processing) aneppoigin A HCP impurities
(one of the outputs of interest to downstream processing). The analysis of factors that

contribute to rgh titre and high HCP levels already gave an indication that these two

responses may be linked.
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Figure 32. Correlatiors between titre and pogtrotein A HCPs irthe three DoESs(A) mAb 1

ambr250 DoE(R? = 0.3), (B) mAb 1 ambrl5 DoE at low temperat§R€ = 0.75), (C) mAb 1

ambrl5 DoE at higtemperaturgR? = 0.35), and (D) mAb 2mbr250 DoER? = 0.86) showing

that higher titres are commonly associated with higher levels ofggrostin A HCPs, although
there are exceptions of high titre cultures that are associated with less K&gRsthose
highlighted in yellow in the first ggh). Titres are redacted due to confidentiality

Figure32 shows the correlations between titre and qpostein A HCPs for each of the
three DoOEsIt can be seen that higher titres are commonly associated with higher levels
of postprotein A HCPseither due to cells grown under these conditions having a higher
specific productivity rate and thus producing not only more antibody but also more host

cdl proteins, or due to a higher number of cells being present which together produce
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more titre but more cells also imply an increase in cell death and the concomitant release
of intracellular HCPs. It should be notdtbughthatthere areexceptions of high titre
cultures that are associated with fewer HG#g. in the first DoE, cultures 5, 9 and 11
(illustrated in yellowin Figure 33) produced more titre than cultures 19 and 20 (the

control group) but produced similar or fewer levels of gavstein A HCP levels:
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Figure 33.(A) Titre and(B) postprotein A HCPresults fromthe mAb 1 ambr 250 DgoEaken
fromFigure 18 (A) andFigure 28 (A), but highlightingin yellowcultures 5, 9, and 11 as possible
optimal conditions in terms of improved titre and product puf@gntre point conditions of this
DoE are shown in blue and platform conditions (i.e. the control) are shogreen.
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Given ths observationupstream operating conditions were compared in terms of titre
and postprotein A HCR. For the first E, Figure34 compares théeat maps for titre

and postprotein A HCPghat were already shown previouslyHigurel9 andFigure29.
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Figure 34. Heat map contar plots for titre (AC) vs. postprotein AHCP levels(D-F) for the
mAb 1ambr250 DoE Desirable results (high titre / low HCP) are indicated in green and
undesirable results (low titre / high HCP) are shownéd. Conditions that result in high titre
also result in high levels of peptotein A HCPs suggesting that operating conditions for titre
and product quality contradict and that a trad#f between these responses may be necessary
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By looking at them nextio each other, it is clear that conditions that result in high titre
also result in high levels of peptotein A HCPs suggesting that operating conditions for
titre and product quality contradict and that a tratfdbetween these responses may be
necesary.

For the second and third DoE, operating windows were generated ibylMihg least
squares regression modetig overlay desirable responses for both upstream and
downstream processing and to consider if there is an operating space that would be
beneficial to product quantity and qualiguch windows of operation are commonly used
to illustrate the operating conditions that are feasible for one or multiple desired responses
(Woodley and Titchenerooker, 1996).

The contour plots for the mAb 1 ambrDoE (separated by temperature) were generated
by fitting least squares regression models for titteR.99 and 0.91), yield ¢R= 0.75

and 0.62) and HCP ¢R= 0.98 and 0.77) results, and illustrate how pH and seed density
affect titre, postprotein Ayield and posprotein A HCP levels aa temperature ofl
(Figure35 A) and +3 (Figure 35 B). The boundary conditions for figures A and B have
been set talightly different values (in the case of yield) or vastly different values (in the
case of posprotein A HCPS) in order to visualise the operating window most effectively
here. Within the JMP software, these contour profilers are interactive but ges@Dth
representation here, the goal was to highlight thalewhe feasible operating windows
(white area) look slightly different at low vs. high temperature, both plots show that a
feasible operating window for maximum titre is constrained by the dosamtresponses
(protein A yield and pogprotein A HCP levels), confirming the results of the first DoE
that a tradeoff between these responses may be neced$dahg boundary conditions

had been set to the same values in both figutes constraint migt not have been
displayed on the profiler at all (e.g. if the same maximum HCP limit from figure A had

been applied to figure B as well) or would have completely dominated the profiler with
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no feasible / white area remaining (e.g. if the same maximum IlH@Hrom figure B

had been applied to figure A).
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Figure 35. Window of operation for themAb 1lambrl5 DoEUsing JMP software, contour plots
were created to illustrate how pH and seed density affectpitotein A yield and pogtrotein A
HCP levels ab temperature ofl and+3. The contour plots for low temperature (A) and high
temperature (B) were generated by fitting least squares regression models for %itr® @®
and 0.91), yield (R= 0.75 and 0.62) and HCP {R 0.98 and 0.77)esults ancare based on the
black experimental data pointé/hile the feasible operating windoishite area)look slightly
different at low vs. high temperature, both plots show that a feasible operatidgwviior
maximum titre is constrained by the downstream responses (protein A yield amigbeist A
HCP levels), confirnmig the results of the first DoE that a trad# between these responses may
be necessary.
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Figure 36. Window of operation for thenAb 2ambr250 DoE Using JMP software, a contour

plot was created to illustrate how pH and temperature affect the titre aneppuisin A HCP
results, and how the feasible operating windewhite area) gets smaller when considering not
just the upstream requirement of high titre (A), but also the downstream requirement of low HCP
levels (B). The contour plot was generated by fitting least squares regression models for the titre
(R* = 0.95) and HCP (R = 0.92) results andare based on the black experimental data points.
These results correspond with the results from the first two DoEs that operating conditions
optimised for upstream processilegd tolower product quality.
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The contour plotfor themAb 2 ambr250 DoBvas generatedy fitting least squares
regression models for thigre (R?> = 0.95) and HCP (R= 092) data to show theange of

pH and temperature that would give rikea window of operation, tradingff both
upstream and downstam responses in terms of high titre and low HCP levels
respectively Figure 36 A shows sucla feasible operating windobased purely on an
upstream requirement (chosen here to be a titre of at least 3 g/L) which suggests operating
at the midpoinbf the feasible windovto be optimal. Howeverigure 36 B displays a
smaller feasible operating window generated based on both an upstream and a
downstream requirement (@ré of at least 3 g/L, as well as no more than 900 ppm post
protein A HCPs, which was deemed to be a suitable early development target based on
industry trends). This second plot shows that the operating range needs to be shifted to a
new optimum based amtradeoff betweenproduct titre and product quality (shift from

red point tagreen pointyesulting in a slight loss of mAb titre but increased product purity

in terms of fewer pogprotein A HCPsIn this instance, such a shift can be accomplished
byincreasing culture temperature by+10ACoand ca
(cf. Table5) £ 0.05, but the exact optimalllture conditionsas well as the shape of the
feasible window of operationwill of course vary amongst different processes and
moleculesNonetheless, the contour plots discussed here highlight the issue that operating
windows for optimised upstream responses can be constrained by downstream targets,
and that tradeff decisions will likely be necessary.

It is noteworthy thathe feasible window of operatian Figure 36 is based on HCP
clearance after the critical protein A purification. The feasible operating space may widen
when the whole downstream process is considered and HCP cleduangesubsequent
chromatograp polishing steps is demonstrated. Alternatively, the operating space may
become smaller when further desired responses are added to the contour plot, such as high

product monomer percentage, but in this case study, all cultures were associated with low
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levels of aggregates and fragments gastiein A purification (data not shown) and
therefore did not impact the window of operation.

Furthermore, theperating windown Figure36 wasproduced under the assumption that
lower HCP level are betterfor downstream clearancavithout taking the species
information into account which maymore how
problematicor fistickydo HCP speciesarebeingproduced.

To address this, mass spectrometry ana(ysisng the nan@.C Orbitrap) was carried out

to evaluate potential differences in HCP profiles betwaenlture grown abptimal
upstream conditiamanda culture grownta t he A compr omi amewas cond
to compare the regbintand the greepointfrom Figure36, however none of the cultures

from the third D& were grown using conditions similar to the peiht. Instead, the DoE

centre point was chosen for this comparison. The greiris represented by the culture
grown using very similar setpoints as the grpemt (cf. Figure36).

Figure37 shows the HCP species that have been identified by mass spectrometry to be
co-eluting during protein A purification of the specified material. Slightly more clusterin
and proteasomassociated protein ECMZAike were identified in cultures grown under

the green setpoint conditions, while bexosaminidase and slightly more PLBl2re
identified at the DoE centre point, however these differences are fairly minute. In this
instance, the results therefore show that the HCP species which were detected in cultures
grown using the Aredo and nAgr similar@ndshast poi |
it would indeed be beneficial from a combined upstream and downstream perspective to
operate at the green culture conditions due to reasons explained previously. Had the HCP
profile been different between these two conditions, with HG#tisp known to be
problematic being produced at the green setpoints, it would have to be evaluated if

continuing to operate at the red point might not be better after all.

105



(A)

B Beta-hexosaminidase

® Clusterin

= PLBL2

® Proteasome-
associated protein
ECM29-like

(B)

m Beta-hexosaminidase

m Clusterin

= PLBL2

® Proteasome-

associated protein
ECM29-like

Figure 37. Comparison of identified HCP specias(A) the DoE centre poirfl032 ppm post

protein A HPC levels quantified by ELIS#)d (B) the green poilff59 ppm posprotein A HPC

levels quantified by ELISAHCP species were identified by using ndu@ Orbitrap mass
spectrometryCommon contaminants as well as HCPs with only one peptide have been filtered
out and a MS/MS score of 150 was applied to accept the MS/MS data quality. The remaining data
was manually evaluated based on the isotope plot data.
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Assuming that decreasing product purity is causedti®ssed or dying cells, culture
viability may be an indicator that can predict poor product qualitge low viability
cultures are likely under a lot of cellular stress and may be pragomre HCPs involved

in the stress response that might be legfciently cleared during affinity
chromatographyThis hypothesis is complemented by published literatdne ét al.,

201Q Goey et al., 202). In this section, a correlation betweariture viability at harvest

and HCP levels in protein A purified material was thereéx@ored

Surprisingly, there doesot seem to be a strong inverserrelation between culture
viability and postprotein A HCP levels i.e. high viability culturesibg associated with
fewer HCPs than low viability culturesKigure 38). However, as previously discussed,
culture viability at the point diarvest igunlikely to be an ideal indicator given the many
variables involved in these DoEs such as varying seed densities and different harvest
days. So, while culture viability at harvest will remain an important factor to monitor
during production of biopharmadaitals to ensure cells are healthy, in this research it
was found that harvest day culture viability by itself cannot be used as a reliable indicator
to predict product quantity or pegtotein A HCP quality.
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Figure 38. Correlations between harvest culture viabilignd pog-protein A HCPs irthe three
DoEs (A) mAb 1ambr250 DoE (R= 0.20), (B)mAb lambrl5 DoE at low temperature {R

0.23) (C) mAb 1lambr15 DoE at high temperaturBi= 0.10), and (D)nAb 2ambr250 DoE (R
= 0.42) showing that high harvest viabilig/not a reliableindicator for low HCP values.
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In this chapterthe impact of upstream operating conditions on product titre and post
protein A HCP levelsvasexplored and tradeffs between titre and product quality were
evaluated, using three DesigitExperiment (DoE) studiesUpstream process
parameters that wergudied were culture pH, temperature and seed density using two
different mAbs and two different bioreactor scales (15mL and 250mL). Outputs of
interest in this chapter were antibody titre, culture viability at harvest, and an important
downstream respongepostprotein A HCP levelsTheseupstream parameters haak

been examinegreviouslyand theirimpactson antibody titrein particular havebeen
widely covered in the literaturé’6on et al., 2003; Trummer et al., 2006; Mason et al.,
2014; Hennicke «l., 2019; Schneider et al., 2Q1Bffects on posprotein A HCP levels

on the other handre scarcerExamples of published literature in this field specifically
include Goey et al. (2017) who studied what effects a temperature downshift to mild
hypothemia had on antibody titre, HCP concentration and HCP species. They concluded
that CHO cell cultures grown at standard physiological temperature followed by a shift
to mild hypothermia on day 5 of culture resulted in material with similar antibody titre
ard HCP concentration, but with lower cell growth rate, higher percentages of healthier
cells and a less apparent onset of apoptosis, leading to a noticeably different HCP
composition, particularly fewer intracellular HCPs or those localised to the cell
membrane And while this research is very interesting, it focussed only on one upstream
parameter (i.e. culture temperature).

As such, what has been novel in this chapter is the holistic approach that was taken by
combining upstream DoE studies with examinagionto the impact on downstream
responses, and determinitigitpH, temperature and seed density affect product quantity
and quality in ways that necessitate tradffe decisions between upstream and

downstream responsebhis wasshown in contour plots #t illustrate feasible operating
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windows which are of mutual benefd both upstream and downstream processing and
is something that has not even been publishesldmeider et al. (2019) who carried out

a DoE to determine optimal values for temperatpk€, seed density, and harvest day in
order to minimize product fragmentation while maximizing titre

This novel display of overlapping windows of operation for contradictory upstream and
downstream targets has been publigdmedsin Wilson et al. (2019).

Also in this chapter, andased on the realisation that upstream decisions affect
downstream performanca correlation between culture viability and ppsdteinA HCP

levels was investigated in the hope of being able to predict the amount of HCP impurities
that might be present after affinity chromatography. Being able to predict this, before
carrying out the expensive protein A chromatography step would satgearwk make
process development more efficient. Howeuis chapter has shown that culture
viability at harvest cannot be usedsash aromnipotent prediction toolrhe next chapter

will therefore focus on exploring other potential indicators that eamdasured in HCCF

to predict posprotein A HCP levels.
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Sinceharvest cultureviability proved not to be a reliable indicator for the prediction of
poor product quality, other options are investigated in this ch#seve have learned in

the previouschapter, upstream operating conditions that are optimised for high antibody
titre can ofte also be the cause for higher levels of gostein A HCP levels which
necessitates the implementation of additional HCP clearance steps. Being able to predict
postprotein A product quality prior to carrying out this expensive purification step would

be immensely beneficial during the process development of a therapeutic protein and
could save a lot of time and money, both in terms of preventing a waste of expensive
resources as well as with regards to appl
The main focus of this chapter is therefore to investigate potential product quality
indicators that can be measureddi@CF,but which correlate to and predict pgsbtein
Aproductquality |1 deal ly such Asignatur esoterialoul d
as either good or bador green versus redimilar to atraffic light systemwhich either
approves upstream material being passed onto the nexXakgeproduct purificationor
stopsany further processingf the material.

The potentiaHCCFassociatedjuality signatureshat are presented in this chapter are
cholesterol, ammonium, osmolality and antibody light chafiasious assays were used

to measure each of these in the HCCF samplesieofsame DoE studies that were
discussed in the previous chapteigure39). Each of these potential signatures were then

correlated to pogprotein A product quality attributes (HCPdamonomer purity).

111



=777
mAb 1 oToeh )
7P e
( W &SEC’///
M 20x samples \ ~———="%
lalal — »  from harvest > — > > -
S (diff days) L
250 mL STR \ ST~ Centrifugation 9.2 Hm ProA 0.2 mL
DoE exploring h "—b(\ Titre P at 4,000 pm filtration Robocolumn
seed density, pH T for 5 min
& temp.
mAb 1 o
§ /// \—\SP\//
‘ ?
SpP 24x supernatant . ‘ ‘ 7 Y\E, -
QE——’ samples from —
=5 harvest (day 17) ‘ |
4 7 0.2 pm
15 mLSTR \’(,/ -~ Centrifugation filtra:ilon ProA 0.2 mL
DoE exploring seed . Tire ) at 4,000 rpm Robocolumn
density, pH & temp. = for 5 min
mAb 2 o
- )
. PN -
o Ii[ »7ac? E\—/ -7
14x samples f”( -3
—» fromharvest ——— > -
=4 (day 16) = %
250 mL STR \“/_‘ ~.  Centrifugation 0.2 um ProA 0.2 mL
DoE exploring \\T'tri/’ atf4,000 rpm filtration Robocolumn
pH & temp. - or 5 min

Figure 39. Summary othe DoE experiments discussed in chaptémAb 1lambr250 DoEmADb
1 ambrl5 DoEmAb 2ambr250 DoE).

Assuming that decreasing product purity is causestiegsed or dying cells akdowing

that the Trypan blue exclusion method to measulteire viability is not an accurate way

to define apoptotic and lysed celtsther options were exploredssays that measure
lactate dehydrogenase (LDH) or DNA could b®ed since these are both localised
intracellularly and would thus only be detectable upon lysis of theang#ilhigher levels
corresponding to a higher degree of lysed cells. Another possible assay, and the one that
is discussed here, detetgsels of cholesterol in HCCSince cholesterol is a lipid that

is present in cell membranes and can thus serve as a mefaseltdysis, it was explored

if cholesterol content in HCCF could be used as an indicator forppotin AHCP
levels(based a Senczuk et al., 2016). To test this hypothesis, a commehabdsterol
assay kit (E2CHLOO, BioAssay Systems, California, USA) was used to measure

cholesterol content in samples from the DoE studies discussed in the previous chapter.
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Subsequently chadterol values were correlated to the upstream operating conditions as
well as to product quality measurements.

The first DoE study showed that cholesterol values inbfdh samples correlate
strongly with temperaturé cultures that weregrown at lowertemperature were
associated witimorecholestero(Figure40 A), presumably due to cultures being grown

at low temperature having a lower viable cell dengtigire40 B).

(A)

Temperature (°C)

10 15 20 25
Cholesterol (mg/L)

(B)

10+

Viable cell density (* 1076 cells/mL)

Temperature (°C)

Figure 40. (A) Correlation between temperature and cholesterothiafirst DoE (fed-batch
cultureg (R? = 0.83) (B) Heat mapof cholesterol levels as a function of temperature and viable
cell densityLow cholesterol levels are shown in green (< 10 mg/L) while high cholesterol levels
are shown in red (> 25 mg/L), with contour intervals of 3 mg#twol€sterol levelincreasewith
decreasingemperature and viable cell density
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However, only a weak correlation to pgsbtein A HCP levels and no correlation to
monomerpurity could be observedFigure41), although the latter is not unusual, as cell

lysis isnot expected to have a strong impact on product monomer percentage.
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Figure 41. Correlation between cholesterol and (Bdstprotein A HCPs (R= 0.41) and (B)
postprotein A mAb monomer {R 0.02)in the first DoE(fed-batch cultures)While upstream
condiions seem to have an effect on cholesterol, cholesterol hasvealycorrelations to
product quality attributes.

114



Similar correlations to temperature and positein A HCPs were seen in another DoE

study Figure4?2).
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Figure 42. (A) Correlation between temperature and cholestéRSl= 0.76)in the third DoE.
Low temperature cultures are associated with high levels of cholesterolma8bnlambr250
DoE, however no correlation to HCP is seel £#:0.01) (B).
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The ambrl5 DoE study showed that growing culturesvatdH (whether at low or high

temperaturé resuts in quite poor titre (equalto or less than 3/L) as shown irFigure

43,
(A)
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+0.25 ¢ = e
an
Q.
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Titre

Figure 43. Correlation between pH and product titre at (A) ltemperaturgRZ = 0.66)and (B)
high temperatur¢R? = 0.42)in the second DoE
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As upstream engineers would not operate at tbaseditiors, low pH samples have been
excluded fromFigure 44, which shows that samples containing less than 10 mg/L

cholesterol (indicated by the orange line) are associatedewtr HCPs.
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Figure 44. Correlation between cholesterol and ppsbtein A HCP levels a temperaturef -
1 (A) and+3 (B) inthe secondoE. Samples associated with less thamiflL of cholesterol
(indicated by the orange line) contain generdéiywerHCPs.
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These results have been summariselligure45 which shows the temperature and pH
operating conditions as a heat map and the results for cholesterol, titre aipilopeist

A HCPs as a traffic light system. Low temperature and pH are shown inblie high
temperature and pH are illustrated in red. Cholesterol levels of 10 mg/L owvdess
deemed acceptable based-agure44, and are indicated by a green traffic light. Antibody
titre of more than 1.5 g/L has also been markeddmgan traffic light. In terms of HCPs,
different constraints have been placed on the material, depending on whether cultures
were grown at low or high temperature, since low temperags@td in muchhigher

HCPs Therefore, HCRalues up to 4,000 ppmrftow temperature samples are indicated
with a green traffic light, while the cap for high temperature samples was set at a
maximum of 2,000 ppmlf the same limits were applied to all samples, the low
temperature cultures woulikely all have a red trai€ light while high temperature
cultures would all have a green traffic light. Setting individual conditions for the two
groups of samplesnables a more meaningful analysis.

At low temperature, samples with less than 10 mg/L cholesterol agsa@ciated with
3,000i 3,500ppm HCPs, and samples with more thamtfJL cholesterol are associated
with HCP values between 6,00012,000ppm. At hightemperature samples with less

than 10mg/L cholesterol are associated with eqgtmabr less than ;600 ppm HCPs
(Figure44). In this study, cholesterol measurements can therefore predigirnptsin A

HCP levels, and together with acceptable titreslmused to choose upstream operating
conditionsthat are favourable for both upstream and downstream processing.

While all these results together do show that a recommended cholesterol limit differs for
each molecule or process, cholesterol as a potetaduct quality indicator will be

explored further in chaptéx
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Temp pH Cholesterol  Titre Postprotein A HCP

Figure 45. Heat map with traffic light system faholesterolas a possible product quality
indicator (second DolE Low temperature and pkonditions are illustrated in blue, high levels

in red. Symbols are green if the following conditions are met: less than 10 mg/L cholesterol, more
than 1.5 g/L antibody titre and less than 4,000 ppm HCPs (for low temperature samples) or less
than 2,000 pprCPs (for high temperature samples).
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Ammoniumispart of a cell s nitrogen metabol
It is known that culture overfeeding leads to an accumulation of ammonium which affects
culturepH and isgrowth andproductivity inhibitory(Chen & Harcum, 2009RReinhart et

al., 2015) Ammonium levels were therefore investigated e tmAb 1 and mAb 2
ambr250 DoEsCultures from these two studiegre associated with wide ammonium
rangesvhichwerethencorrelaedto product aquality attributes Figure46).

As Figure 46 shows, ammonium correlates differently to product quality depending on
cell line. For mAb 1, barely any of the linear correlations can be considered true as the
confidence intervals are too wide for ppsotein A HCP levels and monomer / aggregate
percenitagesThe results for mAb 2 are more promising, showing that increasing levels of
ammonium are associated with reduced antibody titre andppatsein A HCP levels
(most probably caused by the inhibitory effect on growth and productivity) as well as
with increased percentages of aggregation.

The contradictory results between the two studies could be due to the poor model fit for
the mAb 1 DoE which in turn is likely the result of this particular bespoke DoE design.
The model fit for the mAb 2 DoE Isetter and provides more confidence in the accuracy
of the data. Another possibility fora@hvarying responseould be the use diifferent cell
lines,which would suggest thammoniumis nota reliable indicator for product quality.
While it would be pesible to assess the suitability of ammonium as an indicator for poor
product quality by performing DoE studies and srsalle protein A purificatiomuns

for each therapeutic antibody or process, this defeats the purpose of identifying a suitable
markerthat can be measured in HCCF in order to avoid the costly affinity purification

step on unsuitable material.
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Figure 46. Correlations betweerammonum and titre / product quality n (A) mAb 1ambr250
DoE fed-batch cultures angB) mAb 2ambr250 DoER? values for the model fit in (A) are 0.6
for titre, 0.4 for posfprotein A HCPs, 0.5 for monomer and 0.5 for aggregatidwaRies for the
model fit in (B) are 0.84or titre, 0.57 for posprotein A HCPs, 0.72 for monomer and 0.72 for
aggregation.
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Osmolality measures the concentration of solutes (such as salt, amino acids, trace
elements) in solution. Values below 300 mOsm/kg are generally consideeditiaéfor
growth, whereas higher osmolality (>500 mOsm/kg) slows down cell growth (Kim et al.
2002). Increased osmolality can be caused by increasegvwl@¢h in turn is caused by

a buildup of carbon dioxide, a bgroduct of mammalian cell metabolisklevated pCQ@

levels havebeen indicated with inhibiting cell growth and/or recombinant protein
production, although in bendbp bioreactors, increased el@vels are usually not a
problem (Kimura & Miller, 1996).

Hyperosmolality is also caused by anwaoclated feed which is why high osmolality

is more commonly considered to be an indicator of overfeeding (Yu et al., 2011; Reinhart
et al., 2015) or can occur due to the addition of a base for optimal pH control (Han et
al., 2010). This can lead tareduction in cell growth, viability, and recombinant protein
yields (Reinhart et al., 2015).

Osmolality was measured in the mAb 2 ambr250 DoE and plotted againgrpiesh A

HCP levels.Figure47 shows that there is a strong correlation between these two, with
low osmolality beingassociated with high HCP valuasd vice versa. The figure also
shows product titre for each sample (wgtteen dots representing high titre and orange /
red dots representing low titrdjhis highlights the fact that cultures with high osmolality
values may be associated with low HCPs but they also produce less antibody, most likely
due to the previously maohed inhibitory effects of high osmolality on growth and
productivity. This suggests that midngeof the measuredsmolality values would be a

good compromise fditre and producpurity.
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Figure 47. Correlation between osmolality angbstprotein A HCPYR? = 0.83), overlaid with
titre resultsfrom the third DoEhigh titres in green and low titres in redthere the lowegitre
was 26.6% compared to the highest titre in this dajaset

In the literature, hyperosmolality has been shown to increase specific antibody
productivity () iIn mammalian cells but decrease specific growth rate (Zhu et al., 2005;
Han et al., 2009; ¥ et al., 2011), unless an osmoprotective compound (e.g. glycine
betaine) is used (Ryu et al., 2000). Increased specific productivity as a result of increased
osmolality may be linked to improved nutrient transport into the cells, G1 cell cycle arrest
or higher transcription / translation rates (Han et al., 2009). However, the exact impact on
productivity and growth is cell line dependent and can result in the final antibody titre
being either increased, decreased, or comparatively unaffected (Ho eb@j.YACet al.,

2011).

Therefore, the results discussed here are consistent with some previously published
literature such as Ryu et al. (2000) who noted a 60% decrease in final mADb titre over an
osmolality increase from 305 to 537 mOsm/kg, despite a 4h@¥edse in g (most

likely due to a more severe decrease in growth rate).

Han et al. (2010) have also demonstrated in their study that wbieag increased with
increasing osmolality, antibody titre was highest at 310 mOsm/kg (compared to 410
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mOsm/kg,510 mOsm/kg and 610 mOsm/kg) because of inhibited cell growth and cell
death at higher osmolality.

However, opposite effects to those observed here have also been published, e.g. Han et
al. (2009) have seen increased {BMoncentrations at 470 mOsm/kgngpared to 310
mOsm/kg despite a reduced cell growth, due to significantly increased specific
productivity rates (1-fold higher g resulting in 4.8old higher titre).

Another example was published by Zhu et al. (2005) who reported that hyperosmolality
(450 mOsm/kg compared to the control at 316 mOsm/kg) resulted in a 60% decreased
cell growth rate, but final titre remained unaffected due to an increase in specific
productivity rate.

While the correlation between osmolality, titre and gostein A HCP lgels shown here

is promising for the implementation of osmolality asH&CFassociated quality
signaturethis conclusion is based on only one dataset as osmolality was not recorded for
the first two DoEs. This potential product quality indicator will gfere be discussed

further in chapter 6.

Previous literature has suggested thatamount of antibody light chainiisdicative of
sufficient peptide synthesis, correct protein folding and antibody asseandiyhusigh
levels of extracellulaantibodylight chains are correlated to high antibgahpduction
and low aggregation (Bhoskar et al., 2013).

Free antibody ligt chain (LC) measurementdhiave been compared both HCP
guantification dateas well as to aggregation data frahe first DoE Regarding the
comparison to HCP dat&igure48 shows thatultures with higHevels offree LC are
associated with low levels giostprotein AHCPs. However, the data does not confirm

the theory thatultures with low free LC are potentially stressed and produceshigh
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amounts of HCP speddhat are less efficiently clearddring affinity chromatography,

as there are loM.C cultures that are associated with both high and low HCP levels.
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Figure 48. Correlation between free antibody light chaidfCCF LC)and postprotein A HCP
levelsin thefirst DoE. Cultures with low levels of free antibody light chains (to the left of the

orange line) are illustrated with a red traffic light Figure 50, while cultures with high levels of
light chain (to the right of the orange line) are symbolised with a green traffic light.

Comparing free light chain levels withggregation,Figure 49 shows that product
aggregation did not vary significantly in cultures grown under different upstream
operatingconditions. There are only #e samples that are associated with slightly more
than 2% aggregation and none of the samples are therefore associated with problematic
levels of aggregates. Due to the similarity of the aggregation results, there is no visible
correlation between free aobdy light chain and aggregatianthe theory being that
cultures associated with high levels of free LC are less likely to aggregate, whereas low
levels of free LC might suggest that not enough lighdin is produced for full Ig

assembly, and so the raming peptides could aggregated cause (further) cell stress.
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Figure 49. Correlation between fre@ntibodylight chain and aggregationin affinity purified
samplesin the first DoE (R = 0.06) While cultures with more than 2% aggregation are
associated with low levels of free antibody light chains, low levels of light chains are not

indicative of high aggregation. As such, free mAb light chain quantity is not a suitable indicator
for high aggregation.

Anotherobservation made by Bhoskar et al. (20d@)kthat cultures with low free LC

are associated with low productivityhis has also beeoontradictedn this instances

all low-LC cultures have produced relatively high antibody t{tE Figure 50), so
antibodyassembly does not seem to be an issue. It is possible that cultures which had a
very high seed density and thus circumventedrthiali required growth phase produced

high amounts of antibodgarly on The low levels of free light chain could in this case
indicate that no new antibodies were being produced towards the end of the andture
would not reflect on the antibodies thaadh already been produced.

Another possible explanation for the contradictory results seen here compared to the data
from Bhoskar et al. (2013) could of course be the different cell lines that werelThged.
relationship betweethe production of antibody and the levels of free antiblogiyt

chairs isdependent othe design of thgectort hat was wused to integrate
gene into the host genoniiea different vector design, a different ratio géne copy

numbers fothe heavy and light chainsy a differenintegration of the recombinant DNA
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will all affect the observed relationship between free antibody light chains and titre
productivity (Li et al., 2007; Davies et al., 2011; Gion et al., 2013). Antthis instance,
using mAb 1antibody light chain measurements were found to be unsuitable as a global

indicator for poor product quality.

mADb light chain Titre Postprotein A HCP  Aggregate

N

B A
)| N )
| Y| Y| |

—

y A0

—

A | A

Figure 50. Traffic light system for antibody light chain as a possible product quality indicator
(first DOE). For mAb light chains, greesymbolsrepresent more than 5% while regmbols
represent less than 5%or Titre, more tharr0% (relative to the highest producing cultuasg
indicated in green, betwed®-70% are shown in yellow, and less th&0% are shown in red.
For postprotein A HCPs, green symbols repredess thar2,500 ppm H®s, while red symbols
represent more than 2,500 ppRor postprotein A aggregation, levels above 2% are shown in
red.

To highlight this once agaifrigure50 summarises the datiscussed heri@ the form of
a traffic light systemshowing thatntibody light chain measurements areuitable as

a globalindicator for poor product quality. While cultures with a green traffic light for
127



mAb light chain levels are mostly associated with low HCP levels, they are also
associated with low titre. Red traffic light cultures on the other handdwwe ruled out

with this system even though there are cultures associated with high titre, low HCP levels
and low product aggregation. This figure also shows again that high titre is generally

associated with high HCP levels and vice versa.

In this chapter, severgbotential HCCFassociated quality signaturdsholesteral
ammonium, osmolality and antibody light chgimgere exploredor their potential to be

used as prediction tools in estimatppmstprotein A product qualityprior to @rrying out

the expensive protein A chromatography stepthiswould make process development
more efficientl deal |y such fAsignatureso could be
good or bad or green versus red, similar tdraffic light systemwhich either approves
upstream material being passed onto the next step (aka ppodificition) or stops any
further processing of the material.

It was determined thaultures which were grown at lower temperature were associated
with more cholesteroland cholesterol measurements were shown to be able to predict
postprotein A HCP levels in the mAb 1 ambrl5 DoE, demonstrating that together with
acceptable titres, cholesterol could potentially be used to choose upstream operating
conditions that are fawvable for both upstream and downstream processing.

Ammonium was deemed to be an unreliable prediction tool due to varying responses with
different cell lines. This would make it necessary to first perform sscale studies to
determine the suitabilitgf ammonium for each potential drug product which is counter
productiveto the purpose aflentifying a suitable marker that can be measured in HCCF

in order to avoid the costly affinity purification step on unsuitable material.
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Osmolality was discovered tbe a very promising prediction tool, althoughttier
datasets are required to validate the observatimade in this chapter. This potential
product quality indicator will therefore be discussed further in chépter

Antibody light chain levelsvere also deemed unrelialae a prediction tool due to a lack

of linear correlations to pogtrotein A HCP levels or monomer purity. A potential traffic
light system for antibody light chains as a quality indicator was créateidghlight how

such a system would fadlt identifying cultures that are associated with high titre, low
HCP levels and low product aggregation.

While some of these results are promising and a good basis for further research, the
challenge to findHCCFassociated quality signatigehat can be used to createtably
reliable and robust traffic light systems for mAb processing meant that other options
needed to be considered.

The next chapter wilthereforeexplorethe impacts of upstream processing oodpict
qualityfrom a different angle and investigate the potential benefits of harvesting upstream

material earlier.
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As studied in thehird chapter, upstream operating coratis that are optimised for
higher levels ofntibody can result idecreased product qualitpne upstream operating
condition that hasot been investigated in third chapter is the length of cultivation.
CHO-expresed mAbs a&e commonly produced in fdaatch processeduring which time

the CHO cells grow in number and produce increasimgunts ofproteini both the

desired antibody as well d@lse host celproteinsthat arerequiredfor the host cellsto

survive.

Assuming that increased culture duratisnassociated witlaging cells becoming $s
sufficient at transcribingranslatirg, folding, and/osecreting antibody avith dead cells
releasing intracellular impuritiesincluding proteases which are increasyngroduced

as part of the cell stress response during late stage culture (Jin et al, 2010; Tait et al, 2012)
T product quality may get progressively worse anday befeasible to harveshe mADb
producteatier.

This chapter investigates thifexts ofupstream harvesime on mAb product quality as

well asharwest time interactions with subsequeltwnstream processirggeps, in order

to determindhow muchimpact the culture duration has desirable upstream responses,

i.e. antibody titre, as well as downstream responses such as product monomer levels and
the amount bhost cell proteins present in purifiegaterial®. The aim of this chapter is

to explorewhether there israideal harvespoint during theculturewhen product titre is

already quitenigh, but impurity levels are still relatively low

41 was provided with upstream material for the first study discussed in this chapter. All other experimental
work discussed ithis chapter (whether upstream, downstream, or analytical) as well as data analysis was
carried out by me. For the second shear study, | had help to operate the bioreactors and had guidance on
how to use the mass spectrometer.

5 The results discussed incsiens 5.2 5.4 have been published in Wilson et al., 2019.
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Figure51. Summary oAb 3time-course study.

In the firststudyfor this chapterl was provided wittsampleghatwere taken throughout
the production bioreactor run @hAb 3 (including onthe harvest day when culture
viability was at the lowest point of 93%) in orderitwestigate the effect that culture
duration las on not only produtitre but also posprotein A HCP levelsThe purpose of

this study was to investigatéhether there is a traddf betweertitre and HCP clearance
with cell cultivation time and whether it would ultimately save cost and work fdoce

harvest the product earlier when it is purer and requires a less egtelosimistream

clearance strategy
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Figure 52. Effects ofharvest timeon producttitre and HCP levelslncreasing product amount

over the course of aultureis accompanied by decreasing product purity. Supernatant samples
were taken throughout the 20STR production bioreactor run aiAb 3(including on harvest

day) and antibody concentration was measuagdl normalised to ue to confidentiality
Supernatant samples were filtered, protein A purified, and analysed for HCP quantities by ELISA.
Note that the HCP data points for days 1, 3 and 7 are estimated on titre as HCP levels were below
detection (< 2 g/mL). Descriptive error bars are based on assay serial dilutions and show one
standard deviation.

131



Figure52illustrates hat as product titre increased throughatitpical mAb culture so

did the amount of pogiroteinA HCP impurities, meaning that product amount and purity
are negatively correlate@he amount of product increasby 28% from day 14 to day

17, however pogprotein A HCPevels increased by 75% dag this time frameKigure

52), demonstrating that aterial which is harvested later potentially requires a more
extensive HCP clearance strateg@iie HCP profiles at different stages of the cultivation
(day 14 versus da¥/7) were compareldy using mass spectromeifiyancLC Orbitrap

and the identified species asbhownin Figure53. As can be seen, the HCP profiles at
both days are very simildrthe presence of keratin is likely indicative of contamination
during sample handling. Of notable interest is the relative amount of each species:
clusterin was present in higher levels on day 17 compared to day 14. Clustetionfsin

as an extracellular chaperone that maintains partially unfolded proteins in a state
appropriate for subsequent refolding by other chaperones and prevents aggregation of
nortnative proteins. Its presence is therefore an indication that cells agglistguto
maintain protein synthesis in laggageculture.

Previous literaturelfn et al., 2010; Tait et al., 201Rassuggested that the time of harvest

is a crucial parameter with regards to the HCP composition in HCCF, and our data shows
that harvest time further also affects the efficiency of HCP removal during protein A
chromatography, with a later harvest time resulting in decreasegubsin A product
purity. However, previous literature (Tait et al., 2009) also states that younger, more
viable cells are more shear sensitive. An earlier harvest for material with fewer HCPs
may therefore increase the risk of breaking cells and releasing any intracellular impurities

during the harvest process, which is a challenge that will be addregsed tais chapter.
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Figure 53. Comparison of identifiedostprotein AHCP speciest (A) day 14(424 ppm post
protein A HPC levels quantified by ELIS&)d (B) day 1{740 ppm posprotein A HPC levels
quantified by ELISApf the mAb 3 culture. HCP species were identified by using-b&no
Orbitrap mass spectrometr¢ommon contaminants as well as HCPs with only one peptide have
been filtered out and a MS/MS score o0 I#as applied to accept the MS/MS data quality. The
remaining data was manually evaluated based on the isotope plot data.
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Figure 54. Summary of basic experiments in mAb 1 shealydtu

In the second studyanother moleculenfAb 1) was used to explore tladownstream
process beyond protein A capture, and to consider how process development decisions
might be affected by a mAb that is susceptible to fragmentatlos studyalsoexpored

the effect of shealamagé representative of that which migbecurin a feed zone of

disc stack centrifugtion upon scaleup (12,000 rpm for 20 sends as determined by
Hutchinson et al. (200p) at different havestpoints Cells wereculturedin 29x 1 L

shake flask$or overthree weekso enable the analysis of materibht had been grown

for an extended process duration and exhibétesdide range of viabiliés During the
culture, all shake flasks were regularly monitored to enthatkcells were behaving
similarly in terms ofculture viability, production of antibody titre, and metabolite
profiles. The resultsseeFigure 87 in the appendixgave cafidence that the material

from 29x shake flasks could be pooled together in order to create enough material for all
subsequent processisteps.

Cell broth samplefor subsequent processiagere taken on days 10, 17, 20 and 24 when
cultureviability was 97, 76, 68 and 43% respectively, and at each time point half of the
collected material was exposed to shear to sékeiprocess duration and/@ulture
viability impaded uporcellularbehaviour during disc stack centrifugatievhich will be
discussed in more detail later.on

In the first instancemonomer purity and HCP levels were measured followrogein A

purification of HCCF which had not undergone any sheattnenias illustrated in the
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experimental work flow irFigure54). Figure 55 shows that throughout the culture the
product quality decreadedue to incredag levels of posprotein A HCPs (as already
observed in the first study withAb 3) as well as increang) levelsof product aggregates

and fragments measured after affinity purificatidiggregate levels on days 10 and 17
areclose tothe typical industry threshold of 2%vhile aggregation on days 20 and 24
exceeds the maximum limit. Fragment levels increase fromi@&y day 24 and are very
close to the 2% threshold in late stage culture. Taking the 0.5% assay variability into

account, fragmentation on day 24 could either be of negligible concern or might in fact

exceed the threshold.
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Figure 55. Effects of harvest time on product quality in the unmodified process, i:sheaned
samples onlymiAb 1shear study I)Aggregate and fragment percentages as well as HCP levels
were measured after affinity purification and were determined by analytical SEC orHIZHO
ELISArespectively. Descriptive error bars are based on HCP assay serial dilutions and show

one standard deation. A typical industry threshold for aggregation and fragmentation has been
indicated by the grey line.

Interesting to note is that ithe previouscase study, protein A columns were loaded
according to volume rather than total amount of protama, the observed HCP increase

could be explained by the increasing load levels of antibody molecules to which the HCPs
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could bind. However, ithis case stug, the samemassof antibody was loaded to each
column andshows the increase ipostprotein AHCP levels with progressing culture
durationas well. Regarding the increase in aggregates, previous research has linked
aggregation to the low pH conditiongjtered for protein A elution (Shukla et al., 2007)

as well as to a low pH hold following protein A purification as commonly used for viral
inactivation (Mazzer et al., 2015), and while material in this case study was eluted from
the protein A resin with @H 3.6 buffer, all samples were treated in the same way and
should be affected in a similar manner if the observed aggregation were purely pH
dependent. Increasing product aggregation due to a concentration effect is also unlikely
given that the same masas loaded onto the column for all samples. A more likely cause
for the increase in aggregates and fragments could be the presence of proleases

al. (2010) and Tait et al. (2012) have previously reported that proteases are produced
during late stag cell culture and can cause product fragmentation. Cathepsin D in
particular is known to cpurify and cleave the antibody product (Robert et al., 2009; Bee

et al., 2015; Lim et al., 2018). Accumulation of fragments could also lead to the formation

of aggegates.
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Figure 56. Summary of entirmAb 1shear study |I.

Further to the initial basic investigation, it was then consideredrheghanical damage
to cells during culture and harvest (mimicked here using ansdakdown shear device)
affectedpostprotein A HCP levels. Interestingly, it was determined shataring did not

cause atatisticallysignificant increase in HCPs ihd investigated samples (results not
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shown). However, shearing did have a significant effect on cell breakage on samples
taken on day 10 of culture. While cell viability remained unaffected, total cell number
was reduced bg0% (determined through the \gell cell counter; images displayed in
Figure57 A-D), at which point the levels of total HCPs produced by the cells is expected
to be low (cf.Figure52 andFigure55), whereas the samples fnoday 17 onward were

more shearesistant and did not suffeignificant morphological damage.
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Figure 57. Changes to cell morphology upon shear expo$112e000r|c;m for 20 segonds) (mAb

1 shearstudy ). ViCell cell count images. Material from day 10 prior to shearing (A) and
afterwards (B), in comparison to material from day 17 prior to shearing (C) and afterwards (D).
Whereas the total cell count has been dramatically reduced by 60% in daatéial, no obvious
breakage has occurred in day 17 and subsequent days (images from days 20 and 24 not shown).

This is consistent with previous literature such as Tait et al. (2009) who found that the
more permeable outer membrane structure of apoptote norviable cells can
potentially absorb the impacts of stress better and thus these cells are less susceptible to
it.
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In addition to HCP levels, the extentsifear orproduct aggregatioand fragmentation

was also studied. While some slight increasda the percentage of aggregated and
fragmented antibodies were detected after shear exposure (not shown), these changes
were within assay variability and were therefore not considered to be significant. Further
examination is required in order to conclkedly establish a relationship between shear
impact and produaggregation andill be addressed later in this chapter

Lastly, monomer purity and HCP clearance were explored during intermediate and
polishing chromatography steps. Cation exchange chromagtaog (CEX) was found to
dramatically reduce HCP levels to below the guidance limit of @8 Figure58 A).

Any HCP species still remaining in the drug product after CEX imply a potential safety
risk to patients by having the potential to cause adverse immune reactions. Tools like
CHOPPI (Bailg-Kellogg et al., 2014) can be used to estimate the immunogenicity of any
residual HCPs in order to determine how safe the therapeutic drug is.

Removing HCP species is crucial in drug manufacture, and in this study CEX was a
required stepHowever,this sep also resulted in increased product fragmentation in the
case of this particular mAb Figure58 B).

Figure 55B shows three interesting observagofrirstly, fragmentation increases up to
4-fold from day 10 to day 2@ even prior to CEX which could be caused by the release

of proteases. Secondly, fragmentation is increased even further by the cation exchange
chromatography step, suggesting eithat a componemtf the CEX process itself causes

the unstablenAb 1to fragment, or that proteaskependent fragmentation is activated on

the CEX column. Thirdly, on day 10 the p&EX fragmentation in nesheared material

is similarly low to fragment levels prior to CEX (8068%) whereas the fragment level

in the sheaxd material has increased by 1%. Comparing this observation to day 24, the
fragmentation levels pos€2EX are similarly high (8.2%) in norsheared and sheared

material.
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Figure 58. Effects of a polishing chromatography step on product qualiyb 1shear study I).

(A) HCP levels in noisheared samples before and after cation exchange chromatography, as
determined by ELISA. HCP data point for day 10 after CEX is approximated based on titre as
HCP levels were below detection (< 2 ng/mL). Descriptiverebars are based on HCP assay
serial dilutions and show one standard deviation. (B) Fragmentation percentagessheemed

and sheared samples before and after cation exchange chromatogiayiny early stage (day

10) and late stage (day 24) cultyes determined by analytical SEC.
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This supports the theory that fragmentation is caused by proteases which on day 10 are
only released into the cell culture fluid upsimearinduced cell breakage whereas on day

24 they are thought to be present in the IHG&gardless of shear exposure.

While CEX is essential for HCP clearance, the fact that it can cause fragioe of
unstable mAb product further increases the challenges for downstream purification.
Previous literature has also shown that the use oCH» polishing step can result in

lower product quality due to ecolumn aggregation of mAbs (Farys et al., 2018; Guo &
Carta, 2015). If thepstream process were amended to create material with fewer HCPs,
the CEX polishing step might not be required, vahieould avoid a tradeff decision
between two downstream responses (HCP clearance vs high monomer phistgpuld

be done e.g. by optimising culture conditions such as pH, temperature and seed density,
by decreasing the process duration and harvestm@ntibody product sooner, or even

by genetically modifying the CHO cells to prevent the expression of problematic HCP
species (i.e. those that are present in particularly high levalamounogenic species
causing adverse reactions in patients). Alauely, if CEX is definitely required, genetic
modification could also be used to prevent expression of the HCP speaiesause

product fragmentation during CEX as shown here.

In summarythe resultpresented thus faaise interestingontradictoryarguments to the
guestion of whether product should be harvested earlier to avoid the presence of high
HCP levels, or later to ensure cells are more stesastant and able to withstand
potentially harsh harvest conditions. A decision foewto harvest needs to weigh not

only the advantage of purer product versus the disadvantage of less product, but also
consider the additional risk of harvesting sheamsitive cells that might break and release
intracellular impurities. In order to make informed decision, the window between days

10 and 17 that was determined to be of interest during this case study, needs to be explored
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further to determine if there is an optinhalrrvest pointFinancial analysis could also help

determine optimality (Fari@007).
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The findings from theqrgvioustwo studiesuggested that purer product couldb&ined

by harvesting the material earligdowever, the shear study showed ttieg¢ shear
sensitivity of cells during early stage cultweuld posea risk duringan earlier harvest

To addresshis issuga second shear study was carriedvaithh the am of exploringat

what timepoint cells become more shessistant and thus lessusceptible to
morphological damage during harvdstwas expected that the new and improved shear
study would providean optimal harvest point between days 10 and 1&adtition to
replicating the operating condition$the previous shear studyth extra sample points
material was also grown in 2dioreactors in order to compare material from shake flasks
and stirtank reactors. Furthermore, material was not only separated in&heaned and
sheared at 12,000 rpm (representative of harsh disc stack centrifuge conditions) but also
sheared at 6,00@m (representative of normal disc stack centrifugation).

Cultures grown in both shakiéasks and bioreactorsehavedaccording toexpected
growth profiles in terms of antibody production, culture viability and viable cell counts
(seeFigure88in theappendixfor the bioreactor daja

However, contrary to expectation, the impact of shear on cell breakage did not decline

linearly with increasing processmtioni based on the data points of the first shear study,
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which suggested that cells were sensitive to shear during early stage culture, and became
more robust against shear during late stage culture, it was expected that the impact of
shear on cell bréage would decline as a liner trethastead, the amount of cell breakage
(determined as the difference between viable cell counts before and after shearing)
increased initially up to day 13 of culture, and only thenstlilar stress have less of an
impact on cell morphologgFigure60).

There are two further notes of interest here: Firstly, material grown in shake flasks was
not, as originally intenedd, harvested on day 17 but instead was maintained until day 21

to add an extra sample point to the analysis, which fits in with the data from the previous
culture days and supports the observation that the impact of shear stress on cells decreases
from day 13 onwards. Secondly, the material grown in the two bioreactors was pooled
together during most of the study (once it had been confirmed that cultures from both
bioreactors were behaving similarly), except on day 17, since the culture grown in
bioreactor#2 ran out of glucose on day 16 or 17, whereas the culture in bioreactor #1 still
had small amounts of glucose left (most likely due to a slight variation in glucose addition
on day 7 between bioreactor #1 and #2). Consequently, on day 17 the cultiliteegiab
between the two bioreactors varied between 89% and 66%, and it was thus decided not
to pool the material together, but to analyse it individually instead, aRtyase 60 B

and C demonstrates the two cultures reacted to shear exposure quite differently with the
viable cell count from bioreactor #2 decreasing much less than those from bioreactor #1,

despite both cultures being sampled on the same day
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Figure 60. Culture viability and &ect of shear on viable cell couritsmaterial grown in shake

flasks (A) and bioreactorgl (B) and #2 (C) Shear impact is defined as the difference in viable

cell counts before and after shearing and is represented by the percentage difference between
nonsheared and sheared cells.
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Taking allthese observationiato accountprocess duration by itself does not seem to
causethe extent to which cells are damadmdshearinsteadthe culture viabilitylooks

to correlate to shear impact much better than process dyrasiondicated not only by
the fact that the day 17 cultures from the two bioreactors (with vastly different culture
viabilities) behavedlifferently to shear stresbut also by the fact that the results from
the second shear study differ compared to the first shear: sidnilg the firststudy
showeda sheaidependant reduction of 60% in viable cell counts on day 10 of caltare

no signficant sheainduced damage toells on day 17 of cultureghe second study
showed that cells grown in shake flasks suffer&®% reduction in viable cell counts
upon exposure to shear on day 10 but also a similarly significant 55% decrease on day
17, wheeas cells on day 21 of cultunere not significantly damaged by the application
of shear. Note that the lture viability on day 21 of shear study Was much more
comparable tohe culture viability of day 17 of shear study I.

In additionto determiningthe impact of shear damage imgasuring viable cell counts
using the trypan blue exclusion method on the«C¥ll, the turbidty of samples was also
determined by using aephelometerto measure the concentration of suspended
partiaulates in cell culturelfiid. Sample turbidity wadetermined after centrifugation to
remove crude particulates like cell debRgyure61 displays theamount of turbidity that
was measured in eadiioreactorsamplebefore and after the application of shear, and
illustrates three main observations: firstly, the level of partieslah harvested cell
culture fluid increases as a functionpgrbcess duratioand/or viabilityeven before any
application of shear stressp the longer a culture is maintained and the more culture
viability decreases, the more turbid the upstream nadtbacomes which caaffect
primary recoverySecondly, HCCF becomes significantly more turbid gfiermaterial

is exposed tatrongshear This observatiomrorresponds with thpreviously discussed

sheasinduced cell breakdown that was measured usieg\VikCell. Lastly, the graph
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shows that the impact of shear on turbidity initially increases from day 8 to day 13 and
then lessens with decreasing culture viability. This trend fits with the observed impact of

shear on cellular breakdown measdion the ViCell.
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Non-sheared Sheared at 12,000 rpm  —@=Percentage increase

Figure 61. Turbidity in nonsheared dark grey and shearedlight grey) materialprior to
filtration, overlaid with a line diagram displaying the percentage increase in turbadftir
shearing at 12,000 rpm.

If culture viability were the only factor to correlate with the extent of shear damhage,
exposure to shear should have the same strong effect on cell ddumiagesarly culture

as viability is consistently high during this timestead, the extent shear damage is
becoming stronger from day 8 to day 13 meaning that an increase in shear breakdown can
be observed alongside an increase in cell count typfdéle log phase of cell growth.

Once cell counts plateau and subsequently decrease againttierohgpath phase, along

with the gradual decrease in culture viability, sheatuced cell breakdown decreases
concomitantly.One hypothesis that could expldire unexpected observation that shear

has areduced impact on cells during early culture is Hase the total voluméhat was
injected into the shear device each tirGace the sample chamber of the shear device is

designed to hold 20 mL, material was injected according to total sample volume rather
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than cell count. For examplehite 310 million viable cells (per 20 mL aliquot)were
sheared on day 13 of the bioreactor culture, only 228 million viable cells were loaded into
the sample chamber of the shear dewoeday 8 ofthe same culture. This means it is
possible that fewer cellsebame exposed to the shear rotor compared to material taken
while the culture was at peak cell counfsis could of course also contribute to the
observation of decreasing shear impact in late stage culture since viable cell counts
decrease again to similnumbers as on days 8 and 10 of cultitreouldalsobe that an
increase ircellulardebris(caused by declining culture viabilitias a buffering effedh

the sense that the debris might shield the remainaige cellfrom the naximum impact

of the shear rotorAnothertheory discussed in previous literature is that increased shear
resistancenay be an effect of cell age since apoptotic andviale cellssuffera gradual

br eakdown o flayar edulting dincledsed ipatosity of thmembrane and

loss of membrane integrityr it et al., 200%

To confirm tre theoryfrom Tait et al. (2009) about cell age affagtshear resistance,

and togain a deeper understanding of cellular behaviour, protein A purifiedctnese
samples of the cultures grown in the 2 L bioreactors were analysed by mass spectrometry
and postprotein A HCP profiles for the cultures were produced. The MS instrument used
was a highlysensitive nand.C Orbitrap system which cajuantify HCPs down to single

digit ppm rangeThe amount of HCP peptidésat were identified imachsample of this

study ardllustrated inFigure62 and the specific HCP species ésted inTable8. All
biological process information from the identified proteins has been obtained from the
UniProt databas@JniProt Consortium, 2019)

Figure62 confirms once again that peggtotein A HCP levels increase as culture duration

progresses.
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Figure 62. Amount of posprotein A HCP peptides identified by nabh@ OrbiTrap in mAb 1 2

L bioreactor cultures on daysi817. Note that on days B 15 material from both bioreactors

was pooled after confirmation of similar growth and metabolite profiles, aslsen day 17 the
cultures from bioreactor #1 and #2 were analysed separately due to varying viability 89%ls

and 66% respectivelypuring MS data validation, common contaminants as well as HCPs with
only two peptides have been filtered out and a M3gbtse of 150 was applied to accept the
MS/MS data quality. The remaining data was manually evaluated based on the isotope plot data.

As can be seen ifiable8, HCPs present in high amounts include those that are involved

in essential cell survival processes such as in crucial glucose or lipid metabolism
pathways (e.g. GlyceraldehydepBosphate dehydrogenase, pyruvate kinase, -alpha
enolase, lipoproteingase, phospholipid transfer proteifniProt Consortium, 2039

These proteins werexpected to be highly abundant and were indeed mostly present
throughout the entire duration of the culture.

Additionally, further carbohydrate metabolism proteins wetected during later stages

of the culture (from days 13 and 15), e.g. lysosomal afpheosidase, which is an
enzyme usually located in the lysosome rather than the cytosol and could thus be an
indicator of cell membrane breakdoWwniProt Consortium, 2009).

Further HCPs that were identified are those involved in the crucial cell process of
translation. Of these, the most abundant protein and one which also was present from day

8 until harvest, was elongation factoatpha. Furtheelongation factor proteins were
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measured during later stages: elongation factgarhma and elongation factor 2 (from

day 13); elongation factordelta (day 17 / harvest).

Similarly, ribosomal proteins as well as enzymes necessary for aminoacylatidi/f tR

were detected during later stages of the process, namely 40S ribosomal protein SA (from
day 13), 40S ribosomal protein S15a and 60S acidic ribosomal protein PO (both from day
15), 40S ribosomal protein S16 (from day 17); gIii¥NA synthetase (from day7 in

both bioreactors) and serttiRNA ligase as well as vallRNA synthetase (both from

day 17, only bioreactor #2 which had extremely low culture viabil{tyhiProt
Consortium, 2019)

The fact that these proteins can be measured in HCCF towardsdiad the process
suggests that cells need to produce higher amounts of such proteins during later stages of
the culture. Given that more and more antibody titre is being produced as time progresses,
cell s might be struggl i rhesis,twhich bfkceusp alsa p 6 wi t h
includes the limited availability of proteins that are involved in the process of translation.
Consequently, cells need to produce more of those proteins, which might explain why
they were only measured towards #md of the cliure. Alternatively, these findings

might be an indicator of significant cell lysis, with intracellular proteins being more
prevalent in the HCCF at lastage cultureThis could be confirmed by carrying out
assays that detect the degree of cell lysighsas those measuring DNA, LDH or
cholesterol, which are all localised either intracellularly or within the cell membrane and
would thus only be detectable upon lysis of the cell (as discussed in chapter 4).

Perhaps most interesting is the detection ofPd@hat are commonly produced as a
response to stress. While proteins like clusterin and cathepsin L1 were identified in all
samples, regardless of process duration, other stress ponse proteins wer en¢
until later. For example, endoplasmic cetum chaperone BiP, heat shock protein HSP

90-alpha, heat shock cognate 71 kDa protein, hypoxieegplated protein 1 (all from
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day 13 onwards); heat shock protein HSFo8@, heat shoetelated 70 kDa protein 2,
endoplasmin, calreticulin,-€omplex préein 1 subunit alpha / delta / theta (all from day

15 onwards); and lastly-Gomplex protein 1 subunit beta and zeta (both only on day 17)
(UniProt Consortium, 2019; Albrecht ait, 2018; Farrell et al., 2015).

Additionally, ubiquitin activating enzyme EL a protein involved in proteasomal
degradation wasonly detected in the second bioreactor on the last day of the process.
The presence of HCPs suchBiR, endoplasmin, éat shock protein HSP S0pha heat

shock cognate 71 kDa protein and hypoxiaemulated protein 1 are strong indicators of
stress within the endoplasmic reticulum (ER), possibly causetlbysg starvation, lack

of protein glycosylation, or oxygen deprivation which all lead to the accumulation of
unfolded proteins in the ER andturn to the activation of the unfolded protein response
pathway (Schroder & Kaufman, 2005). The oxidative stress response is further confirmed
by the presence of HCPs likeenpxiredoxinl, glutathione Sransferase P, protein
disulfide-isomerase A3, and pexidasirtlike.

In summary, he fact that these proteinsvhich are all involved in chaperoning unfolded
proteins, in telomere maintenance, or in proteasomal degradaitirot Consortium,

2019; Albrecht et al., 2018)are accumulating considerablyaalater stage in the culture

is a strong indication o$everal types o$tress, induced by factors such as a lack of
nutrients and cell ageParticularly the presence of proteins involved in telomere
maintenance strongly suggests an-eggatedimpact.

Reiterating the previously mentioned thedingt increased shear resistance may be an
effect of cell age since apoptoticandnom abl e cel |l s suffer a gr
lipid bi-layer resulting in increased porosity of the membrane dondsaof membrane
integrity (Tait et al., 2009), it can therefdye concluded that the MS data presented here
supports this hypothesis as several HCP species were detected which are indicators of cell

age and cellular membrane breakdown.
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0ST

Day Day Day Day Day Day

Protein name Biological procesg*) 3 10 13 15 171 172
Glyceraldehydes-phosphate Glycolysis « « « « « «
dehydrogenase
Pyruvate kinase Glycolysis X X X X X X
Alpha-enolase Glycolytic process X X X X X
Phosphoglycerate kinase Glycolysis X X X
Transketolase Glyceraldehydes-phosphate biosynthesis, glycolysi X X
Lipoprotein lipase Lipid metabolism X X X X X X
Phospholipid transfer protein Lipid transport X X X X X X
Lysosomal alphalucosidase Carbohydrate metabolism X X X X
6-phosphogluconate dehydrogenas Carbohydrate metabolism, pentose phosphate patt X X X X

decarboxylating
Neutral alpheglucosidase AB Carbohydratenetabolism X X X
Carbohydrate metabolism, glycosaminoglycan

UDP-glucose édehydrogenase eRTTESE X X X
Malate dehydrogenase Carbohydrate metabolism, TCA X X X
Tissue alphd_-fucosidase Carbohydrate metabolism X X
Sialidasel Carbohydrate metabolism X
Elongation factor dalpha Translation, protein biosynthesis X X X X X X
Elongation factor gamma Translation, protein biosynthesis X X X X
Elongation factor 2 Translation, protein biosynthesis X X X X

Table8. HCP species identified by nah&@ OrbiTrap in mAb 1 2 L bioreactor cultures on dayis B7. Note that on days 815 material from both bioreactors was

pooled after confirmation of similar growand metabolite profiles, whereas on day 17 the cultures from bioreactor #1 and #2 were analysed separately due to varying
viability levels. During MS data validation, common contaminants as well as HCPs with only two peptides have been fiklecedM&/MS score of 150 was

applied to accept the MS/MS data quality. The remaining data was manually evaluated based on the isotope plot dagic&)Baxess information was obtained

from the UniProt database (UniProt Consortium, 2Q]9ablecontintesonthe next pagé



Day Day Day Day Day Day

Protein name Biological procesq*) 3 10 13 15 171 172
40S ribosomal protein SA Translation, ribosome constituent X X X X
60S acidic ribosomal protein PO Translation, ribosome biogenesis X X X
40Sribosomal protein S15a Translation, ribosome constituent X X X
D-3-phosphoglycerate dihydrogena L-serine biosynthesis X X X
40S ribosomal protein S16 Translation, ribosome constituent X X
Elongation factor delta Translation, proteibiosynthesis X X
C-1-tetrahydrofolate synthase, Amino acid biosynthesis, ormarbon metabolism, « “
cytoplasmielike protein tetrahydrofolate interconversion
Glycyl-tRNA synthetase Translation, aminoacylation of tRNA X X
Serine-tRNA ligase, cytoplasmic Translation, aminoacylation of tRNA X
Valyl-tRNA synthetase Translation, aminoacylation of tRNA X
Clusterin Chaperone, protein folding X X X X X X
Cathepsin L1 Proteolysis X X X X X X
Serine proteasd TRA1 Proteolysis X X X X X
Endoplasmic rBeitFl)cqum chaperone Chaperone, unfolded protein response X X X X
Heat shock protein HSP Spha Stress response (cytosolic), protein folding X X X X
Heat shock cognate 71 kDa protei Stresgesponse (ER), protein folding X X X X
Hypoxia upregulated protein 1 Stress response (ER), cellular response to hypox X X X X
Peroxiredoxinl Stress response to oxidation, cell redox homeoste X X X X

Table8. HCP species identified by nah&@ OrbiTrap in mAb 1 2 L bioreactor cultures on dayis B7. Note that on days 815 material from both bioreactors was
pooled after confirmation of similar growth and metabolite profiles, whereas on day 17 tireséibm bioreactor #1 and #2 were analysed separately due to varying
viability levels. During MS data validation, common contaminants as well as HCPs with only two peptides have been fikeced MS/MS score of 150 was
applied to accept the MS/M@td quality. The remaining data was manually evaluated based on the isotope plot data. (*) Biological process informatitainges
from the UniProt database (UniProt Consortium, 201%able continues on the next pape
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[A°])

: : : Day Day Day Day Day Day
Protein name Biological procesq*) 3 10 13 15 171 172
T-complex protein 1 subunit gamm  Chaperone, protein folding, telomere maintenanc X X X X
Glucosylceramidase Stress response to starvation, lipid glycosylation X X X
Heatshock protein HSP 9beta Stress response (cytosolic), protein folding X X X
Heat shockelated 70 kDa protein Z Stress response, protein folding X X X
Endoplasmin Stress response (ER), protein folding X X X
Calreticulin Chaperonegellular senescence X X X
T-complex protein 1 subunit alphe  Chaperone, protein folding, telomere maintenanc X X X
T-complex protein 1 subunit delta  Chaperone, protein folding, telomere maintenanc X X X
T-complex protein 1 subunit theta  Chaperone, protein folding, telomere maintenanc X X X
Glutathione Sransferase P Stress response, detoxification X X X
Protein disulfideisomerase A3 Cell redox homeostasis X X X
Peroxidasidike Stress response to oxidation X
Metalloendopeptidase Proteolysis X
Peptidytprolyl cistrans isomerase Protein folding acceleration, cell cycle X X
T-complex protein 1 subunit beta  Chaperone, protein folding, telomere maintenanc X X
T-complex protein 1 subunit zeta  Chaperone, protein folding, telomere maintenanc X
T-complex protein .1 subunit etée Chaperone, protein folding, telomere maintenanc X
protein
Peroxiredoxir2 Stress response to oxidation, cell redox homeoste X
Ubiquitin activating enzyme E1 Ubiquitin activation, proteasome degradation X

Table8. HCP species identified by nah&@ OrbiTrap in mAb 1 2 L bioreactor cultures on dayis B7. Note that on days 815 material from both bioreactors was
pooled after confirmation of similar growth and metabolite profiles, whereas on day 17 the cutinrdsdreactor #1 and #2 were analysed separately due to varying
viability levels. During MS data validation, common contaminants as well as HCPs with only two peptides have been fikacbd MS/MS score of 150 was
applied to accept the MS/MS data tiya The remaining data was manually evaluated based on the isotope plot data. (*) Biological process information veas obtain
from the UniProt database (UniProt Consortium, 20J%able continues on the next pape



: . : Day Day Day Day Day Day
Protein name Biological procesq*) 8 10 13 15 171 172
Actin, cytoplasmic Cytoskeleton, cell motility X X X X X X
Procollagen &ndopeptidase enhance Collagen binding X X X X X
Tubulin alpha chain Cytoskeleton, microtubule X X X X
Tubulin beta chain Cytoskeleton, microtubule X X X X
Torsin1B ER organisation X
Nidogenl Extracellular matrix structural constituent X
ProcolIageﬁysme,Zoxoqutarate ° Collagen fibril organisation, response to hypoxia X
dioxygenase 1
Dihydropyrimidinaserelated protein 2 Cytoskeleton organisation, axon guidance X X X
Cofilin-1 Cytoskeleton organisation X X
Myosin-9 Cytoskeleton reorganisation, cytokinesis X X
Guanine nucleotidéinding protein Cell growth inhibition, translational repression, « . « «
subunitbeta2-like 1 apoptosis
GTP-binding nuclear protein Ran Protein transport X X X X
Tubulointerstitial nephritis antigelike Polysaccharide/laminine binding X X X
Proliferationassociated protein 2G4 Cell differentiation X X X
Tubulin--tyrosine ligasdike protein 12 Unknown X X X
Chondroitin sulfate proteoglycan 4 Cell proliferation, migration X
14-3-3 protein eta Signalling protein binding X
Aldose reductaseelated protein 2 Oxidoreductase activity X

Table8. HCP species identified by naha OrbiTrap in mAb 1 2 L bioreactor cultures on dayis B7. Note that on days 815 material from both bioreactors was
pooled after confirmation of similar growth and metabolite profiles, wdson day 17 the cultures frobioreactor #1 and #2 were analysed separately due to varying
viability levels During MS data validation, common contaminants as well as HCPs with only two peptides have been filtered out and aokSIMB56cwas
applied to accept the MS/MS data qtyalThe remaining data was manually evaluated based on the isotope pldtY8ialogical procesinformationwas obtained
from the UniProt databas@JniProt Consortium, 2019)
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Some of the proteins listed ifable 8 have also been identified in previous literature
(Albrecht et al., 2018; Farrell et al., 2015; Zhang et al., 2014; Zhang et al) &®ibigh
HCP identification data has not commonly been presented in relation to culture duration

and biological processes.

Literature Samples Related t.o . R(.elated o
culture duration? | biological process?
Albrecht et al., 2018 HCCF No Yes
Farrell etal., 2015 Postprotein A Yes (days 5 & 7) No
HCCF
Zhang et al., 2014 Po.stp.rotelr) A . No No
Postviral inactivation
Postion exchange
Zhang et al., 2016 Postprotein A No No

Table9. LiteraturecontainingHCP identification data.

Albrecht et al. (2018) have carried out mass spectrometry to study HCP profile changes
during cell stress and cell death using apoptosis and necrosis models. They identified 23
HCP species that were present in the apoptotic or neonatilel (or in both models) and
listed the biological processes that these proteins were involved in. These HCPs were
measured in HCCF rather than in protein A purified material, but several of the species
identified by Albrecht et al. (2018h apoptoticand/or necrotic modelsave also been
detected here in late stage culture material following protein A purification, i.e. they have
been carried over during protein A purification, éngat shock cognate 71 kDa protein

and heat shock protein HSP-8lpha (detected from day 13 onward), endoplasmin,
glutathione Sransferase P, and heat shock protein HSBe38 (detected from day 15
onward), and cofiliil (detected on day 17).

Farrell et al. (2015) have used mass spectrometry to determin@rptssh A HCP
profiles as a function of culture harvest tiinalthough only comparing day 5 (the start

of the stationary phase) and day 7 (the end of the stationary phase). They found that

product which is harvested at the later stage of cell culture contained higher
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concentrations of HCPs. Furthermore, the HCPs identified on day 5 were mainly secreted
proteins (such as clusterin and procollageendopeptidase enhancer), whereas most
HCPs (>70%) identified on day 7 were intracellular proteins (e.g. 78 kDa glucose
reguated protein, calreticulinglyceraldehyde8-phosphate dehydrogenase, histone
H2AX, and serine protease HTRAThey theorised this was likely due to cell lysis rather
than increased secretion of proteins. The results from Farrell et al. (2015) aresobngru
with the data presented in this chapter; however, the culture duration investigated here is
far more extensive than the one studied by Farrell et al. (2015).

Zhang et al. (2014) have used mass spectrometry to track HCP species from HCCF (where
they wee able to identify approximately 500 HCPs) through the downstream purification
steps: protein A purification, viral inactivation, and polishing chromatography, at which
point they were unable to confidently identify any HCPs. They used nine mAbs for the
study and further demonstrated that clusterin and actin were highly abundant in most of
the protein A purified mAbs, suggesting that these two HCP species are difficult to
remove during purification. In the case of the first HCP species, this could be due to
clusterin binding to both Fc and Fab regions of mAbs (Wilson & EasterSouth,

1992). The second HCP species, actin, is known to engage in numerous fmattim
interactions (Dominguez & Holmes, 2011).

In another publication (Zhang et al., 2016js tkesearch group has further compared-post
protein A HCP profiles among 15 different mAbs, and found that on average only 10%
of postprotein A HCPs were specific for each individual mAb (except for one mAb
which was associated with over 65% specific HCR&ile the remaining pogirotein A

HCPs were common to all mAbs. HCPs that were common to all investigated mAbs were
e.g. clusterin, actin, elongation factor 1 alpha 1, heat shock cognate 71 kDa protein, 78
kDa glucose regulated protein, glyceraldeh@dgehosphate dehydrogenase, glutathione

S transferase P and serine protease HTRAL.
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Zhang et al. (2016) have also studied how these common HCPs bind to mAbs and
discovered that instead of using specific binding sites, HCPs seemed to be using multiple
nonspeific interaction sites in both Fab and Fc regions of the antibodies. They conclude
that several of these common HCPs are likely to be present in othep@id@ced mAbs

as well, and indeed also in CHfoduced Fc fusion antibodies.

Zhang et al. (2014) havwublished approximately 40 HCP species, many of which have
also been detected here and are presentéduale8. Unfortunately, neither Zhang at

(2014) nor Zhang et al. (2016) specify how long their cultures were maintained for and
on which days material was harvested, so it is impossible to link the published HCP
species to a particular harvest timepoint, and fully compare the data to tite resu
presented in this chapter, where an extensive culture duration context is provided.
Additionally, the work by Zhang et al. (2016) focused on identifying common HCP
species and how they interact with mAbs in order to provide knowledge on how HCPs
co-elute during product purification and how their retention could be prevented. The
HCPs identified by Zhang et al. (2016) have therefore not been assignedtoldigical
processes that they are involved in, whi ch wq
during mAb production.

In conclusion, information about the specific HCPs thapaofy with mAbs during
protein A chromatography is progressively increasing with each new published dataset.
Understanding the mechanism by which HCPs are retained duategrpA purification

is crucial to enable the development of a targeted HCP clearance strategy. The HCP
species identification presented here provides a new level of insight into HCPs that are
retained during mAb purification which can be applied to ire@ezur uderstanding of
cellular behaviour during production of therapeutic antibodies as well as to design
targeted HCP clearance strategies during protein A purification, both of wiagbe

used to aide process development strategies.
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Initially, the intention of this study was to identify an optimal harvest point when product
quality hadnot decreased yet and cells had developed some-st@arance so as not to
risk cell breakage during an earlier harvest. However, it agphat the development of
shear resistance has caveats of its dath a loss of membrane integrity as well as a
potential shielding effect from more cellular debris usdesirablegfor the processan
associatedelease of intracellular impuriti@gould result in less pure produetile larger
amounts of particulates / cell debriggatively affecthe efficiency of the subsequent
filtration step prior to downstream purificatiddnfortunately, due to the small volumes

of materialused in this studythe pressure durirfgtration could not be measurgoutas

a rough approximatioTable 10 compares how many 0.2 um syringe filteidiri

Kl eenpakE 25 mm Ssyringe filters wi t h 0
Corporation, Portsmouth, UK)ad to be implenmged to filter the norsheared versus
sheared material from each samplday which shows that sheared material is blocking
the filter membranes very quickly and is significantly more difficult to clarify, especially

towards the end of cultivation.

Viable cell counts Non-sheared
(x 1CP viable : Sheared material
material
cells/mL)
Day 8 13.29 1x 3x
Day 10 14.64 1x 3x
Day 13 17.78 1x 4x
Day 15 17.12 2X 4x
Day 17 (#1) 14.57 2X 5x
Day 17 (#2) 10.21 3x 6Xx

Table10. Number 00D.2 pum syringe filter§ Mi n i Kl eenpakE 25 mm syri
Supor® EKV membrane, Pall Corporation, Portsmouth, tiuired to filter norsheared and
sheared (12,000 rpm) material on each sampling dayrasigh measurement of filter efficiency.
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An indicator for both culture viability as well as the turbidity of centrifuged material was
found to be lactate dehydrogenase (LDH). Known for being an indicator of cell lysis due
to its intracellular localizatiorfAlbrecht et al., 2018 LDH is increasing exponentially
during the cultivation Kigure 63 A) and was shown tacorrelate linearly with culture
viability and sample turbidityKigure63 B and C respectively). As such, LDOHwhich

is measured in harvested cell culture fluid prior to filtraiianayvery wellbe useful as

an indicatotto predict thdilter efficiency of upstream material.
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Figure 63. (A) Lactate dehydrogenasecrease during cultivation. (BJorrelation between LDH
and cultureviability. (C) Correlation between LDH andrbidity.

Analytical analysis of the purified materigénerallyconfirmed previous observations

thatproduct quality decreases in a thlependant mannéef. Figure62; Figure64).

Figure 64. Effects of process duration on product monomer, aggregation and fragmentation in
mAb 1 2L bioreactor sampleata was obtained by SEC following protein A purification.
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