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who so loved the world that he gave his one and only Son,
Jesus Christ, that whoever believes in him shall have eternal life.

“To raise new questions, new possibilities,
to regard old problems from a new angle,
requires creative imagination
and marks real advance in science.”
— Albert Einstein
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Abstract

Nowadays, more than half of the biotherapeutics are produced in mammalian cell lines as a
result of correct protein folding and assembly as well as their faculty to bring about a variety
of post-translational modifications. The widespread progression of biosimilars has moved
the focus in mammalian cell-culture process development. Thereby, the modulation of qual-
ity attributes of recombinant therapeutic proteins has increasingly gained importance from
early process development stages. Protein quality directly shapes the clinical efficacy and
safety in vivo, and therefore, the control of the complex post-translational modifications, such
as glycosylation (e.g. high mannose, fucosylation, galactosylation and sialylation), charge
variants, aggregates and low-molecular-weight species formation, is pivotal for efficient re-
ceptor binding and for triggering the desired immune responses in patients. In the frame
of biosimilar development, product quality modulation methods using the potential of the
host cell line are particularly sought after to match the quality profile of the targeted refer-
ence medicinal product (RMP) as closely as possible. The environment the cell is dwelling in
directly influences its metabolism and the resulting quality profile of the expressed protein.
Thereby the cell culture medium plays a central role in upstream manufacturing. In this work,
concentration adjustment of selected media components and supplementation with a variety
of compounds was performed to alter various metabolic pathways, enzyme activities and
in some cases the gene expression levels of Chinese Hamster Ovary (CHO) cells in culture.
The supplementation of cell culture medium with the trisaccharide raffinose in fed-batch
cultures entailed an increase of the abundance of high mannose glycans in two different
CHO cell lines. Raffinose especially favored mannose 5 glycans. At the same time, it impaired
cell culture performance, induced changes on the intracellular nucleotide levels and even
varied the expression levels of glycosylation-related genes. Supplementation with a number
of galactosyltransferase inhibiting compounds, in particular fluorinated galactose analogs
(a- and B-2F-peracetyl-galactose), consistently decreased the production of galactosylated
monoclonal antibodies (mAb). By means of targeted addition during the culture rather than
at the beginning, the inhibition was further increased, while limiting detrimental effects on
both growth and productivity. High-throughput screening in 96-deepwell plates showed that
spermine and L-ornithine also reduced the level of galactosylation. On the other hand, ex-
ploratory screening of a variety of potentially disulfide-bridge-reducing agents highlighted
that the inherent low-molecular-species level of the proprietary platform cell culture process
was likely due to favored reduction. This hypothesis was reinforced by the observation that
supplementation of cysteine and N-acetylcysteine promoted fragmentation. Additionally,
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Abstract

fragmentation decreased with higher protein expression.

At that point, aiming to improve the efficiency in process development, a rational experimental
design method was developed to identify and to define the optimal concentration range of
quality modulating compounds by calling on a combination of high throughput fed-batch
testing and multivariate data analysis. Seventeen medium supplements were tested in five
parallel 96-deepwell plate experiments. The selection process of promising modulators for the
follow-up experiment in shake tubes consisted in a three-step procedure, including principal
component analysis, quantitative evaluation of their performance with respect to the spec-
ifications for biosimilarity and selection following a hierarchical order of decisions using a
decision tree. The method resulted in a substantial improvement of the targeted glycosylation
profile in only two experimental rounds. Subsequent development stages, namely validation
and transfer to industrial-scale facilities require tight control of product quality. Accordingly,
further mechanistic understanding of the underlying processes was acquired by non-targeted
metabolomic profiling of a CHO cell line expressing a mAb cultured in four distinct process
formats. Univariate analysis of intra- and extracellular metabolite and temporal glycosyla-
tion profiles provided insights in various pathways. The numerous of parameters were the
main driver to carry out principal component analysis, and then, using the methodology of
partial-least-square (PLS) projection on latent structures, a multivariate model was built to
correlate the extracellular data with the distinct glycosylation profiles. The PLS observation
model proved to be reliable and showed its great benefit for glycan pattern control in routine
manufacturing, especially at large scale. Rather than relying on post-production interpretation
of glycosylation results, glycosylation can be predicted in real-time based on the extracellular
metabolite levels in the bioreactor.

Finally, for the bioactivity assessment of the glycan differences between the biosimilar and the
reference medicinal product (RMP), the health agencies may ask for in the drug registration
process, extended ranges of glycan variants need to be generated so that the in vitro assays
pick up the changes. The developed glycosylation modulator library enabled the generation
of extreme glycosylation variants, including high mannose, afucosylated, galactosylated as
well as sialic acid species of both a mAb and an antibody fusion molecule with three N-
glycosylation sites. Moreover, to create increased variety, enzymatic glycoengineering was
explored for galactosylation and sialylation. The glyco variants induced significant responses
in the respective in vitro biological activity assays. The data of this work highlight the immense
potential of cell culture medium optimization to adjust product quality. Medium and feed
supplementation of a variety of compounds resulted in reproducible and important changes of
the product quality profile of both mAbs and a fusion antibody. In addition to the intermediate
modulation ranges that largely met the requirements for new-biological-entity and biosimilar
development, medium supplementation even enabled quick and straightforward generation
of extreme glycan variants suitable for biological activity testing.

Keywords: CHO cell culture, product quality modulation, media design, metabolism, glycosyl-
ation, high throughput
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Zusammenfassung

Mehr als die Hilfte der Biotherapeutika werden heutzutage aufgrund korrekter Proteinfaltung
und korrektem Zusammenbau in tierischen Zelllinien hergestellt, welche zudem die Fahigkeit
besitzen, verschiedene posttranslationale Modifikationen zu bewerkstelligen, hergestellt.
Der ausgeprigte Aufschwung von Biosimilars hat den Entwicklungsschwerpunkt von Zell-
kulturverfahren verlagert. Dabei hat die Modulierung der Qualititsattribute von rekombi-
nanten Proteinen bereits in frithen Entwicklungsstadien eine wichtige Bedeutung erlangt.
Die Qualitdtsattribute beeinflussen die klinische Wirksamkeit und die In-Vivo-Sicherheit di-
rekt. Somit ist die Regulierung der posttranslationalen Modifikationen, einschliellich der
Glykosylierung (mannosereiche, fukosylierte, galaktosylierte und sialylierte Glykane), der
Ladungsvarianten, sowie die Bildung von Aggregaten und niedermolekularen Spezien, fiir
effiziente Rezeptorbindung und das Auslésen der gewiinschten Immunantwort in Patien-
ten entscheidend. Im Rahmen der Biosimilarentwicklung werden Methoden zur Anpassung
der Produktqualitdt innerhalb des Potentials der Wirtszelle gesucht, um sie moglichst genau
dem Referenzarzneimittel anzugleichen. Die Umgebung, in der die Zelle verweilt, beeinflusst
ihren Metabolismus und das resultierende Produktqualitédtsprofil. Dabei spielen Medien eine
zentrale Rolle in der Zellkultur. Im Rahmen dieser Doktorarbeit wurden durch Adjustierung
von ausgewdhlten Medienbestandteilen und Ergédnzung mit einer Vielfalt von Stoffen diverse
Stoffwechselwege, Enzymaktivitdten und in einigen Fillen das Genexpressionsniveau von
kultivierten Chinesischen Hamster-Ovarialzellen (CHO) verdndert. Die Ergdnzung von Zell-
kulturmedium mit Raffinose, ein Trisaccharid, fiihrte zu einer Erh6hung des mannosereichen
Glykosylierungsmusters in zwei unterschiedlichen CHO-Zelllinien. Raffinose begiinstigte
hauptsdchlich Mannose-5-Spezien. Gleichzeitig wurde die Zellkulturleistung beeintrdchtigt
und zudem intrazelluldre Nukleotidkonzentrationen sowie das Expressionsniveau von Glyko-
sylierungsgenen verdndert. Ergdnzung mit mehreren Inhibitoren der Galaktosyltransferase,
insbesondere fluorierte Galaktosenachbildungen (a- und -2F-Peracetyl-Galaktose), ver-
ringerte stetig die Produktion von galaktosylierten monoklonalen Antikdrpern (mAb). Durch
gezielte Zugabe im Verlauf der Kultur, statt bereits am Anfang, wurde die Inhibition weiter
erhoht, und dabei die Einwirkung auf das Zellwachstum und die Produktivitdt beschrankt. Ein
Hochdurchsatz-Screening in 96-Deep-Well-Platten zeigte, dass Spermin und L-Ornithin auch
das Ausmall der Galaktosylierung reduzierte. Andererseits zeigten erste Nachforschungen
anhand eines Screenings einer Auswahl von potenziellen Disulfidbriicken-Reduktionsmittel,
dass wahrscheinlich begiinstigte Reduktion das inhdrente Niedermolekular-Speziesniveau
des firmeneigenen Zellkulturplattformverfahrens verursacht. Die Hypothese wurde durch die
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Zusammenfassung

Beigabe von Cystein und N-Acetylcystein bekriftigt. Diese Stoffe begiinstigten die Fragmentie-
rung, wohingegen sie bei hoherer Proteinexpression abnahm.

Mit dem Ziel die Entwicklungseffizienz zu steigern, wurde daraufhin zur Identifikation von
qualitdtsverdndernden Stoffen und Bestimmung der optimalen Konzentrationsbereichen
eine rationale Versuchsanordnungsmethode entwickelt. Dazu wurde eine Kombination von
Hochdurchsatz-Fed-Batch-Tests und multivariater Datenanalyse herbeigezogen. Siebzehn
Mediumergédnzungsstoffe wurden in fiinf parallelen 96-Deep-Well-Platten-Experimenten
getestet. Das Auswahlverfahren von erfolgsversprechenden Modulatoren fiirs Nachfolgeexpe-
riment in Schiittelréhrchen umfasste drei Schritte: Hauptkomponentenanalyse, quantitative
Evaluierung der Leistung der Modulatoren hinsichtlich der Biosimilaritdtsspezifikationen und
die Auswahl in Anlehnung an eine hierarchische Entscheidungsreihenfolge mit Hilfe eines
Entscheidungsbaums. Die Methode fiihrte in nur zwei Versuchsreihen zu einer erheblichen
Anndherung an das gewliinschte Glykosylierungsprofil. AnschlieBende Entwicklungsschritte
(Validierung und Transfer in die groBtechnische Anlage) erforden eine rigorose Kontrolle
der Produktqualitit. Demzufolge konnte dank der Non-Targeted Metabolomics Analyse von
vier verschiedenen Herstellungsverfahren einer mAb exprimierenden CHO-Zelllinie weitere
mechanistische Kenntnisse der zugrunde liegenden Vorgdngen gewonnen werden. Univari-
ate Analysen der intra- und extrazelluldren Stoffwechselprodukte und die zeitliche Glyko-
sylierungsprofile lieferten einen Einblick in verschiedene Stoffwechselwege. Die Vielzahl
von Parametern fithrte dazu, nach dem Prinzip der Hauptkomponentenanalyse vorzuge-
hen, und dann anhand der Partial Least Squares (PLS)-Projektion auf latente Strukturen ein
multivariates Modell zu erstellen, das die extrazelluldren Daten mit den individuellen Glyko-
sylierungsprofilen korreliert. Das PLS Beobachtungsmodell stellte sich als verldsslich heraus
und zeigte seinen auflerordentlichen Nutzen zur Regulierung der Glykanen in der Routine-
herstellung, insbesondere in der GroRanlage. Anstatt sich auf Glykosylierungsresultate nach
dem Ende der Produktion zu verlassen, kann die Glykosylierung, basierend auf den Niveaus
der extrazelluldren Stoffwechselprodukte im Bioreaktor, in Echtzeit vorausgesagt werden.

SchlieBlich kdnnen im Rahmen des Arzneigenehmigungsverfahrens Gesundheitsbehdrden
verlangen, die Glykanunterschiede zwischen dem Biosimilar und dem Referenzarzneimittel
zu untersuchen. Damit der biologische Test die Unterschiede nachweisen kann, muss eine
erweiterte Palette von Glykanvarianten hergestellt werden. Die entwickelte Glykosylierungs-
modulierungsbibliothek ermdglichte, extreme Varianten fiir mannosereiche, afukosylierte,
galaktosylierte und sialylierte Glykane von mAb und einem Antikdrperfusionsmolekiil mit
drei N-Glykosylierungsstellen zu generieren. Fiir erhdhte Variantenvielfalt wurde die enzyma-
tische Glykoengineering Technologie fiir die Galaktosylierung und Sialylierung untersucht.
Die Glykanvarianten erzeugten signifikante Antworten in der jeweiligen In-Vitro-Bestimmung
der biologischen Aktivitdt. Die Ergebnisse unterstreichen das immense Potential von Zell-
kulturmediumoptimierung zur Anpassung der Produktqualitédt. Ergdnzung des Mediums
und der Ndhrstofflésung brachte reproduzierbare und betriachtliche Verdnderungen der Pro-
duktqualitdt von mAb und eines Fusionsantikdrpers hervor. Zusatzlich zu den intermedidren
Modulierungsbereichen, die mehr als ausreichend den Anforderungen fiir die Entwicklung von
neuen biologischen Wirkstoffen und Biosimilars geniigen, ermdglichte die Mediumergénzung
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Zusammenfassung

auf schnelle und einfache Art und Weise selbst extreme Glykanvarianten zu bilden, die fiir die
Bestimmung der biologischen Aktivitit geeignet waren.

Stichworter: CHO Zellkultur, Produktqualitdtsmodulierung, Mediendesign, Metabolismus,
Glykosylierung, hoher Durchsatz






Résumé

De nos jours, plus de la moitié des biothérapeutiques sont produites dans des lignées cel-
lulaires de mammiféere en raison de leur efficacité a mener a bien le repliement et I'assem-
blage des protéines ainsi que de leur faculté d’entrainer une variété de modifications post-
traductionnelles. L'essor croissant des biosimilaires a changé les priorités dans le développe-
ment de procédés de culture cellulaire mammifere. Ainsi, la modulation des attributs de
qualité de protéines recombinantes thérapeutiques est devenue de plus en plus importante.
Et cela depuis le début du développement car la qualité de la protéine influence efficacité cli-
nique et la stireté in vivo. Par conséquent, le controle des modifications post-traductionnelles
telles que la glycosylation (glycans riches en mannose, fucose, galactose et acide sialique), les
variants de charges et la formation d’agrégats et d’espéces de bas poids moléculaire est essen-
tiel pour la liaison efficace aux récepteurs et pour le déclenchement de la réponse immunitaire
désirée chez les patients. Dans le cadre du développement de biosimilaires, des méthodes de
modulation de la qualité du produit en utilisant le potentiel de la cellule hote sont particulie-
rement recherchées pour obtenir un profil de qualité le plus semblable possible au produit
médical de référence. L'environnement dans lequel la cellule réside influence de maniere
directe son métabolisme et la qualité du produit qui en résulte. Ainsi, le milieu joue un role
central dans la culture cellulaire. Dans le cadre de cette these, grace a I'ajustement de certains
composés du milieu ainsi qu’a la supplémentation en une variété de composés, différentes
voies métaboliques, activités enzymatiques et dans certains cas les niveaux d’expression de
certains genes chez les cellules d’ovaire de hamster chinois (CHO) en culture ont été modi-
fiés. La supplémentation du milieu de culture en raffinose, un trisaccharide, a entrainé une
augmentation des niveaux de glycans riches en mannose dans deux lignées CHO différentes.
Favorisant surtout les glycans de type mannose 5, le raffinose avait aussi des effets défavorables
sur la performance de la culture cellulaire. De plus, il a induit des changements de niveaux des
nucléotides intracellulaires et a méme varié les niveaux d’expression de genes relatifs a la gly-
cosylation. La supplémentation en divers inhibiteurs de la galactosyltransferase, a savoir des
analogues fluorinés du galactose (a- et 3-2F-peracétyl-galactose) a invariablement diminué la
production d’anticorps monoclonaux (mAb) galactosylés. Grace a la supplémentation ciblée
au cours de la culture plutét qu’au début, I'inhibition est devenue plus prononcée tandis que
les effets négatifs sur la croissance et la productivité ont été limités. Un criblage a haut débit
en plaque 96 puits a montré que la spermine et la L-ornithine ont également diminué le taux
de galactosylation. D’autre part, un criblage exploratoire d'une variété d’agents réducteurs
potentiels de ponts disulfures a démontré que le niveau de forme de bas poids moléculaire
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Résumé

inhérent au procédé de culture cellulaire plateforme propriétaire serait le résultat d'une ré-
duction favorisée. Cette hypothese a été renforcée par 'observation que la fragmentation
s’est accentuée en cas de supplémentation en cystéine et en N-acétylcystéine. Par ailleurs, la
fragmentation a diminué lorsque 'expression de protéine a augmenté.

A ce stade, afin d’améliorer I'efficacité du développement de procédés, une méthode de
conception d’expériences rationnelle a été développée, ayant comme objectif d’identifier et
de définir la gamme de concentration optimale de composés modulant la qualité. Afin d’y par-
venir, une combinaison d’expérimentation a haut débit en fed batch et d’analyse multivariée
a été utilisée. Dix-sept suppléments de milieu ont été testés en cing expériences paralleles en
plaque 96 puits. Le processus de sélection des modulateurs prometteurs pour I’expérience
en tubes agités (shake tubes) s’est articulé en trois étapes, notamment ’analyse des com-
posantes principales, I'évaluation quantitative de leur performance relative aux spécifications
de biosimilarité et enfin leur sélection selon un ordre hiérarchique en utilisant un arbre de
décision. La méthodologie a conduit a une amélioration considérable du ciblage du profil
de glycosylation en uniquement deux séries d’expériences. Les étapes de développement
ultérieures, a savoir la validation et le transfert a ’échelle industrielle, exigent un controle
rigoureux des attributs de qualité. Ainsi, le profilage métabolomique non ciblé dans quatre
formats distincts de procédé a partir d'une lignée CHO exprimant un mAb a permis d’obtenir
une compréhension supplémentaire des mécanismes sous-jacents. Des analyses univariées
des profils de métabolites intra- et extracellulaires ainsi que des profils de glycosylations au
cours du temps ont fourni une connaissance approfondie de plusieurs voies métaboliques. Les
innombrables parametres ont conduit a I'analyse des composantes principales et ensuite a la
création d'un modele afin de corréler les données extracellulaires aux profils de glycosylation
grace a la méthodologie de la projection des moindres carrés (PLS) aux structures latentes.
Le modele d’observation PLS s’est avéré fiable et a montré son avantage pour le contrdle du
profil de glycosylation en routine, et particulierement a grande échelle. Au lieu de se fier a
I'interprétation a postériori des résultats de glycosylation, le profil peut étre prédit en temps
réel a partir des niveaux de métabolites extracellulaires du bioréacteur.

Enfin, les autorités de santé peuvent demander une évaluation de I'effet sur la bioactivité
di aux différences dans le profil de glycosylation entre le biosimilaire et le médicament de
référence. Des gammes de variants de glycans doivent étre produites pour que les méthodes
analytiques détectent la différence. La bibliotheque de modulateurs de glycosylation dévelop-
pée a permis de générer des variants de glycosylation extrémes, y compris des formes riches
en mannose, des formes afucosylés, galactosylés et sialylées d'un anticorps et d'une molécule
d’anticorps de fusion munie de trois sites de N-glycosylation. Afin de créer une plus grande
variété, le traitement enzymatique a été évalué pour la galactosylation et la sialylation. Les
variants de glycosylation ont induit des réponses significatives dans les analyses de bioactivité
in vitro. Nos données mettent I'accent sur 'immense potentiel de I'optimisation du milieu de
culture cellulaire afin d’ajuster la qualité du produit. La supplémentation du milieu et de la
solution d’alimentation en plusieurs composés a généré des changements reproductibles et
importants du profil de qualité d'un anticorps et d'un anticorps de fusion. Outre les gammes
de modulation intermédiaires largement suffisantes dans le cadre du développement de nou-
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velles entités biologiques et de biosimilares, la supplémentation de milieu a méme rendu
possible la génération rapide et simple de variants de glycosylation extréme qui conviennent
al’analyse de I'activité biologique.

Mots clefs : culture cellulaire CHO, modulation de la qualité de produit, développement de
milieu, métabolisme, glycosylation, haut débit
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Introduction

In the early 1980s the pharmaceutical industry embarked on a remarkable journey when the
first recombinant drug, recombinant insulin produced in E. coli, was approved by the Food
and Drug Administration (FDA) 12 Patients have benefited ever since from safer and more
efficacious drug products due to recombinant analogs rather than proteins of animal origin,
which enabled substantial purity improvements®. The advent of biotherapeutics revolution-
ized the landscape of the healthcare sector, and as a consequence of the great improvements

they brought about, the biologics market has massively grown*

, resulting in tripling of new bi-
ological license applications in the beginning of the 215 century and reached all-time records
in 2012, 2014 and 2015, exceeding twelve per year5. Nowadays, more than 50% of the approved
recombinant therapeutics are produced in mammalian cell lines, including Chinese hamster
ovary cells, baby hamster kidney cells, and mouse myeloma cells, such as NSO and SP2/0, as
well as human cell lines®. Among them, CHO cells are the most frequently employed in the
biotech industry, which represents more than 60% of the approved biologics that are produced
in mammalian cell lines®”. As a result of the high level of characterization of CHO and its
successful use in the production of a variety of products over many years, it will likely con-
tinue, in the near future, to be the expression system of choice ’. While the overall cell culture
principles in industry have remained unchanged since the mid-1980s, improvements of media
compositions, including complex feeds entailed dramatic yield increases, in particular in
fed-batch processes®?. Ensuing the patent expiry of best-selling biological molecules many
companies have pursued biosimilar development, and thus, tools to modulate the quality
attributes of recombinant proteins have gained much interest from early process development
stages on '°. The structural characteristics of recombinant therapeutic proteins including a
variety of complex post-translational modifications have a direct link with their safety and
inherent biological activity in vivo'"!3. Within the array of these modifications, glycosyla-
tion most strongly affects pharmacokinetics and protein physiochemical properties '*. More
specifically in the case of a monoclonal antibody, the presence of the carbohydrate structure
interposed between the CH2 domain is pivotal for effector system interactions '°. A variety of
parameters—the cell line, the culture conditions and the cell culture medium composition—
shape recombinant protein quality attributes '-18. The environment that surrounds the cell
while in suspension, namely the cell culture medium, plays a key role in the cell metabolism,
and for this reason, media design lends itself to alter the key quality attributes of the molecule
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within the potential of a given cell line 19?2, The adjustment of the levels of a choice of medium
components and the addition of novel compounds either in the medium or the in bolus feeds,
influence the enzymatic reactions in the endoplasmic reticulum and in the Golgi appara-
tus, the substrate generation as well as their transport into the two organelles?>?*, Further
enhancements and technology advancements of high-throughput cell culture systems, in-
cluding 96-deepwell plates and TubeSpin bioreactor tubes, allow to test a plethora of different
supplements at various concentrations simultaneously?>~2’. Moreover, the observed trends
in these systems may be reproduced in controlled bioreactor systems, including lab-scale
bioreactors?®, which highlights the great value of small-scale high-throughput compound
screening for the identification of new levers that tailor recombinant protein quality attributes.
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(2015) 615-629. It was also updated with the latest publications (2015-2016).






Chapter 1

Cell Culture Process Optimization

The biopharmaceutical industry has substantially progressed since the approval of recombi-
nant insulin, the first recombinant drug, in the early 1980s by the Food and Drug Administra-
tion (FDA) 2. More than 50% of the remarkable number of approved recombinant therapeutics
on the market today are being manufactured in mammalian cell lines . They encompass
several rodent-derived cell lines Chinese hamster ovary (CHO) cells, baby hamster kidney
(BHK) cells, and mouse myeloma cells, including NSO and SP2/0, as well as human cell lines
(HEK293, HT-1080) é. Chinese hamster ovary (CHO) cells are the most used mammalian cell
line’, accounting for the production of more than 60% of mammalian cell culture derived
currently approved biologics®. Very well characterized, CHO are likely to stay the expression
system of choice as they have been successfully used to produce a variety of clinical bio-
pharmaceuticals’. A record of 12 novel biologics license applications (BLAs) were approved
only in 2014°. In a CHO Consortium article entitled Recombinant Protein Therapeutics from
CHO Cells—20 Years and Counting?®® K. Jayapal stated: “Recombinant protein therapeutics
have changed the face of modern medicine in the past decade, and they continue to provide
innovative and effective therapies for numerous previously refractory illnesses.”

While the basic concepts of cell culture have remained unchanged since the mid-1980s8,
improvements in the media compositions, including complex feeds opened the way for a
dramatic yield increase®. Back then, batch production processes of about 7 days reached a
cell density of 2 x 10° cells/mL with a specific productivity slightly below 10 pg/cell/day and a
final titer of 50 mg/L8. For many years the biopharmaceutical industry was aiming to increase
specific productivity to minimize production cost-of-goods while maintaining product qual-
ity30. Several parameters including the biology of the production cell line, product quality and
stability, manufacturing capacity, process scalability, volumetric productivity, and unit cost
determine the selection of the production process, namely fed-batch or perfusion3!. Due to
product stability issues, many recombinant proteins, such as insulin and interferons, were
produced in perfusion in the early stages of the biotechnology industry32. Product residence
times are low in perfusion mode and thus the recombinant drug is less exposed to various
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side-products such as proteases affecting the product integrity and high temperature. When
antibodies began to enter the development pipelines, the biotech manufacturing changed
over to fed-batch mainly due to productivity reasons. Antibody therapies may require large
doses over a long period of time>3. In that context, many companies have built large-scale
facilities of working volumes = 10,000 L. In the mid-2000, product titers of 5 g/L at the end of
the production have become the industry standard®. Nowadays, biotechnology companies
are reporting productivities as high as 10-13 g/L in a fed-batch culture of 2-3 weeks 3334,

Despite the substantially increased productivity of fed-batch processes and manufacturing
capacity, the latter has become an issue because of the constantly increasing demand of
specific and thus efficacious biotherapeutics>3!. Further capacity increases by either building
new facilities or by process intensification (eg. high seeding processes) are certainly a way
to secure the supply of innovative treatments®. On the other hand, perfusion has gained
much interest, once again®®. The productivity of newly developed perfusion processes is
much greater than what those developed in the 80’s achieved, and more importantly, volume
exchanges are low (1-2 reactor volumes per day), which potentially drives cost of goods
down 33738 Furthermore, the continuous mode can be extended to the purification platform,
thus reducing the total processing time and the risks associated with degradation pathways32.

Recently, the focus of cell-culture process development began to shift from productivity and
cell growth towards the modulation of quality attributes of recombinant therapeutic proteins
from early process development stages on, in particular in the frame of biosimilar develop-
ment, which many companies are pursuing due to patent expiry of biologics '°. The efficacy,
potency and safety depend on the structural characteristics of the protein entity!!, which
explains the particular attention paid in biotherapeutic development to post-translational
modifications that the expressed protein may undergo 1''2143%9-41 In the particular case of
monoclonal antibodies (mAbs), increased antibody-dependent cell-mediated cytotoxicity
(ADCC) is one of the major objectives to increase the immune response of the human body
and thus clinical efficacy*?. Many studies have addressed various effects of glycosylation and
charge variants on the biological activity and pharmacokinetics 1404344 On that account, it
is of utmost importance to understand the glycosylation process and how it is influenced by
cell culture variations in bioprocess development and manufacturing in order to manage to
control and optimize the glycan pattern?*. As a result, efforts to develop techniques to alter
the properties of therapeutic proteins have multiplied, aiming to improve clinical utility with
respect to antigen targeting and potency*’.

Both selection and engineering of the host cell line, as well as the culture conditions including

media composition, shape the protein functionality 4>

and effect undesired by-products,
such as aggregates* and low-molecular-weight species (LMW)*’. The choice of the host
cell is decisive, since each of the frequently used cell lines (CHO, NSO and SP2/0) has a
cell-line specific glycosylation fingerprint. Depending on the desired recombinant protein
quality, one or the other host must be chosen. The quality may be further fine-tuned, using

gene-knock-out and gene-over-expression technologies. Specifically, the glyco-engineering



technology has greatly advanced recently, and as a result, clinical trials of more than 15 glyco-
engineered antibodies have been performed“®. In addition to the host cell genome, the cell
culture process conditions assuring cell growth and protein expression shape the protein
quality attributes as well. According to the common phrase ‘the process is the product’, the
metabolism of the cells closely depends on the culture conditions, including the pH'’, the
temperature?, the oxygen tension!’, the CO, content in the culture broth®?, as well as the
type of process, namely perfusion or fed-batch mode3!. Different metabolic states, which
result from differences in culture parameters, very likely express proteins with altered quality
attributes. Many authors have published extensive reviews, depicting the current state of the

art and strategies, which focus on the cell line""16:4 18,51

and the cell culture parameters
Furthermore, through the concentration adjustment of selected media components, and in
some cases by supplementing the medium with specific co-factors, it is possible to adjust the
glycosylation profile®?, the charge variants®3, the aggregation level*54, and the abundance
of LMW species>°. Figure 1.1 outlines the three main strategies allowing to affect cell culture

process performance and to tailor the quality attributes of therapeutic molecules.

Host cell (CHO, NSO,
CELL LINE SP2/0, etc))
Knock-out of genes

Perfusion vs. fed-batch PROTEIN
process QUALITY
pH, pCO, ATTRIBUTES

PROCESS
CONDITIONS

Concentration/ratio of
components

Osmolality

CULTURE
MEDIA

Figure 1.1 — Parameters affecting process performance and recombinant protein quality
attributes. A non-exhaustive list of examples for each parameter category is presented.






Chapter 2

The Potential of Media to Enhance
Protein Quality

Cell culture media design has a great potential to modulate the key quality attributes of
the molecule?’, and in particular by means of high-throughput design of experiment (DoE)
approaches?®?7, due to its central role in the upstream manufacturing '°. The environment the
cell is cultured in closely influences its metabolism to a great extent?°~22. Given its potential,
protein quality tuning by media design gained much interest in the last few years. Crowell et
al.?3 described in 2007 how manganese supplementation modulated the glycosylation state
of erythropoeitin (EPO) in a CHO cell culture. These findings are based on early experiments
by Kaufman et al. who observed the pivotal role of manganese in the secretory pathway of
complex N-linked and O-linked oligosaccharides, thus suggesting the unique requirement for
manganese °%. With respect to cell-line engineering and process modifications, we think media
design is a particularly powerful approach since it can be rapidly implemented for any selected
production cell line. Nonetheless, due to the complexity of post-translational modifications
each protein has to be considered on a case-by-case basis. Hence, to cope with the uniqueness
of each protein structure and cell-line specificities in the development of a new recombinant
therapeutic it will be most appropriate to create a media component library. When the need
to adjust the protein quality arises, one can specifically select one or several compounds from
this library in order to fine-tune the quality profile. Apart from the knowledge and the ability
to fine-tune quality attributes, sophisticated analytical assays are of great importance for
the design of tomorrow’s drugs to pick up on the variations induced by media design. Over
time, analytical assays have been further developed and particularly refined for biosimilars to
compare their quality with respect to the originator molecule’s fingerprint.

Since the introduction of the classical cell culture media formulation designed by Eagle and
Ham®’, chemically defined media compositions used in mammalian cell culture have under-
gone great enhancements, while keeping most of the initial nutrient categories, consisting
of amino acids, vitamins, salts, and glucose. Most if not all media optimization efforts of
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both industry and academia rely on trial and error approaches. Several iterations of media
improvement may sometimes be required. They accordingly entail intensive development
workloads and durations.

Hereafter, we provide an extensive overview of the way both common cell culture media
components and new supplements—either tested in cell culture or in enzyme assays and
other contexts—including their interactions affect the major quality attributes of recombinant
therapeutic proteins expressed in mammalian cell culture. The quality attributes include
glycosylation, charge variants, aggregates, LMW species, and misincorporation of amino acids
in the protein backbone. Where available, the cell line and the tested concentration ranges are
outlined. Moreover, special attention will be given to either specific or potent inhibitors and
activators of glycosylation processing steps.

2.1 Glycosylation

Among the various post-translational modifications, glycosylation, the synthesis as well as the
attachment and processing of oligosaccharide side chains of a polypeptide®®, has the most
significant impact on pharmacokinetics and protein physicochemical characteristics 4. Two
main types of glycosylation exist®®: asparagine-linked glycosylation, also called N-linked gly-
cosylation and serine/threonine-O-linked glycosylation. We are interested in the asparagine-
linked glycosylation, which is by far the most frequent in monoclonal IgG antibodies . In these
biotherapeutic molecules, N-glycans are linked to the two conserved asparagine residues (Asn
297) in the CH2 domain of the Fc region®!. A large number of reports describe various impacts

of glycosylation on the quality attributes of biologics including in vivo efficacy 264

, pharma-
cokinetics (PK) !, antibody-dependent cellular cytotoxicity (ADCC)%¥%% and complement-
dependent cytotoxicity (CDC) activities®®, stability and overall structure of the molecule %3,

10 a5 well as immunogenicity 67, Non-fucosylated therapeutic

clearance and half-life in vivo
antibodies exhibit 50 to 1,000-fold higher efficacy than their fucosylated counterparts® due, in
most cases, to enhanced ADCC activity®®. Given the abundance of research efforts in this area,
it is no surprise that many have concluded that glycosylation is one of the main areas requiring

10,70

development®® to improve efficacy’° and safety of next generation therapeutics®!. Hence,

the control of glycosylation of recombinant therapeutic molecules expressed in non-human

systems is decisive '1.

As depicted in figure 2.1, glycosylation takes place in the endoplasmic reticulum (ER) where the
oligosaccharide chain is attached to the protein backbone and subsequently trimmed to form
oligomannose species by a series of enzymatic reactions. In mammalian cells, the glycoprotein
undergoes further processing in the Golgi apparatus, yielding first of all mannose 5 (Man5),
then hybrid, and eventually complex glycans 153, The cell culture conditions including culture
media components, the availability of the nucleotide sugar substrates, and the expression lev-
els of the enzymes involved in the attachment and transformation of carbohydrate structures,

10
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define the level of antennarity and sialylation 8.
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Figure 2.1 — Schematic N-glycosylation pathway in the endoplasmic reticulum (ER) and Golgi
apparatus.

Nonenzymatic glycosylation, called glycation, occurs naturally in the human body and can
also take place during cell culture’?. Glycation is the result of a condensation reaction, also
termed Maillard reaction, between free protein amine groups and a reducing sugar, resulting
in unstable Schiff bases ”3. Subsequent spontaneous oxidation or rearrangement leads to the
more stable Amadori products, which are eventually transformed through a series of interme-
diates into advanced glycation end products (AGE) "*. Even though one has not observed a
specific sequence of the positively charged primary amines located on the protein structure’s
surface, which increases the likelyhood of glycation, local environments that contain histidine
residues or basic residues seem to favor glycation in structurally known proteins *. This post-
translational chemical reaction will also be discussed, as it is reported to potentially affect the
biological activity (increased or decreased) as well as PK"®.
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Thus, the strategies to tweak post-translational modifications by media design are of para-
mount importance to engineer tomorrow’s therapeutic molecules. Due to the exceedingly
high number of articles addressing the subject of glycosylation, an extensive presentation
of all glycosylation related aspects would go beyond the scope of this review. Rather, with
the applicability in a manufacturing environment in mind, we will concentrate on promising
supplements that have a potential to modulate fucosylation, galactosylation, and sialylation as
well as the levels of high mannose species. A highly promising approach is the use of inhibitors,
targeting specifically the enzyme of interest, and other potent inhibitors or co-factors, which
are not necessarily specific to one glycosylation processing step. A selection of those we
consider the most relevant are presented in table 2.1, and are further discussed along other
compounds affecting glycosylation in the corresponding subsection.

Table 2.1 — Specific and/or potent inhibitors, activators of glycosylation processing steps as
well as compounds increasing the availability of the precursor.

Component Effect Specificity

Kifunensine Inhibition of mannosidase I Yes

Mannostatin Inhibition of mannosidase II Yes

Fluorinated fucose analogs Inhibition of fucosyltransferase Yes

Cibracon Blue 3GA Inhibition of fucosyltransferase Yes

Reactive Red 120 Inhibition of fucosyltransferase Yes

2-naphthyl-2-butanamido- Inhibition of galactosyltransferase Yes

2-deoxy-1-thio-B-D-gluco-

pyranoside

Galactose Favors galactosylation and indirectly No
sialic acid

Fluorinated sialic acid analogs  Inhibition of sialyltransferase Yes

Manganese Affects the levels of various oligosaccha- No

ride species

2.1.1 Non Specific Impact of Media Components

While the limitation of glucose in the culture medium allows to reduce lactate production 7 it
has been observed that critical limitation of the former leads to glycosylation heterogeneity’8,
due to a decreased UDP-acetylglucosamine (UDP-GIcNAc) availability”. The absence of
glucose affects the synthesis of oligosaccharide precursors, as glucose-starved cells alter
its synthesis process®’. In a CHO cell culture test it was shown that the proportion of non-
glycosylated antibody was correlated to the duration the cells were deprived of glucose: the
absence of glucose during 24 hours led to 45% of non-glycosylated mAb®!. In another study
with the human cell line rF2N78 in fed-batch culture it was observed that in the absence
of glucose in the feed about 44% of the product was aglycosylated, while no aglycosylated
antibody was expressed when feeding glucose throughout the culture®?. In glucose-depleted

12
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CHO (DUXB) batch cultures producing a chimeric human-llama monoclonal antibody up to
51% non-gycosylated forms were obtained. In addition to reduced site occupancy, glucose
depletion also decreased the galactosylation index (GI) at the maximal observed difference
from 0.65 to 0.26, and sialylation by 85% 3.

Glucose and glutamine (Gln) concentrations below 1 mM were reported to be detrimental to
glycosylation or, if desired, to allow the production of non-glycosylated molecules%>848% In a
continuous culture with BHK-21 cells at < 0.5 mM glucose or < 0.2 mM glutamine exclusively
neutral diantennary oligosaccharides with or without core a1-6-linked fucose were present
that held no, one or two f$1-4-linked galactose®*. Likewise, interferon-y (IFN-y) expressing
CHO cells cultured in a chemostat under glucose limitation yielded a lower proportion of
fully glycosylated protein®®. IFN-y expressing CHO cells in fed-batch mode at low glutamine
(< 0.1 mM) or glucose (< 0.70 mM) concentrations resulted in decreased sialylation and in-

creased presence of minor glycan species consisting of hybrid and high-mannose types 2.

Manganese plays a fundamental role in the glycosylation pathway, as shown by many au-
thors2¥5256_ It determines the levels of various oligosaccharide species including high man-
nose, galactosylated, fucosylated and sialylated proteins. As cofactor of many enzymes, man-
ganese modulates the glycosylation profile and it was noted that a lack of this transition metal
inhibits O-linked glycosylation?3. Its specific role in each glycosylation processing step is
described more thoroughly in the following subsections.

The modulation of the glycosylation level can be obtained through media complementation
with precursors and/or cofactors, aiming to reduce the formation of ammonium by limiting the
amino acid concentrations in the medium?°. It has also been shown that increased substrate
levels, in particular, nucleotide-sugar precursors including UDP-Hex, UDP-HexNAc, and
CMP-sialic acid induced an overall increase of the glycosylation flux®.

2.1.2 High Mannose Species

In the Golgi apparatus the @-mannosidase I enzyme trims the high mannose species generated
in the ER, yielding Man5'2. One of the strategies to increase the level of proteins equipped
with a high mannose oligosaccharide chain consists in inhibiting the a-mannosidase I as
can be done efficiently with kifunensine, an alkaloid originally isolated from Kitasatosporia
kifunense, an actinobacterium®. It has been known for years for its potent inhibition abilities
of a-mannosidase I. A study with different types of plant mannosidases exhibited efficient
inhibition by kifunensine of mannosidase I with a half maximal inhibitory concentration
(ICs0) of 0.2-0.5 uM, but not of mannosidase II, indicating that kifunensine only inhibits
mannosidase I in the Golgi apparatus and does not affect the corresponding enzyme in the
ER®. In a more recent experiment in the plant Arabidopsis thaliana it was found that the
amino acid sequences of human Golgi-a-mannosidases were closely related to the enzyme
of the plant, and the measured kifunensine inhibition, ICs9, amounted to 0.30-0.47 uM 89,

13
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Other authors concluded that kifunensine had affected ER mannosidase in their experimental
conditions%. Different ICsq of the latter are mentioned in the literature. For example, IgG
antibody expressing hybridoma cells generated exclusively oligomannose structures (Man9
to Manb) if the cells were exposed to 80-100 ng/mL kifunensine throughout the culture. At
intermediate kifunensine concentrations (40-60 ng/mL), oligomannose abundance settled
in the range of 69 to 90% and decreased to about 18% at 20 ng/mL of kifunensine!. It is
not surprising that they concluded that kifunensine is effective in producing antibodies with
oligomannose-type glycans from CHO cells, as no impact on both titer and viability but
only on maximum viable cell density was observed. These results also show the potential to
effectively fine-tune the ratio of oligomannose and hybrid glycans by varying the kifunensine
concentration of the culture medium. Hence, kifunensine has become the most popular
a-mannosidase I inhibitor%2.

The presence of 1-deoxymannojirimycin, another specific mannosidase inhibitor from the
class of 1-deoxyazasugars, resulted in an important increase of the half maximal inhibitory
concentrations compared to kifunensine (ICsy of 30-40 uM) 89 Tn another study, the inhibi-
tion coefficient of jack bean a-mannosidase by 1-deoxymannojirimycin was even higher:
IC50 = 840 uM 3. Polyhydroxy substituted piperidine derivatives strongly and competitively
inhibited the enzyme activity in a study of class II @-mannosidase from Aspergillus fischeri.
The benzyl group containing compounds of this class exhibited greater inhibition capabilities
(ICs0 0f 31 to 51 uM) than the molecule closely related to 1-deoxymannojirimycin without ben-
zyl group (ICsg of 237 uM) 4. Among the wide range of biological activities such as antibiotic,
antitumor, DNA-binding properties and growth-regulating effects in plants, gabosines (natural
carbasugars) inhibit glycosidases. (—)-Gabosine ] inhibits jack bean a-mannosidase with an
ICs0 of 260 uM, however no biological activity of its enantiomer, (+)-gabosine J, is reported%.
N-butyl-azepane derivatives displayed a remarkable selectivity for the inhibition of cytosolic
a-mannosidase in both HL60 and MDBK cells cultured in RPMI 1640 medium and led to a
drastic increase of high mannose species at a concentration of 100 M, showing substantial
inhibition capability of these compounds®°. More recently, the role of a plant-derived alkaloid
called calystegine B3 was studied both in vitro and in vivo. A substantial structure change and
increase of free oligosaccharides in the cytosol was observed with no effect on cell-surface
oligosaccharides, resulting in the assumption that calystegine B3 specifically inhibits cytoplas-
mic ¢-mannosidase. While in vitro the ICs value for cytoplasmic a-mannosidase was low
(8.7 uM), in vivo inhibition was much weaker, requiring 1 mM calystegine B3z, which might be
due to inefficient incorporation of this compound according to the researchers%®. Inhibitory
effects of plant extracts were also found?’. Their mode of action may be interesting for further
investigations, in order to identify single, chemically defined inhibitors of a-mannosidase. In
a screening exercise of the a-mannosidase family, it was found that despite partial reactiva-
tion due to divalent metals, EDTA inactivated all enzymes, and the addition of Ca?* allowed
to recover the complete enzyme activity®. This observation highlights the pivotal role of
Ca’" in the catalytic cleavage of a-1,2 bonds®. In addition to kifunensine other inhibitors
such as swainsonine and mannoimidazole inhibit mannosidases as well %%, Divalent transi-

14
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tion metal ions including Cu?* and Se?" displayed noncompetitive inhibition (K; c,, = 22 nM,
K se = 28 uM), whereas Co?* showed competitive inhibition (K; = 1.2 mM). Further tests by
the same researchers revealed inhibitory effects of Pb?" and Hg?*+ 94,

Mannostatin A, a reversible and competitive inhibitor of Golgi ¢-mannosidase I, belongs to
the most potent inhibitors of this enzyme %191, zinc plays an important catalytic role in the
hydrolyzation step involving a-mannosidase II, as it helps to stabilize the transition state by
relieving the electron deficiency of the Michaelis complex %2, On the opposite, another study
concluded that class II a-mannosidase is neither metal ion dependent nor inactivated by
EDTA®!. In a more recent article focusing on the a-mannosidase activity in stallion epididymal
fluid and spermatozoa, Zn?* triggered the enzyme activity in acidic conditions, while the
neutral form was stimulated by Co?*. It was also observed that the acidic form was sensitive to
swainsonine, a potent inhibitor of the class I enzyme %3, The inhibitory effect of swainsonine
on the class II enzyme had been described previously®®. The bicyclic derivative of 1-de-
oxymannojirimycin, castanospermine, an indolizine alkaloid isolated from the seeds of the

104

Australian chest nut tree Castanosperum australe"*, inhibits the ER glucosidase enzymes,

and as a result, further glycan processing'%.

In an attempt to control the antibody glycosylation with respect to cell culture conditions,
a more than twofold increase from 12 to 28% of Man5 was obtained by synergistic effects
of media and feed osmolality as well as culture duration. However, the mechanisms of the
impact of osmolality on the enzyme activity are not fully understood and remain to be studied
more thoroughly. In the same experiment, the level of Man5 glycans significantly decreased
due to the supplementation of 0.25-1.0 yM manganese chloride (MnCl,) at both 300 and
400 mOsm/kg®. Another group reported that MnCl; (0.04 mM), galactose (100 mM) and/or
NH,4CI (10 mM) increase Man5b specieleG. A recent study showed as well that manganese
increases high mannoses on mAb produced in CHO; however in glucose limiting or absent

conditions 197,

A substantial augmentation of high mannose species was achieved with supplementation of
uncommonly used sugars, where sucrose addition to the cell culture medium led to a 37%
higher amount of mannosylated N-glycans with no influence on growth nor productivity. The
presence of tagatose, a monosaccharide resembling galactose, resulted in an increase as well.
It was lower, however, compared to sucrose, and reduced the titer at high concentrations. As
sucrose is composed of fructose and glucose, one would expect to see a change in the glycosyl-
ation profile if they are present independently. Interestingly, the oligomannose level did not
change if the medium contained glucose and fructose instead of sucrose. The authors hypothe-
size that sucrose and tagatose may inhibit the formation of the UDP-GIcNAc nucleotide-sugar
by constricting the supply of the uridine diphosphate N-acetylglucosamine (UDP-GIcNAc)
substrate. Lower substrate levels, they say, lead to reduced enzymatic reaction rates'%8. This
behavior is not surprising since the opposite is the case if the medium is supplemented with
nucleotide-sugar precursors. Precursor supplementation allows to favor the corresponding

glycan species®.
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In perfusion cultures with serum-free adapted DXB-11 CHO cell lines expressing different
antibodies, it was presented that the use of mannose as a carbon source entailed a more than 2-
fold increase of high mannose glycoforms %%, Their results show that mannose may substitute
glucose as a carbon source. At the highest tested mannose/glucose ratio (0.94), a significant
increase of Man8, Man7, Man6 and Man5 was observed. The latter was the major species in all
study conditions. The researches hypothesized that three pathways, including GDP-mannose
biosynthesis, early protein glycosylation and UDP- N-acetylglucosamine biosynthesis, might
take part in the observed increase. The same research organization further explored the
metabolism of mannose and the mechanism for increased utilization of mannose, applying
13C flux analysis. A greater carbon flux in the GD-mannose synthetic pathway effected more

abundant intracellular concentration of mannose-containing metabolites '°.

Another report presents the decrease of high mannose species in semi-continuous 24-deep-
well-plate cultures of various CHO cell lines following cell cycle arrest. The strategy consisted
in adding a small molecule, which directly targeted the cell cycle G1-checkpoint. As a result
the proportion of high mannose species decreased in the tested cell lines with respect to the

control, and galactosylated species became more abundant?®.

2.1.3 Fucosylation

In an in-depth overview on various fucosyltransferase (FucT) inhibitors the authors explain
that each type of this enzyme class catalyzes the transfer of fucose to either terminal or core
oligosaccharide positions according to its distinct substrate specificity and site of action!!!.
A particular interest is drawn to the inhibitors of FucT-VIII, as it is responsible for the a-1,6-

linkage of fucose on the core of N-glycans in mammalian cell culture.

As part of a recent development of cell-permeable and family-specific inhibitors of fucosyl-
transferase, the inhibitory capacity of fluorinated fucose analogs was discovered by testing in
cells. The strategy consisted in attaching a fluorine atom proximal to the endocyclic oxygen, as
these compounds are readily converted to the corresponding donor substrate analogs within
the cell. The 2-fluor-fucose analog substantially reduced core fucosylation of N-linked glycans
in CHO cells at concentrations of about 30-500 uM, thus revealing its inhibitory effect on
FucT-VIII 2, Likewise, the non-sugar related compounds, Cibracon Blue 3GA (K; = 11 uM)
and Reactive Red 120 (K; = 2 uM) specifically inhibit FucT-VIII '3, With the objectif to avoid
incorporation of non-native sugar, which is an important feature in biosimilar development,
a fucose-1-phosphonate analog, fucostatin II, was found to inhibit fucosylation in CHO cell
cultures when added into the medium at 5 to 100 uM, while no detectable incorporation of

non-native entities was found among the antibody glycans 4.

High-throughput quantitative MALDI-TOFMS-based screening identified an azidosugar nu-
cleotide derivative as being a specific FucT-VIII inhibitor !'°. However, the high negative charge
of nucleotide sugar analogs prevents them from efficiently crossing cell membranes and, with
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a few exceptions, questions their utility in cell culture''?. Much simpler in structure, gallic
acid and its derivatives efficiently inhibit FucT-VII in the presence of 10-15 mM Mn?* 16 In a
CHO batch shake flask culture, lower fucosylation was observed with decreasing glutamine
concentration (range: 0-8 mM), and it is assumed that the reduction in the glycolytic flux
due to glutamine limitations impacts glycosylation. The same authors report no significant
glycan differences in continuous culture between two steady states by decreasing the GIn
concentration from 8 to 0 mM. Nonetheless, between additional steady states (steady state
3: 8mM Gln, steady state 4: 0 mM GIn) a significant glycan species distribution occurred
thus showing the impact of the metabolic flux on glycosylation . Following the addition of
sucrose, which led to higher levels of high mannose glycans (cf. section 2.1.2), afucosylated
proteins became indirectly more frequent ', Despite the above described inhibitors, it seems
that some authors believe that both specific and potent inhibitors for FucT-VIII have yet to be
identified ''8. Mycophenolic acid supplementation was successfully used to increase the level
of afucosylated glycans in three CHO cell lines—CHO-DG44 and CHO-DXB11 expressing the
same mAb, and CHO-S expressing a fusion protein—which influenced the GTP synthesis and
in one cell line (CHO-DXB11) even directly inhibited the FUT8 expression levels 119

Fucosyltransferases and sialyltransferases may compete for the same acceptor substrates,
which was demonstrated with N-acetyllactosamine (LacNAc) derivatives 2. As a result, se-
lective inhibition of sialic acid addition by adding a fluorinated sialic acid analog increases
fucosylation 2. Due to its effective inhibition of steps occurring prior to fucose attachment,
kifunensine effectively retains oligomannose residues and hence allows to express non fuco-
sylated proteins at concentrations beyond 60 ng/mL°!. It is important to take into account
the existence of a mannosyl-glycoprotein-N-acetylglucosaminyltransferase I-independent
(GnT I) fucosylation pathway, as described by various authors when modulating the glyco-
sylation levels, since inhibition of GnT does not necessarily prevent further processing of
the oligosaccharide chain including fucosylation. The same authors say that the presence
of fucosylated high mannose species in combination with no GnT I activity and hybrid-type
structures can be observed in CHO cells 2!,

2.1.4 Galactosylation

Many authors have described the effect of manganese (Mn?*), a cofactor for B4-GalT1, on
the level of both N- and O-linked glycosylation site occupancy. Cultures performed at higher
Mn?* concentrations (40 uM) exhibited increased galactosylation and higher sialylation of
recombinant human erythropoietin (EPO), however, the product yield was greatly reduced 3.
A decrease of Man5 and hence higher abundance of galactosylated species were observed at
increasing Mn?* concentration: 0.25-1.0 uM%3. A recent DoE experiment with post-seeding
supplementation of 0-40 uM Mn?*, 0-20 uM uridine (Urd) and 0-100 uM galactose (Gal) led
to the conclusion that Mn?* was necessary but not sufficient to improve galactosylation, and
that synergistic combinations of Urd and Gal maximized galactosylation'?2. The resulting
osmolality increase at high galactose concentrations tested may however be toxic to the cells

17



Chapter 2. The Potential of Media to Enhance Protein Quality

and hence harm the culture. In a fed-batch culture, both the level of galactosylation and the
distribution of galactosylated glycoforms (GOE G1F and G2F) were influenced by feeding
Mn?*, Urd and Gal at concentrations from 0 to 20 x Mn?*-Urd-Gal (1 x Mn?*: 0.002 mM,
1 x Urd: 1 mM, 1 x Gal: 5 mM). Galactosylation increased from 3 to 23% for one cell line
and from 5 to 29% for a second one, mainly due to a shift from GOF to G1E and to a lower
extent, to increases in G2 and G2E In these conditions only minor modifications of other
glycoforms or quality attributes were induced®?. In the absence of synergy, the impact of

d'23. More recent results

the galactose concentration on increased galactosylation is limite
however displayed an increase of galactosylation from 14 to 25% of monoclonal antibodies
expressed in CHO DG44-derived fed-batch suspension cell cultures, supplementing medium
and feeds to reach a final media concentration of 20 mM of galactose '?4. In the same study,
20 mM GlcNAc addition effected a 4% decrease of galactosylated entities. In another test, the
asparagine concentration influenced the distribution of GOE G1F and G2E likely due to altered
enzyme activity caused by increased intracellular pH, where higher GOF and lower G1F and
G2F emerged with increasing asparagine levels (supplementation of 0-10 mM Asn) !2°,

On the other hand, inhibitors of galactosyltransferase (GalT) will lead to decreased galacto-
sylation of the protein backbone. It was observed that elevated ammonium levels (= 10 mM)
during the cell culture reduced both GalT gene expression and activity. Furthermore, these
conditions significantly impacted the post-glycosylation process in the Golgi apparatus, while
it had less impact on ER and cytosol compartments 2%, Structural analogs and mimics of the
natural sugar-nucleotide UDP-galactose (UDP-Gal) have a great potential to specifically inhibit
GalT. An UDP-Gal derived compound, bearing an additional substituent at the 5-position of
the uracil base has been described as being a new type of GalT inhibitors (K; = 426 uM) 1?7 It
was demonstrated that the GalT inhibition by 5-substituted UDP-Gal derivatives is broadly
applicable to this enzyme class, and that despite of their polarity they are taken up by HL-60
cells 128, Deoxygenated disaccharide analogs (per-O-acetylated GIcNAcfS1-3Gal 8- O-naphtha-
lenemethanol and C-3’ and C-4’ hydroxyl-modified analogs) competitively inhibited (4-
GalT1, or related GalT enzymes in tumor cells in the tested concentration range: 0-50 uM 29,
Conjugates of 2,4-diamino sugars and uridine also inhibit GalT at 1 mM. Their inhibitory
capacity seems to depend on conformational flexibility and thus on the chelating abilities of
the hinge-like diamino sugar towards a metal ion such as Mn?* within the structure of the
enzyme '3, Inhibition of mammalian $4-GalT1 and $3-GalT5 can also be obtained by the use
of bivalent imidazolium salts up to 1 mM, which are not substrate analogues and can therefore
inhibit other types of GalT too. Cell membranes incorporate these compounds due to their
detergent-like properties, but it has yet to be elucidated whether they are capable to cross the
membrane to eventually reach the Golgi apparatus, and inhibit GalT in vivo!3!. 2-naphthyl-
2-butanamido-2-deoxy-1-thio- 8-D-glucopyranoside specifically and strongly inhibited 54-
GalT1 at a concentration of 0.5 mM in human and mouse cell homogenates and bovine serum
(FBS), while it does not affect the activity of related enzymes 32, The use of peracetylated
fluorosugars, which successfully inhibited both fucosylation and sialylation, is suggested as
UDP-galactose analogs to inhibit GalT 2. The inhibition constant of UDP-2FGal was found to
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be 149 uM 133,

2.1.5 Sialylation

Manganese (Mn?") favors sialylation according to a publication describing a correlation
between the enhancement of sialylated G1 N-glycans and the supplementation of Mn?*
(0-40 uM) in the presence of Urd and Gal during the culture 2. While improved sialylation
of IFN-y was the result of medium supplementation with the specific sialic acid precursor
N-acetylmannosamine (ManNAc) at 20 mM in a CHO cell line (cotransfected with genes for
dihydrofolate reductase) '3#, it remained unchanged for human tissue inhibitor of metallo-
proteinases 1 (TIMP-1) at the same ManNAc concentration in GS-NSO and GS-CHO cells 135
Likewise, feeding CHO-K1 cells producing EPO with 10 mM ManNAc increased sialylation !3¢,
Unlike peracetylated ManNAc, ManNAc does not readily cross the cell membrane, and hence
rather high concentrations of the latter are required '3”. Consequently, its adoption at large
scale is questioned by the inefficient metabolic utilization, but due to the development of
acetylated ManNAc analogs, which are metabolized up to 900-fold more efficiently than

their natural counterparts '38

, this strategy remains interesting to modulate sialylation. At
a concentration range of 1-10% (v/v), glycerol (1,2,3-propanetriol) displayed an enhancing
effect on the level of sialylation in IFN-S batch cultures . Fluorinated sialic acid analogs
readily cross the cell membrane and do not negatively impact cell growth and viability. They
are therefore potent SiaT inhibitors beyond 30 M. The axial 3-fluor- N-acetyl-neuramic acid
(3F zx-NeubAc) extensively inhibits SiaT in vivo. The orientation of the fluor atom is pivotal, as
the equatorial analog (3F.4;-Neu5Ac) has no inhibitory effect!!2. In a fed-batch CHO culture
expressing a Fc-fusion protein, the addition of 1-50 mg/L of hydrocortisone increased the
proportion of sialic acid moieties up to a level 2.5 times higher than the control, which
corresponds to a 5-fold increase of acidic isoforms%4.

Interestingly, galactose appears to substantially augment sialic acid content, presumably
as a result of an increase in readily available terminal galactose moieties needed by sialyl-
transferases (SiaT) as acceptors for sialic acid addition to terminal N-glycans. As a nonspecific
component, galactose also influences other glycosylation steps including galactosylation '22.
This finding was further confirmed in GS-CHO cell line expressing the human tumor necrosis
factor receptor linked to the Fc portion of human IgG1. The addition of 20 mM of galactose
in 2-L bench scale and 200-L pilot scale fed-batch cultures led to 20.3% increase of sialylated
glycans 140,

Whereas in many cases an increased sialylation is desired for a greater half-life of the protein
in vivo, it may be required, for instance, to reduce its level to better mimic the originator
molecule in the frame of biosimilar development. Ammonium levels not only inhibit galacto-
sylation, but also have an impact on the abundance of sialylated species, due to the sparsity of
galactosylated glycoforms and limited expression levels of a-2,3-sialyltransferase (SiaT) '%%. In

contrast to human IgG, sialic acids are attached to the terminal galactose residues of antibodies
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expressed in CHO cells via an a-2,3 linkage exclusively®®. It was reported that by reducing
glutamine concentrations to 0 mM in CHO-K1 batch and perfusion cultures, sialylation was
inhibited, thus leading to more abundant neutral N-linked glycans'!”. Dimethyl sulfoxide
(DMSO) from 1 to 8% (v/v) reduced sialylation but at the same time negatively impacted cell
proliferation '3%. Nucleotide-sugar precursors modulate intracellular nucleotide-sugar pools
and the resulting sialylation and antennarity levels. CHO-K1 cells secreting EPO incubated
with 10 mM glucosamine decreased sialylation on tetrasialylated glycans by 41%, and the
proportion of tetraantennary glycans by 37%. On the other hand, with exceedingly high
ammonia levels they decreased tetrasialylated glycans by 73%, and the proportion of tetra-
antennary glycans by 57% '*!. Nitro benzene and fluoro benzoic acids were recognized as
potential inhibitors of human sialidase including the most promising compound equipped
with a N-amide linked bulky biphenyl group. Nonetheless, further efforts are required to
overcome conformational restrictions that result in weak inhibitory activities 2. Following the
example of fucosyltransferase inhibition, an azidosugar nucleotide derivative was identified as
an efficient inhibitor by high-throughput quantitative MALDI-TOFMS-based screening against
a2,3-SiaT (SiaT3Gal I1I) (ICs¢ = 8.2 uM), but at the same time was a good donor substrate for
a2,6-SiaT (SiaT6Gal I) (K, = 125 uM) 115 A recent article described reduced sialylation of a
Fc-fusion protein in the presence of 0 to 20 mM lithium chloride (LiCl) in the CHO culture

medium 143,

2.1.6 Glycation

The presence of hexoses in the culture medium including the frequently used glucose and
galactose may lead to glycation. A linear correlation was observed between the sugar con-
centration and the level of glycation in the tested range between 11.5 and 31 g/L of sugar.
Furthermore, glucose-only cultures exhibited about 0.3% glycation increase for each glucose
g/L addition, in contrast to a glycation increase in galactose-containing cultures by about 0.6 to
0.9% 5. Diabetes testing in both healthy subjects and patients revealed an association of trace
element plasma concentrations (Cu, Zn, Mg) with glycated hemoglobin levels, which increased
at higher levels of Cu (16.4-21.5 M) including Cu/Zn ratio (1.08-2.03) and decreased levels
of Zn (10.2-16.3 uM) and Mg (0.62-0.93 mM) 44, In addition, it has been described that Cu?*
and Fe3* play major roles in the generation of glycation products”>. Another study recognized
the excellent inhibitory effect of Mn?* (5-20 ©M) and the stimulating effect of Zn%* (5-20 uM)
on advanced glycation end products formation (AGE) 7 In an animal study, rats accumulated
AGE in various tissues due to fructose intake '*°. It was shown that betain inhibits glycation in
vivo since it counteracted the elevation of reactive intermediate methylglyoxal and AGE levels
in fructose-fed rat heart!*6. In a review of AGE inhibitors by foodstuffs, a great number of
substances was identified including carnosine (a dipeptide: g-alanyl-L-histidine), curcumin
(a diarylheptanoid), flavonoids, phenolic acids, and vitamins '47. Hence, it is worthwhile to
evaluate the applicability of these inhibitors in the frame of recombinant protein production
from both a scientific and economic standpoint.
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2.2 Charge Variants

2.2.1 Deamidation & Isomerization

Deamidation of asparagine residues, and often followed by aspartate isomerization, are major
sources of instability and micro heterogeneity, and among other factors, might be induced by
the cell culture medium composition 148, Asparagine residues release ammonium, yielding
an unstable succinimide intermediate in a spontaneous nonenzymatic reaction, and subse-
quently hydrolyze rapidly, in a ratio of about 3 : 1, into isoaspartate (iso-Asp) and aspartate
(Asp) 149150 Asparagine (Asn) residues with glycine (Gly) on their C-terminus are the most
prone to deamidation '*°. Both negative and absence of impact of deamidation on potency
and immunogenicity have been reported on therapeutic proteins, whereas the influence
on pharmacokinetics remains to be elucidated®. Glutamine (Gln) deamidation may also
appear at an exceedingly slower rate than for Asn, and it is reported to be not of concern for
biopharmaceuticals®.

Due to the chemical nature of the Asn deamidation and Asp isomerization, the degradation
reaction is catalyzed by the hydroxide ions (OH™) and hence depends on the pH of the cell
culture medium. Deamidation rates significantly increase with higher pH, and accordingly
higher OH™ concentration !°!. Transposing the approach used in formulation development
to design buffer compositions for protein storage at the most stable conditions is rather
difficult, considering the host cell’s requirement of culture media specifically adapted to its
needs. Poloxamer 407 (Pluronic F127) at concentrations > 17% (w/w) hampered the rate of
deamidation up to 40% in an aqueous buffer at 35 °C!%2. While in addition to sucrose and
poloxamer 407, trehalose, mannitol, glycerol, Tweens, buffer salts (histidine salts, phosphate
salts), and ionic strength modifiers (sodium chloride) are frequently used in drug substance

formulations 123,

2.2.2 Oxidation

Cysteine (Cys), methionine (Met), tryptophan (Trp), histidine (His), and tyrosine (Tyr) residues

are prone to oxidation, in that order %4

, especially when among other species the strong
oxidant OH' radicals are formed in oxidative stress °°. Free Cys in proteins are rare because
of the considerably higher reactivity of the thiol group in Cys compared to other functional
groups %%, Most Cys are involved in disulfide bridges. Met oxidation has been reported to
adversely affect both mAb structure and stability>. Various impacts of oxidation on biological
activity, stability, and half-life of the therapeutic protein have been identified, and oxidation-
induced aggregation may provoke immunogenicity reactions 8. A recent study reported the
use of oxidation reagents including hydrogen peroxide and tert-butyl hydroperoxide in combi-
nation with free tryptophan resulted in selective oxidation of methionine of IgG1 formulated at

25 mg/mL in 51 mM sodium phosphate, 6% trehalose, and 0.04% polysorbate 20 (pH 6.2) 1%,
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The same researchers also showed how 2,2’-azobis(2-amidinopropane) dihydrochloride and
free methionine jointly caused selective tryptophan oxidation, while not altering methionine
oxidation.

The presence of transition metal ions, such as iron and copper (Fe?*, Fe3* and Cu?"), favor ox-
idation of amino acid residues in proteins. Oxidation was significantly reduced or nonexistent
in oxidative conditions in an experiment with 1 mM hydrogen peroxide (H»0-) in the absence
of iron and copper!®*. Oxidation can be effectively inhibited by the appropriate addition of
antioxidants or free-radical scavengers, as shown during lyophilization of hemoglobin, where

157 'Mannitol (15%, w/v), and sucrose (6%, w/v) in a

certain sugars circumvented oxidation
slightly less effective way, protected the residues from oxidative stress even in the presence
of metal ions'**. In addition to sugars including glucose, chelating agents remove catalyzing
metals and hence inhibit oxidation. Moreover, polyols at high concentrations displayed a
protective effect on the oxidation of human relaxin and oxidation-labile peptides '*”. Likewise,
water-soluble vitamin E (Trolox) and vitamin B6 (pyridoxine) had similar properties, due to

their free-radical-scavenging capacities '°%.

2.2.3 C- and N-Terminal Modifications

C-terminal lysine (Lys) and N-terminal glutamine (Gln) charge variants are common for
monoclonal antibodies*"%*61158 Even though the mechanism of C-terminal Lys processing
has yet to be fully understood, it was suggested that carboxypeptidases cleave the C-terminal
Lys residues in a post-translational modification in cultured cells, yielding three antibody
species of either 0, 1, or 2 C-terminal Lys residues*! and lower isoelectric point. On the other
hand, N-terminal GIn cyclization to pyroglutamate results in more acidic antibodies with lower
molecular weight following the removal of NH3 . There is no evidence that both C-terminal

159,160 o1 affect

Lys and N-terminal Gln processing impact the biological activity of the molecule
immunogenicity or safety . Furthermore, C-terminal proline (Pro) amidation of monoclonal
antibodies has been described**161162_n a recent study the increase of C-terminal Pro
amidation and hence basic variants was linked to the copper concentration in CHO fed-batch
cultures %, A copper concentration increase from 0.4 to 1 uM was previously reported by the

162 Minimal

same company to augment basic variants from 6 to 15% at the end of the culture
or negligible impact of C-terminal Pro amidation on potency and pharmacokinetic properties
was demonstrated *4. Even though C- and N-terminal modifications have not been reported to

adversely affect safety*! %8

, potential correlations between glycosylation pattern and terminal
modifications have been detected %%, and hence highlight the importance to control the level

of charge variants.

A study concluded that copper concentration in the cell culture medium was the most signifi-
cant parameter affecting the C-terminal Lys variants of a monoclonal antibody rather than
zinc according to previous publications 3. Further investigations revealed the important role
of copper/zinc ratio in both intracellular and extracellular C-terminal Lys processing, with
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high copper and low zinc levels favoring basic variants and as such C-terminal Lys 3. However,
large amounts of copper (1 yM) in the culture medium might be undesirable because it can
increase Pro amidation '%2. In another study, B-vitamins and iron significantly affected the
drug substance color, and a correlation with increased acidic variants became evident, par-
ticularly when iron levels were responsible for the accentuated color. Potential mechanisms
included enzymatic pyridoxine binding to Lys residues and free radical mediated oxidation of
specific residues %4, In CHO batch cultures yielding a chimeric anti-CD20 mAb lysine variant
levels were strongly correlated with arginine (Arg) and Lys concentrations in the media. They
increased from 18.7 to 31.8% with increasing Arg and Lys concentrations from 2 to 10 mM 6%,

2.2.4 Arginine Modifications by Methylglyoxal

Chumsae et al. described the apparition of a new acidic peak in cell culture due to the modifi-
cation of mAb by methylglyoxal (MGO), a highly reactive metabolite that can be generated
from glucose, lipids, or other metabolic pathways %6, Chemical modification of the guanidine
side chain of arginine moeities at various sites of both variable and conserved domains by
MGO gives rise to two adducts—dihydroxyimidazolidine and hydroimidazolone—with a mass
increase of 72 Da and 54 Da, respectively. They observed that the cell culture parameters affect
how strongly the amino acid residue is modified and that the majority of modifications take
place at CFR region of the antibody due to high flexibility. Moreover, they highlighted in their
paper the fact that MGO may also react with lysine at a much slower reaction rate, forming a
less stable product than with arginine.

2.2.5 Global Acidic Species Charge Variant Modulation

Recent attemps to reduce acidic charge variants employed media supplementation of bioflavo-
noids in four CHO cell lines expressing antibodies (IgG1) and immunoglobulins in fed-batch
cultures. In particular, epigallocatechin gallate (EGCG) and rutin demonstrated effective
reduction. The researchers hypothesize a cumulative effect of various of reduced species
that their analytical method (LC/MS) did not perceive. EGCG addition (0.2 g/L) brought
forth a 4% decrease and the presence of 1 g/L rutin 6% reduction of IgG1 acidic variants. In
immunoglobulin cultures rutin supplementation induced the largest effect at 0.05 g/L, which

was largely superior to the effect in IgG1 cultures: —14.3% 157,

2.3 Aggregates

Protein aggregation should be limited, due to its potential to trigger loss of efficacy and
immunogenic reactions, thus compromising the patient’s health %8, Purification processes
are in general capable to sufficiently reduce the aggregation level of the cell culture broth 169,
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Nevertheless, commercial manufacturing has a great interest to restrain the generation of
aggregated forms during the upstream process, in order to maximize product yields. During
cell culture, aggregation may occur within the host cell following protein expression, due to
important accumulation of protein 7. It results in intracellular aggregation owing to either
the interactions of unfolded protein molecules or to inefficient recognition of the nascent
peptide chain by molecular chaperones responsible for proper folding. Also, once the protein
is secreted into the cell culture media, it may aggregate as a result of adverse environmental

conditions*®.

Osmolality impacts aggregation, as shown by the addition of NaCl. Addition of 40 mM de-
creased aggregation from 86 to 62% compared to the control culture!'’!. In a batch culture
addition of 56 mM of NaCl aggregation significantly decreased and consequently high osmo-
lality, and eventually completely vanished when the NaCl concentration by 85 mM 72, On the
other hand, regardless of the medium osmolality, few aggregates were formed until the mid-
exponential phase of cell growth, while they abundantly began to arise in the late-exponential
and stationary phase. The limitations of hyperosmotic media became evident when cells even-
tually stopped growing and, as a consequence, viable cell density considerably diminished at

such harsh conditions!72.

Various reducing and oxidizing reagents including glutathionine, cysteine and copper sulfate
proved to reduce the formation of protein aggregates or increase their stability in CHO cell
culture harvests®*. Other compounds, such as DMSO (1-8%, v/v) and glycerol (1-2%, v/v),
exhibited protein stabilization capabilities '3!3, In contrast, the addition of copper into the
cell culture medium could slightly increase aggregation, whereas a supplementation of the
culture medium with cysteine known for to its mild reducing characteristics on disulfide bond
bridges, resulted in a substantial decrease in aggregate content and a corresponding increase
in single chain species®. Cystine, the oxidized form of cysteine, also reduced high-molecular-
weight forms (HMW), but in contrast to cysteine, induced a much lower single-chain content
increase. Combining cystine concentration and culture temperature shift was even more
effective in decreasing protein aggregation. Furthermore, it resulted in greater sialylation and
higher harvest titer>. Iron plays a major role in inhibiting the formation of aggregate forms, as
shown in long-term drug substance stability studies, where the abundance of high-molecular-
weight species was significantly lower at low iron concentrations (0-4 ppm) in the presence of
a chelator 7. Surfactant containing culture media were reported to stabilize the expressed
protein and thus reduce aggregation !">17_ Specifically, the addition of 0.01% (v/v) Polysorbate
80 into chemically defined concentrated feed media reduced overall aggregation levels by
2.6-2.7% of two different CHO cell lines. However, in this study, it was rather the enriched
feed media including Polysorbate 80 than the surfactant itself, which was responsible for the
decrease in aggregation, since the medium osmolality significantly increased as a consequence
of more concentrated medium'7®. A current work described the inhibitory capacities of
trehalose, an approved additive used in drug substance and drug product formulation. It was
observed that the addition of 150-200 mM trehalose to the medium of a CHO cell culture
prevented the polymerization and aggregation reaction of the recombinant protein'?’. The
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same research group also discovered a correlation between the level of aggregation and the
abundance of N-glycosylation species, exhibiting a reduction of both galactose and fucose

residues in dimers and large aggregates to 70-80% of the amount in monomers /8.

2.4 Low-Molecular-Weight Species

Fragmentation, the formation of low-molecular-weight species, is a common degradation type
and can be attributed to the disruption of a covalent peptide bond by coexistent spontaneous
and enzymatic reactions %®. Even though the protein backbone is extremely resistant to non-
enzymatic hydrolysis under physiological conditions, certain sites may become prone to
fragmentation as a function of the presence of specific side-chains residues, such as Asp, Gly,
Ser, Thr, Cys or Asn, which may facilitate cleavage due to increased flexibility of the local
structure, solvent conditions (pH, temperature) and the presence of metals or radicals'"®.
Furthermore, clipping may be observed as a result of the activity of proteases released by
cells into the cell culture supernatant during the protein production process 8-182_ Adverse
effects of fragmentation are various and potentially include reduced biological activity, shorter

half-life and immunogenicity reactions and hence provoke patient safety issues 8.

The pivotal part of copper in the non-enzymatic cleavage of proteins becomes apparent by
varying its concentration. The reaction accelerates at increased concentration of cupric ions in
solution, while on the contrary, the introduction of a chelating agent, such as EDTA, inhibits the
fragmentation process. In phosphate-buffered saline solution at 37 °C specific hinge cleavage
by Cu?* is significantly higher with respect to other di- and trivalent metal ions including Mg?*,
Mn?*, Zn?*, Fe3*, and Ni?* 179, In addition to copper, the hydrolysis of the hinge region of an
IgG monoclonal antibody was found to be dependent on both iron (50 ppm) and histidine
(2-10 mM) levels when changing the buffer system to histidine. However individually, iron
and histidine have little or no effect on fragmentation at 37 °C. Iron-specific chelators can be
used to inhibit cleavage in these conditions '8, Nevertheless, it has been well described that
in the presence of Fe?*, reactive oxygen species degrade biomolecules as they eventually form
hydroxyl radicals (OH’) in the so called Fenton reaction. These highly reactive species lead to

fragmentation of proteins '84.

Counter to chemical degradation, the thioredoxin (Trx) activity diminishes in the presence
of 50-100 uM copper sulfate (CuSOy4), which consequently minimizes free thiols and in this
way fragmentation '8>186 Three enzyme systems including the Trx system—consisting of Trx,
thioredoxin reductase (TrxR) and NADPH—, glucose-6-phosphate dehydrogenase (G6PD),
and hexokinase have been identified to be responsible for antibody reduction and may be
targeted to inhibit fragmentation. Few inhibitors have been identified for Trx such as divalent
metal ions and disulfide compounds. On the other hand, gold complexes (ATG, ATM) are the
most effective and selective inhibitors of TrxR. Dehydroepiandrosterone, epiandrosterone,
pyridoxal 5’-phosphate, 1-fluoro-2,4-dinitrobenzene have effectively reduced G6PD activity
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and the addition of chelating agents (EDTA & EGTA), citrate, distinct types of phosphates,
6-deoxy-6-fluoroglucose, 2-C-hydroxy-methylglucose, xylose, or lyxose inhibit hexokinase '%.
L-cystine exhibited chemical inhibitory capacities for a recombinant monoclonal antibody
due to its function as competitive inhibitor for reducing enzymes®°. A mixture of protease
inhibitors including E64, leupeptin, benzamidine, E-amino caproic acid, pepstatin A, and
EDTA was tested. It did not stop the peptide bond cleavage '®7. An exhaustive review of human
protease inhibitors in the frame of protease-targeted drugs research provides a great number

188 More recently, the

of small molecules either approved for clinical use or in developmen
status of the development of matrix metalloproteinase inhibitors presented selective inhibitors

and highlighted also the challenges that had been encountered so far.

2.5 Amino Acid Misincorporation

As a result of using modern analytical technologies including intact mass measurement,
peptide mapping, and tandem mass spectroscopy sequencing, the well documented misin-
corporation of amino acids occurring in proteins expressed in Escherichia coli was detected
during recombinant protein production in mammalian hosts at high protein expression levels
also 189, Specifically, when cells are starved for Asn, the frequency of serine (Ser) incorpora-
tion at Asn positions increases during translation 8. In spite of the fact that the underlying
mechanisms have yet to be fully understood %, it is widely believed that the error rate during
protein translation depends on factors such as the type of organism, the genotype and pheno-
type of the transfected cell lines, the codon usage, and the cell culture conditions '%!. When
Asn abundance in the media is decreasing, Ser and Asn competition intensifies, leading to
misacylation of tRNA4S" by Ser. Serine substitution can be prevented by supplementing the
culture medium with Asn 189190
circumvent depletion of the latter '%. Nonetheless, even at low levels of Asn in the medium,
Ser misincorporation can be prevented through controlled feeding!%°, which may be a useful

and regularly feeding Asn (6 g/L) throughout the culture to

strategy to avoid important ammonia production as Asn synthetase is able to convert Asn to
Gln, and eventually liberate ammonia to replenish the tricarboxylic acid cycle.

Recently, misincorporations of further amino acids were described, highlighting in particular
the process-dependency of some of these types. It was shown that, in addition to the above
mentioned Asn by Ser misincorporation, the levels of Asn by Lys, Ser by Asn, and Ser by
Arg substitutions varied significantly between two distinct process conditions!?!. Codon
mismatches seem to be the principal reason of amino acid misincorporation for recombinant
proteins under balanced nutrient conditions, and since on top of the cell line the environment
affects misincorporation, media and feed optimization is essential.
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2.6 Components Affecting Multiple Quality Attributes

Table 2.2 gives an overview of the in the previous section presented culture media components
that are reported to affect multiple quality attributes simultaneously.

2.7 Outlook

Like the quote of the great musician Johann Sebastian Bach, “It’s easy to play any musical
instrument: all you have to do is touch the right key at the right time and the instrument will
play itself” 192
at the right concentration to tailor the quality attributes of recombinant proteins, and in
particular of new biological entities such as biosimilars and biobetters. The intensive research

, in cell culture media development the challenge is to add the right components

efforts that have been performed, aimed to elucidate the mechanisms underlying the various
post-translational modifications shaping the therapeutic protein. Published data demonstrate
the feasibility and the great potential of quality engineering through media design. Rather than
modifying the gene expression of the cell line, including knockout techniques or changing the
host cell type to obtain the desired features of the recombinant protein, media design is an
attractive alternative to significantly modulate the protein function. Media optimization is
therefore expected to become an essential part to enhance the pharmacological properties.
Despite the plethora of results and findings, more specific work in mammalian cell culture
suitable conditions is required, and the applicability of the proposed strategies have to be
further evaluated for manufacturing up-scaling during clinical trial phases and eventual com-
mercial manufacturing at industrial scales. Still nowadays, it is a great challenge to cope with
the enormous complexity and multiple pathways in the host cell, because we are lacking thor-
ough understanding of the relationships between the processes taking place within the cells,
specifically the interactions between the media components, which is pivotal to consistently
offer to patients more efficient and safer treatments. Thus, it is of great value to streamline cell
culture media development by creating a library of suitable supplements that can modulate
specific protein quality attributes, by elucidating how these supplements affect the underlying
pathways in the host cell, and finally, by bringing efficient media optimization strategies into
action, in a manner that, in the future, we touch the right key.
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Chapter 3

Research Objectives

The aim of this thesis was to lever cell culture media design for recombinant protein qual-
ity modulation according to the previous part that highlighted its great potential for tuning
of the quality profile of recombinant proteins. The research project was divided into four
distinct topics to reach this goal. In fed-batch cultures, the potential of medium and feed
supplementation was evaluated with compounds (commonly known media components and
novel supplements), which enhance or inhibit post-translational modifications including
glycosylation and the generation of low-molecular-weight species. The next step consisted in
the development of a rational experimental design method to identify the best glycosylation
modulating compounds among many media supplements and to spot potential synergistic
effects. Subsequently, metabolomic profiling and multivariate modelling provided further
mechanistic understanding that laid a foundation for N-glycosylation control in routine man-
ufacturing. Finally, the developed library of glycosylation modulating compounds was used to
assess the effect of the induced glycosylation changes on the biological activity. The outline of
each specific part is provided hereafter.

1. To Create a Quality Modulation Compound Library

Chapter 4 presents how cell culture media supplemented with raffinose reproducibly increased
the level of high mannose glycans in various cell culture systems, including 96-deepwell plates,
shake tubes and 3.5-L bioreactors. Both specific and non-specific inhibitors of galactosyl-
transferase consistently and reproducibly reduced the abundance of terminal galactose when
added into the medium or the bolus feed as described in chapter 5. While the main focus of
this research part consisted of glycan modulation, chapter 6 describes exploratory tests in
high-throughput screening experiments intended to identify causal relations between the
level of medium components and the degree of low-molecular-weight species in the super-
natant. Subsequent tests at greater volume served to reproduce the outcomes and to further
investigate medium supplements that potentially favor disulfide bond reduction.
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Chapter 3. Research Objectives

2. To Develop a High-Throughput Screening Experimental Strategy

With the objective to reduce complexity and to streamline the process-development workflow,
chapter 7 depicts the development of a parallel experimental design method for efficient
screening of cell culture media supplements to improve the product quality. Seventeen com-
pounds were separated into five different groups of parallel design-of-experiment of CHO fed-
batch cultures in 96-deepwell plates to minimize both dilution effects and the repercussions
due to non-optimal conditions. Multivariate analysis was used to select the best performing
glycosylation modulators. The final part of this chapter was aimed at confirming the outcome
of the selection process, using D-optimal quadratic design in shake tubes. Its purpose was
also to provide a solid basis for sequential process development at larger scales. Moreover, the
developed experimental strategy was used in 96-deepwell plates for the identification of com-
pounds affecting the charge profile, the level of aggregation and low-molecular-weight species.

3. To Perform Metabolomic Profiling and Multivariate Modelling

With the tight control of product quality in routine manufacturing in mind, intracellular and
extracellular non-targeted metabolomic profiling of four different 3.5-L bioreactor process
formats, using the same cell line provided insight in the distinct metabolite profiles. The part
described in chapter 8 intended to pinpoint metabolites featuring similar patterns as the
distinct extracellular lactate profiles. The bioreactor scales also enabled to study the timely
evolution of the glycan pattern throughout the culture. Intracellular nucleotide sugar levels
provided an indication about the importance of the substrate level with respect to enzyme
activity or gene expression. Finally, by means of multivariate analysis the analysis of the huge
data set was simplified. Calling on partial-least-square (PLS) modelling, the goal was to cali-
brate a PLS observation model with extracellular metabolite levels to predict the glycosylation
pattern at a specific time point based upon the extracellular measurement at that very mo-
ment.

4. To Assess the Effect of Glycosylation Modulation on the Biological Activity

In addition to the built glycosylation modulation compound library, enzymatic glycoengi-
neering technology was used as an alternative approach to generate a wide range of glyco-
variants. Chapter 9 describes the strategy applicable both to a monoclonal antibody and to
an antibody fusion molecule, which is needed for the bioactivity assessment of the glycan
differences between the biosimilar and the reference medicinal product (RMP), the health
agencies may ask for in the drug registration process. The combination of cell culture medium
supplementation and enzymatic glycoengineering produced great differences of the distinct
glycosylation patterns, and as a result biological activity assays were able to pick up the effects
of the induced glycosylation changes. The use of glycopeptide mass spectrometry technology
gave insight in each local glycosylation pattern of the three glycosylation sites of the antibody
fusion molecule. This technique also provided information about the degree of antennarity of
each glycosylation site.
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Chapter 4

Cell Culture Media Supplemented with
Raffinose Reproducibly Enhances High
Mannose Glycan Formation

4.1 Introduction

A significant amount of research has been performed to produce monoclonal antibodies
with increased effector functions including antibody-dependent cell-mediated cytotoxicity
(ADCC)?! and cell-dependent cytotoxicity (CDC)?%. It has been shown that the N-linked
glycan affected the Fcyllla receptor binding and ADCC activity of the antibodies?’!. Like
afucosylated glycans, high-mannose species induced increased ADCC, thus reflecting their
Fcyllla-binding affinity, nonetheless to a lesser extent than afucosylated complex glycans %7,
Recently, many companies have increased the number of biosimilars in development due to
patent expiry of biologics °. In that context, the identification of levers affecting recombinant
protein quality has become a main focus. Glycoheterogeneity occurs naturally in the Golgi
apparatus???. Gene and expression levels, as well as spatial localization of the enzymes and
nucleotide-sugar substrate influence the level of antennarity and the degree of glycan transfor-
mation !8. In biosimilar development, the aim is the consistent expression of a highly similar
glycan fingerprint compared with the originator molecule®.

Researchers reported that in supplemented medium the cell transformed fluorinated peracety-
lated fucose and sialic acid into the corresponding fluorinated nucleotide sugars by means
of its salvage pathway!!2. They observed a specific and efficient inhibition of the fucosyl
and sialyl transferases, respectively, when adding one of these compounds to the media at

1. Submitted, D. Brithlmann, A. Muhr, R. Parker, T. Vuillemin, B. Bucsella, E Kalman, S. Torre, E La Neve, A.
Lembo, T. Haas, M. Sauer, J. Souquet, H. Broly, J. Hemberger and M. Jordan, Cell Culture Media Supplemented with
Raffinose Reproducibly Enhances High Mannose Glycan Formation.
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the micromolar level. Instead of inhibiting one of the glycosylation transformation enzymes
in the endoplasmic reticulum (ER) or the Golgi apparatus, the substrate generation may be
targeted. Cultures supplemented with N-acetylglucosamine (GIcNAc) at the millimolar level
resulted in reduced complexity of glycan profiles, hence favoring the G0 glycoform?**. Media
supplementation with kifunensine, a potent a-mannosidase I inhibitor entailed an increase
of oligomannose containing monoclonal antibodies (mAb) ?!. That study exhibited increased
ADCC activity due to the increase of high mannose (HM) glycans; in particular mannose
8 and 9 entities. Supplementation of sucrose and tagatose into fed-batch media effectively
redistributed the N-glycan glycoform profile toward HM species '%. In a perfusion process,
a novel approach utilized mannose as a carbon source and the ratio of mannose to the total
hexose in the feed media correlated with the abundance of HM glycan species %%,

In this study, a robust approach is presented to increase the abundance of high mannose type
monoclonal antibodies. The metabolic engineering approach consisted of supplementing
cell culture media with raffinose, a naturally occurring trisaccharide composed of galactose,
glucose, and fructose. Supplementation was assessed in high-throughput systems including
96-deepwell plates and shake tubes. 96-deepwell plates have proven to be a reliable system
to screen raw materials impacting product quality attributes of recombinant proteins2>2728,
Confirmation of the findings was conducted in lab-scale 3.5-liter bioreactors. Although HM

should be minimized due to immunogenic reactions?%

, a method was developed, which
may be utilized in the frame of biosimilar development to match the quality profile of the
reference medicinal product (RMP). Raffinose, a water soluble carbohydrate, was first found in
the Australian Eucalyptus manna, in cotton seed, in sugar beet molasses and both barley and
wheat2%. Nowadays, it is known that raffinose can be found in all plants?%’. Raffinose family
oligosaccharides have miscellaneous functions in plants including transport and storage of
carbon and are involved in the protection against abiotic stress in plants2°8. Several studies
described the effect of raffinose on various metabolic pathways of other cell types. Prebiotic
treatment of fertile eggs injecting raffinose into the amniotic fluid significantly increased
the relative expression of aminopeptidase, sucrase isomaltase, ATPase, and sodium glucose
co-transporter 1. As a result, the iron bioavailability was altered??’. In humans, raffinose
intake was correlated with leukotoxic effects and oxidative stress2!?. The results presented in
this work demonstrate that in fed-batch processes raffinose supplementation reproducibly
increases the amount of HM glycans.

4.2 Materials and Methods

4.2.1 Inoculum Preparation

Two recombinant cell lines were used in the frame of this study. A CHO-K1 derived clonal cell
line expressing a humanized monoclonal IgG1 antibody (cell line 1) and a CHO-S derived
clonal cell line expressing a human monoclonal IgG1 antibody (cell line 2). Cells were first
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expanded in multiple passages in shake tubes or shake bottles in Merck proprietary medium
containing methionine sulfoximine (MSX) for at least 14 days in a shaker incubator at 36.5 °C,
5% CO2, 80% humidity and 320 rpm agitation (ISF1-X, Adolf Kiihner, Birsfelden, Switzerland
or Multitron Cell, Infors HT, Bottmingen, Switzerland).

4.2.2 Cell Culture in 96-Deepwell Plates

The fed-batch cell culture was performed on a robotic liquid handling platform (Biomek FX,
Beckman Coulter, Brea, CA). CHO-K1 cells were seeded into a shaking 96-DWP filled with
Merck proprietary medium enriched with 0 to 50 mM raffinose (Sigma, Darmstadt, Germany)
in the absence of MSX at a viable cell density of 0.20 x 108 viable cells/mL and CHO-S cells at
0.30 x 10° viable cells/mL. A second round of experiments was carried out, using a constant
medium osmolality approach. The medium was enriched with 0 to 128 mM raffinose, and
subsequently, distinct amounts of NaCl added to reach a final osmolality of 315 mOsm/kg in all
experimental conditions. The plates were incubated with vented lids to minimize evaporation
in a shaker incubator at 36.5 °C, 5% CO,, 90% humidity and 320 rpm agitation (ISF1-X, Adolf
Kiihner, Birsfelden, Switzerland) for 14 days. 400 g/L glucose solution, chemically defined feed
containing over 30 components and alkaline amino acid solution were added on day 3, 5, 7, 10
and 12. Prior to each feeding and at the end of the culture (day 14), samples (< 40 uL) were
drawn for growth and viability assessment and product titer quantification.

4.2.3 Cell Culture in Shake Tubes

CHO-K1 cells were seeded into a TPP® TubeSpin bioreactor tubes (referred to shake tubes or
ST) filled with either Merck proprietary medium enriched with 0 to 100 mM raffinose adjusted
with NaCl to 315 mOsm/kg in the absence of MSX, or with Cellvento CHO200 (Merck Life
Science, Darmstadt, Germany) enriched with 0 to 50 mM raffinose at a viable cell density of
0.20 x 10° viable cells/mL and CHO-S cells at 0.30 x 10 viable cells/mL. The ST were incubated
in a shaker incubator at 36.5 °C, 5% CO>, 80% humidity and 320 rpm agitation (ISF1-X, Adolf
Kiihner, Birsfelden, Switzerland) for 14 days. Into the ST filled with Merck proprietary medium,
chemically defined feed (CDF) containing over 30 components and an alkaline amino acid
solution were added on days 3, 5, 7 and 10, while the 400 g/L glucose solution (GlcS) was
added on these days and day 12 as well. The Cellvento CHO200 containing tubes were fed with
Cellvento Feed-200 (Merck Life Science, Darmstadt, Germany) on days 3, 5, 7 and 9 and with
cysteine/tyrosine stock solution on the same days according to supplier recommendations.
The 400 g/L GlcS was added on days 3, 5, 7,9 and 12. Prior to each feeding and at harvest (day
14), aliquots (< 2.5 mL) were taken for viable cell counting, extracellular metabolite profiling
(not shown) and product titer determination (not shown).
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4.2.4 Cell Culture in 3.5-L Bioreactors

The passaged CHO-K1 cells were seeded in 3.5-L bioreactors, (Biostat B, Sartorius, Gottingen,
Germany; final volume: 3.0 L) filled with Merck proprietary medium enriched with 0 to 30 mM
raffinose in the absence of MSX at 0.20 x 10° viable cells/mL. The CDF and the alkaline amino
acid solution were added on day 3, 5, 7 and 10. Glucose was fed daily from day 3 to the end of
the culture. 10 to 15 mL samples were collected every day for growth and viability assessment,
pH, pCO,, pO,, extracellular metabolites, osmolality and titer quantification (not shown).

4.2.5 Cell Counts, Cell Viability and mAb Titer Analysis

Growth and viability assessment of 96-DWP was performed on a Guava easyCyte (Merck
Lifesciences, Darmstadt, Germany). The mAb titer was analyzed on day 14 on an Octet®
(forteBIO, Menlo Park, CA) using Protein A sensors. Each sample was diluted 20 to 40 times
into a dilution buffer (PBS pH 7.4, BSA 1 g/L, Tween 20 at 0.02%). The sensors were regenerated
with a buffer containing 10 mM glycine-HCl at pH 1.5 and neutralized with the dilution buffer.

4.2.6 Glycan Analysis

At the end of each 96-DWP, ST and 3.5-L bioreactor fed-batch, the supernatant was purified
on small-scale affinity columns (PhytipsVR, PhyNexus, San Jose, CA). The N-glycosylation
profile of the 96-DWP eluates were analyzed by capillary gel electrophoresis with laser-induced
fluorescence detection (CGE-LIE DNA genetic analyzer 3130XL, Life Technologies, Darmstadt,
Germany)?!!. The neutralized ST and 3.5-L bioreactor samples were denatured by IAA in 0.6 M
denaturation reagent (GlykoPrep-plus, Europa Bioproducts, Cambridge, UK) and reduced.
Following purification, the samples were labelled with 2-amino-benzamide and then dried
for 3 days. The dried samples were dissolved in 50% ACN and subsequently injected into the
100 mm UPLC column in length supplied by Waters Corporation, Milford, MA, USA and eluted,
using a gradient.

4.2.7 Intracellular Nucleotide and Nucleotide Sugar Profiling

ST were inoculated with cell line 1 at 0.35 x 10° viable cells in medium enriched with 0 to
100 mM. 3 x 107 viable cells were collected on day 3 (1 part) and immediately quenched in 4
parts of NaCl 0.9% (w/v) at 0 °C. Subsequent centrifugation at 1000 g for 1 minute at 0 °C, the
supernatant was removed and the cell pellet flash-frozen in liquid nitrogen. Subsequently, they
were extracted in 1 mL 50 : 50 acetonitrile / water buffer at 0 °C during 10 minutes and then
vortexed and centrifuged at 4000 g for 5 minutes at 0 °C. The nucleotide and nucleotide sugar
(NS) extracts were stored at —80 °C. The sample preparation and analysis were performed by

36



4.3. Results

capillary zone electrophoresis method with direct detection at 260 nm in duplicates according

to the previously described method?'?.

4.2.8 Transcriptomics Analysis

On day 5, 10’ CHO-K1 cells were collected in ST culture enriched with 0 to 100 mM raffinose,
RNAprotect (Qiagen, Venlo, Netherlands) added according to supplier’s instructions and then
the total RNA was isolated from the cell pellet, using the RNeasy Mini Kit (Qiagen, Venlo,
Netherlands) according to the supplier’s and internal work instructions (not shown). RNA
integrity was assessed using Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA) by
means of RNA 6000 Nano kit (Agilent Technologies, Santa Clara, CA). RNA integrity numbers,
calculated from ribosomal 18S and 28S RNA peak ratios, were required to be greater than
8 for subsequent library preparation. After verifying the integrity, 1 ug of the total extracted
RNA for each sample was used to prepare sequencing libraries by means of the Illumina
TruSeq Stranded Total RNA Sample Preparation Kit following the manufacturer’s protocol. The
obtained libraries were finally evaluated by QUBIT® 2.0 Fluorometer (Invitrogen, Waltham,
MA) and High Sensitivity DNA kit (Agilent Technologies, Santa Clara, CA) to check the quantity
and size. Individual libraries were prepared using unique index adapters and pooled together.
Mixed pools were loaded on the Illumina NextSeq 500/550 High-Output Flow cell v2 (300
cycles) and sequenced using the NextSeq500 instrument (Illumina, San Diego, CA) with
75 nt paired-end reads for a total of 158 cycles. Data were collected, using NCS v1.4.1.2 and
transferred automatically into the computing platform for the subsequent analysis.

Sequencing data in FASTQ format were produced using bcl2fastq v2.15.0.4213. The fastq files,
for each sample, were analyzed by Trimmomatic v0.272'4, that cut the Illumina adapter se-
quences and filter the low quality reads where impossible to cut. After the first data processing,
sequencing reads were mapped to the sequences and the transcriptome annotations of CHO
genome?2!® using tophat v2.0.13 tool?'® and the embedded bowtie2 alignment tool?!”. For
tophat standard options were used. Gene level raw counts of mapped reads were performed
by HtSeq v0.6.1p12!8 with unstranded setting. Data results were managed with Bioconductor-
DESeq package v1.14.0%!9 in order to identify a differential expression between wild type and
mix of biological and technical replicates of the treated samples.

4.3 Results

4.3.1 Cultures in 96-Deepwell Plates

The first test focused on the effect of a wide raffinose concentration range in the cell culture
medium on the high mannose abundance of two cell lines. Figure 4.1 shows the fold glycosy-
lation change in function of the raffinose concentration in the production medium prior to
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seeding with CHO-K1 cells. The increase of high mannose species (Man5, Man6 and Man?7)
correlated with the trisaccharide level in the medium of each culture. At low concentrations
(0.1 to 5 mM), HM species exhibited an up to 1.1-fold increase, at 10 mM 1.3-fold, at 30 mM
they doubled, and at 50 mM these glycoforms were 2.8 times more abundant than in the non-
supplemented control cell culture. The abundance of galactosylated species slightly decreased
at concentrations ranging from 0.1 to 1 mM. At higher concentrations, galactosylation was fa-
vored and thus reached the peak at 50 mM (1.2-fold). The presence of raffinose brought about
lower levels of fucosylation. At 50 mM, the largest decrease was observed (—11%). No sialylated
species were detected at all tested concentrations. Raffinose yielded limited amounts of new
glycan species: the change of non-identified species remained within a range of 1.00 + 0.08.
As shown in figure 4.2, the cell cultures exhibited comparable cell growth with respect to the
control up to a raffinose concentration of 30 mM. At 50 mM, a decrease of the viable cell den-
sity was observed. At concentrations up to 10 mM, the cultures yielded comparable product
titers at harvest (day 14). Beyond this concentration the product titers decreased. At a raffinose
concentration of 30 mM, the harvested product amounted to 82%, and respectively 50 mM,
76% of the control.
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Figure 4.1 — Fold glycosylation change in function of raffinose concentration (0-50 mM) in
the production medium prior to 96-DWP inoculation with cell line 1 (A) and cell line 2 (B).
The control cultures (0 mM) were conducted in 4 replicates and raffinose supplemented
conditions in duplicates. Error bars show variability within replicates. HM: high mannoses,
Fuc: fucosylated species, Gal: galactosylated species, Misc: miscellaneous.

In the same way, cell line 2 cultures exhibited a proportional increase of high mannose glycans
with increasing raffinose concentrations in the cell culture medium. 30 mM raffinose doubled
HM, while 50 mM brought about 2.5 times more abundant HM (figure 4.1). Fucosylation
slightly decreased and galactosylation increased with increasing supplement concentrations.
At 50 mM, galactosylation was 1.5 times higher than in the control. The variation of the
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A: Cell line 1 B: Cell line 2
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Figure 4.2 — (A) Viable cell densities of cell line 1 cultures supplemented with 0-50 mM of raffi-
nose. (B) Viable cell densities of cell line 2 cultures supplemented with 0-50 mM of raffinose.
(C) Harvest titers (day 14) of cell line 1 cultures. (D) Harvest titers (day 14) of cell line 2 cultures.
All raffinose supplemented cultures were performed in duplicates and the control in four
replicates in 96-DWP.
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miscellaneous peaks appears to be larger than in the cell line 1 cultures. While cell growth
and titer at concentrations of up to 10 mM raffinose were comparable to the control cultures,
increasing supplementation (30 and 50 mM) strongly impeded growth. The latter reached
peak cell densities of about 4 x 10° viable cells/mL instead of 10 to 14 x 10° viable cells/mL.
Product titers at harvest stalled at 60 to 65% of the control levels.

4.3.2 Cultures at Constant Medium Osmolality

At constant medium osmolality (315 mOsm/kg) growth inhibition effects of cell line 2 de-
creased (figure 4.3). At 30 mM raffinose cell growth was still comparable to the control. At
50 and 65 mM raffinose peak cell density reached 8.9 to 9.5 x 10° viable cells/mL. Raffinose
concentrations = 80 mM strongly reduced cell growth. The cultures yielded comparable titers
as high as a concentration of 65 mM raffinose in the medium. Beyond, titers caved in. Con-
stant osmolality proved to be a successful approach enabling to limit detrimental effects
on both growth and titer of cell line 2 cultures. It was possible to further increase raffinose
supplementation at constant medium osmolality with limited impact on growth up to 65 mM.
Regardless of the constant osmolality of all raffinose supplemented conditions as well as the
control, high raffinose concentrations impaired cell metabolism thus resulting in a massive
growth reduction and lower product titers.

4.3.3 Cultures in Shake Tubes and 3.5-L Bioreactors

The constant osmolality approach was used to reproduce the findings in ST. This strategy
made possible to test a wide raffinose concentration range (0 to 100 mM) in both cell line 1 and
2 cultures. The lower experimental throughput at this scale enabled to use 2AB-UPLC glycan
analysis instead of CGE-LIF and thus enhanced the glycan resolution. The use of 2AB-UPLC
avoids co-elution of HM with other glycan structures. Figure 4.4 shows proportional increase
of HM with increasing raffinose presence in the medium for cell lines 1 and 2. Raffinose
mainly favored Manb structures. At 100 mM of raffinose, cell line 1 expressed 6.7% Man5 and
Man6 peaked at 0.24%. While traces of Man8 were found (0.07%), no Man4 and Man7 were
detected. The raffinose supplementation of Cellvento CHO-200 medium also increased HM
formation of cell line 1. Its abundance correlated with the trisaccharide concentration in the
medium. Since the constant medium approach was prevented by the use of a commercial
medium, concentrations between 0 and 50 mM were tested. At 50 mM raffinose, Man5 reached
6.0% and Man6 0.16%. In both media, no Man4 nor Man7 were detected. While small Man8
levels were detected, increasing raffinose concentrations did not entail Man8 increases. A
slightly different picture was obtained for cell line 2 in proprietary medium supplemented
with raffinose while maintaining the osmolality constant. Man5 was the most abundant high
mannose oligosaccharide (9.2% at 100 mM raffinose). 0.07% of Man4, 1% of Man6 and 0.8%
Man?7 were present and their levels grew with increasing raffinose concentration. Cell culture

40



4.3. Results

A B
20 4000

3500 A
)
g 3000 -
@ 1
g - 2500 A {
S > i
2 < 2000 |
g
© " 1500 |
g
@ 1000 -+
Q
]
> 500

0 T D 0
0 1 5 10 30 50 65 80 100128
Day Raffinose concentration (mM)
efil=— Control; n=4 1 mM raffinose; n=6 5 mM raffinose; n=6
10 mM raffinose; n=6 30 mM raffinose; n=4 —»— 50 mM raffinose; n=6
—o— 65 mM raffinose; n=4 -e-¢---- 80 MM raffinose; n=6 - 3 - 100 mM raffinose; n=6

-=#---128 mM raffinose; n=6

Figure 4.3 — (A) Viable cell densities of cell line 2 cultures supplemented with 0-128 mM of
raffinose. (B) Harvest titers (day 14) of cell line 2 cultures. All raffinose supplemented cultures
were performed in replicates as indicated in legend of figure A in 96-DWP. The medium
osmolality after raffinose addition was adjusted to 315 mOsm/kg, which corresponds to the
osmolality of the non-supplemented medium.
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media supplementation with raffinose was confirmed in lab-scale 3.5-L bioreactors (figure 4.5).
1.4% of mADb cell line 1 expressed contained HM. At a concentration of 15 mM of raffinose in
the medium prior to inoculation the HM proportion climbed to 2.9% and at 30 mM to 6.7%.

To validate the hypothesis that the raffinose supplementation is the main driver for the increase
of HM and that the osmolality plays a minor role, the effect of raffinose supplementation
was studied at three different osmolalities. HM significantly increased when supplementing
the media with 30 mM raffinose at all three osmolalities (figure 4.6). The media osmolality
slightly affected its amplitude. At 300 mOsm/kg the raffinose addition resulted in 6.3% HM, at
315 mOsm/kg 6.8%, and at the highest tested osmolality, 375 mOsm/kg, 7.1% were reached.

4.3.4 Analysis of Nucleotides, Nucleotide Sugars and Transcriptomics

Overall, the addition of raffinose had little effect on the nucleotide sugar (NS) levels (figure 4.7).
One notices a slight decrease of UDP-GIcNAc, UDP-Glc and UDP-GalNAc at 100 mM raffinose.
In the control their concentrations amounted to 1.90, 0.85 and 0.69 fmol/cell, whereas at
100 mM raffinose they decreased to 1.47, 0.73 and 0.58 fmol/cell, respectively. The intracel-
lular abundance of UDP-Gal was higher at 50 and 100 mM raffinose: 0.68 and 0.53 versus
0.40 fmol/cell. On the other hand, ATP, CTP+CDP and UTP exhibited a downward trend with
increasing raffinose levels, while ADP, GTP and UDP increased at intermediate concentrations
and then began to decrease at high trisaccharide concentrations.

At 100 mM raffinose, we observed changes in the gene expression of a variety of genes in-
volved in the glycosylation pathway. As shown in table 4.1, 3-1,4-galactosyltransferase 3
(GalT) gene was down-regulated by log, —0.5142, while galactosidase @ gene was upregu-
lated by log, 0.52691. Raffinose induced a gene upregulation of one of the most important
enzymes involved in the glycosylation pathway, mannosyl (a-1,6-)-glycoprotein 3-1,6-N-
acetyl-glucosaminyltransferase (Mgat5) by log, 0.33313. Interestingly, both neuraminidase
1 and ST8 a-N-acetyl-neuraminide a-2,8-sialyltransferase 6 genes were highly upregulated
by log, 0.87938 and log, 1.91184, respectively. Finally, solute carrier genes were both up- and
downregulated. The solute carrier family 35, member A4 gene that codes the UDP-galactose
transporter was downregulated by log, —0.63845.

4.4 Discussion

High throughput fed-batch experiments in 96-DWP proved to be a useful approach to screen
a wide raffinose concentration range in the cell culture medium. Rather than an iterative ap-
proach of a couple of sequential experiments, the use of 96-DWP enabled to test two different
cell lines at numerous supplement concentrations in a single experiment. This miniature-scale
system was also suitable to optimize the concentration range and to develop the constant
osmolality approach. In particular for cell line 2, the combination of the 96-DWP and the
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Figure 4.5 — High mannose levels in 3.5-L bioreactor runs with cell line 1 at 0 mM (control), 15
and 30 mM raffinose in the medium (n = 1).

@300 mOsm/kg (n=4)
@300 mOsm/kg + R (n=2)
B 315 mOsm/kg (n=4)
m 315 mOsm/kg + R (n=5)
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High mannose (%)
O = N W M U1 OO N 0 O O
1

Figure 4.6 — High mannose level at three medium osmolalities (300, 315 and 375 mOsm/kg) in
the absence of raffinose and with 30 mM raffinose supplementation (+ R) in cell line 2 cultures
performed in 96-DWP.

44



4.4. Discussion

Table 4.1 — Expression of genes involved in the glycosylation pathway in ST supplemented with
100 mM raffinose. All values are relative to the non-supplemented condition and expressed in
log,-fold changes.

ID Gene Name Gene Expression Change (-)
B3galt2 f-1,3-galactosyltransferase 2 no change
B3gat3  f-1,3-glucuronyltransferase 3 —0.36756
B4galt3 B -1,4-galactosyltransferase 3 —-0.51420
Chpf chondroitin polymerizing factor —-0.45785
Chstll carbohydrate (chondroitin 4) sulfotransferase 11 0.50846
Galk1 galactokinase 1 —-0.50752
Gla galactosidase a 0.52691
Gns glucosamine (N-acetyl)-6-sulfatase 0.94486
Hyall hyaluronoglucosaminidase 1 0.63853
Mgat5  mannosyl (a-1,6-)-glycoprotein 0.33313
p-1,6-N-acetyl-glucosaminyltransferase
Neul neuraminidase 1 (lysosomal sialidase) 0.87938
Ogt O-linked N-acetylglucosamine no change
(GIcNAC) transferase
Pigq phosphatidylinositol glycan anchor —-0.35746
biosynthesis class Q
Rpn2 ribophorin II —-0.33632
Slc35a4  solute carrier family 35 member A4 —0.63845
Sle35d1  solute carrier family 35 member D1 0.44870
Slc35f2  solute carrier family 35, member F2 —0.48684
Slc35f5  solute carrier family 35 member F5 0.43458
St8sia6  ST8 a-N-acetyl-neuraminide 1.91184
a-2,8-sialyltransferase 6
Ugcg UDP-glucose ceramide glucosyltransferase 0.58303
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Figure 4.7 — Level of intracellular nucleotides and nucleotide sugars (cell line 1) in ST runs at
0 mM (control), 15, 30, 50 and 100 mM raffinose in the medium on culture day 3. The error
bars indicate the standard deviation of the technical duplicates.

development of the constant medium osmolality method enabled a substantial increase of
the raffinose concentration, while limiting the effects on both cell growth and productivity.
Up to 65 mM of raffinose in the medium prior to inoculation resulted in comparable product
titers to the non-supplemented control cultures. Some of the experiments were characterized
by a high experimental variability of viable cell density and titer. Nonetheless, as the interest
was directed towards the trends in function of the supplement concentration, the outcome
of high throughput experiments largely outweighed the fluctuation within the replicates.
Moreover, the observations were not only reproduced in larger cell-culture systems but more
specific high mannose glycan data were generated, using the 2AB-UPLC method that allowed
a greater resolution than CGE-LIF high throughput method. In ST at constant osmolality at
all tested raffinose concentrations, a high mannose abundance of 11.1% was obtained at the
most. Raffinose supplementation stands out from other well-known HM promoters, including
kifunensine that mainly favors Man8 and 9°!, whereas Man5 was the predominant species in
both cell lines. Interestingly, cell line 1 exhibited mainly Man5 and 6. Man7 was not detected
and Man8 was only present in tiny amounts. While Man5 was the main high mannose peak of
cell line 2 also, considerably higher abundances of Man6 and 7 were observed in cell line 2.
Similar effects resulted in cultures with both proprietary and commercial media. The effect
of raffinose on HM abundance was confirmed in pH, oxygen and CO, controlled conditions
in 3.5-L bioreactors. At both 15 and 30 mM raffinose, a greater number of HM containing
mAbs was expressed, reaching a 4.8-fold increase with respect the control. Hence, raffinose
supplementation reproducibly favors HM in two different cell lines, CHO-S and CHO-K1, in
different cell culture media and both in non-controlled and controlled cell culture systems.
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4.4. Discussion

Moreover, the results highlight that, primarily, the presence of raffinose favors the formation
of high mannose species. Increasing osmolality had a negligible effect on HM in the absence
of raffinose in the cell culture medium. Contrariwise, at a concentration of 30 mM of raffinose,
we hypothesize that a minor synergistic effect between the raffinose supplementation and the
media osmolality occurred. Despite this observation the major increase was due to raffinose,
whereas the abundance of HM increased only marginally with increasing osmolality.

Raffinose barely influenced the intracellular nucleotide sugar levels. Slightly lower concen-
trations of UDP-GIcNAc, UDP-Glc and UDP-GalNAc resulted at 100 mM raffinose. UDP-Gal
exhibited an increasing tendency at 50 and 100 mM raffinose, which may explain higher
galactosylation levels. While intracellular NS pools varied only slightly, further studies should
address the link of raffinose with the transport of NS into the Golgi apparatus. Nonetheless,
higher trisaccharide concentrations correlated with decreasing levels of ATP, CTP+CDP and
UTP A correlation between nucleotide levels and metabolic changes was observed in carcino-
genesis, where in particular ATP and UTP contents were significantly greater in cancer cells?2°,

Likewise, raffinose supplementation most strongly affected intracellular ATP and UTP pools.

Transcriptomics analysis showed that raffinose supplementation influenced the expression
levels of a number of glycosylation related genes. The expression of one of the most important
enzymes, Mgat5, that plays a pivotal role in the regulation of the biosynthesis of glycoprotein

oligosaccharides??!

, was upregulated. GalT expression was down-regulated as well as the
UDP-galactose transporter, solute carrier family 35, member A4. This is surprising since galac-
tosylation increased at higher raffinose concentration. Further investigations are required to
pinpoint the underlying mechanism at the gene level and resulting real protein level, on the
substrate transport into the Golgi apparatus and the GalT activity. Also, it seems that GalT3
may principally synthesize the first N-acetyllactosamine unit of poly-N-acetyllactosamine
chains??2. The expression of the UDP-glucuronic acid and UDP-GalNAc transporter genes
(gene: Slc35d1) 223 was upregulated. Sialyltransferase (SialT) gene expression was highly up-
regulated, whereas the levels of sialic acid remained low (not shown). It is supposed that on
one hand the down-regulation of the §-1,4-GalT 3 gene and the upregulation galactosidase a
gene, and on the other hand, due to steric hindrance effects in the CH2-domain of the mAb,
the considerably higher SialT gene expression still resulted in a negligible effect on the entire
sialylation process. Although the enzyme was potentially present in higher concentrations, its
accessibility was either unfavorable, or other unknown parameters hampered the attachment
of sialic acid to the galactose moiety of the oligosaccharide backbone. Raffinose may also
act as a GIcNAc transferase inhibitor, which may explain the predominant Man5 increase.
Data from the cancer research further support this hypothesis. They exhibited competition of

trisaccharides with the acceptor to bind to GIcNAc transferase 24226,
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4.5 Conclusion

Fed-batch cultures in high-throughput and lab-scale bioreactor systems supplemented with
raffinose reproducibly favored the formation of high mannose glycans. The amount of high
mannose species was proportional to the raffinose concentration in two different media and
using two cell lines expressing different mAbs. While the presence of raffinose slightly affected
nucleotide levels and to even smaller extent nucleotide sugar pools, it altered the expression
levels of a variety of glycosylation related genes. In particular, GalT were downregulated, while
SialT were strongly upregulated. Our results highlight the potential of cell culture medium
supplementation to alter glycosylation patterns of recombinant proteins. Changing the envi-
ronment the cells are cultured is a rather straightforward approach that allows to fine-tune
within the potential of the selected cell line.
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Chapter 5

Specific Inhibition of Galactosylation

5.1 Introduction

The literature has repeatedly reported that galactosylation plays a role in effector function-
ality and immune responses. In a study comparing hypergalactosylated, degalactosylated
and native IgG1 an impact on FcyRIIla binding was observed??’. The hypergalactosylated
variant promoted binding to the receptor, which may potentially induce changes in the
antibody-dependent cell-mediated cytotoxicity (ADCC) activity, concluded the reasearchers.
This relationship was recently confirmed: four hypergalactosylated IgG antibodies exhibited
increased FcyRIIla binding compared to the control, and some of these variants also led to
higher ADCC?28. On the other hand, in-vitro testing demonstrated that the level of galacto-
sylation inversely associated with ADCC activity??Y. While non-galactosylated and entirely
galactosylated variants did not alter ADCC, the arm linkages of the mono-galactosylated
species (FA2G1) predicted the immune response. Increased levels of the FA2G1 3-arm resulted
in both reduced ADCC and reduced FcyRIlla binding, whereas the 6-arm had a positive impact
on ADCC. Other data depict how the presence of the galactose on the 6-arm enables additional
hydrogen bonds between the sugar and the CH2 amino acid residues, and thus stabilizes
the antibody. The greater stability may play a role in increasing the binding affinity?3°. There
is also evidence that increased galactosylation levels enhance cell-dependent cytotoxicity
(CDQ). For instance, the FA2G1 glycoform of rituximab triggered a twofold stronger CDC
response than the degalactosylated antibody®”?°°, Furthermore, like sialylation, galactosyla-
tion regulates inflammatory characteristics of IgG due to tertiary structure modifications and
receptor interactions?31232_ It has been described that rheumatoid arthritis was correlated
with reduced galactosylation of IgG233234, Interestingly, the degree of non-galactosylated IgG
in the plasma decreases during pregnancy. The maternal immune system undergoes these
changes to suppress immunological responses in order to tolerate the fetus?*°. Galactosyla-
tion, independent of sialylation, improved rheumatoid arthritis during pregnancy?3¢. The
symptoms in women suffering from rheumatoid arthritis worsen after delivery, coinciding
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with a decrease of di-galactosylated biantennary glycans.

Given the important role of galactosylation, it is not a surprise that in the last two decades both
academia and industry have been developing technologies to alter the galactosylation pattern
of recombinant proteins. Targeted metabolic engineering approaches have been successfully
applied to tune mAb glycan profile in cell culture. N-acetylglucosamine supplementation in
cell culture favored non-galactosylated glycans (FA2)2%4, Exact and specific control of anti-
body galactosylation was achieved by feeding of uridine, manganese chloride and galactose,
primarily shifting FA2 to FA2G1 species°2. Ammonium supplementation increased the trans-
Golgi pH, thus reducing galactosyltransferase activities, which yielded lower galactosylation
levels?3”. It was found that high ammonium concentration in the supernatant (10 mM NH,Cl)
diminished galactosyltransferase gene expression levels 26, While supplementation of uridine,
manganese and galactose offers a wide range of galactosylation enhancement, which proves
to be sufficient in the frame of the quality modulation exercise of new biological entities and
biosimilars, a limited number of effective compounds to decrease galactosylation during cell
culture is available. Ammonium does work, but it is not entirely specific, and more importantly,

high ammonium levels exhibit detrimental effects on cell culture performance?38.

Aiming to develop alternative and more specific ways to inhibit galactosylation, the work
presented by Rillahan et al.!!? was used as inspiration. The researchers used membrane-
permeable fluorinated analogs of sialic acid and fucose. They suggested that after entering
into the cytosol, those precursors would convert into the corresponding nucleotide sugars,
and at a the same time, prevent de novo synthesis of the natural substrates by feedback
inhibition. Cell-culture media supplementation of 2F-peracetyl fucose and 3F-neuramic
acid specifically and strongly inhibited fucosyl- and sialyltransferases. Likewise, a targeted
metabolic engineering approach is presented hereafter, using fluorinated analogs of galactose.
Two anomers, a-2F-peracetyl-galactose and S-2F-peracetyl-galactose were added into the cell
culture medium at the beginning or by means of the feed throughout the culture at various
time points. The effect of the supplements was first assessed in high-throughput fed-batch cell
culture experiments in shaken 96-deepwell plates and then promising conditions repeated,
scaling up into the more robust shake-tube model. Additionally, as part of a larger component
screening exercise, spermine, a natural polyamine, and L-ornithine, a non-coding amino acid
involved in the urea cycle, were found to inhibit galactosylation. This work shows that the
fluorinated galactose analogs reproducibly and specifically reduced the level of galactosylation
in two fed-batch cell culture systems 96-deepwell plates and shake tubes, using two distinct
CHO cell lines. Additional approaches calling on medium supplementation with spermine or
L-ornithine are outlined as well.
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5.2 Materials and Methods

5.2.1 Inoculum Preparation

Two recombinant cell lines were used in the frame of this study. A CHO-S derived clonal
cell line expressing a human monoclonal IgG1 antibody (cell line A) and a CHO-K1 derived
clonal cell line expressing a humanized monoclonal IgG1 antibody (cell line B). Cells were first
expanded in shake tubes or shake bottles in Merck in-house medium containing methionine
sulfoximine (MSX) in multiple passages every 2-3 days, diluting to 0.2 or 0.3 x 10° viable
cells/mL for at least 14 days. The tubes were maintained in a shaker incubator at 36.5 °C, 5%
CO3, 80% humidity and 320 rpm agitation (ISF1-X, Adolf Kithner, Birsfelden, Switzerland or
Multitron Cell, Infors HT, Bottmingen, Switzerland).

5.2.2 Cell Culture Conditions

The high-throughput fed-batch cell culture was performed on a robotic liquid handling
platform (Biomek FX, Beckman Coulter, Brea, CA). Exponentially growing CHO-S cells were
seeded into a shaking 96-deepwell plate (DWP) filled with Merck in-house medium enriched
with different supplements at the concentrations indicated in table 5.1 in the absence of MSX
at a viable cell density of 0.20 x 10° viable cells/mL. The plates were incubated with vented lids
to minimize evaporation in a shaker incubator at 36.5 °C, 5% CO2, 90% humidity and 320 rpm
agitation (ISF1-X, Adolf Kiihner, Birsfelden, Switzerland) for 14 days. 400 g/L glucose solution,
chemically-defined feed containing over 30 components and alkaline amino acid solution
were added on day 3, 5, 7, 10 and 12. Prior to each feeding and at the end of the culture on
day 14, samples (< 40 uL) were drawn for growth and viability assessment and product titer
quantification.

The confirmation runs were conducted in TPP® TubeSpin bioreactor tubes (referred to shake
tubes or ST) filled with Merck in-house supplement enriched medium according to table 5.1 in
the absence of MSX. Exponentially growing CHO-S cells were seeded at a viable cell density of
0.30 x 10° viable cells/mL and exponentially growing CHO-K1 cells at 0.20 x 108 viable cells/mL.
The tubes were incubated in a shaker incubator at 36.5 °C, 5% CO-, 80% humidity and 320 rpm
agitation (ISF1-X, Adolf Kiithner, Birsfelden, Switzerland) for 14 days. Chemically defined feed
containing over 30 components and alkaline amino acid solution were added on day 3, 5, 7
and 10, while the 400 g/L glucose solution was added on these days and on day 12 in addition.
Prior to each feeding and at the end of the culture (day 14), aliquots (< 2.5 mL) were taken for
viable cell counting, extracellular metabolite profiling and product titer determination.

To evaluate the potential of the supplement addition during the culture as part of the feed
rather than at the beginning of the culture in the medium, shake tubes were used. Expo-
nentially growing CHO-S cells were inoculated at 0.30 x 10° viable cells/mL in proprietary
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medium only (in the absence of MSX). The ST were incubated in a shaker incubator at 36.5 °C,
5 % CO3, 80 % humidity and 320 rpm agitation (ISF1-X, Adolf Kiihner, Birsfelden, Switzerland)
for 14 days. Chemically defined feed containing over 30 components and alkaline amino acid
solution were added on day 3, 5, 7 and 10. The 400 g/L glucose solution was added on day 3, 5,
7 and 10 and on day 12 too. On top of it, B-2F-peracetyl-galactose (AX Molecules) was added,
starting on day 3, day 5 or day 7 until day 10 according to table 5.2. At each feed addition, the
concentration of the galactose analog in the supernatant increased by 100 M. Prior to each
feeding and at the end of the culture (day 14), aliquots (< 2.5 mL) were removed for viable cell
counting, extracellular metabolite profiling and product titer quantification.

5.2.3 Analytical Methods for Cell Culture Performance

Growth and viability assessment of 96-DWP cultures was performed on a Guava easyCyte
(Merck Life Science, Darmstadt, Germany), while for shake tube and 3.5-L bioreactor cultures
a Vi-Cell analyzer (Beckman Coulter, Brea, CA) was used. The product titer of the 96-DWP
cultures was analyzed on day 14 by an Octet® (forteBIO, Menlo Park, CA), using Protein A
sensors. Each sample was diluted 20-40 times into a dilution buffer (PBS pH = 7.4, BSA 1
g/L, Tween 20 at 0.02 %). The sensors were regenerated with aqueous buffer containing 10
mM glycine-HCI at pH 1.5 and neutralized with the dilution buffer. Titer quantification of
samples from shake tubes collected on day 14 was performed, using a Biacore C instrument
(GE Healthcare, Waukesha, WI).

Table 5.1 — Concentrations of glycosylation modulating compounds in the cell culture medium
prior to inoculation.

Compound Scale Concentration Ranges Supplier
a-2F-peracetyl-galactose  96-DWP  0-200 uM Biosynth

ST 0-90 uM Biosynth
B-2F-peracetyl-galactose 96-DWP  0-200 uM AX Molecules

ST 0-60 uM AX Molecules
Ammonium ST 0-10 mM Merck
Spermine 96-DWP  0-200 uM Sigma Aldrich
L-ornithine 96-DWP  0-15mM Sigma Aldrich

Table 5.2 - Feeding regime of ST feed optimization experiments.

Experiment Day3 Day5 Day7 Dayl0 Dayl2 Dayl4
CD feed & amino acid solution; all ] |
Glucose solution; all [ | [ ] [ |
B-2F-p-gal; feed day 3 ] |
|

B-2F-p-gal; feed day 5
B-2F-p-gal; feed day 7
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5.2.4 Glycan Analysis

At the end of each 96-DWP and ST fed-batch experiment (day 14), the supernatant was purified
on small-scale affinity columns (PhytipsVR, PhyNexus, San Jose, CA), eluting in 20 mM citric
acid, 20 mM POf‘l_ buffer. The samples were neutralized in 0.5 M Tris. The N-glycosylation pat-
tern of the 96-DWP eluates was analyzed by capillary gel electrophoresis with laser-induced
fluorescence detection (CGE-LIE DNA genetic analyzer 3130XL, Life Technologies, Darm-
stadt, Germany). The ST eluates of cell line B were analyzed by Ultra Performance Liquid
Chromatography-2-amino-benzamide labelling technique (2AB-UPLC). The 100 mm column
(in length) was supplied by Waters Corporation, Milford, MA, USA. Both individual glycans
and glycan groups are presented in section 5.3. The grouping calculations were performed
according to table 5.3 for CGE-LIF results and table 5.4 for 2AB-UPLC data.

Table 5.3 - Glycan grouping calculation for CGE-LIF data.

Glycan Sum of glycan peaks

HM(%) = (M5+FA1+FA2G2S[6]1NGNA)(%)+(M6+FA2G2aG1S1)(%)+M7(%)
AF(%) = A2(%)

Fuc(%) = FA1+FA2(%)+FA2G1(%)+FA2G2(%)

Gal(%)

FA2G1(%)+FA2G2(%)

Table 5.4 — Glycan grouping calculation for 2AB-UPLC data.

Glycan Sum of glycan peaks

HM(%) = M4(%)+M5(%)+M6(%)+M7(%)

AF(%) = A0(%)+Al(%)+A2(%)

Fuc(%) = FA2(%)+FA2G1(%)+FA2G2(%)

Gal(%) = FA2G1(%)+FA2G2(%)+(FA1[3]G1+A2[6]G1)(%)

5.3 Results

5.3.1 2F-peracetyl-galactose

The effect of the fluorinated galactose analog a-2F-peracetyl-galactose on the level of galacto-
sylation of cell line A was assessed in 96-DWP. The wells filled with cell culture medium were
supplemented with a-2F-p-galactose to reach a final concentration of 0-200 uM. Figure 5.1
shows the viable cell densities, viabilities throughout the culture, and the product titers on day
10 and at harvest (day 14).

Despite the rather large variability of the viable cell density trends were visible (figure 5.1A).
Supplement concentrations between 1 and 30 uM enhanced cell growth, resulting in a higher

53



Chapter 5. Specific Inhibition of Galactosylation

A B
14 120
~ 127 100
—
£
9
@ 80
& g
2 2 60
c Q
g 2
T 40
o
(]
a
©
= 20
0
0
Day
i Control; N=6 a-2FpGal 1 pM; n=9
a-2FpGal 7 uM; n=9 - -0~ - a-2FpGal 15 pM; n=9
—e— a-2FpGal 60 pM; n=8 oo @-2FpGal 120 pM; n=4
C D
2000 2000
1800 - 1800
1600 - 1600
= 1400 - — 1400
& o
£ 1200 A E 1200
) ¥
> 1000 - % 1000
T 800 A T 800
2 2
= 600 - = 600
400 - 400
200 A 200
0 —T T T T 0

Ctr 17 2 7 15 30 60 120 200
a-2FpGal concentration (uM)

Day
a-2FpGal 2 uM; n=7
—>— a-2FpGal 30 pM; n=9
- A= a-2FpGal 200 pM; n=5

1 2 7 15 30 60 120 200
a-2FpGal concentration (uM)

Figure 5.1 — (A) Viable cell densities of cell line A cultures supplemented with 0-200 uM of
a-2F-peracetyl-galactose. (B) Viabilities. (C) Product titers on day 10. (D) Product titers in
the harvest on day 14. The number of replicates of each condition is indicated in chart A. All
points are mean values of the corresponding replicates and the error bars report the standard

deviation of the replicates.
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peak cell density (8.9-10.8 x 10° VC/mL) than in the control (6.2 x 10° VC/mL). Although these
values were higher than the control, one should notice that the error between the replicates of
each concentration between 1 and 30 M on day 7 fluctuated between 20 and 40%. Hence,
due to this variability, @-2F-p-galactose did not considerably impact cell growth up to 30 uM.
At higher concentrations, the presence of the galactose analog inhibited cell growth, shifting
the maximum peak cell density to day 5. At 60 uM it reached 3.6 x 10° VC/mL and at the
highest concentration it further decreased to 2.2 x 10° VC/mL. As a consequence, at 60, 120
and 200 uM the viabilities strongly decreased with time and ended at < 30% (figure 5.1B). As
presented in figures 5.1C and D, no clear titer trend was observed both on day 10 and 14. The
error bars indicate that the variability was important and no significant antibody production
reduction resulted at all the tested concentrations. Titers at harvest ranged between 824 and
1367 mg/L.

The control culture yielded 10% galactosylated species. Figure 5.2A shows that a-2F-p-galact-
ose reduced the attachment of terminal galactose on the FA2 entity. Substantial reductions
resulted in cultures containing 30, 60, 120 and 200 uM a-2F-p-galactose. The absolute change
amounted to —1.3, —2.8, —3.5, and —4.8%, respectively. Changes for high mannose, afuco-
sylated and fucosylated species were small and in light of the analytical variability can be
neglected. According to figure 5.2B, the level of A2 forms remained unchanged. FA2G1, the
predominant galactosylated form, declined by —1.1, —2.5, —3.1, and —4.4%, respectively. As
for the digalactosylated form, FA2G2, the change resulted in —0.17, —0.30, —0.33, —0.38%,
respectively at 30, 60, 120 and 200 uM «a-2F-p-galactose.
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Figure 5.2 — (A) Absolute change of the overall glycosylation pattern compared to the control in
function of the a-2F-p-galactose concentration in medium. (B) Absolute change of galactosy-
lation compared to the control in function of the a-2F-p-galactose concentration in medium.
All points are mean values of the corresponding replicates analyzed by CGE-LIF and the error
bars report the standard deviation of the replicates.
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In the case of the fluorinated sialic acid analogs, the position of the fluorine affected the
inhibition level of the corresponding glycan transferase !'?. Hence, the next step aimed to
study the effect of the f-anomer of 2F-p-galactose at the same concentrations as for the
a-anomer. The control culture reached a maximum cell density of 6.3 x 106 VC/mL on day
5 (figure 5.3A). At concentrations beyond 60 uM growth inhibitory effects began to appear.
At highest concentration (200 uM), the peak settled at 1.0 x 108 VC/mL. Similarly to the a-
anomer, no clear titer trend was apparent (figure 5.3B). In general, the variability within one
concentration range was important, which shows the need to confirm the observed trends at
larger scale.

One more time, the galactosylation decrease was proportional with the §-2F-p-galactose
concentration. According to figure 5.4A, 30, 60, 120, and 200 uM cut back the overall galacto-
sylation levels by —2.2, —4.2, —5.4, and —6.7%, respectively. The monogalactosylated glycan
was the main contributor once again. It respectively decreased by —2.0, —3.8, —5.0, and —6.2%,
while the entirely galactosylated form (FA2G2) slightly varied from —0.23, —0.41, —0.44 to
—0.53% (figure 5.4B). Both anomers affected the cell culture performance and the galactosyla-
tion inhibition in a similar manner in 96-DWP.

At this stage, the 2F-p-galactose supplementation was repeated in shake tubes to verify the
reproducibility of the 96-DWP results and to test the response when culturing a different
cell line. Figure 5.5A shows the viable cell density of cell line A cultures in ST at 30, 60 and
90 uM a-2F-p-galactose in the medium. The control culture reached the highest density on
day 7, climbing up to 19.5 x 106 VC/mL. The a-galactose analog supplementation exhibited
no growth inhibitory effect in the first part of the culture. Nonetheless, cell densities were
slightly lower from day 10 until the end of the culture. On day 14, the control cultures were
harvested at a density of 11.5 x 108 VC/mL. The supplemented cultures were in the range of 8.4
t0 9.9 x 10° VC/mL. Experiments with 60 uM f-2F-peracetyl-galactose peaked considerably
lower at 12.8 x 108 VC/mL. The data points before and after were however comparable to the
a-anomer and the measured peak cell density was lower than the cell counts on days 5 and 10.
Moreover, the viable cell density was higher than in the a-cultures. Viabilities were comparable
on day 7 (figure 5.5B). It is therefore possible that this difference was rather due to an analytical
artefact, stemming from the imaged based cell fluorescent analyzer. This hypothesis is further
supported by the fact that protein concentrations in the supernatant of the -2F-p-galactose
containing ST were comparable to the control at culture days 5, 7, 10, 12 and 14, yielding
2225 mg/L. Likewise, the product titers of the a-anomer were comparable at all time points,
attaining at the end of the culture 2115, 2050, 2130, 2225 mg/L, respectively, in the control,
at 30, 60 and 90 M. Unlike 96-DWPB in ST no detrimental effect on cell culture performance
was observed in the entire concentration range between 0 and 90 uM «a-2F-p-galactose and at
60 uM B-2F-p-galactose. In comparison, ammonium, a well-known galactosylation inhibitor,
hampered cell growth and viability. The addition of the ammonium salt into the cell culture
broth on day 5 caused reduced cell densities, viabilities as well as product titers (-15% on day
14).
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Figure 5.3 — (A) Viable cell densities of cell line A cultures supplemented with 0-200 uM of -
2F-peracetyl-galactose. (B) Harvest titer (day 14). The number of replicates of each condition
isindicated in chart A. All points are mean values of the corresponding replicates and the error
bars report the standard deviation of the replicates.
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Figure 5.4 — (A) Absolute change of the overall glycosylation pattern compared to the control in
function of the 3-2F-p-galactose concentration in medium. (B) Absolute change of galactosy-
lation compared to the control in function of the 3-2F-p-galactose concentration in medium.
All points are mean values of the corresponding replicates analyzed by CGE-LIF and the error
bars report the standard deviation of the replicates.

According to figure 5.6 the galactosylation inhibiting effects of the galactose analog observed
in 96-DWP were confirmed in ST. The total level of galactosylation decreased by —2.0, —4.6
and —4.5% at respectively 30, 60 and 90 uM a-2F-peracetyl-galactose and by —5.0 with 60 uM
B-2F-peracetyl-galactose. The monogalactosylated form changed by —1.9, —4.3, —4.3% at
respectively 30, 60 and 90 uM «a-2F-peracetyl-galactose and by —4.7% in the presence of the
B-anomer. The entirely galactosylated glycoform slightly decreased between —0.1 and —0.3%.
Overall, the performance of the two anomers was comparable. One could argue that the -
form displayed a slight tendency towards enhanced inhibition. On the other hand, ammonium
supplementation further enhanced the inhibition effect, yielding a —7.2% reduction. Neverthe-
less, the use of 2F-p-galactose is worthwhile due to its high specificity which limits the effect
on other glycan species. The ammonium concentration was correlated with increases = 1%
of high mannose species, afucosylated and fucosylated species, revealing its lower degree of
specificity.

The medium supplementation of a-2F-peracetyl-galactose was also evaluated in cell line B. As
figure 5.7A highlights, the overall viable cell densities of the 30 and 60 uM a-2F-p-galactose ST
cultures were comparable to the control, which reached a maximum cell density of 11.2 x 10°
VC/mL on day 7. A level of 90 uM led to reduced cell growth, peaking at 10.0 x 106 VC/mL.
The viabilities of the entire supplement concentration range were comparable (figure 5.7B).
Intermediated concentrations (30 and 60 yM) kept the productivity unchanged (figure 5.7C).
The highest inhibitor concentration entailed a little titer reduction. At harvest (day 14), it
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Figure 5.5 — (A) Viable cell densities of cell line A cultures supplemented with 0-90 uM a-
2F-peracetyl-galactose, 60 uM f-2F-peracetyl-galactose, or 10 mM ammonium in ST. (B)
Viabilities. (C) Protein titer for each concentration on culture days 5, 7, 10, 12 and 14. Each
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Figure 5.6 — (A) Absolute change of the overall glycosylation pattern compared to the control in
function of the a- and B-2F-p-galactose concentration in medium in comparison with 10 mM
ammonium in cell line A cultures. (B) Absolute change of galactosylation compared to the
control in function of the a- and §-2F-p-galactose concentration in medium in comparison
with 10 mM ammonium. Each condition was conducted in duplicates. All bars represent mean
values of the corresponding conditions analyzed by CGE-LIF and the error bars report the
maximum and minimum values.
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yielded 3200 mg/L (control: 3300 mg/L).
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Figure 5.7 — (A) Viable cell densities of cell line B cultures supplemented with 0-90 uM «a-2F-
peracetyl-galactose in ST. (B) Viabilities. (C) Protein titer for each concentration on culture
days 5, 7, 10, 12 and 14. Each condition was conducted in duplicates. All points are mean
values of the corresponding conditions and the error bars report the maximum and minimum
values.

Figure 5.8A shows the absolute glycan change in function of the a-2F-peracetyl-galactose
concentration in the medium. Like for cell line A, the galactose analog reduced galactosylation.
The reduction amounted to —0.7, —1.6 and —1.1% at respectively 30, 60 and 90 uM. Its presence
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also had a non negligible effect on the overall fucosylated species (+0.9%). Figure 5.8B zooming
in the individual terminal galactose species displays a —0.6, —1.3 and —0.9% decrease for FA2G1
and small change of the FA2G2 abundance of —0.09, —0.19 and —0.19% at respectively 30,
60 and 90 uM. One should keep in mind that 2AB-UPLC rather than CGE-LIF was used to
quantity the glycan pattern of cell line B cultures.

A B

Absolute glycosylation change (%)
Absolute glycosylation change (%)

Da-2FpGal 30 pM | a-2FpGal 60 pM Ba-2FpGal 90 pM

Figure 5.8 — (A) Absolute change of the overall glycosylation pattern compared to the control
in function of the a-2F-p-galactose concentration in medium of cell line B cultures. (B)
Absolute change of galactosylation compared to the control in function of the a-2F-p-galactose
concentration in medium of cell line B cultures. Each condition was conducted in duplicates
and analyzed by 2AB-UPLC. All bars represent mean values of the corresponding conditions
and the error bars report the maximum and minimum values.

Rather than supplementing the medium prior to inoculation, it was decided to start the
galactose addition on day 3, 5 or 7. Figure 5.10A shows how -2F-p-galactose affected the
viable cell density in function of the addition time. The peak cell densities were reached on day
7. No significant difference between the control and the on day 3 supplemented cultures was
observed. They both levelled off at 20.8 and 21.2 x 10° viable cells/mL, respectively. The feed
on day 5 reduced the maximum cell density, reaching 18.6 x 10° viable cells/mL. Overall, it
can be assumed that the presence of 3-2F-p-galactose induced limited changes on cell growth
until day 7. In the second half of the culture, both the cell density and the viability (5.10B) are
correlated with the feed timing. Supplementation on day 3 most strongly impacted the course
of the culture. At harvest, the cell density amounted to 9.8 x 10°® viable cells/mL (control: 11.8 x
108 viable cells/mL). The viability dropped notably faster than in the control, falling below 60%.
Feed addition on day 5 and 7, respectively, entailed viabilities on day 14 of 78 and 90% (control:
93%). According to figure 5.10C no clear titer trend came forward. Early supplementation
induced a slight titer increase on days 7 and 10, but then reduced productivity at later stages
of the culture. While the control yielded 2870 mg/L, supplementation on day 3, 2560 mg/L.
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The addition of 8-2F-p-galactose on day 5 favored antibody expression, producing 3215 mg/L.
Addition on day 7, resulted in a considerably lower protein titer: 2100 mg/L. In comparison to
media supplementation, introducing -2F-p-galactose by means of feeding, limits detrimental
effects on the cell performance. Even when starting the feed on day 7, the final additive
concentration in the supernatant was considerably higher than in media supplementation,
where important growth and productivity reduction resulted as mentioned previously.

Feed optimization, using -2F-p-galactose resulted in an important inhibition of galacto-
sylated glycoforms as shown in figure 5.10. 11.5% of the secreted antibodies in the control
were galactosylated. Feed addition from day 3 resulted in the strongest inhibition: overall
galactosylation decreased by —8.5%. Conditions starting the feed on day 5 and 7 brought
about reductions of —7.0 and —4.6%, respectively. Like in the medium supplementation ex-
periments, B-2F-p-galactose specifically target galactosylation. Effects on the other glycan
species remained small. The mono-galactosylated species dropped by —8.0, —6.7 and —4.4%,
while the di-galactosylated entity decreased by —0.41, —0.33 and —0.19 when starting the feed
on day 3, 5 and 7, respectively (figure 5.10). The amplitude of the galactosylation inhibtion was
correlated with the start date of the supplement feed, and thus, the level of 5-2F-p-galactose
in the supernatant.

5.3.2 Spermine

In the frame of an exploratory screening exercise using cell line A in 96-DWP a correlation
between spermine supplementation and galactosylation inhibition was observed. In figure
5.11A one can note that spermine supplementation of 1 to 200 uM favored cell growth. The
control cultures reached the maximum viable cell density of 8.2 x 10° cells/mL. At spermine
concentrations between 1 and 20 uM the peak moved to day 7 and further increased with
greater supplement concentrations, reaching a maximum value of 18.6 x 10° VC/mL. High
concentrations (= 50 uM) reduced growth once again. According to figure 5.11B, spermine
increased the cell viability. Both on day 10 and 14, the productivity became more abundant
between 1 and 20 uM (figures 5.11C and D). Beyond, the antibody production tapered. On
average, the control cultures yielded 620 mg/L, and at a concentration of 20 uM spermine, it
ascended to 1669 mg/L.

Spermine already produced a strong galactosylation inhibition at the lowest concentration
(figure 5.12A). At 1 uM, areduction of —3.1% resulted and progressively increased to —3.4, —4.7,
—-5.0, -5.9, and —7.0% at respectively 5, 10, 20, 50, and 100 uM. At 200 uM the galactosylation
level declined by —5.7%. Spermine addition exhibited a limited effect on high mannose,
afucosylated as well as fucosylated species. The predominant galactosylated species (FA2G1)
mainly contributed to the observed effect (figure 5.12B). It decreased by —2.9, —3.0, —4.3, —4.6,
—-5.4,-6.5,and —-5.3% at 1, 5, 10, 20, 50, 100, and 200 uM, respectively. The digalactosylated
glycan varied to a lower extent. The decrease with respect to the control amounted —0.2 to
—0.5%.
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Figure 5.9 — (A) Viable cell densities of cell line A cultures in function of the feed timing of
B-2F-p-galactose in ST. (B) Viabilities. (C) Protein titer for each condition on culture days 5, 7,
10, 12 and 14. Experiments were conducted in duplicates. All points are mean values of the
corresponding conditions and the error bars report the maximum and minimum values.
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Figure 5.10 — (A) Absolute change of the overall glycosylation pattern compared to the control
in function of the feed timing of 3-2F-p-galactose in cell line A cultures. (B) Absolute change
of galactosylation compared to the control in function of the feed timing of 3-2F-p-galactose
in cell line A cultures. Experiments were conducted in duplicates and supernatant analyzed by
CGE-LIE All bars represent mean values of the corresponding conditions and the error bars
report the maximum and minimum values.

5.3.3 L-ornithine

According to figure 5.13, L-ornithine addition in the range of 0.5 to 15 mM had no significant
influence on the cell culture performance of cell line A. Peak cell density was reached on day
5 or 7. Maximum values were in the interval of 7.6 to 10.8 x 10° VC/mL. The mean viabilities
of the control decreased faster than the supplemented conditions. Nonetheless, due to the
high inter-replicate variability, the behavior of the cultures were likely similar. Despite the
important variability, one can notice that L-ornithine may have effected a small titer increase
at the end of the culture (figure 5.13D).

In the tested L-ornithine concentration range, the overall glycosylation levels decreased in the
range between —1.9 and —4.4% (figure 5.14A). Contrary to 2F-p-galactose and spermine, in-
creasing concentrations did not bring about stronger galactosylation effects. Already at 0.5 mM
L-ornithine in the medium galactosylation decreased by —4.2%. High mannose, afucosylated
and fucosylated species did not vary significantly. According to figure 5.14B, L-ornithine re-
duced mono-galactosylated forms (FA2G1) by —1.8 to —3.9%. The inter-replicate variability of
the di-galactosylated form was in general greater than the mean reduction.
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Figure 5.11 — (A) Viable cell densities of cell line A cultures supplemented with 0-200 uM of
spermine. (B) Viabilities. (C) Product titers on day 10. (D) The titer in the harvest on day 14. The
number of replicates of each condition is indicated in chart A. All points are mean values of
the corresponding replicates and the error bars report the standard deviation of the replicates.
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Figure 5.12 — (A) Absolute change of the overall glycosylation pattern compared to the control in
function of the spermine concentration in the medium. (B) Absolute change of galactosylation
compared to the control in function of the spermine concentration in the medium. All points
are mean values of the corresponding replicates analyzed by CGE-LIF and the error bars report
the standard deviation of the replicates.

5.4 Discussion

2F-peracetyl-galactose consistently and reproducibly diminished the level of galactosylation
in 96-DWP and ST in two different cell lines. The performance of the a@- and -anomers was
comparable in cell line A. A maximal reduction of —5% resulted in the presence of 60 uM
B-2F-peracetyl-galactose in ST with comparable cell culture performance. Stronger inhibi-
tion effects were observed at higher concentrations in 96-DWP at the expense of growth and
titer reductions. The glycosylation machinery of cell line A responded more strongly to the
presence of a-2F-peracetyl-galactose than cell line B. The galactose analog at 60 uM reduced
galactosylation by —4.6% in cell line A versus —1.6% in cell line B. This highlights that the
metabolism of each cell line may react in a different manner to various medium compositions,
and hence environmental changes. Feed optimization proofed to be an excellent strategy
to further enhance the effect of the supplement. While media supplementation with 5-2F-
peracetyl-galactose in cell line A induced a maximum reduction of the overall galactosylation
level of —5.0%, feed supplementation yielded a —8.0% decrease, which corresponds to a 60%
stronger effect. Furthermore, feed supplementation allowed to increase the total amount of
the additive, entailing considerably smaller detrimental effects on cell culture performance
in comparison with medium supplementation. Possibly 2F-peracetyl-galactose specifically
inhibits galactosyltransferase as 2F-peracetyl-fucose and 3F-neuramic acid do their corre-
sponding enzyme as described in the literature''?. To confirm this hypothesis, more specific
enzymatic assays are required. Spermine addition to the medium resulted in a comparable
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Figure 5.13 — (A) Viable cell densities of cell line A cultures supplemented with 0-15 mM of
L-ornithine. (B) Viabilities. (C) Product titers on day 10. (D) The titer in the harvest on day
14. The number of replicates of each condition is indicated in chart A. All points are mean
values of the corresponding replicates and the error bars report the standard deviation of the
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Figure 5.14 — (A) Absolute change of the overall glycosylation pattern compared to the control
in function of the L-ornithine concentration in the medium. (B) Absolute change of galactosy-
lation compared to the control in function of the L-ornithine concentration in the medium.
All points are mean values of the corresponding replicates analyzed by CGE-LIF and the error
bars report the standard deviation of the replicates.

reduction of galactosylation levels in 96-DWP. These findings need to be confirmed in ST.
On the other hand, L-ornithine did reduce galactosylation, but no proportionality with the
supplement concentration was observed. The absence of trend may be explained by the fact
that the L-ornithine concentration range was too high and the maximum inhibition level had
already been reached. It would be worthwhile to test lower concentration ranges in spin tubes
to validate this hypothesis and to confirm the observed inhibition effects in 96-DWP. The
results show that both medium and feed supplementation of galactose analogs, a polyamine
and a non proteinogenic amino acid consistently and specifically reduced the level of galacto-
sylation in fed-batch cultures. A report described the role of spermine in the maturation of
intestinal galactosylation in rat intestine, showing that the amount of digested polyamines
correlated with increased galactosyltransferase activity?3. Interestingly, in the same study
spermine had no influence on the galactosyltransferase activity in vitro. They concluded
that the maturation of intestinal galactosylation may well be a multifactoral event in which
spermindine and spermine are implicated. They further observed that spermine substitution
by L-ornithine, a polyamine precursor, resulted in similar galactosyltransferase activity in vivo,
and like in the case of spermine, L-ornithine did not directly affect the enzyme activity in vitro.

In the experimental conditions of the present study, galactosylation decreased with increasing
levels of spermine. For the time being, the results show that spermine plays a role in glycosyla-
tion, however mechanistic studies will be required to understand how spermine affects the
glycosylation pathway in CHO-cells. Moreover, spermine supplementation entailed a consid-
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Chapter 5. Specific Inhibition of Galactosylation

erable increase of the cell density. The peak cell density doubled at concentration of 20 uM.
The literature has reported a link between spermine and growth. Depletion of spermine and
spermidine led to an entire arrest in translation and growth in HEK293 cells, and a direct role
for polyamines in the initiation of translation was suggested?*?. Other scientists observed
that polyamines were needed at the initiation and at the elongation steps of translation: they
showed that spermine is a precursor in the hypusination of the eukaryotic initiation factor 5A
(eIF5A) that acts as a translation elongation factor?4!. These findings are congruent with the
increased cell proliferation in the experimental conditions of the present study.

The results of this work show that the presented approach can be successfully used to identify
potential galactosylation modulators. The screening of compounds in a high-throughput
device such as 96-DWP allowed to identify potent compounds, to determine optimal con-
centration ranges and to conduct a preliminary assessment of potential detrimental effects
on growth and productivity. The trends observed in 96-DWP were confirmed in the more
robust ST scale following the example of previous work?®. Hence, the larger variability of 96-
DWP was not an obstacle. No major differences were observed for a-2F-peracetyl-galactose,
using either CGE-LIF or 2AB-UPLC for glycan analysis. CGE-LIF provided a good peak res-
olution for galactosylation and the co-elution of various high mannose species was not a
concern. Due to its much higher throughput, CGE-LIF is the assay of choice for screening of
galactosylation-modulating compounds.

5.5 Conclusion

Changes of the environment in which mammalian cells were cultured in induced modifi-
cation of the cell metabolism, resulting in an altered galactosylation pattern. Medium and
feed supplementation with galactose analogs (a- and B-peracetyl-galactose), spermine and
L-ornithine specifically reduced the level of galactosylation of mAbs. Media supplementation
worked well, nonetheless, feed supplementation further increased galactosylation inhibition,
while limiting detrimental effects on cell culture performance. This targeted metabolic ap-
proach proofed to produce consistent and reproducible changes of the pathway involved in
the attachement of terminal galactose onto the existing N-glycan moeity of mAbs. The results
demonstrate that high-throughput fed-batch cultures in 96-DWP allow to identify potent
compounds and to define optimal concentration ranges prior to scaling up to the more robust
shake tube scale. Galactosylation modulation trends observed in 96-DWP were confirmed in
shake tubes.
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Chapter 6

Identification of Compounds
Influencing Low-Molecular-Weight
Species

6.1 Introduction

Therapeutic biomolecules have revolutionized the treatment of patients?*?. Contrary to the
proteins of animal origin, recombinant analogs of insulin from E.coli cultures and human
growth hormone produced in mammalian cells have provided the patients with access to safer
and more efficacious drug products from the advent of biotechnology until today. They en-
abled purity improvements of insulin preparations, for instance, and patients treated with this
biotherapeutic displayed lower prevalence and titers of anti-insulin antibodies®. While recom-
binant drugs are in general well tolerated and their advantages largely outweigh the downsides,
their safety and efficacy can be severely impaired by the development of immunogenic re-

actions against the therapeutic protein?43

. Many parameters affect protein immunogenicity,
including structural features (sequence variation and glycosylation), storage conditions (denat-
uration, or aggregation caused by oxidation), contaminants or impurities in the preparation,
dose and length of treatment, as well as the route of administration, appropriate formulation
and the genetic characteristics of patients'3. Among some glycoforms, high mannose and
galactose-1,3-a-galactose (a-gal) are highly immunogenic and in most cases should be limited
during manufacturing?%®. Immunogenicity may lead to many clinical consequences, such as
altered pharmacokinetics of the proteins and inhibition of the therapeutic effect or the neu-
tralization of essential endogenous proteins?#*. A report described the capacity of the immune
system to produce specific antibody responses due to immunogens of differing molecular
weight and size and identified a threshold for immunogenicity of 10 kDa?*°. Intense research
efforts have been dedicated to predict and reduce immunogenicity?*%. In line with the huge
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Chapter 6. Low-Molecular-Weight Species

's247 the administered doses have mas-

success of monoclonal antibodies since the late 1990
sively multiplied?*®. On the other hand, in a study with twenty-eight single clonal CHO cell
lines, correlations were identified between the antibody titer and the level of both aggregation
and low-molecular species?4Y. They concluded that correct and efficient antibody assembling
and/or folding are indispensable for high titer and low aggregates contents. Protein aggre-
gation is a common issue for quality, safety, and efficacy of antibodies 1. These also called
high-molecular-weight species (HMW) have to be limited to avoid immunogenic reactions in
the injected patients. It is also important to keep in mind that the productivity of recombinant
cell culture processes has substantially increased from 50 mg/L in batch to titers of 10 to 13 g/L
nowadays in fed-batch culture of 2 to 3 weeks 3334, Moreover, the literature describes how cell
culture conditions can be identified to control protein aggregation in CHO cell cultures®*.
A variety of chromatographic resins have been designed for efficient aggregate removal. A
selection of these resins were included in the proprietary purification platform process. It
efficiently reduces the level of aggregation throughout the chromatography steps, enabling to
reach low levels thereof. For this reason, this chapter solely focuses on low-molecular-weight
species. Their removal in the purification proves to be a greater challenge and arises the need
to adjust cell culture conditions to reduce cleavage and/or protein expression errors. A variety
of adverse effects stems from fragmentation, including reduced biological activity, shorter
half-life and immunogenicity reactions 8.

Literature seems to agree upon the fact that mammalian cell culture may entail formation of
low-molecular-weight species. Only a few article address the origin thereof and provide specific
mechanistic insight for the context of cell culture processes. The quality of the folding process
plays an important role on the abundance of LWM species?*°. On the other hand, heavy and
light chains are connected to each other via disulfide bridges>°. Both the disruption of these
bonds and the cleavage of a covalent peptide bond by coexistent spontaneous and enzymatic
reactions have been evoked to be at the core of LMW formation®®. The sites in the flexible
hinge region of mAbs within the constant heavy 1 and 2 domains (CH1 and CH2) and around
domain interfaces are most prone to fragmentation!’*187_ Known for its ability to provide
oxidizing potential in redox reactions, copper plays a pivotal role in non-enzymatic cleavage '8°.
Increasing concentration of cupric ions in solution resulted in greater fragmentation rates
and inhibited by chelating agents!'"®

thioredoxin system (TrxR), glucose-6-phosphate dehydrogenase (G6PD), and hexokinase have
185,186

. Moreover, three enzymatic mechanisms including the

been identified to be responsible for disulfide bond reduction

The proprietary mammalian cell culture platform process has been optimized to deliver con-
sistently high titers, using fed-batch mode. This is achieved by maintaining high cell viabilities
(= 80%) until the end of the culture. A relatively small percentage of the expressed antibodies
aggregate and are cleaved. However, due to the poor fragment removal in the purification
process, they have to be limited in cell culture. This chapter presents potential compounds and
mechanisms influencing the production of low-molecular-species. High-throughput media
blending approaches?%27:251

tion provided by the literature and hypotheses resulting from the experimental results. Due to

and mechanistic studies were called upon based on the informa-
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the relatively few number of scientific reports that address LMW formation in mammalian
cell culture, it was decided to perform a general reshuffling of the platform medium compo-
nents to identify potential levers for LMW content reduction. In-house development data
provides evidence that the medium composition plays an important role in the underlying
mechanisms: when the proprietary medium was replaced by a commercial medium the LMW
level was significantly lower in some cases. Subsequently, the predominant LMW species were
identified by in-depth analysis of the chromatograms. Thus, potential cleavage mechanisms
were proposed based on the nature of the fragment species in the proprietary cell culture
process.

Despite the exploratory nature of the study, the results show that a combination of media
blending of fed-batch cultures in 96-deepwell plates with no prior specific mechanistic knowl-
edge related to the proprietary platform process allowed to observe trends and provide evi-
dence that the hypotheses may be confirmed in future confirmation experiments. The data
also highlight the fact that this early research needs to be further advanced until final con-
clusions can be drawn. Nonetheless, high-throughput screening proved to be, once again, a
powerful method to search for the needle in the haystack. The identified levers in 96-DWP ori-
ented the search target, thus narrowing down the scope of the subsequent testing of additional
compounds and mechanistic studies.

6.2 Materials and Methods

6.2.1 Inoculum Preparation

Two recombinant cell lines were used in the frame of this study. A CHO-S derived clonal
cell line expressing a human monoclonal IgG1 antibody (cell line A) and a CHO-K1 derived
clonal cell line expressing a humanized monoclonal IgG1 antibody (cell line B). Cells were
first expanded in shake tubes or shake bottles in proprietary medium containing methionine
sulfoximine (MSX) in multiple passages every 2-3 days, diluting to 0.2 or 0.3 x 10° viable
cells/mL for at least 14 days. The tubes were maintained in a shaker incubator at 36.5 °C, 5%
CO3, 80% humidity and 320 rpm agitation (ISF1-X, Adolf Kiihner, Birsfelden, Switzerland or
Multitron Cell, Infors HT, Bottmingen, Switzerland).

6.2.2 Cell Culture Conditions

The high-throughput fed-batch cell culture was performed on a robotic liquid handling
platform (Biomek FX, Beckman Coulter, Brea, CA). Exponentially growing CHO-S cells were
seeded into a shaking 96-DWP filled with proprietary medium enriched with amino acids in
the absence of MSX at a viable cell density of 0.30 x 108 viable cells/mL and exponentially
growing CHO-K1 cells at 0.20 x 106 viable cells/mL. Table 6.1 shows the concentration ranges of
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the amino acid concentration increases in the cell culture medium before seeding. The plates
were incubated with vented lids to minimize evaporation in a shaker incubator at 36.5 °C,
5% CO2, 90% humidity and 320 rpm agitation (ISF1-X, Adolf Kiihner, Birsfelden, Switzerland)
for 14 days. 400 g/L glucose solution, chemically-defined feed (CD-feed) containing over 30
components and alkaline amino acid solution were added on day 3, 5, 7, 10 and 12. Prior to
each feeding and at the end of the culture on day 14, samples (< 40 uL) were drawn for growth
and viability assessment and product titer quantification (data not shown).

Experiments in this study were also conducted in TPP® TubeSpin bioreactor tubes (referred
to shake tubes or ST) filled with supplement enriched proprietary medium according to table
6.1 in the absence of MSX. CHO-S cells were seeded at a viable cell density of 0.30 x 10° viable
cells/mL and CHO-KI1 cells at 0.20 x 10° viable cells/mL. The tubes were incubated in a shaker
incubator at 36.5 °C, 5% CO,, 80% humidity and 320 rpm agitation (ISF1-X, Adolf Kiihner,
Birsfelden, Switzerland) for 14 days. Chemically defined feed containing over 30 components
and alkaline amino acid solution were added on day 3, 5, 7 and 10, while the 400 g/L glucose
solution was added on these days and on day 12 in addition. Prior to each feeding and at the
end of the culture (day 14), aliquots (< 2.5 mL) were taken for viable cell counting, extracellular
metabolite profiling and product titer determination (data not shown).

Table 6.1 — Concentration ranges of cell culture medium supplements in medium prior to
inoculation.

Compound Scale  Medium Component Addition Supplier
Cysteine 96-DWP Yes 0-6 mM  Sigma Aldrich
ST Yes 0-50 mM  Sigma Aldrich
Alanine 96-DWP Yes 0-12mM Sigma Aldrich
Glycine 96-DWP Yes 0-12mM Sigma Aldrich
Histidine 96-DWP Yes 0-12mM Sigma Aldrich
Isoleucine 96-DWP Yes 0-12mM Sigma Aldrich
Methionine 96-DWP Yes 0-12mM Sigma Aldrich
Proline 96-DWP Yes 0-12mM Sigma Aldrich
N-acetyl-cysteine ST No 0-2mM  Sigma Aldrich
Ferric ammonium citrate ST Yes 0-225 uM Merck
Cupric sulfate ST Yes 0-225 uM Merck
Zinc sulfate ST Yes 0-225 uM Merck

To further study the effect of cysteine, the amino acid was added throughout the culture as
part of the feed instead of medium supplementation. The cell seeding density was set to
0.30 x 10° viable cells/mL for cell line A and to 0.20 x 10° viable cells/mL for cell line B. The
exponentially growing cells were inoculated in proprietary medium only (in the absence of
MSX). The high-throughput fed-batch cell culture was performed on a robotic liquid handling
platform (Biomek FX, Beckman Coulter, Brea, CA). The plates were incubated with vented lids
to minimize evaporation in a shaker incubator at 36.5 °C, 5% CO>, 90% humidity and 320 rpm
agitation (ISF1-X, Adolf Kiihner, Birsfelden, Switzerland) for 14 days. 400 g/L glucose solution,
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chemically-defined feed containing over 30 components and alkaline amino acid solution
were added on day 3, 5, 7, 10 and 12. Cysteine (Merck) concentrations in the chemically-
defined feed ranged between 0 and 30 mM for cell line A and 0 and 50 mM for cell line B. Prior
to each feeding and at the end of the culture on day 14, samples (< 40 uL) were drawn for
growth and viability assessment and product titer quantification (data not shown).

The effect of chelating agents ethylenediaminetetraacetic acid (EDTA) dimercaptosuccinic
acid (DMSA) were studied at the end of the cell culture. They exhibited detrimental effects on
the growth when added at the beginning or during the culture. To circumvent the toxic effects,
the supernatant was supplemented at the end of culture on day 14 prior to harvesting with
EDTA or DMSA at different concentrations according to table 6.2.

Table 6.2 — Concentrations of chelating agents added to the supernatant before harvesting
(day 14).

Compound Scale Concentration Ranges Supplier

EDTA ST 0-2.2 mM Sigma Aldrich
DMSA ST 0-2.2mM Sigma Aldrich

6.2.3 Analytical Methods for Cell Culture Performance

Growth and viability assessment of 96-DWP cultures was performed on a Guava easyCyte
(Merck Life Science, Darmstadt, Germany), while for shake tube and 3.5-L bioreactor cultures
a Vi-Cell analyzer (Beckman Coulter, Brea, CA). The product titer of the 96-DWP cultures
was analyzed on day 14 by an Octet® (forteBIO, Menlo Park, CA), using Protein A sensors.
Each sample was diluted 20-40 times into a dilution buffer (PBS pH = 7.4, BSA 1 g/L, Tween
20 at 0.02 %). The sensors were regenerated with aqueous buffer containing 10 mM glycine-
HCl at pH 1.5 and neutralized with the dilution buffer. Titer quantification of samples from
shake tubes collected on day 14 was performed, using a Biacore C instrument (GE Healthcare,
Waukesha, WI).

6.2.4 Analysis of Low-Molecular-Weight Species Content

At the end of each 96-DWP and ST fed-batch experiment (day 14), the supernatant was purified
on small-scale affinity columns (PhytipsVR, PhyNexus, San Jose, CA), eluting in 20 mM citric
acid, 20 mM POi‘ buffer. Following neutralization in 0.5 M Tris, the low-molecular-weight
species content of the eluates was analyzed by LabChip GXII protein assay (PerkinElmer,
Waltham, MA). All solutions mentioned hereafter were supplied by PerkinElmer, Waltham,
MA. The chip and the reagents were equilibrated at room temperature for 20-30 minutes. The
protein express gel matrix was added into the protein express dye solution to prepare the
gel-dye. For destain solution preparation, the protein express gel matrix and the gel-dye were
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centrifuged at 9300 rcf for 5 minutes at RT. Each well was rinsed and aspirated twice with
ultra-pure water. Then both the destain solution and the gel-dye were added onto the chip. In
addition, the protein express lower marker was added. Both sides of the chip window were
cleaned with the supplied clean room cloth dampened with 70% isopropanol. The denaturing
solution was obtained, mixing dithiothreitol with protein express sample buffer. The Phytips
eluates were added into the denaturing solution. The protein express ladder was subsequently
transferred to a microcentrifuge tube. The samples and the ladder were denatured at 100 °C for
5 minutes. At this time, ultra-pure water was added to the samples and to the ladder and both
were mixed. After sample transfer to a microtiter plate, the prepared latter was transferred to
the provided ladder tube. Finally, protein express wash buffer was added. The analysis was
performed, using LabChipGX (PerkinElmer, Waltham, MA)

6.3 Results

6.3.1 Amino Acids

As part of a broader amino acid screening, it was observed that cysteine concentration in
the medium correlated with the level of low-molecular-weight species in cell line 96-DWP
cultures. Figure 6.1A shows that the LMW content ranged between 1.4 and 2.1% with no
additional cysteine supplementation (0 mM). It is not clear whether this range corresponds
to the natural process variation. Analytical variability amounts to 2.4%, and therefore, does
not explain this wide range. It is also possible that increased levels of one of the amino acids
alanine, glycine, histidine, isoleucine, methionine, and proline contributed to the variation at
the low cysteine level. Nonetheless, higher cysteine levels in the cell culture medium exhibited
atendency of more abundant LMW formation. A concentration difference of 6 mM favored the
fragmentation of the expressed antibody. The LMW levels ranged between 2.6 and 2.8%. The
goodness of fit of the linear regression (R?) amounted to 61.9% and its slope was statistically
significant (p-value = 0.000). The experiment was repeated, adding the cysteine during the
culture in the CD-feed. Likewise, the cysteine feed supplementation was part of a global
amino amino acid screening experiment. At 0 mM, the LMW varied between 3.7 and 6.2%
(figure 6.1B). Hence, glycine, proline, serine, tyrosine, threonine, may also have induced a
greater variation. Once again, the LMW levels tended to climb when more cysteine was added.
For instance, at 25 mM, LMW varied between 5.1 and 8.5%. The goodness of fit of the linear
regression (R%) was 52.4%. The slope of the line was significant (p-value = 0.000).

To further study whether this increasing trend was limited to one cell line or if a similar
effect may be observed in another as well, a screening experiment was performed with cell
line B in 96-DWP. In figure 6.2A, a tendency towards higher LMW levels with higher cysteine
concentrations can be noticed. If no additional cysteine is added, LMW varied between 2.1
and 3.2%. Like in the above described experiment with cell line A, at this cysteine level the
medium contained higher levels of one of the following amino acids: alanine, glycine, histidine,
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Figure 6.1 — (A) LMW levels of cell line A cultures in 96-DWP in function of the cysteine
concentration increase in the medium prior to inoculation, including the linear regression line
(equation: LMW (%) = 1.722 +0.1517 cysteine (mM), R? = 61.9%). (B) LMW levels of cell line A
cultures in 96-DWP in function of the cysteine concentration in the CD-feed added on days 3,
5,7, 10, and 12. The linear regression line is shown as well (equation: LMW (%) = 4.405+0.09167
cysteine (mM), R%2 =52.4%).

isoleucine, methionine, and proline. They might have contributed to the LMW variation.
Supplementation of the culture medium and thus an increase of the cysteine concentration
by 6 mM moved the LMW range to 3.1-3.9%. Despite a rather poor fit (R?> = 36.4%), the linear
regression does show an upward trend of LMW with increasing cystein concentrations. The
slope of the trend-line was significant (p-value = 0.000). Figure 6.2B presents the LMW increase
in the case of feed supplementation. At the exception of the outliers in the range of about 11%,
the same trend was observed. No presence of cysteine during the culture resulted in LMW
levels of 3.6 to 5.0%. These conditions also contained, as in cell line A experiments, higher
levels of other amino acids. Feeds containing 50 mM brought about higher LMW levels: 5.8 to
6.6%. The goodness of fit of the linear regression is poor, taking into account the two outliers:
R? = 19.7%. However, if they were removed, the quality of the regression greatly improved,
reaching 79.8%. The slope of the regression line was significant (p-value = 0.000).

Interestingly, both cell lines featured a correlation between the level of fragmentation and the
final product titer. Figure 6.3 shows a negative slope of the linear regressions of the harvest
titers in various 96-DWP experiments of both cell lines. Increasing titer correlated with reduced
generation of low molecular species. In cell line A cultures the regression line crossed the
2% LMW level at mADb titers of about 1000 mg/L. In the range of 2000 to 2500 mg/L, it ended
up at 1.5%. The three substantially higher points at a product titer of about 1000 mg/L were
experimental conditions with increased cystein concentrations (gray circle). The goodness
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Figure 6.2 — (A) LMW levels of cell line B cultures in 96-DWP in function of the cysteine
concentration increase in the medium prior to inoculation, including the linear regression line
(equation: LMW (%) = 2.593 + 0.1377 cysteine (mM), R? =36.4%). (B) LMW levels of cell line B
cultures in 96-DWP in function of the cysteine concentration in the CD-feed added on days 3,
5,7,10, and 12. The linear regression line is shown as well (equation: LMW (%) = 4.434+0.03361
cysteine (mM), R%2=19.7%).

of fit of the linear regression (R%) amounted to 40.7%. Based on the statistical analysis, it can
be concluded that the slope of the regression line is significant: p-value = 0.000. Cell line
B exhibited a similar pattern. The trend-line was located in the region of 2.8% at a harvest
titer of 1000 mg/L and reached a level of LMW of about 2.2% at 3000 mg/L. Likewise, the
three substantially higher points (LMW = 3.1%) were experimental conditions with increased
cystein concentrations (gray circle). The R? of the linear regression was rather low, amounting
to 25.9%. If the three cystein outliers are removed, the goodness of fit increases substantially:
48.2%. Nonetheless, despite the presence of these outliers, the statistical analysis shows that
the slope of the regression line was significant: p-value = 0.000.

Alarger cysteine concentration range was tested (figure 6.4) when scaling up the cell line B
process to ST. The non-supplemented control cultures yielded on average a LMW level of 4.3%.
With higher cysteine concentrations (increases by 25 and 50 mM), the LMW levels climbed to
5.9% and to 6.3% on average. The most pronounced increase of LMW resulted when increasing
the cysteine from 0 to 25 mM. While the LMW levels between 25 and 50 mM still augmented,
the amino acid produced a considerably smaller LMW increase at higher concentration.
Overall, the relationship between the cysteine concentration in the supernatant and the level
of fragmentation observed in 96-DWP was thus confirmed in ST. Figure 6.5 shows the electro-
pherogram of one control culture (A) and one culture supplemented with 50 mM (B). Two
major fragmented species can be distinguished. The peak at 0.337 minutes corresponds to one

78



6.3. Results

A B
4.5 4.5
4.0 4 4.0 - o
35 - 35 - °
3.0 30 4 e %’g’o °© e
o : O§DO
> i s | o [¢) Q
g 25 £251 o 00'0"
...... © (8 o
2 | e = o
= 20 A '-%(%9& = 20 -
(e] v
1.5 - %o %@98..6 15 -
1.0 A 1.0 4
0.5 1 0.5 -
0.0 T T T T T 0.0 T T T
0 500 1000 1500 2000 2500 3000 0 1000 2000 3000 4000
Titer of cell line A culture on day 14 (mg/L) Titer of cell line B culture on day 14 (mg/L)

Figure 6.3 — (A) LMW content cell line A cultures in 96-DWP in function the cell line A protein
titer at the end of the culture (day 14), including the linear regression line (equation: LMW (%) =
2.425-0.000424 titer (mg/L), R? =40.7%). The cysteine supplemented cultures are highlighted
(gray circle). (B) LMW content cell line B cultures in 96-DWP in function the cell line A protein
titer at the end of the culture (day 14), including the linear regression line (equation: LMW (%) =
3.145-0.000276 titer (mg/L), R? = 25.9%). The cysteine supplemented cultures are highlighted
(gray circle).
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single light chain (L), while the peak at 0.490 minutes corresponds to the antibody including
two heavy chains and one light chain thus lacking one light chain: HHL. Comparing the two
charts, one cannot visually see the increase of LMW in the supplemented culture. Only after
peak integration the LMW difference can be appropriately quantified. Nonetheless, what can
be seen is that no additional peaks appeared in the supplemented culture. Hence, the cysteine
presence only increased the abundance of species already present in the non-supplemented
culture and thus did not generate new species.

H

H

LMW (%)

Control Cysteine 25 mM Cysteine 50 mM

Figure 6.4 —- LMW content in function of the cysteine concentration increase in the medium
prior to inoculation. Each condition was performed in duplicates. All bars represent mean
values of the corresponding conditions and the error bars report the maximum and minimum
values.

6.3.2 N-Acetyl-Cysteine

N-acetyl-cysteine (NAC) medium supplementation in the range of 0-2 mM affected the level
of LMW in cell line B cultures in ST. According to figure 6.6, 3.9% of the expressed antibody
were fragmented on average. The degree of cleavage slightly increased to 4.4% at a NAC
concentration of 0.29 mM. At the highest NAC level (2 mM), fragmentation was further pro-
moted, reaching a LMW level of 4.9%. It is not clear why the condition at 1 mM NAC produced
less LMW than at 0.29 mM. But, this experiment suggest that an overall increasing trend of
fragmentation correlated with increasing NAC concentration in the supernatant. Figure 6.7
shows the electropherogram of the corresponding analysis. Like in the case of cysteine, the
most abundant fragmented species were one single light chain and the antibody lacking one
light chain. No new peaks, and as a consequence, no new fragmented entity arose in the
supplemented culture.
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Figure 6.5 — Electropherogram of one control sample and one of the culture supplemented
with 50 mM cysteine.
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Figure 6.6 —- LMW content in function of the N-acetyl-cysteine concentration in the medium
prior to inoculation. Each condition was performed in duplicates. All bars represent mean
values of the corresponding conditions and the error bars report the maximum and minimum
values.
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Figure 6.7 — Electropherogram of one control sample and one of the culture supplemented
with 2 mM N-acetyl-cysteine.
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6.3.3 Chelating Agents

t252_in cell culture, entailed small effects on the

The use of EDTA, a widely used chelating agen
LMW formation (figure 6.8). 3.7% of the control culture antibodies underwent cleavage. It is
important to note that the control was analyzed in a separate analytical sequence than the
remainder of the samples. While the analytical variability within one analytical sequence is
small (2.4%), a relative standard deviation (RSD) of 31.5% applies between sequences, which
is due to unidentified inter-assay factors. Hence, it cannot be concluded whether the addition
of EDTA induced a change of the LMW level. However, it is possible to compare the effects
of EDTA and DMSA as they were part of the same analytical sequence. At 0.56 and 2.2 mM
EDTA 4.5 and 4.3% LMW were present in the supernatant. In the tested EDTA concentration
range, EDTA did not exhibit any impact on the cleaving process of antibodies. A different
picture emerged with DMSA. At a DMSA concentration of 0.56 mM in the medium prior to
inoculation, the level of LMW doubled in comparison with EDTA. It amounted to 8.8%. Further
supplementation increasing the concentration to 2.2 mM resulted in 11.9% of cleaved species.
Figure 6.9 shows that DMSA supplementation principally resulted in larger and taller L and
HHL peaks. The HH at 0.463 minutes in figure 6.9B became slightly larger. The HL peak at
0.428 minutes as well. Interestingly the substantially higher percentage of LMW species was
mainly due to more abundant L- and HHL-fragments.

12 A

-

0 } t } }
Control EDTA0.56 MM EDTA2.2mM DMSA0.56 mM DMSA 2.2 mM

Figure 6.8 - LMW content in function of the EDTA and DMSA concentrations in the medium
prior to inoculation. Each condition was performed in duplicates. All bars represent mean
values of the corresponding conditions and the error bars report the maximum and minimum
values. The control culture was analyzed in a separate sequence than the remainder of the
supplemented conditions.

6.3.4 Metal Ions

Figure 6.10 summarizes the influence of the iron concentration in the medium on fragmen-
tation. Its level in the control cultures at a ferric ammonium citrate concentration increase
83 uM with respect to the control was comparable. On average, both the control and the
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Figure 6.9 — Electropherogram of one control sample and one of the culture supplemented
with 2.2 mM DMSA.
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supplemented culture contained 1.5% LMW. A ferric ammonium citrate increase by 225 uM
slightly favored protein cleavage. At culture harvest, the LMW level reached 1.9%. Due to over-
all small peaks of the fragmented species in this analytical sequence (figure 6.11), one cannot
visually identify significant changes. Iron supplementation did not effect new fragmented
species in comparison to the cultures performed in non-supplemented medium.

7.0
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5.0 4

4.0 A

LMW (%)

3.0 4

2.0 4

H

1.0 -

0.0 } }
Control Fe ammonium Fe ammonium
citrate 83 uM citrate 225 uM

Figure 6.10 - LMW content in function of the ferric ammonium citrate concentration increase
in the medium prior to inoculation. Each condition was performed in duplicates. All bars
represent mean values of the corresponding conditions and the error bars report the maximum
and minimum values.

Moreover, the effect of further metals already part of the medium formulation including
copper and zinc was assessed. In the CuSO,4 and ZnSO,4 concentration ranges of our study, no
significant changes of the LMW were observed (figure 6.12). The average LMW content in the
control and at both 83 and 225 uM of the respective supplement remained in the range of 1.5
to 1.6%.

6.4 Discussion

Globally, the induced LMW level changes were small. The important preceding optimization
efforts of the proprietary fed-batch process platform enable to maintain high viabilities, in
general greater than 80% at the end of the culture of a 14-day run'92>2%1_ As a result the current
cell-culture platform process delivers consistently high titers and rather low aggregate and low-
molecular-weight species. However, even if fragmentation is relatively small in comparison to
the expressed monomers, the reduction thereof was important to tackle for the proprietary
purification platform does not remove them unlike efficient reduction of aggregates. Albeit
lacking insights of the particular mechanisms underlying LMW generation in the proprietary
platform process, it was possible to produce sufficiently large variations in the 96-DWP high-
throughput screening platform. The cysteine supplementation in both the medium prior to
inoculation and in the feed shows that the 96-DWP processes yielded LMW-level responses
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Figure 6.11 — Electropherogram of one control sample and one of the culture supplemented
with 225 pyM ferric ammonium citrate.
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Figure 6.12 - LMW content in function of the CuSO4 and ZnSO,4 concentration increases in the
medium prior to inoculation. Each condition was performed in duplicates. All bars represent
mean values of the corresponding conditions and the error bars report the maximum and
minimum values.
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that were greater than the analytical variability. The process variability was high, especially
due to the fact that many different amino acids were tested simultaneously. Nevertheless,
an increasing trend of LMW with increasing cysteine concentration was observed in two
different cell lines. At that stage of the development no quantitative changes were looked
for. The 96-DWP provided the opportunity to test a great number of different conditions in
order to identify supplements and/or concentration ranges that influence the LMW content.
Although the process variability was high, the resulting differences were statistically significant.
Concentration increases of cysteine in the medium by 6 mM induced on average about 0.8%
higher LMW levels in both cell lines, A and B. The amplitude of the IWM level change that
feed supplementation experiments induced ranged between 1.7% (cell line B) and 2.8% (cell
line A). Even when supplementing the medium, the 96-DWP model was good enough to
produce qualitative results, allowing to discriminate between the various amino acids whether
they influenced fragmentation or not in the experimental conditions of the study. And this
was the case although some did not grow well and not produce sufficient protein for LMW
quantification. No trend was observed in the presence of the other amino acids with no
cysteine supplementation (data not shown). It is important to mention that the goodness of
fit of the linear regression was relatively poor, which becomes evident when considering a
R?-values ranging between 20 and 62%. The 96-DWP scale can be considered by no means
as a reliable tool to identify solid correlations with weak responses. Nonetheless, one has to
bear in mind, that the 96-DWP is a tool allowing to perform cell culture experiments at very
small volumes, and due to the few controlled process parameters, greater variability resulted.
On the other hand, the greater number of experiments still provided meaningful results for
further confirmation studies in more controlled cell-culture systems.

Furthermore, the 96-DWP scale was a great tool to detect the correlation between the harvest
titer (on day 14) and the degree of fragmentation. This high-throughput method allows a
greater number of experimental conditions than in larger-scale systems, such as ST and micro-
scale bioreactor systems (e.g. AMBR®), but small differences would be much more difficult
to detect. Both cell lines (A and B) produced lower levels of fragmentation with increasing
productivity. Interestingly, this pattern was preserved in the presence of cysteine too. In
particular, LMW significantly increased at higher cysteine concentration, but even then, a
downward trend in cell line B was noticed. With cysteine, the highest LMW levels were reached
at the lowest harvest titer. At the moment, it was not possible to confirm any mechanism
explaining this observation. It is hypothesized that one potential explanation might be the
increased ratio between proteases and the secreted mAb in the supernatant at lower titers.
Hence, the enzymes would be more easily available. In the literature it was reported that free
light chains in culture media correlated with antibody productivity and quality*’. There is also
evidence that the quality of the folding process was linked with the aggregate content, and
indirectly with LMW?24%, While no clear trend between the product titer and LMW was observed
in their work, the LMW formation decreased with increasing specific productivity. The results
of the present study show an inversely proportional correlation between the product titer and
the level of LMW. It is suggested to explore whether cell cultures yielding higher titers benefited
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from better quality of the protein expression. Hence, it is imperative to further investigate the
underlying mechanisms.

The experiments in ST at a wider cysteine concentration range in cell line B (0-50 mM) con-
firmed the effect of this sulfur-containing amino acid. In comparison to the preliminary
screening in 96-DWP, the ST experiments induced a stronger LMW increase. Cysteine medium
supplementation produced differences of about 2%. The inter-replicate variability was low:
+0.15% at the most, which is the same order of magnitude as the analytical variability. The
chosen strategy to perform preliminary screening by means of medium blending in a high-
throughput mode before scaling up and targeting the range to suitable concentrations proved
to be an efficient way to reliably identify cysteine as being one factor effecting higher abun-
dance of fragmented antibodies. Due to its instability in the medium, cysteine readily oxydizes
to its dimer, cystine, which is taken up by the cells, and then the disulfide bridge disintegrates in
the cell?®3. N-acetyl-cysteine (NAC)—a precursor of cysteine for glutathione synthesis?%*—is
converted by an enzymatic reaction to cysteine inside the cell>>®, or subsequently extracellular
deacetylation of NAC it enters the cell in the form of cysteine?°%. N-acetyl-cysteine supplemen-
tation favored LMW formation, already at considerably lower concentrations than cysteine. At
2 mM NAC, fragmentation ended up 1% above the control, while at a tenfold greater cysteine
concentration increase (25 mM) entailed a difference of 1.6%. NAC might have more readily
entered the cytosol thus the intracellular cysteine concentration was higher, favoring disulfide
bridge cleavage. As a next step, it is planned to increase the NAC medium concentration to
further study its influence on fragmentation.

EDTA supplementation at the end of the culture did not show any effect on fragmentation.
Unfortunately, EDTA supplementation during the culture either in the medium or in the feed
had detrimental effects on the viability of cells. After addition the cells died, and consequently,
it was not possible to study the effect of this chelating agent on trace metals, which are involved
in the TrxR and glutathion pathways. Optimisation of EDTA concentration and feed timing
are required to circumvent toxic effects. DMSA considerably increased fragmentation. Rather
than acting as a chelating agent, DMSA very likely had a similar effect than mercaptoethanol, a
well-known protein-reducing agent??. Thus, the electropherograms suggest that the disulfide
bond cleavage may have been promoted in the presence of DMSA. It principally generated
more L- and HHL-fragments. No additional peaks appeared.

Among the metal ions, only iron influenced the degree of cleavage. The absence of any effect
by copper or zinc may be interpreted in various ways. Possibly, the concentration range was
not optimal. While increasing concentration may be an option, it would be more appropriate
to remove the metal concentrations in the medium and to perform a screen in a wider con-
centration range. By doing so, potential masking effects due to saturation would be avoided.
The understanding of the metal ions in the observed fragmentation is pivotal. This piece of
information will enable to further understand the specific fragmentation mechanisms, using
the proprietary cell culture platform process. There is evidence that CuSO, addition at harvest
inhibits fragmentation of antibodies>°.
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The tests presented in this chapter were part of a wider exploratory study. Hence, a streamlined
approach for sample preparation and analysis was used. For this reason, all supernatants were
captured by Phytips prior to the LMW analysis. While the Protein A resin mainly interacts
with the Fc-part, weak interactions between the light-chain fragments were observed (data
not shown). These are sufficient to detect the light chain, using the LMW assay described in
section 6.2.4. Nevertheless, it was taken into account that the majority of non-Fc fragments
are lost. Because this study focused on the global LMW generation, the described method
was considered fit for purpose. Future studies addressing individual fragments will require
alternatives to Protein A purification prior to analysis in order to conserve the fragment variety.
The entire array of supplements that were tested in the scope of this study generated predomi-
nantly L- and HHL-fragments. Therefore, disulfide bridge reduction may likely be the origin of
the antibody disintegration. Future studies, without Protein A purification, shall also show
whether other fragmentation mechanisms exist. The intracellular thioredoxin system plays an
important role in the protein disulfide bond reduction '8$2%8, The mammalian thioredoxin
system comprising thioredoxin reductase (TrxR), the thioredoxin (Trx) and NADPH generate
reduced thioredoxin that catalyzes disulfide bond reduction in a great number of proteins?°°.
Selenium, a culture medium component, may favor this pathway as a result of the higher
availability of the trace element during the formation of the selenocysteine residue of TrxR.
On the other hand, trace elements including Hg?*, Cu?*, Zn?*, Co?* and Mn?*, have been
reported to form complexes with thiols and selenols and thus inhibit TrxR or Trx '8¢, Hence,
it is suggested to further ascertain the role of Cu?*, Zn?* by extending the concentration
ranges of future experiments. The second intracellular enzymatic system, glutaredoxin (GrxR),
exclusively reduces disulfide bonds of S-glutathionylated entities?%°. One may assume that
the Trx system is therefore probably the principal intracellular enzymatic system responsible
for the reduction of the antibody inter-chain disulfide bridges, which has been previously
reported 186 1 addition, it shall still be studied whether, and if applicable, how extracellular
enzymatic reactions further increase disulfide bond reduction while the protein resides in the
cell culture fluid until harvest.

Media blending of fed-batch cultures in 96-deepwell plates with no prior specific mechanistic
knowledge related to the proprietary platform process fragmentation, allowed to reveal trends
and to qualitatively interpret them. Despite the rather high process variability and the loss
of experimental conditions, 96-DWP can be considered to be a suitable tool for screening
in the early phases of the research activities. Nevertheless, the trends were confirmed in ST
and that system was successfully used to identify further substances affecting the level of
fragmentation. Additional work is needed to obtain more thorough understanding of the
processes involved in the fragmentation and to propose both feasible and efficient medium
composition changes to limit the generation of LMW species. It is essential to produce stronger
LMW changes in order to ascertain whether all observed LMW increases really were significant
or whether the process variability in some cases was more important. For the time being,
there are not sufficient data in the ST model available to estimate the process variability.
The important inter-assay variability prevents a global statistical analysis of all experiments
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to quantify the process variability for LMW. A small number of replicates was chosen in
each experiment as it was sufficient for other quality attributes including glycosylation. The
observed fragmentation effects of the various cell culture supplements and the indication that
Trx may play an important role, laid a foundation for future experiments.

6.5 Conclusion

Medium blending experiments in high-throughput fed-batch cell culture in 96-DWP revealed
that the cysteine concentration in the supernatant correlated with the abundance of LMW
species. It picked up relatively small changes despite large variability. The trends were con-
firmed in ST and the concentration ranges further extended, resulting in stronger responses.
Cysteine promoted fragmentation in two different cell lines. N-acetyl-cysteine, which enters
more easily the cell, where it eventually disintegrates into cysteine, also increased fragmen-
tation at lower concentrations. EDTA addition at the end of the culture did not affect the
abundance of LMW species. DMSA, another chelating agent, however strongly increased
fragmentation, which very likely was due to the antibody disulfide bond reduction by this
related compound with mercaptoethanol. Ferric iron citrate slightly increased fragmentation,
while copper and zinc did not show any effect. Finally, in the 96-DWP it was observed that
fragmentation decreased with higher protein expression and consequently greater harvest
product titer.
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Chapter 7

Parallel Experimental Design and
Multivariate Analysis Provides Efficient
Screening of Cell Culture Media
Supplements to Improve Biosimilar
Product Quality !

7.1 Introduction

With the aim to reduce health care costs and to create wider access to biotherapeutics, partic-
ularly in emerging markets, the development of biosimilars has gained considerable interest*.
As a copy drug, a biosimilar should be highly analytically similar to a commercial product and
not exhibit clinically meaningful differences?61252, A biosimilar molecule and its respective
innovator drug product cannot be considered bioequivalent as their manufacturing processes
are not the same?253264 Ag 0f 2016, the European Medicines Agency (EMA) had approved 22
biosimilars including infliximab, the first biosimilar mAb?%°. The widespread progression of
biosimilars due to the great potential to copy a selection of the 44 approved mAbs (end of
2014)2*7 has changed the landscape of process development. Aiming to match the quality
profile of the targeted reference medicinal product (RMP) as closely as possible, product
quality modulation evolved into a field of utmost importance to assure safe and efficient
treatment of patients 1°.

1. Submitted, D. Brithlmann, M. Sokolov, A. Butté, M. Sauer, ]J. Hemberger, J. Souquet, H. Broly and M. Jor-
dan, Parallel Experimental Design and Multivariate Analysis Provides Efficient Screening of Cell Culture Media
Supplements to Improve Biosimilar Product Quality. This chapter is the result of a collaboration between Merck
Biopharma and ETH Zurich. D. Brithlmann and M. Sokolov contributed equally.
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The cell line, the culture conditions and the medium composition affect recombinant protein
quality attributes 1”45, With respect to cell-line engineering, opting for media optimization
considerably reduces development timelines and the complexity of product quality compara-
bility considerations, which typically results from redevelopment of cell lines. High-throughput
cell culture systems opened the door for testing many conditions simultaneously?6-28, The
technology developed for media optimization in 96-deepwell plates (96-DWP) fed-batch cul-

26:27,251 can also be applied for product quality modulation®>%. Good alignment of the

tures
glycan profiles between 96-DWP and shake tubes has been shown, and in the same study
trends observed in high-throughput systems have been confirmed in lab-scale bioreactors?®.
In addition, by calling on rational experimental design strategies and the use of statistical
tools, many quality attributes can be assessed simultaneously in media optimization?%°. This
significantly improves the efficiency in process development by enabling to derive relevant
knowledge in early process screening and to drive the process development to larger scales in

a focused manner, resulting in reduced experimental efforts.

The goal of this work was to identify quality modulating compounds and interactions thereof.
Nonetheless, in the identification process of seventeen potential candidates, technical limita-
tions became evident for current DoE designs. With a large number of factors, the addition of
multiple stock solutions likely entails non-negligible dilution effects of medium components.
As a consequence, the accuracy of the model degrades. Furthermore, without prior evaluation
of suitable concentration ranges, the risk to lose valuable information due to growth issues in
wells containing suboptimal blends multiplies with increasing number of supplements?’. The
extent of the effect on product quality may also greatly vary from one supplement to another.
Fundamental disparities may cover weaker modulation effects of other DoE factors. Thus,
anew DoE approach was developed to overcome these limitations (figure 7.1). The stream-
lined and rational approach, intended as a first factor screening rather than a comprehensive
interaction study, consisted in a parallel DoE method for seventeen compounds, putting an
upper limit of five factors per DoE to minimize both dilution effects and the repercussions
due to non-optimal conditions. Wherever possible, they were arranged in groups with factors
producing similar glycosylation effects. Furthermore, prior univariate evaluation of suitable
concentration ranges was performed. Multivariate analysis tools were used to evaluate the
data of the parallel 5-factor experiments in 96-DWP to identify group winners. Subsequently,
the interactions of the group winners were studied in a DoE in shake tubes, confirming the
findings of the 96-DWP experiment, and the impact of a process parameter was assessed (effect
of temperature). The data demonstrate that the combination of parallel group experiments of
potential product quality modulating compounds with a multivariate selection process of the
best performers enabled to rapidly improve medium supplementation concentration ranges
to further approach, sequentially, the targeted glycosylation profile.
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7.2 Materials and Methods

7.2.1 Inoculum Preparation

A CHO-S derived clonal cell line expressing a human monoclonal IgG1 antibody was used in
this study. The cells were first expanded in multiple passages in shake tubes or shake bottles in
Merck proprietary chemically-defined medium containing methionine sulphoximine (MSX)
for at least 14 days in a shaker incubator at 36.5 °C, 5% CO3, 80% humidity and 320 rpm agita-
tion (ISF1-X, Adolf Kiihner, Birsfelden, Switzerland or Multitron Cell, Infors HT, Bottmingen,
Switzerland).

7.2.2 Cell Culture in 96-deepwell Plates and Experimental Design

h2% and in-house

Potentially influential compounds were selected based on literature researc
experience to tune the product quality of the recombinant protein. Seventeen compounds
were selected and added at three different levels (-1, 0, and 1) into the cell culture medium
(table 1). The concentration ranges were defined as close to the optimum as the available prior
knowledge enabled to, using concentrations mentioned in the literature (if available) and
in-house experience with some of these compounds or similar ones. Rather than testing the
interactions between the entire set of supplements simultaneously in one single experiment,
it was decided to split the experiment into five separate, smaller sets of experiments. The more
specific factors were grouped according to their biological mode of action. Each group also
included two non-specific glycosylation modulation factors: manganese (Mn) and asparagine
(Asn) %, Two groups comprised compounds favoring high mannose glycans (groups 1 and 2),
group 3 included potential sialylation and charge variant modulators, fucosylation and galac-
tosylation was the focus of group 4, while group 5 investigated the interactions between growth
promoters and the non-specific compounds Mn and Asn (table 7.1). All group designs on 3
levels for 5 factors are shown in tables A.1 to A.5 (cf. appendix A). The five group experiments
were conducted in parallel in two 96-DWP. The liquid handling for supplement enrichment
of the individual wells and the sampling was performed by a robotic platform (Biomek FX,
Beckman Coulter, Brea, CA). Exponentially growing cells were seeded into a shaking 96-DWP
filled with Merck proprietary medium enriched with supplements in the absence of MSX at a
viable cell density of 0.30 x 10° viable cells/mL. The plates were incubated with vented lids
in a shaker incubator at 36.5 °C, 5% CO3, 90% humidity and 320 rpm agitation (ISF1-X, Adolf
Kiihner, Birsfelden, Switzerland) for 14 days. 400 g/L glucose solution, chemically-defined
feed (CDF) containing over 30 components and alkaline amino acid solution (AAAS) were
added on days 3, 5, 7, 10 and 12. Prior to each feeding and at the end of the culture (day
14), samples (< 40 puL) were drawn for cell counting (Guava easyCyte (Merck Lifesciences,
Darmstadt, Germany) and product titer quantification (Octet®, forteBIO, Menlo Park, CA).
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7.2.3 Cell Culture in Shake Tubes and Experimental Design

Keeping the process development workflow in mind, the selected group winners (section 7.3.2)
were evaluated in TPP® TubeSpin bioreactor tubes (referred to shake tubes or ST) to test the
validity at a larger scale with more control options. Three group winners were selected based
on the methodology described in section 7.2.4, the concentration ranges were kept unchanged
and a D-optimal quadratic design on three levels was chosen. Furthermore, as in future process
development steps a temperature shift for productivity improvements may be considered, the
process tunability at ST scale was exploited. For this purpose, an augmented D-optimal design
at two levels including a temperature shift on day 5 of the culture was proposed (cf. table A.6
in appendix A).

Exponentially growing cells were seeded into ST tubes filled with Merck in-house medium
in the absence of MSX at a viable cell density of 0.30 x 108 viable cells/mL. The tubes were
incubated in a shaker incubator at 36.5 °C, 5% CO., 80% humidity and 320 rpm agitation
(ISF1-X, Adolf Kiihner, Birsfelden, Switzerland) for 14 days. The temperature of ST experiments
1 to 15 (table A.6) were kept at 36.5 °C during the entire fed-batch experiment, while tubes 16
to 22 underwent a temperature shift to 33 °C on day 5. CDF containing over 30 components
and AAAS were added on days 3, 5, 7 and 10. The 400 g/L glucose solution was added on
these days and day 12 as well. Prior to each feeding and at the end of the culture (day 14),
aliquots (< 2.5 mL) were taken for cell counting (Vi-Cell analyzer (Beckman Coulter, Brea, CA),

Table 7.1 — Group factor concentrations in medium prior to inoculation of 96-DWP.

Group Compound Level -1 Level0 Levell Unit
12.5 250 mM

(=)

1 Sucrose

Raffinose 0 12.5 250 mM
Kifunensine 0 5 10 uM
2 Mannostatin 0 5 10 uM
Swainsonine 0 5 10 uM
Kestose 0 2.5 5.0 mM
3 EDTA 0 25 50 uM
Hydrocortisone 0 10 30 uM
ManNAc 0 10 20 mM
4 Galactose 0 12.5 250 mM
Uridine 0 10 20 uM
2F-p-fucose 0 30 60 uM
5 Enhancer 1 0 5 10 uM
Enhancer 2 0 15 30 uM
Enhancer 3 0 50 100 uM
All Manganese 0 250 500 nM
Asparagine ? +0 +2.5 +5 mM

2 Asparagine is already present in the basal medium.
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extracellular metabolite profiling (Nova Bioprofile 100+, Nova Biomedical, Waltham, MA) and
product titer determination (Biacore C instrument (GE Healthcare, Waukesha, WI).

7.2.4 Product Quality Analysis

At the end of each 96-DWP and ST fed-batch experiment (day 14), the supernatant was
purified on small-scale affinity columns (PhytipsVR, PhyNexus, San Jose, CA). The eluates were
analyzed by Ultra Performance Liquid Chromatography (UPLC)-2-amino-benzamide labelling
technique on a 100 mm column (Waters Corporation, Milford, MA, USA) for glycosylation,
by imaged capillary isoelectric focusing (iCE280 analyzer, ProteinSimple, Santa Clara CA) for
charge variants, and by size-exclusion-high-performance-liquid chromatography (SE-HPLC,
Waters, Milford, MA) for aggregation. In total, thirteen glycan species and five charge variant
clusters (two acidic, one neutral, and two basic) were identified. Eluates of ST experiments were
also analyzed by LabChip GXII protein assay (PerkinElmer, Waltham, MA) for low-molecular-
weight species content (LMW).

7.2.5 Data Analysis

The obtained results were visualized using box plots?’?. Then the multivariate analysis to
select the process settings yielding a product quality as close as possible to targeted molecule

was carried out according to Sokolov et al.?%9

in three characteristic steps. First, a PCA was
performed on thirteen glycoforms (Y variables) and the number of relevant principal com-
ponents (PCs) was quantified visually from the scree plot>’!~273, Subsequently, the quality of
the originator molecule was projected onto the score space to determine the Mahalanobis
distance?”* to this target (within the considered number of PCs) for each 96-DWP condition.
The first two steps provided a basis for visual comparison of the different runs as well as for a
quantitative evaluation of their performance with respect to the targeted originator molecule.
The final step of the methodology built the connection of the process to the product, namely
linking the media supplements (Z) to the glycoforms (Y) by a decision tree (DT). DTs are a
systematic and automated tool providing a hierarchical order of (binary) decisions on the
input variables (here media supplements) separating the output variable (here Mahalanobis
distance to optimum) into maximally different groups. In order to avoid overfitting, the DT
was cut back (pruned), using sevenfold cross-validation. Subsequently, this tree was analyzed
with the goal to select the conditions, which tend to reduce the distance to the target, and
to discard those tending to increase this distance. Finally, the results of the ST confirmation
runs were used to validate the findings of above multivariate factor selection analysis based
on 96-DWP experiments and to provide additional process understanding to define a basis for
further process development.
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Figure 7.1 — Sequential design of experiments method using characteristic compound groups
and multivariate selection of best quality modulating compounds.

7.3 Results and Discussion

7.3.1 Cultures in 96-deepwell Plates

The seventeen medium supplements of the five effect-related groups produced important gly-
cosylation pattern changes. Each quality attribute class will be discussed separately hereafter.

High Mannose Species

Figure 7.2 shows that experimental group 2 entailed the strongest response on the abundance
of high mannose species (Man4 to Man?7). In particular, the presence of swainsonine yielded a
peak at 98%, while in the absence of this strong modulator the glycan processing was highly
favored. Consequently, bountiful complex glycans resulted and high mannose species dropped
to 1.4%. Group 1 featured the second strongest effect with respect to the oligosaccharide levels,
which started at 1.4% and reached 6.6% at the most. Thereby, many conditions of group 1 did
not grow as a consequence of the high kifunensine concentrations in the medium at levels
0 and 1. Hence, dividing the 17 compounds into five groups proved to be of great benefit to
reduce such information loss to group 1 only. The high mannose levels in groups 3 to 5 were
comparable to the control samples (n = 8).

Afucosylated Glycans

The supplementation of 2F-peracetyl-fucose in group 4 was found to affect the level of afuco-
sylated glycans (A0, A1 and A2). While the levels in groups 1 to 3 and 5 were comparable to
the controls, group 4 exhibited a strong increase of afucosylated forms from 1.9 to 89.3%. All
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five groups induced considerably higher variations of the FA2 glycan levels compared to the
controls. FA2 varied between 0.7 and 86.6% (in group 2) and between 0.9 and 85% (in group 4).

Galactosylation and Sialylation

Likewise, groups 2 and 4 were characterized by the strongest response of the galactosylated
species FA2G1 and FA2G2. However, for the galactosylated species the variations in groups
2 and 4 were only slightly higher than in the remaining groups. The strong increase of both
high mannose in group 2 and afucosylated forms in group 4 accounted for the immense
variation of the FA2. To a lesser extent, this change was due to increased galactosylation as
the smaller FA2G1 and FA2G2 differences revealed. It shows that FA2 was strongly linked to its
glycosylation precursors and successors in the glycosylation network. All media supplements
induced small sialylation changes, which were, after all, significantly greater than the variation
of the control cultures. Overall, manganese very likely was the supplement displaying the
strongest galactosylation tuning effect—in agreement with the literature '>>—and possibly
yielded similar ranges of galactosylation in all five groups.

Charge Variants and Aggregation

The effect of the supplements on the charge variants (clusters 1 to 5) as well as the aggregates
was assessed also (figure 7.3). The clusters 1 to 4 in the groups 1 and 2 showed variations
larger than the control runs, while for cluster 5 no group featured a clear variation compared
to the controls. A decrease in aggregate levels during cell culture to circumvent undesired
immunogenicity is an important objective?*>?”®, Each group increased the range of protein
aggregation compared to the controls. Group 3 stood out, due to the presence of hydrocorti-
sone, demonstrating its capability to decrease protein aggregation. It is not clear whether this
hormone influenced protein expression or stabilized the secreted antibody in the supernatant.

7.3.2 Identification of the Best Glycosylation Modulators

Considering the fact that glycosylation has a major effect on pharmacokinetics (PK) and
protein physicochemical characteristics 4, the study focused on the glycan tuning. Progressing
in the rational design of experiment endeavor, the goal was to identify, among the entire array
of seventeen compounds, those allowing to get as close as possible to the specifications for
biosimilarity (referred to optimum in the subsequent charts). The 96-DWP PCA score, loading
and scree plots are all provided in the supplementary material (figures A.1 to A.3 in appendix A).
Figure 7.4A shows the score plot for a joint PCA on the 96-DWP and ST data, which shall also
be used for later scale comparison. At this stage, one can point out that the majority of the
96-DWP experiments form a diagonal cluster far from the projected glycosylation optimum
(figure A.1 in appendix A), while a cluster of group 4 experiments wound up even farther
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Figure 7.2 — Boxplots of glycan modulation ranges. The group independent control samples
were conducted in 8 replicates: 4 on each 96-DWP plate. The dashed lines mark the respec-
tive specification ranges, where applicable. (A) High mannose glycan modulation ranges in
each group (1-5). Man4 to Man7 were detected and summed up. (B) Modulation ranges of
afucosylated species including A0, Al and A2 in the five groups. (C-E) The three charts present
agalactosylated species (FA2), the sum of monogalactosylated species FA2[3]G1 and FA2[6]G1
as well as the abundance of digalactosylated glycan (FA2G2). (F) The sialylated forms FA2G2S1,
FA2G2S2 and FA2G2S1(NGNA) were grouped in one single chart.
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Figure 7.3 — Boxplots showing the range of charge variants and aggregation levels. The group
independent control samples were conducted in 8 replicates: 4 on each 96-DWP plate. (A-E)
The charge variants were grouped into 5 clusters: acidic (1-2), neutral (3), basic (4-5). The
charts show the corresponding ranges within the five groups. (F) The aggregate ranges of each
group are displayed.
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from the optimum at the right bottom corner. Those experiments were supplemented with
2F-peracetyl-fucose. The scree plot (figure A.3 in appendix A) shows a characteristic elbow at
four PCs, indicating that the three PCs are likely to represent genuine biological effects. The
first three PCs account for 76% of the glycan variance and thus indicate strong correlation
of the glycans. The loading plot (figure A.2 in appendix A) shows the correlation structure of
thirteen glycoforms. Hence, an analysis in reduced dimensions is feasible.
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Figure 7.4 — (A) Score plot for joint PCA of 96-DWP experiments (light gray) and of ST experi-
ments (deep gray) with projected optimum. The first two PCs are shown explaining almost
50% of the total variance. Ellipses show equidistant conditions according to Mahalanobis
distance (1 to 4 distance units in the plain of the first two PCs). (B) Boxplots showing distance
to optimum for 96-DWP and ST experiments based on first 3 PCs. PC3 explains additional 16%
of variance. The plus symbols mark outliers.

The second analysis step was the quantification of the deviation from the optimum by the
Mahalanobis distance. Figure 7.5 specifies the observations from the score plot, demonstrating
that with increasing addition of 2F-peracetyl-fucose, product quality is dragged away from
the optimum (median equal to 6 distance units at the highest concentration). Moreover, it
was demonstrated that with increasing raffinose concentration the experimental conditions
approached the optimum to a great extent, entailing a decrease of the median from about 4 to
1 Mahalanobis distance units. Enhancer 2 supplementation caused a slight decrease (median
falling below 4), whereas the median of manganese remained unchanged at all concentration
levels.

The analysis in figure 7.5 shows simple trends for the supplements. In order to select the
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Figure 7.5 — Boxplots showing Mahalanobis distance to optimum in function of the concentra-
tion level of four compounds in 96-DWP experiments. The plus symbols mark outliers.

relevant glycosylation modulators among the seventeen media supplements at optimal levels
as well as to rank their relevance a cross-validated (pruned) decisions tree (DT) was used.
The DT shows the relevant decisions on the supplements, their levels and how these are
sequentially impacting the distance from the optimum (figure 7.6). Based on the analysis
of the DT, one can conclude that the largest effect can be obtained by increasing raffinose
concentration, which allows to significantly approach the optimum. Secondly, 2F-peracetyl-
fucose supplementation should be avoided due to its strong inhibition of fucosylation, which
is not beneficial in this case. As a result of the presence of this fucose analog, the average
distance to the optimum climbed up to 5.5. Sucrose addition also decreased the distance.
Nonetheless, aiming to select one winner per effect-related group this compound was not
further considered due to its similar behavior to raffinose. For group 5 experiments, the
tree also recommended to use enhancers 1 and 2. Likewise, enhancer 2 (with the slightly
stronger effect) was retained only. Last, galactose supplementation yielded a slightly favorable
effect, decreasing the average distance by about 0.9 units. Even though this difference was
small, galactose was kept as it favored higher titers (data not shown). Manganese exhibited
both positive and negative effects on the various glycoforms (data not shown), so that those
opposing trends made this compound never appear in the DT. The intention was to focus the
selection process singly on the supplements featuring a clear capability of improving the entire
product quality towards the optimum and to spread those selections among different DoE
groups, so to have a media supplement toolkit affecting different parts of the glycosylation
pattern. The selection of raffinose rather than sucrose and enhancer 2 rather than 1 draws the
attention to the importance to rely at once on statistical analysis and prior experimental data
as well as scientific rationales in the selection process?’®. The third selected group winner
was galactose. It is important to highlight that those selections are highly dependent on the
characteristics of the biotarget and the concentrations, at which the various species were
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analyzed. Therefore, the relevant effects of sucrose, enhancer 1 and 2F-peracetyl-fucose (at the
investigated concentrations) shall be remembered in the framework of effective glycosylation
modulators, while for the remaining components, a modification of the concentration range
could be considered in further experiments.,

93; 4.1
Raffinose < 0 20

61, 4.3 4;3.6

Figure 7.6 — Pruned decision tree for selection of best glycosylation modulators. At each node
the number of observations (regular), and the average distance to the target (bold) is provided.
The concentration level of the decision variable is shown in italic.

7.3.3 Verification and Extension in Shake Tubes

Addition of raffinose, galactose and enhancer 2, as well as the temperature shift on day 5 in
ST (table A.6 in appendix A) modulated the product quality in the experiments. According
to figure 7.7, the HM glycans resided between 1.5 and 4.7% in the absence of a temperature
downshift. The temperature shift led to an overall increase, amounting to 2.3-5.6% of HM. Mild
hypothermia has been shown to impact galactosylation depending on media composition,
cell line and protein type?”’-2"9. As expected based upon biological knowledge, the media
supplements weakly influenced the abundance of afucosylated species. The design produced
an important interval of galactosylation level. At 36.5 °C, the fucosylated species (FA2) ranged
between 66.6 and 83.8%, while the galactosylated species FA2G1 and FA2G2 amounted to
9.4-18.4% and 0.4-1.3%, respectively. At 33 °C, the level of galactosylation increased as the
lower FA2 box highlights, and consequently, a rise of the mono- and di-galactosylated boxes
resulted. FA2 varied between 59.9 and 78.0%, FA2G1 between 13.5 and 24.5% and FA2G2
between 0.8 and 2.1%.

Second, the glycopattern obtained in ST shall be compared to the 96-DWP product quality
results. The PCA score plot (figure 7.4A) displays that several experiments in ST greatly ap-
proached the optimum and that most of the ST experiments are located closer or equally close
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Figure 7.7 — (A) Boxplots of glycan modulation ranges obtained with raffinose, galactose and
enhancer 2 in ST bioreactor tubes at 36.5 °C (H) and when lowering the temperature to 33 °C
on culture day 5 (L). The dashed lines represent the specification ranges, where applicable. (B)
Boxplots of the charge variants: acidic (clusters 1 & 2, neutral (cluster 3), basic (clusters 4 & 5).
(C) Boxplots of aggregates and low molecular species (LMW).
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to the optimum compared to the 96-DWP experiments. The positive effects of the selected
glycosylation modulators can be further recognized in the comparison of the Mahalanobis
distance distributions (calculated for first three PCs) shown in figure 7.4B. The median of
the distance from the target decreased from about 3 units in 96 DWP to below 2 in the ST
experiments. One can highlight that, in fact, 25% of the experiments in ST feature a distance
smaller than 1 unit with the smallest value in the region of 0.5. Moreover, 75% of ST condi-
tions performed as well or better than the best 25% in 96-DWP. These results confirm that
modulator selection was beneficial for targeted process development. It is noticeable that
even the ST experiments with four factors still yielded large glycan variability, which is of
great value to further fine-tune the quality in a subsequent optimization round. Figure 7.8
visualizes the effect of those four factors on the distance from the target, depicting the pres-
ence of raffinose both at levels 0 and 1 was beneficial (median of the distance to the target
at about 0.8). Also, the addition of enhancer 2 resulted in both lower medians and boxes. In
particular, at level 1 the median significantly decreased to 0.5. Those two trends parallel the
downward trends visible in the 96-DWPs (figure 7.8). The temperature shift at culture day
5led to a considerable decrease of the median from about 2 to 0.7, as well as the box. With
the exception of an outlier, all conditions that underwent a temperature decrease to 33 °C
on day 5 featured a distance between 0.5 and 1.5 units from the optimum. Thus, lowering
the temperature proved to be beneficial in reaching the optimum. Unlike the other factors,
the potential benefit of galactose could not be confirmed. Galactose did not feature a clear
downward trend for the ST experiments. This is not unexpected as it appeared as the last
(least relevant) decision criterion in the DT (figure 7.6). More importantly, the addition of
galactose proved to yield higher titers in the ST experiments, justifying its inclusion as media
supplement (data not shown). Taken together, the overall recommendations from the analysis
of the 96-DWP experiment were confirmed in ST, showing the great advantage of performing
early screening experiments in a high-throughput system. It was possible to reproduce the
observed trends in ST, which is in line with the data published earlier, using a different cell
line?®. Even though some of the conclusions of the selection process were based on only a few
experiments due to the loss of some conditions (e.g. three experiments with added raffinose),
a critical statistical analysis (targeted to find general trends using cross-validation) combining
all the results of the group experiments proved to be powerful. The improvement obtained
in the second experiment can also be seen in table 7.2. The percentage of the experimental
conditions within specification increased for most glycan species. The highest increase was
obtained for Al (74% vs. 27%) and FA2 (32% vs. 11%). Although raffinose addition favored high
mannose species, with the exception of Man7 (21% vs. 3%), none of the ST experiments fell
within the specification range of these glycans. In fact, one experimental condition (with all
three group winners added and at low temperature) resulted in five of the ten glycans at suffi-
ciently large absolute concentrations being in-specification. It can be used as the center point
for a subsequent experimental series. For further improvement, it is suggested to perform a
univariate analysis to enrich the so far derived effective media supplement toolkit by specific
drivers among the array of 17 components such as manganese for further fine-tuning of the
glycans still out-of-specification. This specific glycan modeling can be refined with further
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process information (such as viable cell density, productivity) to increase the mechanistic
knowledge by integrating further important characteristics besides the media composition in
the framework of glycosylation modulation 122280-282 At Jater stages of process development,
such additional (dynamic) characteristics are likely to play a key role in building predictive
process models.
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Figure 7.8 — Boxplots showing Mahalanobis distance to optimum in function of the concentra-
tion levels of the compounds and the culture temperature from day 5 of ST experiments. Plus
symbols mark outliers.

Despite the fact that the ST experiments focused on the glycan tuning to reach the glycosylation
optimum, the ramifications on charge variants, aggregation and low-molecular-weight species
(LMW) were assessed too. The temperature decrease strongly extended the ranges of the
neutral and basic clusters. Furthermore, the acidic cluster 1 slightly decreased. The effect of
the culture temperature on charge variants has been reported previously, correlating a decrease
of acidic forms and deamidation of IgGs with decreasing temperature 283284, The temperature
shift produced lower aggregation, and potentially simplifies the required downstream activities.
The low-molecular-species remained in a tight interval in all tested conditions.

7.4 Conclusions

Grouping 17 potential quality modulating medium supplements into five parallel experiments
in 96-DWP produced wide glycosylation ranges, and in particular, a great modulation potential
for afucosylated and galactosylated species. The combination of rational high-throughput op-
timization and multivariate analysis proved to be a powerful approach. Principal component
analysis for visual comparison of the different runs, the determination of the Mahalanobis
distance for a quantitative evaluation of their performance with respect to the optimum as
well as the subsequent selection process following a hierarchical order of decisions on process
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Table 7.2 - Comparison of fulfillment of the specifications for biosimilarity of experiments in
96-DWP and ST. The structure of each glycan is shown: N-acetylglucosamine (blue square),
mannose (green circle), fucose (red triangle), galactose (purple circle). For each cell culture
system the percentage of experiments reaching the optimum for the corresponding glycan are
presented.

Glycoform Structure DWP: within spec  ST: within spec
A0” >1+ 0%, far 0%, far
Al {Jenm 27% 74%
A2 o mE 2% 11%
FAL r{:}-f 34% 42%
s
FA2 .}I-r 11% 32%
-
FA2[6]G1 H}—I—r 11% 16%
o
FA2[3]G1 .}l—r 12% 21%
o -
FA2G2 .—I—H 6% 5%
Hybrid-F ._E}rr 3% 0%, far
Man4 % 0%, far 0%, far
Manb :>:>" 0%, close 0%, close
Man6 E}—I—l 2% 0%, close
Man7 ra)r-} 3% 21%

" These species featured very low absolute concentrations close to their
detection limit.
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variables using a decision tree enabled to select the best performing supplements in a system-
atic and automated way. The verification experiments in ST not only validated the conclusions
of the selection process, but the experimental conditions significantly approached the opti-
mum: 75% of ST conditions performed equally well or better than the best 25% in 96-DWP.
Furthermore, it provided the opportunity to include the culture temperature, an important
process parameter, at this early stage, which paved the way for further glycosylation improve-
ments and reduced aggregate formation. The presented method limited detrimental impacts
of sub-optimal conditions as a result of unfavorable concentration ranges and masking effects
by compounds with much stronger responses. Despite the loss of many cultures in group 1,
meaningful 96-DWP results were obtained and confirmed in ST. The great added value of this
method arises from the reduction of the high complexity due to the handling of two distinct
fed-batch culture systems, multiple product quality attributes and consequently large data
sets. In only two rounds of experiments, the glycosylation pattern of the selected experimental
conditions substantially approached the optimum, which may entail significant experimental
time savings (up to 3 to 6 months) and reduction of costly quality analysis testing (> 50%), and
hence, huge cost-savings. The presented effective and target-oriented method significantly
reduces the complexity of the initial screening procedure to select important glycosylation
modulators. In the framework of cell culture process development, it provides a first process
knowledge basis, which shall be further refined and optimized at the subsequent development
stages usually performed at larger experimental scale.
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Chapter 8

Linking Metabolomic Profiling with
Glycosylation

8.1 Introduction

Once the glycosylation profile and other critical post-translational modifications of the recom-
binant protein have been successfully adjusted in the development stage, the biotechnology
industry must continually deliver drugs within specification to supply the market with consis-
tent quality. The biochemical mechanisms of N-glycosylation in the endoplasmic reticulum
(ER) and the Golgi apparatus are highly complex and involve many different processes, en-
zymes, substrates and cofactors 24 Furthermore, the metabolism of the host cell is linked
with the glycosylation pattern of the recombinant protein, and hence, metabolic control may
come into play to influence N-glycan processing !6123135 Metabolomic analysis of fed-batch
cultures revealed increasing ornithine levels coincided with higher high mannose glycan
levels3%, In continuous CHO cell culture producing interferon-y, site glycosylation occupancy
was linked with the intracellular UDP-N-acetylgalactosamine concentration’?. Ammonium
plays an active part in the regulation of the pH of acidic intracellular compartments of CHO
expressing recombinant immunoadhesin tumor necrosis factor-IgG (TNFR-IgG), including
trans-Golgi and it affects intracellular nucleotide sugar pools, especially UDP-N-acetylglu-
cosamine (UDP-GIcNAc) and UDP-N-acetylgalactosamine?3”. The availability of nucleotide
sugars in the lumen of the Golgi apparatus also depends on the transport, as shown in Try-
panosoma brucei, where the inhibition of transporters modified surface glycosylation?.
Increasing levels of glycosylation precursors, as result of cell culture medium supplemen-
tation for instance, alters the glycan distribution '2*. Moreover, the most abundant cation
in vertebrates, calcium (Ca?*), regulates the intra-Golgi membrane transport?®”. Metal ion
dependences have also been observed in other contexts. Various metal ions promote galacto-
syltransferase (GalT) activity by a synergistic effect of the metal and UDP-galactose (UDP-Gal),

forming a bridge complex with the enzyme?®8. A synthetic model of the intra-Golgi transport
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highlights the importance of the three processes that equitably partake in membrane traffic:
cisternal maturation, lateral diffusion, and a mostly retrograde vesicle-mediated transport289.
All these observations depict the complexity and huge diversity of the various processes

involved in the glycosylation pathway.

Metabolic flux studies and the corresponding models enable better understanding of glycosy-
lation'*. Notably, the visualization of the glycan distribution eases the study of reaction paths
contingent on the various physiological or culture conditions?. Since N-glycan maturation
in the endoplasmic reticulum and the Golgi consists in dynamic and non-template-driven
processes, it creates a high degree of structural diversity, molecular dynamics simulation
and glycan flux analysis may be considered?°!. High-throughput profiling of nucleotides and
nucleotide sugars provided an insight into the effect of media additives on the intracellular
nucleotides and nucleotide sugars, and thus, it was observed that the impact of elevated UDP-
GIcNAc and GDP-fucose (GDP-Fuc) levels on the final glycosylation patterns was marginal,
while the UDP-Gal synthesis seemed to be limiting, showing the link between precursor
availability and glycosylation maturation?%2. Despite the numerous factors that influence the
enzymatic machinery in the secretory pathway, a dynamic mechanistic model successfully
predicted time evolution of mAb glycosylation profiles during a fed-batch process?932%94, Like-
wise, a dynamic mathematical model based on cisternal maturation by simplifying the Golgi
apparatus to a plug flow reactor and by including recycling of Golgi-resident proteins not
only describes glycosylation profiles of mAbs but also the result of fucosyltransferase gene
silencing and cytosolic nucleotide sugar donors depletion with respect to the glycosylation
fingerprint?%. That work, as the authors highlighted, coupled the cellular metabolism with
glycosylation. As an alternative to kinetic models, it was proposed to describe glycosylation as
a stochastic process by means of methods from Markov chain theory and flux balance analysis,
which was employed to predict and experimentally validate glycan patters of EPO, IgG and
the endogenous secretome subsequent knock-out of glycosyltransferase in distinct CHO cell
lines2%.

With the aim to link metabolomic data with the glycosylation distribution of the expressed
antibody, non-targeted metabolomic profiling of a monoclonal antibody expressing CHO cell
line cultured in four distinct process formats was performed. As a starting point, univariate
analysis of intracellular and extra-cellular profiles of various metabolites was used to reveal
substantial differences in a variety of pathways. Moreover, the effect of the medium and feed
composition on the time evolution of the glycosylation profiles as well as the ratio between fu-
cosylated and galactosylated subspecies was studied. Intracellular levels of nucleotide sugars
were contrasted with the observed differences of the respective glycan distributions. Driven by
the limitations of univariate analysis of the huge metabolomic data set, the use of multivariate
analysis (MVA), namely principal component analysis, was evaluated to reduce the complex-
ity and to draw meaningful conclusions. These tools allowed to pinpoint the intracellular
metabolites that correlate with time-dependent glycan profiling data. They provide a basis for
a more comprehensive, and importantly, pathway-focussed data analysis. Finally, this chapter
presents a partial-least-square multivariate model to predict the glycosylation pattern. The
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observation model built with three of the four processes is capable to predict the glycosylation
profile of an external data set, namely the fourth process, of a specific culture day based on
the extracellular metabolite levels.

8.2 Materials and Methods

8.2.1 Inoculum Preparation

A CHO-S derived clonal cell line expressing a human monoclonal IgG1 antibody was used in
the frame of this study. Cells were first expanded in multiple passages in shake tubes or shake
bottles in proprietary medium containing methionine sulfoximine (MSX) for at least 14 days
in a shaker incubator at 36.5 °C, 5% CO,, 80% humidity and 320 rpm agitation (ISF1-X, Adolf
Kiihner, Birsfelden, Switzerland or Multitron, Infors HT, Bottmingen, Switzerland).

8.2.2 Cell Culture in 3.5-L Bioreactors

This study was focusing on the process performance, metabolite profiling and glycosylation
pattern of four different bioreactor processes formats (Process A, B, C, D) in parallel, using
the same cell line. The processes were performed with different media and main feed com-
positions. The media of processes A, B and D exhibited distinct levels of asparagine, while
the medium of process C was characterized by changes of the levels of various components
according to table 8.1. Exponentially growing cells were seeded at 0.30 x 108 viable cells/mL
in 3.5-L bioreactors (Biostat B, Sartorius, Gottingen, Germany; final volume: 3.0 L) filled with
proprietary medium in the absence of MSX. The chemically-defined feed (CD-feed) supple-
mented with one or several compounds including trace elements (TE), manganese (Mn) and
galactose (Gal) according to table 8.2 and the alkaline amino acid solution were added on days
3,5, 7 and 10. Glucose was fed daily from day 3 to the end of the culture. For process C, an
additional asparagine feed was added on days 3 and 5.

Table 8.1 — Media supplementation of the four 3.5-L bioreactor fed-batch processes.

Process Basal Medium Asn (-)

A Medium 1 1x

B Medium 1 2.6x%
C Medium 2 1.8x
D Medium 1 2.6x%
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8.2.3 Analytical Methods for Cell Culture Performance

Growth and viability assessment was performed on a Vi-Cell analyzer (Beckman Coulter,
Brea, CA) on day 0 and then daily from day 3 to 14. For product titer measurements the
samples were collected daily from day 5 through 14 and analyzed, using a Biacore C instrument
(GE Healthcare, Waukesha, WI). Extracellular glucose, lactate and ammonium levels were
measured on day 0 and from day 3 to 14 daily. The collected samples were centrifuged and the
0.2 um filtered supernatant was analyzed by Nova Bioprofile 100+ (Nova Biomedical, Waltham,
MA).

8.2.4 Glycan Analysis

The collected samples from each 3.5-L bioreactor run from day 3 to day 14 were centrifuged,
the supernatant 0.2 ym filtered and purified on small-scale Protein A affinity columns (Phy-
tipsVR, PhyNexus, San Jose, CA), and then eluted in 20 mM citric acid, 20 mM POz‘ buffer. The
samples were neutralized in 0.5 M Tris. The neutralized samples from day 3 to 7 were concen-
trated, using Vivaspin 500 30,000 MWCO pore size (Sartorius Stedim, G6ttingen, Germany).
Both the concentrated (days 3-7) and the non-concentrated neutralized eluates (days 8-14)
were denatured by indole-3-acetic acid in 0.6 M denaturation reagent (GlykoPrep-plus, Europa
Bioproducts, Cambridge, UK) and reduced. Following purification, the samples were labelled
with 2-amino-benzamide and then dried for 3 days. The dried samples were dissolved in 50%
acetonitrile and subsequently injected into the 100 mm UPLC column in length supplied by
Waters Corporation, Milford, MA and eluted, using a gradient.

8.2.5 Non-Targeted Metabolite Profiling

Cells were quenched at each time point in NaCl 0.9% (w/v) at 0.5 °C. The supernatant (for exo-
metabolome analysis) was removed and flash-frozen in liquid nitrogen and stored at —80 °C.
The cell pellet (for endometabolome analysis) was washed in NaCl 0.9%, after centrifugation
the supernatant discarded and the cell pellet flash-frozen in liquid nitrogen and stored at
—80 °C. Pellets were resuspended in 500 pL 80% methanol (—20 °C) including internal stan-

Table 8.2 - Feed supplementation of the four 3.5-L bioreactor fed-batch processes.

Process Feed Asn(-) TE(-) Mn (M) Gal(mM)

A CD-feed 1x 1x 0 46
B CD-feed 2.7x 1.6x 5 0
C CD-feed 1x 2@ 2.9x% 12 0
D CD-feed 2.7x 3.5x 5 0

8 An additional Asn feed was added on days 3 and 5.
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dards. For metabolite extraction, the cells were disrupted by three freeze-thaw cycles, vortexed
and centrifuged at 4 °C at 13,500 rpm for 5 minutes. An aliquot of 200 uL was taken and stored
at —80 °C for further GC- and LC-MS analysis. Medium samples were prepared by thawing the
samples on ice and adding 720 uL 80% methanol (—20 °C) including internal standards. Sam-
ples were vortexed and centrifuged at 4 °C at 13,500 rpm for 5 minutes. An aliquot of 200 uL
was taken and stored at —80 °C until GC- and LC-MS analysis. Derivatization and analyses
of metabolites by a GC-MS 7890A mass spectrometer (Agilent, Santa Clara, CA) were carried
out as described 2%’
database entries of authentic standards. The LC separation was performed using hydrophilic
interaction chromatography with a ZIC-HILIC 3.5 um, 200 A column (Merck Sequant, Darm-
stadt, Germany), operated by an Agilent 1290 UPLC system (Agilent, Santa Clara, CA). The LC
mobile phase was (A) 95% acetonitrile; 5% 10 mM ammonium acetate and (B) 95% 10 mM
ammonium acetate; 5% acetonitrile with a gradient from 95% A to 72% A at 7 minutes, to 5%
at 8 minutes, followed by a 3-minute wash with 5% A. The flow rate was 400 yL/min, injection

. Metabolites were identified in comparison to Metabolomic Discoveries’

volume 1 pL. The mass spectrometry was performed, using a 6540 QTOF/MS Detector and a
AJS ESI source (Agilent Technologies, Santa Clara, CA). The measured metabolite intensities
were normalized to internal standards.

8.2.6 Multivariate Analysis

SIMCA-P+ (MKS Data Analytics Solutions, Umed, Sweden) was used for principal component
(PCA) analysis of intracellular and extracellular metabolite data and for partial-least-square
(PLS) modelling of glycosylation data based on extracellular metabolite profiles. Following
univariate analysis of metabolomic data and glycosylation patterns, PCA score and loading
plots of intracellular metabolomics data were generated. The purpose of PCA—a multivariate
projection method—is the extraction and the representation of the systematic variation in
a data set X, calling on orthogonal transformation of the data to a new coordinate system
that best approximates the data according to equation (8.1)?%. The X matrix was built with
either intra- or the extracellular levels of the four processes, considering the 21 time points
throughout each fed-batch process (84 observations in total) and the detected metabolites
(both identified and non-identified: 656 variables for intracellular data, 407 variables for
extracellular data).

X=1-x'+T-P'+E (8.1)

1- x' encompasses the variable averages obtained subsequent unit-variance scaling (dividing
each value by the column standard deviation) and mean-centering (subtracting the mean of
each column), the product T - P’ comprizes the score matrix T, including the scores of the n
principal components (11, f»,..., t,;) and the transposed loading matrix P’ composed of the
loadings of the n principal components (p1, po, ..., pn), while E represents the noise?%. The
number of principal components (PC) included in the model was defined by optimizing at the
same time the goodness of fit R>X and the goodness of prediction Q?X. The number of PC is
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given by the maximum of Q% X where the best trade-off between the parameters results. The
use of PCA enabled us to identify the metabolites that have a strong influence on the model.

Rather than a maximum least squares projection of X in the case of a PCA, a regression
extension of PCA, namely partial least squares projections to latent structures (PLS), or in
other terms, a covariance model was built to describe the relationship between X and Y as
shown in equation (8.2) 298 The PLS model was calibrated with the identified extracellular
metabolite data of process A, B and D (X matrix) amounting to 117 variables (m) at the
timepoints glycosylation was measured, which corresponds to 36 observations (k). The Y
matrix comprized the information related to the temporal glycosylation patterns, including 36
observations (k) and 20 variables (7).

X11 X12 X13 ... Xim yiu Yi2 ... Vin
X21 X22 X23 ... X2m PLS Y21 Y22 ... Yon

X = Y = . . (8.2)
XK1 Xk2 Xk3 oo Xkm Y1 Yk2 - Yikn

The PLS model is generated by fitting two PCA-like models simultaneously with the aim to
model X and Y in addition to predict Y based on the X matrix?%,

X = 1-X+T-P'+E (8.3)
Y 1-y'+U-C'+F (8.4)

Likewise, 1-x" and 1 -y’ encompass the variable averages obtained subsequent unit-variance
scaling and mean-centering, the score matrices T and U include the observation characteris-
tics, while the variable data is located in both the X-loading matrix P’ and the weight matrix C’,
E and F are called residual matrices, and thereby it is suggested to translate the PLS solution

of the latent variable framework as regression model as follows?%,

Y

1-y'+X-Bprs+F (8.5)
wE'w)y l=w*C (8.6)

Bprs

Bps represents the PLS regression coefficients that are composed of X-weight matrix W* and
the Y-weight matrix C2%. We defined the number of latent variables—PLS components—to be
included in the model by simultaneously optimizing the balance between the goodness of fit
R?Y and the goodness of prediction Q*Y. PLS regression coefficients, loadings and the variable
importance in the projection describe the correlation between the X and Y variables?®. PLS
scatter and score plots were generated to analyze visually the trajectories of the runs included
in the model as well as to assess the weight of the specific glycans on the model (Y). As a result
of the great number of dimensions of the model, the variable-importance plot (VIP) was used
to determine how strongly each of the 117 X variables explained both the X and Y space in
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the latent variable model?’®. To further assess the modelling approach and thereby to test all
possible permutations, three additional models were built, using the same methodology. One
model with processes A, B, and to predict D, one with ACD to predict B and one with BCD to
predict A. Finally, the performance of all four models was assessed, using a two-step validation
process. First, a 7-fold cross-validation of each Y variable was conducted. Then, an external
data set was included, namely the extracellular metabolite profiles of process C (prediction
set) to predict its glycosylation pattern, using the PLS observation model built with the three
other runs (calibration set). This step was repeated for the other three models.

8.3 Results

8.3.1 Non-targeted Profiling of Intra- and Extracellular Metabolites

The four processes A, B, C and D in 3.5-L bioreactors exhibited distinct performance and
metabolite responses. Figure 8.1 shows cell growth profiles, viability, titer and three extracellu-
lar metabolites. Up to culture day 6, cell growth was comparable in all four process formats
(figure 8.1A). Process C reached the highest viable cell density on day 9 of 24.4 x 10° cells/mL. At
harvest on day 14, the cell density decreased to 20.3 x 10 VC/mL. Processes B and D reached
slightly lower peak cell densities of respectively 22.4 and 23.3 x 10® VC/mL. Beyond, both
displayed considerably pronounced density decreases, reaching 13.0 and 15.9 x 10° VC/mL,
respectively. Process A stands out from the four runs. The peak was lower (18.8 x 10 VC/mL)
and reached two days earlier, namely on day 7. At the end of the culture its cell density was
in the same range than process B. According to the viability profile in figure 8.1B, two groups
can be identified. Process A and C maintained high viabilities throughout the entire culture
(= 90%). Starting on day 10, both B and D distinguish themselves by a much faster decline,
going down to 70 and 81%, respectively. Interestingly, the productivity of process A was high.
Despite the lower cell growth, the harvest titer amounted to 2.7 g/L, which was comparable to
process C (2.8 g/L) as shown in figure 8.1C. Process D ended up third with a titer of 2.3 g/L,
while process B yielded 1.9 g/L. One can also notice that the routine extracellular metabolite
analyses highlight different behaviors among the four cell culture processes (figures 8.1D to F).
While the glucose profile was comparable for most of the runs, process A was characterized by
substantially higher peaks on days 4, 7 and 10. The processes featured three different lactate
profile patterns. In all cultures, extracellular lactate levels peaked on day 3 in the region of
2 g/L. The cells in process A rapidly switched over to lactate consumption, which effected
pronounced decrease, reaching levels below the detection limit on day 7 already and remained
there until day 14. Process C also eventually switched over to lactate consumption. Nonethe-
less, lactate levels drop more slowly and were not detected any more, starting on day 10. A
slight increase was observed on day 12. The third group is composed of processes B and D. Like
process C, the lactate consumption started on day 3 and resulted in a decrease until day 10
when no lactate was detected. However, the cells seemed to favor lactate generation once again
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from day 11 on. Process B ended with 0.6 g/Llactate in the supernatant and process D reached
0.5 g/L. In the latter, the increase was not progressive. On day 13, no lactate was measured. It
is not known whether this was a real response or an analytical artefact. The cultivated cells in
process A generated the lowest amount of ammonium. Overall, the level progressively climbed
up to 7.9 mM on day 14. Process C showed a more pronounced ammonium secretion until
day 6. At that point, it plateaued in the region 0f 9.4 to 11.2 mM. Processes B and D had similar
ammonium concentrations throughout the entire culture, reaching high levels. They peaked
atabout 18 to 19 mM on day 12 and slightly decreased, ending up in the region of 17 to 18 mM
of ammonium in the cell culture fluid.

Using non-target metabolite analysis, the next step looked for intracellular and extracellular
metabolites, which featured similar patterns to the above presented lactate profiles. Figure
8.2 shows the asparagine (Asn) level changes throughout the culture. One can notice the peak
around day 10 of both the intracellular and extracellular levels. Interestingly, process B and
D featured the most pronounced increase of asparagine like they did with lactate, while the
asparagine levels only slightly increased in processes A and C. The concentration of this amino
acid was the lowest in process A at all times with respect to the other three process formats.
The asparagine level seemed to correlate with the lactate concentration. This finding is further
supported by the fact that process C generated intermediate asparagine levels, as was also the
case for lactate. A similar pattern showed homocysteine, a sulfur amino acid intersecting two
pathways: remethylation to methionine and transsulfuration to cystathionine?%®. Once more,
process A stood out due to low intra- and extracellular levels, while intermediate homocysteine
levels were observed in process C (figure 8.3). In the supernatant, the levels of processes B
and D were the highest and their levels were globally comparable in the first part of the
culture. The intracellular levels were also higher than in the other two process, but process D
generated substantially greater amounts. In all processes, an intra- and extracellular increase
was observed on day 10. Like in the case of lactate and asparagine, processes A and C induced
the smallest change of the homocysteine concentration at that point. B and D resulted in
severalfold higher increases.

Figure 8.4 depicts the alanine intra- and extracellular profiles. The intracellular alanine levels of
processes A, B and C were comparable the first 3 days. Slightly higher levels were measured in
process D. In the supernatant, all four processes were comparable in the beginning. However,
the profiles diverged after the first feed addition on day 3. Both in the cell and in the medium of
process A, the alanine levels decreased and remained at significantly lower levels. In the other
processes, alanine became more abundant inside and outside the cell. Process D exhibited
the fastest increase in the cell and remained at the top until the end. The extracellular level
of the three processes was comparable throughout the culture. They peaked on day 6 and
then progressively decreased. Globally, the extracellular levels correlated with the intracellular
levels. High extracellular alanine abundance accompanied high intracellular concentrations.
At a few exceptions, the order of the runs in the intracellular profile corresponded to the
extracellular environment until day 9. Then, process C caused the highest alanine levels in the
supernatant, while process D remained at the top inside the cell.
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Figure 8.1 — (A) Viable cell densities. (B) Viabilities. (C) Product titer. (D) Extracellular glu-
cose concentration prior to feeding. (E) Extracellular lactate concentration. (F) Extracellular
ammonium concentration. All four runs were conducted in 3.5-L bioreactors for 14 days.
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8.3.2 Temporal Glycosylation and Nucleotide Sugar Profiles

At this point, the interest was directed toward the glycosylation fingerprint of each process.
The glycan profile was determined once a day, starting on culture day 3 until the end of the
run. The fucosylated species FA2—the main glycan peak—and the two galactosylated species,
including the mono-galactosylated form FA2G1 (sum of FA2[3]G1 and FA2[6]G1) as well as
the di-galactosylated glycan, FA2G2, in function of time are presented in figure 8.5. The cells
readily expressed galactosylated mAb at the beginning of the culture. On day 3, 38.1% of
the mAb in the supernatant were mono-galactosylated and 4.8% entirely galactosylated. As
the culture progressed, the galactosylation level dwindled slowly. On day 14, galactosylation
dropped to 19.6% of FA2G1 and 1.4% FA2G2. While exhibiting a distinct progression, processes
B to D had in common with process A reduced levels of galactosylation at the end of the
bioreactor run. Rather than progressively promoting FA2 forms with time, they either started
at a similar or slightly lower galactosylation level than process A, and then, in the first part of
the culture until day 6 galactosylation levels climbed. Succeeding the peak galactosylation
dropped to levels observed in process A. Process B, displayed the lowest galactosylation level
of all four processes on day 3, amounting to 29.5% FA2G1 and 4.5% FA2G2. Galactosylation
peaked at 41.5% FA2G1 and 6.3% FA2G2. Both process C and D expressed comparable amounts
of terminal galactose to process A on day 3. They reached higher levels than process B on
day 6, amounting to 46.1 and 44.5% FA2G1, and 6.1% and 7.0% FA2G2, respectively. These
results show that the abundance of the FA2 glycoform most strongly depended on how readily
galactosyltransferase attached galactose to the terminal GIcNAc moiety.
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Figure 8.5 — Levels of FA2, FA2G1 (sum of FA2[3]G1 and FA2[6]G1) and FA2G2 in processes A to
D as a relation of the culture time. The glycosylation profile was analysed daily from culture 3
to 14 by 2AB-UPLC.

Although the changes of the mono-galactosylated species were correlated with di-galacto-
sylated species, figure 8.6A shows the ratio of the two structures changed during the culture.
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Processes B, C and D expressed the highest ratio of entirely galactosylated glycans around
days 6 and 7. At that point, the level of galactosylation peaked. Hence, more abundant ga-
lactosylation correlated with higher ratios of FA2G2. The ratios of processes C and D were
in the same range on day 3 and at the end of the culture. Process B highly favored mono-ga-
lactosylated forms at the beginning and then reached comparable levels to D towards the
end. Process C tended to push the equilibrium towards entirely galactosylated forms. On the
contrary, process A exhibited a distinct fingerprint. Like its glycosylation profile, the ratio of
FA2G2 versus FA2G1 continually decreased. More abundant glycosylation at the beginning
correlated with higher levels of FA2G2, and on day 14, when galactosylation reached the
lowest point, the least di-galactosylated antibodies were present in the supernatant. That
level was substantially lower than in B, C and D. While all four processes reached comparable
galactosylation levels, the ratio of FA2G2 versus FA2G1 of process A was substantially lower,
reaching a value of 0.074. The ratio of the other process formats amounted to = 0.119.
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Figure 8.6 — (A) Ratio between di-galactosylated (FA2G2) and mono-galactosylated (FA2G1)
forms in function of the culture day. (B) Sum of agalactosylated (FA2), mono-galactosylated
(FA2G1) and di-galactosylated forms (FA2G2) in function of the culture day.

Surprisingly, the fucosylated species as a whole were comparable in all four processes through-
out the entire fed-batch culture duration. Figure 8.6B highlights that the sum of agalactosylated
form FA2, the mono- and di-galactosylated species (FA2G1 and FA2G2) varied between 94.9
and 95.7% at day 3 and decreased to a narrow range of 91.0 to 91.3%. Theses species remained
the main glycans in the entire processes. Nonetheless, the formation of fucosylated species
including galactosylation was favored at the beginning, and as the culture progressed, they
slightly decreased, while mainly FA1 and mannose 5 more readily appeared (data not shown).

Following the observation of the distinct glycosylation profile trajectories in the respective cell
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culture processes, the levels of glycosylation enzyme substrates and precursors were studied.
Figure 8.7 shows the evolution of intracellular UDP-GIcNAc, the substrate of GIcNAc-trans-
ferase and the UDP-glucose, a precursor of UDP-galactose. The non-targeted analysis did
not pick up the galactosyltransferase substrate, UDP-galactose. Comparable and low levels
of UDP-GIcNAc were recorded among the entire array of processes until day 6 (figure 8.7A).
Subsequently, the intracellular levels increased until day 12. Processes B, C and D exhibited a
stronger increase than A. Nevertheless, the three former were characterized by comparable
levels. The nucleotide sugar concentration was considerably lower in process A. Interestingly,
the levels in all four processes started to decrease on day 12 or 13. The decrease was the most
pronounced in B. On the other hand, the levels of UPD-glucose levels may provide insight on
the distinct galactosylation levels of the four processes. UDP-glucose 4-epimerase reversibly
converts UDP-glucose to UDP-galactose3%’ and thus may be linked to the abundance of
terminal galactose. Until day 4, the intracellular levels of UDP-glucose were comparable. Then
it dropped in processes B, C and D until day 9, while process A remained at higher levels
throughout the entire culture. A slight increase was observed in all processes from day 9 to the
end of the culture.
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Figure 8.7 — (A) Intracellular UDP-GIcNAc profile throughout the cell culture of processes A to
D. (B) Intracellular UDP-glucose profile throughout the cell culture of processes A to D.

The purpose of this chapter is to provide an overview of the metabolic profiles, and in partic-
ular, to identify a way to control the glycosylation pattern in routine production. The short
summary hereafter describes how the four 3.5-L bioreactor process formats affected the cell
metabolism !. Process A exhibited low concentrations of alanine, asparagine, homocysteine
as well as glutamine and malic acid at the exception of glycine, beta-alanine, inositol and

1. Summary according to analytical service provider’s conclusions.
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2-hydroxy-glutarate. Process B affected glutamine levels and urea-cycle linked metabolites
arginine, ornithine and agmatine. Furthermore, it produced the highest amount of ammo-
nium. Process C influenced the sugar metabolism, entailing accumulation sugars and sugar
alcohols at late time points. Citrate and isocitrate, lysine, arginine, proline, methionine and
cadaverine were also more readily accumulated in comparison to the other processes. Fi-
nally, the strongest effects were observed in process D where many pathways were affected,
including the TCA-cycle, methionine and homocysteine, beta-alanine and pantothenate, the
urea-cycle, homoserine and threonine and also highly linked glutamate and glutamine. The
extracellular levels of all processes did not always reflect the endometabolic trends.

8.3.3 Multivariate Analysis and Modelling

Thereby, the four fed-batch processes showed different fingerprints of both a selection of
intracellular metabolites including nucleotide sugars and glycosylation pattern trajectories.
Aiming to identify a way to control glycosylation during production, it was evaluated to what
extent multivariate analysis can be used to predict the observed differences and to reduce the
complexity. Figure 8.8 presents the PCA score plot of the intracellular metabolites (X variable).
The first principal component (PC1) explains 44% of variance and the second (PC2) 7%. Early
time points were located in the upper left quadrant. Intermediate points were projected in
the lower left and right quadrants. Late time points of process A remained in the lower right
quadrant, highlighting the distinct metabolite profiles in comparison to the other process
formats. The score plot also depicted the intermediate pattern of process C. In general, its
trajectory followed processes B and D. But at the end, it approached the central point rather
than further progressing upwards and to the right. Process D exhibited a distinct trajectory
in the lower left quadrant and ended up most distant to the center on culture day 14. The
first two PC of the score plot including the extracellular metabolites explain 26.6% and 11.6%,
respectively, of variance (data not shown).

Subsequently, a partial-least-square model was built that may be used to control the glycosy-
lation pattern in routine production. Rather than using intracellular metabolite data, it was
preferred to calibrate the model exclusively with extracellular metabolite profiles of processes
A, B and D and their respective glycosylation profiles. This choice was driven by practical
reasons. In routine production, the measurement of intracellular metabolites would be too
complex. Moreover, various existing on-line and at-line technologies are suitable to acquire
extracellular data. The first step in the PLS model building consisted of the determination of
the optimal number of latent variables. The optimal number was located in the region of 3
to 4, where the best balance between the goodness of fit (R X and R?Y) and the goodness of
prediction (Q?,,,,) was encountered (cf. table 8.3). To avoid any overfitting, the PLS observation
model was built with the first three components only. Although the first two components of the
PCA-X of extracellular data explained less variance when using intracellular data (41 vs. 51%),
figure 8.9 shows that the goodness of fit of the first two components of the model amounted
to 39% and 10%, which summed up to almost 50% of the variance. The third latent variable
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adds additional 6% of variance explained by the model. It is important to notice the absence of
strong outliers. In the score plot, the 95%-confidence ellipse shows the operating area defined
by Hotelling’s T22%8. All observations are within that area. The weight plot of the model in
figure 8.10 shows that the galactosylated species are located in the upper left quadrant, which
means that galactosylation was favored in the beginning of the culture. The early time points
are located at the left in the score plot. The observer’s eye catches the cluster in the lower
right quadrant, including high mannoses (Man5 and 6) and fucosylated glycans (FA1 and FA2).
The late time points of the three processes can be found in the lower right quadrant of the
score plot. Hence, the model shows that with progressing cell culture, the cells more readily
expressed high mannose and fucosylated forms containing antibodies, while galactosylation
was reduced towards the end. A2 and Man7 can also be found on the right-hand side of the
weight plot. Notice the different trajectories of process A at 144 and 168 hours (days 6 and 7)
accounting for the distinct profiles of some extracellular metabolites. According to the variable
importance plot in figure 8.11, the metabolites having the greatest influence in the model are
glycerol, arabitol, glucoronic acid and homoserine.

Table 8.3 — Goodness of fit (R2X and R%?Y) and goodness of prediction (qum) of PLS model in
function of the number of latent variables.

#Latent Variables R?X  R?’Y Q2

1 0.387 0.444 0.413
2 0.488 0.640 0.564
3 0.553 0.762 0.668
4 0.638 0.792 0.691
5 0.691 0.812 0.671

The small number of batches prevented building a batch model. The resulting model quality
was poor (data not shown). The observation model was used instead to predict the glycosyla-
tion profile of process C based on the metabolite data. The model can be used to predict the
glycan pattern at a specific day based on the extracellular metabolite levels at that moment.
However, the model is not capable to predict the final glycan fingerprint at the very end of
the fed-batch process. To assess the prediction quality of the four major glycan species, FA2,
FA2[6]G1, FA2[3]G1, and FA2G2, the observed versus predicted value plots in figure 8.12 pro-
vided insight at each specific glycan value. The predicted points of FA2[3]G1 lie rather closely
to the diagonal line, whereas for the points of the other three species form a curve. Both at the
extremes and in the middle the prediction error is larger as the larger distance between the
points and the line indicates. For instance, at 55 and 70% of FA2 the prediction is good.

Two time points of the culture were chosen to assess the difference of the experimental and
the predicted glycosylation profiles of process C as shown in figure 8.13. On day 6, the FA2
and the galactosylated glycan peaks of the PLS-model calibration set processes exhibited
the largest differences (cf. section 8.3.2). At this time point, the model overestimates the FA2
peak (figure 8.13A). While 40.8% of the secreted antibodies on day 6 held a FA2 glycan, the
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Figure 8.9 — PLS scatter plot of processes A, B and D. The goodness of fit (R%2X) of the first
component amounts to 39% and the second component to 10%. Each time point is labelled
with the respective culture hour of the corresponding process format. The ellipse delimits the
0.95%-confidence area.
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Figure 8.11 — Variable importance plot. The chart includes the variables above 1. The error
bars indicate the 95% confidence intervals.

model estimation amounted to 51.7%. Galactosylation was underestimated: the experimental
values of the monogalactosylated forms FA2[6]G1 and FA2[3]G1 were 34.7 and 11.3%. The
model predicted 28.2 and 9.8%, respectively. In process C, di-galactosylation reached 7.8%,
whereas 5.2% were predicted. The model exhibited a quite well prediction accuracy for A2 (1.3
vs. 1.2%) and the minor peaks FA2G2S2 FA2G2S1 NGNA, FA3G1 and Manb5. At the end of the
culture, on day 14, the model quality was substantially improved, as shown in figure 8.13B.
The abundance of the main glycan peak—the agalactosylated form FA2—was perfectly well
predicted. At harvest, 68.8% of the mAbs were agalactosylated. The PLS model prognosticated
a slightly lower percentage, adding up to 68.0%. Although to a smaller extent, it still overes-
timated mono-galactosylated species FA2[6]G1 (14.4 vs. 15.9%) and FA2[3]G1 (5.5 vs. 6.0%).
Nonetheless, the level of di-galactosylated glycans was well estimated. Both the experimental
and the predicted values amounted to 2.6%. The model also proved to be reliable for Man5,
estimating 1.5%, which is nearby the experimental value of 1.4%. A2 and FA1 were slightly
underestimated, resulting in differences < 0.8% between experimental and predicted values.
The comparison of the major glycan species FA2 between the four models that resulted from
permutation of the processes included in the calibration set in figure 8.14 depicts an overall
good prediction accuracy. On day 6, the calibration set including processes A, B and D featured
the best congruence with the prediction set. Like in the case of univariate analysis, process A
distinguished itself once more. When process A was part of the calibration set, FA2 abundance
was overestimated, while the model including B, C and D underestimated the FA2 of process
A. The prediction was greatly enhanced on the final culture day. Three of the four models
predicted the FA2 level within less than 2% absolute difference. The distinct characteristics
of process A was not apparent. The root mean square error of evaluation (RMSEE), of cross
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validation (RMSECV), and of prediction (RMSEP) of the modelled glycan species were in the
same range (table 8.4), and more importantly the RMSEP were lower than the actual range of
the predicted values (except for A0, a minor species). In particular, the prediction error was
considerably lower than values of the main glycan species FA2 as well as both mono- and
di-galactosylated forms.

Table 8.4 — Average PLS observation model errors of each glycan species + 2 standard deviations

taking into account all four models.

Glycan RMSEE (%) RMSECV (%) RMSEP (%) Glycan Range (%)
A0 0.01+0.01 0.01+0.01 0.01+0.01 0.00-0.09
Al 0.05+0.02  0.06+0.02  0.06+0.03 0.09-0.61
A2 0.19+0.05 0.21+0.06  0.29+0.23 0.84-2.20
FA1l 0.17+£0.08  0.20+£0.08  0.25+0.16 0.33-2.37
FA1[3]G1 A2[6]G1 0.09+0.02  0.09+0.02  0.13+0.08 0.30-0.91
FA2 3.56+0.21 3974029  5.50+0.79 40.84-71.05
FA2[6]G1 2.18+0.21 2494026  3.34+0.14 13.04-34.73
FA2[3]G1 0.59+0.07 0.68+0.08 0.81+0.19 4.92-11.32
FA2G2 0.78+0.11 0.86+0.14 1.40+0.60 1.44-7.84
FA2G2S1 0.09+£0.02 0.10+0.02  0.15+0.08 0.40-1.13
FA2G2S2 FA2G2S1 NGNA  0.06+0.01 0.06+0.01 0.07+0.03 0.14-0.60
FA3G1 0.02+0.00  0.02+0.00  0.03+0.04 0.21-0.38
Hybrid-F 0.03+£0.01 0.03+0.01 0.04+0.02 0.01-0.22
Man4 0.02+0.00 0.02+0.00  0.02+0.00 0.03-0.13
Man5 0.19+£0.04  0.22+0.05  0.21£0.08 0.27-2.27
Man6 0.04+0.01 0.05+0.01 0.06£0.03 0.05-0.43
Man7 0.04 £0.01 0.04 £0.01 0.06 £0.02 0.20-0.47
UKN 1.834 0.09+0.07 0.10+0.09  0.21+0.28 0.34-1.09

8.4 Discussion

The presented results show that diverse medium compositions substantially altered the
metabolism of the cultured cells. The four process formats not only displayed differing cell
culture performances including cell growth and productivity, but resulted in a variation of
extracellular lactate and ammonium profile shapes. The process format influenced the de-
gree of lactate consumption versus lactate production. The asparagine concentration in the
medium was directly correlated with the production of ammonium. The medium of process A
contained the lowest amount of Asn of the four 3.5-L bioreactor processes, and as a result, low
Asn levels were present in the supernatant. Increased ammonium levels in processes B, C and
D were correlated with supplementary Asn additions either combined with the CD-feed or as
a separate feed solution. Processes B and D were characterized by high levels of ammonium
(= 18 mM) that were well beyond the reported galactosylation inhibiting levels 126237, The
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lower cell densities as well as reduced productivity suggest that the high ammonium levels
entailed toxic effects for the cells. The literature reported that ammonium levels = 10 mM
effected the cell culture performance, and in particular at 20 mM dramatic effects were ob-
served %!, Therefore, higher galactosyltransferase activity and gene expression in processes A
and C is assumed. It is possible that manganese supplementation compensated the reduced
activity in processes B and D, thus allowing to reach comparable levels of galactosylated
glycans at the end of the culture. Nonetheless, it seems that even at important ammonium
levels, galactose was still attached to the terminal GlcNAc of the glycan backbone. On day
6, when the galactosylation was the most abundant, the product titers were in the range of
0.30 to 0.32 g/L. Until harvesting, the secreted mAb concentrations increased by six to nine
times. At the same time, galactosylation decreased only 1.7- to 2.6-fold. Thus, an important
number of galactosylated mAbs was produced between days 6 and 14, while in particular in
processes B and D ammonium levels were aloft, climbing up to levels substantially beyond
the reported threshold of 10 mM. The glycosylation profiles of the four 3.5-L fed-batch experi-
ments indicate that process optimization including media and feed design allowed to reach
the same glycosylation endpoint, starting the culture at different levels. Although the sum of
agalactosylated, mono-galactosylated and di-galactosylated forms was comparable among
the tested processes, it decreased as the culture progressed, showing that the generation of
other species became more frequent. Moreover, the degree of galactosylation—the ratio of
FA2G2 versus FA2G1—was higher with increasing percentage of galactosylated antibodies and
strongly dependent on the process format. Despite the galactose containing feed of process
A, the absence of manganese seemed to impede the attachment of galactose to the terminal
GlcNAc. The ratio of di-galactosylated and mono-galactosylated forms of process A amounted
to about 0.08. In B, C and it was greater than 0.12, which corresponds to a 1.5-fold increase of
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entirely galactosylated proteins.

Univariate analysis of the non-targeted metabolite profiling results drew the attention to a
number of intra- and extracellular metabolites having similar profiles than the extracellular
lactate concentration. Interestingly, high levels of asparagine and homocysteine, for instance,
were detected at the beginning of the culture, correlating with lactate production. Their
levels eventually decreased when the cultured cells switched over to lactate consumption.
Particularly, process A stood out with low levels of Asn and homocysteine, as well as a fast
lactate concentration decrease starting on day 3. The lactate production peaks beyond day
10 were also correlated with increased levels of Asn and homocysteine. Processes B and D
featured all at once the highest lactate concentration increases and the highest levels of the two
amino acids. Homocysteine is either transformed to methionine (Met) by the Met-synthase
using 5-methyltetrahydrofolate or to cystathionine by the cystathionine- -synthase, involving
serine?%. The non-targeted metabolomic analysis detected neither intra- nor extracellular
cystathionine. On the other hand, Met did not display a similar pattern to the extracellular
lactate concentration (data not shown).

The non-targeted profiling enabled to have a closer look at the relation of a number of sub-
strates and their precursors of glycosylation enzymes and the resulting glycan pattern. The
process format influenced the UDP-GIcNAc profile. In particular, process A exhibited lower
levels in the second part of the fed-batch culture. However, the overall sum of agalactosylated,
mono-galactosylated and di-galactosylated glycans remained comparable throughout the
entire experiment and the A2 levels were small and did not differ substantially between the
process formats (data not shown). It is assumed that the level of the GlcNAc transferase II
substrate, UDP-GIcNAc, may have played a minor role at that stage of the glycan maturation.
One explanation may be that the enzyme expression and the enzymatic reaction rate took
precedence over the substrate availability. The cell might have compensated the differences
in the intracellular UDP-GIcNAc levels by regulating genetic parameters and the presence of
certain metabolites might have increased the enzyme activtiy. There is also evidence that am-
monia accumulation correlated with enhanced UDP-GIcNAc formation as reported earlier 14!,
This observation is at least applicable to processes B, C and D, which all exhibited higher
extracellular ammonium and intracellular UDP-GIcNAc levels than process A. In contrast,
more abundant intracellular UDP-glucose coincided with higher galactosylation. The enzyme
UDP-galactose 4’-epimerase interconverts UDP-glucose and UDP-galactose in the final step
of the Leloir pathway of galactose metabolism, while galactose-1-phosphate uridyl transferase
is involved in the second step of the pathway, catalyzing the transformation of UDP-glucose
and galactose-1-phosphate to glucose-1-phosphate and UDP-galactose 24392, In comparison
to other process formats, in process A the substrate demand of galactosyltransferase was
lower after day 6. The lower degree of galactosylation at that time of the culture increases the
substrate demand in order to reach a comparable percentage of galactosylated mAb to B, C and
D at the end. It has been reported that despite 5-fold higher intracellular UDP-galactose levels,
galactosylation was not significantly improved 1?3, which highlights the importance to take
enzyme activity and gene expression into account too. The cofactor for galactosyltransferase,
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manganese, increases the GalT activity and thus considerably promotes galactosylation?3%2,

The three manganese containing processes B, C and D exhibited improved galactosylation in
particular around day 6, and the presence of the trace element likely coincided with enhanced
enzyme activity. Since ammonium continued to build up, the intra-Golgi pH increased, and
as a result, increasingly hampered GalT activity despite Mn enhancement. Galactosylation
drastically diminished, amounting to a maximum absolute difference of —31% between the
peak value and the endpoint. Media optimization might be considered to reduce detrimental
effects of ammonium. An earlier study depicted how threonine, proline, and glycine had
significant protective impact on important metabolic parameters, including glucose consump-
tion, lactate production, glutamine utilization, and final ammonium levels3°!. At the same
time an increase in the levels of sialic acid and galactosylated proteins was observed, which
may indicate that the co-metabolism of those amino acids had possibly circumvented the
detrimental effects of ammonia?*3%!, They also concluded that alanine secretion may reduce
ammonium stress by bifurcation of the amine group from glutamate to alanine rather than
in the form of a free ammonia molecule°!. This finding suggests that the distinct alanine
profiles in the present study may be a result of the high ammonium generating metabolisms
of processes B, C and D.

As described above, many pathways were affected by changing the medium and feed compo-
sition. It is strenuous to analyze the plethora of intra- and extracellular results simultaneously
and to draw meaningful conclusions by simple univariate analysis. Hence, multivariate analy-
sis was performed to reduce the complexity of the data analysis in order to identify metabolites
that directly or indirectly played a key role in the glycosylation pathways. Although the extracel-
lular levels did not always reflect the intracellular levels, and more importantly, the trends, the
PLS observation model based on the extracellular metabolites of the calibration set (processes
A, B and D) proved to be reliable. The model predicted the level of mannose 5, afucosylated
and fucosylated forms as well as the level of galactosylation of the prediction set (process C).
Likewise, the following permutations leading to three additional models highlight that a high
quality of prediction was obtained by all four combinations. The analysis of the model errors
for each specific glycan species (RMSEE, RMSECV and RMSEP) shows that the models fairly
well translate exometabolomic data into the glycan pattern at that specific time point. The
major glycan species exhibited small errors. The errors were in the same range and lower than
the real glycan values of the respective prediction set. Nonetheless, the prediction accuracy
was substantially lower for minor glycan forms. This study also highlights the limitations
of metabolomic profiling and the use of mathematical models explaining the relationship
between metabolite levels and glycosylation patterns. Even if the PLS observation model ex-
plains the glycosylation pattern of the prediction set well, in particular on day 14, it is certainly
limited by the small number of batches included, and more importantly, by the absence of data
regarding enzyme activity, expression levels, and substrate transport. The univariate analysis
of the UDP-GIcNAc clearly reveals the limited capability of metabolomic profiling alone to
explain certain glycan pattern characteristics. Glycosylation pathways are highly complex and
involve multiple parameters. Despite the great diversity of extracellular metabolite profiles
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on day 6, the model error was substantially higher than for late culture time points. Further
calibration with future development and commercial runs would increase the model quality.
Despite these limitations, PLS-modelling of extracellular metabolomic data demonstrated
its potential to predict glycosylation patterns. In large-scale manufacturing particularly, the
measurement of extracellular metabolites may be easily and quickly carried out at-line or
even on-line, using for instance Raman-based multivariate calibration models 303 Real-time
data rather than off-line analytical testing would be a great benefit in routine manufacturing
for both monitoring and control. Thus, in future development efforts, it would be worthwhile
and of great interest to further reduce the model complexity by including a small number
of important variables only. For tight glycan pattern control a simplified model would be of
great benefit to monitor critical cell culture process parameters on-line rather than relying on
post-production interpretation of analytical results. This model can then be further calibrated
with real large-scale data of future commercial batches.

8.5 Conclusion

Non-targeted endo- and exometabolomic profiling of cell culture processes offers great in-
sights in the various pathways. As a starting point, the univariate analysis of the immense
data sets pinpointed metabolites that featured a similar pattern than the distinct extracellular
lactate profile of the four fed-batch processes. The degree of ammonium production and
the presence of certain medium and feed components, namely manganese, influenced the
time course of the glycosylation profile. Substrate or substrate precursors of the oligosac-
charide transferases may be linked with the abundance of the corresponding glycan species.
Nonetheless, the data suggests that the underlying processes are more complex and one
should include further parameters, including enzyme activity, substrate transport and gene
expression. In addition to reduced complexity due to the multivariate analysis of non-targeted
metabolomic data, PLS modelling proved to be a suitable tool to investigate the correlations
between metabolite levels and the glycan fingerprint. The resulting PLS observation model
shows its great potential for the glycosylation control in routine manufacturing.
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Chapter 9

Generation of a Wide Range of Glycan
Variants for Bioactivity Testing

9.1 Introduction

The structural features of recombinant therapeutic proteins shape their inherent biological
activity in vivo'l. The literature describes several examples linking glycosylation and biological
activity. Glycosylation is essential to preserving its interaction with effector systems. Agly-
cosylated chimeric-mouse human IgG has for instance been reported to lose its binding
capacity to the human Fcy-receptor (FcyRI) 15 Gjalic acid variants of a fusion protein (FST-
A-Fc), namely the glycosylation sites located in the FST1 domain (sialylation was low at Fc
domain), affected pharmacokinetic parameters in ASPGR-1 knockout mice, reducing clearing
at higher level of sialylation3%%. Also in one case, its has been reported that higher levels of
sialylated forms of IgG1 molecules have diminished antibody-dependent cellular cytotoxicity
(ADCC) potency as a result of lower binding affinity to FcyRIIIa'%. Higher levels of sialylation
of IgG brought about anti-inflammatory properties due to somewhat reduced binding to

305 Many authors have described the pivotal role of FcyRIII in connection with the

FcyRs
efficacy of therapeutics 57396307 It is not surprising that increasing effector functions by means
of Fc-glycosylation engineering has gained considerable interest !%6. As a consequence, the
pharmaceutical industry has allocated remarkable research efforts to glycan engineering,
aiming to increase ADCC of mAbs, in particular by limiting core fucosylation 48:6%91,308-313
Many reports have described the significant increase of ADCC whenever the fucose attachment

to the glycan backbone was precluded 42196308312,

Health agencies may require an assessment of the impact on the biological activity, due to
glycan pattern tuning, in the registration process of a new molecule. Easy and powerful ways
to generate much wider intervals of glycoforms are needed so that the analytical methods
may detect the induced changes on the biological activity. Following the example of the bio-
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therapeutics process development, media optimization stands out due to its ease of use and
great potential. For instance, a simple and rapid method to produce non-fucosylated high
mannose forms was proposed to assess biological activity of an IgG1, using kifunensine, a
strong mannosidase I inhibitor?!. Likewise, the addition of both potent and specific inhibitors
of fucosyl- and sialyltransferases into cell culture media gave rise to complete enzyme inhibi-
tion!!2. In this work, the effects of cell culture media supplements were levered by extending
the glycosylation variation ranges as far as cell culture processes allow it in order to create a
variety of mAb variants. Moreover, the goal was to test the performance of these glycosylation
modulating compounds in the production of an antibody Fc-fusion molecule that contains
three N-glycosylation sites. One is located in the CH2 region of the Fc part of the antibody
fraction, and the two other sites on the fusion entity (non-Fc part). As an alternative approach,
the potential of enzymatic glycoengineering of purified proteins was assessed to further propel
the levels of galactosylation and to remove sialic acid of the highly sialylated fusion molecule.
Glycopeptide mass spectroscopy technology enabled to study the induced changes of the
media supplements at each individual glycosylation site separately. The glycovariants were
submitted to potency and binding assays. The results show that media supplementation allows
to generate sufficient glycosylation variation for both classical mAb and complex molecules
having several glycosylation sites, such as an antibody fusion molecule, and most importantly,
statistically significant biological activity differences.

9.2 Materials and Methods

9.2.1 Inoculum Preparation

Two CHO-S derived clonal cell lines were used. Cell line A expressed a human monoclonal IgG1
antibody and cell line B an antibody Fc-fusion molecule comprised of three N-glycosylation
sites. Cells were first expanded in multiple passages in shake tubes or shake bottles in pro-
prietary medium containing methionine sulfoximine (MSX) for at least 14 days in a shaker
incubator at 36.5 °C, 5% CO-, 80% humidity and 320 rpm agitation (ISF1-X, Adolf Kiihner,
Birsfelden, Switzerland or Multitron Cell, Infors HT, Bottmingen, Switzerland).

9.2.2 Cell Culture

Exponentially growing cells were seeded into a TPP® TubeSpin bioreactor tubes (referred to
shake tubes or ST) filled with proprietary medium in the absence of MSX at a viable cell density
0f 0.30 x 108 viable cells/mL for cell line A and 0.20 x 10° viable cells/mL for cell line B. The
supplements inducing a change of the glycosylation profile were added into the cell culture
medium prior to seeding according to table 9.1. Ammonium chloride was also added on day
5 to reach 10 mM in the cell culture solution. Depending on the nature of the supplement,
different NaCl concentrations were added to medium to reach the same osmolality in all
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cultures. The tubes were incubated in a shaker incubator at 36.5 °C, 5% CO,, 80% humidity
and 320 rpm agitation (ISF1-X, Adolf Kiihner, Birsfelden, Switzerland) for 14 days (cell line
A) and for 12 days (cell line B). Chemically defined feed containing over 30 components and
alkaline amino acid solution were added on day 3, 5, 7 and 10. The 400 g/L glucose solution
was added the same days as well, and for cell line A at day 12 as well. Prior to each feeding
and at the end of the culture (day 14), aliquots (< 2.5 mL) were taken for viable cell counting,
extracellular metabolite profiling and product titer determination.

Table 9.1 - Medium supplement concentrations prior to inoculation.

Medium Supplement Concentration Supplier

Raffinose 65 mM Sigma
Kifunensine 1 uM?,30 uMP  Sigma
2F-peracetyl-fucose 120 uM Merck
Manganese 0.5 uM Merck
Galactose 50 mM Merck
Ammonium chloride 3 mM° Merck
2 Cell lines A and B.

b Cell line B.

¢ 3 mM NH,CI prior to inoculation. Further NH,Cl
supplementation on day 5 to reach 10 mM.

9.2.3 Enzymatic Glycoengineering

To evaluate the potential of enzymatic glycoengineering, drug substance (cell line A) and
Protein A eluates (cell line B) were treated with f-1,4-galactosyltransferase (for cell line A,
Sigma-Aldrich, Darmstadt, Germany; for cell line B, Roche, Basel, Switzerland) in 100 mM
MES (Sigma-Aldrich, Darmstadt, Germany) containing 10 mM UDP-galactose (Sigma-Aldrich,
Darmstadt, Germany). The protein was incubated during 4 hours at 37 °C and pH 6.5.In a
separate set of experiments, Protein A eluates of cell line B were incubated in 75 mM sodium
phosphate (Prozyme, Hayward CA, USA) at pH 6.0 in the presence of Sialidase ATM (Prozyme,
Hayward CA, USA) for 1 hour at 37 °C.

9.2.4 Analytical Methods for Cell Culture Performance

Growth and viability assessment was performed using a Vi-Cell analyzer (Beckman Coulter,
Brea, CA). The product titer of the shake tubes collected on days 5, 7, 10, 12 (cell lines 1 & 2),
and day 14 (cell line A) was performed by a Biacore C instrument (GE Healthcare, Waukesha,
WI) for cell line A and by Protein A HPLC for cell line B.
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9.2.5 Glycan Analysis

Cell line A expresses an antibody having one glycosylation site at the Fc part of the molecule
(CH2 domain). The antibody fusion molecule of cell line B has three different glycosylation
sites. One is located at the Fc region of the antibody part and two distinct sites are found on
the fusion entity (non-Fc part) as shown in table 9.2.

Table 9.2 — Glycan sites of antibody (cell line A) and fusion antibody (cell line B).

Cellline Glycan location Label

A Fc part -
B Fc part Site 1
Fusion entity Site 2

Fusion entity Site 3

The cell culture supernatants and the treated enzymatic glycoengineering samples of cell line
A were loaded onto a pre-packed ProSep® Ultra Plus column (1 mL, 0.8 x 2 cm, Merck Life
Science, Darmstadt, Germany). Subsequent elution in 20 mM acetic acid at pH 4.0, 1 mM MES
was added to reach a final pH of 5.2. The neutralized samples were denatured by IAA in 0.6 M
denaturation reagent (GlykoPrep-plus, Europa Bioproducts, Cambridge, UK) and reduced.
Following purification, the samples were labelled with 2-amino-benzamide and then dried
for 3 days. The dried samples were dissolved in 50% ACN and subsequently injected into the
100 mm UPLC column in length supplied by Waters Corporation, Milford, MA, USA and eluted,
using a gradient. The individual glycans were grouped according to table 9.3 for enhanced
visual interpretation of the data presented hereafter. For cell line B, the supernatants and
the glycoengineering samples were purified by a ProSep® Ultra Plus column (0.6 mL, 0.5 x
3 cm, Merck Life Science, Darmstadt, Germany) and eluted with 20 mM acetic acid at pH 3.2.
Subsequent pH adjustment with 1 M Tris to pH 5.0, the samples were suspended in the denat-
uration buffer containing 8 M guanidine-HCI, 1 mM EDTA, 130 mM Tris pH 7.6. Reduction
was performed at 37 °C by DTT. Then, alkylation was performed in dark, at room temperature
for 30 minutes, with IAM. The reduced and alkylated samples were buffer exchanged with
the digestion buffer containing 2 M urea, 50 mM Tris-HCI, pH 8.0 using Amicon Ultracel 10K
centrifugal filters. The protein was digested with trypsin with an enzyme-to-substrate ratio of
1:20, at 37 °C for 4 hours and subsequently analyzed by Xevo G2-S, Q-TOF Mass Spectrometer
(Waters, Milford, MA) equipped with an Acquity UPLC system (Waters, Milford, MA). The
peptides were separated on an Acquity BEH glycan UPLC column (1.7 ym, 2.1 x 150 mm,
Waters, Milford, MA). The solvents used for the analysis were A: 10 mM ammonium formate
pH 4.5, and B: 10 mM ammonium formate in 90% acetonitrile. MS and MSE spectra were
acquired in the data-independent mode by alternating the high and low energy values for
collision-induced dissociation (CID). The instrument was operated with a capillary voltage of
3 kV, sampling cone of 37, source temperature of 100 °C, desolvation temperature of 250 °C,
cone gas flow of 10 L/h, desolvation gas flow of 500 L/h, and a scan range of 100-2500 m/z.
Data processing was performed by BiopharmalLynx 1.3.4 software (Waters, Milford, MA). The
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values for the relative distribution of the glycans at each of the N-glycosylation sites were
computed by the software. The data were manually checked for the false positives and/or
miss-assignments. The individual glycans were grouped according to table 9.4 for enhanced
visual interpretation of the data presented hereafter.

Table 9.3 — Glycan grouping for cell line A.

Glycan Sum of glycan peaks

HM = M4+M5+M6+M7+M8+M9

AF = AO0+Al+A2

Fuc = FAl1+FA2

Gal = FA2G1+FA2G2+FA3G1+(FA1[31G1+A2[6]G1)
+(A2[3]G1+M5A1)+A2G2)

Sial = FA2G2S1+A2G2S1+A2G2S2+(FA2G2S2+FA2G2S1(NGNA))

Misc = UKN_1.834+Hybrid-F+FA2BG1+FM5A1G1S1

9.2.6 Analysis of Biological Activity

Cell Line A

FeyRIII affinity (SPR)—Real-time biomolecular interaction analysis (BIA) uses the optical
phenomenon called surface plasmon resonance (SPR) to monitor biomolecular interaction.
Detection depends on changes in the mass concentration of macromolecules at the biospecific
interface and requires no labelling of interactants. Interactions are followed in real time, so
that kinetic information is readily derived. Measurements with Biacore are based on the
interaction of the analyte (mAb) in solution with the ligand (FcgyRIII) immobilized to a sensor-
chip. The sensor-chip is a glass slide coated with a thin layer of gold, to which a matrix of
carboxymethylated dextran is covalently attached. The gold is required for the generation of
the surface plasmon resonance (SPR) response. A light source is focalized on the sensor-chip
by a prism with a specific angle of incidence and the reflected light is revealed by a detector
array. The binding of the analyte to the chip modifies the angle of incidence generating
variations of the SPR. The association and dissociation kinetic rates (k, and kgy) and the
deduced dissociation affinity constant (Kp = kq/k,) of the cell line A product samples were
determined, using Biacore SPR technology. While the Fc-receptor proteins were captured on
an immobilized Tetra-His Antibody on a sensor-chip, the signal of mAb binding at several
different concentrations complexed with the target ligand was measured in real time for
binding to the low affinity FcyRIIla (V158 and F158 isoforms) and IIIb receptors. The mean
affinities of the mAbs for FcgRIIIs were expressed as Kp (uM) obtained from 3 independent
experiments.

ADCC reporter activity (Luminescence)—Cell line A product capability to induce ADCC pathway
activation was determined, using the ADCC Reporter Bioassay (Promega). This bioluminescent
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Table 9.4 — Glycan grouping for cell line B.

Site  Glycan Sum of glycan peaks
1 HM = M5+M6+M7+M8+M9
AF = Al+A2
Fuc = FAI+FA2
Gal = A2G1+A2G2+FA2G1+FA2G2
Sial = FA1Gl1S1
Misc = FM4A1Gl1
2 HM = M4+M5+M6+M7+M8+M9
AF = A2+A3
Fuc = FA1+FA2+FA3+FA4
Gal = A2G2+FA2G1+FA2G2+FA3G1+FA3G2+FA3G3+FA4G4
Sial = A2G1S1+A2G252+FA1G1S1+FA2G1S1+FA2G2S1_1Ac
+FA2G2S1_2Ac+FA2G2S2+FA2G252_1Ac+FA2G2S2_1NGNA
Misc = Not detected
3 HM = M5+M6+M7+M8+M9
AF = A3
Fuc = FA2+FA3+FA4
Gal = FA3G1+FA3G2+FA3G3+FA4G1+FA4G4+FA4G4L1
Sial = A3GIS1+A3G2S2+A3G3S2+A3G3S3+A3G3S3_1Ac

+A4G352+A4G3S3+A4G4S2+A4G4S3+A4G4S4+A4G4S4_1Ac
+FA1G1S1+FA2G1S1+FA2G2S1+FA2G2S2+FA2G2S2_1Ac
+FA3G1S1+FA3G2S1+FA3G2S2+FA3G3S1+FA3G3S2+FA3G3S2_1Ac
+FA3G3S3+FA3G3S3_1Ac+FA3G3S3_1NGNA+FA3G3S3_2Ac
+FA4G1S1+FA4G3S1+FA4G3S2+FA4G3S3+FA4G4L.1S2
+FA4G4L1S3+FA4G4L1S4+FA4G4S1+FA4G4S2+FA4G4S2_1Ac
+FA4G4S3+FA4G4S3_1Ac+FA4G4S3_1NGNA+FA4G4S4
+FA4G4S4_1Ac+FA4G4S4_1NGNA+FA4G4S4_2Ac

Misc = FM4A1Gl1
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reporter assay quantified pathway activation by antibodies on gene transcription in effector
cells stably expressing the FcyRIIIA receptor, V158 (high affinity) variant, and a NFAT response
element driving expression of firefly luciferase. Antibody biological activity in ADCC reporter
bioassay was quantified with a luminescence readout of the luciferase produced in the effector
cells, as a result of NFAT pathway activation induced by crosslinking with the antibody and the
target cells. The ADCC reporter bioassay was performed according to manufacturer instruc-
tions. Cell line A product was serially diluted and incubated with effector and target cells at an
effector-to-target ratio (E: T ratio) of 6 : 1. Finally, luminescence was read after the addition of
the luminescent substrate, using a plate reader with a glow luminescence detector. The fold
induction was calculated with respect to the luminescence produced without antibody. The
experimental data were interpolated with the 4PL algorithm and the half-maximal effector
concentration (ECsg) of luciferase activity (fold induction) was obtained and expressed as
percentage of activity relative to the untreated control material. The ADCC reporter activity
was released as average of results coming from three independent assays.

Clq binding (ELISA)—Cell line A product binding capability to the human C1q was determined
by ELISA. Different concentrations of the mAb were coated onto a 96-well plate. Unbound
sites were blocked with 1% BSA, then a fixed concentration of C1q was added to the mAb
coated 96-well plate and allowed to react. The reaction was revealed by means of addition
of anti C1g-HRP antibody and a proper substrate that triggered a colorimetric reaction. The
intensity of the colorimetric signal was directly proportional to the C1q protein bound to
the coated antibody. The experimental data were interpolated with the 4PL algorithm. The
Clq binding activity of a sample was expressed as percentage of activity with respect to the
untreated control material and was the percentage expression of the half-maximal effector
concentration (ECsgp). The Clq binding activity was released as average of results coming from
three independent assays.

CDC activity (Luminescence)—Cell line A product capability to induce C1q pathway activation
was determined, using a CDC assay. Target-cells were incubated in a dilution series of the
untreated control material or cell line A product and rabbit serum was added to the wells
as a source of complement. Following incubation, the reduction of target cell viability was
determined by a luminescent cell viability assay measuring ATP levels. The data was fitted
to a 4PL model and the half-maximal effector concentration (ECsg) was reported relative to
the untreated control material response. The CDC reporter activity was released as average of
results coming from two independent assays.

Cell Line B

Reporter gene assay—The purified samples of cell line B were analyzed by both a reporter gene
and ligand binding assay. For each reporter gene bioassay, 50,000 4T1 cells/well were loaded
on a 96-well plate and allowed to adhere to the plate for 4 to 5 hours at 37 °C, 5% CO,. Then,
the cells were pre-coated on the plate. The dose-response curves for both reference standard
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and samples were prepared (from 100 to 0.78125 ng/mL) and added to the pre-coated plates.
Subsequently, a fixed amount of 5 ng/mL of the recombinant human immune suppressor
protein was added. The plate was incubated overnight at 37 °C, 5% CO,. Luciferase expression
was evaluated by using D-Luciferin reagent. When luciferin is oxidized under the catalytic
effects of luciferase and ATP, a bluish-green light is produced. The emitted light is inversely
related to the protein concentration. The output was plotted against the log transformed
protein concentration and fitted by 4PL. For each data set, the protein concentration able
to inhibit 50% of the maximum possible (ECsp) was automatically calculated. The biological
activity of a sample was expressed as percentage of activity with respect to the reference
material and derived from the percentage expression of the potency ratio. The potency was
released as average of results coming from three independent assays.

Ligand binding assay—In the frame of the ligand binding assay, the capability to bind to the
receptor was quantified. Microtiter plates (MaxiSorp Plate for ELISA) were coated with Protein
A (5 pg/mL) overnight at 5 °C or for 1 hour at room temperature. The plate was washed and
blocked with a 1.5% BSA solution. Different concentrations of the antibody fusion molecule
(from 600 ng/mL to 4.6875 ng/mL) were coated onto the Protein A coated plate, through the
binding of the antibody Fc portion, for 30 minutes at room temperature under swirling. Then
50,000 HEK-293 cells/well were added to the coated plate and allowed to bind to the receptor
for 1 hour at 37 °C, 5% CO,. The unbound cells were then washed out and the bound cells
revealed in each well by the ATPlite 1 step, an ATP monitoring system. The binding capability
was released as average of results coming from three independent assays.

9.3 Results

9.3.1 Cell Culture Performance

Using the potential of the two cell lines with the aim to generate a large glycan diversity, high
medium supplement concentrations were required. First, the interest was directed towards
their effect on the cell culture performance including cell growth and productivity. According
to figure 9.1A three groups of viable cell densities profiles of cell line A can be distinguished.
Manganese and galactose as well as ammonium supplemented cultures displayed comparable
viable cell density to the control cultures. 2F-peracetyl fucose addition entailed a comparable
cell growth until the peak at day 7 before decreasing faster as the production phase progressed.
Kifunensine and particularly raffinose supplementation inhibited cell growth. Medium supple-
mentation had limited effects on the product titer at harvest (day 14). As one can note in figure
9.1C, the presence of kifunensine and ammonium led to a small titer decrease, while the other
supplements did not impact product concentration. With the exception of raffinose and kifu-
nensine, the growth of cell line B was not altered due to the presence of the quality modulators
(figures 9.2A and B). While raffinose hampered growth, entailing a peak cell density of 12.3 x
108 viable cells/mL (the non-supplemented control cultures of the first series maxed out at
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19.1 x 10 viable cells/mL), 30 uM kifunensine displayed a drastic effect on the cell density.
These cultures reached a peak of 6.4 x 10° viable cells/mL and the non-supplemented control
cultures of the second series amounted to 16.9 x 10° viable cells/mL. 1 uM kifunensine had no
detrimental effect of growth. In contrast to cell line A, raffinose also lowered the product titer
of cell line B (figure 9.2C). The control culture (first series) reached 1280 mg/L at harvest on
day 12. In the presence of raffinose, the expressed amount decreased about twofold, coming to
a halt at 720 mg/L. With 1 uM kifunensine the culture yielded comparable titers. On the other
hand, the 30-fold higher kifunensine concentration reduced the product titer. The duplicate
ST experiments yielded 692 mg/L on average, while the control of the second series contained
1236 mg/L of the protein of interest.

9.3.2 Glycan Distribution

Media supplementation of cell line A cultures produced a variety of distinct glycoforms (fig-
ure 9.3). Both raffinose and kifunensine increased high mannose glycans. They climbed up to
9.1% with raffinose. Kifunensine addition mainly resulted in mannosylated mAbs, amounting
to 81%, and thus, this experiment covered a range between 2.2% and 81% of high mannose.
In the conditions of this study, the addition of 2F-peracetyl fucose pushed the afucosylated
species from 1.8% up to 89.9%. Raffinose and kifunensine decreased fucosylated species as a
consequence of the increase of high mannoses, which are linked. Likewise, in the presence of
2F-peracetyl fucose, they diminished due to fucosyltransferase inhibition. Manganese and
galactose led to more frequent docking of galactose onto terminal GlcNAc of FA2 glycan enti-
ties. In total, the mono-galactosylated form FA2G1 and the di-galactosylated FA2G2 peaked
at 50.1% while the level of galactosylation in the control amounted to 13.8%. Ammonium
supplementation reduced terminal galactose to 6.8%. By this means, cell culture medium
supplementation enabled to vary the level of galactosylation, covering a range between 6.8%
and 50.1%. As anticipated, the supplements had minor ramifications on sialylation. The com-
bined supplementation of manganese and galactose was also compared with the enzymatic
glycoengineering of drug substance, using galactosyltransferase (GalT). Subsequent GalT
treatment, 35.0% of the antibody was galactosylated. In comparison to GalT treatment, Mn &
Gal supplementation yielded a higher level of entirely galactosylated mAbs. Medium supple-
mentation resulted in 40.2% FA2G1 and 8.1% FA2G2. Dissimilarly, GalT treatment produced
29.4% FA2G1 and 3.8% FA2G2.

Analogously to cell line A cultures, the medium supplements produced a variety of glycan
distributions in cell line B (figure 9.4). Nevertheless, each of the three N-glycosylation sites
responded in distinct ways to the presence of the additives. In comparison with the important
changes that kifunensine supplementation induced, the controls of series 1 and 2 were suffi-
ciently similar, and hence, only the control of the first series will be presented as comparison
hereafter. In the control, the FA2 species was predominant at site 1 located at the CH2 domain
of the antibody backbone of the fusion protein. Raffinose supplementation slightly increased
high mannose species. While 1 uM kifunensine produced weak effects, this alkaloid strongly
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Figure 9.1 — (A) Viable cell densities of cell line A cultures supplemented with glycosylation
modulators and non-supplemented control culture. The control and the kifunensine supple-
mented cultures were conducted in triplicates (n = 3), while the others in duplicates (n = 2).
(B) Viabilities. (C) Product titers on days 10, 12 and 14. In all charts average values of the
replicates are shown. The error bars indicate the upper and lower limits of the values.
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Figure 9.2 — (A) Viable cell densities of cell line B cultures supplemented with glycosylation
modulators and non-supplemented control culture. The experiment was conducted in two
independent series. At the exception of 30 uM kifunensine, the conditions belong to series 1.
Both control 1 and the control of the second series (control 2) were conducted in triplicates
(n = 3). All supplemented cultures of series 1 and 2 were performed in duplicates (n = 2). (B)
Viabilities. (C) Product titers on days 5, 7, 10 and 12. All charts show average values of the
replicates. The error bars indicate the upper and lower limits of the replicate values.
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Figure 9.3 — Glycan pattern of control and cultures supplemented with either raffinose, kifu-
nensine, 2F-p-fucose, manganese & galactose, or ammonium (cell line A).

impacted the glycosylation pathway and thus predominantly generated high mannose glycans
at 30 uM. Its presence raised the abundance of HM up to 99.7%. 2F-p-fucose increased the afu-
cosylated forms from 1.0 to 82.2%. Manganese and galactose addition favored galactosylation
(increase from 14.6 to 53.4%). Ammonium slightly limited terminal galactose (—2.9%). Enzy-
matic treatment using GalT resulted in a surpassing degree of terminal galactose. It amounted
to 98.6% and the FA2 peak completely vanished. While media supplementation mainly pro-
duced mono-galactosylated forms (FA2G1: 45.2%, FA2G2: 8.2%), complete galactosylation
abounded ensuing enzymatic glycoengineering (FA2G1: 41.3%, FA2G2: 57.3%). In the control,
terminal sialic acid reached 79.1% (site 2) and 80.9% (site 3). Like at the CH2 domain, 30 uM
kifunensine exhibited potent effects on the glycosylation maturation of sites 2 and 3. HM
amounted to 98.7% at the former and 79.0% at the latter site. All other supplements did not
produce important high mannose changes. At a first glance, the effect of 2F-p-fucose seemed
to be weak. Its presence resulted in an increase of afucoslyated species of 16.0% (site 2) and
5.9% (site 3). The grouping of afucosylated species exclusively contained non-galactosylated
and non-sialylated species, which was perfectly adapted to mAb glycans. In figure 9.5, the
glycan grouping of afucosylated and fucosylated species was enhanced to obtain a suitable
resolution for sites 2 and 3. In this chart, both afucosylated and fucosylated species encompass
galactosylated and sialylated forms as well. 2F-p-fucose supplementation exhibited strong
fucosylation inhibition at both fusion moiety sites. At site 2, afucosylated forms amounted to
78.5% (control: 0.2%) and at site 3, they reached 91.4% (control: none). At both fusion-moiety
sites (figure 9.4), manganese and galactose supplementation reduced fucosylated structures,
but the level of galactosylation remained unchanged. The greater availability of terminal
galactose moieties seemed to favor sialylation that rose to 96.5% at site 2 (control: 79.1%)
and 96.6% at site 3 (control: 80.9%). Interestingly, the presence of raffinose also enhanced
sialylation at sites 2 and 3. The trisaccharide produced increases of 13.3 and 15.0% at sites 2
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and 3, respectively. In comparison to site 1, the fusion moiety glycosylation sites were more
responsive to the ammonium level throughout the cell culture. Fucosylated species increased
by 8.6% (site 2) and 13.1% (site 3). GalT treatment of the cell culture supernatant resulted in
a reduction of the fucosylated species in favor of galactosylated species. They increased by
9.8% at site 2 and 3.1% at site 3. Surprisingly, the level of sialic acid moieties ended up at a
higher level (+9.0% at site 2, +12.5% at site 3). The treatment of the supernatant with sialidase
was the only way to increase terminal galactose by means of enzymatic removal of terminal
sialic acid. After completion of the enzymatic removal, 81.6% (site 2) and 78.8% (site 3) of
the recombinant protein entities were galactosylated. At the same time sialylation was low,
amounting to 2.6% at site 2 and 0.3% at site 3.

Furthermore, the interest was directed towards the influence of the medium supplements and
the enzymatic treatment on the antennarity of the generated glycans. 2F-p-fucose brought
about an interesting variation. While the fucose analog did not feature any effect on the
distribution between mono- and biatenary glycans at the CH2 domain site, particularly the
sialylated species of sites 2 and 3 were strongly affected (figure 9.6). The biantennary sialylated
forms of the control summed up to 41.9%, the triantennary and tetraantennary forms to
34.0% and 3.2%, respectively, at site 2. In the 2F-p-supplemented culture, the majority of
sialylated glycans were afucosylated and the triantennary forms were predominant (53.6%).
The biantennary forms decreased to 12.4% and tetrantennarity increased to 7.5%. Similarly,
in the presence of the fluorinated fucose compound, the triantennarity dropped to 13.9%
(control: 39.6%). The tetraantennary sialylated forms nearly doubled, reaching 76.6% (control:
39.5%). Moreover, 2F-p-fucose generated comparable levels of the afucosylated entities A2 and
A3 compared to the control culture fucosylated forms (FA2 and FA3). At both fusion moiety
sites the equivalent abundance of FA4 in the control did not emerge in the afucosylated group.
Rather than favoring the A4 from, the 2F-p-fucose supplementation presumably contributed
to the increase of the tetrasialylated forms.

9.3.3 Biological Activity

The great choice of glycans that arouse following cell culture supplementation and enzymatic
glycoengineering, using galactosyltransferase and sialidase, enabled to assess how the in-
duced changes affected the biological activity in vitro. For cell line A, the resulting glycan
distribution of raffinose, kifunensine and 2F-p-fucose supplemented cultures displayed sig-
nificant effects on the affinities to the Fcy receptor III and on the ADCC reporter potency
(figures 9.7A to C). The binding affinity (Kp) of mAb of the control culture with the FcyRIlla
V158 receptor amounted to 0.6 uM. Raffinose supplementation brought about an increased
affinity (Kp = 0.4 uM). Both kifunensine and 2F-p-fucose effected great affinity increases with
binding affinity constants of 0.1 and 0.002 uM, respectively. Likewise, the three supplements
produced enhanced affinities for the FcyRIlla F158 receptor. The Kp of the non-supplemented
control culture reached 1.7 uM. The ranking was preserved and thereby the affinity constant
of raffinose, kifunensine and 2F-p-fucose experiments equalled 1.0, 0.25 and 0.12 uM, respec-
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Figure 9.4 — Glycan pattern of control and cultures supplemented with either raffinose, kifunen-
sine, 2F-p-fucose, manganese & galactose, or ammonium (cell line B). Each chart corresponds
to one of the three glycan sites. (A) Glycan site 1 located at Fc domain. (B) Glycan site 2 located
at non-Fc-part of fusion entity. (C) Glycan site 3 located at non-Fc-part of fusion entity.
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Figure 9.5 — Level of total afucosylated and fucosylated species at the three glycosylation sites
of the antibody fusion molecule expressed by cell line B. Both afucosylated and fucosylated
forms include galactosylated and sialylated forms. High mannose species were not considered.

tively. The same order was also applicable to the FcyRIIIb affinity. The binding affinity constant
of the control, raffinose, kifunensine and the fucose analog reached 9.6, 7.9, 2.5 and 1.4 uM,
respectively. The ADCC reporter potency results presented similar effects consistent with the
FcyRIlla results and with the levels of afucosylated and high mannose gycans (figure 9.7D).
Raffinose treated samples displayed a twofold increase, while kifunensine and 2F-p-fucose
resulted in 8-fold and 18-fold increases, respectively, of the relative ADCC reporter potency.

Among the supplements, Mn, Gal and NHy, as well as the mAb treated with GalT, significant
changes of the relative CDC potencies were observed, as well as for the relative C1q with GalT
treated product (figures 9.7E and F). Mn & Gal supplemented cultures entailed a relative C1q
potency of 110%, NH, and GalT featured 105 and 115%, respectively. Due to the inherent
variability between the independent assays, only the increase of the GalT-treated samples was
significant. The relative mAb CDC potency of the Mn & Gal and ammonium supplemented
cultures, as well as treatment with GalT altered the relative CDC potency, reaching 117, 90
and 128%, respectively. Hence, the increasing levels of galactosylation correlated with higher
relative CDC potency. None of the medium supplements nor the GalT treated samples effected
significant impacts on the Fab affinity to the tumor necrosis factor-a (data not shown).

As expected, afucosylation (of cell line B) resulted in increased affinities for FcyRIII V158 and
FcyRIII F158 (figures 9.8A and B). For the former, the Kp of the control amounted to 0.9 uM,
for raffinose, 1 uM kifunensine (no results available for 30 uM kifunensine) and 2F-p-fucose to
0.8, 0.5 and 0.1 uM, respectively. The FcyRIII F158 dissociation affinity constant of the control
reached 1.7 uM. Raffinose, 1 uM kifunensine and 2F-p-fucose supplementation resulted in
values of 1.6, 1.0 and 0.2 uM, respectively. Neither cell culture medium supplementation nor
enzymatic glycoengineering significantly altered the Fab activity including the cell-based
ligand binding activity and Biacore receptor binding. The results of the two assays were
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Figure 9.6 — Glycan antennarity of control and culture supplemented with 2F-p-fucose of cell
line B. (A) Glycan site 1 located at Fc domain. (B) Glycan site 2 located at non-Fc-part of fusion
entity. (C) Glycan site 3 located at non-Fc-part of fusion entity. The number of branches is

shown on the right-hand side of the charts.
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9.3. Results
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Figure 9.7 — (A) FcyRIIIa F158 affinity of cell line A. (B) FcyRIIla V158 affinity. (C) FcyRIIIb
affinity. (D) Relative ADCC reporter potency. (E) Relative C1q potency. (F) Relative CDC potency.
The results were released as averages of independent assays. The error bar mark the variability.
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comparable (data not shown). The glycovariants did not significantly affect the fusion entity
binding affinity according to the cell-based reporter gene assay (figure 9.8C). While solely high
mannose and afucosylated variants induced weak increases of the fusion entity activity in the
cell-based assay, increased levels of high mannose, afucosylated, galactosylated, and sialylated
glycans significantly enhanced the activity in the Biacore assay (figure 9.8D).
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Figure 9.8 — (A) FcyRlIlla F158 affinity. (B) FcyRIIIa V158 affinity. (C) Fusion entity cell-based
activity. (D) Fusion entity activity by Biacore. The results were released as averages of three
independent assays. The error bar mark the variability.

9.4 Discussion

These results highlight that cell culture medium supplementation is a powerful tool to induce
metabolic changes that affect the glycosylation pathway. A great diversity of a variety of glycans
resulted while limiting detrimental effects on the cell line A culture performance. Although the
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9.4. Discussion

high kifunensine concentration of the cell line B cultures entailed impaired growth, sufficient
amounts of protein were expressed for the subsequent glycan and bioactivity analyses. This
alkaloid proved to be the supplement of choice to generate a great abundance of high mannose
glycans in both cell lines. While the identified amount of HM for cell line A amounted to 80.2%,
the real level of high mannose species was probably even higher. According to the reported
mechanisms®!, it is unlikely that high amounts of sialylated species would be generated. It
is assumed that the reported 6% sialic acid were due to a 2AB-UPLC peak miss-assignment.
The peaks of the control culture were well characterized in the frame of the method set-up.
Nevertheless, since the kifunensine supplementation brought about a variety of atypical peaks,
the established routine peak assignment procedure presumably identified hybrid glycans as
sialylated species. Mass spectroscopy technology may be used to identify the species accurately.
Because the purpose of this study was the evaluation of the potential of media design for
bioactivity assessment, the identification of those peaks was not further investigated. The
hypothesis is further backed up by the results of the glycopeptide method that was used for the
more complex cell line B molecule. The glycopeptide measurement detected an abundance of
99.7% HM (10.2% Man8 and 88.7% Man9) at 30 uM. Interestingly, cell line B required a 30-fold
higher concentration to effectively inhibit glycan maturation. Raffinose can be used effectively
to generate predominantly Manb5. It also favored galactosylation. Its effect on the glycosylation
metabolism of cell line B was significantly weaker. Nonetheless, the productivity was strongly
impaired. The metabolism of cell line B was apparently more sensitive to the important
concentration of raffinose in the medium although the medium osmolality was maintained
constant. The trisaccharide entailed a substantially lower productivity and thereby the harvest
titer amounted to 680 mg/L (control: 1281 mg/L). Specific inhibition of fucosylation resulted
with 2F-p-fucose addition. The constant medium osmolality approach enabled high galactose
concentrations that, in combination with Mn, allowed to obtain a level of 50% of galactosylated
species.

The environment of the glycosylation site plays a pivotal role in the glycan distribution. While
site 1, located in the CH2 domain of the antibody moiety of the fusion molecule (cell line
B), featured a similar glycan distribution to classical mAbs, sites 2 and 3 were characterized
by a high degree of sialic acid. These result show that despite equal sialyltransferase activity
and substrate levels in the Golgi apparatus, and as a consequence, at all three glycosylation
sites of the molecule, terminal sialic acid was not favored at the CH2 domain. Steric hin-
drance presumably obstructed this process. The lower degree of branching further supports
this hypothesis. The specific surroundings of site 2 and 3 also effected a distinct pattern of
the sialylated species, in particular. In the non-supplemented cultures, site 2 had a slight
preference for triantennary and site 3 for tetraantennary sialylated forms. In addition, site 3
featured a substantially greater number of different glycan species than site 2. Astonishingly,
2F-p-fucose supplementation strongly enhanced the preference for tetraantennary sialylated
forms. Mainly afucosylated, 73% of the sialylated forms at site 2 featured three branches,
while site 3 contained 85% tetraantennary sialylated entities. The presence or absence of core
fucosylation exhibited a central function in the fusion moiety glycan maturation. While in
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non-supplemented conditions fucosylated glycans with four branches with neither terminal
galactose nor sialic acid (FA4) were present, no A4 glycans appeared at site 2 and site 3 in
the 2F-p-fucose supplemented culture. Thus, the absence of the core fucose further favored
terminal sialic acid, which may have effected greater accessibility of the glycosylation site or
enhanced stability of the branched and matured glycan due to increased interaction with the
amino acids of the polypeptide backbone nearby. Moreover, the specific environment of each
site plays an important role in the nature and the strength of the hydrogen bonds and Van der
Waals forces3!4. Manganese and galactose supplementation considerably increased the level
of galactosylation at site 1 from 14.6 to 53.4%. However, this strategy failed at site 2 as well as
site 3. The two media additives effected a significant decrease of the fucosylated forms, but
the level of galactosylation did not change. Instead, the sialylated forms increased by the same
order of magnitude than the reduction of fucosylation. It seems that the increased availability
of terminal galactose enhanced sialylation, and thus, the overall level of galactosylation re-
mained unchanged. Ammonium was the only medium supplement that produced significant
galactosylation increases at site 2. This is surprising as it generally inhibits galactosylation due
to the rise of the intra-Golgi pH?3". The only way to generate mainly galactosylated glycans
at the fusion-moiety sites was by means of enzymatic glycoengineering of the supernatant.
Sialidase cleaved the terminal sialic acid as the significant decrease of that peak implies. As a
result, the level of galactosylation increased to 82 and 79%, respectively. GalT entailed 99%
galactosylation at the CH2 domain, while at the others sites galactosylation slightly increased
and sialic acid further increased. The underlying mechanism leading to higher levels of sialic
acid are not fully understood and require further investigation. Due to sample or substrate
contamination and insufficient supernatant purification, residual sialyltransferase and sialic
acid may have been still present. On the other hand, to some extent, this can be linked to a
redistribution of di-, tri-, and tetra-antennary species. The hypothesis that the subsequent
Protein A purification may not retain newly created species and thus may have led to an
altered glycan distribution has to be confirmed. Also, it shall be investigated if small portions
of the host cell proteins ensemble contained sialyltransferase, which possibly transferred sialic
acid from host cell proteins to the recombinant protein. The performance of GalT used for
cell line A and the one for 2 differed. GalT treatment of the former generated a higher ratio
of mono-galactosylated than di-galactosylated forms (8 : 1), while the second predominantly
formed di-galactosylated species at the CH2 domain (1.0: 1.4). As a parallel approach, enzy-
matic glycoengineering is a valuable tool to further extend the glycosylation modulator library.
Nonetheless, the choice of the right enzyme is pivotal. The two GalT enzymes sourced from
two different suppliers exhibited different effects.

Both cell culture medium supplementation and enzymatic glycoengineering produced sub-
stantial effects on receptor affinities and potencies. For cell line A, 2F-p-fucose, and to a slightly
lesser extent, kifunensine increased the FcyRIII binding affinities. The afucosylated mAbs
exhibited 39-fold enhanced binding with FcyRIIla V158, 14-fold with FcyRIIla F158 and 7-fold
with FcyRIIIb. The high mannose variants generated with raffinose featured intermediate
affinity increases. The relative ADCC reporter potencies of these three supplements were
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aligned with trends observed for the FcyRIII binding affinities. The level of galactosylation
influenced both C1q and CDC potencies. Even though Mn & Gal supplementation resulted in
50% galactosylation, the variants were characterized by lower C1q and CDC potencies than
the GalT samples. Different ratios between FA2G1 3-arm and FA2G1 6-arm as well as between
FA2G1 and FA2G2 may have effected this behavior. Cell line B featured a similar pattern to
cell line A for FcyRIII receptor binding. It was most strongly affected by the degree of fuco-
sylation. The afucosylated variants yielded 9-fold stronger FcyRIII V158 and F158 affinities.
Slightly higher levels of high mannose glycans due to the presence of 1 uM kifunensine already
effected significant binding affinity enhancements, highlighting the importance of the level
of high mannose glycans in cell line B. Interestingly, in both molecules the glycosylation did
not impact the Fab binding activities. Moreover, the glycosylation had weak effects on the
binding activity of the fusion entity of cell line B. The results suggest that the glycosylation of
the recombinant protein most strongly impacts its Fc activity, and given the similar trends of
both molecules, it is assumed that the Fc-glycosylation pattern has the greatest effect on the
affinity of the fusion antibody. The data highlight that cell culture medium supplementation
and enzymatic glycoengineering offer a valuable and straightforward approach to generate
great glycan diversity, which induces significant responses in the corresponding bioactivity
assays.

9.5 Conclusion

Cell culture medium supplementation with a variety of compounds interfering with the direct
and indirect glycosylation pathways was successfully applied to generate extreme glycan
variants. Important levels of high mannose and afucosylated glycans of two different molecules
were generated. While, this approach enabled a level of galactosylation of 50%, high degrees
were achieved, using enzymatic glycoengineering. Cell-culture supplementation proved to be
ineffective for significant increases of galactosylation of the highly sialylated antibody fusion
molecule. Solely sialidase treatment generated highly galactosylated variants. Glycopeptide
analysis also showed that the environment, namely the steric effects, shape the glycan pattern
at each specific site. Sialylation was low at the Fc-glycan sites of both molecules, while it was
the predominant glycan group including a great variety of highly branched entities at the two
fusion-entity sites. Furthermore, the afucosylated glycans promoted terminal sialic acid and
as a consequence, the protein expressed in medium supplemented with 2F-p-fucose featured
substantially higher levels of sialylation. Afucosylated and high mannose variants of both
mAb and antibody fusion molecule substantially increased FcyIII receptor binding affinities
and ADCC reporter activities. C1q and CDC potencies increased with higher level of mAb
galactosylation. In conclusion, cell culture medium supplementation has a great potential to
induce substantial glycan distribution changes of both classical mAb and complex molecules
having several glycosylation sites, and thus to assess their effects on the biological activity.
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Chapter 10

Concluding Remarks and Perspectives

Recombinant protein quality modulation has become an inherent part of the cell culture
process development workflow for new biological entities and biosimilars. During several
decades, the biotechnology industry was mainly concentrating its effort to improve pro-
ductivity, which has certainly paid off. Nonetheless, the advent of biosimilars triggered the
innovation of a variety of technologies to alter the quality attributes of biotherapeutics. The
present work consisted in levering the central role of cell culture medium to induce changes
in the metabolic pathways that are directly and indirectly involved in post-translational mod-
ifications. Rather than calling on cell-line-engineering techniques and cell-culture-process
optimization, the focus was directed towards medium and feed supplementation to alter, in
particular, glycosylation and to initiate the study of inherent low-molecular-species formation
of the in-house platform process, working with both common cell culture media components
and new compounds. First of all, the glycosylation modulation library was extended, using
high throughput 96-deepwell plate and shake tubes. Chapter 4 describes how raffinose sup-
plementation reproducibly increased the levels of high mannose glycans in two different cell
lines. The findings were confirmed in controlled pH-, O2- and CO»-conditions in 3.5-L biore-
actors. The presence of raffinose influenced the cell metabolism, thus affecting cell culture
performance. The supplement also induced changes in intracellular nucleotide levels and
gene regulation. In chapter 5, the addition of fluorinated galactose analogs in media and
feed solutions specifically reduced galactosylation. Furthermore, spermine and L-ornithine
inhibited the attachment of terminal galactose on the GIcNAc moiety. Then in chapter 6, in an
attempt to expand the scope of quality modulation, various disulfide-bridge-reducing agents
were supplemented in cell culture experiments. They showed that reduction is probably at the
core of the observed level of fragmentation in the proprietary cell-culture-platform process.
Rather than performing single, univariate screening in high throughput fed-batch cultures,
the effect of seventeen medium supplements on product quality were successfully assessed
in five parallel 96-deepwell plate experiments as described in chapter 7. The compounds
effected wide glycosylation pattern ranges. The best modulating substances to improve the
glycosylation profile with respect to the specifications for biosimilarity were identified for
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the subsequent evaluation in shake tubes by a three-step multivariate analysis approach
calling on principal component analysis, evaluation of modulation performance and selection
following a hierarchical order by means of a decision tree. Combining parallel testing and the
use of multivariate tools proved to be particularly effective. The glycosylation profile of the
shake tube experiments was substantially enhanced. Moreover, non-targeted metabolomic
intra- and extracellular profiling provided many insights on the time course of a plethora of
metabolites (chapter 8). The four mAb 3.5-L bioreactor processes exhibited distinct profiles.
First of all, univariate analysis was carried out to identify a number of metabolites featuring
similar profiles to the extracellular lactate profiles. The potential of modelling the glycosyla-
tion profile was shown based on the extracellular metabolite data. The partial-least-square
(PLS) projection on latent variables model calibrated with three of the four processes pre-
dicted the glycan pattern of the fourth process well. Multivariate modelling is sought after,
in particular in large-scale routine manufacturing, to tightly control the process within the
defined operating range, using real-time data. Finally, as shown in chapter 9, further extension
of the glycan modulating compound library enabled the generation of a variety of extreme
glycan variants of the major glycan species including high mannose, afucosylated, low- and
highly galactosylated, and low- and highly sialylated forms of both a classical mAb and an
antibody fusion molecule with three distinct N-glycosylation sites. In that frame, enzymatic
glycoengineering of galactosylation and of sialic acid of the purified protein was evaluated.
The generated glycoforms induced significant responses in binding and activity assays. Hence,
medium and feed supplementation lends itself to assess the effect of the induced glycosylation
changes on the biological activity, and in addition, the impact of the remaining differences
between the biosimilar in development and the reference medicinal product (RMP).

In this thesis, exclusively CHO-S and CHO-K1 derived cell lines were used. It would be desirable
to extent this work to other rodent cell lines, such as SP2/0 and NSO, as well as to human
cell lines. For future development projects, the knowledge for other rodent cell lines would
be of great value. Further understanding of the glycosylation modulation techniques, in
particular in human cell lines, would potentially benefit other research areas in diagnostics
and potentially in the field of oncology. It is suggested to extend the design-of-experiment
approach for enhanced mechanistic learnings that would be transferable to other cell lines and
processes. Along this endeavor, the introduction of additional cell culture process parameters
and metabolite data will lay a foundation for the creation of predictive process models as early
as possible in the process development workflow.

The generated data regarding the formation of low-molecular-weight species indicate that
disulfide brige reduction is one of the underlying mechanisms driving the disassembly of the
expressed recombinant proteins in the proprietary platform process. Further work is required,
namely more specific tests enabling to confirm the described hypotheses. There are also a
number of compounds that potentially inhibit the thioredoxin reductases. The final goal would
be to redesign the proprietary medium to limit LMW species substantially. The modulation
of the charge variants was out-of-scope in the present work. Additional studies aiming to
understand how the various post-translational modifications are involved in the changes of
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the charge profile will be of great value for future process development programs.

It is suggested to combine media design and the optimization of process parameters in con-
trolled cell culture equipment. Micro-scale bioreactors would definitely be the tool of choice.
In chapter 7, a temperature decrease was also included in shake tube experiments. By doing
so, the overall quality-modulation response was increased. Last but not least, routine manu-
facturing facilities would benefit from further modelling efforts resulting in multi-parameter
models that include kinetics and potentially transcriptomics data. The development of reliable
and easy-to-use models in combination with on-line measurement technologies, such as
optical probes and Raman spectroscopy, are strongly encouraged. Nonetheless, sophisticated
methodologies will be required to cope with the complex mathematical data treatment.

In conclusion, the results of this work demonstrate the great potential of media design to
fine-tune the quality profile of recombinant proteins within the potential of the selected cell
line. The capacity of quality modulation compound library largely responds to the fine-tuning
requirements in the development of new biotherapeutics. The high-throughput experimental
strategy and the multivariate modelling provide rational, systematic and more rapid ways to
identify well performing modulating compounds and to lever mechanistic understanding
for glycosylation control in routine manufacturing. The leverage of the key learnings of this
present work provided an approach to assess the impact of the induced glycan changes on the
biological activity. It further shows the sensational features of media supplementation that
allows to generate a great diversity of the glycan pattern.
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Appendix A

Experimental Designs for Efficient
Screening of Cell Culture Media
Supplements to Improve the Product
Quality (Chapter 7)

0.24)

PC2 (Var.

PC1 (Var. =0.35)

Figure A.1 — PCA score plot of 96-DWP experiments. The PC1 explains 35% of variance, and
PC2 24%. The different experiments are marked with their DoE group.
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Figure A.2 — PCA loading plot of 96-DWP experiments.
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line) and Scree plot showing variance explained by each PC (dashed line). The characteristic
elbow at PC =4 indicates that the relevant information is likely to be captured by the first 3

PCs.
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Table A.1 - Experimental design of group 1 in 96 DWP.

Well Factorl Factor2 Factor3 Mn Asn

1 0 0 0 0 0
2 0 0 0 0 0
3 -1 -1 -1 -1 -1
4 -1 -1 -1 -1 -1
5 -1 -1 -1 0 1
6 1 1 1 1 -1
7 -1 1 1 1
8 1 -1 -1 -1
9 1 1 -1 -1 -1
10 -1 -1 1 1 -1
11 -1 1 -1 -1 1
12 1 1 -1 1 1
13 -1 1 1 -1 -1
14 -1 -1 -1 1
15 1 -1 1 1
16 -1 1 -1 -1
17 -1 -1 1 -1 1
18 1 1 1 -1 1
19 1 -1 -1 -1 1
20 1 -1 1 -1 -1
21 1 -1 1 -1 -1
22 1 0 0 1 1
23 0 0 -1 -1 1
24 1 0 -1 0 -1
25 1 -1 1 0 0
26 0 -1 0 1 -1
27 -1 1 0 0 1
28 -1 0 1 1 0
29 0 -1 1 1 1
30 1 1 0 -1 0
31 -1 1 1 -1 0
32 0 1 -1 1 0
33 0 1 1 -1
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Table A.2 — Experimental design of group 2 in 96 DWP.

Well Factorl Factor2 Factor3 Mn Asn

1 0 0 0 0 0
2 0 0 0 0 0
3 -1 -1 -1 -1 -1
4 -1 -1 -1 -1 -1
5 -1 -1 -1 0 0
6 1 -1 -1 -1 1
7 -1 1 1 1 1
8 1 -1 1 1
9 1 1 -1 -1 -1
10 1 -1 -1 1 -1
11 1 1 -1 -1 -1
12 1 1 -1 1
13 1 1 1 -1
14 -1 -1 -1 1 1
15 -1 -1 -1 1
16 1 -1 -1 -1
17 -1 -1 1 -1
18 -1 1 -1 1 -1
19 1 1 -1 1 1
20 -1 1 1 -1 -1
21 -1 1 -1 -1 1
22 1 0 1 0 -1
23 -1 -1 0 -1 1
24 1 -1 1 1 0
25 -1 0 0 1 -1
26 1 1 0 0 1
27 -1 1 1 0 -1
28 0 1 0 -1 -1
29 1 -1 0 -1 0
30 0 0 -1 -1 1
31 0 1 1 1 0
32 -1 -1 0
33 0 -1 0 1
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Table A.3 - Experimental design of group 3 in 96 DWP.

Well Factorl Factor2 Factor3 Mn Asn

1 0 0 0 0 0
2 0 0 0 0 0
3 -1 -1 -1 -1 0
4 -1 -1 1 1 -1
5 -1 -1 1 -1 -1
6 1 1 -1 1 -1
7 -1 -1 -1 1 -1
8 1 -1 1 1 -1
9 1 -1 -1 -1 -1
10 1 1 1 1 1
11 1 1 -1 -1 1
12 -1 1 -1 1 1
13 1 -1 -1 1 1
14 1 1 1 -1 -1
15 1 -1 1 -1 1
16 -1 1 1 1 -1
17 -1 -1 1 1
18 -1 1 -1 -1 -1
19 -1 -1 0 0 1
20 0 -1 -1 -1 1
21 0 0 -1 1 -1
22 -1 0 1 1 1
23 1 1 -1 0
24 -1 0 1 -1 0
25 1 0 0 -1 1
26 1 0 1 0 -1
27 1 1 0 1
28 -1 1 -1 0 -1
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Table A.4 — Experimental design of group 4 in 96 DWP.

Well Factorl Factor2 Factor3 Mn Asn

1 -1 -1 -1 0 0
2 -1 -1 -1 -1 -1
3 -1 -1 -1 -1 -1
4 -1 -1 -1 0 -1
5 0 0 0 1

6 0 0 0 -1

7 -1 -1 -1 1

8 -1 1 -1 1 -1
9 1 -1 -1 -1
10 1 1 1 1
11 -1 -1 -1 -1
12 1 1 -1 1
13 -1 1 1 -1
14 1 -1 -1 1 1
15 -1 -1 1 -1
16 -1 -1 -1 -1 1
17 -1 1 1 -1 -1
18 1 -1 -1 -1
19 -1 -1 1 -1 1
20 1 -1 1 -1
21 -1 1 1 -1
22 -1 1 -1 1 1
23 -1 -1 1 0 1
24 1 0 0 1 0
25 -1 0 -1 -1
26 0 0 1 1 0
27 -1 0 0 -1 0
28 1 0 -1 0 -1
29 -1 0 -1 1 1
30 0 1 -1 1 -1
31 1 0 0 0
32 -1 -1 0 0
33 -1 1 0 -1 -1
34 1 -1 -1 -1
35 1 0 -1 1 0
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Table A.5 - Experimental design of group 5 in 96 DWP.

Well Factorl Factor2 Factor3 Mn Asn

1 -1 -1 -1 0 0
2 -1 -1 -1 -1 -1
3 -1 -1 -1 -1 1
4 0 0 0 -1 -1
5 0 0 0 -1 -1
6 -1 -1 -1 1 -1
7 -1 -1 -1 -1 -1
8 -1 -1 -1 -1 1
9 1 -1 1 -1 1
10 1 1 -1 1 -1
11 1 1 1 1 -1
12 -1 1 1 1 1
13 1 -1 -1 1 1
14 -1 -1 1 1 1
15 -1 -1 1 -1 1
16 1 -1 -1 -1 -1
17 -1 1 1 -1 1
18 1 1 -1 1 -1
19 1 -1 1 1 1
20 1 1 1 0 1
21 1 -1 1 1 -1
22 -1 1 -1 1 1
23 -1 1 -1 0 -1
24 -1 -1 -1 1 -1
25 1 0 1 -1 1
26 0 0 1 -1 1
27 -1 0 1

28 1 1 1 0 1
29 0 1 -1 0 -1
30 0 1 0 -1 0
31 1 0 0 -1 0
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Table A.6 — Design of experiments in TubeSpin bioreactor tubes.

ST Raffinose Galactose Enhancer2 T-Shift

Center points for 1 0 0 0 -1
evaluation of 2 0 0 0 -1
repeatability 3 0 0 0 -1
D-optimal quadratic 4 -1 1 1 -1
design for 3 group 5 1 -1 -1
winners at 3 levels 6 -1 1 -1
7 -1 -1 1 -1
8 -1 -1 0 -1
9 -1 -1 -1
10 1 1 1 -1
11 -1 1 0 -1
12 -1 0 1 -1
13 1 -1 -1 -1
14 -1 0 -1 -1
15 0 1 -1 -1
Check of T-Shift at 16 0 0 0
center point 17 0 0 0 1
D-optimal augmentation 18 1 -1 1
of all experiments to 19 1 1 1 1
T-shift testing at 2 levels 20 -1 -1 -1 1
21 -1 1 1 1
22 1 -1 1 1
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Nomenclature

Abbreviations

2AB-UPLC 2-amino-benzamide ultra-performance liquid chromatography

2F-p-fuc 2F-peracetyl fucose or (3S,4R,5R,68S)-3-fluoro-6-methyltetrahydro-2H-
pyran-2,4,5-triyl triacetate

4PL Four parameter logistic

AAAS Alkaline amino acid solution

ACN Acetonitrile

ADCC Antibody-dependent cell-mediated cytotoxicity

ADP Adenosine diphosphate

AGE Advanced glycation end products

Asn Asparagine

ATP Adenosine triphosphate

BIA Biomolecular interaction analysis

BSA Bovine serum albumin

Clqg Subunit of C1-complex

CDC Complement-dependent cytotoxicity

CDF Chemically-defined feed

CDP Cytidine diphosphate

CGE-LIF Capillary gel electrophoresis with laser-induced detection

CHO Chinese Hamster Ovary

Ctrl Control

Cys Cysteine

DoE Design of experiment

DT Decision tree

DTIT Dithiothreitol

DWP Deepwell plate

ECsg Half-maximal effector concentration

ELISA Enzyme-linked immunosorbent assay

ER Endoplasmic reticulum
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Nomenclature

Fab

Fc
FcyR
Fuc
G6PD
Gal
GalNAc
GalT
GDP
Glc
GIcNAc
GIn
Hex
HM
HMW
HRP
IAA
IAM
IgG

Kif
LacNAc
LMW
mAb
Man
MES
Mn

MS
MSE

MSX
MVA
NAC
NFAT
NGNA
NH4
NS

PC
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Fragment antigen-binding, region on antibody binding to antigens
Fragment crystallizable, region interacting with cell surface receptors
Fcy receptor

Fucose

Glucose-6-phosphate dehydrogenase

Galactose

N-Acetylgalactosamine

Galactosyltransferase

Guanosine diphosphate

Glucose

N-Acetylglucosamine

Glutamine

Hexose

High mannose

High-molecular-weight species

Horseradish peroxidase

Indole-3-acetic acid

2-iodoacetamide

Immunoglobulin G

Kifunensine

N-acetyllactosamine

Low-molecular-weight species

Monoclonal antibody

Mannose

2-(N-morpholino)ethanesulfonic acid

Manganese

Mass spectrometry

Mass spectrometry dynamically switching between low-energy colli-
sion-induced dissociation and high-energy collision-induced dissocia-
tion

Methionine sulfoximine

Multivariate analysis

N-acetyl-cysteine

Nuclear factor of activated T-cells

N-glycolylneuraminic acid

Ammonium

Nucleotide sugar

Principal component



Nomenclature

PCA
PK

PLS
QTOF
rcf
RMP
RMSECV
RMSEE
RMSEP
RT

SAc

Sia
SPR

ST

TE
TrxR
uDP
Urd

VC

VIP

Glycan Groups
AF

Fuc

Gal

HM

Misc

Sial

Glycans
A0

Al

A2
A2G1
A2G2
A2G2S1
A2G2S2

Principal component analysis
Pharmacokinetics

Partial least square

Quadrupole time of flight

Relative centrifugal force

Reference medicinal product

Root mean square error of cross validation
Root mean square error of evaluation
Root mean square error of prediction
Room temperature

Acetylated sialic acid

Sialic acid

Surface plasmon resonance

Shake tube

Trace elements

Thioredoxin reductase

Uridine diphosphate

Uridine

Viable cells

Variable importance plot

Afucosylated glycans
Fucosylated glycans
Galactosylated glycans
High mannose species
Miscellaneous glycans

Sialylated glycans

Man3GIlcNAc2
GlcNAcMan3GIcNAc2

GO; GIcNAc2Man3GlcNAc2
GalGIcNAc2Man3GIcNAc2
Gal2GlcNAc2Man3GIcNAc2
SiaGal2GlcNAc2Man3GIcNAc2
Sia2Gal2GIcNAc2Man3GIcNAc2
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Nomenclature

A3 GIcNAc3Man3GIcNAc2

A3G1S81 SiaGalGlcNAc3Man3GIcNAc2
A3G2S1 SiaGal2GlcNAc3Man3GlcNAc2
A3G2S2 Sia2Gal2GIcNAc3Man3GIcNAc2
A3G3S1 SiaGal3GlcNAc3Man3GIcNAc2
A3G3S2 Sia2Gal3GIcNAc3Man3GlcNAc2
A3G3S3 Sia3Gal3GIlcNAc3Man3GlcNAc2
A3G3S3_1Ac SAcSia2Gal3GIcNAc3Man3GlcNAc2
A4G3S2 Sia2Gal3GIcNAc4Man3GIlcNAc2
A4G3S3 Sia3Gal3GIcNAc4Man3GIlcNAc2
A4GA4S2 Sia2Gal4GIcNAc4Man3GlcNAc2
A4G4S3 Sia3Gal4GIcNAc4Man3GIlcNAc2
A4G4S4 Sia4Gal4GIlcNAc4Man3GIlcNAc2
A4G4S4 1Ac SAcSia3Gal4GlcNAc4Man3GIcNAc2
FA1 GlcNAcMan3GIcNAc2Fuc

FA1G1 GalGlcNAcMan3GIcNAc2Fuc
FA1G1S1 SiaGalGIcNAcMan3GlcNAc2Fuc
FA2 GOF; GlcNAc2Man3GlcNAc2Fuc
FA2BG1 GalGIcNAc3Man3GlcNAc2Fuc
FA2G1 G1F; GalGlcNAc2Man3GlcNAc2Fuc
FA2G1S1 SiaGalGIcNAc2Man3GIcNAc2Fuc
FA2G2 G2F; Gal2GlcNAc2Man3GlcNAc2Fuc
FA2G2aG1S1 SiaGal3GlcNAc2Man3GlcNAc2Fuc
FA2G2S1 SiaGal2GlcNAc2Man3GIcNAc2Fuc
FA2G2S1(NGNA) NGNAGal2GlcNAc2Man3GIcNAc2Fuc

FA2G2S1_1Ac
FA2G2S1_2Ac

FA2G2S2

SAcGal2GIcNAc2Man3GlcNAc2Fuc

SAcGal2GIcNAc2Man3GlcNAc2Fuc (the 2 acetylations are on the same

sialic acid)
Sia2Gal2GlcNAc2Man3GIlcNAc2Fuc

FA2G2S2_1Ac SAcSiaGal2GlcNAc2Man3GIcNAc2Fuc
FA2G2S2_1NGNA NGNASiaGal2GlcNAc2Man3GlcNAc2Fuc
FA2G2S[6]1NGNA NGNAGal2GlcNAc2Man3GIlcNAc2Fuc

FA3 GlcNAc3Man3GlcNAc2Fuc

FA3G1 GalGIcNAc3Man3GlcNAc2Fuc
FA3G2 Gal2GlcNAc3Man3GIcNAc2Fuc
FA3G2S1 SiaGal2GlcNAc3Man3GIcNAc2Fuc
FA3G2S2 Sia2Gal2GIcNAc3Man3GlcNAc2Fuc
FA3G3 Gal3GIcNAc3Man3GlcNAc2Fuc
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Nomenclature

FA3G3S1
FA3G3S2
FA3G3S2_1Ac
FA3G3S3
FA3G3S3_1Ac

FA3G3S3_1NGNA

FA3G3S3_2Ac
FA4

FA4G1
FA4G1S1
FA4G3S1
FA4G3S2
FA4G3S3
FA4G4
FA4G4L1
FA4G4L1S2
FA4G4L1S3
FA4G4L1S4
FA4G4S1
FA4G4S2
FA4G4S2_1Ac
FA4G4S3
FA4G4S3_1Ac

FA4G4S3_1NGNA

FA4G454
FA4G454_1Ac

FA4G4S4_1NGNA

FA4G4S4_2Ac
FM3
FM4A1G1
FMb5A1G1S1
Hybrid-F
M4 or Man4
M5 or Man5b
M6 or Man6
M7 or Man7
M8 or Man8
M9 or Man9

SiaGal3GlcNAc3Man3GlcNAc2Fuc
Sia2Gal3GIlcNAc3Man3GlcNAc2Fuc
SAcSiaGal3GlcNAc3Man3GlcNAc2Fuc
Sia3Gal3GIlcNAc3Man3GIcNAc2Fuc
SAcSia2Gal3GIlcNAc3Man3GIcNAc2Fuc
NGNASia2Gal3GIlcNAc3Man3GIcNAc2Fuc
SAc2SiaGal3GIlcNAc3Man3GIcNAc2Fuc
GIcNAc4Man3GIcNAc2Fuc
GalGlcNAc4Man3GlcNAc2Fuc
SiaGalGlcNAc4Man3GIcNAc2Fuc
SiaGal3GlcNAc4Man3GlcNAc2Fuc
Sia2Gal3GIcNAc4Man3GIcNAc2Fuc
Sia3Gal3GIlcNAc4Man3GIcNAc2Fuc
Gal4GIcNAc4Man3GIcNAc2Fuc
GalGIcNAcGal4GlcNAc4Man3GlcNAc2Fuc
GalGIcNAcSia2Gal4GlcNAc4Man3GIcNAc2Fuc
GalGIcNAcSia3Gal4GlcNAc4Man3GIcNAc2Fuc
GalGIcNAcSia4Gal4GlcNAc4Man3GIcNAc2Fuc
SiaGal4GlcNAc4Man3GIcNAc2Fuc
Sia2Gal4GlcNAc4Man3GlcNAc2Fuc
SAcSiaGal4GIlcNAc4Man3GlcNAc2Fuc
Sia3Gal4GlcNAc4Man3GlcNAc2Fuc
SAcSia2Gal4GlcNAc4Man3GIcNAc2Fuc
NGNASia2Gal4GlcNAc4Man3GIcNAc2Fuc
Sia4Gal4GlcNAc4Man3GlcNAc2Fuc
SAcSia3Gal4GlcNAc4Man3GIcNAc2Fuc
NGNASia3Gal4GlcNAc4Man3GIcNAc2Fuc
SAc2Sia2Gal4GlcNAc4Man3GlcNAc2Fuc
Man3GlcNAc2Fuc
GalGIlcNAcMan4GIcNAc2Fuc
SiaGalGIcNAc1Man5GIlcNAc2Fuc
GalGIlcNAcMan4GIcNAc2Fuc
Man4GlcNAc2

Man5GIcNAc2

Man6GIcNAc2

Man7GIlcNAc2

Man8GIcNAc2

Man9GIcNAc2
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