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RESUME

Les vecteurs lentiviraux (LVS) sont considérés camues veéhicules de transfert prometteurs
pour des applications en thérapie génique. Cepénitlgna un manque évident de stratégies de
production efficaces et transposables a grandelléctien effet, les techniques actuelles de
production ne pourront pas suffire a la générationnombre de LVs nécessaires pour les
évaluations en phases cliniques et éventuellemant leur commercialisation en cas de succes

des essais.

Dans ce travail, nous avons tout d’abord fait lmpsur les méthodes actuelles de production des
LVs et fait ressortir leurs contraintes intrinségjudusqu’a ce jour, la production routiniere de
LVs se fait presqu’exclusivement a petite échellecades cellules adhérentes. Il est clair que ce
mode de production ne sera pas suffisant pour d¥rpasux demandes futures en LVs. Afin de
faciliter les essais cliniques et la productionLdés a des fins thérapeutiques apres certification
par les autorités de reglementation, il apparaipoirant de mettre au point de nouvelles
stratégies de production a grande échelle et panietobtention de vecteurs a hautes

concentrations.

Une technologie de production de LVs par transbectransitoire de cultures en suspension de la
lignée cellulaire HEK293 a été développée. Dangrédé transposable a grande échelle,
I'opération en mode perfusion a permis de résoladpeoblématique associée a la faible stabilité
fonctionnelle des LVs. La combinaison de plusieapproches, incluant la transfection a haute
densité cellulaire, la sélection de formulationarmées de milieux de culture et I'ajout de
butyrate de sodium en tant qu’additif activateurexgiression, a permis d’augmenter
significativement les productivités volumétriques spécifiques. Ainsi, il a été possible
d’augmenter de 100 fois le taux de LVs fonctionneglige ce soit a petite ou a grande échelle,
permettant d’atteindre des titres fonctionnels mmmix en LVs avoisinant les 4@nités de

transduction (tu)/mL.

Les cinétiques de production ont été évaluées imant plusieurs méthodes de quantification
des LVs. Ainsi, on a pu observer que les titresimaxx en LVs fonctionnels sont atteints deux
jours aprés transfection. Ces résultats ont égaled@montré que la qualité des LVs produits (la
qualité étant définie ici comme le rapport entrexdenbre de LVs fonctionnels et le nombre de

LVs totaux) était généralement faible : de l'ordle 1 a 4 % du nombre de particules virales
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totales (mesurées comme le nombre de génomes \éigBOCi€S aux particules virales) étaient
fonctionnelles. Une variation de ce pourcentageaus du temps a été observée suite a I'ajout
de butyrate de sodium apres transfection. Des xu&Es complémentaires ont permis de
démontrer que la qualité des LVs pouvait étre am&i en réduisant le temps de séjour des
particules virales dans le milieu de culture etaen opérant a plus hauts débits de perfusion.
Enfin, nos résultats ont mis en évidence que latoyicité des protéines membranaires VSV-G

pouvait étre une limitation possible aux rendemeetproduction dans ce systeme.

Les cinétiques de production des LVs en bioréactedrété caractérisées grace a l'utilisation
d’un suivi en ligne du signal de permittivité. Legsures de permittivité ont permis de suivre des
évenements tels que le bourgeonnement des veedtieaus ainsi que la variation des propriétés
diélectriques des cellules productrices suite &argage des particules virales. L’évolution de la
permittivité a été analysée et reliée a la cinéida production des LVs afin d’identifier quatre

phases caractéristiques post-transfection.

La caractérisation détaillée du systeme des LMecefée avec des méthodes de quantification
hors-ligne et des outils de suivi en ligne, a misl@miére plusieurs stratégies permettant un

meilleur suivi du procédé ainsi que I'optimisatida celui-ci.

La stratégie de production qui a été établie fus tirs basée sur la transfection a des
concentrations cellulaires élevées couplé a un rdedeerfusion a haut débit. Cette approche, qui
a permis d’obtenir des LVs fonctionnels a de haw@scentrations, pourrait facilement étre

adaptée a la production d’autres constructions\tie L

Les stratégies de production développées dansaceailtont permis de générer des titres viraux
avoisinant les 18-10" tu/L, ce qui correspond & des titres totaux dedte de 16710
génomes viraux (vg)/L dans les surnageants de ptiotu Les cinétigues de production et
I’évolution du procédé sont bien documentées, depgumettra de guider les optimisations
futures. En plus de faciliter la production de L\¢g procédé pourrait étre transférable a des
installations manufacturiéres, afin de permettédiuation et I'utilisation de ces vecteurs dans

des essais cliniques.
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ABSTRACT

Lentiviral vectors (LVs) are promising delivery veles for applications in gene therapy. Yet, the
field still relies on inefficient and non-scalalgeoduction strategies. Current production methods
will become a limitation in later clinical evaluati phases and for commercialization when large

amounts of LVs need to be generated.

In this work, we first reviewed current LV produai methods and point out the constraints
intrinsic to these protocols. To date, routine Lkguction is almost exclusively performed in
small scale systems using adherent cells. Theswoqmle will not be able to satisfy the
anticipated future demands in LVs. For their widesgd testing in clinical settings and for the
production of LV-based therapeutics after theirrapgl, novel scalable production strategies are

needed to robustly produce these vectors at higld.yi

An optimized protocol for LV production was devedapusing a HEK293 cell line grown in
suspension cultures. In this scalable process,uptash in perfusion mode addressed the low
stability of functional LVs. Several strategies Iswxs transfection at high cell density, selection
of advanced medium formulations and addition of éx@ression-enhancing additive sodium
butyrate resulted in significant improvements olluveetric and specific productivity. The overall
yield in functional LVs was increased by 100-folttlasimilar results were obtained for small and
bioreactor scale cultures, reaching maximum fumetid.V titers in the range of #@ransducing

units (tu)/mL.

The production kinetics under improved conditionasvthen analyzed employing several LV
quantification methods. After transfection, hightestctional LV titers were reproducibly found 2
days post-transfection. The results also showedLiiajuality, as the ratio of functional to total
LV particles was generally low with only 1-4 % dfet total viral particles (measured as the
number of viral genomes) being functional, i.e.ihgwthe ability to transfer genetic information.
This ratio was not constant over time when sodiwtyrate was added after transfection. LV
quality was also increased at higher harvest r&des. results also indicate that the cytotoxic
effects of VSV-G might be limiting for further y@limprovements of the current LV production

system.



LV production kinetics was also characterized ugingne monitoring of the permittivity signal
in bioreactor productions. Permittivity measurerseate valuable for identification of events
such as budding of viral vectors as dielectric praps of the producing cells are affected during
the viral release process. The evolution of thenitéivity signal was analyzed and linked to the
LV production kinetics to identify four key procesansition phases after transfection which are

characteristic of LV production.

The in depth process characterization of the LMesyswith offline LV quantification methods
and online tools provided several avenues for m@m®cenonitoring and further process

optimization.

The developed LV production strategy is based g lgell density transfection. The approach
delivers LVs at high yield in a timely manner arngbgld be easily adaptable to other LV

constructs.

The strategies developed in this work provide ucgdented yields of 1810 tulL,
corresponding to ¥6-10" viral genomes (vg)/L of production supernatanbderction kinetics
and process evolution are well characterized, windhguide future yield optimization. As it
facilitates the production of LVs, the developedgass should thus enable the evaluation and use
of these vectors as a therapeutic and should batteactive option to generate LV for future

clinical trials.



CONDENSE EN FRANCAIS

La thérapie cellulaire et la thérapie génique slm# secteurs tres prometteurs pour le traitement
de plusieurs maladies potentiellement mortellegoelr lesquelles peu de traitements alternatifs
existent. Le traitement des anomalies génétiguesadcer et certaines stratégies de vaccination
font partie des applications les plus importantesthérapie génique a été développée sur la base
de progres considérables accomplis au cours deg d@rnieres années lors de recherches
menées sur les maladies génétiques (Rosenzweig).1989 principe général repose sur
I'introduction d’'une copie fonctionnelle d'un géudéfectueux ou absent dans une cellule, afin

d’éliminer la maladie engendrée par ce dernier (Mygart et Al-Rubeai 2002).

Pour assurer le transfert de l'information génétjqdes véhicules permettant de livrer des
transgenes de facon efficace et sécuritaire audescellules cibles sont requis. Ces veéhicules
(ou vecteurs) peuvent étre d’origine virale ou rides vecteurs viraux ont été développés a partir

de différentes souches virales naturelles.

L'essor de la thérapie génique a été considérablerakenti a cause d'incidents survenus durant
les programmes d'évaluation clinique. Malgre tpuds de 1500 essais cliniques ont a ce jour été
effectués avec des résultats expérimentaux dénmbrira avenir prometteur pour les vecteurs

viraux. Ainsi, la premiere commercialisation d’'uacteur viral en tant qu’agent thérapeutique a

été autorisée en Chine en 2007.

Les vecteurs lentiviraux (LVS) sont considérés carlan des véhicules de transfert les plus
prometteurs pour les applications en thérapie génifes LVs sont la plus récente des classes de
vecteurs et sont congus a partir du virus d'immuficéence humaine de type 1 (VIH-1). Ces
vecteurs sont néanmoins dépourvus des propriéthegimiques du VIH-1, ne peuvent ni se
répliquer ni transférer des genes viraux, et né pas reconnus par le systeme immunitaire des
patients. lls conservent par contre leur capa@@té&ansférer des transgenes (Throm, Ouma et al.
2009). En comparaison avec d’autres vecteurs vjrdspoffrent divers avantages, tels que la
possibilité d’accueillir une longue séquence deléataes, la capacité a transduire des cellules
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ne se divisant pas, ainsi qu'une expression lorgjustable du transgene (Cockrell et Kafri,
2007).

Jusqu’a present, les LVs ont démontré leur poteeatighérapie génique et sont utilisés dans au
moins 25 études cliniques (D’Costa, Mansfield et2809). Le premier essai clinique utilisant
des LVs a été approuvé en 2002. Plusieurs autaéertrents contre des maladies infectieuses et
génetiques utilisant des LVs sont actuellementoems; ont été approuveés ou sont en préparation
(D’Costa, Mansfield et al. 2009). Les LVs sont damcoutil important pour le developpement
d’avancées significatives dans le traitement debremses pathologies. Celles-ci regroupent les
maladies neurodégénératives, telles que l'adrénotbistrophie (ALD) et la maladie de
Parkinson ainsi que l&-thalassémie et sa forme plus sévere, la drépamseytEnfin, le
traitement de certains cancers, aprés transdugéaellules ayant des fonctions immunologiques
manquantes chez le patient, est également une cdygpthérapeutique pour laquelle des essais

cliniques sont développés (D’Costa, Mansfield eR@09).

L'utilisation des LVs est jusqu’a présent limitéeckisivement a des applicatioas vivosur les
cellules des patients. Les approchesivo doivent tenir compte du large tropisme cellulales
LVs pseudotypés avec la glycoprotéine G du virutadgomatite vésiculaire (VSV-G). Ce large
tropisme empéche le ciblage du vecteur a un tyfhelaee bien défini, suscitant des inquiétudes
quant a la possibilité de transduction non-spéeifigde cellules telles que les cellules

dendritiques, souches et germinales.

Bien que les stratégies basées sur les LVs prégamdarge potentiel pour de nombreuses cibles
thérapeutiques, leur utilisation intensive esteorént tributaire de la capacité de produire ces
vecteurs en grandes quantités. Actuellement, ldymtion des LVs a haut rendement demeure
une contrainte a I'application clinique des stragghérapeutiques élaborées experimentalement.
Les méthodes actuelles de production courammeniogégs présentent de faibles rendements et
de nombreuses limitations en terme de mise a llkcipaiisqu’elles reposent sur la culture de

cellules adhérentes. Les protocoles de productesnld/s demeurent largement empiriques; les
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procédés ne sont généralement pas bien caractériseéiveau de la productivité cellulaire, des
titres maximums pouvant étre atteints, des cinésqie production, du temps de récolte optimal
et de la stabilité du vecteur. Il semble donc évidpie ces méthodes de production rudimentaires
ne soient pas directement adaptables a une produ&tgrande échelle, car la robustesse et la
reproductibilité de ces procédés est insuffisaotar a fabrication industrielle des LVs. En effet,
les techniques actuelles de production ne poupastsuffire a la génération du nombre de LVs
nécessaires pour les évaluations en phases clmigee éventuellement pour leur

commercialisation.

L’objectif principal de cette thése est I'identditon des paramétres critiques pour la production
de LVs dans des cultures de cellules HEK293 enesisspn, permettant ainsi le développement
d’'un procédé transposable a plus grande écheliegbduction de LVs a hautes concentrations.
Les méthodes actuelles de production de LVs saffie faibles rendements et il reste plusieurs
guestionnements au niveau de la productivité etétigses de production. La caractérisation de
ces différentes étapes reste a faire. Il est, flaues, attendu que le rendement fonctionnel des
LVs avec ce systeme peut étre amélioré de facanifis@tive a I'aide d’un suivi en ligne et hors

ligne et d'un contrble des paramétres critiquepmrcede.

Le but ultime de cette recherche est d’identifir suivre et de contrdler des parametres critiques
qui déterminent la production efficace des LVs @termettent le développement d’'un procédé

robuste et transposable a grande échelle. Pluffigpément, ces travaux visent:

1) Lidentification des conditions du procédé qui aimeEnt la productivité des LVs et le
développement d’'une stratégie d’optimisation diémien vue d’améliorer les techniques

actuellement utilisées pour la production de LVs

2) La caractérisation des cinétiqgues de productiorr goider l'identification de stratégies

permettant une succession d’opérations robustgstietisées

3) La mise en évidence de liens entre les cinétig@eprdduction virale et des mesures

effectuées en ligne afin de permettre le suivieengs réel du procédé
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Dans ce travail, nous présenterons tout d’abordemee de la littérature approfondie, qui couvre
les propriétés des systemes LVs actuels, ainsieprequantification et qui fait le point sur les

méthodes actuelles de production, tout en souligearcontraintes intrinséques de celles-ci.

Jusqu’a ce jour, la production routiniere de LV$akpresqu’exclusivement a petite échelle avec
des cellules cultivées en adhérence. NéanmoinsgardéBorations significatives ont été obtenues
a ce niveau. En effet, bien gu'ils soient longstitheux et sujets a une grande variabilite, les
protocoles actuels de production utilisant desoftac statiques (T-flasks) permettent tout de
méme d’obtenir des concentrations suffisantes popporter des recherches a petite échelle.
Toutefois, en raison de la large gamme de protscale production et de méthodes de
quantification retrouvés dans la littérature, d\&@re difficile de comparer les résultats provenant
des différents groupes de recherche. De plus, gpsoehes d’optimisation s’appuyant sur des
principes de génie biochimique sont rarement retes dans la littérature couvrant le sujet. Les
procédés existants ne sont donc pas adaptés pmudr@ aux demandes futures en LVs. Afin de
permettre des essais cliniques et la production e a des fins thérapeutiques, il apparait
primordial de mettre au point de nouvelles straegfficaces de production a grande échelle et

permettant avec obtention de vecteurs & hautegntrations.

Dans ce travail, une stratégie de production de phafstransfection transitoire a tout d’abord été
développée avec des cultures de la lignée cekuldEK293 en suspension. Dans ce procédé
facilement transposable a grande échelle, il eparapque la production en mode perfusion
permettait de résoudre la problématique assodigestabilité fonctionnelle des LVs.

Par la suite, plusieurs stratégies comme la tratisfea haute densité cellulaire, la sélection de
formulations avancées de milieu de culture et ligjde butyrate de sodium en tant qu’additif
stimulant I'expression ont permis d’augmenter digativement les productivités volumique et

spécifique.

Plus spécifiqguement, l'utilisation d’'une approche wlansfection a haute densité cellulaire a

permis d’augmenter la productivité volumique parfacteur cing. Par la suite, une optimisation
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des conditions de transfection transitoire au pblénimine (PEI) dans un milieu plus
performant a permis de doubler le rendement de dthade. Les meilleurs résultats ont été

obtenus avec un ratio massique en PEI:DNA de 2:0.40.6nmg d’ADN total/10° cellules
utilisées pour la transfection dans le milieu ddtura HyClone SFM4Transfx-293 (HyQ)
medium. Cette technique a permis de réduire lestseffytotoxiques du PEI et d’augmenter le
rendement de la méthode. Il est a noter que deddas conditions évaluées, I'ajout de butyrate
de sodium a eu l'effet le plus significatif surtige fonctionnel, en augmentant de quinze fois le
rendement total. Ainsi, il a été possible d’augmerde plus de 100 fois le taux de LVs
fonctionnels, que ce soit a petite ou a grande liéchgermettant ainsi d’atteindre des titres
maximums avoisinant les 40nités de transduction (tu)/mL dans le surnageantconcentré. |l

a également été démontré que le procédé est tigatdpoa la culture en bioréacteur tout en
conservant un rendement similaire, et ce jusqu@ @chelle de 3 L. Les résultats suggerent
gu’'avec ce procédé a haut rendement, une seuleigifod dans une unité pilote permettrait de
produire la quantité de LVs requises pour la résiis d’essais cliniques de phase |.

Dans le cas du systéme modéle étudié, pour ohtarmendement total de I'ordre de 0.5 & 1X10
tu a petite échelle, la meilleure stratégie coesist a effectuer la production a une densité
cellulaire d’environ 5 a 10xf0c/mL en effectuant 2 changements de milieu par. jGes
conditions permettraient ainsi d’obtenir de hagtsdements totaux, tout en préservant la qualité
des LVs. Les surnageants cellulaires pourraientiemgtre congelés pour de futures étapes de

purification ou étre directement concentrés paaa#ntrifugation.

A I'échelle de bioréacteur et pour I'obtention dmdements supérieurs & 1X16u, le choix
d’'opérer avec changement(s) de milieu dépend famemde la possibilité d’effectuer
adequatement les étapes de purification subséqaritesi que de I'importance accordée a la
qualité des LVs.

Changer I'équivalent de deux volumes de réacteujopa (2 VVD) permet d’obtenir des LVs de

qualité supérieure par rapport a une productiohséma 1 VVD. Des LVs en quantité deux fois
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plus importantes sont retrouvés dans le surnage@nV/VD, mais la période de conservation a
4°C est limitante en raison de l'instabilité destears. En outre, la congélation de larges
volumes est difficilement réalisable. Ainsi, c'éat stratégie de purification qui doit dicter si la

production avec de nombreux échanges de milieavesitageuse ou non.

Il est important de noter que les rendements togkVs sont fonction du systeme d’expression
et du transgene d’intérét; les rendements absausemt des lors significativement différer des
valeurs observées pour le modéle utilisé dans aeaitr Nous avons décrit une démarche
générique de production de LVs pouvant s’appliqueur I'amélioration des constructions de
LVs et leur évaluation a petite et a grande échklestratégie de perfusion a plus grande échelle
peut également faciliter le développement des w@olgies reliées, telles que le passage a grande
échelle des procédeés de purification qui étaifal@iment limité par I'incapacité de générer de

grands volumes de surnageant contenant des LV&tas.

Toutefois, méme en utilisant des conditions amééiserde production, la productivité cellulaire
spécifique en vecteurs viraux fonctionnels demedaitde (60-120 tu/cellule). Nos résultats ont
d’ailleurs permis de mettre en évidence que ledaaments de production dans ce systéme sont
limités par les effets cytotoxiques de VSV-G. S observations sont confirmées avec d’autres
systemes d’expression, le développement et I'atibm de lignées cellulaires stables serait alors
questionnable, puisque la production des LVs parsystémes pourrait également étre limitée

par les effets toxiques de VSV-G.

La production de LVs est également fonction deispahibilité des nutriments dans la culture.
Toutefois, un travail plus approfondi est requisipoomprendre l'influence de I'état métabolique
des cellules sur les rendements de production.r&sgtats préliminaires ne permettaient pas de
déterminer si le procédé actuel était limité pas dentraintes d’ordre métabolique ou par une
efficacité de transfection a haute densité cellalai
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Les cinétiques de production a petite échelle ebiereacteur ont été évaluées initialement en
utilisant les méthodes de quantification des LVss ltitres maximaux en LVs fonctionnels ont

été observés deux jours aprés transfection. Cefiatssont également montré que la qualité des
LVs, définie comme étant le rapport entre le nondeel Vs fonctionnels et le nombre de LVs

totaux, était généralement faible, soit a peine 4 % du nombre de particules virales totales
(mesurées comme le nombre de génomes viraux). biniation de ce pourcentage au cours du
temps a été remarquée suite a I'ajout de butymodium apres transfection. La qualité des LVs

a pu étre egalement améliorée via des taux detegqolus éleveés.

Les méthodes actuelles de quantification représentme contrainte importante pour le
développement du procédé, puisqu’elles sont poplulgart longues, fastidieuses et génerent des
résultats tres variables. Il y a un urgent bes@rsthndardisation et de nouvelles méthodes de
guantification pour les vecteurs lentiviraux sagjuises. Pour ce faire, la précision et la rapidité
des difféerentes méthodes sont des paramétres uestica considérerActuellement, la
quantification du titre des LVs par la RT-PCR sesngtire I'approche directe la plus efficace afin
d’obtenir un nombre total de particules. Au nivases méthodes indirectes, nos résultats ont
révélé l'importance de contréler le nombre de pgssacellulaires afin de diminuer
significativement la variabilité des mesures desitde LVs fonctionnels.

Afin de permettre le suivi en temps réel du procdddransfection transitoire, il est nécessaire
d’identifier des outils d’'analyse en ligne capablies détecter le relargage et les cinétiques de
production des vecteurs viraux. De tels outils liteeit grandement le développement des
procédeés, supportent leur optimisation et I'impddioin de la démarche PAT (« Process
Analytical Technologies »). Cette derniere vise cutsnir I'innovation dans les procédeés
pharmaceutiques, en vue d’améliorer les critereprdduction et d’assurance de qualité. Cette
démarche vise donc a améliorer la robustesse degéqés et a faciliter le contr6le en ligne de la
qualité du produit. Les cinétiques de productionb@réacteur ont pu étre suivies en cours de
culture grace a une mesure en ligne de la perntétiv’'évolution de la permittivité a ainsi
permis d’identifier quatre phases de transitioract@ristiques associées a la production de LVs

aprés transfection. Les résultats du suivi en ligne reflété d’'une maniére reproductible les
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cinétiques de production des LVs pour plusieursdpetions en bioréacteur, utilisant des
conditions d’opération différentes. Des changemesitttifs pendant la phase de production ont
montré une corrélation avec le rendement totakemds de génomes viraux de ces productions
en bioréacteur. Les mesures de permittivité ontngeide suivre des évenements tels que le
bourgeonnement des vecteurs viraux ainsi que lati@ar des propriétés diélectriques des
cellules productrices suite au relargage de paescurales. Cette technologie constitue donc un

bon outil pour le criblage des conditions d’opératet la caractérisation du procédé.

La caractérisation détaillée du systeme des LMecefée avec des méthodes de quantification
hors-ligne et des outils de suivi en ligne, a misl@niére plusieurs stratégies permettant un
meilleur suivi du procédé ainsi que l'optimisatiale celui-ci. Les améliorations les plus

significatives peuvent étre espérées au niveau culaliée, telles qu'une augmentation de la
stabilité des LVs fonctionnels, une diminution @eclytotoxicité de I'enveloppe ou encore des
stratégies de régulation de VSV-G. Des envelopgek\Us alternatives ont été décrites dans le
but de les utiliser pour I'obtention des titresauix plus élevés (Verhoeyen et Cosset 2004;
Cronin, Zhang et al. 2005). Par contre, les LVs mpiisont pas pseudotypés avec VSV-G sont

limités a des applications et & des cibles celiegaspécifiques.

D’autres possibilités pour améliorer le procédét mgalement envisageables au niveau du choix
des conditions opératoires. Une meilleure caraatan du métabolisme des cellules HEK293
dans le milieu HyQ permettrait de développer desmtégies d'alimentation permettant
d’augmenter la densité cellulaire lors de la traobn, sans perte de productivité spécifique. Dés
lors, il semble nécessaire d'effectuer des étudésalmoliques et des travaux portant sur
'optimisation du milieu afin d’augmenter les tawke LVs produits. Par exemple, des
concentrations potentiellement inhibitrices en déetont été observées lors des cultures en
perfusion. En raison du manque de méthodes singbléiables pour quantifier les LVs, il est
recommandé de réaliser cette étude en utilisantsgetemes de transfection pour lesquels la

production protéique peut étre plus facilement méssu

Des travaux portant sur la production de vectegm®viraux suggerent que le contenu lipidique

cellulaire joue un réle critique dans la productass vecteurs (Merten 2004; Coroadinha, Alves
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et al. 2006; Coroadinha, Ribeiro et al. 2006; Cdndaa, Silva et al. 2006). Comme la
concentration en lipides dans les vecteurs prodigteble déterminer leur stabilité, il serait
intéressant d’étudier spécifiguement les effettadmncentration en lipides du milieu de culture
sur la production et la stabilité des LVs (Beer,ysteet al. 2003; Carmo, Faria et al. 2006;
Coroadinha, Alves et al. 2006). Aussi, d’autresdésupourraient porter sur I'exploitation des
signaux en temps réel pour des fins de contrétleatglage du procédé. Par exemple, le signal
de permittivité pourrait étre utilisé pour contrdtirectement le taux de récolte. L’alimentation
en milieu pourrait également étre contrélée en tioncdu signal de permittivité avant
transfection, ce qui permettrait de minimiser lansmmmation du milieu de culture et la

formation de métabolites toxiques.

Les stratégies développées dans ce travail ontipaetengénérer des titres viraux avoisinant les
10" & 10" tu/L, ce qui correspond a des titres de I'ordrel6€ & 13> génomes viraux (vg)/L
dans les surnageants non-concentrés de culturescihétigues de production et I'évolution du
procédé sont bien documentées, ce qui permettgaider les optimisations futures. Le procédé
développé rend ainsi possible I'évaluation et lisdition de ces vecteurs en tant que thérapie et

pourra étre une option intéressante pour la prasluéiture de LVs a des fins cliniques.
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INTRODUCTION

Background

Gene and cell therapy are fields holding tremengwamises as they offer therapeutic strategies
for a wide variety of diseases. To date, approxatyal500 gene therapy clinical trials have been
completed, are ongoing or have been approved (tedels Abedi et al. 2007,
http://www.wiley.co.uk/genetherapyi/clinical/). Ardt gene therapy product has now been
approved in China (Peng 2005). The treatment otgemlysfunctions, cancer and vaccination
strategies are at the forefront of possible apiitioa Gene therapy is based on the significant
progress that has been made in understanding tetig®asis of several diseases over the last 20
years (Rosenzweig 1999). Its original principledsfined as the introduction of a normal
(functional) copy for the correction of a defectimemissing gene to eliminate disease symptoms
(McTaggart and Al-Rubeai 2002).

All gene and many cell therapy approaches regbhgeaise of gene transfer vehicles (vectors). An
ideal vector allows for the safe and efficient sf@m of genetic information to the patient. Non-
viral or viral vectors are used as delivery velgclehe latter were found to be extremely efficient
and have been consequently more extensively studlieel respective advantages of each viral
vector are a function of the underlying biology tbe virus that determines the main vector
characteristics such as immunogenicity, packagiagacity, expression of the transgene,

infectivity and cellular or tissue tropism.

Although conceptually straightforward, the pradtidavelopment of gene therapy interventions
remains challenging. A fatal incident during a gémerapy clinical trial occurred at the turn of
the century and led to the death of one patieiat $tudy conducted in 1999 (Raper, Chirmule et
al. 2003). Only a few months later the results difeerent trial where 3 out of 10 treated patients
suffering from a severe immune deficiency (SCID-XlEveloped leukemia several years after
the treatment, were made public (Hacein-Bey-AbMan Kalle et al. 2003). However, in all
treated patients, this study provided proof of @pte that gene therapy can workhese
incidents and other results from ineffective gdrexapy clinical trials marked important setbacks
for the entire field (Steinbrook 2007; laccino, Bstone 2008). The scientific community also
remains sceptical on the effectiveness of the Gishmercialized gene therapy intervention in

China, partly due to the difficulty in comparingethlinical outcomes (Ma, Shimada et al. 2009).



As a consequence, research in the gene therapy magaly shifted back from clinical
applications to experimental research (Muller-Rplb&rcho et al. 2008). The main focus in the
gene therapy field is now on designing better wsctath the goal to overcome the disadvantages

of these early-generation gene delivery vehicles.

Lentiviral vectors (LVs) are one of the most retemteveloped forms of virus-derived gene
delivery vectors. LVs were designed based on tbhegy of human immunodeficiency virus-1
(HIV-1). For that purpose, the molecular architeetwf HIV-1 was dramatically altered to
remove pathogenic properties, avoid replicationtled vector and emergence of replication
competent lentiviruses (RCLs) but conserve its nrahiability for gene transfer. LVs are therefore
replication-deficient, do not transfer any viralngs and recipients lack a pre-existing immune
response to the vector (Throm, Ouma et al. 20093omparison to other viral vectors, they offer
several advantages, including a large packagingaip the ability to transduce non-dividing

cells and a stable, i.e. life-long, transgene esgiom (Cockrell and Kafri 2007).

To date, LVs have already demonstrated their piallefar gene therapy in clinical studies and
are under investigation in approximately 25 clihitels (D’'Costa, Mansfield et al. 2009). The
first clinical trial using LVs was approved in 200&everal others targeting infectious and genetic
diseases are currently in progress, have beensapar are in preparation (D’Costa, Mansfield
et al. 2009). Interestingly, HIV infection is totdaone of the preferred targets in ongoing clinical
trials using LVs, exemplifying that the system caméong way since its initial development.
These therapies are based on RNA interference (Rl delivery of an anti-HIV payload gene
into autologous CD4+ T lymphocytes with the goalindibit HIV-1 replication (D’Costa,
Mansfield et al. 2009).

LVs hold much promise for a wide range of applieasi. Disease targets that are currently under
investigation comprise neurodegenerative disordexh as adrenoleukodystrophy (ALD) and
Parkinson’s diseasé;thalassemia and its more severe form, sicklearedimia. Cancer therapy,
after transduction of cells with immune functioms,another promising area in which clinical

trials are in development (D’'Costa, Mansfield et28l09).

To date, LVs are almost exclusively limited dr vivoadministration into patient cellf vivo
approaches face the challenge that the widely wssttular stomatitis virus glycoprotein G

(VSV-G) pseudotyped LVs have a wide tropism, whiehders a targeted delivery to a certain



cell type impossible and raises concerns on trastgduof off-target cell types such as dendritic,

stem and germ cells.
Research Problem, Hypothesis and Objective

Although LV-based strategies hold great promiseaf@ride variety of targets, their extensive use
highly depends on the ability to efficiently gerteréhese vectors in large amounts. To date, LV
mass production remains an important constraintfertranslation of therapeutic straegies to the
clinic. Current routine LV production methods hdew yields and are limited in terms of their

scalability. Protocols to produce LVs are largetypérical and the processes are generally not
well characterized with cellular productivity, petters, production kinetics, optimum harvest

points and vector stability being only rarely detered. It can be anticipated that these current
rudimentary protocols are not readily amenableatgd scale production and that they would

result in insufficient process robustness to supipaustrial manufacturing.

The driving hypothesis of this work is that the ntecation of critical parameters for the
production of LVs in suspension-grown HEK293 ceallows for the development of a scalable
process delivering LVs at high yield. Current L\bduction methods suffer from low yields as
several issues that determine productivity in #oali manner are not sufficiently addressed by
the process strategy. Also, it is believed that fthectional LV yield of this system could be
improved significantly by online and offline monibtog and controlling the critical process

parameters that dictate productivity.

The overall objective of this work is to identifyponitor and/or control parameters that are
critical for the efficient generation of LVs andathallow for the development of a scalable and
robust production process. More specifically, thagk aims to:

1) identify process conditions resulting in enhanc®dproductivity to propose and develop
a detailed optimization strategy for the improvetnaithe current state of the art of LV

production

2) characterize the production system and its kindticguide strategies that will help in
defining a robust and optimized operation of thecpss

3) link the viral release and production kinetics te tresults from online permittivity

measurements to allow for monitoring and supermigsibLV production in real-time



Thesis Structure
The thesis can be divided in four main parts:
1) an extensive literature review (chapter 1)
2) a methodology section (chapter 2)
3) the development of a scalable process deliverigh fields (chapter 3)
4) the characterization of the LV production procesdsmpters 4 and 5)

The first chapter was published as a review argdigtled“Recent progress in lentiviral vector
mass production” in theBiochemical Engineering Journal In this paper, current strategies for

LV production are critically assessed and compared.

The set of methods used during this research progeaescribed in detail in chapter 2
“Methodology for scalable LV production and processcharacterization”. This chapter also

comprises a short summary and error assessmeM qéiéntification methods.

Chapter 3 was published as a research articldeshtiDevelopment of a scalable process for
high-yield lentiviral vector production by transient transfection of HEK293 suspension
cultures” in the Journal of Gene Medicine The paper describes an optimization strategy that
translated to improvements in LV yields by 100-falider scalable operating conditiofs this

approach, production in perfusion mode was sucelgsised to continuously harvest functional
LV thereby addressing the critical problem of loW Lzector stability.

In chapter 4, entitleCharacterization of lentiviral vector production k inetics using offline
guantification methods” the process kinetics was assessed to further ¢eaescthe production
system and to identify intrinsic limitations andther possible optimization strategies. In chapter
5, the application of permittivity measurements feal-time monitoring of LV production is
presented. The chapter is entitl@donitoring lentiviral vector production kinetics u sing

online permittivity measurements” and has been submitted to thaurnal of Biotechnology

Finally, complementary experiments are summarizedhe appendices. This last section is
divided in four parts. A preliminary study on LVasility in culture supernatants can be found in
appendix I. Process limits and operating windowhigh cell density LV production by transient

transfection are presented in appendix Il. Apperldils presented as a draft manuscript entitled



“Practical applications of online permittivity sigis: characterization of HEK293 batch growth
and identification of metabolic shifts” and intradis permittivity measurements as real-time
monitoring tool for mammalian cell cultures. AppentV finally summarizes additional relevant

experimental observations that are not integrateédde main chapters of the thesis.



CHAPTER 1 LITERATURE REVIEW: RECENT PROGRESS IN
LENTIVIRAL VECTOR MASS PRODUCTION

1.1 Article Presentation

The goal of this thesis is to improve current prichn methods of lentiviral vectors in order to
develop strategies that will be applicable for LVass production for clinical trials and
commercialization. This chapter provides a critiealiew of studies reporting LV production and
summarizes the progress which was made in thediatte HIV-1 based LVs were first described
in 1996. The performance of routine and advancedopols is compared and it is pointed out
that the LV production methods currently in place Bmited in terms of their scalability. The
review thus allows understanding the constraintscafrent LV production strategies and
emphasizes the need for improved and scalable ptiodustrategies that are later presented in

this thesis.

1.2 Recent Progress in Lentiviral Vector Mass Productia

Sven Ansorgé? Olivier Henry? and Amine Kamen'?

! National Research Council Canada, Biotechnologgéarch Institute, 6100 Royalmount
Avenue, Montréal, Québec H4P 2R2, Candd&cole Polytechnique de Montréal, C.P. 6079,

succ. Centre-ville, Montréal, Québec H3C 3A7, Canad

1.2.1 Abstract

Lentiviral vectors (LVs) are promising tools forrgeand cell therapy. They are presently used in
several clinical trials am vivo or ex vivogene delivery vectors. However their mass producti
remains a challenge and might limit their potenttadrapeutic use. New robust and scalable
processes are required for industrial productiothe$e vectors.

In this review, we focus on the assessment of ntilt® production methods and evaluate the
most critical limitations with a focus on scalatyiliThe key properties of LVs are described and
their inherent advantages and disadvantages dextussbrief overview of the quantification



methods generally used to characterize vector ptamtuis also provided as well as indications
on downstream processing and basic regulatory espec

The recent developments in the field including picitbn in serum-free suspension cell cultures
indicate that LV production is now amenable to isttial manufacturing using reliable large-

scale processes.

1.2.2 Introduction

Worldwide, more than 20 clinical trials are curignbvestigating the use of lentiviral vectors
(LVs) for gene delivery targeting a variety of dises (http://www.wiley.co.uk/
genetherapy/clinical/). In particular the abilitiyld/s to transduce non-dividing cells render them
an important tool for the treatment of neurologiaid lympho-hematological disorders
(Quinonez and Sutton 2002; Salmon and Trono 20@2pAz, Kingsman et al. 2004; Cockrell
and Kafri 2007). LVs provide efficient delivery, tagration and long-term expression by
establishing a stable provirus in target cells (@uez and Sutton 2002). These properties led to
a widespread use in research and clinical envirotsnforin vitro andin vivo gene transfers
(Cockrell and Kafri 2007).

With the increasing use of LVs in translationale@sh programs, scalable, effective and robust
LV production processes become of critical impactarProcesses that can be swiftly transferred
to manufacturing sites once LV-based vectors aadydor use in approved clinical trials are
needed. As demonstrated for other viral vectorgdbatherapeutics, these processes are a
fundamental requirement for the successful advareoemf LV-based therapeutic interventions
(Wright 2009). Current production methods do, hogremot meet these requirements, show only

low yields and are typically not easily scalablee(@art, Leroux-Carlucci et al. 2009).

This review focuses on the mass production of L&¥provide sufficient material for clinical
trials. Current production methods are comparedarticular for their scale-up potential, with
respect to robust LV manufacturing. First, we Byisimmarize the most important properties of
lentiviruses as those determine LV functions, esgian kinetics and vector stability. Then we
introduce the different methods for LV quantificatj compare production strategies and provide
general indications on LV downstream processinghott and regulatory aspects. Since LV



systems based on human immunodeficiency virus (HI¥)e by far the most advanced to date,
we will focus on this vector family.

LV elements are encoded by several plasmid cortstarcexpression cassettes (Fig 1.1). Vector
particles are assembled irans from constructs without most vir&lis-acting sequences. The
packaging construct codes for the core and enzgmsatnponents of the usually HIV-1 derived
virion. A second construct is responsible for espren of the viral envelope which is most
commonly VSV-G (envelope construct). The vi@s-acting sequences are delivered by an
expression cassette which encodes for the transgfenterest (transfer vector construct). These
constructs need to be simultaneously expressed mespective producer cell. We briefly
summarize the most important properties and funstf these constructs and refer to extensive

and more detailed reviews wherever possible.

Most recent LV production systems u<@ generation plasmid constructs (Dull, Zufferey ket a
1998; Vigna and Naldini 2000; Quinonez and Sutt602) (Fig. 1.1 A). Whereast-dependent
systems may result in mobilization of vectors ugoensfer ofgag-pol and env or HIV-1
superinfection (Bukovsky, Song et al. 199@},is removed in these constructs and its function
replaced by a heterologous strong promoter (e.gVCNhe accessory gemefcan be removed
from LV constructs pseudotyped with the most comipamsed pH-independent envelopes
(Aiken 1997; Luo, Douglas et al. 1998; Chazal, 8mef al. 2001).

VSV-G is by far the most often used LV envelopeg(Fi.1 B). This envelope protein has been
already used in retroviral vector (RV) construastoaden vector tropism (McClure, Marsh et
al. 1988; Akkina, Walton et al. 1996). Using an moWwn, but ubiquitously found receptor on
animal cells, the uptake of VSV-G pseudotyped L¥nthakes place by a receptor-mediated
endocytic pathway (Coil and Miller 2004). VSV-G ieases particle resistance to shear forces
allowing vector particle processing by ultracenigétion and its presence increases the
thermostability of LVs produced by transient tracsion (Aiken 1997; Carmo, Dias et al. 2009).
However, LVs pseudotyped with VSV-G produced in lnncells are inactivated by human
serum complement (DePolo, Joyce D. Reed et al.)2@0@ alternative envelopes for clinigal
vivo applications of LVs have been suggested. Pseudwypith other envelopes has been
extensively reviewed elsewhere (Verhoeyen and €d&3@4; Cronin, Zhang et al. 2005). To

address the limitation of the widely used VSV-Gumk®yped LVs to transduce quiescent cells in



the GO phase of the cell cycle, recent findingscatg that LVs pseudotyped with measles virus
glycoproteins and CXCR4-tropic HIV envelope are ealtb transduce quiescent T cells
(Ramezani and Hawley 2002; Frecha, Costa et al8)20Dther pseudotypes allow for the
targeted transduction of certain organs, subseteltsf in tissue, or impart the vector with neural
retrograde transport properties (Sena-Esteves,elgld al. 2004; Verhoeyen and Cosset 2004,
Wong, Azzouz et al. 2004).

The third construct (transfer vector) contains fibguiredcis-acting sequences (3’ and 5’ LTR,
packaging signalY), rev responsive element (RRE)) and typically a repaysre such as GFP
that can be replaced by the therapeutic transgémetavest (Fig. 1.1 C)Tatindependent "3
generation packaging plasmids are most often eredloy combination with self inactivating
(SIN) vectors (Miyoshi, Blomer et al. 1998; ZuffgreDull et al. 1998; Iwakuma, Cui et al.
1999). These constructs render transcription dflémgth RNA unlikely even in the presence of
viral proteins. The desired transgene is expres$eah internal, heterologous promoter. These
vectors reduce the risk of RCL formation (MiyosBipmer et al. 1998; Iwakuma, Cui et al.
1999). Without titer loss, it is possible to insartransgene with a size of ~8 kb in currefit 3
generation transfer vectors. Several conservedomegare included in current constructs to
improve LV functionality. The woodchuck hepatitisus posttranscriptional regulatory element
(WPRE) significantly improves transgene expressitien situated in the 3’ untranslated region
of the coding sequence (Zufferey, Donello et aR%9Cockrell and Kafri 2007). The central
polypurine tract (cPPT), the central terminatioqueance (CTS) and the polypurine tract (PPT)
incorporated in central or 5’ vector location artjagent to the 3'LTR, respectively, prime and
terminate plus strand proviral DNA synthesis foliogy reverse transcription of viral RNA,
resulting in elevated transduction efficienciesligri, Ailles et al. 2000; Sirven, Pflumio et al.
2000; Zennou, Petit et al. 2000; Zennou, Sergueah 2001; Cockrell and Kafri 2007).
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1.2.3 Lentiviral Vectors
1.2.3.1 Molecular Basis of LVs

1.2.3.1.1 General Properties of Lentiviruses

Lentiviruses form a more complex subclass of retuses, with HIV being the most prominent
and best studied member. Other viruses of thisgioalude SIV (simian immunodeficiency
virus), EIAV (equine anemia virus), FIV (feline immodeficiency virus) and BIV (bovine
immunodeficiency virus). Lentiviruses are RNA viessin which the genome is packaged into a
capsid surrounded by a membranous envelope. Thsdcaepntains the viral RNA genome and
three enzymes required for virus replication (reeetranscriptase, integrase and protease). The
host-cell derived membrane envelope is protrudet am envelope glycoprotein. This envelope
protein is responsible for the binding and entrty ithe target cellUpon infection by membrane
fusion with the host cell and viral uncoating, VIRINA and the enzymes necessary for reverse
transcription of the viral RNA and for integratiah the viral cDNA are released. The RNA is
then reversely transcribed and integrated intohtbe& genome, with a preference for integration
within active transcription units (Schréder, Shieinal. 2002; Wang, Ciuffi et al. 2007). At the
end of the virus life cycle, the full-length virRINA genome is transported out of the nucleus,
captured by thegag polyprotein, subsequently packaged, and the virudsboff the cell
membrane. The lentiviral provirus sequence is sylsetly transferred to progeny during cell

division.

Lentiviruses can infect nondividing cells, i.e. il4rl oncoretroviruses, they are independent of
cellular division to import their genetic informatti into the host cell. A preintegration complex

of several proteins is formed after infection thlws translocating the genetic information into

the nucleus (Amado and Chen 1999). Lentivirusesudadchronic and slowly progressive

diseases (‘lenti’ means slow), typically associatéth infection of macrophages, a terminally

differentiated cell type (Vigna and Naldini 2000).

Mature lentiviral particles have a relatively largeameter of 90-130 nm (Higashikawa and
Chang 2001; Li, Kimura et al. 2005; Segura, Kameal.2006). Lentiviral particles have a mass
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of ~25°10° Da and present a density of 1.16 g/mL in sucrosesity gradients (Vogt and
Simon 1999).

An infectious wildtype lentiviral particle (e.g. M#1) contains a diploid single-stranded positive
sense RNA genome wittis- andtrans-acting sequence€is-acting are non-coding sequences
that are required for viral RNA synthesis, packaggireverse transcription and integration. The
trans-acting sequences encode for the major structinal @omponentsgag), lentivirus-specific
enzymes (§ol), accessory proteins and the virus envelagev) (Quinonez and Sutton 2002)
These three open reading frames are a characteoist@ll retroviruses. After translation, the
polyproteins are proteolytically cleaved to forne ttructural and enzymatic components of the
virus. Lentiviruses also contain the regulatory egarev andtat. Revacts as a virally-encoded
post-transcriptional activator (Desmaris, Boschak) and is critical for viral replication
(Ramezani and Hawley 2002; Lever, Strappe et &4p0The second regulatory genat, is a
transactivator that enhances the transcription@igcof the 5’ long terminal repeat (LTR) by
100-500 fold. Furthermore, the accessory gemesand nefincrease viral release and enhance
the viral ability to escape the immune systevhif (virus infectivity factor) overcomes an
endogenous cellular inhibitor of viral replicatiand viral protein R\pr) causes G2 cell-cycle
arrest, the cell-cycle phase in which the expressb viral products seems to be optimal
(Quinonez and Sutton 2002).

1.2.3.1.2 Development of LVs for Gene Delivery

The main motivation for the development of LVs wascomplement the successful features of
(onco)retroviral vectors (RV). These include théegration in the chromatin, the absence of
transferred viral genes and the lack of pre-exgstimnmunity in the recipient. These features were
sought to be combined with the lentivirus-spec#hility to infect nondividing cells such as T
and hematopoetic stem cells (Throm, Ouma et al9RQGntiviral vectors are a promising tool
to treat diseases like blood-cell disorders, stah defects, storage and metabolic diseases
(Quinonez and Sutton 2002; Kohn 2007). LVs do mahgfer the genes for viral packaging
proteins and have a low pro-inflammatory activigofenzi, Santambrogio et al. 2007). They
were used in the study of neurological diseasem lwwvo gene transfer to the central nervous
system of rodents and primates (Kordower, Blockaletl999; Watson, Kobinger et al. 2002;

Jakobsson and Lundberg 2006). As LVs are ablefierftly transduce antigen-presenting cells
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and in particular dendritic cells with tumor-assted antigens, cancer immunotherapy is another
promising application (MacGregor 2001; Breckpot,||Bers et al. 2003; Dullaers, Meirvenne et
al. 2005; Wang, He et al. 2006; Breckpot, Aertsaket2007; Lejeune, Truran et al.). Other
research applications have been extensively rediegigsewhere (Quinonez and Sutton 2002;
Cockrell and Kafri 2007).

The LV technology has already been evaluated irs@Haclinical trials targeting T cells to
express an anti-HIV gene and had a promising outcdBchonely, Afable et al. 2003;
Slepushkin, Chang et al. 2003; Levine, Humeau .e2@06; Kohn 2007). To date, most of the
approved clinical trials using LVs are based on elkevivogene delivery to autologous cells
(http://www.wiley.co.uk/genmed/clinical/). In pastilar, the in vitro transduction of
hematopoetic stem cells seems to hold great profaisgene therapy applications in the near
future (Chang and Sadelain 2007).

LVs are based on the human pathogen HIV-1. Consglgudiosafety improvements were a
central issue in the early development of LVs. Thesre originally designed as replication
defective hybrid viral particles generated from toee proteins and enzymes of HIV-1 and the
envelope (glycoprotein G) of a different virus, thesicular stomatitis virus (VSV) (Naldini,
Blomer et al. 1996; Naldini, Blomer et al. 1996;,gWa and Naldini 2000). The major goal in
subsequent LV development was to increase bios#fgtyegregation ofis- andtrans-acting
sequences. This renders the formation of replinatmmpetent lentiviruses (RCL) by
recombination unlikely (Wu, Wakefield et al. 20@ufferey and Trono 2000; lIkeda, Takeuchi et
al. 2003; Ni, Sun et al. 2005).

The latest 3-generation self-inactivating (SIN) LVs include prl0 % of viral genomic RNA
which is sufficient to ensure vector functionalifiRamezani and Hawley 2002). This was
achieved after removal of all genes that are neemsal for gene transfer, transduction into
nondividing cells and sustained transgene expnessitne biosafety concerns raised over
lentiviral vectors have consequently been extehsizddressed through improved vector design.
Current LV constructs are as safe as RV (Levegppi et al. 2004), and advanced LV constructs
successfully prevent the formation of RCL (Escaipeyek et al. 2003; Sastry, Xu et al. 2003;
Miskin, Chipchase et al. 2005). Hence a safe udé/sf as a gene delivery system in therapeutic

applications, should be limited to a single tramsihin event without perturbation of the target
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cellular genome. In this context, chromatin insuigtwere investigated as means to protect gene
expression from neighboring enhancers or silenegis to reduce the risk related to viral
integration (West, Gaszner et al. 2002; Sinn, Saettal. 2005; Hanawa, Yamamoto et al. 2009;
Nielsen, Jakobsson et al. 2009).

1.2.3.1.3 LV Expression Constructs

LV elements are encoded by several plasmid cortstarcexpression cassettes (Fig 1.1). Vector
particles are assembled irans from constructs without most vir&@is-acting sequences. The
packaging construct codes for the core and enzgroathponents of the usually HIV-1 derived
virion. A second construct is responsible for egpren of the viral envelope which is most
commonly VSV-G (envelope construct). The vi@as-acting sequences are delivered by an
expression cassette which encodes for the transgfaneerest (transfer vector construct). These
constructs need to be simultaneously expressed mespective producer cell. We briefly
summarize the most important properties and funstif these constructs and refer to extensive

and more detailed reviews wherever possible.

Most recent LV production systems usé @eneration plasmid constructs (Dull, Zufferey ket a
1998; Vigna and Naldini 2000; Quinonez and Suttd62) (Fig. 1.1 A). Wheneveat-dependent
systems may result in mobilization of vectors ugoensfer ofgagpol and env or HIV-1
superinfection (Bukovsky, Song et al. 199@, is removed in these constructs and its function
replaced by a heterologous strong promoter (e.gVCNhe accessory gemefcan be removed
from LV constructs pseudotyped with the most comipnamsed pH-independent envelopes
(Aiken 1997; Luo, Douglas et al. 1998; Chazal, 8met al. 2001).

VSV-G is by far the most often used LV envelopgy(HRi.1 B). This envelope protein has been
already used in RV constructs to broaden vectgigm (McClure, Marsh et al. 1988; Akkina,

Walton et al. 1996). Using an unknown, but ubiquily found receptor on animal cells, the
uptake of VSV-G pseudotyped LV then takes placeabgceptor-mediated endocytic pathway
(Coil and Miller 2004). VSV-G increases particlesistance to shear forces allowing vector
particle processing by ultracentrifugation andptesence increases the thermostability of LVs
produced by transient transfection (Aiken 1997; i@ar Dias et al. 2009). However, LV

pseudotyped with VSV-G produced in human cellsiaaetivated by human serum complement
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(DePolo, Joyce D. Reed et al. 2000), and alteraaiwelopes for clinicah vivo applications of
LVs have been suggested. Pseudotyping with otheelepes has been extensively reviewed
elsewhere (Verhoeyen and Cosset 2004; Cronin, Zbaiag 2005). To address the limitation of
the widely used VSV-G pseudotyped LVs to transdygescent cells in the GO phase of the cell
cycle, recent findings indicate that LVs pseudotypeith measles virus glycoproteins and
CXCRA4-tropic HIV envelope are able to transduceegeent T cells (Ramezani and Hawley
2002; Frecha, Costa et al. 2008). Other pseudoigi@s for the targeted transduction of certain
organs, subsets of cells in tissue, or impart #xetor with neural retrograde transport properties
(Sena-Esteves, Tebbets et al. 2004; Verhoeyen asse€2004; Wong, Azzouz et al. 2004).

The third construct (transfer vector) contains fibguiredcis-acting sequences (3’ and 5’ LTR,
packaging signalY), rev responsive element (RRE)) and typically a repaysre such as GFP
that can be replaced by the therapeutic transgénetesest (Fig. 1.1 C)Tatindependent 3
generation packaging plasmids are most often eredloy combination with self inactivating
(SIN) vectors (Miyoshi, Blomer et al. 1998; ZuffgreDull et al. 1998; Iwakuma, Cui et al.
1999). These constructs render transcription dflémgth RNA unlikely even in the presence of
viral proteins. The desired transgene is expreséah internal, heterologous promoter. These
vectors reduce the risk of RCL formation (MiyosBipmer et al. 1998; Iwakuma, Cui et al.
1999). Without titer loss, it is possible to insartransgene with a size of ~8 kb in currefit 3
generation transfer vectors. Several conservedomegare included in current constructs to
improve LV functionality. The woodchuck hepatitisus posttranscriptional regulatory element
(WPRE) significantly improves transgene expressitien situated in the 3’ untranslated region
of the coding sequence (Zufferey, Donello et aP%9Cockrell and Kafri 2007). The central
polypurine tract (cPPT), the central terminatiogquence (CTS) and the polypurine tract (PPT)
incorporated in central or 5’ vector location artjagent to the 3'LTR, respectively, prime and
terminate plus strand proviral DNA synthesis foliogv reverse transcription of viral RNA,
resulting in elevated transduction efficienciesligri, Ailles et al. 2000; Sirven, Pflumio et al.
2000; Zennou, Petit et al. 2000; Zennou, Sergueah 2001; Cockrell and Kafri 2007).
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Figure 1.1 : Expression constructs for lentivirattor production.

To generate LVs, three to four constructs neecetexpressed simultaneously in producer cells.

Only relevant parts of the constructs are shown.

(A): Lentiviral vector packaging constructs. Onlynstructs with advanced biosafety features are
represented here, i.€¥ fjeneration constructs including the accessory yeifievpr andvpu are
omitted. Whereas"2 generation constructs ar@-dependent and in most cases only comprise a



16

single packaging plasmidev is placed on a second packaging plasmidairindependent "3

generation constructs

(B): Envelope constructs. In most LV systems, VS\isGused as envelope protein, see text for

details on alternative pseudotypes

(C) Lentiviral transfer vector constructs. Early Isystems employed non-SIN vectors . In SIN
vector systems, a deletion in the U3 region of3hdR is transferred to the 5’LTR upon reverse
transcription. Conditional SIN vectors provide doiial safety and allow tissue specific
transgene regulation (for review: [2]) or the inile vector transcription in stable LV producer

cell lines.

CTS: central termination sequence; LTR: long teahnepeat; PBS: primer binding site; polyA:
Polyadenylation site; Prom: Promoters such as CHEWNla, RSV or othersy: cis packaging

signal; SA/SD: splice donor and splice accepta sit

1.2.4 LV Particle Stability

The stability of LVs is generally low, with a hdife of only 3-18 h at 37 °C (Higashikawa and

Chang 2001; Watson, Kobinger et al. 2002; Croylellaban et al. 2004). Nevertheless, they
show a better stability than mouse RV (Muhlebadhn§tt et al. 2003). The viral decay depends
on the LV pseudotype and also the presence or ebs#rserum and is mainly driven by a loss
of the capacity to perform reverse transcriptiora{§én, Kobinger et al. 2002; Croyle, Callahan
et al. 2004; Carmo, Panet et al. 2008; Carmo, Abteal. 2009; Carmo, Dias et al. 2009). LV
stability is significantly increased at 4 °C. Origw studies investigated the effect of different
parameters on the stability of VSV-G pseudotyped BYhong the parameters tested were the
influence of temperature, pH, freeze-thaw and ckffié serum treatments (Higashikawa and
Chang 2001; Croyle, Callahan et al. 2004). Lerdivirectors were found to have a half-life of
~10 h at 37 °C and were showing biphasic decay “&@.4After freeze-thaw, a half life of 3.8

cycles was found for the first 5 rounds of treatmésfvVs were stable at pH 7 and showed a
marked decrease in stability at pH 6 or 8. The dguhdecay during multiple freeze-thaw cycles
and temperature incubation is explained by the weoge of two viral vector populations with

different properties within the same vector prepana(Higashikawa and Chang 2001; Croyle,

Callahan et al. 2004). LVs pseudotyped with ampipitrenvelopes rapidly lose their infectivity
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in non-optimized storage buffer formulations. Thatability can be increased significantly by the

addition of serum, proteins such as albumin, liptgins and lipids (Carmo, Alves et al. 2009).

1.2.5 Quantification of LVs

Since this review focuses on production of LVsjsitessential for the understanding of the
challenges and improvements in LV production preessand for a critical assessment of the
yields reported in the literature, to provide armwew of quantification methods for LVs. These
methods can be broadly divided in two categoriest,Fdirect methods detect viral particles or
major structural components in culture supernataBecond, indirect methods or functional
assays are most often cell-based biological assiags assess viral vector function after

transduction of suitable target cells.

1.2.5.1 Quantification of LVs in culture supernatarts (direct methods)

To assess the number of LV particles after proda¢ctmethods for the direct quantification of
LV components in supernatants are frequently engaloyThese assays comprise the
quantification of viral RNA content (as RNA moleeslor viral genomes (vg) per mL) by PCR
(RNA titer), reverse transcriptase (RT) activityasarements (mU RT/mL) or quantification of
the capsid protein CAp24 by ELISA (Eberle and Sé@#2; Sastry, Johnson et al. 2002; Tonini,
Claudio et al. 2004; Geraerts, Willems et al. 200®e most common of these assays is probably
the CAp24 ELISA although it is the least relialbbe évaluation of functional vector particles and
subject to high variability (Geraerts, Michielsadt 2005; Ricks, Kutner et al. 2008). Results are
typically reported as the mass amount of CAp24gangper volume of supernatant (pg/mL) or as
the calculated number of total/physical particl€®/PP) (Naldini, Blomer et al. 1996; Farson,
Witt et al. 2001; Beyer, Westphal et al.). Gengradinly a small amount of the total produced
viral particles is functional (Higashikawa and CHaR001; Mitta, Rimann et al. 2005). All
detection methods for total LV particles thereftargely overestimate functional titers. Various
sources can additionally give false positive resuitthese assays, e.g. carryover of DNA from
vector production (when estimating RNA titer) oringorporated CAp24 that is not related to
viral particles (ELISA), in particular when crudector preparations are titered (Ricks, Kutner et
al. 2008). Direct methods are consequently maisldufor normalization of vector preparations
prior to transduction, for screening of high proeiuclones during the development of stable LV
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packaging and producer cell lines, for vector optation (Geraerts, Michiels et al. 2005) and to
evaluate and validate the quality of vector prefpana (via the ratio of functional to total LV

particles).

1.2.5.2 Functional assays (indirect methods)

To assess the number of infectious particles, assagd to be performed after transduction of
target cell lines. Typically, the cell line and ekgrotocol employed depend on the final
application. For example, transduction-enhancirdjtaes such as PolybrefiéPB) or cell cycle
arrested (e.g. mitomycin C treated) cells (Chandadber et al. 1999) might be used in these
assays. Transduction efficiencies are generalliylioel dependent. Functional titrations of LV
preparations are consequently most often testad/omcell lines, using the cell line of interest for
the final application (e.g. hematopoetic stem dreofprimary cells) and a universally used cell
line with a well established protocol to allow fiter comparisons. Among the universally used
cell lines which have been tested for transductitielk293 cell variants show a higher efficiency
than HeLa and Mus dunni cells (Sastry, Johnsoh €082). Transduction efficiency is generally
cell-line dependent with long term transgene exgoesdepending on the characteristics of the
transduced cell (Chang, Urlacher et al. 1999). Ottandidates include the HT1080 (Bocker,
Rossmann et al. 2007), NIH 3T3 (murine embryorticdilast) (Cronin, Zhang et al. 2005) and
other cell lines that were tested for LV productisuch as TE671 human rhabdomyosarcoma
cells (Chang, Urlacher et al. 1999)

In general, transduction protocols need to be g#ntly standardized as minor modifications can
result in significant titer differences. Vectoretitcan vary by up to 50-fold when modifying
conditions of the transduction protocol such ascuham volume (non-proportional effect on
titer), type and number of target cells, vectob#ity and length of vector exposure to target<ell
(Zzhang, Metharom et al. 2004). Transduction titezed to be estimated after dilution to ensure
that the final MOI is <<1, resulting in a low pentage of transduced cells. This procedure
minimizes the risk of multiple integrations in tatgcells and ensures assay linearity (Geraerts,
Willems et al. 2006; Kutner, Zhang et al. 2009)arsduction assays also have inherent
limitations because not each particle that transsluec target cell causes transgene expression.
Expression from non-integrated vector forms canuodq®Vu 2004; Nightingale, Hollis et al.
2006), but only 10-18 % of the transduced RNA gee®nmtegrate in host-cell DNA, with the
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large majority being degraded after reverse trapson (Butler, Hansen et al. 2001; Van Maele,
De Rijck et al. 2003). Transgene expression mitgd aot be detectable if insertion takes place
in regions of reduced transcriptional activity. fh@rmore, transduction inhibitors like
proteoglycans in non-purified material can negdgivepact transduction efficiency (Le Doux,
Morgan et al. 1996).

Several days after transduction, the target cefidested for LV gene transfer. The detection can
be performed at several levels, quantifying cetllud@nomic DNA (proviral DNA), cellular
MRNA or the target protein expression level. PCRhaos offer the flexibility to detect LVs at

all levels of their life cycle if suitable targedge selected. Common target sequences include well
conserved regions in current HIV-1 vector conssstich as WPRE and LTR (Geraerts, Willems
et al. 2006; Bocker, Rossmann et al. 2007). Faredulioverview on PCR-based assays and other
methods for LV quantification, extensive work isadable (Delenda and Gaillard 2005; Sastry,
Johnson et al. 2002; Geraerts, Willems et al. 2006)

If a reporter gene such as GFP lmigalactosidase is present in the LV construct, & fa
guantification by FACS analysis or fluorescenceroscopy as GFP transducing units (gtu) or
transducing units (tu) per mL is preferable (Kudégner et al. 2002; Geraerts, Willems et al.
2006). Due to its simplicity, this method is the shpopular mean to quantify functional LVs.
When GFP is used, the method assumes that allratéevectors create an expression that is
above the detection threshold of assay. If onlypeentage of GFP-positive cells is quantified,
these assays are not sensitive for multiple traresgepies in target cell$he mean fluorescence
intensity of transduced cells does, however, cateelvith the GFP copy number per genome
(Zhang, La Russa et al. 2004). Control transdustionluding LV inhibitors such as AZT should
be used to rule out pseudo-transduction that inel@fas false GFP-positive cells detected
because of diffusion of GFP or transfer of GFP-eimogp DNA (Liu, Winther et al. 1996; Negre,
Mangeot et al. 2000; Nash and Lever 2004). Otlems frequently used, methods include drug
resistance assays in which results are reportemblagy forming units (CFU)/mL) (Metharom,
Takyar et al. 2000; Tonini, Claudio et al. 2004).
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1.2.6 Production of LVs

Production protocols for LVs were first describedtiansfecting adherent 293T cells with three
different plasmids (Naldini, Blomer et al. 1996; Itllai, Blomer et al. 1996). Although the
interest in these vectors in research and developsteadily increased over the years, protocols
for the production have undergone only slight micdifons. Comparatively small quantities of
vectors are required for standard research purpdSesventional protocols can generate
supernatants that lead after concentration to syoalimes of LV preparations with titers of 10
tu/mL. This is sufficient for mosin vitro experiments and foin vivo testing in small animal
models (Klages, Zufferey et al. 2000). Protocols tfte production of LVs are therefore still
rudimentary, largely empirical and poorly standaedi with the large majority based on
production in adherent 293T cells, rendering adf@mto industrial mass production impractical.
Although LVs mostly are and, in the near futurell Wwe used forex vivotransductionthe total
vector amount for early phase clinical trials istire range of at least $010* functional
particles. Production in large batch preparatioiis also clearly be advantageous, minimizing
the number of tedious quantification, RCL assaysl ather contaminants. With several
candidates moving towards advanced clinical tridere is consequently an increasing need of
scalable production strategies. In the followingtems, current protocols and strategies for the

production of LVs will be reviewed and compared.

Two production strategies for LVs are currently duisé@) transient transfection with several
plasmid constructs and 2) expression of requiredtovecomponents in stable, inducible
packaging cell lines. The development of a stalalekaging cell line is time-consuming but is
generally expected to lead to higher yields. A gicantly faster and cost-effective approach is
transient gene expression/transfection. It offatgaatages in terms of flexibility and overall
process time. Improved scalable transfection pasoshould allow producing enough material
for phase | clinical trials (Derouazi, Girard et @D04; Ansorge, Lanthier et al. 2009). Both
strategies will be discussed and compared in tHewimg, in particular with respect to their

large-scale applicability for the production of LVs
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1.2.6.1 Transient Transfection for the Production 6LVs

Transient transfection is defined as the unstatdertion of DNA into host cells. For in-depth

reviews on transient transfection in mammalianscektaders are referred to excellent work by
others (Wurm and Bernard 1999; Baldi, Muller et 2005; Pham, Kamen et al. 2006).

Commercially available cationic lipids (LipofectAME, FuGENE, 293fectin, etc.) are

classically used in small-scale transfection expernits and result in high expression levels
(Pham, Kamen et al. 2006). However, their elevatests preclude their use for large-scale
applications. Large-scale production is until nomlyoeconomically feasible when using either
calcium phosphate (CaR< precipitation or polyethylenimine (PEI) mediatiansfection.

In the past, transfection was commonly regardeda ason-scalable technology. Its use in
combination with suspension-grown cells has nownle=stablished for the large-scale production
of biopharmaceuticals and viral vectors (Duroclierret et al. 2002; Geisse and Henke 2005;
Park, Lim et al. 2006; Pham, Kamen et al. 2006;dokier, Pham et al. 2007; Hildinger, Baldi et
al. 2007). It is therefore an attractive alterratigr the rapid production of recombinant proteins
and viral vectors within 24-72 h (Naldini, Blomera. 1996; Wurm and Bernard 1999; Blesch
2004). As medium exchange is necessarily requoe@€&PQ-precipitation, PEI is becoming the
agent of choice for large-scale transfection cagmmi(Pham, Kamen et al. 2006). Although it
shows cytotoxic effects (Godbey and Mikos 2001; &bnvon Harpe et al. 2003; Sun, Goh et al.
2006), it offers advantages in terms of simpliofyuse and compatibility with currently used
media and is most suitable for large-scale apptinatas an exchange of medium is often not
necessary (Pham, Kamen et al. 2006; Toledo, Reteb 2009).

Efforts are still needed to optimize the volumetpooductivities of transient transfection
protocols One critical limitation is that current transfectiprotocols are confined to rather low
cell densities of up t@” 10° ¢/mL (Derouazi, Girard et al. 2004) with most ogitied protocols
being in the range of onlY.5- 1" 10°c/mL at the time of transfection (Durocher, Phanalet
2007). In order to increase process Yyields, strasetpat allow for operation at high cell density

and/or an increase in cell specific productivitg aeeded (Ansorge, Lanthier et al. 2009).

An advantage of transfection protocols for LV protlon is the possibility of using

cytotoxic/cytostatic transgenes and/or vector camepts. This holds for many HIV-1 derived
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proteins and for the commonly used VSV-G envelolyeaprotein (references in section 1.4.2
and (Bartz, Rogel et al. 1996)). Various transgesfesterest and envelope glycoproteins with
alternative cell tropisms can be tested within @rtsperiod of time.

Table 1.1 compares published transfection protowesl&V production. Thenethods are divided
into conventional and improved methods. Conventionathods include calcium phosphate-
based or cationic lipid-mediated transfection irmergnt HEK293T cells cultured in serum
containing standard medium (Follenzi and Naldind20 Improved methods encompass all the
protocols which reported significant improvementssulting in higher yields, better cost-

effectiveness or standardization.

Several mammalian cell lines have been succesafsiy for LV production. Among those are
several variants of HEK293 cells (293T and subvasidike FT and T/17, 293E6E, 293SF) but
also COS-1, COS-7, CV-1, HelLa, HT1080 TE671 ((Chahtacher et al. 1999; Ikeda, Takeuchi
et al. 2003) and see Table 1.1). Compared to 28815-7 and CV-1 were found to result in less
efficient LV production (Reiser, Harmison et al.989 Smith and Shioda 2009). HeLa cells
secrete less CAp24 for a given level of RNA expoasghan 293T and HT1080 (Ikeda, Takeuchi
et al. 2003). In contrast, COS-1 have been destrisean advantageous packaging host system
for small scale production of high quality LVs. Hhadhere strongly to culture surfaces,
producing packaging cell contamination-free supmaafter transfection with a higher amount
of functional relative to total particles at similiiters (Smith and Shioda 2009). This system is
therefore an interesting alternative for automaiegh throughput functional screens based on

lentiviral vectors for which additional purificaticsteps are impractical.

HEK293 variants remain the most widely used hostesy for LV production. They are

advantageous because of their human origin andde@vsafe track record in the production of
RV. It is possible to adapt HEK293 for growth inspansion and they show only a moderate
dependence on accessory genes sueif,agpu, nefto generate infectious virus (Garnier, Coté et
al. 1994; Co6té, Garnier et al. 1998; Farson, Witale 2001). The cell density reported in the
literature for LV production varies and dependdlmmemployed production medium. In adherent
cell cultures, optimal densities were found to B&" 10" cells/15 cm plate (18-24 h prior to

transfection) (Sena-Esteves, Tebbets et al. 2Q04¢reas transfection of suspension cultures is

typically performed at ¥ 10° c/mL. Recently, LV production after transfection ligh cell
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density 6" 10° c/mL) was described (Ansorge, Lanthier et al. 2008Ithough these
formulations will be an absolute necessity for LVasa production, serum and animal
component-free media were only evaluated in a hdnoff publications (Reiser 2000; Sena-
Esteves, Tebbets et al. 2004; Segura, Garnier 80aV; Ansorge, Lanthier et al. 2009; Kuroda,
Kutner et al. 2009).

Other transfection agents than CaR@d PEI have been tested to generate LVs butrejtnes
lower yields for multi-component lipid systems (Kbeawski, Watson et al. 2003; Mitta, Rimann
et al. 2005) or are not widely used because thecadsd costs are much higher than for
protocols based on CaR®©r PEI (Coleman, Huentelman et al. 2003). Thesthous are not
suitable for mass production of LVs and are consetiy not mentioned in Table 1.1. PEI has
been only employed in recent work but was alreagiya@hstrated to give more reliable results
(Segura, Garnier et al. 2007; Ansorge, Lanthieale2009; Kuroda, Kutner et al. 2009; Toledo,
Prieto et al. 2009). CaR@rotocols can result in highly efficient transfeat but results may be
inconsistent when critical parameters are not gémtly monitored. For example, slight shifts in
pH, precipitation kinetics and impurities in stagimaterial were shown to reduce transfection
efficiency dramatically (Kuroda, Kutner et al. 2Q0®ledo, Prieto et al. 2009). For PEI-based
transfection, process conditions such as the PEA [dtio and the amount of polyplexes per cell
differ in the literature and seem to depend ondhmployed system (media, cell line, plasmid
constructs, product) (Durocher, Perret et al. 20D8rouazi, Girard et al. 2004; Backliwal,
Hildinger et al. 2007; Durocher, Pham et al. 20@ptimization of these parameters results in
several-fold productivity improvements (Durochegerfet et al. 2002; Ansorge, Lanthier et al.
2009).

Another important cost-driving factor for large-Ectransfection protocols is the amount of DNA
required to achieve efficient transfer of the genetformation to producer cells. Highly pure
DNA preparations need to be employed, corresponttingpectrometric ratios of (260/280) nm
superior to 1.8 (Tom, Bisson et al. 2007). Comnagikits are now widely accepted for plasmid
purification and were demonstrated to result inilsinLV titers compared to cesium chloride and
ethidium bromide based protocols (Karolewski, Watebal.). The amount of recombinant DNA

used for the production of LVs is generally high €@aPQ-based methods, with a wide range

from ~1-15nmg/1” 10° cells. As the DNA mass to transfected cell ratém e significantly
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reduced using PEI, it appears also from that petsfeto be the most cost-effective transfection
agent, with only 0.4-3.57g of DNA/1" 10° cells. Accordingly, recent protocols based on
transfection in suspension cultures employ DNA am®wvhich are 20-30 fold lower than in
conventional protocols (Segura, Garnier et al. 208@sorge, Lanthier et al. 2009), thereby

reducing costs and also the likelihood for RCL fatimn by recombination.

The optimal mass ratio for multi-plasmid transfeotiwith the LV constructs has been evaluated
in a number of studies. It is a consistent findimgt a higher mass ratio of transfer vector plasmid
DNA compared to the other packaging componentssi¢adighest titers (Mitta, Rimann et al.

2005; Segura, Garnier et al. 2007). These ratieshenwever, dependent on the respective vector

constructs and vary in the literature (Table 1.1).

LV titers generally decrease with increasing vedtsert size and improved biosafety, witA 3
generation systems showing lower yields thdhahd 2¢ generation constructs (Al Yacoub,
Romanowska et al. 2007). Differences of severakemradf magnitude have been reported for
other envelopes than VSV-G that are possibly lggstaxic (Sena-Esteves, Tebbets et al. 2004).
Similar findings are reported for cases in whicle thansgene of interest shows cytotoxicity
because high levels of transgene expression in kdycer cells are typical for VSV-G

pseudotyped systems (Segura, Garnier et al. 2007).

Assessing the cell-specific productivity is ofteiffidult for LV production protocols. For
production in adherent cells, the exact cell dgraitthe time of transfection is rarely determined
or productivity is reported based on the size efchlture dish only (Kuroda, Kutner et al. 2009).
The cell density was therefore in several casempalated and sometimes the volume of the
harvested supernatants estimated to compare this ykthe different methods in Table 1.1.

It was previously reported that the cell specifiodquctivity after transfection is approximately
50-500 fg CAp24/cell d, resulting in average cell culture yields of B0 ng CAp24/mLd

for 2-3 days, corresponding to %00’ tu/mL after titration on Hela cells (Farson, Wit al.
2001). These values are well in the range of te&gifound for all studies that form a part of the
present review, with average cell specific titekrd-€0 tu/cell d. Only one study reported titers
that are several orders of magnitude higher thasefexpected values, possibly due to the use of
CHO K1 cells for titration or the concentration b¥s before titration (Mitta, Rimann et al.
2005).



Table 1.1: Comparison of transient transfectiortguols for LV production

continuous harvest at 1V/d in

System LV system Transfection Plasmid Cell Number/ DNA amount Remarks® Titration Harvest Number/ Time Validation of Yield Reference
(Cell for (generation, (method, ratio* bos at (1g/10° cells) additive, (cell line, polybrene addition, (#: hpt) Scalability, (titer (tu/mL),
Production, vector type, details’) I(‘;‘"]u concentration titration method) Scale” spec. prod. (tu/c),
Culture Mﬂ]ium’) tmns}zcnc)z X10° “_"ymf’)- eny elnpc)"
C e mothod
1 208 F (rat fibroblasts), - ~4x10°, )
SE/IIEZI\(/)I%-IFO non-SIN, EEPSOJ. 1:3:4 ~3 ~13 oo + 8 ug/mL PB, B-gal positive I. 62 10 cm plate ~1, N;‘};gg‘
lacZ, Lucif foci or | VSV-G
3, - 1x10°,
gi{%\?ﬂé SIN, E{EPSOJ' 5:123:20 ~4 ~10 o HeLa, -, HEK 293 T 128 10 cm plate ~2.5, Z“zfg%'gy'
lacZ or GFP VSV-G
w HEK293T, - P s
HEK293T, 53”\} CaPO,, T o 0 .- +8 ug/mL PB, I 48 15 cm plate 6’”0;26 v Blesch,
DMEM-10 ; HBS/BBS ' microscope counting or flow- II: 72 iy 2004
GFP VSV-G
cytometry for GFP+
Improved methods
. 1:24
134 chloroquine, HOS, 1x107 cfu/mL,
ﬁEKZ%T’ non-SIN, E?BPSOJ’ 1:1:1 ~0.8 19 25 uM + 8 ug/mL PB, lIIl[ 4680 6-wel‘|’ e ~65 cfu/c, Reiser, 2000
G418 G418 selection : 2 VSV-G
1V :83
7 HEK293T, 22106
HEK293T, 2", CaPO, N butyrate, 3 124 * 1.2x10° at 2 harvests, | i
DMEM-10 SIN, BBS 1:3:4 ~0.5 ~3 10 mM ting B-gal 11 48 cell factory ~3 tu/cell, 2003
nlacZ microscope counting p-gal . (1 L supernatant) VSV-G :
positive foci
1.5x10%,
SE/[];Z,\(/).}[T(} 2, CaPO, butyrate, HEK293T, V;;‘,O*G Sena-
Py SIN, ae 2:33 40 ~1 10 mM (Mokola) + 8 ug/mL PB, microscope 1:36 r B Esteves,
OptiMEM-I, HBS 5 15 cm plate ~1 x10",
uc® GFP counting GFP+ 3 2004
Mokola'’
2", ) CHO-KI, ~2.9x10°,
?gﬁgﬁ;ﬁ non-SIN, EEPSOJ, 112 ~1.7 35 Ch';’;"ql‘\’/}"e‘ = 1:48 . ~1700", Mitta, 2005
EYFP s microscope counting YFP+ weT plate VSV-G
HEK293T/17, i
ADMEM, 2 chloroquine, HelLa, . 1x10°-1 x107 13,
ADMEM + SIN, cond.{ CaPO,, 112 ~15 12.4-16.4 25 uM +8 pg/mL PB, D > ~0.1-10 1, ¥ acouls
SIN, HBS I1:54 10 cm plate 2007
supplements GFP flow cytometry GFP+ VSV-G
(Gibco)
ine. 25 1-1.25x107 (D)
HEK293T, ond PEI chloroquine, 25 uM., HOS. . 5
4 ; ’ . 0.7 -1 (D) (for 48 hpt (D) and . ’ . - ~3.5x10" (UC), Kuroda,
BIgIEM-O (D), ]Sl;l, lg]gakrD 1:2:3 0.5 0.5-0.7 (UC) 16 hpt (UC) mlcroscopf counting (X-gal I: 48 (+16) 15 cm plate 10, 2009
acZco ( ) staining) VSV-G
HEK293FT, 3 PEL HEK293FT, 1x10’ Toledo.
’ SIN, branched 1:2:2:3 ~3 2.66 oo g 1:48 - ’ ?
DMEM-10 GEP @5 kD) flow-cytometry GFP+ T 75 flaks ~30 2009
I: 72
HEK293E, 3 PEI, o HEK293E, II: 96 , - 24105, sea
(clone 6E), SIN, linear 11122 20, 1 1 , +8 ug/mL PB, III: 120 ; 2, S
Freestyle GFP (25 kD) flow-cytometry GFP+ (small scale) Sl battleacton VSV-G 2Ly
4 Ty discontinuous harvest (1V/d)
from 24-144 hpt in BR
I: 24
! by HEK293E, i
- e PEL, utyrate, . I: 72 +, et !
EE(')(Z%SF il SIN, linear 1:1:1:2 100, 5 0.4 5mM +8 ug/mL PB, V- 96 3 L perfusion ':‘7'(? . A‘;Z‘gée'
Y GFP (25 kD) flow-cytometry GFP+ (small scale) reactor

25
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Remarks for Table 1.1

! if several culture media were tested, only besniilations are mentioned
2 vector types: non-SN, SIN, conditional (cond NSl
3 details: buffer system (CaR)dor polymer type (PEI)

% Mass ratio of plasmid constructs for transfectiBnvelope: Packaging 1: (Packaging 2): LV
transfer vector

> if cell density at transfection is not determinguiedicted cell density is given (from cell
density before transfection); cell concentratiorydior protocols in suspension, if several cell
densities were tested, only optimal density is noeet

® if several additives, best conditions are mergébanly, largest reported scale mentioned

": positive signs for fully validated scale-up (ritaxm 3 degrees, negative sign for no validation
of scale-up; - : no scale up validated (small-s¢aldture dish or T-flask) only), +: scale up by

increase in culture volume without increase in wadtric productivity, ++ : scaled up for large-

scale production, scalability limited, +++ readslyalable, bioreactor scale validated

8 values were extrapolated or estimated (criticaameters like cell density at transfection or
harvested LV-containing supernatant were not given)

titer as virus concentration in non-concentrateltlice supernatants; titers in tu/mL if not further
specified,

% pest three media formulation are shown
1% more envelope constructs were tested, two cortstmith highest titers are shown

1 Advanced D-MEM medium: +2% fetal calf serum, Yvéind a culture additive containing
0.01 mM cholesterol, 0.01 mM egg's lecithin andchemically defined lipid concentrate

12: not clear if reported LV titers relate to non-centrated culture supernatant or concentrated
preparations after ultracentrifugation

13 insert sizes from 4-7.5 kb were tested:; titersrel@sed with vector construct insert size
14 DMEM-0: DMEM without serum with high glucose camtration was used
15 harvest continued until 168 hpt but low yieldteafl20 hpt

1.2.6.2 Production of LVs with Packaging and Stabl@roducer Cell Lines

Although transfection as a platform for LV productioffers advantages in terms of flexibility
and a short time to product, several intrinsic disatages hamper its use for LV mass
production. These include variation in transfectesficiency when protocols are not optimized,

costs associated to plasmid DNA production andtentdil quality control for the transfection
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agents. The required transfection steps complitiae process compared to simple routine
production processes of other biologics. Signiftcaffiorts are therefore undertaken to generate
stable packaging and producer cell lines. Packagatigines express all LV components except
the vector constructs and still require transfectior vector production. Stable producer cells
express all necessary vector components and asegoently generated after introduction of the
vector constructThe ideal LV producer cell line should be stableroextended culture periods,
produce large quantities of LVs and preferably ginveuspension under serum-free conditions
for easy scale-up (Kuroda, Kutner et al. 2009)s & general expectation that, once established,
stable producers will outperform transfection mehaand deliver standardized production
batches for optimized downstream processing ofptibeduced material. Significant efforts have
therefore been undertaken to establish stable paukaand producer systems. Table 1.2
summarizes recent publications on stable LV pacigagand producer cell lines. For this
comparison, reports on systems lacking importamsdiety features or exhibiting low yields and
poor stability were not considered.

Due to the cytotoxic and cytostatic effects of salv&V vector components, in particulgag,

rev and VSV-G (if selected as envelope protein), thresaponents need to be tightly regulated
when stably expressed in a cell line (Kaplan andu®trom 1991; Miyazaki, Takamatsu et al.
1995; Sparacio, Pfeiffer et al. 2001; Quinonez &udton 2002). The basal expression of LV
components in the ‘off-state’ hence needs to bevibdhe cytotoxicity threshold (Sparacio,
Pfeiffer et al. 2001).

Most systems employ the tetracycline (Tet)-indueibystem to achieve the required regulation
(Kafri, van Praag et al. 1999; Farson, Witt e28l01; Ni, Sun et al. 2005). The classical systems
are in off-state in the presence of doxycyclinexjda tetracycline analog. The subsequent
removal of dox induces expression of the LV commbsieThe complete removal of dox is only
easily feasible with adherent cells and inductakes typically several days until high expression
levels are reached. These systems are hence natahlmeto large-scale production. The
counterpart to Tet-off systems, Tet-on, was consety used to ease the scalability and
practicability of induction (Broussau, Jabbour et29008). Early classical Tet constructs were
genetically (gene loss) or transcriptionally ing¢afgene silencing) after prolonged cultivation

periods. The use of additives that are known tonate transcription such as sodium butyrate
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have been used to circumvent this problem (Xu, Male 2001; Cockrell, Ma et al. 2006;
Stewart, Leroux-Carlucci et al. 2009ther approaches to achieve improved stabilityuitel
multi-level regulation of the cytotoxic LV comportsnto account for the commonly observed
leakinesof the Tet system (Farson, Witt et al. 2001; Nin®tial. 2005; Broussau, Jabbour et al.
2008; Throm, Ouma et al. 2009). Alternatively t@ thet-inducible system, the insect derived
ecdysone (Ecd) is used in several studies (Pacgdiglson et al. 2001; Sparacio, Pfeiffer et al.
2001; Kuate, Wagner et al. 2002; Seraphin, Ra#l.e2002). It is attributed with a lower basal
expression, a higher level of induction and a fageak expression after ponasterone A (an Ecd
analog) addition but still needs to demonstratepdgential for high-yield LV production and

requires further evaluation.

Stable packaging cells are typically produced bapdrent cotransfection and subsequent selection
of highly productive clones (Pacchia, Adelson et24l01; Cockrell, Ma et al. 2006; Stewart,
Leroux-Carlucci et al. 2009). Alternatively, transtion with RVs or LVs can be used (Klages,
Zufferey et al. 2000; Farson, Witt et al. 2001; Xt&a et al. 2001; Kuate, Wagner et al. 2002;
Ikeda, Takeuchi et al. 2003; Broussau, Jabbour 2088) as an efficient way to insert the vector
construct in stable packaging cells. This approsesults in more efficient expression of LV
related proteins compared to transfection (lkedéetchi et al. 2003). Transfected or transduced
cells are then screened fgag CAp24 expression or RT activity to select for best producing
clones, to generate LVs or to establish stable ymex$. With expression of vector RNA in
producer cells being one of the major rate limitstgps for efficient LV production, serial
transductions of packaging cell lines result inneigtiters (Kafri, van Praag et al. 1999; Farson,
Witt et al. 2001). SIN vectors are, however, difficto insert stably into packaging cells with
traditional, high-yield methods. Therefore, a thiaghproach for the generation of stable
producers, concatemeric array transfection, has besently described. This method includes the
generation of DNA structures (arrays) loy vitro ligation, containing multiple copies of SIN
vector and drug resistance expression cassettes ale then transfected in stable LV packaging
cells. This approach allows for the efficient gextien of cell lines that stably express SIN LVs
(Throm, Ouma et al. 2009).

Challenges for the generation of stable LV prodgcoell lines include gene silencing, in

particular for long term genetic stability of thenstructs. Sufficient expression v is also
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known to be critical for high-yield production (&, Takeuchi et al. ; Broussau, Jabbour et al.
2008).

Although not routinely reported, cell specific puativities for stable packaging cell lines and
producers are more often found in the literaturkagks, Zufferey et al. 2000; Ikeda, Takeuchi et
al. 2003). If not directly reported, it is in coast almost impossible (because of the expansion of
the producer cell population), to infer specifioguctivities for stable producers. The current
stable systems give yields af°-10° tu/mL with similar specific productivities conmea to
transient transfectiormhey also suffer from small production windows diesv days due to the
cytotoxicity of the produced vector components. Wiihe majority of current systems being
VSV-G pseudotyped LV, in which self-infection ofgolucer cells is a common observation, long
production windows could increase the risk of reboration, might compromise genetic stability

and are consequently not desired (Farson, Witt @0Q1).

Whereas cellular growth after transfection diluties transiently transferred genetic information
over time, a stable cell line often leads to supdwntal yields at equal specific productivity when

the cell population is expanded during production.



Table 1.2 : Comparison of stable packaging andywredsystem

System LV system Generation of stable Induction Titration Validation of Yield Reference
(name', (generation of producer”, (system, additives (cell line, polybrene Scalability, (Titers, spec. prod., Production
LV-type (env), basal cell line, packaging cassette, method (concentration) addition, titration scale? Window®
medium) vector type method) (titer packaging cells (pack), stable
prod./pack, producer (SP))
transgene)’
HIV-1 based systems without induction
293TGPRT1+R1, HT- 2" codon optimized +, 293T, 1x107 tu/mL, 3
STAR/STAR, HIV-1 (Ampho and . . . Ikeda,
~ GagPol, y-retrovirus stable transduction with = + 8 ug/mL PB, = 20 tu/cell.
GALV), HEK293T, HT1080. MLV hs® (SP 2003
DMEM-10 envelopes, GFP LV vectors flow-cytometry GFP+ 3 months” (SP)
Tet-inducible HIV-1 based systems
LVS, HIV-1 (VSV-G), HEK293T, s HelLa, 5 x10° tu/mL, .
DMEM-10 3 non-SIN, GFP transduction with non-SIN Tet-off - - 1-20 tu/c*d, 2030 >
LV flow-cytometry GFP+ 7.d (SP)
. +, HelLa, 3.5 x10° tu/mL, Farson,
Le?:gﬁ;;;‘évi&g\ﬁ_\;gn‘ 2" non-SIN, GFP serial transduction with Tet-off + 8 pg/mL PB, - 1-10 tu/cell , 2001
i non-SIN LV flow-cytometry GFP+ 8d (SP)
. . +, Tet-off, 293T, 2 x10° tu/mL, Kafri,
SC}){DFﬁ(lz;;Vl;;\A(IY&Y{OG) 2" cond. SIN transduction with cond. butyrate, &) - na. 1999,
3 § 3 SIN LV 0.5/5 mM flow-cytometry GFP+ 6d’ (SP) Xu, 2001
7
17B-5, HIV-1, (VSV_G), 2 codon-optimized, ) Tet-off, Hela, -, + E '1552‘2'50 ‘J}‘C/:;lL AT
HEK?293 (Invitrogen), DMEM-10 non-SIN, GFP 3-level cascade flow-cytometry GFP+ cell factory 11 d (pack) ’ ’
" 293T, 2 x10° tu/mL (pack),
SODK3, HIV-1 (VSV-G), - , ”(:l":‘ Ti?bgﬁh stable cotramsfection and | Tet-off: butyrate, = ) na, Broussau,
HEK293/ SODKO, DMEM-10 pripotspit, : ’ 5 mM fluorescence 1x107 tw/mL (SP). 2008
SIN clonal selection . -
microscopy GFP+ 3d
3-8 x10° tu/mL,
% T 5 Tet-on and cumate 293A, ~10 tu/cell (pack), S,
2;;;:;{);:16VL313\:-1\IA(XGSIYI\-I§) 3", cond SIN, GFP transduction with cond. inducible double + 8 ng/mL PB, 3 ;IER 1-3x107 tu/mL, C(;colggll,
i b ’ SIN switch flow-cytometry GFP+ . ~100 tu/cell (SP),
5d
5 x107 tu/mL (pack),
1-10 tu/cell
N +, Hela, ++, 7 s 2 9
GPRG, HIV-1 (VSV-G), 2™ SIN, GFP and . . 3 ! . 5 x107-2 x10® tu/mL (SP)°, Throm,
HEK293/T17, DMEM-10 IL2RG concatemerlg array Tet-off, two-level + 8 ng/mL PB, WAVE (1 1-10 tu/cell (BR), 2009
transfection flow-cytometry GFP+ 10L), 54
Other
HelLa, .
_ y +, + 50 pg/mL PB, 1 x10° tu/mL, .
RE[IZ35’ HIV : (YSV G), 3" non-SIN transfection and clonal Ecd-on puromycin resistance - <1 tu/cell, Eacchias
HEK293T, MEM-10 5 2001
selection and flow-cytometry 3-5d(SP)
GFP+
293-Rev/Gag/Pol;, Hela, 1-3 x10° tu/mL, .
HIV-1 (VSV-G), 1934 non-SIN - ECd"’S“’nll’;'Atym‘e’ +8 pg/mL PB, - na., sz"’(;gcl‘a’
HEK293, DMEM-10 flow-cytometry GFP+ 2 d (pack)
COS (D17), 5 6
PC48.2, EIAV (VSV-G), i +, Tet-on, butyrate, + 8ug/mL PB, ) '0:1'%1/‘:6/ R‘L’ Stewart,
HEK293T, DMEM-10 stable cotransfection 10 mM microscope counting 2d(SP) ’ 2009
of B-gal positive foci _
Sep-G, SIV (VSV-G),EcR-293, . +, ) . - fl][EK293, 10° tu/mL (pack and SP), Kuate,
DMEM-10 - serial transduction wit cd-on - fluorescence - na., 2002
SIV and clonal selection microscope GFP+ 2-4d

30
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Remarks for Table 1.1
! name of packaging cell line

% vector types of producer cell line or packagimdj ine (after tranfection/transduction) : non-
SIN, SIN, conditional (cond.) SIN

% +: stable producer generated, - no stable pradigscribed

% positive signs for fully validated scale-up (maxim 3 degrees, negative sign for no validation
of scale-up); - : no scale up validated (small-saaily (culture dish or T-flask)), +: scale up by
increase in culture volume without increase in wodtric productivity, ++ : scaled up for large-

scale production, scalability limited, +++ readsigalable, bioreactor scale validated

® maximum titers, production window = length of gustion time with consecutive high titers

®: clone-dependent decrease over prolonged cutivatbserved

~

: no Kinetics, one point titers only

[ee]

. cell density neither reported nor possible tineste

% cell specific productivity could not be calculdténeither cell densities at induction nor

harvested volume reported

1.2.6.3 Improvement of LV Production by Medium Addtives

Several process parameters govern the efficierdrggan of LVs. Despite the differences in the
production methods, several compounds that areairiio achieve a high-yield LV production

have been already identified and are used in sewéthe reviewed protocols (Tables 1.1 and
1.2).

1.2.6.3.1 Sodium Butyrate

Gene silencing of at least some of the LV express@ssettes is a common observation after
transient transfection and also in stable packagmdjproducer cell lines. The loss in expression
can be dramatic with a decreased CAp24 production0e30 fold. As gene loss has been

excluded as a possible reason, gene silencing isitst likely underlying mechanism (Kafri, van
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Praag et al. 1999; Sparacio, Pfeiffer et al. 208bdium butyrate in a concentration range of 2-
10 mM is well described as a powerful inducer of pkoduction. It causes hyperacetylation of
histones, leading to higher transcription and iasesl expression of transfected DNA (Altenburg,
Via et al. 1976; Kruh 1981; Gloger, Arad et al. 23R8t also stimulates the activity of the HIV-1
LTR and CMV promoters (Gasmi, Glynn et al. 1999)héN two strong promoters are close
together, as in mosf%yeneration vector constructs, sodium butyrateifsbgmtly reduces effects
caused by promoter interference (Jaalouk, Crodastd. 006). It can consequently be used to
boost LV production at least temporarily, leadimgpeak titers over a few consecutive days
(Kafri, van Praag et al. 1999; Sparacio, Pfeifferae 2001; Ansorge, Lanthier et al. 2009).
Sodium butyrate was elsewhere reported to havexadneffect on LV titers (Sena-Esteves,
Tebbets et al. 2004), with no increase in titers/8V-G pseudotyped particles but a marked
increase for other pseudotypes. In conclusion,usodiutyrate only seems to have a major effect
if the expression efficiency of the affected comstiis non-optimal (Gasmi, Glynn et al. 1999). It
acts on several levels, since increases in VSV-GNARCAp24 expression and vector RNA
levels are reported (Kafri, van Praag et al. 19%8alouk, Crosato et al. 2006; Al Yacoub,
Romanowska et al. 2007). Whereas no significamcesfwere found for any envelope construct
at low concentrations (0.1 mM) (Al Yacoub, Romankavet al. 2007; Ansorge, Lanthier et al.
2009), it resulted in productivity improvementsdef5-fold at higher concentrations of 5-20 mM
(Karolewski, Watson et al. 2003; Ansorge, Lantleieal. 2009).

1.2.6.3.2 Chloroquine

Chloroquine is an amine that raises the pH of emwhes and lysosomes. This increase in
lysosomal pH may prevent the degradation of tramisteDNA (Karolewski, Watson et al. 2003).

Chloroquine is commonly used for LV and RV prodagti(Park, Ohashi et al. 2000; Reiser
2000; Mitta, Rimann et al. 2005; Al Yacoub, Romaska et al. 2007; Kuroda, Kutner et al.

2009). However, its effect depends on the transfie@gent used, improving yields after calcium
phosphate precipitation but resulting in reducegtsiwhen PEI is used for transfection (Kuroda,
Kutner et al. 2009).
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1.2.6.3.3 Cholesterol and Lipids

Enveloped viruses such as LVs, RVs, Influenza amald&bud from the membrane of an infected
cell and thereby obtain a host-cell derived lipihyer. As various lipids show a heterogeneous
distribution within cell membranes, it was hypothesized thatirggdlipids and cholesterol
segregate in cell membrane microdomains called mamebor lipid rafts. According to this
theory, cholesterol stabilizes membrane rafts fwanich virus budding and also entry probably
takes place (Chazal and Gerlier 2003). The lipiohposition of different viral envelopes varies
and suggests that some viruses bud from membrdte Tdese membrane rafts are highly
dependent on cholesterol (Chazal and Gerlier 20D®)eed, a disruption of lipid rafts by
cholesterol depletion hinders HIV-1 particle protime from cells and cholesterol depletion from
viral particles reversibly impairs HIV-1 infectiq®no and Freed 2001; Popik, Alce et al. 2002).
Significant lipid alterations are observed in inézt cells compared to uninfected cells @he

life cycle of HIV has also shown to be cholestatependent. It was hypothesized that cellular
cholesterol is an important requirement for theatibus form of the virus (Maziere, Landureau
et al. 1994). Excess cholesterol is thus expeaeithdrease the budding of enveloped viruses
(Chazal and Gerlier 2003; Holm, Weclewicz et aDZ0Mitta, Rimann et al. 2005).

The addition of lipid cocktails is therefore a commstrategy to improve the production yield of
viral vectors based on budding virus forms. Chelesd} lipid cocktail and also lipoprotein
addition before transfection (>24 h) favors the dind of enveloped viruses and increases LV
infectivity (Mitta, Rimann et al. 2005; Chen, Ottad. 2009).

Findings for RV suggest that the cellular lipid atstlism and content plays a critical role in
vector production (Merten 2004; Coroadinha, Alveale2006; Coroadinha, Ribeiro et al. 2006;
Coroadinha, Silva et al. 2006). On the other haettpviral particle lability has been shown to
parallel with viral membrane cholesterol contene€B Meyer et al. 2003; Carmo, Faria et al.
2006; Coroadinha, Alves et al. 2006). To furthetirajze yields, studies are needed for LVs that

decorrelate the cellular capacity of virus release virus degradation or stability.

1.2.7 Scalable Production Strategies and Process Operatio

For the development of a cost-effective LV prodoietprocess, a scale-up should generally imply

a larger culture volume and enhanced volumetridyetvity. This is not the case when only the
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number of production vessels or the surface areadbtrent cultures (from T-flasks to roller
bottles and cell factories) is increased (Merte@40Nevertheless, cell factories have been used
to generate LV material for first clinical trial3he production of multi-liter volumes of LV
supernatant is feasible with this approach butsitlabor intensive and not cost-effective
(Schonely, Afable et al. 2003). Similar effortslumte the use of aerated high-performance flasks
that suffer from similar limitations when compartedreadily scalable suspension-based methods
(Kutner, Puthli et al. 2009).

Although many of the reports on LV production claariarge-scale applicability, most rely on
adherent cell lines cultivated in standard serumtaiaing medium. These characteristics render
the scalability of these processes challengingcamabersome. Surprisingly, this problem is only
rarely addressed in the literature. It can be ebgaethat only bioreactor-based systems in which
cells are grown on microcarriers (microspheric sufspfor adherently growing cell lines) or
suspension-grown cell lines can satisfy future dasafor LV mass production. Problems
typically occurring with microcarrier cultures iarge-scale cultures include the absolute need for
bubble-free aeration and minimization of mechanstedar stress to allow for ideal growth on the
surfaces (Merten 2004). The adaptation of stabd&aging and producer cell lines to suspension
and even microcarrier-based culture is additionalifficult because changes in cellular
morphology and membrane properties during adajptatia/or serum reduction can lead to loss
in viral productivity. Significant increases in Liteld will only be achieved by higher volumetric
productivities. The yield of adherent cell cultuiedy definition limited by the surface area of
the culture dish or carrier. One study describes stale-up of adherent cell cultures for LV
production using fibrous discs (Throm, Ouma et28I09). This process, however, still requires

discontinuous medium exchanges for induction anidébharvest.

Suspension-grown cell lines should be preferabliney show the best and most straightforward
scalability and allow the high-yield production b¥'s by transfection at high cell density in

shake flask and continuous bioreactor perfusiotuces (Segura, Garnier et al. 2007; Ansorge,
Lanthier et al. 2009). When employing stable LM tieks, it should be noted that the classical
Tet-off system requires medium exchange and comphdtibitor removal, and is consequently
difficult to scale-up. To avoid this problem, thengration of a stable packaging cell line in
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serum-free suspension culture using the correspgndlet-on regulation system has recently

been described (Broussau, Jabbour et al. 2008).

Only a handful of studies have addressed the stipjadf LV production (Segura, Garnier et al.
2007; Broussau, Jabbour et al. 2008; Ansorge, liem#t al. 2009; Throm, Ouma et al. 2009).
Further efforts are required to improve these @ses and ensure their effectiveness and

robustness.

Low final yields in non-optimized production systerand low LV stability complicate the
establishment of viable industrial processes (CAlmeida et al. 2000; Merten 2004). Perfusion
processes with rapid and regular exchange of medientonsequently highly recommended for
LV production. For adherent cell lines, microcarieltures are preferable whereas conventional
stirred tank bioreactors operated in perfusion mgtieuld be chosen for suspension-grown cell
lines (Merten 2004). All systems need to ensurbttapntrol of process parameters such as pH
and osmolality to mainain LV infectivity (Higashiwa and Chang 2001; Torashima, Yamada et
al. 2006). For RVs and LVs, processes in whichdbie culture is maintained at 37°C and the
harvested supernatant cooled down are advantag€ous, Almeida et al. 2000; McTaggart and
Al-Rubeai 2000; Ghani, Garnier et al. 2006; Ansoltganthier et al. 2009). Process optimization
at the bioprocess engineering level has been meeidifor RV (Cruz, Almeida et al. 2000) and
will also be required for LV processes.

1.2.8 LV Purification and Final Product Characterization

In conventional protocols for LV production ultratefugation remains the concentration and
purification method of choice (Naldini, Blomer dt 4996; Reiser 2000; Follenzi and Naldini

2002). This method is easily accessible and coewerfor small-scale applications, providing
high-titer preparations after one or several rousfdsoncentration. It is, however, greatly limited
by the volume of the preparation and consequerdtysnalable. Scalable purification strategies
are required to process supernatants from muti-ptoduction runs. As LVs share very similar
structural, physical and biochemical propertieshwitV, the field can benefit from extensive
reviews covering the topic (Braas, Searle et a619 yddiatt and O'Sullivan 1998; Segura,
Kamen et al. 2006; Rodrigues, Carrondo et al. 20@73ummary, suitable purification methods
should remove contaminants, such as transductidrbiiars, host cell derived proteins,

endotoxins and free DNA remnants while preserviacter functionality. Chromatography-based
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methods such as anion exchange chromatography rappdse the most viable options for
scalable purification (Scherr, Battmer et al. 20&kepushkin, Chang et al. 2003; Yamada,
McCarty et al. 2003). In particular, Mustang Q anexchange membrane chromatography was
described as a promising technology in severalissu@arino, Kutner et al. 2003; Slepushkin,
Chang et al. 2003; Ricks, Kutner et al. 2008; Kuytrfeuthli et al. 2009). The downstream
processing strategy to purify LV preparations foe first clinical trial has also been published,
reporting an overall recovery of 30 % and demotisigahe feasibility to generate material ¢
vivo use. RV and LV preparations can also be polish@dgusize exclusion chromatography
(Slepushkin, Chang et al. 2003; Transfiguraciomlal& et al. 2003). Particular challenges for
purification include the low stability of LV aftemultiple freeze-thaw cycles, at increased
temperature and the narrow pH and osmolarity rdag@rocessing of the vector. The process
steps and materials and methods for scalable LVsmasduction by current state of the art

methods are presented in Figure 1.2.
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Figure 1.2 : Flowchart of a scalable process forrh&ss production.

Materials and methods that are used comprise P&eb&ransfection in bioreactors using 3

generation packaging (Gag-Pol, Rev) and envelo@V{&) constructs and a self-inactivating
(SIN) lentivector in serum- and animal-componeeefimedium. LV-containing supernatant is
then continuously harvested from 1-4 dpt from tleefysion culture. Further processing of the
supernatant includes sequential microfiltrationhwdecreasing pore size (0.8/04%), followed

by (membrane) anion-exchange chromatography as@Zerexclusion for polishing. Final steps
are a benzonase treatment to remove free DNA, bekiehange for storage/final formulation and

sterile filtration. Quality control assays as désed in section 1.2.5 and 1.2.8
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Before LV preparations can be used in clinical eggplons, a variety of regulatory aspects need
to be considered. Detailed descriptions of the leggry requirements are well beyond the scope
of this review but would be found in the speciatizeviews cited below. The first clinical trial
using lentiviral vectors in humans gave importargights into the concerns of the regulatory
agencies and how these can be addressed from daotamung and quality control perspectives
(Slepushkin, Chang et al. 2003; Manilla, Rebelloakt2005; Levine, Humeau et al. 2006).
Extensive reviews dealing with the manufacturingvmél vectors might also provide helpful
guidance on these topics (Lusky 2005; Mandel, Buegeal. 2008; Thorne, Takeya et al. 2009;
Wright 2009). In general, current good manufacwirpractice (cGMP) guidelines for the
production of biologicals in the United States &nuotope are defined by the respective regulatory
agencies Food and Drug Administration (FDA/CBER)d aBuropean Medicines Agency
(EMEA). Other sources include international regolas of the International Conference on
Harmonisation (ICH) and the World Health Organiaat{\WHO) or other country-specific codes.
Particular concerns related to the use of lentiviegtors in humans include vector mobilization,
insertional oncogenesis and generation of RCL. Aetyaof respective assays has consequently
been developed for quality control release testhd¢V lots and transduced cellular products
(Schonely, Afable et al. 2003; Manilla, Rebello a&t 2005). These assays comply with the
standard approach for release testing of biophauimal products by testing for safety, identity,

strength, potency, purity and biological properbéshe final product.

To prevent vector mobilization after infection amdcue by wild-type HIV-1 helper virus, it was
suggested that the clinical implementation of LMswd be mainly based on SIN vector
constructs (Miyoshi, Blomer et al. 1998; Zuffer®yll et al. 1998; Bukovsky, Song et al. 1999;
Evans and Garcia 2000). Concerning insertional garesis, recent data analyzing the
integration patterns in the first LV-based clini¢aél is now available, suggesting that LVs, in
contrast to RVs, integrate into the entire intrageegion and do not favor integration near proto-
oncogenes and that no selective expansion of Hresduced population occurred over time
(Mitchell, Beitzel et al. 2004; Ciuffi, Mitchell etl. 2006; Wang, Levine et al. 2009).

This LV construct will be further evaluated duriadong term follow up of all patients involved
in this trial (Manilla, Rebello et al. 2005). Howazy ongoing clinical trials might reveal if other

modified lentiviral constructs, containing strongomoters, are intrinsically less likely to
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transactivate cellular genes than RV or have atldeerse effects (Montini, Cesana et al. 2006;
Kohn 2007; Rossi 2009; Wang, Levine et al. 2009).

Although the generation of RCL is unlikely, theicooirrence would be fatal as a novel human
pathogen would be generated. It is therefore requito perform rigorous testing for the
emergence of RCL. The assay design is generalficulif as a putative RCL is of unknown
structure. A number of different assays to deteCt. Ras been proposed (Sastry and Cornetta
2008). Some methods are most likely sensitive td.,R&lich as assays targeting the VSV-G
envelope or its DNA/RNA, CAp24 protein and HIVghg DNA/RNA. Typical procedures of
RCL assays therefore comprise the co-cultivatioklldf-1 permissive (indicator) cell lines, such
as C8166-45 and MT4, with production cells andfthal LV preparation for a period of several
weeks to amplify possible RCL (Chang, Urlacherlett899; Farson, Witt et al. 2001; Escarpe,
Zayek et al. 2003). In parallel, a positive conieolsed in form of an attenuated HIV-1 and the
supernatants tested for the presence of RCL. Te, aet RCL emergence has been reported
during production when advanced LV constructs wesed (Escarpe, Zayek et al. 2003; Sastry,
Xu et al. 2003; Schonely, Afable et al. 2003; MiskiChipchase et al. 2005). Only large
production batches of ongoing and future clinical$ can however give insights on the RCL

formation during large scale LV production.

1.2.9 Remaining Challenges for Efficient LV Mass Productbn

In the field of LV production, only limited basicidprocess engineering principle-guided
approaches have been reported. For example, optvaalest times or kinetics of virus
production are rarely reported and for currentdaac protocols the time of LV peak production
is only rarely determined. Authors use differemvieat points after transfection or induction with
or without culture media exchange during productibtost studies therefore report results in
which both, viral productivity and degradation aecdy, are confounded (Beer, Meyer et al.
2003). A deconvolution of these parameters needéetoachieved to allow for a rational

optimization, ideally based on mathematical models.

The assessment of cellular productivities (infadicor total viral particles per cell) is often
difficult because protocol details such as celldansity or harvest volume are not reported.
Whereas titers of up to 10-150 pg/cell have be@orted for transient protein production, the

specific productivity for high-yield LV systems Iew, similar to other viral vectors that are



40

produced transiently (Wright 2009). For total LVripaes, cell specific mass amounts of only
0.8-8 pg/cell day are typically reported, with only ~0.1-1 % otaloproduced LVs being
functional (i.e. ~1-50 tu/cell) (Higashikawa and @§a2001; Mitta, Rimann et al. 2005). In
contrast, cell-specific yields for other viral ctmgts such as adenoviral and adeno-associated
viral vectors are in the range of*100* IVP/cell (Kamen and Henry 2004; Aucoin, Perriemkt
2008). The production of other vectors is mostlgdzhon systems that include several ‘rounds’
of infection. Transient transfection and the expi@s of transfected DNA constructs for LV
production is probably less efficient compared ioustbased gene transfer (Elouahabi and
Ruysschaert 2005; Collins 2006; Vaughan and Ded6)2(Gtable systems suffer so far from
similar productivity limitations and equally onlylawv for transient LV production with short
production windows. The impact of medium additiaesl for example the importance of the
lipid metabolism suggests that media optimizatitrategies are needed to further improve LV
yields. Therefore more work integrating recent progressétabolic and process engineering is
required to significantly increase the LV produatigelds.

The many different protocols and methods for LV mifecation are another challenge that
complicate advances in process development. Whéréasuggested that both functional and
total vector particles are quantified, most methads time-consuming and standardization is
urgently needed. The field would highly benefitnfrahe development and adaptation of fast
guantification methods targeting the total anddntaral particles that have been described for
other viral vectors (Transfiguracion, Bernier et @001; Shen, Meghrous et al. 2002;

Transfiguracion, Coelho et al. 2004; TransfiguraciBernier et al. 2008).

A clinical use of LVs will require optimized formations to prevent a rapid loss in viral activity.
Additional studies in different buffer compositions the stability of purified preparation of

pseudotyped LVs are urgently needed.

1.2.10Summary and Conclusion

In this review, we point out recent advances indbaeration of LV. A comparison of existing
protocols for LV production is generally difficuliecause of the difference in production systems
and operating conditions. Nevertheless, signifidamprovements of conventional transfection
protocols, increasing functional titers by severyalers of magnitude, have now been reported
(Karolewski, Watson et al. 2003; Mitta, Rimann ét 2005). Optimization of production
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parameters and the use of scalable suspension-baagehies can lead to improved volumetric
yields of more than 100-fold and allow for costeetive LV production (Mitta, Rimann et al.
2005; Ansorge, Lanthier et al. 2009).

The LV system remains a field that is in developmand improvements in its molecular
architecture will depend on the acceptance andessoof ongoing clinical trials. The optimal LV
system is not yet found and depends on the respettterapeutic application. The rising interest
in non-integrating LV forms can serve as one exanipt the ongoing development in the field
(Nightingale, Hollis et al. 2006; Wanisch and YailManoz 2009). Methods offering a high
degree of flexibility such as transient transfetctasze consequently instrumental to respond to the

demand in LVs.

Stable systems will be of highest importance for pMduction with regards to routine mass
manufacturing of final commercial material. Howevltese systems are not yet widely used,
probably because the overall benefit compared amstent transfection remains relatively
modest. It is questionable if the efforts to praglacstable packaging cell line are beneficial & th
early stages of an LV-based evaluation of a therapestrategy. Using different or modified
vector components in early stages of LV vector treent is often required and transient
expression offers the appropriate flexibility, wba&s a stable cell line strategy would require
generation of a new cell linfor each desired vector pseudotype (Ni, Sun eR@D5). Both
production strategies, transient transfection amadble packaging and producer cell lines, will

therefore be used in parallel in the foreseealiledu

For research applications, protocols using adhecaftures in T-flasks or culture dishes are
sufficient, whereas readily scalable suspensioedbapproaches should be developed for pilot
and large-scale productions. It would be preferéblieave a scalable production system in place
when preclinical studies and phase 1 clinical taaé being contemplated to avoid serious

production constraints that might turn into a kastdck in the latest clinical evaluation phases.

There is still a possibility to further improve ceint LV production processes by several orders
of magnitude. The yields of current LV systems dofiist of all be increased rationally by
optimization of the harvest rate as function ofteestability in culture supernatants. Production
at higher cell densities and optimized media foatiahs should further increase productivity of

current processes. Finally, improvements in theecuwhr design of LV systems, targeting an
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improved stability of the viral particles shouldoa for more efficient production. Although
many aspects require further research and develupafferts, recent advances in LV production
should enable the cost-effective and simple masduation of clinical LV material under GMP

conditions in the near future.
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CHAPTER 2 METHODOLOGY FOR SCALABLE LV PRODUCTION
AND PROCESS CHARACTERIZATION

As indicated in the introduction, an optimizatidrasegy was developed in this thesis to produce
LV in a scalable manner. Here we describe in détaiimethodologies that were used during this

work.

First, the selected approach for LV production esatibed. This includes production of
LV in perfusion after transient transfection. Opena in perfusion mode was combined with the
transient transfection technology previously depetb within our group. Extensive experience
with the transfection technology (Durocher, Peetedl. 2002; Durocher, Pham et al. 2007; Tom,
Bisson et al. 2007) and earlier work (Segura, Garei al. 2007) demonstrating the feasibility of
LV production in suspension culture formed the gadithis work.

The analytical methods used to assess LV quantidycuality are then described in detail and
compared. We then give details on the other amalyind monitoring tools that were employed
in this work and provide a brief theoretical backgrd when needed. These tools comprise both
offline and online methods for measurement of celints, permittivity, biovolume, cell size and

metabolite concentrations.
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2.1 Production of Lentiviral Vectors

2.1.1 Cell Culture

The HEK293SF-3F6 cell line, originally developed foe production of adenoviral vectors, was
used in this study (C6té, Garnier et al. 1998)sTddll line is highly transfectable and grows in
suspension under serum-free conditions. In mods par this work, we refer to this cell line
simply as HEK293.

Several culture media were tested for their abibtgustain production of LV in suspension: Two
formulations of LC-SFM (C6té, Garnier et al. 1998)re used in small-scale experiments: LC-
SFM L (LC-SFM + 0.1 % (v/v) lipid mixture (SIGMA, 5146) (Pham, Perret et al. 2003) and
LC-SFM GL (LC-SFM L supplemented with 0.5 % (v/\glgtin peptone GPN3 (OrganoTechnie
S.A. (La Courneuve, France)), (Pham, Perret €2G05)). For bioreactor experiments, LC-SFM
L was supplemented with 0.1 % BSA (Celliance, K&ealea IL); HYyQSFM4TransFx293 (HyQ)
(Hyclone, Logan, UT), a commercial medium specificdeveloped for transfection of HEK293
cells was evaluated as a second media formulafiom( Bisson et al. 2007). Whenever indicated
HyQ was supplemented with 5 % (v/v) of stock salntof the regular formulation of cell boost 5
(CB5 reg) (Hyclone, Logan, UT) or a customized falation of CB5 (CB5 mod) to obtain a
fortified HyQ medium formulation (HyQ+). In contta® CB5 reg, the latter formulation CB5
mod was not found to be inhibiting the transfectibhe CB5 stock solutions were prepared at 35
g/L according to manufacturer’'s instructions. Inngel, precultures were passaged using
standard media (i.e. LC-SFM L or HyQ) every 2-3 sl&y keep the cells in their exponential
growth phase. After a maximum of three months, eells were thawed from the working cell
bank.

2.1.2 Transient Transfection

The transfection protocol has been published imidetsewhere (Tom, Bisson et al. 2007). A
PEI:DNA mass ratio of 2:1 was found to be optinmaltransient transfection of HEK293SF-3F6
(Durocher, Perret et al. 2002; Pham, Perret e2@03). We used a GFP-encoding SIN transfer
vector (pCSII-CMV5-GFPq), third generation packagiplasmids (pMDLg/pRRE#54 and
pRSV-Rev) and a vector encoding the VSV-G enve(p®/CMV-IN-VSVQ) (Dull, Zufferey et
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al. 1998; Broussau, Jabbour et al. 2008) for L\Mdpation in HEK293 cells (fig. 2.1A plasmid
mass ratio of 1:1:1:2 (VSV-G: Gag-Pol: Rev: Len@i Transfer Vector) was used for
transfection according to previous results from group (Segura, Garnier et al. 2007). Initial
conditions involved transfection according to rasetiprocedures using PEI-DNA complexes
(polyplexes) with a total DNA amount ofrig/10° cells. Improved production conditions were
then identified (chapter 3) with transfection atell density of 5x10c/mL in HyQ medium, a
total DNA amount of 0.419/10° cells and the addition of sodium butyrate (5 na¥}L6 hpt. If
not mentioned otherwise, improved production caodg comprised a medium exchange rate of
1 “sequential discontinuous medium exchanges pgr(d&D)” or 1 volume(s) of medium per
reactor volume per day (VVD) in small scale and&éator cultures, respectively.

Initial small scale experiments were performed gsin constant concentration of PEI-DNA
complexes with varying polyplex volumes, i.e. foartsfection at 5x10c/mL, 40 ng of DNA
were used for transfection per shake flask (workialyme of 20 mL), corresponding to a total

DNA concentration of 20rg/mL in the polyplex mixture.

For some of the experiments presented in appendithe polyplex volume was maintained
constant at 10 % of the final culture volume. TBA and PEI concentrations were a function
of the cell density at transfection and up to 4ehigher for transfection at 2X1€/mL.

Precultures for LV production experiments in HyQeresdiluted in medium including 5 % (v/v)

of CB5 mod (HyQ+) 2-3 d before transfection (seeealix Il). Polyplexes were in all cases
prepared in medium without supplement to avoidrfetence of medium components in HyQ+
and ensure comparability. After transfection, reguell boost (CB5 reg) was used as feed (in

bioreactor cultures) or for discontinuous mediuplaeement (in small-scale) starting at 24 hpt.

For bioreactor cultures, polyplexes were prepanganbnual shaking of the DNA-PEI mixture
that corresponded to ~7-9 % of the final culturtuwee (i.e. 200-250 mL).
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Figure 2.1 : LV production by PEI-based transieansfection.

Simultaneous transfection of four different plassn&hcoding for the essential LV components
into HEK293 cells leads to generation of LV pasdgl

2.1.3 Stability and Harvest of LVs

Preliminary results of experiments on LV stability culture supernatants confirmed literature
reports showing that LVs rapidly loose infectivay standard production temperature. In these
preliminary experiments, incubation at 37°C for +l2esulted in loss of ~50 % of functional
titer whereas the viral infectivity decay was ghgatduced if the produced vectors were
maintained at 4°C (figure 2.2). Further results lovi stability in culture supernatants are

presented in appendix I.

The production of HIV-forming proteins is initiated early as 5-6 h after transfection (Jouvenet,
Bieniasz et al. 2008). To maximize the yield indtional LVs and to address the low vector
stability, a daily harvest of LV was thus performsdrting 1 day post-transfection (dpt) in the

starting set of operating conditions.
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Figure 2.2: LV stability in cell free bioreactorparnatants.

Supernatants were harvested from continuous bitmeamltures at 2 and 3 days post-

transfection (dpt) and incubated at 4 and 37°CrpadsTA analysis

2.1.4 LV Production in Small Scale Cultures

To mimic perfusion conditions and continuous LV gwotion in bioreactor scale at high cell
density, an experimental approach using sequenealium replacement was used in small scale
cultures. Few hours before transfection, the aedpsnsion was centrifuged (30§, 5 min) and
resuspended in fresh medium at the targeted cedlityefor transfection. This simplified protocol
was used to facilitate the execution of experimants$ increase the experimental throughput. LV
harvest was then conducted using complete dailyiunmedxchanges by centrifugation (30§, 5
min) starting 1 dpt (i.e. at 24, 48, 72 and 96 bquost-transfection (hpt)). With the exception of
data presented in chapter 3, we refer to this @gbraas “sequential discontinuous medium
exchanges per day (DMD)". Initial conditions, aggented in chapter 3, include transfection at
1x1® ¢/mL and 1 DMD. In improved production conditiorell density at transfection was
increased to 5xf0c/mL and medium was exchanged at 1 or 2 DMD. AAND, media was
exchanged at 16, 24, 40, 48, 64, 72, 88 and 96When LVs were produced at higher cell
densities than 5xf@/mL, centrifugation time and relative centrifugaice were increased from

5 to 10 minutes and from 300 to 35§ respectively.
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Each medium exchange decreased the LV titers irraapants to very low and in comparison
insignificant values (fig. AIV.2). Each harvest gniepresents the production of LV which
occurred from one harvest to the subsequent omeelili greatly facilitating the analysis of

production kinetics.

After centrifugation, the LV-containing supernatarthat had been harvested were filtered
through 0.45mm HT Tuffryn membranes (diameter of 25 mm) (PakhnAArbor, MI) to remove
residual cells and cellular debris and stored @tC8until further analyses. In general, not more
than 3 mL of supernatant were subjected to filratiAt cell densities >5x£0c/mL, increased
backpressure was observed during filtration. Iis¢heases, membranes with larger filtration area
(diameter of 32 mm) or sequential filtration throu@8mm Supor membranes (diameter 32 mm)
followed by 0.45mm filtration (25 or 32 mm) was performed. None loése methods decreased
functional LV titer compared to non-filtered supatants (results not shown). Stocks of sodium
butyrate were prepared at a concentration of 1 dmfin-butyric acid (SIGMA, B-2503) and
neutralized with 10 M NaOH. This stock solution veakled directly to the cell culture to reach a
concentration of 5 mM whenever indicated. A bagsaliption of the LV production protocol

can, in a slightly modified form, also be foundie literature (Segura, Garnier et al. 2010).

2.1.5 LV Production in Bioreactor Cultures

A similar bioreactor setup to the one used in gtigly has been described previously (Henry,
Kamen et al. 2007). A schematic representatiorhefltioreactor setup is presented in fig. 2.3.
Minor modifications compared to this setup were fthiilowing: agitation rate was set to 85 rpm,
pH was controlled in the range of 7.1-7.2 by additiof CQ via the surface or sodium
bicarbonate solution (7.5 % (w/v)). The vessel kirng volume 2.7 L) was equipped with probes
to measure and control pH, DO and temperature.cfBss System® (Fogale nanotech, Nimes,
France) as well as a Biomass Monitor 220 (Aberumséents, Aberystwyth, UK) (standaira situ
probes for 25 mm ports) were employed for the mmesseant of permittivity across thie-
dispersion frequency spectrum of ~0.1-10 MHz. Infymon mode, cells were retained in the
bioreactor using a 10 L acoustic filter (AppliSeBshiedam, Netherlands) operated in backflush
mode (full recycling of cell suspension into biacta at each backflush) with an interval of 30

min and a run/stop ratio of 55/5 s. The use of atodilter technology for perfusion cultures of
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mammalian cells has been extensively describedhenliterature (Trampler, Sonderhoff et al.
1994; Henry, Dormond et al. 2004; Shirgaonkar, heantet al. 2004).

Bioreactor cultures were inoculated at cell deesitiround5” 10° cells/mL (viable cell count

(vcd). Perfusion was started after initial growth iatdh mode at cell densities abote10°
cells/mL. Perfusion was initiated at 1 or 2 volus)e¢f medium per reactor volume per day
(VVD). After reaching the targeted cell densitl (L0° vcc (starting conditions) o6- 8" 10°

vce (improved production conditions) in perfusion modiee culture was transfected by the
addition of polyplexes and perfusion was stopped3ftr. After transfection, the LV-containing
supernatant was kept at 4°C until clarification andium butyrate was added following the same
procedure as in small scale. The harvested supetnatas filtered through a Supor double
membrane with pore sizes of 0.8 and 0% (Pall, Ann Arbor, MI). Bioreactor samples were
filtered according to the procedure described ab@eetion 2.1.4). Clarified supernatants and

samples were subsequently stored at —80°C untilduanalyses.

The DO was controlled at 40 % of air saturatiorspgrging pure oxygen in pulse mode into the
culture at increasing flow rates (depending onlimenass content in the reactor). From the total
oxygen volume sparged into the bioreactor, the erygparging rate (OSR in mL/min) was

calculated as an indicator of the volumetric oxygensumption.

A summary of the bioreactor cultures performechis tvork can be found in table All.2.
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Figure 2.3 : Schematic representation of bioreasgtup and continuous operation for LV

production.

For all cultures, bioreactors were equipped witkitu sterilizable probes to measure pH,

temperature (T), dissolved oxygen (DO) and pemiijtisee section 2.5 and chapter 5).

2.2 Analytical Methods for Assessment of LV Quantity al
Functional Titers: Variability Assessment and Compaison of

Quantification Methods

To appreciate the challenges in LV production pssogevelopment, it is fundamental to assess
the intrinsic variability of LV quantification methls (see also section 1.2.5). This section first
provides a short theoretical introduction on thargtiication methods used in this work. We
focus on practical constraints of the different noels and assess inter- and intra-assay variations.
It is critical to determine the accuracy of eaclamfification method to decide whether or not

differences in titers observed using modified pioiun conditions are significant.

Quantification methods can be generally dividedwno categories: The techniques assess either
1) LV quantity, i.e. total/physical particle titeos 2) functional LV titers. The ratio of functiona

vectors to total particles in a given preparat®an indicator of LV quality.

Methods targeting total/physical particle titere directly assessing the LV concentration in cell

culture supernatants. The results largely dependoana total/physical particle is defined by the
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experimental approach, i.e. which part of the vpatticle is quantified. The most widely used
direct LV quantification methods, the CAp24 ELISAdaquantitative RT-PCR, assess the
concentration of major structural components swgkha most abundant LV protein, the capsid
CAp24, and the viral genetic information in cultigepernatants, respectively. From these two
methods, RT-PCR is best suited to measure the anuduntal particles (VG titer) (Gerearts,
Willems et al. 2006). It is known that after trasdion without the Gag-Pol plasmid which is one
of the main drivers of LV particle formation, vir&NA secretion is significantly reduced,
corresponding to one thousandth of values fromrobrtansfections (lkeda, Takeuchi et al.
2003). Nevertheless, viral RNA can even be detefted functional LV particles are present
when the VSV-G construct is omitted during transtet(Geraerts, Willems et al. 2006).

In contrast, the CAp24 ELISA (VP titer) can be aféal by false positive results from free non-
viral related CAp24, is less reliable for evaluatmf functional vector particles and also subject
to high variability (Ansorge, Henry et al. 2010; r&erts, Michiels et al. 2005; Ricks, Kutner et
al. 2008). Nevertheless, the CAp24 ELISA remaindate the most widely used assay.

Generally, all direct methods overestimate funalditers and indirect methods must therefore
be used to quantify the number of functional LVané&tional assays (indirect methods) assays
determine viral vector function or transgene transifter transduction of suitable target cells.
Functional titers are a function of the respectiv@nsduction protocol. More specifically,

functional LV titers are dependent on (see alsti@ed.2.5 and tables 1.1-2):
the target cell line and the culture conditionduding the medium,
the addition of transduction-enhancing additiveg.(Bolybrene),
the cell cycle phase/arrest of target cells,
the transduction conditions such as inoculum volamd number of target cells,
the vector stability, length of exposure,
the transgene, its promoter, vector backbonetraasgene expression efficiency,
the transduction detection method used in the assay

The assays are generally dependent on the findicappn in which LVs are intended to be used.

In most cases, functional assays are consequentigucted on two cell lines: First, LV



72

preparations are titered on a universally used loedl using a standard protocol to allow for
comparison of production yields. Second, a protaoduding the cell line of interest for the final

application is performed to predict gene transféiciency and the target dose.

In the following, we will summarize the experimdra@proach of the three main quantification

methods used in this work.

2.2.1 Assays for the Determination of Total/Physical Partles

2.2.1.1 LV Quantification by Quantitative RT-PCR

Real-time quantitative PCR is widely used to qugntivs. An excellent review on the topic
(Delenda and Gaillard 2005) provides a comparisoexisting methods, their constraints and
pitfalls. Thus herein we give only a short summanythe topic and focus on the approach that
was developed in the present work. In general, RRPffers the flexibility to detect LVs at
several levels, i.e. either by quantifying viralrggdes in supernatants (VG titer), the cellular
genomic DNA after transduction (proviral DNA) oafisgene mRNA levels after transduction to

estimate the transgene expression level.
The two most common approaches comprise VG titérpaaviral DNA quantification (fig. 2.4).

1: VG titer 2: Proviral DNA
% E 000
OO0
Titration on Extraction
target cells @ of genomic
DNA

gPCR on RNA templates qPCR on DNA templates

J

Total viral particles in supernatant Functional viral particles in
(VG titer) supernatant

i
-

(‘Proviral titer’)

Figure 2.4 : Flow diagram comparing the two moshown methods for LV particle
quantification by RT-PCR, VG titer (1) and provifaNA (2) quantification.
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In this work, RT-PCR was exclusively used to as3éGstiter as a measure of the total viral
particle numbers. Several protocols employing d#ifé purification methods and primer targets
have been published for that purpose. Table 2.Insanmes recently published methods for VG

titer determination.

Based on this comparison, a quantification methad developed using commercially available
kits for purification, DNAse treatment and RT-PCRVPRE (woodchuck hepatitis virus
posttranscriptional regulatory element) was chaseprimer target as it is present in most of the
recent LV constructs and can be detected at aflldenf the LV life cycle. In particular when
estimating VG titer after transient transfectioayrgover of DNA from vector production can
lead to false positive results in RT-PCR assay®NAse treatment was therefore included into
the sample preparation procedure prior to PCR aigl®nly the most recent protocols describe
the use of an RNA standard to calculate the nunadbeviral genomes per PCR reaction.
Routinely used DNA standards do, however, negléiterdnces in the reverse transcription
process. A RNA standard based on the LV transfetovgpCSII-CMV5-GFPq (section 2.1.2)

was thus developed.



Table 2.1 : Comparison of RT-PCR based methodg®titer quantification (direct method)
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Reference LV system, PCR Purification | Primer Linearity, | Ratio Remarks
production method Target Standard | functional : total
mode (%)
Geraerts et al., ond generation, TaqMan RNAgqeuous — WPRE, 10°-10% 0.1-10 % (GTA: RNA standard, rT-
2006 triple principle, Micro Kit GFP, LTR- | RNA PCR) control
transfection one-step RT- (Ambion) + gag copies/rxn, | (vector-dependent)
PCR DNAse RNA
standard
Lizee et al., 2" generation TaqMan RNA: Rneasy WPRE 10°-10°% 0.5 % (ratio proviral | DNA standard,
2003 SIN, triple principle, 2- columns copies/rxn, DNA : RNA) internal controls for
transfection step (rT before | (Qiagen + DNA normalization
PCR) DNAse. DNA: standard (GFP-GTA 6-fold albumin (TVGs), B-
Easy-DNA kit lower than proviral actin (TEU)
DNA)
Sastry et al., 3" generation TaqMan, two- | RNA: Rneasy primer ~5x10°- 0.05 % (proviral DNA standard, rT-
2002 SIN, Cell step (rT before | columns binding site | 5x10° DNA: RNA) control
Genesys, PCR) (Qiagen + of HIV-1 copies/rxn,
quadruple DNAse before DNA GFP 10-fold lower
transfection purification) standard than proviral DNA
Ikeda et al., ond generation, TaqMan, one- QIAamp viral eGFP n.a., n.a. 0.2 %, control rT-control
2002 triple step RT-PCR RNA mini kit + transfections with
transfection; DNAse empty Gag-Pol
EIAV was also treatment plasmid gave 1000-
tested fold lower VG titers
Scherr et al., 2" generation TaqMan, two- | Sanburn and US5/R region | ~10'-10°, <1% minus strong-stop
2001 SIN, triple step (rT before | Cornetta (1999) DNA codon cDNA as
transfection PCR ornorT standard primer target
for cDNA
target)
Martin-Rendon, EIAV, triple TaqMan, one- | Viral RNA CMV 4 orders of | n.d. Only Ct values are
2002 transfection step RT-PCR extraction kit magnitude, reported, rT- control
(Qiagen) + no standard
DNAse

treatment
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RT-PCR method used in this work (VG titer)

The VG titer, i.e. the amount of total viral paltie expressed as viral genomes (vg)/ml), was
determined using a SYBR-Grgenl (SGI) quantitative RNA RT-PCR assay (Roche Aggli
Science, Laval, Qc). An in-house RNA standard wsesduo quantify LV in supernatants from
production runs. The RNA standard was producedgusire MEGASCRIPT kit (Applied
Biosystems, Foster City, CA). For this purpose, \#Pfrom the LV transfer vector (pCSll-
CMV-GFPq) was cloned into pUC19 T7. The resultingsmid pUC19 T7-LVWPRE was then
linearized andn vitro transcribed. The transcript (RNA standard) witleragth of 260 bases was
purified (MEGACLEAR kit, Applied Biosystems, FosteCity, CA), quantified by
spectrophotometry, aliquoted at the final standamcentrations (1xfalx10" copies/reaction)
in DEPC-treated water and finally characterized.(8.5). Specificity of the PCR reactions was
confirmed by melting curve and agarose gel analyidie lower detection limit of this method is

in the range of 5xT0vg/mL.

After RNA purification from LV-containing supernaiis using the High Pure Viral RNA kit
(Roche Applied Science, Laval, Qc), samples wazatéd with DNAse (DNA-free Kit, Applied
Biosystems, Foster City, CA). RT-PCR was then peréa in a Carousel-based LightCycler
(Roche Applied Science, Laval, Qc) or a Masterayeferealplex system (Eppendorff, Hamburg,
Germany). Primers (P1, P2) targeting a sequendbenWPRE sequence were selected using
clone manager (Sci-Ed Software, Cary, NC). Eaclctima had a volume of 2@ with a
concentration for each primer of OM (P1l: LVWPREF: AGT-TGT-GGC-CCG-TTG-TCA-
GG, P2: LVWPRER: AGG-CGA-GCA-GCC-ATG-GAA-AG), ampling a sequence in the
WPRE element of 249 bp.
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Figure 2.5 : Characterization of in-house RNA staddand qualification of PCR method with

process samples.

(A) DNAse and RNAse treatment of RNA standard; éBplution of RNA standard PCR results
after sequential freeze-thaw cycles, legend indgatumber of cycles; (C) PCR analysis of
bioreactor (run #5) samples without (- DNAse) anthw+ DNAse) DNAse treatment, arrows
mark time of transfection; br: samples taken fraordactor; hv: sample from the harvested cell-

free supernatant
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Figure 2.5 presents the characterization of the Rdt#ndard and qualification of the PCR
method during a bioreactor production run. We olesgrthat residual DNA in the preparation
was insignficant as copy numbers were not affectsd additional DNAse treatment.
Additionally, RNAse treatment could bring the sigback to the baseline value of the negative
control (fig. 2.5 A). The freeze-thaw stability thie RNA standard was evaluated after sequential
freeze-thaw cycles (fig. 2.5 B). No significantdas RNA copy number was found up to three
cycles and we thus defined this number as a maximfien which the RNA standard aliquots

were discarded.

When comparing samples from bioreactor productidh and without DNAse treatment prior to
PCR, we found that it was in particular decreasadhd the first 24 hours post-transfection. In
later process stages, the difference in VG titdrezdted and non-treated samples was lower. This
indicates that residual plasmid DNA was most likiflg main reason for increased PCR signals
and that the DNAse treatment successfully addresisedcarryover of plasmid DNA after
transfection (fig. 2.5 C).

The inter-assay variability of the developed PCRhoé was very low and the results between

different assays, based on the RNA standard cumees highly reproducible (fig. 2.6, table 2.2).

35
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Figure 2.6 : Average standard curve from indepenB&R analyses (n = 12); crossing point is

identical to ct values shown in fig. 2.5 B
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2.2.1.2 LV Quantification by CAp24 ELISA (VP titer)

As briefly mentioned earlier, various sources sashunincorporated CAp24 that is not related to
viral particles can lead to false positive resits<CAp24 ELISA assays (ELISA), in particular
when crude vector preparations are titered (Rigkgner et al. 2008). In addition, CAp24 is
released from cells after transfection even thauglfiunctional LV is present (Geraerts, Willems
et al. 2006).

In the present work, a commercial CAp24 ELISA kaswsed according to the manufacturer’s
instructions (QuickTiter Lentivirus Titer Kit (LVssociated HIV p24); Cell Biolabs Inc, San

Diego, CA) to determine VP titer. The manufactwkthis kit claims that the sample preparation
method allows quantifying of the LV Cap24 core piotonly, i.e. free capsid protein is excluded

from the measurement.

Processing of samples according to this protocd particularly tedious and time consuming.
Only a limited number of process samples were tbhereanalyzed for comparison with the other
LV quantification methods. A further disadvantadettte method is its restricted linear range
(>1.5-50 ng/ml, average standard curve shown ir2fig). The resulting extensive dilution of LV
samples will likely affect reproducibility.

viral titer (vp/mL)
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Figure 2.7 : Average standard curve from indepen@&p24 ELISA assays (n = 3).

Remark: the regression coefficient was slightlyhleig(R2 = 0.99) when values until 25 ng/mL

only were considered for the regression
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2.2.2 Functional LV Titer Quantification by Gene Transfer Assay (GTA)

For the assessement of functional LV titer, itéEessary to conduct indirect methods that allow
for the quantification of the LV ability to transfés genetic information to suitable target cells
(section 1.2.5.2, 2.2). In this work, a gene transtssay (GTA) using suspension-grown cells
was used to quantify functional LVs. The methodimple, allowing for a high throughput while
minimizing assay variability. For this purpose, HEIBE cells (clone 6E) were cultured in
Freestylé” 17 medium (Invitrogen). Transduction and titeredetination was performed as
previously described (Segura, Garnier et al. 20@/Drief, the target cells were diluted at the day
of transduction to a cell density of 5.5X16/mL. Polybrene was directly added to the cell
suspension at 8g/mL. After 15-30 min of incubation at 37°C, 0.9 rat.the cell suspension was
loaded into each well of a 12 well plate and 0.1 oflLdiluted LV containing samples were
added. Two days later, the cells were harvestecehyrifugation, resuspended in PBS and fixed
by formaldehyde addition (final concentration o#4). The samples were then scored for GFP
expression by FACS analysis. Functional LV titeswalculated using the formula:

tu/mL = % GFP positive cells * dilution factor * lteount at time of transduction (c/mL) *assay
volume (0.9 mL)/100

The limit of detection of this assay id4~10° tu/mL. We used an in-house LV standard in all
GTA experiments to assess inter-assay variab#itlyfinal titers were calculated relative to this
LV standard that was found to be stable over aodeof more than one year after storage at -
80°C in culture medium. The average standard cdret@n was calculated from independent
GTA experiments (n = 40) and gave a standard dewiaf 27.7 % (fig. 2.8).

To confirm that GFP-expression was not the resuppseudotransduction, which is defined as
detection false GFP-positive cells caused by diffuef GFP or transfer of GFP-encoding DNA,
control experiments with selected samples wereopaedd in the presence of azidothymidine
(AZT) (SIGMA, 100 niM). In all performed control experiments, the numbé GFP-positive
cells was at least reduced by 90 % compared #dititr without AZT (figure AIV.3). In contrast,
the addition of butyrate had no direct effect on tidér quantification during the assay (fig.
AlV.1).
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The only disadvantage of the described methodeigdther high detection limit of 1x1€u/mL
and the need for large volumes of LV containing gl@&s The approach is probably amenable to
smaller volumes but this was not tested in thisknas routine production conditions already

resulted in sufficient volumes of detectable LV amts.
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Figure 2.8 : Variation in functional LV titer ofihouse GTA standard.

Each bar represents the average value of one G3ayagdashed line represents the average
values from n = 40 independent assays; cell deasitye time of transduction was on average:
5.19 +/- 0.935 x10c/mL

2.2.3 Summary and Comparison of LV Quantification Methods

In summary, available LV quantification methods areconsiderable constraint for process
development (see table 2.2 for a comparison oflitherent methods). All approaches are of high
work intensity, limiting the number of samples tbah be analyzed by a single operator per day.
In-house standards were instrumental to evaluaiahibity of all non-commercial methods and
allowed comparing the results of samples that ypeoeessed in independent assays. In general,
the time to result using the different protocols ligg, in particular for functional titer
determination for which results are not availalddier than 2 days after viral transduction of the
target cells.
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As the FACS-based GTA assay is dependent on theessipn of GFP in transduced cells, the
low flexibility with respect to other LV construcis the main limitation of the present approach.
Although strictly controlled conditions for targegll transduction were used here, the observed
inter-assay variability was nevertheless quite highthis context, it was put forward by others
that small variations in cell density and randoregnation are responsible for variations in LV
titration assays (Geraerts, Willems et al. 2006arg)y Metharom et al. 2004). In this work, a
reduced intra-assay variability compared to therhassay variability was observed. It is thus
believed that the state of the target cell linge passsage number and history could have impacted
the GTA results. This suggests that a stringentrobrof target cell line history could be
evaluated to reduce assay variability.

RT-PCR based methods are particularly promisind-¥éiquantification as the time to result for
VG titer determination is short and inter-assayialality is low. The results suggest the
evaluation of RT-PCR for functional LV determinatiafter target cell transduction (approach 2
in fig. 2.4) as this might reduce the time to resdithe GTA assay significantly and additionally

provide the flexibility to use the same test fovexal LV constructs.

In contrast, LV quantification by CAp24 ELISA walet least advantageous method suffering
from a high variability, a long time to result atieé highest labor intensity. This method remains
nevertheless essential due to its specificity ierltV capsid protein, for comparison of results of

different LV-based constructs and when PCR-basdtade are not available.

The detection limits of the quantification methodgere not directly compromising the

comparison of different production conditions fbetmodel system. Routine starting conditions
(chapter 3) already resulted in significant amownfitsVs that were detectable by GTA and PCR.
However, it remains to be evaluated if this willdvéor other LV constructs which are produced

at lower yields.



Table 2.2: Comparison of LV quantification methadgd in this work

LV
ntification

Quantificatio GTA PCR ELISA
Assay assay
parameter

in-house, similar to

previously described | in-house/kit-based L
Method approach (Segura et al., see section 2.2.1.] kit-based
2007)
in-house, in-house, in vitro
Inter-assay 27.7 %, 4 +-1 % 15 +/- 12.5 %,
variability’ (n = 40) (n=12) (n=23)
9+/-8%
Intra-assay 8 +/- 16 %, (n=9)"; 21 +/- 20 %
variability" (n = 250) 22 +/- 15 % (n = 34
(n=17"

Time to result
throughput pe 2d", ~60 3-6 K, 40-50 2d, 40-50
da. 1
Labor intensity/ + + -
Flexibility" + +H+ ++
Detection limit 0.5-1x16 tu/mL 5x10 vg/mL 1.95x10 vp/mL
(DL)

highest number of | most advantageous Io;vsr;g)r/r;bvevgcs)f
Remarks samples processed with LV quantification available for

this method

method

analysis
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Remarks Table 2.2 :

+++:  recommended/advantageous

++: recommended but intrinsic constraints

+: significant intrinsic constraints

-: not recommended

I: standard deviation based on assay standardsyasponds to the number of assays

II: average standard deviation from duplicate asedyof identical samples (n = # of duplicates)
III: maximum number of samples that can be analymedne trained operator per working day
IV: results from duplicate analysis of identicahgaes using independent purification and DNAsetinest steps
V: method flexibility concerning the analysis ofrymg LV constructs/particles

VI: time to result could possibly be reduced byngsadvanced detection methods (PCR)

VII: results from duplicate analysis by RT-PCR isiagle assay

VIII; results from duplicate analysis by RT-PCR ¢@hassays) after purification with High Pure ViraR kit and
DNAse treatment

IX: depends on the number of samples (purificasitap is time-consuming if many samples need tanbéyzed)
X: standards at low concentrations with higheratéwns than at high concentrations

XI: duplicate analysis at two different dilutionsr feach sample
2.3 Sample Analyses

Cell Counting and Cell Size Measurements

Hemacytometer counts using erythrosine B dye eiatusiere used to assess cellular density
and viability. The volume weighted arithmetic mezgil diameter ) was determined using a
Z2™ Coulter Counter® (Beckman Coulter, Mississaughl) with an aperture diameter of 100
um, followed by analysis of the size distributiomith the Accucomp® software package
(Beckman Coulter). The upper and lower analysigtéinvere 7.31 and 23:18n, respectively. To
calculated, the distributions were plotted as volume (%) agiacell diameternim). The lower
analysis limit was then manually increased to delealy that part of the distribution

corresponding to viable cells for the calculation.
Each value ofl represents the average of at least two distribatitJsingd and the viable cell

count per mLycc), the biovolumelfv) was then calculated (chapter 5.2.3.4.1 and appehyix
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GFP measurement

In the present work, the total expression of GFRBamples was quantified offline in 96 well
plates using a SpectraMax Gemini EM plate readel¢bular Devices, Sunnyvale, CA). 1X10
cells were distributed in each well and fluoreseewas measured at wavelengths of 485/538/495
nm (excitation/emission/cutoff) after fixation with% formaldehyde. One of the limitations of
the method was that the total GFP expression sigraafunction of the number of producer cells
distributed in the well prior to measurement. Arayiation in cell density (obtained from manual
counting) is thus reflected in the GFP signal (lbiished observation).

Metabolite Concentrations

Virus-containing samples were filtered by centrdtign (13000 rpm for 5 min, Biofuge
Hereaeus, pico) through Microcon Centrifugal FilBevices (Ultracel YM-30) with a nominal
molecular weight limit (NWL) of 30,000 prior to ano acid analysis by HPLC and/or metabolite

analysis.

Glucose, lactate, and ammonia assays were perfousiad the Biolyzer (Kodak, New Haven,

CT). Amino acid concentrations in fresh media angesnatants were quantified by HPLC

(Waters Alliance System, Waters Corp., Milford, MA¥ing a modification of the Waters

AccQ.Tag method as describedin the literature (6at@00; Pham, Perret et al. 2003; Kamen,
Tom et al. 1991).

2.4 Data Treatment and Calculation of Growth and Metabdic

Rates and Productivity

Growth and metabolic rates were calculated usiagdstrd equations (Henry, Dormond et al.
2004) after filtering of the raw data (online antflioe measurements). The calculation of
specific rates was based either on the viable @alint ¢co or the online dual-frequency
permittivity signal Ogc). Offline raw data were fitted using the smoothsmgline regression
function of the kyplot software. Online data wereated with Matlab (The MathWorks, Natick,
MA).
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The cell-specific viral productivity for our experents (tu/cell; vp/cell; vg/cell) was calculated
by dividing the total produced LV patrticles afteddys post-transection by the number of cells at

the time of transfection.

2.5 Permittivity Measurements

The underlying theory on the dielectric propertiédiological cells has been described in detail
elsewhere (Kell et al. 1985; Harris and Harris 198&thig and Kell 1987; Markx and Davey
1999). In brief, when placed in an alternating &ledield, polarization of the cells occurs due to

their insulating plasma membrane (fig. 2.9).

alternating voltage —

negative electrode | positive electrode
\‘j direction of the field ]/
| ions cell
| A+ g
| +
| 5 —
|
| m;*
! +
/ .— A/
plasma membrane

cell with ruptured

plasma membrane
Figure 2.9 : Biological cells act like tiny capac in an electrical field

This polarization or charge separation can be nredsm terms of the permittivity of the cell
suspension. Hence, intact biological cells actiras ¢apacitors in electrical fields whereas cells
with ruptured membranes theoretically do not cbuote to the permittivity. Any given cell
suspension shows a characteristic decrease in tigityiwhen applying alternating currents at
increasing frequencies in the range of 0.1-10 MH#s decrease, the-dispersion, is caused by
the polarization of cell membranes and can be ddflyy several dielectric parameters (details on
the parameters are described in chapter 5). Thaipity is decreasing in the range of the
dispersion starting on a low frequency plateau thairoduced by the complete polarization of
the cell membrane whereas the high frequency plateaue to the polarization of suspending

medium or liquid where frequency is too high to smpolarization of the cell membrane.
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Additional dispersions can be observed at lower hmgher frequencies caused by different
effects (Markx and Davey, 1999; Foster and Schvgg9l

However, only thé-dispersion is of relevance for biomass estima#isithe permittivity signals
observed in the low-frequency range of telispersion can be used for biomass estimation.
Generally, it is the biovolume or membrane enclogetlme fraction that is estimated by
permittivity measurements. Several commercial systare now available. All of these comprise
in situ sterilizable probes that, in most cases, use adimectrode probe design to reduce
electrode polarization effects (Figure 2.10). Thstam then computes permittivity, conductivity

and theb-dispersion parameters in real-time.

Details on the measurement of permittivity andréisted parameters and practical applications
of the technology are further described in chaptand appendix IlI.

< electric fielc

electrodes

probe body

Figure 2.10 : Probe tip of a typical commercialrpigtivity-based biomass probe (shown here:
Fogale Biomass Systé&h
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CHAPTER 3 DEVELOPMENT OF A SCALABLE PROCESS FOR
HIGH-YIELD LENTIVIRAL VECTOR PRODUCTION BY TRANSIEN T
TRANSFECTION OF HEK293 SUSPENSION CULTURES

3.1 Article Presentation

This chapter presents the journal artiti¥evelopment of a scalable process for high-yield
lentiviral vector production by transient transfection of HEK293 suspension cultures” This
article was published in thiournal of Gene MedicineThis thesis aims to develop a production
strategy suitable for the mass production of lergiwectors. To date, two complementary LV
production methods exist: 1) the use of stable agiclg or producer cell lines and 2) transient
transfection. Transient transfection offers advgesain terms of flexibility and a short time to
product. This strategy should therefore be ideatte rapid production of clinical trial lots angl i

the focus of this work.

The present paper describes the development ofakbde process for the high-yield LV
production by transient transfection in perfusiotures. The main hypothesis was that operation
at high cell density would increase LV titers whpleduction in perfusion mode could be used to
recover functional LV and thus address the issudowf LV stability. Several strategies to
increase specific and volumetric productity werepkayed in this work. Results suggest that,
using this high-yield production process, LV cobkl generated in an efficient manner for phase
I clinical trials in a single pilot scale bioreacto

In this work, we refer to results from two bioreactuns that are presented in this paper as run #2

(routine starting conditions) and run # 3 (improyedduction conditions).
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3.2 Development of a Scalable Process For High-Yield béviral
Vector Production by Transient Transfection of HEKZ293

Suspension Cultures

Sven Ansorgé? Stéphane Lanthiet, Julia Transfiguracion®, Yves Durochet, Olivier
Henry? and Amine Kament

! National Research Council Canada, Biotechnologgdrch Institute,
6100 Royalmount Avenue, Montréal, Québec H4P 2Rfada

% Ecole Polytechnique de Montréal, C.P. 6079, suentt2-ville,
Montréal, Québec H3C 3A7, Canada

3.2.1 Abstract

Background

Lentiviral vectors (LVs) offer several advantagegerm other gene delivery vectors. Their
potential for integration and long term expressibtherapeutic genes render them an interesting
tool for gene and cell therapy interventions. HogreMarge scale LV production remains an
important challenge for the translation of LV-basbé@rapeutic strategies to the clinic. The

development of robust processes for mass producfitN is needed.
Methods

A suspension-grown HEK293 cell line was exploited the production of GFP-expressing LVs
by transient PolyethyleniminéPEl)-based transfection with LV-encoding plasmahstructs.

Using third-generation packaging plasmids (Gag-FR#y), a VSV-G envelope and a self-
inactivating (SIN) transfer vector, we employedastgies to increase volumetric and specific
productivity. Functional LV titers were determinading a flow cytometry-based gene transfer

assay.
Results and Discussion

A combination of the most promising conditions (eese in cell density, medium selection,
reduction of PEI-DNA complexes per cell, additidnsodium butyrate) resulted in significantly

increased LV titers of more than 150-fold compatecon-optimized small-scale conditions,
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reaching infectious titers of ~1@ransducing units (tu)/mL. These conditions aalily scalable

and were validated in 3 L-scale perfusion cultures.
Conclusions

Our process produces LV in suspension culturessandnsequently easily scalable, industrially
viable and generated more thart't6tal functional LV particles in a single bioreactan. This
process will allow the production of LV by transigransfection in sufficiently large quantities

for phase I clinical trials in 10-20 L bioreactmate.

3.2.2 Introduction

Lentiviral vectors (LVs) are an increasingly imm@ort tool for gene and cell therapy
interventions. Each virus type offers an inheregit af properties for specific gene delivery
applications (Kay, Glorioso et al. 200LVs offer advantages over other vectors such as the
ability to transduce quiescent and non-dividings;ehe irreversible integration in the genome
and a large packaging capacity (Quinonez and S@&0fr2). Compared tgretroviral vectors,
LV do not show a preference for integration neangcription start sites (Montini, Cesana et al.
2006). LVs have already been used in phase | dlirtials in which efficient and safex vivo
gene delivery to T cells with good persistenteivo was demonstrated (Levine, Humeau et al.
2006; Kohn 2007).

Readily scalable and cost-effective LV productienof primary importance to successfully

implement LV-based therapy approaches in the clisgcan example, for a phase | clinical trial,

at least5” 10" functional LV particles would be required (MacGoed@001). Although the
interest in lentiviral vectors in research and depment steadily increased over the years,
protocols for their production have been given amiyor attention. The processes still rely on
the classical approach of transfecting adherent @dtures (Naldini, Blomer et al. 1996;
Coleman, Huentelman et al. 2003; Schonely, Afablal.e2003; Slepushkin, Chang et al. 2003;
Sena-Esteves, Tebbets et al. 2004; 2005; WarnoekieM et al. 2006; Lejeune, Truran et al.
2007; Bellintani, Piacenza et al. 2008; Kuroda,r€utet al. 2009).

To ease scale-up, attempts have been made to gestalole, inducible packaging or producer

cell lines thatstably express LV componentslowever, heir generation, in particular for self-
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inactivating (SIN) vectors, resulted only in lowelds (Kafri, van Praag et al. 1999; Klages, Zufyere
et al. 2000; Sparacio, Pfeiffer et al. 2001; IkeBakeuchi et al. 2003; Cronin, Zhang et al. 2005; N
Sun et al. 2005; Cockrell, Ma et al. 2006; Warnddlerten et al. 2006; Broussau, Jabbour et al.
2008; Throm, Ouma et al. 2009)

Currently, transient transfection remains the am#ple alternative to generate LVs, in particular
for early phases of production campaighsnsient transfection is a fast method for thedpotion

of sufficient amounts of viral vectors (Naldini,dher et al. 1996; Blesch 2004)he production of
viral vectors by transient transfection in largedsc suspension cultures has recently been
described by several independent studies (Durodtleaym et al. 2007; Hildinger, Baldi et al.
2007; Segura, Garnier et al. 200Tyansfection protocols also allow for the flexihjilito use
cytotoxic/cytostatic transgenes and/or vector cameptés (Bartz, Rogel et al. 199&ecently,it was
demonstrated that PEl-based transfection leadsetterbreproducibility of LV production
compared to common calcium phosphate-based prast@iaroda, Kutner et al. 2009 EIl also
allows theproduction of LV in suspension culture by transi@iansfection without the need of
medium exchange prior or after transfection, making process scalable (Segura, Garnier et al.
2007).

The efficiency of transient transfection is higldylture medium dependent and seems to be a
function of additives (e.g. anti-clumping agentsyl autrient availability before, during, and after
transfection (Pham, Perret et al. 2003; Pham, Petral. 2005; Pham, Kamen et al. 2006).
Enrichment of medium with peptones (or their additiafter transfection) results in superior
productivity following PEI-mediated transfectionh@m, Perret et al. 2003; Pham, Perret et al.
2005). The presence and concentration of chargéitiesnand polymers that interfere with
transfection varies from one medium to anotherpriactice, the choice of media candidates for
transfection is therefore limited. In many procesgsbe optimization of transfection protocols
consequently results in significant productivitypravements (Durocher, Perret et al. 2002;
Karolewski, Watson et al. 2003; Dormond, Menesesséax et al. 2009). Transfection protocols
for suspension cultures are typically performedatch mode. A limitation of this approach is

that common protocols are confined to rather low densities. Current studies report cell
densities of up t®" 10° cells/mL (Derouazi, Girard et al. 2004) with mogtimized protocols

being in the range of 0.5-10° cells/mL at the time of transfection (Durocher,aRhet al.
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2007). As a result, efforts are still needed tamge volumetric productivities of transfection
protocols.

A low half-life of 4-16 h is reported for LVs ancktroviral (RV) vectors (Higashikawa and
Chang 2001; Watson, Kobinger et al. 2002). This@més a challenge for the production of LV
and RV vectors, rendering processes based on repatah or fed-batch mode unattractive
(Cruz, Almeida et al. 2000; Cruz, Goncalves e2800; McTaggart and Al-Rubeai 2000). In a
previous study, the issue of a low LV stability waddressed by producing LVs in batch
replacement mode (Segura, Garnier et al. 2007).edewy a transfer of this process to industrial
operations is difficult (Geisse 2009). Perfusiondemausing acoustic cell filter devices for cell
retention has already been validated as an adweouagstrategy for adenoviral and retroviral
vector production (Ghani, Garnier et al. 2006; Herikamen et al. 2007). It allows a rapid
harvest of produced viral particles (Merten 2004d also alleviates nutrient limitations, leading

to higher specific productivity (Henry, Kamen et2007).

One important limiting step in LV production appe#n be the expression of LV-related genes,
possibly due to transcriptional silencing of thensfected plasmid DNA as observed for LV and
RV packaging cell lines (Kafri, van Praag et al999Jaalouk, Eliopoulos et al. 2000; Ni, Sun et
al. 2005). Therefore, the addition of n-butyricdaor its salt, sodium butyrate, in a concentration
range of 5-20 mM is often described in LV and Rddurction protocols (Soneoka, Cannon et al.
1995; Sakoda, Kasahara et al. 1999; Karolewskis@/aet al. 2003; Merten 2004; Sena-Esteves,
Tebbets et al. 2004)Butyrate leads to higher transcription and incrdaggpression of
transfected DNA (Altenburg, Via et al. 1976; Kru88l; Gloger, Arad et al. 1985; Gasmi, Glynn
et al. 1999; Davie 2003).

In this study, we present a scalable process ®iptbhduction of LV by transient transfection of
suspension-grown HEK293 cells in perfusion cultur@®e goal of this work was the

development of a process that could be easily feamsl to industrial bioreactor scale. We
conducted a complete daily medium exchange aféestection starting 1 day post-transfection
in small-scale experiments. This allowed harvestirigLV particles, removal of remaining

polyplexes and also provided additional nutrients the transfected cells. Overall, we
demonstrate how the combination of several strasefgi increase the productivity of the process

(increase in cell density, medium selection, optation of transfection conditions and addition
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of the expression-enhancing additive sodium butyré¢d to an improvement in LV yield of
more than 100-fold compared to non-optimized préidacconditions. Bioreactor perfusion
cultures were then performed for validation of tbenditions with a continuous medium
exchange rate of one reactor volume per day. Wikd improved yields, the process can allow
the production of LVs by transient transfectiorsufficiently large quantities for phase | clinical

trials in a single run using a pilot scale bioreact

3.2.3 Materials and Methods

3.2.3.1 Cell Culture

The HEK293SF-3F6 cell line, originally developed foe production of adenoviral vectors, was
used in this study (C6té, Garnier et al. 1998)sTddll line is highly transfectable and grows in

suspension under serum-free conditions.

Several culture media were tested for their abibtgustain production of LV in suspension: Two
formulations of LC-SFM (C6té, Garnier et al. 1998)re used in small-scale experiments: LC-
SFM L (LC-SFM + 0.1 % (v/v) lipid mixture (SIGMA, 5146) (Pham, Perret et al. 2003) and
LC-SFM GL (LC-SFM L supplemented with 0.5 % (v/v)elgtine peptone GPN3
(OrganoTechnie S.A. (La Courneuve, France)), (PhBerret et al. 2005)). For bioreactor
experiments, LC-SFM L was supplemented with 0.1 %AB(Celliance, Kankakee, IL);
HyQSFM4TransFx293 (HyQ) (Hyclone, Logan, UT), a coencial medium specifically
developed for transfection of HEK293 cells was eatdd as a second media formulation (Tom,
Bisson et al. 2007).

Hemacytometer counts using erythrosine B dye ednlusiere used to assess cellular density

and viability.

Stocks of sodium butyrate were prepared at a caraten of 1 M from n-butyric acid (SIGMA,
B-2503) and neutralized with 10 M NaOH.

3.2.3.2 Transient Transfection

The transfection protocol has been published imidetsewhere (Tom, Bisson et al. 2007). A
PEI:.DNA mass ratio of 2:1 was found to be optinaaltransient transfection of HEK293SF-3F6
(Durocher, Perret et al. 2002; Pham, Perret e2@03). We used a GFP-encoding SIN transfer
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vector (pCSII-CMV5-GFPq), third generation packagiplasmids for Gag-Pol and Rev
(PMDLg/pRRE#54 and pRSV-Rev) and a vector encotlregVSV-G enevelope (pSVCMV-IN-
VSVg) (Dull, Zufferey et al. 1998; Broussau, Jabbet al. 2008).A plasmid mass ratio of
1:1:1:2 (VSV-G: Gag-Pol: Rev: Lentiviral Transfeesfor) was used for transfection according
to previous results from our group (Segura, Garateal. 2007). Experiments were conducted
according to routine procedures using PEI-DNA cares (polyplexes) with a total DNA
amount of 1ng/10° cells. Precultures were passaged every 2-3 wajsep the cells in their
exponential growth phase. A few hours before treatgin, the cell suspension was centrifuged
(300" g, 5 min) and resuspended in fresh medium at tlggeted cell density for transfection. In
bioreactor experiments, the culture was grown é&t#ngeted cell density in perfusion mode and

transfected thereafter.

3.2.3.3 Harvest of LVs, Plasmid Production

As the production of HIV-forming proteins is initel as early as 5-6 h after transfection
(Jouvenet, Bieniasz et al. 2008), we conductedy daarvest of produced LV and a complete
medium exchange by centrifugation (3@§) 5 min) starting 1 day post-transfection in small-
scale experiments. LV-containing harvests werergdl through 0.4Bm HT Tuffryn membranes
(Pall, Ann Arbor, MI) to remove cell debris and r&td at -80°C until further analysis. During
bioreactor cultivations, the harvested supernated filtered through a Supor double membrane
with pore sizes of 0.8 and 0.4#n (Pall, Ann Arbor, MI).

The four LV-encoding plasmid constructs (Segurasni@a et al. 2007) were produced using an
in-house anion-exchange purification method (Streatiet al., manuscript in preparation) or

commercially available purification kits (QIAGEN&mid Giga Kit, Qiagen, Mississauga, ON).

3.2.3.4 Viral Quantitation and Productivity

Viral titer was determined using a flow cytometrgsied gene transfer assay (GTA). For this
purpose, HEK293E cells (clone 6E) were culturedFieestylé” 17 medium (Invitrogen).
Transduction and titer determination was perforraggreviously described (Segura, Garnier et
al. 2007). The limit of detection of this assay-# 10° tu/mL. We used an in-house LV standard
in all GTA experiments to minimize inter-assay waaility. All final titers were calculated

relative to this LV standard that was found to tabke over a period of more than one year after
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storage at -80°C in culture medium. The averagedsta concentration was calculated from
independent GTA experiments (n = 21). We observathadard deviation of ~30 % in these
experiments (# of total LV standard tests = 11%).confirm that GFP-expression was not the
result of pseudotransduction, control experiments welected samples were performed in the
presence of AZT (SIGMA, 106M). In all performed control experiments, the numbeGFP-

positive cells was at least reduced by 90 % contprditration without AZT (data not shown).

The cell-specific viral productivity for our experents (tu/cell) was calculated by dividing the
total functional produced LV particles after 4 dggsst-trasnfection by the number of cells at the

time of transfection.

3.2.3.5 Bioreactor Cultures

A similar bioreactor setup to the one used in #tigly has been described previously (Henry,
Kamen et al. 2007). Minor modifications comparedhs setup were the following: agitation
rate was set to 85 rpm, pH was controlled in thegeaof 7.1-7.2 by addition of GQrvia the
surface or sodium bicarbonate addition. The vessetking volume 2.7 L) was equipped with
probes to measure and control pH, DO and temperaind a Biomass Monitor 220 (Aber
Instruments, Aberystwyth, UK) for the measuremeihthe culture capacitance. The DO was
controlled by sparging pure oxygen in pulse moddlsGvere retained in the bioreactor using a
10 L acoustic filter (AppliSens, Schiedam, Netheds) operated in backflush mode (full

recycling of cell suspension into bioreactor athebackflush) with an interval of 30 min and a
run/stop ratio of 55/5 s. Bioreactor cultures wareculated at cell densities arourid 10°

cells/mL. Perfusion was started after initial grbvin batch mode at cell densities abdvel0°

cells/mL. The medium exchange rate was set inxgiéaments to one volume per day.



95

3.2.4 Results
3.2.4.1 Small Scale Production of LV

3.2.4.1.1 Production of LV at high cell density (HD)

We conducted small-scale shake flask experimentsdémtify improved LV production
conditions. The goal was an increase in volumgietd of the LV production process, targeting
an operation at high cell density (HCD). In a fieffiort, we increased the cell density at the time
of transfection from the routine cell density15f10° cells/mL to5” 10° cells/mL (fig. 3.1). The
yields from transient transfection and the producof viral vectors are highly dependent on the
physiological state of the cell culture (Pham, Beet al. 2003; Pham, Perret et al. 2005; Pham,
Kamen et al. 2006; Tom, Bisson et al. 2007). A delhsity was hence chosen which could be
supported by the selected medium and our chosewmugtion strategy (daily medium
replacement). When using the medium formulation@fM L, we observed cell growth in batch
mode up to a cell density of25" 10° cells/mL. In perfusion mode at one medium exchareye
day, the culture grew exponentially up 1010" cells/mL (data not shown). A cell density of
5" 10° cells/mL was consequently selected for the pradonadf LV at HCD as it corresponded
to early/middle exponential growth phase in pedaosimode under initial experimental

conditions.

We observed that it was possible to keep a constaattific productivity of ~2 tu/cell at HCD,
thereby achieving higher volumetric titers (figl3A). When transfecting at a cell density of
1" 10° cells/mL we reached maximum viral titers at 3 dagst-transfection (dpt) of ¥ 10°
tu/mL. At HCD, the LV titer was in the range 06~10° tu/mL. The cell density increased in
both cases after transfection and viability remdih&gh in all experiments until 4 dpt (>75 %)
(fig. 3.1 B).
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Figure 3.1 : Increase in cell density at transtatteads to higher viral titers at constant specifi

productivity in small scale experiments.

Experiments were conducted at low (LCD) and high aensity (HCD) in LC-SFM L. A: viral
titer. LCD (open bars), HCD (solid bars); B: cedinsity. total cell count (squares), viable cell
count (triangles), HCD (solid symbols), LCD (opgmbols)

3.2.4.1.2 Medium Selection for LV Production and Opmization of

Transfection Conditions

We consequently pursued this strategy and testeztalenedia for the transfection at HCD. We

sought to identify a medium formulation devoid aihibiting components that required no
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complete exchange of medium by centrifugation piooor after transfection. Medium exchange
should primarily be used to harvest LV and maintagh cell densities.

Although several commercial media formulations ti@nsient transfection are available today,
the choice of possible media candidates was limitedonly a few media (LC-SFM L; LC-SFM
GL; HyQ) showed the indispensable characteristicstis study: growth to high cell densities
(with daily medium replacement) and ‘suitabilityorf transfection (no interference with the
transfection process itself). An additional prefdeafeature of possible media candidates was
minimization/avoidance of animal-derived componefeeliminary growth tests revealed that
cell growth was equivalent or superior in LC-SFM @ihd HyQ (data not shown). Transfection
was then performed at LCD and HCD in the three medndidates (fig. 3.2). LC-SFM GL was
included to test if enriched medium formulationswabbe beneficial for LV production. GPN3
is, however, an animal-derived component and wassemuently not of interest for further
development of the production process. Indeed, EBF&L gave highest titers after transfection
at HCD (68" 10° tu/mL) at 2 and 3 dpt. HyQ also showed high pémt LCD with a higher
productivity of ~6 tu/cell. This high productivityould however not be transferred to HCD (~2
tu/cell). A possible reason for the lower cell-Sfiediters at HCD was increased aggregation and
formation of a cell ring at the shake flask waliring 2 dpt (not shown). PEI is known to have
toxic effects (Godbey and Mikos 2001; Kunath, vaarpe et al. 2003; Sun, Hia et al. 2008) and

might have therefore indirectly induced this pheeaon.
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Figure 3.2 : The effect of different culture mediathe production of LVs.

Experimental conditions were transfection at: H@D.C-SFM L (solid grey bars), HCD in LC-
SFM GL (solid black bars), LCD in HyQ (open barsylddCD in HyQ (hatched bars)

Consequently, the impact of a reduction in polypdexount was evaluated. Highest titers were

observed when transfecting with 0.4-01§ of total DNA/Q® cells (data not shownYhis

modification of the transfection protocol allowedma than doubling maximum titers 3 dpt to

~9” 10° tu/mL while using less than half of the total DN#nount for transfection (fig. 3.3).
Because of the high potential of HyQ at LCD, theesior cell growth characteristics and
medium properties (animal-derived component freediom), the optimization strategy was

continued using HyQ

3.2.4.1.3 Effect of sodium butyrate on LV productia

In preliminary experiments, we evaluated the addinf sodium butyrate in batch cultures. We
observed reduced cell growth of HEK293SF-3F6 atceatrations higher than 2 mM. At
concentrations up to 5 mM, viability was howevet significantly affected over a period of four
days in preliminary batch cultures (data not showv® therefore tested sodium butyrate addition
after transfection at concentrations ranging frair®mM (fig. 3.3). Sodium butyrate was added
16 hours post-transfection (hpt) (Karolewski, Watst al. 2003) and the concentration was kept

constant after each subsequent medium replacetdsimy this strategy, maximum LV titers of
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10° tu/mL 2 dpt could be reached when adding butyaatn concentration of 5 mM. The amount
of produced LV decreased thereafter exponentiaédllgher concentrations of butyrate could not

significantly increase the yield of LV (data nobsin).

The kinetics of LV production under different exipeental conditions was changed significantly
when adding butyrate (compare fig. 3.2 and 3.3)allnexperiments, LV could be detected
starting 1 dpt. Without the addition of butyrateaximum LV titers were observed 3 dpt. Before
and after the maximum we found ~75 % (2 dpt) andou®O % (4 dpt) relative to the maximum
titer for each experiment. When adding butyrate, tilaximum in LV titer was found earlier (2
dpt), with an exponential decrease of LV titer be subsequent days (~50% after 3 dpt, ~20%
after 4 dpt).

The cell-specific viral productivity was in the gaof 2-70 tu/cell in small scale experiments
(table 3.1). Without the addition of butyrate, omi2-6 tu/cell were produced. These numbers
were increased up to 10-fold (~7.5-70 tu/cell) hg &ddition of butyrate at a concentration of up
to 5 mM. At cell densities 5 10° cells/mL, we observed a decrease in specific ity

(results not shown).
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Figure 3.3 : Effect of sodium butyrate additiondéferent concentrations on the production of
LVs.

All experiments shown were conducted in HyQ mediatrhigh cell density (HCD) and with 0.4

my of total DNAAQ® cells. Concentration of butyrate is shown infihare legend
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3.2.4.2 Bioreactor Scale LV Production in PerfusioMode

In order to evaluate the scalability of the pro¢cess production was conducted in a lab scale
bioreactor cultivation in perfusion mode (fig. 3.4first, non-optimized production and
transfection conditions were used. After transtectiat a cell density ofl” 10° cells/mL,
perfusion was stopped for 3 h to allow for polyplegtake. The harvested LV-containing
supernatant was stored at 4°C and collected oncéagyefor purification. After transfection at
1" 10° cells/mL, cell growth continued until the end bétexperiment. Viability remained higher
than 80 % during the whole experiment. Detectabieunts of LV were found in the bioreactor
from 1-6 dpt. Maximum viral titers were reached 3atdpt with ~7° 10° tu/mL. The titers
measured in the harvested supernatant followeddh® profile as in the reactor, indicating no

significant loss during storage at 4°C for (a maxmmof) 24 h.
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Figure 3.4 : Production of LV in lab scale bioreagierfusion system.

Initial conditions were used (transfection at LCD LC-SFM L). LV titer in harvest (solid
diamonds), LV titer in reactor (solid triangle)tal cell count (crosses), viable cell count (open

triangles)

After demonstrating the feasibility of LV produatioin perfusion mode, we validated the

improved experimental conditions from small scalpeziments (fig. 3.5). Perfusion was started
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at a cell density of 2 10° cells/mL and transfection was performed at5° 10° cells/mL.
Sodium butyrate was added 16 hpt at a concentrafi@ghmM. Cell growth slowed down after
transfection, reaching a maximum viable cell densit ~6" 10° cells/mL 2 dpt. Viability
remained high during the whole experiment (>80 Rkximum LV titers of 8" 10’ tu/mL were
found 2 dpt in the bioreactor supernatant. Compéwetbn-optimized production conditions, an
increase in maximum LV titers of ~100-fold was a&steid. First viral release was observed 1 dpt,

starting a few hours after the addition of butyrate
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Figure 3.5 : Profile of LV production in perfusienlture under improved conditions.

Improved experimental conditions were used (trastgfe at HCD in HyQ with total DNA
amount of 0.4y of total DNA/AQ® cells), addition of butyrate 16 hpt. LV titer iarvest (solid
diamonds), LV titer in reactor (solid triangle)tal cell count (crosses), viable cell count (open

triangles)

A total of ~35” 10" tu was produced in a single bioreactor run undgroved conditions,
compared to 8” 10° tu when initial conditions were used (fig. 3.6heTimproved production
resulted in a ~75-fold increase in total functiopatticle yield after 4 dpt. The differences in

production kinetics caused by butyrate additionenggnificant. An almost linear increase of the
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total functional produced particles was found undéral experimental conditions from 1-3 dpt.
In contrast, a steep increase was observed fronddt2vhen butyrate was added. The gain in

produced LV particles was low in both experimeriterat dpt.
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Figure 3.6 : Comparison of cumulative viral titéistal produced functional LV particles) of two

bioreactor perfusion cultures.

Initial experimental conditions (triangles, dashieg), improved conditions (solid circles, solid
line)

3.2.5 Discussion

We describe here transient transfection at high dehsity (HCD) without the need of
discontinuous medium exchange before or after featisn. We could circumvent the cell
density limitation of routine transfection protosddy producing LV in perfusion mode at HCD.
Previously, transfection protocols at HCD have besgorted (Backliwal, Hildinger et al. 2008;
Sun, Hia et al. 2008). These protocols require lawdiscontinuous concentration or dilution of
the cell suspension before or after transfecticaldiB Hacker et al. 2007; Backliwal, Hildinger et
al. 2008). In the present study, media is contisboexchanged to harvest produced LV and

alleviate nutrient limitations. The process is amsently industrially viable and readily scalable.

The results from the comparison of different meslimgest that the production of LV after

transient transfection is dependent on nutrientlaviity. Enriched medium formulations (LC-
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SFM GL, HyQ) outperformed our standard medium fdatian (LC-SFM L). These results
substantiate previous findings demonstrating thgravement in transient transfection yields by
nutrient additions (Pham, Perret et al. 2003; PHaentet et al. 2005; Pham, Kamen et al. 2006;
Tom, Bisson et al. 2007).

We observed that a significant decrease in polyptenunt leads to higher LV titers. Our results
concur with findings from our (unpublished results)d other studies for calcium-phosphate and
PEl-based transfection (Karolewski, Watson et @03 Sena-Esteves, Tebbets et al. 2004; Sun,
Hia et al. 2008; Kuroda, Kutner et al. 2009). Lovaenounts of polyplexes probably minimize
toxic effects of PEI, leading to higher productvdfter transient transfection. Interestingly, athe

studies also found optimal LV and recombinant propgoduction at values of 0.4-0n@ of total

DNA/10° cells for PEI-based transfection (Sun, Hia et2@08; Kuroda, Kutner et al. 2009).
Whereas most transfection protocols do not takentimeeber of transfected cells into account and
report the quantity of transfection reagents orolametric basis (per volume of transfected cell
suspension), the amount of polyplex used for testain should therefore rather be calculated on
a cell-specific basis. The DNA amounts used in ghesent study are significantly lower than
what is routinely used in calcium-phosphate preatmn (Karolewski, Watson et al. 2003; Sena-
Esteves, Tebbets et al. 2004). This further immowe cost-effectiveness of the method used
here.

The significant impact of sodium butyrate on thedurction of LV underlines that this compound
enhances the expression of limiting LV and retravi(RV) gene products (VSV-G, viral
packaging proteins and RNA) by increasing theingmiption. Findings for RV indicate that
butyrate in particular increases the productiorpaékageable viral RNA (Olsen and Sechelski
1995; Jaalouk, Crosato et al. 2006). Without traitah of butyrate, LV titers were possibly also
in our case significantly lower because of tramg@nal suppression of the viral RNA (Jaalouk,
Crosato et al. 2006). The maximum titer was readzatier and the decline in titer relative to the
maximum was accelerated when butyrate was add#ueritfore seems to have an impact on the
expression kinetics. Optimal expression of all fplasmid constructs for LV production took
place 2 dpt. The exponential decrease of LV titeavadays after the addition of butyrate might

be caused by a loss of transfected producer ¢elksirn due to the expression of the toxic LV
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proteins (in particular VSV-G andag). Another explanation could be that butyrate has a
different effect on the expression of the LV reqdiproteins over time.

Comparing the results to literature findings, thé fiter and the cell specific productivity of
functional LV after transient transfection were ganto what has been reported earlier by our
group (Segura, Garnier et al. 2007). A comparisath wesults from other groups is generally
difficult due to the variety of titration methodsuind in the literature. In addition, a comparison
of cell-specific yields is not always possible &ntV production protocols are often not
providing all necessary values, e.g. the cell dgnai the time of transfection. Furthermore,
differences in plasmid constructs might contribtdethe variability in LV titers found in the
literature. Using a 3-plasmid system, a yield of ~t@ell was observed by others for LV
production by transfection in adherent cells a&&.5 d (Kuroda, Kutner et al. 2009). This value
is also well in the range of the present studysiggpension-grown cells. In summary, the titers
observed in the current study should be similaoifsuperior to what has been so far reported for

protocols using adherent cells.

Table 3.1 summarizes the impact of changes in ssgalk production conditions based on the
total functional particle yield from each experimafter 4 dpt. The most significant increase in
production of LV particles was reached by butyradilition (~15 fold). A combination of the
most promising experimental conditions led to aarall increase in total functional LV particles

of ~150 fold in small-scale experiments.
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Table 3.1: Impact of change in small-scale proaunctondition based on the cumulative titers (tptalduced transducing particles 4

days after transfection)

Polyplex
Cell . .
. . amount Cumulative| Specific .
Experimental . density Butyrate . . . Relative
condition hGHUL cells/ HS mM titer DU titer
i DNA/10° tu tu/cell
cells
Initial conditions, 7
1x10° cells/mL LC-SFML| LCD 1 - 4.3x10 2 1.0
Cell density
increase to 5x10° [LC-SFM L| HCD 1 - 2.5x10° 2.3 5.8
cells/mL
DR HyQ HCD 0.4 . 4.6x10° 4.4 10.6
polyplexes
Addition of 9
butyrate HyQ HCD 0.4 5 6.8x10 70.5 158.3

The specific productivity was calculated basedhendell density at the time of transfection.



106

These conditions were then validated at the bidoeacale, resulting in an increase of ~75-fold
compared to a bioreactor production performed witm-optimized conditions. We observed
similar LV titer trends in the bioreactor and hastesl supernatant (stored at 4°C). These results
are in-line with findings suggesting that LV havemaich longer half-life at 4°C compared to
37°C (Higashikawa and Chang 2001) and indicate that continuous harvest of product
addressed the issue of the low LV stability.

The uptake of polyplexes was a fast process andteesin production of LV one day after
transfection. Transfection in perfusion mode ig¢fme feasible and an attractive alternative to
alleviate the nutrient limitations in current protds. Based on earlier results for the production
of RV in bioreactor scale, we expected higher giter bioreactor-scale compared to small-scale
cultures due to constant and controlled cultureditaoms (Ghani, Garnier et al. 2006). We
consequently attribute the lower LV yields in bictor scale to a less efficient transfection
process. The use of acoustic cell filter shoulddimctly influence LV titers but might cause an
increased detrimental cellular aggregation befiaesfection, resulting in a less efficient plasmid
transfer to cells. At this point, however, we cast exclude other possible explanations, in
particular because lower yields for production &f by transfection in bioreactor-scale (batch
mode) compared to small-scale have also been egpedrlier by our group (Segura, Garnier et
al. 2007).

3.2.6 Conclusions

We describe here the development of a scalableepsofor the production of LV in bioreactor
perfusion cultures by PEI-based transient transfiectUsing a suspension-grown HEK293 cell
line, a combination of several optimization strégsgesulted in an improvement of LV yield of

~150-fold compared to non-optimized production ctiods. We were able to generate

maximum LV titers in non-concentrated culture sumpéants of 40° tu/mL. We observed that
yields after transient transfection were dependenthe selected production medium and the
amount of polyplexes used for transfection. Theitamdof sodium butyrate was shown to alter
the production kinetics of LV and improved the protion by ~15-fold. Our improved
production conditions include transient transfacted high cell density in a medium that allows
transfection without the need of discontinuous medexchange. These results were successfully

validated in bioreactor scale.
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Future work will investigate an optimized harvesterin the bioreactor based on LV stability, a
further improvement of transfection parameters amderstanding of the LV production kinetics.

To our knowledge this is the first study describingproduction in perfused suspension culture,
resulting in an industrially viable process, i.eithout the need of discontinuous medium

exchange (batch replacement) at any time of thegs

The production process is easily scalable, costeffe and in particular less laborious than other
current LV production methods. It should allow fbe production of LV in sufficient quantities

for phase 1 clinical trials in 10-20 L perfusiomisactor scale.
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CHAPTER 4 CHARACTERIZATION OF LENTIVIRAL VECTOR
PRODUCTION KINETICS USING OFFLINE QUANTIFICATION
METHODS

4.1 Introduction

In routine production protocols, LV generation atefradation are confounded, rendering the
analysis of production kinetics and evolution of Igdality (as the ratio of functional to total

vector particles) difficult. These protocols invelwne or two harvests at different time points
after transfection from the supernatant of adhecaitures (see table 1.1; section 1.2.6). For a
complete analysis of LV production kinetics genieratand degradation processes would need to
be deconvoluted. As described in chapter 3, LVsewsrvested by sequential discontinuous
medium replacement and continuous perfusion modemall scale and bioreactor cultures,

respectively. Using this production strategy, tekeased particles are either once or twice daily
completely removed from the supernatant (smallegcal continuously harvested from the

culture (bioreactor). This operation mode, in maftr in bioreactor cultures, does not decouple
the two processes (viral production and vector @eda nevertheless facilitates the analysis of

production kinetics in comparison to operation &tdh mode.

Each LV quantification method targets a specifioparty or structural component of the vector.
In general, direct methods that are used for LVngtieation largely overestimate functional
titers (see also section 1.2.5). These methods nangertheless instrumental for process
development as they provide the means to assass yigld, recovery and product quality, i.e.
process efficiency. For the development of the petidn process, the main interest in comparing
the results from functional assays (indirect me#)aahd total particle quantification (VG/VP
titer) is the estimation of the quality of the puced LV preparation via the ratio of functional to
total particles. Only a handful of studies reparttbe analysis of LV quality in final preparations
and during production (Higashikawa and Chang 2Q0d@itta, Rimann et al. 2005; Geraerts,
Willems et al. 2006). For example, it was foundtth® quality is dependent on the vector
backbone and might vary if transfection conditicar® not stringently controlled (Geraerts,
Willems et al. 2006).
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The successful production of a functional partislenly possible if all of its components are
expressed simultaneously in a producer cell. It @xgsected that the comparison of production

kinetics and LV quality would therefore provide:

1) a better understanding of the transient nat@ithe production system, 2) important insights
on why these kinetics were observed and 3) possbbnues for optimization of the LV
production system.

In this chapter, the previously described LV quasdtion methods (described in chapter 2) were
used with the goal to further characterize LV prdthn kinetics under improved production
conditions in small scale and bioreactor cultutescontrast, chapter 3 only contains production
kinetics for functional LV titers based on GTA agsa

First, this chapter presents the characterizatibnL\6 production kinetics after transient
transfection in perfusion mode. A comparison of ibgults from several quantification methods
is made to pull out similarities and differenceghe evolution of vector titers after transfection.
To that end, the experimental observations fromlissw@ale and bioreactor cultures under
improved production conditions are analyzed. Secahe evolution of LV quality was
investigated during production at different mediarchange rates. Its value was found to change
significantly during the process and was a funcbbthe production conditions such as medium
exchange rate and sodium butyrate addition. Fingilg effect of butyrate on LV quality and

production kinetics is evaluated and discussed.

4.2 Results

4.2.1 Comparison of LV Production Kinetics in Perfision Mode

4.2.1.1 Functional LV Titer Production Kinetics

When producing LV using sequential medium replacgrmresmall scale or continuous perfusion
cultures, LV titers decreased exponentially afteg thaximum at 2 dpt. The LV production
kinetics in perfusion mode was greatly affected thg addition of sodium butyrate and
independent of cell density and medium composiwth a maximum at 2 dpt (see figures 3.1-3
and section 3.2.4.1). Without the addition of batgrsimilar kinetics were observed independent

of the medium composition with maximum functiondérs at 3 dpt but only slightly smaller
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values for 2 and 4 dpt. In contrast, transfectiorbatch cultures resulted in almost constant
functional LV titers from 2-4 dpt (fig. 4.1).
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Figure 4.1: LV production in small scale at 1 “seqtial discontinuous medium exchange per
day (DMD) * in comparison with production in batofode.

LV production in batch mode was performed aftendgfaction at the same cell density of a

culture taken from bioreactor run #3.

Using improved LV production conditions (see satt®l.4-5 for details) the kinetics for shake
flask and bioreactor cultures was overall similgith lower absolute values in bioreactor scale
(fig 4.2). At 2 “sequential discontinuous mediuntleanges per day (DMD)”, a faster decrease in

transducing units was observed after the maximusmiall scale cultures.
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Figure 4.2 : Functional viral titer, quantified lggne transfer assay (GTA) in small scale and
bioreactor experiments using improved productiomd@ons

(A) small scale results; average kinetics for ekpents at 1 discontinuous medium exchange per
day (1 DMD; n = 3) and 2 DMD (n = 6) are presented

(B) bioreactor cultures, values correspond to a@lsirculture performed at 1 and 2 VVD,
respectively (run #3 and #4, see table 4.1 B)

4.2.1.2 Production Kinetics of Total Particles Quatified by ELISA (VP Titer)

Although only a limited number of CAp24 ELISA assayere performed for comparison of the
different production conditions, the results gawvasstent data (fig. 4.3). Maximum VP titers
were observed at 3 dpt with 2X2@p/mL at 1 DMD (fig. 4.3 A). Slightly smaller vads were

found for 2 and 4 dpt. At a higher medium exchargje, the titers were significantly reduced

and a more distinct maximum was found at 3 dpalliconditions, the titers at 1 dpt were low or
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even below the detection limit of the ELISA ass&y the chosen dilutions of the samples).
Bioreactor cultures resulted in similar productikinetics (fig. 4.3 B). At 1 and 2 VVD, the
maximum VP titer in those experiments was found dpt.
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Figure 4.3 : LV production kinetics quantified byAg24 ELISA assay (VP titer) in small scale
and bioreactor experiments using improved prodaatinditions

(A) small scale results, values correspond to singtem@xents at 1 and 2 DMD

(B) bioreactor cultures, values correspond to a sioglieire performed at 1 and 2 VVD,
respectively (run #3 and #4)
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4.2.1.3 Production Kinetics of Total Particles Quatified by RT-PCR (VG
Titer)

In small scale experiments, the maximum in VG titex. the amount of lentiviral genomes
quantified by RT-PCR, was found for medium excharages at 1 and 2 DMD at 2 dpt (fig. 4.4
A). However, the differences with the values obsdryor subsequent production days were
small. In contrast, bioreactor cultures were shovthre VG titer maximum at a later time point,
while only minor differences for the values fronbAdpt were again observed (fig. 4.4 B). In

summary, the VG titer remained almost constant fitsnrmaximum until 5 dpt, independently of
production scale and medium exchange rate.

/‘M

1.0E+08 L

A 1.0e+10

=N
(=)
m
+

(=
©

1.0E+07
1.0E+06 ULl

viral titer (vg/mL)

1.0E+05 - T T

0 1 2 3 4 5
B time (dpt)
1.0E+10

1.0E+09

1.0E+08

1.0E+07

viral titer (vg/mL)

1.0E+06

1.0E+05 - t t t t t
0 1 2 3 4 5
time (dpt)

Figure 4.4 : LV production kinetics quantified bf fRRCR (VG titer)

(A) small scale results; average kinetics for expertsiahl discontinuous medium
exchange per day (1 DMD; n = 3) and 2 DMD (n =r2) presented

(B) bioreactor cultures, values correspond to a sioglieire performed at 1 and 2 VVD,
respectively (run #3 and #4)



4.2.1.4 Summary of LV Production Kinetics Results

Table 4.1: LV titer kinetics in small and bioreacszale

(A) LV titer kinetics in shake flask cultures (srihstale)

(B) LV titer kinetics in bioreactor scale

A Functional titer (GTA) VP titer (ELISAY) VG titer (PCR)
Operating 2 DMD
condition/ | 1 DMD" | 2 DMD " ﬁ %MB’V 1DMD | 2 DMD ZHDME' 1DMDY | 2 DMDY
parameter y yQ HyQ +

Time of
maximum 2 1.7 1.7 2=3 2.67 2.67 2 1.68 n.a.
titer (dpt)
LV titer at
4 dpt (in % 15 1.7 0.9 50 30 66 25 31 n.a.
of max)
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B Functional titer (GTA) VP titer (ELISA) VG titer EGR)
i 2 VD,
S(f:’éft‘itg‘ng} 1VWD, | 2D, ZHVC\Q/E 1VVD, | 2 VD, |2—|V5/E2 1VWD, | 2VWVWD,
run #3 run #4 YR, run #3 | run #4 YR T, run #3 run #4 HyQ +, run

parameter run #5 run #5 #5

Time of

maximum 2.1 1.67 1.67 3.1 2.78 n.a. 2.78 38 4.1""
titer (dpt)
LV titer at
4 dpt (in % 25 29 14.5 73 21 n.a. 72 100 100

of max)

I: % of maximum titer is shown

II: values represent average results of n = 3 inddpnt experiments

[ll: values represent average results of n = 6pedeent experiments

IV: values represent average results of n = 3 iaddpnt experiments
V: values represent average results of n = 3 inudp® experiments

VI: values represent average results of n = 2 iaddpnt experiments
VII: almost constant values from 2-5 dpt all biarea cultures were performed only once at eachaiey condition
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Table 4.1 compares LV production kinetics basedumctional, VP and VG titer quantification

in small and bioreactor scale. Functional vecttersi found their maximum independent of
operating condition and scale at around 2 dpt. [Uhtilpt, the functional titer then decreased
dramatically to 1-15 % of its maximum value in shsmale and 15-30 % in bioreactor cultures.
In contrast, VP titer and VG titer were showing maniform profiles from 2-4/5 dpt with almost
constant values for that part of the productionxie in VP and VG titer were thus less clearly
identifiable and in almost all cases found latamnthhe highest concentration of functional LVs

(also compare fig. 4.5 A).

Figure 4.5 compares LV production kinetics of twb tbe performed bioreactor perfusion
cultures at 1 and 2 VVD (run #3 and 4). First, theso examples demonstrate the reproducible
kinetics that was observed after quantificationhwdifferent methods (fig. 4.5 A). Second, the
differences in kinetics from the three quantifioatimethods are also well represented. In both
cultures, the viable cell countdc) increased after transfection and reached a mamwiatu~2 dpt
(fig. 4.5 B). This maximunwas observed at the same time than the maximumnictibnal LV
particles. Total GFP expression above backgrouneldevas measured starting at 1 dpt. From 1-

3 dpt, the expression then increased linearly @ndiipt after which it showed a smaller slope.
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Figure 4.5 : Evolution of LV kinetics in bioreactscale at 1 and 2 VVD

(A) functional, VG and VP titer
(B) vece (the fit of offline cell counts taken 2-3 timesilgas shown) and total GFP

expression
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4.2.2 Assessment of LV Quality Under Different Prodction Conditions

Most studies reported low values of 0.3-8 % forrd#o of transducing units to RNA titer. Mitta
et al. (2005) proposed the term VP (lentiviral wéetperformance), as the ratio of functional to
VP titer (CAp24 ELISA), and observed a wider rang®.01-70 %). It has, however, been
questioned if the VP titer is suitable for calcidatof LV quality, as other groups found that
CAp24 ELISA assays are the least reliable methaodofediction of LV titers (Geraerts et al.
2006; Ricks et al. 2008). Routine protocols alsasoee free CAp24 in supernatants (Geraerts et
al. 2006; Ricks et al. 2008). The results thusefiCAp24 from viral particles alone only if
purified samples are analyzed (Ricks et al. 2086&p; section 1.2.5.1). Consequently, to calculate

LV quality, we focused in the present work on tasults from RT-PCR.

The evolution of LV quality in a typical experimennder improved production conditions is
represented in figure 4.6. At 2 dpt, when the maxmfunctional titer was reached, LV quality
based on the ratio of GTA to RT-PCR was maximat&fo. Its value then decreased at 3 and 4
dpt (~ 3 and 2 %, respectively). For 2-4 dpt, a ksimprofile was observed for the LV quality
based on the ratio of GTA to CAp24 ELISA. In costrathe maximum was here already
observed at 1 dpt. The ELISA results for sampled atpt were, however, subject to high
variability.
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Figure 4.6 : Evolution of LV quality in typical shhacale experiment using improved production
conditions at 1 DMD.
Values represent the average of several experinfmstional titer: n = 3; VG titer: n = 3; VP

titer: n=1)
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4.2.2.1 Increased Perfusion Rate Results in High&V Quality

Figure 4.7 : Comparison of LV quality evolution ahg small scale and bioreactor production at

different medium exchange rates.
All experiments were performed using improved pcigun conditions
(A) small scale production at 1 and 2 DMD
(B) bioreactor production at 1 and 2 VVD (corresgiog to run # 3 and #4)

When medium exchange rate was increased to 2 DMdiall scale experiments (fig. 4.7 A), a
higher LV quality was found from 1-3 dpt than atDMD. Only towards the end of the
experiment, LV quality was lower than at 1 DMD. $heobservations were generally confirmed

in bioreactor scale (fig. 4.7 B), although the ewse in LV quality was lower compared to what
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was observed in small scale. In comparison, thebeurof total particles (VG titer) was similar
in small and bioreactor scale. The difference in gWality was thus caused by the higher

functional titers in small scale experiments.

4.2.2.2 Effect of Sodium Butyrate on LV Quality

After observing that LV quality under improved puation conditions was not constant during
the experiment, the effect of sodium butyrate addibn the evolution of the ratio of functional
to VG titers was investigated. Figure 4.8 presehés analysis of small scale experiments at
increasing butyrate concentrations (0, 1 and 5 mWhile both, VG and functional titer
increased after sodium butyrate addition, the eftat functional titer was much higher and
resulted in an increase in LV quality from arountb¥ % at 2 dpt. The evolution of LV quality
changed from a maximum at 3 dpt without butyrata tmaximum at 2 dpt when butyrate was
added which was in both cases corroborating withtime point of maximum functional LV
titer.

Figure 4.8 : Effect of sodium butyrate additioriL&thpt at different concentrations (0, 1, 5 mM).
Data represent small scale transfections at %/l in HyQ medium
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4.3 Discussion

Overall, reproducible production kinetics was okedrwhen butyrate was added to achieve high
LV yields, i.e. under improved production condisomMaximum functional LV titers were found
at 2 dpt, followed by an exponential decreaseat®4 dpt. In contrast, VG and VP titer showed
smaller differences and almost constant values f2edndpt. Nevertheless, the maximum in VP
titer was constantly observed at 3 dpt whereagp@decible maximum in VG titer could not be
clearly identified.

Also, it was demonstrated that LV quality (GTA : \fi&r) varied during the production and was
higher at increased medium exchange rates. Thistbasur knowledge, not been previously

reported in the literature.

As demonstrated in chapter 3, butyrate additioni8aantly increases LV production. With the

additional results for VG and VP titer kinetics hand, additional observations concerning this
‘butyrate effect’ could be made. It was observeat this effect is not primarily due to an increase
of viral RNA/RNA containing particles in the culaursupernatant. Although higher VG titers
were observed with increasing butyrate concentnatibe increase in functional LV was more

significant and resulted in higher LV quality ofradst 4-fold.

On the one hand, it was found that protein productdy transient transfection is generally
limited by two main parameters: 1) events regutpatime nuclear translocation of plasmid DNA
and 2) protein expression, i.e. transcriptional petancy and translational/post-translational
processes (Carpentier, Paris et al. 2007). Forb@kdd transfection, the same authors excluded
the delivery of plasmid constructs to producerscalt a bottleneck for production; high numbers
of plasmid copies (in the range of tens of thousgret cell) can be detected in producer cells at
1 dpt. In the present case, which employs almosmntidal PEI-based transfection, it can be
assumed that every cell received high amountsasinpid DNA in the range of tens of thousands

of copies per cell for each of the four LV-encodaugstructs.

On the other hand, LV production is generally leditby expression of the LV-encoding

constructs. Gene silencing has been put forwaré asason for expression loss during LV
production after transient transfection and alsstable packaging and producer cell lines (Kafri ,
van Praag et al. 1999; Ni, Sun et al. 2005; Jaal@Quksato et al. 2006; Sun, Goh et al. 2008).



130

Gene loss, in contrast, has been excluded as etanfor these observations as theg-pol
DNA can still be detected in stable packaging tets even without butyrate addition (Kafri,
van Praag et al. 1999; Sparacio, Pfeiffer et a0120Sodium butyrate is well described as a
powerful inducer of LV production leading to, masften temporary, peak titers over a few
consecutive days (Gasmi, Glynn et al. 1999; KarsleywWatson et al. 2003; Jaalouk, Crosato et
al. 2006). It acts on several levels, increasingression in VSV-G, mRNA, CAp24 and vector
RNA levels (Kafri, van Praag et al. 1999; JaaldDkgsato et al. 2006; Al Yacoub, Romanowska
et al. 2007). It is generally observed that bug/@uses hyperacetylation of histones, leading to
a higher transcription and an increased expressiomansfected DNA (Altenburg, Via et al.
1976; Kruh 1981; Gloger, Arad et al. 1985). Funthere, it activates several promoter types and
reduces effects caused by promoter interferenceniG&lynn et al. 1999; Jaalouk, Crosato et al.
2006). Yet, effects of butyrate in other transf@ctsystems, such as the production of adeno-
associated virus (AAV) vectors or recombinant prigeare not always beneficial and mixed
effects on LV titers have also been reported ((Sestaves, Tebbets et al. 2004) and unpublished
results from our lab). There only seems to be aomejffect on LV titers if the expression

efficiency of the affected construct is non-optirf¢na-Esteves, Tebbets et al. 2004).

Based on our results, it cannot be excluded thigirdie also enhanced nuclear translocation after
transfection but this mechanism has not been regantthe literature. Although our analysis was
entirely based on quantification methods that ahdyect LV components in cell-free culture
supernatants, a direct action on expression efitgieof the LV-encoding constructs is, in
contrast, very likely and in particular supporteg feports confirming the positive effect of
sodium butyrate on stable packaging and producbrlioes. This suggests that either the
volumetric expression in the transfected culturettoe intensity of the ‘butyrate effect’ on

expression of the LV-related proteins is not comistever time.

This corrorobates with our findings showing thatliea addition of butyrate does not increase
total LV yields (fig. AlV.13). This would, howevebe expected if butyrate actively increased the

translocation of plasmid DNA to the nucleus.

A direct effect of sodium butyrate addition on LYalsility can equally be excluded because
functional LVs were showing identical half-lifesd@pendent of harvest time and the addition of

sodium butyrate (appendix I, fig. Al.1).
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In chapter 3, it was hypothesized that the expoaledecrease of LV titers at 3 and 4 dpt was
caused by a loss of transfected producer cellstaltiee expression of the toxic LV proteins (in
particular VSV-G andyag) (chapter 3.2.5). VSV-G has fusogenic activity @isdexpression in
mammalian cells is known to result in scyncytianiation and cell death (Burns et al. 1993).
These authors found that VSV-G expression is msttito a short period before its presumed
accumulation on the cell surface leads to cell lde@he cytotoxicity of VSV-G is one of the
major obstacles for the generation of stable LVkpging and producer cell lines as its
constitutive expression prohibited in mammaliarisc€binn, Sauter et al. 2005; Kafri, van Praag
et al. 1999; Sparacio, Pfeiffer et al. 2001). Heme, made several additional observations
concerning the ‘butyrate effect’ and cytotoxicity:

1) without addition of butyrate cell density incsed by up to 10-fold after transfection. In
parallel, a 3-fold increase in VG titer was fourfteathe maximum in functional titer at 3 dpt
(appendix IV, fig. AIV.6 A)

2) although the number of ELISA assays was limiteghroducible VP titer kinetics with a

maximum after the functional titer maximum was fdwat around 3 dpt

3) analysis of protein content in culture supemitdy SDS-PAGE and Western blot confirmed
ELISA results and the presence of CAp24 until 4sdafyer transfection, with a maximum at 2-3
dpt (results not shown); in contrast, while VSV-@snadetected at 2-3 dpt, its amount was below

the detection limit at 4 dpt

4) the maximum cell density in small and bioreaccale corresponds to the maximum in viral
titer at 2 dpt (bioreactor: fig. 4.5; small-sca@pendix Il, fig. All.3)

For the present system, it is consequently hypabdghat the expression of VSV-G is limiting
LV production and that the maximum functional titefound when expression of this protein is
at its maximum. A subsequent loss of producer dallparticular due to the high expression
levels of VSV-G is then leading to a decrease mcfional LV titer at later time points. Future
work will consequently need to analyze in detathé non-functional particles produced in phase
3 and 4 indeed lacked the VSV-G envelope. If sanight be a possible avenue for process
optimization to increase yields by converting thesen-infectious virus-like particles to
infectious forms via lipofection agents or VSV-CGdéawn (Sharma, Murai et al. 1997; Abe, Chen
et al. 1998).
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4.4 Conclusion

Reproducible LV production kinetics was found ih etperiments under improved production
kinetics. At the same time, LV quality varied sigzantly during the process, suggesting that
expression kinetics of the LV components variedravee. Sodium butyrate addition was a key
factor for improved production and the observedytate effect’ translated into different kinetics
of functional and total LV (VG, VP titer). We prog® that the action of sodium butyrate is
essentially related to viral protein expressionwtiuld be of interest to further investigate in
detail what mechanisms are behind these obsergatideally using methods analyzing cellular

MRNA and protein levels.

The observations mainly suggest, however, thatrateye avenues at the molecular level should
be considered for further process optimization.seheould include the regulation of VSV-G or

the use of other, less cytotoxic envelopes.



133

CHAPTER 5 MONITORING LENTIVIRAL VECTOR PRODUCTION
KINETICS USING ONLINE PERMITTIVITY MEASUREMENTS

5.1 Article Presentation

This chapter presents the journal artitiéonitoring Lentiviral Vector Production Kinetics
Using Online Permittivity Measurements®. The chapter has been submitted tolbernal of

Biotechnology

To follow the progression of the transient trangtprocess in real-time, monitoring methods
that are able to directly monitor the viral release production kinetics need to be identified.
Such methods would facilitate process developmedtsaipport process optimization as well as
the implementation of PAT strategies for improvadgess robustness and in-process quality

control.

LVs are budding viruses and are thus similar toulmagruses, causing dramatic physiological
changes in the producer cells upon release. Parityittheasurements were thus evaluated as
real-time monitoring tool during LV production. Rreus studies have demonstrated that online
permittivity measurements have great potentialrotess development of viral vector production
processes. To analyze the online signal in detaias thus required to propose and validate an
offline measurement method for the analysis of ity measurements. To that end and for a
further understanding of the value and practicaliagtions of online permittivity measurements,
the reader is referred to appendix Il in which thal-time signal is evaluated in HEK293 batch
cultures. It was expected that the combinationhef ¢haracterization of production kinetics by
offline quantification of LVs (chapter 4) and theadysis of online measurements would help in

the understanding and determination of criticatpes events.

More specifically, it was assessed in the preséwipier if it is possible to relate real-time
monitoring signals and viral production kineticgdayields. It is demonstrated that permittivity
measurements are an informative and, to some extgmintitative tool for LV production
monitoring and supervision. A direct use of thensaigfor process control and decision-making
will enable process optimization and increase effstctivness of the process. The technology is

consequently one of the key tools to consider whgslementing PAT strategies.
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The bioreactor runs presented in chapter 5 correspmruns #2-5 (compare table All.2).

5.2 Monitoring Lentiviral Vector Production Kinetics us ing Online

Permittivity Measurements

Sven Ansorgé? Stéphane Lanthief, Julia Transfiguracion®, Olivier Henry? and Amine
Kamen™?'

! National Research Council Canada, Biotechnologgdrch Institute,
6100 Royalmount Avenue, Montréal, Québec H4P 2Rfada

% Ecole Polytechnique de Montréal, C.P. 6079, suentt2-ville,
Montréal, Québec H3C 3A7, Canada

5.2.1 Abstract

Lentiviral vectors (LVs) are effective delivery veles that are successfully used in gene and cell
therapy. LVs are most commonly produced via trarisigansfection of several plasmid
constructs in adherent cell cultures. Recently, described an efficient and scalable LV
production in serum-free suspension cultures. Théu facilitate translation of LV-based
interventions to the clinic, robustness of the piimbn processes needs to be documented to
ultimately achieve a specified quality and quantfyLV production lots. In this workin situ
real-time permittivity measurements were assessedotument LV production. Reproducible
process phases that were closely associated wittprioduction kinetics were identified. The
permittivity signal evolution was interpreted exfpilog various independent online and offline
monitoring measurements. The results suggest dllaiar membrane properties and, to a lesser
extent, cell size were the main factors contritgutio the permittivity variations. It is concluded
that the permittivity-related parameters can belwesereliable indicators for determination of the
optimum harvest time, thereby allowing real-timeessment of process performance and greatly

facilitating process optimization.

5.2.2 Introduction

The most advanced generations of lentiviral vectb¥s) are safe and potent tools for gene and
cell therapy interventions (Cockrell et al. 200TytR et al. 2007). Most LVs are derived from
human immunodeficiency virus type 1 (HIV-1) andtlmossess several advantages over other
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virus-based gene delivery vehicles, such as a lpagkaging capacity, the ability to infect non-
dividing cells and the absence of transferred dmling sequences (Vigna et al. 2000; Cockrell
et al. 2007). However, despite recent progresfenfield, mass production of LVs remains an
important limitation for the translation of LV-bak¢herapeutic strategies to the clinic (Ansorge
et al. 2010b)The low production yields of LVs, in combinationtivia fast decay rate at 37°C
(Higashikawa et al. 2001; Merten 2004), requirdghfer developments of efficient processes for
large-scale LV production. For lentiviral (LV) batso other vectors, such as adeno-associated
virus (AAV) vectors, transfection currently remaith& most effective option for mass production
due to the difficulty and time required to generstable producer cell lines (Throm et al. 2009;
Wright 2009). Large-scale transient transfectios alaeady been used for production of proteins
and viral vectors to generate preclinical and chhmaterial in a timely manner (Park et al. 2006;
Baldi et al. 2007; Durocher et al. 2007; Hildingsgtr al. 2007). Yet, these early generation
processes are generally not well characterizedtaldlee lack of detailed key process parameter
monitoring and sub-optimal control conditions iofgactors. One key avenue for optimization of
transfection processes is therefore the identiboatcharacterization and control of critical
process parameters to ensure robustness and redtae to batch variability (Geisse 2009).
Thus, to establish industrially viable LV productiprocesses, reliable monitoring tools are
required that either directly quantify the vectarsd/or reflect their release from the producer
cells. Concerning the at-line quantification ofoetinant proteins, important progress was made
in recent years (Chavane et al., 2008; Jacquenhat,e2008). These methods might also be
applicable to LV production but it remains to benamstrated that they are industrially viable
and able to measure, for example, vector functitnal

In general, reliable monitoring methods are a funelatal element to characterize cell culture
operations, facilitate their development and enguaEess consistency and robustness during
production (Junker et al. 2006). Although there hasn a constant interest in monitoring and
control technologies since the beginning of theustdal cell culture era, a renewed interest has
been generated from the release of FDA’s guidangerocess analytical technology (PAT). The
PAT initiative proposes a shift of biomanufacturiggality control from the laboratory to the
process site, ensuring a “Quality by Design”, resglin a pre-defined, i.e. ‘built-in’, final
product quality achieved by design. A successfuylliegtion of a PAT-based strategy requires
technologies and tools operatingsity, being non-invasive and generating online inforarat
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about multiple key bioprocess and/or metabolicaladgs (Teixeira et al. 2009). These monitoring
tools should provide global, macroscopic bioprocagputs ensuring their versatile and flexible

utilization in different production systems.

The biomass content is the most important variadlenonitor and control in any cell culture
process (Sonnleitner et al. 1992; Olsson et al718®iharju et al. 2007). Online situ probes
based on dielectric spectroscopy (permittivity nueasients) are established tools for biomass
monitoring. Unlike most other online approacheseldaspon the correlation of metabolic rates
(e.g. OUR) with cell density, permittivity measuremts provide a more direct information on the
biomass content. They are easily transferable fferdnt bioreactor scales and, as such, hold
great promise for application in process develogmdoreover, permittivity measurements have
the potential to provide meaningful additional reale information for process control and
optimization. Their use to monitor critical tramsit points in cell culture processes was
previously described during the production of baeuls expression vectors (BEVS) (Zeiser et
al. 1999; Zeiser et al. 2000) and, more recenhg, technology has been further evaluated in
other systems (Cannizzaro et al. 2003; Ansorgel.eR@EOa). These transition points were
typically related to significant changes in celtuldielectric properties, occurring when cell

physiology, morphology or metabolism is altered.

Upon viral infection, the initial release and theoguction of progeny virus are generally
associated with significant physiological changeshie host cells. These physiological changes,
in particular when taking place at the plasma memérlevel, directly affect the dielectric
properties of cells. Several studies describe thaitoring of these changes in single cells using
techniques such as electrorotation (Archer et391Berardi et al. 2009). Yet, the application of
these findings, i.e. the use of permittivity measoents in virus or viral vector production, is to
date limited to the BEV system. After infection iokect cell cultures with baculovirus, BEV
replication results in changes of the host cell gpipgy and morphology, most notably a
dramatic increase in the mean cell diameter. Thange in cell size can be monitored in real-
time and used to predict the infection’s succeskedficiency (Chico et al. 1998; Palomares et al.
2001). The onset of BEV release by budding from the cedhmhrane is also reflected in the
permittivity, in particular when the infection igrechronous (Zeiser et al. 1999; Zeiser et al.

2000). These findings were also helpful in the gsialof more complex systems in which BEV
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is used to produce AAV (Negrete et al. 2007; Ceuclgt al. 2008), allowing real-time
determination of the optimum harvest point.

The goal of this study was to determine whethemji&rvity measurements could provide
meaningful real-time information related to lentali vector production kinetics. LVs were
produced by transient transfection of suspensiomwgrHEK293 producer cells using a perfusion
process. The online permittivity data were coredatwith changes in biovolume and cell
diameter and were compared with viral productiamekcs, changes in oxygen consumption and
GFP expression. Significant changes in permittiaitg b-dispersion parameters were indicative
of the first viral release and the progress of Lidduction. Characteristic process phases were
identified from the analysis of the pattern of thaline data and were reproducibly observed
during LV production under different operating caimmhs. The results suggest that online
permittivity signal variations can be correlatedhwihe total viral particle yield. As the signal
allows the determination of lentiviral release ealrtime, it is concluded that the permittivity
measurements could be a useful tool to determingpéimal harvest time and provide an early

assessment of process performance.

5.2.3 Materials and Methods

5.2.3.1 Cell Culture

HEK293SF-3F6 cells were grown in suspension in HyR&TransFx293 (HyQ) (Hyclone,
Logan, UT) which was supplemented with Cell BoogiCB5) at 5 % (v/v) (Hyclone, Logan,
UT) when indicated (HyQ+). Subcultures were pasdayery 2-3 days to keep the cells in their
exponential growth phase. Hemacytometer countgyusipthrosine B dye exclusion were used

to assess cellular density (viable, total cell aquer mL {cc tcc)) and viability.

5.2.3.2 Bioreactor LV Production

5.2.3.2.1 Transient Transfection

The transfection protocol and process developmenthigh-yield LV production have been
previously described in detail (Ansorge et al. 20080 produce LVs, a GFP-encoding self-
inactivating transfer vector (pCSII-CMV5-GFPq), rthi generation packaging plasmids
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(PMDLg/pRRE#54 and pRSV-Rev) and a vector encodmegVSV-G envelope (pSVCMV-IN-

VSVg) (Dull et al. 1998; Broussau et al. 2008) wsiraultaneously transfected in HEK293 cells.
A plasmid mass ratio of 1:1:1:2 (VSV-G: Gag-PolvREeentiviral Transfer Vector) was used for
polyethylenimine (PEI)-mediated transfection acaugdto previous results from our group

(Segura, Garnier et al. 2007).

5.2.3.2.2 Bioreactor Cultures

The bioreactor setup was identical to the one presly described (Ansorge et al. 2009). Cultures
were grown in batch mode up to ~1-2%1@cwhen perfusion was started at 1 or 2 volume(s) of
medium per reactor volume per day (VVD). After feiag the targeted cell density (5-8 X10
vcg in perfusion mode, the culture was transfectedtiy addition of polyplexes. After
transfection, the LV-containing supernatant wast legpd°C until clarification and subsequently
stored at —80°C.

Pure oxygen was pulse sparged into the culturen@easing flow rates (depending on the
biomass content in the reactor) to control theal&sl oxygen at 40 % of air saturation. From the
total oxygen volume sparged into the bioreactar,dkygen sparging rate (OSR in mL/min) was

calculated as an indicator of the volumetric oxygensumption.
5.2.3.3 Lentiviral Quantification

5.2.3.3.1 Gene Transfer Assay (GTA)

Functional viral titers were determined using avfloytometry-based gene transfer assay (GTA)

(Ansorge et al. 2009). The limit of detection ofstlassay is ¥ 10° tu/mL. An in-house LV
standard was used in all GTA experiments to mingmrzer-assay variability. All final titers
were calculated relative to this LV standard, whigs found to be stable over a period of more
than one year after storage at -80°C in cultureinmedTransduction of selected samples was
performed in the presence of AZT (SIGMA) to ruld paeudotransduction.
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5.2.3.3.2 Total Viral Particle Quantification (VG titer) by Real-Time Polymerase Chain
Reaction (RT-PCR)

The VG titer, i.e. the amount of total viral paltis expressed as viral genomes (vg)/ml), was
determined using a SYBR-Gre@nl (SGI) quantitative RNA PCR assay (Roche Applied
Science, Laval, Qc). An in-house RNA standard wssduo quantify LV in supernatants from
production runs. After RNA purification from LV-ctaining supernatants using the High Pure
Viral RNA kit (Roche Applied Science, Laval, Qcamsples were treated with DNAse (DNA-
free Kit, Applied Biosystems, Foster City, CA). FPICR was then performed in a Carousel-
based LightCycler (Roche Applied Science, Laval) Qca Mastercycler ep realplex system
(Eppendorff, Hamburg, Germany). Primers (P1, P2)eténg a sequence in the woodchuck
hepatitis virus posttranscriptional regulatory eéem(WPRE) were selected using clone manager
(Sci-Ed Software, Cary, NC). Each reaction hadlame of 20nL with a concentration for each
primer of 0.5mMM (P1: LVWPREF: AGT-TGT-GGC-CCG-TTG-TCA-GG, P2: LVRRER:
AGG-CGA-GCA-GCC-ATG-GAA-AG), amplifying a sequende the WPRE element of 249
bp. The RNA standard was produced using the MEGABTRKit (Applied Biosystems, Foster
City, CA). For this purpose, WPRE from the LV tréarsvector (CSII-CMV-GFPq) was cloned
into pUC19 T7. The resulting plasmid pUC19 T7-LVWPRvas then linearized and in-vitro
transcribed. The transcript (RNA standard) with ength of 260 bases was purified
(MEGACLEAR Kkit, Applied Biosystems, Foster City, ¢/Aquantified by spectrophotometry and
aliquoted at the final standard concentrations Q1xk10' copies/reaction) in DEPC-treated
water. Specificity of the PCR reactions was conéidniby melting curve and agarose gel analysis.

The lower detection limit of this method is in tremge of 5x10vg/mL.
5.2.3.4 Cell Culture Samples Analyses

5.2.3.4.1 Cell size measurement

The volume weighted arithmetic mean cell diamet@rwas determined using a Z2™ Coulter
Counter® (Beckman Coulter, Mississauga, ON) withaperture diameter of 100 um, followed
by analysis of the size distributions with the Acomp® software package (Beckman Coulter).
The upper and lower analysis limits were 7.31 aB@ Bdm, respectively. To calculatd the

distributions were plotted as volume (%) againftdiameter (m). The lower analysis limit was
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then manually increased to select only that pathefdistribution corresponding to viable cells
for the calculation.

Each value ofl represents the average of at least two distribatitJsingd and the viable cell
count per mL \c©), the biovolume Ifv) was calculated using equation 5.1, assuming that th

distributions were evenly scattered:

3

bv=—" % " p’ vce (5.1)

bv was then considered as an estimate of the voluactidn of cellsP (equation 5.2 in section
5.3.5).

5.2.3.4.2 GFP measurement

The total expression of GFP was measured on a@ptect Gemini EM plate reader (Molecular
Devices, Sunnyvale, CA) in 96 well plates. 1XI&lls were distributed in each well and
fluorescence was measured at wavelengths of 488/83&m (excitation/emission/cutoff) after

fixation with 4 % formaldehyde.

5.2.3.5 Permittivity Measurements

In this study, a Biomass System® (Fogale nanot&ilmes, France) as well as a Biomass
Monitor 220 (Aber Instruments, Aberystwyth, UK) weemployed for the measurement of
permittivity across thé-dispersion frequency spectrum of ~0.1-10 MHz. Bsyktems provide
the b-dispersion parameterdé.ax fc, a) after fitting the frequency spectra. In additiadhe
Biomass Monitor 220 (Aber Instruments, AberystwythK) measures the dual-frequency
permittivity at 0.6 and 19.5 MHz, whereas the Biem&ystem/Biomass 400 (Fogale nanotech,
Nimes, France) routinely operates at 1 and 10 Mifayiding Dec. The calculation of thé-
dispersion parameters was performed with comméycalailable software packages, either
offline using AberScan (Aber Instruments) or in ly&@me with the Biomass 400 (Fogale

nanotech).

The underlying theory on the dielectric propertébiological cells has been described in detail
elsewhere.(Kell et al. 1985; Harris et al. 1987athiR) et al. 1987; Markx et al. 1999) In brief,
when placed in an alternating electric field, anyeg cell suspension shows a characteristic
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decrease in permittivity with increasing frequentiiis decrease, thedispersion, is caused by
the polarization of cell membranes (fig. 5.1). Tiesulting dielectric/permittivity increment
(D&way is directly correlated to the membrane enclosetunae fraction P) of the cell
suspension. For spherical cells at high viabilggd therefore a low membrane conductivity) and
for moderate values oP (P < 0.2), one can mathematically define this de@elag three
parameters P&y fc, @ and the equation of Schwan (eq. 5.2) (Schwan ;18&fris et al.
1987b):

max 4
with
Dé&.:  permittivity increment (F m)
r: cell radius (m)
P: volume fraction of cells (biovolumelp, = % 13N (5.2.1)
N: cell density (cells )

Cw: capacitance per membrane area f m
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Figure 5.1: Biological cells polarize in electrichélds, resulting in theb-dispersion when

frequency is increased in the range of 0.1-10 MHz.

See text in section 2.5 for details and furtherdaxgtion

The first parameteDea,.x can be measured as the difference in permittafitihe low-frequency
and the high-frequency plateau (permittivity inceent). The second parameter, the characteristic
frequency {¢), is the frequency at which the permittivity deased by halffc can be defined by
the following simplified equation (eq. 5.3) (SchwEdb67; Harris et al. 1987b; Patel et al. 2008b):

fo = (5.3)

with

s;: conductivity of the cytoplasm/intracellular conduity (mS cmi’)
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Sm conductivity of the medium (mS ¢t

As the value ofsy, is generally much higher thas in typical cell culture experiments, this

equation can be further simplified by omitting tkem ZL (Ansorge et al. 2010a).

A third parameter describing thedispersion isa (also called: Cole-Col@a). It is an empirical
parameter describing the decrease in permittivith wicreasing frequency in the Cole-Cole
equation (Cole et al. 1929 is generally associated to changes in the digtabwof cellular

electrical properties (Davey 1993).
5.2.4 Results and Discussion

5.2.4.1 LV Production in Bioreactor Runs

5.2.4.1.1 Identification of Process Phases

LVs were produced by transient transfection in éamtor cultures and the data of a
representative experiment are shown in figure B.2his culture, cells were transfected atca
of ~5x10 c/mL. After transfection, cell growth continuedatlecreased rate until a maximum

vecof ~6x10 c/mL was reached ~40 hours post-transfection (hpt).

LVs in the form of functional transducing units /(L) and total viral particles (vg/mL) were
first measured in the supernatant around 20 hpnakimum LV titer of ~4x10 tu/mL in the
supernatant was found at around 48 hpt, followedabyexponential decrease. The VG titer
profile showed a similar evolution from 20-40 hptowever, after the maximum in functional

viral particles was reached, the VG titer furthereased to achieve a maximum at ~96 hpt.

The small dilution of the cell suspension resultingm the addition of the polyplexes was
reflected in the values of the permittivitpec and its incrementQ&..y) Both values then
reached a maximum around the time of the firstlvielease (~24hpt) withDeg,.x exhibiting a
more distinct maximum compared f2gc. In contrast, the characteristic frequeni@y &chieved

a minimum at the time of the maximumftgc and D& ay
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Figure 5.2: High-yield LV production in bioreactsrale.

Dashed lines and numbers indicate characteristicgss phases which were identified according

to changes in permittivity and the relatedlispersion parameters

The overall LV production profile was thus brokeowsh into four distinct process transition
phases, defined according to the observed chamgései aforementioned online permittivity

signals b-dispersion parameters).

Phase 1 (0-24 hpt) was characterized by a relatieeease inDgax of 80%, whereas the
characteristic frequencyfd) decreased by 13 % and reached a minimum at the tif the
maximum inDe,ax During the second phase (24-50 hig.ax was found to decrease by ~38 %
while fc increased by ~28 %. This phase ended wheeached its maximum which coincided
with a slope change in the permittivity incremddiring phase 3 (50-75 hpt), the valuesaf, .«
and fc both decreased gradually. The onset of the laasel{75-120 hpt) corresponded to a

second minimum ific, paralleled by a slope changela,ax

Although LV release in the form of transducing e could be detected at low levels
at the end of phase 1, significant amounts of vitats, i.e. 10-100 % of the functional viral peak

titer and up to 30 % of the VG peak titer in therbactor supernatant, were not detected before
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the beginning of phase 2. It was therefore hypatkesthat the extrema iDg,.x andfc at the
transition from phase 1 to phase 2 were relatdflisoinitial viral release after transfection. The
subsequent changes also appeared to corresponctweitits related to LV production, such as
the transition into phase 3 which coincided witle thaximum in functional viral titer in the
reactor. Finally, at the beginning of phase 4, fiomal LV titers had significantly decreased (<30
%). In contrast, the VG titer remained stable, ¢ating that a large number of non-functional
viral particles containing viral RNA were constgmproduced after transfection.

5.2.4.1.2 Analysis of Biovolume and Multifrequencyermittivity Measurements

Only a few of the variables that affect the pernwiitt of the cell suspension can be measured by
standard cell culture methods. These include thanncell diameterd) and the cell densityN),

from which the biovolumeb{) can be calculated (equation 1). The biovolumehlmnsed as an
offline estimate of the online permittivity value, particular during the exponential growth phase
and when viability remains high (Zeiser et al. 1:988sorge et al. 2007). The valuelnfreflects
either the dual-frequency permittivityP@c/ D smz) Or, if multiplied by the cell radiu{*r) the
permittivity increment Dgnay) (See equation 2). Before transfection, a goodetation (R =
0.93) was observed betwebw r and the permittivity incremenDea,.« (fig. 5.3 A). However, the
samples taken after transfection, i.e. during ppegehase 1 and phase 2 did not follow the same
trend. In contrast, the samples from process phagksvere again in-line with the correlation

with the exception of those corresponding to tis¢ day of the cultivation (90-114 hpt).
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Figure 5.3: Regression lines fé@’&,.x and bv*r (A) andfc and the inverse of the mean cell

diameter (B); see equations 5.1-3 for the theaaktalationship of the variables.

Regressions were in both figures calculated basgdan samples from the exponential growth
phase in batch and before transfection in perfufiiengles); regression coefficients weré: R
0.93 (A) and R= 0.6 (B). Dashed circles mark samples at theaérilde culture; whereas dotted
circles mark the samples after transfection in gsscphase 1/ the beginning of phase 2. The

values from the perfusion culture correspond toctiigvation shown in 5.2 and 5.4

The characteristic frequencic) is directly affected by changes in cell diametatracellular
conductivity and membrane capacitance (equatioh f£3vas consequently plotted against the
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inverse of the offline measured cell diametér measured offline (fig. 5.3 B). Although a linear

relationship between the two variables is apparéetregression coefficient for this cultivation
was rather low (R= 0.6) even when the values obtained from prockases 1 and 2 and the late

stages of the culture were excluded from the resgrasas is further discussed later.

To further investigate the changeshidispersion parameters and a possible relationsftip
initial LV release and production kinetics, the rpétivity spectra were analyzed after mean
centering and variance scaling. Attributing the sanweight to the permittivity signals at the
different frequencies allowed inferring which oktlielectric parameters most likely caused the

observed changes in the spectrum (fig. 5.4).

Before transfection, the permittivity showed thensaresponse at all frequencies within the
dispersion range. After transfection, changes énpdrmittivity spectra occurred at 8-10 hpt when
a first inflection point in the data became apparé that time, permittivity measured at low
frequencies (0.3-1 MHz) increased at a much faster than measurement performed at high
frequencies (2-10 MHz). A second inflection poirdassthen observed at ~32-40 hpt, after which
the permittivity at lower frequencies decreased en@pidly than at high frequencies. These
inflection points were observed before the minimumfc and after the maximum iD&ax

respectively.
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Figure 5.4: Inflection points (marked by arrows) time mean-centered and variance-scaled
permittivity spectrum indicate changes in the digle properties of producer cells after
transfection; grey dashed lines mark process tianghases 1-4

The results from fig. 5.3 A and B indicate thatther a higher cell density with a slight increase
in phase 1 and 2 only nor differences in cell diten&ere solely responsible for the observed
changes in the permittivity increment and charastier frequency after transfection. That is,
during phases 1 and Dg..xincreased antt decreased to a larger extent than was expectad fro
the respective changesvaocord (fig. 5.3 A and B). Values for samples from thewend of the
cultivation also deviated from the correlationstlas remaining cells showed a lower permittivity
per biovolume. Although cell viability remained higuntil the end of the run (> 80 %), a
considerable amount of cell debris was observethgyhase 4, accompanied by an attachment
of biomass to the inner surface of the bioreadtaks flask and increased cell aggregation.
Others reported that permittivity measurements edaspredict the biovolume at decreasing
viability (Ducommun et al. 2001; Ducommun et al.02Q In fact, in the case of decreasing
viability, membrane conductance typically increasesulting in a lower cell-specific permittivity
(Patel et al. 2008b). One also needs to take ictoumt that cell viability is assessed differently

in the three methods used to measure the biovoldme&ectric spectroscopy, dye exclusion for
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viability measurements and cell size measuremddkiations might therefore be expected
towards the end of the cultivation.

The analysis of permittivity spectra gave indicaias to which of the dielectric parameters is
responsible for the changes in the permittivityctpan and thé-dispersion parameters. If no
significant changes in cell diameter, intracelldanductivity and membrane capacitance occur,
the response at all frequencies should be iden{eghations 2 and 3). This is the situation
observed prior to transfection, where only the atngé of theb-dispersion D&.sy), but not its
shape fc) changed. In principle, a decreasesinaccompanied by constant valuesGaf andr,
would result in a drop in permittivity at high fregncies and a decreasefofand Dgc without
affecting D&.ax Here, a variation is; alone during phase 1 and 2 can consequently Hededt
Yet, it is still possible thas; changed in parallel to the variations in cell deen andCy. In
contrast, and as was observed here, an increaSg ar r would result in a higher permittivity
signal at low frequencies without a significanteeff on the response at high frequencies.
Differences in the permittivity spectrum and inrtuhe dielectric properties of the producer cells,
were monitored as early as ~10-12 hpt, with pemfiytimeasured at the lower frequencies
increasing at a faster rate than at higher fregeen8ased on the results presented in fig. 5.3A
and B, the initial LV release causes an increagéenvalue ofCy of 30-70 %. These variations
were possibly caused by the LV budding processraggonsible for the characteristic profile of
the permittivity parameters observed during proidunct

It was reported earlier that the production of HBYming proteins is initiated as early as 5-6 h
after transfection (Jouvenet et al. 2008). Thisassistent with the early changes observable in
the permittivity spectra (fig. 5.4y was originally reported to be a biological constesith
values in the range of 1 + On/cnf and described as a measure of the ‘wrinklinesshefcell
membrane (Schwan 1957; Harris et al. 1987b; Patal. 2008b). More recent studies found,
however, thaCy changes after viral infection and overexpressibonation channels (Archer et
al. 1999; Zimmermann et al. 2008). It thereforense¢o be particularly affected by processes
involving the cellular membrane properties, suchf@sexample, exocytosis (loss of microvilli),
viral release, and apoptosis (Patel et al. 2008eel et al. 2008b). Reductions @y, of 40-60 %
were reported for several cell types after infectiath different viruses, such as herpes simplex

and polyomavirusCy is affected as early as a few hours post-infectigra result of the loss of
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membrane blebs and a more uniform membrane confarmer a membrane surface with more
irregularities (Archer et al. 1999; Berardi et 2009). For HIV-1, from which LV are derived, it
is hypothesized that the release of virus by mendhaudding and fission takes place very

shortly after the formation of particles (Goto et1®90).

In contrast, studies on BEV-infected insect celtures have mainly focused on the ‘charging’
phase right after infection during which an incee@s cell volume results in higher biovolume
and permittivity values. Only two of the studiesdgbing permittivity measurements in the BEV
system used multifrequency technology for monitpramd only one of those analyzed changes
in fc, which increased dramatically at the point oftflsaculovirus release (Ansorge et al. 2007).
However, a key difference to the present LV systerthat BEV-infected cells loose viability

rapidly after the first viral release.

5.2.4.1.3 Reproducibility and Comparison of Off- ad Online Methods for Monitoring of
LV Production

Consistently, similar LV production kinetics and mitoring results were observed in several
bioreactor perfusion cultures under different opega conditions (fig. 5.5) and could be
described using the same phase distribution patunng process phase 1 (0-24 hpt) and the
transition into phase 2 (24-50/70 hpt), a singlex<imam value for the oxygen sparging rate
(OSR) was observed, coinciding with the maximunbimvolume and permittivity. In contrast,
the total GFP expression attained high levels amlghases 3 and 4, with the culture at 1 VVD

resulting in higher values than the cultivation® &VD.
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Figure 5.5: Monitoring results for high-yield LV gutuction runs.

Three independent experiments are shown for cosgariThe culture in (B) is identical to the onesgred in fig. 5.2 and 5.4.

Operating conditions varied with:

(A): perfusion rate in volume(s) of medium per teacolume and day (VVD)ycc at time of transfection (Lao et al.): 1 VVD, 4.4
x1CP veg B: 2 VVD, 4.7 x16 vee C: 2 VVD, 8x16 vcc, for cultivations shown in A and B the same meditomposition (HyQ) was
used, culture shown in C included additional supgetation with CB5 (HyQ+)
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In all the cultures, the cell diameter was foundindially decrease after transfection, but
eventually increased during the transition intoggha. During the second phase, decreases in cell
size, Dénax Décl D& smuzand OSR were also observed while viability remdihegh in all cases.
The diameter returned to its value before trangfeaiuring phase 2 and increased significantly
thereafter (until phase 4). For all cultures, samipermittivity spectra were obtained and the
correlations betweehv*r, bv and Denax, Décl D& sun; and between cell diameter afcdwere,

respectively, similar (regressions not shown focaltures).

Also, the changes in cell diametdj) €learly played a role in the evolution B&,.x andfc. A first
maximum ind was observed from the transition of phase 1 ts@ltaat the beginning of the
initial viral release and was in-line with the maxim in D&,./the minimum infc. The second
inflection point in the permittivity spectrum (figg.5) coincided with the minimum in cell
diameter and/oCy.

The maximum in OSR might also be used as an immliadtthe initial lentiviral release and the
onset of the production phase. Changes in oxyg@&suwoption after viral infection are well
documented in the literature (Kussow 1995; Kameal.e1996; Lecina et al. 2006). During LV
production however, monitoring of OSR alone seenedorovide considerably less direct

information specific to the titer kinetics thémg,.x andfc.

If GFP is the transgene encoded by the viral vectmstruct, monitoring GFP expression can
also provide indication on the infection and pradrc kinetics of viral vectors (Henry et al.
2004; Kamen et al. 2004). This also holds for thedpction of VSV-G pseudotyped LVs in
which self-infection of the producer cells resuits high transgene expression once LV are
released (Farson et al. 2001; Bagnis et al. 200B)small scale experiments, the peak in
production after 48 hpt and the GFP expression aredsat 72 and 96 hpt correlated well over a
wide titer range (results not shown). In bioreacicale cultivations, a lower perfusion rate
resulted in less GFP expression in the producés, gessibly due to an increased residence time
of functional particles in the vessel. The usendditu probes could therefore be explored during
LV production (Gilbert et al. 2000). However, thalye of these measurements will be most
likely limited because information on functionafali titer would only be available with a delay
of 1 or 2 days. More importantly, once GFP willfeplaced by a different transgene of interest,
this method will be inapplicable.
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5.2.4.1.5 Changes in Online Permittivity Signals dsidicators of LV Yield

The ratio of functional to total particles is gesfr low during LV production with the
expression of LV proteins such a@mg or VSV-G being sufficient for the release of non-
functional enveloped patrticles (Haglund et al. 20G0ttlinger 2001; Higashikawa et al. 2001,
Sherer et al. 2003; Mitta et al. 2005; Pichlmaiale2007). All of these species bud off from the
membrane and would hence affect its propertiesy Weze also found to contain viral or cellular
DNA/RNA (Pichlmair et al. 2007; Zhao et al. 2008)dalead to an overestimation of VG titer.
We therefore evaluated if the relative changeshantivo keyb-dispersion parameterf; and
Denax could give indications on the total LV yield frobvioreactor runs. We found a good
correlation of the relative changesfmand Dgnax (during phase 2) and the total VG yield from
bioreactor LV productions (fig. 5.6). However, thegsults will need to be confirmed by future
cultures with a wider range in viral yield. In coagt to the VG titer evolution, the permittivity
signal and the production of functional particlesmtinuously decreased starting in phase 2. In
control experiments, SDS-PAGE and western blot akekthat 4 days after transfection, the
expression of VSV-G had dramatically decreased\irchntaining culture supernatants (results
not shown). Cytotoxic effects of the envelope prodSV-G were observed by others (Li et al.
1993; Quinonez et al. 2002; Pichlmair et al. 20B0@ao et al. 2008). Lysis of producer cells
induced by these toxic effects might explain whg tkinetics observed for VG titer and
functional viral particles varied in particular chg phase 3 and 4 (section 5.2.4.1.1, fig. 5.2 and
5.5).
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Figure 5.6: Relative changes during phase 2 in pivity-related parametersfghax and fc )

indicate total process vyield.

D&y R? = 0.9741:;fc: R? = 0.9332. Similar high regression coefficients evéound when
plotting the total yield after 2 dpt (not shownjjeovalue forDe,ax for a culture at low yield in

which the maximum was related to a cease in celvtir was omitted in the graph

5.2.5 Conclusions

To our knowledge, this study is the first presamtipermittivity measurements as online
monitoring tools for the detection of viral releasdter transfection. Previous reported
observations were made for systems in which viedtars are produced after infection of
producer cells. Based on online permittivity débay distinct and reproducible process transition
phases were identified during LV production anden&nown to be related to the initial release of
LVs and the kinetics of functional viral particlgets. Extrema and slope changes in khe
dispersion parameter®é&.» fc) indicated the first viral release at the end lodge 1 (~24 hpt),
the maximum functional viral titer in the culturapgernatant during phase 2 (~48 hpt) and the

optimal harvest time after phase 3/during phase72-06 hpt). These characteristic features were
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observed for different operating conditions, inahgddifferences in perfusion rate, cell density at
transfection and media composition (fig. 5.5).

Before transfection, a good correlation was fouatiieen offline biovolume measurements and
online permittivity signals (®0.9). In contrast, samples taken during the initieal release
phase (phase 1-2) exhibited higher permittivity uesl per biovolume and a decreased
characteristic frequencyfd) per cell diameter. After analysis of the permaityi spectra and
comparison with other off- and online measuremeahisas inferred that membrane capacitance
(Cw) must have increased significantly after transéecand around the time of first viral release.
The measured changes in cell size alone were, ®@wttier hand, not sufficient to explain the
differences inD&.ax Dec andfc, suggesting that LV budding could be detected d&ynittivity
measurements. However, the changes of cell memimaperties Cyv) during LV production
were not directly measured and it is consequentlysiple that other parameters (such as the
intracellular conductivity) were also affected. Thge of methods such as dielectrophoresis or
electrorotation should be of interest in this caht® shed light on the events occurring at the
cellular level and to better understand the impdctV release on the dielectric properties of
cells. Yet, it is not necessary to unambiguouskgntdy the dielectric parameter(s) affected

during LV production to use our observations fayqass characterization and control.

Compared to other methods (oxygen consumptionl, @& expression), dielectric spectroscopy
appeared to be the most sensitive and informatigefor online monitoring of LV production.
The use of changes P&, Dec andfc as guiding variables for the real-time identificatiof
action points or as a direct tool for perfusioneraontrol and final harvest should allow

optimizing LV production processes.

Interestingly, the relative changes/img,.x andfc correlated with the yield in total viral particles
(VG titer), suggesting that the method might beduse the real-time estimation of process yield.
These findings should not only facilitate LV protlon process characterization and
modelization but also enable advanced processaiofitne monitoring of parameters that are
indicative of process efficiency in real-time shobujreatly facilitate and speed up process
development and allow prediction of process peréroe and eventually failure. Such tools are
therefore invaluable to further support the eshplient of robust lentiviral vector production

processes in large-scale.
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Also, it is expected that the findings reportedeeicould be translated to other viral vector and
vaccine production processes based on transierdfé&@tion and infection.
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CHAPTER 6 OVERALL DISCUSSION, CONCLUSIONS AND
RECOMMENDATIONS

Lentiviral vectors are currently under investigatias gene delivery vehicles in more than 20
clinical trials. Meanwhile, the molecular architee of the vector system remains under
development. Improvements and possible modificatioh the system will depend on the

acceptance and success of these ongoing cliniahsl. tr

For LV mass manufacturing of final commercial miterit can be anticipated that stable
packaging and producer cell lines will be employddwever, it is questionable if the efforts to
produce a stable packaging or producer cell lireekmmeficial in early stages of an LV-based
therapy development when different or modified secdomponents often need to be evaluated.
To that end, transient transfection has advantagdsrms of flexibility and shorter time to
product. To date, yields from both production &gats are equivalent. It is therefore expected

that both technologies will be used in paralletha foreseeable future.

Although time-consuming and subject to large valitgh current production protocols using T-
flasks or culture dishes provide sufficient yieldisr small scale research applications.
Improvements in benchscale LV production proto@alsld increase yields significantly but the
approaches almost exclusively used adherent casliA comparison of results from different
groups is generally difficult due to the variety mfoduction protocols and titration methods
found in the literature. Optimization approacheglgd by bioprocess engineering principles are

only rarely reported.

However, to avoid production constraints in latealeation phases, robust and readily scalable
suspension based approaches need to be in plagaldoand large-scale productions, ideally
before preclinical studies and phase 1 clinical tre being contemplated.

This thesis deals with the production of LVs bynsi@nt transfection and describes their scalable
production. Some of the parameters that are dritaraefficient LV production were identified
and monitored or controlled to improve processdgelUsing a suspension-grown cell line for
production in perfusion mode, the issue of low LMbility was successfully addressed and
previous constraints concerning the scalability ppbduction methods were solved. More

specifically, the present work demonstrated thatdrdduction is amenable to the 3 L bioreactor
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scale. Beyond that, it is hypothesized that pradacin larger scales is feasible without major
changes in the production setup.

As a result of the perfusion strategy, the cellsitgrlimitation of common transfection protocols
was circumvented by producing LVs at high cell dgngHCD) of 5x1¢ c/mL. This strategy
should be transferable to other systems and adyamiia for unstable products for which the
production process needs to be performed in periusi

Optimization of transfection conditions further ieased LV titers. In our hands, best results
were obtained for a PEI:DNA mass ratio of 2:1 areew0.4-0.61g of total DNAAQ® cells was

used for transfection in HyQ medium. This strategguces toxic effects of PEI and increases the
cost-effectiveness of the method.

The addition of sodium butyrate had the most sigaift impact on LV production. At a
concentration of 5 mM, sodium butyrate alteredghaduction kinetics and increased total yields
by 15-fold.

The LV production kinetics after transient transi@e in perfusion mode was analyzed in detail.
It was found that productivity of functional LVs émhe ratio of functional to total LV particles
(LV quality) were changing during the process. Rigithn kinetics and the ratio of functional
(GTA) and total LV particles (VG/VP titer) were fod to differ from intial conditions when
using improved production conditions. Optimum esgien of all four plasmid constructs for LV
production took in the latter case place at 2 dggulting in highest functional titers and LV
quality. This ‘butyrate effect’ was attributed ta ancrease in the overall expression of the LV-
encoding constructs. VSV-G seemed to be criticaleanmproved production conditions and it
was hypothesized that its expression is limitingdoiction yields and confines the generation of
functional LV at high yield to transient productioha few days. If these findings hold true, this
might also have implications for the developmerd ase of stable cell lines, as these systems

would then also be intrinsically limited to shoi¥ [production windows.

Enriched medium formulations (LC-SFM GL, HyQ, HyQeutperformed standard medium
formulations (LC-SFM L, HyQ). LV production is thaéso a function of the nutrient availability
of the culture. Further work is however required uaderstand the influence of the cell’'s

physiological state on production yields. Prelinmjneesults did not allow determining if further
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process improvements were limited by metabolic trairgs or the efficiency of transfection at

high cell density.

Overall, the optimization strategy resulted in imyed production conditions delivering 100-150

fold higher total yields compared to routine snsaléle conditions. These conditions were then
validated at the 3-L bioreactor scale, resultingnnncrease of ~75-fold compared to a bioreactor
production performed under initial conditions. Antiauous harvest strategy and storage of LV at

low temperature outside the reactor allowed fordffieient rescue of functional LV.

Even when using improved production conditions, ¢led-specific productivity of functional
viral vector remained low (60-120 tu/cell). Thisncan part be explained by the low ratio of
functional to total LV particles (GTA:VG titer) ot-4 %. Due to differences in production
protocols, titration methods and plasmid construatslirect comparison of cell-specific yields
with other groups is not always possible. The adthserved here, with a maximum of >1%10
tu/mL in non-concentrated supernatants should tlesieiss be superior to what has been so far

reported by other groups.

We note that the process strategy developed invibik is flexible and can consequently be
easily modified to rapidly respond to the requiratsedefined by the final application for which
LV are generated. As a general recommendationfficient LV production it is pointed out that

the choice of the ideal production strategy isrecfion of several parameters including:
total LV quantity needed
downstream processing (DSP) strategy
o are functional LVs separated from total partickeghis required for the final
application?
o production yield (volume and titer) vs DSP capapity day

the importance of LV quality for the final applicat

In small-scale, i.e. for a total targeted produtyeeld of 0.5-1x18’ tu (for the model system) the
optimum production strategy would consist of LV guetion at 5-10x10c/mL at 2 DMD,
ensuring high total yields and LV quality. Cultusapernatants could then either be frozen for

subsequent purification or directly concentratedibbsacentrifugation.
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In bioreactor scale, i.e. for a targeted productjgeld of >1x18* tu, the choice of medium
exchange rate highly depends on the capacity asalirees of the downstream facilities and the
importance of LV quality. 2 VVD resulted in highéV quality than production at 1 VVD.
However twice the amount of LV-containing supernatés generated and LV-containing
supernatants can, due to the low LV stability, dmystored for limited periods (at 4°C) whereas
freezing of large volumes is challenging. The D&Rtegy is thus determining if production at

high medium exchange rates is advantageous.

It must be noted that total LV yields are knownhbi® a function of the LV system and the
transgene of interest; absolute yields might tleeeedliffer significantly from the values observed
for the model system used throughout this work. @escribed LV production platform should

be ideal for the testing of improved LV construatsl their evaluation from bench to bioreactor
scale. The scalable perfusion strategy will alsoilifate the development of LV-related

production and manufacturing technologies, suclaage scale downstream processing which
was previously limited by the inability to rapidenerate large volumes of highly concentrated

LV supernatants.

Current LV quantification methods are an importaanstraint for process development. Most
methods are time-consuming, standardization isnilg@&eeded and assay result variability is
generally high. Further development of novel quamatiion methods for lentiviral vectors and
other enveloped viruses is consequently needethalncontext, precision and time-to-result of
the different methods is instrumental to facilitapgocess development. To date, the
guantification of VG titer by RT-PCR seems to be thost advantageous direct method to assess
total particle numbers. Concerning indirect methoaolsr results indicate that it will be of
particular importance to control the passage numbértarget cells as this might significantly

decrease variability of functional LV titers.

Optimized operation and LV yield maximization o&thioreactor perfusion process require tools
that convey information on vector production inls&@e. For that purpose, we sought to link LV

production kinetics to online measurement signassa first step, suitable real-time tools for the
monitoring of LV production needed to be identifiddespite the, in comparison to other viral

vectors, low productivity of functional lentivirabectors after transfection, online situ

permittivity measurements were identified as thesmanformative tool for the rapid
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characterization of bioreactor productions. Basedhe real-time permittivity data, four distinct
and reproducible process transition phases wergifigel during LV production. The monitoring
results consistently reflected LV production kiestduring several bioreactor perfusion cultures
under different operating conditions. Changes aglgnals were related to the initial release of
LVs and the kinetics of functional viral particlgets. In addition, relative changes in the
dispersion parameter$c(and Deanay correlated with the total VG yield from bioreactbV
productions. In conclusion, the technology is oéajrvalue for the screening of different
production conditions and process developments lalso recommended as a PAT tool for
process characterization which is in turn a presstgufor performance optimization.

Despite the significant increase in LV yield whesing the improved production conditions
reported here, viral vector titers were low comgaiewhat is reported for other viral constructs
and production systems. For capsid virus-basedkgcsuch as adenoviral and adeno-associated
viral vectors, cell-specific yields in the range 1#-10" infectious viral particles per cell are
generally observed in HEK293 cells (Kamen, Henry0£0Aucoin, Perrier et al. 2008).
Baculovirus expression vectors, which are simitak¥s budding from the producer cells can be
produced in insect cells at yields of up td' 1ffectious particles/cell (Carinhas, Bernal et al.
2009). Such comparisons are, however, generalficdlif because of differences in viral (capsid
vs budding virus) and/or host cell (insect vs maimacells) biology. Nevertheless, even for
production of influenza virus which is, supposedtite closest system compared to LV
production, resulted in higher infectious partigields of 1G-10° IVP/cell in non-optimized
bioreactor batch productions (Le Ru, Jacob etGil02

It is thus expected that there is still a posgipito further improve current LV production
processes significantly. On the other hand, itisctuded that the dramatic effect of butyrate on
production yields and kinetics is at the same tarenitation for further process improvement.
The overexpression of LV-related proteins limiteguction windows. This is supported by our
findings that the time point of butyrate additioashno positive effect on total LV yields. The
extension of production windows seems to be a pmistrategy to achieve higher yields. This
would be possible if the loss of functional titeénslater process stages could be avoided. For
example, sequential transfection with the VSV-Gsplal might be explored as well as the
reversible inhibition of the fusogenic propertiéd/&V-G during production.
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At this point, most significant improvements caawever, be expected from modifications at the
molecular level, such as an increase in functiobdl stability, a decrease in envelope

cytotoxicity or regulation strategies for VSV-G.

Alternative LV envelopes have been described amdr thse would likely result in higher
functional vector yields (Verhoeyen and Cosset 2@nin, Zhang et al. 2005). Yet, LVs that
are not pseudotyped with VSV-G are limited to speeaipplications and target cells.

Beyond these improvements, another avenue for gsoggtimization is a further analysis of the
HEK293 metabolism in HyQ medium with the goal tentify and develop a) strategies to
further increase cell density at the time of tranbn without loss in specific productivity and b)
optimized medium formulations for the productionLdfs.

Therefore, more work integrating recent advancesmietabolic engineering and medium
optimization is required to further increase LV guation yields. Only preliminary data are
available on the impact of the physiological statel the nutrient availability at the time of
transfection on LV production yields. An exampletigt lactate concentrations at inhibiting
concentrations were observed in some of the bitweaerfusion cultures. Due to the limitations
of LV quantification methods, it is recommended gerform this evaluation using suitable

transfection model systems for which the protewdprct can be more reliably quantified.

Specific to LV production is an analysis of the mmance of lipids and lipid metabolism.
Extensive work related to the production of retravivectors suggests that cellular lipid content
and metabolism play a critical role in vector proiln (Merten 2004; Coroadinha, Alves et al.
2006; Coroadinha, Ribeiro et al. 2006; Coroadirthifya et al. 2006). As lipid content in the
produced vectors appears to determine their digbiti will be particularly in that context
instrumental to deconvolute effects on LV productend stability (Beer, Meyer et al. 2003;
Carmo, Faria et al. 2006; Coroadinha, Alves e2@D6).

Further work and in particular the demonstrationingproved process performance when using
the real-time signals for process control and decimaking is required. For example, the
permittivity signals could be used to directly aomhtthe harvest rate and for further advanced
process control or supervision to optimize the psscand maximize yields. Preliminary results
also suggest that the feed could be controlled coase real-time permittivity signal before

production, which would minimize medium consumption
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Overall, it is difficult to anticipate to what degg these strategies and their combination would
further improve LV production yields using the mbdgstem. Another avenue for future work
would thus be to evaluate if the critical parameidentified here are applicable and transferable

to other LV systems.

This work demonstrates that mass production of EMg suspension cultures is feasible in large
scale. Our findings will make the application oks$ke vectors cost-effective, facilitate their
experimental and clinical evaluation and eventusdlyder LVs more accessible to patients. The
strategies developed in this work provide unpreotzteyields of 18-10" tu/L corresponding to
10*%-10" vg/L of production supernatant. Although many aspeequire further research and
development and process optimization efforts, theggess in LV production described here
should enable the cost-effective and simple masduation of clinical LV material under GMP

conditions in the near future.
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APPENDICES

The appendix contains preliminary and additiongbezdmental observations that facilitate the

understanding of the results presented in the peainof this thesis.

In appendix I, the stability of LV is assessedaéitl culture supernatants. Appendix Il summarizes
the efforts undertaken to further improve LV yieldsthe production system beyond the vyield
improvements described in chapter 3. This part tgowut the limitations of the current

production strategy. Finally, complementary expenits for the respective chapters as well as

additional information are presented in appendix Il

APPENDIX I- A Preliminary Study on the Stability of LVs in Culture

Supernatants

As was summarized earlier (section 1.2.4, 2.1t stability of functional LV is generally low,
with a half-life of only 3-18 h at 37 °C (Higashika and Chang 2001; Watson, Kobinger et al.
2002; Croyle, Callahan et al. 2004). Yet, literatwdoes not provide sufficient data on the
stability of lentiviral vectors in cell culture sematants. In most cases, pre-purified or
concentrated LVs are used to evaluate LV stalititfinal preparations. Here, it was of particular
interest to assess the viral decay during prodac#@cording to the results presented here, the
harvest strategy was modified, i.e. higher mediwechanges rates of 2 DMD/VVD were tested
to further increase process yields (appendix |l emapter 5).
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Al.1 Stability of functional LV produced in small<ale experiments

Figure Al.1: LV stability in small scale culturemernatants at 37°C

(A) LV decay in supernatants harvested from cultuassfiected using improved production
conditions and 2 DMD

(B) Modification of production conditions (sodium buaye addition) does not significantly
affect LV stability

The stability of functional LVs was evaluated aftervest of supernatants from cultures using
improved production conditions in small scale expents. Figure Al.1 presents the kinetics of
LV decay after incubation at 37°C. No significantfatences in LV stability were found for

harvests at varying production days (2-4 dpt) (A§1l A). The time point of butyrate addition
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did not affect LV stability (fig. Al.1 B). In all &ses, the loss in transducing units at 37°C
followed an exponential decrease. The half-lits)(of LVs was in most conditions between 8-10
h (refer to table Al.1 for half-life values). Vatians int'/, were, however, quite high (standard
deviations not shown), due to the fact that thdyasmawas based on GTA. Subsequently, LVs
harvested during a bioreactor perfusion culturen #3) were analyzed (fig. Al.2). A higher
number of samples allowed for a more reliable estiion oft'/, which was calculated at ~12-13
h. No difference was found fa, of LVs in supernatants harvested on 2 and 3 dppewtively.

At a reduced temperature of 4°C, the degradatidrtvsfwas slowed down and followed a linear
decay (/» of ~ 100 h).

In contrast, the viral decay based on VG titer wiasilar at 4 and 37°Ct'(, of 40-50 h). This

indicates that viral RNA degradation was not resgade for the rapid loss in the decay of
functional LVs. Similar kinetics for viral genomegtadation of VSV-G pseudotyped LVs were
observed by others. The same authors excluded enmyactivation and viral degradation as
responsible for the fast loss in LV infectivity ahgpothesized that the loss in functional LV is

associated to a loss in the capacity to performransa/transcription (Carmo, Panet et al. 2008).

In conclusion, the'/, of functional LVs was found to be in the range8ef3 h. Higher variations
were observed during the analysis of supernatamiduped in small scale cultures but these
could not be attributed to the modifications in gwotion conditions. It also needs to be noted
that lowert'/, values for PCR analysis compared to GTA resulteevieund at 4°C indicating
that further experiments are required to assessayddgnetics with higher confidence.
Nevertheless, the results provide a good indicatiorviral degradation during the process and
suggest production at increased medium exchange fat yield optimization (appendix I1). In
contrast, as these studies were performed in @l-6upernatants, the results do not allow
conclusions on the loss of functional LV due toaesduction of producer cells. Those events do,
however, most likely occur, as GFP expression dugmnoduction attained high levels and
correlated with maximum LV titers (chapter 4). Téignificance of retransduction events for
production yields would thus need to be evaluateadiditional studies.
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Al.2 Stability of functional LV produced in bioredor cultures

Fig Al.2: LV stability at 37°C in cell free harvefsbm bioreactor supernatants; supernatants were
harvested from continuous bioreactor cultures an@ 3 dpt, bioreactor run corresponds to run #
3; (A) decay analyzed by GTA at 4 and 37 °C, nbt this figure is identical to fig. 2.2; (B)
decay at 4 and 37 °C analyzed by PCR



Table Al.1: LV stability in different production ales and conditions
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Improved Production Conditions

Modified Production Conditions

Harvest

Experiment!/ SGrr-I&I\I Scale| gioreactor Bioreactor Bioreactor (hpt), Small Socale I—r|]artvest Small Scale
Harvest Daj | 370 Scald' (GTA, | Scald' (GTA, | Scald'  (PCR | butyrate | (GTA, 37°C) EJF:)'t (GTA, 37 °C)
Exp #1V 37°C), run #3 | 4°C), run #3 | 4/37°C), run #3 ?r:jlg[i)tion Exp #2" o tion oty | V!

L dpt (S‘arl“/r‘g 8.1x10 1.3x10
titer, (tu/mL)t /5, ’ n.a. n.a. n.a. 16,0
=) 8.4, 0.99. 6.35 0.99
2 dot (start 1.5x10,

p starting
titer, 7.1x10, 5.2x10, 4x10, 54, 0.01 40.0 2.14x16, 48, no 2.3x10,
(Eu/m;A/g/mL) 10, 0.99 | 12.850.99| 109.2,0.96 9.5x10, ’ 5.660.99,| butyrate | 10.440.99
t2 ) 38 0.97
or. tumu 1.8x10, | 7.6x1d, | 8.66x10, - n g | 730, 72,n0 | 4x1d,15.3
R) “| 9.3 009 | 13:340.99 | 88.460.91 o ’ 8.1,0.99 | butyrate 0.99
4 dpt (starting 2 14x16
titer, (tu/mL)t'/5, 5083)(01 gg n.a. n.a. n.a. 40, 6 9 '66)(0 8'9

R)

t'/,: half-life

I: scale (quantification method, temperature, eixpent #)

II: harvest time (LV starting titer, half-life, regssion coefficient)
[ll: harvest from cell-free supernatant (perfusi@rvest), run #3, improved production conditionbimreactor, 1 VVD
IV: experimental conditions: improved productiomddions, 2 DMD
V: experimental conditions: improved production dihions, butyrate addition at different time points
VI: transfection at 5x106 c/mL, no butyrate additio
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APPENDIX II- Exploring Process Limits in LV Product ion:

Operation Windows for High Cell Density Transfectian in Small and

Bioreactor Scale

All.1 INTRODUCTION

The production of viral vectors is typically penfioed at low cell densities only (refer to
references in chapter 1 and 3). In other viral segroduction systems, productivity highly
depends on the physiological state of the prodoeks at the time of infection (Henry, Dormond
et al. 2004; Kamen and Henry 2004; Henry, KamemleR007b). This phenomenon is now
commonly described as the cell density effect whiels first identified during the production of
adenoviral vectors (Garnier, Coté et al. 1994; Mad&arnier et al. 2003). Perfusion strategies
have been demonstrated to alleviate unidentifietient limitations and byproduct inhibitions,
thereby enabling the production at higher cell desss(Henry, Kamen et al. 2007a). Similarly,
routine transfection protocols for the productioh recombinant proteins employ low cell
densities only (Durocher, Perret et al. 2002; DarguGirard et al. 2004; Pham, Kamen et al.
2006). Transfection at high cell density in perfusmode has now also been described (Sun, Hia
et al. 2008). However, for most recombinant proslugbroduction in perfusion is not
economically justifiable. Perfusion processes aeegally associated to a higher contamination
risk, are more complex to operate, more difficalvalidate because of longer process times and
require dedicated facilities and skilled personioeénsure a robust operation. In contrast, fed-
batch cultures can now be considered the indugagdard, mainly due to the success of
monoclonal-antibody based therapeutics which aresi exclusively produced in this process
mode (Wurm 2004). Consequently, production in pgdin mode is generally avoided as long as
product stability and titers are sufficiently higihallow for product accumulation in the reactor
over several days. In the case of LVs, however|diestability of functional particles requires
production with frequent harvest and medium reptead ((Merten 2004); refer to appendix | for
LV stability data). As it is the case for otherilakbiologicals, such as FVIII but also for some
monoclonal antibodies (Chu and Robinson 2001),icoatis production in perfusion mode is

therefore the strategy of choice for LVs.
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In chapter 3, a perfusion strategy for the higHeyigroduction of LV was described. Frequent
harvest of LVs by medium replacement allowed opegatt increased cell densities of up to

5x1P c/mL, superior to what was described earlier irtire transfection protocols.

This part of the appendix will summarize our effoundertaken to further improve LV yields in
the production system. It was the goal to explor@ define process limits for LV production at
high cell density. The first part of the resultpgandix 11.3.1) presents results for LV production
in small-scale experiments. It was then evaluateshat extent these process conditions could be

transferred to bioreactor scale (appendix 11.3.2).
All.2 Materials and Methods

All materials and methods used in this chapter wieseribed previously (chapter 2)
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All.3 Results and Discussion

All.3.1 LV production in small-scale experiments

All.3.1.1 LV Production at 1 DMD

Figure All.1: LV production in small scale at 1 dismtinuous medium exchange per day (DMD).

(A) LV production at 5x10 c¢/mL with 1 DMD leads to a total LV yield of >5x1@u at 4 dpt
(average of 3 independent experiments is shown)ptdduction in batch mode was performed
after transfection at the same cell density of leucel taken from bioreactor run #3 (see chapter 4
and section appendix 11.3.2; data shown in figueeidentical to what is shown in fig. 4.1)

(B) Increase in cell density at 1 DMD; productiomsere performed using the same transfection

(polyplex) mix for all cultures at 1 and 2 DMD, pestively, i.e. the volume of polyplex amount
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varied from 4-40 % of the final culture volume; was represent data from 3 independent

experiments

LV production employing improved conditions at Isabntinuous medium exchange per day
(DMD) identified in chapter 3 resulted in reprodulei production kinetics with high total yields
of >5x10 tu after 4 dpt per 20 mL shake flask (fig. All.).After transfection at a cell density
of 5x1C c¢/mL, the maximum functional titer was observedp®, followed by an exponential
decrease thereafter. In contrast, transfectioneasame cell density without subsequent medium

exchange, i.e. in batch mode, gave total yieldswiiere at least 2-3 fold lower.

Subsequently, a further increase in cell density @splored at the time of transfection (fig. All.1
B). Cell densities of up to 2xi@/mL were tested but resulted in only slightly eemsed
functional titers with similar kinetics at 1 DMD. tAthe same time, specific productivity

decreased dramatically from ~60 to ~20 tu/cell @Ad.1 B).

All.3.1.2 Production at 2 DMD Results in Higher Tat LV Yields

The study on the stability of infectious LVs in ttuk supernatants revealed that their half-life is
in the range of 8-13 h, a value independent ofithe of harvest during production (see appendix
| for details). Accordingly, the optimum harvesterdor LV should be about twice a day. It was
therefore investigated if production at an incréasedium exchange rate of 2 DMD resulted in
higher total yields of functional LV (fig. All.2)Operation at 2 discontinuous medium exchanges
per day (DMD) was expected to result in constanctiwnal titers (tu/mL) and increased total
yield due to the doubling of the harvested voluiié.production kinetics were indeed similar,

increasing the total yield to >1x@u corresponding to a specific productivity of ~tagell.

In comparison to production at 1 DMD, 2 medium exules per day resulted in a drop in LV
titers on 3 and 4 dpt. It is possible that the aisinnuous exchange of medium by centrifugation
and resuspension had detrimental effects on otded loss in producer cells. Furthermore, in
particular at cell densities >5x3@/mL a high degree of cell clumping made it difficto
resuspend the cell pellet after centrifugation @n8 4 dpt (see fig. AIV.16-17 for pictures). At 1
and 2 DMD, the viable cell density increased slighfter transfection at 5x®0c/mL and
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reached a maximum at ~7X1@mL at 2 dpt (fig. All.3). The cell density thelecreased until the
end of production at 4 dpt. Count errors for themeples were high, resulting in a high standard
deviation for the average of several experimentsbably because of the observed significant

cellular aggregation.

Figure All.2: LV production using improved produmti conditions in small scale at 1 and 2

DMD

The values correspond to average values from nndépendent experiments at 1 DMD and n =

5 at 2 DMD; error bars represent the respectivedstiad deviations.
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Figure All.3: Cell density and viability during sthiacale LV production at 1 and 2 DMD.
Improved production conditions with transfectiorsat.®® c/mL were used. Error bars represent

standard deviations from independent experimenBMD: n = 3; 2 DMD: n = 5).

As a higher medium exchange rate also increasesutinient supply to the culture, a cell density
increase at the time of transfection was then erdl@t 2 DMD. Higher titers and total yields
were achieved at cell densities superior to $xcI@L (fig All.4 A). Yet, when increasing the cell
density beyond 5xf0c/mL, a decrease in specific productivity by ~30M#s observed. During
these experiments, the polyplex volume varied (simo what was previously presented in fig.
All.1 B), corresponding to 40 % of the final cukwolume for transfection at 2x16/mL.

All.3.1.3 Effect of Medium Supplementation on LV Bduction and Constraints for Scalability

Previously, it was observed that the use of arckad medium composition (HyQ) had a positive
effect on LV production. It was hypothesized thhtstwas due to an improved nutrient
availability and physiological state of the cultwaethe time of transfection (see chapter 3, fig.
3.2). It was consequently tested if additional $yppf nutrients could further improve
productivity and LV yields. A commercial medium glgment (cell boost 5 (CB5 req)),
developed for fed-batch cultivations, was useduinsequent experiments. In previous work and

preliminary experiments (unpublished results froom group; fig. AlV.11), it could be shown
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that the addition of CB5 reg at a concentratio® &b (v/v) significantly improved growth of the

HEK293 cell line. A significant increase in prolié&ion rate during the post-exponential growth
phase was observed, thereby reaching higher maximelindensities in batch cultures. As
supplementation of the medium with up to 10 % (w¥)CB5 reg did not lead to a further

increase in cell density, supplementation with 5() of CB5 reg was evaluated for LV

production.

For this part of process yield optimization, themgarison of total yields and specific
productivity turned out to be challenging due te thtrinsic variability of the GTA assay (see
section 2.2, table 2.2). Due to the high standandation of this assay, it was difficult to detect
effects of production conditions that resulted iffedences smaller or equal to 2-fold. For
subsequent experiments, an internal standardaighake flask which was transfected using
improved production conditions at 2 DMD (HyQ medjud4 ng of total DNA per 1x10cells,
addition of 5 mM butyrate at 16 hpt) was therefim@uded. In all experiments, the results were

then normalized to this condition.

When CB5 reg was added post-transfection, i.etisgawith the first medium exchange at 16
hpt, the increase in yield was small compared o rédgular HyQ formulation (fig. All.4 A)
Supplementation of HyQ with CB5 reg before transéecwas not feasible because transfection
was dramatically inhibited, resulting in no funct& virus particles that were detectable by GTA
after transfection (data not shown). This inhibitiwas overcome by using CB5 mod and the
HyQ+ medium formulation (see methodology). Subsatjegperiments were then performed at
increasing cell densities and 2 DMD (fig. All.4 B).

In addition, to ensure scalability of the produntmonditions to the bioreactor scale, the polyplex
volume was subsequently kept constant for all danth at 10 % of the final culture volume. In
particular due to the specifications of the levahtcol device, the bioreactor system used in this
work allows robust operation in perfusion only ifinaited culture volume range. This means that
an increase in 10 % of culture volume by polyplddition is considered as maximal if the small

scale conditions should be readily scalable.

Using HyQ+ and a constant polyplex volume of 1(u@&nsfection at cell densities of up to 1%10
c/mL resulted in higher total yields although sfiegoroductivity decreased when transfection
took place at densities beyond 5%tmL (fig. All.4 B).
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Figure All.4: LV production in small-scale at 2 DMPB a function of the cell density at the time
of transfection; CB5 reg.: regular formulation @ildoost which is inhibitory for transfection;
HyQ+: HyQ medium supplemented with CB5 mod, a medifformulation of cell boost that

does not inhibit transfection

(A) LV production at increased cell density at 2 DMising variable polyplex volumes which
were increased as a function of the cell density emrrespondend to 4-40 % of final culture

volume; CB5 reg was added only post-transfection

(B) LV production at increased cell density at DMBd constant polyplex volume (10 % of the
final culture volume)
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Figure All.5: Comparison of LV production at 2 DMB HyQ (at 5x18 c/mL) and HyQ+ (at
1x10 c¢/mL) medium

However, when comparing transfection at Ik0HyQ+ and 5x1® c/mL in HyQ, the gain in
viral titer and total LV yield did not formally reh statistical significance (fig All.5). On the one
hand, this means that under these production donditand with the described constraints, the
process limit was reached. On the other hand, L¥dgetion based on transfection was
reproducibly leading to functional LV titers thaewe superior to 1xfotu/mL in small scale,
corresponding to >1x1Btu per experiment. The reasons for why theseditioits were observed

remain unknown. Two major hypotheses need to lidsed in this context.

First, it is possible that nutrient limitations weresponsible for the decrease in specific
productivity. Nevertheless, major nutrients (sushghucose and amino acids) were not depleted
in any of the small-scale experiments. Similarlyptoducts such as lactate and ammonium were
far below or at the lower limit of what has beepaged as inhibiting concentrations, with the

exception of lactate concentration 1 day-post fexnton at 1 DMD (see fig. AlV.8).

Second, according to our results, in particular ¢becentration range in which polyplexes are
efficiently formed seems to require a further eatilbn. Strategies that use high cell densities to
increase productivity after transient transfectina not often described in the literature. Trartsien
transfection in medium that supports high transbecefficiencies at cell densities as high as
evaluated here has not yet been reported. Onlystudy described that the culture volume in

which the polyplexes are prepared does affect fieation efficiency during transfection at 1X10
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c/mL (Sun, Hia et al. 2008). The operation windafghese processes are generally not well
defined. We note that high cell density transfectiwith polyplexes prepared at routine

concentrations resulted in higher LV vyields (figl.A A). However, the cell suspension was also
significantly diluted with the addition of polypleg. An isolated analysis of this concentration
effect was therefore impossible. More work is tmeeded to establish robust transfection
protocols at high cell density. The present LV sgstwith its intrinsic constraints and variations

of viral quantification methods, does not seem eatlie ideal system to further investigate this

problem.

With respect to scalability, one of the constraiotshe present bioreactor system was that the
polyplex volume could not exceed 10 % of the fioalture volume. Perfusion reactors which

allow for higher flexibility might therefore be adrtageous for LV production.

Alternatively, direct addition of DNA to the cultirfollowed by PEI addition could be another
option for transfection at high cell density. Thimethod has first been described as one way to
overcome inhibitory properties of culture mediattage not suitable for transfection (Backliwal,
Hildinger et al. 2008). Although the direct sequanaddition of DNA and PEI simplifies the
production protocol by avoiding priori polyplex formation, large-scale reproducibility thfe
method remains to be demonstrated. Another majawlolick of this strategy is that the
associated costs would be significantly increaasdjigher amounts of purified DNA are needed
to achieve comparable transfection efficiencies ckBaal, Hildinger et al. 2008, and

unpublished results from our group).



All.3.1.4 Comparison of Functional LV Yields and Pect Particle Quantification Methods

Table All.1:LV yields from productions at high celénsity (5x18c/mL) at different operating conditions in smatkke
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Functional titer (GTA) VP titer (ELISA) VG titer (ER)
operating 2 DMD
condition/ ! i | 2DMD, v 2 ’ v vi | 2 DMD,
1 DMD 2 DMD HyQ+ 1 DMD DMD 'V Hylg + 1 DMD 2 DMD HyQ +
parameter
maximum
titer 1.6x10 3.1x16 6x10 2x10"° ox10 | 1.4x16°| 4.5x10 4.2x16 " n.a.
(LV/mL)
Total yield | 6.8+/-1.6 | 1.17+/-0.75 | 2.14+/-1.08 2 1 2| 1.8+/-0.6 3+/-0.45
(LV) x109 x101° xlOlo 1X101 6.4X1d 1.1X1d x1011 x1011 n.a.
Spec. prod.
70+/-16 117+-77 | 214+/-108| 10300 6400 11000, 18060 600 | 3000+/- 450 n.a.
(tu/cell)
n.a.. results not available

I: average values from n = 3 experiments

Il: average values from n = 6 experiments

[l average values of n = 2 experiments

IV:

V: average values from n = 3 experiments
VI: average values from n = 2 experiments
VII:  constant values from 2-5 dpt

values were based on a small number of daitetg0ovP titers for 1 dpt were not available
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Table All.1 summarizes the results for LV yields assessed by direct (GTA) and indirect
(CAp24 ELISA, PCR) guantification methods. An ingse in specific productivity of functional
LVs was found as result of an increased medium axgé rate (from 1 to 2 DMD) but also the
improvement of nutrient availability (from 2 DMD (@) to 2 DMD (HyQ+). VG titer yields
were higher at 2 DMD while there was a decreaséRrtiter from 1 to 2 DMD. The number of
experiments for which ELISA results were availabigs, however, too low to allow for a final
conclusion on the differences in VP titers. In gahehe improvements in titer were lower than
what was observed during the first part of prodgegsovement (chapter 3). As a consequence,
some of the modification in production conditiond dot formally reach statistical significant

titer differences.

In summary, higher cell densities at the time ah#fection resulted in increased total LV yields.
Beyond 1x10 c/mL, however, no increase in LV titer was obsdrvehen transfection was
performed in readily scalable conditions at 2 DMir(stant polyplex volume at 10 %). This
observation seems to correspond to previous resoiftoother systems (cell density effect)
(Garnier, Coté et al. 1994; Nadeau, Garnier €2@03; Henry, Kamen et al. 2007). Nevertheless,
in the present production system, an advanced mredarmulation combined with a high
medium exchange rate for LV harvest allows opegatih significantly increased cell density.
Our results do not allow to infer the reasons behime limitations in production yield. LV
production might be either limited by lower trarctfen efficiencies at densities beyond 110

c¢/mL and/or unidentified nutrient limitations anthibitions.

The operation window for efficient LV production svéhus defined to be in the range of 5-
10x1@ c/mL at the time of transfection. This value seras starting point for the transfer of the

production conditions to bioreactor scale.
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All.3.2 Transfer of LV production to bioreactor s¢a

The second part of this section presents the asabfsLV production in bioreactor cultures.
Based on batch growth results (appendix Ill), iswageneral concluded for the subsequent LV
productions in bioreactor scale that initial bagglowth should not be extended beyond a cell
density of ~2x10¢/mL. Growth in perfusion mode should then enshag the culture remains in
its exponential growth phase and in a favourabl&ab@dic state before transfection. In chapter 3,
the scalability of production conditions has alnedioeen demonstrated by two bioreactor
perfusion cultures (using starting and improved dpation conditions corresponding,
respectively, to run #2 and #3). Here, it was soughfurther characterize LV production in
bioreactor scale by comparing total yields from braiad bioreactor scale experiments as well as

changes in growth and metabolic rates.

In addition to previously discussed data, LV prdductin bioreactor scale employing improved
production conditions was evaluated in a totalltoké perfusion cultures (see table All.2 for
operating and production conditions).

All.3.2.1 Comparison of Yields from Small and Bicaetor Scale Experiments

When comparing the LV yields from small-scale amardmctor experiments, it was found that
yields from all bioreactor experiments were lowtable All.2 B). This finding was already
briefly discussed for run #3 in chapter 3 (sect®?.5). Taking the volume difference to shake
flask cultures (20 mL) into account, bioreactortatds were expected to generate 1-3%10 per
culture. In contrast, although all bioreactor crédgi gave consistently high total LV yields
(>3x10" tu), the total functional titers were 2.5-10 fédaver than in the comparable small scale
conditions. On the other hand, the VP and VG #telds were closer to the values observed in
small-scale and increased with each improvememranluction conditions from run #2-5 (fig.
AlL5).



Table All.2: Comparison of bioreactor runs conédan this work
(A)  Experimental conditions for bioreactor scaléutes in which HyQ medium was used
(B) LV yields from bioreactor cultures and conmipan to corresponding small scale experiments
A Operation Transfection
(mode, at cell density of | Growth rate’ cO), mfperm): :
erfusion (c/mL), after (batch pre-tr(gr?s/:fe)ct::)tr?) (dlg Medium, Remarks
P rate) cultivation time of '
Culture (h)
HyQ, no transfection; batch culture;
Run #1 batch T 0.67+/- 0.18 0.6+/-0.15 see appendix Il for process evoluti
: i : HyQ, process kinetics shown in
Run #3 pir{;al:())n, 4.4x10, 96 0.73+-007 0.36+-0.03 chapter 3 (fig. 3.5) and 4 (fig. 4.2-4
0.69+/-0.16 0.42+/-0.16 and 4.5 (1 VvD))
Run #4 perfusion,| , - 15 65 0.72+/-0.08 0.34+/-0.05 HyQ, see chapter 4 (fig. 4.2-4 B an
2VVD ' T 0.83+/-0.16 0.56+/- 0.15 4.5 (2 VVD) for process kinetics
: 0.61+/- 0.04 0.55+/- 0.09 HyQ+ (medium composition include
Run #5 pgr{y\jll:())n, 8x1¢, 120.5 5 % (v/v) of supplement mixture), see
0.74+/-0.08 0.56+/-0.08 chapter 5 for kinetics

o

Refer to chapters 3 and appendix 1.2 for the idieation of production conditions

l: average values in"d pre-transfection refers to phase of process pftgfusion start and before transfection
II: average value for exponential growth phase d@miypatch culture)

One bioreactor culture performed in starting cdodg using medium composition LC-SFM L (run #2nhi shown in the table; refer to fig. All.5, AlV.&s
well as chapter 3, fig. 3.4 for functional titen&tics
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B Functional titer (GTA) VP titer (ELISA) VG titer (ER)

Operatin

e 11w, |2 v, ﬁlé\jD’ 1 Wb, |2 wwb, ﬁlé\jD’ 1 VWD, |2 WD, a\é\iD'
run #3 | run #4 YOO run#3" | run #4 YOI | un #3 run #4 YR,

Parameter run #5 run #5 run #5

Maximum = 15215 | 3.0x1d | 3.1x16 | 2.2 x18° | 2.85x18 | n.a. 5.61x1d | 3.7x10 | 4.6x18

titer (LV/mL)

Total yield | 3.6x10" | 4.25x16" | 3x10* | 1.4x13* |2.4x1d® |n.a. 2.3x18 | 5x10® | 8x10®

Spec  prod 4, 33 14 11500 1900 n.a. 2000 3900 3600

(tu/cell)

Relative to total

expected yield 38.5 26.5 10.2 100.2 27.3 n.a. 93 121 n.a.

(%) v

IV: based on total yields from small scale experitse

[ll: ELISA results possibly overestimated but frea@ame assay as values for run #3

216
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Figure AlL.5: Functional (tu) and total particlegjvyield from bioreactor scale LV production

runs
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Figure AlL6: Viable cell density, permittivity, ediameter and growth rates during LV
production in bioreactor scale perfusion cultukéslues for three independent cultures are shown
(see runs #3-5 in table All.2). None of the valgesl counts, growth rates, permittivity) were
corrected for loss of cells when perfusion waststar

(A) growth rate andcc

(B) growth rate (based on biovolume)
(C)mean cell diameter



219

All.3.2.2 Growth rates and evolution in cell dianest

The observation that all bioreactor cultures gaweer functional yields than expected based on
small-scale results suggested that there was eamnsgit reason behind this finding. In contrast to
small-scale cultures, in which producer cells weancentrated in fresh medium before
transfection, the cultures were in bioreactor cbhods were grown in batch and perfusion mode
(at the targeted LV harvest rate (1 or 2 VVD)) lte targeted cell density without discontinuous
medium exchange (see chapter 2). It can thus hengskthat nutrient availability and byproduct
concentrations differed at the time of transfectidbhe importance of the cell’'s physiological
state at the time of infection during viral vectfmoduction has been demonstrated by others
(Henry, Dormond et al. 2004; Henry, Kamen et al020 The same authors also reported

increased metabolic rates during the viral vectodpction phase.

We therefore analyzed growth and, as the continmeedium exchange allowed for a reliable
calculation, the metabolic rates in the bioreacoltures. The goal was to identify potential
limitations in the current process and proposetesgias for further improvement of bioreactor

scale LV production.

Similar values were found for the average growth calculated using offline cell counts({co

or the online permittivity signat{(perm) in perfusion mode (table All.2). The appargrowth
rates during perfusion were in all cases lower ttharing initial batch growth (table All.2, fig.
All.6), which was partly due to a small loss oflseluring the onset of perfusion. We also note
that cell size was larger compared to batch cudtafeer perfusion was started and cell diameter
thus remained rather constant during the perfugltase (compare to batch culture in appendix
I, fig. Alll.1 A). The cell size increase was alseflected in higher growth rates based on the

permittivity signal (n(perm)) compared to{vcg.

During two of the three perfusion cultures (runafl #4), the growth rates{{/cc andn{perm)
reached their maximum (of ~0.8'@nd 1 &, respectively) during batch growth (fig. All.6)h@
situation was similar fom{perm) of run # 5 while the maximum ifvcc) was reached here after
perfusion was startedn{perm) remained almost constant in the pre-tratisiegphase in all
cultures (~0.5-0.6 8§ while a local maximum was in all cases reachednfwc after the
perfusion start. At the time of transfectiom(vc was in all cases at around 0.4-0.3, d

corresponding to the values found at the end obeeptial growth phase in batch cultures (see
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appendix I, fig. Alll.3). All cultures were, expérun #5, transfected at the maximum in growth

rate in perfusion moder(vco).

Although operated at different medium exchangesraten #3 and 4 were showing very similar

growth rate profiles. Nevertheless, differenceshia cell size evolution were observed between
the two cultures (fig. All.6 C). In addition, mocells were lost in the harvest during the start of
perfusion of run #4 resulting in a drop in growdter from -60-50 hpt. Run # 5 was showing a
very similar cell size evolution than run #4, wélcell diameter increase after perfusion start and
subsequent constant values before transfection. éMmdution of metabolic rates was then

analyzed during the bioreactor cultures. Becausheobbserved differences in cell diameter, i.e.
the increase in cell size when perfusion was staate2 VVD, those rates were calculated based

on the permittivity (gperm; refer to chapter 5 ¢grerm values in batch mode).
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Figure All.7: Metabolic rates for LV production bioreactor cultures; arrows indicate the time

of perfusion start for runs #3-5; dashed lines nthektime of transfection

(A) glucose consumption rate
(B) molar ratio lactate/glucose and lactate concepmmati

During the batch growth phase, the glucose consompate was during all three cultures at
~0.08- 0.1 mmol*cm/pF (corresponding to 0.2-@1B0l/1C° cells*h) during all three cultures
(fig. All.7). Those values were similar to what watsserved in batch cultures (see appendix lll,

table Alll.1). After the perfusion start, the sgexriglucose consumption rate (gperm (glc))
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increased by almost 2-fold at 2 VVD while similaalwes compared to batch growth were
observed during run #3 (at 1 VVD). At the time rsfection, gperm (glc) had then decreased
to ~0.07 mmol*cm/pF (runs # 4 and 5) while it wagngdiicantly lower at 1 VVD (0.03

mmol*cm/pF). After transfection, a maximum was tlieached at 16-30 hpt in all three cultures.

At 1 VVD, the lactate concentration during the cdetg culture remained at low levels with a
maximum at ~5 mM (fig. All.7 B). Much higher conceation were reached at 2 VVD, with
maxima at 15 (run #4) and ~20 mM (run #5).

As the specific production rates of lactate werewshg different kinetics than glucose

consumption, the molar ratios of lactate and glac¥fac/gic) varied significantly during the

three cultures. Maxima in the molar ratio were obse either before (runs # 3 and 5) or at
around the time of transfection (run #4). For rd ahd 5, minima in the molar ratio were
observed at around 48 hpt while run #4 was showm@lmost constant value from 24- 72 hpt.
Y(lac/glc) was in all cultures lower after trandfea than in the growth phase, indicating a more
efficient metabolism with less lactate productioonf glucose. Overall similar observations were
made for all cultures for the metabolic rates aattbs of glutamine and ammonium (results not

shown).

In summary, the metabolic profile of run #3 suggettat perfusion was started after the
beginning of the metabolic shift (compare chap)drécause lactate production ceased before the
perfusion start. This was confirmed by the decréasell diameter during batch growth that was
indicating reduced metabolic activity in batch audts (compare appendix lll, fig. Alll.1). We
also note that the response to the increased gluomscentration (due to the start of perfusion)
was lower in that culture. On the other hand, mdiu start for run #4 and 5 took place before the
metabolic shift with Y(lac/glc) at positive valueg 0.6 and 0.2, respectively. In these two
cultures, a significant response (increase in qpgno)) was observed after perfusion start. Yet,
during run #4 and 5, lactate concentrations of A53¥M were reached. This means that in
particular for the case of run #5, this concemrattould have been inhibiting before transfection.
Only in run #3, the metabolic rates were low coredato initial batch growth at the time of
transfection. In the two subsequent cultures (rdra#d 5), the rates were similar to maximum
values during batch growth. If the observationgrfrbatch cultures are directly applicable to

these two cultivations in perfusion mode, onlifig and offline monitoring (cell size) indicated
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constant metabolic activity after the perfusiontséa both values remained unchanged in the pre-
transfection phase (see chapter 5 for a furth@udson on the relationship of these variables in
HEK293 cell cultures).

All.4 Overall Summary, Discussion and Recommendaiso

In small-scale experiments, maximum functional Li¥érs and total yields were found after
increase of the cell density at transfection tc0%11° and 2 DMD with HyQ or HyQ+ medium.
The cell suspension was concentrated by centrifugand precultures were resuspended in
fresh medium before transfection. After transfectiaone of the analyzed nutrients (glucose,
amino acids) was limiting in these conditions aggdrbduct concentrations (ammonium, lactate)
were below inhibiting concentrations. A further i@ase in cell density did not result in higher
LV vields. The reasons for the limitations of pretian beyond 1x10c/mL remain unknown,
with transfection efficiency or (unidentified) nignt limitations or inhibitions as possible

explanations.

In bioreactor scale, cells were initially grownkiatch mode and perfusion was used to reach the
targeted cell density without discontinuous medexuchange or concentration. It was generally
expected that continuous and controlled processlitons in perfusion would result in higher
LV yields. The total functional yields from thesgperiments were, however, 2.5-10 fold lower
than in the comparable small-scale conditions.dmtrast to small-scale LV production, specific
productivity decreased with ‘improvement’ in protioo conditions from run #3-5. This was

suggestive for systematic metabolic limitationsndribitions that occurred at high cell density.

Comparing small-scale and bioreactor cultures, weed first that specific growth rates were
similar during batch growth in both cases (fig. lAdland supplementary figure Alll.1/AIV.12).
The concentrations of byproducts were significamtiyer during small-scale LV production
compared to the bioreactor cultures (continuouslissontinuous medium exchange). Whereas
no depletions of nutrients could be identified imadl-scale, the continuous operation in
bioreactors allowed the calculation of specific abetic rates. Interestingly, a local maximum in
glucose consumption rate was observed after treti@fieand at around the time of the first viral
release, indicating increased metabolic acitivityhe culture at that time. As they were observed
for gperm(glc), these changes were not relatechdceases in cell size but seemed to be rather
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attributed to production of LV-related proteins.igBhould be further investigated to uncover the

specific requirements of cells producing LVs.

It was also assumed that the metabolic rates alieaitive of the physiological state of the
cultures at the time of transfection. Only for f@duction at 1 VVD (run #3), a significantly
reduced metabolic activity was observed in compariso batch cultures. In contrast, no
significant decrease in metabolic activity was obseé at increased medium exchange rates of 2
VVD. It is thus hypothesized that the lower LV yslin bioreactor scale were due to a

combination of byproduct inhibition (at 2 VVD) amdower nutrient availability (at 1 VVD).

A straightforward explanation for why lower titevgere found in bioreactor scale remained
nevertheless difficult. In other studies, extradall accumulation of byproducts and factors that
would down regulate the overall metabolic actiwgis put forward as limitation for cultivation

at high cell densities (Carinhas et al.). It is s®oquently concluded that further optimization of

LV production in bioreactor scale, based on thdymsismof HEK293 metabolism, is required.

To that end, our results can provide general recengations for the development of high-yield

HEK293 perfusion processes at high cell density the current medium formulation
(HyQ/HyQ+):

1. arational approach is needed to improve the utaletgg on the impact of physiological
state of the cell line on LV yields after transfent this should be ideally done employing
a less complex system for which quantification mdthwith a lower intrinsic variability
are available (e.g. production of GFP or secreliealine phosphatase (SEAP) only)

2. in the present work, small-scale conditions (inolgdthe concentration of cells before
transfection) were set to ease the practical eimtubf experiments and increase
experimental throughput; however, the resultindgedéinces in production strategy, i.e.
concentration in small-scale and continuous cuitivaof cells in bioreactor perfusion
made a direct translation of production conditi¢atsconstant productivity) difficult

3. the perfusion start at a high medium exchangeafateor 2 VVD is possibly non-optimal
and leads to high byproduct concentrations; lowedioom exchange rates should be
tested in small-scale or (see 4.)

4. areduction in glucose concentration in the feaddtbe tested to avoid high glucose

concentrations and high lactate production befi@mesfection
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5. the findings from chapter 5 concerning the onlirenitoring of the metabolic activity

could be helpful during the development of impropedcess strategies

Beyond the observations concerning the physiolbgitate of the cultures, further work is
needed to establish robust transient transfectiotopols for production at high cell density and
in bioreactor scale. Several independent experign@mt10) resulted in consistently high LV
titers and total yields. Using improved productioonditions, a maximum functional titer of
>1x1@ tu/mL with total yields of 0.5-2x28 tu was found in all experiments. Yet, it could bet
excluded that transfection efficiency at high dahsity was a constraint when cell densities were
higher than 1x10c/mL in small-scale. In addition, the number ofiteres was limited in
bioreactor scale and inter-experimental variationsthe transfection process might have
contributed to yield differences from the differeatitures. It is generally possible that
transfection in bioreactors and at cell densitiegond 1x10 c¢/mL is consistently less efficient
than in small-scale or routine conditions. On theeo hand, we exclude events associated to the
distribution of polyplexes in the reactor or ina&etion of virus by bioreactor-specific cultivation
conditions (such as the acoustic filter or agit@tiaas shake flask controls, which were taken
from the bioreactor before/after transfection arahdfected outside/inside the reactor with the
identical polyplex mix, resulted in similar LV titethan the respective mother culture (data not
shown). For a further rational optimization of higéll density transfection, several challenges

will need to be addressed:

1. whereas the preparation in small-scale appears tudhly reproducible, mixing of large
volumes for bioreactor cultures (in particular wharger scales than studied here are
targeted) needs to be evaluated for its consistadewlly, this would include the use of
well-defined conditions in a stirred external ufiit contrast to formation of polyplexes
by manual shaking as performed here)

2. the optimum concentrations at which polyplexesfarmed needs to be evaluated; this is
of particular importance for cultures that are sfanted at cell densities beyond 1%10

c/mL



226

3. the identification of a suitable method for evaioatof polyplex quality would thus be of
great value (for 1. and 2.); one of the most pramgiparameters to evaluate and which
should be also easily accessible is polyplex sgéllem et al. 2004)

4. transfection of high cell density cultures accogdio the ‘direct method’ (direct addition
of DNA followed by PEI withouta priori polyplex formation) would circumvent several
of these challenges and should consequently beateal

All.4 Final Remarks and Conclusion

It is concluded that the developed process for kddpction is readily scalable (see chapters 1
and 3 for a further discussion on the subject). &durther improvement in process yields,
optimization of bioreactor production is, howeveeeded. This should comprise further analysis
of the HEK293 cell metabolism in HyQ medium and imiation of high cell density

transfection.
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APPENDIX IlI: Practical Applications of Online Perm ittivity Signals:
Characterization of HEK293 Batch Growth and Identification of Metabolic
Shifts

This chapter presents the characterization of HEBK@®wth in batch cultures and introduces
permittivity measurements as an online monitorimg.tlt is presented as a draft manuscript for

submission as a short communication in a peerwadescientific journal.

Following FDA’s Process Analytical Technology (PATjtiative, real-time monitoring tools
gained considerable momentum within the biotechroamity in recent years (Read, Park et al.
2010). Evidently, identification and evaluationfitable PAT tools are the first step towards a
successful application of this strategy which passihe goal to develop well-defined and
controlled processes that deliver products of fnedeé quality. Ideal PAT tools provide

macroscopic data at-line, i.e. in the case of lwogssing usm situonline probes.

Within this section, the growth of the producer tiee HEK293SF (clone 3F6) is characterized
in preliminary batch experiments using online pétimty measurements. This cell line is used
with the goal to produce LVs by transient transtacthroughout the entire work related to this
thesis. As the HyQ medium formulation allowed aiitag high LV yields, this composition was
chosen to characterize bioreactor batch cultivatiemploying the same methods later used to
analyze the cultures during LV production. We fpsint out the practical value of permittivity
measurements in batch cultivations and concludethiestechnology provides information on the

biovolume content and, at the same time, the plogial state of the HEK 293 cell cultures.
In this context, the experiments presented herehmatbllowing specific objectives:

In contrast to LVs, most of the viral vectors, vaes and proteins produced in HEK293 have a
sufficient stability to favour production in batadnr fed-batch mode. Fed batch mode has been
reported to dramatically increase yields after gramt transfection (Sun, Goh et al. 2006).
Feeding strategies for the HEK293 system thus rnieetle developed to reach higher cell
densities and improve volumetric productivity. Asstarting point for rational process and
feeding strategy optimization in future work, a alletd characterization of the producer cell
metabolism is hence needed. Recent literature tedemonstrate that the permittivity signal is a

tool that can be used beyond the simple estimatidmomass as it also reflects the physiological
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state of cell cultures (Ansorge, Esteban et al1,028 and b). As an online tool indicating the
cellular state in real-time would largely facilgathe development of feeding strategies, it was
explored if growth and metabolic rates are refl@cie the online permittivity signal. More
specifically, we assessed if there is a link betwealular metabolism and the online permittivity

parameters.

In addition, the offline measurement method for @nalysis of the permittivity signal needed to
be validated. The goal was to use this method donparison and analysis of the permittivity

signal during LV production to monitor viral prodian kinetics (chapter 5).

Finally, for the establishment of an efficient pess for LV production in perfusion mode, it was
fundamental to characterize growth and metabollab®ur of the producer cell line in batch
cultures. As perfusion is in this work primarilyegsto harvest LV, the main parameter that
needed to be determined was the cell density athwperfusion needs to be started to ensure

exponential growth until the time of transfection.
The bioreactor batch cultivation presented in thigpter corresponds to run #1 in appendix Il.

It needs to be noted that this part of the appemrdixtains only a shortened section on the
background on permittivity measurements to avojgetiion with chapters 2 and 5. A final
version of this draft manuscript will contain a ghparagraph on the theory behind permittivity

measurements (similar to section 5.2.3.5).
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PRACTICAL APPLICATIONS OF ONLINE PERMITTIVITY SIGNA LS:

CHARACTERIZATION OF HEK293 BATCH GROWTH AND IDENTIF ICATION OF
METABOLIC SHIFTS

Sven Ansorgé? Stéphane Lanthiet, Olivier Henry 2, Amine Kamen

! National Research Council Canada, Biotechnologgdrch Institute,
6100 Royalmount Avenue, Montréal, Québec H4P 2RAada

% Ecole Polytechnique de Montréal, C.P. 6079, suentt2-ville,
Montréal, Québec H3C 3A7, Canada

Alll.1 Abstract

Permittivity measurements are becoming a routioéftr cell culture process monitoring. Their
advanced use for process control is, however, Igtiited by a lack of understanding of the
complex information reflected in the permittivitglated parameters. Permittivity measurements
monitor the evolution of biovolume content in réiate and can in parallel also reflect the

metabolic activity of mammalian cells.

To identify how permittivity measurements could peactically used, the technology was
evaluated for the characterization of HEK293 inréaxtor batch cultivations. The analysis of
batch growth gave insights on what information banobtained from the permittivity signals.
The dual-frequency permittivity signal and the datfic increment correlated well with the
offine measured biovolume (from offline cell coanand cell diameter measurements). In
addition, the characteristic frequency was coreglatith the decrease in metabolic activity and
its online signal could be used for the early idemttion of a metabolic shift at the end of
exponential growth. The technology should thusdresered as a monitoring tool to support the

design and implementation of improved feeding styigs.
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Alll.2 Introduction

Routine cell culture experiments and productiorsrunclude sampling from the bioreactor once a
day only. Parameters that are then commonly measaffene comprise cell density, viability
and metabolite concentrations. This significantigipngs the response time to process variations
and events. Process-related actions, such as tektioas, are therefore mostly scheduled in a
strictly time-based manner. This also holds for niedustrial fed-batch cultivations and can be
also explained by the fact that current real-times®r technology does not allow uncovering the
intracellular state of cell cultures (Henry et2007b). Rational, i.e. process/event-based control
strategies are thus challenging. Online monitoafigrs a virtually unlimited sample number and
provides a continuous signal that reflects theustaf the bioprocess. This holds great advantages
compared to classical offline sampling. It can lssumed that an approach based on the
continuous signal from one or, ideally, several borad online monitoring measurements on
when to perform an action critical for the prodaatwill result in a more robust and reproducible
process. Efficient monitoring techniques have tfueeebeen described as instrumental for the
rapid development and optimization of bioprocesg&mmen et al. 2004; Lecina et al. 2006;
Henry et al. 2007b). In that context, in particulbe direct online monitoring of the biomass
content and the metabolic activity would allow &arly fault detection of cultures and improved

process control strategies.

In part due to the renewed interest in processytioal technology (PAT), onlinen situ
permittivity measurements are on the way to beca@am®utine tool to monitor cell culture
processes. The technology holds particular profaséhe monitoring and characterization of
viral vector production (Zeiser et al. 1999; Zeiseral. 2000; Negrete et al. 2007). It has also
been reported that permittivity measurements inidit@d metabolic activity of mammalian cells,
in particular when physiological changes occur myrithe cultivation (Noll et al. 1998;
Cannizzaro et al. 2003; Ansorge et al. 2010a). dwvaaced exploitation of the signal, beyond a
basic descriptive monitoring of cultures is, howe\atill limited by a lack of understanding of
the complex information reflected in the permitiyvielated parameters. This can, in part, be
explained by the difficulty of the assessment @& ¢ellular dielectric properties by routine cell

culture methods.
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To that end, the significance of permittivity me@suents was evaluated as a monitoring tool in
batch cultures of HEK293 cells to identify the greal value of the technology beyond simple
biomass estimation. The suspension-grown HEK 298 lgee, in combination with HyQ
medium, has already demonstrated promising potembdia the high-yield production of
recombinant proteins and viral vectors by transiearisfection (Durocher et al. 2007; Tom et al.
2007; Ansorge et al. 2009). Other viral vectors amdses, such as AdV and influenza, can also
be efficiently generated using this platform (unimied results from our group, (Le Ru et al.
2010). The transfer to further systems and subsgquecess optimization to further increase
yields is therefore required. Real-time monitoritapls indicating metabolic activity online
would facilitate process development (e.g. feedingtegies). It was thus of particular interest to

investigate if changes in cellular metabolism @&féected in the online permittivity parameters.

Alll.3 Materials and Methods

Alll.3.1 Cell Culture

HEK293SF-3F6 cells were grown in suspension in HyR&TransFx293 medium (HyQ)
(Hyclone, Logan, UT). Subcultures were passagedyef2e3 days to keep the cells in their
exponential growth phase. Hemacytometer countgyusipthrosine B dye exclusion were used
to assess cellular density (viable, total cell aqaer mL {cc tcc)) and viability.

Alll.3.2 Cell Culture Sample Analysis

The volume weighted arithmetic mean cell diametg¢rwas determined using a Z2™ Coulter
Counter® (Beckman Coulter, Mississauga, ON) withaperture diameter of 100 um, followed
by analysis of the size distributions with the Acomp® software package (Beckman Coulter).
The upper and lower analysis limits were 7.31 aBd 2m, respectively. To calculatd, the
distributions were plotted as volume (%) againdt dmmeter (m) and only the part of the

distribution corresponding to viable cells was d¢desed for the calculation.

Each value ofl represents the average of at least two distribatitJsingd and the viable cell
count per mL yco), the biovolumelfv) was calculated using equation Alll.1, assuming that

distributions were evenly scattered:

3

4, d ., .
bv=-" — vce Alll.1
3 2 p ( )
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bv was then considered as an estimate of the voluactidn of cellsP (equation 5.2 in section
5.3.5).

Alll.3.3 Bioreactor Setup

The bioreactor setup was identical to the one presly described (Ansorge et al. 2009). In brief,
cultures were performed in in a controlled 3.5 Le@lap CF-3000 bioreactor (Mannedorf,
Switzerland). Agitation rate was set to 85 rpm, wHSs controlled in the range of 7.1-7.2 by
addition of CQ via the surface or sodium bicarbonate additiore ¥éssel (working volume 2.7

L) was equipped with probes to measure and comirhl DO, temperature. Permittivity was

acquired with a Biomass 400 system (Fogale nanptéithes, France). The DO was controlled
at 40 % of air saturation by sparging pure oxygepulse mode.

Alll.3.4 Permittivity Measurements

In this study, a Biomass 400 system (Fogale nahptdtmes, France) was employed for the
measurement of permittivity across thalispersion frequency spectrum of ~0.1-10 MHz. The
system measures the dual-frequency permittivitpaidpec at 1 and 10 MHz and additionally

provides thé-dispersion parameter®&..x fc, a) in real-time after fitting the frequency spectra.
Alll.3.5 Calculation of Growth and Metabolic Rates

Growth and metabolic rates were calculated usiagdsird equations (Henry et al. 2004) after
filtering of the raw data (online and offline meemments). Offline raw data were fitted using the
smoothing spline regression function of the kypdoftware. Online data were treated with

Matlab (The MathWorks, Natick, MA). The calculation specific rates was based either on the

viable cell count (vcc) or the online dual-frequepermittivity signal Dgc).
Alll.4 Results and Discussion

Alll.4.1 Characterization of HEK293 Batch Growth

When HEK293 were grown in bioreactor batch cultutee exponential growth phase started
after a short lag phase, lasting for ~90 h untilable cell county(cc) of ~ 2.5-3x16 c/mL was
reached (fig Alll.1 A; see also table Alll.1). Cgllowth continued subsequently at a reduced rate
and a slightly lower viability over a period of 126 until death phase started and viability

decreased rapidly. The maximwnoc was reached at 1.3x1@/mL after 215 h of culture. The
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cell diameter ) remained almost constant during exponential gnoanhd then decreased

significantly from 16.5 to 13.5/1418m during the post-exponential growth and death @has

The concentrations of metabolites and byprodudtggmine, glucose, lactate, ammonium) for
this batch cultivation are shown in figure Alll.1. ASlucose and glutamine concentrations
decreased during exponential growth phase, unsloge change in their consumption was
observed at residual concentrations of 22 mM aBdriM (glucose and glutamine, respectively).
Both metabolites were then further consumed uhtit@se was depleted at ~220 h whereas the
concentration of glutamine stabilized at ~0.6 mMe Toncentrations of the byproducts lactate
and ammonium increased until around 100 h aftardation. Subsequently, the concentration of
ammonium decreased from 1.6-1 mM before it slightigreased towards the end of the
cultivation. Lactate concentration levelled/reacleedlateau for 2-3 days (95-160 h) at 18 mM
after the end of the exponential growth phase,h&irtincreased up to 26 mM and finally

decreased during the last two days of the cultivati

Overall, similar observations were made in consbéke flask cultures which were directly
drawn from the bioreactor culture (representativdtuce shown in supplementary figure
Alll.1/Figure AIV.12).
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Figure Alll.1: Batch cultivation of HEK293 cells BL bioreactor scale
(A) viable cell countyco), total cell count (tcc), cell diameter, viability
(B) metabolite and byproduct concentrations

Alll.4.2 Biovolume Measurements Are Reliable Inditars of Online Permittivity

Measurements

It was subsequently investigated if offline meament of the biovolume (fronacc andd) were
correlating with the online permittivity signal ding batch cultures. The biovolumiev] includes
variations in cell density and cell diameter, pding a value which can be correlated to either
the dual-frequency permittivity4ec) or, if multiplied by cell radius with the permitity
increment D&yay- In this batch cultivation, the permittivity sigh(Dec and D&,y followed the
biovolume well, resulting in a high regression ¢wednt, in particular for the values of the
exponential growth phase and when viability wasfggure Alll.2, table Alll.1). Yet, the slope
and the regression coefficient decreased with asing culture time. Samples from late stages of
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the process showed comparatively smaller perntigtivalues. This observation was attributed to
changing dielectric properties of the remainingoleacells with decreasing viability (Ansorge et
al. 2010c). It seems to be a general finding thatdccuracy of permittivity measurements in
predictingvcc is lower when viability decreases (Opel et al. @0Nevertheless, all samples at
high viability fell on the same trend line beingushindependent of variations in nutrient and
byproduct concentrations and cell diameter.

Figure Alll.2: Correlation of biovolume and permutty in HEK293 bioreactor batch culture;
note that the values fabeg,ax are not shown in the figure (refer to table 5.1 rfegression
parameters); thick line: regression for exponengjgdwth; dashed line: regression for high

viability only; dotted line: regression for all sphas



236

Table Alll.1: Correlation of permittivity signal dec)/dielectric increment Dg.) and
biovolumepv)/bvr

Dec Vs bv, Dénax VS bv*r
) X) (Y) (X)

culture _ phase 2 slope 2 slope
regression
parameter (pF/cmhi/ml) (pF/cm/umi/mi)
exponential
growth 0.99 0.76 0.99 1.60
high viability 0.98 0.71 0.97 1.68
complete 0.96 0.68 0.94 1.54
culture

In all cases, the regression was calculated wiéghdbnstraint that the trend line had to pass

through the origin

The strong correlation of offline biovolume measneats (from hemacytometer cell counts
mean cell diameter) and online valu€3g(y Dec) validated the approach for the analysis of
online permittivity data. This is consistent witindings by others according to which the
biovolume measured by the electrical sensing zom¢hoa (Coulter principle) follows, in
comparison with other methods, the evolution ohptivity measurements best. This seems to
be a finding which holds for several cell types,piarticular for the exponential growth phase
(Zeiser et al. 1999; Zeiser et al. 2000; Ansorgal.2007b; Ansorge et al. 2010a).

Alll.4.2 Monitoring of the Characteristic FrequencyAllows Identification of Metabolic Shifts
Alll.4.2.1 Metabolic Shift Identification at the Eil of Exponential Growth

The end of the exponential growth phase at ~90 hideagified after computing the growth rate
from the offline cell counts (fig. Alll.3 A). Theatrease in growth rate from 0.8 tb 0.29 &
was consistent with results obtained from onlinentwoing. No rapid changes were observed in

the permittivity signal Dec) (fig. Alll.3 B). The value increased until the giening of death
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phase, reaching a maximum at around 220 h. At ar@@h, Dgc continued to increase at a

reduced slope.

Two approaches were then used to calculate thefispgowth rates: either the calculation was
done specific to the viable cell coumt{(ycc) (fig. Alll.3 A) or, alternatively, to obtain a uze
which includes possible variations in cell sizege@pc to the online dual-frequency permittivity
signal (De&c) that represents the biovoluma(germ). Both approaches resulted in similar
growth rate values and trends. As expected dubedalécrease in cell diameter (fig. Alll.1 A),
n(perm) decreased faster towards the end of the nexpial growth and was additionally
showing a lower value of 0.18dcompared ton{vcd (0.29 d') during the post-exponential
growth phase (fig. Alll.3 A and B, table Alll.1).

Accordingly, similar observations were made for thepecific lactate and glucose
production/consumption rates calculated using eittee (g(lac); q(glc)) or permittivity Dec)
(gperm(glc); gperm). These values showed a sindiésrease than the growth rates from 50 h
until the beginning of death phase (see table &.lverage values), resulting in a strong linear
correlation (B>0.95; regressions not shown). The consumption{miioh rates for
glutamine/ammonium (NkJ showed an almost constant decrease during expahgnowth,

followed by values close to zero in later stagethefcultivation .
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Figure Alll.3: Growth for batch cultivation of HER93 cells. Arrows indicate end of exponential gtowand beginning of death

phase, respectively
(A): growth rate calculated based et offline bv values (circles) shown for comparison

(B): calculation of growth rate from the online pettivity signal Dec
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Table Alll.2: Growth and metabolic rates for HEK2Batch culture; average values for each

culture phase are shown

) post-
parameter epror;St?]t'al exponential death phase
g growth
time (h) 0-90 90-215 215-285
m(ved) (d™) 0.67+-0.18 0.29+/-0.07 -0.064+/- 0.018
1 0.6+-0.15 0.18+-04
m(perm)(d™) -0.04+/-0.04
qg'cq(g'e"rfr:/(zﬁi) ) | 0154005 0.02+-0005 | 0.003+-0.001
(mmol*cm/pF*h) 0.07+/-0.03 0.02+/-0.005 0.004+/-0.004
glac (mol/10* h); | 0.22..01q | 0.007+-001 | 0.01+-00z
gperm
(mmol*cm/pF*h) 0.12+-0.05 0.007+/-0.000 -0.01+-0.01
agin (mol/18* h); | 55 41 6.013] 0.001+r 00013 _
gperm(gin) 0.010+/-0.06 0.001+/-0.001 0:0
(mmol*cm/pF*h)
qNH3; gperm(NH3)| 0.02 +/-0.02;| 9001+ _
0.001; -0.001 0:0
(mmol*cm/pF*h) 0.01 +/-0.01 +/- 0.001
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Figure Alll.4: Evolution of the molar ratios fordtate/glucose and Nfglutamine

Significant changes in the lactate/glucose and anwm@glutamine molar ratios confirmed a
metabolic shift starting at around 90 h or whennid/1.5 mM of glucose or glutamine were
consumed and 15 mM/1.2 mM of lactate and ammoniuvenewproduced, respectively (fig.
Alll.4). This change in cellular metabolism was mokarly observable for the values of the

lactate/glucose molar ratio which gave negativeesifrom 100-170 h.

The end of exponential growth was thus in thisuweltmarked by a metabolic shift, when the
consumption of glucose and glutamine decreasecevdtate and ammonium production ceased
for several days (table Alll.1, fig Alll.1). The ahge in metabolism was linked to the significant
drop in growth rate from 50-90 h. The specific rbelde consumption and production rates, in
particular of glucose and lactate were indicatioe the reduced metabolic activity and were
strongly correlating with growth rate until the bmgng of the death phase. The depletion of
glucose finally resulted in the beginning of depltase after 215-220 h of cultivation. It is also
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noted that the byproduct concentrations of lactsté ammonium at the time of the metabolic
shift were below or at the lower end of the conaidns that are reported to be limiting for
HEK 293 cultures (>20 mM for lactate and 1-2.5 mdt ammonium (Hassell et al. 1991;
Nadeau et al. 1996). It is therefore likely thahest unidentified medium components or

byproducts were limiting or inhibiting at the enfdtlbe exponential growth phase.
Alll.4.2.2 Changes in Characteristic Frequency (f@s Indicator for Metabolic Activity

Online permittivity measurements provide primaridy measure of the biovolumeDgc).
Multifrequency permittivity measurements give agtdial real-time information on the state of
the cell suspension via theedispersion parametéc. In most cased¢ is used as an indicator for
cell size changes, assuming that both the intndeellconductivity &) and cell membrane
capacitance () remain constant during the cultivation. For moasammalian cell culture
experimentsfc can be defined by a simplified form of equatio8 §5chwan 1957; Harris et al.
1987; Patel et al. 2008a; Patel et al. 2008b; Ageset al. 2010a):

i (AllLL)
fc is therefore a function of cell radius, membraapacitance and intracellular conductivity.

During the present cultivatio andfc did, however, not correlate following one singieehr
relationship (fig. Alll.5). In contrast, smallerltdiameters seemed to correlate with the drop in
fc during the first part of the cultivation. This celation was thus contradictory to the theoretical
relationship according to whidb increases with decreasing diameter if it is assuthatCy, and

si remain constant (eq. Alll.1). In general, we notedecrease in cell diameter with increasing
culture time. This decrease corresponded to a tetum cellular volume of up to 30 % and
started towards the end of the exponential grovilsp. Reduction of cell size for the same and
other cell lines during batch cultures has beeronteg in other studies (Ramirez et al. 1990;
Ansorge et al. 2007a; Ansorge et al. 2010a). Segtudies describe cell size to be one of the
parameters reflecting the physiological state otibure (Fantes et al. 1977; Frame et al. 1990 ;
Stocker et al. 2000) (Lloyd et al. 2000; BerdicHgvst al. 2008). For example, multifrequency
permittivity measurements in CHO cell perfusiontetds revealed that large cells disappeared

once nutrient availability decreased (the feed stapped), causing changes in the permittivity at
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low frequencies (Cannizzaro et al. 2003). The daelmeter during batch cultures of HEK293

cells might therefore be considered as an indiaaftoellular metabolic activity.

Figure AllL.5: Characteristic frequencyc) and cell diameter correlated following two distin

linear correlations.

Regression coefficients were high in both casek Wft= 0.91 during the entire growth phase
(<120 h) and R= 0.95 during post-exponential growth phase (15542

Concerning the relationship of characteristic frmgey and cell diameter, only the values dor
and fc during the post-exponential growth, i.e. from IB(B h, were consistent with the
theoretical relationship (fig. Alll.5). For the megsion, values from death phase (>215 h) were
not included because of the decreased viabilitynduhat phase (see Alll.1 A). Taken together,
these observations suggested that the mean ceietha was not the only variable that changed

during the exponential growth phase.

A recent literature report could link the occurrenaf a metabolic shift in CHO cell batch
cultures, as a result of the depletion in glutamiwéh a dramatic decrease in characteristic

frequency 1c) which was caused by a drop in intracellular canigity (s;) (Ansorge et al.
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2010a).s; was thus described to be linked to the physioklgstate and the nutrient availability
of the cell suspension. These findings were alsditned in fed-batch cultivations of the same
and a second CHO cell line during which responsafigcontinuous feed additions in OUR and
fc were monitored (Ansorge et al. 2010b). The autlids however, not directly correlate the

changes iric with a specific metabolic parameter.

The evolution ofc was further analyzed in the present cultivationriiy the exponential growth
phase, the value dt decreased starting at around 50 h, reaching amami at ~115 h and
increased thereafter until the end of the cult@gee fig Alll.6 A). In comparison, the growth,
metabolic rates anfc showed a similar decline from 50-100 h, the val(igs Alll.6 A),
correlating with high regression coefficients® (R0.95; regressions not shown). Even when the
changes in cell diameter towards the end of th@memptial growth rate were taken into account
(see equation Alll.2 in the figure legend and #Adll.6 B), fc correlated with the metabolic rates
(lactate and glucose) with a high regression caiefit (R>0.95) until 90 h. During the post-
exponential growth and death phase, the valuethi®ometabolic rates were almost constant at
very low levels (see table Alll.1). For that timreegood correlation of cell diameter dLandfc
was observed (see fig. Alll.5).
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Figure Alll.6: During the exponential growth phasige characteristic frequency correlates with

the metabolite consumption and production rates.

(A): metabolic rates (qglc and glac) and charastierfrequency show similar evolutions until the

end of exponential growth phase

(B) Correlation offc*r and the inverse of glucose consumption and tagt@oduction show that
fc is an indicator of the metabolic activity, moskelly because of changes in intracellular

conductivity (s;). Data were plotted according to equation Alll.higlh can also be written:
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fo’ r=ﬁ (equation Alll.2) and assuming thatyCremained constant during
M

exponential growth. Regression coefficients wertobsws:

1/glac: B = 0.94; 1/glc: R=0.92

The characteristic frequency, which can be direattguired in real-time, is thus a parameter
providing information on the metabolic activity tife cell suspension. If it is assumed that the
membrane capacitanc€y) was constant during the exponential growth phabanges in
intracellular conductivity £;) must have been responsible for this correlafidns confirms that
previous findings for CHO cells (Ansorge et al. @@LAnsorge et al. 2010b) are transferable to
other cell types. Whereas depletion in glutamingulted in that case in a levelling of the
biovolume and a decrease in permittivitipglc), the situation for the batch cultivation of
HEK293 cells was in the present study less dramagc metabolic rates decreased but cell
growth and biovolume increase continued, althougheduced rates. Therefore, it cannot be
excluded thaiCy also changed, although its value was in sevegarte found to be mainly
affected during processes involving trafficking abhgh the membrane or other dramatic
morphological changes of the cell membrane (Arcteal. 1999; Patel et al. 2008a; Patel et al.
2008b; Zimmermann et al. 2008). In addition, Angogg al. (2010) refuted earlier assumptions
according to whichCy varies with changes in metabolic rates (Noll et E)98). Instead,
variations in intracellular conductivity were putrfvard as reason for the correlation fof
permittivity and nutrient availability. To date,darect demonstration for why the intracellular
conductivity varies with nutrient availability h&a®wever not been reported, mainly because this

parameter is not accessible with routine cell ¢celimethods.
Alll.4 Summary and Conclusion

The HEK293 cell line which was studied here gromigh cell densities of up to 1x16/mL in
batch mode. Exponential growth lasts, however, amyto a cell density of 2.5-3 x@/mL
when a metabolic shift occurs, accompanied by,hasntost characteristic change, a cease in
lactate production. The specific metabolic rategloicose and lactate were indicative for the

reduced metabolic activity. Online measurementhef permittivity Oec and D&,y allowed
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monitoring of cell growth in real-time, calculatiaf the growth rate based on the online values
and thereby identification of the exponential grovphase. Offline biovolume measurements
were evaluated during the bioreactor batch culaune identified as a suitable tool to follow the
evolution of the permittivity signal. In combinatiavith the values for cell size, this information
enables the analysis of permittivity variationsdetail. In contrast to routine offline analyses of
culture samples, online situ permittivity measurements offer the advantage tmitor the
evolution of the biovolume in real-time with a gisasntinuous signal. Growth rate (based on the
biovolume) is then directly accessible from thidima signal. However, the use of this ‘online
growth rate’ (as derivate dPg..x0r Degc) for process control (e.g. feed additions) woualdef the
challenge that its value is likely to be highlyeaffed by noise on the online signal. In addition,
the dual-frequency signal can also be affectedrianges in the dielectric properti€gy(ands;)

of the cells.

The b-dispersion parameter characteristic frequemcy on the other hand, also provides
information related to the metabolic activity andrrelated with metabolic consumption and
byproduct production rates during the exponentialmgh phase. These findings will need to be
validated in other systems. In contrast to metédanalysisfc is available in real-time. The
virtually unlimited ‘sample’ number of permittivityneasurements consequently results in a
higher degree of confidence concerning the statihefculture. Yet, as the permittivity signals
provide complex information and several parameateay affect the dielectric properties of a cell
suspension, the use of the technology should beostgal by offline cell size measurements. This
is required for a first characterization of theteys, to uncover the mechanisms behind the signal
variations and an in-depth analysis of the sighaarious operating conditions are investigated.
Cell size measurements are the most useful paraneteletermine offline as they allow
calculating the biovolume and the analysis basedlielectric theory (see equations 5.1-3). In
addition, cell size seems to be indicative of thetaholic activity and belongs to the set of the
parameters that define the physiological state @ilaure. Nevertheless, cell size appears to be a
parameter that is often overlooked when analyziely aulture processes with literature on the

subject being scarce.

It is concluded that our observations might be afue for the development of fed-batch

strategies or for transfer time determination indurction seed trains.
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APPENDIX IV: Complementary Experiments, Supporting Information and

Experimental Observations

ADDITIONAL DATA FOR CHAPTER 2

Figure AIV.1: Sodium butyrate does not compromissuits from GTA assays. LVs were
produced without butyrate addition using HyQ mediusefore titration, the LV containing
supernatants were subjected to 5 mM of sodium ateyand incubated for 15 min at 37°C

Figure AIV.2 : The number of functional LV is low 3% of LV titer before harvest)
immediately after resuspension of the cell pellgirty small-scale experiments. LVs were
produced using improved production conditions, cangon was done 2 dpt. These data were

submitted as supporting information to Ansorgel e2909)
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ADDITIONAL DATA FOR CHAPTER 3

Figure AIV.3 : Control titrations in the presendel@0 M AZT result in significantly reduced

functional LV titers. LV was produced using impraveroduction conditions at 1 DMD
ADDITIONAL DATA FOR CHAPTER 4
Alternative LV Quantification Methods

This section briefly summarizes additional alteweatmethods that were evaluated for LV

guantification/titer estimation within this work.
LV Quantification by HPLC

Current protocols for the quantification of lentali vectors (GTA, RT-PCR, ELISA) are time-
consuming (Sastry et al. 2002) (chapter 2, tal#¢. Zhese methods are thus not suitable for a
rapid at-line monitoring of LV titers. In additiomone of the previously described methods is
based on the direct quantification of physicallyaat lentiviral particles. In contrast, anion-
exchanged high-performance liquid chromatographP(&) can specifically and efficiently
resolve viral particles from other contaminantse TWV-containing fraction can then be precisely
quantified. The method has been proven to have lpogential for the quantification of retroviral
total particle numbers (Transfiguracion et al. 200¢he detection limit of the method can be
increased by the use of fluorescent dyes such &RSYGreen | to label the viral genomic DNA
or RNA. The feasibility of this approach has be@mdnstrated for the most commonly used
viral vectors (Transfiguracion et al. 2005). An piddion of this method to the LV system has

been successful. Detection of the intact LV pagtictakes place after labeling the viral RNA
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genome with SYBR Green | followed by HPLC separation from samplataminants. A full
description of the developed method would go walydnd this scope of this work and a
publication concerning this subject is ongoing woark our group (Transfiguracion, 2010,

manuscript in preparation).

Preliminary HPLC quantification results were madaiible (fig AlV.4). Analysis of bioreactor
supernatants from run #3 at 1 VVD resulted in @trmonstant concentrations in the range of
1x10°%-1x10"* total viral particles (tp/mL) from 2-5 dpt (seebka All.2 for summary of
bioreactor runs). Viral release could also be olesd dpt. However, before this method can be
routinely used for LV quantification, further optimation of the method is required (ongoing

work and unpublished results).

Figure AlV.4 : Comparison of LV quantification nmeids for a bioreactor perfusion culture at 1
VVD (run #3)

Data obtained so far are promising but challengehb ss a high detection limit and specificity to

LV related particles need to be overcome (see W@ahlel).
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Table AIV.1: Novel LV quantification method based HPLC

LV Quantification Assay/

HPLC
assay parameter

in-house, Transfiguracion et al manuscript

method in preparation

in-house, 50x concentrated, semi-purified

Assay standard LV preparation

Inter-assay-variability <2 %

Intra-assay variability <10 %"

;’Lrpga}f}cl) result/throughput 1-3h. ~50

Labor intensity/ V1
Flexibility¥ ++

Detection limit (DL) 5x10° tp/mL
Remarks method still under development

VI: variability if a large number of samples is &med and labelling time is increased up to 24 h

VII: depending on sample pre-treatment

Refer to table 2.2 for further explanations andagks I-V
Measurement of Total GFP Expression in Producetsd@uring LV Production

During the production of VSV-G pseudotyped LVs, ighhlevel of transgene expression in
producer cells is typically observed (Farson ek@D1; Bagnis et al. 2009). It was thus assessed
if the total GFP expression at 3 and 4 dpt wouttldate the amount of functional LV particles.
In small scale experiments, a linear trend betwie¥ntiter and GFP expression was found,
although the regression coefficients were quite & inter-experimental variations were high
(fig. AIV.5).
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Figure AIV.5: Total GFP expression on 3 and 4 idphdicative for the maximum functional

LV titer.

Results represent 61 data points for 3 and 4 dppectively, corresponding to 15 independent
experiments at 1 or 2 DMD and in different medivuompositions. Regressions for samples from

3 and 4 dpt gave: R 0.7 and R= 0.6, respectively

One of the limitations of the method was that ttaltGFP expression signal is a function of the
number of producer cells distributed in the weliopto measurement. Any variation in cell
density (obtained from manual counting) is thudewstéd in the GFP signal (unpublished
observation). In addition, control cultures whiclere transfected either without the VSV-G or
the Gag-Pol encoding plasmid and did not generate functiomator particles, also resulted in
significant GFP expression, suggesting that thestgane is also directly expressed of the transfer
vector plasmid (plasmid construct CSII-CMV5-GFPqred; refer to section 2.1.2 for details on

plasmid constructs) after transfection.

Whereas the value of the method, in particular wétbpect to LVs carrying other transgenes is
limited, the advantage of the GFP expression measemt during LV production is, however,
that it value is rapidly available during the expwnt. The method is therefore a valuable

indicator for process development.
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Figure AIV.6 : Viral production kinetics and pettiiity monitoring for bioreactor run #2; (A)
cell, density, functional LV and VG titer, dashehel indicates time of transfection; (B)
monitoring results (permittivity), dashed lines @rocess phases 1 and 2; (compare chapter 6

(bioreactor run in starting conditions), appendjXigure All.5 and table Alll.1)
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Figure AIV.7 : Addition of Synthechol (SC) or vatpc acid (VPA) do not have positive effects

on LV production

VPA (SIGMA P4543, prepared at a stoch concentrabioS00 mM in MilliQ water) was added
16 hpt at 5 mM. VPA was described as a potent ratere histone deacetylase inhibitor
(Backliwal, Hildinger et al. 2008); SC (SIGMA S544%as added to HyQ medium at a
concentration of 1:1000 which was determined tothse maximum concentration without
negative impact on viability). Cholesterol was fdun several studies to act as an enhancer or
LV infectivitiy (Chen, Ott et al. 2009).
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ADDITIONAL DATA FOR CHAPTER 5
Table AIV.2: Identification of process transitiohgses in bioreactor runs

Process transition points (PTP) were identifiecedasn online monitoring data and used to defingotibeess phases 1-4 (see chapter
6)

Culture | Tier, Operation PTP 1 PTP 2 PTP 3 PTP 4
GTA (max)?, (mode,
perfusion rate,
PCR (max)3; gell density at
time of
Total yield“ transfection,
(GTA,PCR) | # of PTP;
culture medium;
Remarks)
Identification Criteria; Change in | Identification Criteria; Change Identification Criteria; Change in D@, Identification Change in Dag
139 in D, Criteria;
Time  (hpt);  Titer Time (hpt); Titer (tu/mL, Time  (hpt);  Titer (rate pF/lcm/h, %)); (rate pFlcm/h, %));
(tu/mL, %); (rate  pFlcm/h, %); (rate (tu/mL, %); Time (hpt); Titer .
%)); pF/cmih, Change in fc (kHz, | (tu/mL, %); Change in fc (kHz,
Process Phase ) Process Phase %0)); Process Phase %) %)
Change infc Process Phase
(kHz, %) Change
in fc (kHz,
%)
Run #1 none Batch, --, 3,| Decrease infc, change | 12 pF/cm/80 | Increase B, fc; 80-220h; | 12 34.5 Decrease ., | 34-26.1; 720-800
HyQ; no in slope of Dec; 0-80 | h;780-700, /140 h; increase fc; 220-280 h;
transfection hinoc; 10% n.A.; n.A.; Death phase,
batch culture decrease 700-630- | decrease in viability
nA,; Exponential | over>3d Linear growth at high | 730
growth phase viability, maximum in
oxygen consumptino
Run #2 Low yield, Perfusion, 2 | Increase g, fc | 1-10; Slope change in/D.. 40- | 10-40; Minimum in fc, slope | 40-50, +25 %; 625-
VVD, 1x10° 3, | constant; -68-40 hpt; 108; 7x16; change in DB 700, 12 %
8x1¢, 3.3x14, LC-SFM L, | na/2-3%; ~70¢ 700 leveling of fc; 108-144;
results acquired Production phase at [ 625, 11| 3.4x1: Decrease in
5.6x10, with Aber B220 | Exponential  growth maintained  exponential | % viral titer/narvest time
) phase/ pre-production growth, slope change in
3.0 oxygen consumption.
Run #3 High yield, Perfusion, 2 | increase M. after | 23.5-34 Increase infc: decrease in | 34-28, - | Change in slope D, | 31-28.5, -8 %; 615-| Increase in fc, | MDiga <20
VVD, 4.4x1, 4, | transfection, decrease | pF/25 h; 44.7 D%, 25-70 hpt; 1x10- 176 % | and minimum in fc; 70- | 540, -12 % decrease D@, end
7x10, HyQ; results | in fc; 0-25; 1% <10 | %; 480-425- | ~7x10, 10%-100 %; decrease; | 96 hpt; 3.5-1.6x16, of process ; 96 —| fc>600
acquired  with | %; 515, 11% <20-40 %; process end, titer: <
5.6x10, Aber B220 drop, 21 % | Viral release, start of | 515-615- 20 %
. Charging and | increase production 530, 19.4 | Decrease in viral
3.6x10%, induction, phase post % titer/harvest time
3 transfection/pre-
23a0 production
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Run #4 High yield, Perfusion, 2 | increase D, 35 64/24 h; | decrease inD@k,, increase | 64-40; - | Slope change inD@. | 40-28/31.5, 30 %;| Decrease Of DB D, <30,fc =730
VVD, 4.7x10, 4, | decrease in  fc; | 83%, in fc; change in slopelDi., | 37.5 %; | /slope change irfc; 50- | 770-715/73,-8 % until,  end  of

4x10, HyQ maximum in  Dga, maximum fc; 24-50 hpt; (Aber: 75 (fc)-84 (., 2.8- process; 75/84 hpt —
minimum in fc; 0-24; (aber:~ 30- 48—33; - | 1e7, 74-35 %; process end,

3.8x10, 48/24 h; 60 | 3.8x10-3.5x10; Viral | 31.25%;

ot <6x10, <15 %; | %); release and peak titer, Decrease in  viral <30 %

4.25x10°%, Charging/induction, maximum in  oxygen | 615-790, titer/harvest time

5x10° phase post| 720 625, - | consumption 28 %
transfection/pre- 13%; 1030- increase;
production 920, 10.6%) (Aber:

920-1090,
18.5%
Run #5 High yield, Perfusion, 2 | Increase D@ after tf, | 73 110/24h; | 1: decrease in [, | 110 Slope change ik, | 55-44pflcm/26 h, 20| Decrease of Dfga | DB <40,
VWD, 8x1f, 4; | decrease in  fc; | 50%; increase infc; 2: change in | (24h)-55; | 50-70 hpt, 172-192 h| %; 825-780, 5.5 % until, end of

3x10, HyQ+ maximum  in D slope Da&,,, maximum fc; 50  %; | inoc; 2.2-1.4x16, 70- process; 70 hpt —| fc=760-720
minimum in fc; (Aber:  94- (Aber: 45/40 %; Decrease in process end,

4.6x10, 128/24 h, | 24-45/50;3.1x10  (max), | 128-64, viral titer/harvest time

ax1gt 0-24; <le4, <1.5; 36%); 6.5-100-70 %; 50 %); <30 %

¢ Charging/induction, 635 525, | vViral release and peak | 525-825,

8x1 phase post | 17%; titer, maximum in oxygen | 57 %
transfection/pre- consumption increase;
production; maximum | (Aber: 380- 330- 540;
in oxgen consumption 330, 13%) 63 %

PTP: process transition points

Remarks for Table AIV.2 :

1: LV titer GTA in bioreactor supernatant sample

2: high variation in fc at beginning of culture dioelow biomass level

3: maximum titer in reactor supernatant

4: after 5 dpt
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ADDITIONAL DATA FOR APPENDIX II:

Figure AIV.8: Nutrient and byproduct concentratiqgiicose, glutamine, lactate) in small scale
LV production. Culture were transfected using inya production conditions at 2 DMD and
two different cell densities (5x2@/mL and 1x16 c¢/mL). All concentrations remained below

limiting or inhibiting values, except for lactaterentration before the first medium exchange

Figure AIV.9: Functional LV titer evolution is idénal in bioreactor and shake flask control
cultures; experiment shown corresponds to run@ahtrol 1 was taken from the bioreactor 3.5 h
before transfection and transfected in the shaskflvith the identical polyplex preparation than
the mother culture; control 2 was taken from thardmctor 1.5 h after transfection; both control

cultures were subject to 2 DMD
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Figure AIV.10: Characteristic frequency and glucaes@asumption rate do not correlate during
bioreactor LV production. Data correspond to rury #éshed line indicates the time of
transfection. The decreasefmafter transfection, paralleled an increase in @dgcconsumption
rates indicates that the changesécirs not linked with decreasing metabolic activitg @served

in chapter 5 for batch cultivation)
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Figure AIV.11: Shake flask cultures in different ¢nen compositions. Cultures were inoculated
at cell density of ~3x10c/mL and grown in regular medium (HyQ) and at sepent (CB5 reg)

concentrations of 5 and 10 % v/v
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ADDITIONAL DATA FOR APPENDIX I

Practical applications of Online Permittivity SidggtaCharacterization of HEK293 Batch Growth

and ldentification OF metabolic Shifts

Supplementary Figure Alll.1/Figure AIV.12:

Control shake flask cultures (sample taken from
the bioreactor 1.5 h after inoculation) showed
similar metabolic and growth profiles compared
to the mother culture in the bioreactor; arrows
mark the end of the exponential growth and
beginning of death phase, respectively. The
death phase began earlier in shake flask control
cultures, most likely because of elevated lactate
concentrations, causing a decrease in pH. At the
end of the culture, (=250 h, the pH of control

was determined at 6.3.

(A) vccand growth rates

(B) glucose concentrations and consumption

rates

(C) lactate concentrations and production rates
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THE EFFECT OF SODIUM BUTYRATE ADDITION TIME POINT O N LV
PRODUCTION

Figure AIV.13: The addition of sodium butyrate #fafent time points post-transfection (0, 2, 6,
16 hpt) was evaluated using transfection at 8x1®L in HyQ+ medium.

Impact of butyrate was previously observed (seetena3) to act as a strong inducer of LV
production, resulting in yield improvement of ~13ef@t a concentration of 5 mM. When adding
butyrate at different time points post-transfect{0nl6 hpt), the LV release with titers >1X10
was shifted to earlier harvest points. The firstveat (16 hpt), which typically contained only
small amounts of LV under improved production ctiodis, contained >1x¥0tu/mL when
butyrate was added as early as 0-2 hpt; simmiladhnlg, second harvest (24 hpt) also showed
significantly increased titers). Yet, the overaielg was not improved in any of the tested
alternative production conditions with the additiohbutyrate at 16 hpt resulting in highest LV
yields.

The addition of an even later addition of butynaight therefore be evaluated. However, it needs
to be kept in mind that this might further delay k&lease/ i.e. prolong the overall process and,

with regards to production in bioreactor, perfusiiome.

The results also indicate that although the imtlabmid uptake is a fast process leading to high
functional LV titers as early as 16 hpt, expressainall LV-encoding proteins at highest
efficiency takes only places at later time points, 1-3 dpt. A further analysis of expression

kinetics could this be useful to further optimizelnplasmid transfection systems.
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ADDITIONAL OBSERVATIONS DURING LV PRODUCTION

Figure AIV.14: LV production with and without theldition of sodium butyrate at 5 mM. In
these initial experiments in LC-SFM L medium, theywate stock was not neutralized and pH

<<7. This was corrected in later experiments (cbrap}.

Figure AIV.15: High total GFP expression at 4 dpbioreactor perfusion culture (picture taken
during run #4)
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Figure AIV.16: Small scale LV production 4 dpt. GuEks were transfected using improved
production conditions at different cell densitiésy: 2x10; (2): 5x16; (3): 1x10; (4) 2x1d
c/mL. Note the dramatic and increasing cell ringnfation at the inner shake flask surface

Figure AIV.17: Qualitative evolution of cellular ggegation during bioreactor perfusion culture
(run #4). Figure legends indicate the time postdfaction. Immediately after inoculation (A),
almost no cellular aggregates were observed. Aggjagthen increased progressively after the

perfusion start (B) and reached high levels at)2aftl 4 dpt (D)



