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Resum

Les virus-like particles (VLPs) han sorgit com a una alternativa a les vacunes convencionals
basades en virus atenuats o inactivats. La seva capacitat d’autoacoblament en base a 1’expressio
d’una proteina matriu i I’abséncia de material genomic d’origen viric les fa candidats atractius
per a una multitud d’aplicacions. Les VLPs de Gag del virus de la immunodeficiéncia humana
(VIH) s6n un tipus de VLPs amb envolta que han atret especial interés degut a les seves propietats
estructurals, amb aplicacions en terapia génica, nanotecnologia i el desenvolupament de vacunes
multivalents. Les linies cel-lulars d’insecte son un sistema de referéncia per a produir aquest tipus
de nanoparticules ja que proporcionen les condicions adients per la seva produccid i assemblatge.
En aquesta tesi s’ha avaluat la produccio de VLPs del VIH-1 en les linies d’insecte Sf9 i High
Five amb el sistema d’expressido baculovirus i transfeccio transitoria. Per tal d’assolir aquest
objectiu, s’ha emprat una aproximacié basada en I'is combinat de metodologies de disseny
d’experiments i funcions de resposta combinada. Paral-lelament, s’han incorporat una série de
tecniques de mesura per tal de monitoritzar i quantificar el procés productiu i per a la
caracteritzacio final de les VVLPs.

En el primer capitol s’analitzen les caracteristiques d’ambdues linies cel-lulars d’insecte com a
plataformes per a la producci6 de VLPs de GageGFP amb el sistema d’expressio baculovirus. Les
cel-lules High Five mostren un increment de 3.6 vegades en la producci6 de GageGFP respecte
les cel-lules Sf9 mentre que aquestes Ultimes permeten assolir un augment de 1.7 vegades en la
produccio de VLPs. En tots dos casos, 1’observacio de les VLPs per microscopia electronica de
criogénia permet determinar que tenen una mida similar i també permet detectar la preséncia
d’altres poblacions de nanoparticules. L’analisi dels nivells de produccié de baculovirus resulta
en un increment de 23 vegades de virus infectius en les cél-lules Sf9 mentre que una proporcid
més gran de virus d’oclusi6 s’observa en les cel-lules High Five. La preséncia d’aquest ultim
fenotip de baculovirus evidencia un canvi en la complexitat de la linia cel-lular High Five després
de la infeccié amb el baculovirus. Finalment, la combinaci6 de les técniques d’ultracentrifugacio
i virometria de flux mostra que les VLPs derivades de High Five tenen un major coeficient de
sedimentacid, la qual cosa indica que aquestes VLPs poden estar associades amb altres elements

cel-lulars.
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Al segon capitol es determinen les condicions optimes per a la produccid de VLPs en les cel-lules
Sf9 i High Five amb el sistema d’expressioé baculovirus. En aquest sentit, s’apliquen metodologies
de disseny d’experiments i funcions d’optimitzacié amb técniques de quantificacio directa de
nanoparticules per tal d’aprofundir en aquests sistemes. Inicialment s’aborden dues situacions
objectiu, la primera cercant la maximitzacié de la concentracio de VLPs (Quantitat) i la segona
buscant un balang entre producci6 i percentatge de VLPs amb estructura completa (Qualitat). Les
millors condicions de produccié per a les cél-lules High Five corresponen a multiplicitats
d’infecci6 elevades i temps de recollida més curts; en canvi, les cél-lules Sf9 requereixen
multiplicitats d’infeccié més baixes i temps de recollida més llargs. Els nivells de produccio final
de VLPs en la condici6 de qualitat sén 4.5 vegades més elevats per a les cél-lules Sf9 mentre que
en la condicio6 de quantitat s’obtenen concentracions similars de VLPs per a ambdues linies.

Al tercer capitol de la tesi es desenvolupa una estratégia de produccié lliure de baculovirus i
basada en la transfeccié transitoria de ADN plasmidic amb polietilenimina (PEI). Analogament
al capitol 2, s’implementa una aproximacié sistematica de disseny d’experiments i funcions
d’optimitzacio. En ambdos casos, el recanvi de medi abans de la transfecci resulta ser beneficids
per tal d’assolir els nivells més alts d’expressio. La millor estratégia de transfeccio per a les
cel-lules High Five s’obté amb la utilitzacié de complexes d’ADN i PEI petits (< 300 — 400 nm),
mentre que en el cas de les cél-lules Sf9 s’obté amb una mida de complexes més heterogénia (200
— 1500 nm). Les condicions optimes de concentracié de cél-lules viables, ADN i PEI es
determinen en aquest estudi i la formaci6é correcta de les VLPs produides es corrobora per
microscopia electronica de criogénia. En aquest cas, les cel-lules Sf9 assoleixen un increment de
8.4 vegades en la produccid de VLPs respecte a la linia cel-lular High Five.

A T’ultim capitol de la tesi es desenvolupen conjunts de cel-lules Sf9 i High Five amb expressio
estable i continua de VLPs al llarg del temps. Aquests conjunts de cél-lules d’expressio estable
es generen a partir de la integracio aleatoria d’ADN codificant al genoma de les cél-lules, i les
que sén més productives se seleccionen per citometria en base a la seva fluorescéncia. Mitjangant
aquesta metodologia, s’assoleix un enriquiment de 8.1 i 3.4 vegades en la intensitat de

fluorescéncia de GageGFP en les cél-lules Sf9 i High Five, respectivament, en comparacio als



Resum

conjunts cel-lulars no enriquits. En relacio a la produccié de VLPs, s’aconsegueix un increment
de 3.7 vegades en les c¢l-lules High Five respecte les Sf9. Finalment, 1’estabilitat d’aquests grups

cel-lulars d’expressio estable es corrobora al llarg d’un mes en cultiu.
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Resumen

Las virus-like particles (VLPs) han surgido como a una alternativa a las vacunes convencionales
basadas en virus atenuados o inactivados. Su capacidad de autoensamblaje en base a la expresion
de una proteina matriz y la ausencia de material genémico de origen virico las hace candidatos
atractivos para una multitud de aplicaciones. Las VLPs de Gag del virus de la inmunodeficiencia
humana (VIH) son un tipo de VLPs con envuelta que ha suscitado especial interés debido a sus
propiedades estructurales, con aplicaciones en terapia génica, nanotecnologia y el desarrollo de
vacunas multivalentes. Las lineas celulares de insecto son un sistema de referencia para producir
este tipo de nanoparticulas puesto que proporcionan les condiciones adecuadas para su produccion
y ensamblaje. En esta tesis se ha evaluado la produccién de VLPs del VIH-1 en las lineas de
insecto Sf9 y High Five con el sistema de expresion baculovirus y transfeccion transitoria. Para
conseguir este objetivo, se ha utilizado una aproximacion basada en el uso combinado de
metodologias de disefio de experimentos y funciones de respuesta combinada. Paralelamente, se
han incorporado una serie de técnicas de medicion para monitorizar y cuantificar el proceso
productivo y para la caracterizacién final de las VLPs.

En el primer capitulo se analizan las caracteristicas de ambas lineas celulares de insecto como
plataformas para la produccién de VLPs de GageGFP con el sistema de expresién baculovirus.
Les células High Five muestran un incremento de 3.6 veces en la produccién de GageGFP
respecte a las células Sf9 mientras que estas Ultimas permiten conseguir un aumento de 1.7 veces
en la produccion de VLPs. En ambos casos, la observacién de las VLPs mediante microscopia
electrénica de criogenia permite determinar que tienen un tamafio similar y también permite
detectar la presencia de otras poblaciones de nanoparticulas. El analisis de los niveles de
produccion de baculovirus resulta en un incremento de 23 veces de virus infectivos en las células
Sf9 mientras que una proporcién mas gran de virus de oclusién se observa en las células High
Five. La presencia de este ultimo fenotipo de baculovirus evidencia un cambio en la complejidad
de la linea celular High Five después de la infeccion con el baculovirus. Finalmente, la
combinacion de les técnicas de ultracentrifugacion y virometria de flujo muestran que las VLPs
derivadas de High Five tienen un mayor coeficiente de sedimentacion, lo que indica que éstas

pueden estar asociadas con otros elementos celulares.
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En el segundo capitulo se determinan las condiciones 6ptimas para la produccion de VLPs en las
células Sf9 y High Five con el sistema de expresion baculovirus. En este sentido, se aplican
metodologias de disefio de experimentos y funciones de optimizacion con técnicas de
cuantificacion directa de nanoparticulas para profundizar en estos sistemas. Inicialmente se
consideran dos situaciones objetivo, la primera investiga la maximizacion de la concentracion de
VLPs (Cantidad) y la segunda busca un balance entre produccién y porcentaje de VLPs
ensambladas (Calidad). Las mejores condiciones de produccién para las células High Five
corresponden a multiplicidades de infeccidn elevadas y tiempos de recogida mas cortos; en
cambio, las células Sf9 necesitan multiplicidades de infeccion mas bajas y tiempos de recogida
mas largos. Los niveles de produccidn final de VLPs en la condicion de calidad son 4.5 veces més
elevados para las células Sf9 mientras que en la condicién de cantidad se obtienen
concentraciones de VLPs similares para ambas lineas.

En el tercer capitulo de la tesis se desarrolla una estrategia de produccion libre de baculovirus y
basada en la transfeccion transitoria de ADN plasmidico con polietilenimina (PEI). Anadlogamente
al capitulo 2, se implementa una aproximacion sistematica de disefio de experimentos y funciones
de optimizacion. En ambos casos, el recambio de medio previo a la transfeccion resulta ser
beneficioso para conseguir los niveles mas altos de expresion. La mejor estrategia de transfeccion
para las células High Five se obtiene con la utilizacion de complejos de ADN y PEI pequefios (<
300 — 400 nm), mientras que en el caso de las células Sf9 se obtiene con un tamafio de complejos
mas heterogenia (200 — 1500 nm). Las condiciones éptimas de concentracion de células viables,
ADN y PEI se determinan en este estudio y la formacion correcta de las VLPs producidas se
corrobora por microscopia electrénica de criogenia. En este caso, las células Sf9 consiguen un
incremento de 8.4 veces en la produccién de VLPs respecto a la linea celular High Five.

En el Gltimo capitulo de la tesis se desarrollan grupos de células Sf9 y High Five con expresién
estable y continua de VLPs a lo largo del tiempo. Estos conjuntos celulares de expresion estable
se generan a partir de la integracion aleatoria de ADN codificante en el genoma de las células, y
las que son mas productivas se seleccionan por citometria en base a su fluorescencia. Mediante

esta metodologia, su intensidad de fluorescencia de GageGFP aumenta en 8.1y 3.4 en las células
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Sf9 y High Five, respectivamente, en comparacion a los conjuntos celulares no enriquecidos. En
cuanto a la produccion de VLPs, se consigue un incremento de 3.7 veces en las células High Five
respecto a las Sf9. Finalmente, la estabilidad de estos grupos celulares de expresion estable se

corrobora a lo largo de un mes en cultivo.

14



Summary




Summary

Virus-like particles (VLPS) have emerged as an interesting alternative to conventional vaccines
based on live-attenuated or inactivated viruses. Their capacity for self-assembling upon
expression of the core protein and the lack of viral genomic material make them excellent
candidates for a variety of purposes. Gag VLPs from the human immunodeficiency virus (HIV)
are a type of enveloped VLPs that have drawn special attention due to their structural properties
with applications in gene therapy, nanobiotechnology and multivalent vaccine development.
Insect cell lines are a reference system to produce these types of nanoparticles since they provide
the ideal conditions for their production and assembly. In this work, the production of HIV-1
GageGFP VLPs is assessed in Sf9 and High Five insect cells with the baculovirus expression
vector system (BEVS) and transient gene expression (TGE). A rational approach based on the
combination of Design of Experiments (DoE) and desirability functions is used to optimize the
VLP production conditions. Advanced measurement technigques are implemented to monitor and
quantify the production process and for final VLP characterization.

In the first chapter, the characteristics of both insect cell lines as platforms for GageGFP VLP
production with the BEVS are analyzed. High Five cells achieve a 3.6-fold improvement in
GageGFP production compared to Sf9 cells while a 1.7-fold increase in VLP titer is attained in
the latter. In both cases, similar VLP sizes for both cells are measured by cryogenic electron
microscopy (cryo-EM) and other nanoparticle populations are identified. The analysis of
baculovirus production levels results in a 23-fold increase of budded virus in Sf9 cells while a
larger amount of occlusion-derived virus is detected in High Five cells. The presence of this
baculovirus phenotype evidences a shift in the cellular complexity of High Five cells upon
baculovirus infection. Finally, the combination of analytical ultracentrifugation with flow
virometry reveals a higher sedimentation coefficient for High Five-derived VLPs, indicating their
possible association with other cellular compounds.

In the second chapter, the optimal conditions for VLP production in Sf9 and High Five cells with
the BEVS are determined by means of DoE and desirability functions. Different methodologies
based on direct nanoparticle quantification are used to gain insight into these systems. Two

objective situations are defined, one targeting the maximization of the VLP titer (Quantity) and
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the second one aiming to find a balance between production and assembled VLPs (Quality). A
higher multiplicity of infection (MOI) and a shorter time of harvest (TOH) result in the best
production conditions for High Five cells while a lower MOI and longer TOH work best for Sf9
cells. Final VLP production levels in the quality condition are 4.5-fold higher for Sf9 cells while
similar VVLP concentrations are found for both insect cells in the quantity condition.

In the third chapter of this thesis, a baculovirus-free VLP production strategy is optimized for
both insect cells based on plasmid-mediated TGE with polyethylenimine (PEI). As in chapter 2,
a systematic approach combining DoE and desirability functions is implemented. In both cases,
medium exchange before transfection proves to be beneficial to achieve the highest transgene
expression yields. Small DNA:PEI complexes (< 300 — 400 nm) are more adequate to transfect
High Five cells while they are more size heterogeneous (200 — 1500 nm) for Sf9 cells. Then, the
optimal conditions for viable cell concentration at transfection, DNA and PEI concentrations are
determined and the correct formation of the VLPs produced is corroborated using cryo-EM. In
this case, Sf9 cells achieve a 8.4-fold increase in VLP production compared to High Five cells.
In the last chapter, stable Sf9 and High Five cell pools to produce VLPs are developed by random
integration and selection of the high producer cells using fluorescence-activated cell sorting. An
8.1 and 3.4-fold improvement in GageGFP fluorescence intensity is obtained for Sf9 and High
Five stable cell pools over unsorted cell pools, respectively. In terms of VLP production, a 3.7-
fold increase in VLP titer is achieved in High Five over Sf9 stable pools. Finally, cell pool stability

is successfully corroborated during the course of a month.
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1. Vaccines

Infectious diseases have plagued humans throughout history. Nowadays, they continue to be
among the principal causes of morbidity and mortality in humans. The development of efficient
vaccines that specifically provide an active immunity to a specific disease caused by an infective
pathogen has proven capital to protect individuals. However, this falls short if governments do
not foster vaccination campaigns for combating these diseases. To this purpose, strategies such
as the One Health approach have emerged with the aim to implement programs, legislation,
policies and research to achieve better public health outcomes [1]. This is an initiative of the
World Health Organization to fight infectious diseases by raising food safety levels, the control
of zoonoses and the combat of antibiotic resistances. The application of these strategies as well
as consciousness-raising of the benefits of vaccination are of upmost importance in the process to

eradicate infectious diseases.

1.1. Viral vaccines

Since Edward Jenner’s observation that cowpox virus administration to healthy individuals
protected them from smallpox, the field of vaccinology has substantially advanced [2]. So far,
most of the current preventive vaccines consist of live-attenuated or inactivated viruses. Live-
attenuated vaccines are based on viruses that have lost their virulence but maintain their protective
immunity. This is normally accomplished by the selection of reassorted mutants under several
rounds in cell culture. This type of vaccine can elicit efficient humoral and cellular immune
responses, but their use is limited in some cases since it is not always possible to identify a
sufficiently attenuated strain and they have a risk of reversion to a virulent strain [3]. Inactivated
vaccines require a chemical or heat inactivation process that render the virus unable to replicate,
but viral antigens remain unaltered to trigger the immune system response. Their inability to
replicate in vivo makes them less immunogenic than their live-attenuated counterparts and their
activity is generally enhanced by combination with adjuvants [4]. Other strategies have been

employed to circumvent the possible adverse effects of these vaccines. The production of soluble
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antigens either by culture purification or recombinant expression has been used in some cases but
it is frequently required the addition of an adjuvant to enhance the immunogenicity.

New vaccination strategies have focused on improving the potency and safety of vaccines.
Nucleic acid vaccines, which are based on the delivery of a target DNA or RNA encoding a viral
antigen, have shown a low efficiency in stimulating the immune system and also in the level of
cellular uptake [5]. The development of viral vectored vaccines to target a specific cell type
through virus engineering has allowed to improve the uptake efficiency of nucleic acids.
Nevertheless, some of these viral vectors have a limited nucleic acid packaging capacity and
others have reported a strong immunity against the viral vector itself that limits their effectiveness
[6]. Virus-like particles (VLPs) emerged as system to retain the native virus conformation and
thus increase the innate and adaptative immune responses [7]. Moreover, the great benefit of this
type of vaccines is that the outer viral protein structure is maintained while keeping a high safety
profile due to absence of viral genomic material. These characteristics have attracted the interest

on VLPs as an efficient vaccine conformation in the last years.

1.2. Virus-like particles

VLPs are complex nanoparticles formed by a highly ordered repetitive assembly of viral proteins
that mimic the natural virus configuration. As they are devoid of viral genetic material, they are
unable to infect nor replicate. Considering their structure, VLPs can be classified as non-

enveloped and enveloped (Figure 1).
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Figure 1. Single and multiple-layered configurations for non-enveloped and enveloped VLPs [8].

Non-enveloped VLPs consist of a single or multiple protein configuration. The more simple
structures, single layer and reduced number of proteins, can be produced in prokaryotic systems
and even assembled in a cell-free environment [9]. Multi-layered VLPs demand a higher
processing complexity by the host cell and typically require from eukaryotic systems such as
yeast, plants but preferentially animal cell lines. For instance, this is the case of multiple subunit
VLPs from rotavirus [10] and poliovirus [11]. Some VLP types are surrounded by a lipid
membrane acquired from the production host, the so-called enveloped VLPs [12]. This type of
VLPs can contain different glycoproteins embedded in their surface which normally increase the
immunogenicity. Influenza VLPs [13], human immunodeficiency virus (HIV) [14] and Ebola
VLPs [15] are well-studied examples of enveloped VLPs.

Their use as vaccines has gone from promise to reality leading to a variety of licensed recombinant
products for animal and human use (Figure 2), and many others are currently under investigation
in clinical trials [16,17]. One VLP vaccine has been approved for veterinary use based on porcine
circovirus type 2, commercially known as Porcilis® PCV [18]. Also, available vaccines for human
diseases include: hepatitis B virus (Elovac®, Engerix®, Genevac®, Shanvac® and Recombivax®),

human papillomavirus (Gardasil® and Cervarix®) and hepatitis E virus (Hecolin®) [19].
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Figure 2. Timeline of approved VLP-based vaccines for human use [20].

1.3. HIV-1 Gag VLPs

There are basically two principal HIV serotypes, HIV-1 that accounts for approximately the 95%
of all acquired immune deficiency syndrome (AIDS) infections worldwide, and HIV-2, which is
less infectious and has a slower infection progression [21]. Most of the knowledge currently
available is associated to serotype 1. In both cases, the group-specific antigen (Gag) polyprotein
has been observed to travel to the vicinity of the plasma membrane of host cells upon expression,
where it is able to self-assemble with other Gag monomers and bud from cells in the form of
VLPs (Figure 3). VLP size generally fall in the range of 100 — 200 nm and their membrane
composition is subjected to a certain extent of heterogeneity depending on the production host.
The native Gag polyprotein is structured into four different smaller proteins (MA, CA, NP and
LI) in the original infective virus but Gag remains unprocessed if not complementary viral
proteins are expressed. The unprocessed Gag itself is able to interact with the plasma membrane
through the myristic acid within the MA protein [22] and it is able to multimerize with other Gag

polyproteins through the C-terminal part of the CA protein [23].
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Figure 3. Gag structure and diagram representing the Gag VLP formation process. (A) Pr55Gag polyprotein integrating
elements: pl7 matrix protein (MA), p24 capsid protein (CA), p7 nucleocapsid protein (NP) and p6 linker protein (L1I).
(B) Schematic representation of the Gag VLP production process, from Gag polyprotein expression to release in the
form of VLPs [24].

The properties of Gag VLPs makes them an interesting platform with multiple applications. These
nanoparticles have the capacity to present envelope HIV proteins either by co-expression [25], as
a fusion protein with the gag gene [26] or by chemical conjugation to specific peptides to boost
their immunity [27]. Their robust structure has also shown an attractive means for the production
of multivalent vaccines. In this sense, Gag can serve as a core scaffold for antigens targeting other
diseases [28] or membrane receptors for drug discovery [29]. Moreover, cancer receptors have
been incorporated on the surface of these VLPs to target specific tumors [30]. Advances have also
been made in the use of Gag VLPs as nanocages, with successful results in the delivery of drugs
[31], proteins [32] and nucleic acids [33]. All these possibilities have posited Gag VLPs on the

edge of innovation in treatments and technologies for modern life.
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2. Platforms and strategies for VLP production

VLPs have been produced in a variety of expression systems including bacteria, yeast, animal
cells and plants. Bacteria and yeast are normally selected to produce non-enveloped VLPs
requiring non or few post-translational modifications (PTMs) since they are the most productive
platforms. However, bacteria and yeast to a lower extent are less adequate to produce more
complex VLPs or enveloped nanoparticles. In this situation, more versatile production systems
such as animal cell lines and plants are preferred. As for HIV-1 Gag VLPs, yeast spheroplasts
have been successfully employed after removing the cell wall [34]. However, this platform may
not be the most appropriate to provide an adequate PTM pattern. Owing to advancements in the
field of plant biotechnology, transgenic plants have also been used to produce Gag VLPs [35].
Despite their low-cost and safety, low VLP vyields and long production times are nowadays
limiting their application. Currently, mammalian and insect animal cell lines are the preferred
hosts to produce these complex nanoparticles since high VLP amounts can be obtained with
adequate PTMs. Although the glycosylation profile is similar, mammalian cells provide more
human-like PTMs since insect cells mostly produce N-glycans with terminal mannose residues.
Still, some studies have successfully addressed the production of “mammalianized” PTMs in
insect cells [36,37]. On the other hand, insect cells offer a higher safety profile due to the absence
of known pathogens for humans [38]. Also, higher VLP yields are generally obtained in insect
cells when used in combination with the baculovirus expression vector system (BEVS).
Nevertheless, baculovirus separation from Gag VLPs is a major drawback of the insect cell/BEVS
although some progress has been reported by means of anion exchange chromatography [39].
Interestingly, some authors have reported that the baculovirus itself possesses an adjuvant activity
that might be beneficial to stimulate an efficient immune response [40], but more research is
required to elucidate if the neutralization capacity is not masked by the baculovirus itself or
baculovirus-derived proteins.

2.1. Insect cell lines

The first immortalized insect cell lines were established in 1960s [41]. Ever since, insect cells

have been used to produce different recombinant products, from very simple ones to complex
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multi-layered nanoparticles. Most common insect cell lines employed to this purpose are derived
from Diptera (flies) or Lepidoptera orders.

Basal media such as Grace’s medium, TNM-FH or TC-100 were initially used to culture insect
cells and these formulations have been improved vyielding to several currently available
commercial media [42]. Serum supplementation was a common practice in early stages of insect
culture development but problems such as lot-to-lot inconsistency, limited supply and the risk of
animal pathogen contamination shifted the interest to serum-free media. Protein hydrolysates
emerged as a good alternative to serum but lot-to-lot variability was also reported [43]. Media
development companies have focused their efforts on developing chemically defined media,
which has been recently achieved with the ExpiSf medium, or minimizing the amount of protein
hydrolysates such as in Sf900I1l medium.

Lepidopteran insect cells are the most used platform to produce recombinant products due to their
susceptibility to baculovirus infection. They include cell lines derived from Spodoptera
frugiperda such as Sf21 and Sf9 cells and others that have been exclusively developed for serum-
free culture (ExpresSF+®) or chemically-defined media (ExpiSfO™). Trichoplusia ni-derived
BTI-Tn5B1-4 (High Five™) and TN-368, and Bm-N from Bombyx mori have also been used for
recombinant protein production. Dipteran insect cells such as Drosophila melanogaster S2 cells
are typically employed in baculovirus-free production systems although it has been demonstrated
that it is possible to use the BEVS to transduce them [44]. Recently, both insect orders have shown
to be adventitiously infected by viruses but none of them has shown pathogenicity in humans
[38]. Specifically, Sf-rhabdovirus have been observed to infect cell lines derived from Spodoptera
frugiperda while nodavirus and entomobirnavirus have been reported for some Trichoplusia ni
and Drosophila-derived cells, respectively. In this regard, new virus-free insect cell lines such as
the Sf-RVN Spodoptera frugiperda-rhabdovirus negative [45] or the Trichoplusia ni-derived

Tnms42 [46] have been developed.
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2.2. The baculovirus expression vector system

Baculoviridae is a family of viruses divided in four genera that infect invertebrates, mostly
belonging to the orders Lepidoptera (moths and butterflies) and Diptera (flies and mosquitoes).
The genus Alphabaculovirus is one the most commonly used for recombinant protein expression
in insect cells, specifically the Autographa californica multiple nucleopolyhedrovirus
(ACMNPV). The AcCMNPYV genome is made of 134 Kbp and 154 open reading frames and it has
also demonstrated to accommodate large heterologous DNA sequences [47].

Briefly, the baculovirus infection cycle can be divided in four phases: immediate early, delayed

early, late and very late (Figure 4).
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Figure 4. Representation of the AcCMNPV baculovirus infection life cycle in an insect cell. The different infection
phases are represented: immediate early, early late (delayed early), late and very late, as well as the production process
of the two baculovirus species including budded virus (BV or BudV) and the occlusion-derived virus (ODV). Briefly,
following baculovirus binding and entry by clathrin-mediated endocytosis, the endosomes are transported to the nucleus
and upon acidification of the endosome, the nucleocapsid is released. Nucleocapsid uncoating in the nucleus enables
viral gene expression and formation of the progeny nucleocapsids. Some of these nucleocapsids egress from the nucleus
and travel to the insect cell membrane where they bud in the form of BV via the ESCRT pathway. Nucleocapsids that
remain inside the nucleus interact with the INM to eventually form ODVs. These ODVs are subsequently occluded to
form OBs but OB formation only takes place if the gene/s encoding for the structural proteins such as polyhedrin have
not been replaced to produce heterologous recombinant proteins. ESCRT: endosomal sorting complex required for

transport; INM: inner nuclear membrane; OB: occlusion bodies; NPC: nuclear pore complex; [48].

The first phase involves the use of the host cell machinery for transactivation while delayed early
genes are activated by viral products synthesized during the previous phase. The late and very
late stages require from virus-encoded polymerases and gene transcription occurs between 6 and
24 hpi and 18 to 72 hpi, respectively [49]. In these phases, structural nucleocapsid and envelope
proteins are synthesised including the membrane-associated GP64 protein, which is essential for
baculovirus infection. Two enveloped virion phenotypes have been found in most baculovirus

species, the budded virus (BudV) and the occlusion-derived virus (ODV). The former is
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responsible of spreading cell-to-cell baculovirus infection whereas the ODV is a resisting form of
the virus to cope with the harsh external environment conditions and is normally formed by more
than one nucleocapsid. Of note, the ODV phenotype is much less infectious than the BudV since
it is GP64-free and does not play a major role in cell culture conditions [50].

Typically, the gene of interest (GOI) is placed after a very late strong promoter such as the polh
or p10 promoters. Several technologies are available to clone the GOI in a baculovirus vector and
basically differ in the strategy followed to obtain the final viral vector [51,52]. Additionally, the
BEVS can be used to transduce mammalian cells for protein expression. In this case, the polh/p10
promoter is replaced by a mammalian promoter that enables flexible and efficient expression of
recombinant products [53].

To date, the BEVS has been used to manufacture several biologicals with applications in cancer,

gene therapy and in vaccination (Table 1).

Table 1. Marketed pharmaceutical products for human or animal use produced with the BEVS. Adapted from [54].

Product Type Target Year licensed Cell line
Bayovac® CFS (Bayer ) ) o )

AG) Subunit vaccine Classic swine fever virus 2002 Sf9
Porcilis® Pesti (Merck) Subunit vaccine Classic swine fever virus 2004 Sf9
Porcilis® PCV (Merck)  VLP-based vaccine Porcine circovirus type 2 2004 Sf9

Cervarix® ) ] ] o
) ] VLP-based vaccine Human papillomavirus 2007 High Five®
(GlaxoSmithKline)
Ingelvac CircoFLEX® Subunit / VLP- L
. . . Porcine circovirus type 2 2009 expresSF+®
(Boehringer Ingelheim) based vaccine
Provenge® (Dendreon) Immunotherapy Prostate cancer 2010 Ssf21
Best-H5® (Boehringer . . Avian influenza virus A
. Subunit vaccine 2012 expresSF+®
Ingelheim) H5N1
Glybera® (UniQure)? Gene therapy Lipoprotein lipase enzyme 2012-17 expresSF+®
Flublok® (Sanofi ) ) )
Subunit vaccine Seasonal influenza 2013 expresSF+®

Pasteur)

This product was discontinued in 2017

The expression of more complex nanoparticles such as HIV-1 Gag has also been addressed with
Sf9 [55] and High Five cells [56]. Some progress has been made in the production of a vaccine

against HIV based on Gag VLPs with the BEVS [57], but such vaccine is still not available.
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However, the ease of production and robustness of Gag have opened multiple possibilities for the

production of this polyprotein in this system.

2.3. Transient gene expression

The transient gene expression (TGE) process is a non-viral method in which a DNA plasmid/s
encoding for one or various GOI is introduced into a host cell. The DNA plasmid does not
integrate in the genome of the host cell unless an external pressure is exerted but remains in the
nucleus as an episome. This causes that the expression of the GOI is lost over time upon cell
replication. This approach is frequently used in initial stages of biopharmaceutical development
to rapidly produce some amount of a product in development and also enables to easily screen
different products simultaneously. Besides their use in process development, TGE is gaining
increasing interest since it is used for “in house” recombinant production for a variety of
applications. Moreover, several efforts have been made to improve the efficiency of TGE and
increase production volumes, to the point of reaching early clinical and even production stages,
especially for products not requiring large quantities for their final use, such in the case of gene
therapies [58].

Several strategies have been developed for cell culture transfection and can be classified as
physical and chemical methods. Electroporation and more recently magnetofection are the most
used physical methods for TGE. The former is based on the application of an electric field in
order to increase the permeability of the cell membrane allowing the incorporation of the target
DNA. On the other side, magnetofection requires a magnetic force, usually with magnetic
nanoparticles, to deliver DNA into target cells [59]. Both methods have been basically used at
small scale since difficulties in processing large culture volumes are encountered. Chemical
reagents are more appropriate for large scale production using TGE and can be divided into three
types: calcium phosphate, cationic lipids and cationic polymers. Calcium phosphate was one of
the first chemical reagents employed for TGE. It is generally used with adherent cell lines but it

has also been optimized for transfection in suspension [60]. A common limitation of this reagent
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is its incompatibility with serum-free media and the need to add serum to the culture as a manner
to alleviate its toxic side effects. Cationic lipids are amphiphilic molecules that have demonstrated
to achieve high transfection yields, particularly in mammalian cell lines. Despite their efficiency,
their use has been relegated to small scale and stable cell line generation due to their high cost
[61]. Cationic polymers, specially polyethylenimine (PEI), have been a breakthrough in the field
of TGE. They differ from cationic lipids in the fact they are completely soluble in water since
they do not contain any hydrophobic moiety. Given their polymeric nature, their synthesis can be
customized to obtain different molecular weights. Their capacity to achieve high transfection
yields in a variety of cell lines and their low-cost in comparison to cationic polymers have brought

PEI to be the gold-standard for TGE purposes [62,63].
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Figure 5. Schematic representation of the PEI-mediated transient gene expression process for Gag VLP production.
Adapted from [64].

PEI-mediated TGE is based on the combination of the positively-charged PEI and the negatively-
charged plasmid DNA harboring the GOI/s (Figure 5). The ability of PEI to condensate DNA

through the amino-phosphate interactions is key to form a stable DNA:PEI complex with an
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overall positive charge. The solution and time used for DNA and PEI complexing have also
proven relevant since they determine the size, charge and stability of the complexes [65]. Several
conditions including aqueous or hypertonic solutions have been previously used in animal cell
transfection and the results have shown to be cell line dependent [66,67]. This indicates that the

definition of the transfection conditions has to be independently assessed for each cell line [68].

Upon formation, the DNA:PEI complexes contact with the negatively-charged cell membrane
and are incorporated by the cell via the clathrin or caveolae pathway [69,70]. DNA:PEI complexes
are incorporated in endosome vesicles, and later complexes can escape through what is known as
“proton sponge effect” by the buffer action of PEI [71]. Then, the DNA:PEI complexes can enter
the nucleus where DNA is transcribed. The mechanism of entrance is not fully known yet and
some evidences point in the direction of complexes entrance after nucleus membrane
fragmentation during cell division [72] while other indicate that their incorporation is mediated
via active transport [73]. Once transcribed, mRNA is transported to the cytoplasm where it is
translated to the Gag polyprotein, which travels to the inner part of the plasma membrane where
VLPs are formed and released through a budding process. Interestingly, it has been demonstrated
that PEI-mediated delivery is very efficient to incorporate DNA:PEI complexes in almost all cells.
However, not all cells are capable of expressing the delivered DNA possibly indicating a limiting
step in the translocation of DNA:PEI complexes into the nucleus [64,74].

TGE has been widely tested and used in mammalian cell lines to produce different recombinant
products [58], but few information is available about its performance in insect cell lines,
especially in suspension culture conditions. The possibility to apply plasmid-mediated TGE in
insect cells emerged from the discovery of baculovirus promoters that were immediately activated
by host cell elements without requiring the presence of other baculovirus factors [75]. First studies
were conducted with cationic lipids, but the elevated cost of these transfection reagents relegated
their use to the small scale [76]. The boom of PEI in the field of mammalian cells made that some
groups recently evaluated their performance in suspension culture of Sf9 [77] and High Five [78—

81] cell lines. Hence, this baculovirus-free production strategy has opened up the possibility of
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using insect cells and TGE as a system to produce VLPs, specially HIV-1 Gag VLPs, since
problems related to the presence of baculovirus and baculovirus-derived proteins at the

downstream stage will be avoided.

2.4. Stable gene expression

Stable gene expression (SGE) is based on the constitutive expression of a GOI/s. This production
strategy is widely used in industry when a product of interest has been selected as the candidate
for a bioprocess [82]. In contrast to TGE, stable expression allows for a constant production of
the GOI and is also subjected to less process variability. However, it usually takes longer time
lines to develop a platform for SGE. The process begins in the same way as TGE, by transiently
transfecting the host cells with a DNA encoding for the GOI and afterwards a selection pressure
is applied. The cell phenotype stably expressing the GOI is generally selected by means of adding
an antibiotic or metabolic selectable marker [83].

Several strategies are available to integrate the GOI into the genome and can be divided in targeted
and non-targeted gene integration. Targeted integration directs gene incorporation into a “hot-
spot”, a zone of the cell host genome with a high transcription rate. This approach enables that
the GOl is specifically incorporated into these regions and normally only one copy is integrated.
To this purpose, different methodologies are available including transcription activator-like
effector nucleases (TALENS), zinc finger nucleases (ZFNs), meganucleases, recombinant-
mediated cassette exchange (RMCE) [84] and clustered regularly interspaced short palindromic
repeats associated to the Cas9 nuclease (CRISPR/Cas9) [85]. All these techniques rely on a double
strand break at a certain sequence of the genome, allowing then the integration of the GOI by
means of homologous recombination. Non-targeted integration is based on the incorporation of
the GOI in an undefined region of the genome. Random integration and transposons are the two
typical strategies for non-targeted integration. In both cases, the gene is randomly incorporated
into the host cell genome, but transposons tend to incorporate to highly active transcription
regions. The number of copies can greatly vary from cell-to-cell which is considered to add a

higher degree of heterogeneity. The Piggy-Bac™ is the most widely used transposon for cell line
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generation with successful results in insect [86] and mammalian cell lines [87]. However, this
methodology is not always easily accessible due to intellectual property restrictions.

The development of stable cell lines is generally a laborious and long process that can take from
two months to one year depending on the methodology used [83]. Specifically, this process
involves that after transfection the selection pressure is maintained until a stable polyclonal
expression is achieved. Then, the generation of a monoclonal cell line entails the separation of
the cells one by one by limiting dilution, which is a very labor-intensive process. The appearance
of automated technologies such as cell sorting have simplified this process. In parallel, the more
the clones that are evaluated add better chances of selecting a high producer one. Then, the
possibility to have access to high-throughput screening systems is especially relevant, but not
always affordable, at this stage. After clonal selection, cells are grown and screened to select
clones with high growth rates and production titers. From that, it is clear that one of the principal
causes influencing most the process of cell line development is establishing a clonal cell line. In
this sense, attention has focused on the use of stable polyclonal cell pools in recent years as a
strategy to reduce the time line from gene transfer to recombinant product production [88,89].
Despite the higher heterogeneity of a stable cell pool in comparison to a stable cell line which is
derived from a single cell clone, similar production titers can be achieved [90]. Furthermore, some
authors have reported large genomic rearrangements of clonal cell lines that put into question
their status as a genetically homogenic system [91,92]. In this regard, the development of stable
cell pools by targeted and non-targeted gene integration methods is gaining increasing interest as
a platform to produce recombinant products [93,94].

Insect cells lines have found their niche as stable producers for different recombinant products
since they are easy to manipulate, can tolerate high levels of by-products and exhibit a fast cell
growth [42]. Furthermore, some authors have reported better efficiencies in the production of
secreted proteins using stable expression than with the BEVS [95]. Stable cell lines have also
recently been developed for Gag VLP production in Sf9 [29,86] and Hi5 cell lines [96,97] as a

strategy to improve the presentation of antigen and complex membrane proteins. Hence, the
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development of stable insect cell pools can be an interesting approach for fast and stable

production of different recombinant products including VLPs.

3. Methodologies to assess HIV-1 Gag VLP and nanoparticle production

The production of recombinant products in animal cell lines is associated to the concomitant
expression of other undesired specimens. Although this might not be a problem for simple
recombinant proteins, the characterization and quantification of complex nanoparticles such as
Gag VLPs can be compromised to a certain extent. Extracellular vesicles (EVS) are heterogeneous
membrane-enclosed structures that display similar biochemical properties and size to Gag VLPs.
Besides their structural resemblance, there is evidence that Gag VLPs and EVs share several
expression routes [98,99]. EVs are generally classified into shed microvesicles, exosomes and
apoptotic vesicles, each of them differing in their biogenesis pathways [100]. Shedding
microvesicles (150 — 1000 nm) are actively released from the cell plasma membrane through a
budding process while apoptotic vesicles are generated by dying or apoptotic cells. On the other
hand, exosomes are generally smaller (30 — 150 nm) and they are derived from multivesicular

bodies (MVB) and secreted upon MVB fusion with the plasma membrane (Figure 6) [101].
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Figure 6. Extracellular vesicle biogenesis pathways. (A) Endocyted vesicles from the plasma membrane can be sorted
back to the plasma membrane or become multivesicular bodies (MVB). These MVB contain intraluminal vesicles
(ILV) that are generated from the MVB membrane and their fate can be a degradative lysosomal destruction or to
release the ILVs to the milieu in the form of exosomes. Also, cells actively release microvesicles to the extracellular
space through a budding process. (B) Dying cells can release shedding microvesicles in the early stages of apoptosis

and larger vesicles (apoptotic bodies) at later times of cell degradation [99].

Over the past decade, EVs have attracted the attention of researches due to their capacity to
mediate cell-to-cell communication via nucleic acids, lipids and proteins. However, most of the
studies conducted so far are centred in the field of cancer research and little is known about their
performance in cell culture-based processes, and sometimes are even ignored [102]. In addition
to EVs, recent studies have also detected the presence of adventitious viruses persistently
infecting some animal cell lines, which further increases the load of undesired nanoparticles. This
varied mixture of nanoparticles, including the different baculovirus phenotypes if the BEVS is
used as the production platform, has to be carefully considered to fully characterize the product
purity and meet the requirements of regulatory agencies for its use.

Several analytical technologies are available for HIV-1 Gag VLP characterization and
quantification. These can be classified into three main groups according to the properties under

evaluation: biochemical, biophysical and biological (Table 2) [20].
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Table 1. A summary of analytical technologies for Gag VLP-based vaccines. Adapted from [20,103,104].

Property Technique Type of method Properties analyzed
Mass spectrometry Indirect
RP-HPLC Direct Purity
=
- SDS-PAGE Indirect Composition
[<5)
§ Immunoblotting Indirect Molecular weight
2
BCA or Bradford Indirect Identification
Protein sequencing Indirect
TEM
Cryo-TEM
SEM
Confocal microscopy
Size
AFM
Quantification
DLS
= Purity
= NTA
2 Direct Morphology
s MALS
m Polydispersity
Disc centrifugation
Density
RPS
Aggregation
Density gradient
ES-DMA
Flow virometry
NAGE
= ELISA Indirect
RS} Quantification
g LSPR Direct
2 Antibody binding
oM Spectrofluorometry Indirect

RP-HPLC: reversed phase high-performance liquid chromatography. SDS-PAGE: sodium dodecyl sulphate
polyacrylamide gel electrophoresis. BCA: bicinchoninic acid. TEM: transmission electron microscopy. Cryo-TEM:
cryogenic transmission electron microscopy. SEM: scanning electron microscopy. AFM: atomic force microscopy.
DLS: dynamic light scattering. NTA: nanoparticle tracking analysis. MALS: multiangle light scattering. RPS: resistive
pulse sensing. ES-DMA: electrospray-differential mobility analysis. NAGE: native agarose gel electrophoresis.

ELISA: enzyme-linked immunosorbent assay. LSPR: localized surface-plasmon resonance.

Methods relying on the measurement of virus infectivity (TCID50, plague assay, end-point
dilution assay) or viral genome quantification (QPCR, RT-qPCR) are not adequate for VLP
quantification since these nanoparticles are non-infective and do not contain a viral genome [103].
The most traditional techniques are based on the identification of protein monomers, such as

ELISA or Western blot. However, these methodologies do not consider Gag VLPs as a
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nanoparticle but rely on the detection of their individual components. Therefore, it is difficult to
differentiate between assembled and non-assembled monomers and the evaluation of VLP titers
is hindered. In addition, the presence of nanoparticle populations other than VLPs is often not

considered.

Transmission electron microscopy (TEM) has been frequently used to characterize VLP
productions. TEM usually requires sample staining, usually uranyl acetate, for proper
nanoparticle visualization but this can lead to the introduction of artifacts and an alteration of the
native particle morphology. Over the last years, cryogenic electron microscopy (Cryo-EM) has
emerged as a tool for sample visualization with unaltered properties [105]. The different particle
structures can be resolved at higher level and a better differentiation between VLPs and EVSs is
possible. Nonetheless, some technical expertise is required, and it is not always possible to have

these equipments at disposal.

Novel technologies have appeared that enable quantifying the size and concentration of
nanoparticles in a short window of time. Among them, dynamic light scattering (DLS) [106],
nanoparticle tracking analysis (NTA) [107], resistive pulse sensing (RPS) [108] and flow
virometry [109] are becoming increasingly popular in the field nanobiotechnology. However,
these techniques cannot distinguish between VLPs and other nanoparticles, for instance EVs, that
fall in the same size range. This can lead to an overestimation of the real number of VLPs and a
misinterpretation of the nanoparticle populations in the sample. VLP purification is one option to
ensure a more reliable quantification but, although some progress has been made by
chromatographic procedures [110,111], it is still difficult to achieve a complete separation from
the other contaminating nanoparticles. Combining different techniques to analyze VLP
production and the presence of other nanoparticle populations is probably the most reasonable
approach to determine the real titers. Staining with antibodies targeting specific markers of the
VLP membrane or the fusion of the Gag polyprotein with a fluorescent reporter protein can also
help in this respect. Gag fusion to the enhanced green fluorescent protein (eGFP) has proved to

be a useful strategy to generate fluorescent VLPs with a reduced impact in their structure [112].
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This methodology has been applied as an indirect measurement of the VLP concentration
(fluorescence) in a sample but, although it is significantly faster than conventional techniques, it
also fails in the discrimination of assembled and non-assembled monomer [113]. Nonetheless, the
fluorescent tag itself introduces the possibility of direct VLP evaluation with the aforementioned
new technologies and their discrimination from non-fluorescent nanoparticle populations. In
addition, the combined use with other analytical technologies can improve the characterization of
other non-fluorescent populations, for example with analytical or density gradient
ultracentrifugation [114] or asymmetric flow field-flow fractionation coupled to multiangle light
scattering [115]. Confocal microscopy has also benefited from fluorescent tagging for a variety
of applications [116]. The development of super-resolution confocal microscopy has enabled to
surpass the Abbe’s diffraction limit (~250 nm) [117,118] and it is now possible to apply this

methodology to evaluate VLPs (Gonzalez-Dominguez, 1., in preparation).

The implementation of these new methodologies in combination with traditional ones represents
an advancement to characterize and quantify VLPs. However, there is still a long way to go in
order to universalize VLP quantification and fully distinguish the different nanoparticle

populations arising from cell culture-based processes.

4. Rational optimization

4.1. Design of Experiments

Quite often, experimentation is conducted by monitoring the effect of one-factor-at-a-time
(OFAT) on an objective response. This is normally achieved by changing one parameter while
maintaining the others unaltered. Design of experiments (DoE) is an experimental approach
dedicated to understanding and improving the performance of a given process or system [119].
The fundaments behind this methodology rely on the geometric distribution of the experiments
integrating the DOE as a manner to capture the synergies between factors, otherwise not possible
by means OFAT methods. Moreover, besides the possibility of detecting factor interactions, the

number of experiments is significantly reduced with DoE compared to OFAT. The different

38



Introduction

experiments of a DoE allow for a better precision and provide more information which, in
practical terms, imply less work and offer higher quality data. Since Fisher’s first proposal of DoE
as an approach to rationally identify the drivers of a system, different areas have been developed,
including factor screening, response surface methodology [120], quality control [121] and design
optimality [122].

The principal goal of experimentation is to determine the effect of several input factors
(independent variables) on a target response (dependent variable). In preliminary phases of
process development with many factors to be analyzed, it is necessary to evaluate which of these
variables are important and which are not. Factorial and fractional factorial designs are commonly
used to this purpose because they are efficient and require a reduced number of experiments. This
type of designs normally contains two levels for each variable under evaluation which simplifies
their analysis. A special case of these designs that has been widely applied for compound
screening is the Plackett-Burman design [123,124]. At a certain point, the determination of the
optimal conditions for a number of factors of interest is required, and Response Surface
Methodologies (RSM) are generally used to this end. A minimum of three levels for each variable
is required, providing a higher degree of potency and sophistication to the models. The analysis
of these type of designs is generally performed by means of second-order polynomial equations
and three-dimensional plots are often constructed to facilitate model interpretation. Different
types of designs are grouped into this category, including full three-level factorial designs, Box-
Behnken designs (BBD), Uniform Shell designs (Doehlert designs) and Central Composite
designs (CCD) [125]. Among them, BBD and CCD have acquired a remarkable acceptance as
optimization techniques in the field of cell culture [108,126,127].

Although the use of DoE has been intensified in the last few years, their application as a method
to improve the performance of cell culture-based process is still scarce. Several studies have been
conducted in the search of optimal baculovirus infection, transfection and supplementation
conditions in insect cells by means of OFAT experiments [55,128,129]. However, the analysis of

the synergies between the different factors influencing the objective response cannot be fully
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evaluated. In this sense, a window of opportunity appears for DoE as a tool to optimize these

production systems and its potential has been intensively used in this thesis.

4.2. Multiple response optimization

An interesting approach to follow for a better comprehension of the system or process under
evaluation is the inclusion of more than one objective response. In such case, it is possible that
the optimal conditions for each of the responses fall in different regions of the design space and
it is then required to find a compromise solution [130]. If the number of factors and responses in
the study is kept at a low level, visual inspection of the overlapping areas for each model can be
a good solution [131]. However, this method is not the best option if the numerical scales of the
different models are distant since they might not intersect themselves. A solution to this problem
was proposed by Derringer and Suich who developed the concept of “desirability function” [132].
The idea underlying this function is the definition of a global optimum response that depends on
the different responses integrating the study and provides the best value of compromise in a joint
response. To overcome the numerical scale problem, a minimum and maximum interval of each
objective response is defined and then the responses are transformed to an equivalent
dimensionless scale. The importance of the different responses in the global desirability function
is assigned by an individual weight according to the priorities of the researcher. Low weight
values indicate that it is not strictly required for the objective response to be near the target value.
Conversely, higher weight values put more pressure on the response since unless it is very close
to the target value, its value will be low. After weight assignation is accomplished, all the
transformed responses are combined into a global desirability function to identify the best joint
response. The higher the restrictions of the responses, the more difficult will be the determination
of a subset of variable values that satisfy the global desirability function. The use of desirability
functions has been mainly restricted to the field of chemistry [133,134], but it is gaining an
increasing acceptation in the field of biology as a tool for multiple response optimization

[135,136].
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In this thesis, the production of Gag VLPs in Sf9 and High Five insect cells has been optimized
and characterized with different expression approaches. To this purpose, a combination of DoE
and desirability functions with direct nanoparticle quantification techniques is applied. The Gag
polyprotein is fused in frame to eGFP to facilitate VLP detection, quantification and
discrimination from other nanoparticle populations. Initially, an analysis of both insect cells as
platforms to produce GageGFP VLPs with the BEVS is performed. Second, the optimal
conditions for GageGFP VLP production are determined in each cell line and compared based on
two criteria: quantity and quality. Third, a PEI-mediated TGE method is developed for each cell
line to produce GageGFP VLPs as a strategy to avoid the production of baculoviruses and
associated proteins. Finally, the development of stable cell pools is evaluated as a strategy to

constitutively produce GageGFP VLPs.
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Objectives

The main objective of this thesis is the optimization and characterization of different production
strategies for HIV-1 Gag VLP production in insect cell lines. Hi5 and Sf9 cells are the selected
cell lines due to their relevance as production platforms for a diversity of recombinant products.
Consequently, the complete study will be performed using these two cell lines in parallel and

comparing their performance. More specific objectives are defined as follows:

1- Evaluation of different quantification and characterization techniques to assess the

production of nanoparticles in insect cells.

2- Optimization of baculovirus-based Gag VLP production in Hi5 and Sf9 cell lines and
assessment of the different nanoparticle populations produced.

3- Determination and characterization of the conditions for an optimal production of
different recombinant products, including VVLPs, by means of polyethylenimine-mediated
transient gene expression in both insect cells.

4- Generation of Gag VLP stable cell pools by random integration and fluorescence-

activated cell sorting.
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Abstract

Advancements in the field of characterization techniques have broadened the opportunities to
deepen into nanoparticle production processes. Gag-based virus-like particles (VLPs) have shown
their potential as candidates for recombinant vaccine development. However, comprehensive
characterization of the production process is still a requirement to meet the desired critical quality
attributes. In this work, the production process of Gag VLPs in the reference Hi5 and Sf9 insect
cell lines with baculovirus (BV) infection is characterized in detail. To this end, the Gag
polyprotein was fused in frame to eGFP to favor process evaluation with multiple analytical tools.
Tracking of the infection process using super-resolution confocal microscopy and flow cytometry
revealed a pronounced increase in the complexity of Hi5 over Sf9 cells. Cryo-electron microscopy
characterization determined that changes in complexity were attributed to the presence of
occlusion-derived virus (ODV) in Hi5 cells, whereas Sf9 cells evidenced a larger proportion of
budded virus (23-fold). Initial evaluation of the VLP production process using spectrofluorometry
showed that higher levels of the GageGFP polyprotein were obtained in Hi5 cells (3.6-fold).
However, comparative analysis based on nanoparticle quantification by flow virometry proved
that Sf9 cells were more productive in terms of assembled VVLPs (1.7-fold). Finally, analytical
ultracentrifugation coupled to flow virometry evidenced a larger sedimentation coefficient of Hi5-
derived VLPs, indicating the interaction with other cellular compounds. Taken together, these
results highlight the combined use of microscopy and flow cytometry techniques to improve

vaccine development processes using the insect cell/BEVS platform.
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Nucleocapsid; NTA, Nanoparticle tracking analysis; ODV, occlusion-derived virus; pfu, plague

forming unit; TEM, Transmission electron microscopy; VLP, Virus-like particle.
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Introduction

Virus-like particles (VLPs) are a promising means for vaccination, nanotechnology, gene therapy
and diagnostics [1,2]. These nanoparticles are composed of virus-derived proteins that have the
ability to self-assemble, emulating the natural virus structure [3]. VLPs themselves are non-
infective since they are devoid of genome and thus replication incompetent. Nowadays, human-
based VLP vaccines are commercially available for hepatitis B, E and human papillomavirus, and
several clinical trials are under investigation [4]. Enveloped VLPs have shown great promise as
stimulators of the immune system. The capacity to accommodate a diversity of membrane
antigens has underlined their potential as multivalent vaccines. In particular, the Gag polyprotein
from the HIV is conventionally the preferred scaffold for protein display in the lipid envelope

[5,6].

Up to date, Gag-based VLPs have been successfully produced in animal cell lines [7] and plants
[8]. Among them, the insect cell/BEVS has become a reference system to achieve high protein
yields with adequate post-translational modifications [9]. Initially, Gag VLP production studies
with BEVS were reported in Sf9 cells (Spodoptera frugiperda) [10,11] and later on with the Hi5
cell line (Trichoplusia ni) [12,13]. Typically, Sf9 cells have been described to achieve higher
baculovirus yields while Hi5 are more efficient for protein production [14,15]. In these cell lines,
the baculovirus (BV) life cycle involves the production of two different virion phenotypes: the
budded virus (BudV) which is responsible for cell-to-cell infection spreading, and the occlusion-
derived virus (ODV), a resistance form to protect the baculovirus nucleocapsids from the
interaction with the environment [16]. Both specimens are enveloped but BudVs acquire their
envelope in the plasma membrane whereas ODVs take it from the nucleus. In turn, ODVs have a
limited infection capacity since they do not incorporate the cell membrane-associated GP64

protein that accounts for viral infectivity [17].

The evolution of vaccine production platforms over the last years has raised the need to deepen

into cell-based processes. Tools to monitor and control the critical quality attributes are then of
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upmost importance [18]. Advancements in imaging and quantification methodologies have
increased the opportunities to expand cell line characterization. In this regard, recent
improvements in confocal microscopy have enabled to study the assembly process of different
viruses [19]. Live cell characterization up to single molecule level has been accomplished by the
combination of high-speed acquisition and advanced super-resolution microscopy techniques
[20,21]. In parallel, cryo-electron microscopy (Cryo-EM) has emerged as a powerful tool to
evaluate the structure and morphology of nanoparticles [22,23]. The advantage of cryo-EM over
other related techniques is that it enables sample visualization in native conditions without
staining [24,25]. Also, the progress achieved in the field of nanoparticle quantification has
allowed to complement the standard measurement procedures of viruses and virus-like particles.
Among them flow virometry and nanoparticle tracking analysis (NTA) are becoming more and
more popular. Both methods can directly measure particle concentration in suspension while

keeping a high level of sensitivity.

Here, we aim to complement the current knowledge of HIV-based nanoparticle production in
insect cell lines by integrating different characterization and quantification methodologies. To do
so, the HIV-1 gag gene was fused in frame to eGFP towards facilitating the follow-up of the
infection process as well as VLP quantification. Super-resolution confocal microscopy in
combination with flow cytometry were applied to evaluate the susceptibility to ACMNPV BV
infection, variations in cell morphology, and VLP production in both infected cell lines. The
kinetics of VLP production could be tracked using the cutting-edge flow virometry and NTA
techniques and compared to spectrofluorometry-based quantification. Cryo-EM analysis allowed
to gain insight of different specimens being co-produced with VLPs and describe their structure.
Moreover, VLPs were purified using analytical ultracentrifugation to assess the quality of
GageGFP assembly into these nanoparticles and evaluate the co-distribution with the rest of
particles. In this study, we demonstrate the synergistic combination of microscopy and flow

cytometric techniques to gain insight into cell-based vaccine development processes.
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Materials and methods

Cell lines

The Spodoptera frugiperda (Sf9, cat. num. 71104, Merck, Darmstadt, Germany) and Trichoplusia
ni BTI-TN-5B1-4 cells (Hi5, cat. num. B85502, Thermo Fisher Scientific, Grand Island, NY,
USA) were adapted to grow in the Sf900I1l medium (Thermo Fisher Scientific) in suspension
conditions. Both insect cell lines were subcultured three times a week at a density of 4 - 6 x 10°
cells/mL (Sf9) and 2 - 4 x 10° cells/mL (Hi5) in 125 mL disposable polycarbonate Erlenmeyer
flasks (Corning, Steuben, NY, USA). All cultures were grown at 27 °C under 130 rpm agitation
in an orbital shaker (Stuart, Stone, UK). Cell count and viability were measured with the

Nucleocounter NC-3000 (Chemometec, Allergd, Denmark).

Construction of the BV-GageGFP recombinant baculovirus

The recombinant baculovirus encoding the HIV-1 Gag matrix protein fused in frame to eGFP
(BV-GageGFP) was constructed as follows. The pGageGFP (NIH AIDS Reagent Program, cat.
num. 11468) [26] and the pVL1393 plasmids (BD Biosciences, San Jose, CA, USA) were
digested with EcoRI and Notl. Fragments containing the sequences of interest were ligated,

obtaining the pVL1393-GageGFP transfer plasmid.

The recombinant BV-GageGFP was generated upon Sf9 cell co-transfection with the transfer
plasmid and the BaculoGold AcCMNPV genome (BD Biosciences) with calcium phosphate,
according to manufacturer’s instructions. Five days post-transfection, the baculovirus-containing
supernatant was harvested at 1000 xg for 10 min. The baculovirus seed stock (P0) was then
selected through the plague assay technique to discard non-recombinant viruses. The baculovirus
working stock was then generated with three rounds of amplification at MOI = 0.1 for 4 days in
Sf9 cells. The viral titers of the harvested supernatants were measured by plaque assay. The master

stock (P2) and the working stock (P3) were both kept at -80 °C and 4 °C, respectively.
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Insect cell infection conditions

To produce HIV-1 GageGFP VLPs, exponentially growing Sf9 and Hi5 cells at 2 x 108 cell/mL
were infected with BV-GageGFP at MOI = 1. Infected cultures were sampled twice a day for
extra and intracellular GageGFP analysis, until 40 hours post infection (hpi). The experimental
conditions were then selected to achieve suitable VLP yields while keeping cell integrity and
minimizing the release of intracellular content. Supernatants were harvested by centrifugation at

3000 xg for 5 min and maintained at 4 °C until analysis. Cell pellets were stored at -20 °C.

Flow cytometry

The percentage of GageGFP expressing cells was assessed twice a day based on the number of
GFP-fluorescent cells using a BD FACS Canto Il flow cytometer equipped with a 488 nm laser
configuration (BD Biosciences). Briefly, 0.3 mL of the infected insect cell cultures were harvested
by centrifugation at 300 xg for 5 min and fixed using 4 % p-formaldehyde for 10 min. Fixed cells
were then centrifuged at 500 xg for 5 min to remove p-formaldehyde, resuspended in 0.3 mL ice-
cold DPBS (Thermo Fisher Scientific) and maintained at 4 °C until analysis. The number of
GageGFP positive cells was determined in the FITC PMT detector and analyzed using BD

FACSDIVA software (BD Biosciences).

Confocal microscopy

GageGFP infected Sf9 and Hi5 cells were observed using a TCS SP5 confocal microscope (Leica,
Wetzlar, Germany). Of note, videos of the GageGFP VLP budding process in each cell line were
captured for 5 min using a TCS SP8 confocal microscope (Leica) equipped with a white light
laser. To achieve this, a combination of super-resolution (Lightning) and high-speed acquisition
(Resonant) was employed. Cell staining was performed with 0.05 % (Hi5) or 0.1 % v/v (Sf9) of

CellMask™ and 0.1 % v/v of Hoechst (Thermo Fisher Scientific) for lipid membrane and cell
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nucleus visualization, respectively. A washing step was performed to remove dye excess by
centrifuging the cells at 300 xg for 5 min and resuspending them in fresh DPBS. Samples were
then placed in 35 mm glass bottom Petri dishes with 14 mm microwell (MatTek Corporation,

Ashland, MA, USA) for visualization.

Spectrofluorometry

The infected cultures were sampled twice a day by centrifugation at 3000 xg for 5 min. For
intracellular GageGFP measurement, pelleted cells were disrupted through three freeze-thaw
cycles (2.5 h at -20 °C and 0.5 h at 37 °C) and vortexed 5s 3 times between each cycle. Lysed
pellets were then resuspended in TMS buffer (50 mM Tris-HCI, 150 mM NaCl, 2 mM MgCls,
pH 8.0) and centrifuged at 13700 xg for 20 min. Supernatants were stored at 4 °C until analysis.
GageGFP fluorescence was measured with a Cary Eclipse spectrophotometer (Agilent
Technologies, Santa Clara, CA, USA) at RT as follows: Aex = 488 nm (slit = 5), Aem= 500 — 530
nm (slit = 10). Relative fluorescence units (R.F.U) were calculated by measuring the difference

between infected cultures and negative controls.

Sucrose cushion ultracentrifugation

The supernatant of Sf9 and Hi5 infected cells with the BV-GageGFP at 40 hpi was sublayered
with 5 mL of 25 % and 8 mL of 45 % (w/v) sucrose (Sigma Aldrich, Sant Louis, MO, USA)
solution prepared in DPBS and DMEM (Thermo Fisher Scientific), respectively. 10 mL of the
harvested supernatant from triplicate experiments were loaded in ultracentrifuge tubes (Beckman
Coulter, Brea, CA, USA) and filled to the top with sterile DPBS. The ultracentrifugation
conditions were set at 31000 rpm for 2.5 h at 4 °C using a Beckman Optima L100XP centrifuge
equipped with a SW-32Ti rotor. Samples were taken from each sucrose fraction and the pellets
were resuspended in 100 L of sterile DPBS and maintained at 4 °C O/N. All samples were stored

at -80 °C until fluorescence measurement and kept at 4 °C for nanoparticle analysis.
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SDS-PAGE and Western Blot analysis

Infected insect cell supernatants and sucrose cushion ultracentrifugation fractions were examined
by SDS-PAGE analysis and Western Blotting for HIV-1 p24 (A2-851-100, Icosagen, Tartu,
Estonia) and GP64 (A2980, Abcam, Cambridge, United Kingdom), according to the method
described by Steppert et al. [27]. Before antibody staining of the different ultracentrifugation
fractions for Western Blot analysis, each fraction was diluted according to the sample volume

added to the ultracentrifuge to normalize sample fraction concentration.

Flow virometry

Fluorescent and non-fluorescent particles from infected insect cell lines were measured in a
CytoFlex LX (Beckman Coulter) equipped with a 488 nm blue laser for fluorescent particle
detection and a 405 nm laser/violet side scatter configuration for improved nanoparticle size
resolution. Samples were diluted in 0.22 um-filtered DPBS and analyzed with the CytExpert 2.3

software.

Nanoparticle tracking analysis

A NanoSight NS300 (Malvern Panalytical, Malvern, United Kingdom) was used to measure
fluorescent and non-fluorescent particles from harvested supernatants. Samples were diluted in
0.22 um-filtered DPBS and continuously injected into the device chamber through a pump at an
average concentration of 108 particles/mL (20 — 60 particles/frame). Videos of 60 s from
independent triplicate measurements at room temperature were analyzed with the NanoSight

NTA 3.2 software.
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Cryo-electron microscopy

GageGFP VLP supernatants from infected Sf9 and Hi5 cells at 40 hpi were visualized with a
cryo-transmission electron microscope. Briefly, 4 ulL of sample were blotted onto EMR Holey
carbon films on 400 mesh copper grids (Micro to Nano, Wateringweg, Netherlands) for 3 s at 77
% relative air humidity. The grids were previously subjected to a glow discharge treatment in a
PELCO easiGlow™ Discharge Cleaning System (PELCO, Fresno, CA, USA). The samples were
subsequently plunged into liquid ethane at —180 °C using a Leica EM GP workstation (Leica,
Wetzlar, Germany) and observed with a JEM-2011 TEM operating at 200 kV (Jeol Ltd.,
Akishima, Tokyo, Japan). Samples were kept at —180 °C during visualization and images were
taken using a CCD 895 USC 4000 multiscan camera (Gatan, Pleasanton, CA, USA). Image

analysis was performed with the ImageJ software (NIH, Madison, W1, USA).

Transmission electron microscopy

The different fractions obtained after the ultracentrifugation of the infected supernatants at 40 hpi
were examined with TEM. Samples were prepared by the air-dried negative staining method as
previously reported by Gonzalez-Dominguez et. al [24] before the examination in a JEM-1400
(Jeol) transmission electron microscope equipped with an ES1000W Erlangshen charge-coupled

device camera (Gatan).

Statistical analyses

Statistical analyses of the different equations were performed using the unpaired Student t-test in
Microsoft Excel 2016 (Microsoft, Redmond, WA, USA). A p-value < 0.05 was considered as

statistically significant.
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Results

Cell growth and study of infection

The Sf9 and Hi5 insect cell lines were selected since they are commonly used for recombinant
protein production with the BEVS, typically with the Autographa californica multiple
nucleopolyhedrovirus (AcMNPV) species. Upon BV-GageGFP infection, Sf9 cell growth was
completely arrested [28] whereas Hi5 cells kept growing until 24 hpi (Figure 1A). BV infection
progressed more rapidly in Sf9 cells and both lines were completely infected after 40 hpi (Figure
1B). Flow cytometry analysis of infected cells showed that Hi5 were 1.6-fold more fluorescent

than Sf9 cells when the infection was at its maximum (Figure 1C).
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Figure 1. Cell growth and BV-GageGFP infection of Sf9 and Hi5 cells. (A) Viable cell concentration and viability
profiles. (B — C) Infection kinetics and median fluorescence intensity of infected cells. (D) Cell complexity progression
in infected cell lines. (E — F) Confocal fluorescence microscopy images of infected Hi5 and Sf9 cells, respectively. Cell
nucleus was stained with Hoechst (blue) and membrane was stained with CellMask™ (red). Mean values + standard

deviation of triplicate experiments are represented.
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Interestingly, the analysis of the infection kinetics revealed a distinctive morphology in both cell
lines. A marked increase in internal Hi5 cell complexity (i. e. granularity) was observed in the
side scatter detector of the flow cytometer (Figure 2A — B). Though Sf9 cells were infected at a
higher pace, the increase in cell complexity did not progress as fast as in Hi5 cells. Indeed, roughly

the 90 % of the Hi5 cell culture exhibited this behavior at 40 hpi.
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Figure 2. Infection kinetics of BV-GageGFP infected insect cell lines. (A — B) Progression of changes in cell

complexity (0 — 40 hpi) in Hi5 and Sf9 cells, respectively.

Confocal microscopy visualization of infected cultures confirmed that the whole cell population
was infected at 40 hpi (Figure 3A — B). Cell diameter analysis of 50 infected cells of each type
determined that Hi5 cells (23.4 + 4.2 um) were bigger than Sf9 cells (18.9 £ 3.9 um) with a p-
value = 2-10° (Table 1). Therefore, considering the cell as a spherical body, a 1.9-fold increase
in cell biovolume was calculated for an infected Hi5 cell in average (6575 um?) compared to a
Sf9 cell (3515 um?®). Some of the Hi5 cells analyzed showed the presence of fluorescent vesicle-
like structures with sizes ranging 0.5 — 5 um (Figure 3A). On the other hand, several Sf9 cells
evidenced a grained-like structure of their nuclei (blue, Hoechst) likely associated to the
baculovirus infection process (Figure 3B). In these cells, co-localization of the GageGFP (green)
polyprotein with the nuclear membrane was also observed. Cell membrane (red, CellMask™) co-

localization with GageGFP was visualized as yellow regions in the cell membrane of both cell
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lines, hence indicating that VLP budding was taking place. The latter was confirmed using a
cutting-edge strategy based on the combination of super-resolution (Lightning) and high-speed
acquisition (Resonant, Leica). Using this approach, the live VLP formation process and budding

to the extracellular space could be recorded in both infected cell lines (Figure S1).

20 pm

Figure 3. Confocal fluorescence microscopy images of infected insect cell lines. (A — B) Hi5 (A) and Sf9 (B) cell
nucleus was stained with Hoechst (blue) and membrane was stained with CellMask™ (red).

HIV-1 Gag VLP production kinetics

The assessment of GageGFP production showed that Hi5 cells achieved higher GageGFP
fluorescence yields both in the supernatant and intracellularly over the studied time (Figure 4A —
B). A 3.6-fold increase in total GageGFP fluorescence was reached in Hi5 (2202 + 148 R.F.U.)
in comparison to Sf9 cells (620 + 25 R.F.U.) at 40 hpi. Considering the differences in size between
cell lines, total GageGFP fluorescence was estimated per cell biovolume corresponding to a
million cells. A specific production of 0.13 was calculated for Hi5 cells compared to 0.08
R.F.U./10° biovolume of infected cell measured in Sf9 cells. However, nanoparticle quantification
using flow virometry revealed that Sf9 cells were more efficient regarding VLP production
(Figure 4C). A similar trend was observed using NTA, with Sf9 cells achieving 1.7-fold more
VLP production in comparison to infected Hi5 cells. In parallel, a 23-fold difference in terms of

infectious baculovirus particles was also quantified in Sf9 over Hi5 cells (Table 1).
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Table 1. Significant parameters measured in BV-GageGFP infected insect cell lines.

Parameter Methodology Hi5 Sf9

NTA 10.7+0.7 185+1.2
VLP concentration (10° fluorescent particle/mL)

Flow virometry 29+0.6 43+0.3
Concentration of total nanoparticles (10° NTA 85.2+6.7 62.6+1.4
particle/mL) Flow virometry 1.3+£0.3 18+0.1
Baculovirus concentration (107 pfu/mL) Plaque assay 19+01 438+75
Median cell diameter (um) Confocal microscopy 234+42 18.9+3.9

Qualitative analysis of total protein expression with SDS-PAGE showed a larger amount of
proteins in Hi5 cell supernatants (Figure 4D). Specific detection of the GageGFP polyprotein and
the baculovirus-derived GP64 was confirmed in both systems using Western Blot. GageGFP was
identified as a polyprotein of 88 kDa whereas a band corresponding to 64 kDa was found for

GP64 (Figure 4D).

72



Bioprocess engineering and characterization of HIV virus-like particle production in insect cells

|Hi LN
500 1 His o 2000 - BHis nsp
=
-~ ]
S
Z 40 £ 1600
&
P
z =
£ 60 S 1200
£ &
] =
2 2
]
= 40 s 800 4
=3
5 °©
=
2
¥
S 2 g 400 1
E
0 04

16 24

16 24 40
Time post infection (h) Time post infection (h)
C EEHiS total particles - total particles D
—e—Hi5 fluorescent particles —@-SM fluorescent particles =)
3 2 fuorescent particies uorescent particles 3 Marker HiS  Sf9 Marker Hi5 S  Marker HiS  SM
3 e e
£ z PR
] £ P -
: H o
E g i i |~
£ 1 S —| %
S 3 £ p—
= g e
=3 -
k=S &
£ g —y
= 2 e -
g 2 g
g = i
s z
S £ = N
‘; =3
E- I =
g
2 -
£
0 ] —
=
SDS-PAGE HIV p24 WB GP64WB

Figure 4. GageGFP VLP production and supernatant characterization. (A — B) Supernatant and intracellular GageGFP
production measured in relative fluorescence units (R.F.U.). (C) GageGFP VLP and total nanoparticle production
kinetics assessed with flow virometry. (D) SDS-PAGE and Western Blot analysis of BV-GageGFP infected
supernatants at 40 hpi. Band detection of the GageGFP polyprotein (black arrow) and the GP64 protein (white) are
indicated in kilodaltons. (E — F) Cryo-electron microscopy images of infected Hi5 and Sf9 cells at 40 hpi, respectively.
The arrows indicate the different specimens: VLP (green), EV (blue), NC (white), BudV (red) and ODV (black). Mean
values + standard deviation of triplicate experiments are represented.
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Cryo-EM characterization

A mixture of different specimens was found in each of the supernatants. VLPs were identified as
electron-dense spherical structures with a defined lipid bilayer (Figure 4E-F). Sf9-derived VLPs
had an average diameter of 161 + 44 nm whereas Hi5 VLPs were 184 + 16 nm, all of them in 100
— 200 nm diameter range. Extracellular vesicles (< 400 nm) were also detected as less electrodense
structures and proved to be more size heterogeneous in contrast to VLPs (50 - 400 nm).
Comparison of membrane thickness of VLPs and EVs derived from infected Hi5 cells (VLP, 6.4
+1.1nm; EV, 7.3 £ 0.9 nm) did not exhibit any significant difference (p-value = 0.10). The same

trend was observed for infected Sf9 cells (VLP, 6.0 + 1.2 nm; EV, 6.0 £ 1.1 nm) (p-value = 0.95).

Different structures were specifically present in Hi5 cell supernatants. Multiple rod-shaped
nucleocapsids were observed inside vesicular bodies (ODV) (Figure 4E, upper right). All the NCs
inside the ODV were non-enveloped and arranged in parallel disposition. The whole ODV
structure was 384 + 28 nm in length and 206 + 37 nm in diameter. Also, small structures with a
mean diameter of 55 + 6 nm were detected in these supernatants (Figure 4E, bottom). A
remarkable characteristic of these samples was the detection of enveloped particles containing
multiple spikes (Figure 4E, center left to right). These nanoparticles were rather different in size
(251 £ 68 nm) and bigger compared to VLPs (p-value = 0.004). Conversely, Sf9 cell supernatants
were less heterogeneous in terms of the nanoparticles observed. In comparison, a higher presence
of ovoid-like structures containing one NC, which could be identified as the typical budded
baculovirus structure (BudV), was detected. This form of the BV had an average length of 334 +
13 nm and 107 = 7 nm membrane-to-membrane diameter (Figure 4F). No differences were
observed when comparing the size of the NCs in each system (Hi5, 41.7 £ 1.3 nm; Sf9, 41.3 +
2.8 nm) as well as in the membrane thickness of the different baculovirus phenotypes: ODV (5.8

+ 1.2 nm) and BudV (5.2 = 0.3 nm) (p-value = 0.22).
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Study of nanoparticle distribution using analytical ultracentrifugation

The infected cell supernatants were fractionated on a double sucrose cushion ultracentrifugation.
Roughly the 90 % of the GageGFP fluorescence from Hi5 cell supernatants was measured in the
SN, SN-25 % and 25 % sucrose fractions. For Sf9 cells, the majority of the GageGFP fluorescence
was found in the 25-45 % and 45 % fractions (Figure 5A). Flow virometry analysis of the different
fractions revealed that fluorescent and non-fluorescent nanoparticles were mainly detected in the
25-45 %, 45 % and pellet fractions (Figure 5B). However, fluorescent particles derived from Hi5
cells were located in the 45 % and pellet fractions, while they were in the 25-45 % and 45 % in

Sf9 cell samples.

Baculovirus distribution in each of the ultracentrifugation fractions was also measured by plaque
assay (Figure 5C). Of note, co-purification with the rest of the nanoparticles was evidenced in the
bottom fractions of the ultracentrifugation. Baculovirus were equally distributed in the 25-45 %,
45 % sucrose and pellet fractions in Hi5 cell supernatants whereas they were predominantly

concentrated in the 45 % fraction for Sf9 cells.

The presence of p24 (GageGFP) and GP64 (BV) in these fractions was confirmed by Western
Blot, with a similar distribution as observed with flow virometry and plague assay, respectively

(Figure 5D).
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Figure 5. GageGFP VLP and BV distribution in sucrose cushion ultracentrifugation of Hi5 and Sf9 infected cell lines.
(A) GageGFP protein distribution measured with spectrofluorometry (R.F.U.). (B) GageGFP VLP and total
nanoparticle in each fraction assessed using flow virometry. (C) Quantification of BV infectious particles with plaque
assay. (D) GP64 and p24 Western Blot analysis of the nanoparticle-containing ultracentrifugation fractions (25-45%,
45% and pellet). Band detection of the GageGFP polyprotein (black arrow) and the GP64 protein (white) are indicated
in kilodaltons. Mean values + standard deviation of triplicate experiments are represented.

Assessment of samples from the ultracentrifugation fractions using TEM showed that most of the
nanoparticles were in the 25-45 %, 45 % and pellet fractions (Figure 6B-C). A similar pattern
between Hi5 and Sf9 supernatants was seen in the upper fractions of the ultracentrifuge tube. Salt
precipitates were observed in the SN and SN-25 % fractions and only few EVs could be detected
in the 25 %. Interestingly, small particles of 26 £ 6 nm were detected in this fraction in Hi5 cell
supernatants (Figure 6B, 25 %, upper left). These particles were also present in the 25-45 %
interphase along with EVs and VLPs. Measurement of VLPs using TEM showed no significant
differences in VVLP size for Hi5 (186 = 60 nm) and Sf9 (144 + 21 nm) samples (p-value = 0.15).

A higher amount of BudVs were seen in the Sf9 25-45 % fraction, with an average length of 330
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+30nmand 60 £ 11 nm in diameter. Pellet analysis revealed the presence of different populations
in both systems. ODVs were identified in Hi5 pellets (328 + 13 x 205 + 39 nm) along with VVLPs,

EVs, NCs and BudVs (Figure 6B, pellet) while only NCs could be identified in Sf9 pellets.

A

Supernatant

25% sucrose

Virus-like particle
(VLP)

Extracellular
Vesicle (EV)

Nucleocapsid

(NO)

Budded virus
(BudV)

>
~ SN
>

Occlusion-derived
virus (ODV)

Figure 6. Transmission electron microscopy characterization. (A) Representation of the different ultracentrifugation
fractions and illustration of the specimens encountered. (B — C) Different ultracentrifugation fractions of Hi5 and Sf9
infected cells, respectively. The arrows indicate the different specimens: VLP (green), EV (blue), NC (white), BudV
(red) and ODV (black).

Discussion

The BEVS has demonstrated to be one of the most efficient and productive systems of
recombinant proteins [29]. Complex protein structures such as VLPs have been successfully
produced using this platform, typically with the Sf9 and Hi5 insect cell lines [30-32].

Advancements in the field of characterization techniques have broadened the opportunities to
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deepen into these systems, in matters of the infection process, product yield and quality. This is
paramount since proper evaluation of the production process in the cell line of interest is a key to

meet the desired critical quality attributes [18].

Comparison of the baculovirus infection process in both cell lines using flow cytometry showed
that infection progressed more rapidly in Sf9 cells. This accelerated kinetics is probably connected
to the higher BV replication rate in the form of BudV achieved in Sf9 cells [14,33]. However, we
observed that the complexity of Hi5 cells substantially increased upon baculovirus infection.
Confocal microscopy analysis of infected Hi5 cells evidenced the presence of cytoplasmatic
vesicles formed of GageGFP. However, this behavior was not homogeneous throughout the whole
cell population and did not correlate with the marked increase in cell complexity. Cryo-EM
assessment of infected Hi5 cell supernatants disclosed the existence of a remarkable amount of
ODVs. This virion phenotype was not observed in Sf9 cells, although it is known that these cells
can produce this type of particles [34]. In any case, Hi5 cells demonstrated a higher level of
nucleocapsid production as ODVs, which are known to be poorly infectious in cultured cells [17].
In fact, they are normally associated to the BV resistance form in the natural environment as
polyhedrin occlusion bodies. The improved capacity of Hi5 cells to produce this virion phenotype
could explain the increase in cell complexity and the slower progression of the infection compared
to Sf9 cells. Further studies of the mechanisms directing the formation of nucleocapsids to ODVs

or BudVs could help to understand the differences between the two cell lines [16].

The Sf9 cell proved to be the most productive system for GageGFP VLPs. Moreover, flow
virometry assessment of the VLP production kinetics demonstrated that this process was faster in
this cell line, probably due to the higher BudV replication rate achieved. Initial comparison based
on spectrofluorometry indicated that Hi5 cells achieved higher levels of the GageGFP
polyprotein. Nevertheless, sample analysis using cutting-edge techniques based on flow
virometry and NTA revealed that a higher yield of assembled GageGFP nanoparticles was
obtained in Sf9 cells. These results indicate that Hi5 cells probably surpass their own capacity to

process such amount of GageGFP protein to form nanoparticles. In turn, this could indicate that

78



Bioprocess engineering and characterization of HIV virus-like particle production in insect cells

there is an impaired production of the GageGFP polyprotein and VLPs in the Hi5 cell line.
Analysis of fluorescence in the different ultracentrifugation fractions evidenced that only the 9 %

corresponded to VLPs, whereas a 77 % was measured in Sf9 cells.

Visualization of infected supernatants using Cryo-EM and TEM indicated that a higher load of
contaminating particles was present in Hi5 cells. Apart from ODVs, a larger amount of EVs was
detected. Also, the existence of small nanoparticles with a size of 55 £ 6 nm measured with Cryo-
EM and 26 £ 6 nm with TEM was identified. These particles could be related to Alphanodavirus,

which have been described to latently infect this cell line [35-37].

Regarding VLPs, no significant differences in size and structure were observed between both
platforms. Distinction of VLPs from EVs was highly improved with the Cryo-EM. Uranyl acetate
sample staining in TEM made both specimens to look similar, while native observation with Cryo-
EM enabled to identify VLPs as more electrodense structures. The study of the VLP distribution
pattern using ultracentrifugation evidenced that these particles were highly concentrated in the
25-45 % fraction in Sf9 while they pelleted in Hi5 cells. Typically, VLPs should principally
appear in the 25-45 % and 45 % fractions [38,39]. This indicates that Hi5-derived VLPs have a
higher sedimentation coefficient, raising the possibility that these nanoparticles associate with
cellular elements in this cell line [12]. Accordingly, a larger amount of total proteins was detected

in Hi5 cell supernatants using SDS-PAGE.

The Hi5 cell line is conventionally accepted as a higher protein producer host compared to Sf9
cells [14,40]. In this regard, several works have focused on using this cell line for VLP production
[15,41-43]. However, quality assessment of the VLPs and the associated contaminants has not
been addressed in detail. Here, we performed a comparative analysis of the Gag VLP production
process in both cell lines using the same culture medium and infection conditions. To do so, a
combination of advanced characterization and quantification techniques were implemented. Our
results suggest that Sf9 cells are more susceptible to ACMNPV BV infection and that a higher

replication of the BudV phenotype is accomplished. Hi5 cells demonstrated a higher
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heterogeneity of contaminating particles besides the expected BudVs. In this regard, the ODV
virion phenotype appeared as a remarkable contaminant. EV's were present in both samples and
could be efficiently distinguished from VLPs using the Cryo-EM. In terms of VVLP production,
the Sf9 cell line was the most efficient and productive platform. Higher GageGFP fluorescence
yields were obtained in Hi5 cells but the use of flow virometry and NTA techniques unveiled that

most of the GageGFP was not assembled as VLPs.

Overall, these results provide valuable information on the use of both insect cell lines for
recombinant vaccine development, highlighting the combined use of microscopy and flow
cytometry in process evaluation. Although we specifically focused on HIV-1 VLP production,
the integration of these methodologies is applicable to other systems targeting the production of

nanoparticles.
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Supplementary material

() )

Figure S1. VLP production time lapse (5 min) of High Five (left) and Sf9 cells (right) infected with BV-GageGFP.
Cell membrane was stained with CellMask™ (red) and cell nucleus with Hoechst (blue).
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Abstract

The nature of enveloped virus-like particles (VLPs) has triggered high interest in its application
to different research fields, including vaccine development. The baculovirus expression vector
system (BEVS) has been used as an efficient platform for obtaining large amounts of these
complex nanoparticles. To date, most of the studies dealing with VLP production by recombinant
baculovirus infection utilize indirect detection or quantification techniques that hinder the
appropriate characterization of the process and product. Here, we propose the application of
cutting-edge quantification methodologies in combination to advanced statistical designs to
exploit the full potential of the Hi5/BEVS as a platform to produce HIV-1 Gag VLPs. The
synergies between CCI, MOI and TOH were studied using a response surface methodology
approach on four different responses: infection, VLP production, VLP assembly and VLP
productivity. TOH and MOI proved to be the major influencing factors in contrast to previous
reported data. Interestingly, a remarkable competition between Gag VLP production and non-
assembled Gag was detected. Also, the use of nanoparticle tracking analysis and flow virometry
revealed the existence of remarkable quantities of extracellular vesicles. The different responses
of the study were combined to determine two global optimum conditions, one aiming to maximize
the VLP titer (Quantity) and the second aiming to find a compromise between VLP titer and the
ratio of assembled VLPs (Quality). This study provides a valuable approach to optimize VLP
production and demonstrates that the Hi5/BEVS can support mass production of Gag VLPs and

potentially other complex nanoparticles.
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hours post infection; MCDA, multiple-criteria decision analysis; MOI, multiplicity of infection;
NTA, nanoparticle tracking analysis; NS, non-significant term; PAT, process analytical
technologies; pfu, plaque forming unit; RSM, response surface methodology; TOH, time of

harvest; VLP, virus-like particle.
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Introduction

Virus-like particles (VLPs) have emerged as promising nanoparticles, particularly in the field of
new recombinant vaccines [1]. Compared to other conventional vaccines such as live-attenuated
or inactivated viruses, VLPs can elicit potent antibody and T cell responses in a safe manner,
since they do not contain genetic material from the virus itself [2]. Among the different proteins
able to self-assemble as VLPs, the group-specific antigen (Gag) polyprotein has demonstrated a
wide applicability in different research areas. These include their use as immunogens [3], drug
delivery vehicles [4], scaffolds for surface antigen presentation [5] and research surrogates [6]. A
common need in all these applications is the understanding of the production system itself, which
is paramount to define most adequate conditions for VLP production.

The baculovirus species Autographa californica multiple nucleopolyhedrovirus (AcMNPV) has
been successfully used for the production of a variety of VLP types. The ease of handling, the
high productivities associated and the capacity to accommodate large quantities of DNA have
made the baculovirus expression vector system (BEVS) a very attractive platform [7,8]. From the
different available insect cell lines, Hi5 cells have been reported to produce high VLP titers with
a reduced level of contaminant baculovirus [9]. In fact, Cervarix®, the first VLP-based human
papillomavirus vaccine approved, is produced using the Hi5/BEVS.

Recent advances in the field of nanoparticle quantification and characterization have brought the
opportunity to deepen into the BEVS. In the frame of initiatives such as Process Analytical
Technologies (PAT), the application of new and more sophisticated characterization technologies
will be a powerful tool to increase the understanding of how the process conditions influence the
quality of the final product. Nanoparticle tracking analysis (NTA) and flow virometry are gaining
interest as tools to monitor the production of different particles, including VLPs [10,11]. To date,
most of the studies dealing with VLPs are performed with indirect quantification methods based
on monomer detection, which hinder the appropriate assessment of the final product and the yields
obtained [12-14]. In addition, the simultaneous production of extracellular vesicles (EV), which
frequently fall in the size range of VLPs, is not often considered and may lead to an erroneous

estimation of VLP production. With the aim to deepen in the characterization of the different
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existing populations, the eGFP was fused in frame to the gag gene from the human
immunodeficiency virus serotype 1 (HIV-1).

Considering the information from previous reports, we decided to apply these novel techniques
for optimizing the Gag VVLP production process using the Hi5/BEVS platform. Different methods
are available for process improvement, from the classical one-variable-at-a-time approach to more
sophisticated statistical design of experiments (DoE) [15]. So far, studies dealing with the
production of VLPs have focused either on the former approach [16,17] or on simple factorial
designs [12,18], limiting the analysis of higher order effects between the variables influencing
VLP production. This is of special relevance since the use of lower or higher MOI than strictly
required might reduce the maximum VLP yield obtained or be detrimental to the system,
respectively. Here, we applied a response surface methodology (RSM) to evaluate the impact of
cell concentration at infection (CCI), multiplicity of infection (MOI) and time of harvest (TOH)
on VLP production. To go a step further in process understanding, the inclusion of several
responses during process optimization has shown successful results and applicability in different
research areas [19-21]. Particularly, the three responses considered in addition to VLP production
were: VLP assembly, baculovirus infection and VLP productivity. These are of special relevance
in processes with recombinant baculovirus since it is desirable to define production conditions
encompassing high production yields with an acceptable ratio of correctly assembled Gag in the
form of VLPs, but at the same time maintaining high productivities. A multiple criteria decision
analysis (MCDA) was implemented to combine the RSM optimized responses into a global
optimal set of conditions based on two criteria: quantity and quality. The two optimal production
conditions were successfully validated, and the quantity optimum was compared to other Gag
VLP production strategies using the Hi5/BEVS. Finally, correct formation of the VLPs with the
typical size and morphology from immature HIV-1 VLPs was characterized using cryogenic
transmission electron microscopy (cryo-TEM). The results presented in this work represent an
advance with respect to current literature related to Gag VLP production in the Hi5/BEVS and

provide useful insights into nanoparticle-based process characterization.
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Materials and Methods

Cell line and culture maintenance

Hi5 cells (High Five, cat. num. B85502, Thermo Fisher Scientific, Grand Island, NY, USA) were
cultured in suspension in low-hydrolysate content and animal origin-free Sfo00lll medium
(Thermo Fisher Scientific). Cells were routinely maintained at exponential growth phase in 125-
mL disposable polycarbonate Erlenmeyer flasks (Corning, Steuben, NY, USA) in 15 mL of
medium and subcultured three times a week at a density of 2 - 4 x 10° cells/mL [22]. All cultures
were shaken at 130 rpm using an orbital shaker (Stuart, Stone, UK) and maintained at 27°C in an
incubator. Cell count and viability were performed using the Nucleocounter NC-3000

(Chemometec, Allerod, Denmark) according to manufacturer’s instructions.

Baculovirus stock preparation and titration

The recombinant Autographa californica multicapsid nucleopolyhedrovirus (AcMNPV),
containing the HIV-1 Gag matrix protein fused in frame to eGFP (BV-GageGFP) [23] and under
the control of the polyhedrin promoter, was constructed using the BaculoGold system (BD
Biosciences, San Jose, CA, USA). Baculovirus amplification was performed in the Sf9 cell line
(cat. num. 71104, Merck, Darmstadt, Germany) by infection at 3 x 10° cells/mL, a multiplicity of
infection (MOI) of 0.1 and harvest at 96 hours post infection (hpi) in Sf9001Il medium.

Titration of baculovirus infectious particles was conducted using the plaque assay method.
Briefly, 1 x 10° Sf9 cell/well were infected with serial dilutions of BV-GageGFP samples in 6-
well plates (Nunc, Roskilde, Denmark) at 27 °C without agitation. The number of plague forming

units (pfu) was measured by visual inspection and counting after 6 days.

Cell growth and infection conditions

Growth and infection studies were performed in Hi5 cell cultures seeded at 3 x 10° cell/mL in 15
mL and maintained at mid-exponential phase by cell passaging every 48h. Several MOI, cell
concentrations at infection (CCI) and times of harvest (TOH) were evaluated and the different

parameter combinations were defined according to a DoE-based approach. Samples were taken
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every 12 — 24 h to monitor viable cell concentration, cell viability, baculovirus infection, intra-
and extracellular GageGFP expression and nanoparticle production. Samples were harvested by
centrifugation at 3000 xg for 5 min and supernatants were maintained at 4 °C until analysis. Cell

pellets were stored at -20 °C.

Flow cytometry

The percentage of GageGFP expressing cells was assessed using a BD FACS Canto Il flow
cytometer equipped with a 488 nm laser configuration (BD Biosciences). Briefly, 0.3 mL of
infected cell cultures were harvested by centrifugation at 300 xg for 5 min and fixed using 4 % p-
formaldehyde for 10 min. Cells were then centrifuged at 500 xg for 5 min to remove p-
formaldehyde, resuspended in 0.3 mL ice-cold DPBS (Thermo Fisher Scientific) and maintained

at 4 °C until further analysis.

Fluorescence confocal microscopy

BV-GageGFP infected Hi5 cells were observed using a TCS SP5 confocal microscope (Leica,
Wetzlar, Germany). Cells were stained with 0.05% v/v of CellMask™ and 0.1% v/v of Hoechst
(Thermo Fisher Scientific, Eugene, OR, USA) to visualize the lipid membrane and cell nucleus,
respectively. A washing step prior to observation was performed by centrifugation at 300 xg
during 5 min and then cells were resuspended in fresh Sf900111 medium. Samples were placed in
35 mm glass bottom Petri dishes with 14 mm microwell (MatTek Corporation, Ashland, MA,
USA) for visualization. The VLP production process was monitored during 6.5 minutes at 48 hpi

using the Resonant scanner mode of the confocal microscope (Leica).

GageGFP guantification

The amount of GageGFP produced by Hi5 infected cells was measured intra- and extracellularly.
Supernatant of GageGFP producing cells was harvested by centrifugation at 3000 xg for 5 min
and maintained at 4 °C until analysis. Intracellular GageGFP content was evaluated by disruption

of pelleted cells by means of three freeze-thaw cycles (2h frozen at -20%C and thawed at 37°C for
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0.5 h). Samples were vortexed for 5 seconds between cycles. Lysed pellets were resuspended in
0.5 mL of TMS buffer (50 mM Tris-HCI, 150 mM NaCl, 2 mM MgCl;, pH 8.0), centrifuged at
13700 xg for 20 min and kept at 4 °C. GageGFP fluorescence was measured with a Cary Eclipse
fluorescence spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) at RT as follows:
Aex = 488 nm (5 nm slit), Aey, = 500 - 530 nm (10 nm slit). Relative fluorescence unit values
(R.F.U.) were calculated by subtracting fluorescence unit values of BV-GageGFP infected and
non-infected samples. R.F.U. values were converted into GageGFP VLPs as described by
Gutiérrez-Granados et al. [24] and detailed in the following equation:
GageGFP VLP (particles/mL) = 1.53-108x R.F.U. D

The Sf900I11 medium and a 0.1 mg/mL quinine sulphate solution were used as control patterns to

normalize R.F.U. values in samples between different experiments.

VLP gquantification using nanoparticle tracking analysis

A NanoSight NS300 (Malvern Panalytical, Malvern, United Kingdom) was used to measure
fluorescent and non-fluorescent particles by nanoparticle tracking analysis (NTA). Samples were
diluted in 0.22 um-filtered DPBS and continuously injected into the device chamber through a
pump at an average concentration of 108 particles/mL (20 — 60 particles/frame). Videos of 60 s
from independent triplicate measurements were analyzed with the NTA 3.2 software at RT. The

nanoparticle number was evaluated in the 100 — 250 nm range.

Nanoparticle quantification using flow virometry

Fluorescent and non-fluorescent nanoparticles were also analyzed using a CytoFlex LX
(Beckman Coulter, Brea, CA, USA) equipped with a 488 nm blue laser for fluorescent particle
detection. Samples were diluted in 0.22 um-filtered DPBS and triplicate measurements from

independent samples were analyzed with the CytExpert 2.3 software at RT.
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Analytical ultracentrifugation

Supernatants of infected Hi5 cells with BV-GageGFP were harvested at the different conditions
of the DoE were ultracentrifuged in a double cushion of 5 mL of 25 % and 8 mL of 45 % (w/v)
sucrose (Sigma Aldrich, Sant Louis, MO, USA) solution prepared in DPBS and DMEM (Thermo
Fisher Scientific), respectively. 5 mL of supernatants from triplicate experiments were loaded in
ultracentrifuge tubes (Beckman Coulter) and filled to the top with sterile DPBS. Sample
ultracentrifugation and analyses were performed as previously reported in chapter 1. The same

procedure was applied to characterize the optimal conditions of the DoE and MCDA approach.

Cryogenic transmission electron microscopy

VLP morphology was assessed using a transmission electron microscope equipped for sample
cryogenics (cryo-TEM). Briefly, 4 uL of sample were blotted onto EMR Holey carbon films on
400 mesh copper grids (Micro to Nano, Wateringweg, Netherlands) previously subjected to a
glow discharge treatment in a PELCO easiGlow™ Discharge Cleaning System (PELCO, Fresno,
CA, USA). Deposited samples were then plunged into liquid ethane at —180 °C using a Leica EM
GP workstation (Leica) and observed in a JEM-2011 TEM operating at 200 kV (Jeol Ltd.,

Akishima, Tokyo, Japan).

Multiple optimization of VLP production conditions

Response surface methodology (RSM) was applied to assess the effect of the main factors
influencing the BEVS: CCI (cell/mL), MOI (pfu/cell) and TOH (h) on different responses. The
selected DoE responses were infection (% of infected cells), VLP production (fluorescent
particle/mL), GageGFP polyprotein assembled in the form of VLPs (% of GageGFP assembled
as VLPs) and VLP productivity (fluorescent particle/mL-h). VLP production and VLP
productivity responses were transformed to log values using the logarithmic regression to reduce
the funnel shape effect of the residuals. This transformation compensated softened the increasing
differences in standard deviation associated to higher figures, a common feature when

simultaneously considering values with more than 1000-fold difference [25]. In parallel, infection
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and VLP assembly responses were converted using the logistic regression to limit the possible
values of the functions to the 0 — 100 % range:
Y, = log (ﬁiyn) 2

where Y,, is the converted response and y,, is the experimental response in natural values.
A Box-Behnken design was used to determine the influence of CCl, MOI and TOH on each
evaluated response. These variables were screened at a low (-1), medium (0) and high level (+1)
as indicated in Table 1. The different levels were linearly related for CCl and TOH and
exponentially for MOI, always in an equidistant manner. The results obtained for each response
were fitted to a second-order polynomial by the least squares method (Eg. 3):

Y =By + By - CCI+ B, -MOI + B3 -TOH+ B, - CCI- MOI + (3)

Bs - CCI- TOH + B4 - MOI-TOH + B, - CCI? + Bg - MOI? +

By - TOH? + ¢
where Y is the response variable, B, is the model intercept term, 3; — By are the model
coefficients and € is the experimental error. Fitting of the different equations based on Eq. 3 was
performed with R software (R Foundation for Statistical Computing, Vienna, Austria). Three-
dimensional plots were constructed to facilitate model interpretation.
The most common DoE approach involves the optimization of a single response. However, such
analysis may not be enough for the BEVS, since the definition of a production condition cannot
be accurately predicted from an individual property. Then, the objective of including more than
one response in the study was to determine global conditions integrating different key aspects of
BEVS. To this purpose, a multiple criteria decision analysis (MCDA) based on desirability
functions was implemented. The different responses were transformed to a dimensionless
desirability value (d.) ranging between 0 and 1:

dn=0 ify,<min, (4)
Yp—ming \W .o .
dn = (—) if min, < yn< max,

max, —min,

dv=1 if ya>max,
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where y, is the predicted response of the fitted equation, d, is the desirability response function,
w accounts for the weight value and min, and max, are the minimum and maximum acceptable
values of y,, respectively. The weight (w value) depended on the relative importance assigned to
each individual response. Then, all the different desirability response functions under study were

combined in a single equation, denoted as overall desirability (OD):

()

where OD is the overall desirability function to be maximized and N is the number of responses

studied in the optimization process.

Statistical analyses
The experimental design and statistical analyses of the different equations were performed using
R software. The quality of the regression of the fitted equations was evaluated with the R? and

Rgdj coefficients in percentage units. An analysis of variance (ANOVA) F-test was used to

determine the significance of the equations and the individual coefficients were assessed with a
t-test. The lack-of-fit (LOF) test was used to evaluate differences between experimental and pure
error of the fitted equations. In all analyses, p-values of 0.05 and 0.1 were considered statistically

significant with 95 % and 90 % confidence, respectively.

Results

Definition of the space boundaries

Initially, the growth of Hi5 cells was characterized to determine an adequate range of viable cell
concentration at infection (CClI) for the DoE. Cells maintained a high viability (> 90 %) until 96
h of culture, coinciding with the peak of viable cell concentration. In these conditions, cells

reached a maximum of 7.3 £ 0.2 x 10° cells/mL and a doubling time (Tq) of 18.7 + 0.5 h (Fig. 1).
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Figure 1. Cell growth and viability profiles of Hi5 cells in batch culture in Sf900I11 medium. Exponentially growing
cells were seeded at 0.3 x 10° cells/mL in 125-mL flasks. Mean values * standard deviation of triplicate experiments
are represented.

Considering the extent of the exponential phase and the Tg, the range for cell concentration at
infection was restricted to 0.5 — 2.5 x 10° cells/mL. Some difficulties were encountered when
defining the different levels of multiplicity of infection (MOI) and time of harvest (TOH) since
very little information of the BEVS with Hi5 in Sf9001I1l1 medium was available. The ranges for
both variables were eventually fixed according to previous experience with this system (data not
shown), as well as based on studies of the Hi5/BEVS in other cell culture media [12,26]. MOI
experimental range was fixed between 0.01 and 5 with the aim to screen low and high MOI
conditions therein the same DoE. In the case of TOH, the boundaries were defined as 24 — 84 hpi.
DoE space boundaries did not involve high CClI out of the exponential phase or medium exchange
in order to simplify their industrial application, but these conditions were evaluated as a contrast

to the optimal conditions obtained in this work.

Combining RSM and MCDA to define the optimal VLP production conditions

A three-variable (CCI, MOI and TOH) Box-Behnken RSM was constructed and the following
objective responses were analyzed: baculovirus infection efficiency, VLP production, VLP
assembly and VLP productivity. This experimental design was selected among different
candidates due to its variance distribution and spatial properties [22,27,28]. The resulting matrix

consisted in 15 experiments including a triplicated center point to account for the inherent
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variability of the system (Table 1). The different datasets were adjusted to second order

polynomial functions by the least squares method according to Eqg. 3.

Table 1. Matrix design, independent variable levels and regression coefficients for the Box-Behnken design. VLP

concentration values were quantified using nanoparticle tracking analysis.

Box-Behnken design

Variables Responses
. i VLP production VLP VLP productivity
Experimental run CCl (108 MOl Infection
TOH (h) (108 fluorescent assembly (106 fluorescent
cell/mL) (pfu/cell) (%) . .
particle/mL) (%) particle/mL-h)
1 15 0.01 84 98.5 345.5 144 411.3
2 0.5 0.22 84 99.5 118.1 315 140.6
3 15 0.22 54 99.2 230.0 17.1 420.0
4 15 0.22 54 99.6 214.8 15.2 410.0
5 25 5 54 99.3 320.2 13.4 593.0
6 15 5 84 99.4 265.3 175 315.8
7 15 0.01 24 3.3 0.2 98.2 0.9
8 15 5 24 95.5 11.6 57.2 48.3
9 2.5 0.01 54 21.7 8.7 14.6 16.1
10 0.5 0.01 54 97.8 343 37.7 63.4
11 0.5 0.22 24 56.4 1.9 94.6 7.7
12 25 0.22 84 99.5 465.4 13.2 554.1
13 0.5 5 54 99.7 101.8 343 188.5
14 15 0.22 54 99.4 200.0 13.1 370.0
15 25 0.22 24 30.7 11 93.9 4.4
Analysis
. LOF test, i i
Function F test, p-value R? Adjusted R? Predicted R?
p-value
Infection <0.01 0.1 95.0 90.0 68.7
VLP production <0.01 0.05 99.7 99.1 95.0
VLP assembly <0.01 0.06 94.9 92.1 79.9
VLP productivity <0.01 0.05 99.5 98.7 92.9
Model Infection VLP production VLP assembly VLP productivity
Parameters Coefficient p-value Coefficient p-value Coefficient p-value Coefficient p-value
Constant 4.7 <0.01 5.4 <0.01 -1.4 <0.01 6.0 <0.01
CCI -0.9 0.03 0.1 >0.1 -0.5 0.04 0.1 >0.1
ccCl? NS >0.1 -0.8 <0.01 NS >0.1 -0.8 <0.01
MOl 2.0 <0.01 11 <0.01 -0.5 0.04 11 <0.01
MOI? -1.0 0.08 -0.6 <0.01 NS >0.1 -0.6 <0.01
TOH 2.6 <0.01 2.3 <0.01 -2.0 <0.01 2.0 <0.01
TOH? -1.8 <0.01 -1.7 <0.01 -1.9 <0.01 -15 <0.01
CCI - MOl 11 0.06 0.6 <0.01 NS >0.1 0.6 <0.01
CCIl - TOH NS >0.1 0.6 <0.01 NS >0.1 0.5 <0.01
MOI - TOH -1.4 0.02 -1.1 <0.01 1.0 <0.01 -1.1 <0.01

NS: Non-statistically significant
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The statistical significance of the different functions and their associated coefficients was
confirmed by ANOVA (Table 1). Each function was used to construct three-dimensional plots
for a better comprehension of the synergies between CCI, MOI and TOH (Fig. 2). As expected,
baculovirus infection progressed more rapidly with increasing MOI (Fig. 2a — c). However, the
pace of infection decreased when using the same MOI at higher CCI. A similar behavior was
observed between VLP production and VLP productivity (Fig. 2d —i). Low MOI required longer
TOH to achieve higher VLP yields whereas higher MOI shortened this period. In both cases, the
best production and productivity titers were obtained in the 1.5 — 2.5 x 10° cell/mL CCI range.
Extracellular vesicles (EV) were also present in all conditions and their concentration increased
with longer TOH (data not shown). TOH also proved to be the most significant regarding the
amount of GageGFP monomer assembled in the form of VLPs (Fig. 2j — I). Increasing TOH and
MOI substantially decreased the ratio of VLPs to non-assembled monomers, regardless the value

of CCI.
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Figure 2. Three-dimensional plots of the different functions based on the Box-Behnken experimental results. (a — c)

Infection (d — f) VP production (g — i) VLP productivity (j — I) VLP assembly as a function of CCI, MOI and TOH.
All the graphs were constructed by representing the effect of two independent variables on a response while maintaining

MOI =0.01

the third one at a fixed level.

The models were used to predict an optimal combination of CCI, MOI and TOH to maximize

each specific response. In this case, different independent variable combinations resulted in the
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optimum condition for each function (Table 2), thus making difficult to define a global optimum

condition combining all the different models at once.

Table 2. Optimal CCI, MOI and TOH conditions maximizing each response function.

Response function CCI (108 cell/mL) MOI (pfu/cell) TOH (h)

Infection efficiency 0.5 0.2 76.4
VLP production 2.0 1.3 735
VLP assembly 0.5 0.01 24.0

VLP productivity 2.0 2.3 67.8

Therefore, a multiple-criteria decision analysis (MCDA) based on desirability functions was
applied in order to determine a global optimum combining the different functions. Every model
function was transformed to a dimensionless scale (Eg. 4) and given a weight according to the
importance of each response. A higher priority was assigned to VLP production, VLP assembly
and VLP productivity (w = 2) whilst a lower restriction was assigned to infection (w = 1). Two
possible response combinations were considered in the MCDA, the first focused on maximizing
product quantity and the second one maximizing product quality. To do this, the VLP assembly
function was excluded from the MCDA in the definition of a global optimal condition targeting
product quantity. The application of the MCDA for the product quality optimal resulted ina CClI,
MOI and TOH of 1.1 x 10° cell/mL, 1 pfu/cell and 33.6 hpi, respectively. The optimum
maximizing product quantity was determined as 2.0 x 10° cell/mL for CCI, a MOI of 2.5 pfu/cell

and a TOH of 69.3 hpi.

Validating the quantity and quality global optima

The two global optimal conditions obtained by the combination of RSM and MCDA were
successfully corroborated in a validation experiment. Hi5 cell growth was arrested after BV-
GageGFP infection with > 80 % of the culture infected at 24 hpi (Fig. 3a — b). As expected, a
higher cell viability was observed for the quality optima (33.6 hpi) compared to the quantity

condition at TOH (69.3 hpi). Confocal microscopy analysis of infected cells showed successful

104



Bioprocess engineering and characterization of HIV virus-like particle production in insect cells

colocalization (yellow) of the GageGFP polyprotein (green) with the cell membrane (red), thus
indicating that VLP formation and production was taking place (Fig. 3c). This process could be
tracked in real time using a confocal fluorescence microscope with the high-speed acquisition

mode (Fig. S1).
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Figure 3. Validation experiment of the quality and quantity optima. (a) Viable cell concentration and viability
progression after infection with the BV-GageGFP. The center point (infection control) of the Box-Behnken DoE was
also included to account for the robustness of the infection process, with cells infected with a MOI of 0.22 at 1.5 x 10°
cell/mL and harvested at 54 hpi. (b) BV-GageGFP infection kinetics in the different conditions tested. Infected cells
were measured every 24 h until their optimal TOH. (c) Hi5 cells infected with the BV-GageGFP at 2.0 x 108 cell/mL
and a MOI of 2.5 and observed at 48 hpi. Cell nucleus was stained with Hoechst (blue) and cell membrane with

CellMask™ (red). The mean and standard deviation of triplicate experiments are represented.

Measurement of fluorescence indicated that the highest pace of GageGFP production was
achieved with higher MOI. Also, the highest fluorescence yield in the supernatant was achieved
with the quantity optimum (2448.6 = 23.8 R.F.U.) at 69.3 hpi (Fig. 4a). The TOH for the quality
optimum condition coincided with the peak of intracellular GageGFP production, but not for the

quantity optimum. In all cases, GageGFP production in the supernatant progressively increased
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with longer TOH although the intracellular GageGFP levels reached a maximum concentration
that subsequently decreased (Fig. 4b). Analysis of the VLP production kinetics of the quantity
optimum by flow virometry evidenced that there was a continuous increase in VLP concentration
(Fig. 4c). Comparison of VLP production in both optima by means of NTA yielded a 10-fold and
4.8-fold increase in production and productivity in the quantity over the quality optimum,
respectively. In all cases, the experimental outcome was within the predicted limits (Table 3).

Table 3. Experimental validation of the global optimal conditions and comparison to model predictions. VLP
concentrations measurements were carried out with NTA. Prediction interval represent the lower limit and the upper

limits according to the logarithmic or logistic response transformation.

Product quality Product quantity
Response Experimental Model prediction Experimental Model prediction
Infection (%) 97.8+2.0 [71.6 —99.7] 100 [96.6 — 100]
VLP production (108
39.0+45 [15.6 — 60.2] 391.0 +13.9 [337.2 - 1333.4]
fluorescent particle/mL)
VLP assembly (%) 64.6 +5.1 [46.4—72.9] 132+1.0 [5.7-18.2]
VLP productivity (10°
118.1+£27.8 [48.3 — 186.2] 564.2 £20.2 [477.6 — 1884.8]

fluorescent particle/mL-h)

Similar ratios of VLPs to total nanoparticles were observed, representing the 9.7 + 3.1 % for the
quality and a 9.3 £ 1.1 % for the quantity condition. In contrast, analysis of the optima by sucrose
cushion ultracentrifugation showed a higher degree of GageGFP monomer assembled in the form
of VLPs in the quality optimum (64.6 £ 5.1 %). The SN and SN-25 % fractions, corresponding
to non-assembled GageGFP, showed significantly larger levels of fluorescence in the quantity
optimum (Fig. 4d). However, VLP containing fractions (25 — 45 % and 45 %) were more enriched
in the quality condition. BV-GageGFP titration of both optima by plaque assay resulted in a 2.7-
fold increase of infectious particles in the quantity (13.2 + 5.1 x 107 pfu/mL) compared to quality

condition (4.8 + 1.5 x 107 pfu/mL).
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Figure 4. GageGFP and VLP production in the validation experiment. (a — b) GageGFP production Kinetics in the
supernatant and intracellularly. Samples were taken every 24 h until their respective TOH. (c) Fluorescent and total
nanoparticle production time profile measured by flow virometry in the quantity optimal condition. (d) Fluorescence
distribution after double sucrose cushion ultracentrifugation of the quality and quantity optima. These experiments

were performed in triplicate.

An acceptable correlation between indirect VLP quantification with spectrofluorometry and direct
measurement with NTA was only achieved for the quality optimum condition (Eq. 1).
Contrariwise, the GageGFP fluorescence levels of the quantity optimum by spectrofluorometry
(2448.6 + 23.8 R.F.U.) and conversion to VLP concentration resulted in a 9.6-fold increase
compared to NTA quantification. Introducing the assembly factor measured by
ultracentrifugation (Table 3) allowed to determine the GageGFP fluorescence exclusively
attributed VLPs (323.2 £ 3.1 R.F.U.) and discard that of unassembled GageGFP monomer. Hence,
a close prediction to the NTA quantification was achieved (4.9 + 0.5 x 10 VLP/mL).

Supernatant characterization of the quality and quantity optima by cryogenic transmission

electron microscopy (cryo-TEM) indicated that VVLPs were correctly formed in both conditions
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(Fig. 5). Interestingly, the median VLP size was higher in the quality (181.4 + 4.4 nm) compared
to the quantity optimum (164.7 £ 0.3 nm). The presence of EV and baculovirus was also detected,

in agreement with the existence of a non-fluorescent particle population observed with the NTA.

Figure 5. GageGFP VLP characterization by cryo-TEM. (a — b) Supernatant visualization of the quality (33.6 hpi) and
quantity (69.3 hpi) optimal conditions, respectively. The arrows indicate the different specimens: VLP (green), EV
(blue) and baculovirus (red).

Comparison to other VLP production conditions

From both optimal conditions, the quantity optimum, which achieved the highest VLP titer, was
compared to other baculovirus infection strategies not considered in the DoE. The first approach
consisted in infecting the Hi5 cell line at a high cell concentration and MOI. To this purpose, Hi5
cells were infected at the concentration 6 x 106 cell/mL with a MOI of 5. The second strategy
consisted in performing a medium replacement before infection using the quantity optimum. This
option was considered as a means to value if the added effort of performing a medium replacement
would provide a substantial advantage in VLP concentration. Baculovirus infection progressed
more rapidly after medium exchange that in the original condition but the drop in cell viability
was not significantly affected (Fig. 6a — b). On the other hand, baculovirus infection advanced
more slowly in the high CCI condition, to the point that cell culture was not fully infected after
72 hpi. Medium exchange before infection increased GageGFP production by 1.3-fold at 69.3
hpi, corresponding to 3168.6 + 100.2 R.F.U. in comparison to the 2528.0 £ 76.3 R.F.U. achieved

in the quantity condition (Fig. 6¢ —d). The same improvement was observed in VLP quantification
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by NTA, with 4.3 £ 0.2 x 101° VLP/mL for medium exchange while 3.4 + 0.3 x 10'° VLP/mL
were measured for the quantity optimum condition. However, baculovirus infection at the high
CCI condition reached a significantly lower GageGFP production (66.6 + 3.3 R.F.U.) as well as

in terms of VLP production (2.3 + 0.6 x 108 VLP/mL).
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Figure 6. VLP production using medium exchange (Ex) and baculovirus infection at high CCI (High). (a —b) Viable
cell concentration, cell viability and BV-GageGFP infection kinetics in the different conditions tested. (c — d)

Supernatant and intracellular GageGFP production. The average of triplicate experiments is represented.

The median size of VLPs in these conditions did not substantially vary from the quantity optimum
(168.2 = 3.3 nm), being 169.6 £ 3.3 nm for the medium exchange and 160.5 + 3.7 nm for the high
CCI. Similar levels of total nanoparticles were obtained in the three different conditions, thus
representing a big difference in the ratio of VLP to total nanoparticles (Table 4). Remarkable
differences were also observed in terms of infectious baculovirus particles. Medium replacement
before infection increased the levels by 2.1-fold (47.0 + 9.9 x 107 pfu/mL) compared to the 22.7
+ 2.5 x 107 pfu/mL achieved in the quantity optimum condition. However, a much lower

baculovirus titer of 0.9 + 0.3 x 107 pfu/mL was obtained for the high CCI condition.
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Table 4. Comparison of GageGFP VLP production levels of the quantity optimum, medium exchange and high CCI

conditions measured by NTA.

VLP production Total particle Ratio fluor. .
. ] . VLP size

Condition (108 fluorescent  production (108 particles/total (nm)

nm

particle/mL) particle/mL) particles (%)
Quantity optimum 335.0 £29.0 4260.0 £ 609.0 8117 168.2+3.3
Medium Exchange 432.0£22.0 5510.0 £ 232.0 78+0.2 169.6 +3.3
High CCI 2.3+0.6 523.0 £ 767 0.1 160.5+3.7
Discussion

The Hi5/BEVS has demonstrated a high versatility to produce a wide variety of recombinant
proteins. However, the capabilities of the Hi5 cell line as a production platform of complex
multimeric structures, such as enveloped VLPs, have not been explored into detail. To date, the
quantification of VLP production has been performed based on indirect quantification methods
[12]. Moreover, most of the research have been conducted either in low performing or animal
compound containing culture media [16,29]. Although these studies have brought advances in the
production of nanoparticles using the Hi5/BEVS, a deeper study would contribute to exploit the
full potential of such platform.

CCI, MOI and TOH were selected as the critical parameters affecting the production of HIV-1
Gag VLP in the BEVS. For a comprehensive analysis, four different responses were considered
and simultaneously evaluated by means of RSM and MCDA. TOH and MOI were shown to be
particularly relevant to achieve a high VLP concentration but also in maintaining an adequate
ratio of GageGFP assembly in the form of VLPs. Pillay and co-workers used a factorial
experiment to assess the effect of different MOI comprised in the range of 0.1 — 5 in Hi5 cells
[12]. They did not identify any significant different in Gag yield but here we observed that MOI
plays a significant role in VVLP production. Interestingly, including a function for VLP assembly
based on GageGFP fluorescence distribution in the different fractions of an ultracentrifugation
proved to be highly relevant. These results in combination with direct nanoparticle quantification

by NTA and flow virometry permitted to obtain a much accurate perspective of the process.
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A pronounced decrease in VLP assembly was shown with increasing TOH, limiting a favorable
combination with the other three responses. To this purpose, two different global optimization
strategies were examined by MCDA, one considering the VLP assembly function (therefore with
priority on product quality) and the other not (therefore with priority on product quantity).
Remarkable differences were encountered between the two optima, achieving a 10-fold higher
VLP production in the quantity condition whereas a 4.9-fold increase in the assembly of GageGFP
as VLPs was obtained in the quality optimum. Then, it is evident that Hi5 cells possess a high
capacity to produce GageGFP but there is a remarkable competition between the formation of
VLPs and the release of unassembled GageGFP monomer. The large amount of GageGFP
produced, potentially overcoming the capacity of the cell line itself to process all the GageGFP
in the form of VLPs, combined to cell membrane disruption could be the reason explaining these
results. This could be appreciated even in the quality optimum itself, in which a high cell viability
of 92.4 + 0.6 % was measured at 33.6 hpi (Fig. 3a) and a 64.6 £ 5.1 % of the fluorescence in the
supernatant was associated to VLPs, meaning that around the 35 % remaining was due to
unassembled GageGFP monomer. These results emphasize the need to complement the methods
most currently used for VLP identification or quantification based on monomer detection with
direct nanoparticle assessment techniques, specially using the Hi5 cell line [12,30-34].

The application of cryo-TEM helped to gain insight into the identification of the morphological
features of the VLPs produced (Fig. 5). Cryo-TEM has recently been highlighted as powerful
methodology for nanoparticle characterization as the different specimens can be observed in
native conditions [35-37]. GageGFP VLPs presented the expected size of 100 — 200 nm and
morphology consistent with immature HIV-1 VLPs, comparable to VLPs produced in Sf9 [38]
and HEK 293 cells [39]. The rod-shaped structure corresponding to the infective form of the
baculovirus was also detected. The presence of EVs was observed alongside VLPs, which are
known to be produced as way of communication in eukaryotic cells [40]. EVs were more
heterogeneous in size and shape (50 — 500 nm) compared to VLPs as well as less electron-dense.

These results coincide with the measurements performed by the NTA and flow virometry where
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a remarkable population of non-fluorescent nanoparticles was detected. Future efforts are needed
to understand their role in insect cell lines since little information is available.

A maximum HIV-1 GageGFP VLP concentration of 3.9 + 0.1 x 10%° VLP/mL was achieved in
the supernatant using the product quantity optimum. Thus, these conditions would be selected in
case of designing a VLP manufacturing process. However, if the presence of baculoviruses posed
a risk for the final VLP application, the quality optimum provides a 2.7-fold reduction in
infectious particles, which would facilitate the downstream process. Difficulties were encountered
in the comparison of the VLP yield obtained since most of the studies producing Gag VLPs with
the insect cell/lBEVS used indirect quantification methods based on monomer detection
[12,13,41]. Nevertheless, when the comparison of nanoparticle production was possible, this
optimum condition proved to be superior to Gag VLP production in HEK 293 cells without [42]
and with [27] additive supplementation by 14.4 and 1.7-fold, respectively. Moreover, these
conditions proved to be superior to influenza VLP production using the Sf9 [43] and Hi5/BEVS
[44] by 6.7 and 25-fold, respectively. The potential of the quantity optimum was also evaluated
against other baculovirus infection strategies in this work. Infection at high CCI using a high MOI
resulted in a much lower yield of VLP production probably owing to the scarcity of some nutrients
in the medium (Table 4). BV production was also significantly reduced in such conditions. These
differences in production could be related to the cell density effect previously described in insect
cells with the BEVS [45-47]. On the other side, medium replacement before BV infection
moderately increased VLP production but duplicated baculovirus production. This strategy has
proven to be an efficient manner to increase both the yield of recombinant proteins [48] and
baculoviruses [49] with the SFO/BEVS cells and also in mammalian cells [50,51]. In this case, no
substantial benefit was obtained, thus indicating that the added efforts required to perform
medium replacement might not be advantageous.

In conclusion, a detailed study of Gag VLP production using the Hi5/BEVS was conducted. The
application of RSM and MCDA allowed to go a step further and capture the synergies between
the influential factors affecting the VLP production process. The combination of advanced

statistical methods with a variety of nanoparticle quantification and characterization techniques
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allowed to obtain a full picture of the process as well as to determine a high-yielding and
reproducible condition for VLP production. The approach here proposed is valuable for studies
dealing with the production of other complex nanoparticles. Future efforts in transferring this

process into bioreactor scale should allow to define a robust platform for VLP production.
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Supplementary information

>

Figure S1. Time lapse of High Five cells infected with BV-GageGFP recorded during 6.5 min. Cell membrane was
stained with CellMask™ (red) and cell nucleus with Hoechst (blue). Green dots in the cell membrane and in the
supernatant correspond to GageGFP VLPs.
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Abstract

Nanoparticles generated by recombinant technologies are receiving increased interest in several
applications, particularly the use of virus like particles (VLPs) for the generation of safer vaccines.
The characterization and quantification of these nanoparticles with complex structures is very
relevant for a better comprehension of the production systems and should circumvent the
limitations of the most conventional quantification techniques often used. Here, we applied
confocal microscopy, flow virometry and nanoparticle tracking analysis (NTA) to assess the
production process of Gag virus-like particles (VLPs) in the Sf9 cell/ baculovirus expression
vector system (BEVS). These novel techniques were implemented in an optimization workflow
based on Design of Experiments (DoE) and desirability functions to determine the best production
conditions. A higher level of sensitivity was observed for NTA and confocal microscopy but flow
virometry proved to be more accurate. Interestingly, extracellular vesicles were detected as an
important source of contamination of this system. The synergistic interplay of viable cell
concentration at infection (CCI), MOI and TOH was assessed on five objective responses: VLP
assembly, infection, VLP production, viability and VLP productivity. Two global optimal
conditions were defined, one targeting the maximal amount of VLPs and the other providing a
balance between production and assembled VLPs. In both cases, a low MOI proved to be the best
condition to achieve the highest VLP production and productivity yields. Cryo-EM analysis of
nanoparticles produced in these conditions showed the typical size and morphology of HIV-1
VLPs. This study presents an integrative approach based on the combination of DoE and direct
nanoparticle quantification techniques to comprehensively optimize the production of VLPs and

other viral-based biotherapeutics.
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Keywords: flow virometry, nanoparticle tracking analysis, confocal microscopy, baculovirus

expression vector system, virus-like particle, statistical design, Sf9 cells.

Abbreviations: AcCMNPV, Autographa californica multiple nucleopolyhedrovirus; BBD, Box-
Behnken design; BEVS, baculovirus expression vector system; BV, baculovirus; CCI, cell
concentration at infection; cryo-EM, cryogenic electron microscopy; DoE, Design of
Experiments; eGFP, enhanced green fluorescent protein; EV, extracellular vesicle; HIV, human
immunodeficiency virus; hpi, hours post infection; MOI, multiplicity of infection; NTA,
nanoparticle tracking analysis; pfu, plaque forming unit; TOH, time of harvest; VLP, virus-like

particle.
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Introduction

The development of vaccines based on virus-like particles (VLPs) has gained interest in the last
few years. These complex nanoparticles emerged as an alternative to inactivated and live-
attenuated viruses since they resemble the native viral structure but do not contain genomic
material of the virus [1]. This feature makes VVLPs an attractive vaccine platform since they are
unable to replicate nor infect thus improving their safety profile [2]. Also, the repetitive structure
acquired from the assembly of multiple subunits has proven to stimulate humoral and cellular
immune responses to a higher level than that of their soluble counterparts [3]. Enveloped VLPs
are class of these nanoparticles that are composed of a lipid membrane that obtain from the host
producing cells. These type of VVLPs provide a very flexible means to introduce different antigen
epitopes and form chimeric VLPs [4,5]. The HIV-1 Gag polyprotein is able to generate these
nanoparticles through a self-assembly process when expressed in a heterologous system. Gag
VLPs are produced via a budding process after the pressure exerted by the Gag monomers
accumulated in the vicinity of the cell membrane is enough to completely bend it [6].

Several studies have been conducted to appraise the production of Gag VLPs in a range of
eukaryotic systems, including animal cell lines [7], yeast [8] and plants [9]. Among them, the
insect cell/baculovirus expression vector system (BEVS) offers a good compromise between
production yield and capacity of efficiently processing these complex nanoparticles [10]. The Sf9
cell line, a clonal isolate of Spodoptera frugiperda Sf21 cells, has been successfully used to
produce Gag VLPs over the last 30 years [11]. However, most often the actual presence of VLPs
is not followed directly but rely on the use of disruptive methods for quantification. Therefore,
the implementation of novel techniques enabling to quantify VLPs as well as other nanoparticle
populations in native conditions, would provide substantial information to better characterize the
process. Nanoparticle tracking analysis (NTA) has shown an increasing acceptance as a tool to
quantify and characterize nanoparticles in the last years. Its use has been validated in the
characterization of different VLP types [12,13] as well as in the assessment of extracellular vesicle
(EV) populations [14,15]. Recent progress made in the field of flow cytometry has increased its

possibilities as an analytical technique at nanoscale level [16]. These upgrades have enabled to
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apply flow virometry for the detection of small nanoparticles, especially in the field of EVs [17].
Confocal microscopy has also been underlined as a tool with great potential to characterize
nanoparticles [18,19]. Advancements in this technique have allowed the detection of structures
beyond the Abbe diffraction limit (~250 nm), which make VLPs and EVs ideal candidates for
microscopy studies. A breadth of applications in the field of nanoparticles is possible for these
emerging technologies, with special relevance in the characterization of biological production
platforms.

So far, current literature dealing with production optimization of Gag VLPs is very scarce, and
few information on the synergies between the main variables influencing baculovirus-based
production is available [20,21]. Here, we analyzed the effect of cell concentration at infection
(CCI), multiplicity of infection (MOI) and time of harvest (TOH) as the critical parameters
involved in the BEVS by means of Design of Experiments (DoE). This rational statistical
approach depends on the combination of a defined number of experiments that enable to
determine the individual and combined effects of different independent variables on one objective
response [22,23]. To go a step further, different objective responses were simultaneously
considered for a better comprehension of the process, including baculovirus infection, VLP
production, VLP assembly, cell viability and VLP productivity. The different responses were
combined by means of desirability functions [24,25] into a global optimal condition based on two
criteria: quality and quantity. Both conditions were successfully corroborated in comparison to
other VLP production approaches with the Sf9/BEVS. A final characterization of the morphology
of Gag VLPs was performed using cryogenic electron microscopy.

In summary, an exhaustive evaluation of the Gag VLP production process was performed by
means of combining advanced statistical designs and cutting-edge VLP quantification techniques.
To facilitate process characterization and nanoparticle quantification, the eGFP fluorescent
reporter was fused to HIV-1 gag gene. This study provides an interesting workflow to design

production strategies for VLPs and potentially other complex nanoparticles using the Sf9/BEVS.
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Materials and Methods

Cell line, media and culture conditions

The Sf9 insect cell line (cat. num. 71104, Merck, Darmstadt, Germany) was adapted to grow in
the animal origin-free and low-hydrolysate Sf900I1l medium (Thermo Fisher Scientific, Grand
Island, NY, USA). Cells were routinely maintained at the exponential growth phase in 125-mL
disposable polycarbonate Erlenmeyer flasks (Corning, Steuben, NY, USA) and subcultured three
times a week at a density of 4 - 6 x 10° cells/mL. The flasks were shaken at 130 rpm using an
orbital shaker (Stuart, Stone, UK) placed in an incubator maintained at 27°C. Cell count and
viability assessment were performed using the Nucleocounter NC-3000 (Chemometec, Allerod,

Denmark).

Recombinant baculovirus and infection conditions

The recombinant Autographa californica multicapsid nucleopolyhedrovirus (ACMNPV) was
constructed with the BaculoGold baculovirus expression system (BD Biosciences, San Jose, CA,
USA). The baculovirus contained a gene encoding for a Rev-independent full-length gag gene
[26] fused in frame to eGFP and under the control of the polyhedrin promoter.

Baculovirus amplification was performed by infection at 3 x 10° cells/mL at a multiplicity of
infection (MOI) of 0.1 and harvest at 96 hours post infection (hpi). Baculovirus titration was
performed by the plaque assay method. Shortly, 2 mL of Sf9 cells at 5 x 10° cell/mL were infected
with serial dilutions of baculovirus-containing samples in 6-well plates (Nunc, Roskilde,
Denmark). The number of recombinant baculovirus was measured at 6 days and the titers were
expressed as plaque forming units (pfu).

Sf9 cell growth characterization was performed with cells seeded at 4 x 10° cell/mL in 15 mL of
medium from a 48-h expanded culture maintained in high viability conditions. Infections were
conducted at different variable combinations according to the Box-Behnken design (Table 1).
Samples were taken at several hpi to monitor viable cell concentration, cell viability, baculovirus

infection, nanoparticle production and GageGFP expression in the supernatant and intracellularly.
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The number of GageGFP expressing cells was measured at 488 nm in a BD FACS Canto Il flow

cytometer (BD Biosciences).

Fluorescence confocal microscopy

Sf9 cells infected with the baculovirus encoding for GageGFP were visualized in a TCS SP5
confocal microscope (Leica, Wetzlar, Germany). First, cells were stained with 0.1% v/v of
CellMask™ and 0.1% v/v of Hoechst (Thermo Fisher Scientific, Eugene, OR, USA), which stain
the cell membrane in a deep red color and the cell nucleus in cyan blue, respectively. Stained cell
samples were washed by centrifugation at 300 xg during 5 min to remove dye excess and
resuspended in fresh Sf900I11. 200 pL of sample were placed in 35 mm bottom Petri dishes
(MatTek Corporation, Ashland, MA, USA) for visualization. The VLP production process was
monitored during 6 min at 48 hpi in baculovirus-infected cells using the SP5 Resonant scanner

mode (Leica).

GageGFP quantification by spectrofluorometry

The intra- and extracellular concentration of GageGFP was measured by spectrofluorometry.
Supernatant of GageGFP producing cells was harvested by centrifugation at 3000 xg for 5 min
whereas the intracellular content was evaluated after three freeze-thaw disruption cycles of
pelleted cells. Lysed pellets were resuspended in 0.5 mL of TMS buffer and centrifuged at 13700
xg for 20 min. GageGFP fluorescence was measured with a Cary Eclipse fluorescence
spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) at RT as follows: Ao, = 488
nm (5 nm slit), Ao, = 510 nm (10 nm slit). Relative fluorescence unit values (R.F.U.) were
calculated by subtracting the fluorescence of non-infected cultures. The Sf900I1l medium and a

0.1 mg/mL quinine sulphate solution were used to normalize R.F.U. values between experiments.

VLP quantification
VLPs and extracellular vesicles in the size range of 100 — 250 nm were quantified using

nanoparticle tracking analysis (NTA) in a NanoSight NS300 (Malvern Panalytical, Malvern,
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United Kingdom). Samples were diluted in 0.22 um-filtered DPBS and injected into the device
chamber through a pump at an average concentration of 108 particles/mL (20 — 60 particles/frame)
at RT. Videos of 60 s from triplicate experiments were recorded and analyzed with the NTA 3.2
software. VLP quantification was also performed using a TCS SP8 confocal microscope (Leica).
50 pL of harvested supernatant were placed in a glass slide (Linealab, Barcelona, Spain) and left
30 min at RT for nanoparticles to settle before visualization (Gonzalez-Dominguez, in
preparation).

Flow virometry was also used for VLP quantification as well as to track the production kinetics
of different nanoparticle populations. A CytoFlex LX (Beckman Coulter, Brea, CA, USA)
equipped with a 488 nm blue laser for fluorescent particle detection (laser gain = 106) and a 405
nm laser/violet side scatter configuration for improved nanoparticle size resolution (laser gain =
9) was used. Samples were diluted in 0.22 um-filtered DPBS and analyzed with the CytExpert

2.3 software at room temperature.

Analysis of VLP assembly by analytical ultracentrifugation

VLPs from Sf9 baculovirus infected cells were ultracentrifuged in a double sucrose cushion.
Briefly, a volume of 5 mL of clarified supernatant was sublayered in 5 mL of 25 % and 8 mL of
45 % (w/v) sucrose (Sigma Aldrich, Sant Louis, MO, USA) solution prepared in DPBS and
DMEM (Thermo Fisher Scientific), respectively. Samples were ultracentrifuged at 31000 rpm
and 4°C for 2.5 h using a SW-32Ti in an Optima L100XP centrifuge (Beckman Coulter). Then,

the different fractions were collected and maintained at 4°C until further analysis.

VLP characterization by cryo-EM

VLP structure and morphology were assessed using cryogenic transmission electron microscopy
(cryo-EM). To do this, 4 pL of sample were blotted onto EMR Holey carbon films on 400 mesh
copper grids (Micro to Nano, Wateringweg, Netherlands) previously subjected to a glow
discharge treatment in a PELCO easiGlow™ Discharge Cleaning System (PELCO, Fresno, CA,

USA). Samples were then plunged into liquid ethane at —180 °C using a Leica EM GP workstation
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(Leica) and visualized in a JEM-2011 TEM operating at 200 kV (Jeol Ltd., Akishima, Tokyo,

Japan).

Design of experiments and desirability functions

A three-variable Box-Behnken design (BBD) was employed to determine the optimal conditions
for VLP production using as independent variables viable cell concentration at infection (CCl),
multiplicity of infection (MOI) and time of harvest (TOH). Five different responses were
analyzed: baculovirus infection efficiency, VLP production, cell viability, VLP productivity and
VLP assembly (Table 1). Responses expressed in percentage (infection, viability and VLP
assembly) were transformed using logistic regression to limit their values in the 0 — 100 % range.
VLP production and VLP productivity responses were converted to the logarithmic scale to
normalize the variability of the residuals. The different levels of the BBD were equidistantly
related in a linear manner for CCI and TOH and exponentially for MOI. The data obtained for
each response was fitted to a second-order polynomial equation by the least squares method as

described below:

Y:BO+ZBi'Xi+ZBij'Xi'Xj‘l'ZBii'Xiz'l's 1)

where Y is the response variable under consideration, B, is the offset term and §;, B;; B;; are the

linear, interaction and quadratic coefficients, respectively, whereas & accounts for the
experimental error. The functions obtained based on Eq. 1 were used to predict the optimal values
of the independent variables with the L-BFGS-B quasi-Newton method of the R Studio software
(R foundation for statistical computing, Vienna, Austria).

A multiple response optimization strategy based on desirability functions was applied to find a
unique optimal condition including the different functions of the study. These functions were
transformed into a dimensionless scale d with values comprised between 0 and 1, and combined

to maximize the overall desirability (OD) of the multiple response system:
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( 0 if fi<L
_ it
di—{(U_L> if LS f;<U ()
L1 if fi>U

where d; is the individual desirability of the response under consideration, fi is the original
response function, w accounts for the weight value assigned to the response and L and U are the
lower and upper acceptable values of fi, respectively. When w > 1 indicates that a higher
importance is given to values around the maximum whereas w = 1 and w < 1 mean that the

desirability function is linear or is of lower importance, respectively.

Statistical analysis
Statistical analysis of the different functions was conducted using R software (R foundation for
statistical computing). The quality of fit of the different equations was evaluated with the R? and

RZ, ; coefficients. The overall significance of each function was determined with the analysis of

variance (ANOVA) F-test and the relevance of the individual coefficients was assessed with the
corresponding t-test. The lack-of-fit (LOF) test was used to evaluate differences between
experimental and pure error of the fitted equations. In addition, the predicted-R? was calculated
to compare the experimental error to the prediction error. p-values of 0.05 and 0.1 were considered

as statistically significant with 95 % and 90 % confidence, respectively.
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Results
Optimization of the VLP production process
The different parameters influencing the VLP production process, from baculovirus infection to
Gag production and release in the form of assembled VLPs, should be considered as continuous
variables. To this purpose, an advanced optimization strategy based on Design of Experiments
(DoE) was selected to screen a broad spectrum of possible values of the different variables
considered in the study: viable cell concentration at infection (CCI), multiplicity of infection
(MOI) and time of harvest (TOH). The Sf9 cell growth was initially evaluated to define the
appropriate range for CCl in the Box-Behnken design (Fig. 1). Cells maintained the exponential
phase up to 5 - 6 x 106 cells/mL, reaching a maximum viable cell concentration of 11.6 + 0.3 X
10° cells/mL at 8 days after seeding. The design space for CCl was defined as 0.5 — 5 x 108
cells/mL since higher CCI have been reported to decrease the productivity of the system [27,28].
However, this condition was evaluated as a comparison to the conditions determined after
optimization since very few information is available about the performance of Sf9 cells in
Sf900111 medium at high CCI.

—e—Viable cell concentration & Viability
L 100

r 80

r 60

Viability (%)

r 40

Ty(hy=238+1.7
a(h) 5

Viable cell density (10°cell/mL)
f=2

0 24 48 72 96 120 144 168 192 216 240 264
Time (h)

Figure 1. Cell growth and viability of Sf9 cells in Sf900111 medium. Cells were seeded at 0.4 x 106 cells/mL in 125-

mL flasks. The mean and standard deviation of triplicated experiments is represented.

The MOI range was considered as 0.01 — 5 to include experimental conditions allowing cell
replication after baculovirus infection and others representing an immediate arrest of cell growth.
For TOH, the design space was defined as 24 — 84 hpi to cover a large subset of harvest times

depending on the CCI and MOI used. Medium replacement prior to infection was not included in
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the DoE in order to simplify the industrial application of the optimal conditions. However, this
strategy was analyzed in contrast to the optimal conditions since it has been reported to increase
the product titers with the BEV'S [29,30].

The synergies between CCI, MOI and TOH were assessed by five different responses relevant to
the baculovirus-based Gag VLP production process. These include baculovirus infection
efficiency, VLP production, viability, VLP productivity and VLP assembly. The Box-Behnken
design matrix with the different independent variables and the observed responses is presented in
Table 1. The data were fitted to a second-order polynomial (Eq. 1) for each one of the responses
and the statistical significance of the function and the model coefficients were confirmed by
ANOVA. The predictability of the different functions was also validated, thus confirming their
suitability to navigate the design space.

Table 1. Box-Behnken design, experimental results for each response and ANOVA analysis. VLP concentration values

were measured by NTA.

Box-Behnken design

Coded levels -1 0 1
CCI (106 cell/mL) 0.5 2.75 5
MOI (pfu/cell) 0.01 0.22 5
TOH (H) 24 54 84
Variables Responses
i VLP production VLP productivity
Experimental run cel ot Mol TOH (h) Infection (108 fluorescent Viability (%) (108 fluorescent vLP
cell/mL) (pfu/cell) (%) articlefmL) articlefmL_-h) assembly (%)
1 0 -1 1 99.1 225.8 70.3 268.8 331
2 -1 0 1 99.5 47.3 64.3 56.3 23.0
3 0 0 0 99.2 120.2 76.4 222.7 45.2
4 0 0 0 99.1 136.1 81.3 252.0 46.4
5 1 1 0 98.8 167.6 71.3 310.4 37.3
6 0 1 1 99.7 146.3 53.9 174.1 22.2
7 0 -1 -1 3.7 13 96.4 54 98.8
8 0 1 -1 93.6 26.7 94.4 111.1 64.6
9 1 -1 0 95 735 93.8 136.1 81.1
10 -1 -1 0 98.3 28.5 93.1 52.8 91.1
11 -1 0 -1 59.6 1.7 94.2 7.1 99.5
12 1 0 1 99.6 168.0 60.8 200.0 17.7
13 -1 1 0 99.5 16.3 61.9 30.2 20.8
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14 0 0 0 99 86.7 741 160.6 51.4
15 1 0 -1 48.8 11.8 96.8 49.2 97.7
Analysis
LOF test,
Function F test, p-value R? Adjusted R? Predicted R?
p-value
Infection <0.01 0.07 95.4 93.6 84.2
VLP production <0.01 0.19 95.7 925 78.7
Viability <0.01 0.05 88.9 87.0 824
VLP productivity <0.01 0.19 93.0 87.8 65.3
VLP assembly <0.01 0.07 89.9 86.8 64.9
Model Infection VLP production Viability VLP productivity VLP assembly
Parameter Coefficient p-value Coefficient p-value Coefficient p-value Coefficient p-value Coefficient
value
Constant 4.4 <0.01 4.6 <0.01 1.65 <0.01 5.2 <0.01 0.2 >0.1
CCI n.s >0.1 0.8 <0.01 n.s >0.1 0.8 <0.01 n.s >0.1
CClI? ns >0.1 -0.7 0.02 n.s >0.1 -0.7 0.02 n.s >0.1
MOl 12 <0.01 0.4 0.05 -0.6 <0.01 0.4 0.05 -1.2 <0.01
MOI? n.s >0.1 n.s >0.1 n.s >0.1 n.s >0.1 n.s >0.1
TOH 2.7 <0.01 1.6 <0.01 -1.3 <0.01 1.0 <0.01 -2.3 <0.01
TOH? -1.8 <0.01 -1.1 <0.01 n.s >0.1 -0.9 <0.01 0.9 0.06
CCI - MOl ns >0.1 n.s >0.1 n.s >0.1 n.s >0.1 n.s >0.1
CCl - TOH ns >0.1 n.s >0.1 n.s >0.1 n.s >0.1 n.s >0.1
MOI - TOH -1.2 <0.01 -0.9 <0.01 n.s >0.1 -0.9 <0.01 0.8 0.08

n.s: non-statistically significant

The interactive effects of the independent variables on the different responses were further
investigated by constructing three-dimensional surface plots (Fig. 2). TOH and MOI proved to be
the most relevant parameters governing the baculovirus infection efficiency, cell viability and
VLP assembly, with no significant contribution of CCI. Higher MOI and TOH increased the
infection rate but also decreased cell viability more rapidly (Fig. 2a — b). Analytical
ultracentrifugation and fluorescence measurements from the different fractions of each
experimental run of the DoE allowed to detect a principal role of longer TOH in decreasing VLP
assembly, with a less intense detrimental effect of MOI (Fig. 2c). On the contrary, the three
independent variables showed a significant effect in VLP production and productivity (Fig. 2d —
i). Higher CCI were the most productive conditions for VLPs in all cases. Larger MOI exhibited
the best VLP production and productivity levels at shorter TOH (~54 hpi) but the highest overall

production conditions were obtained at low MOI and long TOH for both responses (~84 hpi).
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Figure 2. Surface plots based on the experimental results of the Box-Behnken design. (a) Infection (b) Viability (c)VLP

assembly (d — f) VLP production (g — i) VLP productivity as a function of CCI, MOI and TOH. The different graphs
were constructed by depicting two variables at a time and keeping the third one at a fixed level.

The optimization of the different functions resulted in distinct optimal conditions (Table 2).
Therefore, a multiple response optimization approach based on the desirability optimization

criteria [31] was adopted to determine a global VLP production condition integrating the

information of the responses of the study (Eg. 2).
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Table 2. Independent variable optimal values maximizing each response function.

Response function CCI (108 cell/mL) MOI (pfu/cell) TOH (h)
VLP production 4.2 0.01 84
Infection n.s 5.0 66.6
Viability n.s 0.01 24
VLP productivity 4.2 0.01 84
VLP assembly n.s 0.01 24

n.s: non-statistically significant

A weight value w was attributed to each function based on their relative importance. A higher
priority was given to VLP production, VLP assembly and VLP productivity (w = 2), whereas a
lower limitation was assigned to infection and viability (w = 1). Two possible optimal
combinations were considered in the desirability function optimization, one pursuing the
maximum quantity of VLPs (Quantity) and the other providing a balance between the amount of
Gag VLPs produced and Gag assembled into VLPs (Quality). To this purpose, the VLP assembly
function was excluded from the desirability function targeting a maximum VLP concentration
(Quantity) but maintained in the quantity condition. The optimal conditions for the two global
optimization approaches resulted in the same CCI (3.7 x 108 cell/mL) and MOI (0.01) but differed

in the TOH, being 60 hpi for the quality and 80 hpi for the quantity condition.
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Characterization of the quantity and quality optima

Baculovirus infection at a MOI of 0.01 enabled Sf9 cells to grow until 48 hpi with a progressive
decrease in the growth rate. Sf9 cells were completely infected around 60 hpi, time in which cell
viability started dropping significantly (Fig. 3a — b). GageGFP expression (green) and trafficking
to the cell membrane could be observed in Sf9 baculovirus infected cells (Fig. 3c). The cell
nucleus (blue) showed a pronounced enlargement and a granulated-like structure probably
associated to baculovirus infection. A time-lapse of VLP formation and release from the cell
membrane could be recorded with the high-speed acquisition mode of the confocal microscope.
Using this methodology, VLPs were observed as green dots budding from the cell membrane of

Sf9 infected cells (Fig. S1).
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Figure 3. Validation experiment of the quantity and quality optima. (a) Viable cell concentration and viability profiles
upon baculovirus infection. A control condition corresponding to the center point of the Box-Behnken design was
included to account for the robustness of the infection process. The infection conditions of the center point consisted
in a MOI of 0.22 at 2.75 x 108 cell/mL and harvest at 54 hpi. (b) Baculovirus infection kinetics. Infected cells were
measured every 24 h until their optimal TOH. (c) Baculovirus infected Sf9 cells at 2.0 x 106 cell/mL and a MOI of 1
and visualised at 48 hpi. Cell membrane was stained in red with CellMask™ and in blue with Hoechst. (d) Fluorescence
measurement of GageGFP production in the supernatant. (e) GageGFP fluorescence distribution after double cushion
ultracentrifugation. (f) Nanoparticle production kinetics assessed by flow virometry. The averages of triplicate

experiments are represented.

A continuous increase in GageGFP production in the supernatant (Fig. 3d) and intracellularly

(Fig. S2) was observed in both conditions by spectrofluorometry. A 2.7-fold increase in total
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GageGFP fluorescence was achieved in the quantity optimum (1499.6 + 85.8 R.F.U.) compared
to the quality condition (560.0 £ 74.0 R.F.U.). However, a higher proportion of the GageGFP
fluorescence was detected in the 25, 25 — 45 and 45 % fractions in the latter (81.3 £ 13.1 %),
indicating a larger amount of GageGFP assembled in the form of VLPs (Fig. 3e). A profound
analysis of the nanoparticle production kinetics was performed in the quantity optimum by means
of flow virometry (Fig. 3f). Different nanoparticle populations were observed, including VLPs
(fluorescent particles) and non-fluorescent particles that could be associated with extracellular
vesicles (EV) and baculoviruses. A similar production kinetics could be observed for both
nanoparticle populations, achieving the maximum peak of expression at 80 hpi. In these
conditions, VLPs accounted for the 40 % of the total nanoparticles produced. VLP quantification
using nanoparticle tracking analysis (NTA) revealed a 2-fold increase in the final concentration
of the quantity optimum with respect to the quality condition. VLP productivity was also
maintained at a higher level in the former, thus proving that extending the TOH from 60 to 80 hpi
was valuable (Table 3). Interestingly, this time extension did not significantly increase the titer of
baculovirus infectious particles probably because the majority of the cells were already infected
at 60 hpi (data not shown). In all cases, the both optimal conditions were within the predicted

limits (Table 3).
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Table 3. Experimental validation of the quantity and quality global optimal conditions and comparison to model
predictions. VVLP concentration values were calculated by NTA. Model prediction intervals indicate the lower and upper

boundaries for each function according to the logistic or logarithmic response transformation.

Quality Quantity
Response Experimental Model prediction Experimental Model prediction
VLP production (108
. 176.7£24.2 [44.2 — 466.1] 361.7£39.3 [99.7 — 1279.7]
fluorescent particle/mL)
Infection (%) 96.1+1.38 [91.0 —99.6] 99.0+£0.7 [97.0-99.9]
Viability (%) 90.7+1.9 [74.0 - 95.3] 72.3+3.3 [53.0-89.7]
VLP assembly (%) 81.3+13 [48.0 — 86.5] 495+23 [13.0-67.7]
VLP productivity (108
295.0 £30.3 [131.4 — 424.4] 4525 +49.1 [204.1 —941.4]

fluorescent particle/mL-h)

Evaluation of nanoparticle size and morphology by cryogenic electron microscopy (cryo-EM) in
both optimal conditions confirmed the presence of different nanoparticle populations (Fig. 4).
VLPs were visualized as electron-dense spherical bodies surrounded by a lipid bilayer. Their size
ranged in the 100 — 200 nm and not significant differences were found in the median VLP size of
the production (153.9 £ 3.6 nm) and assembly condition (149.6 £ 5.8 nm). Besides VLPs, EVs
and the budded form of the baculovirus could be detected. EVs were observed as empty particles
probably due to the absence of the Gag polyprotein integrating the nanoparticle core. The
baculovirus displayed their typical rod-shaped structure consisting of the nucleocapsid

surrounded by a lipidic membrane.
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Figure 4. Nanoparticle visualization in the optimal conditions by cryo-EM. (a — b) Supernatant of the quality (60 hpi)
and quantity (80 hpi) optimal conditions, respectively. The arrows indicate the different specimens: VLP (green), EV
(blue) and baculovirus (red).

Comparison to alternative VLP production conditions using the Sf9/BEVS

The quantity optimum, which achieved the highest VLP titer, was tested against other VLP
production strategies not considered in the DoE. These approaches include medium exchange
before infection and infection at a high CCI using a high MOI. Medium exchange caused
baculovirus infection to progress slightly faster than the quantity optimum, as well as advancing
the death phase (Fig. 5a— b). Baculovirus infection at a high CCI was performed at 9 x 10° cell/mL
and a MOI of 3 to ensure a synchronous infection. The infection progressed more rapidly in the
high cell density experiment during the first 24 hpi but decelerated to the levels of the quantity
optimum afterwards. GageGFP quantification by spectrofluorometry yielded similar fluorescence
levels for the quantity optimum and high CCI condition at harvest, while a 1.3-fold improvement

was attained by means of medium exchange (Fig. S3).
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Figure 5. Comparison of the quantity condition to medium exchange and infection at high CCI. (a — b) Cell growth

and baculovirus infection kinetics. (c — d) VLP quantification of the quantity optimum and medium exchange,
respectively, by confocal microscopy. Nanoparticle lipid membrane was stained with CellMask™ (red).

Likewise, VLP quantification by NTA resulted in comparable levels between the quantity
optimum and the high CCI condition, whereas medium exchange yielded a 1.5-fold improvement
(Table 4). Similar results to those obtained with the NTA were also measured by confocal
microscopy (Fig. 5¢ — d). However, VLP quantification using flow virometry showed
approximately 10-fold lower VLP concentrations in the different conditions tested. The ratio of
VLPs over total nanoparticles was also considered and evaluated by means of these three
orthogonal techniques. Higher ratios were measured by confocal microscopy and flow virometry
in all the conditions tested due to the larger total nanoparticle concentration measured by NTA in
comparison to these techniques (Table 4). In terms baculovirus infectious particles, comparable

levels were quantified in the quantity optimum (4.3 + 1.9 x 108 pfu/mL) and medium exchange
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condition (6.3 + 2.5 x 108 pfu/mL), with the high CCl infection achieving the largest concentration

(12.7 + 3.8 x 10° pfu/mL).

Table 4. Nanoparticle quantification of the different conditions using NTA, flow virometry and confocal microscopy.

VLP production Total particle Ratio fluor. VLPsi
size
Quantification method Condition (108 fluorescent  production (108 particles/total ()
nm
particle/mL) particle/mL) particles (%)
Quantity optimum 393.0+72.4 1806.7 + 185.0 216+1.8 153.7+2.7
NTA Medium Exchange 587.3+19.3 1850.0 + 501.2 33.4+9.1 157.3+95
High CCI 321.3+22.3 2336.7 £ 265.0 139+2.2 157.4+4.8
Quantity optimum 27.9+0.8 746 £3.9 374114
Flow virometry Medium Exchange 523%7.0 102.0 £8.3 51.2+4.0 n.m
High CCI 36.8+0.9 86.5+10.5 43.0+5.8
Quantity optimum 2352 +39.1 221.8+34.0
Confocal microscopy n.m n.m
Medium Exchange 563.5 + 276.9 476.8 +405.8

n.m: not measured

Discussion

The production of VLPs in Sf9 cells using the BEV'S has been quite extensively used, however,
most of the studies conducted do not address VLP characterization taking into account the
integrity of the nanoparticles themselves but usually rely on monomer detection as a tool for VLP
quantification [20,21]. Moreover, the presence of additional nanoparticle populations in the
production process is frequently not considered, thus complicating an adequate selection of the
critical variables influencing VLP production using the BEVS. EVs are also relevant in the
downstream phase since they generally represent a high fraction of the nanoparticles produced.
Consequently, a complete characterization of the process should not be based on an indirect
measurement of the amount of VVLP protein but in a direct measurement of the number of VLPs
and the total concentration of nanoparticles, as proposed in this work. To this purpose, a rational
experimentation approach and the application of a series of novel orthogonal techniques based on
direct nanoparticle quantification were implemented.

The synergies between CCI, MOI and TOH on five objective responses were assessed by means

of a Box-Behnken experimental design. Typically, the use of these advanced statistical designs
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aims to optimize one individual response [7,32]. However, including more than one critical
property in the study has enabled a better comprehension and control of the system [33,34]. TOH
and MOI proved to be the most relevant factors governing baculovirus infection, cell viability and
VLP assembly whereas CCl also showed an important role on VLP production and productivity.
These results differ from other Gag VLP optimization studies in Sf9 cells in which the assessment
of different MOI was not found to be significant for VLP production [21]. A global optimization
approach based on desirability functions was implemented to find an overall production condition
[31]. Two optimal conditions were determined, one maximizing the amount of VLPs produced
and the other aiming to find a balance between VLP production and the ratio of GageGFP
assembled as VVLPs. In both cases, a very low MOI combined with a CCI close to the upper limit
of the exponential growth phase resulted in highest VLP yields. Different infection optima are
available in the literature depending on the VLP type, the infection strategy and the cell culture
medium used [35]. The use of a low MOI is generally preferred for process scale-up since the
volume of baculovirus is greatly reduced and the life span of the master stock is extended.
However, infection in these conditions requires several rounds of baculovirus re-infection for the
culture to be completely infected, which lengthens the TOH, and enables the cell culture to grow
during this period of time. The use of low MOI has shown to decrease VLP productivity [36], but
the application of a rational experimental design can be used to identify a combination of variables
that maintain this property using a low MOI and a CCI at the upper range of the exponential
growth phase. This is one of the main advantages of process development based on a holistic
approximation, since it is possible to combine the synergic effects of the principal variables to
find the optimal production conditions.

The highest GageGFP VLP yield was achieved with the quantity optimum and thus would be the
selected option for process scale-up. Comparison to other Gag VLP production studies with the
BEVS was not possible since no direct Gag VLP quantification is available. However, comparison
to GageGFP VLP production with the widely used HEK 293 cell line resulted in a 4.2 [37] and
1.7-fold [22] improvement. The quantity optimum was also tested in comparison to other VLP

production that were not considered in the DoE in order to simplify their industrial application.
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These include medium replacement prior to baculovirus infection with quantity optimum and
infection at a high CCI. Ikonomou et al. [29] and Huynh et al. [30] reported an increase in p-Gal
production using medium replacement, however, a modest increase in VLP production was
observed in these conditions, indicating that the quantity optimum was adequate to sustain the
production of a high VLP yield. Therefore, the added efforts to perform a medium replacement
would not provide a substantial advantage, especially considering process scale-up. Regarding
the high CCI condition, similar VLP production levels to the quantity optimum were obtained,
but a 3-fold increase in baculovirus titer was measured in the latter. VLP productivity could not
be maintained at high CCI owing to the 1.6-fold difference in maximum viable cell concentration.
This decrease in VLP productivity could be associated to the cell density effect observed in
different insect cell lines with increasing CCI [27,30]. In this sense, there is no advantage in using
a high CCI with a high MOI since larger baculovirus stocks are required and the downstream
processing is also hindered.

The application of direct methods for nanoparticle quantification is under the spotlight to
overcome the limitations of measurement techniques based on monomer quantification [38]. A
comparison between NTA, flow virometry and confocal microscopy was performed, with similar
VLP quantification results for NTA and confocal microscopy and around a 10-fold decrease for
flow virometry. Flow virometry yielded the best accuracy levels while confocal microscopy and
NTA displayed a larger variability. Besides VLPs, the presence of EVs could also be appreciated
and efficiently discriminated by the three methodologies. Interestingly, these nanoparticles were
generally more abundant in comparison to VLPs when measured by NTA and flow virometry but
not with confocal microscopy. This could be explained from the perspective of an incomplete
staining of the nanoparticle lipidic membrane since it is expected that all Gag VLPs are enveloped
[39]. Efforts to improve the detection of these nanoparticles by confocal microscopy are ongoing
by the authors to address this issue. NTA proved to be more sensitive than flow virometry in the
quantification of EVs, thus explaining the higher ratio of VVLPs to total nanoparticles observed in
the latter. The underestimation in overall nanoparticle quantification observed in flow virometry

could be a consequence of swarm detection, which means that multiple small particles are
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detected as a single event, as observed by van der Pol and co-workers in the characterization of
exosomes by this technique [40]. This phenomenon is believed to occur in nanoparticles with a
refractive index lower than detection limit of the flow cytometer [41]. Future improvements in
the sensitivity of this technique should help to widen its applicability for VLP and other
nanoparticle quantification.

In conclusion, an optimized production of HIV-1 Gag VLPs was achieved by the combination of
DoE statistical designs and direct nanoparticle quantification with different orthogonal
techniques. We believe this data will provide new insights and a better comprehension of the

Sf9/BEVS for VLP production.
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Supplementary material

>

Figure S1. Time lapse of Sf9 cells infected with BV-GageGFP recorded during 6 min. Cell membrane was stained
with CellMask™ (red) and cell nucleus with Hoechst (blue). Green dots in the cell membrane and in the supernatant

correspond to GageGFP VLPs.
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Figure S2. Intracellular GageGFP production kinetics measured by spectrofluorometry. The means and standard

deviation of triplicate experiments are represented.
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Figure S3. GageGFP production kinetics of the global production optimum, medium exchange and high CCI infection
with large MOI. (a—b) GageGFP production in the supernatant and intracellularly quantified using spectrofluorometry,
respectively. The results from triplicate experiments are represented.
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Abstract

Insect cells have shown a high versatility to produce multiple recombinant products. The ease of
culture, low risk of contamination with human pathogens and high expression capacity render an
attractive platform to generate virus-like particles (VLPs). The baculovirus expression vector
system (BEVS) has been frequently used to produce these complex nanoparticles. However, the
BEVS entails several difficulties in the downstream phase as well as undesirable side-effects due
to the expression of baculovirus-derived proteins. In this work, we developed a baculovirus-free
system on Sf9 cells based on the transient gene expression (TGE) of plasmids using
polyethylenimine. An exhaustive study of the DNA:PEI polyplex formation was performed and
the optimal TGE conditions were determined by the combination of Design of Experiments and
desirability functions. The TGE approach was successfully applied to produce HIV-1 Gag VLPs,
with the gag gene fused to eGFP to facilitate process characterization. Cell membrane co-
localization with the Gag polyprotein was detected by fluorescence microscopy, and nanoparticle
tracking analysis and flow virometry enabled to monitor the VLP production process. Analysis
of VVLP production revealed that 48 h were optimal for VVLP harvest since the ratio of VLPs to
extracellular vesicles was the highest. In these conditions, a maximum of 1.9 + 0.8-10° VLP/mL
was achieved with ~80 % of the fluorescence assembled as VLPs. Cryo-electron microscopy
confirmed the presence of immature Gag VLPs (100 — 200 nm). Thus, the TGE approach here
proposed provides a baculovirus-free platform to rapidly produce VLPs and potentially other

recombinant products in insect cells.
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Introduction

The development of rapid and efficient systems for recombinant protein production is pivotal to
meet the increasing demand in biotechnological products. Animal cell lines are frequently used
to this purpose since many of the recombinant proteins require from complex post-translational
modifications [1]. The insect cell/baculovirus expression vector system (BEVS) is used
extensively since high production yields can be achieved in short time-frames. Moreover, insect
cells are easy to culture and can tolerate higher levels of osmolarity and by-product concentrations
compared to mammalian cells [2]. Common insect cell lines used with the BEVS belong to the
order of the lepidoptera, mainly Sf9 (a clonal isolate from Sf21) from Spodoptera frugiperda and
Hi5 from Trichoplusia ni. Several recombinant products have been produced using this strategy,
from simple [3] to more complex ones such as G-protein-coupled receptors [4] and virus-like
particles (VLP) [5]. However, the baculovirus infection cycle jeopardises cell integrity, product
quality due to protease release as well as hindering the separation of complex nanoparticles from
the baculovirus itself [6]. Also, the BEVS is time-consuming for high-throughput screening
applications mainly due to the effort in developing the baculovirus working stock [7].

In this context, the use of new production methodologies free of baculoviruses is of general
interest. Transient gene expression (TGE) of several recombinant products has proved to achieve
high concentrations in mammalian cell lines [8]. Nevertheless, little information is available
regarding their performance in insect cell lines. Initial transfection experiments of insect cells
were performed in adherent cultures using liposome-based reagents in most cases [9,10]. Despite
the initial efforts with these transfection carriers at small scale, difficulties are encountered in
process scale-up due to their high cost. Polyethylenimine (PEI) has demonstrated to work
adequately as transfection reagent for a handful of animal cell lines [11]. Recently, the successful
production of several simple recombinant proteins using PEI-mediated TGE in suspension-
adapted insect cells has been reported [12—-14]. However, the benefit of using this system as a
platform to produce complex nanoparticles such as VLPs has not yet been investigated. Albeit
some progress has been achieved in the insect cell/TGE system, there is still a requirement to

reduce the experimental variability due to the presence of hydrolysates in the media composition.
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This is of special relevance in the production of VLPs to ensure the reliability of the process and
eliminate the risk of contamination with infectious agents.

In the current study, we have developed a TGE approach for the Sf9 cell line with PEI using a
low-hydrolysate culture medium. The plasmid vector used for TGE was plZTV5, which harbours
the immediate-early OplE2 promoter, with positive results recently reported for transient protein
production in Hi5 insect cells [15,16]. The first part of the study is focused on the investigation
of the DNA:PEI polyplex formation conditions mediating transfection. Then, a rational approach
is used to detect the synergies between the main variables influencing the production process and
determine an optimal condition for TGE. To this end, an approach based on the combination of
Design of Experiments (DoE) and multiple response evaluation using desirability functions is
applied. The reproducibility of the TGE condition is successfully validated with three different
recombinant products: intracellular enhanced green fluorescent protein (eGFP), human placental
alkaline phosphatase (hSEAP) and the human immunodeficiency virus (HIV-1) Gag polyprotein
responsible for VLP formation. The gag gene is fused in frame to eGFP with the aim to facilitate
the detection of GageGFP in the cell membrane and release in the form of assembled VLPs. This
process is thoroughly monitored and characterized by multiple analytical tools, including confocal
microscopy, nanoparticle tracking analysis (NTA) and flow virometry. Also, correct formation of
these nanoparticles is confirmed with cryo-electron microscopy (cryo-EM). The methodology
here proposed represents an advancement for VLP production in insect cells devoid of the BEVS.
This strategy should facilitate the production and downstream processing of these complex

nanoparticles and other recombinant products.

Methods

Cell culture conditions

The suspension-adapted lepidopteran insect cell line used in this work was the Spodoptera
frugiperda (Sf9, cat. num. 71104, Merck, Darmstadt, Germany) kindly provided by Dr. Nick
Berrow (Institute for Research in Biomedicine, Barcelona, Spain). Cells were adapted to grow in

Sf900111 medium (Thermo Fisher Scientific, Grand Island, NY, USA) and subcultured three times
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a week at a density of 4 - 6 x 10° cells/mL in 125/250-mL disposable polycarbonate Erlenmeyer
flasks (Corning, Steuben, NY, USA). All cultures were shaken at 130 rpm using an orbital shaker
(Stuart, Stone, UK) and were maintained at 27°C as previously described [17]. Cell count and
viability were measured with the Nucleocounter NC-3000 (Chemometec, Allergd, Denmark) for

five days.

Plasmid vectors

The plasmid vector used in this work was the pIZTV5 (cat. hum. V801001, Thermo Fisher
Scientific) which contains the immediate-early OPIE2 promoter. The genes encoding for the
intracellular enhanced green fluorescent protein (eGFP), the truncated form of human placental
alkaline phosphatase (hSEAP) and the human immunodeficiency virus (HIV-1) Gag fused in
frame to the eGFP were cloned into this vector using standard cloning procedures. Briefly, the
hSEAP gene was PCR amplified from the pUNO1-hSEAP plasmid (InvivoGen, San Diego, CA,
USA) using the following primer pair: fwd 5’-
CGTAGGTACCTCATGATTCTGGGGCCCTGC-3’, rev 5-
CGTAGCGGCCGCGTCCAAACTCATCAATGTATC-3’. The amplified fragment was
digested with Kpnl and Notl and ligated resulting in the plZTV5-hSEAP. The GageGFP gene was
obtained by digesting the pGageGFP plasmid (NIH AIDS Reagent Program, cat. num. 11468)
[18] with Kpnl and Notl obtaining the plZTV5-GageGFP plasmid after ligation. The plZTV5-

eGFP plasmid was developed as previously reported in [15].

Transient gene expression

Sf9 cells were transiently transfected with the different DNA plasmids using the 25 kDa linear
polyethylenimine (PEI, PolySciences, Warrington, PA, USA). The linear PEI 25 kDa stock
solution was prepared in ultrapure water at a concentration of 1 mg/mL with a final pH of 7 and
sterilized by filtration. The initial transfection protocol was defined according to initial
transfection experiments. Exponentially growing cells were centrifuged at 300 xg for 5 min and

concentrated to 20 x 10° cell/mL in 8 mL of pre-warmed Sf9001Il1 medium. DNA and PEI
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polyplex formation was performed in 0.8 mL of incubation solution with DNA at 1 pg/cell added
first and vortexed for 10 s. Then PEI at 2 pg/cell was added to DNA and vortexed 3 s 3 times.
After 10 min of incubation at room temperature, the mixture was added to the concentrated culture
for 1h and then diluted to 4 x 10° cell/mL with Sf900111 medium. Different incubation solutions
were tested for DNA:PEI polyplex formation. These solutions include 150 mM NaCl (Sigma-
Aldrich, Saint Louis, MO, USA), ultrapure water (Merck Millipore, Burlington, MA, USA) and

the Sf900111 medium.

Flow cytometry

The percentage of eGFP and GageGFP expressing cells was assessed using a BD FACS Canto Il
flow cytometer equipped with a 488 nm laser configuration (BD Biosciences, San Jose, CA,
USA). The number of eGFP and GageGFP positive cells was determined in the FITC PMT

detector.

Fluorescence confocal Microscopy

eGFP and GageGFP transfected cells were visualized using a TCS SP5 confocal microscope
(Leica, Wetzlar, Germany). To do this, cells were dyed with 0.1 % v/v of CellMask™ and 0.1 %
viv of Hoechst (Thermo Fisher Scientific) for lipid membrane and cell nucleus staining,
respectively. A washing step was performed to remove dye excess by centrifuging the cells at 300
Xg during 5 min and resuspending them in fresh SfO00I1l medium (Thermo Fisher Scientific).
Samples were placed in 35 mm glass bottom Petri dishes with 14 mm microwell (MatTek

Corporation, Ashland, MA, USA) for visualization.

Fluorescence quantification by spectrofluorometry

The supernatant of eGFP and GageGFP producing cells was harvested by centrifugation at 3000
xg for 5 min. Pelleted cells were then subjected to three freeze-thaw cycles for intracellular eGFP
and GageGFP measurement. Green fluorescence was measured with a Cary Eclipse fluorescence

spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) at room temperature set as
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follows: Ao = 488 nm (5 nm slit), A.,, = 500 - 530 nm (10 nm slit). Relative fluorescence unit
values (R.F.U.) were calculated by substracting fluorescence unit values of negative non-
transfected cultures. eGFP concentration was determined using a standard curve based on a linear
correlation of a known concentration of eGFP (BioVision, Milpitas, CA, USA) and the associated
fluorescence intensity in R.F.U. (Fig. S4):

eGFP (mg/L) = (R.F.U.—6.7221)/59.144 1)

where eGFP is the estimated concentration of eGFP protein and R.F.U. is the measured eGFP
fluorescence intensity in the samples.

A correlation was also established between R.F.U. from GageGFP transfected Sf9 cell
supernatants and the content of fluorescent particles measured with the NTA:

GageGFP nanoparticles (particles/mL) = 3.96 x 108 - R.F.U.  (2)

The Sf900I11 medium and a 0.1 mg/mL quinine sulphate solution were used as control patterns to

normalize R.F.U. values between different experiments.

hSEAP gquantification

The supernatant of hSEAP producing cells was harvested by centrifugation at 3000 xg for 5 min
and cell pellets were disrupted under a 3-time freeze-thaw cycle for intracellular hSEAP
measurement. The alkaline phosphatase activity was assessed with a colorimetric enzyme reaction
using the QUANTI-Blue system (InvivoGen). To do this, 20 pL of sample were added to 200 pL
of pre-warmed QUANTI-Blue solution and incubated for 1 h at 37°C. The absorbance was
measured in a Victor® spectrophotometer (PerkinElmer, Waltham, MA, USA) at a wavelength of
620 nm. Relative activity units (R.A.U.) were calculated by subtracting the absorbance of non-
transfected cultures. hNSEAP concentration was determined using a calibration curve based on a
linear correlation of known hSEAP (InvivoGen) concentrations and the corresponding activity
units in R.A.U.:

hSEAP (mg/L) = R.A.U.x 2.9744 + 0.0615 (3)

where hSEAP is the estimated concentration of the hSEAP protein and R.A.U. is the measured

hSEAP activity units in the samples.
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Enzyme-linked immunosorbent assay (ELISA)

HIV-1 p24 concentration from GageGFP transfected Sf9 cell supernatants and pellets was
determined by HIV-1 p24 ELISA Kit (Sino Biological, Wayne, NJ, USA). Supernatants were
harvested by centrifugation at 3000 xg for 5 min and cell pellets were disrupted as described in
the previous section. Samples were incubated with SNCR buffer for 10 min at 70 °C and
incubated with 1.5 % Triton X-100 for 10 min at 100 °C to disrupt the nanoparticles. The substrate
solution was prepared by dissolving a SIGMAFAST OPD substrate tablet and one urea hydrogen
peroxide tablet (Sigma Aldrich) in deionized water at a final concentration of 0.4 mg/mL. An
HIV-1 p24 standard of known concentration was also included to determine GageGFP
concentration. The reaction was stopped adding 625 mM H;SOa. The absorbance was measured
at 492 nm with a reference wavelength at 630 nm in a Tecan Infinite 200 Pro reader (Tecan,
Ménnedorf, Switzerland) as described by Reiter et al. [19]. p24 concentration values were

corrected according to GageGFP molecular weight (87.7 kDa).

Cryo-Electron Microscopy

Morphology and qualitative particle size of DNA:PElI complexes as well as GageGFP
supernatants from transfected Sf9 cells were visualised with a transmission electron microscope
equipped with a cryotransfer holder. Briefly, 4 pL. of sample was blotted onto EMR Lacey carbon
films on 300 mesh copper grids or EMR Holey carbon films on 400 mesh copper grids (Micro to
Nano, Wateringweg, Netherlands) for 3 s and 77 % relative air humidity. The grids were
previously subjected to a glow discharge treatment in a PELCO easiGlow™ Discharge Cleaning
System (PELCO, Fresno, CA, USA). The samples were subsequently plunged into liquid ethane
at —180 °C using a Leica EM GP workstation (Leica, Wetzlar, Germany) and observed in a JEM-
2011 TEM operating at 200 kV (Jeol Ltd., Akishima, Tokyo, Japan). Samples were maintained
at —180 °C during imaging and pictures were taken using a CCD 895 USC 4000 multiscan camera

(Gatan, Pleasanton, CA, USA).
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Particle quantification by nanoparticle tracking analysis

The number of fluorescent and non-fluorescent particles present in GageGFP harvested
supernatants at 48 hpt was measured using a NanoSight NS300 (Malvern Panalytical, Malvern,
United Kingdom). Samples were diluted in 0.22 um-filtered DPBS and continuously injected into
the device chamber through a pump at an average concentration of 10® particles/mL (20 — 60
particles/frame). Videos of 60 s from independent triplicate measurement were analysed with the

NanoSight NTA 3.2 software at room temperature.

Particle quantification using flow virometry

The production kinetics of fluorescent and non-fluorescent particles from GageGFP harvested
supernatants was measured using a CytoFlex LX (Beckman Coulter, Brea, CA, USA) equipped
with a 488 nm blue laser for fluorescent particle detection and a 405 nm laser/violet side scatter
configuration for improved nanoparticle size resolution. Samples were diluted in 0.22 um-filtered
DPBS and triplicate measurements from independent samples were analysed with the CytExpert

2.3 software at room temperature.

VLP characterization through sucrose cushion ultracentrifugation

The supernatant of GageGFP transfected Sf9 cells at 48 hpt was sublayered with 5 mL of 25 %
and 8 mL of 45 % (w/v) sucrose (Sigma) solution prepared in DPBS or DMEM (Thermo Fisher
Scientific), respectively. 10 mL of supernatant was loaded in an ultracentrifuge tube (Beckman
Coulter), filled to the top with sterile DPBS and centrifuged at 31000 rpm for 2.5 h at 4°C
(Beckman Optima L100XP, SW32ti rotor, Beckman Coulter). Samples were taken from each one
of the ultracentrifugation fractions and the pellet was resuspended in 100 pL of sterile DPBS O/N.
All samples were stored either at -4 or -80°C.

DoE-based optimization of TGE

A three-variable Box-Behnken design was selected to find the optimal conditions for eGFP
production (R.F.U.), transfection (% of eGFP positive cells) and cell viability (% of viable cells

after transfection). Viable cell concentration at transfection (10 cell/mL), DNA/cell and PEl/cell
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ratio (pg/cell) were chosen as the independent variables of the study. These variables were

screened at three levels coded as: low level, -1; medium level, O; high level, +1 (Table 1).
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Table 1. Matrix design, response and ANOVA analysis for the Box-Behnken DoE variables. Run 13 was performed

in triplicate as the centre point.

Coded levels -1 0 1
Viable cell concentration (10° cell/mL) 10 20 30
DNA concentration (pg/cell) 0.5 1 15
PEI concentration (pg/cell) 15 2 25
Variables Responses
eGFP
Experimental run [Cell]? [DNA] [PEI] Specific production positive cells Viability
(R.F.U.P/108 cells) ) (%)
1 -1 -1 0 109.5 38.0 93.8
2 1 -1 0 89.1 47.9 55.8
3 -1 1 0 197.3 22.7 85.6
4 1 1 0 150.3 33.0 83.1
5 -1 0 -1 147.9 20.7 96.7
6 1 0 -1 133.6 316 90.7
7 -1 0 1 146.6 455 88.4
8 1 0 1 118.0 45.0 48.7
9 0 -1 -1 119.8 46.5 87.1
10 0 1 -1 1775 22.3 93.7
11 0 -1 1 99.1 59.1 30.1
12 0 1 1 124.5 50.2 62.5
13 0 0 0 130.6 55.0 84.8
13 0 0 0 140.1 50.1 82.4
13 0 0 0 120.6 52.0 78.9
Model F test, p-value® Lack of fit test, R2 Adjusted R?
p-value?
eGFP production (72 hpt) 0.048 0.053 84.9 64.8
eGFP positive cells (72 hpt) <0.001 0.72 98.8 97.2
Viability (24 hpt) <0.001 0.28 94.4 90.2
Model eGFP production (72hpt) eGFP positive cells (72 hpt) Viability (24hpt)
Parameters Coefficient p-value Coefficient p-value Coefficient p-value
Constant 848.550 <0.001 52.2367 <0.001 1.487 <0.001
[Cell] -44.790 0.264 3.825 0.002 -0.732 <0.001
[Cell]? -122.000 0.063 -12.896 <0.001 0.4516 0.041
[DNA] 63.510 0.131 -7.913 <0.001 0.321 0.034
[DNAJ? -160.710 0.024 -4.071 0.009 -0.388 0.070
[PEI] 14.930 0.695 9.838 <0.001 -1.077 <0.001
[PEI? -100.460 0.109 -3.771 0.01 NS >0.050
[Cell] x [DNA] NS >0.050 NS >0.050 0.574 0.010
[Cell] x [PEI] -140.220 0.034 -2.850 0.03 NS >0.050
[DNA] x [PEI] 125.720 0.05 3.825 0.01 NS >0.050

2[Cell]: Viable cell concentration

PR.F.U.: relative fluorescent units

p-value under 0.05 are considered as statistically significant with a 95% confidence.

dLack of fit test, p-value above 0.05 imply that the hypothesis arguing that the model is suitable cannot be rejected.

NS: Non-significant term (p-value > 0.05)
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The obtained results were fitted to a second-order polynomial equation by linear regression

analysis for each response (Eq. 4):

k k kK k
Y =P+ Zﬁi’Xi+Zﬁii‘Xi2+ZZﬁij'Xi'Xj‘l'f
i=1 i=1

i=1j>1

(4)

where Y corresponds to each response under consideration (eGFP production, transfection and
cell viability), B, is the model intercept term, §; the linear coefficient, §;; the quadratic coefficient,

Bij the interaction coefficient, X; and X; are the studied variables (viable cell concentration at

transfection, DNA/cell and PEl/cell ratio) and ¢ is the experimental error. Data fitting for each
response was performed in the R language environment (R Foundation for Statistical Computing,
Vienna, Austria)

The best condition for TGE was found by simultaneously considering the three response functions
obtained based on equation 4 by using a modified version of the desirability package in R.
Different ranges were selected for each response according to experimental data and a weight

value (s-value) was also chosen depending on the relevance given to the fitted equation (Eq. 5):

( 0 if Y, < LL 5)
d, = (Y”_LL)S ifLL <Y, <UL
n“Wor—i) YHsths
1 if Y, > UL

where d,, is the desirability function for each equation, s refers to the relevance value given to the
equation, Y,, is the fitted equation and LL and UL are de lower and upper limits of each equation,
respectively. The different n desirability functions are then combined to find the conditions that

maximise the Overall Desirability function (OD).

Statistical analyses
Statistical analyses of the different equations were performed using R software. The quality of

the regression of the fitted equations was evaluated through R? and R, ; coefficients. An analysis

of variance (ANOVA) F-test was used to determine the significance of the equations and each of
the coefficients involved was assessed with a t-test. The lack-of-fit (LOF) test was used to

evaluate differences between experimental and pure error of the fitted equations.
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Results

Preliminary screening of transfection conditions

Several toxicity assays were carried out to define the appropriate DNA and PEI concentration
ranges for Sf9 cells in Sf900IIl medium (Fig. S1). Initial series of transfection studies were
performed at exponential phase (3 x 10°® cell/mL) using the pIZTV5-eGFP plasmid but low
transfections were achieved (< 20 %). At the same time, cell viability was compromised with
increasing PEI concentrations. Medium replacement before transfection allowed increasing
transfection efficiency (20 — 30 %) as well as cell viability after transfection. Remarkably, a
substantial improvement in transfection efficacy was attained at high cell concentrations (30 — 40

%) being the strategy adopted in the following optimization studies (Fig. S2).

Study of DNA:PEI complexing on transient gene expression

It is widely accepted that the efficiency of DNA:PEI polyplexes on transfection is influenced by
the solution used for complexation [20]. To this purpose, different solutions including ultrapure
water, SFO00111 medium and 150 mM NaCl were tested. Sequential addition of PEl and DNA to
the cell culture (no complexing) was also investigated since it has been reported to work in
different cell lines [21]. Best transfection efficiencies were achieved at 48 - 72 hours post
transfection (hpt) with DNA:PEI incubation in ultrapure water and without DNA:PEI complexing
(Fig. 1a — b). In these conditions, a decrease in cell growth rate compared to the other solutions
was observed. Interestingly, cells transfected with pre-formed DNA:PEI polyplexes were more
fluorescent in all cases compared to the no complexing condition (Fig. 1¢). This was translated
into a higher level of eGFP production in polyplexes pre-formed in ultrapure water though similar
transfection efficiencies were attained without DNA:PEI complexing (Fig. 1d). Maximum
intracellular eGFP production was accomplished at 72 hpt and barely no eGFP was detected in
supernatant (Fig. 1d — e). According to these results, ultrapure water was selected as the
incubation solution for polyplex formation since the best transfection efficiency and eGFP

production was achieved.
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Figure 1. Transfection and eGFP production kinetics of Sf9 cells in batch culture with DNA:PEI polyplexes pre-formed
in ultrapure water, 150 mM NacCl, Sf900111 medium and direct addition of PEI + DNA (no complexing). (a) Cell growth

and viability kinetics of transfected cultures. Exponentially growing cells were transfected at 20.0 x 108 cells/mL and

diluted to 4.0 x 106 cells/mL after 1 h. (b - ¢) Transfection and median intensity of transfected cells by flow cytometry.

(d — e) Intracellular and supernatant eGFP production measured with spectrofluorometry. Mean values + standard

deviation of triplicate experiments are represented.

The DNA:PEI incubation time was also assessed to determine the best conditions for an optimal

transfection. To evaluate this, a transfection experiment with polyplexes incubated for <1, 10, 20

and 30 min in ultrapure water was performed. No differences were observed among the different
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conditions tested (Fig. S3). In this sense, the strategy adopted for polyplex formation consisted in
mixing DNA with PEI (incubation <1 min) and immediate addition to the concentrated culture.
Cryo-EM was used to characterize the morphology and size of these polyplexes in native
conditions (Fig. 2a — b). DNA:PEI polyplexes appeared as black electron-dense structures with
an heterogeneous size comprised in the 0.2 — 1.5 pm range.

Transfection at high cell concentrations required the use of high PEI concentrations to maintain
the PEl/cell ratio. To decrease the risk of cell damage upon prolonged exposure to these
conditions, Sf9 concentrated cultures were transfected with polyplexes and incubated for 15, 30,
45 and 60 min before dilution to 4 x 10° cell/mL, with the aim to determine the shortest window
of time that guaranteed best transfection conditions. No differences were observed in the
transfection yield, but cell viability declined as the incubation time increased from 15 to 45 min
(Fig. 2c — d). These results suggest that 15 min of DNA:PEI polyplex incubation with high

concentrated cells is adequate to ensure the best level of transfection.
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Figure 2. DNA:PEI polyplex characterization and their effect in high cell density cultures. (a - b) Cryo-electron
microscopy images of DNA:PEI polyplexes pre-formed in ultrapure water for 10 min. (¢ - d) Cell growth and
transfection kinetics of different incubation times between DNA:PEI complexes and high cell density cultures. Mean

values + standard deviation of triplicate experiments are represented.

Optimizing the transient gene expression process

After defining some variables affecting the transient gene expression process, a DoE approach
was implemented to define the optimal conditions maximizing three different objective functions:
transfection efficiency (%), viability after transfection (%) and eGFP production (R.F.U.). Viable
cell concentration at transfection, DNA/cell and PEl/cell ratio were selected as the critical
variables influencing the transient gene expression process as reported elsewhere [22]. The
different experimental runs of the optimization process were performed with eGFP to facilitate
product quantification.

A three-factor Box-Behnken design was generated with ranges for viable cell concentration,
DNA/cell and PEI/cell ratio set as 10 — 30 x 106 cell/mL, 0.5 — 1.5 pg DNA /cell and 1.5 - 2.5 pg
PEl/cell, respectively. The design matrix consisted in 15 experiments in which the central point
was triplicated to account for pure experimental error (Table 1). Three different equations based
on Eq. 4 were obtained for each one of the responses under study using the least squares regression
method. Also, the statistical significance of each model equation was confirmed by ANOVA
analysis (Table 1).

The best production conditions achieved at 72 hpt were at the highest DNA/cell and PEI/cell ratios
(Fig. 3a—c). Indeed, a positive interaction between these two variables was observed. Noticeably,
the equation model identified the 10 - 20 x 10° cell/mL experimental space as the most productive
(Fig. 3c). In these conditions, the optimal condition for production was found as 12.9 x 10°
cell/mL at transfection, 1.3 pg DNA/cell and 2.5 pg PEl/cell ratio. The best transfection efficiency
at 72 hpt was obtained at the highest PEl/cell ratio and a viable cell concentration around the
medium level (Fig. 3d —f). Interestingly, viable cell concentrations at transfection higher than 20
x 10° cell/mL exhibited worse transfection efficiencies although maintaining the same DNA/PEI

and DNA/cell ratios. The optimal condition maximizing Sf9 cell transfection was found as 20.4
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x 10° cell/mL, 0.8 pg DNA/cell and 2.5 pg PEl/cell ratio. Cell viability at 24 hpt was a critical
step for transfection at high cell concentrations as demonstrated in previous sections. In this case,
the variables most significantly influencing viability were viable cell concentration at transfection
and PEl/cell ratio. Indeed, high PEl/cell ratios and viable cell concentrations proved to be
detrimental for Sf9 cells (Fig. 3g — i). According to these results, the optimal conditions were

determined as 10.0 x 10° cell/mL, 0.8 pg DNA/cell and 1.5 pg PEl/cell ratio.
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The evaluation of transient gene expression in Sf9 cells yielded different optimal conditions
depending on the response under consideration. Then, a weighted-based equation approach was
used to achieve a global optimal condition integrating the different responses. Weight assignation

to each one of the equations was performed according to a priority criterion (s-value). Preference
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was equally assigned to production and transfection (s = 2) while a lower restriction was given to
cell viability after transfection (s = 1). Responses were then transformed to the d,, scale and
combined into a unique overall desirability (OD) function to find a global TGE condition (Eg. 5).
This process resulted in 17.6 x 10 cell/mL at transfection, 1.0 pg DNA/cell and 2.0 pg PEl/cell
ratio with an OD score of 0.48. A sensitivity analysis was performed to confirm the robustness of

the calculation (data not shown).

Sf9 cells as a platform to produce VLPs and other recombinant proteins

A confirmation experiment was conducted to verify the global optimal condition (Fig. 4). A
maximum eGFP production of 11.7 + 0.5 mg/L (723.4 £ 40.5 R.F.U.) and 51.7 + 43 %
transfection was obtained at 72 hpt, in agreement with the calculated prediction interval of the
DoE (Table 2). Cell culture viability was 79.1 + 6.7 % at 24 hpt, also in line with the DoE
prediction (Fig. 4a).

Table 2. Experimental validation of the optimal condition and comparison to model predictions.

Response Experimental Model prediction
eGFP positive cells (%) 51.7+4.3 520+2.1
eGFP production (mg/L) 11.7+05 13.7+1.8
Viability (%) 79.1+6.7 83.0+55

To assess the general applicability of the optimized transient gene expression system here
presented, other proteins with different structural complexities were assessed. Besides the
intracellular eGFP used for process optimization, the production of secreted hSEAP and the HIV-
1 GageGFP VLP was evaluated. eGFP and hSEAP production peaked at 72 hpt, with the majority
of eGFP retained intracellularly whereas hSEAP (23.6 + 2.3 mg/L) was mainly secreted to the
supernatant (Fig. 4c). On the other hand, a continuous increase in GageGFP production was
observed after transfection in the supernatant, with a significant amount of the polyprotein
accumulated in the intracellular space. The sum of intracellular and extracellular GageGFP
production reached a maximum between 48 — 72 hpt (47.9 £ 12.1 R.F.U.). Confocal microscopy

analysis of eGFP and GageGFP transfected Sf9 cells showed the distinctive features of each
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protein (Fig. 4d — e). Indeed, all the green signal was localized intracellularly in eGFP producing
cells. Conversely, yellow regions were observed in the membrane of GageGFP transfected cells
resulting from GageGFP (green) and cell membrane (red) co-localization, a characteristic

indication of VLP formation.
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Figure 4. Validation of the global optimal conditions and comparison with hRSEAP and GageGFP. (a) Cell growth and
viability kinetics of transfected cultures with eGFP, hSEAP and GageGFP. Exponentially growing cells were
transfected at 17.6 x 108 cells/mL and diluted to 4.0 x 10° cells/mL after 15 min. (b — c) Transfection and
intracellular/extracellular production of the different proteins. (d — ) Confocal fluorescence microscopy image of eGFP
(d) and GageGFP (e) transfected Sf9 cells. Cell nucleus was stained with Hoechst (blue) and membrane was stained
with CellMask™ (red). (f) Nanoparticle quantification of GageGFP transfected cells using flow virometry. The average

values of triplicate experiments are represented.
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A more thorough characterization was conducted to assess the GageGFP VLP production
kinetics. Flow virometry revealed that the maximal fluorescent particle concentration was attained
at 48 hpt which differed from the data analyzed by spectrofluorometry (Fig. 4f). Free GageGFP
release could explain the increase of fluorescence in the supernatant but not in the form of
assembled particles. An increase in extracellular vesicle (EV) production was also detected by
flow virometry and NTA (Table 3), which are known to be produced as a mechanism of cell-to-
cell communication in different cell lines [23]. According to these results, 48 hpt proved to be the
best option for VLP harvesting since the highest ratio of VLP to extracellular vesicles was
obtained. In these conditions, VLP quantification using NTA yielded 1.9 + 0.8 x 10° fluorescent

particles/mL.

Table 3. GageGFP production in harvested supernatants and cell lysates at 48 hpt using different quantification
methodologies.

Quantification Fluorescent Total particles/
. Supernatant Intracellular
method particles/mL mL
NTA
. 19+0.8-10° 7.5+0.1-10° - -
(particles/mL)
Flow virometry
. 25+04-107 24+03-108 - -
(particles/mL)
ELISA (ng/mL) - - 23.1+5.38 211.1+£25.7
Fluorometry
15+02-10% - 48+0.6 43.1+115

(RF.U)
2This is the resulting value of correlating R.F.U. to NTA (eq. 2)

Characterization of VLP production

GageGFP harvested supernatants at 48 hpt were analyzed using cryo-EM (Fig. 5a).
Representative micrographs showed the presence of spherical virus-like particles surrounded by
a lipid envelope with a diameter ranging 100 — 200 nm. EVs were also observed as smaller round-
shaped structures (< 100 nm) and less electron-dense in comparison to VLPs, most likely
corresponding to exosomes [24].

A final characterization of the harvested supernatant was performed to determine the efficiency

of Sf9 cells at assembling GageGFP in the form of VLPs (VLP fluorescence/ total fluorescence).

176



Chapter 3 —part |

To evaluate this, the GageGFP supernatants were ultracentrifuged in a double 25 — 45 % sucrose
cushion and each of the resulting fractions was analyzed using a spectrofluorometer (Fig. 5b).
The 80 % of the measured fluorescence signal was in the form of VLPs (25 %, 25 — 45 %, 45 %
fractions) whereas the remaining 20 % corresponded to unassembled GageGFP monomer (SN,
SN — 25 %) or was associated to cell debris (Pellet). Interestingly, the GageGFP correlation
between fluorescence and VLPs (Eq. 2) resulted in 1.5 + 0.2 x 10° VLP/mL, which was in
agreement with the NTA measurement. This data indicated that VVLP concentration could be
accurately calculated using spectrofluorometry which has been demonstrated to be a rapid and

cost-effective quantification methodology [25].

50 -
40 4
30 A

20 A

GageGFP fluorescence distribution (%)

SN SN-25% 25% 25-45% 45% Pellet

Ultracentrifugation fraction

Figure 5. GageGFP supernatant characterization. (a) Cryo-electron microscopy images of transiently transfected Sf9
cells with GageGFP at 48 hpt showing the presence of VLPs (green) and EVs (blue). (b) Fluorescence distribution of
GageGFP harvested supernatant at 48 hpt after double sucrose cushion ultracentrifugation. Mean values + standard

deviation of triplicate experiments are represented.

Discussion

The insect cell/BEVS has proven to be a powerful tool for the expression of various recombinant
proteins and complex nanoparticles. However, there are several limitations to this system
associated to the lytic nature of infection that can influence product quality [26]. Actually,
production of complex nanoparticles such as VLPs can be compromised to some extent by the
presence of baculovirus-derived proteins like GP64 [27]. Although some efforts have been

devoted to remove the expression of this protein [28], the baculovirus itself still hampers VLP
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separation at the downstream stage [29]. Therefore, the use of alternative methodologies is of
general interest. Here, we describe a robust transient gene expression method for the Sf9 cell line
in a low-hydrolysate medium based on the transfection reagent polyethylenimine.

Initial efforts to transfect Sf9 cells were performed at low cell densities but resulted in poor
transfection efficiencies. This cell line proved to be resistant to PEI transfection using standard
approaches otherwise successfully applied in mammalian cells [30,31]. In this sense, the
development of culture media allowing Sf9 cell transfection in these conditions would be
desirable in the future. Better transfection yields were obtained after medium replacement prior
to transfection and using high cell densities. Medium replacement has worked in several cases
arguing that negatively-charged byproducts are removed, thus avoiding their interference with
DNA:PEI polyplexes [32,33]. Also, some benefit has been reported with transfection at high cell
densities since it is possible to increase the effective PEI concentration while maintaining a non-
toxic PEl/cell ratio [34,35]. Interestingly, this work demonstrated that part of the deleterious effect
of high PEI concentrations could be mitigated by reducing the time of polyplex incubation with
cell cultures.

A thorough study of the DNA:PEI polyplex formation was conducted to optimize the conditions
for transfection. The incubation solution for polyplex formation proved to be essential. The
Sfa00111 medium and the 150 mM NacCl solution were not efficient in delivering the polyplexes
to the cells probably due to the fast aggregation kinetics between DNA and PEI [36]. In fact, big
polyplexes can hinder the uptake of DNA by the cells as reported elsewhere [37]. Ultrapure water
and direct addition of PEI and DNA showed the best transfection yields. This is in agreement with
the optimal polyplex formation conditions recently described for PEI-based TGE of the Hi5 insect
cell line [15]. However, DNA:PEI polyplexes were more size heterogeneous in the optimal
transfection conditions for Sf9 compared to Hi5 cells, probably owing to the higher effective
concentrations of DNA and PEI. The effect of incubation time between DNA and PEI in ultrapure
water was also explored resulting in similar transfection outcomes in all the conditions tested.
These findings are in accordance with the stability attributed to DNA:PEI polyplexes pre-formed

in water [14].
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Several key parameters were monitored during TGE optimization using DoE. Cell viability after
transfection, eGFP production and transfection were considered as crucial for proper process
development. A multiple response optimization approach was applied to find a global TGE
condition based on the three equations from the Box-Behnken DoE. Using this strategy, an
optimal DNA/PEI ratio of 1:2 was found for Sf9 cells, similar to that reported with other animal
cell lines [38,39].

The maximum yield of eGFP achieved was 11.7 £ 0.5 mg/L at 3 days post transfection, a 2 and
2.7-fold increase compared to Hi5 and HEK293SF cells, respectively [15]. The eGFP specific
productivity was 0.6 pug/10° transfected cell per day in these conditions, 2-fold higher with respect
to the recently published transient eGFP production protocol for Sf9 cells with the lipofectin
reagent [40]. Different results were observed when comparing to Sf9 baculovirus infection, with
more than 10-fold increase [41] or 6-fold decrease [42] in eGFP specific productivities. Regarding
hSEAP, Sf9 cells proved to be more efficient in producing this secreted protein compared to
eGFP, with a specific productivity of 1.1 + 0.1 ug/10° transfected cell per day. The maximum
hSEAP vyield obtained (23.6 £ 2.3 mg/L) was in the range of the 39 mg/L achieved using
baculovirus infection in Sf9 cells [43].

From the perspective of new generation vaccines, we tested the utility of this platform to produce
HIV-1-based VLPs. The complexity associated to the production of GageGFP could be clearly
observed when comparing the fluorescence yields obtained with eGFP. Indeed, a 15-fold increase
in eGFP production (723.4 = 40.5 R.F.U.) was achieved compared to GageGFP (47.9 + 12.1
R.F.U.). The budding process step required for GageGFP VLP formation was found to be the
bottleneck as demonstrated by the intracellular/extracellular spectrofluorometry and ELISA
guantification (Table 3). Similar results have been observed in the production of multimeric
nanoparticles in mammalian cells [44], highlighting the difficulties for cells to process these
complex polyproteins. Still, the evaluation of VLP assembling by analytical ultracentrifugation
revealed that the Sf9 cell line was highly efficient since most of the polyprotein was in the form
of assembled nanoparticles. Native visualization of these nanoparticles using cryo-EM

corroborated the correct morphology and structure of GageGFP VLPs but also the concomitant
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expression of extracellular vesicles. Strategies based on ion exchange or affinity chromatography
should allow to separate both specimens as recently reported for other animal-derived VLPs
[19,45]. In these conditions, a competitive production of 1.9 + 0.8 x 10° GageGFP VLP/mL was
obtained at 2 days post transfection. These results proved to be in the range of GageGFP VLP
production in HEK 293 mammalian cells by TGE [39]. Moreover, these conditions allowed for a
faster and also higher production by 3.9-fold in comparison to recently reported Gag VLP
production in Sf9 stable cell lines [46]. These results represent an important advance to existing
insect cell-based production platforms devoid of baculovirus, with a potential applicability to

produce an ample variety of recombinant products.
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Figure S1. Toxicity experiments for linear 25 kDa PEI and plasmid DNA. (a - b) 96-well plate toxicity assays for PEI
(a) and plasmid DNA (b). Cells were seeded at 0.5 x 10° cell/mL and measured at 48 h after different quantities of DNA
or PEI were added. Cell concentration was measured by the CellTiter 96® AQueous one solution cell proliferation assay
(Promega, Madison, WI, USA) according to manufacturer’s instructions. (¢ — d) Toxicity assays for PEI at Erlenmeyer
flask scale. Cells were seeded at 3.0 x 10 cell/mL and measured at 24 h (c) and 48 h (d) after the addition of different
quantities of PEI. Viable cell concentration and viability were measured with the NC-3000 nucleocounter. Mean values
+ standard deviation of triplicate experiments are represented.
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Figure S2. Screening of Sf9 transfection conditions at 48 hpt. (a - b) Series of transfection experiments at increasing
PEI concentrations. Cells were transfected at 3.0 x 108 cell/mL and a DNA concentration of 3 pg/mL. (c) Transfection
experiments with medium exchange before transfection. (d) High cell density transfection experiments performed at
10 - 20 x 106 cell/mL and a DNA concentration of 20 pg/mL. Cell viability was measured with the NC-3000
nucleocounter. Mean values + standard deviation of triplicate experiments are represented.
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Figure S3. Analysis of eGFP expression in transfected cells using DNA and PEI mixture preformed with different
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Abstract

Polyethylenimine (PEI)-based transient gene expression (TGE) is nowadays a well-established
methodology for rapid protein production in mammalian cells, but it has been used to a much
lower extent in insect cell lines. A fast and robust TGE methodology for suspension Hi5
(Trichoplusia ni) cells is presented. Significant differences in size and morphology of DNA:PEI
polyplexes were observed in the different incubation solutions tested. Moreover, minimal
complexing time (< 1 min) between DNA and PEI in 150 mM NaCl solution provided the highest
transfection efficiency. Nanoscopic characterization by means of cryo-EM revealed that
DNA:PEI polyplexes up to 300 — 400 nm were the most efficient for transfection. TGE
optimization was performed using eGFP as model protein by means of the combination of
advanced statistical designs. A global optimal condition of 1.5 x 106 cell/mL, 2.1 pg/mL of DNA
and 9.3 pg/mL PEI was achieved through weighted-based modelling of transfection, production
and viability responses. Under these conditions, a 60 % transfection and 0.8 + 0.1 pg/10°
transfected cell-day specific productivity was achieved. The optimal transfection conditions were
tested to produce diverse recombinant products, including hSEAP and GageGFP. The TGE
protocol developed for Hi5 cells provides a promising baculovirus-free and worthwhile approach

to produce a wide variety of recombinant proteins in a short period of time.
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Introduction

The emergence of high-throughput techniques has brought under the spotlight the need for
efficient and productive hosts to screen for a large number of protein candidates. CHO and
HEK293 mammalian cell lines commonly serve to this purpose since they efficiently produce
complex protein structures with adequate post-translational modifications [1]. Likewise, insect
cells have also proven to be useful systems to produce difficult-to-express proteins maintaining
their biological activity [2]. Furthermore, insect cells are capable to grow to high cell densities
and they also have less strict culture requirements. Sf21 and Sf9 from Spodoptera frugiperda, Hi5
(High Five) and Tna38 from Trichoplusia ni are the most extensively used insect cell lines. In
general terms, Trichoplusia ni-derived cell lines are the platforms selected for protein production
since higher specific productivities are achieved compared to Sf9 and Sf21 cell lines. Typically,
the baculovirus expression vector system (BEVS) is the preferred production methodology with
regards to protein expression in insect cells. While the baculovirus-insect cell system has been
successfully applied for the production of a number of target proteins, a long-time is still required
from the cloning of the gene of interest (GOI) to obtain the baculovirus working stock [3].
Besides, several limitations of this system have been encountered with virus-like particles at the
downstream phase due to co-purification of the two specimens [4]. A lack of consistency in the
production of adeno-associated viruses (AAV) has also been reported and attributed to instability
of the AAV cassette in baculoviruses during the expansion phase [5].

Growing interest has emerged on exploiting the benefits of insect cell lines for protein production
devoid of BEVS methodology. Stable expression based on the transfection of plasmid DNA
encoding for the GOI with subsequent antibiotic based selection has been evaluated for different
proteins with variable results [6,7]. However, stable gene expression is time-consuming when
several GOl have to be evaluated. In the same line, selecting a high producer clone from the stable
expressing cell population entails a lot of effort which limits to a certain extent the applicability
of this system for short-term applications [8].

Transient gene expression (TGE) is a methodology that enables rapid protein production in

sufficient levels to be used in pre-clinical and early-clinical phases [9]. TGE has been extensively
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used in mammalian cells but less is known for its application to insect cell lines. First attempts
were performed in serum-containing adherent cultures by means of liposome-derived reagents
and low titers were obtained [10,11]. However, the use of these transfection carriers hindered the
scaling-up of the process in terms of cost-efficiency and have been gradually relegated to stable
gene expression. Alternatively, attention has been focused on using bulk chemicals such as
polyethylenimine (PEI) to evaluate TGE in suspension cultures, with successful results in the field
of mammalian cells.

In parallel, many efforts have been directed to developing serum-free fully chemically-defined
media that support high insect cell densities, but difficulties are encountered when replacing yeast
hydrolysates. Recent studies have addressed PEI-based TGE of Hi5 cells but a lack of consistency
due to the use of high hydrolysate containing media was reported [12,13]. This lot-to-lot
variability greatly hinders the standardization and characterization of the transient transfection
process which may explain the few information available regarding the driving forces that mediate
TGE in insect cells.

In this study, a robust and reproducible transient transfection method for suspension-adapted Hi5
cells using PEI is described. Characterization of the DNA:PEI complexes that mediate transient
transfection was thoroughly evaluated by means cryo-electron microscopy (Cryo-EM) and
dynamic light scattering techniques. Several incubation solutions and different times of DNA:PEI
complex formation were also studied as factors potentially influencing the physical properties of
transient transfection. Finally, advanced statistically response surface methodologies (RSM)
coupled to weighted-based modelling of different responses were successfully applied towards

defining an optimum transfection condition for Hi5 cells.

Materials and Methods

Cell line, media and culture conditions

The lepidopteran insect cell line used in this work is Trichoplusia ni BTI-TN-5B1-4 (High Five,
cat. num. B85502, Thermo Fisher Scientific). Four different serum-free commercial media

formulations for Hi5 cells were tested for the following parameters: cell growth, transfection and
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enhanced green fluorescent (eGFP) production. These include EX-CELL 405 (SAFC
Biosciences, Saint Louis, MO, USA), Express Five SFM (Thermo Fisher Scientific, Waltham,
MA, USA), Insect Xpress (Lonza, Verviers, Belgium) and Sf90011l (Thermo Fisher Scientific,
Grand Island, NY, USA). Cells were previously adapted to each medium prior to experimentation.
Cell passaging was performed three times a week at a density of 2-4 x 10° cells/mL in 125-mL
disposable polycarbonate Erlenmeyer flasks (Corning, Steuben, NY, USA) in 15 mL medium.
All cultures were shaken at 130 rpm using an orbital shaker (Stuart, Stone, UK) and were
maintained at 27°C.

Cell count and viability were measured with Nucleocounter NC-3000 (Chemometec, Allerod,
Denmark) for 5 - 6 days. Maximum specific growth rates, pUmax (h™), and duplication times, ti (h)

were determined from the data corresponding to the exponential growth phase.

Plasmid vectors

The plasmid vector used in the optimization of transient gene expression in Hi5 cells is the
plZTV5-eGFP (cat. num. V801001, Thermo Fisher Scientific) which harbours the immediate-
early OPIE2 promoter from Orgya pseudotsugata multicapsid nucleopolyhedrosis virus
(OpMNPV). The Sh ble resistance gene of this plasmid was fused in frame to a GFP in origin.
The GFP portion of the Sh ble gene was removed by PCR cloning in order to eliminate
fluorescence interference signals between GFP and eGFP. Briefly, plZTV5-eGFP plasmid with
the GFP gene at the Sh ble gene was PCR amplified using the following primer pair:
GFPremove fw: 5’-CGTAAGATCTCGCCATGGTTTAGTTCCTCAC-3’ and
GFPremove_rev: 5’-CGTAAGATCTATGGATGCCAAGTTGACCAG-3°, then the PCR
product was digested with Bglll and ligated with T4 DNA ligase.

The production of other recombinant products was also tested using the optimal condition
obtained with plZTV5-eGFP plasmid. These include the truncated form of human placental
alkaline phosphatase (hSEAP) and the human immunodeficiency virus (HIV-1) Gag fused in
frame to the eGFP (GageGFP). All these genes were cloned into the plZTV5 vector as previously

described in part | of this chapter.
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Standard transfection protocol

eGFP was produced by transient transfection of Hi5 cells with pIZTV5-eGFP plasmid DNA using
25 kDa linear polyethylenimine (PEI, PolySciences, Warrington, PA, USA). Linear PEI 25 kDa
was prepared in ultrapure water at a concentration of 1 mg/mL with pH of 7 and was sterilized by
filtration. The standard transfection protocol was defined according to preliminary experiments
and was further optimized as detailed in the “Results” section. Prior to transfection, medium
exchange was performed to exponentially growing cells by centrifugation at 300 xg during 5 min.
Cells were resuspended to 1 x 108 cell/mL in 15 mL medium. DNA and PEI complex formation
was performed in 1mL incubation solution with DNA at 1 pg/108 cell added first and vortexed
during 10 s; then PEI at 3 pg/10° cell was added to DNA and vortexed for 10 s. Dulbecco’s
Phosphate-Buffered Saline (DPBS, Thermo Fisher Scientific, Logan, UT, USA) was selected as
the DNA:PEI complexing solution for the medium screening phase but other solutions were also
tested. These solutions include NaCl (Sigma-Aldrich, Saint Louis, MO, USA) and ultrapure water
(Merck Millipore, Burlington, MA, USA). After 15 minutes of incubation at room temperature,
the mixture was added to the culture. The percentage of eGFP and GageGFP expressing cells was
assessed by flow cytometry using a BD FACS Canto Il flow cytometer (BD Biosciences, San

José, CA, USA) at different hours post transfection (hpt).

Fluorescence confocal microscopy

The visualization of GageGFP and eGFP producer cells was performed using a TCS SP5 confocal
microscope (Leica, Wetzlar, Germany). Transfected cells were dyed with 0.05% v/v of
CellMask™ and 0.1% v/v of Hoechst (Thermo Fisher Scientific, Eugene, OR, USA) in order to
stain the lipid membrane and cell nucleus respectively. A washing step was performed by
centrifuging the cells at 300 xg during 5 min and resuspending the pellet in fresh Sf900llI
medium. Samples were placed in 35 mm glass bottom Petri dishes with 14 mm microwell

(MatTek Corporation, Ashland, MA, USA) for visualization.
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Cryo-electron microscopy

Morphology and qualitative particle size distribution of DNA:PEI complexes formed in different
solutions was studied with a cryo-transmission electron microscope (TEM). Briefly, 2 puL of
sample was blotted onto carbon copper or holey carbon 200 mesh copper (Quantifoil Micro Tools,
GroRldbichau, Germany) grids previously subjected to a glow discharge treatment in a PELCO
easiGlow™. Discharge Cleaning System (PELCO, Fresno, CA, USA). The samples were
subsequently plunged into liquid ethane at —180 °C using a Leica EM GP workstation (Leica,
Wetzlar, Germany) and observed in a JEM-2011 TEM operating at 200 kV (Jeol Ltd., Akishima,
Tokyo, Japan). Samples were maintained at —180 °C during imaging and pictures were taken

using a CCD 895 USC 4000 multiscan camera (Gatan, Pleasanton, CA, USA).

Determination of DNA:PEI complex size

DNA:PEI average complex size distribution was evaluated with a Zetasizer Nano ZS dynamic
light scattering (DLS) instrument (Malvern instruments, Malvern, UK) with a He/Ne 633 nm laser
at 173°. The hydrodynamic diameter and polydispersity index (PDI) were calculated with
cumulative fit correlation at 25 °C and 0.8872 cP. DNA:PEI complexes were prepared as
described previously and placed in disposable plastic cuvettes followed by automated
experimental data collection with Zetasizer Nano software (Malvern instruments, Malvern, UK).
Complex formation was observed up to 1 um average DNA:PEI complex size which is the upper
detection threshold of the DLS equipment. The kilocounts per second (kcps) were also monitored
and compared between samples according to the standardized values given by the Zetasizer Nano

software.

eGFP and GageGFP quantification

eGFP and GageGFP producing cells were harvested by centrifugation at 3000 xg for 5 min.
Pelleted cells were then subjected to a three freeze-thaw cycles (2h freezed at -20%C and thawed
at 37°C for 0.5 h). Samples were vortexed for 5 seconds between cycles. Lysed pellets were

resuspended in 0.5 mL of TMS buffer (50 mM Tris-HCI, 150 mM NaCl, 2 mM MgCl;, pH 8.0)
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and centrifuged at 13700 xg during 20 min. The eGFP green fluorescence was measured with a
Cary Eclipse fluorescence spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) at
room temperature set as follows: Ao, = 488 nm (5 nm slit), A¢,, = 500 - 530 nm (10 nm slit).
Relative fluorescence units (R.F.U) were calculated by substracting the fluorescence unit of non-
transfected cultures. eGFP mass concentration was determined using a standard curve by a linear
correlation of a known concentration of eGFP (BioVision, Milpitas, CA, USA) and the associated
fluorescence intensity in R.F.U:

eGFP (mg/L) = (R.F.U — 1.0122)/32.564 (1)

where eGFP is the estimated concentration of eGFP protein and R.F.U is the measured eGFP
fluorescence intensity in the samples.

R.F.U. from GageGFP transfected Hi5 cell supernatants were also converted to GageGFP VLPs
according to Gutiérrez-Granados et al. [14]:

GageGFP nanoparticles (particles/mL) = 1.53 - 108 xR.F.U. (2)

The Sf900I11 medium and a 0.1 mg/mL quinine sulphate solution were used as control patterns to

normalize R.F.U values between different experiments.

hSEAP quantification

Transiently transfected Hi5 cells with plZTV5-hSEAP were harvested by centrifugation at 3000
xg for 5 min and cell pellets were disrupted under a 3-time freeze-thaw cycle for intracellular
hSEAP quantification. The hSEAP concentration was measured based on the alkaline
phosphatase activity of a colorimetric enzyme reaction (QUANTI-Blue system, InvivoGen).
Shortly, 20 pL of sample were added to 200 pL of pre-warmed QUANTI-Blue solution and
incubated for 1 h at 37°C. The absorbance was measured in a Victor® spectrophotometer
(PerkinElmer, Waltham, MA, USA) at a wavelength of 620 nm. Relative activity units (R.A.U.)
were calculated by subtracting the absorbance corresponding to non-transfected cultures. hNSEAP
concentration was determined using a calibration curve based on a linear correlation of known
hSEAP (InvivoGen) concentrations and the corresponding activity units in R.A.U.:

hSEAP (mg/L) = R.A.U.x 2.9744 + 0.0615 ©)
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where hSEAP is the calculated concentration of hSEAP protein and R.A.U. are the hSEAP

activity units measured in the samples.

p24 Enzyme-linked immunosorbent assay (ELISA)

GageGFP containing supernatants and pellets were analysed to determine the content of HIV-1
p24 (Sino Biological, Wayne, NJ, USA). Briefly, supernatants were obtained by centrifugation at
3000 x g for 5 min and the collected cell pellets were disrupted as previously described. The
different samples were analysed as described in part | of this chapter. The p24 (24 kDa)
concentration values obtained in the ELISA were corrected considering the GageGFP molecular

weight (87.7 kDa).

Flow virometry

Fluorescent and non-fluorescent particles from GageGFP harvested supernatants were measured
using a CytoFlex LX (Beckman Coulter, Brea, CA, USA) equipped with a 488 nm blue laser for
fluorescent particle detection and a 405 nm laser/violet side scatter configuration for improved
nanoparticle size resolution. Samples were diluted in 0.22 um-filtered DPBS and triplicate
measurements from independent samples were analysed with the CytExpert 2.3 software at room

temperature.

Nanoparticle tracking analysis

Nanoparticles in GageGFP harvested supernatants were also quantified using a NanoSight NS300
(Malvern Panalytical, Malvern, United Kingdom). Samples were diluted in 0.22 pm-filtered
DPBS and continuously injected into the device chamber through a pump at an average
concentration of 108 particles/mL (20 — 60 particles/frame). Videos of 60 s from independent
triplicate measurement were analysed with the NanoSight NTA 3.2 software at room temperature.
VLP characterization by analytical ultracentrifugation

Supernatant containing GageGFP VLPs from transfected Hi5 cells at 72 hpt was centrifuged in a

double sucrose (Sigma) cushion of 25 % and 45 % (w/v) prepared in DPBS and DMEM (Thermo
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Fisher Scientific), respectively. 10 mL of supernatant were loaded in an ultracentrifuge tube
(Beckman Coulter), filled to the top with sterile DPBS and centrifuged at 31000 rpm for 2.5 h at
4°C (Beckman Optima L100XP, SW32ti rotor, Beckman Coulter). Samples were taken from each
one of the ultracentrifugation fractions and the pellet was resuspended in 100 L of sterile DPBS

O/N. All samples were stored either at -4 or -80°C.

Optimization of transient transfection using DoE

Transient transfection was optimized to maximize eGFP specific production using Design of
experiments methodology (DoE). In addition, the percentage of eGFP positive cells and cell
culture viability were also measured and considered as responses towards completely defining the
transient transfection process with the final aim of finding a global process optimum. Viable cell
concentration at the time of transfection, DNA and PEI concentration were the independent

variables selected for optimization.

Box-Behnken design
A Box-Behnken design was used in order to define the optimal condition for each response and
the independent variables to be studied. The three variables were screened at three levels coded

as follows: low level, -1; medium level, O; high level, +1; as indicated in Table 1.
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Table 1. Matrix design, response and ANOVA analysis for Box-Behnken experimental design of the different

variables. Run 13 was performed in triplicate as it is the centre point.

Coded levels -1 0 1
Viable cell concentration (10° cell/mL) 1 2 3
DNA concentration (mg/L) 1 2 3
PEI concentration (mg/L) 5 8 11
Variables Responses
eGFP
Experimental run [Cell]? [DNA] [PEI] Specific production positive cells Viability
(R.F.UP/10° cells) %) (%)
1 -1 -1 0 50.02 62.00 83.70
2 1 -1 0 65.56 35.80 68.30
3 -1 1 0 77.46 53.20 75.70
4 1 1 0 107.66 52.90 61.80
5 -1 0 -1 63.64 58.20 82.60
6 1 0 -1 103.81 44.60 63.20
7 -1 0 1 70.10 54.50 75.70
8 1 0 1 110.88 49.80 71.50
9 0 -1 -1 95.38 32.40 58.90
10 0 1 -1 133.86 47.20 67.50
11 0 -1 1 92.60 52.20 73.50
12 0 1 1 131.13 52.30 76.30
13 0 0 0 173.51 45.90 68.40
13 0 0 0 156.47 47.80 68.10
13 0 0 0 163.80 51.70 66.30
Model F test, p-value® Lack of ft test, R?
p-value?
Specific production (72 hpt) <0.001 0.736 0.981
eGFP positive cells (48 hpt) 0.007 0.251 0.842
Viability (72 hpt) 0.009 0.053 0.772
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Model Viability (72hpt) eGFP positive cells (48 hpt) Specific production (72hpt)
Parameters Coefficient p-value Coefficient p-value Coefficient p-value
Constant 68.429 <0.001 47.071 <0.001 164.592 <0.001
[Cell] -6.625 0.002 -5.600 0.004 15.837 <0.001
[Cell]? 4.384 0.079 4.304 0.074 -57.779 <0.001
[DNA] -0.388 0.804 2.900 0.077 18.316 <0.001
[DNAJ? NS >0.050 NS >0.050 -31.640 <0.001
[PEI] 3.100 0.071 3.300 0.050 1.004 0.701
[PEI? NS >0.050 NS >0.050 -19.708 <0.001
[Cell] x [DNA] NS >0.050 6.475 0.013 NS >0.050
[Cell] x [PEI] 3.800 0.110 NS >0.050 NS >0.050
[DNA] x [PEI] NS >0.050 -3.675 0.107 NS >0.050

3[Cell]: Viable cell concentration

bR.F.U: relative fluorescent units

p-value under 0.05 are considered as statistically significant with a 95% confidence.

dLack of fit test, p-value above 0.05 imply that the hypothesis arguing that the model is suitable cannot be rejected.
NS: Non-significant term (p-value > 0.05)

The obtained results were fitted to a second-order polynomial equation by linear regression

analysis for each response (Eq. 2):

k k kK k
Y =P+ Zﬁi'xi+z.8ii'xi2+zz.8ij'Xi'Xj+€
i=1 i=1

i=1j>1

)

where Y is the response variable (eGFP specific production in R.F.U/10°8 transfected cells,
percentage of eGFP positive cells or cell culture viability in percentage), B, is the model intercept
term, B; the linear coefficient, §;; the quadratic coefficient, §;; the interaction coefficient, X; and
X; are the studied variables (Viable cell concentration at the time of transfection, DNA and PEI
concentration) and ¢ is the experimental error. The different model equations based on model Eqg.
2 were obtained using the R Software (R Development Core Team, Vienna, Austria) by means of
the Frf2, car and RemdrPlugin DoE packages [15]. These equations were used to predict the

optimal values of the independent variables using the L-BFGS-B quasi-Newton algorithm
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implemented in the optimx package of the R software. Three-dimensional plots were generated
with the gplots package to facilitate model interpretation and were readapted with Adobe

IHlustrator CS6 (Adobe Systems Incorporated, San José, CA, USA).

Multiple response optimization using desirability functions

The best overall condition considering the three model equations was determined using the
desirability package from the R software. However, several modifications in the basic code of
this package were implemented in order to successfully apply this methodology. The design space
was fixed as circular because of the Box-Behnken design used for the optimization and values
outside this space were not considered. Different ranges were selected for each response
according to the experimental data and a relevance value (s value) was also chosen depending on

the importance of the model equation (Eqg. 3):

0 if Y, <LL 3)
—{(Y”_LL)S ifLL< Y, <UL
n -1y Ylshs
N 1 if Y, > UL

where d,, is the desirability response function for each model equation in [0 — 1] scale, s accounts
for the relevance value given to the equation, Y;, is the model equation (in this case n = 3), LL and
UL are de lower and upper limits of each equation, respectively. Greater s values make the
desirability value d,, more difficult to be satisfied and are associated to the most important model
equations. The different N desirability functions are then combined to achieve an Overall
Desirability function OD (Eq. 4):

N 1/N (@)
0D = dmax (1_[ dn>

1

where OD is the overall desirability to be maximized, d,, is the desirability response function for
each model equation in [0 — 1] scale and N is the number of desirability functions. The OD value
is the output of applying the geometric mean to the N desirability functions which has the property

that if any model equation is undesirable (d,, = 0), the overall desirability is also not satisfied (OD
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= 0). After defining the different items that integrate the desirability code, an iteration process

seeks for the best OD ending when the best condition maximizing the OD is found.

Statistical analyses
Statistical analyses of the different models were performed using R Software by means of the car,
MASS and faraway packages. The quality of the regression of the model equations was evaluated

by the coefficients R? and R2, ;- The overall significance of the model was determined by analysis

of variance (ANOVA) F-test whereas the significance of each coefficient was determined by the
corresponding t-test. The lack-of-fit (LOF) test was used to evaluate differences between
experimental and pure error of the models. Normality of the residuals was evaluated by means of
the Shapiro-Wilk test whereas constant variance of the residuals was assessed by means of the

Breusch-Pagan test.

Results

Media screening for cell growth and transfection efficiency

Four different serum-free commercially available media were selected for Hi5 cell culture in
suspension [16,17]. All formulations tested (EX-CELL 405, Express Five SFM, Insect Xpress
and Sf900IIl) are serum-free. The first three media contain hydrolysates to a certain extent
whereas Sf900Ill is the only medium with low-hydrolysate content and animal origin-free
compounds [18]. Nonetheless, the exact composition of the media is proprietary of the
manufacturers. In preliminary experiments, cell growth of Hi5 cells in the different formulations
was evaluated in batch culture (Fig. 1A). Unexpectedly, cells did not adapt to grow in Express
Five SFM and therefore this medium was not included in further experiments. For all other media,
cells maintained a high viability (> 90%) until 96h coinciding with maximum cell density. Insect
Xpress medium supported the highest maximum cell concentration (5.0 + 0.1 x 106 cells/mL) with
a doubling time of 15.5 + 0.4 h. Hi5 cells grew up to 4.5 + 0.3 x 10° cells/mL with a doubling
time of 20.5 + 0.5 h in Sf900111 medium whereas 3.6 + 0.3 x 106 cells/mL and a doubling time of

17.8 + 1.8 h was achieved in EX-CELL 405 medium.
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Intracellular eGFP production upon transfection with the standard protocol was also studied
through sampling every 24 h during 5 days. Transfection was performed with DNA and PEI pre-
complexation in DPBS for 15 min. The percentage of eGFP positive cells peaked at 48 hpt in all
media formulations, being highest in Sf900I1I (~35 %) while ~21 and ~23 % transfection was
achieved in Insect Xpress and EX-CELL 405, respectively (Fig. 1C). The percentage of eGFP
positive cells was maintained in SF900I11 up to 96 hpt whereas it decreased in the other two media
beyond 48 hpt.

Green fluorescent cells were visualized under confocal fluorescence microscoe at 48 hpt. Green
fluorescence due to eGFP expression was observed in the cytoplasm of transfected cells (Fig. 1B).
Then, the kinetics of eGFP expression upon transient transfection was evaluated by monitoring
intra and extracellular fluorescence intensity at different times post-transfection. Maximum eGFP
production was obtained in all media at 72 hpt, being the highest in Sf9001ll (~150 R.F.U) as
shown in Fig. 1D. In contrast, lower production levels were reached both in Insect Xpress (~100
R.F.U) and EX-CELL 405 with ~60 R.F.U. Barely no eGFP expression was detected in the
supernatant of the different media formulations until 96 hpt (Fig. 1E) and only low amounts were
detected afterwards coinciding with the drop in cell viability. In this sense, protein leakage from
death cells could explain the presence of eGFP in the supernatant which is supported by the
decrease in intracellular eGFP from 96 hpt on. Distinct agitation conditions during transfection
(80, 130, 150, 170 rpm) were also evaluated with no significant differences neither in the
transfection percentage nor in eGFP production (data not shown).

Sfa00I11 was the medium selected for further optimization experiments since it showed the best
transfection and production levels and also good cell growth. Of note, this medium is devoid of
animal-derived compounds and also has a low-hydrolysate content. These features contribute to
diminish experimental variation due to lot-to-lot variability and makes it an interesting platform

towards defining a robust bioprocess.
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Figure 1. Growth and transfection kinetics of High Five cells in batch culture in different media. (A) Exponentially
growing cells were seeded at 0.3 x 10° cells/mL in 125-mL flasks. Cell density and viability were determined every 24
h in each culture media. Mean values + standard deviation of triplicate experiments are represented. (B) Confocal
fluorescence microscopy image of Hi5 producer cells at 48 hpt. Cell nucleus was stained with Hoechst (blue) and
membrane was stained with CellMask™ (red). Green fluorescence refers to the production of intracellular eGFP
molecules. (C-E) Transfection and production of intracellular eGFP in different culture media. Exponentially growing
cells were transfected at 1.0 x 106 cells/mL in 125-mL flasks. Hi5 cells transfection efficiency (C), intracellular eGFP
production in pellet (D) and supernatant in relative fluorescence units (E) were measured. Mean values + standard

deviation of triplicate experiments are represented.

206



Chapter 3 —part 11

Size of Hi5 cells adapted to grow in Sf900111 was measured under a confocal microscope resulting
in a diameter of 16.3 £ 2.2 um (50 cells were measured). This value was in good agreement with
the results obtained by [19] for Hi5 cells adapted to Express Five medium (16.3 pum). Therefore,
Hi5 cell size does not probably change in a significant manner with regards to the culture medium

used.

Selection of the DNA:PEI complexing solution

Different solutions were investigated for Hi5 cells transient transfection according to their use as
DNA:PEI complexing media [20,21]. These incubation solutions include 3 and 150 mM NacCl,
DPBS, ultrapure water and the cell culture medium Sf900l111. Cell transfection with previous
DNA:PEI complexation in the different incubation solutions was performed according to the
standard transfection protocol. Direct transfection without prior pre-complexation was also
evaluated since it has been reported to be efficient in a variety of cell lines [22,23]. To this
purpose, sequential addition of PEI followed by DNA was carried out since the opposite
combination has shown little efficiency on transfection as described elsewhere [24]. Flow
cytometry analysis showed comparable transfection efficiencies around 30 - 35% in 3 and 150
mM NacCl solutions and DPBS at 48 hpt, being the highest in 150 mM NaCl (Fig. 2A). Lower
transfection efficiencies of ~20 - 25% were obtained with DNA:PEI complexes pre-formed in
water and Sf900I1l medium whereas addition of PEI and DNA without prior pre-complexation
resulted in the worst overall condition (~10%).

Assessment of eGFP expression at 72 hpt revealed that maximum eGFP production was obtained
in the incubation solutions with the highest salt content (Fig. 2B). Conversely, smaller production
levels where achieved both in 3 mM NaCl and ultrapure water while no pre-complexation of DNA
and PEI showed the lowest production. Interestingly, there was no correlation between transient
transfection efficiency and eGFP production. According to these results, 150 mM NaCl was
selected as the DNA and PEI incubation solution since it showed the best transfection yield and

a good production level of eGFP.
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Figure 2. Transfection and eGFP production kinetics of High Five cells in batch culture in Sf900111 medium with
DNA:PEI complexes pre-formed in NaCl 3 and 150 mM, DPBS, Sf900l1l, ultrapure water and direct addition of PEI
+ DNA. (A) Hi5 cells transfection efficiency. Exponentially growing cells were transfected at 1.0 x 106 cells/mL in
125-mL flasks. (B) eGFP production in pellet in relative fluorescence units. A negative control consisting in DNA

addition was also included. Mean values + standard deviation of triplicate experiments are represented.

Characterization of DNA:PEI complexing process

DNA:PEI complexes pre-formed in the different incubation solutions were examined with DLS
to better characterizing the nature of the species that mediated transfection and production in Hi5
cells. PEl and plZTV5-eGFP solutions were mixed according to the standard transfection protocol
in different complexing solutions: Sf900I11 medium, 3 and 150 mM NaCl, DPBS and ultrapure
water. The whole population of complexes incubated in Sf90011l, 150 mM NaCl and DPBS
experienced a dynamic shift of increasing in size during the time period tested (Fig. 3A).
Interestingly, similar aggregation patterns were observed between 150 mM NaCl and DPBS.
Polyplexes incubated in 150 mM NaCl exhibited a higher polydispersity and grew up to 1 um
within 25 min whereas in DPBS this complex size was attained in 35 min. Polyplexes seemed to
stabilize at size of approximately 1 um since higher structures could not be efficiently tracked
due to DLS equipment limitations. DNA:PEI complexes incubated in Sf900111 medium revealed
the coexistence of two populations where the smaller one decreased over time whilst the higher
population increased (Figure S1). This would be mainly attributed to the aggregation of smaller

polyplexes that triggered the formation of higher structures. On the contrary, a very slow
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aggregation tendency was observed in ultrapure water and 3 mM NaCl. In both solutions, two
different populations were encountered but no clear aggregation tendencies were observed in any
of them over the studied time period. A smaller DNA:PEI complex population was clearly more
abundant in these two solutions, stabilizing at 50-60 nm in 3 mM NaCl and at 60-70 nm in
ultrapure water. The kilocounts per second (kcps) decreased over time in all the incubation
solutions, especially in those with the highest salt content (Fig. 3B). Ultrapure water and 3mM
NaCl solutions showed a faint decline in the kcps over time which was in agreement with
DNA:PEI complex size stabilization previously described. This phenomenon could be in turn
related either with an aggregation or precipitation process of DNA:PEI complexes but the latter
was discarded since no sample precipitation was observed. Besides, 150 mM NaCl, Sf900llI
medium and to a lesser extent DPBS were the complexing solutions with highest kcps during the
time range tested. Higher kcps values could be a consequence of an increase in either the number
or size of DNA:PEI complexes or both. It could be then argued that bigger structures were present
in 150 mM NacCl, Sf900111 medium and DPBS but not ascertainment of also higher concentration

of complexes could be made.
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Figure 3. DNA:PEI complex kinetics in different solutions. (A-B) DLS measurement of mean DNA:PEI complex size
(nm) and kilocounts per second (kcps) in NaCl 3 and 150 mM, ultrapure water, DPBS and Sf900I11 medium. (C) Hi5
cells transfection efficiency upon transfection with DNA:PEI complexes pre-formed in NaCl 150 mM during various

incubation times. Mean values + standard deviation of triplicate experiments are represented.

Addition of DNA to the different incubation solutions did not trigger any aggregation process,
but 100-200 nm particle formation was observed in Sf900111 (Figure S2). PEI addition triggered
an aggregation process only in Sf90011l1 medium, indicating PEI interactions with negatively
charged medium compounds other than DNA. (Figure S3).

Morphology of DNA:PEI complexes in the different incubation solutions was also studied by
means of Cryo-EM. Organization of DNA and PEI into particles was observed in all the
incubation solutions (Fig. 4). These complexes appeared as black nearly round electron-dense
structures which could be clearly identified in Sf900I1l medium, 150 mM NaCl and DPBS. In
these solutions, DNA:PEI polyplexes seem to be formed by the aggregation of smaller pieces of

complexes of around 200-400 nm and grew up to > 1 um structures. Otherwise, DNA:PEI
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complexes smaller than 100 nm were observed both in ultrapure water and 3 mM NacCl (Fig. 4C-
D). In these two solutions, small complexes were accompanied by bigger less dense stains that
could be related to unbound DNA as compared to DNA control samples (Figure S4). Moreover,
PEI addition to each incubation solution did not unleash particle formation except for Sf900llI
medium which is in agreement with the results obtained with DLS (Figure S5).

DNA and PEI complex formation kinetics uncovered that incubation time between the two species
could influence the transfection of Hi5 cells. To value this, a transfection experiment with
DNA:PEI complexes pre-formed in 150 mM NaCl during different incubation times (< 1, 5, 10
and 15 min) was performed. A staggered increase in transfection was achieved as the incubation
time between DNA and PEI decreased which corresponded to small DNA:PEI polyplexes (Fig.
3C). Smaller DNA:PEI complexes up to 300 — 400 nm were observed during < 1 min incubation

compared to DNA:PEI complexes incubated during 15 min (Fig. 4E-F).
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Figure 4. Cryo-electron microscopy images of DNA:PEI complexes in different incubation solutions. (A-E) DNA:PEI
complexes incubated during 15 min in Sf900111, DPBS, ultrapure water, NaCl 3 mM and NaCl 150 mM, respectively.
(F) DNA:PEI complexes incubated in NaCl 150 mM and subsequently added to cell culture (< 1 min).

Optimization of transient eGFP production by DoE

Different variables affecting the transfection of Hi5 cells were evaluated in the previous sections
in order to diminish the number of parameters to be evaluated by means of more elaborated
statistical techniques. DNA, PEI and cell concentration at the time of transfection were selected
as the most influencing variables on eGFP transfection and production as previously reported for
other cell lines [25,26]. To this purpose, a DoE-based approach was used to achieve an optimum
condition with a reduced number of experiments in a reasonable time.

Additionally, variability caused by nuisance factors within the same experiment and between
different experiments was carefully considered. As an illustration of this phenomenon, it was
observed that a high cell passage number of >30 after thawing entailed a decrease of about 10-
20% in transfection of Hi5 cells (data not shown) which could interfere with the interpretation of

the relevant variables. As a consequence, the cell age window was carefully monitored in all
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experiments, assuring that cells were not cultured beyond 20 passages. Similar performances were
also reported in [27]. Of note, different SF900111 medium lots and distinct PEI 25 kDa stocks were

used along the experimentation phase without relevant variation in the outcomes.

Response surface methodology and experimental space boundaries

A three-factor, three-level Box-Behnken design was selected to optimize DNA, PEI and cell
concentration at transfection as it is an efficient methodology regarding the number of
experimental runs to be performed and the statistically relevant information that can be obtained
[28]. The range for cell concentration was chosen according to the cell growth exponential phase
of Hi5 cells in Sf90011I medium whereas DNA concentration was selected based on literature
[29,30]. In the case of PEI, concentration ranges were picked based on empirical toxicity assays
(Figure S6). Since PEI had a toxicity effect on cells, the upper limit was set at 11 pg/mL and the
lower at 5 pg/mL. Working ranges for each variable at different levels -1, 0 and +1 are presented
in Table 1.

Box-Behnken design matrix consisted in 15 experiments in which the central point was triplicated
to account for the pure experimental error. Cells seeded at 0.3 x 10° cell/mL were amplified during
48 h and then subjected to a medium exchange to fresh SfO00I1l medium prior to transfection
with 1 mL of DNA:PEI complexes minimally incubated (< 1 min) in 150 mM NaCl. Specific
production (R.F.U/10° cell), transient transfection (% of eGFP positive cells) and viability (% of
viable cells) were evaluated as responses in this study (Table 1). The data were fitted to a second-
order polynomial model by the least squares method and a different model was obtained for each
one of the response variables based on Eq. 2. The statistical significance of each model equation
was confirmed by ANOVA analysis as depicted in Table 1. Model equation were subjected to a
refinement process to eliminate non-statistically significant terms (NS) based on the hierarchy
principle [31].

Three-dimensional plots were built according to model equations in order to detect synergies
between DNA, PEI and viable cell concentration (Fig. 5A-1). Noticeably, the three independent

variables had a strong influence on specific production being viable cell concentration at

213



Bioprocess engineering and characterization of HIV virus-like particle production in insect cells

transfection the most relevant one (Table 1). In all cases, DNA, PEI and cell concentrations close
to the space boundaries of the design revealed a decreased outcome in terms of eGFP specific
production. Hi5 cells transfected at mid concentration (level = 0) showed the highest production
rate. In this sense, the optimum condition maximizing specific production for the three variables
was located in the central region of the design space (Fig. 5A-C) which corresponded to 2.3
ug/mL of DNA, 8.1 pug/mL of PEl and 2.1 x 106 cell/mL at the time of transfection.

A different behavior was observed regarding transient transfection efficiency, being viable cell
concentration the most significant variable and to a lesser extend DNA and PEI concentrations
(Fig. 5D-F). In fact, the lower the cell concentration the higher the transfection efficiency, which
was more pronounced with low amounts of DNA and high concentrations of PEI (Fig 5D). A
statistically significant interaction between cell and DNA concentration was identified (p-value =
0.013, see Table 1) and indications of a possible interaction between DNA and PEI were also
encountered. Also, high DNA concentrations did not trigger efficient Hi5 cell transfection with
any PEI combination tested probably due to an imbalance in DNA:PEI complex formation (Fig.
5F). Then, the optimum condition maximizing transient transfection was found as 1 pg/mL of
DNA, 11 pg/mL of PEl and 1 x 10° cell/mL at the time of transfection.

The effect of DNA, PEI and cell concentration on culture viability was also monitored to better
understand cell state at the time of harvest. Viable cell concentration at the time of transfection
was the most influencing variable whereas PEI and DNA concentration had little and no effect,
respectively. Cells transfected at a higher concentration showed an earlier decline in cell viability
when compared to Hi5 cells transfected at a low concentration (Fig. 5G-I). Interestingly, high PEI
concentrations within the design range exhibited a slight beneficial effect on viability of high
concentrated cells. This could be attributed to better transfection efficiencies obtained at high PEI
concentrations with a reduced growth rate of transfected cells compared to non-transfected cells.
On the contrary, DNA concentration did not impact on cell viability as observed in Fig. 5G-I
where DNA concentration increases from 1 to 3 pg/mL and viability remained unchanged. In this
case, the optimum for DNA, PEI and cell concentration was 1 pg/mL of DNA, 5 pug/mL of PEI

and 1 x 108 cell/mL.
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Figure 5. Response surface graphs based on Box-Behnken experimental results. (A-C) Specific production of cell
culture lysates as a function of DNA, PEI and viable cell concentration at 72 hpt. (D-F) Percentage of eGFP positive
cells as a function of DNA, PEI and viable cell concentration at 48 hpt. (G-I) Cell culture viabilities as a function of

DNA, PEI and viable cell concentration of DNA, PEI and viable cell concentration at 72 hpt. The three-dimensional
graphs were constructed by depicting two variables at a time and maintaining the third one at a fixed level.
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Multiple response optimization with desirability functions

The assessment of Hi5 cells transient transfection by means of monitoring several responses
yielded different optimal conditions in each of the model equations. The purpose was to obtain
an overall transfection condition integrating the different responses in order to avoid situations
involving high transfection efficiencies but low productivities or vice versa. To do this, a
weighted-based modelling approach of the three responses consisting in the application of
desirability functions was implemented. Weight assignation to the responses (s — value) was
performed according to the priority given to each of the modelled equations. In this regard,
preference was assigned to the percentage of transfection (s = 2) and specific production (s = 1.5)
whilst cell viability at harvest time was considered as easily to be accomplished (s = 1). The
transformed d,, responses were then combined in a unique overall desirability (OD) function and
the best condition maximizing OD was found by applying Eq. 4. The combination of the three
responses resulted in 2.1 pg/mL of DNA, 9.3 pg/mL of PEI and 1.5 x 10° cell/mL as the global
optimum condition with an OD score of 0.47. A sensitivity analysis was also performed by
changing the s values of the different equations resulting in very similar optimum conditions that

confirmed the robustness of the calculation (data not shown).

Validation of the optimized model

A confirmation experiment was carried out to corroborate the optimal condition predicted by the
combination of RSM and desirability functions (Fig. 6). Under these conditions, the experimental
output was a maximum eGFP production of 5.8 £ 0.5 mg/L and 58.1 + 0.9 % transfection which
was within the calculated prediction interval of the overall optimum (Table 2). Cell culture
viability was 80.6 £ 0.6 % at the time of maximum production (72 hpt) in good agreement with
model prediction (Fig. 6A). eGFP specific productivity was calculated as 0.8 + 0.1 pg/10°

transfected cell-day in the optimal condition.
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Table 2. Experimental validation of the optimal condition and comparison to model predictions.

Response Experimental Model prediction
eGFP positive cells (%) 58.1+0.9 52.0+10
Specific production (mg/L) 55+05 6.0+£0.8
Viability (%) 80.6 + 0.6 73.2+10.2

Comparison between Hi5 and HEK293SF transient gene expression

Finally, the optimal transfection condition was compared to the optimum obtained in a previous
work with mammalian HEK293SF cells [30], a stablished cell line for protein production by
means of TGE [27,29]. Maximum Hi5 viable cell concentration and transfection (~60%) was
achieved at 48 hpt whereas HEK293SF cells did between 72-96 hpt (~70%). The same trend was
observed for maximum eGFP production, in this case 72 and 96 hpt for Hi5 and HEK293SF cell
lines, respectively (Fig. 6C). In these conditions, HEK293SF cells yielded a maximum eGFP

production of 4.3 + 0.4 mg/L.
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Figure 6. Model validation and comparison to HEK293SF cell line. (A) Cell growth of Hi5 and HEK293SF cell lines
transfected at their optima, respectively. (B) C Percentage of eGFP positive cells. (C) Intracellular eGFP concentration
in cell culture pellets. Cell density, viability, % eGFP positive cells and eGFP production were measured daily. Mean
values + standard deviation of triplicate experiments are represented.

Production of different recombinant products

The optimal transfection condition obtained based on the combination of DoE and desirability
functions was used in the production of diverse recombinant products besides eGFP, including
hSEAP and GageGFP. Maximal viable cell concentration was achieved at 48 hpt for h\SEAP while

Hi5 cells peaked at 72 hpt regarding GageGFP production (Fig. 7).
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transfection kinetics. Exponentially growing cells were transfected at 1.5 x 10° cells/mL. (C) Confocal microscopy
image of Hi5 cells transfected with plIZTV5-GageGFP. Cell membrane was stained with CellMask™ (red) and cell
nucleus with Hoechst (blue). Percentage of eGFP positive cells. (D) Intra and extracellular production levels of different
recombinant products. (E) GageGFP nanoparticle production kinetics quantification by flow virometry. (F) GageGFP

fluorescence distribution in the different fractions after ultracentrifugation.

The fusion of eGFP allowed to detect the interaction of GageGFP with the transfected Hi5 cell
membrane using confocal microscopy (Fig. 7C). These regions appeared as yellow dots arising
from the colocalization of GageGFP (green) with the lipid bilayer stained with CellMask™ (red).
The highest hSEAP concentration was attained at 72 hpt (15.3 + 1.3 mg/L), with most of the

protein secreted to the supernatant. Similarly, a maximal GageGFP production of 37.8 + 7.9
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R.F.U. was obtained at 72 hpt. A remarkable proportion of the GageGFP produced remained

intracellularly and never budded from the cells (Fig. 7D).

A more comprehensive analysis was performed by means of flow virometry. Using this technique,
the nanoparticle production kinetics could be directly tracked in GageGFP supernatants (Fig. 7E).
The highest number of GageGFP VLPs was attained at 72 hpt, coinciding with the fluorescence
peak measured by spectrofluorometry. In these conditions, nanoparticle quantification using NTA
resulted in a maximum concentration of 3.6 + 1.0 x 108 fluorescent particle/mL (Table 3).

Table 3. GageGFP production in harvested supernatants and cell lysates at 72 hpt using different quantification
methodologies.

o Fluorescent Total particles/
Quantification method . Supernatant Intracellular
particles/mL mL
NTA (particles/mL) 36+10-10% 24+0.3-101 -

Flow virometry (particles/mL) 29+0.7-10° 4.0+06-108 -

ELISA (ng/mL) - - 10.0 238.4

Fluorometry (R.F.U.) 1.4+0.6 - 10 - 15+06 36.3+7.3

aThis is the resulting value of correlating R.F.U. to VLP concentration (eq. 2)

The optimal harvesting condition for GageGFP VLP production was analyzed by analytical
ultracentrifugation aiming to assess the VLP assembling efficiency of Hi5 cells (Fig. 7F). Around
60 % of the fluorescence in the supernatant was attributed to VLPs (25 %, 25 — 45 %, 45 %) while
the rest was associated to non-assembled GageGFP monomer (SN and SN — 25 %) and cell debris
(Pellet). Considering that 60 % of the fluorescence in the supernatant corresponded to VLPs, the
number of GageGFP VLPs was calculated as 1.4 + 0.6 x 108 fluorescent particle/mL based on Eq.

2, in agreement with the NTA quantification (Table 3).

Discussion
The development of production strategies in insect cells devoid of baculovirus is gaining

increasing interest. Transient gene expression has been successfully used for the expression of a
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variety of proteins in different mammalian cell lines [9]. Among the available transfection
methodologies, liposome-based reagents or electroporation methods do not guarantee the
scalability or cost efficiency of the process and have been gradually relegated to the generation
of stable cell lines [7]. In this regard, affordable transfection carriers such as polyethylenimine
have become the gold standard for transient transfection purposes.

Recently, some publications have addressed PEI-based transient transfection in Hi5 cells reaching
~150 mg/L of TNFR:Fc [12] and ~120 mg/L Fab fragment [13] with specific productivities
ranging from 7.1 to 8.7 ug/10° transfected cell-day, respectively. Difficulties were found to
compare existing transfection methodologies since the output considerably depends on the target
recombinant protein, plasmid promoter, codon-optimization, enhancer regions and post-
regulatory elements [32,33]. For example, a 10-fold difference in specific productivity is observed
for the production of TNFR:Fc (3.5 pg/10° transfected cell-day) and eGFP (0.3 g /10° transfected
cell-day) inthe same host [24,34]. In this regard, differences in specific productivity of the system
here presented with the aforementioned publications could be attributed to the expression of
different proteins. Interestingly, a 2-fold increase in specific productivity was achieved in this
system in comparison to the most recent published transient eGFP production in Sf9 insect cells
[34,35]. Also, 1.3-fold overall eGFP production was obtained compared to HEK293SF cells, a
2.3-fold increase in specific productivity considering the optimal harvest time for each cell line
(0.4 pg/10° transfected cell-day). The TGE method here proposed resulted in more than 20-fold
increase in eGFP specific productivity compared to Hi5 cell with the BEVS [36], but a 5-fold
decrease as regards Sf9 baculovirus production [8]. In the case of hSEAP, 1.9 + 0.2 pg/10°
transfected cell-day were attained under the optimal production conditions, a 1.7-fold increase in
specific productivity compared to PEI mediated TGE in Sf9 cells. The overall hSEAP production
here reported (15 + 1.3 mg/L) is similar to the 12.9 mg/L [37] and 3.9-fold lower [38] for
baculovirus infected Hi5 cells, respectively.

The complexity associated to the production of GageGFP VLPs could be appreciated in
comparison to the eGFP protein. A total of 37.8 £ 7.9 R.F.U. were achieved for GageGFP whereas

322.2 = 25.8 R.F.U. were produced for eGFP, representing an 8.5-fold increase in fluorescent
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protein production. The different production levels obtained for these two different recombinant
products indicate that protein complexity is highly influential in the final protein outcome.
Similar results were reported in the HEK 293 mammalian cell line when comparing the
production of simple reporter proteins to complex nanoparticles [39].

Existing PEl-based TGE methods of Hi5 cells use animal-compound and high-hydrolysate
content culture media that could entail several limitations in terms of reproducibility and
standardization in the production of biologicals [12]. Thereof, the properties of DNA:PEI
complexes could be subjected to lot-to-lot variations in the culture media which would
compromise the applicability of this system. This variability hinders the appropriate
characterization of TGE in insect cells and consequently many variables influencing transfection
remain undefined. Here, the use of an animal origin-free and low-hydrolysate containing medium
favoured to better understand the synergies between several variables affecting TGE and should
also contribute to develop more reproducible bioprocessing methodologies.

Dynamic light scattering and cryo-electron microscopy were used to determine several properties
of DNA and PEI complexing process. In general lines, DLS provided information about the mean
size of DNA:PEI complexes and the co-existence of more than one population. Polyplexes pre-
formed in Sf900111, 150 mM NaCl and DPBS showed a mean size population increase with longer
incubation times between DNA and PEI. On the contrary, DNA and PEI incubation in ultrapure
water and 3 mM NaCl did not trigger any aggregation process during time period tested. The
latter confirmed that the presence of salt in the incubation solutions enhanced the aggregation of
DNA and PEI [40]. Furthermore, smaller polyplexes present in the incubation solutions with
lower salt content (ultrapure water and 3 mM NacCl) displayed similar transfection efficiencies to
those pre-formed in the solutions with higher salt content (Sf900111, 150 mM NaCl and DPBS).
This unveiled that small DNA:PEI polyplexes were the ones governing efficient transfection of
Hi5 cells, similarly to recent evidences found in other cell types [21].

Interestingly, there was no correlation between transient transfection efficiency and eGFP
production. For instance, DNA:PEI complex formation in 3 mM NaCl showed a similar

transfection efficiency compared to 150 mM NaCl but approximately only one third of the
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production in 150 mM NaCl was achieved in the former. The opposite occurred with DNA:PEI
complex formation in Sf900I11, where a smaller transfection efficiency compared to 3 mM NaCl
was obtained but more than 2-fold eGFP production was reached. This could be attributed to a
better condensing capability of DNA in complexes pre-formed in higher salt-containing solutions
compared to the small complexes obtained in low salt conditions. The former could probably load
more DNA and boost the production of eGFP which could be evidenced with higher fluorescence
intensities of transfected cells. In this sense, salt content in the solution of DNA and PEI polyplex
formation was revealed as an important variable strongly influencing protein expression.
Cryo-EM helped to gain insight into the morphology of these particles considering recent studies
highlighting the relevance of this property in DNA and drug delivery approaches [41,42]. The
advantage of using Cryo-EM was the visualization of different structure typologies and particle
assemblies in aqueous solution that is generally the natural occurring process. In fact, other
systems like Scanning or Transmission Electron Microscopy involve a sample pre-treatment with
either drying or staining that may complicate the resolution of the specimen under evaluation.
Cryo-EM revealed the presence of polyplexes higher than 1 um which could not be efficiently
detected by DLS and also confirmed the existence of diverse DNA:PEI complex populations in
the different incubation solutions tested. These results differ from previous reported observations
[43] where DNA:PEI complexes structures higher than 1 um could not be described in detail.
Optimization of viable cell concentration at time of transfection, DNA and PEI concentrations
was performed by means of a DoE-based approach, a methodology that enables to achieve an
optimal condition with a reduced number of experiments in a reasonable time [23,28]. These three
variables were used to monitor and model the three responses under consideration obtaining
different optimal conditions. In fact, low cell concentrations improved the transfection yield
whereas specific protein production increased at high cell concentrations. Strategies involving
graphical optimization and the application of desirability functions were firstly considered
towards the obtaining of a global optimal condition. Graphical optimization is a tedious
methodology when more than two responses are to be optimized [44], consequently the

mathematical-based approach on desirability functions was finally selected [45]. This technique

223



Bioprocess engineering and characterization of HIV virus-like particle production in insect cells

consisted in transforming each model equation to a dimensionless desirability scale d,, ranging
from zero (undesirable response) to one (optimal response) as depicted in Eq. 3. Besides, each
equation was given a weight (s value) according to the importance of each response. Low s values
made the equation to more easily satisfy desirability maximization whereas large s values
narrowed the possible responses satisfying this criterion. The transformed d,, responses were then
combined in a unique overall desirability (OD) function and the best condition maximizing OD
was found by applying Eqg. 4. Of note, the target of this optimization procedure was to find the
best condition but not to get an OD = 1 since the latter is completely dependent on the shape of
the responses and space boundaries [46]. Similar approaches combining the use of DoE and
desirability functions were found [47,48] but here we demonstrate that this methodology is also
applicable in a license-free software environment.

In conclusion, a robust and reproducible baculovirus-free transient gene expression methodology
of Hi5 cells is presented. Characterization of DNA:PEI complexes by means of Cryo-EM and
DLS techniques revealed that up to 300-400 nm size polyplexes were the most efficient in
transfecting Hi5 cell line. Also, DNA:PEI complex formation in 150 mM NaCl under minimal
complexing time (< 1 min) was proven as the best transfection and production condition. An
optimal transfection condition was achieved by means of combining RSM and desirability
functions which represents the first study dealing with multi-parametric optimization in TGE. The
developed Hi5 cell line TGE protocol provides an alternative to mammalian cell lines to rapidly
screen a wide variety of recombinant proteins within 3 days of transfection. Future efforts towards
scale-up of this process should allow the development of a rapid, efficient and flexible protein

production platform for therapeutic, diagnostic or structural biology purposes.

Acknowledgments

The authors would like to thank Dr. Paula Alves (Instituto de Biologia Experimental e
Tecnoldgica, Oeiras, Portugal) for providing the BTI-TN-5B1-4 cell line and pITV5-eGFP
plasmid vector. We would also like to thank Jorge Fomaro and Angel Calvache (Beckman

Coulter) for ceding the CytoFelx LX flow cytometer. We appreciate the support of Marti de Cabo,

224



Chapter 3 —part 11

Monica Roldan and Nuria Barba from Servei de Microscopia of UAB for his support with the
cryo-EM and confocal microscopy, respectively. The help of Llorenc Badiella (Servei
d’Estadistica Aplicada, UAB) in developing the R code and on statistical analysis is also
acknowledged. The help of José Amable Bernabé (Institut de Ciéncia de Materials de Barcelona,
CSIC), Manuela Costa (Servei de Cultius Cel-lulars, Produccié d’ Anticossos i Citometria, UAB)
and Dr. Salvador Bartolomé (Departament de Bioguimica i de Biologia Molecular, UAB) for the
assistance with DLS, cytometry and fluorometry, respectively, are also appreciated. The support
of Sahar Masoumeh in ELISA quantification is also appreciated. Eduard Puente-Massaguer is a
recipient of an FPU grant from Ministerio de Educacion, Cultura y Deporte of Spain

(FPU15/03577). The research group is recognized as 2017 SGR 898 by Generalitat de Catalunya.

Compliance with Ethical Standards

Conflict of interest

The authors declare that they have no competing interests.
Ethical approval

This article does not contain any studies with human participants performed by any of the authors.

225



Bioprocess engineering and characterization of HIV virus-like particle production in insect cells

References

[1]

[2]

(3]

[4]

(5]

(6]

[7]

(8]

(9]

[10]

G. Walsh, R. Jefferis, Post-translational modifications in the context of therapeutic
proteins, Nat. Biotechnol. 24 (2006) 1241-1252.

F. Fernandes, A.P. Teixeira, N. Carinhas, M.J.T. Carrondo, P.M. Alves, Insect cells as a
production platform of complex virus-like particles., Expert Rev. Vaccines. 12 (2013)
225-36.

S. Roest, S. Kapps-Fouthier, J. Klopp, S. Rieffel, B. Gerhartz, B. Shrestha, Transfection
of insect cell in suspension for efficient baculovirus generation, MethodsX. 3 (2016) 371—
377.

F. Liu, X. Wu, L. Li, Z. Liu, Z. Wang, Use of baculovirus expression system for generation
of virus-like particles: Successes and challenges, Protein Expr. Purif. 90 (2013) 104-116.
N. Clément, J.C. Grieger, Manufacturing of recombinant adeno-associated viral vectors
for clinical trials, Mol. Ther. - Methods Clin. Dev. 3 (2016) 16002.

Z. Shoja, M. Tagliamonte, S. Jalilvand, Y. Mollaei-Kandelous, A. De stradis, M.L.
Tornesello, F. M. Buonaguro, L. Buonaguro, Formation of Self-Assembled Triple-
Layered Rotavirus-Like Particles (tIRLPs) by Constitutive Co-Expression of VP2, VVP6,
and VP7 in Stably Transfected High-Five Insect Cell Lines, J. Med. Virol. 87 (2015) 102—
111

J. Vidigal, B. Fernandes, M.M. Dias, M. Patrone, A. Rolddo, M.J.T. Carrondo, P.M. Alves,
A.P. Teixeira, RMCE-based insect cell platform to produce membrane proteins captured
on HIV-1 Gag virus-like particles, Appl. Microbiol. Biotechnol. 102 (2018) 655-666.

F. Fernandes, J. Vidigal, M.M. Dias, K.L.J. Prather, A.S. Coroadinha, A.P. Teixeira, P.M.
Alves, Flipase-mediated cassette exchange in Sf9 insect cells for stable gene expression,
Biotechnol. Bioeng. 109 (2012) 2836—-2844.

S. Gutierrez-Granados, L. Cervera, A.A. Kamen, F. Godia, Advancements in mammalian
cell transient gene expression (TGE) technology for accelerated production of biologics.,
Crit. Rev. Biotechnol. 0 (2018) 1-23.

P. Royl, Transient expression in insect cells using a recombinant baculovirus synthesising

226



Chapter 3 —part 11

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

bacteriophage T7 RNA polymerase, Nucleic Acids Res. 23 (1995) 188-191.

M. Lu, R.R. Johnson, K. latrou, Trans-activation of a cell housekeeping gene promoter by
the IE1 gene product of baculoviruses, Virology. 218 (1996) 103-113.

X. Shen, A.K. Pitol, V. Bachmann, D.L. Hacker, L. Baldi, F.M. Wurm, A simple plasmid-
based transient gene expression method using High Five cells, J. Biotechnol. 216 (2015)
67-75.

K. Mori, H. Hamada, T. Ogawa, Y. Ohmuro-matsuyama, T. Katsuda, H. Yamaji, Efficient
production of antibody Fab fragment by transient gene expression in insect cells, J. Biosci.
Bioeng. 124 (2017) 221-226.

S. Gutiérrez-Granados, L. Cervera, F. Godia, J. Carrillo, M.M. Segura, Development and
validation of a quantitation assay for fluorescently tagged HIV-1 virus-like particles, J.
Virol. Methods. 193 (2013) 85-95.

S. Kuhnt, N. Rudak, Simultaneous Optimization of Multiple Responses with the R
Package JOP, J. Stat. Softw. 54 (2013) 1-23.

L.A. Palomares, M. Realpe, O.T. Ramirez, An Overview of Cell Culture Engineering for
the Insect Cell-Baculovirus Expression Vector System (BEVS), in: Anim. Cell Cult.,
Springer, Cham, 2015: pp. 501-519.

J. Osz-Papai, L. Radu, W. Abdulrahman, I. Kolb-Cheynel, N. Troffer-Charlier, C. Birck,
A. Poterszman, Insect cells-baculovirus system for the production of difficult to express
proteins, in: Methods Mol. Biol., Humana Press, New York, NY, 2015: pp. 181-205.
L.C.L. Chan, S. Reid, Development of serum-free media for lepidopteran insect cell lines,
in: Methods Mol. Biol., Humana Press, New York, NY, 2016: pp. 161-196.

L. Sander, A. Harrysson, Using cell size kinetics to determine optimal harvest time for
Spodoptera frugiperda and Trichoplusia ni BTI-TN-5B1-4 cells infected with a
baculovirus expression vector system expressing enhanced green fluorescent protein,
Cytotechnology. 54 (2007) 35-48.

E.V.B. Van Gaal, R. Van Eijk, R.S. Oosting, R.J. Kok, W.E. Hennink, D.J.A. Crommelin,

E. Mastrobattista, How to screen non-viral gene delivery systems in vitro?, J. Control.

227



Bioprocess engineering and characterization of HIV virus-like particle production in insect cells

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Release. 154 (2011) 218-232.

A. Raup, H. Wang, C. V. Synatschke, V. Jérdbme, S. Agarwal, D. V. Pergushov, A.H.E.
Mdiller, R. Freitag, Compaction and Transmembrane Delivery of pDNA: Differences
between I-PEI and Two Types of Amphiphilic Block Copolymers, Biomacromolecules.
18 (2017) 808-818.

D.L. Hacker, D. Kiseljak, Y. Rajendra, S. Thurnheer, L. Baldi, F.M. Wurm,
Polyethyleneimine-based transient gene expression processes for suspension-adapted
HEK-293E and CHO-DG44 cells, Protein Expr. Purif. 92 (2013) 67-76.

S. Gutierrez-Granados, L. Cervera, M. de las M. Segura, J. Wolfel, F. Godia, Optimized
production of HIV-1 virus-like particles by transient transfection in CAP-T cells, Appl.
Microbiol. Biotechnol. 100 (2016) 3935-3947.

X. Shen, D.L. Hacker, L. Baldi, F.M. Wurm, Virus-free transient protein production in
Sf9 cells, J. Biotechnol. 171 (2013) 61-70.

B.C. Thompson, C.R.J. Segarra, O.L. Mozley, O. Daramola, R. Field, P.R. Levison, D.C.
James, Cell line specific control of polyethylenimine-mediated transient transfection
optimized with “Design of experiments” methodology, Biotechnol. Prog. 28 (2012) 179—
187.

J. Fuenmayor, L. Cervera, S. Gutiérrez-Granados, F. Godia, Transient gene expression
optimization and expression vector comparison to improve HIV-1 VLP production in
HEK?293 cell lines, Appl. Microbiol. Biotechnol. 102 (2018) 165-174.

F. Bollin, V. Dechavanne, L. Chevalet, Design of experiment in CHO and HEK transient
transfection condition optimization, Protein Expr. Purif. 78 (2011) 61-68.

D.C. Montgomery, Design and Analysis of Experiments, 5th ed., John Wiley & Sons Inc.,
Arizona, 2012.

G. Backliwal, M. Hildinger, V. Hasija, F.M. Wurm, High-density transfection with HEK-
293 cells allows doubling of transient titers and removes need for a priori DNA complex
formation with PEI, Biotechnol. Bioeng. 99 (2008) 721-727.

L. Cervera, S. Gutiérrez-Granados, M. Martinez, J. Blanco, F. Gadia, M.M. Segura,

228



Chapter 3 —part 11

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Generation of HIV-1 Gag VLPs by transient transfection of HEK 293 suspension cell
cultures using an optimized animal-derived component free medium, J. Biotechnol. 166
(2013) 152-165.

J.L. Peixoto, Hierarchical Variable Selection in Polynomial Regression Models, Am. Stat.
41 (1987) 311.

M. Lu, PJ. Farrell, R. Johnson, K. latrou, A baculovirus (Bombyx mori nuclear
polyhedrosis virus) repeat element functions as a powerful constitutive enhancer in
transfected insect cells, J. Biol. Chem. 272 (1997) 30724-30728.

R. Roman, J. Miret, F. Scalia, A. Casablancas, M. Lecina, J.J. Caird, Enhancing
heterologous protein expression and secretion in HEK293 cells by means of combination
of CMV promoter and IFNa2 signal peptide, J. Biotechnol. 239 (2016) 57-60.

M. Bleckmann, M. Schirig, F.F. Chen, Z.Z. Yen, N. Lindemann, S. Meyer, J. Spehr, J.
Van Den Heuvel, Identification of essential genetic baculoviral elements for recombinant
protein expression by transactivation in Sf21 insect cells, PLoS One. 11 (2016) 1-19.

S. Radner, P.H.N. Celie, K. Fuchs, W. Sieghart, T.K. Sixma, M. Stornaiuolo, Transient
transfection coupled to baculovirus infection for rapid protein expression screening in
insect cells, J. Struct. Biol. 179 (2012) 46-55.

F. Monteiro, V. Bernal, X. Saelens, A.B. Lozano, C. Bernal, A. Sevilla, M.J.T. Carrondo,
P.M. Alves, Metabolic profiling of insect cell lines: Unveiling cell line determinants
behind system’s productivity, Biotechnol. Bioeng. 111 (2014) 816-828.

T.R. Davis, K.M. Trotter, R.R. Granados, H.A. Wood, Baculovirus Expression of Alkaline
Phosphatase as a Reporter Gene for Evaluation of Production, Glycosylation and
Secretion, Nat. Biotechnol. 10 (1992) 1148-1150.

L. Ikonomou, G. Bastin, Y. Schneider, S. Agathos, Design of an efficient medium for
insect cell growth and recombinant protein production, Vitr. Cell. &amp; Dev. Biol. -
Anim. 37 (2001) 549-559.

L. Cervera, S. Gutiérrez-Granados, N.S. Berrow, M.M. Segura, F. Godia, Extended gene

expression by medium exchange and repeated transient transfection for recombinant

229



Bioprocess engineering and characterization of HIV virus-like particle production in insect cells

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

protein production enhancement, Biotechnol. Bioeng. 112 (2015) 934-946.

Y. Sang, K. Xie, Y. Mu, Y. Lei, B. Zhang, S. Xiong, Y. Chen, N. Qi, Salt ions and related
parameters affect PEI-DNA particle size and transfection efficiency in Chinese hamster
ovary cells., Cytotechnology. 67 (2015) 67-74.

Z. Chu, S. Zhang, B. Zhang, C. Zhang, C.-Y. Fang, I. Rehor, P. Cigler, H.-C. Chang, G.
Lin, R. Liu, Q. Li, Unambiguous observation of shape effects on cellular fate of
nanoparticles, Sci. Rep. 4 (2015) 4495.

L. Chen, S. Xiao, H. Zhu, L. Wang, H. Liang, Shape-dependent internalization kinetics of
nanoparticles by membranes, Soft Matter. 12 (2016) 2632—-2641.

R.M. Glaeser, How good can cryo-EM become?, Nat. Methods. 13 (2016) 28-32.

M.A. Bezerra, R.E. Santelli, E.P. Oliveira, L.S. Villar, L.A. Escaleira, Response surface
methodology (RSM) as a tool for optimization in analytical chemistry, Talanta. 76 (2008)
965-977.

G. Derringer, R. Suich, Simultaneous optimization of several response variables, J. Qual.
Technol. 12 (1980) 214-2109.

L. Vera Candioti, M.M. De Zan, M.S. Camara, H.C. Goicoechea, Experimental design
and multiple response optimization. Using the desirability function in analytical methods
development, Talanta. 124 (2014) 123-138.

C. Paillet, G. Forno, N. Soldano, R. Kratje, M. Etcheverrigaray, Statistical optimization of
influenza HIN1 production from batch cultures of suspension Vero cells (sVero), Vaccine.
29 (2011) 7212-7217.

R. Islam, R. Sparling, N. Cicek, D. Levin, Optimization of Influential Nutrients during
Direct Cellulose Fermentation into Hydrogen by Clostridium thermocellum, Int. J. Mol.

Sci. 16 (2015) 3116-3132.

230



Chapter 3 —part 11

Supplementary material

Size Distribution by Intensity Size Distribution by Intensity

Intensity (Percent)
Intensity (Percent)

01 [ 10 100 1000 10000 0.1 1 10 100 1000 . 10000
Size {d.nm) Size (d.nm)
—— Record 252 3 min — Record 256: 11 min| ———  Record 270: 3 mi — 76: 14 mil
—— Record261:21min__—— Record 266: 31 min — o %anz«ammr;n —s gsg: 3 min
Size Distribution by Intensity Size Distribution by Intensity
40
- 230
; :
e g
o o
5 2
Z 2 a
@ @
c &
£ E
& 1
01 1 10 100 1000 10000 0.1 1 10 100 1000 10000
Size (d.nm) Size (d.nm)
—— Record 123: 6 min — Record 127: 16 min| —— Record 136: 6 min = Record 140: 16 min|
— Record 131: 26 min Record 135. 36 min| —— Record145:27min  —— Record 148: 35 min

Size Distrioution by Intensity

Intensity (Percent)

Size (d.nm)

— Record 288: 4 min — Record 291 11 min
——— Record297:21min  —— Record 301: 29 min

Figure S1. Intensity-based mean hydrodynamic diameter of DNA:PEI polyplex formation over time measured with
dynamic light scattering. (A) 3 mM NaCl (Atn:10). (B) 150 mM NaCl (Atn:7). (C) DPBS (Atn:8). (D) Sf90011l medium
(Atn:7). (E) Ultrapure water (Atn:10). Atn: DLS attenuator.
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Figure S2. Intensity-based mean hydrodynamic diameter of DNA adition to the different incubation solutions over
time measured with dynamic light scattering. (A) 3 mM NaCl (Atn:11). (B) 150 mM NaCl (Atn:11). (C) DPBS
(Atn:11). (D) Sf90011I medium (Atn:10). (E) Ultrapure water (Atn:11). Atn: DLS attenuator.
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Figure S5. Cryo-EM images of PEI adition to the different incubation solutions at 5 min incubation.
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on cell growth. Mean values + standard deviation of triplicate experiments are represented.
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Stable cell pools have emerged as a strategy to stably express recombinant products. The reduced
timeline required for their development and the capacity to achieve similar production yields to
those achieve by clonal cell lines make them an interesting approach. In this chapter, stable insect
cell pools were developed to produce recombinant products with different complexities: the
mCherry intracellular protein and HIV-1 GageGFP virus-like particles (VLPs). Random
integration coupled to fluorescence-activated cell sorting (FACS) were applied to generate the
stable cell pools and to select the high producer cell within each pool, respectively. The complete
generation process from transfection to stable production took 7 weeks for High Five cells and 10
weeks for Sf9 cells. Sf9 stable cell pools achieved a 1.4-fold increase in mCherry concentration
(37.4 £ 4.5 mg/L) whereas High Five cells attained higher VLP titers by 3.7-fold (14.9 + 1.4 x
105 VLP/mL). The stability of the cell pools here developed was successfully evaluated during
the time course of a month. This study highlights the use of insect cell pools to stably produce a

variety of recombinant products in a reduced window of time.
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Abbreviations: eGFP, enhanced green fluorescent protein; EV, Extracellular vesicle; FACS,
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Introduction

Transient gene expression (TGE) is widely used to screen different genes of interest (GOI) and
to produce enough amounts of a recombinant product in short timeframe [1]. It is based on the
transient episomal expression of a plasmid DNA/s that have been introduced into the cells, but
this expression is lost over time. Therefore, TGE is very adequate at early stages of the
development of biopharmaceutical products, but when the target recombinant product has been
selected among different candidates and the production at bioreactor scale is required, TGE has a
series of drawbacks [2]. These limitations encompass the production of high amounts of DNA
and an added step of maneuverability due to the need to introduce DNA in combination to a
transfection reagent, thus increasing batch-to-batch variability and eventually the manufacturing
costs. Furthermore, there exists the possibility that the medium used for cell growth is
incompatible with transfection, which would require a partial or complete medium replacement
prior to transfection [3,4]. Stable gene expression (SGE) consists in the expression of a GOIl/s
based on the integration of a plasmid DNA/s into genome of the cells. This process can be
performed via targeted and non-targeted integration methodologies. Target integration groups a
series of methods that direct plasmid DNA to genome loci with high transcription rates and low
gene silencing [5,6]. This is also possible in non-targeted integration techniques, but the efficiency
is lower. Non-targeted random integration is an extensively used approach to develop stable
expression systems and it basically allows to introduce one or more copies of DNA through the
cell genome [7,8]. Both techniques of DNA integration into the genome are followed by a phase
in which the stably producing phenotype is selected over the others based on the addition of a
selective pressure into the cell culture media. At this point, the classical procedure is to screen for
individual clones that have the highest growing and producing capabilities, with better chances
for targeted integration techniques. Limiting dilution and more recently fluorescence-activated
cell sorting (FACS) are common techniques employed to this purpose with the final goal to
stablish a phenotypic and genotypic homogenic system for protein production [9]. This process

can be time-consuming since the higher the clones screened, the better the chances to find a high
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producer cell. Nevertheless, several studies have reported that different expression patterns are
also observed within cells derived from a clonal cell line [10,11]. Then, it is not clear if the efforts
needed to develop a stable cell line are sufficiently justified. Stable cell pools have emerged as a
valuable approach for stable protein production [12,13]. In this case, the timeline from
transfection to production is substantially reduced and production titers are similar to those

achieved with stable cell lines.

So far, most of the studies conducted for the development of stable cell pools have been performed
in CHO cells [13,14]. Nonetheless, Insect cell lines have proven to be a robust system with success
in the production of different recombinant products [15]. These cells provide the means to
generate adequate post-translational modifications, have low culture requirements, show a fast
cell growth, and possess a high safety level due to the absence of known human pathogens.
Among them, Dipteran S2 cells have been used for stable production of recombinant proteins

[16], but Lepidopteran Sf9 and High Five cells have also shown good promise [17,18].

In this work, the generation of stable Sf9 and High Five insect cell pools was investigated for the
production of two recombinant products with different complexities, the mCherry intracellular
protein and HIV-1 Gag virus-like particles (VLPs). To facilitate VLP quantification, the Gag
polyprotein was fused in frame to eGFP. Random DNA integration was used in combination to
FACS to select the high producers within each stable cell pool. A final characterization of cell
pool stability was performed to assess that recombinant protein expression was maintained over

time.

Materials and methods

Cell lines and culture conditions

The BTI-TN-5B1-4 cells (High Five, cat. num. B85502, Thermo Fisher Scientific, Grand Island,

NY, USA) and Sf9 cells (cat. num. 71104, Merck, Darmstadt, Germany) were adapted to grow in
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the SF00111 medium (Thermo Fisher Scientific). Both insect cells were subcultured three times a
week in 125 mL disposable polycarbonate Erlenmeyer flasks (Corning, Steuben, NY, USA) at a
density of 2 - 4 x 10° cells/mL for High Five cells and 4 - 6 x 10° cells/mL for Sf9 cells. All
cultures were grown in an orbital shaker at 130 rpm (Stuart, Stone, UK) and maintained in an

incubator at 27 °C.

For cell selection, the medium was supplemented with the antibiotic zeocin (InvivoGen, San
Diego, CA, USA) according to toxicity assays. Zeocin selection was kept until the viability of the
culture was completely recovered, but a minimum of 4 weeks of zeocin addition to the culture
was maintained to ensure that the expression of mCherry or GageGFP was not episomal but from

stable integration.

Cell count and viability were measured with the automated cell counter Nucleocounter NC-3000
(Chemometec, Allered, Denmark). Stable cell pools were also observed under a TCS SP5
confocal microscope (Leica, Wetzlar, Germany) for qualitative analysis of mCherry and
GageGFP expression. Cell nuclei were stained in blue dye with 0.1 % v/v of Hoechst (Thermo
Fisher Scientific). Dye excess was removed by mild centrifugation at 300 xg for 5 min and cell
resuspension in fresh Sf900111 medium. Afterwards, samples were placed in 35 mm glass bottom

Petri dishes with 14 mm microwell (MatTek Corporation, Ashland, MA, USA) for visualization.

Plasmid construction and transfection

The plZTV5-GageGFP plasmid coding for a Rev-independent HIV-1 Gag fused in frame to the
enhanced green fluorescent protein eGFP (NIH AIDS Reagent Program, cat. num. 11468) [19]
was constructed as described in Chapter 3. The plZTV5-mCherry plasmid coding for the
intracellular fluorescent mCherry protein was generated from PCR cloning of the mCherry gene
from the pPEU3 plasmid [20] with the following primer pair: forward 5’-
CGTAAAGCTTATTTACAATCAAAGGAGATATACCA-3’ and reverse 5’-

CGTAGCGGCCGCCTACTTGTACAGCTCGTCCATGC-3’. The amplified fragment and the
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plZTV5-his plasmid (Thermo Fisher Scientific) were digested with Hindlll and Notl and ligated
into the plZTV5-mCherry. Fragments containing the sequences of interest were ligated, obtaining
the pVVL1393-GageGFP transfer plasmid. Both plasmid DNA encode for the bleomycin resistance

protein which confers resistance to zeocin.

Both insect cells were transfected using Cellfectin® Il (Thermo Fisher Scientific) as reported by
Vidigal and co-workers [21]. Briefly, 0.3 pg/108 cell of plZTV5-mCherry or plZTV5-GageGFP
and 8 pL/108 cell of Cellfectin Il were separately added to 500 pL of non-supplemented Grace’s
insect medium (Thermo Fisher Scientific), vortexed for 5 s and incubated at RT for 30 min. Then,
both solutions were mixed, vortexed for 5 s and added to cells. Zeocin selection was started at 48

and 72 hpt for High Five and Sf9 cells, respectively.

The percentage of mCherry or GageGFP positive cells was evaluated in a BD FACS Canto Il
flow cytometer and analyzed with the BD FACSDIVA software (BD Biosciences, San Jose, CA,
USA). The number of mCherry and GageGFP positive cells was determined in the PerCP-Cy5-A

and FITC-A PMT detectors, respectively.

Fluorescence-activated cell sorting

Stable pool enrichment with high producer cells was performed by three rounds of fluorescence-
activated cell sorting (FACS) in a BD FACSJazz™ (BD Biosciences) equipped with two lasers
(488 nm and 635 nm). The threshold was set to select the 30 % of most fluorescent cells during
the first two rounds of FACS, and the final round was used to remove the lowest fluorescent cells
(50 — 80 %). Shortly, mCherry and GageGFP stable producing cell pools were grown to 2 x 108
cell/mL for High Five and 3 x 10° cell/mL for Sf9 cells before sorting. 1 % of Pluronic F-68 100X
and 1X from a 100X solution of antibiotic-antimycotic (Thermo Fisher Scientific) were added to
the cell culture to minimize the effect of shear stress and avoid contamination. The sheath fluid
was DPBS (Thermo Fisher Scientific) at constant pressure of 27 psi and the sorting rate was

maintained in the range of 500 to 2000 cell/s. 2 x 10° cell cells were collected in fresh SfO00III
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medium supplemented with 2 % FBS and 1X of antibiotic-antimycotic. After sorting, cells were
centrifuged at 300 xg for 5 min to remove the sheath fluid and resuspended at a final concentration
of 0.5 x 108 cell/mL in 6-well plate with fresh SF900111 medium containing 5 % FBS, zeocin and
1X of antibiotic-antimycotic. Then, cells were maintained in the incubator at 150 rpm for 1 week.

Zeocin was removed from cell culture after the different rounds of FACS were performed.

Spectrofluorometry

Intracellular GageGFP and mCherry production were evaluated based on the fluorescence levels
from stable pools. Cell pellets were recovered by centrifugation 3000 xg for 5 min and disrupted
by means of three freeze-thaw cycles (2.5 h at -20 °C and 0.5 h at 37 °C) and vortexed 5s 3 times
between cycles. Lysed pellets were then resuspended in TMS buffer (50 mM Tris-HCI, 150 mM
NaCl, 2 mM MgCly, pH 8.0) and centrifuged at 13700 xg for 20 min. GageGFP fluorescence was
measured with a Cary Eclipse spectrophotometer (Agilent Technologies, Santa Clara, CA, USA)
at RT as follows: Aex = 488 nm (slit = 5), Aem= 500 — 530 nm (slit = 10). For mCherry
fluorescence measurement, the equipment settings were as follows: Aex = 587 nm (slit = 5), kem=
600 — 630 nm (slit = 10) Relative fluorescence units (R.F.U) were calculated by measuring the
difference between stable producing pools and non-expressing controls. mCherry concentration
was determined using a standard curve based on the linear correlation between known mCherry

concentrations (BioVision, Milpitas, CA, USA) and their associated fluorescence R.F.U.:

mCherry (mg/L) = (R.F.U.—-55.008)/9.0401 @

The Sf9001Il1 medium and a 0.1 mg/mL quinine sulphate solution were used as controls to

normalize de R.F.U. between samples from different experiments.
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Nanoparticle quantification

The concentration of GageGFP VLPs and extracellular vesicles were assessed by flow virometry
in a CytoFlex LX (Beckman Coulter) equipped with a 488 nm blue laser for fluorescent particle
detection and a 405 nm laser/violet side scatter configuration for improved nanoparticle size
resolution. Samples were diluted in 0.22 pum-filtered DPBS and analyzed with the CytExpert 2.3

software.

A HIV-1 p24 enzyme-linked immunosorbent assay (ELISA) (Sino Biological, Wayne, NJ, USA)
was also used to quantify GageGFP polyprotein concentrations in the supernatant. The protocol
used is described in chapter 3. The p24 concentration values were corrected based on GageGFP

molecular weight (87.7 kDa).

Results and discussion

Toxicity assays

Different zeocin concentrations were tested for stable pool generation in High Five and Sf9 cells.
The concentration range was defined according to preliminary experiments of this antibiotic with
both cells (data not shown) and was set from 50 to 500 pug/mL (Figure 1). zeocin displays a
combined mechanism of action based on intercalation into DNA and the induction of DNA double

strand breaks [22,23].
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Figure 1. Zeocin toxicity assay in Sf9 (a) and High Five cells (b). Viable cell concentration and viability in 10 mL of
cell culture in Erlenmeyer flasks at 48 h post addition of the antibiotic. Sf9 cells were seeded at 4.0 x 10° cell/mL and

High Five cells at 0.5 x 106 cell/mL. Results from triplicate experiments are represented.

Zeocin addition to Sf9 cell cultures triggered cell death at increasing concentrations as observed
by the decline in cell viability and in viable cell concentration. On the other hand, zeocin activity
in High Five cells arrested their growth but cell viability was not significantly affected, possibly
indicating a delayed action of zeocin in this cell line [24]. Addition of 300 pg/mL of zeocin was
selected as the condition for stable pool generation in both cell lines since higher antibiotic

concentrations did not show a significant difference.

Stable cell pool generation

Transfected cells with pIZTV5-mCherry and pIZTV5-GageGFP were left to grow until 48 hpt for
High Five cells and 72 hpt for Sf9 cells in Sf9001I1 medium. Initial drop in cell viability was
caused by the transfection process itself while subsequent declines in cell viability were produced
by the addition of zeocin. During the development process of the stable cell pools, no relevant
differences were observed in the time required to stably express GageGFP or mCherry within the

same cell lineage (Figure 2).
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300 pg/mL and kept at this concentration in every subculture.

High Five cells exhibited an initial decline in cell viability to 60 — 70 % that lasted one week and
then cells experimented a progressive recuperation. For Sf9 cells, more variability in cell viability
was observed during the first month under selection and after that cell viability started to raise.
The accelerated cell growth kinetics of High Five cells resulted in faster accomplishment of cell
pool stability in comparison to Sf9 cells. It took approximately 2 weeks for High Five cells to
completely recover cell viability, but cells were left for 4 weeks under culture to ensure stable
plasmid integration into cell genome. In the case of Sf9 cells, 7 weeks were required to recover
cell viability in the transfected cell cultures under selective pressure. These difference in the time
needed for stable pool expression in both cell lines were not that remarkable when comparing the
number of subcultures performed in for each cell lineage. During the 7 weeks required to develop
the stable Sf9 pools, cells were subculture 15 times, while 16 cell passages were required for High

Five cells to obtain the stable cell pools during the 4 weeks that were maintained in culture.

Stable pool enrichment by FACS

The initial stable cell pools (unsorted) were a mix of various cell types, encompassing cells that
had integrated one or several copies of each plasmid and others that had only integrated the
resistance gene. At the end of the development of each stable cell pool, the percentage of stably

expressing Sf9 cells was 53.1 % for GageGFP and 74.1 % for mCherry whereas for Hi5 stable
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pools it was 45.6 % and 47.8 %, respectively. To this purpose, FACS was used to remove the

non-producing cells and select the high producer cell population in each pool (Figure 3).

a b
- Parental Sf9 cell line - Parental Hi5 cell line
- Unsorted stable pool - Unsorted stable pool
- 3X Sorted stable pool - 3X Sorted stable pool
T 7T “h
0 10° 10! 10° 0 10° w0 10°
mCherry fluorescence intensity mCherry fluorescence intensity
c d
- Parental S/ cell line ﬂ - Parental Hi5 cell line
- Unsorted stable pool - Unsorted stable pool
B 3 Sorted stable pool : 3X Sorted stable pool

 Waaaa aans - (AAN Kl |
0 10 0 10 0 10° 10 10°

GageGFP fluorescence intensity GageGFP fluorescence intensity

Figure 3. Histograms comparing the average fluorescence intensity from parental cells, unsorted stable cell pools and
stable cell pools after three rounds of sorting. (a) Sf9 mCherry, (b) High Five mCherry, (c) Sf9 GageGFP and (d) Hi5
GageGFP. Average mCherry fluorescence intensity was measured in the PerCP detector whereas GageGFP

fluorescence was evaluated in the FITC detector.

Three rounds of FACS enrichment for each stable cell pool were performed to maximize the
number of high producing cells in each pool. After the three rounds of sorting, the average
fluorescence intensity from each cell pool was significantly improved (Table 1). An 8.1 and 3.4-
fold improvement in GageGFP average fluorescence intensity was obtained, whereas a 4.5 and
4.1-fold increase in mCherry average fluorescence intensity were achieved for Sf9 and High Five
stable pools, respectively. This strategy has also been applied to enrich stably producing pools of

monoclonal antibodies in CHO cells [25,26] and fluorescent proteins in insect cells [27,28].
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Table 1. Average fluorescence intensity values for mCherry and GageGFP unsorted stable pools and after three rounds

of FACS. Values are expressed in arbitrary units.

Hi5 Sf9
Condition mCherry GageGFP mCherry GageGFP
Unsorted stable pool 62 200 109 77
3X sorted stable pool 255 894 367 625

After FACS, the 8.6 % and 4.9 % most producing cells of the unsorted mCherry stable pool were
selected and the 12.7 % and 7.8 % of the unsorted GageGFP stable pool for High Five and Sf9

cells, respectively.

Stable pool characterization

Cell growth and maintenance of sorted cell population in the enriched stable pools was evaluated
(Figure 4). Stable protein production did not affect the maximum cell concentration attained by
mCherry and GageGFP stable pools in comparison to parental Sf9 cells. Indeed, maximum cell
concentration increased in both stable pools, probably due to the longer period in which the stables
pools were cultured in Sf900111 medium resulting in a better adaptation to this medium. On the
contrary, maximum viable cell concentration decreased in mCherry and GageGFP High Five
stable pools compared to parental cells. In this case, parental High Five cells were left for two
months in culture to adapt them to the SFO00I11 medium since it is developed for Sf9 cells. In turn,
this adaptation process could cause that a longer exposure to Sf900IIl did not improve the
performance of High Five cells in this medium. Thus, the constitutive production of a
heterologous protein could re-direct some of the employed for cell growth to protein production
causing a decrease in the final maximum cell density. A similar behavior in cell growth kinetics

has also been observed in the development of stable Sf9 cell lines [21].
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Figure 4. Cell growth profile and percentage of fluorescent cells of stable cell pools and parental cell lines. Viable cell
concentration and viability of mCherry, GageGFP stable pools and parental cells for Sf9 (a) and High Five cells (b).
Sf9 and High Five cells were seeded at 0.5 and 0.3 x 10 cell/mL, respectively. Analysis of the percentage of fluorescent
cells of GageGFP and mCherry Sf9 (c) and High Five (d) stable pools by flow cytometry.

Comparison of doubling times in the different Sf9 cell conditions showed no difference between
GageGFP stable pools and parental cells but did exhibit an increase for mCherry stable pools,
possibly related to the metabolic burden triggered by the production of the recombinant protein
(Table 2). Despite no significant differences were observed between parental and Sf9 GageGFP
stable pools, it is evident that the pace of the latter is substantially reduced by the end of the
exponential phase (120 h) in comparison to parental cells. This could indicate that the pressure
exerted to produce GageGFP could also be affecting the cell growth of the GageGFP stable pool
from 120 h onwards. Regarding High Five cells, the doubling time increased in both stable pools
compared to parental cells, indicating a deceleration in cell growth due to the production of

GageGFP and mCherry.
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Table 2. Comparison of doubling times between parental cell lines, mCherry and GageGFP stable pools.

Cell line Condition Doubling time (h)
Parental cell line 18.6+0.2
Hi5 GageGFP stable pool 204 +0.8
mCherry stable pool 221+1.0
Parental cell line 23.0%0.2
Sf9 GageGFP stable pool 22.7+0.3
mCherry stable pool 265+2.0

The percentage of fluorescent cells was maintained up to 120 h in both cases. As from 120 h, a
decrease was observed, which was more pronounced for the Sf9 GageGFP compared to the
mCherry stable pool, whereas for High Five cells it was more relevant for the mCherry than for
the GageGFP stable pool. Analysis of cell viability indicated that the decline in the number of
fluorescent cells coincided with the decrease in cell viability, which was more pronounced for the
GageGFP pool in Sf9 cells and for the mCherry pool for High Five cells. Inspection of the
different stable pools by confocal microscopy showed the expression of GageGFP (green) and
mCherry (magenta). Different fluorescence intensities could be observed within the same stable
pool, thus indicating heterogeneity in the production levels of the cells conforming each pool

(Figure 5).
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15 pm

25 pm

Figure 5. Confocal microscopy three dimensional images of stable cell pools. mCherry and GageGFP stable pools for
Sf9 (a, ¢) and High Five cells (b, d) at 96 and 48 h, respectively. The nuclei of GageGFP (green) and mCherry (magenta)

producing cells was stained with Hoechst (blue).

Intracellular mCherry production levels steadily increased up to 144 h and 120 h for Sf9 and High
Five cells, respectively (Figure 6a - b). mCherry could also be measured in the supernatant of
stable cell pools mainly at the end of the production curve, which could be attributed to protein
leakage from dead cells. mCherry intracellular production peaked at 144 h in Sf9 cells (283.4 +
41.0 R.F.U.) and 120 h for High Five cells (187.5 + 4.8 R.F.U.), corresponding to 37.4 £ 4.5 and
26.8 + 0.5 mg/L of mCherry (Eg. 1). Sf9 stable pools reached a 1.4-fold increase in mCherry
production but High Five cells attained a 1.5-fold increase in specific production (4.7 + 0.4 mg/10°
cell). The mCherry production titers obtained in this work were in the range of other fluorescent

proteins produced with baculovirus-free systems. For instance, a 47.9 £ 4.1 mg/L of eGFP were
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reported in a Sf9 clonal cell line [29] and 50 mg/L of purified GFP were produced by transient
gene expression (TGE) in HEK 293-EBNAL cells [30]. Also, these mCherry titers show superior
results than eGFP production by TGE in Sf9 and High Five cells as reported in chapter 3.
Comparison to the baculovirus expression vector system (BEVS) yielded different outcomes. On
the one hand, Monteiro and co-workers report lower GFP specific productivities around 0.02
1g/108 cell for Sf9 cells and about 0.15 pg/10° cell for High Five cells [31] while a 1.8 and 2.5-
fold increase in GFP production compared to Sf9 and High Five stable mCherry pools,

respectively, is shown by Fernandes and co-authors (67.9 £ 5.7 mg/L) [29].

Regarding the production of GageGFP VLPs, intracellular GageGFP fluorescence levels grow
until 120 h for both insect cells lines whereas VLP titers increased up to end of the experiment
(Figure 6¢ — d). However, the VLP production rate decreased in Sf9 cells from 144 h onwards,
which could indicate that extending the production phase might not be worth considering. Then,
considering a good compromise between VLP production and cell viability at harvest, the harvest
times were defined as 144 h and 120 h for Sf9 and High Five cells, respectively. In these
conditions, a maximum VLP production of 4.0 £ 0.1 x 10° VLP/mL was obtained for Sf9 cells
while 14.9 + 1.4 x 10° VLP/mL was achieved in High Five cells, representing a 3.7-fold increase
in VLP production and an 8-fold in VLP specific production over the Sf9 stable pool. VLP
guantification in the supernatant by ELISA yielded 12.5 and 14.8 ng/mL of GageGFP for Sf9 and
High Five cells, respectively. Interestingly, significant co-production of other nanoparticles such
as extracellular vesicles (EVs) was also detected in both stable GageGFP pools, being 4.4 £ 0.6 x
108 total nanoparticles/mL for Sf9 cells and 7.5 + 0.9 x 108 total nanoparticles/mL for High Five

cells.
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Figure 6. mCherry and GageGFP production kinetics in stable cell pools. (a — b) mCherry production and (¢ — d)
GageGFP and VLP production profile in Sf9 and High Five cells, respectively. Intracellular fluorescence levels of
mCherry and GageGFP were measured by spectrofluorometry whereas VVLP concentration (fluorescent particles) were
assessed by flow virometry. The average and standard deviation from triplicate experiments is represented.

Stable Gag VLP production has also been explored in Sf9 pools developed using the Piggy-Bac™
transposon system. In this case, Gag production ranged in between 0.1 — 1 ng/10° cell [32], which
is similar to GageGFP production reported here for Sf9 stable pools (1 ng/108 cell) and lower to
the 2.4 ng/10° cell shown for High Five cells. Also, comparison to Sf9 stable clonal cell lines
expressing Gag-Cherry resulted in similar specific production levels (2.6 ng/10°® cell) [21].
Several works have also evaluated the expression of Gag VLPs in stable High Five and S2 cell
lines, with production titers comprised in the 1 — 3 mg/L [33] and 4 — 9 mg/L [34], respectively.
The titers showed here for both GageGFP stable pools resulted in lower levels to those reported
for the BEVS in chapter 2 and TGE in chapter 3. However, the possibility of having a continuous

platform to produce Gag VLPs devoid of baculoviruses and baculovirus-derived proteins
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highlights the use of this production system, especially in combination to production
methodologies that enable the increase in maximum cell concentration and subsequently the final
VLP titers [35]. Furthermore, more research is required to integrate genetic elements such as the

homologous region hr5 [36] or stronger promoters that also allow for titer improvement.

Stability assessment of GageGFP stable pools

The performance of Sf9 and High Five GageGFP stable pools was evaluated during the course of
a month (Figure 7). In both cases, the specific GageGFP fluorescence levels were maintained,
indicating that GageGFP production was stable and was not subjected to variations in production

due to a prolonged time in culture.

R.F.U./10%cell
R.F.U./10°%cell

0 4 9 1 14 18 2 25 0 4 7 9 11 16 18 21 23 25 28
Time (day) Time (day)

Figure 7. Analysis of the production levels of GageGFP stable pools. (a — b) Intracellular GageGFP fluorescence in
Sf9 (a) and High Five stable pools (b) measure by spectrofluorometry. Cells were maintained in the exponential phase

during the course of the stability experiment.

Overall, the development of stable cell pools represents a robust strategy to produce VLPs. The
demonstration of production stability over time opens the possibility of using perfusion to
substantially increase the final VVLPs, particularly with alternating tangential flow filtration, which
has recently been proven successful to produce influenza VLPs [37]. High Five stable pools
showed higher specific VLP production yields than Sf9 cells, but this difference could be
improved if further optimization of cell culture media for High Five cells is achieved since current

media do not allow to achieve cell concentrations as high as those achieved in Sf9 cell cultures.
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On the other hand, Sf9 GageGFP stable pools could also be an interesting option considering the
3.4-fold reduction in the production of EVs in comparison to High Five cells, which would

facilitate the separation of these nanoparticles in the downstream processing.

The method selected to develop the stable pools was random integration and the production levels
were similar to those offered by other non-targeted gene integration strategies such as the Piggy-
Bac™ transposon [32], which theoretically seeks for highly active transcription regions, or
directed integration by recombinase-mediated cassette exchange [21,29]. These methodologies
have a higher advantage in finding high producer clones, but random integration also offers an

attractive means to develop stable cell pools.

Cell heterogeneity has been one of the major arguments against protein production in stable pools.
However, recent works have reported that heterogeneity is also present to a large extent in cells
derived from an individual clone [38,39]. Other studies are starting to change their rationale and
give more emphasis to the productivity of the system and the quality of the product produced,
instead of whether the producing cells are mono- or polyclonal [40]. Then, the development of
stable cell pools is shown as an attractive approach for the stable production of simple and more
complex recombinant products. The time and efforts required to generate a stable cell line
originated from an individual clone might not be worth if a substantial difference with stable pools
is not achieved. In this work, similar production levels to those from stable insect cell lines [21,29]

are reported.

Conclusions

The generation of Sf9 and High Five stable pools producing mCherry and GageGFP VLPs has
been achieved in this work. The methodology employed was based on random gene of interest

integration and pool enrichment using FACS.
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This approach proved to be a fast and reliable strategy to produce recombinant proteins since
stable pools were developed in a reduced window of time of 7 weeks for High Five cells and 10
weeks for Sf9 cells. The development times were higher than that required for TGE but shorter
in comparison to the generation of clonal cell lines with a clonal origin. Furthermore, production
levels of mCherry and GageGFP VLPs were in the range of other stable production systems but,
in this case, requiring a shorter development time line. mCherry production levels were
comparable to titers offered the BEVS and TGE, but VLP production was not competitive in
comparison to TGE but specially with the BEVS. More rounds of sorting should allow for the
selection of an even more reduced percentage of a high producer population in order to achieve

larger VLP yields.

The main advantages of the stable production system reported here is that a continuous expression
of the recombinant product is possible, and that the final titer depends on the maximum viable
cell concentration attained. Therefore, process intensification by means of culture perfusion is an
interesting approach to increase cell density and recombinant protein titers. This type of strategy
is especially suited for stably producing systems since inoculation of the seed culture and medium
perfusion are the only step required. Conversely, the use of perfusion in baculovirus or TGE-
based production platforms requires the addition/s of baculovirus or DNA, which entail a higher

degree of complexity and can economically and technically limit its application.
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Overall discussion and future directions

In this thesis, different approaches for production of HIV-1 GageGFP VLPs in Sf9 and High Five
insect cell lines have been evaluated. These strategies include the baculovirus expression vector
system (BEVS), transient gene expression (TGE) and stable gene expression (SGE). The
production of Gag VLPs has been reported in insect cells, mainly with the Autographa californica
multiple nucleopolyhedrovirus (AcMNPV) BEVS. However, most of the process and product
characterization performed thus far have been conducted by means of indirect methods. The
analysis of VLPs in their native conditions, as well as, the presence of other nanoparticle
population has been addressed in detail here. In addition, a better comprehension of the different
systems has been achieved by Design of Experiments (DoE) in which several objective responses
have been considered and combined. TGE and SGE have also been studied as alternatives to
produce Gag VLPs overcoming the co-production of baculoviruses. In all cases, GageGFP VLPs
were correctly formed but differences in the final VLP titers and contaminating nanoparticles
were measured. In this section, a comparison of the two cell lines for each of the production
systems is initially conducted and followed by a global comparison between the different
platforms. All the discussion is centered in the production of GageGFP VLPs.

Overall, this thesis focuses on the optimization of the upstream part of each production system
introducing as well an initial characterization of the obtained crude VLP preparations. The
relevance of the downstream processing part in these bioprocesses is also recognized although it
could not be evaluated in this thesis. However, current studies of the research group are
specifically working on this topic to achieve a complete process that integrates both the upstream
and downstream sections.

A key aspect in any given bioprocess, especially when developing a biopharmaceutical product,
is the selection of a cell culture medium that enables standardization and reproducibility and
avoids the use of animal-derived methods for safety consideration, being of particular interest to
use chemically defined media. A limitation of insect cell culture media most extensively used in
the past is the addition of serum, and when serum is avoided, the presence of protein hydrolysates
[1]. Among the commercial media available at the beginning of this thesis, the Sf900I11 medium

was selected since it is an animal origin-free low-hydrolysate formulation. This medium is
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designed for Sf9 cells, but High Five cells were successfully adapted to it by progressive addition
of Sf900111 medium and cell culture passaging.

In the first chapter, SFf9 and High Five cells are evaluated as platforms to produce GageGFP VLPs
with the BEVS under identical conditions of multiplicity of infection (MOI), viable cell
concentration at infection (CCI) and time of harvest (TOH). The aim of this work is to set up the
characterization techniques for both platforms and perform an initial comparison based on
standard production conditions. Fluorescence quantification results in superior fluorescence
yields for High Five cells, but direct quantification of VLPs using nanoparticle tracking analysis
(NTA) yields higher VVLP titers for Sf9 cells. This indicates that the correlation of the fluorescence
measurements with the amount of GageGFP assembled as VLPs is not accurate [2]. Even though
this could be expected at low viabilities due to intracellular GageGFP release to the culture
medium, it is already observed at relatively high viabilities (>80 %). Then, although
spectrofluorometry is a fast and affordable technique for indirect GageGFP VLP quantification,
this technique should be carefully taken into consideration for absolute quantification if used
alone since one could be incurring in titer overestimation. This methodology, which has been
applied for GageGFP VLP quantification in a variety of cell lines including HEK 293 [3] and
CAP cells [4], would benefit from GageGFP monomer separation techniques such as sucrose
cushion ultracentrifugation, as shown in chapter 1.

Analysis of both insect cell lines by flow cytometry detects remarkable differences in terms of
cell complexity upon baculovirus infection. First analyses point in the direction of vesicle-like
structures in High Five cells that could explain the increasing cell complexity, but confocal
microscopy shows that this phenotype is not widespread in all cells. A significant difference is
detected when characterizing the cell supernatant with cryogenic transmission electron
microscopy. A higher proportion of occlusion-derived baculovirus (ODV) is present in High Five-
derived supernatants which could explain this increase in cell complexity. The ODVs are formed
in the nuclear membrane of the infected cell which indicates that these specimens can only be
released to the supernatant when cells lyse [5]. However, viabilities are similar at harvest,

probably indicating a higher tendency of High Five cells to produce ODVs. Additionally, small
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nanoparticles are encountered in High Five cell supernatants which could be related to exosomes,
but some of these particles exhibit an icosahedral-like structure that could be associated to
Alphanodaviruses. The presence of enveloped virus-like structures with multiple spikes in the
lipid membrane is also detected but more research is required for a better comprehension of these
specimens since their origin has not been identified. It has been recently reported that some insect
cell lines are persistently infected by various adventitious viruses [6]. Regarding High Five cells,
Alphanodaviruses were first described by Li and co-workers in 2007 [7] and have been detected
as the principal contaminating virus of this cell line. For Sf9 cells, the Sf-rhabdovirus was
discovered at the Center for Biologicals Evaluation and Research in 2014 [8]. In both cases, none
of these contaminating viruses has shown to be pathogenic for humans thus far [6] and proof of
that is the fact that some marketed biopharmaceuticals are being produced in these cell lines [9].
Virus-free insect cell lines are also being developed, such as the Spodoptera frugiperda
rhabdovirus-free [10] and the Trichoplusia ni-derived QBTn9-4s [11], TnT4 [12], Tnao38 [13]
and Tnms42 cells [14].

The comparison study conducted in chapter 1 results in Sf9 cells as the best platform to produce
GageGFP VLPs. However, this study is performed in non-optimal conditions for both systems.
In chapter 2, an optimization process is carried out integrating DoE with different objective
responses and multiple criteria decision analysis. A DoE-based approach is selected after
observing that previous studies targeting Gag VLP production maximization with the BEV'S have
been performed in a one-factor-at-a-time experimental approach [15,16], which hinders the
determination of factor synergies in the achievement of optimal production conditions.
Furthermore, the studies conducted so far have been made in serum-containing [15] or high-
protein hydrolysate media [16]. The application of direct evaluation techniques to monitor the
GageGFP VLP production process and for VLP quantification is also included to avoid VLP titer
overestimation and the calculation of VLP concentration only based on correlations [17,18]. The
optimal conditions for Sf9 cells are found at lower multiplicities of infection (MOI) and longer
times of harvest (TOH) compared to High Five cells. The fact that low MOI are associated to

longer TOH is to be expected since more than one round of baculovirus infection is required to
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complete the infection process, which extends the time required to achieve the maximal VLP
production. However, the reasons leading to the differences in MOI could be related to a
combined effect of the cell growth kinetics of High Five cells and the cell culture media employed.
A revision of different research studies conducted with High Five cells for VLP production using
the BEVS indicates that moderate to high MOI (> 0.5 — 1) are best suited for VLP production in
this cell line [19-21]. Interestingly, the cell growth kinetics of High Five cells is faster (~16 — 19
h duplication time) than that of Sf9 cells but the ACMNPV infection do not progress as rapid as
in Sf9 cells considering their accelerated cell growth, as shown in chapter 1. Then, it is possible
that nutrients in the medium cannot sustain VLP production at lower MOI since these conditions
require from larger TOH. On the contrary, a broader spectrum of commercial media is available
for Sf9 cells and some of them can maintain cell growth to higher viable cell concentrations than
media for High Five cells, the duplication time is slower (~23 — 25 h) and AcCMNPV baculovirus
infection progresses more rapidly. These features introduce the possibility of finding the best
production with lower MOI as shown in chapter 2. However, research studies conducted with this
cell line for VLP production include the possibility of low [22,23] and high MOI [24,25], possibly
due to differences in cell performance depending on the nutrient composition of the selected
culture medium. Further analyses are currently being performed to better understand these
differences in the optimal production conditions.

Maximization of VLP production in both cell lines using the BEVS result in similar VLP titers
for the optimal conditions maximizing total VLP production (quantity optimum) (Table 1).
However, comparison of specific VLP production yield a 3.2-fold increase for High Five cells.
The optimized conditions for Sf9 cells are a useful option to achieve a high VLP concentration in
batch culture with a lower proportion of contaminating nanoparticles and a better GageGFP
assembling as VLPs. However, if a lower level of baculoviruses is required to decrease their
interference with the target function of VLPs, the High Five optimum is of interest since a 3.2-
fold reduction in baculovirus titers is achieved (Table 1). Furthermore, the development of
commercial media that sustain higher viable cell concentration for this cell line could probably

increase the final VLP titer. An alternative to reduce the number of baculovirus species and
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increase the GageGFP assembly efficiency at expenses of reducing the VLP titer is to use the
optimal conditions identified when optimization is performed to maximize the degree of
assembled VLPs (referred as quality optimum). Taking into account the amount of GageGFP that
remains inside the infected cells, especially in High Five cells, the co-expression of chaperons
could improve their secretion in the form of VLPs [26]. Both optimal conditions are proposed as
a useful strategy to achieve a high level of GageGFP VLPs but also for other VLP types, fusion
proteins between the matrix and envelope and biochemical conjugation. Nevertheless, if protein
complexes require the expression of more than one gene, an adjustment of the infection conditions
and the production strategy (co-infection or co-expression) should be carefully evaluated [27,28].
VLP production by transient gene expression is explored in chapter 3. Initially, the conditions for
polyethylenimine (PEI)-TGE in both insect cell lines are determined. This method is assessed as
a strategy for fast VLP production eliminating the presence of baculovirus. Insect cell TGE is an
emerging field in the production of recombinant products and few information is available in the
literature. To date, a reduced number of immediate early promoters are known for insect cells,
and among them the OplE2 promoter from Orgya pseudotsugata multicapsid
nucleopolyhedrovirus [29], which has been used in this thesis, has proven to be the strongest in
both cell lines [30]. Nonetheless, more research is required to discover new promoters that boost
TGE protein production in this system since VLP titers were significantly lower than those
reported with the BEVS.

Medium replacement proves to be beneficial to achieve the highest transfection yields in both
insect cell lines. For High Five cells, medium exchange is required to bear the toxic effect of PEI
without a dramatic decrease in cell viability, whereas for Sf9 cells this step is needed to
concentrate cells at a high viable cell density. However, the development of chemically-defined
media enabling efficient transfection without medium replacement is desirable in the future.
Approximately the double of PEI is required for each High Five cell to achieve the best TGE
yields while DNA concentrations are similar for both cell lines. These optimal transfection
conditions are in the range of DNA:PEI ratios used for TGE in other animal cell lines [31,32]. In

terms of GageGFP VLP production, Sf9 cells achieve an 8.4-fold larger amount of these
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nanoparticles and also a 2.7-fold considering specific VLP production (Table 1). However, a
decrease in the titer is observed for Sf9-derived VLPs from 48 hpt onwards while VLPs produced
in High Five cells do not decrease during the 72-h production phase. Although Sf9 cells prove to
be more efficient for PEI-mediated GageGFP VLP production, the development of better
chemically-defined cell culture for High Five cells could enhance VVLP production. Additionally,
the DNA plasmid used for TGE could be improved by the inclusion of the enhancer homologous
region hr5, which has been recently reported to increase the production levels in combination to
the OplE2 promoter [33,34].

VLP production by means of stable expressing cell pools is also tested as a system for
baculovirus-free GageGFP VLP production. A general criticism of stable cell pools is the fact
that heterogeneity is higher compared to clonal cell lines. Nevertheless, heterogeneity has also
been demonstrated to occur for clonal cell lines during cell growth along a culture process, with
the presence of higher, medium and lower producer cells within the same clonal cell line culture
after a number of generations [35]. Then, it is not clear if the efforts required to develop a stable
cell line are providing a substantial advantage and clonal versus pool production is more on the
discussion nowadays [36]. In this thesis, stable pools are generated as a system for rapid protein
production in a stable manner. The selection of the high producer GageGFP expressing cells is
performed taking advantage of the eGFP fluorescent reporter by fluorescence-activated cell
sorting (FACS). This strategy is not only used in the development of stable cell pools but also in
the selection of the high producer cells during the individual cell screening process of generating
a stable cell line with a clonal origin [37]. This approach has proven interesting since it is then
possible to replace the fluorescent gene of the cells within pools or in individual clone with
another gene of interest (GOI) [38]. The application of fluorescence-based techniques has
widened to targeting non-fluorescent top producers based on fluorescent antibody staining.
However, this approach was limited to membrane or secreted recombinant products since it is
difficult to select for high producer cells whether the product of interest is being produced
intracellularly. In this case, a permeabilization of the cell membrane was required which

compromised cell integrity. Recently, a fluorescence technique based on the measurement of the
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mitochondrial membrane potential that correlates with the intracellular protein production levels
has been developed [39]. This methodology holds a great potential of application for instance in
the detection of high producing cells for scaffold proteins such as the HIV-1 Gag or influenza
M1, thus avoiding the fusion of a fluorescent reporter to the GOI.

GageGFP VLP production titers in stable pools are 3.7-fold higher in the High Five compared to
the enriched Sf9 cell pool and 8-fold considering specific cell production. In this case, High Five
cells prove to be a better alternative for stable VLP production despite higher levels of
contaminating particles are detected (Table 1). Differences in specific production for both cells
might be explained by a higher tendency of High Five cells to integrate multiple copies of foreign
DNA or integration in genome “hot-spots”. More research is required to elucidate this and the
recently published Trichoplusia ni genome should provide insights in this respect [40,41]. The
stability of both stable cell pools for VLP production is successfully validated, which supports
the potential use of this stable production strategy. Random integration is the most common
method for stable gene expression, and it is the strategy adopted to create the stable cell pools in
this thesis. Transposons are another methodology of random integration with the difference that
they specifically target genomic loci of high expression. The Piggy-Bac™ transposon has been
used to develop Gag stable Sf9 cell pools achieving comparable levels to the ones here reported
[42]. Similar results are also observed for Gag VLP production in stable Sf9 cell lines developed
using recombinase-mediated cassette exchange [38]. On the other hand, significantly lower Gag
titers are observed in comparison to Drosophila S2 cells [43] and stable High Five cell lines [44].
From a molecular biology perspective, the use of stronger promoters and the inclusion of enhancer

regions should facilitate an increase in the VLP titer in the same way as for TGE.
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Table 1. Comparison of nanoparticle production levels of the different expression systems by flow virometry.

High Five Sf9
Total . Total .
VLP . Baculovirus VLP . Baculovirus
) nanoparticle . . nanoparticle .
concentration . titer (107 concentration . titer (107
concentration concentration
(10° par./mL) par. /mL) (10° par./mL) par. /mL)
(108 par. /mL) (10 par. /mL)

BEVS Quantity 2973.5+50.4 10995.8 + 837.3 132+51 3297.9+251.3 8180.2+871.2 425+19.1
TGE 29+0.7 394.9 +56.9 - 24.7+35 2374 +32.2

SGE (pool) 15+0.1 7454 +88.1 - 04+0.1 437.3 £55.7

Overall, different strategies are tested to produce GageGFP VLPs in Sf9 and High Five cells. The
BEVS yield the highest VLP titers in comparison to TGE and SGE. The Sf9/BEVS is shown as
the best strategy to produce GageGFP VLPs and it is proposed as a reference system to produce
these nanoparticles. VLP yields and productivity in the BEVS are higher in comparison to the
reference system of mammalian-based TGE [3,4], even combined with tailored additive
supplementation [45] or gene inhibition strategies [18]. However, if the presence of baculovirus
or baculovirus-derived proteins such as GP64 pose a risk for the final VVLP application, other
alternatives should be evaluated. Although some progress has been made in the separation of Gag
VLPs from baculovirus with anion exchange chromatography [46], a complete separation of both
specimens has not yet been achieved. Other studies have focused on the elimination of the GP64
envelope protein, which is a major responsible of spreading ACMNPV infection, but the
elimination of this protein has come at expenses of reducing the Gag VLP yields and infection
also requires from significantly higher MOI to be fully completed [47]. Transient and stable
production provide an advantageous platform to produce VLPs and other complex nanoparticles
devoid of baculovirus and baculovirus-derived proteins. TGE GageGFP VLP yields achieved in
this thesis in both insect cells are lower to that obtained in TGE with mammalian cells such as the
HEK 293 cell line [3]. In this sense, TGE in insect cells could also benefit from production
enhancement strategies developed for these cell lines to increase the VLP titers [18,45]. Still,
efforts should be maintained in further optimizing TGE to take advantage of the unique properties

offered by insect cells, including their high biosafety level due to lack of known human pathogens
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and higher tolerance to by-products. Regarding SGE, lower VLP titers are achieved in comparison
to TGE probably because higher levels of transitory DNA incorporation into the cells are achieved
in the latter. Nevertheless, the continuou production of GageGFP VLPs is worth considering and
especially if it is possible to increase the viable cell concentration since production is proportional
to the number of viable cells [48]. Strategies based on fed-batch or cell culture perfusion would
be an interesting approximation. Perfusion of Sf9 cells has been achieved using hollow fiber
membranes [49] and acoustic filters [50] but advancements in the retention device technology
such as the alternating tangential flow filtration (ATF) could result in higher yields. Proof of that
is the successful application of the ATF system for stable protein production in Drosophila S2
cells [51]. This system has also proven useful for baculovirus-based protein production [52] and,
in this case, a re-definition of the optimal conditions here developed would be required since they
were determined to obtain the maximum VLP yield in batch mode. The use of perfusion in TGE
is hitherto unknown though it should provide the conditions to increase transient VVLP titers given
that it has been recently demonstrated to work for influenza VLP production in HEK 293 cells
[53].

The combination of several of these approaches has also been applied for recombinant protein
production but was not explored in this thesis. For instance, TGE has been coupled to the BEVS
as a strategy to avoid the time required to develop the working stock of the baculovirus and rapidly
screen a variety of GOI [54]. This methodology termed as “transactivation” has proven to achieve
protein production levels in between the TGE and BEVS [34] and their potential applications
include multiple gene expression and the use in conjunction with stable producing cells. A similar
strategy combining SGE with the BEVS has been recently reported for the production of
influenza VLPs as a way to control multigenic expression and avoid genetic instability [55].

The results shown in this thesis by the application of direct nanoparticle quantification and
characterization techniques make clear that the problem of contaminating particles goes beyond
the presence of baculoviruses. Extracellular vesicles are present along with VLPs and are revealed
as highly heterogeneous. A step forward has been achieved in this thesis by identifying which of

these nanoparticles correspond to VLPs but there is still a requirement to properly isolate the
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different extracellular vesicle populations. Some reports have been recently published in this
respect based on chromatographic techniques but difficulties are still encountered to achieve a
complete separation [56-58]. In addition, more research is needed to understand the relevance of
extracellular vesicles in insect cell lines and their impact in biotechnological production
processes. In this sense, future research should go in the line of integrating technologies with an
improved nanoparticle resolution capacity and incorporate the possibility to stain specific markers
to untangle each particular population.

The present work combines the use of rational development and advanced quantification and
characterization techniques to produce and characterize GageGFP VLPs. The conditions here
developed enable the production of GageGFP VLP and potentially other complex nanoparticles
in a variety of systems. The BEVS is proposed as the reference platform since the highest VLP
yields are achieved but TGE and SGE emerge as an interesting alternative if the final application
of the VLPs is not compatible with baculovirus or derived proteins. Current work is focused on
studying the nutritional requirements of each specific platform with the final goal to transfer these
optimal conditions to bioreactor scale. The systems developed in this thesis will serve as the basis
for future studies aiming to combine the expression of Gag VLPs with other recombinant products

for targeted delivery or to increase their immunogenicity as vaccines.
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Conclusions

From the results obtained in this thesis, the following conclusions can be highlighted from each

section:

Chapter 1 — Comparison of High Five and Sf9 cells with the BEVS

1.

AcCMNPV baculovirus infection progress more rapidly in Sf9 than in High Five cells at
equivalent infection conditions.

Sf9 cells are more efficient than High Five cells in assembling GageGFP in the form of
VLPs.

A larger sedimentation coefficient is observed for High Five-derived VLPs produced with
the BEVS probably due to the higher number of cellular compounds released that can
associate with VLPs.

The amount of budded baculoviruses (infectious particles) is higher in Sf9 than in High Five
cells. On the contrary, High Five cells produce a higher proportion of occlusion-derived
baculoviruses.

Extracellular vesicles and adventitious viruses are detected as an additional source of

contamination in the culture of both insect cells.

Chapter 2 — Optimization of the BEVS

1.

The optimal conditions maximizing VLP production (Quantity) in High Five cells with the
BEVS consist in a CCI of 2 x 10° cell/mL, a MOI of 2.5 and a TOH of 69.3 hpi whereas for
Sf9 cells they are a CCI of 3.7 x 10° cell/mL, a MOI of 0.01 and a TOH of 80 hpi. On the
other hand, the optimal conditions finding a balance between VLP production and VLP
assembly (Quality) result in a CCl of 1.1 x 10° cell/mL, a MOI of 1 and a TOH of 33.6 hpi
for High Five cells and a CClI of 3.7 x 10° cell/mL, a MOI of 0.01 and a TOH of 60 hpi for
Sf9 cells.

A higher degree of VLP assembly is achieved in Sf9 over High Five cells for both the

quantity and quality optima.

282



Bioprocess engineering and characterization of HIV virus-like particle production in insect cells

A 10 and 2-fold increase in VLP production are achieved for the quantity over the quality
optimum in High Five and Sf9 cells, respectively. Similar VVLP titers are achieved for the
quantity optimum in both cells while the VLP yield is increased by 4.5-fold in the quality
optimum of Sf9 over High Five cells.

A 4.9 and 1.6-fold increase in VLP assembly are obtained in the quality over the quantity
optimum in High Five and Sf9 cells, respectively. In all cases, a higher VLP assembly ratio
is achieved in Sf9 over High Five cells for the quantity (3.8-fold) and quality optima (1.3-
fold).

VLP quantification by nanoparticle tracking analysis and confocal microscopy result in the

detection of higher VLP titers while flow virometry is the most accurate technique.

Chapter 3 — Transient gene expression

1.

Medium replacement before transfection and the shortest incubation time between DNA and
PElI is the best strategy to achieve the highest transfection efficiencies in both cell lines.
Smaller DNA:PEI complexes are the most efficient for High Five cell transfection while they
are more heterogeneous in size for Sf9 cells.

The optimal conditions for TGE in High Five cells consist in a viable cell concentration of
1.5 x 108 cell/mL, a DNA concentration of 2.1 pg/mL, a PEI concentration of 9.3 pg/mL and
harvest at 48 hpt. For Sf9 cells, the optimal conditions involve a cell concentration of 17.6 x
10° cell/mL, a DNA concentration of 17.1 pg/mL, a PEI concentration of 35.9 pg/mL and
harvest at 72 hpt.

In the optimal conditions, an 8.4-fold improvement in VVLP production is obtained in Sf9

over High Five cells.

Chapter 4 — Stable cell pools

1.

An 8.1 and 3.4-fold improvement in GageGFP fluorescence intensity is obtained after three

rounds of cell sorting for Sf9 and High Five stable GageGFP producing pools, respectively.
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2.

A 3.7-fold higher VLP production is attained in the enriched High Five cell pool in
comparison to Sf9 cells.

The optimal harvest time considering the amount of VVLPs produced and the productivity is
determined as 144 h for Sf9 cells and 120 h for High Five cells

The stability of both GageGFP producing cell pools is demonstrated during one month in

culture.
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