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(this thesis)

2. Without good process understanding, online monitoring is only useful when
things go wrong.
(this thesis)
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4., Artificial intelligence enhances quantity more than quality.
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8. Football is a universal language that is easy to understand but difficult to
master.
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Chapter 1

Introduction and thesis outline



Chapter 1

1.1 The Baculovirus Expression Vector System (BEVS)

The demand for vaccines 1s increasing due to the emergence of new diseases, existing diseases that
are spreading to new regions because of trade, travel and climate change, and existing pathogens that
are increasingly becoming resistant to antibiotics. In addition, partly due to population aging, new
medicines must be developed against diseases like cancer and autoimmune diseases. At the same
time, our increased understanding of the mechanisms behind these diseases leads to an increasing
number of new medicines (Taylor et al., 2009). Many of these new vaccines and medicines are
complex proteins, such as capsid proteins of a virus or membrane proteins of bacteria in the case of

vaccines, and monoclonal antibodies in the case of medicines (Zhao et al., 2012).

To ensure proper immunogenic properties (vaccines) and functioning (medicines) of the protein and
avold side effects, post-translational modifications (PTMs) of the synthesized protein are often
needed. Proper glycosylation is an important example of such a PTM. Several host organisms and
techniques are available for recombinant protein expression including mammalian, insect, yeast,
bacterial, algal, and even cell-free systems (Gomes et al., 2016). However, until now, only animal
cells can perform the extent of PTMs on proteins that are needed to achieve the desired functionality

and absence of side effects.

The baculovirus expression vector system (BEVS) 1s a eukaryotic expression system based on insect
cell lines derived from for example Spodoptera frugiperda and a baculovirus, which commonly 1s
Autographica californica Multiple Nucleopolyhedrovirus (AcMNPV) (Van Oers et al., 2015). If a
wild-type budded baculovirus particle infects an insect cell, cell division stops, and cells start
producing new budded virus (BV) particles after about 8 hours. After about 18 hours the cells start
producing so-called occlusion-derived virus (ODV) particles and a large amount of polyhedrin
protein. These ODVs are packaged in the polyhedrin protein matrix forming so-called polyhedra.
Finally, the cell dies and falls apart releasing the polyhedra in the medium. The polyhedrin protein
1s expressed up to high levels in the cell. In the BEVS, the polyhedrin gene within the baculovirus
genome is replaced by a gene of interest. In a cell culture process, the infection starts by adding
recombinant baculovirus to the culture medium. Upon infection of the nsect cells with these
genetically modified baculoviruses carrying the gene of interest, the cells start to synthesize the target

protein (Figure 1).
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Figure 1. Schematic representation of protein expression using the baculovirus insect expression system with the spike
protein as an example (adapted from Sedova et al., 2012).

The strength of the BEVS lies in the speed of development to express new recombinant proteins,
which takes about one week (Figure 2). This is due to the transient nature of the BEVS allowing a
single, well-characterized cell line to be used to produce different therapeutic protein candidates.
This eliminates the time-consuming process of preparing and qualifying a new cell line for each new
protein as is often the case, for instance for Chinese Hamster Ovary (CHO) cell lines. This means
that the BEVS has the potential to develop new vaccines quickly when a fast response 1s needed, for
instance during disease outbreaks such as Zika fever and Ebola, and more recently COVID-19 (Azal
etal., 2022; M. M. J. Cox & Hashimoto, 2011; Schrauf et al., 2020).
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Figare 2. Example of the Bac-to-Bac system workflow for recombinant protein expression in insect cells (Thermo Fisher).
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1.2 Large-scale manufacturing of therapeutic proteins using the BEVS

The large-scale production of therapeutic proteins with the BEVS is complex. In principle first cells
are grown to a certain concentration, the cell concentration at infection (CCI) at which the virus 1s
added. Two distinct strategies can be discerned: (1) using high cell density of infection in combination
with a high multiplicity of infection (MOI), where MOI is the number of infective BVs added per
cell, (2) using a low MOI and a lower cell density of infection. Using a high MOI all cells are infected
at once and no cell growth occurs anymore. This approach requires a large number of BVs for
infection of all the cells. In the second approach, first only a small part of the cells 1s infected. These
cells stop growing and after a certain time produce new BVs that infect the rest of the cells in the
reactor. In the meantime, cells that are imtially not infected keep growing, which is why a lower cell
density of infection is used. In this approach, the amount of virus needed for infection 1s much lower.
The volumetric productivity and final product concentration reached in the final production reactor
depend on the cell concentration that is reached, the amount of product made per cell, and the
duration of the process. The cell concentration is influenced by the medium conditions and process
type (i.e., batch, fed-batch, perfusion). The cell-specific production 1s dependent on the infection
kinetics and nutrient availability during infection. Notably nutrient requirements during infection are

probably different from those during cell growth (Palomares et al., 2001a).
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Figure 3. Schematic of a typical vaccine production process involving a working virus bank (WVB) generating the working
virus stock (WVS) and a working cell bank (WCB) generating the seed culture, before both stock and seed come together
in the production reactor.

Since the infection results in the arrest of growth and eventually cell lysis, the insect cells and virus
seed for the production reactor have to be obtained separately. This means two separate scale-up
trains are needed, one to grow the insect cells and one to generate the virus particles for infection.
These come together in the production reactor where the nsect cells are infected with baculovirus

to produce the final product (Figure 2).
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1.3 Challenges in BEVS manufacturing

The primary focus of large-scale manufacturing using the BEVS lies in the production of virus-like
particles (VLPs) for vaccine applications and adeno-associated virus (AAV) particles for gene therapy
applications. VLPs are particles that closely resemble virus particles, but do not contain genetic
material. These two properties make them very suitable molecules for vaccination since the VLPs
cause an immune response but do not have the infectious properties of the virus they resemble
(Pylman, 2015). During VLP production with the BEVS also BVs are formed (Van Oers et al., 2015).
These BVs may be taken up by mammalian cells and some baculovirus promotors might show
activity, triggering an undesired immune response (Ono et al., 2014). Therefore, BVs are considered
contaminants and must be removed from the final product. For several products, especially for VLPs,
the BVs have similar characteristics as the product. This makes separation of VLPs from BVs difficult
and costly, often resulting in considerable loss of valuable product during downstream processing

(DSP).

Instead of separating VLPs from BVs during DSP, prevention of the formation of contaminating
BVs during upstream processing (USP) could be an alternative strategy to reduce BV contamination.
For such a strategy, an inducible system would be highly advantageous, as it permits the use of the

same cell line and baculovirus construct throughout seed expansion and production stages.

A temperature-sensitive baculovirus mutant, tsB1074, was described to affect BV secretion, while
polyhedrin was still produced in the very late phase of infection (Lee & Miller, 1979).
Complementation analyses of tsB1074 revealed a point mutation in ac80, the gene encoding
baculovirus GP41 (Olszewski & Miller, 1997). GP41 is a Baculoviridae core protein of 45 kDa that
1s involved in the nuclear export of nucleocapsids on their way to the plasma membrane, where BVs
leave the cell by budding. GP41 is essential for BV secretion but is dispensable for viral DNA
replication or very-late gene expression (Li et al., 2018; Olszewski & Miller, 1997). BV production
appeared normal at 23.5°C but a single-cell infection phenotype was observed at 32.5°C (Lee &
Miller, 1979; Olszewski & Miller, 1997). This ts mutant may be useful to engineer a temperature
inducible BEVS. However, it is still unknown how this would function in a larger-scale production

process.

Furthermore, BEVS production processes still seem underdeveloped compared to their more
industrial-established counterparts. Although the BEVS has been used for over thirty years by
researchers to express recombinant proteins, it has mostly been used for research purposes (Van
Oers et al., 2015). Such lab-scale protein expression and production processes are batch cultivations,
often using large virus stocks to infect at a high multiplicity of infection (MOI). The complex culture
conditions required for baculovirus-infected insect cell cultures hinder process intensification efforts
to further optimize large-scale manufacturing. Optimizing parameters such as CCI, MOI, and time

of harvest (TOH) is crucial for efficient protein production. Modifying these conditions to intensify

11
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the process can be difficult without adversely affecting viral replication or protein quality. For
instance, high cell densities might be detrimental to the overall infection kinetics (Bernal et al., 2009),
and using a low MOI is challenging due to the increased variability and unpredictability of the

production process.

Despite this, fifteen BEVS-derived products have been approved for use, including five human
vaccines, the first ever gene therapy product, and seven veterinary vaccines (Table 1) (Hong et al.,
2022). Further improvements are essential to establish the BEVS as a strong platform technology to

timely tackle future pandemics and allow novel biologicals to enter the market.

Table 1. BEVS-derived products approved till date (Hong et al., 2022; Pidre et al., 2023).

12

Category Commercial Manufacturer  Product Type Target
Name
Human vaccines | Cervarix® GSK VLP HPV
FluBlok® Sanofi subunit Influenza virus
Nuvaxoid™ Novavax subunit SARS-CoV-2
FluBlok® Sanofi VLP Influenza virus
Quadrivalent
VidPrevtyn™ Sanofi subunit SARS-CoV-2
Beta
Veterinary Porcilis pesu® MSD Animal subunit Classical swine
products Health fever
Porcilis PCV® MSD Animal VLP Porcine
Health circovirus 2
CircoFLEX® Boehringer VLP Porcine
Ingelheim circovirus 2
Circumvent® Merck Animal VLP Porcine
PCV Health circovirus 2
Bayovac® CSF- Bayer / Plizer subunit Classical swine
E2 Animal Health fever
Virbagen® Virbac interferon FeLV/FIV'
Omega
INTERDOG™  TORAY nterferon Atopic dermatitis
Industries
Gene therapy Glybera® UniQure rAAV-based  Lipoprotein
gene therapy  lipase deficiency
HEMGENIX®  CSL Behring / rAAV-based  Haemophilia B
UniQure gene therapy
Personalized Provenge® Dendreon fusion protein  Prostate cancer
mmmunotherapy
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Aim

This thesis aims to explore effective strategies to characterize, develop and improve the BEVS
production process that can be used for large-scale baculovirus-free manufacturing of therapeutic
proteins, such as VLPs and AAVs, while simultaneously improving its volumetric productivity. To
achieve this, a novel temperature sensitive BEVS with upstream reduction of baculovirus
contaminants (BacFree) is proposed. To achieve higher volumetric productivity for the BEVS, a low

MOI perfusion strategy is explored that could be compatible with the Backree system.

Thesis outline

During this thesis, the outbreak of the COVID-19 pandemic led to a significant development as
research teams worldwide rapidly initiated the development of potential COVID-19 vaccine
candidates. In Chapter 2 the development, production, and pre-clinical testing of a nanoparticle
vaccine against SARS-CoV-2 1s reported. Using the BEVS, we demonstrated nsect cell-mediated
production and purification of (1) the full-length spike protein, (2) a secreted form of a prefusion-
stabilized spike, and (3) a secreted form of the SARS-CoV-2 S1 domain. We formulated the secreted
S as an adjuvanted subunit vaccine and tested the protection of K18-hACE2 mice from a SARS-CoV-
2 challenge. We also fused the S1 domain to the split-protein tag and displayed this on AP205 VLPs.
Mice vaccinated with the S1-VLP vaccine had strong immune responses and neutralizing antibodies
against both the Wuhan SARS-CoV-2 and the UK/B.1.1.7 variant (VOC-202012/01) that was

predominant in Europe in the early stage of the pandemic.

Obtaining real-time monitoring of cell culture status during bioreactor cultivation and production
yields significant advantages in enhancing the understanding of the BEVS and timely control of the
production process. For instance, an accurate online monitoring tool could play a crucial role in
determining the precise moment of temperature shift when implementing a low MOI in the
proposed BacFree strategy. Chapter 3 focuses on evaluating the performance of online double-
differential digital holographic microscopy (D3HM) and machine learning to monitor insect cell
proliferation and baculovirus infection in bioreactors. We found that with a limited training set the
microscope and machine learning algorithm could predict cell numbers, viability, and infection
percentage for different viral constructs, MOlIs, and process conditions. The high resolution of the
online measurements enabled the detection of small events or process deviations, such as the growth
arrest of the cells due to the addition of butyrate to the culture, which would have otherwise been

missed by manual sampling.

A baculovirus-free expression system would minimize downstream processing requirements and
associated product loss during purification. In Chapter 4, we reported the development and
characterization of a novel temperature-sensitive baculovirus expression system with upstream
reduction of baculovirus contaminants (BacFree). We investigated if the temperature-sensitive point
mutation in GP41 could result in a BEVS with an inducible shutdown of BV production to aid the

13
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production of chikungunya virus (CHIKV) enveloped VLPs. For this, the 1317T mutation in GP41
was mmplemented m a baculovirus bacmid vector at the polyhedrin locus and under the pl0
promoter. Using a micro-bioreactor screening system, it was found that increasing temperatures to
34°C shortly after baculovirus infection significantly decreased BV titers while VLP production and
insect cell viability were maintained. This strategy was successfully scaled up to stirred-tank
bioreactors and a 100-fold reduction in final BV titers was achieved for both high and low MOI
infection strategies. For the low MOI strategy, online monitoring of cell diameter was an effective

tool for determining the optimal timing of the temperature shift.

Chapter 5 focuses on process intensification to improve product vield and volumetric productivity
for the BEVS. Bioreactor perfusion was implemented to allow high-cell density infection of insect
cells at low MOI. The recombinant protein yield per cell was maintained at high cell densities and
bioreactor volumetric productivity was up to 4.8-fold higher compared to batch processes.
Implementing this perfusion strategy for the BEVS allows for production on a smaller scale, which
would also reduce the time needed for scale-up to the production reactor or could increase the
production capacity of existing production facilities. Process optimization to reduce total cultivation
time or reach even higher cell densities may further increase volumetric productivity while combined

with the Baclkree strategy has the potential to simultaneously reduce final BV titers.

In Chapter 6, we present a systematic overview of the reported results and discuss various aspects
that we consider important or potentially advantageous for the continued development and

improvement of the BEVS for large-scale manufacturing of therapeutic proteins:

o Animproved BacFree strategy combined with a perfusion strategy to further reduce final BV
titers and simultaneously improve volumetric productivity.

o Oxygen sparging with microbubbles (microsparging), to improve oxygen transfer and reduce
gas flows into the reactor. This could be especially beneficial for perfusion processes.

o Addition of short-chain fatty acids to the cell culture, of which butyrate and 2-hydroxybutyrate
showed to be promising candidates to improve protein yield and virus production.

o High-throughput, rapid, and label-free baculovirus quantification, either through DSHM
technology or by using electrical parameters such as capacitance. This would be highly
beneficial for BEVS process development, in particular for low MOI processes.

Altogether, these measures are expected to strengthen the position of the BEVS as a robust platform

technology to meet current and future demand for vaccines and new medicines.
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Chapter 2

Abstract

Vaccines pave the way out of the SARS-CoV-2 pandemic. Besides mRNA and adenoviral vector
vaccines, effective protein-based vaccines are needed for immunization against current and emerging
variants. We have developed a virus-like particle (VLP)-based vaccine using the baculovirus-insect
cell expression system, a robust production platform known for its scalability, low cost, and safety.
Baculoviruses were constructed encoding SARS-CoV-2 spike proteins: full-length S, stabilized
secreted S, or the S1 domain. Since subunit S only partially protected mice from SARS-CoV-2
challenge, we produced S1 for comjugation to bacteriophage AP205 VLP nanoparticles using
tag/catcher technology. The SI yield in an insect-cell bioreactor was ~11 mg/liter, and authentic
protein folding, efficient glycosylation, partial trimerization, and ACE2 receptor binding was
confirmed. Prime-boost immunization of mice with 0.5 pg S1-VLPs showed potent neutralizing
antibody responses against Wuhan and UK/B.1.1.7 SARS-CoV-2 variants. This two-component

nanoparticle vaccine can now be further developed to help alleviate the burden of COVID-19.
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Introduction

Vaccination has become a key instrument in the fight against the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) outbreak, which was declared a pandemic by the World Health
Organization in March 2020. Within 6 months, the coronavirus disease 19 (COVID-19) had claimed
the lives of one million people (https://covid19.who.int). Despite global efforts to restrict the viral
spread through economic and social interventions, the virus continues to put a substantial strain on
economies and health care systems around the world. Large-scale vaccination programs have proven

to be critical in reducing the viral spread and preventing severe disease (Carvalho et al., 2021).

The envelope of the SARS-CoV-2 virion contains membrane and spike (S) proteins. The S protein
1s a trimeric glycoprotein involved in virion attachment and entry into host cells. S 1s divided into two
domains, S1 and S2, by a furin protease cleavage site (Coutard et al., 2020; Walls, Park, et al., 2020).
S1 contains the receptor-binding domain (RBD) that binds the human angiotensin 2 (hACE2)
receptor, whereas the fusion peptide (FP) is found in S2 (Hoffmann et al., 2020; P. Zhou et al.,
2020). Since S 1s indispensable for virus entry and is highly immunogenic, it is the main target in
vaccine design to induce antibody-mediated virus neutralization in immunized individuals (Addetia
et al., 2020; Yu et al., 2020). In many vaccine development studies, S is stabilized in its prefusion
state by eliminating the furin cleavage site and inserting a stabilizing diproline mutation in S2

(Kirchdoerfer et al., 2018; Pallesen et al., 2017; Walls, Park, et al., 2020; Wrapp et al., 2020).

At unprecedented speed, multiple COVID-19 vaccines have entered the market via emergency
approvals from, among others, the Furopean Medicines Agency and the U.S. Food and Drug
Administration. These early vaccines, which are based on mRNA or adenoviral vectors, have been
shown to be effective in preventing COVID-19 infection (Baden et al., 2021; Polack et al., 2020,
Sadoft et al., 2021). Recombinant subunit vaccines based on recombinant S protein are currently in
late-stage clinical trials and have been shown to induce potent neutralizing antibody (nAb) responses
in nonhuman primates (Guebre-Xabier et al., 2020; Liang et al., 2021; Tian et al., 2021) and humans

in phase II and III clinical trials (Keech et al., 2020).

The recent emergence of SARS-CoV-2 variants (https://nextstrain.org/sars-cov-2) highlights the
importance of a robust vaccine production platform with good scalability and modularity for rapid
adaptation to novel variants. For the production of recombinant proteins, the insect cell-baculovirus

expression vector system (IC-BEVS) is a well-established platform. It is used for (commercial)
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producing virus-like particles (VLPs; human papillomavirus; Cervarix, GlaxoSmithKline), proteins
with complex posttranslational modifications, including glycoproteins (influenza A virus
hemagglutinin; FluBlok; Sanofi), and difficult-to-produce protein complexes (Felberbaum, 2015;
Van Oers et al., 2015). IC-BEVS has been used to produce coronavirus spike proteins of SARS-CoV
(Z.. Zhou et al., 2006) and Middle East respiratory syndrome-coronavirus (MERS-CoV) (Chun et al.,
2019; Kato et al., 2019; Pallesen et al., 2017) as well as SARS-CoV-2 spikes in structural studies (Fan
etal., 2020; Lan et al., 2020; Shang, Wan, et al., 2020; Shang, Ye, et al., 2020; Q. Wang et al., 2020)
and as subunit vaccines (J. Li et al., 2013; T. Li et al., 2020). The IC-BEVS is rapidly scalable up to
a million doses using insect cell bioreactors with working volumes of a few thousand liters in animal
component-free medium (Buckland et al., 20145 Cox et al., 2015; Felberbaum, 2015). Furthermore,
protein-based vaccines offer a very high safety profile, since millions of people have been vaccinated
with IC-BEVS-produced proteins (Cervarix, FluBlok) without experiencing any severe adverse
effects (Angelo et al., 2014; Cox et al., 2015). Therefore, IC-BEVS would be well-suited for
producing SARS-CoV-2 vaccines.

A potential shortcoming for such subunit vaccines is their relatively low immunogenicity that can be
compensated for by the addition of adjuvants and/or sequential immumnizations (boosters). This has
also been demonstrated in the case of SARS-CoV-2 RBD immunization (Fougeroux et al., 2021; Y.
Wang et al., 2020) and prefusion stabilized S (Goepfert et al., 2021). The immunogenicity of subunit
vaccines can be mmproved by the presentation of antigens on nanoparticles or VLPs. The
unidirectional display of antigens and the size of the particles more closely resemble that of a virus
and result in increased B-cell responses by cross-presentation of epitopes, resulting in enhanced
processing by antigen-presenting cells (APC) and B-cell receptors (Bachmann & Jennings, 2010; Hua
& Hou, 2018; Lopez-Sagaseta et al., 2016). Moreover, VLPs are replication-deficient because they
do not contain genetic material from the originating virus and, thus, are considered safe (Mohsen et
al., 2018). The licensed human papillomavirus vaccine (Cervarix; GSK) 1s a VLP made with the IC-
BEVS that provides long-lived protective immunity after just one dose (De Vincenzo et al., 2014;
Schiller & Lowy, 2018). Experimental SARS-CoV-2 VLP and nanoparticle vaccines have also been
developed and have demonstrated their potential to induce protection against disease with low doses

(Arunachalam et al., 2021; Tian et al., 2021; Walls, Fiala, et al., 2020; Zhang et al., 2020).

In this study, we use the AP205 VLP and tag/catcher system to construct a baculovirus-derived SARS-

CoV-2 vaccine based on the S1 subunit. Covalent conjugation of antigens on the VLP surface can be
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achieved by the Spytag/Spycatcher platform (L. Li et al., 2014; Thrane et al., 2016). This plug-and-
display technology is based on a bacterial adhesin that has been split genetically into a tag and catcher
peptide, which forms a covalent bond upon mixing (Zakeri et al., 2012). Even without adjuvant,
AP205 VLPs decorated with antigens have been found to induce robust immune responses at a single
dose (Brune et al., 2016; Fredsgaard et al., 2021). Recently, the RBD domain of SARS-COV-2 was
coupled to these VLPs using a proprietary split-protein tag/catcher technology, resulting in robust
neutralizing antibody production in mice (Fougeroux et al., 2021), and has been further developed

into a phase I/II clinical study.

Using the IC-BEVS, we demonstrate insect cell-mediated production and purification of (1) the full-
length spike protein, (i1) a secreted form of a prefusion-stabilized spike, and (1) a secreted form of
the SARS-CoV-2 S1 domain. We formulated the secreted S as an adjuvanted subunit vaccine and
tested protection of K18-hACE2 mice from SARS-CoV-2 challenge. We also fused the S1 domain
to the sphit-protein tag and displayed this on AP205 VLPs. Mice vaccinated with the SI-VLP vaccine
had strong immune responses and neutralizing antibodies against both the Wuhan SARS-CoV-2 and
the UK/B.1.1.7 variant (VOC-202012/01) that was predominant in Europe.
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Materials and Methods

Insect cells

Spodoptera frugiperda Sf9 nsect cells were cultured in SF900II serum-free media (Gibco, Thermo
Fisher) with 50 mg/mL gentamycin. ExpiSf9 cells were cultured in ExpiSf Chemically Defined
medium (CDM) (Thermo Fisher). Both cell lines were cultured in suspension in shaker flasks at 27

°C and 110 rpm 1n an orbital shaker.

Plasmid design and construction

All constructs are based on the SARS-CoV-2 Wuhan isolate (Accession QIA20044.1) spike gene
that was codon-optimized for production in Drosophila melanogaster (Fougeroux et al., 2021,
PMID: 33436573). For ER translocation and secretion, the native N-terminal signal sequence was
substituted with either the Honeybee Melittin (HBM) or Ac MNPV GP64 signal sequence. PCR was
performed on either the wildtype spike sequence or the prefusion-stabilized sequence with primers
found in supplementary Table 1 (Q5 High-Fidelity 2X Master Mix, New England BioLabs). All PCR
products were flanked by Gateway™ AttB sites. The PCR products were gel-purified with the Tllustra
GFX Gel band purification kit (GE-Healthcare), which were then gateway cloned into the
pDONR207 (Thermo Fisher), pDest8 (Thermo Fisher), and/or the pOET1 Gateway vectors

(Oxford Expression Technologies) according to the protocol of Gateway™ cloning (Invitrogen).

Multiple constructs were designed based on the full-length spike (S-full length), the prefusion
stabilized secreted spike (S), and the SI domain (see also Figure a). First, the S-full length spike
constructs contain the wildtype spike coding sequence (residue 16-1237) with an N-terminal HBM
signal sequence (Spl) or GP64 signal sequence (Sp2). Second, the S spike construct encodes an N-
terminal HBM signal sequence, the prefusion stabilized ectodomain (residue 16-1208), a C-terminal
T4 fibritin trimerization signal (T'4 foldon), and an 8x histidine tag (His) (Sp9). Third, the SI domain
(residue 16-679) was PCR amplified and cloned into the pPDONR207 vector. At the C-terminus of
the S1 gene in pDONR207, a synthetic DNA fragment (IDT DNA) was inserted by Sapl restriction
cloning (New England BioLabs). The resulting construct (Sp53) encodes the S1 domain with a C-
terminal GSGSGS-linker, the proprietary split-protein tag, Tobacco Etch Virus (TEV) protease
cleavage site (ENLYFQS), and triple strep-tag
(WSHPQFEKGGGSGGGSGGSAWSHPQFEKGGGSGGGSGGS-AWSHPQFEK).
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Recombinant baculoviruses

Recombinant baculoviruses of Autographa californicamulticapsid nucleopolyhedrovirus (AcMNPV)
were generated in two ways. First, pDest8 plasmids were transposed into E.coli cells containing
bacmid AcBACes6 (Acc) (Phlman et al., 2020), PMID: 33339324) with the bac-to-bac baculovirus
expression system (Invitrogen, Thermo Fisher), followed by transfection of the bacmid into insect
cells with Expres2TR transfection reagent (ixpres2ion Biotechnologies). Second, pOET1 plasmids
were transfected into insect cells with the baculovirus genome AcOET (Acc Apl0 Ap74 Ap26) with
the flashBAC Ultra kit (Oxford Expression Technologies). Baculovirus stocks were amplified in
ExpiSY cells and viral titers were determined by endpoint dilution assay on Sf9-easy titer cells
(Hopkins & Esposito, 2009). Viral titers are defined as tissue culture infectious dose 50% (TCIDx)

units per mL.

Immuno Alkaline Phosphatase Monolayer Assay

Production of S full-length in insect cells was assessed by IAPMA. Sf9 cells were infected with
recombinant baculovirus at a multiplicity of infection (MOI) of one TCIDs per cell. At 3 days post-
infection, cells were washed once with phosphate-buffered saline (PBS) and fixed in acetone:ethanol
(1:1) fixative, followed by another wash step. Cells were incubated for 30 minutes at 37 °C with one
of the following primary antibodies: rabbit-anti-S1 (Sino Biological cat#40591-T62, binds the SARS-
CoV-2 S1 domain), rabbit-anti-S2 (Abcam, cat# ab272504, binds the cytoplasmic tail (CT) of S2), or
human convalescent sera (Isala Ziekenhuis, Zwolle; Erasmus Medical Centre, Rotterdam, obtained
from Covid-19 patients). All primary antisera were diluted in PBS with 0.05% Tween-20 (Merck)
and 5% skim milk powder (Campina, The Netherlands). Wells were washed once with PBS and
incubated with Alkaline Phosphatase (AP)-conjugated Goat-anti-Rabbit or Goat-anti-human
secondary antibodies (Sigma). Proteins were detected by NBT/BCIP staining (Roche Diagnostics
GmbH, Basel, Switzerland) and cells were visualized by using a Zeiss Axio Observer Z1m inverted
MICroscope.

Protein production in shake flasks

Recombinant proteins were produced with the ExpiSf™ Expression System (Thermo Scientific).
ExpiSI9 cells were grown in 1 L shake flasks with 250 mL cell culture volume and were diluted to a
density of 5x10° cells/mL in medium supplemented with ExpiSf™ Enhancer. At 18-24 h after
dilution, the cells were infected with recombinant baculovirus at an MOI of 4-5 TCID: units per cell.

The flasks were incubated for 2-4 days untl the viability was reduced to 70%. Then, PMSF protease
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mnhibitor (Roche) was added at a final concentration of 170 mg/mL. Cells were removed by
centrifugation and the pH of the resulting supernatant was increased to pH 7.8 by adding 0.1 M
NaOH. The clarified supernatant was immediately used for purification or was stored at -80 °C after
the addition of glycerol (final concentration 209%).

Protein production in msect-cell bioreactor

A 3 L bioreactor (Applikon Biotechnology) with a 2 L working volume was inoculated at 0.5x10°
ExpiSI9 cells/mL at 99% viability. Cells were grown in CDM at 27 °C with an agitation speed of 266
rpm. The dissolved oxygen (DO) was controlled at 30% air saturation by adding pure oxygen through
a macroporous Lrsparger. In addition, a constant headspace flow of 0.01 vwm air was applied. Cells
were infected at MOI 0.01 at 3 days post-inoculation at a viable cell density (VCD) between 2.0-
4.0x10°cells/mL. De reactor was harvested at 5 days post-infection (dpi) at a cell viability around 70%
as described above. The reactor was monitored online continuously and was sampled daily for offline
measurements. 60 mL of cell culture was transferred to a shake flask during harvesting and was
sampled for another 6 days. The viable cell density (VCD), viability, and the fraction of infected cells
were measured online by Differential Digital Holographic Microscopy (DDHM) with the iLine F
holographic microscope (OVIZIO). The bioreactor samples were analyzed offline for VCD and
viability by trypan blue exclusion by using a TC20 automatic cell counter (Bio-Rad). The SARS-CoV-

2 spike S1 concentration in the medium was determined by protein ELISA (AssayGenie cat.#

CBK4154).

Protein Purification

His-tagged S spike protein was purified from the clarified medium by using immobilized metal 1on
affinity chromatography (IMAC). The expression medium was clarified by centrifugation (12,000 x
g 4 °C). The clarified medium was loaded onto a Ni Sepharose excel (Cytiva) column that was
equilibrated in equilibration buffer (20 mM Tris/Cl, 400 mM NaCl, pH 7.8). Non- and weakly bound
contaminants were removed by washing with equilibration buffer. The bound proteins were eluted
from the column by a 0 - 360 mM imidazole gradient in equilibration buffer. Eluted fractions were
pooled and concentrated by using an Amicon Ultra-15 centrifugal filter unit (30 kDa, Merck). The
concentrate was further purified by size exclusion chromatography (SEC) with a Superdex S200
(Cytiva) column equilibrated with PBS buffer at pH 7.4. Eluted fractions were analyzed on SDS-
PAGE. The fractions containing the S protein were pooled, concentrated, flash-frozen, and stored

at-20 °C.
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Strep-tagged S1 spike protein was purified on a Strep-TactinXT superflow 5 mL cartridge (IBA
GmbH). The clarified medium was treated with 15 mI/mL BioLock Biotin Blocking Solution (IBA)
to remove free biotin. It was then loaded onto the Strep-Tactin column equilibrated in 100 mM
Tris/HCl, 150 mM NaCl and 1 mM EDTA, pH 8.0 buffer (buffer W). The column was washed
with buffer W and proteins were eluted from the column in buffer W containing 50 mM biotin. To
remove the triple-strep tag, we pooled the eluted fractions and incubated them overnight at 4 °C with
Tobacco Etch Virus (TEV) protease at a 10:1 ratio (w/w) in 50 mM Tris/Cl, 0.5 mM EDTA, and 1
mM DTT, pH 8.0. The protein was concentrated and further purified by using SEC as described
above. Eluted fractions were analyzed with SDS-PAGE. The fractions containing S1 were pooled,
flash-frozen, and stored at -20 °C. Removal of the strep-tag by TEV-cleavage was confirmed on

western blot immunodetection by Strep-Tactin AP-conjugated antibody (IBA Lifesciences).

SDS-PAGE and western blot immunodetection

Protein samples were incubated in Laemmli buffer containing 5% b-mercaptoethanol for 10 min at
95 °C and were separated on a 7.5% SDS-PAGE gel (Bio-Rad), or a 4-20% or 4-15% stain-free SDS-
PAGE gel (containing photoactivatable trihalo compound, Bio-Rad). Proteins were visualized by 2.5
min UV-activated stain-free imaging (Bio-Rad GelDoc). Then, the proteins in the gel were blotted
on a PVDF or nitrocellulose membrane (Thermo Scientific, Bio-Rad). The membranes were
blocked in PBS with 0.19% Tween-20 (PBST) supplemented with 3% skim milk powder (Campina,
The Netherlands) and recombinant spike proteins were detected by immunodetection. As primary
antibodies, we used rabbit-anti-S1 polyclonal serum diluted 1:3000-1:5000 (Sino Biological
cat#40591-T62) or human covid-19 convalescence sera diluted 1:500 (Isala Ziekenhuis, Zwolle) or

1:1000 (Erasmus Medical Centre, Rotterdam).

Detection was performed with either Alkaline Phosphatase (AP)-conjugated secondary antibody or
Horseradish Peroxidase (HRP)-conjugated secondary antibody diluted 1:2500 in PBST. The AP-
conjugated goat-anti-rabbit (Aligent) and AP-conjugated goat-anti-human (Sigma-Aldrich) were
detected by conversion of NBT-BCIP staining (Roche Diagnostics GmbH, Basel, Switzerland). HRP
conjugated goat-anti-rabbit (Sanbio) was visualized by Clarity Western ECL substrate (BioRad) by
using a Chemidoc MP (Bio-Rad). The strep-tag was detected by immunodetection with Strep-Tactin

AP according to the manufacturer’s protocol (IBA Lifesciences cati#2-1503-001).
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PNGase treatment and PAS stain

The glycosylation status of recombinant spike proteins was analyzed by a PNGase treatment and
PAS staining. Protein samples were incubated with PNGase-F (New England Biolabs cat#P0704) for
1 hour at 37 °C under denaturing conditions as described by the manufacturer. PN Gase-F treated
and non-treated samples were analyzed on SDS-PAGE and western blot. Next, protein glycosylation
was confirmed by Periodic acid-Schiff (PAS) staining of the western blot membrane. The PVDF
membrane was soaked in PAS solution (1% perjodium acid in 3% acetic acid) for 15 min. The
membrane was washed twice with water and incubated for 15 min with Schiff’'s Reagent (Sigma
Aldrich). The membrane was washed once in 0.5% w/v sodium bisulfite for 5 min and rinsed with
demi water before imaging.

Far-UV circular dichroism (CD) spectroscopy

The structural features of the insect cell-produced S1 were assessed by far-UV circular dichroism
(CD). Purified S1 was diluted to 1.3 pM in PBS. The far-UV CD was measured by using a Jasco
J715 spectropolarimeter at 20 °C with 1-mm quartz cuvettes. Spectra were obtained by averaging 30
scans and were background corrected by subtracting the far-UV CD spectrum of 30 scans of PBS
acquired under identical conditions. We used the CD-data as iput for the BeStSel webserver
(Micsonai et al., 2015, 2018) to acquire the secondary structure content of S1. This was compared
to the structural data of the S1-domain (derived from the wildtype spike protein structure) we
obtained by the program STRIDE (Frishman & Argos, 1995). In both algorithms, it was assumed
that glycosylation and other protein modifications do not influence the amount of estimated

secondary structures.

Size-exclusion chromatography coupled with multi-angle hight scattering (SEC-MALS)

The molar mass, oligomerization state, and degree of glycosylation of S1 were determined by SEC-
MALS. The S1 protein from the scaled-up production run was purified by Strep-Tactin purification
followed by removal of the strep-tag by TEV protease incubation and SEC. After SEC, the second
peak on the chromatogram (Supplementary figure 2, elution 99-117 mL) was selected for SEC-
MALS analyses to exclude large aggregates. An Infinity 1260 II HPLC system (Agilent) was coupled
to an Optilab dRI detector and miniDawn MALS detector (Wyatt Technologies, USA). The column
thermostat and autosampler were both set to 20 °C. The protein was diluted to 0.83 mg/mL in PBS
(Sigma-Aldrich) and was then resolved in duplicate experiments on a Superdex 200 increase 10/30

GL column (GE Life Sciences) equilibrated in PBS. With ASTRA software (Wyatt Technologies),
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the absorption at 280 nm, light scattering, and refractive index properties of the eluates were collected
and analyzed. The contribution of protein and glycosylation in the eluting species was determined by
the conjugate analysis method in ASTRA using dn/dc values of 0.185 ml/g and 0.14 mL/g for
protein and glycans, respectively, and an extinction coefficient for the protein at 280 nm of
1.2 mL/(mg.cm). The dn/dc value obtained for the conjugate was used for further molecular weight

determination.

Ace2 binding kinetics

Interactions of S1 antigens to hAce2 protein were performed with a QCM Attana A200 Biosensor
(Attana AB) as described elsewhere (Fougeroux et al., 2021) (PMID: 33436573). Briefly, ExpreS®
expressed hACE2 at 50 mg/mL (Expres2ion Biotechnologies) was immobilized on an LNB carboxyl
chip. The binding of S1 proteins to the chip was measured in a two-fold serial dilution series (200

nM to 6.25 nM) in PBS pH 7.4.

Vaccinations Queensland Institute of Medical Research Berghofer

Cytokeratin-18 promoter (K18)-hACE2 mice were housed at QIMRB. K18 mice (n=4) received two
intramuscular administrations of 50 ml vaccine, containing 25 ml purified S and 25 ml ASO1 adjuvant.
Blood was collected and tested for neutralizing antibodies against SARS-CoV-2 in a VN assay. The
sera were diluted 1:10, and then 2-fold serial dilutions were incubated with 100 CCID0 of SARS-
CoV-2 (strain hCoV-19/Australia/QLD02/2020) for 2 h. Samples were added to Vero E6 cells in 96-
well plates and viral cytopathic effect (CPE) was quantified on day 4 by crystal violet staining. Mice
vaccinated with UV-inactivated SARS-CoV-2 provided positive control sera and naive mice provided
negative control sera. At 18 weeks post-prime, the mice were challenged intranasally with 5x10°*
TCIDx SARS-CoV-2 per mouse (hCoV-19/Australia/QLID02/2020). Weight change was monitored
for five days, and viral titers were determined in the lungs, brain, and nasal turbinate.

Coupling ST antigen to virus-like particles

Catcher-VLPs based on the AP205 coat protein (Gene ID: 956335) fused to the proprietary catcher
sequence were produced in E.coli (Thrane et al., 2016) (PMID: 27117585). The purified S1 was
coupled to the catcher-VLPs and formulated as an adjuvanted vaccine as previously described
(Fougeroux et al., 2021) (PMID: 33436573). In short, SI and catcher-VLPs were mixed in a 1:1
molar ratio in PBS overnight at room temperature. A part of the mix was spun down at 16000 x g
for 2 minutes to assess the stability of the coupled protein. Equal amounts of pre- and post-spin

samples were mixed with DTT and were heated prior to analyses by SDS-PAGE. The coupling
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efficiency was calculated as the percentage of AP205 capsids that had been conjugated to an S1
domain via Tag/Catcher mteractions (Janitzek et al., 2016). The protein bands on the SDS-PAGE
gel were analyzed by ImagequantTL software to determine the band intensity. The band intensity of
the VLP subunit before the coupling reaction was divided with the equivalent protein band after
coupling and was multiplied by 100. After the coupling reaction, the S1-VLP was purified from the
remaining coupling mixture. This was loaded onto an Optiprep™ step gradient (23%, 29%, and 35%)
(Sigma-Aldrich) and was centrifuged at 47800 rpm for 3.30 h. Buffer exchange was then performed
by dialysis in PBS.

Transmission Electron Microscopy of the S1-VLP vaccine

The quality of the VLPs after coupling, purification, and buffer exchange was assessed by
Transmission Electron Microscopy (TEM). For this, 1 ml VLP mixture was added to a carbon-coated
copper grid and was incubated for 2 minutes at room temperature. The grid was washed once with
milli-Q water and was negatively stained for 30 seconds in 2% uranyl acetate and air-dried before
observation with a JEOL 1400 plus transmission electron microscope.

Vaccinations University of Copenhagen

Experiments were authorized by the Danish National Ammal Experiments Inspectorate
(Dyreforsggstilsynet, license no. 2018-15-0201-01541) and performed according to national
guidelines. Female BALB/c AnNRj mice were vaccinated with 0.5 mg S1 (n=4) or 0.5 mg S1-VLP
(n=4) formulated in Addavax™ (Invivogen). Blood was collected two weeks post each immunization.
The serum was isolated by two centrifugation steps at 800 x gfor 8 minutes at 8 °C. Specific IgG titers
in serum samples were measured by enzyme-linked immune-sorbent assay (ELISA). For this, the
plates were coated with 0.1 mg/well recombinant ExpreS® produced Spike protein or RBD
(Expres2ion Biotechnologies). Serum samples were added at a starting dilution of 1:50 and added in
3-fold dilutions. IgG titers were determined by OD measurements after incubation with Horseradish
peroxidase (HRP) conjugated goat anti-mouse IgG (Life Technologies, A16072). Plates were
developed by using TMB X-tra substrate (Kem-En-Tec, 4800A) and absorbance measurements at
450 nM. Virus-neutralizing antibody titers in the mice sera were determined on Vero E6 cells as
described elsewhere (Fougeroux et al., 2021) (PMID: 33436573) with SARS-CoV-2 Wuhan (L008)
or SARS-CoV-2 UK/B.1.1.7 (VOC-202012/01) strain at 120 TCIDs/well.
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Results

Baculovirus expression and localization of SARS-COV-2 spikes in Sf9 msect cells.

To determine the most suitable recombinant baculovirus system to produce SARS-CoV-2 spike
variants and to determine the most suitable secretion signal sequence, Sf9 cells were infected with
AcBACe56 and AcOET recombinant baculoviruses encoding the SARS-CoV-2 spike (Figure a).
The spike proteins were similarly expressed in the cells with either the N-terminal HBM signal
sequence or the baculovirus GP64 signal sequence (Figure b, compare Sp1 with Sp2). Furthermore,
the AcBACe56 and AcOET recombinant baculoviruses induced expression of S proteins that were
recognized by convalescent-phase sera from COVID-19 patients (Figure b). Baculovirus encoding
GFP (AcGFP) and mock-infected Sf9 cells were included as controls and were not detected by the
same sera. As expected, removal of the C-terminal transmembrane (CT) domain from the spike
protein lowered the detection signal, since S was now excreted from the cells (Figure b, AcOET-
SpY). Compared to AcOET, our in-house AcBACe56 produced similar yields of secreted S
(Supplementary figure 1). Generation of recombinant AcOET baculovirus stocks demands less
hands-on time than AcBACeb6. Therefore, AcOET-Sp9 was used for further production and

purification of secreted S.
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TFigare 1. Expression of recombinant SARS-CoV-2 spike protein in insect cells. (a) In this study, recombinant
baculoviruses were constructed containing spike proteins as schematically represented. (b) S full-length and S (delta TM)
were detected inside StY cells after staining with rabbit polyclonal sera against S1 (anti-S1) or cytoplasmic tail in S2 (anti-
CT) or with human convalescent-phase sera obtained from two hospitals (EMC and Isala). pAb, polyclonal antibody.

Immunogenicity of a SARS-COV-2 subunit vaccine from msect cells.
The prefusion-stabilized S was produced with AcOET-Sp9 baculoviruses in ExpiS{9 cells cultured

in shake flasks in chemically defined medium. After purification, the recombinant protein yield was
estimated to be 180 pg S protein per liter of culture fluid with relatively low purity (Figure a). The
insect cell proteins in the culture fluid contaminated the S protein and could not be removed with a
single purification step. We subsequently used this S with ASO1 adjuvant in a vaccination challenge
study in four K18-hACE2 transgenic mice (Figure b). After two intramuscular immunizations with
5 g adjuvanted S, we measured virus-neutralizing activity in sera of the vaccinated mice. Two mice

(M3 and M4) had detectable neutralizing antibody responses, both with a reciprocal serum dilution
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titer of 15. There were no measurable amounts of neutralizing antibodies in the other two animals
(M1 and M2) or in the sera obtained after the first immunization. Mice were challenged with an
intranasal sublethal dose of SARS-CoV-2 at 18 weeks post-prime. Two mice, M1 and M2, developed
disease symptoms and showed a loss of body weight, in contrast to the exposed-immune control
group (Figure ¢). At 5days post-challenge, SARS-CoV-2 virus was found in their lungs, nasal
turbinate, and brains (Figure d). This demonstrates SARS-CoV-2 infection and replication in the
vaccinated K18-hACE2 mice (Kumari et al., 2021; Moreau et al., 2020), similar to the nonvaccinated
controls (Figure d). M3 and M4 were protected from clinical COVID-19 disease and weight loss
similar to the exposed-immune control group (Figure ¢). Although no SARS-CoV-2 was detected in
the lungs, virus was measured in the nasal turbinate of M3 and in the brains of both M3 and M4
(Figure d). As a result, two intramuscular doses of adjuvanted S could provide partial protection

against SARS-CoV-2 in hACE2 mice.
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Figare 2. Production of S and immunization of K18-hACE2 mice with two doses of adjuvanted S induce limited nAb
responses and result in partial protection from SARS-CoV-2 challenge. (a) S was produced with the ExpiSf expression
system and purified from medium. The elution fractions were pooled and analyzed on SDS-PAGE (stain-free) and
Western blotting (anti-S1) in a serial dilution. (b) K18-hACE2 mice (n =4, M1 to M4) were immunized with two doses
of 5 g S and ASO1 adjuvant, where blood was collected after each vaccination. At 18 weeks postprime, the mice were
challenged intranasally with SARS-CoV-2. (¢c) From 0 to 5 days postchallenge (dpc), body weight change was monitored.
(d) At 5 dpc, the viremia in lungs, nasal turbinates, and brain were measured. Mice vaccinated with UV-inactivated SARS-
CoV-2 served as an exposed immune control (n=3, C1-C3), and nonvaccinated controls (n=12) were included in
viremia titrations.
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Production of strep-tagged S1 subunit increases yield and purity.

We next aimed to produce the S1 subdomain to improve protein yield and purity after purification.
Moreover, the adjuvanted spike subunit vaccine did not completely inhibit viral infection in K18-
hACE2 transgenic mice. To improve the immunogenicity of the S1 antigen, the nanoparticle-based
AP205 VLP display system was used. The secreted S1 (Figure a, Sp53) was produced with AcOET-
Spb3 baculoviruses in ExpiSf9 cells in shake flasks. SDS-PAGE and Western blot analyses showed
that S1 was successfully expressed and secreted into the culture fluid (Figure a) and could be purified
efficiently using strep-tag affinity chromatography (Figure b). The strep-tag affinity column had a
higher specificity than the His-tag nickel affinity column and resulted in a relatively pure S1 protein
compared to the purity of S after immobilized-metal affinity chromatography. The C-terminal strep-
tag was removed by tobacco etch virus (TEV) protease cleavage, resulting in TEV-cleaved S1 (60%)
and an S1 aggregate (309) (Supplementary figure 2). Removal of the strep-tag was demonstrated by
a shift in protein size on SDS-PAGE. and a loss of signal from StrepTactin-alkaline phosphatase (AP)
antibody on Western blotting (Figure ¢). Both S1 and the S1 aggregate fractions show a band with
the same mass on denaturing SDS-PAGE and binding on Western blotting to rabbit-anti-S1 and
several human COVID-19 convalescent-phase sera (Figure d). Moreover, S1 has a high binding
affinity to immobilized ACE2, with a dissociation constant (£») of 16.7 nM (Figure e), which is in a
similar range as previously reported (Fougeroux et al., 2021; Ke et al., 2020; Wrapp et al., 2020).

This indicates that the receptor-binding site within S1 is exposed and available to interact with ACE2.

The secreted S1 production was further scaled up from shake flasks to a 3-liter bioreactor system
infected at low multiplicity of infection (MOI). Cells were grown for 3 days before infection with
baculovirus. The reactor was monitored continuously online using a holographic microscope and
was sampled daily for offline measurements. The maximum viable cell density (VCD) was monitored
both online and offline and peaked at 3 dpi (Figure f). At 4 dpi, all detected cells showed signs of
baculovirus infection (Figure g). The bioreactor was harvested at 5 dpi when viability dropped below
70%. The culture fluid then contained 7 mg/liter S1, which further increased to 11 mg/liter during
subsequent shake flask cultivation (Figure g). This is a substantial increase in protein yield compared

to the 0.18 mg/liter that was obtained for the S protein.
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Figare 3. Production and analyses of recombinant S1 protein in shake flasks and bioreactor. (a) S1 was produced with
the ExpiSf9 expression system in chemically defined medium and was detected in cells and culture fluid on SDS-PAGE
(stain-free) and Western blot (anti-S1). (b and ¢) S1 was purified from the culture fluid (b) and fractions before strep-tag
removal (S1-strep) and after (S1 and S1 aggregate) were analyzed (c). (d) S1 and S1 aggregate (S1 aggr.) bind to COVID-
19 convalescent-phase sera from Isala Zwolle (serum numbers 2, 3, 4) or from EMC Rotterdam (serum numbers 8, 9,
10) on Western blot. COVID-19 naive serum served as a negative control (Isala 7) and rabbit-anti-S1 (Sino Biological)
as a positive control. (¢) S1 also binds to immobilized ACEZ2, where real-time binding (black curves) was fitted in a 1:1
simple binding model (red curve). (f and g) Production of SI was scaled up from shake-flask cultures to a 3-liter
bioreactor. At time —3 days, ExpiSf cells were seeded, at =0 (straight line), and the cells were infected at an MOI of
0.01. The reactor was harvested at 5 dpi (dotted line), where 60 ml of the culture was transferred to a shake flask and
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continued (offline) sampling. (f) Viable cell density (VCD) and viability were monitored continuously (line), and samples
were taken daily for extra offline measurements (dots). (g) Fraction of infected cells from total cells in the bioreactor and
SARS-CoV-2 spike protein secreted in the culture supernatant measured by ELISA in milligrams per liter of culture.

Analyses of S1 structure, folding, and glycosylation

The structure, folding, and glycosylation of insect cell-derived S1 were analyzed by several methods.
The secondary structure content was calculated from the far-UV circular dichroism (CD) spectrum
of S1 (Figure a). With 6.8% o-helices and 38.4% B-sheets, the secondary structure content of S1 was
highly similar to what was expected based on the wild-type (W'T) SARS-CoV-2 spike structure (Figure
b and ¢) (.e., 2.3% helices, 41.2% sheets). Thus, CD confirms that at 20°C the purified spike S1

domain mostly retamned its structural elements.

The oligomerization state, molar mass, and glycosylation of S1 were determined by duplicate size-
exclusion chromatography coupled with multiangle Iight scattering (SEC-MALS) experiments. Three
oligomerization states could be distinguished in the chromatograms, as monitored by absorbance of
UV Iight at 280 nm (Abs280), refractive index (dRI), and light scattering (LS) (Figure
d, Supplementary figure 3). Conjugate analysis revealed that peak 1 represented a glycosylated
protein species with a molecular weight of 90.9 + 0.2 kDa. This glycosylated protein consisted of a
protein component (82.4% = 1.1%) with a molecular weight of 74.9+1.0kDa and a glycan
component (17.6% + 1.19%) with a molecular weight of 16.0 + 0.2 kDa. The molecular weight of the
protein component in peak 1 is in good agreement with the 77.1 kDa that is expected for the S1
protein monomer based on the amino acid sequence. The dn/devalue (i.e., the refractive index
increment) for the conjugate (i.e., 0.1775 ml/g) was obtained and was used to calculate the molecular
weights of the species in elution peaks 2 and 3. The protein species were found to be 183.4 + 0.4 kDa
for peak 2 and 279.8 + 1.6 kDa for peak 3. Thus, the protein species eluting in peaks 1, 2, and 3
corresponded to an S1 monomer, dimer, and trimer, respectively. Under these conditions, the

monomer is clearly the predominant S1 form.

Glycosylation of S1 was further confirmed by PNGase-F treatment and Periodic acid-Schiff (PAS)
staining of the protein. The PNGase-F treatment, which removes N-linked glycans, caused a shift in
protein migration on SDS-PAGE gel and a loss of PAS staining of the Western blot membrane
(Figure e). Together, they substantiate the results obtained with SEC-MALS. Thus, S1 produced in
S19 cells 1s heavily glycosylated, akin to SARS-CoV-2 proteins that were produced in HEK293 cells
(D. Wang et al., 2020).

34



Virus-like particle based COVID-19 vaccine

(a) (b) (c)
= 100%-1 = Helix
- == Sheet
< 80%- mm Other
05 E
o
= 5 60%-
g 0"1 5 205 215 225 235 V245 255 -g'
E o5 Wavelength (nm) c
B % 40%~
5 10 8
= [
8 A5 20%-
20 0%
>
25 é\.@ (1}9&
L& \$°
a0 Qq}‘ &
ol
(€
(d) (e) PNGase-F
Peak 1 -
1.0 r 300 kDa
\ = - s | Stain-free
5 0.8 [2%0 ¢ 70-
= Peak 2 3
> Looo £
2 0.6 ~ 9]
g Peak 3 F150 2 130 fee
‘T 0.4 g 100 e H Anti-S1
E = F100 = 70 e
202 =
24 tso © 7
= 130-f =
0.0 e T T T T 0 2 )
8 10 12 14 16 18 20 100-18 PAS-stain
Time (min) 70- 1
== dRI = Abs280 — LS (Rayleigh ratio) == Conjugate mass

Figure 4. Analysis of glycosylation and oligomerization of Sf9-cell-produced S1 protein. (a) Far-UV CD spectrum of S1
at 20°C and the resulting percentage of helixes, sheets, and other structures within S1. (b) Data derived from CD
measurements (experimental) were compared to those from wild-type S1 (crystal structure). (c) The proposed structure
of S1 in trimeric conformation, based on the truncation of the full-length SARS-CoV-2 structure (Wrobel et al., 2020).
(d) A representative chromatogram of S1 on a Superdex 200 increase 10/30 column, as detected by differential refractive
index (dRI), absorption at 280 nm (A280), and light scattering (LS). The molecular weight of the species eluting in each
indicated peak is shown in orange (conjugate mass). (¢) SI N-linked glycosylation was further confirmed by PNGase-F
treatment and PAS staining. TEV-cleaved S1 was treated with PNGase-F. Treated (+) and nontreated (-) samples were
analyzed on SDS-PAGE (stain-free) and Western blot (anti-S1). Glycosylation was confirmed by PAS stain.

Display of S1 on AP205 VLPs

To improve the immunogenicity of the prototype vaccine, the S1 and S1 aggregate fractions were
individually mixed in equimolar ratios with catcher-VLPs in an overnight coupling reaction (Figure
a). We included the S1 protein that still contained the C-terminal strep-tag (S1-strep) as a control.
The coupling efficiency was assessed on a reducing SDS-PAGE as shown in Figure b. An additional
band of higher molecular mass appeared on the SDS-PAGE gel, corresponding to one S1 molecule
covalently bound to one AP205 capsid. Removal of the C-terminal strep-tag by TEV protease
cleavage improved the coupling efficiency. In that case, the coupling efficiency was estimated as at
least 109%. This suggests that, on average, each VLP displayed at least 18 S1 proteins on its surface.

A centrifugation step after coupling (stability spin test) revealed that the coupling was stable and the
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SI-VLP was not prone to aggregation. These results are similar to what was seen for a previously

developed RBD-VLP vaccine (Fougeroux et al., 2021). After purification of the VLPs from the

remaining soluble S1, the VLPs are intact and of good quality, and the S1 domains are uniformly

distributed among the VLP particles, as seen by transmission electron microscopy (TEM) (Figure c).
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Figare 5. Low-dose vaccination of BALB/c mice with soluble S1 and S1-VLP induces potent neutralizing antibody
responses. (a) S1 was coupled to VLPs by a coupling reaction as schematically represented. The catcher-VLPs are mixed
with tag-S1, which results in a covalent display (decorated S1-VLP) that is visible on a reduced, denaturing SDS-PAGE
gel. The individual components (catcher-VLP and S1) are shown. (b) Antigens were mixed with VLP and were analyzed
again before () and after (+) a centrifugation step. An extra band appears representing the covalently fused S1 to a single
AP205 capsid (Sl-capsid). (c) The VLPs were purified from the uncoupled S1 subunits and visualized by negative-stain
transmission electron microscopy (TEM). The scale bar represents 50 nm. (d) BALB/c mice (=4 per group) were
vaccinated with 0.5 pg soluble S1 or 0.5 pg S1-VLP with Addavax adjuvant. Blood was collected 2 weeks postprime (It
bleed) and 2 weeks postboost (2nd bleed). (e) IgG antibodies against SARS-CoV-2 spike were analyzed in a dilution
series in an ELISA. (f to h) The IgG titers were expressed as area under the curve (AUC) values. (f) The IgG tters in
plates coated with SARS-CoV-2 spike were compared for mice vaccinated with S1 or SI-VLP. (h and g) Sera were
measured on ELISA plates coated with RBD (g) or coated with full spike (h) and were compared to sera of mice
vaccinated twice with 5 pg RBD-VLP. (i and j) The reciprocal neutralizing antibodly titers after the second vaccination are
shown for neutralizing SARS-CoV-2 Wuhan (L008) (i) or UK/B.1.1.7 (j) strain. A two-sided nonparametric Mann-
Whitney ¢ test was used for statistical comparison. ns, nonsignificant; *, <0.05. Significance is marked with an asterisk
in panels e (P=0.0286) and g (P=0.0159).

Immunogenicity of the SI-VLP nanoparticle vaccine.

The immunogenicity of the S1-VLP was assessed in a mouse immunization study and was compared
to mice vaccinated with soluble S1 protein. Before vaccine formulation of S1-VLP, the unbound S1
was removed from the coupling reaction mix by using ultracentrifugation. BALB/c mice (n=4)
received two itramuscular immunizations contaiming only 0.5 ug S1-VLP or 0.5 pg S1 per dose,
formulated with Addavax, and blood was collected 2 weeks after each vaccination (Figure d). All mice
showed potent immune responses, especially after the second immunization, as measured in an IgG
protein enzyme-linked immunosorbent assay (ELISA) (Figure ¢). The areas under the curve (AUC)
were derived from the ELISA data and showed a slight difference in IgG levels after the first
immunization between the two groups, with the S1-VLP vaccine performing better (Figure f). After
the second immunization, however, the effect of the VP coupling was less clear, possibly because

in both groups an adjuvant was used.

These sera were compared to sera of mice vaccinated with 5 pg of the previously developed RBD-
VLP vaccine (Fougeroux et al., 2021). Even though the antigen concentration in the S1-VLP vaccine
trial was 10-fold lower, all groups had comparably high antibody responses to the spike protein, as
determined by ELISA (Figure g). The IgG titers specific for the SARS-CoV-2 RBD domain were
higher in the RBD-VLP vaccinated mice than our S1- and S1-VLP-vaccinated mice after the first

bleed but not after the second bleed (Figure h).
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Finally, after the second vaccination, all sera contained substantial virus-neutralizing antibody titers
against the Wuhan (L008) SARS-CoV-2 strain, on which the vaccine was based (Figure 1).
Importantly, sera were also able to neutralize the UK (B.1.1.7) strain of SARS-CoV-2 (Figure j).

Discussion

The development and/or improvement of effective SARS-CoV-2 vaccines are still a priority
worldwide. Protein-based vaccines are needed to vaccinate the world population and to boost
Immunity against emerging varlants. These vaccines are known for their inherent long-term safety
and efficacy after administration and lack of preexisting antivector immunity (Moore & Klasse, 2020).
Moreover, the production safety, production costs, and vaccine storage temperatures are
advantageous compared to mRNA and adenovirus vector vaccines, especially for scale-up
manufacturing and global distribution (Nagy & Alhatlani, 2021). In this study, we have used the
versatile and scalable baculovirus expression vector system to generate a two-component nanoparticle

vaccine that induced a potent neutralizing antibody response against SARS-CoV-2 variants.

Both secreted S and S1 were produced with the ExpiSf9 expression system in chemically-defined
medium, which is both serum-free and protein-free. A yield after purification of 0.18 mg/L for S was
obtained. This 1s relatively low, although production yields of prefusion-stabilized S vary greatly
between expression systems. Yields of 0.5 mg/L S have been reported for FreeStyle 293 cells, 5 mg/L
for HEK293 cells (Esposito et al., 2020), and up to 200 mg/L for stably transfected CHO cells (Wu
etal., 2021). Whereas trimeric S 1s often unstable (Juraszek et al., 2021; Stuible et al., 2021), smaller
spike protein domains, for example the S1 or RBD, are generally more stable and result in higher
yields. RBD i1s produced up to 50-60 mg/L in Schneider-2 msect cell lines and Expi239F cells,
respectively (Fougeroux et al., 2021; Walls, Fiala, et al., 2020), but production yields of the S1 subunit
have not been reported to our knowledge. During our scale-up of S1 production in a stirred-tank
bioreactor, we measured a maximum yield of 11 mg/L culture, which might be further increased by
subsequent parameter optimization that could be facilitated by online monitoring of the baculovirus
infection process. The clear advantages of baculovirus expression over other expression platforms
are its excellent safety profile, the rapid scalability to bioreactors up to several thousand liters, and its
demonstrated use in the production of protein and VLP-based human vaccines (Buckland et al.,
2014; Felberbaum, 2015; Van Oers et al., 2015). Based on the dosage of SARS-CoV-2 subunit
vaccines n current phase 3 clinical trials (5 pg/dose, Novavax, NCT04583995; 10 pg/dose, Sanofi
Pasteur, NCT04904549), and a licensed subunit vaccine made with the BEVS (135-180 ug/dose,
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FluBlok (Treanor et al., 2007), a million-dose vaccine batch of SI-VLP can theoretically be produced
in a single insect-cell bioreactor. Moreover, as demonstrated for the Flublok® influenza vaccine, the
production process can easily be adapted to new protein variants in only six weeks (Buckland et al.,

2014; Cox & Hashimoto, 2011).

Using multiple analyses, we have demonstrated correct folding, ACE2 affinity, and extensive
glycosylation of the insect cell-derived S1. While glycosylation patterns in insect cells are less complex
and more homogeneous than in mammalian expression systems (Harrison & Jarvis, 2006; D. Wang
et al., 2020), there are no indications that insect glycosylation patterns positively or negatively affect
the immunogenicity of SARS-CoV-2 or other glycoprotein based vaccines (Cox et al., 2015; Keech

et al., 2020; Sadoff et al., 2021).

In a first attempt to investigate the immunogenicity of insect-cell-derived SARS-CoV-2 antigen,
adjuvanted S was tested in a vaccination-challenge experiment in K18-hACE2 transgenic mice, but
only partial protection against sublethal SARS-CoV-2 challenge was obtained. The impurities in the
his-tag purified S subunit, including glycosylated insect cell proteins, lower the effective dose to induce
a specific antibody response against S. This 1s in line with clinical studies in which low immune
responses of baculovirus-expressed, adjuvanted S protein subunit in certain age groups were
reported, and this can possibly lead to a higher reactogenicity of the vaccine (Goepfert et al., 2021).
Thus, a better SARS-CoV-2 antigen presentation was needed and this was accomplished by coupling

ST subunits to AP205 VLPs (Fougeroux et al., 2021).

The tag/catcher coupling of S1 to the VLPs was increased after removal of the strep-tag and was
estimated to be at least 109%. Display of the SARS-CoV-2 RBD domain onto AP205 VLPs showed
33-45% coupling efficiency (Fougeroux et al., 2021) and display of other proteins ranged from 22-
889, which negatively correlated to the size of the antigen (Thrane et al., 2016). The coupling
efficiency might be further improved by increasing the coupling pressure where the antigen is present
in excess in the mixture. Also, the coupling 1s potentially facing partial steric hindrance between the
relatively large, glycosylated S1 antigens and it may be useful in future studies to experiment with
flexible linkers at the S1 C-terminus to provide additional space to further improve antigen coupling.
Moreover, S1 1s highly glycosylated and these glycans might further impair efficient coupling by steric

hindrance between S1 domains. We have displayed an average of 18 relatively large S1 proteins on
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each 30 nm VLP, which is comparably spaced as the spikes on the wildtype SARS-CoV-2 virion
(Bachmann et al., 2021; Ke et al., 2020; Liu et al., 2020).

The S1-VLPs (and S1 subunit for comparison) were used to immunize BALB/c mice twice with a
low dose of 0.5 mg per mouse. The vaccines were adjuvanted with AddaVax, an MF59-like oil-in-
water emulsion. Comparison between adjuvants in SARS-CoV-2 subunit vaccines has shown that
these squalene-based oil-in-water emulsions are among the most potent adjuvants (Arunachalam et
al., 2021; Haun et al., 2020; Liang et al., 2021). An adjuvating effect of the VLP was observed only
after the first immunization, where a significant difference between S1 subunit and S1-VLP was
observed in the amount of IgG produced. After the second immunization, the S1 subunit and S1-
VLP performed similarly in inducing potent immune responses. The boosting effect of the second
immunization and the addition of Addavax adjuvant in both vaccine groups might be obscuring the

intrinsic adjuvanting effect of the AP205 VLP (Zhang et al., 2020).

An RBD-VLP prototype vaccine is currently under evaluation in the COUGH-1 clinical phase I/11
trial (National Library of Medicine, NCT04839146) and makes use of the same AP205 VLPs, but
with an RBD antigen expressed in S2 Drosophila cells (Fougeroux et al., 2021). We show that our
S1-VLP vaccine reaches comparable IgG titers compared to the RBD-VLP but with a 10-times lower
antigen dose (0.5 mg for SI-VLP vs. 5 mg for RBD-VLP). In line with this result, a comparison of
HEK293-cell-derived S1 and RBD subunits showed that S1 gave superior immune responses when
formulated as subunit vaccine (Y. Wang et al., 2020). It remains to be seen If enhanced
immunogenicity of S1 compared to RBD can compensate for the less efficient SI-VLP coupling. In

our study, both vaccines appear equally potent in generating SARS-CoV-2 specific antibodies.

Neutralizing antibodies are an important immune correlate of protection (Addetia et al., 2020
Carrillo et al., 2021; Sui et al., 2021) and therefore it was an important finding that all mice generated
high neutralizing antibody titers for both the Wuhan 1008 as well as the B.1.1.7. UK variant of SARS-
CoV-2. The neutralizing antibody titers determinations have been performed in separate assays and
thus cannot be directly compared, but it is feasible that protection against the B.1.1.7 is somewhat
reduced due to the presence of several mutations in the S1 domain (HV69-70del, Y144del, N501Y,
A570D, D614G). With RBD-based vaccines, this difference would only be a single amino acid
(N501Y) (Socher et al., 2021). Immunogenicity against current and emerging variants might be

further improved by the development of a multivalent vaccine, i.e. a VLP displaying a mixture of S1
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variants. This can result in a more focused immune response toward conserved protein domains and
broader protection against variants as was shown for HIV (Brouwer et al., 2019). Neutralizing
antibody responses against other SARS-CoV-2 variants of concern as B.1.1.7. are important for
future vaccine designs and for the progression of vaccine candidates through clinical trials towards
licensing (Z. Wang et al., 2021). With novel SARS-CoV-2 variants emerging in the years to come,
these two-component nanoparticle vaccines can be quickly adapted as booster vaccines by simply

updating the antigen component.
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Supplementary figure 1. Spike protein secretion. Both full spike with transmembrane domain (Sp1-2) and spike without
transmembrane domain (Sp9-10) were expressed with HBM or Gp64 as a signal sequence. Recombinant baculovirus
was constructed with the AcBACe56 and the AcOET virus backbones. Sf9 cells were infected with recombinant
baculovirus, and protein secretion in the medium was analyzed by SDS-PAGE (stain-free) (b) followed by Western
blotting with polyclonal anti-S1 serum (a).
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Supplementary fignre 2. Removal of C-terminal triple strep-tag from S1 by TEV protease cleavage. The purified S1 was
incubated overnight with 10:1 (wt/wt) TEV protease to S1. The cleaved product was run over a preparative Superdex
5200 column, resulting in the pooled separation of S1 aggregate (peak 1, 75 to 98 ml), S1 (peak 2, 99 to 117 ml), and
other proteins, including TEV protease (peak 3, 135 to 175 ml).
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Supplementary figare 8. Duplicate run SEC-MALS of S1. Chromatogram of S1 on a Superdex 200 increase 10/30
column, as detected by differential refractive index (dRI), absorption at 280 nm (A280), and light scattering (LS). The
molecular weight of the species eluting in each indicated peak 1s shown in orange.
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Abstract

Real-time, detailed online information on cell cultures is essential for understanding modern
biopharmaceutical production processes. The determination of key parameters, such as cell density
and viability, is usually based on the offline sampling of bioreactors. Gathering offline samples 1s
invasive, has a low time resolution, and risks altering or contaminating the production process. In
contrast, measuring process parameters online provides more safety for the process, has a high time
resolution, and thus can aid in timely process control actions. We used online double differential
digital holographic microscopy (DSHM) and machine learning to perform non-invasive online cell
concentration and viability monitoring of insect cell cultures in bioreactors. The performance of
D3HM and the machine learning model was tested for a selected variety of baculovirus constructs,
products, and MOIs. The results show that with online holographic microscopy insect cell
proliferation and baculovirus infection can be monitored effectively in real time with high resolution
for a broad range of process parameters and baculovirus constructs. The high-resolution data
generated by DSHM showed the exact moment of peak cell densities and temporary events caused
by feeding. Furthermore, DSHM allowed us to obtain information on the state of the cell culture at
the individual cell level. Combining this detailed, real-time information about cell cultures with
methodical machine learning models can increase process understanding, aid in decision-making,

and allow for timely process control actions during bioreactor production of recombinant proteins.
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Introduction

The baculovirus-insect cell expression vector system (BEVS) is used for the production of
recombinant proteins and is one of the most used eukaryotic expression platforms to produce virus-
like particles (VLPs) (T. Kost, 1999; Luckow & Summers, 1988; Pyjlman, 2015; Robert D Possee,
1988). With this expression platform, VLP quantities comparable to those achieved in yeast can be
produced. In addition, with BEVS it is possible to perform post-translational modifications (PTMs),
such as glycosylation, comparable (but not identical) to that of mammalian cells (T. A. Kost et al.,
2005; Roldao et al., 2010; van Oers, 2011). The baculovirus vector constructs required for the
expression of the desired proteins (e.g., VLPs, viral glycoproteins, gene therapy vectors, enzymes,
biologicals) can be generated in a matter of weeks. The ability to quickly express the desired protein
and scale up the production makes the BEVS an excellent platform to respond to emerging virus
threats, as witnessed recently during the global COVID-19 pandemic and earlier during outbreaks of

the Zika virus (M. Cox, 2017; Shinde et al., 2021; van Oosten et al., 2021).

When scaling up the BEVS in bioreactors, it 1s important to determine three key parameters that
interact with each other; the cell density at infection (CCI), multiplicity of infection (MOI), and the
optimal time of harvest (TOH). First, cells are grown to the CCI at which point the baculovirus
particles are added at a certain MOI, 1.e., number of infectious virus particles per viable cell.
Approximately 20-24 hours after the insect cells are infected by the baculoviruses they start producing
the protein of interest. Next, at approximately 48-72 hours after infection, the cells start to lyse and
release their contents in the medium among which proteases. This may affect product quality and
complicate downstream processing, essentially lowering the product yield. On the other hand,
performing the harvest too early leads to reduced yields as well. Harvesting at the right TOH 1s
therefore critical for obtaining optimal yields of a high-quality product. Being able to precisely
determine the values for CCI, MOI, and TOH during process development is essential for obtaining

optimal volumetric productivity and product quality in the final production process.

Key process parameters describing the state of the culture, like viable cell density, viability, and
infection state of the culture, are usually measured only once or twice per day. As a result, the time
resolution (once every 12-24h) is low and important information to determine for example cell
growth or infection stage may be obtained too late or even completely missed. This leads to
suboptimal control and potential failure of production runs.(Anurag S Rathore & Helen Winkle,

2009) In addition, insufficient information 1s obtained for a proper mechanistic understanding of the
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system. For example, when developing mathematical models based on scattered, offline sample data,
the low time resolution of the data will impact the quality of these models. Finally, such manual
sampling also introduces the risk of contaminating the culture and is prone to operator variance
leading to less rehiable datasets. Thus, online, and real-time measurement of key parameters like
viable cell density, viability, and infection state of the culture appears to be important for a proper

understanding of the BEVS and timely control of the production process.

Currently, several physical probes are available to allow online measurements of biomass, such as
dielectric spectroscopy and light scattering. Dielectric spectroscopy measures viable biomass based
on biomass capacitance, whereas light scattering methods measure total biomass.(Carvell & Dowd,
2006; Kiviharju et al., 2007; Ude et al., 2014) These methods are well suited for measuring cell
biomass, however, they cannot directly measure the viability or infection stage of a single cell. Image-
based cell culture monitoring is a more direct approach, where cells can be visualized individually to
extract both the cell density and information on the state of the cells. An example of such an online
imaging tool is online double digital differential holographic microscopy (DSHM) (Janicke et al.,
2017; Rappaz et al., 2014). With this technique, the cell density is measured as well as a large number
of optical parameters among which cell diameter and circularity, as well as quantitative parameters
associated with the light phase and light intensity of each cell. These parameters can be related to the
physiological states of the cells using machine learning models and specific training data sets. There
1s currently only one study that demonstrated the ability of online double digital differential
holographic microscopy to monitor the BEVS 1n bioreactors (Pais et al., 2020). In that study by Pais
et al. (2020), two bioreactor batch runs of Sf9 cells in SFI00 IT medium were performed where the
insect cell concentration was measured online and the viability and AAV production titer was
predicted. One growth batch without baculovirus infection and a single AAV production run using a

two-baculovirus infection strategy at an MOI of 0.05 TCIDsy/cell were monitored.

The current work aims to obtain more insight into the performance of online digital differential
holographic microscopy to monitor baculovirus-infected cell cultures in bioreactors. Several
baculovirus constructs were included, producing various recombinant proteins, and under varying
process conditions, using the ExpiSf9 cell line as a model (Yovcheva et al., 2018). First, training data
sets were generated to develop machine learning models. Then the performance of the DSHM tool
and machine learning model was evaluated during online monitoring of bioreactor runs. Results

showed that after training the machine algorithm with a training data set, the cell density, cell viability,
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cell diameter, and the fraction of infected cells could be accurately determined for a variety of
bioreactor processes. Furthermore, the continuous online measurements allowed for the
construction of high-resolution time-series profiles of these parameters. These high-resolution time-
series profiles gave more insight into the state of the cell culture inside the bioreactor. Infected cells
could be detected earlier compared to offline methods and the effect of process interventions such
as feeding became distinguishable. Improved training data sets can further increase the accuracy of
the online prediction, allowing for more advanced process control strategies and increased process

understanding of recombinant protein production processes.
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Materials & Methods

Cell Lines, Media, and Virus Stocks

ExpiStY cells (Thermo Fisher) adapted to ExpiSt chemically defined medium (Thermo Fisher) were
used in all batch and shake flask cultures. Recombinant baculoviruses of Autographa californica
multicapsid nucleopolyhedrovirus (AcMNPV) were generated in two ways. Baculovirus expressing
His-tagged GFP (hisGFP) or mCherry from the polyhedrin promoter, and a dual fluorescence
baculovirus (AcBac-2FL) with GFP driven by the OpMNPV IE2 promoter and mCherry from the
polyhedrin promoter were constructed by bac-to-bac transposition in k.coli (Thermo Fisher),
followed by transfection of the bacmid into Sf9 insect cells with Expres2TR transfection reagent
(Expres2ion Biotechnologies). Baculovirus expressing the strep-tagged SARS-COV-2 S1 spike
subunit from the polyhedrin promoter was constructed by using pOET1-derived plasmids to
transfect msect cells with the flashBAC Ultra kit (Oxford Expression Technologies, van Oosten et
al., 2021). All baculovirus stocks were amplified in ExpiSf9 cells, and viral titers were determined by
endpoint dilution assay on Sf9-easy titer cells using the Reed-Muench method (Hopkins & Esposito,

2009). Viral titers are defined as 50% tissue culture infectious dose (TCIDs) units per ml.

Bioreactor Cultures

Cells were grown in 0.5L minBio or 3L glass reactor vessels (Getinge) controlled by myControl
bioreactor controllers (Getinge). The working volume of each reactor vessel was 0.3-2L.. Reactors
were inoculated at target starting densities of 0.5-1.0 + 10" viable cells/mL. The liquid temperature
was controlled at 27 °C. The pH was not controlled but maintained by the buffering capacity of the
medium. Measured values remained between pH 5.7-6.1. Dissolved oxygen was controlled at 30%
of air saturation using Lumisens optical dissolved oxygen sensors (Getinge) and sparging of pure
oxygen through open pipe spargers. In addition, a constant headspace aeration rate of 0.01 v air
was applied. Agitation with marine impellers was set to 266-600 rpm by keeping the tip speed

constant among the different reactor sizes.

Analytical Methods
Cells were counted by trypan blue exclusion using a TC20 Automated Cell Counter (Bio-Rad) or by
manual counting using DHC-FO1 cell counting chambers (INCYTO). Online measurements of

viable and total cell density, viability, and infected cells were performed by differential digital
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holographic microscopy (D3HM) using iLine F holographic microscopes (OVIZIO). Data
acquisition and quantitative data analysis were performed using OsOne software (OVIZIO). Infected
cells were visualized by expression of GFP or mCherry detected by a C6 Plus Flow Cytometer (BD
Accurl). SARS-CoV-2 S1 subunits were quantified using a SARS-COV-2 Spike S1 Protein ELISA
kit (AssayGenie).
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Results & Discussion

Training of the machine learning model

We assessed the ability of the iline F online microscope to monitor cell growth, viability, and virus
infection in bioreactors. Cell culture fluid was continuously pumped from the reactor through the
iLine F flow cell and back into the reactor again. In this flow cell, holograms of the cells were
captured. These holographic pictures allowed for direct calculation of the cell concentration and
analysis of a large set of optical cell parameters that can be linked to the state of the cell. For example,
upon baculovirus infection, distinct changes in cell morphology occur such as cell enlargement and
changes in the granularity of the cell.(Kamen et al., 1996; Palomares et al., 2001b; Schopf et al., 1990
Taticek & Shuler, 1997) Specific optical changes also occur if the cell loses viability. Changes in
measured optical parameters were then linked to the infection state and viability of each separate cell
by a machine-learning model (Figure 1). The model was trained by monitoring bioreactor cultures
of baculovirus-infected ExpiSf9 suspension cells in ExpiSf chemically defined medium. The training
was done for the parameters of viability and infection percentage. Data from 6 runs with around 7
captures per run were used to train the imtial machine learming model. To calculate the cell
concentration, a segmentation model was used to detect the objects on the images. The objects were
then filtered to remove non-cell objects like cell debris by specifying criteria such as particle size.
Since the segmentation algorithm was not a machine learning model, no training step was required
but only model parameter tuning. Part of the training was a bioreactor run with ExpiSf9 cells that
were infected with a baculovirus expressing two fluorescent protein genes at high MOI (3 TCID/cell)
( Figure 2). The traming data set for the live and dead cell detection algorithm was calibrated using
offline samples and standard manual haemocytometer cell counting techniques using trypan blue
exclusion. Viable cell percentages were very similar for the online measurement and offline samples
except for 96 hours post-inoculation (hpi) when offline measured viability was notably higher (Figure
2A). The machine learning model might have detected dead or dying cells before this was discernable

by trypan blue exclusion.
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Figare 1. Workflow for training the machine learning model to detect alive and dead cells.
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Figure 2. Time-course profiles for a training bioreactor run where ExpiSf9 cells were infected with a baculovirus
expressing GFP and mCherry at an MOI of 3. The used baculovirus construct, AcBac-2FL, contained a gene for GFP
located behind the immediate early OpIE2 promoter and a mCherry gene located behind the very late polyhedrin
promoter. The dashed lines indicate the moment of baculovirus infection. (A) Viable online (-) and offline (e) and total
online () and offline () cell densities. Online () and offline (@) viable cell percentages. (B) Online predicted infected
cell fraction (=), offline measurements of fraction of GFP (e) and mCherry (e) expressing cells and average online cell
diameter (-). Error bars represent duplicate measurement values.
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The infected cell detection algorithm was calibrated to offline data from the same baculovirus-
infected bioreactor cultures of Expist9 cells in ExpiSf chemically defined medium. To calibrate the
algorithm, a purpose-built dual fluorescence baculovirus construct was engineered. This dual
fluorescence baculovirus, AcBac-2FL, was constructed to express the GFP gene behind the
immediate early OpIE2 promoter, and the mCherry gene behind the very late polyhedrin promoter.
The expression of GFP behind the OpIE2 promoter allowed us to spot early infection as the OpIE2
promoter becomes active immediately after baculovirus infection (Ramachandran et al., 2001;
Shippam-Brett et al., 2001). The expression of mCherry was regulated by the very late polyhedrin
promoter commonly used in the BEVS. This polyhedrin promoter becomes active around 20-24
hours after baculovirus infection (Massotte, 2003). To generate the training data set, the bioreactor
culture was infected with AcBac-2FL at an MOI of 3 TCIDs/cell. The early and very late phases of
baculovirus infection could clearly be distinguished since cells showing green fluorescence were
detected one day before the appearance of red fluorescent cells (Figure 2B). Using the early
expression of GFP in insect cells, the machine learning model for the detection of infected insect
cells was then calibrated to offline samples measuring the percentage of green fluorescent cells with
a flow cytometer. The iLine F detected the percentage of infected cells before mCherry was detected
by the flow cytometer (about 16 hours). However, detection of infection by the iLine F was stll
slightly delayed (about 4 hours) compared to the percentage of infection as determined by immediate
early expression of eGFP manually. The eGFP was detected by flowcytometry about 5 hours after
infection of the culture. This indicated that the expression of early genes preceded detection of

optical changes to the cells by the microscope and the machine learning algorithm.

Verification run of baculovirus infection at low MOI

After the machine learning model was trained using this training data set, the model was tested using
new verification data sets. ExpiSf9 cells were infected with AcBac-2FL at an MOI of 0.01 at a CCI
of 1.1'10" cells/mL. The bioreactor culture was monitored by the iLine F holographic microscope
(Figure 3). Using a low MOI of 0.01 would lead to multiple infection cycles before the complete

culture would be infected with baculovirus.

Although online measurements showed a similar trend in measured viable cell density and total cell

density compared to offline measurements, both viable and total cell densities were higher for the
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online measurements (Figure 3A). Since the cell counts are based on image analysis of the flow cell
with a known volume and are extensively verified by the supplier, it might be that the difference is
caused by the loss of cells during the offline sample handling. When taking samples offline and
measuring them manually with the iLine F, cell counts were more similar between haemocytometer
and holographic cell count methods (data not included). This indicates that cells might be lost due
to cell attachment, disintegration, or other reasons during sampling, diluting, and mixing of cell
suspension samples from the bioreactor. The online measurement showed a clear peak in the viable
cell density, whereas the manual counts showed a plateau in the viable cells followed by a decrease
n viable cells. This demonstrated that due to the high resolution of online measurements, the exact
moment where the cells stop growing could be determined. The viability estimated by the online
microscope showed a similar trend as the manual value, although the offline measured values were
higher towards the end of the cell culture when the viability dropped (Figure 3A). This could be due
to the difference in measurement principle. The manual method is based on membrane
permeability. The microscope method is based on alterations in the optical properties of the cell,
which may occur before the membrane becomes permeable, thus resulting in lower viable cell
percentages. Furthermore, as cells start to die, the morphology of the cell population becomes more
heterogeneous. The increase in heterogeneity complicates cell measurements and can cause
inaccuracies in both offline and online methods mainly due to cell clumping and decreasing cell

circularity.

Based on offline flow cytometer measurements of low MOI infected cells, expression of green
fluorescence was detected only slightly earlier than red fluorescence and this was well predicted by
the iLine F. The start of mCherry expression was almost at the same moment as the start of eGFP
expression, where it 1s expected to start 16-20 hours later as observed previously for high MOI
infections. Possibly this i1s due to the low resolution of offline measurements with only one
measurement taken when baculovirus infection started to spread throughout the cell culture. In
contrast, the iline F was able to continuously follow the progression of baculovirus infection and
predict the percentage of infected insect cells in real-time, in this case also for infections that were
started at a low MOI and thus requiring multiple infection cycles to infect all the cells at 93 hpi (Figure
3B). This moment coincided with the stabilization of the total cell density as measured in real-time
by the iline F. Viable cell density peaked and the cell viability started to decrease around the same

moment. Slower cell growth was observed before the first infected cells were detected between 70-
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80 hpi. This could be due to the delay between actual infection and the appearance of optical changes
in the cell as discussed with the calibration experiments. In addition, it could also partly be due to
the multiple infection cycles needed to infect all the cells. However, it was not possible to make a
clear distinction between sequential infection cycles from the online measurements of infected cells.
When infecting with an MOI of 0.01, <1% of the cells are expected to be initially infected. This is
close to the detection limit of the system. Some measurement noise existed in the online signal of
the fraction of infected cells, especially during the first 24 and final 10 hours. During cell culture,
there are typically moments where cells experience high stress due to respective inoculation,
apoptotic signals, budded virus production, and cell death.(Byun et al., 2015; Huang et al., 2011;
Kiehl et al., 2011; Weidner et al., 2017) These events may influence cell morphology, such as average
cell diameter, which in turn affects the infected cell prediction. Additional training with new datasets
could improve the accuracy and sensitivity of the infected cell detection algorithm to reduce this
measurement noise and possibly detect the different infection cycles during low MOI baculovirus

infection processes.

A 5E+6 100% B r 22
£ a0 100% | F
% " fa
4E+6 f 80%
- w 1 + 20
£ t 70% 3 8%
> o F o E
= 366 f60% » o T19§
o E=R 1 =
2 = 9 oe0% T 5
z ES0% 3 ¢ 1182
2 2646 Fan > g E
3 L a0% | 178
= F 0% @
3 s + 16
1E+6 + 20% 20% 1
E 10% T 15
0E+0 Y . | 0% 0% - F 14
0 50 100 150 0 50 100 150
Hours post inoculation Hours post inoculation

Figare 3. Time-course profiles for a verification bioreactor run where ExpiSf9 cells were infected with a baculovirus
expressing GFP and mCherry at an MOI of 0.01. The used baculovirus construct, AcBac-2FL, contained a gene for GFP
located behind the immediate early OpIE2 promoter and a mCherry gene located behind the very late polyhedrin
promoter. The dashed lines indicate the moment of baculovirus infection. (A) Viable online (=) and offline (e) and total
online (-) and offline (e) cell densities. Online (=) and offline (®) viable cell percentages. (B) Online predicted infected
cell fraction (-), offline measurements of fraction of GFP () and mCherry (®) expressing cells, and average online cell
diameter (-). Error bars represent duplicate measurement values.
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Online monitoring of baculovirus infection at different MOIs

Using the machine learning model calibrated on immediate early expression, ExpiS{9 cell infection
was monitored for bioreactor processes where fluorescent proteins were expressed behind the very
late polyhedrin promoter, which is the strongest baculovirus promoter and most commonly exploited
for the expression of recombinant proteins with the BEVS (Smith et al., 1983; Van Oers et al., 2015).
All bioreactor runs were monitored with the iLine F microscope to follow baculovirus infection inside
the cells. MOIs between 0.01 and 10 were used to investigate differences between immediate cell
infection and slower infection processes imvolving multiple infection cycles inside the production

bioreactor.

With the iLine F, it was possible to monitor the fraction of infected cells in real time for different
MOIs. For the high MOI processes, infection development was faster and 100% cell infection was
reached within 9 hours after infection for MOI 10 and within 17 hours for MOI 1 (Figures 4-5 B).
With the iLine F, infected cells could be detected before offline detection of fluorescent cells by flow
cytometry. For the lower MOI process, infection development was slower and 100% of infected cells
were detected only 45 hours after infection (Figure 3B). Real-time measurements of average cell
diameters showed a similar pattern. Average cell diameters increased more rapidly for the process

infected with a high MOI (Figures 4-5 B).
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Figure 4. Time-course profiles of a bioreactor infected with MOI 10. ExpiSf9 cells were infected with a baculovirus
expressing GFP from the very late polyhedrin promoter at an MOI of 10. The dashed lines indicate the moment of
baculovirus infection. (A) Viable online (-) and offline () and total online (-) and offline (e) cell densities. Online (=) and
offline (@) viable cell percentages. (B) Online predicted infected cell fraction (<), offline measurements of fraction of GFP
expressing cells (#), and average online cell diameter (-). Error bars represent duplicate measurement values.
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Figare 5. Time-course profiles of a bioreactor infected with MOI 1. ExpiS{9 cells were infected with a baculovirus
expressing GFP at an MOI of 1. This baculovirus construct contained a gene for GFP located behind the very late
polyhedrin promoter. The dashed lines indicate the moment of baculovirus infection. (A) Viable online (-) and offline
(®) and total online (-) and offline () cell densities. Online (<) and offline (®) viable cell percentages. (B) Online predicted
infected cell fraction (=), offline measurements of fraction of GFP expressing cells (e), and average online cell diameter
(=). Error bars represent duplicate measurement values.

Verification of baculovirus-infected nsect cell culture with butyrate addition

The high resolution of the online measurements ideally would allow for spotting small process
deviations that might be imvisible with daily manual sampling. The sensitivity of the online microscope
to spot temporary effects of butyrate addition was, therefore, investigated. Butyrate was added to
improve baculovirus gene expression (Guo et al., 2010; Yovcheva et al., 2018). ExpiS{9 cells were
grown until they reached a density of 4+10° cells/mL at 72 hpi, at which point butyrate was added at
a final concentration of 2mM. Immediately afterward, cells were infected with an MOT of 0.01 with
a baculovirus construct contaiing GFP behind the polyhedrin promoter. Online measurements of
viable cell density and total cell density, and online predictions of cell viability and infection state
were compared to offline measurements. Offline measurements of cell densities and cell viability
showed a similar trend to online measurements although offline-measured cell densities were lower
(Figure 6A). The online measurements showed a clear peak in the viable cell density and a sharp
switch from growth to death phase, whereas the manual counts showed a plateau in the viable cells
followed by a decrease in viable cells. This demonstrates once more that due to the high resolution
of online measurements, the exact moment when the cells stop growing can be determined. Together
with the virus, butyrate was added to the cell culture at 72 hpi. to enhance GFP production. A

temporary slowdown of cell growth was visible between 72-85 hours in the high-resolution data of
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the online viable cell and total cell density measurement (Figure 6A). This is in agreement with the
fact that butyrate can cause a cell-cycle arrest (Peng et al., 2007). Note that this arrest is not visible in
the low-resolution offline data, showing the importance of having a high-resolution online
measurement. Online monitoring of the infected percentage of cells showed a small peak around 80
hpi after which the fraction of infected cells stays slightly elevated at about 5%, followed by a sharp
increase around 120 hpi (Figure 6B). Such a small peak was not expected when infecting with an
MOI of 0.01. It could be caused by the diameter increase of the cells directly after butyrate addition
since the prediction algorithm mainly makes predictions based on the size of the cell. This indicates
the potential limitation of the current model of having a strong dependency on certain parameters
when using a machine learning modelling approach. Generating additional training sets specifically
aimed at breaking this correlation, for instance by changing culture osmolality, could potentially
improve the accuracy of the infection prediction algorithm. The small peak around 80 hpi was not
clearly visible with the offline measurements GFP fluorescence at this point is unexpected as the

polyhedrin promoter becomes active at 20 hpi.(Massotte, 2003)
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Figure 6. Time-course profiles of the GFP production run with butyrate addition. ExpiS{9 cells were infected with a
baculovirus expressing GFP at an MOI of 0.01. This baculovirus construct contained a gene for GFP located behind the
very late polyhedrin promoter. The dashed lines indicate the moment of baculovirus infection and butyrate addition. (A)
Viable online (-) and offline (e) and total online (-) and offline (®) cell densities. Online (=) and offline (@) viable cell
percentages. (B) Online predicted infected cell fraction (=), offline measurements of fraction of GFP expressing cells (e),
and average online cell diameter (-). Error bars represent duplicate measurement values.

Online monitoring of SARS-CoV-2 spike protein production using a low MOI
To follow the infection process for non-reporter-secreted proteins, the holographic microscope was

used to monitor a SARS-CoV-2 spike protein production process (Figure 7). In contrast to reporter
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proteins such as GFP and mCherry, which accumulate inside the cells (Oker-Blom et al., 1996), the
S1 subunit of the SARS-CoV-2 spike protein is excreted into the medium (van Oosten et al., 2021).
To produce SARS-CoV-2 S1, insect cells were infected with an MOI of 0.01 at 70 hpi. S1 was
detected for the first ime in the culture fluid at 140 hpi and S1 concentration continued to increase
until harvest at 190 hpi. Using the holographic microscope and the previously calibrated infected cell
detection algorithm, the moment of 100% infected cells was detected at 155 hpi (Figure 7B). Peak
viable cell density was reached a little bit earlier, at 150 hpi (Figure 7A). The reactor content was
harvested when cell viability dropped below 70%. Again, the cell densities measured by the iLine F
were shightly higher and the viability slightly lower than the offline samples. For the percentage of
infected cells, a small increase could be observed at about 10 hours after infection (80 hpi), which
might represent the start of the second infection cycle. Next, the infection increased to 100% between
100 and 150 hpi (30-80 hours after infection) for a low MOI process. About 30 hours after the
infection percentage started to rise, at 118 hpi, the secretion of the spike protein started, which 1s

within the range expected for very late gene expression (Ramachandran et al., 2001).

The ideal TOH depends on product concentration and product quality. Since both parameters are
relatively difficult to measure in real-time, the online measured viability, diameter, and percentage of
infected cells can be used as indicators for determining the best moment of harvest. Low viability can
affect protein quality, as proteases are released from dead cells (Pyle et al., 1995) (Heitz et al., 1997).
Harvesting too early, however, can negatively affect product yield. Sander et al. (2007) already
demonstrated that peak protein production was reached one or two days after the point of maximum
average cell diameter, showing diameter to be a good indicator for determining optimal harvest time
in terms of peak protein vield (Sander & Harrysson, 2007). The combination of a real-time
percentage of infected cells, average cell diameter, and cell viability can present a clearer picture of
the state of the cell culture to determine the optimal moment of harvest. As all these parameters are
measured in real-time, trends can be spotted faster, and bioreactor harvest can commence
instantaneously once the desired parameter criteria are met. This removes the need for offline
sampling, reducing delays and inaccuracies associated with offline sample handling. Furthermore,
monitoring the progress of infection is crucial to spot process deviations early on and determine the
exact moment when all cells have been infected. In case of a delay, process deviations are spotted
later by offline measurements, and the timings of process decisions are sub-optimal. For low MOI

processes, this delay affects robustness and reproducibility to a greater extent. Since several infection
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cycles are necessary to reach 1009 infected cells, the time to reach 1009% infection can be significantly
influenced by relatively small deviations at the moment of infection, for example in the titer of the
baculovirus stock and amount of virus stock added. This makes low MOI processes generally less
predictable. Being able to consistently execute low MOI processes with high reproducibility is highly
advantageous from a process development point of view. Small virus stocks can be used, avoiding
the need for a separate large-scale virus production run and subsequent virus titer determination.
This leads to considerable time savings at the industrial production scale (Maranga et al., 2003a).
Such time savings are of utmost importance to speed up process development, especially when a
rapid response to pandemic outbreaks, such as the recent SARS-CoV-2 outbreak, 1s needed. This
study shows that with a limited training set (limited number of process conditions and virus
constructs) the microscope and machine learning algorithm can predict cell numbers, viability, and
infection percentage for different viral constructs, MOIs, and butyrate addition. However, the model
heavily relies on the increase in cell size for predicting the infected cell percentage. This could be a
limitation in case process conditions are introduced that cause changes in cell size. Further training
of the model using such conditions could further improve the accuracy and applicability of the model.
The high resolution of the online measurements enables the detection of small events or process
deviations that would have otherwise been missed by manual sampling. Detecting these deviations
gives more insight mnto the state of the culture and could aid in process understanding and process

control.
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Figure 7. Time-course profiles of a SARS-CoV-2 S1 production run. ExpiSf9 cells were infected with a baculovirus
expressing SARS-CoV-2 S1 subunits at an MOI of (0.01. The gene for expression of SARS-CoV-2 S1 was located behind
the very late polyhedrin promoter. The dashed lines indicate the moment of baculovirus infection and butyrate addition.
(A) Viable online (-) and offline (®) and total online (-) and offline (#) cell densities. Online (=) and offline (®) viable cell
percentages. (B) Online predicted infected cell fraction (=), average online cell diameter (=), and offline measured SARS-
CoV2 S1 concentrations (¢). Error bars represent duplicate measurement values.
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Conclusion

Online double differential digital holographic microscopy (D3HM) and machine learning modeling
was used for real-time monitoring of insect cell proliferation and baculovirus infection in bioreactors.
Traiing and verification data sets were generated using a purpose-built baculovirus construct.
Calibration of the machine learning model was based on infection with a baculovirus that had eGFP
behind an early promotor. With the online microscope, it was possible to accurately monitor viable
and total cell densities, viable cell percentages, and insect cell infection states for a variety of
baculovirus constructs, MOIs, and produced proteins based on this calibration data set. Moreover,
the high resolution of the online measurements made it possible to accurately determine changes in
the culture like the exact moment of peak cell densities and detection of growth arrest due to butyrate
addition. Accurate online monitoring of bioreactor cell cultures with high resolution is important to
enhance process understanding and may aid in the timing of important process steps such as the time
of infection or the time of harvest. Each newly generated data set can be used to improve the machine
learning algorithms and can be used retroactively by re-calculating old data sets. The variety of cell
parameters computed by the microscope potentially hides a wealth of information on the biological
state of the cells. Interpreting this information to obtain further insight into the state of the cell culture,

and in real-time, 1s a future challenge.
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Abstract

The baculovirus expression vector system (BEVS) is a widely used platform for the production of
virus-like particles (VLPs). It relies on the infection of insect cells with budded baculoviruses (BV)
expressing the gene(s) of interest. However, separating the VLPs from the contaminating budded
baculovirus particles during downstream processing is complex, as both VLP and BV have similar
physical properties. To address this key i1ssue, we have developed a baculovirus contaminant-free
(BacFree) BEVS that utilizes a temperature-sensitive (T'S) baculovirus strain with a mutation in gp47/
mutation to avoid BV contaminant production at the elevated, non-permissive temperature. The TS
virus was constructed by expressing gp4/” from the very late p10 promoter, whereas the original
gp41 gene was deleted from the baculovirus genome. At standard culturing conditions (27°C), the
TS virus could be amplified to high viral titers. In contrast, at elevated temperatures (>34°C), the BV
contaminant production was strongly inhibited. The production of chikungunya VLPs was retained
at elevated temperatures. This BacFree strategy was successfully scaled up to stirred-tank bioreactors,
where at least a 100-fold reduction in contaminating BV titers was achieved for both high multiplicity
of mfection (MOI) and low MOI infection strategies. For the low MOI strategy, real-time online
monitoring of the cell diameter using double-differential digital holographic microscopy was an
effective tool for determining the optimal timing of the temperature shift from 27° to 34°C. These
findings are the first demonstration that a TS baculovirus can effectively reduce BV contamination
while maintaining VLP productivity. The BacFree system is compatible with most commercial
baculovirus expression plasmids and insect cell lines. Moreover, BacFree is scalable to stirred-tank
bioreactors and suitable for high MOI and low MOI processes. The development of BacFree marks
a significant advancement in the field of VLP production for large-scale manufacturing of VLP-based

vaccines and therapeutics.

66



Baculovirus contaminant-free production

Introduction

The baculovirus expression vector system (BEVS) has been a prominent platform for recombinant
protein production for many years (Possee et al., 2020; Targovnik et al., 2021; Van Oers et al., 201)).
It provides a safe, scalable production platform for recombinant proteins, protein complexes, virus-
like particle (VLP) vaccines, and adeno-associated virus (AAV) gene therapy vectors. The baculovirus
Autographa californica multiple nucleopolyhedrovirus (AcMNPV) 1s commonly used as a viral
expression vector in combination with Spodoptera frugiperda (e.g., Sf9) or Trichoplusia ni insect
cells (H15). An important aspect of this system is that recombinant baculoviruses, carrying the gene(s)
of interest behind the strong baculoviral polyhedrin (polh) or pl0 promotor can be rapidly
constructed, making the system well-suited for vaccine development. Recombinant proteins are
expressed at high levels upon infection of insect cells. Especially VLPs are promising protein-based
vaccine candidates since their immunogenicity is typically higher than peptide- or subunit-based

vaccines (Metz, Martina, et al., 2013; Mohsen & Bachmann, 2022).

Besides expression of the gene of interest in the very late phase of infection, the baculovirus-infected
cells produce large amounts of new budded viruses (BVs). The BVs are enveloped nucleocapsid
particles containing a single copy of the baculoviral double-stranded DNA genome. Each cell will
produce many new infectious BVs, resulting in up to 10" infectious BV per milliliter of culture fluid.
BVs are regarded as unwanted contaminants in the final product, especially when it concerns
pharmaceutical products or vaccines for human use, therefore these BVs have to be removed.
However, the physical properties such as size, density, and charge of BVs are often similar to those
of secreted (enveloped) VLPs, which makes downstream purification challenging (Cervera et al.,
2019; Cox, 2021; Gonzilez-Dominguez et al., 2020; Vicente et al., 2011) and often results in

decreased product yields.

A solution to this BV contamination problem could be to prevent the formation of BVs during the
production phase. A baculovirus-free expression system has been constructed before by deletion of
the essential baculovirus genes gpb64 (Chaves et al., 2018), vp80 (Marek et al., 2011), or fef~5 (Hu et
al., 2023). In these systems, a deletion of a specific baculovirus gene from the AcMNPV genome
results in the mability of BV production in conventional insect cell lines, while very late gene
expression from polh and p10 promoters is largely unaffected. Amplification of BV seeds needed
for infection in the production reactor is therefore achieved by complementing the deleted protein

in trans. The downside of such a system is that two different cell lines are needed for BV production;
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the transgenic cell (for trans-complementation of the deleted gene) and the production cell line for
the expression of the gene of interest. A potential problem 1s the instability of transgene expression
and the ability of the baculovirus to regain the deleted gene from the transgenic cell by recombination
(Hu et al., 2023). Recently, a CRISPR-Cas-based approach was developed to mediate this gene
disruption and this approach relies on a CRISPR-Cas-expressing cell line (Bruder & Aucoin, 2023).
This approach also requires two cell lines and the production cell line needs to be infected with a
high multiplicity of infection (MO]) for efficient VLLP production, which means that relatively large

volumes of BV seeds are required.

Here we propose to use a temperature-sensitive (T'S) baculovirus expression vector for the
production of VLPs, in which the production of BV contaminants can be switched off by an elevation
in production temperature. A single TS baculovirus would provide for both BV amplification and
VLP production in the same cell line (e.g., standard Sf9). This approach eliminates the need for

stable cell line development and provides flexibility in the choice of cell lines and MOI.

Several baculovirus TS mutants have previously been isolated and characterized after mutagenesis
with N-methyl-N-nitro-N-nitrosoguanidine or 5-Bromodeoxyuridine (Brown et al., 1979; Lee &
Miller, 1979; Partington et al., 1990). These TS mutants were useful for fundamental research on
baculovirus replication and creation of the genetic map of AcMNPV. Most baculovirus TS mutants
appeared to be defective in early gene expression (Miller et al., 1983; Ribeiro et al., 1994), DNA
replication (Gordon & Carstens, 1984), or very-late gene expression (Carstens et al., 1994; McLachlin
& Miller, 1994; Partington et al., 1990). These TS baculoviruses would not result in significant protein
expression from very late baculovirus promoters, making them unsuited for implementation into the

BEVS.

Interestingly, however, a particular AcMNPV mutant, tsB1074, was described to only affect BV
secretion, while polyhedrin was still produced in the very late phase of infection (Lee & Miller, 1979).
Complementation analyses of tsB1074 revealed a point mutation in ac80, the baculovirus core gene
encoding GP41 (Olszewski & Miller, 1997). GP41 1s a 45 kDa protein of Baculoviridae that 1s O-
glycosylated and oligomeric. It is known as the tegument protein of occlusion-derived viruses (ODV)
but is also involved in the nuclear export of nucleocapsids on their way to the plasma membrane,
where BVs leave the cell by budding. GP41 is essential for BV secretion but is dispensable for viral

DNA replication or very-late gene expression (Li et al., 2018; Olszewski & Miller, 1997). The
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tsB1074 mutant is characterized by an isoleucine-to-threonine mutation in residue 317 (I317T) of
GP41. BV production appeared normal at 23°C (permissive temperature) but a single-cell infection
phenotype was observed at 33°C (non-permissive temperature) (Lee & Miller, 1979; Olszewski &
Miller, 1997).

In this research, we mvestigated if the TS mutation 13171 in GP41 could form the basis for a BEVS
with a temperature-inducible shutdown of BV production to aid the production of chikungunya
enveloped virus-like particles (CHIKV VLPs) (Metz, Gardner, etal., 2013). Screening for the optimal
switch temperature was done in a mini-bioreactor system. Next, the process was scaled-up to stirred
tank bioreactors. Finally, the process was translated to a low MOI infection process, and the optimal
time for the temperature switch was determined by real-time online monitoring of insect cell diameter

using double-differential digital holographic microscopy.

Materials & Methods

Cell lines

Spodoptera frugiperda (S1) insect cells were maintained in 250 mL shake flasks shaking at 110 rpm
at 27°C. S19 cells were cultured in SF900II serum-free medium (Gibco) supplemented with 50 pg/mlL.
gentamycin. ExpiSf9 cells (ThermoFisher Scientific) were grown in ExpiSf chemically defined

medium (Gibco) supplemented with 50 pg/mL gentamycin.

GP41 plasmid design and construction
The gp41 coding sequence containing the I1317T mutation (ATA to ACA) and flanking Xhol and

Nhel restriction sites was ordered as a synthetic gene (Integrated DNA technologies). The DNA
fragment was cloned into pJET1.2/blunt vector using the CloneJET cloning kit (ThermoFisher
Scientific) and was confirmed by Sanger sequencing. pFastBacDual (pFBD, Gibco™) plasmids were
constructed containing the gp4l or gp41™”" sequence behind the pl0 promotor as Xhol/Nhel
fragment. The chikungunya virus structural cassette (CHIKV str.) (Metz, Gardner, et al., 2013) was

inserted downstream of the polyhedrin (ph) promotor as BamHI/Xbal fragment.

An N-terminal HA tag (MYPYDVPDYA) was added to gp4/ by digestion of pFBD-gp41-CHIKV
str. with Xmal followed by plasmid dephosphorylation with CIAP. Two 5’ phosphorylated oligos
containing the HA-tag and part of the gp4/ N-terminus (Table 1) were mixed in equal molarity,
melted at 95°C for 15 minutes, and slowly cooled to room temperature before ligation with the

digested vector. Finally, all pFBD plasmids were confirmed by Sanger sequencing.
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Table 1. Primers used in this research.

Primer Sequence (5' - 3)
Constructing GP41 HA virus
HA tag-F CCGGGgcecaccatg TACCCATACGACGTACCAGATTACGCTACAGATGAACGTGGCAATTTTT

ATTACAACACCCCTCCGCCGCTGAGGTATCCCTCTAATCCGGCAACGGCCATATTCACC
AGCGCGCAAACTTACAACGCGC

HA tag-R CCGGGCGCGTTGTAAGTTTGCGCGCTGGTGAATATGGCCGTTGCCGGATTAGAGGGAT
ACCTCAGCGGCGGAGGGGTGTTGTAATAAAAATTGCCACGTTCATCTGTAGCGTAATC
TGGTACGTCGTATGGGTACATGGTGGCC

Recombinant baculovirus construction

The AcMNPV bacmid with deletion of gp41 (AcAgp41) was received from Li. et al (2018). In this
bacmid, a large part of the gp4/ open reading frame (including residue 317) had been replaced by a
chloramphenicol acetyltransferase (cat) gene, and the gene coding for the enhanced green fluorescent
protein (¢GFP) downstream the heat-shock protein 70 (hsp70) promoter. The pFBD plasmids were
inserted mto the Tn7 site at the polh locus of the AcAgp4l bacmid by bac-to-bac transposition
(ThermoFisher Scientific). Recombinant bacmids were purified by alkaline lysis followed by
1sopropanol precipitation.

Transfection and infection assays

The purified bacmids were transfected into Sf9 insect cells by ExpresS2TR transfection reagent
(ExpresS2ion Technologies). Ten microliters purified bacmid and 5 pl ExpresSTR transfection
reagent were mixed with 90 pl SP900IT medium, incubated for 15-20 minutes at room temperature,
and added to the medium of ~60% confluent Sf9 cells. The medium containing the transfection
reagent was replaced with new Sf900II medium with 50 pg/ml gentamycin at 4 hours post-
transfection. The clarified supernatant was harvested at 6-7 days post-transfection and used to infect
healthy Sf9 cells. Virus stocks were further amplified on Sf9 cells at 27°C and were clarified and
stored at 4°C after harvest. The transfection and infections were monitored by fluorescence
MICroscopy.

Baculovirus quantification

Two methods were applied for the quantification of infectious BV titers. Infectious BV titers were
determined by end-point dilution assay (EPDA) at 27°C on SI9-ET cells grown in SF900IT with 50
ug/mL G418 and 5% FBS (Hopkins & Esposito, 2009), or on ExpiS{9 cells in CDM. The 50%
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endpoint titer was calculated via the Reed and Muench method and 1s expressed as 50% Tissue
Culture Infective Dose per mL (T'CIDs/mL). Alternatively, BV titers were determined using a flow
cytometric titration assay based on the detection of the baculovirus envelope protein GP64
(ThermoFisher Scientific) and expressed as infectious viral particles per mL (ivp/mL). Values were
read out with an Accuri BD C6 flow cytometer (BD Biosciences).

Viral infection experiments at elevated temperatures

Temperature-sensitivity of the viruses was assessed by infections with two different MOI at elevated
temperatures. Sf9 cells were mixed with the virus at MOI=1 or at low MOI (0.01). The virus was
mixed with the cells and aliquoted into a 60-wells microtiter plate. Triplicate plates were incubated
at 27°C, 30°C, and 33°C. Viral infection was monitored by fluorescence microscopy at 96 hours post-
infection (hpi).

Growth curves at elevated temperature

Growth curves were constructed of the wild type and TS virus at low and elevated temperatures in
both monolayer cultures and suspension cultures. Sf9 cells were diluted in Sf900II supplemented
with 5% FBS. The monolayers were seeded in 24-well plates containing 0.25x10" cells per well,
whereas suspension flasks contained 15 mL of 1.0x10° cells/mL. Cells were infected with MOI=1
TCIDsy/cell and either kept at 27°C or shifted to 33°C at 4 hpi. Wells and flasks were sampled daily
and BV titers in the clarified culture fluid were determined by end-point dilution assay.
Micro-bioreactor runs

The infection Kinetics at a range of temperatures was screened in a high-throughput micro-bioreactor
cultivation system (microMatrix) (Getinge Applikon Biotechnologies, Wiegmann et al., 2020).
ExpiS9 cells were diluted to 1.0x10° cells/mL in ExpiSF CDM with 50 pg/mL gentamycin and
infected with AcWT-VLP or AcTS-VLP virus at MOI=0.01 or MOI=0.3. Cells were incubated at
27°C for 30-45 minutes before aliquoting 5> mL per well of the 24-well micro-bioreactor cassette
(Getinge Applikon Biotechnologies). The reactor was run for 96 hours shaking at 250 rpm, and the
pH and DO were not controlled. The incubation temperature was set for each column of wells with
a temperature difference between adjacent wells of 1°C and an accuracy of £0.1°C. Runs were

performed with a temperature range of 22-27°C, 29-34°C, or 30-35°C.

The cell concentration at harvest was determined using the Countess II automated cell counter

(ThermoFisher Scientific). The percentage of infected cells was measured by flow cytometry in the
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BD Accuti C6 flow cytometer based on GFP expression (Green channel 553/30 nm). Data were
analyzed in FlowJo, where single cells and (auto)fluorescence were gated with unminfected ExpiSF9

cells.

Stirred-tank bioreactor cell cultures

ExpiSI9 cells were grown i 0.5 L mimBio or 3.0 L glass reactor vessels (Getinge) controlled by
myControl bioreactor controllers (Getinge). The working volume of each reactor vessel was 0.3-2.0
L. Reactors were inoculated at target starting densities of 0.5-1.0x10° viable cells/mL. The pH in the
culture fluid was not controlled but was maintained by the buffering capacity of the medium and
fluctuated between pH 5.7-6.1. The dissolved oxygen concentration was controlled at 30% of air
saturation using Lumisens optical dissolved oxygen sensors (Getinge) and sparging of pure oxygen
through open pipe spargers. In addition, a constant headspace aeration rate of 0.01 vwm air was
applied. Agitation with marine impellers was set to 266-600 rpm by keeping the tip speed constant

among the different reactor sizes.

Cells were counted by trypan blue exclusion using a TC20 Automated Cell Counter (Bio-Rad) or by
manual counting using DHC-FO1 cell counting chambers (INCYTO). Online measurements of
viable and total cell density, viability, and infected cells were performed by differential digital
holographic microscopy (DDHM) using iline F holographic microscopes (OVIZIO). Data
acquisition and quantitative data analysis were performed using OsOne software (OVIZIO). Infected
cells were visualized by expression of GFP detected by a C6 Plus Flow Cytometer (BD Accuri).
eGFP quantification

The concentration of eGFP in a sample in the cell pellet and culture fluid was determined by
fluorescence measurements relative to that of an eGFP standard. Samples were diluted 1 to 100 times
with lysis buffer (containing 500 mM NaCl, 50 mM Tris(hydroxymethyl)methylamine (TRIS) and
0.19 Triton X-100, adjusted to pH 8 with HCI) according to their expected concentration, to ensure
an appropriate fit within the calibration curve. The standard solution was prepared from Aequorea
victoria His-eGFP (Chromotek) diluted to a final concentration of 10 ng/uL. A calibration curve was
made from 0 to 4 ng/puL eGFP, with mtervals of 0.8 ng/pL. Hundred microliter samples were
measured in duplicate in a 96-well plate and fluorescence was determined using an FLx800 micro-
plate reader (BioTek) with a 485/528 excitation/emission filter. For each sample, the total and
extracellular eGFP concentrations were measured and quantified using the calibration curve. The

internal eGFP concentration was determined by subtracting the external from the total eGFP.
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SDS-PAGE and western blot immunodetection

Cell suspension samples were pelleted by centrifugation for 5 minutes at 9000 rpm. The culture fluid
was precipitated by the addition of 3 volumes of acetone and incubation at -20°C for 1 hour, followed
by centrifugation for 10 minutes at 4000 rpm. The cell pellet and precipitated medium pellet were
dissolved in 1xPBS with cOmplete™ protease inhibitor (Roche) and mixed with reducing SDS-PAGE
loading buffer containing 10% B-mercaptoethanol or 50 mM DTT. Samples were heated for 10
minutes at 95°C before analyses on SDS-PAGE. As a positive control for CHIKV VLP production,
an SDS-PAGE sample was prepared with CHIKV VLP from human HEK293 cells (The Native
Antigen Company) diluted to 0.037 pg/uL in 1x PBS. Proteins in the SDS-PAGE gel were visualized
by UV photography (stain-free gels, BioRad).

The proteins were subsequently transferred to a PVDF membrane, followed by immunodetection.
Membranes were blocked with 19 skim milk powder in 1x PBS with 0.05% Tween-20 (PBS-T). The
primary antibody was diluted in 19% milk powder in PBS-T. CHIKV VLPs were detected by staining
for the E2 protein (E2dTm, Rabbit serum, 1:1000-1:5000). Baculovirus major capsid protein VP39
was stained with monoclonal Anti-VP39 (1:1500, from mouse). The Alkaline-phosphatase
conjugated secondary antibodies Anti-rabbit IgG (Dako) or Anti-mouse IgG (Sigma-Aldrich) were
diluted 1:2500 in PBS-T. Membranes were washed with PBS-T in between incubation steps and

immunodetection was visualized with NBT/BCIP colorimetric stain (Roche).

Results

Construction of gp41 repair and TS mutant baculovirus expressing CHIKV VLPs

The 1317T mutation in baculovirus GP41 has been identified to result in a temperature-sensitive
virus for which BV production occurs at 23°C but is severely restricted at 33°C (Olszewski & Miller,
1997). We first verified this previous research by constructing a proof-of-concept T'S baculovirus and
determining its permissive and non-permissive temperatures. An Ac MNPV bacmid was used in
which the native gp41 gene (including the codon for residue 317) was deleted (AcAgp41). A GFP
marker gene under control of the hsp70 promoter is present at the original gp4/ locus (Li et al.,
2018). The gp41 gene expression was rescued from the very-late p10 promoter and the VLP cassette
from CHIKYV was expressed from the very-late polh promoter at the polh locus (AcWT-VLP, Figure
a). The TS mutant was created in a similar way, but with a single point mutation in gp4/ that results
in an I817T mutation (AcTS-VLP, Figure b). A transfection-infection experiment of the bacmids

confirmed that AcAgp41 bacmid could not spread after transfection, resulting in a single-cell infection
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phenotype. Both wildtype and I317T mutant spread from cell-to-cell at 27°C (Figure ¢) and produced
similar infectious BV titers of nearly 10" TCIDs/ml (Figure d).
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Figare 1. Construction of GP41 temperature-sensitive baculovirus vector expressing chikungunya virus-like particles. A
bacmid containing a deletion in gp41 (AcAgp41) expressed GFP from the hsp70 promoter served as the virus
backbone. GP41 expression was rescued from the p10 promoter (pP10) and was N-terminally HA-tagged. Both wild-
type gp41 () and GP41 containing the I317T TS mutation (b) were constructed. The CHIKV S27 structural cassette
was expressed from the polyhedrin promotor (pPh). (¢) Recombinant bacmids were transfected into Sf9 cells and the
virus spread was monitored after transfection and secondary infection at 27°C. A single-cell infection phenotype is
indicated with white circles. (d) Infectious budded virus production at 3 dpi after a high-MOI infection at 27°C.
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Temperature-sensitivity of GP41 mutant

Next, it was confirmed that the I317T mutant of gp4/, expressed from a non-native locus and
promoter, 1s indeed a temperature-sensitive baculovirus. Sf9 cells were infected with both viruses
(AcWT-VLP and AcTS-VLP) at MOI 1 TCIDs/cell and low MOI (0.01 TCIDs/cell) at 27°C, 30°C,
and 33°C. All cells show GFP fluorescence expressed from the hsp70 promoter at elevated
temperatures after a high MOI infection, indicating efficient baculovirus infection (Figure 22a). As
expected, after a low MOI infection only AcWT-VLP could successfully spread at all tested
temperatures. In contrast, the T'S mutant could spread at 27°C, less efficiently at 30°C, and only single

cells were infected at 33°C (Figure 22b).

Next, growth curve analyses were performed on adherent Sf9 cells at 27°C and the presumed non-
permissive temperature of 33°C (Figure 22¢). AcWT-VLP was not affected by increased incubation
temperature and replicated to similar BV titers at 33°C as at 27°C (Figure 22¢, grey lines). The virus
production of AcTS-VLP was somewhat slower at 27°C but eventually reached similar titers as the
WT control virus (Figure 2c, blue dotted line). In contrast, at 33°C a large reduction in BV titers was
observed for the TS mutant. BV production was only measured from 2 dpi onwards and plateaued
at 10" TCIDs/mL, which corresponds to a BV titer reduction of approximately 2.5 log scales. A
similar experiment was performed i 250 mL shake flasks with Sf9 suspension cells (Figure 22d).
Although not as pronounced, possibly by variations in incubator temperatures or infection kinetics,
the BV titers of ACTS-VLP also plateaued at 2 dpi with 10° TCID:/mL remaining. In short, infectious
BV secretion in the culture fluid could be reduced with several log-scales at 33°C but was not

completely inhibited.
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Figare 22. Temperature-sensitive phenotype of the baculovirus GP41 1317T mutant at 33°C. (a) All cells were infected
after MOI 1 TCIDs/cell infections with AcWT/TS-VLP incubated at 27°C, 30°C, or 33°C. (b) Low MOI (0.01
TCIDs/cell) infections showed a reduced viral spread of AcTS-VLP at 33°C and a single-cell infection phenotype at 33°C.
(c-d) Temperature sensitivity was confirmed by growth curve analysis on Sf9 cells incubated at 27°C or 33°C. Sf9 cells
were either grown as adherent cells in a 6-well plate (c) or as suspension cells in 250 mL shake flasks (d) and were infected
with AcWT-VLP or AcTS-VLP at MOI 1 TCIDs/cell.

Screening for permissive and non-permissive temperatures

The GP41"™ mutant tsB1074 was selected based on viral spread at 23°C and single-cell infection
phenotype at 33°C but the exact switching temperature was not studied (Lee & Miller, 1979;
Olszewski & Miller, 1997). We performed a microMatrix micro bioreactor screening experiment to
find the optimal permissive and non-permissive temperatures for the AcTS-VLP virus. ExpiSf9 cells
(1.0x10"cells/mL) were infected at MOI 0.01 with AcWT-VLP or AcTS-VLP at 27°C for 30 minutes.
Infected cells were aliquoted in duplicate into the wells of the microMatrix and, in two runs,
incubated at low temperatures (22-27°C + 0.1°C) or elevated temperatures (30-35°C + 0.1°C) for 96
hours. AcWT-VLP retained efficient BV production within the entire temperature range of 22-34°C
(Figure a, grey bars). However, past this endpoint of 35°C, BV titers declined rapidly most likely
because this temperature 1s too high for efficient baculovirus replication in non-temperature adapted

ExpiS19 cells. The optimal BV production by the GP41 TS mutant (>10" TCID:/mL) was found at
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26°C, 27°C, and 30°C (28°C and 29°C not measured) (Figure 3a, blue bars). At 33°C, 34°C, and 35°C
the BV concentration did not reach the detection limit of 1.0x10° TCIDs/mL. Interestingly, BV
production was also slightly attenuated at reduced temperatures of 22-23°C. In conclusion, the
temperature switch resulting in strongly reduced BV secretion was steep and within the small

temperature range of 31-33°C.

The infection of AcTS-VLP was repeated at elevated temperatures using a slightly higher MOI (0.3
TCIDs/cell) and with 1.0x10° ExpiS{9 cells/mL. Replicate infections of AcTS-VLP were incubated
in the microMatrix wells during multiple runs at either 29-34°C or 30-35°C. The GP41™ mutant was
severely attenuated at 33°C, the temperature at which a measurable but reduced BV concentration
of 10° TCIDs/mL was found (Figure b). BV secretion was fully inhibited at 33-34°C (<10’
TCIDs/mL). The attenuated or inhibited viral spread at >33°C was also reflected in increased total
cell density (Figure ¢) and a reduced fraction of infected cells (Figure d). The physical reduction in
BV contaminants at >33°C was confirmed by western blot analysis, which showed a lack of
baculovirus capsid protein VP39 1n the culture fluid (Figure e). This temperature effect was not
observed for the control virus AcWT-VLP, which efficiently infected all cells and produced similar

levels of BVs at all temperatures (Supplementary Figure S1).
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Figare 8. Microbioreactor characterization of GP41 TS mutant in suspension ExpiS{9 cells. (a) Infectious budded virus
titers of WT and T'S mutant after infection at MOI=0.01 were measured at 96 hpi (titrated at 27°C). The bar graph shows
the average of two replicates. (b-d) ExpiS{9 cells were infected with the TS mutant at MOI=0.3. At 96 hpi, infectious BV
titer (b), total cell density (c), and the percentage of infected cells (d) were determined. The average is shown as bar graphs
+/- stdev. The cultures were sampled at 96 hpi and analyzed on a denaturing SDS-PAGE (e). The culture fluid was
analyzed on a protein gel that was visualized by UV photography (stain-free) and western blot immunodetection against
AcMNPV VP39 (anti-VP39). MW: Molecular Weight marker.

The AcTS-VLP virus expresses the structural cassette of CHIKV from the strong polh promoter.
This cassette encodes the structural proteins capsid, E3, E2, 6K, and El that self-assemble into
secreted, enveloped VLPs (Figure 4a) (Metz, Gardner, et al., 2013). The CHIKV VLP production
of AcTS-VLP was measured by western blot immunodetection for E2 of the micro bioreactor
samples (Figure 4 b-c). Immunodetection showed that E2 is produced n the cells (Figure 4b) and

secreted n the culture fluid as VLPs (Figure 4c) at all temperatures. The elevated incubation
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temperatures of >33°C resulted in a fainter band of E2 compared to lower temperatures, possibly

caused by the low MOI of 0.3 and attenuated viral spread.
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Figure 4. CHIKV VLP protein production by Ac¢TS-VLP in the micro bioreactor screening experiment. AcTS-VLP
expresses the structural cassette of CHIKV from the polyhedrin promoter (pPh). This cassette is post-translationally
processed into the individual capsid and envelope (E) proteins by autocatalytic cleavage of capsid and processing by host
furin and signalase. The CHIKV E2 protein (arrow) was detected in the cell pellet samples (b) or culture fluid samples
(c) of ExpiSt9 cells infected with AcTS-VLP. Samples were collected at 96 hpi from the micro bioreactor run at 29-34°C
after infection with MOI=0.3. MW: Molecular Weight marker. (-) mock-infected ExpiSF9 cells. The positive control (+)
1s purified CHIKV VLP derived from human HEK293 cells (The Native Antigen Company).

Cell growth kinetics at elevated temperature

The microbioreactor screening experiments showed that the largest reduction in baculovirus titers
could be achieved at 34°C. To further characterize the behavior of cell growth and infection at 34°C
compared to the standard BEVS incubation temperature of 27°C, shake flasks experiments were
performed. ExpiSf9 cells were grown in shake flasks at 27°C and 34°C and the cell density and
viability were monitored over time (Figure ). Similar growth kinetics were found in the first 72 hours
for cells grown at 27 °C and 34 °C. After 72 hours post-inoculation, the viability and specific growth

rate decreased at 34°C and were clearly lower than at 27°C.
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Figare 5. Cell growth and viability of suspension ExpiS{9 cells at elevated temperature. Viable cell density (VCD), total
cell density (T'CD), and viability of uninfected ExpiSf9 cells as a function of time at both 27°C and 34°C. Error bars
indicate the variation between duplicate shake flasks.

Virus infection kinetics at elevated temperature

To characterize the infection of baculovirus AcTS-VLP in ExpiSf9 cells at elevated temperatures,
virus uptake and infection at both 27°C and 34°C were measured for the first 11 hours of infection.
Suspension cells were cultured in shake flasks and were infected at a cell concentration at infection
(CCD) of 0.9-1.3x10° viable cells/mL with AcTS-VLP at an MOI of 10 ivp/cell. The residual BV titer
in the medium was measured in the first 11 hours post-infection. In the first hours post-infection, the
virus titer in the culture fluid dropped exponentially at the same rate for both 27°C and 34°C (Figure

a). The residual BV tter in the culture fluid remained around 10" ivp/mL at 11 hpi at 34°C.

Next to the BV titer, the increase in the percentage of infected cells was determined based on the
percentage of cells showing eGFP fluorescence using flow cytometry (Figure b). From four hours
post-infection, baculovirus-infected cells could be detected by eGFP fluorescence at 27°C, and close
to 1009% infection was reached at 11 hpi. At elevated incubation temperatures, the eGFP fluorescent
cells were detected earlier, at three hours post-infection. The eGFP 1s expressed from the hsp70
promoter, and elevated incubation temperatures might activate this temperature-dependent
promoter. To confirm this, the eGFP concentration was quantified at 11 hours post-infection. The
total, external, and internal eGFP levels were indeed increased at 34°C compared to 27°C (Figure c).

Thus, either the baculovirus infection proceeds more rapidly at 34°C, or the e GFP levels at 34°C are
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elevated due to a more active hsp70 promotor and could therefore be detected earlier in the infection

process. Nevertheless, the infection kinetics at 27°C and 34°C were similar in the first hours post-

infection.
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Figare 6. Virus entry and infection phenotype of AcTS-VLP at 27°C and 34°C. (a) Baculovirus titer was detected in the
culture medium as a function of time after virus addition at MOI 10 and CCI 0.9-1.3x10" cells/mL at both 27°C and 34°C
measured by the gp64 antibody assay. (b) Percentage of infected cells as a function of time after virus addition at MOI
10 and CCI 0.9-1.3x10" cells/mL. measured by detecting eGFP fluorescent cells using flow cytometry. (¢) eGFP
concentration in picograms per cell in the total fraction at 11 hpi with the Ac¢TS-VLP virus. Error bars indicate the
variation between duplicate shake flasks.

Scale-up to bioreactors with high MOI infection

To assess the scalability of the system, the temperature strategy was scaled up to stirred tank
bioreactors. Cells were infected with the temperature-sensitive AcTS-VLP at a high MOI (8-10
TCIDs/mL) and after 3 hours the temperature in the bioreactors was increased from 27°C to 34°C.
In this 500 mL bioreactor with 400 mL working volume, the required time to shift the temperature

from 27°C to 34°C was less than 10 minutes. Control shake flasks were either kept at 27°C, cultured
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at 34°C, or shifted to 34°C at the same time as the bioreactor. The bioreactors and shake flasks were
kept at setpoint until harvest at 96 hpi. In the control conditions cultured at 27 °C, BV titers
significantly increased between 0 and 96 hpi. In contrast, in the bioreactor and shake flasks cultured
at 34°C, new BVs were not produced (Figure 7). A similar reduction in BV titers was measured in
bioreactors and shake flasks, demonstrating that the temperature strategy 1s suitable for scale-up.
Moreover, the infected shake flasks that were directly incubated at 34°C, or shifted to 34°C at 3 hpi
reached similar BV titers. This finding suggests that culturing at an elevated temperature of 34°C
does not affect baculovirus entry into the insect cells compared to culturing at 27°C and supports the

results shown in Figure 6a.
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Figure 7. Characterization of infectious BV titers in bioreactors and shake flasks at different temperatures. Bioreactors
and shake flasks were infected with AcTS-VLP at a high MOI (8-10 TCID:/mL). The temperature remained at 27°C,
was increased to 34 °C upon infection, or was shifted at 3 hpi. The infectious BV titer in the culture fluid was determined
at 0 and 96 hpi. Error bars represent duplicate measurement values.

Bioreactor infection at low MOI

Low MOI processes are highly advantageous from a process development point of view. Small virus
seed stocks can be used, avoiding the need for a separate large-scale virus production run and
subsequent virus titer determination. This leads to considerable time and resource savings at the
industrial production scale (Maranga et al., 2003). Since the AcTS-VLP virus does not spread at
34°C, the temperature should be kept at 27°C for low MOI processes until all cells have become

infected. Only then, the temperature 1s increased to 34°C to inhibit baculovirus contaminant release.
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Choosing the optimal moment of temperature shift is therefore crucial for the implementation of a
low MOI strategy. If the temperature shift 1s performed too early in the infection, it will result in
incomplete infection and hence, lower product yields. On the other hand, performing the

temperature shift too late will result in unnecessary high residual BV titers.

To assess the impact of timing on low MOI processes, several low MOI bioreactor infections with
temperature shifts at different times post-infection were performed. In previous experiments with
low MOI (0.01 TCIDs/cell), complete baculovirus infection of all insect cells was observed around
40 hpi (Altenburg et al., 2022). Therefore, the temperature shift was conducted between 33-40 hpi.
Reactors were inoculated at a target density of 1x10° viable cells/mL at 27°C. At 2.0x10’ viable
cells/mL, cells were infected with the temperature-sensitive baculovirus AcTS-VLP at an MOI of
0.01 TCIDs/cell. The temperature was shifted to 34°C at 33 hpi, 35 hpi, or 40 hpi. One bioreactor
acted as a control and was cultivated at 27°C with no temperature shift. For the temperature shifts
performed at 33 and 35 hpi, an online microscope was used to measure the cell density, viability, cell

diameter, and fraction of infected cells of the bioreactor cultures every 30 minutes.

Complete infection was achieved for all conditions (Figure 8a). The final contaminating BV titers
were approximately 100-fold lower in the bioreactors that included a temperature shift, compared to
the control run at 27°C (Figure 8b). The reduction in BV titers observed with this low MOI infection
strategy was similar to the reduction observed with the high MOI infection strategy described in
Figure 7 (about 100-fold). Nevertheless, residual BV titers were higher after low MOl infections (>10
TCIDs/mL), and BV titers still increased after the moment of the temperature shift. The online
microscope detected an increase in cell diameter before infection could be detected by offline
methods and therefore this 1s possibly a suitable parameter for determining the optimal timing of the

temperature shift (Figure 8c).
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Figare 8. Temperature shift timing in low MOI infections with AcTS-VLP in bioreactors. Cells were infected with MOI
0.01 TCIDs/cell AcTS-VLP at 27°C. The incubation temperature in the bioreactor was elevated to 34°C at 40 hpi (light
blue), 35 hpi (light grey), or 33 hpi (dark blue). One control run remained at 27 °C (dark grey). (a) The percentage of
infected cells after infection with AcTS-VLP at MOI 0.01. Error bars represent duplicate measurement values. (b)
Infectious BV titers during bioreactor cultivations, measured by end-point dilution assay. The dashed grey line indicates
the measurement threshold of the TCIDs assay. The moment of the temperature shift (at 40, 35, or 33 hpi) is indicated
in vertical lines. (c) Online average cell diameter was measured every 0.5h by a DSHM microscope for the bioreactor
runs with temperature shift at 35 hpi (grey line) or 33 hpi (blue line). The moment of temperature shift 1s indicated by
the vertical lines. Corresponding offline percentages of GFP fluorescent cells are also shown.
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Western blot analysis was performed on the cell fraction and culture fluid to determine if CHIKV
VLPs were still produced after the temperature switch of the bioreactor (Figure 9). The CHIKV E2
protein could be detected in the cell pellet (Figure 9a) and culture fluid (Figure 9b) at the standard

culturing condition (27°C), but also after the temperature shift to 34°C.

(a) Time post-infection (hours) (b) Time post-infection (hours)
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Figure 9. CHIKV VLP production with AcTS-VLP at different times post-infection in bioreactors. CHIKV proteins were
analyzed on western blot stained with antibodies against the CHIKV E2 protein. (a) Cell fraction of cells infected with
ACTS-VLP. (b) The supernatant (culture fluid) fraction of infections with A¢TS-VLP. The cultures were sampled at 40,
64, 88, 112, and 136 hpi. The negative control () consists of ExpiSf9 cells at one hour before infection. The positive
control (+) is purified CHIKV VLP derived from human HEK293 cells (The Native Antigen Company).
Discussion

The aim of this study was to develop a novel baculovirus contaminant-free (Backree) system based
on a previously described temperature-sensitive baculovirus mutant. Baculovirus contaminant release
during the production of (secreted) VLPs greatly hinders efficient downstream processing and was
identified as one of the key issues of the BEVS for VLP production (F. Fernandes et al., 2013;
Fuenmayor et al., 2017; Gupta et al., 2023; Mittal et al., 2022). By introducing the I317T mutation
in GP41, we could significantly reduce the release of BV contaminants at elevated temperatures,
while CHIKV VLPs production proceeded normally. TS mutants have been valuable tools for
investigating the function of essential baculovirus genes (Lee & Miller, 1979; McLachlin & Miller,
1994; Olszewski & Miller, 1997; Ribeiro et al., 1994). In this research, however, a baculovirus ts

mutant was utilized in a completely innovative way to improve the BEVS.

In our novel Backree approach, BV secretion is regulated by changing the incubation temperature,
and our strategy does not require the addition of (chemical) inducers, inhibitors, or the use of
multiple cell lines. Although the TS baculovirus only contains one point mutation in gp4/, we do not
expect genetic instability as baculoviruses have low mutational rates (Boezen et al., 2022) and the
virus 1s propagated at 27°C under non-selective conditions. Moreover, we show that BacFree can

successfully be scaled up to stirred tank bioreactors and 1s suitable for both high MOT and low MOI
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infection processes. This makes it favorable compared to alternative approaches based on trans-
complementation (Chaves et al., 2018; Hu et al., 2023; Marek et al., 2011) or CRISPR-Cas9 knock-
out (Bruder & Aucoin, 2023), which are only compatible with high MOI infections and require

additional stable transgenic cell lines.

As a proof-of-concept for our BacFree BEVS, the GP41" was expressed from the strong baculovirus
p10 promoter, while the original gn41 gene was deleted from the bacmid. Microbioreactor screening
experiments showed that this virus was non-permissive at >34°C. The original tsB1074, harboring the
1317T mutation at the gp41 locus, was described to be non-permissive at 33°C (Olszewski & Miller,
1997). TS phenotypes can arise because, at the non-permissive temperature, the concentration of
active protein is decreased below the required threshold for BV release, while it remains above this
threshold at the permissive temperature. Gp4/ 1s a late baculovirus gene that is transcribed from 12
hpi onwards (Liu & Maruniak, 1995; Whitford & Faulkner, 1992b). We hypothesize that the
overexpression of GP41" from the very late p10 promoter affects the timing and concentration of

GP41 in the cells, and thereby slightly affects the non-permissive temperature (34°C instead of 33°C).

The temperature sensitivity curve is steep, as only a few degrees difference in temperature results in
a complete block of viral spread. The molecular basis of TS mutant phenotypes is often not well
understood and could be related to protein stability, folding, or protein binding. GP41 is an
oligomeric protein (Li et al., 2018) that is modified with O-linked N-acetylglucosamine (GlcNac)
(Stiles & Wood, 1983; Whitford & Faulkner, 1992a). GP41 localizes to the cytoplasm and nucleus
(He et al., 2021) and interacts with other baculovirus and host proteins (Yue et al., 2017). Any of
these steps could be affected by the I317T point mutation and further biochemical research is needed
to fully understand the structural dynamics of GP41 as a function of temperature. It may also take
some time before already formed GP41 becomes non-permissive, which would result in a delay of
BV shut-off as seen in Figure 8b and affects the process optimization for low MOI processes.
Furthermore, a temperature-dependent system might be sensitive to temperature fluctuations and
requires close regulation of incubator temperatures. Further upscaling the BacFree BEVS to larger
volume cultures can be challenging since increasing the culture temperature by multiple degrees
(from 27-30°C to 34°C) takes time and the temperature might not be homogenous throughout the

entire reactor volume.
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The Backree system was successfully implemented in low MOI-infected bioreactors. There, it is
critical to time the temperature shift correctly and we observed that residual BV titers were lower
with earlier temperature shifts. Online monitoring of infection kinetics showed that an increased
average cell diameter was an early indicator of infection progression. The phenomenon of increased
cell diameter is commonly observed in baculovirus infections and is attributed to the elevation in
viral DNA content and protein production (Braunagel et al., 1998; Chisti, 2000; Palomares et al.,
2001; Rosinski et al., 2000). In addition, the cell diameter has proven to be a predictive indicator for
both recombinant protein productivity and viral replication in culture (Janakiraman et al., 2006;
Palomares et al., 2001). Therefore, online monitoring of cell diameter could be an effective tool for
determining the optimal timing of the temperature shift. This underscores the substantial benefit of

incorporating online monitoring tools for ime or event-based process control of bioprocesses.

In this study, we used standard Sf9 and ExpiSf9 cells that have not been specifically adapted for
growth at the elevated temperature of 34°C. Nonetheless, CHIKV VLPs were successfully produced
and secreted into the culture fluid at this temperature. Although our novel BacFree BEVS is
functional in non-adapted, commercial cell lines it might be beneficial for product yields to adapt a

cell line for optimal protein expression production at the desired temperature (B. Fernandes et al.,

2022).

Challenges in VLP purification from BV contaminants are common and solutions often go hand in
hand with high cost or substantial product loss (Cervera et al., 2019; Cox, 2021; Gonzilez-Dominguez
et al., 2020; Vicente et al., 2011). The ability to reduce BV secretion in the upstream phase during
recombinant protein production would lower the burden of BV contaminants during subsequent
downstream processing. Lowering the amount of BV contaminants with several logarithmic scales
provides a more beneficial ratio between product and contaminant and might further streamline the
downstream process. The Backree temperature-switch approach offers scalability and compatibility
with the existing installed base and is also complementary to novel processing tools while preserving
the inherent flexibility and speed that defines the BEVS. The BacFree expression system 1s an

important step forward toward an optimal production platform for VLPs.
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Supplementary Figure 1. Microbioreactor characterization of AcWT-VLP, GP41 WT in ExpiSI9 cells. ExpiSf9 cells
were infected with the WT control virus at MOI=0.3. At 96 hpi, infectious BV titer (a), total cell density (b), and the
percentage of infected cells () were determined. The average of two replicate infections is shown as bar graphs.
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Abstract

The emergence of new viruses and existing pathogen spread necessitates efficient vaccine production
methods. The baculovirus expression vector system (BEVS) is an efficient and scalable system for
subunit and virus-like particle vaccine production and gene therapy. However, current production
processes are often limited to low cell densities (1-4x10° cells/mL) in fed-batch mode. To improve
the volumetric productivity of the BEVS, a medium exchange strategy was investigated. Screening
experiments were performed to test baculovirus (expressing green fluorescent protein; GFP)
infection and productivity of insect cell culture infected at high cell density (1-2x10’cells/mL), showing
that infection at high cell density was possible with medium exchange. Next, duplicate perfusion runs
with baculovirus infection were performed using a cell concentration upon infection (CCI) of 1.2x10’
cells/mL and a multiplicity of infection (MOI) of 0.01, reaching a maximum viable cell density of
2.8x10’ cells/mL and a maximum GFP production of 263 mg/L. The volumetric productivity of these
perfusion runs was 4.8 times higher than for reference batch processes with a CCI of 3x10° cells/mL
and an MOI of 1. These results demonstrate that process intensification can be achieved for the

BEVS by implementing perfusion, resulting in higher volumetric productivity.
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Introduction

Several viral outbreaks with epidemic and pandemic potential, most of which are zoonotic, have been
witnessed in the last two decades (Shanmugaraj & Phoolcharoen, 2021). Examples include the 2002-
2003 outbreak of SARS, the 2009 outbreak of HINTI influenza (swine flu), the 2013-2016 outbreak
of Ebola, and the 2019-2020 outbreak of COVID-19 caused by SARS-CoV-2. It is expected that the
emergence of new infectious diseases will become more common due to social, environmental, and
economic factors (Wollfe et al., 2007). Vaccines are the most effective medical intervention to combat
global viral outbreaks (Dominguez-Andrés et al., 2020). To effectively contain a viral outbreak, the
timely availability of vaccine material in sufficient amounts is crucial. Consequently, the ability to
quickly develop and efficiently scale-up vaccine production processes is critical. The Baculovirus
Expression Vector System (BEVS) allows the expression of foreign genes when infecting msect cells
with a recombinant baculovirus. In this system, the baculovirus polyhedrin gene, which 1s expressed
at a high level and 1s not essential for virus replication, is replaced by a gene of choice (Robert D
Possee, 1988). The infection process and protein production using the BEVS 1s significantly
influenced by the multiplicity of infection (MOI) and the cell concentration at infection (CCI). The
MOI is the number of infectious baculoviruses per cell added to a culture (Carinhas et al., 2009). A
high MOI ensures the immediate infection of all insect cells upon virus addition. Infecting at a high
CCI may lead to substrate depletion and reduced protein production, while a low CCI results in
limited protein production due to the small concentration of infected cells. With a high MOI
approach, infection at the optimal CCI 1s possible, but a large amount of virus particles is needed
(Maranga et al., 2003b). The use of a low MOI strategy results in at least a two-stage infection process
and enables the use of smaller virus stocks. With a low MOI strategy and multiple infection cycles,
the MO, infection kinetics, and cell growth must be precisely known to determine the optimal CCI
for reaching complete infection, while still, sufficient nutrients are present for maximum volumetric
productivity. Unravelling the interplay between MOI and CCI 1s thus very important for a better
understanding of the BEVS and the subsequent design of efficient infection strategies (Carinhas et

al., 2009; Maranga et al., 2003b).

Batch culture 1s commonly used to produce recombinant proteins with baculovirus-infected insect
cells although more recently perfusion culture has been applied for recombinant protein production
using stable insect cell lines (Sequeira et al., 2018). The growth of insect cells and the maximum cell

density for infection in a batch culture are usually limited by the nutrients in the cell culture medium,
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which also Limits the volumetric productivity (Zhang et al., 1998). Batch processes have low
volumetric productivity because of a low optimal CCI and relatively long downtime of the equipment
due to the short duration of a batch (Gallo-Ramirez et al., 2015). High-density perfusion processes
are an attractive alternative to produce recombinant proteins due to the potential to increase
volumetric productivity (Jiger, 1996). In a perfusion bioreactor, there 1s a continuous supply of fresh
medium and removal of spent medium while the cells are retained in the bioreactor while gradually
replacing the culture medium by using a cell retention device. In this way, the cells are continuously
supplied with nutrients, while waste metabolites are continuously removed. This allows for reaching
higher viable cell densities in the bioreactor. Moreover, the flow out of the reactor often contains the
product and is already cell-free, simplifying the downstream processing (Dalm, 2007). Besides the
cell-free harvest, often a small outflow with cells, called ‘the bleed’ 1s removed from the bioreactor to

maintain cell viability (Dalm et al., 2004).

To achieve high volumetric productivity with the BEVS in a perfusion bioreactor, it is beneficial to
acquire high cell densities during the production run, provided that the specific productivity remains
constant. However, it has been observed that there is a reduction in specific productivity when
infecting insect cells at cell densities above 5x10° cells/mL (Bernal et al., 2009; Pjlman et al., 2020).
This phenomenon is often referred to as the cell density effect. Potential explanations for this cell
density effect are cells being in an unfavorable growth phase at the moment of infection, mhibition
by accumulating waste metabolites, cell-to-cell contact inhibition, disruption in lipid biosynthesis, and
the depletion of essential nutrients (Bernal et al., 2009; Ikonomou et al., 2003; Lavado-Garcia et al.,
2022). Although the exact mechanisms behind are still unknown, the cell density effect has been
prevented by a continuous supply of nutrients and/or the removal of inhibitory products (Caron et
al., 1994; Chico & Jager, 2000; Ikonomou et al., 2003; Radford et al., 1997). Carinhas et al (2009)
showed that medium exchange could overcome the cell density effect at high MOI but not at low
MOI for the Sf9 cell line in SFIOOII serum-free medium. This previous research on the use of
medium exchange or perfusion with the BEVS was performed with various cell lines and media types
(including serum-containing medium) at relatively low cell densities and employed high MOIs for
baculovirus infection. Until now, maximum reported CClIs for sf9 cells in batch mode are generally

in the range of 1-3.5-10° cells/mL and MOIs of >1 (Lavado-Garcia et al., 2022).

This study aimed to investigate whether it 1s possible to achieve high cell density protein production

for the BEVS by using perfusion bioreactors infected at high CCI and low MOI. First, small-scale
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screening experiments with ExpiSf9 insect cells in ExpiSf chemically defined medium were
performed in shake flasks and spin tubes to determine the feasibility of baculovirus infection at high
cell density and to see whether cell-specific productivity is maintained. Hereafter, the process was
scaled-up to stirred tank bioreactors, and a low MOI perfusion strategy for the BEVS was applied
using an acoustic cell retention device. Viable cell densities of 25-28x10° cells/mL were achieved in
two acoustic perfusion bioreactor runs that were highly reproducible. We showed that yield per cell
1s maintained at these high cell densities and bioreactor volumetric productivity was over 4.8-fold

higher compared to reference batch processes.

Materials & Methods

Cell Iimes, media & virus stocks

The ExpiSY cell line (ThermoFisher) was used for all the experiments and the end-point dilution
assays (EPDA). This cell line 1s a derivative of the Spodoptera frugiperda (S19) cell line that was
adapted to grow on the chemically defined ExpiSF CD medium by Gibco (ThermoFisher, 2018).
An  Autographa californica multiple nucleopolyhedrovirus (AcMNPV) vector encoding two
fluorescent markers was constructed. This virus (Ac-2FL) contains the eGFP open reading frame
(ORF) behind the Orchyia pseudotsugata MNPV immediate-early 2 (OpIE-2) promoter as a marker
for early infection (Massotte, 2003) and a mCherry ORF behind the polyhedrin promoter as a
marker for very late gene expression, and hence, protein productivity. For the experiments involving
protein quantification, an AcMNPV vector containing the GFP ORF behind the polyhedrin
promoter was used (AcGFP). The recombinant baculoviruses were generated using the bac-to-bac
expression system (Thermo Fisher). In short, E. coli cells containing the AcMNPV bacmid, and the
transposition helper plasmid were transformed with pDest8-derived plasmids to introduce the
marker genes into the baculovirus genome. Insect cells were then transfected with the recombinant
bacmids using Expres2TR transfection reagent (Expres2ion Biotechnologies) to generate infectious
baculovirus particles.

Screening & bioreactor cultures

Screening experiments were performed by cultivating cells in 125 mL vent-capped PETG shake-
flasks (Nalgene) with a working volume of 25 mL or by cultivating in 50 mL spin tubes (Sarstedt) with
a working volume of 5 mL. The shake flasks were incubated in a Climo-Shaker ISF1-XC (Kuhner)
at 27 °C with a shake velocity of 95 rpm. The spin tubes were mixed at 240 rpm on a Rotamax 120

(Heidolph) shaker placed within a Multitron (Infors HT) incubator at 27 °C. Medium exchange was
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performed by centrifuging the cell suspension at 300g for 5 minutes. Medium exchange was started
when a cell density of 5-6x10" cells/mL was reached, and 309% of the medium was replaced once a
day. After reaching a viable cell density (VCD) of 11-12x10° cells/mL, 60% of the medium was
replaced once a day (corresponding to an approximate continuous perfusion rate of 0.5 and 1.0

reactor volumes (RV)/day).

Bioreactor experiments were performed in 500 mL miniBio stirred tank bioreactors (Getinge)
utilizing a my-Control bioreactor control system (Getinge). The reactor working volume of 300 mL
was inoculated at a starting density of 1.0x10° viable cells/mL. The temperature was controlled at
27°C using a Peltier heating/cooling system. The pH was not controlled but maintained between 5.6-
6.2 by the buffering capacity of the medium. Dissolved oxygen was controlled at 30% of air saturation
by supplying pure oxygen through an open hole sparger with a 2 mm internal diameter (Getinge). A
single 25 mm marine impeller (Getinge) operated at 300 rpm provided agitation. Perfusion was
initiated when the viable cell density reached 4.0-7.0x10" viable cells/mL. The targeted cell-specific
perfusion rate (CSPR) was 50 pL/cell/day. Cell retention was achieved by acoustic filtration using a
1L BioSep and APS 990 controller (Getinge). The controller was set at run/stop cycle times of 10
min/3s and a power level of 2W. The perfusion rate was set using a Watson-Marlow 205U (Watson-
Marlow) peristaltic pump connected to the APS990 controller. In this way, the pump was paused
during the stop cycle time. The recirculation flow was operated at 1.5 mI/min. The feed pump was
controlled by the my-Control system and activated based on a level sensor to ensure a constant

reactor volume. The off-gas flow was connected to a mass spectrometer (Thermo Fisher).

Analytical methods

Cells were counted by trypan blue exclusion using a TC20 Automated Cell Counter (Bio-Rad) or by
manual counting using DHC-FOI cell counting chambers (INCYTO). Infected cells were visualized
by expression of GFP or mCherry detected by an IX71 fluorescent microscope (Olympus) or by a
C6 Plus Flow Cytometer (BD Accuri). Bioreactor off-gas composition was measured with a mass
spectrometer (Thermo Fisher). GFP concentrations were measured by comparing fluorescence to a
GFP standard solution (Thermo Fisher). Fluorescence was quantified using an FL.x800 micro-plate
reader (BioTek) with a 485/528 excitation/emission filter. To determine intracellular GFP, 250 uL
lysis buffer (500 mM NaCl, 50 mM Tris(hydroxymethyl)methylamine (TRIS), 0.19 Triton X-100,
pH 8) supplemented with ImM Phenylmethylsulfonyl fluoride (PMSF) was added to 100 pL of cell-

containing sample fluid. This mixture was incubated on ice for 10 minutes and subsequently
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centrifuged at 13000g for 10 minutes. The supernatant was stored at -20°C untl further use. All
baculovirus stocks were amplified in ExpiSf9 cells. The infectious viral titer of the produced
baculovirus stocks and cell culture samples were determined by calculating the median 50% tissue
culture infectious dose (T'CIDs) per mL via end-point dilution assay.

Calculations

Separation efficiency

The separation efficiency (%) of the acoustic cell separator was calculated considering the total cell
density in the reactor (TCDy, cells/mL) and the harvest flow (TCDu, cells/mL).

TCDy

SE=(1-
TCDR

)+ 100 (1)
Cell specific pertusion rate (CSPR)

The CSPR (m’/cellday), is defined as the amount of medium supplied to a single viable cell per day

and 1s given by:

CSPR = — )
vVCcD

Where P is the perfusion rate (day”), which is the total medium flow through the cell retention
device (m’/day) divided by the reactor working volume (m’) and VCD is the viable cell density

(cells/m”).
Yield of product per cell (Yec)

The yield of product per cell (ug/cell) is defined as:

mp

Yp /C = (3)

ICpmax

Where me is the total amount of product produced since the start of the process (ug) and IC... 1s

the maximum number of infected cells reached in the reactor (cells).
Yield of product per medium (Y:)

The yield of product per medium (ug/mL) was calculated according to:

mp

Ypm = Vi (4)
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‘Where V.. 1s the total amount of medium used (ml)

Volumetric productivity (VP)

The volumetric productivity (mg/L/day) is calculated according to:
mp

VP= - )

Where t is the process duration (days) and Vr is the working volume of the reactor (L)
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Results and Discussion

Baculovirus mfection at high S19 cell densities

The loss in productivity occurring after infection of Sf9 cells above a certain cell density has been
identified as a bottleneck for the BEVS (Carinhas et al., 2009; Caron et al., 1990; Pjlman et al.,
2020). To test whether this bottleneck 1s due to nutrient limitation or inhibition of produced
metabolites we applied an exchange strategy with ExpiSF CD medium to shake flask cultures.
First, we determined in shake flasks whether non-infected cells can grow to higher cell densities.
Two shake flasks cultivations without medium exchange and two shake flasks cultivations with
medium exchange were performed. The maximum viable cell density of these non-infected
cultures with medium exchange reached 4.2x10” viable cells/mL, which is twice the maximum
viable cell density reported in literature for this cell line (Yovcheva et al., 2018) and more than
twice the viable cell density of 1.8x10" cells/mL reached by the batch control culture without
medium exchange (Figure 1A). This indicated that the maximum viable cell density can be
mcreased by supplying additional nutrients required for the growth and maintenance of these
cells and/or by removal of growth-inhibiting metabolites with the spent medium. For both

cultures, the viability stayed above 809 during the entire run (Figure 1B).

Next, we determined whether complete infection can be achieved when cells are infected at high
densities when applying medium exchange. For the infected shake flasks, a baculovirus encoding
two fluorescent markers (Ac-2FL) was used, containing a gene for GFP located behind the
immediate early OpIE2 promoter and a mCherry gene located behind the very late polyhedrin
promoter. Infection was evaluated by measuring the percentages of GFP and mCherry

fluorescent cells.

In batch mode, the optimal CCI for these cells is 5-7x10° cells/mL when infected with an MOI
of 5 (Yovcheva et al., 2018). Here, the cell density upon infection was chosen at 1.2x10” cells/mL,
twice the average recommended cell density for infection. The cells were infected with AcBac-
2FL at an MOI of 0.01, allowing for continued growth of non-infected cells after infection. Four

shake flasks were infected in total, two without medium exchange and two with medium exchange.

The viable cell density of the infected shake flasks without medium exchange was similar to the
uninfected batch control without medium exchange (Figure 1A). This was expected because
mfecting at low MOI requires more time to infect all cells. Cells continued to grow eventually
reaching the maximum cell density for a batch culture of 1.8x10" cells/mL before all cells were
infected. Viability was maintained above 809, which is comparable to that of the non-infected

control (Figure 1B). The infected culture without medium exchange only reached very low levels
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of green and red fluorescent cells, indicating that the infection was halted (Figures 1C & 1D).
These experiments confirm that a CCI of 1.2x10" cells/mL. is above the optimal CCI for a batch

process without medium exchange and a low MOI.

The infected shake flasks with medium exchange had comparable growth to the control with
medium exchange until 20 hours (Figure 1A). This was expected since the low MOI of 0.01
requires multiple infection cycles before all cells are infected, allowing for continued cell growth.
The maximum viable cell density of 1.6x10" viable cells/mL was reached at 48 hours post
infection (hpi). This is considerably lower than the maximum density in the non-infected control
with medium exchange indicating a stop of cell growth due to baculovirus infection. In contrast
to the other conditions, the infected shake flasks with medium exchange showed a drop in viable
cell density between 100-120 hpi and had a significant reduction in viability, reaching around 45%
of viable cells after 120 hpi. A reduction in viable cell concentration and viability is expected when
msect cells undergo baculovirus infection. Fluorescence measurements indicated an efficient
infection for the shake flasks with medium exchange, with infection percentages of 100% based
on the early expression of eGFP (Figure 1C) and 93% based on the late expression of mCherry
(Figure 1D). This demonstrated that medium exchange enabled baculovirus infection of all cells

in the culture at high cell densities while using a low MOI.

A comparison between eGFP and mCherry expression showed that e GFP started to be detected
at 22 hpi, while mCherry was seen after 46 hours. The difference in time of expression 1s expected
because the eGFP gene is behind the immediate early baculovirus promoter OplE-2 and the
mCherry gene is behind the very late polyhedrin promoter. In summary, these experiments
showed that medium exchange allowed for complete baculovirus infection at high cell densities

when infecting with a low MOI.
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Tigure 1. Time-course profiles of shake flask Sf9 cultures infected with baculovirus at high cell densities. The control
S19 culture was grown without medium exchange or baculovirus infection (o). A second control was grown with
medium exchange but without baculovirus infection (©). The infected shake flasks were infected with the Ac-2FL
baculovirus, expressing e GFP from the immediate early OpIE2 promoter and mCherry from the very late polyhedrin
promoter. Cells were infected at 12x10° viable cells/mL at an MOI of 0.01 baculovirus/cell. Infected shake flasks
either had; no medium exchange (/) or daily medium exchange (©). (A) Viable cell densities. (B) Percentage of
viable cells. (C) Percentage of cells containing early expressed e GFP. (D) Percentage of cells containing late expressed
mCherry. The data shown are averages of duplicate runs. and error bars represent the distance to the minimum and
maximum value. Data are shown starting from 12x10° viable cells/mL., which was the moment the cells were infected.
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Productivity at high cell densities with medium exchange.

Next, we studied whether the product yield per cell could be maintained when infecting cells at
higher densities while applying medium exchange. High cell-density baculovirus infections were
performed using spin tubes. The cells were infected at an MOIT of 0.1 (since an MOI of 1 would
require too much volume to be added) with AcGFP, and GFP production was quantified by
fluorescence intensity measurements. The experiment included a control without medium
exchange that was infected at a low cell density of 4x10° cells/mL, which is around or just below
the optimal CCI for these conditions, and two experimental cultures with 609% medium exchange
per day that were infected at higher densities of respectively 1.1x10" cells/mL and 2.0x10’
cells/mL. Since cells were infected with an MOI of 0.1, the viable cell density continued to
increase after infection (Figure 2A). For the control flasks infected at 4x10° cells/mL the
maximum cell density reached was around 7.1x10" cells/mL,, a 79% increase compared to the
mitial cell density at the moment of infection. Similarly, the cell density increased for the cultures
infected at 1.1x10" cells/mL and 2.0x10" cells/mL. However, the increase in cell density after
infection was reduced to 39% and 1.5%, respectively. The viability after infection dropped more
drastically for the cultures infected at 1.1x10" cells/mL and 20x10° cells/mL. compared to the
control culture that was infected at 4x10° cells/mL (Figure 2B). At 8 days post-infection, the
viability of the control culture was around 30%, while the viabilities for the cultures infected at
1.1x10" cells/mL and 2.0x10" cells/mL were 6% and 12%, respectively. Both the reduced growth
and faster drop in viability could indicate nutrient or oxygen limitation. While at 4x10° cells/mL
the cells were still growing exponentially, at 1.1x10" cells/mL and 2.0x10” cells/mL the cells no
longer grew exponentially, and the specific growth decreased with increasing cell density.
Exposing the cells to a sufficiently high medium exchange rate 1s important to maintain cell growth
(Schulze et al., 2021). To compare the productivity the total concentration (intracellular and
extracellular) of GFP was measured (Figure 2C). GFP was first detected on day 1 post-infection
which 1s expected when using an MOI of 0.1 and the GFP gene expressed from the polyhedrin
promoter. The culture infected at 1.1x10" cells/mL showed a similar GFP production pattern
compared to the control culture and maximum GFP concentration levelled oft at around 200
mg/L compared to 100 mg/L for the control. The culture infected at 2.0x10" cells/mL had lower
GFP production in the beginning compared to the other two cultures. Moreover, GFP
concentrations did not reach a plateau value and were still increasing until 8 days post-infection.
Possibly, at these high cell densities, insufficient medium exchange rates slowed down GFP
production. The total amount of GFP produced at day 8 increased with the increase of the cell

density upon infection (Figure 2C). The yield per cell (YP/c) reached by the culture infected at
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1.1x10" cells/mL was slightly lower than the control infected at 4x10° cells/mL, while the YP/c
reached by the culture infected at 2.0x10" cells/mL was slightly higher than the control (Figure
2D). Viable cell density for the culture infected at 2.0x10” cells/mL was maintained but did not
increase after infection. This could explain the higher YP/c values for this CCI as less nutrients
were used for cell division. High MOI infections could reduce the uncertainty related to
additional infection cycles and give a clearer picture of the maximum CCI. However, this is not
always possible at these high cell densities due to the large volume of virus stock required to infect
at high MOI and high CCI Calculated YP/c values were in the same order of magnitude for all
CClIs, which indicates that the yield of recombinant product per cell can be maintained when
infecting at high cell density using medium exchange for this cell line and medium. In addition,
low MOI infections seem possible. This provides a good basis for the application of medium
exchange and/or perfusion strategies in combination with low MOI infection on larger scale to

mtensify production.
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Tigure 2. Productivity screening in Sf9 spin tubes at different CCIs. Spinner tubes were infected at an MOI of 0.1
at CCIs of 4x10° viable cells/mL(c), 1.1x10" viable cells/mIL(©), and 2.0x10” viable cells/mI(/\). Medium exchange
was performed once per day for CCls 1.1x10" viable cells/mL, and 2.0x10” viable cells/mL. The cells were infected
with an AcGFP baculovirus. Data shown are averages of duplicate runs and error bars represent the distance to the
minimum and maximum value. (A) Viable cell densities. (B) Viability. (C) GFP concentration. (D) Yield of
product per cell (Y,) of infected cultures with an MOI of 0.1 in spin tubes.

Cell growth characterization in a perfusion bioreactor
To scale up and test a medium exchange strategy with low MOI infection, an acoustic cell

retention system was used to enable perfusion cultivation in bench top stirred-tank bioreactors.
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First, SI9 insect cell growth was characterized in this perfusion system without baculovirus
ifection. The culture was started in batch mode with an inoculation density of 1.0x10° viable
cells/mL. Perfusion was started at 2 days post-inoculation at 0.5 RV/day. The perfusion rate was
further increased to 1 RV/day from day 5 onwards. On day 7, a bleed rate of 0.2 RV/day was
applied to maintain viability ( Dalm et al., 2004). The separation efficiency of the Mini BioSep
was > 95% during most of the run (Figure 3). The cell-specific perfusion rate (CSPR) indicates
the amount of medium supplied per cell per day via perfusion and must be above a certain value
to prevent nutrient limitation. The CSPR during the run was between 31-77 pL/cell/day, with an
average of 50 pl/cell/day (Figure 3). While the minimum CSPR for these cells is not known, a
value of 50 pL/cell/day is often used for CHO cell cultivations (Schulze et al., 2021) although
lower CSPR values have been reported for stable insect cell lines (Fernandes et al., 2022). Starting
on day 4, viability dropped from 95% to 80%. During this period, the CSPR dropped to 30-40
pL/cell/day and growth rates shifted from exponential to linear. In the end, a maximum viable
cell density of 3.8x10” cells/mL was reached. It is possible that the CSPR was too low to maintain
exponential growth and reach higher cell densities. This could also have caused the decrease in
viability. Moreover, since the acoustic cell retention device retains live and dead cells, dead cells
may still accumulate in the reactor despite applying reactor bleed. This could have further
impacted the viability during the run. Lastly, the gas flow needed to supply sufficient oxygen
increased to extremely high values (0.5-1 vvm, data not shown) and the shear associated with these
high gas flow rates could have affected cell growth and viability. An open hole sparger generating
larger 2-3 mm bubbles was used here. Switching to a porous sparger generating smaller bubbles
might reduce the need for excessive gas flow rates needed for oxygenation of the cell culture and
reduce shear. Overall, these results indicated a medium exchange strategy could be scaled-up to
bioreactors using an acoustic perfusion system to achieve ExpiSf9 cell concentrations of up to

3.8x10’ viable cells/mL.
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Figure 3. S{9 cell growth characterization in a perfusion bioreactor. Viable (0) and total () cell densities, percentage
of viable cells (2\), and CSPR (©) during a bioreactor run without baculovirus infection. Perfusion mode was started
on day 2.

BEVS performance in perfusion bioreactors

Cell growth and viability

‘We next investigated whether efficient baculovirus infection was possible at high cell density in
perfusion bioreactors. Based on the cell growth characterization in the perfusion bioreactor with
healthy ExpiSf9 cells, two additional perfusion runs were performed in 500 mL stirred tank
reactors using acoustic cell retention. Both perfusion runs were inoculated with a seeding density
of 1.0x10° viable cells/mL. Perfusion was started at 3 days post-inoculation with a target CSPR of
50 pl/cell/day since lower CSPRs appeared to slow down cell growth. The perfusion cultures
were infected at 4 days post-inoculation. Previous experiments showed that infection was stll
possible at 2x10” viable cells/mL. A doubling in cell concentrations was observed when using an
MOI of 0.01. Therefore, the targeted CCI was 1x10” viable cells/mL.. Concentrations at infection
were 1-1.2x10" viable cells/mL for run 1 and 2, respectively, and both bioreactors were infected
with AcGFP at low MOI (0.01). At 6-7 days post-inoculation (corresponding to 2-3 days post-
infection) cell growth stopped, indicating complete infection, and the maximum viable cell density
was reached (Figure 4A). Maximum viable cell densities were very comparable for both runs (2.5-
2.8x107 viable cells/mL). Both cell cultures doubled more than once in cell density after infecting
with low MOI. Assuming BV release between 12-124 hours the continued growth for about 2
days indicates that about two infection cycles were needed to reach complete infection. Maximum
viable cell densities were substantially higher than those reached in batch mode (Table 1). Both

runs were terminated at below 10% viability (Figure 4B). The wviability of both runs started
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decreasing more rapidly from day 3 post-infection. The viability of run 1 dropped slightly earlier
than that of run 2, which may indicate a faster infection rate in run 1. Also, the lower CSPR in
run 1 (Figure 4A) may have contributed to the earlier decrease in viability by causing nutrient
limitation and an increase in death rate. The goal was to maintain a CSPR above 50 pl/cell/day.
For run 1, the CSPR decreased below the aimed minimal value several times, with a minimum
of 37 pl/cell/day. For run 2, the CSPR never dropped below 50 pL/cell/day, with a minimum of
55 pL/cell/day. Online viable biomass measurement coupled to the bioreactor feeding rate can
avold such fluctuations in CSPR (Carvell & Dowd, 2006; Dowd et al.,, 2003). Glucose
concentrations were analyzed and remained higher than 55mM (data not shown) and thus did
not appear to be limited during the run. However, the limitation of other nutrients, such as
cysteine (Radford et al., 1997), could not be ruled out. Screening for optimal CSPR values should
be performed to get more insight in the impact of nutrient availability on cell culture performance.
Cell retention within the reactor is crucial during perfusion to minimize the loss of cells through
the harvest flow. The separation efficiency of the acoustic cell retention device was always higher
than 909 and >949% during the first days of perfusion (Figure 4D) for both runs. However, after
baculovirus infection, the liquid in the acoustic chamber was occasionally opaque, indicating poor
separation. The separation efficiencies demonstrated a downhill trend towards the end of the
culture (Figure 4D). This 1s likely caused by a change in the morphology of the insect cells after
baculovirus infection and during cell death. Since acoustic cell separation is based on particle size
and physical properties of the cells, changing cell morphology can affect cell separation (Ding et

al., 2014).

Development of baculovirus infection

eGFP fluorescence was used to determine the percentage of cells infected with Ac-2FL. Cell
growth stopped around 2 days post infection (dpi), indicating all cells were infected. This 1s in
accordance with the moment GFP expression becomes visible about 3 days post infection or 1
day after most of the cells became infected (Figure 4B). Infection slowed down after the
percentage of infected cells reached 60-70% around day 8 (4 dpi). This was unexpected, as in

batch cultures a continuous rapid increase toward almost 1009 infected cells is achieved.

This could be due to a decrease in the release of budded viruses. At day 7 (2 dpi) the infectious
titers were 1x10"and 1x10° TCIDs/mL for run 1 and 2, respectively, meaning that the MOIs were
lower than 1 and not sufficient to infect all cells. On day 8, final baculovirus titers of 3.5-5x10’
TCIDs/mL were reached giving an MOI between 1 and 2, which would result in about 60-80%

infection. Based on the final titers reached and the maximum infected cell density a value of 2
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budded viruses released per cell is calculated, which confirms the slower infection. However, the
release of 2 BV per cell does not agree with the rapid initial increase in infection. Possibly the
number of BVs released per cell decreases during the run. This could be related to the high cell
density, which was seen to reduce the virus binding efficiency, potentially due to cell-cell
interactions resulting in clumping (Power et al., 1996). Some cell clumping was observed in both
reactor runs. Increasing the agitation speed could reduce clumping, although higher agitation rates
can negatively impact cell growth (Kioukia et al., 1996). Furthermore, baculovirus expression is
influenced by the cell cycle phase upon infection (Saito et al., 2002). It has been demonstrated
that infection during the G: and S phases results in faster and higher protein expression and that
cells arrested in the G2 phase of the cell cycle are less susceptible to baculovirus infection (Lynn
& Hink, 1978). Specific growth rates were lower in both cultures after day 3 just before infection.
This may have resulted in the accumulation of cells in the G2 phase and thus a slower infection
progression in part of the cells. However, measurement of cell cycle distribution is difficult in
infected culture due to interference of baculovirus DNA. Another reason could be that the
viability started to drop rapidly around day 8. Dead cells were excluded from the analysis and
consequently the percentage of cells not yet showing green fluorescence will increase due to the
loss of infected cells from the measurement which could explain the slow increase in the
percentage of GFP-containing cells after this point. Finally, virus stability could be lower later in
the culture due to changing conditions in the medium or cells, possibly related to the lower

viability.

The virus titers showed a similar profile for both runs (Figure 4C). Starting at 2 days post-infection,
titers increased until maximum infectious titers of 3.5-5.0x10" TCIDs/mL were reached at day 8.
Furthermore, the increase 1s slightly later for run 2 as compared to run 1, which agrees with the
later decrease in viability observed earlier. This could be caused by the slightly higher CCI in the
first run or slight differences in MOI, which further demonstrates the relationship between CCI

and MOI for the timing of the run.

Volumetric productivity

After mfection with Ac-GFP, total GFP concentrations increased from 3-4 days post-infection,
and this 1s in line with the detection of GFP inside the cells around day 3 post-infection. Maximum
concentrations of 230-280 mg/L. were reached at 6 days post-infection (Figure 4C). The GFP
concentration increased no further 6 days post-infection due to the low cell viability. A very small
number of cells could still be producing GFP at this point, but their cell number and duration of

production were insufficient to further increase the detected GFP concentrations. The GFP yield
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per cell was very comparable for both perfusion runs (Table 1). Comparison with batch reference
runs infected with the same baculovirus construct showed that yield per cell was even improved
by 2-fold for the perfusion cultures (Table 1). Volumetric productivity, however, was 3-5 fold
higher when infecting at high cell density using perfusion. The average product yield per medium
was dependent on the run time. A shorter run time improved the volumetric productivity and the
product yield per medium (Table 1). Decreasing or stopping the perfusion flow towards the end
of the culture can further improve product yield per medium and reduce medium consumption.
In conclusion, this data demonstrates the potential for rapid scale-up and process intensification

of the baculovirus expression vector system by using perfusion to infect insect cells at high cell

densities and low MOI.
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Table 1. GFP productivity comparison between two perfusion runs with baculovirus infection versus a batch run.
For run 2, two termination time points were included to indicate the effect on volumetric productivity and medium
use. = Values indicate the standard measurement errors.

Run Maximum viable Product Yield of
7 N . . -
. fime celldensity yield per Volumetric product per
(days) (cells/mL) cell(ug/eell productivity medium
(mg/L/day) (ug/mL)
Run 1 0.01 122 2.77x10 1.01x10° 23+ 1.9 28 + 2.3
Run 2 0.01 16.8 2.46x10 1.01x10°  14.8 £ 1.2 15.7 £ 1.3
Run 2 0.01 11.9 2.46x10 9.87x10°  20.5+1.7 22.5+1.9
shortened
Batch 1 3.8 4.0x10° 4.23x10°  4.51 £ 0.4 16.9 + 1.4
reference
Conclusion

Process intensification was achieved for the baculovirus expression vector system by
implementing perfusion to infect stirred-tank bioreactors at high CCI and low MOI. The
mvestigated strategy used a low MOI of 0.01 to infect insect cells with baculovirus at viable cell
densities of 1.0-1.2x10" cells/mL. By using an acoustic perfusion device to allow for medium
exchange and cell retention, the cell density effect was overcome and densities of 2.5-2.8x10
viable cells/mL were achieved in two perfusion bioreactor runs that showed high reproducibility.
The recombinant protein vield per cell was maintained at high cell densities and bioreactor
volumetric productivity was up to 4.8-fold higher compared to batch processes. Process
optimization to reduce total cultivation time or reach even higher cell densities may further
mcrease volumetric productivity. A low MOI strategy allows for the use of small virus stocks,
which can be generated more efficiently and quickly than larger stocks. This can save time and
resources and reduce the risk of contamination. Implementing this perfusion strategy for the

BEVS reduces the time for scale-up and could increase the production capacity of existing

production facilities.
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Chapter 6

Introduction.

The Baculovirus Expression Vector System (BEVS) has several advantages over other expression
systems. The time needed for process development and to produce material for clinical studies
1s relatively short. Since only modification of the baculovirus vector is needed, it allows for the
use of a single well-characterized cell line and production process to produce any protein. This
eliminates the need for the time-consuming tasks of developing, qualifying, and obtaining
regulatory approval for a new cell line as well as developing the production process for each
protein. Expression levels are high due to the strong polyhedrin and/or p10 promotors and the
BLEVS is flexible as it can accommodate a wide range of proteins, including difficult-to-express
and complex proteins. It also allows for the expression of multiple genes simultaneously. The
baculovirus genome is relatively easy to manipulate, facilitating the insertion of target genes and
other genetic modifications to optimize protein expression (Van Oers et al., 2015). One drawback
of the system 1s that the cells lyse at the end of the process due to infection, 1.e., it is a transient
process. Thus, continuous production is not possible in a single reactor system. Furthermore, for
products that are excreted (e.g., viral glycoprotein subunits, certain VLPs), the moment of
harvesting is very important for optimal product concentrations and low levels of host cell
components due to cell lysis. A second drawback is the release of budded viruses (BVs) during
the production process, which can be costly and difficult to remove depending on the type of
final product (Cervera et al., 2019; M. M. J. Cox, 2021; Vicente et al., 2011).

At this moment, twelve BEVS-derived products have been approved for use, including four
human vaccines several human therapeutics, and five veterinary vaccines (Hong et al., 2022) and
many more products are in development as described in Chapter 1. The short development time
between target identification and having a production process for clinical trials and commercial
production makes the BEVS a particularly attractive technology to produce vaccines to combat
new infectious diseases as reported in Chapter 2. Besides vaccines, the BEVS is increasingly used
to produce gene therapy vectors after BEVS-derived Glybera (an adeno-associated virus gene
therapy against lipoprotein lipase deficiency) became the first approved gene therapy product.
FluBlok was the first human vaccine produced with the BEVS. Licensure of these frontrunner
BEVS-derived products for humans have paved a regulatory pathway, reducing regulatory
uncertainty.

The number of products on the market that are produced with the BEVs 1s still limited and the
BEVS 1s mainly used to produce proteins on a small scale for research purposes. Therefore,
BEVS production processes still are relatively underdeveloped compared to other industrial-
established counterparts like Chinese Hamster Ovary (CHO) cell culture processes for
monoclonal antibody production. The following are aspects that could be investigated to further
improve BEVS bioprocessing:

1. Besides the product also budded viruses are released, which for pharmaceutical
applications must be removed during downstream processing (DSP), which may
result in significant loss of product depending on the type of product. Thus, the
development of BV-free processes is important.

2. Production processes can be further optimized using for example fed batch and
perfusion approaches.
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3. Many of the small-scale processes use a high multiplicity of infection (MOI).
However, at industrial scales, the use of low MOls is preferred since this requires
less viral seed production, and results in less dilution of the medium at the
moment of infection. Thus, when developing intensified or BV-free processes the
use of low MOI should be included.

4. Finally, the amount of online monitoring in the BEVS is still limited and should
be improved to determine for example optimal infecion moments and time of
harvest

1. Budded virus-free production

Baculoviruses possess a limited host range, primarily targeting specific insects. They are widely
regarded as safe biological pesticides that do not pose any adverse effects on plants, mammals,
birds, fish, or non-target insects (Y. C. Hu, 2005). Individuals encounter baculoviruses regularly
through the consumption of fresh vegetables (Mcwilliam, 2006). The budded viruses (BVs) are
enveloped nucleocapsid particles containing a single copy of the baculoviral double-stranded
DNA genome and are responsible for cell-to-cell spread within the insect and in cultured insect
cells. BVs have adjuvant activity, if not removed or inactivated they have the potential to
contribute markedly to the immunogenicity of VLLP-based vaccines (Hervas-Stubbs et al., 2007).
Nevertheless, BVs can pose theoretical safety risks as residual BVs may enter mammalian cells
and some baculovirus promoters may be active in these cells. This could trigger undesired
immune responses induced by contaminating baculoviral DNA or protein (Kenoutis et al., 2006;
Marek et al., 2011; Murges et al., 1997; Ono et al., 2014). While the risks associated with
baculovirus are small, the use and presence of baculoviruses in production can raise public health
concerns, particularly in the case of vaccine production. Baculovirus-free production helps to
avoid such concerns and ensures that the public has confidence in the safety of the final product.
Compliance with regulatory guidelines is essential for obtaining regulatory approval and ensuring
the product meets the necessary standards for commercialization. A major consideration for
regulatory agencies when evaluating a novel cell substrate 1s the potential to harbor adventitious
agents that could threaten patient safety. Residual DNA in the final product should be limited as
much as possible from a safety and regulatory point of view (FDA, 2010). Through budded virus-
free production, manufacturers can simplify the regulatory review process, focusing on other
critical aspects of product quality and efficacy. This streamlined review process can lead to time
savings in the overall approval timeline. Moreover, budded virus-free production helps mitigate
manufacturing delays by minimizing the risk of contamination-related setbacks.

In principle, BVs can be removed in DSP. However, for some products like VLPs, this is difficult.
The size, charge and density of BVs are often similar to that of secreted or enveloped VLPs,
making downstream purification challenging and often resulting in decreased product yields
(Cervera et al., 2019; Puente-Massaguer et al., 2022; Vicente et al., 2011). Product streams
containing VLPs must undergo either chemical inactivation treatments to eliminate baculovirus
mfectivity or undergo multiple downstream processing steps that could potentially impact the
amount and quality of the resulting VLPs (Roldao et al., 2010). This problem can be solved by
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developing Baculovirus-free production processes, reducing losses in product yield and quality,

and lowering the overall cost of production.

Baculovirus-free expression systems have been constructed by deletion of the essential
baculovirus genes gp64 (Chaves et al., 2018), vp80 (Marek et al., 2011), or lef-5 (D. Hu et al.,
2023). The deletion of these baculovirus genes results in the mability of viral propagation in
conventional cell lines. BV amplification for seed production is achieved by developing a cell line
that stably expresses the deleted gene in trans complementing the missing protein. However, such
trans-complementing cell lines pose the risks of instability of the transgene expression and the
ability of the baculovirus to regain the deleted gene. Recently, a CRISPR-Cas-based approach was
developed to mediate the disruption of genes essential for BV formation, which relies on a
CRISPR-Cas-expressing cell line (Bruder & Aucoin, 2023). In both above-mentioned
approaches, two cell lines are needed for production where viral propagation is done in a separate
production process in the complemented cell line to produce the seed for the final production
process. The recombinant protein production is next done using this seed with another non-
complemented cell line where a high MOI must be used for efficient VLLP production.

In transient transfection, the target gene is introduced into insect cells without the use of a
baculovirus vector, but for instance by use of a plasmid, thereby eliminating the risk of budded
virus contamination. This method allows for rapid protein expression. Advantages include the
avoldance of baculovirus vectors and the prevention of budded virus contamination. However,
disadvantages include potential variability in transfection efficiency, difficulties in scaling up, and
the need for optimization, as the transient expression may result in lower protein yields compared
to the use of baculovirus vectors (Radner et al., 2012).

The need for two cell lines 1s not ideal for a production process. Furthermore, the need to infect
the final production at high MOI 1s also sub-optimal, since it requires the production of large
numbers of BV particles and thus large bioreactor systems. Therefore, the ideal BV-free system
should use one virus strain and one cell line and allow for low MOI processes. A low MOI
process ensures that smaller virus stocks can be used in the production process, leading to
significant cost and time savings. Using the same cell line and baculovirus constructs throughout
the process simplifies the production process from start to finish. Such a baculovirus-free
production system should still exhibit flexibility to accommodate evolving demands without
compromising recombinant protein yield or process robustness. Furthermore, it should be easily
scalable and seamlessly integrated within existing production facilities. Lastly, an ideal system
should comply with existing regulatory requirements to make the approval process more
streamlined and faster.

For this reason, we developed a novel temperature-sensitive baculovirus expression system with
an upstream reduction of baculovirus contaminants (BackFree) in Chapter 4. In this inducible
system, BV production can be switched off during the production process. By introducing an
1soleucine-to-threonine mutation in residue 317 (I817T) of GP41 a temperature-sensitive
phenotype was observed. BV production appeared normal at 23.5°C (permissive temperature)
but a single-cell infection was observed at 32.5°C (non-permissive temperature) (Lee & Miller,
1979; Olszewski & Miller, 1997). We investigated if the point mutation in GP41 I317T could
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form the basis for a BEVS with a temperature-inducible shutdown of BV production to aid the
production of chikungunya enveloped virus-like particles (CHIKV VLPs). For this system, a
single cell line and virus strain are needed. At standard cultivation temperatures (27-28°C) virus
propagation can take place while VLP production without BV release occurs at elevated
temperatures (34°C). We showed that by using this temperature-sensitive baculovirus a 100-fold
reduction in residual BV titer could be achieved after increasing the temperature. With this
approach, low MOI processes are now also possible. Both low and high MOI processes were
scalable to stirred-tank bioreactors. The next step is to assess the overall process robustness and
productivity for this strategy. This approach eliminates the need for stable cell line development
and allows for flexibility in the use of cell lines and MOIs. The reduced residual BV titer could
reduce the burden of DSP purification steps and make regulatory approval more streamlined.

While the Backree system is promising, further improvements are necessary to make the system
more relevant for implementation on a commercial scale. To start, the productivity at elevated
temperatures should be characterized better, and if possible, improved to ensure adequate
process vield. While western blot analysis of secreted VLPs did not indicate reduced yields,
production at higher temperatures has been shown to lower the yield of simpler, non-secreted
proteins like green fluorescent protein (GFP). This could be an indication that the higher
temperatures are not optimal for the protein production machinery inside the nsect cell. Insect
cells also seemed more vulnerable at elevated temperatures, as cell viability decreased at a faster
rate compared to the standard temperature of 27-28°C. Lower productivity at elevated
temperatures could potentially be solved in three ways; First, if this is related to the functioning
of the msect cell, an adaptation of cells to higher temperatures could be beneficial. Maintaining
high viability could prolong the production phase leading to higher protein yields. Second, if it is
baculovirus related, modifying the baculovirus or viral promoters to maintain expression at
elevated temperatures might be needed. Third, changing the temperature sensitivity of the
baculovirus to be non-permissive at lower temperatures could circumvent problems related to
elevated temperatures. From a commercial-scale perspective, heating requirements will be lower,
and the required time to reach the setpoint after the temperature shift will be shorter.
Complementary to these approaches are process intensification methods to achieve improved
process yield and time savings. The proposed system can benefit from process intensification
since it 1s still easily adaptable for various products and compatible with existing production
capacity as will be discussed further on.

When using a low MOI infection strategy, only a small subset of the cells is infected mitially, and
multiple infection cycles are needed to infect all cells in the bioreactor. Such a low MOI infection
strategy 1s advantageous in terms of virus stock requirements and offers a potentially shorter
process development and production timelines, as less time-consuming virus titer assays are
needed, and virus expansion steps are required. A good example of this is shown in Chapter 2
where a low MOI infection strategy was used to produce SARS-CoV2-S1 subunits. Since a low
MOI was used, newly generated P1 baculovirus stocks could immediately be used to infect
bioreactors after the infectious titer was determined. However, in low MOI processes, infection,
the release of BVs, and recombinant protein production do not occur synchronously for all cells,
leading to increased process variation and complexity compared to high MOI processes. For the
Backree strategy, it becomes more difficult to determine the moment of temperature shift when
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using a low MOI. Choosing the optimal moment is critical to obtain lower residual BV tters, as
witnessed in Chapter 4. Online monitoring proved to be a helpful tool for determining the
moment to shift the temperature.

Adequate process characterization is particularly important to ensure efficient process
development and application of low MOI infection processes on a commercial scale. Process
modeling would enhance the process understanding of such processes and benefit prediction and
decision-making during process development. Besides quantitative characterization, such models
would benefit from a better mechanistic understanding of the infection process and temperature
sensitivity. Online monitoring, as described in more detail in Chapter 8, could aid in decision-
making, tracking the state of the cell culture in real time, and further increasing process
understanding. Data generated by online monitoring can be used as imnput for process modeling.
Data from the high-resolution measurements and additional parameters that are measured can
lead to new msights into underlying mechanisms or detect temporary process deviations that are
otherwise unnoticed when using solely offline methods.

Besides improved process characterization and productivity, the production of BV particles could
be further reduced. While a 100-fold reduction in BV titers was achieved, residual infectious BV
titers were stll in the order of 10" TCID:/mL and easily detectable by end-point dilution assays.
Complete budded virus-free production might be challenging, especially when using low MOI
infection strategies without washing steps, as residual BVs from earlier infection cycles might still
be present. However, further reduction of residual BV titers would increase the product-to-BV
ratio and provide an even better starting point for subsequent downstream processing.

The proposed strategy using a temperature-sensitive baculovirus is promising, since it reduces
residual BV titers while allowing for the use of a low MOI and only one cell line and one
baculovirus construct throughout the process. It is also easily adaptable for different products and
implementable within existing production facilities. Before such a system can be cost-effective for
commercial-scale applications, improvements must be made. Firstly, productivity should be
characterized and where possible improved by either increasing protein yield at elevated
temperature or reducing the non-permissive temperature. Second, further reduction of residual
BV titers 1s desirable to improve industrial relevance. Lastly, optimization and characterization of
the potentially elegant but complex temperature inducible low MOI BacFree strategy are required
to reduce process variation and achieve a sufficient level of process robustness for application on

larger industrial scales.
2. Proces intensification

Recently mRNA and adenovirus-based vaccines have been at the forefront of the fight against the
covid-19 pandemic, and this has led to an acceleration in the development of the technology and
increased interest from academia and industry, which is also reflected in the significant increase
m investments (Florio et al., 2023). However, it has become evident that production-related
challenges (such as Janssen's perfusion method versus Oxford-AstraZeneca's batch method) and
storage conditions (requiring ultra-low temperatures of -80°C versus standard refrigeration at 4°C)
play a crucial role in determining their ultimate success (Joe et al., 2023). For instance, the BEVS
has several advantages compared to current mRNA technology such as a lower storage
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temperatures of the final product, compatibility with currently installed production capacity and
the ability to produce proteins with post-translational modifications Further improvement and
mcreased understanding of the BEVS is necessary to keep the platform relevant for tackling future

global health challenges.

Process mtensification could play a crucial role in enhancing the BEVS manufacturing platform,
aiming to increase productivity, efficiency, and sustainability. Broadly, process intensification
mvolves Implementing various strategies, including the implementation of mnovative
technologies, advanced control systems, optimization, and automation to improve process
performance. The main objectives of process intensification for BEVS manufacturing are:

1. Cost Reduction: For certain products, e.g., veterinary vaccines, a reduction of production
costs 1s necessary since margins are low. Process intensification can lower costs by
improving productivity, reducing raw material consumption, and minimizing waste and
energy usage.

2. Time reduction: Production and development times should be as short as possible while
the process should be robust yielding consistent product quality. This is essential to avoid
delays due to unnecessary loss of batches during production and make process
development and scale-up more straightforward and less time-consuming.

3. Increased Capacity: Process intensification allows manufacturers to enhance production
capacity by producing more goods in less time using the same equipment. By improving
the efficiency of manufacturing processes, manufacturers can meet increasing product
demands without requiring significant additional capital investments.

The 1deal BEVS platform process should have a high volumetric productivity, while still allowing
for flexibility in adaptation to various products. High volumetric productivities allow for smaller
production bioreactors, decreasing the size requirements of new or currently installed production
capacity. Process intensification has the potential to establish improved production standards for
the BEVS.

Process intensification has received considerable attention in the biopharmaceutical field in the
past years and a vast array of strategies, tools, and platforms has been developed. Some examples
of process intensification that are currently employed are the use of continuous processing
strategies, such as perfusion (T'ona et al., 2023), process miniaturization and automation through
the use of miniaturized and automated bioreactor systems (Bhambure et al., 2011), and process
integration through the use of multifunctional equipment and merging of multiple unit operations
in a single device (Rathore et al., 2018). However, most applications are about processes with
Chinese Hamster Ovary (CHO) cells, the workhorse of the biopharmaceutical industry (Strube
et al., 2018). For the BEVS, known process intensification efforts have been limited. Most BEVS
processes are still batch processes operated at relatively low cell densities and with limited online
process monitoring.

The complexity of the BEVS makes process intensification challenging. Due to the lytic nature
of the BEVS and associated issues with the stability of the baculovirus (Tramper et al., 1990),
continuous production is difficult (van Lier et al., 1992; Van Lier et al., 1994). Scaling up from
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laboratory scale to larger production scales 1s complicated due to maintaining consistent infection
parameters, viral titer, and overall process control. Despite these challenges, ongoing research is
focused on process intensification for the baculovirus expression system as there is a lot to gain:

1. Low MOI processes can reduce the necessary production capacity, as fewer bioreactors
are needed for virus seed production.

2. Seed train intensification, e.g., N-1 perfusion, can shorten total bioprocessing time from
the thaw of the working cell bank vial to the final harvest of the product as fewer seed
expansion steps are needed and high cell density inoculations are possible.

3. Perfusion, fed-batch, or intensified fed-batch processes could increase the volumetric
productivity of existing production facilities, by increasing yield per cell or total cell
densities during bioprocessing.

4. Process analytical technology and modeling can improve process understanding, and
allow for predictive capabilities and advanced process control, thereby shortening
development times and enabling early detection of process deviations.

2.1 Intensification of the production step

Batch culture 1s commonly used to produce recombinant proteins with the BEVS. High-density
perfusion processes are an attractive alternative to produce recombinant proteins due to the
potential to increase volumetric productivity (Jager, 1996). In a perfusion bioreactor, there is a
continuous supply of fresh medium and removal of spent medium while the cells are retained in
the bioreactor and the culture medium is gradually replaced by using a cell retention device. In
this way, the cells are continuously supplied with nutrients and waste metabolites are continuously
removed. This allows for reaching higher viable cell densities in the bioreactor. However, it has
been observed that there is a reduction in specific productivity when infecting insect cells at cell
densities above 5x10° cells/mL (Bernal et al., 2009; Pjlman et al., 2020). This effect could be
prevented by a continuous supply of nutrients and/or the removal of inhibitory products (Caron
et al., 1994; Chico & Jager, 2000; Ikonomou et al., 2003; Radford et al., 1997). Carinhas et al
(2009) showed that medium exchange could overcome the cell density effect at high MOI but
not at low MOI for the Sf9 cell line in SF900II serum-free medium. In Chapter 5 we reported
the possibilities of using perfusion cultivation to enhance the volumetric productivity of a BEVS
production process using a low MOI strategy. It was shown that medium exchange allowed for a
higher cell density at infection (CCI) even when using a low MOI. It was possible to achieve
complete baculovirus infection with CCIs up to 20x10° viable cells/ using an MOI of 0.01
TCIDso/cell when applying medium exchange, indicating that there is potential to improve
maximum cell densities. Compared to the benchmark process, using a CCI of 2.0x10° viable
cells/mL and an MOI of 1 TCIDs/cell, the volumetric productivity of the perfusion process
infected at 12x10° viable cells/mL with an MOI of 0.01 TCIDx/cell was about 5 times higher.
This shows that process intensification through perfusion and/or medium exchange is possible
with the current BEVS system even when using low MOs.

Limitations were also identified, namely oxygen supply and a slower rate of infection compared
to high MOI processes infected at lower CCls. Sparging-associated shear is a common and well-
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studied cause of cell death. High cell density cultures require a high oxygen supply. The
accompanying high oxygen flows could be a limitation to the achievable maximum cell density
and cause excessive shear stress in the bioreactor. Sparging with smaller bubbles 1s advantageous
as required oxygen flows will be significantly lower (Figure 1). However, in batch cultivation, it
was observed that sparging with small oxygen bubbles using a porous sparger had a detrimental
elfect on cell viability and maximum cell densities. Most commercial media contain Pluronic to
protect against sparging-associated shear stress. It was found that by adding more Pluronic,
maximum cell densities and viability were comparable or even higher in cultures sparged with
porous spargers compared to the reference process using an open hole sparger (Figure). Thus, it
1s expected that the use of a porous sparger complemented with the addition of extra Pluronic
will be beneficial when working with a high cell density insect culture and might further improve
the volumetric productivity.
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TFigure 1. Maximum achieved viable cell densities for expisf9 batch cultures in bioreactors. Oxygen was either
supplied through open hole sparging (macrosparger) or porous sparging (microsparger). For some conditions,
Pluronic and antifoam were added to reduce sparging-associated shear stress. Error bars represent duplicate
measurement values.

During the perfusion process, slow rates of baculovirus infection were observed, prolonging the
process unnecessarily. This problem must be tackled to make BEVS perfusion a viable strategy.
Virus stability is an issue, working with stable viruses that quickly replicate and produce large
amounts of new viruses in subsequent infection cycles 1s essential. Selecting robust viral strains
that have been engineered for their stability and high replication rates 1s essential. Optimizing
infection conditions is another key aspect. Factors such as cell density, the multiplicity of infection
(MOJ), incubation time, and culture conditions should be systematically optimized to promote
efficient viral replication. Through controlled experimentation, optimal conditions can be
identified that maximize viral replication while ensuring cell viability and product quality. As
stated, vector design and engineering can also play a significant role in improving virus stability
and replication. By modifying the viral genome or expression cassette, factors such as promoter
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strength and gene copy number can be optimized to influence viral replication and increase
genome stability. This can lead to higher virus yields in subsequent infection cycles. Furthermore,
host cell engineering can be employed to improve compatibility with viral replication machinery.
Modifying host cell factors critical for viral entry, replication, or assembly can enhance the host-
virus interaction, resulting in more eflicient viral replication and increased production of
baculoviruses.

2.2 Addition of 2-hydroxybutyrate and butyrate to insect cell cultures

Short-chain fatty acids are known to enhance protein synthesis in mammalian cell culture (Cherlet
& Mare, 2000; Hendrick et al., 2001). Using such compounds in insect cell culture can be
beneficial to improve the production of baculovirus particles, or boost the production of
recombinant protein yield (Yovcheva et al., 2018). We found that the addition of butyrate or 2-
hydroxybutyrate to the culture improved both protein yield and baculovirus production (Figure
2). Moreover, it was found that the addition of 2-hydroxybutyrate did not arrest growth of the cell
culture, allowing a continuation of cell growth after addition and therefore making it more
compatible with low MOI infection strategies. This contrasted with the addition of butyrate which
arrested the cell in the G1 phase after addition (Figure 3). The perfusion process as reported in
Chapter 5 could benefit from the addition of such compounds, as it could improve the observed
slow infection rate. The mechanisms behind the positive effects of 2-hydroxybutyrate addition to
msect cell cultures are not completely clear. It could act as an alternative energy source, play a
role in maintaining cellular redox balance, modulate intracellular signaling pathways, impact cell
physiology, or interact with cellular metabolism (Krebs, 1967; Liu et al., 2019; Newman & Verdin,
20145 Puchalska & Crawford, 2017; Rashighi & Harris, 2017). While the exact mechanisms
occurring after the addition of ketone bodies such as 2-hydroxybutyrate are still unknown, its use
in insect cell culture looks promising to achieve higher protein yield, faster infection kinetics, and

maintenance of cell viability.
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Figure 2. Lffect of 2-hydroxybutyrate or butyrate addition on GFP production (blue) and virus particle production
(orange). Cells were infected at a CCI of 210" viable cells/mL and an MOI of 0.01 ivp/cell. Fither 2-hydroxybutyrate
or butyrate was added immediately after infection, for the control condition only baculovirus was added. Error bars
represent duplicate measurement values (blue) or standard deviation (orange).
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Addition
100% 100%
80% 80%
60% 60%
40% 40%
20% 20%
0% 0%
Oh 2h 4h 6h 8.5h 2%h 53h Oh 2h 4h 6h 85h 2%h 53h

Culture Time (Hours post 2HB addition) Culture Time (Hours)

EGl WS mG2 mGl mS mG2

Tigure 8. Cell cycle distribution after 2-hydroxybutyrate addition (left) and control without addition (right).

2.3 Process miniaturization

Process miniaturization is another effective tool to achieve process intensification, especially
concerning process development for the BEVS, as it improves high-throughput data generation.
At times when a rapid response to disease outbreaks is needed, and timelines for process
development are limited, such tools can be instrumental in achieving considerable time savings.
Due to the high throughput nature of such systems, large datasets can be generated in a short
amount of time and with minimal resources. For instance, during the process development of the
SARS-CoV2-S1 production process, as reported in Chapter 2, we utilized a 24-well plate
microbioreactor (Figure 4) to screen for optimal pH before scaling up the process. This tool
allowed us to screen a range of 8 different pH setpoints simultaneously and in triplicate using only
one operator. In Chapter 4 the non-permissive temperature for the temperature shift strategy was
determined in the same way.

Tigure 4. 24-well plate screening microbioreactor with a schematic representation of an individual well.

However, one should consider the differences in hydrodynamics, mass transfer, and mixing
characteristics between small-scale and large-scale systems can affect process performance and
productivity. It 1s essential to carefully assess the scalability of results obtained from mimaturized
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bioreactors. Time-savings achieved by high throughput parallel processing using such systems can
be wasted by delays from scale-up issues. The smaller volumes and limited accessibility can make
it difficult to obtain representative samples for analysis, which may affect the accuracy of data
mterpretation and process understanding. Miniaturized bioreactors are more susceptible to
operational variability and fluctuations. Even slight changes in operating conditions or procedural
errors can have a more significant impact on the culture environment and process performance
due to the smaller volume. This increased variability may require stricter process control
measures and careful interpretation of results. Miniaturized bioreactor systems often require
specific technical expertise for their operation, maintenance, and data analysis. Operators need
to be familiar with the principles, operations, and workflows of these specialized systems.
Acquiring and maintaining the necessary expertise may require additional training and
mvestment. Nevertheless, having access to effective process miniaturization tools can speed up
process development significantly. The ability to test at smaller scales greatly simplifies parallel
testing. Flexibility 1s improved as it becomes easier to adjust process variables, experimental
conditions and optimize operating conditions. Automation of such miniaturized processes allows
for a single operator to generate large datasets that would otherwise require a team of skilled
operators. Automation not only saves time and resources but also ensures consistent data
collection and analysis, leading to more reliable insights and decision-making.

3. Online monitoring

Online monitoring has the capability to generate high-resolution data in (near) real-time. This can
be used to (1) control process parameters within tight boundaries, (2) detect process deviations
early allowing rapid process intervention or shut down, (3) make decisions in managing the
process, e.g. when to add virus, change the temperature or harvest, and (4) obtain more nsight
in process dynamics to increase process understanding. With this in mind, online monitoring has
many potential applications for the BEVS due to the lytic nature of the system and the associated
complex interplay between parameters such as MOI, CCI, and TOH.

Currently, several physical probes are available to allow online measurements of biomass, such
as dielectric spectroscopy and light scattering. Dielectric spectroscopy measures viable biomass
based on biomass capacitance, whereas light scattering methods measure total biomass (Carvell
& Dowd, 2006; Kiviharju et al., 2007; Ude et al., 2014). These methods are well suited for
measuring cell biomass; however, they cannot directly measure the viability or infection stage of
a single cell. Image-based cell culture monitoring is a more direct approach, where cells can be
visualized individually to extract both the cell density and information on the state of the cells. An
example of such an online imaging tool is online double digital differential holographic
microscopy (D3HM) (Janicke et al., 2017; Rappaz et al., 2014). With this technique, the cell
density 1s measured as well as a large number of optical parameters among which cell diameter
and circularity, as well as quantitative parameters associated with the light phase and light intensity
of each cell.
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Online double digital differential holographic microscopy (DSHM)

In Chapter 8 we reported the real-time online monitoring of insect cell proliferation and
baculovirus infection using double digital differential holographic microscopy and machine
learning. D3HM allowed us to obtain information on the state of the cell culture at the individual
cell level by capturing holographic images of the cells. These holographic pictures allowed for
direct calculation of the cell concentration and analysis of a large set of optical cell parameters
that can be linked to the state of the cell. For example, upon baculovirus infection, distinct
changes in cell morphology occur such as cell enlargement and changes in the granularity of the
cell (Kamen et al., 1996; Schopf et al., 1990; Taticek & Shuler, 1997). Specific optical changes
also occur if the cell loses viability. Changes in measured optical parameters were then linked to
the infection state and viability by a machine-learning model (Figure 5). After training the machine
algorithm with a training data set, the cell density, cell viability, cell diameter, and the fraction of
infected cells could be accurately determined for a variety of bioreactor processes. These high-
resolution time-series profiles gave more insight into the state of the cell culture inside the
bioreactor. Infected cells could be detected earlier compared to offline methods and the effect of
process interventions such as feeding became distinguishable. Limited data sets (2-3 runs) are
needed to train the mitial machine-learning model. Each newly generated data set can be used to
improve the machine learning algorithms and can be used retroactively by re-calculating old data
sets. The variety of cell parameters computed by the microscope potentially contains a wealth of
information on the biological state of the cells. Linking these parameters to cell physiology could
lead to further insights into the state of the cell culture.

Model input - Training set Machine learning model Model output Expected output
4 , M
Cell image . .
Alive Alive
ﬁ Infected Infected
Q LABEL/REFERENCE
OR T \< »/
Cell features { Tuning model parameters ]
Feature 1
mm ERROR METRIC (loss function)
2 6.49 20.54
. )

Figure 5. Workflow for training the machine learning model to detect alive and dead cells.

Real-ime tracking of viral infection dynamics allows better insights into the progress of the
infection, optimal harvest timing, and culture viability. In Chapter 2 a DSHM online microscope
was used to help determine the optimal harvest moment of SARS-CoV2-S1 protein. In Chapter
5 we reported the use of the DS3HM microscope to determine the optimal moment of
temperature shift when using a low MOI strategy. Currently, online DSHM depends on the
continuous circulation of cell culture through the flow chamber of the online microscope. When
the bioreactor working volume is large, the experienced effects on oxygen transfer (due to the
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permeability of the tubing) and cell viability (due to shear stress) are negligible. However, when
using low working volumes >500 mlL, the continuous circulation of cell culture fluid has
detrimental effects on cell viability. Therefore, the minimum working volume has to be taken mnto
account when using online DSHM.

D3HM for virus titer determination

Since DSHM enables label-free detection of infected cells, this technique could potentially be
used to develop an improved virus titer assay. Currently, infectious BV titers are often determined
using end-point dilution assays which take up to seven days to read out the result. Other methods
include expensive analyzers or cumbersome staining methods. Faster analysis of infectious titers
and accurate characterization of virus uptake and release enable a more systematic and efficient
Quality by Design implementation. Using DSHM for this purpose could potentially be a huge
benefit in terms of time savings and would allow for faster determination of infectious titers. Such
a method would also be more suitable for high-throughput analysis compared to end-point
dilution assays and consume significantly fewer resources making it a viable option for smaller-
scale laboratories. A major challenge of this method 1s the detection of slight changes in infection
percentages. It is essential to detect these slight changes to effectively predict the progression and
timelines of baculovirus infection. Despite being faster en less labor-intensive compared to
methods commonly used, the proposed method would still involve a 24-hour delay between
sampling and infectious titer determination. Information on infectious titers is essential to
optimize infection conditions, control the virus-cell ratio, and improve process reproducibility
and consistency. An ideal method would be to measure virus titers online or in near real-time.
Since infectious titers and MOI are a big source of variability in a production process, near real-
time measurements of these parameters would allow more accurate process control. This, in turn,
leads to improved process intensification by reducing process development time, minimizing
batch failures, and enhancing overall product quality.

Conclusion

Baculovirus-free production can improve process yield and make regulatory approval more
streamlined. The proposed Backree strategy works in existing production facilities and 1is
compatible with low MOI strategies, diminishing the need for large virus seed production. Further
reductions i residual BV titers and better characterization of productivity at elevated
temperatures are necessary to establish the proposed BacFree strategy as an industry standard.

The BEVS can benefit significantly from process intensification. Through perfusion, high cell-
density infections can be performed at low MOI to improve volumetric productivity. This enables
manufacturers to meet product demand without requiring significant additional capital
mvestments. The proposed perfusion strategy could be optimized further, by improving viral
infection kinetics to shorten production time and optimizing for optimal CCI. Combination with
the proposed BacFree strategy could improve product yield, while simultaneously reducing
residual BV titers.

Online DSHM has the capability to generate high-resolution data of BEVS bioreactor processes
in (near) real-time. This can be used to control process parameters, detect process deviations
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early, and make decisions in managing the process, for instance when to add the baculovirus,
change the temperature, or harvest. The variety of cell parameters computed by the microscope
potentially hides a wealth of information on the biological state of the cells. Linking these
parameters to cell physiology could lead to further insights into the state of the cell culture.

So far, the BEVS has been a particularly attractive technology to produce vaccines and gene
therapy vectors. Predicting which technology will have the most significant long-term impact
remains challenging. The prevailing consensus suggests that multiple production platforms
should coexist, considering that the adoption of each technology is driven by a cost-benefit
analysis. For the BEVS to remain a viable alternative to other technologies and effectively
address current and future global health issues, it must continuously undergo substantial
optimization, characterization, and improvement. This way, its full potential can be harnessed

to tackle various health challenges worldwide.
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A growing world population in combination with a growth in welfare and the fact that
populations become older causes an increase in age and welfare related diseases resulting in
problems for our healthcare system. Deforestation, climate change and increased mobility
indirectly causes emergence and spread of new (e.g., SARS-Cov-2) and existing viral diseases
(e.g., West-Nile and Zika fever). All this results in a rise in the demand for vaccines and new
medicines. The development of new treatments is also necessary for conditions like cancer and
autoimmune diseases and is aided by an increased understanding of disease mechanisms. Many
of these treatments comprise complex recombinant proteins, such as viral capsid proteins and
monoclonal antibodies. The baculovirus expression vector system (BEVS) is a fast and versatile
system for producing such recombinant proteins. It utilizes insect cells infected with genetically
modified baculoviruses to express the target proteins. The BEVS has shown promise in rapidly
developing vaccines during disease outbreaks and as a production platform for novel gene
therapy treatments. To remain competitive in the vaccine and gene therapy space and
sufficiently accommodate future needs, the BEVS should be optimized, improved, and further
developed to improve (large-scale) biomanufacturing capacity for clinical applications. The aim
of this project was to study and address problem associated with the co-production of
contaminating budded virus (BV) particles and improve BEVS process yield. To achieve this,
the study pursued a dual purpose: firstly, to establish budded virus-free production by utilizing a
temperature-sensitive baculovirus mutant, and secondly, to develop a scalable perfusion process

employing a low multiplicity of infection (MOI).

The COVID-19 pandemic proved to be an important catalyst for the rapid development and
approval of novel vaccines. In Chapter 2 the development, production, and pre-clinical testing of
a nanoparticle vaccine against SARS-CoV-2 1s reported. Using the BEVS, we produced (1) the
full-length spike protein, (2) a secreted form of a prefusion-stabilized spike, and (3) a secreted
form of the SARS-CoV-2 S1 domain and next purified these proteins. We formulated the
secreted S as an adjuvanted subunit vaccine and tested the protection of K18-hACE2 mice from
a SARS-CoV-2 challenge. We also fused the S1 domain to the split-protein tag and displayed this
on AP205 virus-like particles (VLPs). Mice vaccinated with the S1-VLP vaccine had strong
immune responses and neutralizing antibodies against both the Wuhan SARS-CoV-2 and the
UK/B.1.1.7 variant (VOC-202012/01) that was predominant in Europe.

Obtaining real-time monitoring of cell culture status during bioreactor cultivation and production
yields significant advantages in enhancing the understanding of the BEVS and timely control of
the production process like the moment of temperature increase and moment of harvest. In
Chapter 38 we report the training and evaluation of a machine-learning model to monitor insect
cell proliferation and baculovirus infection in bioreactors using online double-differential digital
holographic microscopy (DSHM). We found that with a limited training set the microscope and
machine learning algorithm could predict cell concentrations, viability, and infection percentage

for different viral constructs, MOIs, and process conditions in bioreactor insect culture. The high
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time resolution (0.5h) of the online measurements enabled the detection of small events or
process deviations, such as cell growth arrest due to the addition of butyrate to the culture, which
would have otherwise been missed by manual sampling. Using online monitoring techniques

opens up new possibilities for advanced process control and increases process understanding.

Removing residual baculovirus contaminants from VLP products is a major challenge for the
BEVS and may result in a significant loss of valuable product. In Chapter 4, we investigate if the
temperature-sensitive mutation in the baculovirus protein GP41 could be the basis for a BEVS
with an inducible shutdown of BV production to aid the production of chikungunya virus
(CHIKYV) VLPs. For this, the 13171 mutation in GP41 was implemented in a baculovirus bacmid
vector at the polyhedrin locus and under the p10 promoter. Using a micro-bioreactor screening
system, it was found that increasing temperatures to 34°C shortly after baculovirus infection at
high MOI significantly decreased BV titers while VLP production and insect cell viability were
maintained. This strategy was successfully scaled up to stirred-tank bioreactors and a 100-fold
reduction in final BV titers was achieved for both high and low MOI infection strategies. For the
low MOI strategy, online monitoring of cell diameter was an effective tool for determining the
optimal timing of the temperature shift. The proposed novel temperature-sensitive baculovirus
expression vector system with upstream reduction of baculovirus contaminants (Backree) can/will
lower downstream processing requirements and associated product loss during baculovirus

removal, while still being scalable and compatible with existing production strategies.

Chapter 5 focuses on development of a scalable perfusion process to improve product yield and
volumetric productivity with the BEVS. Bioreactor perfusion was implemented to allow high-cell
density infection of insect cells. We used a low MOI of 0.01 to infect insect cells with baculovirus
at viable cell densities of 1.0-1.2x10" cells/mL. By using an acoustic perfusion device to allow for
medium exchange and cell retention, sufficient nutrients were supplied and/or toxic metabolites
removed to allow for continued growth and proper progression of the mfection. Cell
concentrations of 2.5-2.8x10" viable cells/mL were achieved in two perfusion bioreactor runs that
showed high reproducibility. The recombinant protein yield per cell was maintained at high cell
densities and bioreactor volumetric productivity was up to 4.8-fold higher compared to batch
processes. Implementing this perfusion strategy for the BEVS allows for production on a smaller
scale, which would also reduce the time needed for scale-up to the production reactor or could
increase the production capacity of existing production facilities. Further optimization to reach
higher volumetric productivities is possible. In addition, the system can be combined with the

Backree technology described in chapter 4 to reduce final BV titers.

In Chapter 6, we discussed the obtained results and their implications for the BEVS, and we
considered additional aspects that could be potentially advantageous for the system. Firstly,
exploring further improvements of the BacFree strategy, potentially combined with a low MOI
perfusion strategy, to reduce final BV titers and improve volumetric productivity simultaneously.
Secondly, investigating the use of microbubbles for oxygen sparging (microsparging) to improve

oxygen transfer and reduce gas flows mto the reactor, especially in the context of perfusion
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processes. Thirdly, examining the potential benefits of incorporating short-chain fatty acids into
the cell culture, with butyrate and 2-hydroxybutyrate showing promise as candidates to enhance
protein vield and virus production. Lastly, exploring high-throughput, rapid, and label-free
methods for baculovirus quantification, such as D3HM technology or utilizing electrical
parameters like capacitance. This would be highly beneficial for BEVS process development, in
particular for low MOI processes. Collectively, these measures are anticipated to reinforce the
position of the BEVS as a robust platform technology for the efficient production of therapeutic

proteins, to effectively combat current and future global or local health challenges.
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Een groeiende wereldbevolking, een groeiende welvaart en het feit dat bevolkingen ouder
worden, leidt tot een toename van leeftijds- en welvaart gerelateerde ziekten, resulterend in een
grotere druk op ons gezondheidszorgsysteem. Ontbossing, klimaatverandering en een
toenemende mobiliteit van mensen veroorzaken indirect het ontstaan en de verspreiding van
nieuwe (bijv. SARS-Cov-2) en bestaande virale ziekten (bijv. West-Nile en Zika koorts). De
ontwikkeling van nieuwe behandelingen is daarnaast noodzakelijk voor bestaande aandoeningen
zoals kanker en auto-immuunziekten, geholpen door een beter begrip van ziektemechanismen.
Dit alles leidt tot een stijgende vraag naar vaccins en nieuwe geneesmiddelen. Veel van deze
behandelingen bestaan uit complexe recombinante eiwitten, zoals virale capside-eiwitten en
monoklonale antilichamen. Het baculovirus expressievector systeem (BEVS) is een snel en
veelzidig systeem voor de productie van dergelijke recombinante eiwitten. Het maakt gebruik
van insectencellen die zijn geinfecteerd met genetisch gemodificeerde baculovirussen om de
gewenst recombinante eiwitten tot expressie te brengen. Het BEVS 1s met name geschikt by de
snelle ontwikkeling van vaccins tijdens ziekte-uitbraken en als productieplatform voor nieuwe
gentherapiebehandelingen. Om toekomstige behoeften voldoende te kunnen accommoderen,
moet het BEVS worden geoptimaliseerd, verbeterd en verder ontwikkeld om zo de
productiecapaciteit voor klinische toepassingen te verbeteren. Het doel van deze studie was om
te onderzoeken hoe de vorming van verontreinigend biproduct in de vorm van budded virus
(BV) deelges vermeden kon worden en of de productopbrengst van het BEVS-proces verder
verbeterd kon worden. Om dit te bereiken, had de studie een tweeledige opzet: ten eerste, om
eiwitproductie vryj van budded virus tot stand te brengen door gebruik te maken van een
temperatuurgevoelige baculovirus mutant, en ten tweede, om een schaalbaar perfusieproces te

ontwikkelen met een lage multipliciteit van infectie (MOI).

De COVID-19-pandemie bleek een belangrijke katalysator te zijn voor de snelle ontwikkeling en
goedkeuring van nicuwe vaccins. In Hoofdstuk 2 wordt de ontwikkeling, productic en
preklinische test van een nanopartikelvaccin tegen SARS-CoV-2 gerapporteerd. Met behulp van
het BEVS produceerden we (1) het volledige spike-eiwit, (2) een uitgescheiden vorm van een
prefusiegestabiliseerde spike en (3) een uitgescheiden vorm van het S1-domein van SARS-CoV-
2 en zuiverden vervolgens deze eiwitten. We formuleerden de uitgescheiden S als een
geadjuveerd subeenheid-proteinevaccin en testten de bescherming van K18-hACE2 muizen
tegen een SARS-CoV-2 infectie. We fuseerden ook het S1-domein met de split-proteinetag en
toonden dit op AP205 virusachtige deeltjes (VLPs). Muizen die werden ingeént met het S1-VLP-
vaccin vertoonden sterke immuunreacties en neutraliserende antilichamen tegen zowel het
‘Wuhan SARS-CoV-2 als de UK/B.1.1.7-variant (VOC-202012/01) die in Europa overheersend

was.

Het verkrijgen van real-time informatie van celkweken tijdens productie in bioreactoren biedt
aanzienlijke voordelen voor het verbeteren van het begrip van het BEVS en de tyjdige controle

van het productieproces, zoals het moment van temperatuurverhoging en het oogstmoment. In
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Hoofdstuk 3 rapporteren we over de training en evaluatie van een machine learning model om
de groel van insectencellen en de infectie met baculovirussen in bioreactoren te monitoren met
behulp van online double-differential digital holographic microscopy (D3SHM). We zagen dat
met een beperkte trainingsset van data, de microscoop en het machine learning algoritme de cel
concentraties, levensvatbaarheid en infectiepercentage konden voorspellen voor verschillende
virale constructies, MOIs en procescondities in bioreactorkweken van insectencellen. De hoge
frequentie (elke 30 minuten) van de online metingen maakte het mogeljk om kleine
gebeurtenissen of procesafwikingen, zoals celgroeiarrest als gevolg van de toevoeging van
boterzuur aan de cultuur, te detecteren, Dit soort kleine afwijkingen zouden door het nemen van
alleen handmatige monsters zijn gemist. Het gebruik van online monitorings techniecken opent

nieuwe mogelijkheden voor geavanceerde procesbeheersing en verhoogt het procesbegrip.

Het verwijderen van resterende baculovirusverontreinigingen uit VLP-producten is een
belangrijke uitdaging voor het BEVS en kan leiden tot aanzienlijk verlies van waardevol product.
In Hoofdstuk 4 onderzoeken we of de temperatuurgevoelige mutatie in het baculovirus-eiwit
GP41 de basis kan vormen voor een BEVS met een induceerbare uitschakeling van BV-
productie om de productie van chikungunya-virus (CHIKV) VLPs te ondersteunen. Hiervoor
werd de I317T-mutatie in het GP41 gen geimplementeerd in een baculovirus bacmid-vector op
de polyhedrin-locus en onder de pl10-promotor. Met behulp van een micro-bioreactor systeem
werd door middel van screening van verschillende temperaturen vastgesteld dat het verhogen van
de temperatuur tot 34°C kort na de infectie de BV-titers aanzienljk verminderde, terwyl VLP-
productie en de levensvatbaarheid van insectencellen behouden bleven. Deze strategie werd
succesvol opgeschaald naar geroerde tank bioreactoren, waarby een 100-voudige vermindering
van de uiteindelijke BV-titers werd bereikt voor zowel hoge als lage MOl-infectiestrategieén. Voor
de lage MOl-strategie bleek online monitoring van de cel diameter een effectief hulpmiddel om
het optimale tdstip van de temperatuurverandering te bepalen. Het voorgestelde nieuwe
temperatuurgevoelige baculovirus-expressievector systeem met verminderde
baculovirusverontreinigingen tijdens de eiwitproductiefase (BacFree) kan de vereisten voor
productopwerking verlagen en het verlies van kostbaar product verminderen tijdens baculovirus
verwijdering, terwijl het nog steeds schaalbaar bljft en compatibel 1s met bestaande

productiestrategieén.

Hoofdstuk 5 richt zich op de ontwikkeling van een schaalbaar perfusieproces om de
productopbrengst en de volumetrische productiviteit van het BEVS te verbeteren. Bioreactor
perfusie werd geimplementeerd om infectie van insectencellen met hoge cel dichtheden mogeljk
te maken. We gebruikten een lage MOIT van 0,01 om insectencellen te infecteren met baculovirus
bij celconcentraties van 1,0-1,2x10" cellen/mL. Door gebruik te maken van een akoestisch
perfusie systeem voor mediumuitwisseling en celretentie werden voldoende voedingsstoffen
geleverd en/of giftige metabolieten verwijderd om infectie by hoge celconcentraties mogelik te
maken. Celconcentraties van 2,5-2,8x10" levensvatbare cellen/mL werden bereikt in twee

perfusiekweken. De opbrengst van recombinante eiwit per cel werd gehandhaafd by hoge cel
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dichtheden en de volumetrische productiviteit van de bioreactor was tot 4,8 keer hoger in
vergeljking met batchprocessen. Het implementeren van deze perfusiestrategie voor het BEVS
maakt productie op kleinere schaal mogeljjk. Dit vermindert de tijd die nodig is voor opschaling
en kan de productiecapaciteit van bestaande productiefaciliteiten vergroten. Verdere
optimalisatie om een hogere volumetrische productiviteit te bereiken is mogelijk. Bovendien kan
het systeem worden gecombineerd met de in Hoofdstuk 4 beschreven BacFree-technologie om

BV-titers te verminderen.

In Hoofdstuk 6 bespreken we de verkregen resultaten en hun implicaties voor het BEVS en
overwegen we aanvullende aspecten die mogeljk voordelig zijn voor het systeem. Ten eerste, het
verkennen van verdere verbeteringen van de BacFree-strategie, mogeljk in combinatie met een
lage MOI perfusiestrategie, om BV-titers te verminderen en tegeljkertijd de volumetrische
productiviteit te verbeteren. Ten tweede, onderzoek naar het gebruik van microbellen voor het
toedienen van zuurstof aan de celkweek (microsparging) om zuurstofoverdracht te verbeteren en
gasstromen 1n de reactor te verminderen, vooral met het oog op de hoge zuurstofbehoefte van
perfusieprocessen. Ten derde, het onderzoeken van de potentiéle voordelen van het toevoegen
van korteketenvetzuren aan de celkweek, waarby boterzuur en  2-hydroxyboterzuur
veelbelovende kandidaten zijn om de eiwit- en virusproductie te verbeteren. Ten slotte, het
verkennen van methoden voor snelle en labelvrije kwantificering van baculovirus, zoals DSHM-
technologie of het gebruik van elektrische parameters zoals elektrische capaciteit. Dit zou zeer
nuttig zyn voor de ontwikkeling van BEVS-processen, met name voor processen met lage MOI.
Als geheel kunnen deze maatregelen de positie van het BEVS als een robuuste
platformtechnologie voor de efficiénte productie van therapeutische eiwitten versterken, om zo

huidige en toekomstige gezondheidsuitdagingen snel en effectief aan te pakken.
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extensive process knowledge (e.g., on sensors, kia determination, and PID settings). Thank you
for helping me with determining the optimal PID settings of our bioreactors. It is rare to find
people with the knowledge that you have on these topics. Sebastiaan, you have been an immense
help in setting up the lab. The cell culture lab has undergone quite a metamorphosis and you
have made sure everything went smoothly, and that we ended up with a lab to be proud of. Your
flexibility and creative solutions have given us the possibility to perform experiments that we were
previously not capable of doing. Thank you for all your problem-solving efforts and thinking
along with us to produce the most efficient solutions. This really made a difference. Snezana, you
are one of the most dependable and kind people I have ever met. You keep the department
running smoothly, and whenever there is a problem, you are the first one to fix it. Another
remarkable thing about you is the speed at which you order materials for the lab. Sometimes
unexpected things happen and because of your quick communication and speed in ordering, we

have not run into any bottlenecks during our experimental work. We are lucky to have you.

To my students I want to express my dearest gratitude for all the incredible work they contributed
to this project, the interesting questions and discussion they came up with, and all the fun
moments we shared. Maarten, I was very lucky to have you as the first student working on the
project. Your critical thinking and thorough way of working made sure we laid a strong foundation
for the project. Besides our work at BPE, I regularly encountered you at parties in Wageningen.
It was a pleasure to work with you during your thesis and also later during the COVID-19 vaccine
project. I am happy to see you continue your scientific career at the TU Delft on a very interesting
topic. I hope we can continue to stay in touch. John, your passion for our scientific work was very
motivating for me. We had countless discussions about all kinds of scientific and technical topics.

Besides your peculiar interest in American politics (of which everyone i the lab eventually
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became an expert through the continuous broadcasting of CNN on our lab computer), you were
on top of the latest developments when the first coronavirus reports from China came out. We
discussed the latest information daily, and this made us realize the implications of the coronavirus
outbreak long before it became common knowledge in Europe. I am happy that we became
friends afterward, and I wish you and Lorena all the best for the future. Frederique, you were
doing your thesis at a difficult ime, but you showed great flexibility and adapted quickly to the
new situation. Your chemostat experiment was still running when the lockdown started, and we
kept it running for some time afterward. The lockdown, unfortunately, meant that you could not
work at the lab anymore, but you managed to adapt your thesis approach and worked with
whatever data you already generated. This adaptability 1s a great skill and it 1s good to see you
continue in this way as a scientist at Genmab. Lk, due to the lockdown you had to do your
thesis online. Despite that, you quickly familiarized yourself with the topic and delivered an
excellent theoretical thesis, which laid the basis for later experiments on sparging and cell death
i bioreactors. Marieke, it was great to work with you and you delivered excellent work. You
combined many different topics in your thesis and by that not only contributed to the publication
on online monitoring but also explored the potential of other topics that would lead to new
research directions for our project. This is also resembled by the variety of methods you
employed during your thesis, some of which were done for the first time in our lab. It is great to
see you working as a USP scientist at Amarna where your skills will be very valuable. Sonja, you
were the first and only student who combined both molecular and bioreactor work, two very
different fields of expertise. You are a great person to work with and an excellent communicator.
You constructed a dual fluorescent baculovirus that proved to be very useful for training our
machine learning model and performed subsequent bioreactor runs using this virus. Your vision
and original way of thinking led to you coming up with new ideas, such as a ‘window of
opportunity’ strategy. Now you are working as a USP scientist at Koppert, a place where you will
be able to contribute a lot. Joshma, you started your thesis during the lockdown, delivering some
excellent and high-quality MATLAB models. Then you came to the lab and showed that you
were also highly skillful in performing bioreactor experiments and analysis. You are a complete
scientist with a broad interest which 1s also shown in the fact that you performed a second MSc
thesis at the laboratory of nematology. You already stated your concerns with the environmental
impact of the work being done within the biopharma sphere, which is a very relevant problem
that should be improved. Currently, you have an interesting position as an advisor on
environmental remediation. Thank you for searching through your stuff long after you completed
your thesis and passing by to give us some raw data from an old lab journal. Brenda, you are a
highly talented scientist who delivered a complete work during your thesis. The amount of data
that you generated was incredible and has been used to write a paper on perfusion that will
hopefully be published soon. I really enjoyed working with you and was lucky to have you as a
student for this project at the right moment. Thank you for advising me to take an Uber instead
of a regular taxi during the night in Mexico City, that proved to be a very good decision. It’s great

to see that you are now pursuing your PhD at the TU Delft where you work on the development
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of hematopoietic stem cell cultivation in bioreactors. I wish you a lot of good luck for that
interesting project! Danny, you are a great person to have you around in the labs. You became
an expert on many things and were always patiently explaining your findings to others helping
wherever you could. Your input in the lab meetings was valuable as you were always thinking
along and showed interest in what others were doing. After the thesis, you started your internship
at VectorY and got hired afterward. It was nice to visit you there and see you found a great
workplace with other familiar faces from BPE. Vivian, you came to BPE bringing with you
experience from virology, which was very helpful. You performed a series of experiments, thereby
contributing to work that would later be published. You were the first one who scaled up the
BacFree strategy to bioreactors. It was an exciting moment in the project. Your independent way
of working, excellent problem-solving skills, and great communication style made working with
you very easy. It was great to see that you were asked to do an internship at Janssen, bringing with
you experience on the baculovirus expression vector system. I wish you a lot of success in your
current job at CellPoint Galapagos. Jelle, you also came with experience, as you previously
performed your internship at Intravacc. Then you performed some of the most challenging
experiments during this project. Your critical thinking, good planning skills, and precise way of
working contributed to the success of those experiments (along with a regular weekend spent at
the lab). These results will hopefully be published soon. Now you continue to work with the
baculovirus expression vector system at VectorY.I am sure your experience will be highly valuable
there as well. Ganesh, you are one of the most enthusiastic students I have ever supervised. Your
enthusiasm also translated itself into the number of experiments you performed and all the
weekends you spent at the lab. At times, I even had to slow you down. Your enthusiasm was very
motivating for me and your energy made our discussions very engaging. I got to know you as an
extremely kind person. I am happy that you found an interesting internship at VectorY and
recently started as a researcher at UMC Utrecht. Tessa, your way of working is very organized
and structured, something that made working with you very pleasurable.You quickly made
yourself familiar with the topic and then went on to generate some very useful data on scaling up
the BacFree system. The amount of work you did was incredible and will be used for a future
publication. You continued with a thesis in virology and then went to iBET. The experience you
already have along with the new experiences you are gaining will make sure you have a great
career 1n front of you. It was great to work with you and I am curious to see your next steps.
Thomas, you are an excellent communicator who was able to be a bridge between virology and
bioprocess engineering. It was great to work with you, and have you join the BacFree consortium
meetings. You generated some valuable data and performed interesting experiments to investigate
the scalability of the BacFree system. You also contributed to the atmosphere in BPE. You were
one of the driving forces behind organizing the Christmas dinner. Thank you for giving me a lab
tour at Polpharma when you did your internship there. I wish you all the best for your future
career. Joshma, you were the last student I supervised, which meant I was often away, writing or
in even Portugal. Luckily, you were one of the most independent scientists I have ever seen, which

meant you found your way quickly and did not hesitate to set up new experiments yourself and
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bring your ideas into practice. This 1s a very important skill and it is great to see you are continuing
your research at virology where you are also setting up bioreactor experiments. Besides that, you
are organizing a conference in Switzerland, something that also shows your assertive character.

Looking forward to seeing where you are going in the future.

A big thank you also goes out to the people from the Laboratory of Biochemistry with whom we
collaborated closely during the COVID-19 vaccine project. Dolf, Daan, Willy, and Adrie, it was
great to work with you on the project, thank you for your flexibility and valuable insights. T want
to thank Adrie for all his help in coordinating and processing the bioreactor harvests. We’ve had

many phone calls that allowed us to act quickly.

I was lucky to have some external partners that contributed greatly to this project. They not only
provided their expertise but also equipment that allowed us to conduct new experiments we were
previously unable to do. I want to thank the people from Ovizio: Jan, Jérémie, Willem, Launrent,
Nicolas, Thomas, and Damien for all their help which was essential in publishing the paper on
online monitoring, and keeping the iline F microscope up and running. Thank you for your
valuable insights, help with developing the machine learning models, and the regular meetings
and visits to Wageningen. Jan, thank you for setting up the collaboration. Jérémie, it was great to
work with you again, thank you for installing the iLine F and being our guide during the
experiments. Nicolas, because of you we kept the systems running and were able to perform a
huge amount of experiments with the systems. It was always nice when you came to Wageningen.
‘Willem and Thomas, you took over from Jan and were instrumental in keeping the collaboration
going. We even intensified the collaboration with the use of the Qmod and it is good to see that
we continue to collaborate. Laurent and Damien, thank you so much for your work on the
machine learning models and your input for the online monitoring paper. Without you, this work

would not have been possible.

A huge thank you also goes to my former colleagues from Applikon Getinge, your contribution
to this project proved to be so large that you became part of the BACFREE consortium during
the project. We have performed countless bioreactor runs in the miniBio’s and my-Controls,
perfusion runs with the Biosep and did the temperature screening for the Backree system in the
micro-Matrix. It is clear that without you a lot of these experiments would not be possible and I
am very grateful for your help. Also during the COVID-19 pandemic, you acted quickly and
provided us with extra bioreactor systems to run our experiments. Arthur, thank you for making
sure we got those bioreactor systems so quickly during the lockdown. Tom, I have lost count of
the amount of times we have extended a demo agreement. You made all of this possible. Timo,
thank you for your help with the Biosep experiments and your contribution to the BACFREE
consortium. Carolina, you did incredible work in setting up and performing the insect cell
cultivations in the micro-Matrix for the COVID-19 vaccine project. I still remember driving on
empty highways to Delft with two flasks of insect cells on the passenger seat. Also, thank you for
the installation and training on the micro-Matrix in our lab and later the installation of new my-

Controls for fermentation courses. Cris, it was always great to have you over. We enjoyed many
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nice lunches at our favorite Japanese MLIGB restaurant until it went out of business. Thank you
for setting up the scientific collaborations that led to some nice posters. Erik, you were the initiator
behind the renewal of the collaboration with WUR. I have learned a lot from you and enjoyed
the meetings and company visits we did together when I was at Applikon. Martijn, you were my
guru on sensor technology. Except for Fred, I have never met a person with such profound
technical knowledge as you. Thank you for advising and assisting me with all the questions I had,
your answers were the solution to many problems and I learned a lot from you. ‘Professor’ Rowin,
you have spent countless hours working on our Lucullus installation to develop a fully automated
kiA determination method. This is an incredible work by itself. It is great to see we are continuing

our collaboration and becoming colleagues at Securecell.

To my colleagues from BPE, I want to express my gratitude for all the help they offered. Besides
that, we have shared many fun moments. I have felt at home at BPE from the first day I arrived.
It was great to work in such an environment where colleagues were always willing to help. In this

respect, I want to specifically thank a few colleagues.

Pauline, you taught me how to do ‘molecular stuff’. You were an unforgiving teacher but because
of your strict regime and attention to detail, I managed to generate some recombinant plasmids
without any prior molecular experience. Thank you for allowing me in the molecular lab and

helping me with this, even though you had to finish writing your thesis.

Christian, you were always willing to help and share your expertise. Thank you for trusting my
technical judgment so much that you thought I was running gel electrophoresis without a tray on

purpose.

Camilo, like Pauline you were helping me a lot with the molecular work, sharing with me your
incredible experience in genetic engineering. Besides that it was great to have you as an office
mate and be your paranymph. You are a trading wizard, and Chunzhe and I learned a lot from

our discussions about financial markets.

Jin, you were my office mate and we became good friends. We have been on many trips together
and you invited me to celebrate Chinese festivities with you. I have learned a lot about Chinese
culture because of you. You are a great friend, it was an honor to be your paranymph and I hope

we can meet more often in the future!

Narcis, we know each other from many different occasions. As a teammate in GVC, as a colleague
at BPE, and as a friend in Wageningen. It was a great moment to witness you becoming a PhD
and be by your side as a paranymph. Let’s hope for a successful season for GVC, and I look

forward to playing many nice games together.

Chunzhe, we have spent many lunches together, eating Chinese food from ‘Double E’ and talking
about all kinds of topics. You were always staying on top of the latest Dutch news which allowed
us to have some interesting discussions. You taught me many useful Chinese words and gave me

new perspectives on many things I did not consider before. I loved your sense of humor and the
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continuous joking between you and Ruud. You are a great scientist and a very hard worker. I was
proud to be your paranymph. Now you live in Groningen and I look forward to visiting you in

the north.

Ana, you are an incredibly talented and hard-working scientist. We became good friends and you
were an exceptionally well-appreciated member of our department. Everyone was sad to see you
leave for Madrid but I am happy that you found your place there. Despite the distance we have
been able to meet regularly and I hope we can keep doing this. Thank you for showing me

Madrid, and joining me to watch an Atletico game.

Fengzheng, it was great to be your colleague. You have a lot of experience and you are a natural
leader, stepping up when necessary. I liked to learn from your experience and listen to your point
of view. You have a great career in front of you and I wish you the best of luck in your new
position at ETH. I enjoyed the time we spent in Ziirich together with Fabian, hopefully, there will

be many more such occasions to come.

Fabian, I once told you the quality of life slogan of WUR should refer to you. I have never met
a person who is such a good host as you are. You prepare the highest quality food and drinks for
your guests. As an ambassador for Calabria, many people have enjoyed your delicacies made
from only local products. I am glad to see you continue doing this in Ziirich. I won’t forget the
gigantic piece of meat we put on the BBQ after you brought it from Italy. Besides being a great
host, you are an excellent scientist and you can be proud of what you achieved in the field of

mixotropic cultivation of microalgae.

_Anna, you were the organizer of the department. Because of you, we have enjoyed countless nice
group lunches, after-work gatherings, and trips. Thank you for mviting us to your place in
Germany, it was a great trip that I enjoyed. Without you, the experience at BPE would have been

different.

‘Marina, it was very nice to have someone in the department with such a passion for sports. It was
great to catch up with you about the latest developments in football, cycling, and Formula 1.

Thank you for all your help and for your monthly reminder to fill in my hours.

Miranda, thank you for all the help you offered and for the many interesting conversations about
all kinds of topics. You have a great sense of humor and are always up for a joke on an

unsuspecting victim, which makes it a lot of fun to be around you.

Abdulaziz, because of you and Dirk I was introduced to the field of cell culture, and I have been
working in this field ever since I performed my master’s thesis under your supervision. Thank
you for all your great advice, I learned a lot from you. You were a great supervisor, and it was an

honor to be your paranymph. I hope we can meet again in the future.

I want to thank the staff members, current and former PhD students, visiting researchers, and

thesis students for all the fun moments and great atmosphere they contributed to at BPE. T want

to specifically mention Enrico, Edgar, Rafa, Omnia, Kylie, Calvin, Sylviah, Henrik, Noor, Shirin,
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Nuran, Mels, Marta, Mugesh, David, Enrique, Lyon, Iris, Christos, Arjen, Ruud, Michel, Marcel,
Sarah, Iulian, Maria, Mark, Carlos, Antoinette, Sofia, Liuca, Jenny, Clandia, Giuseppe, Egbert,
Sabine, Ruoxi, Antonia, Wimar, Asad, Laura, Mariam, Isa, Ana-Maria, Cristina, Yuwei, Antoine,
Pedro, Sophie, Kari, Iukas, Barbara, Julia, Nicola, Roel, Rudini, Nina, Rafa, Iago and Aamna
for all the nice conversations, their help, and the fun moments we shared in and around the

department.

I want to thank my colleagues and friends at iIBET in Portugal for their support and the wonderful
experience they gave me there. Anténio, Ricardo, Raquel, Miguel, and Raquel, thank you all for
making me feel welcome and giving me the best spot in the lab with an ocean view. Miguel, you
are an excellent scientist with a great sense of humor. Helping others comes naturally to you,
which is a remarkable trait that helped me and Birhanu a lot to get familiar with the lab. Ricardo,
thank you for finding the time to organize everything around the same time that your daughter
was born. Without you, this research visit would not have been possible. It was great to learn from
a scientist with your experience. I am sorry I did not manage to generate all the 1440 samples that
we initially planned. Raquel, luckily you were already used to Dutch people, thank you for being
so direct with me from day one. I enjoyed all the lunches we had at iBET, thank you for your
daily reminder that it was not allowed to take both fruit and a dessert. You almost convinced me
to stop taking both until I saw Antonio do it as well. Birhama, without you it would not have been
the same. You are a great friend, and I enjoyed the time we spent together. Thank you for teaching
me so many things about Ethiopia. Emerson, it was great to get to know you better while sharing
our ocean view desk and during our trips to Sintra and Cascais. You are a very talented scientist
and I wish you a lot of success in your future career, congratulations on your new job. Also, I
want to specifically thank Linda for all the help she offered from Wageningen, preparing the

necessary virus stocks and materials for the experiments in Portugal.

I want to thank my friends from Environmental Technology, Carlos, Koen, Dainis, Selin, Nora,
Thomas, Ilse, Ludo, and Andrea, for all the nice times we had. You are a great group of people,
and 1t was always nice to spend time with you, whether it was at the sports pub, playing football,
participating in the Veluwe Loop, or at (Latin) parties. Carlos, it was an honor to be your
Paranymph and I enjoyed our surf trips together. Thank you for inviting me to Mexico, it was an
amazing trip, and I will never forget the mncredible hospitality of your family. Other things T will
never forget are getting cooked in the back of the Vocho, visiting the ancient Mayan city of
Calakmul and of course, meeting your Mexican friends in Colima and Puerto Vallarta. Now you
work for Wetsus and Paques and I hope to meet you many more times in Friesland or
Wageningen. Nora, I will try to come to Wednesday football even when weather conditions are

not optimal.

The Dutch saying goes ‘Football 1s the most important side issue in life,” and in that regard, I want
to thank all my current and former teammates of GVC for the great times we’ve had. I want to
especially thank ‘Mr. GVC’ Joost. The amount of work you put in for GVC is incredible. You

were not only a football coach but also an academic coach to me. I learned a lot from your original
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points of view on many different topics. No matter the occasion, you always manage to come up
with an analogy related to wildlife ecology, football, or mating behavior, to further clarify your

point. This also shows itself in your interviews with the local football journalists.

Ben, we got to know each other on the football pitch, and at some point, we were even working
together in our start-up called ‘Gebakken Lucht’. You are a great scientist with an entrepreneurial
spirit, and it’s good to see you have kept that creative spirit when you transitioned from a postdoc
position into industry. Thank you for inviting me to a writing retreat to Laufenburg. I am happy
that we managed to stay in touch after you moved to Switzerland with Marlotte and have you as

my paranymph.

Kostas, we have spent a lot of time together after that first encounter on the football pitch, where
you threatened to break my legs if I dribbled past you again. You were the first to visit me in the
hospital when my leg was actually broken. Many trips inside the Netherlands, to Friesland,

Greece, and even Emmerich have followed. I am lucky to have you as a friend and a paranymph.

Douwe, Adria, Jurrian, Joost, and Narcis, we have spent many games playing together, including
our favorite win against Stroe. But next to that, we have become good friends. It is always great
spending time with you, and you are great advisors. Douwe, I really enjoyed our trip to Sweden
(and briefly Finland before the border control sent us back). It can be quite intense to spend a
whole week with me and my brother, but you handled it well. At some point, we felt so

comfortable that we only spoke in Frisian to you.

Rijk, Sebas, Jouke, and Stan, with you, fun is guaranteed. Your performance outside the pitch is
unparalleled. Rik, besides being a great captain, your command of the German language is

phenomenal.

Qing, you are an excellent midfielder, both technically gifted and also physically strong when
needed. Even a local newspaper wrote about you and Tomo’s performance, introducing the term
‘Asian tackle’ in this context. Given that the standard for tackles is quite high in the fourth class,
this 1s quite an achievement. Soon, you will be a PhD and also a certified pilot. I wish you the

best of luck in the final stretch of reaching these milestones.

Alex, Jordi, and Narcis, you are amazing football players, thank you for including me in your
‘Friday night + Jort” WhatsApp group as the only non-Spanish speaker. Those Friday nights were

an excellent preparation for our match on Saturday.

I want to thank my friends for the great moments we shared next to work. Wageningen is a place
that surprised me. It’s incredible to find so many great people from all over the world in this small

city.

Baibing, we have known each other for a very long time now. You are a great person, always
willing to help other people, and the driving force behind the organization of many activities.
‘Without you, Wageningen would be a different place. Thank you for the great times, fun events,

and all the lunches at Ambacht.
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To my Greek and Cypriot friends, Kostas, Kostas ‘the teacher,” Aris and Yianmis; it is always great

to spend time with you. Your renovation skills are remarkable. Bremen will never be the same!

Lisanne, you are an amazing friend. I can always depend on you and you are always there to help
your friends. You are also one of the few people I know in Wageningen that manages to arrive

on time consistently. Thank you for all the nice moments.

Gabriel, you are an amazing friend, and although we live far apart now, I am happy that we still
manage to stay connected and update each other regularly. I hope that we soon get the

opportunity to meet again.

Trving, you are the most flexible and spontaneous person I know. Adventures are guaranteed with
you. Maybe those things are related. I am looking forward to the next adventure with you and

Justé.

Yoran, we were always together during our studies in Groningen. I am glad we managed to stay
in touch afterward, occasionally meeting in Wageningen and Hoogeveen. I hope we can see each

other more often in the future!

Menika, ik had je bijna niet eens ontmoet als je de flowcytometer bij BPE niet nodig had gehad.

Bedankt voor alles wat je voor mij gedaan hebt.
Lastly, I want to thank my family for their help and unconditional support.

Heit en Mem, jim binne der altyd foar my. Sels at ik wer ris wat ferjitten wie yn Fryslan koe ik op
Jjim rekkenje. Jim bin faak lans west yn Wageningen, bygelyks om oranjekoek te bringen foar myn
jierdei, mar ek om in airco te ynstallearjen yn myn keamer of gewoan foar de gesellichheid. Sido,
troch dyn help mel it ynstallearjen fan de bioreaktoren wie s lab presys optiid klear. We ha in
protte wille hin yn Wageningen en yn Sweden. Marte, we hawwe in soad gemien, dat bliek wol

at ik dy wer r1s Ginferwachts tsjinkaam op in feest. At ik dyn hulp noadich ha dan bist der foar my.
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