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Résumé

Malgré le nombre croissant d'individus infectés par le virus de I'immunodéficience
humaine (VIH) chaque année, il n'existe toujours pas de vaccin efficace qui
prévienne son infection chez 'homme. Seulement en 2020, on peut encore compter
37,6 millions d'infection et 690 000 déceés liés au SIDA. Le développement d'un
vaccin contre le SIDA, sur et efficace, serait donc un moyen trés pertinent pour
combattre les ravages de cette maladie. Le virus de la stomatite vésiculeuse (VSV),
membre de la famille des Rhabdoviridae, infecte principalement les bovins, mais est
relativement bénin pour I'hnumain, n'étant associé qu'a de Iégers symptémes pseudo-
grippaux. Par ailleurs, le VSV recombinant a déja été utilisé pour le développement
de vaccins humains contre divers virus, notamment Ebola, Marbourg, Lassa, la
fievre hémorragique de Crimée-Congo (CCHFV), Nipah, les coronavirus MERS et
SRAS, Zika, Influenza et VIH.

Dans ce travail, effectué dans le cadre plus large du développement de nouveaux
candidats vaccins contre le VIH, basé sur les VSV recombinants (rVSV), nous
proposons différents schémas de purification pour le traitement de ces candidats.
Une série de filtres avec des tailles de pores et des supports de filtration différents
ont été testés pour leur efficacité a éliminer les débris cellulaires du surnageant de
culture cellulaire tout en permettant aux particules infectieuses de traverser le filtre.
Cette microfiltration en série a également été appliquée pour éliminer le besoin de
centrifugation a basse vitesse a I'étape de la clarification et améliorer les
rendements, la simplicité et I'extrapolabilité des schémas proposés. Afin de réduire
le volume de I'échantillon a traiter, I'application de différentes unités d'ultrafiltration
(UF), soit des unités d'UF centrifuge ou a flux tangentiel (TFUF), ont été testées.
Pour ce faire, les paramétres de fonctionnement de la TFUF ont été maintenus a
des valeurs ne générant que de faible taux de cisaillement (< 2000 s') pour

préserver l'intégrité du rVSV.

Pour I'étape de la purification chromatographique proprement dite, plusieurs
technologies candidates ont été testées pour leur capacité a séparer les particules
infectieuses de I'ADN et des protéines contaminants. Des résines échangeuses



d'anions fortes et faibles, a savoir HiTrap™ DEAE FF, HiTrap™ ANX FF, HiTrap™
Q FF et HiTrap™ XL (Cytiva), ont été testées en colonne. Dans les meilleures
conditions, ces colonnes ont permis de récupérer 77 % des particules infectieuses
tout en éliminant respectivement 93 % et 92,7 % des protéines totales et de I'ADN.
Par la suite, un schéma de purification chromatographique en deux étapes utilisant
initialement un adsorbeur échangeur d'ion membranaire (Sartobind® Q, Sartorius),
suivi d'une résine multimodale (Captocore™ 700, Cytiva) a également été testé car
les adsorbeurs membranaires sont plus pratiques pour les procédés a grande
échelle. La purification des rVSV a l'aide de ce protocole a permis de récupérer 51 %
de particules infectieuses et a éliminé 95 % et 85 % de I'ADN et des protéines
contaminants, respectivement. Cependant, étant donné que les micrographies
électroniques de ces préparations virales purifiées présentaient encore une quantité
notable de vésicules extracellulaires ou d'exosomes, deux résines a base de
céramique d'hydroxyapatite (CHT) ont aussi été testées pour leur capacité a séparer
les rVSV de ces contaminants. La colonne CHT Il (BioRad) a montré des résultats
prometteurs en terme d'élimination des vésicules extracellulaires, comme vérifié par
microscopie électronique a transmission (TEM). De plus, une récupération de 78 %
de rVSV infectieux ainsi que I'élimination de 98 % de I'ADN résiduel et de 99 % des

protéines ont été mesurées dans les éluats de cette colonne.



Abstract

Despite the growing number of Human immune deficiency virus (HIV) infected
individuals every year, there is still no effective vaccine that prevents new HIV
infection in humans. As of 2020, a total of 37.6 million individuals were found globally
to be infected with HIV. With 690,000 AIDS-related death reports in 2020, developing
a safe and effective HIV vaccine is of utmost importance. Vesicular stomatitis virus
(VSV), a member of the Rhabdoviridae family, mainly infects cattle, but its infection
in human is mainly benign and can only be associated with mild flu-like symptoms.
In addition, the VSV platform has already been used to develop vaccines against a
variety of virus infections, including Ebola, Marburg, Lassa, Crimean-Congo
hemorrhagic fever (CCHFV), Nipah, MERS- and SARS- coronaviruses, Zika,
Influenza, and HIV.

In the current work, carried out within the broader framework of developing new
vaccine candidates against HIV based on recombinant VSVs (rVSVs), we propose
different purification schemes for the DSP of the candidate vaccine. A series of filters
with different pore sizes and filtration media were tested for their effectiveness in
removing cellular debris from the cell culture supernatant while allowing the
infectious particles to pass through the filter. Serial microfiltration was also applied
to eliminate the need for low-speed centrifugation at the clarification step and
improve the proposed schemes' yield, simplicity, and scalability. In order to reduce
the volume of the sample to be processed, the application of different ultrafiltration
(UF) units, either centrifugal based UF units or tangential flow UF (TFUF) systems,
were tested. The TFF operation parameters were maintained at values generating
low shear (2000 s shear rate) for preserving the integrity of the rVSV as an

enveloped virus.

For the actual chromatographic purification step, multiple candidate technologies
were tested for their ability to separate infectious particles and to remove the
contaminant DNA and proteins. Strong and weak anion exchanger resins, namely,
HiTrap™ DEAE FF, HiTrap™ ANX FF, HiTrap™ Q FF, and HiTrap™ XL (Cytiva),

were put into test in the column mode. In best condition, these columns resulted in



the recovery of 77 % infectious particles while eliminating 86.6 % and 92.7 % of the
total proteins and DNA, respectively. Subsequently, a two-step chromatographic
purification scheme initially used a membrane adsorber (Sartobind® Q, Sartorius),
followed by a multimodal resin (Captocore™ 700, Cytiva) was tested since
membrane adsorbers are more applicable for large-scale processes. Purification of
rVSVs using this protocol resulted in the recovery of 51 % infectious particles but
removed 95 % of the contaminant DNA contents and 85 % of total proteins.
However, since the electron micrographs of these purified virus preparations still
showed a noticeable amount of extracellular vesicles or exosomes (visually through
TEM), two resins based on ceramic hydroxyapatite (CHT) were screened for their
ability in separating the rVSVs from these contaminants. The CHT Il (BioRad)
column showed promising results in removing extracellular vesicles from the virus
preparations as verified by transmission electron microscopy (TEM). Moreover, a
recovery of 69.2 % infective rVSVs alongside the removal of 88 % residual DNA and

87 % of protein contents was measured in this column's eluates.
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need for virus purification, the possible contaminants of cell culture produced viral
vaccines, the steps involved in the purification of cell culture produced viruses, the
approaches involved in clarification of cell culture supernatant, the concentration of
viruses using ultrafiltration, tangential flow ultrafiltration, and ultracentrifugation, and
purification using either ultracentrifugation for laboratory-scale and chromatography
for large-scale processing of viruses. In chromatographic purification, the commonly
used principles for downstream processing of viruses are discussed. | was the

principal writer of this chapter.

The second chapter describes the materials and methods used to perform the
experiments used in this thesis. | was the principal writer of this chapter.

The third chapter includes the article entitled “Purification of recombinant vesicular
stomatitis virus-based HIV vaccine candidate”. This chapter consists of the primary
and initial assessments performed for the clarification step of the rVSVs, including
the testing of different microfiltration units with various filtration media and pore sizes.
Moreover, two approaches for the concentration of viruses were assessed for
laboratory (less than 250 mL of supernatant) and large-scale (1 to 2 L of
supernatant). These included pelleting by ultracentrifugation for small volumes
against tangential flow ultrafiltration for higher volumes. For the purification step,
density gradient ultrafiltration was performed at small-scale, while, for larger volumes
of supernatant, two strong and two weak anion exchanger columns were tested. In
the end, the purification scheme at a small-scale was set side by side with a large-
scale purification scheme, comparing their capacity in the removal of proteins, DNA,

and recovery of infectious particles. | was the principal investigator and writer of this
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Introduction

To date, the global pandemic of AIDS has killed 36.3 million people, and 37.7 million
individuals are currently living with it [1]. Despite the high number of new cases every
year, there are still no vaccines that can protect healthy individuals from HIV
infections. Therefore, the development of an effective and safe vaccine is of the
utmost importance for ending this epidemic. The main hurdles in the HIV vaccine
development have been the high divergence of the HIV envelope glycoprotein and
rapid generation of mutants that are resistant to the neutralizing antibodies [2].

Vesicular stomatitis virus (VSV), as a member of the Rhabdoviridae family, has been
used in several research fields as a gene therapy vector, an oncolytic virus, and a
viral vaccine vector. In general, VSV targets livestock, and its infection in cattle can
appear as lesions in the oral cavity, hoofs, and teats. VSV infection is not common
in humans, but its occurrence has been reported in individuals in contact with the
virus in laboratories or with infected farm animals [3]. VSV infection in humans is
mainly controlled by interferons (INF) response, and therefore, it has mainly been
associated with only mild flu-like symptoms [4,5]. The two serotypes of VSV, namely,
Indiana and New Jersey, are enzootic in southern Mexico and northern South
America but are not widespread in the United States and only occur sporadically,
with the latest two outbreaks happening in 1982 and 1966 [6-8].

The VSV genome consists of a single-stranded negative-sense RNA of about 11 kb,
encoding five structural proteins, namely; the nucleocapsid (N), the matrix (M), the
large RNA-dependent RNA polymerase (L), the phosphoprotein (P), and the VSV
glycoprotein (G) [8—11]. Several characteristics make VSV a suitable platform for a
recombinant, replication-competent viral vaccine. These features include low
chances of viral RNA integration into the genome, promising titers when grown in
vitro and the ability to grow in a variety of mammalian cell lines, very low prevalence
of VSV pre-existing immunity in humans, the ability to elicit robust cellular and
humoral immunity in vivo, and mild flu-like symptoms upon infection in humans [12—

14]. Also, the VSV platform, as a replication-competent vaccine, has been shown to



induce strong immune responses against antigens from different pathogens,
including Influenza [15], measles [16], Zika virus [17], AIDS [18], Lassa, and Ebola
Virus [19], Marburg [13], Crimean-Congo hemorrhagic fever (CCHFV), and Nipah
[20].

The recombinant VSV base has been used for the FDA-approved Ebola vaccine
(rVSVAG-ZEBOV-GP/rVSV-ZEBOV) used in the Democratic Republic of the Congo
during the 2018 outbreak. The rVSV-ZEBOV vaccine was marketed under the name
Ervebo, and it showed an efficacy of 97.5 % in clinical trials [21,22]. The rVSV-
ZEBOV vaccine had been produced through reverse genetics and designed in such
a way that the gene encoding for Ebola glycoprotein (EBOV-gp) would replace the
gene responsible for VSV glycoprotein (VSV-gp). These observations highlight the
use of VSV backbone for replication-competent viral vaccines, including HIV. The
rVSV backbone has been employed in phase | clinical trials of three HIV vaccines
(ClinicalTrials.gov, NCT01438606, NCT01578889, and NCT01859325).

Following these successes, the CIHR funded a project entitled "Development of a
safe, effective and clinically acceptable VSV-based HIV vaccine", proposed by Dr.
Kobinger and his colleagues, that aims at developing an HIV vaccine based on the
rVSV-ZEBOV backbone. The rVSV used in this project expresses both the EBOV-
gp and modified HIV glycoprotein (HIV-gp) on its surface. The HIV surface proteins
are expected to trigger the immune response against HIV infection and result in
robust protection against HIV, while the presence of EBOV-gp improves the cell
tropism and helps the vaccine production process by enabling the virus production
in CD4- and CCRS- cell lines.

The design and modifications of the rVSV-based HIV vaccine and optimization of the
upstream production process by the production of rVSVs in serum-free Vero cells
were carried out by other parties involved in the project. In contrast, the development
of the downstream purification process (DSP) of the vaccine was carried out in the
current Ph.D. project under the supervision of Dr. Garnier. Therefore, the main aim
of this thesis includes the study and the selection of purification schemes for
laboratory- and large-scale processes. The laboratory-scale protocols could



eventually be applied for VSV characterization studies or for preparation of purified
virus doses for the trial of VSV-based vaccines in mice or rodents that require small
quantities of virus material. The large-scale methods could be implemented for non-
human primate and human trials that require higher concentrations of rVSV or for
pilot-scale production of rVSV as a viral vaccine or a gene therapy vector.

One of the main challenges associated with the purification of enveloped viruses is
the sensitivity of the viruses to changes in environmental conditions, such as pH, salt
concentration, temperature, and storage media [23—-25]. Therefore, special care
must be taken to avoid or minimize the exposure of viruses to these extreme
conditions. Downstream processing of cell culture produced viruses comprises a
series of steps that intend to concentrate the virus preparation and bring the
concentration of contaminants to the lowest possible and safe level. These
contaminants can be introduced from different sources, including the cell culture
medium or through the purification process [26-28]. The presence of these
contaminants, that could be nucleic acids or proteins that can be found in undefined
culture medium additives such as blood serum, have been shown to influence the
transduction efficiency of viruses in vitro and cause inflammation and systemic
immune responses when used in vivo [29,30]. As a result, their removal is

mandatory, and it can improve the efficacy and safety of the vaccines.

A DSP scheme for cell culture produced viral vaccine often includes a nuclease
treatment to reduce the amount of contaminant DNA or RNA that can increase the
sample's viscosity and affect the performance of the membrane-based approaches
used in the process. It also consists of; 1) a clarification step that aims to remove the
larger contaminants, including cellular debris, 2) a concentration step to reduce the
volume of the sample for the next DSP steps and also to partially eliminate the
contaminants, and 3) a purification step that separates the viruses from the
contaminants, based on distinctive physical or chemical characteristics, such as
size, polarity, and hydrophobicity, often time by the use of chromatography. Finally,
an ideal purification scheme for pilot-scale processing should be scalable, with the

capacity to be employed at large-scale purification of viruses, take the least



processing time to prevent the loss of viral infectivity, and yet be economical to meet
the market demand [31,32].

In order to obtain an efficient process for the purification of rVSVs produced in Vero-
SF cells, a series of microfiltration filters of different media with low protein binding
capacity will be tested for clarification. For this purpose, filters based on
Polyethersulfone (PES), Polyvinylidene Fluoride (PVDF), Regenerated Cellulose
(RC), and Cellulose Acetate (CA) with low protein binding characteristics will mainly
be tested for their ability to recover infective particles and eliminate large
contaminants at both small-scale and large-scale. Eventually, the two-step
clarification step (comprised of low-speed centrifugation and microfiltration) will be
replaced by serial microfiltration using a series of microfiltration filters of decreasing
pore sizes to eliminate the need for low-speed centrifugation and improve the
scalability of the scheme. To reduce the volume of the sample and process time,
different tangential flow ultrafiltration and centrifugal-based ultrafiltration units will be
tested for pilot-scale and laboratory-scale, respectively. Moreover, the use of
ultracentrifugation for purification of the smaller quantities of supernatant and its
efficiency in removing contaminant proteins and DNA will be assessed. The virus
preparations obtained from this step will serve as a standard for comparing the
efficacy of the laboratory-scale process to the large-scale protocols. As one of the
most commonly used approaches for purifying enveloped viruses, anion exchange
chromatography will be studied for the large-scale purification scheme. For this
purpose, two different chromatography media, including resin and membrane, will
be tested to recover infective particles while eliminating the possible contaminants.
Mixed-mode chromatography will also be evaluated for separation of virus particles
from microvesicles, one of the main cell culture derived contaminants in enveloped

virus production.



Chapter 1: Review of literature

The use of mammalian cell cultures to produce vaccines is well established in the
biopharmaceutical industries (e.g., a vaccine against influenza, rabies, polio, and
smallpox) [33]. However, developing an upstream and DSP for every new cell
culture-based vaccine is challenging and requires additional optimizations [34,35].
In general, DSP comprises multiple steps, aiming for vector concentration,
contaminant removal, and buffer exchange [36]. The possible impurities present in
the vaccine suspension harvested from cell culture can arise from different sources.
The impurities can be introduced by cell culture media and its supplements, including
the plasmid DNA used for transfection, the animal sera used to enhance the cell
growth, the cellular components including the cellular enzymes, the cellular genomic
DNA, the extracellular matrix materials, released by disrupted host cells, and also
the materials added during the purification process such as the endonucleases used
for nucleic acid removal [35,37]. These contaminants have been shown to interfere
with virus transduction efficiency and result in inflammation and systemic immune
responses when used in vivo. As a result, their removal improves viral vaccines'
safety and efficiency [35,38—40].

Developing a purification scheme for DSP of viruses requires a combination of
multiple steps and optimization of several parameters for the highest recovery of the
viruses. An optimal purification strategy must be designed based on several factors,
including the type of the vaccine (inactivated or active viral vaccine, subunit, or whole
virus preparation), the physical and chemical characteristics of the virus, including
the virus morphology, isoelectric point, stability, its tolerance to pH and temperature,
and the stringent quality standards defined by regulatory agencies in terms of the
level of contaminants such as the genomic DNA, host cell proteins and endotoxin for
in vivo experiments [33,41,42]. In addition to these factors, the proposed purification
schemes should also be scalable with the capacity to be employed at large-scale
purification of viruses, take the least processing time to prevent the loss of viral

activity, and yet be economical to meet the market demand [36,43,44].



The use of viruses has attracted pharmaceutical industries due to their broad
spectrum of medical applications, such as vaccines and gene therapy [33]. Several
successful viral vaccines against viral diseases are already on the market, including
influenza, chickenpox, rubella, mumps, measles, and Ebola [33,35,44,45]. However,
with 1.5 million new Human Immunodeficiency Virus (HIV) infections per year and
over 37.7 million infected people worldwide, there are still no vaccines that could
prevent the occurrence of HIV [1].

The NSERC-funded project "Optimizing the VSV vector towards an HIV vaccine"
aims to develop a vaccine for HIV based on recombinant vesicular stomatitis virus
(rVSV). The VSVs used in this project are formed on the same backbone as the
rVSVAG-ZEBOV-GP vaccine for Ebola approved by the FDA in the 2018 Ebola
outbreak and marketed under the name Ervebo [14]. In this project, the viral vector
carries the modified HIV surface protein that trigger the immune response and
protect the host against HIV infection. The design and modifications of the rVSV-
based HIV vaccine and its production in serum-free Vero cells are carried out by
other parties involved in the project. However, the development of purification
schemes for downstream processing of these cell culture-produced rVSV based
vaccines before their test in rodents and non-human primate trials will be carried out
through the work done in this Ph.D. project. For this purpose, a review of the physical
characteristics of VSV, its stability, the construction of the vaccine used in this
project, different steps involved in DSP of viral vaccines, including clarification by
low-speed centrifugation and microfiltration, concentration by ultracentrifugation and
ultrafiltration, and purification by different chromatography principles including ion-
exchange, affinity, size-exclusion, and mixed-mode chromatography, are provided

in this chapter.

1.1. Structure, physical and chemical characteristics of VSV

The development of a successful purification scheme requires the knowledge of the
virus's physical, chemical, and biological characteristics. Vesicular stomatitis virus is
a rod-shaped, negative-strand RNA virus belonging to the Rhabdoviridae family. The
virus measures about 70 x 200 nm (Fig. 1. A) [46]. VSV infection can cause oral



diseases in animals, including cattle, horses, and swine; however, due to the
interferon response, its infection in humans only causes flu-like symptoms [43,47].
The genome of VSV is around 11 kb and is made up of five core genes that encode
five structural proteins, including the nucleocapsid protein (N), the phosphoprotein
(P), a cofactor of the RNA-dependent RNA polymerase (L), the matrix protein (M)
and the attachment glycoprotein (G) [48] (Fig. 1. B & C).

The possibility of replacing the VSV-G envelop protein with antigens of human
pathogens makes VSV an excellent platform in recombinant technology for gene
therapy and replication-competent vaccines [47,49,50]. As a result, its applications
in experimental vaccines have been featured in vaccines against Ebola, Marburg,
Lassa, Crimean-Congo hemorrhagic fever (CCHFV), Nipah, MERS- and SARS-

coronaviruses, Zika, Influenza and Human immune deficiency virus (HIV) [51].
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Fig 1. A) TEM image of rVSV [46], B) Cutaway diagram of a VSV particle, C) Genome
organization of vesicular stomatitis virus (VSV). Adapted from Strauss & Strauss [48].



1.2. Stability of VSV
The enveloped viruses such as human coronaviruses and H1N1 are more labile than
non-enveloped viruses and survive for a shorter time on surfaces and show more
sensitivity to environmental variants including pH, temperature, and the preservation
media [23,24,52]. Zimmer et al. [53] assessed the stability of VSV serotype Indiana
expressing enhanced GFP in MEM media supplemented with 5% FBS at different
temperatures and incubation times. As shown in Fig. 2. A, in the presence of serum,
VSV showed high stability when stored at 4 °C for up to 28 days. However, incubation
of VSV at 22 °C resulted in continuous loss of infective particles and 90 % (too%) of
the viral titer was lost after 7.8 days of incubation. On the other hand, incubation of
VSV at 37 °C had a severe effect on its infectivity with the loss of 90 % of infective
particles after 2.8 days, which indicates the negative effect of high temperature on
storage of VSV.
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Fig 2. The impact of a) temperature, b) presence or absence of FBS in the preservation
media, and c) pH on the infectivity of GFP expressing VSV Indiana. Adapted from Zimmer
et al. [53].

However, addition of FBS was shown to reduce the infectivity loss considerably, for
instance, when VSV was incubated at 4 °C without FBS, the tgo%, was 12.2 days,
whereas the addition of FBS to the media improved the viral titers and resulted in a
toos Of >28 days (Fig. 2. b). These results indeed confirm the importance of FBS
addition on the long-term stability and storage of VSV. However, the addition of FBS
to the final vaccine preparation is often not compatible with GMP practices. The viral
titer in live viral vaccines could be improved by the addition of other components,
including sugars and sugar alcohols (trehalose, sorbitol, sucrose, lactose), amino



acids (glycine, arginine complexes, monosodium salt of glutamic acid, histidine),
salts (sodium chloride, magnesium chloride), and polymers (sodium hyaluronate,
dextran 40, gelatin, carboxymethyl cellulose) [54—-56].

Moreover, the effect of environmental pH on VSV infectivity was tested by incubating
VSV at pH varying from 2 to 12 for 30 min at room temperature, as is shown in Fig.
2. C, VSV exhibits higher stability in an alkaline environment in pH ranging from 7 to
11. Even though fewer infective particles were found at pH 5 and 6, it is still stable in
these two conditions, but below 5 or above 11, its stability decreased considerably.
The loss of virus infectivity at lower pH has been previously shown to be associated
with the pH sensitivity of virus surface glycoproteins [57].

The short-term and long-term stability of recombinant VSV-based Ebola vaccine
(rVSV-ZEBOV) was also reported by Arnemo et al. [58]. As presented in Fig. 3. A,
the rVSV-ZEBOV vaccine was stable when stored at 4 °C and 25 °C for one day.
However, similar to the results of Zimmer et al. [53], the virus stability was
significantly lower at 40 °C. The thawed rVSV-ZEBOV was stable at 4 °C for a week,
but infective particle count was significantly reduced after two weeks, and infectivity
kept decreasing for several weeks (Fig. 3. B).
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Fig 3. The A) short-term and B) long-term stability of rVSV-ZEBOV stored at different
temperatures. Adapted from Arnemo et al. [58].



1.3. Construction of the vaccine

The viral vaccine used in this project is a recombinant live attenuated Vesicular
Stomatitis Virus strain Indiana (VSV) with the Zaire Ebolavirus glycoprotein gene
(ZEBOVGP) and the HIV envelope gene (HIVenv) replacing the VSV glycoprotein
(VSV-gp) gene. This combination of genes results in a virus structure with a VSV
backbone, but expressing the Ebola-gp and HIV-gps (HIVenv gene encodes for
gp160 which is later cleaved into gp120 and gp41) of its surface (Fig. 4. A & B).
Replacement of the VSV-gp gene with both Ebola and HIV GPs forms a non-
pathogenic and attenuated recombinant VSV (rVSVAG/ZEBOVGP.HIVenv) with
narrower cell tropism compared to wild type VSV that replicates more slowly and
results in lower yields but workable viral titers. It has been shown that the virus still
keeps its bullet-shaped structure despite these genetic manipulations [47] (Fig 1. A).

Fig 4. A) The graphical representation of the five main genes of VSV in the wild-type virus
and B) replacement of the VSV-GP gene with EBOV-GP and HIV-GP genes in the
recombinant rVSV. Adapted from Racine et al. [59].

The rVSVs are produced through the process of reverse genetics. Therefore, to
obtain the rVSVAG/ZEBOVGP.HIVenv viruses, tissue culture cells (Vero-E6 or
HEK293) are transfected with five plasmids (Fig. 5);
= VSV-ZEBOVGP.HIVenv plasmid contains the entire VSV genome with the
ZEBOV GP gene and HIVenv gene replacing the VSV GP gene, which constitutes
the rVSVAG/ZEBOVGP.HIVenv viral genome.
= The other 4 viral plasmids are simply helper plasmids required in the reverse
genetics system.
o pCAGGS-T7 (helper plasmid containing the T7 promoter)
o pBS-N (helper plasmid containing VSV N protein gene)

10



o pBS-L (helper plasmid containing VSV L protein gene)

o pBS-P (helper plasmid containing VSV P protein gene)
Therefore, the transfection of cells with the plasmids mentioned above results in the
production of VSV proteins required for viral replication, followed by virus assembly
and budding from the host cell of the VSVs expressing Ebola and HIV glycoproteins

on their surface (Fig. 5).
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Fig 5. The synthesis of rVSV vaccine through the reverse genetic system.

1.4. Purification of enveloped viruses

The virus preparations obtained from mammalian cell culture aimed for clinical use
should go through stringent purification schemes to meet the regulatory authorities'
requirements, such as FDA. Downstream processing of viral vectors of vaccines is
intended to eliminate the contaminants originating from either the culture medium,
the producer cell, or even through the process of purification itself in order to obtain
pure, concentrated, and highly efficient virus preparations [42,43]. Different steps of
purification protocol must be deliberately designed and chosen to obtain the
maximum purity with the most negligible loss of infectivity of virus in the final
preparation [60].

Multiple purification steps are needed to deliver the final product with the desired
purity and concentration [60]. The purification steps are based on the vector’s

different properties, such as the virus charge, hydrophobicity, size, or other surface
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features [41], where each step can be chosen in order to purify the virus according

to one of these properties, in an orthogonal fashion [60].

Table 1. Steps involved in the DSP of viruses. Adapted from Segura et al. [35].

Process Sep.aar?tlon Laboratory-scale Large-scale
principle
Centrifugation
Clarification Size, density Microfiltration
Microfiltration
Concentration Size, density Pelleting Ultrafiltration
Purification  Charge, Size, density Ultracentrifugation Chromatography

Downstream processing of viruses broadly consists of sequential clarification steps
(Table 1), concentration, and purification. The purified viruses also need to be
concentrated and re-suspended in the formulation buffer at the polishing step for
their long-term storage [35,41]. The primary step (clarification) is mainly involved in
removing the host cells and cellular debris by microfiltration and/or centrifugation,
after which the supernatant is concentrated mainly by ultrafiltration or
ultracentrifugation. Even though these primary stages remove some contaminants,

they are undoubtedly insufficient to prepare the vaccine for in vivo applications.

When setting a purification protocol, one must consider many criteria such as
scalability, maximal productivity, purity, robustness, manufacturing cost, and broad
applicability of the selected candidate process to various vectors [41,42]. Although
all approaches could be possible for large-scale schemes, some are more compliant
to scale up and usability by industry [36]. Therefore, we will review the potential
methods used at each purification step, their scalability, advantages, and possible

drawbacks.

1.4.1. Nucleic acid removal
The presence of nucleic acids as RNA, plasmid-derived DNA or the DNA released
from the lysed producer cells or free viral RNA should be minimized to an acceptable

level (10 ng/dose) before being used in animal studies or humans trials [44].
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Practically, any large sequences of nucleic acid contamination need to be digested
early in the process, before any clarification or concentration steps, since these can
increase the sample's viscosity and result in membrane fouling. Moreover, since they
carry negative charges, they can interfere both at the purification stage (especially
when ion exchange is involved) and impede virus potency and transduction [60,61].
The most commonly used endonuclease is Benzonase®, which requires MgCl, and
incubation at 37 °C for optimal activity [41]. In addition to the digestion of large DNA
into smaller fragments, Benzonase® has also been shown to facilitate the exclusion
of these fragments during the purification process [44]. However, the addition of
Benzonase® introduces the additional source of protein contamination to the
supernatant, and incubation at 37 °C for its optimal activity could also affect the
stability of viruses.

1.4.2. Clarification

The first step after the harvest of virus-containing cell culture supernatant is
clarification. This step's primary goal is to efficiently remove the crude supernatant's
contaminants, including cells and cell debris, and prepare it for further purification
steps such as ultrafiltration and chromatography [35]. Low-speed centrifugation and
membrane microfiltration are the two methods that are used predominantly for this
purpose. Low-speed centrifugation is generally considered a centrifugation speed
within the 3,000 xg to 10,000 xg range [62]. At a laboratory-scale, low-speed
centrifugation has been used as a primary clarification step for many viral vectors,
including VSV-G pseudotyped lentiviruses and wild-type VSV in a range of 6,000 xg
to 10,000 xg (Table 2). The application of centrifugation before membrane filtration
could significantly increase the operation time of these membranes before clogging

occurs by removing the larger contaminants that can otherwise foul the membrane.

When choosing a membrane for the DSP of viruses, different criteria such as filter
material (PES, CA, and PVDF), pore size, and working conditions (pH, flow rate, and
ionic strength) must be considered carefully to minimize the risk of clogging and loss
of viruses [64,65]. The filtration membranes used to clarify supernatants usually have
pore sizes varying from 0.1 to 10 ym, and they are found either as depth or

13



membrane filters [64]. A typical membrane filter traps particles larger than its pore
size on its surface. However, in a depth filter consisting of either a single or multiple
layers of filtration media, the retention of solids occurs within the membrane depth.
Microfiltration has been used for various viruses, including lentiviruses, retroviruses,
and rhabdoviruses, resulting in high virus recoveries ranging from 82% to 96%
(Table 2).

Table 2. Methods used for clarification of virus-containing cell culture supernatant.

RCV
M?fie qf Virus Specification Ref
clarification 0

(%)

Lentivirus pseudotyped 10,000 x g,15 min, 4 i [44]
with VSV-G °C
Centrifugation .
Rhabdovirus (VSV) 6,238 x g, 30 min, 55-77  [62]
room temperature

. Sartopore capsule o1
Lentivruses (0.8+0.45 pm) [63]

. Whatman PolyCap™ 82
Rhabdovirus (VSV) HD75(0.2 um) [62]
Rhabdovirus (VSV) Pall Acrodic ™ Supor % [62]

™ (0.2 um)
Microfiltration

. Sartorius Sartorbran ™ 94
Rhabdovirus (VSV) (0.2 um) [62]

. Sartorius Sartopore ™ 82
Rhabdovirus (VSV) 2 (0.2 um) [62]
Rhabdovirus (VSV) Millipore Millex (0.2 87  [62]

um)

Ref: Reference, RCV: recovery.

Clarifying virus-containing cell culture supernatant in a single step could result in
membrane fouling and subsequently loss of viruses on the membrane due to the
membrane obstruction by the larger cell culture contaminants, including cellular

debris and genomic DNA [44]. Low recoveries of viruses after clarification by
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membrane filtration had been linked to the virus's stability, its affinity to the
membrane or clogging of the membrane pores by cellular debris [43,66]. Sequential
microfiltration of the crude supernatants is one of the approaches that help avoid
membrane clogging. In sequential microfiltration, the viral suspension is passed
through a series of membranes with decreasing pore sizes [37,67]. Also, the effect
of flow rate on membrane filtration should not be neglected. Higher titer recoveries
were reported by Segura et al. [35] and Schweizer and Merten [37] using increased
flow rates for the crude supernatant's filtration that decreased entrapment of viruses

in the membrane pores.

1.4.3. Concentration

Introducing a concentration step in the purification process can facilitate the
performance of later purification steps, including chromatography, by lowering the
viral stock volume to be processed and removing a part of cell culture contaminants.
The concentration of viruses by pelleting can be achieved through both low-speed
centrifugation and ultracentrifugation. However, longer centrifugations are required
to efficiently pellet viruses by low-speed centrifugation. Concentrations of about 100
fold or higher have been reported after low-speed centrifugation of retroviruses when
the pellet was re-suspended in a small quantity of buffer (Retroviruses) (Table 3)
[35].

1.4.3.1. Ultracentrifugation

Ultracentrifugation is the most commonly used conventional method for the
concentration of virus particles at a laboratory-scale. The use of ultracentrifugation
for the concentration of viral supernatant has been reported for many enveloped
viruses, including lentiviruses, retroviruses, and rhabdoviruses (Table 3) [68-71].
More importantly, high concentrations of 50 to 300 fold with more than 60 percent
recovery of infective particles have been observed using ultracentrifugation [40,69].
As mentioned earlier, one of the main challenges in the purification of viruses is
separation of the infective particles from the defective vectors such as empty capsids
and vesicles that share a high level of property similarities with viruses. However,
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ultracentrifugation is among those methods that can separate functional viruses from

other contaminants that can interfere with virus potency and dose [41].

The two types of ultracentrifugation used for the concentration of crude supernatant
are differential and density gradient ultracentrifugation. The differential centrifugation
principle is based on the separation of elements by their sedimentation rate. When
exposing a mixture of components with a different size and density to an increasing
gravitational force, the particles sediment based on their sedimentation rate with the
largest particle pelleting at the earliest, followed by the next smaller particle with

decreasing sedimentation rates [72,73].

On the other hand, the density gradient centrifugation is mainly performed under two
principles: the isopycnic ultracentrifugation that separates elements based on their
buoyant density and rate zonal sedimentation that relies on the mass and size of the
particles [33,67]. In rate zonal centrifugation, the elements are centrifuged through
a gradient of a hyperosmotic medium with increasing density towards the bottom of
the tube. However, the highest density in the gradient is lower than the density of
the particles to be separated, resulting in pelleting upon longer centrifugation times.
On the other side, in the isopycnic centrifugation, the highest density in the gradient
that is located at the bottom of the tube goes beyond the density of the particles to
be separated. Therefore, this type of centrifugation results in the formation of bands
holding the particles with the same density, and in this approach, longer
centrifugation time does not result in pellet formation [73].

One of the commonly used density gradient methods is the use of a cushion of a
hyperosmotic medium with a density lower than the particles of interest at the bottom
of the tube and filling the top of the tube (60 to 70 % of the tube capacity) with the
virus-containing supernatant. This method allows any particle with a higher density
to pass through and pellet while the lower density elements remain on the top of the
cushion. Density gradient ultracentrifugation has been used for the purification of
several enveloped viruses, including influenza virus [33], murine leukemia virus [74],
Japanese encephalitis virus [75], mumps virus [76], and rabies virus [77] (Table 3).
Additionally, the use of the rate zonal sedimentation principle for concentration has
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been shown to bring higher grades of purification for retroviruses than isopycnic or

density gradient ultracentrifugation at laboratory-scale [67].

There are three media used traditionally for density gradient centrifugation: CsCl,
sucrose, and iodixanol [42]. Sucrose and cesium chloride are the most commonly
used hyperosmotic media for the purification of viruses. However, both of the
mentioned media are highly viscous and usually take a long time for sedimentation
and banding of viruses at the proper density (24 h for CsCl) [35,41]. In addition to
the centrifugation duration, sucrose's high viscosity has been shown to adversely
affect the surface structure of viruses and their activity [78,79]. These drawbacks
indicate that iodixanol is a better alternative for purifying virus particles by

ultracentrifugation.

Compared to other media, the lower viscosity of iodixanol has been reported to
reduce the centrifugation time for adenoviruses from 24 h (using CsCl) to 2 h [41].
Therefore, low viscosity, less processing time, and safety of iodixanol (non-toxic to
cells) highlight this medium's potential to be used in DSP of viruses both at

laboratories and in biopharmaceutical industries.

Despite ultracentrifugation being a powerful method for obtaining highly purified virus
particles, there are a few practical issues for its application at both laboratory- and
large-scales. Firstly, preparation for this method is time-consuming and labor-
intensive [36,37,60]. Moreover, the scalability of ultracentrifugation is very difficult,
and its usage is limited by the total volume of the supernatant to be processed, and
it requires high facility investments at the industry level. The drawbacks of
ultracentrifugation are not limited to scalability as there is a possibility of co-
concentration of the impurities and viruses if the virus band is not picked correctly.
These contaminants could include vesicles, empty capsids, or DNA interfering with
virus transduction efficiency [35]. These disadvantages have made
ultracentrifugation a less frequent method of choice for large-scale virus purification,
while its advantages at a small-scale are appreciated.
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1.4.3.2. Ultrafiltration

Ultrafiltration is the method of choice for a fast but gentle approach for volume
reduction of the virus-containing supernatant at the large-scale. Unlike
ultracentrifugation, membrane-based methods can easily be scaled up. Ultrafiltration
can be used at two steps; before chromatography for concentration and buffer
exchange and after chromatography for polishing purposes, such as removing salts
and balancing the pH. The membranes used in ultrafiltration units consist of
polymeric materials such as polysulfone (PS), regenerated cellulose (RC), cellulose
acetate (CA), Polyvinylidene fluoride (PVDF), modified polyethersulfone (mPES),
and modified RC. Among these membranes, RC membranes and RC modified
membranes exhibit an interesting combination of high mechanical strength, low
protein binding capacity, and high resistance to detergents [80,81]. However, the
lowest protein binding capacity has been observed in PES and CA membranes [62].

Permeate Permeate

A. Dead-end ultrafiltration B. Tangential-flow ultrafiltration

Fig 6. Graphical comparison of virus flow over a membrane in A) Dead-end ultrafiltration
and B) Tangential flow ultrafiltration concentration methods.

18



Table 3. The concentration of viruses using ultracentrifugation and different ultrafiltration

approaches, including centrifugal-based ultrafiltration and tangential flow ultrafiltration.

Mode of Virus Membrane Conc. ROCV Ref.
conc. factor (%)
Retrovirus Polysulfone, hollow
(MoMLV) fiber, 500 kDa - 101 88
Regenerated
Retrovirus cellulose, flat sheet, - 91-96 [89]
300kDa
Orthomyxovirus Polysulfone, hollow ) 106 [90]
(Influenza A) fiber, 750 kDa
Orthomyxovirus Polyethersulfone, flat 95 [91]
Tangential (Influenza A) sheet, 100 kDa
flow UF  Orthomyxovirus Polyethersulfone, flat 100 [92]
(Influenza A) sheet, 100 kDa
VSV-G flat sheet
pseudotyped 100kDa and 300kDa ~ ° 100 [71]
Lentivirus
Sartocon 122 to
Oncoretrovirus ultrafiltration module, 160 65 [93]
100 kDa
. Lentivirus :
Centl?;ugal pseudotyped with ?gg tl?[(;gn plus-20, - 243  [71]
VSV-G
Lentivirus 28,000 rpm in a SW-
pseudotyped with 28 rotor at 4 °C for 90 - 61 [71]
VSV-G min
HIV-1 pseudotyped
with MoMLV Env - >80 [69]
uc HIV-1 pseudotyped )
with rabies GP >80  [69]
Lentivirus
. 26,000 g 5h 69
pseudotyped with ' - [71]
VSV-G 60,000 g 2h 70
uc
with S o 100,000 xgfor2hat 25to g0 © o]
sucrose P ype 4°C 100
. oncoretrovirus
cushion
Pelleting . 6000 xgfor16 hat4 10 90 to
by LSP Oncoretrovirus °C 0100 97 [95]

Conc: Concentration, UF: ultrafiltration, UC: ultracentrifugation, LSP: Low-speed

centrifugation, Ref: Reference, RCV: recovery.
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During ultrafiltration, contaminants with sizes smaller than the membrane pores pass
through the membrane and are removed as permeate while the virus particles are
retained on the membrane's upstream side as retentate [35]. Based on the
experiment's scale, ultrafiltration and diafiltration can be performed using different
types of filtration units [69]. For processing lower volumes of supernatant (upto 2 L),
centrifugal filter units and stirred cell tanks (dead-end filtration units) are more
convenient (Fig. 6. A) [82,83]. However, for larger volumes, tangential flow
ultrafiltration (TFUF) systems using tubular units, flat membrane, or hollow fibers can
be employed that allow concentration and diafiltration of samples at the same time
(Fig. 6 B and Table 3) [84—86].

The use of TFUF has been successfully employed to purify retroviruses, influenza A
virus, and lentiviruses resulting in high recoveries (> 90%, Table 3) using different
types of units such as flat membrane and hollow fibers. When using flat membranes,
the high turbulence inside the membrane channels causes a high flux of permeate
within these channels. However, hollow fibers use milder handling of the particles
due to the important feed flow across their membrane makes them well suited for

purifying enveloped viruses [43,87].

During the process of TFUF, the clarified cell culture supernatant is tangentially
circulated along the membrane (pore size between 0.001 ym to 0.1 ym) using a
peristaltic pump (Fig. 6. B). Usually, the membrane used for ultrafiltration has cut-
offs between 100 kDa to 50 kDa; however, 750 kDa (50 nm) pore sizes are also

used, especially for separating large viruses [35,96].

During the flow of a solution in a TFUF unit, the pressure difference across the
membrane leads to the exclusion of contaminants with molecular weights lower than
the membrane pore size (small proteins, e.g., BSA, or residual DNA) through the
membrane pores as permeate while the virus particles will be retained and
concentrate upstream of the filter surface [36,43]. One of the main advantages of
TFUF is that the constant flow of the solution along the membrane surface delays
the membrane clogging and fouling, which in turn allows higher titer recovery per
cycle compared to dead-end filters [43]. If ultrafiltration is optimized to reduce
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membrane fouling and shear effect, it can result in high overall yields at both

laboratory- and large-scales (Table 3).

1.4.4. Chromatography

Chromatography is the most commonly used mode of virus purification at a large-
scale since it provides a fast and efficient separation of virus particles from the crude
supernatant that can be adapted to GMP-compliant operations [97]. The samples
used in chromatographic separation are usually clarified and concentrated at the
initial steps of purification to minimize the contaminants and the volume to be
processed at this stage. A typical chromatography column consists of a stationary
phase packed in the column and can comprise beads, membrane, or monolith and
a mobile phase that runs through the stationary phase and carries the analytes.
During the chromatographic separation process, the supernatant is passed along a
column containing beads with functional groups responsible for capturing and
separating viruses from the rest of the supernatant. Washing steps are also included
to remove the contaminants as much as possible. Desorption agents then elute the
particles that are captured by the beads in fractions [35,37].

Chromatography principally functions based on the specific interaction between the
target molecule (virus particles) and the functional groups grafted on the surface
(internal or external) of chromatography beads, membranes, or monoliths. These
interactions are based on the characteristics of the particles, including surface
charge (ion-exchange chromatography), size (size exclusion chromatography), and
affinity (affinity chromatography) toward a specific molecule (e.g., metals). The
stationary phase's physical structure in chromatography can be made up of packed
beds, membrane adsorbers, and monoliths [33,64].

In the case of a packed bed, a column is first filled with polymeric or inorganic beads
(resins) before it can be used for separation. Chromatography beads can be found
as porous, non-porous, and solid core in various sizes [33,98]. Polymeric resins are
supplied either as natural polymers including agarose, cellulose, dextran, or
agarose-dextran beads, or they can be found as polyacrylamide, polystyrene
divinylbenzene, polyacrylamides, or polymethacrylates as synthetic polymers
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[33,99]. The matrixes used in packed beds can also consist of inorganic beads such
as hydroxyapatite [100], glass [101], and silica [102]. The large size of viruses
prevents them from diffusing into the pores of any chromatography resins (except
for adeno- and polio-associate viruses)[103].

The other chromatography types, including monoliths and membranes, are
considered connective chromatography media [64]. Monoliths are made up of solid
matrixes with interconnected macroporous channels that allow the mobile phase's
flow into the entire matrix [33,104]. Monoliths are available in different polymers,
namely polymethacrylate copolymers, polyacrylamide, polystyrene-divinylbenzene,
polystyrene, silica, and modified cellulose [33] that are available in different sizes
varying from 13 nm to 6 ym [64]. They have been successfully used for the
separation of viruses, including influenza [105], rubella [106], lentiviruses [44], and
hepatitis A [107]. However, monoliths' main disadvantage is their susceptibility to
clogging, especially with high DNA concentration in the sample, which is expected
to occur lesser by using monolith of 6 um wide channels [64,108].

Membrane adsorbers are another simple, affordable mode of chromatography for
the large-scale separation of viruses. These membranes are available in various
materials such as cellulose, polysulfone and its derivatives, and hydrazine [109]
supplied in different physical structures, namely flat sheets, hollow fiber, and radial
flow adsorbers devices [110]. Hollow fibers provide a larger surface area and the
possibility of having the charged affluent flowing tangentially to the membrane, thus
minimizing the membrane clogging rate. The same can be said about radial flow
devices with spirally coiled flat sheet membranes that also have the volume to
membrane surface ratio comparable to hollow fibers. However, for both tools, the
purified samples are heavily diluted and require further concentration steps. The
commercially available beads are mostly reusable and require a cleaning step after
purification, which might be laborious and include the costs for cleaning and
sanitization; however, most of the monoliths and membrane adsorbers are made for

single use [33].
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1.4.4.1. lon exchange chromatography

lon exchange chromatography functions based on the different charges of the
molecules to be separated. The stationary phase polarity is fixed to be opposite to
the molecules that are aimed at being retained longer in the column/cartridge. The
molecules with polarity similar to the stationary phase's, or neutral, will flow through,
and the molecule with a charge opposite to the stationary phase will separate
according to their charge strength, with retention time inversely proportional to their
charge. The bound molecules can be desorbed from the chromatography medium
when the forces between the charged molecule and the medium are weakened. This
can be achieved either by lowering the pH or increasing the ionic strength.

The ion exchanger resins are categorized into anion exchangers (AEX) and cation
exchangers (CEX) based on the resin's charge. The AEX resins carry a positive
charge on their surface hence suitable for separating negatively-charged molecules,
whereas CEX resins are negatively charged on the surface and proper for binding
to positively charged analytes. Since most of the enveloped viruses have isoelectric
points lower than 7 and are thus negatively charged, AEX is a more suitable option
for their purification at neutral pH [111].

1.4.4.2. Anion exchange chromatography

AEXis based on a positively charged stationary phase that separates the molecules
in the mobile phase based on the strength of their negative charge [93]. Desorption
of the particles bound to the AEX matrix is usually accomplished by a high salt
concentration solution that competes with the particles in binding to the charged
stationary phase [11, 26]. Recovery yields ranging from 17% to 86% have been
reported to purify enveloped viruses using AEX (Table 4). However, the high
concentration of salt used for elution has been shown to have adverse effects on
particles' infectivity and result in lower virus yield [57]. An immediate diafiltration can
be employed after AEX chromatography to dilute and remove the salts from the
purified samples [26] to minimize the adverse effects of salinity of the elution buffer.
Many resins are available with anionic exchange properties, as shown in Table 4,

with the diethylamino-ethyl (DEAE) and quaternary ammonium (Q) being the most
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commonly used ones [64]. The strong anion exchangers are positively charged over
the entire pH range, while the weak anion exchangers are only charged in specific
pH conditions. Recovery yields of above 65 % have been reported for influenza A
and B virus and VSV-G pseudotypes viruses using Sartobind® Q and Mustang Q

robust anion exchanger membranes, respectively.

Moreover, lower recoveries of 51 % to 57 % have also been published for
retroviruses using DEAE FF HiTrap™ and Q XL HiTrap™ resins and 45 % for VSV
using Matrex™ CellufineR (Table 4). The use of AEX chromatography has also been
reported for wild-type inactivated HIV-1 virus [12, 77]. Taken together, these results
show that AEX chromatography can be a suitable candidate for the purification of

intact enveloped viruses carrying negative charges on their surface.

1.4.4.3. Hydrophobic interaction chromatography

Hydrophobic interaction chromatography (HIC) separates molecules or particles
based on the differences in their hydrophobicity. The working principle of HIC is
parallel to that of salt precipitation. However, at high salt concentration, if the
aqueous media's salt concentration is below the precipitation point of the protein, the
particles bind to the column instead of precipitating. This occurs through binding the
hydrophobic chemical groups on the resin to the protein's hydrophobic patches.
Elution of the bound proteins from the HIC column occurs upon decreasing the salt
concentration either through a gradient or a step elution [113,114].

This type of chromatographic separation is controlled by the solvation of hydrophobic
patches of proteins in polar solvents. At higher salt concentrations and ionic
strengths, the molecules are repelled from the water shield and directed to interact
with the resin's hydrophobic groups. The unique separation principle of HIC remark
this method of separation as an orthogonal approach to other types of
chromatography. HIC has been used for the purification of viruses, including the foot
and mouth disease virus [115], modified vaccinia Ankara virus [116], influenza A and
B virus [117], mumps virus, and measles virus [118] with virus recoveries of 89 %,
55 %, 92 %, and 60 %, respectively (Table 4). However, the high salt concentration
used during the process, mainly in the binding step, can have detrimental effects on
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the stability of enveloped viruses that are sensitive to salt concentration. Therefore,
assessing virus stability in the high salt concentration used for HIC before the
chromatography purification could determine if this method could be applied to the

process.

1.4.4.4. Mixed-mode chromatography

Mixed-mode chromatography (MMC) or multi-modal chromatography is a separation
approach where the interaction between the stationary phase and the molecules or
particles to be separated occurs through more than one form of interaction principle,
including ionic, hydrophilic, and hydrophobic interactions. For example, IEX and
SEC or IEX and reverse phase chromatography (RP) can be combined. A few
commercially available MMC resins are Capto™core 700 and Capto™ MMC from
Cytiva, ceramic hydroxyapatite/CHT, ceramic fluoroapatite/CFT, Nuvia cPrime from
BioRad, and PPA Hypercel™ and MEP hypercel™ from Pall industries. For instance,
Capto™core 700 resin with nominal pore sizes of 700 kDa contains a functionalized
core from the ligands that are both positively charged and hydrophobic while non-
functionalized on the outer shell. The charged core allows retaining smaller
contaminants such as small cellular proteins or DNA fragments, while larger particles
such as viruses or VLPs are collected in the flow-through [119], therefore, combining
the size-exclusion and binding properties for separation.

Hydroxyapatite, used as an MMC resin, is believed to interact with molecules either
by metal affinity through the calcium ions, electrostatic interactions through
negatively charged phosphate groups, and less likely due to the hydrogen bonding
with hydroxyl groups or a combination of these bindings [120,121]. Ceramic
hydroxyapatite (CHT), formed by the hardening of the HA crystals at high
temperature to a ceramic, has been used to separate enveloped viruses, including
the Dengue virus, with a recovery of 53 % [122]. Moreover, CHT resins have also
been employed to purify oncoretroviruses with variable results, from yields between
18% to 31% [59] to a yield of 46% [123].
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1.4.4.5. Affinity chromatography

Affinity chromatography (AC) is based on specific interactions between the
immobilized ligand and the biomolecule of interest. This method's selectivity results
in samples with fewer contaminants, higher purity, and concentration, reducing the
number of steps required for purification [124].

The most commonly used approaches in this type of chromatography are immune
interaction (IAC), metal ions (IMAC), lectin, heparin, mucin, and avidin affinity
chromatography [124]. Moreover, purification of recombinant proteins tagged with
certain peptide sequences can be done using affinity chromatography. For instance,
human influenza hemagglutinin (HA) tagged protein, or a biotinylated peptide can be

purified using an antibody or a streptavidin column, respectively.

Affinity chromatography application has been evaluated for different enveloped
viruses, including VSV-G pseudotyped oncoviruses, retroviruses, influenza A and B,
and rhabdoviruses (VSV) (Table 4). Multiple AC techniques have been implicated in
the purification of retroviruses, including heparin affinity [67], streptavidin-biotin
[125-127], and metal affinity [128]. Successful purification of many viruses, including
hepatitis A [129], measles [130], porcine reproductive and respiratory syndrome
[131], and polio viruses [132], has been reported using immune affinity

chromatography.

Heparin, sulfated cellulose, and streptavidin-biotin affinities are amongst the most
commonly used principles. Heparin, as a stable and cost-effective ligand, has gained
attention for purification purposes. Virus and heparin affinity is based on the
interaction of cell surface proteoglycans (heparin sulfate) that is an attachment
molecule for many viruses, including herpes simplex (HSV- 1 and HSV-2) [67,136],
dengue 2, and [137] human immunodeficiency viruses (HIV-1) [67,138]. The elution
of viruses in heparin affinity chromatography occurs at neutral pH and low salt
concentration (ca. 0.35 M NaCl), considered more gentle conditions than those
required for AEX elution.
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Table 4. Overview of different chromatography types used to separate enveloped viruses

with a few examples of their application in virus purification.

RCV

Type Virus Matrix (%) Ref.
Orthomyxovirus Sartobind® Q
(Influenza A and B) 86 [133]
Retrovirus pseudotyped
with VSV-G Mustang Q 65 [86]
Ani Retrovirus (MoMLV) DEAE FF HiTrap™ 53-57  [100]
nion
o exchange Rhabdovirus (VSV) MatrexTM CellufineR 45 [62]
g Retrovirus (MoMLV) Q XL HiTrap™ 51-53  [100]
S Lentivirus pseudotyped . ™
3)
X with VSV-G HiTrap™ Q HP 17.33 [
c Lentivirus pseudotyped
o with VSV-G Fractogel TMAE 45 [40]
Amphotropic Onco- Macro- Prep® ceramic
. . 46 [93]
o retrovirus hydroxyapatite
° . Ceramic
o
e Dengue virus Hydroxyapatite 53 [122]
-g Ceramic
X Oncoretrovirus H . 18-31 [93]
= ydroxyapatite
fo_ot and mouth disease 89 [115]
© virus
§ _s vaccinia Ankara virus 55 [116]
g’ § influenza A and B virus 92 [117]
T O .
:E'E mumps virus and 60 [118]
measles virus
Retrovirus (MoMLV) E ractogel EMD 43 34]
eparin
Heparin  Rhabdovirus (VSV) Heparin Sepharose®  N/A [62]
Orthomyxovirus
> -
£ (Influenza A and B) Sulfated cellulose MA  73-94  [134]
E sel:llllﬁf)esi Retrovirus (MoMLV) Sepharose CL-4B 85 [135]
Oncoretrovirus
pseudotyped with VSV-G Sepharose CL-4B 70 [94]
Lentivirus pseudotyped )
C with VSV-G Sephacryl S-500 80 [86]
2 Orthomyxovirus
3 (Influenza A and B) Sepharose CL 2B 38 [91]
0 . .
ff: \Iﬁ?jsb)dowrus (rabies Sepharose 4FF 35-40 33]
o :
.(l,;; Retrovirus pseudotyped Sepharose CL-4B 70 [94]

with VSV-G

Chr: Chromatography, Ref: References, RCV: recovery.
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The mild elution conditions used for heparin affinity chromatography can potentially
minimize the infectivity loss during the chromatography step and highlight the
interest of its application for the separation of VSVs in our project. However, the use
of metal affinity for bioprocessing of vaccines introduces the risk of metal leakage
from matrixes and the adverse effects of histidine tags required for the process [43].
Moreover, to induce affinity towards specific metal ions or even non-metal resins,
certain modifications such as the addition of molecules with a high affinity toward
these resins must be done, limiting the application of affinity chromatography,
especially if these modifications are not possible.

1.4.4.6. Size exclusion chromatography

Size exclusion chromatography (SEC) or gel permeation is a non-adsorptive method
that separates particles based on their size differences [60]. The beads used in SEC
are porous and can have high porosities of up to 95 %, and their bead can vary
between 4 to 700 ym. The beads must be selected properly based on their nominal
pore sizes since the use of beads with pore sizes close to the particles can capture
them instead [139]. As a result, upon injection of the feed into the column, the larger
particles cannot diffuse into the pores of the medium and hence appear later in the

column effluent [43].

SEC has been reported to be used as a final polishing step for the large-scale
purification of retroviruses, VSV-G pseudotyped lentiviruses, influenza A and B
viruses with recoveries between 70 and 85 %, as presented in Table 4 [35,86].
Conditions used in this type of chromatography are gentler than for other
chromatography approaches since the viruses are not bound to the matrix, so no
elution is needed [140]. SEC is a non-adsorptive method and is not based on the
binding of the viruses to a matrix which remarks it as a gentle method for purification
viruses. However, SEC might not be appropriate for large-scale applications as it
often requires operation at low flow rates, resulting in a long process time which
negatively affects virus stability. Other limitations of the SEC could be its limited
loading capacity (< 10 % column volume) which demands very large SEC columns
if used at a large-scale [60,141] and it's requirement for significant dilution of the
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product. Therefore, considering the challenges associated with the scalability of
SEC, this chromatographic approach is only convenient for the final polishing step
rather than the primary purification steps.

1.5. Conclusion

Downstream processing of viral vaccines produced through mammalian cell culture
is necessary for concentration and purification purposes. This consists of multiple
steps that need to be designed by selecting the approaches that result in the highest
purity while keeping the viruses' functionality, thus also allowing high recoveries.
Additionally, the scalability of the methods used for purification and their cost is
critical for industrial applications. Therefore, to find a suitable protocol for both the
laboratory and the industrial scales, the best candidates need to be tested for their
functionality in terms of overall yield and removal of contaminants by considering
each method's pros and cons.

Based on the reports on the VSV-EBOV vaccine's stability [24], incubation at 40 °C
significantly affects VSV-based viral vaccines' infectivity. This result denotes the
importance of harvest time, which, if too long, can have a negative effect on viral titer
and end in loss of viral infectivity if delayed since the production of these viruses in
mammalian cell culture occurs at 37 °C. Moreover, the known susceptibility of VSV
to acidic environment dictates the use of neutral pH during the whole DSP to avoid
affecting the virus surface glycoproteins and loss of infectivity [142]. As mentioned
earlier, although techniques such as ultracentrifugation can give highly concentrated
and pure virus stocks, their scalability is considered a limiting factor for their use on
a large-scale. Moreover, the concentration of viruses by pelleting can also result in
viral aggregation and co-pelleting of these viruses with those contaminants that
share similar density with viruses. Therefore, ultracentrifugation can be a good
strategy for small-scale purification of VSVs, but it needs to be replaced with other
alternative technologies at the industrial scale. Removal of contaminating nucleic
acids that are released into the supernatant from different sources should also be
carried out at a proper step (preferably in the early stages) since their presence can
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result in clogging of membranes used during the process and lower the virus yield in

addition to their interference with viral transduction.

To find the best chromatography resins for the separation of rVSV used in our
project, we tend to assess the best candidates' functionality in terms of yield and
contaminant removal. Anion exchangers, both membrane and resin, are amongst
the most commonly used approach for purifying enveloped viruses, could be the best
candidate for the purification of rVSVs, but also, it would be interesting to test other
types of approaches, such as mix-mode chromatography. With these data, we
expect to develop optimized purification schemes for rVSV based HIV vaccine
candidates at both laboratory- and large-scales that could easily be adapted to GMP

compliant manufacturing.
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Chapter 2: Materials and methods

The summary of methods used to obtain the results of each chapter will be described
in every corresponding chapter. However, this chapter consists of the detailed
protocols that were used for rVSV production, purification, and quality control

assays.

Important note:
All the live VSV containing samples must be handled by an authorized individual
in a biological safety cabinet at a Biosafety Level 2 (BSL-2) laboratory.

2.1. Benzonase® treatment

Objective:

The following procedure describes the Benzonase® treatment for eliminating

contaminant nucleic acids in the rVSV containing cell culture supernatant.
Materials:

Benzonase® endonuclease (> 90% pure)
MgCl2 solution

EDTA solution

37 °C water bath

Procedure:

1. Add the required amount of MgCl to the harvested cell culture supernatant
to maintain the 2 mM concentration.

2. Add 10 unit of Benzonase® to the supernatant and shake the bottle/tube
gently to distribute the enzyme uniformly.

3. Incubate the mixture in a water bath maintained at 37 °C for 2 h.

4. Add 1 mM EDTA to stop the endonuclease activity of the enzyme.
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2.2. Microfiltration

Objective:

The following procedure describes the clarification of the rVSV containing cell culture
supernatant using Miniprofile™ filter (Pall corporation, Canada), 1.2 ym, and
Sartopure PP3 filters. This protocol applies to the microfiltration of rVSVs containing
supernatant produced using Vero-sf cells maintained in serum-free VP-SFM medium
that has been partially clarified using low-speed centrifugation at 3500 xg for 20 min.

Materials:

e Peristaltic pump system (Masterflex L/S variable-speed precision 6-600 rpm,
115V)

e Pump Tubing L/S 18 (Masterflex® L/S® Precision)

e Pressure gauge

e Miniprofile™ filter 1.2 um (Pall Corporation, Canada)

e PBS
e VP-SFM culture media
e 1M NaOH

e Autoclaved water

e pH indicator stripes

Procedure:

1. Centrifuge the cell culture supernatant at 3500 xg for 20 min to eliminate the
cells and cellular debris. Collect the supernatant and transfer it to another
sterile tube.

2. Store the partially clarified supernatant at 4 °C if the microfiltration is
performed on the same day, otherwise aliquot the material and store it at -80
°C until further use.

3. Assemble the filtration system, including the pump, the tubings, and the
pressure gauge inside a biological safety cabinet.

4. Sanitize the tubings by passing 1 M NaOH solution through the tubings for 5

to 10 min followed by leaving the tubings in NaOH solution for at least 2 h.
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Empty the tubes by pumping air and follow with autoclaved water until the pH
reaches 7 measured by pH stripes.

Attach the Miniprofile™ filter to the tubings, pass approximately 50-100 mL of
water, and set the flow rate at 75 mL/min to maintain the flux at 500 Liter/m2/h
(filter surface area = 90 cm?).

Condition the filter by passing 25 mL PBS and 25 mL of VP-SFM media before
the sample.

8. Filter the sample while maintaining the back pressure below 1.5 psi.

9. The filtrate can be stored at 4 °C during the next purification steps or stored

at -80 °C for later use.

2.3. Ultrafiltration

Objective:

The following procedure describes the concentration of rVSV containing clarified,

and Benzonase® treated supernatant by tangential flow ultrafiltration using
Spectrum® Midikros 750 kDa hollow fiber TFF system.

Materials:

Midikros 750 kDa hollow fiber TFF system (Spectrum Laboratories, USA)
PBS

Autoclaved water

pH indicator stripes

Peristaltic pump system (Masterflex L/S variable-speed precision 6-600 rpm,
115V)

Pump Tubing L/S 16 (Masterflex® L/S® Precision)

Pressure gauge

VP-SFM culture media

Autoclaved 0.5 M NaOH

Scissor clamp
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Procedure:

1. Assemble the system, including the pump, the tubings, and the pressure
gauge inside a biological safety cabinet.

2. Sanitize the tubings by passing 0.5 M NaOH solution through the tubings for
5 to 10 min followed by leaving the tubings in NaOH solution for at least 2 h
or overnight.

3. Rinse the tubings with water to bring the pH back to neutral as measured by
pH stripes. Measure the capacity of the tubings by passing water through
them and measuring the quantity of water passed using a 50 mL tube.

4. Attach the Midikros cartridge to the tubings following Fig. 7.

Fig 7. Tangential flow ultrafiltration setup, including the peristaltic pump, feed, pressure
gauge, and the TFF cartridge.

5. Pass approximately 100 mL of 0.5 M NaOH through the system.

*The membrane should always be kept wet and avoid the introduction of air
bubbles into the cartridge.
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6. Allow 300 to 400 mL of water to flow through the membrane to wash the
membrane's glycerin contents while maintaining the back pressure below 1
psi.

7. Change the reservoir to 0.5 M NaOH and allow the system to be filled with it.
The pH at the permeate will be between 13 and 14 (13.69).

8. Sanitize the cartridge by leaving it with 0.5 M NaOH for at least 1 h.

9. Rinse the system with water and set the flow rate at 53 mL/min, a flux rate of
25 LMH to maintain a shear rate of 2000 s-1 throughout the process, and
transmembrane pressure (TMP) of 0.1 bar. Lower the flow rate at the

permeate by pinching the tubing.
*Continue the rinsing until the pH comes back to 7.

10. Condition the membrane by passing 100 mL PBS and 100 mL of VP-SFM
media before the sample.

11.Initiate the concentration process of the sample by placing the sample as the
feed. Maintain the TMP at 1 psi throughout the experiment.

12.Depending on the concentration needed and considering the volume
occupied by the tubings, lower the flow rate by 1/4™" and close the permeate.

13. Allow the sample to recirculate in the cartridge.

14.Lower the flow rate by 1/3™ of the initial flow rate and empty the system by
pumping air into the system and collecting the sample.

15.1f the TFUF unit is reusable, rinse the system with 500 mL of water
immediately by allowing the retentate to empty to a waste bottle. The
permeate should be closed at this step.

16.Reconnect the retentate tubing into the system, open the permeate end, and
pass about 100 mL of PBS through the whole system, followed by 0.5 M
NaOH.

17.Leave the system in 0.5 M NaOH for 1 h, then disconnect it from the tubings
and store it at room temperature.

18. Aliquot the concentrated sample and store it at -80 °C for later use.
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2.4, Density gradient ultracentrifugation

Objective:

The following procedure describes the concentration of rVSVs by pelleting using a

cushion of sucrose and their purification using a discontinuous gradient of iodixanol.

Materials:

lodixanol

Sucrose

10 mM Tris, pH 7.4

10 mL syringe with needle

Pipette controller

36 mL polyethylene terephthalate (PET) tube
Sorvall legend XFR ultracentrifuge
SureSpin™ 630 (36 mL) swinging bucket rotor
Biological safety cabinet

Paraffin film

0.2 um filter

Analytical balance

Pelleting rVSV using sucrose cushion:

Procedure:

1.

Prepare 20% (w/v) sucrose solution in 10 mM Tris, pH 7.4, and filter using a
0.2 um filter.
Place the rotor inside the ultracentrifuge and start the cooling process (4 °C)

1 hour before the process.

3. Keep the virus-containing sample at 4 °C until use.

4. Pipette 30 mL of sample into the ultracentrifugation tube. If the amount of

sample is lower than 30 mL, the difference can be compensated by 10 mM
Tris, pH 7.4.
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Pipette 5 mL of 20 % sucrose solution and pass the pipette through the
sample, touching the bottom of the tube with a slanted position, slowly
releasing the sucrose solution without disturbing the top later.

Place the tube inside the tube holder and balance all the tubes using 10 mM
Tris, pH 7.4 as measured by an analytical balance before loading them into

the ultracentrifuge.

7. Run the samples at 156,359 g for 3 hours at 4 °C.
8. Remove the supernatant carefully and gently add the desired amount of 10

9.

mM Tris, pH 7.4 to the pellet through the tube walls.

Store the tube at 4 °C overnight to loosen the pellet.

10.Resuspend the pellet in the buffer by pipetting and store at -80 °C for future

use.

Purification of rVSV using density gradient ultracentrifugation:

Procedure:

1.

Prepare 40, 37, 31, 27, 23, 19, and 14 % of iodixanol in 10 mM Tris, pH 7.4,
and store at 4 °C a few hours before the experiment.
Place the rotor inside the ultracentrifuge and start the cooling process (4 °C)

1 hour before the process.

3. Keep the virus-containing sample at 4 °C until use.

4. Pipette 13 mL of the sample into the 36 mL ultracentrifuge tube.

5. Pipette the iodixanol layer from the lowest concentration (14 %) to the highest

concentration (40 %) by passing the pipette through the latest layer, touching
the bottom of the tube in a slanted position, and slowly releasing the solution

without disturbing the top layers.

*Use 5 mL of 40 % solution and 3 mL of the rest of the solutions.

6. Place the tube inside the tube holder and balance all the tubes using 10 mM

Tris, pH 7.4 as measured by an analytical balance before loading them into

the ultracentrifuge.

7. Run the samples at 156,359 g for 3 hours at 4 °C.
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8. Collect the virus-containing band by pricking a hole using a syringe on the

side of the tube and pulling approximately 5 mL.
9. Store the purified rVSVs at -80 °C for further analysis.

2.4. Anion exchange chromatography using HiTrap™ IEX columns

Objective:

The following procedure describes the purification of r'VSVs concentrated by TFF
using HiTrap™ DEAE FF and HiTrap™ XL, weak and strong anion exchanger
columns, included in the HiTrap® IEX selection kit.

Materials:

o AKTA start chromatography system (GE Healthcare, Canada)
e UNICORN start 1.0 software

e Buffer A (A): 20 mM Tris, 4% sucrose, pH 7.4

o Buffer B (B): 2 M NaCl, 20 mM Tris, 4% sucrose, pH 7.4

e Storage buffer: 20 % ethanol

e 1.5mL, 15 mL/50 mL centrifuge tubes

e VSV containing eluate from Sartobind® Q membrane

e HiTrap® IEX selection kit (Cytiva, Canada)

e Concentrated rVSV containing supernatant

Procedure:

1. Run a rinse cycle through the A, B, sample injection, and fractionation lines
using Milli Q H20 followed by 1 M NaOH with a pause of 30 minutes.

2. Connect the column to the system. For the first usage of the column,
equilibrate the column with 20 CV of Milli Q H20 to wash off the storage buffer
at 1 mL/min.

3. Equilibrate the column with 10 CV of A until the Uv baseline and the
conductivity is stable.
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9.

Equilibrate the column with 20 CV of 100 % B (1 M) followed by 10 CV of 3%
A at 2 mL/min.

Mix the rVSV containing TFF retentate (approximately 15 fold) with A (1:1).
Based on the sample volume, either inject them through the injection loop or
use the sample valve at 1 mL/min. Collect the flow-through for further analysis
of the column binding capacity.

When designing a purification program, set 5 to 2000 mAU for sample
collection.

Start a wash step using 5 % B for HiTrap™ DEAE FF and 10 % B for HiTrap™
XL to remove the unbound materials from the column.

Elute the viruses from the column using 30 CV of 20 % B (400 mM) for
HiTrap™ DEAE FF and 40 % B (800 mM) for HiTrap™ XL at 1 mL/min.
Regenerate the column using 20 CV of 100 % B at 2 mL/min.

10. Equilibrate the column with 20 CV of A at 2 mL/min, followed by 10 CV of

MilliQ H20.

11. Store the column in a storage buffer at room temperature.

2.5. Anion exchange membrane chromatography

Objective:

The following procedure describes the purification of rVSV carrying HIV and Ebola

glycoproteins using Sartobind® Q membrane chromatography.

Materials:

AKTA start chromatography system (GE Healthcare, Canada)
UNICORN start 1.0 software
Buffer A (A): 20 mM Tris, 4% sucrose, pH 7.4
Buffer B (B): 2 M NaCl, 20 mM Tris, 4% sucrose, pH 7.4
Storage buffer: 20 % ethanol in A
1 M NaOH
Sartobind® Q nano 3 mL membrane (Sartorius, Germany)
1.5 mL, 15 mL/50 mL centrifuge tubes
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Clarified and Benzonase® treated rVSV containing supernatant

Procedure:

1.

Run a rinse cycle through the A, B, sample injection, and fractionation lines
using Milli Q H20 followed by 1 M NaOH with a pause of 30 minutes.

For the first usage of the membrane, fill it with a 10 to 20 mL Luer syringe
filled with A, while holding it vertically with the outlet facing upward.

Connect the membrane to the system. Clean the membrane with 10
membrane volumes (MV) of 1 N NaOH at 3 mL/min with a hold time of 30
min.

Wash the membrane with 15 MV of A at 5 mL/min.

Equilibrate the membrane with 10 MV of 50 % B (1 M), 10 MV of A, and 10
MV of VP-SFM media diluted in A (1:1) at 5 mL/min.

Mix the supernatant with A (1:1), and based on the volume of the sample,
either inject it through the injection loop or using the sample valve at 3-5
mL/min, depending on the back pressure. Collect the flow-through for further
analysis of the membrane-binding capacity.

When designing a purification program, set 5 to 2000 mAU for sample
collection.

Start a wash step using 15 MV of 2 % B to remove the unbound materials at
5 mL/min.

Initiate the elution phase using 25-30 MV of 10 % B (100 mM) followed by 10
MV of 50 % B for virus elution at 3 mL/min. Collect the virus-containing

fractions for further processing.

10.Regenerate the membrane with 15 MV of 100 % B (2 M) at 1.5 mL/min. If

needed, 70 % ethanol for 1 h at room temperature.

11.Equilibrate the membrane with 20 MV of A at 5 mL/min.
12.Store the membrane in a storage buffer at room temperature.
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2.6. Polishing purification using mixed-mode chromatography

Objective:

The following procedure describes the polishing of rVSV containing elates of

Sartobind® Q membrane elates using Capto™ Core 700 mixed-mode

chromatography.

Materials:

AKTA start chromatography system (GE Healthcare, Canada)
UNICORN start 1.0 software

Buffer A (A): 20 mM Tris, 4% sucrose, pH 7.4

Buffer B (B): 2 M NaCl, 20 mM Tris, 4% sucrose, pH 7.4
Storage buffer: 20 % ethanol

1 M NaOH in 30 % isopropanol

Capto™ Core 700 (Cytiva, Canada)

1.5 mL, 15 mL/50 mL centrifuge tubes

rVSV containing eluate from Sartobind® Q membrane

Procedure:

1.

Run a rinse cycle through the A, B, sample injection, and fractionation lines
using Milli Q H20 followed by 1 M NaOH with a pause of 30 minutes.
Connect the column to the system. For the first usage of the column,
equilibrate the column with 20 CV of Milli Q H20 to wash off the storage buffer
at 1 mL/min.

Equilibrate the column with 10 CV of A until the UV baseline, and the
conductivity is stable.

4. Re-equilibrate the column with 50 % B (1 M) at 1 mL/min.

5. Inject the samples into the column at 0.7 mL/min and collect the rVSV

containing flow-through.
When designing a purification program, set 2 to 2000 mAU for sample
collection.
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7. Start a wash step using 20 CV of A.

8. Regenerate the column using 1M NaOH, 30 % isopropanol at 0.5-0.7 mL/ min

9.

with a hold time of 30 mn.
Wash the column with 30 CVs of Milli Q H2O.

10. Store the column in a storage buffer at room temperature.

2.7. Ceramic hydroxyapatite mixed-mode chromatography

Objective:

The following procedure describes the purification of rVSVs expressing HIV and

Ebola glycoproteins on their surface using a ceramic hydroxyapatite type Il (CHTII)

5 mL column.

Materials:

AKTA start chromatography system (GE Healthcare, Canada)
UNICORN start 1.0 software

Buffer A (A): 20 mM Tris with 5 mM NaPOg, 4% sucrose, pH 7.5
Buffer B (B): 1 M NaPQg4, 4% sucrose, pH 7.5

Storage buffer: 0.1 N NaOH

1 M NaOH

MilliQ H20

Bio-scale™ mini CHT type |l cartridge (BioRad, Canada)

1.5 mL, 15 mL/50 mL centrifuge tubes

Concentrated rVSV containing supernatant

Procedure:

12.Run a rinse cycle through the A, B, sample injection, and fractionation lines

using Milli Q H20 followed by 1 M NaOH with a pause of 30 minutes.

13.For the first usage of the column, while holding it vertically with the outlet

facing downward, tap the column against the top of the bench for about 10

times.
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14.Connect the column to the system. Fill and equilibrate the column with 5 CV
of 1 N NaOH at 2 mL/min.

15.Equilibrate the column with 10 CV of 100 % B (1 M) followed by 10 CV of A
at 2 mL/min.

16.Mix the rVSV containing TFF retentate (approximately 15 fold) with A (1:1).
Based on the sample volume, either inject them through the injection loop or
use the sample valve at 1 mL/min. Collect the flow-through for further analysis
of the column binding capacity.

17.When designing a purification program, set 5 to 2000 mAU for sample
collection.

18.Start a wash step using 0.5 % B to remove the unbound materials in the
column.

19. Initiate the elution phase using 10 CV of 10 % B (100 mM) followed by 10 CV
of 50% B for virus elution at 2 mL/min. Collect the virus-containing fractions
for further processing.

20.Equilibrate the column with 20 CV of A at 2 mL/min, followed by 10 CV of
MilliQ H20.

21.Store the column in a storage buffer at room temperature.

2.8. Virus titration assay
Objective:

The following procedure describes the TCID50 assay protocol adapted from Gélinas
et al. [143] to determine plaque-forming units (PFU) present in the samples.

Materials:

¢ Round bottom 96 well cell culture plate
¢ Flat bottom 96 well cell culture plate

o HEK293-A cells

e FBS

e PBS

e Glutamine
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e DMEM media
e Multichannel pipettors
o Filter tips

e Sterile Multichannel Disposable Solutions Basin

Procedure:

1. Seed 100 pL/well of HEK293-A cells (maintained in DMEM, 2 mM glutamine,
5 % FBS) in a flat bottom 96 well plate at the density of SE04 cells/mL,
incubate at 37 °C and 5 % CO: in a humidified incubator until the cells reach
80 % confluence.

*Each sample requires a complete 96 well plate for the assay.

. Pre-warm the culture media at 37 °C.

2
3. Add 200 uL of media per well of a round bottom 96 well plate.
4. Add 50 uL of the sample to the first column and mix well.

5

. From this mixture, pipette 50 yL and empty into the next column, mix and

repeat the same process for the following columns of the round bottom plate.

6. Using a multichannel pipette, transfer 20 pL of each row into a row in a row
of the flat bottom plate containing HEK293-A cells.

*It is recommended to titrate the samples of every experiment on the same day.

7. Calculate the virus titer following the Spearman & Karber algorithm [144]
using the excel sheet provided by the University of Heidelberg [145].

2.9. Quantification of total proteins

Objective:

The following procedure describes the determination of total protein contents by
Bradford assay.

Materials:

¢ Flat bottom 96 well plate
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e Synergy HTX multi-mode reader (BioTek, USA)

o Plate shaker

e PBS

e Pipettors

¢ Quick Start Bradford Protein Assay Kit 2 (BioRad)

e bovine serum albumin standard set (set of 7 standards, 0.125-2.0 mg/ml)
(BioRad)

Procedure:

1. Remove the1X dye reagent from the 4 °C and let it sit at room temperature for
30 minutes. Invert the dye prior to use.

2. Prepare 3 different dilutions of sample including non-diluted, 1:2, and 1:5, and
1:10 in PBS 1X and 8 different BSA concentrations of BSA standards following
Table 5.

Table 5. Guide for the preparation of different BSA concentrations for Bradford assay
standard curve.

Eosrﬁ:entration PBS (1X) (L) Source of Standard volume
(bg/mL) standard (uL)

25 790 2 mg/mL 10

20 495 2 mg/mL 5

15 495 1.5 mg/mL 5

10 495 1 mg/mL 5

5 495 0.5 mg/mL 5

25 495 0.25 mg/mL 5

1.25 495 0.125 mg/mL 5

0 500 - 0

3. Pipet 5 ul of each standard and sample in the microplate wells (3x).
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4. Add 250 ul of 1x dye reagent with a multichannel pipette and mix by doing ups

and downs.

5. Incubate the plate at room temperature for 30 minutes. (up to 1 hour)

6. Set the microplate reader to 595 nm and measure the absorbance.

2.10. Quantification of dsDNA

Objective:

The following procedure describes the quantification of dsDNA contents in the

sample using the Quant-iTTM Picogreen™ assay kit.

Materials:

Quant-iTTM Picogreen™ ds DNA assay kit with standards (Life
Technologies)

Flat bottom 96 well plate

Synergy HTX multi-mode reader (BioTek, USA)

Plate shaker

Pipettors

Milli-Q water

Multichannel pipettor

Procedure:

Dilute the TE buffer (20X) supplied in the kit using Milli Q water.

Prepare 1:10, and 1:20 dilutions of each sample in 20mM DNase-free Tris
buffer. It is recommended to prepare the samples in triplicates.

Dilute the standard Lambda DNA solution in TE buffer by 50 fold.

Prepare different concentrations (40, 100, 200, 300, 400, and 500 ng/mL) of
Lambda DNA standard in TE buffer.

Dilute the PicoGreen™ stock solution in TE buffer by 200 fold and cover the
tube with aluminum foil. A total volume of 10 mL of PicoGreen working
solution is needed for a complete 96 well plate.
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¢ In a flat bottom 96 well plate, add 100 pL of samples and dsDNA standards.

e Using a multichannel pipettor, add 100 uL of the Picogreen™ reagent and
mix.

¢ Incubate the mixture in the dark at room temperature for 5 min.

e Read the fluorescence using a microplate reader with an excitation

wavelength of 480 nm and an emission wavelength of 520 nm.
2.11. Quantification of host cell protein (HCP)
Objective:

The following procedure describes the Vero cell HCP quantification assay using the
Vero Cell HCP ELISA kit following the manufacturer’s instructions.

Materials:

e Vero Cell HCP ELISA kit (Cygnus Technologies, USA)
¢ Round bottom 96 well plate
e Synergy HTX multi-mode reader (BioTek, USA)

e Plate shaker

e PBS
e Pipettors
Procedure:

1. Dilute the samples 1:250 in PBS in a round bottom 96 well plate.

2. Add 50 pL of diluted samples and standards (supplied in the kit) into the microtiter
strips coated with goat anti-Vero polyclonal antibodies supplied by the company.

3. To this mixture, add an amount of 100 yL of the HRP conjugated affinity-purified
goat anti-Vero antibody.

4. Incubate for 2 h at 580 rpm, 25 °C.

5. Rinse the wells with the wash buffer 4 X supplied in the kit.

6. Add 100 pL of the tetramethylbenzidine (TMB) solution to the wells and incubate
for 30 min at 25 °C.

7. Stop the reaction by adding 100 mL of stop solution.
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8. Measure the absorbance at 450/650 nm using Synergy HTX multi-mode reader.

2.12. SDS-PAGE and immunoblot
Objective:

The following procedure describes the analysis of protein profile using SDS-PAGE

and visual confirmation of VSV-M/VSV-N proteins using either spot blot or western

blot.

Materials:

Power Supply

NuPAGE™ 4 to 12%, Tris-glycine, 1 mm thickness (Invitrogen™, Canada)
Mini Gel Tank and Blot

10x Tris/Glycine Buffer

Ethanol/methanol

Filter papers

Amersham Protran 0.45 NC nitrocellulose Western blotting membranes
Mini Trans-Blot® Cell

Skimmed milk powder

Tween® 20

PBS 10x

Ince packs

Ultrapure water

Pierce™ ECL western blotting substrate (Thermo Scientific, Canada)
rabbit anti-mouse, HRP (Abcam, Canada)

VSV-N/VSV-M antibody (Kerafast, USA)

Thermo Scientific™ Pierce™ Color Silver Stain Kit (Thermo Scientific,
Canada)

ImageQuant LAS 4000 imager (Cytiva, Canada)

2-mercaptoethanol (ACROS Organics™, Canada

2x Laemmli buffer (BioRad, Canada)

PageRuler™ Prestained Protein Ladder
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1.

e PageRuler™ unstained Protein Ladder
e Shaker

Procedure:

SDS-PAGE:

Denature the samples 2x Laemmli buffer and 5% 2-mercaptoethanol followed by
5 min of heating at 95 °C.

Take the comb and the tapes out of the Novex™ 4-12% Tris-Glycine Mini Gel,
place it in the Mini Trans-Blot® Cell, and fill the unit with 1x Tris/Glycine Buffer
up to the marking on the unit.

Load 15 pL of each sample and 5 uL of PageRuler™ unstained Protein Ladder
into the Tris-Glycine Gel and run at 120 volts until the front dye reaches the end

of the gel.

Silver staining:

1.

Take the gel out by breaking the holding cassettes and fixing it using 50% Ethanol
+ 5% Acetic Acid for 4 hours with frequent buffer changes or overnight.

2. Wash gel (4x) for 40 min with ultrapure water.

3.

Prepare the working solutions following the instructions provided in Table 6.

Table 6. Preparation of silver staining working solutions

Stock Preparation

Silver WS 20 mL of silver WS + 280 mL water

Reducer aldehyde WS 20 mL of reducer aldehyde WS +130 mL water
Reducer base WS 20 mL of reducer base WS +130 mL water
Stabilizer base WS 20 mL of stabilizer base WS +880 mL water

4. Incubate the gel in the silver staining WS for 30 min with shaking.

5. Rinse the gel with water for 20 sec.

6. Mix an equal amount of reducer base WS and reducer aldehyde solutions and

incubate the gel with the mixture for 5 min.
Rinse the gel with water for5 sec.
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8.

Incubate the gel in the stabilizer solution for 40 min.

Western blot:

1.

Prepare the transfer buffer (1x Tris-glycine buffer, 20 % ethanol) and cool it a few
hours before the experiment.

Run the sample in a Novex™ 4-12% Tris-Glycine following the abovementioned
protocol but replace the ladder with PageRuler™ prestained protein ladder.
Prepare the precut membrane, the filter papers, and the sponges by soaking
them in the transfer buffer.

Remove the gel from the electrophoresis cassettes and prepare the western blot
sandwich following Fig. 8. Make sure to avoid the introduction of air bubbles in

the sandwich.

. Place the sandwich in the transfer cassette and then into the transfer unit filled

with transfer buffer and holding an ice pack.

2. Run the transfer at 300 mAu for 1 h at 4 °C.
3. Take the membrane out and block it using PBS+0.1 % Tween+5% milk

(PBST+milk) at room temperature for 1 h with shaking.
Wash the membrane with PBST (3x, each for 5 min).

++++++++++++

Gel

Fig 8. Western blot sandwich.

5. Dilute the primary antibody (anti-VSV-M/N) in PBST+milk (1:1000) and incubate

the membrane in the antibody for 2 h with shaking.

50



6. Wash the membrane with PBST (3x, each for 5 min).

7. Dilute the secondary antibody (rabbit anti-mouse) in PBST (1:10000) and
incubate the membrane in it for 1 h.

8. Wash the membrane with PBST (3x, each for 5 min).

9. Mix equal amounts of reagent 1 and 2 from the Pierce™ ECL western blotting
substrate kit.

10.Remove excess buffer from the membrane and add Pierce™ ECL western
blotting substrate, incubate for 1 min.

11.Expose the membrane to X-ray film using ImageQuant LAS 4000 imager.

Dot blot:

Place 2 pL of the denatured sample on a pre-cut nitrocellulose membrane
Allow the membrane to air dry for 30 min.
Block the membrane with PBST+milk for 1 h.

Follow steps 5 to 12 from western blot analysis.

0N~
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Résumé

Dans ce travail, différentes méthodes de purification d'un candidat vaccin contre le
virus de l'immunodéficience humaine (VIH) basé sur le virus recombinant de la
stomatite vésiculeuse (rVSV) ont été testées, aussi bien aux échelles laboratoire
que pilote. La premiére étape de la purification, la clarification des rVSV produits en
culture cellulaire dans des milieux sans sérum, a été initiée par la centrifugation a
basse vitesse ainsi que la microfiltration en utilisant différents médias de filtration et
tailles de pores, ces derniers allant de 0,45 ym a 20 pym. Pour réduire le volume de
surnageant et le temps de traitement, I'échantillon clarifié a ensuite été concentré et
partiellement purifié par ultrafiltration (UF) soit en utilisant une filtration directe ou a
flux tangentiel (TFUF), selon I'échelle du processus. L'étape de purification finale a
éte réalisée, a I'échelle du laboratoire, par ultracentrifugation en gradient de densité
(DGUC), qui a ensuite servi de référence pour comparer des méthodes
chromatographiques. Les préparations de virus ont été analysées en utilisant la
diffusion dynamique de la lumiére (DLS) pour vérifier la taille du virus et la
microscopie a transmission électronique (MET) pour examiner le degré de
contamination par des exosomes et la morphologie du virus. Le DGUC a permis la
récupération d'au moins 81 % de particules infectieuses et a réduit le contenu des
vésicules extracellulaires contaminantes par rapport a une approche
d'ultracentrifugation sur coussin (UC) standard. A plus grande échelle, plusieurs
échangeurs d'anions forts et faibles ont été testés et comparés. Les meilleures
colonnes ont permis des récupérations de virus infectieux pouvant atteindre 77 % et
I'élimination de 92 % des protéines de la cellule héte. La concentration de I'ADN
résiduel de I'hGte dans les préparations de rVSV purifié était conforme aux
restrictions de I'OMS.
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Abstract

In this work, different laboratory- and large-scale methods were tested for purification
of a Human Immunodeficiency Virus (HIV) vaccine candidate, based on recombinant
vesicular stomatitis virus (rVSV). The first step of purification, the clarification of the
rVSVs produced in serum-free cell culture medium, were initiated by low-speed
centrifugation and microfiltration using different filtration media and pore sizes, the
latter ranging from 0.45 pm to 20 ym. To reduce the supernatant volume and process
time, the clarified sample was concentrated and partially purified by ultrafiltration
(UF) either using tangential flow (TFUF) or dead-end units, depending on the
process scale. The final purification step at laboratory-scale, was carried out by
density gradient ultracentrifugation (DGUC), which was thereafter used as a
reference to compare with chromatographic purification. The virus preparations were
analyzed using dynamic light scattering (DLS) to verify virus size and transmission
electron microscopy (TEM) for exosome contamination and virus morphology.
DGUC allowed the recovery of = 81% infectious particles and reduced the
contaminant extracellular vesicle content relatively compared to standard
ultracentrifugation pelleting using a sucrose cushion (UC). At the larger scale,
multiple strong and weak anion exchangers were tested and compared. The best
columns allowed infectious virus recoveries as high as 77 % and eliminated 92 % of
the host cell proteins. The concentration of the host residual DNA in the purified
rVSV preparations complied with WHO requirements.

Keywords: HIV vaccine, recombinant vesicular stomatitis virus (rVSV), viral

vaccine, vaccine purification, chromatography, anion exchange

54



3.1. Introduction

Vesicular stomatitis virus (VSV), a member of the Rhabdoviridae family, is a natural
livestock pathogen. In affected animals, the VSV infection results in loss of milk
production followed by the appearance of vesicular lesions in the oral cavity, hoofs,
and teats [146—148]. However, VSV infection in humans is very rare and have only
been observed in individuals either in contact with the virus in laboratories or infected
animals in rural areas. Despite the VSV pathogenicity in animals, its occurrence in
humans is usually controlled by Type | interferon (IFN) response resulting in no or
mild flu-like symptoms in worst cases [149,150].

VSV is a bullet-shaped, enveloped virus. A typical VSV particle measures 65 X 180
nm [146,151]. The viral genome is 11,161 nucleotides long, consisting of a single
negative-stranded RNA. The VSV genome encodes five structural viral proteins,
namely, the nucleocapsid (N), the matrix (M), the large RNA polymerase (L), the
phosphoprotein (P), and the VSV glycoprotein (G) [152—-154].

The substitution of VSV-G envelop protein with antigens of different human
pathogens makes VSV a suitable platform for preventing and treating diseases. In
addition, the biology of VSV offers several characteristics that make it an ideal vector
for human vaccines. Amongst them, low prevalence of pre-existing immunity in
humans, fast in vitro propagation and high titer yields in many mammalian cells, low
probability of viral RNA integration into the host DNA, the ability to elicit humoral and
cellular immunity in vivo can be regarded [154—-156]. As a result, the rVSV vaccine
platform has been applied against several viruses including, Ebola, Marburg, Lassa,
Crimean-Congo hemorrhagic fever (CCHFV), Nipah, MERS- and SARS-
coronaviruses, Zika, Influenza, and Human immune deficiency virus (HIV) [157]. To
date, the rVSV backbone has been employed in phase | clinical trials of three HIV
vaccine candidates (ClinicalTrials.gov, NCT01438606, NCT01578889, and
NCT01859325).

With 1.5 million newly infected individuals with HIV in 2020 and a total of 36.3 million
deaths worldwide (UNAIDS) [1], HIV is still considered as a critical global health
threat as no effective vaccine has been developed against it to this day. The rVSV
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based HIV candidate vaccine used in this work is constructed based on the FDA-
approved, rVSV based Ebola virus vaccine backbone (rVSV-ZEBOV) that expresses
both Ebola (EBOV-gp) and HIV glycoproteins (HIV-gp) on its surface. The presence
of EBOV-gp in the present rVSV based HIV vaccine improves the cell tropism and
enables the virus production in CD4- and CCR5- cell lines. The rVSV-ZEBOV
vaccine, marketed under the name Ervebo, has established efficacy of 97.5% during
the devastating 2018 outbreak [158].

This work describes the potential purification schemes for laboratory- and pilot-scale
purification of candidate HIV vaccine based on the rVSV-ZEBOV platform. The
rVSVs used here were produced in Vero cells adapted to serum-free media following
recently published work [159]. Two different purification schemes were proposed
based on the volume of the sample to be processed. A series of microfiltration filters
of different filtration media and pore sizes were tested for removal of the cellular
debris and recovery of infectious particles. The impact of nuclease treatment on
overall recovery of viruses in a small-scale purification scheme was assessed by
introducing the treatment and different steps of the purification scheme. For
concentration of supernatant prior to purification step, at small-scale, pelleting by
ultracentrifugation and at large-scale, tangential flow ultrafiltration were studied.
Purification of cell culture-derived supernatant at laboratory-scale (volume up to 200
mL) was performed by ultracentrifugation using a discontinuous gradient of iodixanol
solution. For larger scale (Volume higher than 200 mL) purification, four resin-based
anion exchange chromatography columns were tested for their ability to remove
contaminants and recover infective particles. The quality of the final rVSV
preparations from both methods was then compared in terms of their total protein
content, host residual DNA contents, presence of microvesicles, and the recovery of
infectious particles.

3.2. Material and methods

3.2.1. Chemicals and cell lines
All chemicals were of analytical grade, if not otherwise stated: sodium chloride
(NaCl) (ACROS Organics, Canada), Tris buffer powder (Invitrogen, Canada),
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Tween-20 (Fisher Bioreagents, Canada), sodium hydroxide (NaOH) (Millipore
Sigma, Canada), 1 M MgCl> (ThermoFisher Scientific, Canada), sucrose (Bioshop,
Canada).

VP-SFM medium (ThermoFisher Scientific, Canada), 200 mM L-glutamine (Wisent
Bio Products, Canada), Dulbecco’'s Modified Eagle's Medium (DMEM, Corning,
Canada), 1X TrypLE™ Select enzyme (Thermo Fisher Scientific, Canada), Fetal
Bovine Serum (FBS, Wisent, St-Bruno, QC, Canada), Benzonase® (Millipore Sigma,
Canada), Serum-free adherent Vero cell line (CCL-81.5) was a generous gift from
Dr. A. Kamen laboratory (McGill, Montreal), and HEK 293A cells were obtained from
Dr. R. Gilbert laboratory (NRC-Montréal).

3.2.2. Cell culture, virus production, and harvest

Vero cells used for virus production were maintained in serum-free VP-SFM medium,
supplemented with 4mM L-glutamine, without antibiotics at 37 °C and 5 % CO2z in a
humidified incubator, and passaged twice weekly. Cells were detached using 1X
TrypLE™ Select enzyme, centrifuged at 400 g, 5 min, resuspended in fresh medium,
and seeded at 1.5 x 10° cells/mL in 100 mm cell culture dish holding 12 mL of

medium.

HEK 293A cells used for virus titration were maintained in Dulbecco’s Modified
Eagle's Media supplemented with 2 mM L-glutamine and 5 % FBS, without
antibiotics at 5 % CO. and 37 °C in a humidified incubator. The cells were passaged
twice a week using the 1X TrypLE™ Select enzyme. They were pelleted at 400 g, 5
min, resuspended in fresh medium, and seeded at 1.5 x 10° cells/mL in a 100 mm

cell culture dish holding 12 mL of medium.

Recombinant VSVs were produced following the protocol described previously [159].
Briefly, to produce 1 L of virus-containing supernatant, the cells were seeded in 175
cm? culture plates (35 plates) at the initial density of 3 x 10° cells per plate in 25 ml
of medium, incubated at 37 °C, and 5 % CO2. When 80 % confluent, the cells were
infected with the rVSV stock at a multiplicity of infection (MOI) of 0.001, and
incubated at 34 °C, 5 % COzfor 72 h.
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The cell culture supernatant was harvested 72 hours post-infection (hpi) and low-
speed centrifuged 20 min at 3500 g, 4 °C to remove the cellular debris. As a second
clarification step, a series of microfiltration filters with varying filtration media and
pore sizes were tested independently. These include Miniprofile™ filter (Pall
corporation, Canada), rapid-Flow™ filter (Nalgene, Canada), bottle-Top vacuum
filter (Corning, Canada), Stericup® filter unit (Millipore, Canada), Supracap™ depth
filter capsule (Pall Laboratory, Canada), Sartopure PP3 filter (Sartorius, Canada),
Whatman GD/X Syringe Filter (Cytiva, Canada). The filtration was ran at =500
Liter/m?/h (LMH) except for the vacuum-driven filters. The filter that resulted in the

highest virus recovery was selected for the next step of the purification scheme.

3.2.3. Nucleic acid removal

The filtrate of the clarification step was treated with Benzonase® (Millipore Sigma,
Canada) at a concentration of 10 units per mL for 2 h at 37 °C in the presence of 2
mM MgCl2 with a few seconds of gentle shaking every 30 min. In order to find the
best step to incorporate the Benzonase® treatment, it was introduced between
different steps of the purification process, and the step that resulted in higher
recovery of infectious particles was selected for further experiments. The different
moments where it was tested were 1) right after harvest, 2) between low-speed
centrifugation and microfiltration, 3) between microfiltration and ultrafiltration, and
lastly, 4) after ultrafiltration. The purification protocol used to test Benzonase® in
addition consisted of low-speed centrifugation for 20 min at 3500 g, 4 °C,
microfiltration using a GD/X 25 mm Whatman filter, and ultrafiltration with a

Centricon® Plus-70. A total volume of 25-30 mL supernatant was used.
3.2.4. Concentration

The concentration method was selected based on the scale of the experiment where
ultracentrifugation was employed for laboratory-scale experiments, and ultrafiltration
was chosen for a large-scale purification scheme. Both approaches' effectiveness
was compared side by side in terms of protein removal, DNA elimination, and

infective virus recovery.
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3.2.4.1. Ultrafiltration

The virus suspension was concentrated by ultrafiltration, either using centrifugation
with 100 kDa Centricon® Plus-70 (Millipore, Canada) or tangential flow (TFF) using
Midikros® 750kDa hollow fiber TFUF system (Spectrum Laboratories, Rancho
Domingez, CA, USA) or 500 kDa Xampler™ hollow fiber cartridges (GE Healthcare,
Canada) and diafiltrated against the equilibration buffer used in chromatography.
The flow rate in TFUF units was selected so that a shear rate of 2000 s was
maintained throughout the experiment. The resulting virus retentate, identified as
‘virus material’ hereafter, was stored at - 80 °C before chromatography experiments.

3.2.4.2. Pelleting by ultracentrifugation

The supernatant was concentrated by ultracentrifugation using a 20% sucrose,
prepared in 10 mM Tris, pH 7.4. A total volume of 5 mL of 20% sucrose solution was
placed in a 36 mL polyethylene terephthalate (PET) tube (Thermo Scientific,
Canada), and the rest of the tube was filled by layering 30 mL of clarified, and
endonuclease treated supernatant. The tube was centrifuged at 156,359 g for 3
hours at 4 °C in a Sorvall legend XFR ultracentrifuge (Fisher Scientific, Canada)
using SureSpin™ 630 swinging bucket rotor (Thermo Fisher Scientific, Canada),
after which a virus pellet was formed at the bottom of the tube. The supernatant was
carefully removed, and 1-2 mL of 10 mM Tris buffer, pH 7.4, was added to the pellet
and stored overnight at 4 °C. The loosened pellet was then resuspended by pipetting
and either used for further purification using density gradient centrifugation or stored
at -80 °C for future use.

3.2.5. Purification

The purification of concentrated and partially purified virus preparations was
performed using density gradient ultracentrifugation for laboratory-scale purification
scheme or anion exchange chromatography for large-scale protocol. The
approaches were then compared for their ability to recover infective particles,

remove contaminant DNA, and reduce protein contents.
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3.2.5.1. Density gradient centrifugation

The virus concentrated by pelleting was further purified using a discontinuous
iodixanol gradient (OptiPrep™ density gradient medium, Millipore Sigma, Canada),
prepared in 10 mM Tris buffer, 150 mM NaCl, pH 7.4. The gradient consisted of 18
x 2 mL layers of iodixanol with concentrations varying from 50 % (at the bottom of
the tube) to 16 % (at the top), in 2 % increments. A total volume of 1 mL of the
concentrated rVSVs was layered on the top of the gradient. The tubes were
centrifuged for 5 hours at 156,359 g, at 4 °C. The fractions (1 mL) were collected by
pricking a hole in the bottom of the tube. The fractions were stored at -80 °C for
further analysis.

Once the proper concentration of iodixanol for separation of rVSVs was found, in the
36 mL ultracentrifuge tubes, the concentrated samples from sucrose cushion were
loaded on a discontinuous gradient consisting of, from bottom to top, 45, 37, 31, 27,
23, 19, and 14 % of iodixanol, 5 ml for 40 % and 3 mL for all the other concentrations,
on top of which was layered up to 17 mL of concentrated rVSVs. The samples were
centrifuged at 156,359 g for 3.5 h. The virus band (4 to 5 mL) was then pricked using
a syringe from the side of the tube. The collected virus-containing fraction was stored
at -80°C.

3.2.5.2. Chromatography system and buffers

The chromatographic experiments were performed using an AKTA Start
chromatography system (Cytiva, Canada) operating with UNICORN start 1.0
software that monitored the conductivity and UV absorbance at 280 nm. The
fractions were collected in 1 mL aliquots, and the flow rate was maintained at 1
mL/min. Equilibration buffer (buffer A) consisted of 20 mM Tris, 4% sucrose, pH 7.4,
and elution buffer (buffer B) was made up of 2 M NaCl, 20 mM Tris, 4% sucrose, pH
7.4.

3.2.5.3. Anion exchange chromatography
For the virus capture step, four prepacked weak and strong anion-exchange
chromatography columns (HiTrap™ IEX selection kit, Cytiva, Canada) were tested.

The 1 ml column was equilibrated with 10 column volumes (CV) of 50 % and 10 CV
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of 5 % B. The sample was equilibrated with buffer A (1:1) and injected into the
column at 1 mL/min. The column was washed first with 5 CV of 0.5 % B followed by
5 CV of 5 % B. Elution was achieved by a step gradient of buffer B with successively
5 CV of each 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50% and 100% for strong
anion exchangers and 15%, 20%, 25%, 30%, 35%, 40%, 45% and 50% B for weak
anion exchanger resins to find the proper salt concentration required for virus elution.
The virus-containing fractions were collected based on the peak of 280 nm UV
absorbance monitored online and later confirmed by immunoblot analysis of
fractions using the VSV-N/VSV-M antibody (Kerafast, USA). The column was
regenerated with 2M NacCl, equilibrated with buffer A and stored in 20% ethanol at 4
°C.

3.2.6. Determination of dynamic binding capacity

A volume of 40 mL and 50 mL of the pre-conditioned sample (1:1, sample: buffer A)
were fed to the equilibrated HiTrap™ XL and HiTrap™ DEAE columns, respectively.
The flow-through was collected in 5 mL fractions. The presence of VSV-N protein in

these fractions was verified using immunoblot staining.

3.2.7. Particle size distribution
The size distribution of particles was examined using a Zetasizer Nano ZS, Malvern.
Prior, the samples were diluted at 1:2 or 1:4 using 20 mM Tris, 4% sucrose.

3.2.8. Infectious virus titer

Quantification of infectious particles was measured following the method reported in
Gélinas et al., using the TCID50 assay [160] with HEK 293A cells. Briefly, 100
uL/well of HEK293 A cells were seeded in 96 well plates at 5SE04 cells/mL density.
Once the cells were 80% confluent, a serial dilution of virus samples was performed
in another 96 well plate (round/U bottom). For this purpose, the plate was first filled
with DMEM medium (200 pL/well), then, 50 pL/well of the sample were added to the
first column of the plate and mixed with the medium. From this mixture, 50 yL was
pipetted and emptied in the next column, mixed, and the process was repeated for
all the following columns of the plate. A total volume of 20 pL of each row, using a
multichannel pipette, was transferred to the HEK293A containing plate. Samples of
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every experiment were titrated the same day, having undergone the same number
of freeze-thaw cycles (N = 8). The virus titer, expressed in FFU/mL (FFU: Focus-
forming units), was calculated following the Spearman & Karber algorithm using the
excel sheet provided by the University of Heidelberg.

3.2.9. Total protein quantification

The total protein concentration was determined using the Bradford method with the
BioRad protein assay kit Il (BioRad, Canada). The assay was performed following
the manual’s instructions in a 96 well plate. Briefly, a standard curve was generated
using the BSA standards supplied in the kit. A volume of 150 L of each sample was
added to the plate (N=3). To the sample, 150 uL of the dye reagent was added. The
mixture was incubated for 30 min at room temperature. The absorbance was

measured at 595 nm.

3.2.10. Host cell protein (HCP) detection

HCP quantification in the samples was carried out using the Vero Cell HCP ELISA
kit (Cygnus Technologies, Southport, NC, USA), following the manufacturer's
instructions. To the microtiter strips coated with goat anti-Vero polyclonal antibodies,
supplied by the company, 50 pL of diluted samples (1:250) was added. An amount
of 100 pL of the HRP conjugated affinity-purified goat anti-Vero antibody was added
to the existing mixture in the wells. The mixture was incubated 2 h at 580 rpm, 25
°C. The wells were rinsed with wash buffer 4 X. The tetramethylbenzidine (TMB)
solution (100 yL) was added to the wells and incubated 30 min, 25 °C. To stop the
reaction, 100 mL of stop solution was added and the absorbance was measured at
450/650 nm using Synergy HTX multi-mode reader (BioTek, Winooski, VT, USA).
The Vero cell lysates were used as the positive control.

3.2.11. DNA content quantification

The residual double-stranded DNA was quantified using Quant-iT™ Picogreen™ ds
DNA assay kit (Life Technologies, Canada) following the manual’s instructions.
Briefly, the samples were diluted at 1:2, 1:10, and 1:20 in 20mM DNase-free Tris
buffer (N=3). A volume of 100 pL of the Quant-iT™ Picogreen™ reagent was added

to the samples. The mixture was incubated for 5 min. The fluorescence was
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measured at 520 nm. The calibration curve was obtained using Lambda DNA

(supplemented in the kit) in concentrations ranging from 1 to 1000 ng/mL.

3.2.12. Electrophoresis and immunoblot
The samples were denatured using 2x Laemmli buffer (BioRad, Canada) and 5% 2-
mercaptoethanol (ACROS Organics™, Canada), followed by heating, 95 °C, 5 min.

The protein profile of the sample was assessed by SDS-PAGE. For this purpose, 15
pL/lane of each sample was loaded into a Novex™ 4-12% Tris-Glycine Mini Gel
(Invitrogen™, Canada) and ran at 120 volts in 1x Tris/Glycine/SDS buffer for
approximately 1 h. PageRuler™ unstained protein ladder (Thermofisher Scientific,
Canada) was used as the molecular weight marker. The gel was stained using
Thermo Scientific™ Pierce™ Color Silver Stain Kit (Thermo Scientific, Canada)
following the manufacturer’s instructions and imaged with ImageQuant LAS 4000

imager (Cytiva, Canada).

Western blot analysis was performed following the same protocol as the SDS-PAGE.
The protein bands were transferred to Amersham™ Protran® Western blotting
membranes (Cytiva, Canada) using a wet blotting system (BioRad, Canada) at 300
mA for 1 h at 4 °C. The membrane was blocked using 5 % milk, PBS, 0.1 % Tween
(PBST) for 1 h at room temperature. The membrane was incubated with the VSV-
M/VSV-N (Kerafast, USA) antibody diluted with the Dblocking buffer (1:1000)
overnight at 4 °C. The next day, the membrane was washed 3 times for 5 min with
PBST on a shaker. The horse radish peroxidase (HRP) bound rabbit anti-mouse
(Abcam) in PBST (1:10000) was added to the membrane and incubated for 1 h at
room temperature. The membrane was washed 3 times for 5 min with blocking buffer
with shaking. The membrane was semi-dried and covered with 2 mL of Pierce™
ECL western blotting substrate (Thermo Scientific, Canada) and incubated for 1 min

and revealed using ImageQuant™ LAS 4000 unit.

Spot blot analysis was performed using 2 pL of the sample placed on a nitrocellulose
membrane. The membrane was air-dried for 30 min, blocked with PBST containing
5% milk for 1 h, hybridized with VSV-N/VSV-M antibody, incubated 1 h with rabbit

anti-mouse HRP bound antibody in the blocking buffer, and incubated with Pierce™
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ECL western blotting substrate for 1 min. Gels were observed using an
ImageQuant™ LAS 4000 imager.

3.2.13. Electron microscopy

The virus-containing suspension was fixed with 4% paraformaldehyde for 1 h at
room temperature. They were adsorbed on 400 mesh nickel grids coated with
formvar and carbon for 20 minutes. The grids were blotted with bibulous paper and
stained with 2% PTA (phosphotungstic acid) for 30 seconds, blotted, and let dry for
at least 2 hours. They were then observed with a Tecnai Spirit G2 (FEI, Netherlands)
at 80 kV. 10-20 images were taken per sample. Before TEM pretreatment and

analysis, the samples were desalted using Amicon 15 (Millipore, Canada).

3.3. Results and discussion

In this work, we aimed to test, compare and select different methods to purify rVSVs
produced in a serum-free culture medium. The overall final process can be applied
either at the laboratory- or large-scale, or both. A screening step was performed
before every stage of purification to select the best possible candidates. Methods
that resulted in the highest recovery of infectious particles were selected for
purification in the final overall process. An overview of the proposed purification
schemes is represented in Fig. 9.

The overall purification protocol for both laboratory- and larger-scale begins with a
Benzonase® treatment immediately after harvest to eliminate the residual host DNA,
low-speed centrifugation for clarification of the virus-containing supernatant, and the
removal of large contaminants such as cellular debris. The scheme then splits into
two streams at the microfiltration step depending on the volume of preparations
where a maximum of 200 mL and 2000 mL were tested at the lab- and large-scale,
respectively. As presented in Fig. 9, the laboratory-scale purification of rVSVs was
carried out using density gradient ultracentrifugation (DGUC).

For larger volumes, the concentration step was performed using tangential flow
ultrafiltration (TFUF) to reduce the working volume and further remove the
contaminant DNA and proteins with molecular sizes smaller than the membrane

MWCO. Moreover, the introduction of TFUF before chromatographic purification can
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reduce the competition of contaminant proteins or DNA with rVSVs in column binding
and improve the column's dynamic binding capacity (DBC). At this step, the viruses
are retained in the TFUF cartridge (retentate), whereas the smaller molecules pass
through the pores and are collected in the permeate. The final large-scale purification
step is performed using anion exchange chromatography to purify the rVSVs from

their contaminants based on their surface charge.
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Fig 9. The overall scheme of the proposed purification processes at the laboratory- and
large-scale. Recovery: ratio of recovered infectious particles from the previous step
measured by TCID50 assay. DNA: Reduction ratio of host residual DNA from the previous
step measured using Quant-itTM PicogreenTM assay. Protein: Removal ratio of total protein
content from the previous step using Bradford assay, SN: cell culture supernatant, LSC:
Low-Speed centrifugation, MF: Microfiltration, UCP: Ultracentrifugation pelleting using a
20% sucrose cushion, UF: Ultrafiltration. TFUF: Tangential flow ultrafiltration, UCG:
Ultracentrifugation using an iodixanol gradient, UF: Ultrafiltration, AEX: anion-exchange
chromatography.
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3.3.1. Elimination of host cell DNA

To determine the proper step for Benzonase® treatment, the supernatant was treated
with the final concentration of 10 U/mL of 99% pure Benzonase® enzyme, 2 mM
MgCl2 at 37 °C for 2 h at four different purification stages including 1) right after
harvest, 2) low-speed centrifugation, 3) microfiltration, and 4) ultrafiltration. Even
though the addition of Benzonase® after the concentration step would reduce the
quantity required for its use, and therefore the cost of the process, its addition in the
early stages of purification could positively impact the recovery of rVSVs. As shown
in Table 7, treatment of supernatant with Benzonase® right after harvest (Table 7.
Last column) provided a higher step recovery compared to when it was not used
(Table 7. First column) or even when used at later steps (Table 7. middle column).
Results from the early introduction of Benzonase® treatment can be observed more
specifically on the effectiveness of membrane-based technologies (MF and UF,
Table 7).

Table 7. Introduction of Benzonase® treatment at different stages of purification step and
its effect on rVSV recovery.

Global recovery (%) Step recovery (%)
Step of
purification Without With Benzonase® With Benzonase®
Benzonase® after each step after harvest
After harvest 100 107.3+6 107.3+6
After LSP 82+6 89+53 100
After MF 36.4+49 524 +4 65.7 £ 4.2
After UF 24.7 £ 5.1 - 894 +57

LSP: low-speed centrifugation, MF: microfiltration.

Moreover, digestion of dsDNA fragments in initial steps has also been found to help
DNA elimination during the purification process [161], as shown in the virus recovery
overview (Table 7). The presence of nucleic acids before the concentration step has
been reported to increase the sample's viscosity and result in membrane fouling and
obstruction [162]. Therefore, the nucleic acid digestion step was placed immediately

after the virus harvest in the final overall process. As shown in Fig. 9, the host DNA
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content was reduced by 79 % from 226 ng/mL to 48 ng/mL after 2 h of Benzonase®
treatment. In some instances, virus recovery values obtained were higher than 100
% after the Benzonase® treatment. This can be explained by the release of DNA and
virus aggregates after DNA digestion.

3.3.2. Clarification by centrifugation and microfiltration

Adherent Vero cells maintained in serum-free media (VP-SFM) were used for the
production of rVSVs. The cells were infected with a virus seed stock at a MOI of
0.001 and incubated at 34 °C and 5% CO.. The rVSV containing cell culture
supernatant was harvested 72 hpi. It was then clarified with low-speed centrifugation
at 3500 g for 20 min at 4 °C. The centrifugation supernatant was collected and further
clarified through microfiltration. In order to find the best filter for clarification, a series
of filters with pore sizes varying from 0.45 ym to 30 um and different filter medium
including cellulose acetate (CA), surfactant-free cellulose acetate (SFCA),
regenerated cellulose (RC), polyvinylidene fluoride (PVDF), polyethersulfone (PES),
and polypropylene (PP) were tested for their efficiency in recovering rVSVs. Table 8
shows the recovery of infectious particles after clarification using the filters

mentioned above.

The volume of the supernatant passed through the filters was maintained at less
than 10 mL/cm? for membranes with a pore size of 0.45 ym and at 40 mL/cm? for all
other membranes. Among the tested candidates, PES and PP filters were the most
efficient ones, with recoveries of up to 86.3 + 7.4 % using Mini Profile® I filters. The
PVDF-based bottle-top filter showed low virus recoveries of 24 + 6.6 % that could
partially be due to its pore size. Although the VSV dimension has been reported as
120 x 70 nm [163], we had previously observed a substantial loss of rVSVs when
using membranes with pore sizes < 0.45 pm. In addition, cellulose-based
membranes including RC, CA, and SFCA did not show high virus recoveries. This
observation is on par with the report of Kang et al. [62] on titer recoveries lower than
20% when using cellulose-based membrane for clarification of VSV regardless of

the membrane pore size.
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Table 8. Different filter types were used to clarify (microfiltration) of the Benzonase® treated and centrifuged culture supernatant.

Filtrati Pore Volume Surface

Filter name on Type of filter size processed o RCV x£SD (%)
. area (cm?)
Media (um) (mL)
™ iAo ™
Naigene ™ Rapid-Flow SFCA  Bottle-top 045 =200 74.66 38.3+7.1*
: ®
Coming™ Bottle-Top CA  Bottle-top 045  ~150 13.6 26 + 8.5
Vacuum Filter
Millipore Stericup® filter unit PVDF  Bottle-top 0.45 =450 40 24 +6.6
Mini Profile® Il PP depth filter capsule 1 400-1200 46 6817
Mini Profile® Il PP depth filter capsule 1.5 1000-2000 46 86.3+7.4
GD/X 25 mm Whatman filter PES Syringe filter 0.45 40 4.6 65.7 5.7
, , 200 17.3+3.5

SartoScale 25 PES Capsule/ syringe filter 1.2 50 4.5 8416
SartoScale size S PES Capsule filter 1.2 800-1200 17.3 58.7 £ 10.7
Supracap™ 50 RC depth filter capsule 6to30 =500 22 18*
Supracap™ 50 RC depth filter capsule 1t03 =150 22 <5*

RCV: recovery, SD: Standard deviation, SFCA: Surfactant-free cellulose acetate, CA: Cellulose acetate, PVDF: Polyvinylidene
fluoride, PP: Polypropylene, PES: Polyethersulfone, RC: Regenerated cellulose. *The unit was only tested once. **The unit was
only tested twice.
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The massive loss of viruses when using RC-based filters despite their large pore
size (30 to 6 ym) indicates that the loss of viruses was not due to the membrane
fouling. Since Miniprofile™ polypropylene depth filter with pore size 1.5 um was able
to provide the highest quantity of infectious particles, it was used at 200 LMH for the
filtration step throughout all purifications for volumes higher than 200 mL.

The Miniprofile™ filter (1.5 um) resulted in removing 64 % of the host proteins and
8.9 % of the residual DNA (Table 12). Additionally, GD/X 25 mm Whatman and
SartoScale 25 filters with the recovery of 65.7 + 5.7 % and 84 + 6 % were used
(Table 8). However, the weaker performance of the SartoScale 25 filter in terms of
virus recovery (17.3 = 3.5) was only observed when used for processing higher than
50 mL of sample. Overall, SartoScale 25, when employed for filtration of 50 mL of
supernatant, eliminated 58 % of the host cell proteins and 16.3 % of the contaminant
DNA (Table 12).

3.3.3. Concentration

3.3.3.1. Ultracentrifugation

At laboratory-scale, ultracentrifugation was used to concentrate the supernatant
before the final purification step. A volume of 32 mL of the clarified supernatant was
loaded on the top of a 5 mL, 20% sucrose solution in 10 mM Tris, pH 7.4, and
centrifuged at 156,359 g for 3 hours at 4 °C. The supernatant was carefully discarded
at this step, and 2 to 3 mL of 10 mM Tris, pH 7.4 was added to the pellet. The tube
was stored at 4 °C overnight to allow the pellet to loosen from the tube. The pellet
was resuspended the next day, used immediately for purification or aliquoted and
stored at -80 °C until further use. The virus pelleting using sucrose cushion resulted
in 16 X concentrations of rVSVs while recovering 96% of the infective particles. This
approach helped reduce the DNA contents by 20 % by bringing the contents to 192
ng/mL and eliminating 88 % of the host cell proteins from the virus preparations
(Table 12).

3.3.3.2. Ultrafiltration
Ultrafiltration can advantageously replace ultracentrifugation at a large-scale as it is

less costly and, in the right conditions, does not generate mechanical stress that
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could disrupt the viral particle. It can be used both before and after chromatography
for volume reduction and polishing purposes. At laboratory-scale purification,
ultrafiltration can be employed to purify and concentrate the supernatant before
ultracentrifugation partially. However, at larger volumes, ultrafiltration before
chromatography purification can reduce the concentration of contaminant proteins
and, therefore, increase the resin's dynamic binding capacity. Use of TFUF has been
successfully employed for the purification of viruses, including retroviruses [164],

influenza A virus [90], and lentiviruses [165] resulting in < 90 % virus recoveries.

Table 9. Ultrafiltration units tested.

Unit name Filtration Type Pore Volume Surface Conc RCV of

media of size (mL) area  factor infectious
unit (kDa) (cm?) (x)  units (%)
Amicon® Ultracel CFU 100 14 7.6 =10 49+14.3
Ultra 15 RC
- 73+9.2
Centricon® RC CFU 100 60 19 ~15 89.415.7
Plus-70
MidGee PS HFC 100 200 26 ~55- 37+4.2
ultrafiltration 6
Xampler PS HFC 500 300 230 ~6 59+7
ultrafiltration to500
Microkros® mPES HFC 750 200 13 ~6 22.316.4
TFUF =~ 65.1+4.3
module =3-4 S
Midikros® mPES HFC 750 500 to 235 20 94.6+1.5
TFUF 2500
module

Conc: Concentration, HFC: Hollow fiber cartridge, CFU: Centrifugal filter unit, RCV:
recovery.

The rVSV-containing clarified supernatant was concentrated through TFUF or dead-
end UF using hollow fiber cartridges or centrifugal ultrafiltration units. Two
centrifugal-based UF units with regenerated cellulose (RC) membranes with MWCO
of 100 kDa were tested for laboratory-scale concentration and partial purification
(Table 9). Centricon® Plus-70 and Amicon® Ultra 15 units showed 89.4 + 5.7 % and
49 + 11.1 % virus recoveries, respectively. The Amicon® Ultra 15 unit, when
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employed for buffer exchange (not for concentration), resulted in higher virus
recoveries of 73 + 9.2 %, compared to when it was used for concentration that
resulted in the recovery of 49 + 14.3 % of infectious particles (Table 9). The
centrifugal-based UF units can only be used for laboratory-scale experiments since
they can uphold 15 to 60 mL of supernatant. It is noteworthy that despite being
effective in infectious unit recovery, these UF systems did not help in the successful
removal of DNA fragments (data not shown) as the retentate still had high levels of
residual DNA.

To concentrate larger sample volumes, four different hollow fiber TFUF products
were used to process 200 to 2500 mL of clarified supernatant. Higher sample
volumes were processed using Midikros® or Xampler ultrafiltration modules (Table
9) with a similar surface area of 230 to 235 cm? and MWCO of 750 and 500 kDa,
respectively. The flow rate was selected so that a maximum shear rate of 2000 s™
would be maintained throughout the process. The Midikros® and Xampler TFUF
modules resulted in the recovery of 94.6 + 1.5 % and 59.0 + 7.0 % of infectious
particles measured by TCID50 assay. The use of the Midikros® unit resulted in the
elimination of 95 % of host proteins and 92.1 % of the residual DNA contents (Table
12) concerning the previous purification step. Considering these observations and
given the scalability of Midikros® hollow fiber cartridge, it was decided to use it for

the concentration step in all subsequent purification experiments.

As presented in Table 9, MidGee and Microkros® modules were tested for final
diafiltration and buffer exchange of sample volumes smaller than 200 mL. These
two units with MWCO of 100 and 750 kDa and low protein binding membrane
materials resulted in the recovery of 37 £+ 4.2 % and 22.3 + 6.4 % rVSVs (Table 9).
The effect of the concentration factor on recovery was tested with the Microkros®
TFUF unit. It was found that a lower concentration factor (3 to 4 X) had a positive
effect on the recovery (recovery = 65.1 + 4.3%) compared to a concentration factor
of 6X (recovery = 22.3 + 6.4%).
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In addition, the processing time for both the large-scale and small-scale methods
was relatively similar (= 5 h). When performing TFUF, the processing time includes
preparation of solutions (rinse buffer, water, and sanitization solution), sanitization
of the unit, the equilibration of the membrane for the experiment (= 2 h), the
experiment run, unit clean up, and final sanitization before storage. The virus
concentration process by UC also consists of preparing the sucrose solution,
sanitization of the tubes, loading of the samples, UC run (= 3 h), collection of pellet,
and resuspension of the pellet the next day.

3.4. Purification

3.4.1. Ultracentrifugation

Ultracentrifugation over a discontinuous iodixanol gradient was chosen to purify the
clarified rVSV-containing supernatant at a laboratory-scale. In order to determine the
right concentration of iodixanol to use for purification, a discontinuous gradient of
iodixanol consisting of 2 mL layers ranging from 50 % to 16% iodixanol, in 2 %
decrements (Table 10) was prepared in 10 mM Tris at a pH of 7.2. A total volume of
1 mL of concentrated virus from UCP (as described in section 3.3.3.1) was added
on top of the gradient and centrifuged for 5 h at 156,359 g, 4 °C. The resulting band
after UCG was collected by pricking the ultracentrifugation tube and collecting 1 mL

fractions for further analysis using the spot blot method.

Fig. 10 panel A shows that the virus bands appeared in the gradient between 18 %
and 28% iodixanol. The refractive index of these virus-containing fractions was
measured, 1.3632 to 1.3788, corresponding to fluid densities between 1.100 and
1.153 g/mL, respectively. Densities ranging from 1.16 to 1.22 g/mL have been
reported for wild-type VSV recovery based on cesium chloride or potassium tartrate
gradient separation [68]. The purity of the virus-containing fractions (pulled together)

compared to clarified supernatant is shown in Fig 10. panel B.
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Table 10. lodixanol layer composition in the originally proposed gradient for purification of
rVSV consisting of 18 layers of 2 mL.

Layer Volume Accumulative lodixanol
No (mL) volume (mL) (%)
1 2 2 50
2 2 4 48
3 2 6 46
4 2 8 44
5 2 10 42
6 2 12 40
7 2 14 38
8 2 16 36
9 2 18 34
10 2 20 32
11 2 22 30
12 2 24 28
13 2 26 26
14 2 28 24
15 2 30 22
16 2 32 20
17 2 34 18
18 2 36 16

A simpler iodixanol gradient has been devised for the final overall process, passing
from 18 layers (Table 10) to 6 layers (Table 11), and tested for rVSV purification and
concentration. The virus band collected at the end of this step resulted in 81 %
recovery of infectious particles while removing 81 % of total protein, 80 % of host
cell proteins, and 92 % of DNA contamination concerning the previous purification
step. In comparison to pelleting, using iodixanol gradient for purification of rVSVs
resulted in the elimination of approximately 4 times more DNA and 3.5 times more
contaminant proteins. Another advantage of purification using step gradient over
concentration with sucrose cushion could be regarded as its capacity to remove a

higher number of extracellular vesicles (EVs).
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Fig 10. A) Spot blot analysis of fractions obtained from the purification of purified supernatant
by ultracentrifugation using a discontinuous gradient of iodixanol. The % iodixanol and the
fraction number are shown. B) SDS-PAGE analysis of purified virus-containing fractions
from iodixanol gradient comparing the purity of the purified fractions to the Benzonase®
treated and clarified supernatant. L: Molecular weight marker, SN: Clarified supernatant.

The separation of these extracellular components from rVSVs is challenging due to
morphological similarities [166]. Electron micrographs of viruses prepared using
these two approaches show a distinct difference in the number of EVs and outline
the advantage of purification with a discontinuous gradient of iodixanol (Fig. 11). This
approach (UCG) resulted in highly concentrated VSV preps with titers of 2EQ09
TCID50/mL and higher. The high titer of these purified viruses subsequently requires
further dilution prior to vaccination that will eventually result in less final DNA content
than what is presented in Table 12, making these doses compliant with regulatory

agency regulations (10 ng/dose) [167].

Table 11. Simplified iodixanol gradient composition for UC purification of rVSV.

Layer Volume Accumulative lodixanol
No (mL) volume (mL) (%)

1 5 5 40
2 3 8 33
3 3 11 28
4 3 14 23
5 3 17 18
6 3 20 13
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Fig 11. Electron micrographs of rVSVs purified by ultracentrifugation through either A)
pelleting using a sucrose cushion, B) density iodixanol gradient, showing the number of
extracellular vesicles/exosomes in the purified rVSV preparations. The images are taken at
6800 x magnification. The encircled structures are suspected to be extracellular
vesicles/exosomes.

3.4.2. Chromatography

Different anion exchanger resins were compared using Benzonase® treated,
clarified, concentrated, and pre-equilibrated (20 mM Tris) virus supernatant as the
starting material. These resins were first tested for their recovery of infectious
particles. The candidate with the highest recovery was analyzed for its dynamic
binding capacity (DBC) and its ability to remove contaminants such as cellular
proteins and DNA. In addition, the optimum salt concentration to use for virus particle
elution was identified. In order to find the most suitable column for purification of
rVSVs, four 1 mL anion exchange columns, namely, HiTrap™ DEAE FF, HiTrap™
ANX FF, HiTrap™ Q FF, and HiTrap™ XL, were tested for the highest percentage
of infectious particle recovery.

For this purpose, a total volume of 20 mL feed was passed through the weak anion
exchanger columns (HiTrap DEAE FF and ANX FF) at a flow rate of 1 mL/min. The
elution was carried out using a multiple-step gradient of the composition of the
mobile phases A and B (described in the method section), culminating at 2 M NaCl
in 20 mM Tris (100% Buffer B). The fractions with absorbance higher than 5 mAU
were collected. The peaks obtained from each elution step were collected in 1 mL
fractions and analyzed by spot blot and TCID50 assays to confirm the presence of

the VSV-N protein and infectious particles, respectively (Fig. 12).
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Fig 12. Chromatograms and spot blot analysis of ion-exchange chromatography columns.
A) HiTrap™ DEAE FF, B) HiTrap™ ANX FF, C) HiTrap™ Q FF, D) HiTrap™ XL. Spot blot
analysis of each experiment is presented at the bottom of each chromatogram. The rVSV
was detected using an anti-VSV-N antibody. Determination of the binding capacity of the E)
HiTrap™ DEAE FF and F) HiTrap™ XL for the clarified and concentrated rVSVs. The flow-
through was collected in 5 mL fractions. F: clarified and concentrated load from TFUF
(Feed), 5%-100%: Percentage of 2M NaCl in 20 mM Tris, 4% sucrose as elution buffer
(buffer B).
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The elution of viruses from weak anion exchangers (Fig.12 A and B) started at a
lower salt concentration than strong anion exchanger columns (Fig. 12 C and D).
When using HiTrap™ DEAE FF and HiTrap™ ANX FF for purification, the VSVs
elution from the column started at 10 % and extended to 20 % buffer B, and in
HiTrap™ ANX FF it lasted until 30 % buffer B, corresponding to 200 mM, 400 mM
and 600 mM of NaCl, respectively. The combined virus-containing fractions from
HiTrap™ DEAE FF and HiTrap™ ANX FF columns accounted for 77 % and 18 %
recoveries of infectious particles, respectively (Table 12).

The two strong anion exchanger (HiTrap™ Q FF and XL) columns were loaded with
10 ml of the feed. As shown in Fig 12. C and D, the rVSVs started eluting from the
strong anion exchanger columns at 20% buffer B (400 mM NaCl) and continued up
to 50% buffer B (1M NaCl). The titer recovery from the combined virus-containing
fractions of HiTrap™ Q FF and XL was found to be 32 % and 53 %, respectively,
from the previous purification step (Table 12).

Since the HiTrap™ XL (strong anion) and HiTrap™ DEAE FF (weak anion) columns
resulted in the highest virus recovery, they were further assessed for their rVSV
binding capacity by loading them with 35 mL and 45 mL of feed (TFF retentate),
respectively. The flow-through was collected every 5 mL and analyzed by spot blot
analysis for VSV-N proteins and TCIDS50 test for the count of infectious viruses.

As presented in Fig. 12 E, the VSV-N leaking in the flow-through from the HiTrap™
DEAE FF column started after 15 mL of elution buffer feeding. However, the total
number of infectious particles in the flow-through at that point was less than 1 % of
the virus titer in the feed. The 5 % virus breakthrough for the HiTrap™ DEAE FF
column was detected when 20 mL of elution buffer was fed, equivalent to 150 mL of
supernatant and a total of 1.10E+10 infectious units passed through the column. A
similar trend was observed for the HiTrap™ XL column, where the VSV leakage
started after 30 mL of flow-through, but the number of viruses in the flow-through
was less than 2 % of that in the feed. However, the 5 % VSV breakthrough in
HiTrap™ XL occurred after the passage of 35 mL feed corresponding to 262 mL of
supernatant and 1.93E+10 infectious particles.
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Table 12. . Virus recovery and residual levels of HCP, total protein contents, and DNA for laboratory- and large-scale purification
processes tested in the present work.

Purification step Total protein Residual DNA Host c_eII Recovery of infectious particles
contents protein
Host : Global
Totall Step cell Step HCP Step Titer Exit Conc Step RCV
protein RCV DNA RCV contents RCV (TCID50/mL) volume factor RCV
(Mg/mL) (%) (%) (ng/mL) (%) (mL) (%) (%)
(ng/mL)

Harvest 536 100 226 - 168,305 - 7.99E+07 2400 - - -
BZ treatment - - 48 21.2 169,713 101 9.77E+07 2400 - 122 122
LSP 473 88.2 43 89.6 130,864 77 9.77E+07 2400 - 100 122
MF (1.5 um 421 894 39 911 83906 64  7.99E+07 2410 ; 82 100
Miniprofile™)
MF (SartoScale 25) 436 92.2 36 83.7 76,339 58 8.70E+07 50 - 84 89
TFUF (Midikros®) 86 14 46 7.9 57,519 5 1.10E+09 160 15 91 92
UC (Pelleting) 216 37.7 192 80 61,648 12 1.09E+09 9 16 96 -
UC (6 layer 93 191 34 79 26504 19  201E+09 4 225 81 ;
gradient)
HiTrap™ DEAE FF 23 13.4 6.7 7.3 9,359 8 1.69E+09 5 2 77 -
HiTrap™ ANX FF - - - - - - - - - 1869 -
HiTrap™ Q XL 34 30 31 51.2 6,181 8 2.67E+09 3.8 8 53 -
HiTrap™ Q FF - - - - - - - - 32.8 -

RCV: recovery, Step RCV: recovery from previous step, Conc: concentration, LSP: low-speed centrifugation, BZ: Benzonase®
treatment, MF: microfiltration, TFUF: tangential flow ultrafiltration, UC: ultracentrifugation.
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Fig 13. Purity, identity, and morphology of the purified virus. (A) Silver stained SDS-PAGE
showing the protein profile of each purification step. a) Supernatant, b) Post Benzonase®
treatment, c) Post centrifugation, d) Post microfiltration (miniprofile® Il) , e) Post
microfiltration (SartoScale 25), f) Post TFUF (1:10), g) Post density gradient
ultracentrifugation (1:10), h) Eluate from HiTrap™ DEAE (1:5), i) Eluate from HiTrap™ Q XL
(1:5). B) Measurement of a purified rVSV preparation particle size distribution by DLS.
Visualization of purified rVSVs by transmission electron microscopy at 6800X (C) and
98000X (D).

Despite the higher rVSV binding capacity in HiTrap™ XL, the recovery of infectious
rVSVs was less than that obtained from HiTrap™ DEAE FF. Overall, the HiTrap™
XL allowed a higher volume of feed processing but with a 50 % recovery of infective
viruses, whereas HiTrap™ DEAE FF showed a lower binding capacity for rVSV but
resulted in a higher recovery of infectious rVSVs (77 %). The amount of DNA in the
eluates of HiTrap™ XL column was approximately 4 times higher than that measured
in the eluates of HiTrap™ DEAE FF.
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The main reason for such high DNA contents in the eluates of this strong anion-
exchanger column is the use of high salt concentration for elution of tightly bound
rVSVs at which DNA and other bound contaminants including host cell proteins elute
too. Introduction of a diafiltration or a polishing chromatography step after HiTrap™
XL might help in lowering the high DNA contents in the eluates obtained from this
column. Howerver, the DNA contents in the eluates of HiTrap™ DEAE FF column
were lower than 10 ng which complies with FDA restrictions. However, both columns
showed comparable efficacy in eliminating 92 % of the HCPs from the viruses with
HCP concentrations lower than 10 ppm in the final preparations (Table 12).
However, VSV as an enveloped virus carries several host cell proteins in its host-
derived membrane, as previously reported by Schauwecker et al. [147]. That as such
contributes to the HCP content measured.

The protein profile and the purity of the supernatant at each step of the purification
were assessed through SDS-PAGE analysis followed by silver staining. As
presented in Fig. 13 A., the intensity of the bands corresponding to VSV proteins,
including VSV-M (26 kDa) and VSV-N (47 kDa) versus the background, is
significantly different in purified virus preparations compared to the clarified
supernatant. This indeed shows the strong removal of the HCPs through the
purification process. Dynamic light scattering (DLS) verified the size of the purified
rVSVs, and the presence of aggregates in the samples was verified using dynamic
light scattering (DLS). Average size of 207.6 nm (Fig. 13 B) has been assigned to
the purified rVSVs, which is following previous reports [151][168]. The morphology
and the size of the virions were also observed by electron microscopy, further
confirming the results from DLS analysis. The rVSV particles retained the classic

morphology of wild-type VSV as a bullet-shaped virus (Fig. 13 C and D) [169].

3.5. Conclusion

The PP and PES-based membranes are the most suitable filtration media for
clarifying rVSVs resulting in virus recoveries as high as 86.3 £+ 7.4 %. The
introduction of Benzonase® treatment in the early steps of the purification scheme

resulted in the increased global recovery of infectious particles. Moreover, the
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concentration of rVSV containing supernatant at a larger scale using mPES based
TFUF modules resulted in up to 20 fold concentration, eliminating more than 90 %
of the host residual DNA while retaining more than 90 % of the infective viruses. The
concentration and purification of viruses using density gradient ultracentrifugation
functioned effectively as TFUF on a large-scale by eliminating 92 % of the
contaminant host DNA and proteins. The HiTrap™ Q XL and HiTrap™ DEAE FF
columns revealed comparable results regarding rVSV binding capacity and virus
recovery. While HiTrap™ Q XL exhibited higher dynamic binding capacity, HiTrap™
DEAE FF resulted in higher recovery of infective particles. Due to the use of high
salt concentration, needed for elution of rVSVs from the HiTrap™ Q XL column, the
eluates from this resin, still had high amounts of contaminant DNA, while the DNA
contents of HiTrap™ DEAE FF were lower than 10 ng/mL. Overall, complete
purification trains have been selected for either small- or large-scale purification of
rVSV vaccines, based on the above results and providing recovery of 51% and 48%
infective particles from the large-scale and small-scale schemes, respectively.
These approaches resulted in eliminating more than 90% of contaminant DNA and
HCPs from the virus preparation, bringing the level of these contaminants to the

permitted quantity set by the regulatory authorities.
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Résumé

Dans ce travail, nous proposons [utilisation d'une nouvelle combinaison de
méthodes chromatographiques pour le traitement en aval d'un vaccin candidat
contre le VIH basé sur le virus de la stomatite vésiculeuse recombinant (rVSV)
exprimant les glycoprotéines d'Ebola et du VIH a sa surface. Les rVSV sont produits
dans des cellules Vero adhérentes en milieu de culture sans sérum. Le surnageant
de culture cellulaire contenant le virus a été initialement traité avec de
I'endonucléase pour réduire les teneurs en ADN. Le surnageant de culture cellulaire
a ensuite été clarifié par centrifugation a basse vitesse et microfiltration avec un filtre
1,2 ym de taille de pore. Le surnageant clarifié a par la suite été traité avec une
membrane échangeuse d'anions pour l'adsorption du virus. Cette étape a permis
d'éliminer 91.5 % du contenu en ADN contaminant et 91.5 % des protéines de la
cellule héte (HCP). Cette étape de capture a été suivie d'une étape de polissage par
l'intermédiaire d'une colonne multimodale pour compléter ['élimination des
contaminants ADN et HCP. Le virus contenu dans I'écoulement non-retenu de cette
colonne a alors été purifié par l'enlévement supplémentaire de 77 % de I'ADN
contaminant et de 42 % des HCP. La préparation virale purifiée a finalement été
diafiltrée et dessalée a l'aide d'une unité d'ultrafiltration a flux tangentiel (TFUF),
permettant d'atteindre une teneur finale en ADN inférieure a la limite maximale
définie par les autorités réglementaires pour des préparations vaccinales (10
ng/dose).
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Abstract

In the current work, we propose a combination of chromatographic methods for
downstream processing (DSP) of a candidate HIV vaccine based on recombinant
vesicular stomatitis virus (rVSV) expressing Ebola and HIV glycoproteins on its
surface. The rVSVs are produced in serum-free media using adherent Vero cells. In
this work, the virus-containing cell culture supernatant was initially treated with
endonuclease to reduce the DNA contents. The cell culture supernatant was initially
clarified using low-speed centrifugation and microfiltration through a 1.2 ym pore
size filter. The clarified supernatant was passed through an anion exchange
membrane adsorber for virus capture. This step removed 89 % of contaminant DNA
contents, 91.5 % of host cell proteins (HCP) and 88.3 % of the total proteins. Since
the DNA contents in the elution fractions of AEX were high (>10 ng/dose), the
capture step was followed by a polishing step using a multimodal column to lower
the DNA and HCPs level further. The flow-through from the second chromatography
approach resulted in further elimination of 77 % of contaminant DNA, 42 % of HCPs
and 20 % of total protein contents. The purified virus preparation was finally
diafiltrated and desalted using a tangential flow ultrafiltration (TFUF) unit, ensuring
a DNA content lower than the maximum limit defined by regulatory authorities (10
ng/dose) for vaccine preparations.

Keywords: recombinant vesicular stomatitis virus (rVSV), HIV glycoprotein,
membrane chromatography, chromatographic purification, rVSV-ZEBOV
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4.1. Introduction

The use of membrane adsorbers has become a method of choice for the purification
and clearance of viruses and virus-like particles (VLP) in the pharmaceutical
industries [170]. The advantages of membrane adsorbers for chromatographic
separation of biomolecules over the traditional resin columns include the possibility
of running the process at higher flow rates, the disposable nature of the columns,
lower maintenance cost, the scalability of the approach, higher binding capacity, and
elimination of difficulties associated with the packing step when working with the
resin columns [171,172]. Moreover, these macroporous membranes have shown a
higher dynamic binding capacity for large particles such as viruses [173] and DNA
[174] compared to resin-based columns in practice.

Based on the latest UNAIDS report, there is 37.7 million human immunodeficiency
virus (HIV) infected individuals globally, with 1.5 million new HIV infections in 2020
[175]. Despite the availability of anti-retroviral treatments and promising suppression
of viral load in more than half of the infected people, there were still 680,000 lives
lost due to the acquired immunodeficiency syndrome (AIDS) related diseases in year
2020. It is well-understood that the complete elimination of the occurrence of new
HIV infections is only feasible through an efficient vaccine [176]. Even with the high
number of ongoing research on vaccine development, none of the candidate
vaccines has passed the trials successfully [177]. However, with possible chances
of HIV-positive individuals infected with severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) developing infection [178] calls for an immediate HIV

vaccine development.

Anion exchange (AEX) membranes are commercially available and offered by
multiple companies, including Sartorius laboratory separations, Pall laboratories,
and Millipore. AEX membrane adsorbers have primarily been used to eliminate host
cell proteins and DNA in biopharmaceutical production of antibodies and virus
clearance [179,180]. However, their application has been extended to the
purification of viruses and VLPs, including recombinant baculoviruses [170], human
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and equine influenza A virus [181], minute virus of mice [182], retroviruses [183],
adeno-associated viruses [184], pseudorabies virus [183], lentiviruses [173] and
densonucleosis virus [185]. Grein et al. [186] reported recovery of 90 % infective
recombinant baculoviruses and DNA contents of lower than 10 ng/mL after
purification using the Sartobind® Q membrane. Moreover, an average recovery of 72
% (based on HA assay) was found for influenza A virus when using the Sartobind®
Q column by Kalbfuss et al. [181]. The same adsorber column was used by Wolff et
al. [187] to purify vaccinia Ankara virus and resulted in the recovery of 77 % viruses,
removal of 92 % protein contents, and 16 % residual DNA from the crude

supernatant.

In the current work, we propose a purification scheme for DSP of an HIV vaccine
candidate based on recombinant vesicular stomatitis virus (rVSV). VSV
(Rhabdoviridae family) is a livestock pathogen, and its infection in humans is very
rare and will only cause flu-like symptoms [3,188]. Due to the low occurrence of VSV
infection in humans, it is a suitable platform for gene therapy and vaccine
development. In addition, VSV offers other advantages that are: its ability to grow in
many mammalian cell lines and a very low chance of viral RNA integration into the
host DNA [189]. The rVSV used in this project is constituted based on the Ebola
virus vaccine (FDA-approved and marketed under the name Ervebo) backbone
(rVSV-ZEBOV) that, in the 2018 Ebola epidemic, was shown to have an efficacy of
97.5% [22]. The rVSV used in this study expresses the HIV glycoprotein and the
Ebola (EBOV-gp) glycoprotein on its surface. The addition of Ebola-gp to this VSV

variant was done to enhance the cell tropism of the virus.

We have previously proposed purification schemes for rVSV using strong (HiTrap™
Q XL) and weak anion exchanger (HiTrap™ DEAE FF) columns. These columns
presented the high binding capacity for rVSV, including 1.10E+10 infectious unit
(IU)mL of DEAE FF and 1.93E+10 IU/mL of Q XL resins. However, it should be
noted that the chromatography load used in these experiments had been partially
concentrated and purified using tangential flow ultrafiltration. Due to the scalable
capacity of the membrane adsorbers and elimination of the need for a concentration
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step before chromatography, we sought to test this technology for purification of
rVSV based HIV vaccine candidate. For this purpose, the rVSVs were produced in
serum-free media using serum-free Vero cells with a low multiplicity of infection
(MOQI) to minimize the quantity of virus stock. Previous studies on VSV stability have
shown low resistance of this virus to temperature (significant titer loss at or above
40 °C), low BSA concentration, and an acidic environment compared to alkaline
media [25,190]. Therefore, due to the possible exposure of viruses to high
concentrations of NaCl during the chromatographic experiments, their stability at
high concentrations of NaCl was tested at different temperatures before the

purification process.

The proposed membrane-based purification process begins with a nuclease
treatment followed by clarification using low-speed centrifugation and microfiltration.
The clarified supernatant was purified using the anion exchange membrane
adsorber (Sartobind® Q) for virus capture. The virus elution was followed by polishing
chromatography to further remove the contaminant DNA and proteins using Capto™
Core 700, a multi-modal column. The Capto™ Core 700 resin is composed of an
inactive shell while being porous (700 kDa cut off) and charged in the core. This, in
return, allows the larger molecules such as viruses to pass through the column while
the smaller proteins and DNA are trapped in the charged resin core. The flow-
through from the polishing step was diafiltrated and desalted using a Microkros®
TFUF module before storage at -80 °C.

4.2. Material and methods

4.2.1. Cell lines and chemicals

All chemicals were of analytical grade, if not otherwise stated: sodium chloride
(NaCl) (ACROS Organics, Canada), Tris buffer powder (Invitrogen, Canada),
Tween-20 (Fisher Bioreagents, Canada), sodium hydroxide (NaOH) (Millipore
Sigma, Canada), 1 M MgCl> (ThermoFisher Scientific, Canada), sucrose (Bioshop,

Canada).

VP-SFM medium (ThermoFisher Scientific, Canada), 200 mM L-glutamine (Wisent
Bio Products, Canada), Dulbecco’'s Modified Eagle's Medium (DMEM, Corning,
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Canada), 1X TrypLE™ Select enzyme (Thermo Fisher Scientific, Canada), Fetal
Bovine Serum (FBS, Wisent, St-Bruno, QC, Canada), Benzonase® (Millipore Sigma,
Canada), 1 M MgCl> (ThermoFisher Scientific, Canada), sucrose (Bioshop,
Canada). Serum-free adherent Vero cell line (CCL-81.5) was a generous gift from
Dr. A. Kamen laboratory (McGill, Montreal), and HEK 293A cells were obtained from
Dr. R. Gilbert laboratory (NRC-Montréal).

4.2.2. Cell culture and rVSV production

Vero cells used for virus production were maintained in serum-free VP-SFM medium,
supplemented with 4mM L-glutamine, without antibiotics at 37 °C and 5 % CO2z in a
humidified incubator, and passaged twice weekly. Cells were detached using 1X
TrypLE™ Select enzyme, centrifuged at 400 g, 5 min, resuspended in fresh medium,
and seeded at 1.5 x 10° cells/mL in 100 mm cell culture dish holding 12 mL of

medium.

HEK 293A cells used for virus titration were maintained in Dulbecco’s Modified
Eagle's Media supplemented with 2 mM L-glutamine and 5 % FBS, without
antibiotics at 5 % CO. and 37 °C in a humidified incubator. The cells were passaged
twice a week using the 1X TrypLE™ Select enzyme. They were pelleted at 400 g, 5
min, resuspended in fresh medium, and seeded at 1.5 x 10° cells/mL in a 100 mm

cell culture dish holding 12 mL of medium.

Recombinant VSVs were produced following the protocol described previously [159].
Briefly, to produce 1 L of virus-containing supernatant, the cells were seeded in 175
cm? culture plates (35 plates) at the initial density of 3 x 10° cells per plate in 25 ml
of medium, incubated at 37 °C, and 5 % CO2. When 80 % confluent, the cells were
infected with the rVSV stock at a multiplicity of infection (MOI) of 0.001, and
incubated at 34 °C, 5 % COzfor 72 h.

4.2.3. Nucleic acid removal

The culture supernatant was harvested 72 hours post-infection (hpi), and was
treated with Benzonase® (Millipore, Canada) at a concentration of 10 units per mL
for 2 h, 37 °C in the presence of 2 mM MgCl2 with a few seconds of gentle shaking

every 30 min.
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4.2.4. Clarification of supernatant

The Benzonase® treated supernatant was clarified by centrifugation at 3500 g, 4 °C
for the removal of cellular debris, followed by microfiltration using a 1.2 pm
Miniprofile™ filter (Pall Corporation, Canada). The filtration was performed at 400
Liter/m?/h (LMH).

4.2.5. Virus stability assay

The clarified supernatant (2 x 30 mL) was loaded on 5 mL of 20 % sucrose solution
in 20 mM Tris, 150 mM NaCl and centrifuged at 156,359 g for 3 h, 4 °C in a Sorvall
legend XFR ultracentrifuge (Fisher Scientific, Canada) using SureSpin™ 630 (36
mL) swinging bucket rotor (Thermo Fisher Scientific, Canada). The supernatant was
removed, and the pellet was re-suspended in 6 mL of 10 mM Tris, 4 % sucrose, pH
7.4. The purified viruses were aliquoted in different centrifuge tubes and stored in a
thermocycler for 23 °C or in a refrigerator at 4 °C. The salt concentration in the
samples was adjusted using a stock of NaCl (4 M NaCl, 10 mM Tris, 4 % sucrose,
pH 7.4) and 10 mM Tris, 4 % sucrose, pH 7.4 was added to the control samples. The
virus titer was measured using TCID50 assay after each incubation time. The
TCID50 plates were read 5 days hpi.

4.2.6. Chromatographic purification

The AKTA Start chromatography system (Cytiva, Canada) operating with UNICORN
start 1.0 software was used for the chromatographic experiments, monitoring the
conductivity and UV absorbance at 280 nm. The fractions were collected in 1 mL
aliquots, and the flow rate was maintained at 5 mL/min for anion exchange columns.
Equilibration buffer (Buffer A) for AEX consisted of 20 mM Tris, 4% sucrose, pH 7.4,
and elution buffer (Buffer B) was made up of 2 M NaCl, 20 mM Tris, 4% sucrose, pH
7.4.

4.2.6.1. Virus capture using Sartobind® Q membrane

The Sartobind® Q nano 3 mL membrane (Sartorius, Germany) was used for the virus
capture step. The membrane was prepared following the manual of the
manufacturer. The flow rate was maintained at 5 mL/min unless otherwise described.

The membrane was flushed with 15 CV buffer A to remove the storage buffer (20 %
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ethanol in A) to restore the pH to 7.4, followed by 10 CV of 1 M NaCl solution and
10 CV of A. The membrane was equilibrated with 10 CV of VP-SFM media mixed
with Ain a 1:1 ratio. The clarified supernatant was passed through the, and the flow-
through was collected in 5 mL fractions.

Initially, a purification experiment with a linear gradient elution was performed to find
the efficacy of the Sartobind® Q membrane in the elution of rVSVs and other
contaminants in different peaks. For this purpose, 25 mL of the clarified supernatant
was injected into the membrane. The membrane was washed with 2 % B, and the
elution was performed by a linear gradient of B from 5 to 100 % in 15 mL. The
chromatography feed always consisted of clarified supernatant mixed with Ain a 1:1
ratio except for the purification with a linear gradient of NaCl.

To find the proper salt concentration for the elution of rVSVs from the membrane, 50
mL of the load was injected into the membrane adsorber. The membrane was
washed with 2 % B, and the elution was carried out using a multistep gradient
consisting of 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 % B. Once the optimal
salt concentration for elution was determined, the recovery of rVSVs from the
membrane was measured. Therefore, a volume of 50 mL of the load was passed
through the membrane, the column was washed in two steps, using 2 % and 10 %
B, and the viruses were desorbed from the membrane adsorber using 50 % B (1M

NaCl). The column was regenerated using a 2 M NaCl solution.

4.2.6.2. Polishing using Capto™ Core 700

A 1 mL Capto™ Core 700 (Cytiva, USA) column was used to extend virus
purification, removal of impurities and improve the quality of final product. The
column was washed with 20 CV A and equilibrated with 15 CV 50 % B. All steps,
excluding the sample injection, were performed at 1 mL/min. All of what had been
collected from the elution of the Sartobind® Q column was injected into the column
at 0.7 mL/min, and the flow-through was collected in 2 mL fractions. The column was
then washed with A and regenerated using 1 M NaOH, 30 % isopropanol.
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4.2.7. Diafiltration and buffer exchange

The salt contained in fractions collected out of the polishing column was diluted to
200 mM using buffer A. The sample was diafiltrated (10 X) against 20 mM Tris, 150
mM NaCl, 4 % sucrose, pH 7.4, using Microkros® TFUF module maintaining a shear
rate of 2000 s™' was maintained throughout the experiment.

4.2.8. Determination of dynamic binding capacity

To measure the dynamic binding capacity of the Sartobind® Q membrane for rVSVs,
the virus-containing clarified supernatant was conditioned with 20 mM Tris buffer pH
7.4 with 4 % sucrose and passed through the membrane. The flow-through was
collected in 10 mL fractions. The flow-through fractions were analyzed for the
presence of VSV-N protein using a spot blot test.

4.2.9. Titration of infectious particles

Quantification of infectious particles was measured following the method reported in
Gélinas et al., using the TCID50 assay [160,191] with HEK 293A cells. Briefly, 100
uL/well of HEK293 A cells were seeded in 96 well plates at 5SE04 cells/mL density.
Once the cells were 80% confluent, a serial dilution of virus samples was performed
in another 96 well plate (round/U bottom). For this purpose, the plate was first filled
with DMEM medium (200 uL/well), then, 50 yL/well of the sample were added to the
first column of the plate and mixed with the medium. From this mixture, 50 yL was
pipetted and emptied in the next column, mixed, and the process was repeated for
all the following columns of the plate. A total volume of 20 pL of each row, using a
multichannel pipette, was transferred to the HEK293A containing plate. Samples of
every experiment were titrated the same day, having undergone the same number
of freeze-thaw cycles (N = 8). The virus titer, expressed in FFU/mL (FFU: Focus-
forming units), was calculated following the Spearman & Karber algorithm using the
excel sheet provided by the University of Heidelberg.

4.2.10. Quantification of total protein
The total protein concentration was determined using the Bradford method with the
BioRad protein assay kit Il (BioRad, Canada). The assay was performed following

the manual’s instructions in a 96 well plate. Briefly, a standard curve was generated
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using the BSA standards supplied in the kit. A volume of 150 L of each sample was
added to the plate (N=3). To the sample, 150 uL of the dye reagent was added. The
mixture was incubated for 30 min at room temperature. The absorbance was

measured at 595 nm.

4.2.11. Host cell proteins

HCP quantification in the samples was carried out using the Vero Cell HCP ELISA
kit (Cygnus Technologies, Southport, NC, USA), following the manufacturer's
instructions. A volume of 50 uL of diluted samples (1:250) was added to the microtiter
strips coated with goat anti-Vero polyclonal antibodies, supplied by the company,.
An amount of 100 pL of the HRP conjugated affinity-purified goat anti-Vero antibody
was added to the existing mixture in the wells. The mixture was incubated for 2 h at
580 rpm, 25 °C. The wells were rinsed with wash buffer 4 X. The
tetramethylbenzidine (TMB) solution (100 pL) was added to the wells and incubated
for 30 min, 25 °C. To stop the reaction, 100 mL of stop solution was added, and the
absorbance was measured at 450/650 nm using Synergy HTX multi-mode reader
(BioTek, Winooski, VT, USA). The Vero cell lysates were used as a positive control
(supplied in the Kkit).

4.2.12. Measurement of DNA contents

The residual double-stranded DNA was quantified using Quant-iT™ Picogreen™ ds
DNA assay kit (Life Technologies, Canada) following the manual’s instructions.
Briefly, the samples were diluted at 1:2, 1:10, and 1:20 in 20mM DNase-free Tris
buffer (N=3). A volume of 100 pL of the Quant-iT™ Picogreen™ reagent was added
to the samples. The mixture was incubated for 5 min. The fluorescence was
measured at 520 nm. The calibration curve was obtained using Lambda DNA

(supplemented in the kit) in concentrations ranging from 1 to 1000 ng/mL.

4.2.13. Electrophoresis and immunoblot
The samples were denatured using 2x Laemmli buffer (BioRad, Canada) and 5% 2-
mercaptoethanol (ACROS Organics™, Canada), followed by heating, 95 °C, 5 min.

The protein profile of the sample was assessed by SDS-PAGE. For this purpose, 15
pL/lane of each sample was loaded into a Novex™ 4-12% Tris-Glycine Mini Gel
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(Invitrogen™, Canada) and ran at 120 volts in 1x Tris/Glycine/SDS buffer for
approximately 1 h. PageRuler™ unstained protein ladder (Thermofisher Scientific,
Canada) was used as the molecular weight marker. The gel was stained using
Thermo Scientific™ Pierce™ Color Silver Stain Kit (Thermo Scientific, Canada)
following the manufacturer’s instructions and imaged with ImageQuant LAS 4000
imager (Cytiva, Canada).

Western blot analysis was performed following the same protocol as the SDS-PAGE.
The protein bands were transferred to Amersham™ Protran® Western blotting
membranes (Cytiva, Canada) using a wet blotting system (BioRad, Canada) at 300
mA for 1 h at 4 °C. The membrane was blocked using 5 % milk, PBS, 0.1 % Tween
(PBST) for 1 h at room temperature. The membrane was incubated with the VSV-
M/VSV-N (Kerafast, USA) antibody diluted with the blocking buffer (1:1000)
overnight at 4 °C. The next day, the membrane was washed 3 times for 5 min with
PBST on a shaker. The horse radish peroxidase (HRP) bound rabbit anti-mouse
(Abcam) in PBST (1:10000) was added to the membrane and incubated for 1 h at
room temperature. The membrane was washed 3 times for 5 min with blocking buffer
with shaking. The membrane was semi-dried and covered with 2 mL of Pierce™
ECL western blotting substrate (Thermo Scientific, Canada) and incubated for 1 min
and revealed using ImageQuant™ LAS 4000 unit.

Spot blot analysis was performed using 2 uL of the sample placed on a nitrocellulose
membrane. The membrane was air-dried for 30 min, blocked with PBST containing
5% milk for 1 h, hybridized with VSV-N/VSV-M antibody, incubated 1 h with rabbit
anti-mouse HRP bound antibody in the blocking buffer, and incubated with Pierce™
ECL western blotting substrate for 1 min. Gels were observed using an
ImageQuant™ LAS 4000 imager.

4.2.14. Particle size distribution
The size distribution of particles was examined using a Zetasizer Nano ZS, Malvern.
Prior, the samples were diluted at 1:2 or 1:4 using 20 mM Tris, 4% sucrose.
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4.2.15. Negative staining of rVSVs

The virus-containing suspension was fixed with 4% paraformaldehyde for 1 h at
room temperature. They were adsorbed on 400 mesh nickel grids coated with
formvar and carbon for 20 minutes. The grids were blotted with bibulous paper and
stained with 2% PTA (phosphotungstic acid) for 30 seconds, blotted, and let dry for
at least 2 hours. They were then observed with a Tecnai Spirit G2 (FEI, Netherlands)
at 80 kV. 10-20 images were taken per sample. Before TEM pretreatment and
analysis, the samples were desalted using Amicon 15 (Millipore, Canada).

4.3. Results and discussion

4.3.1. Production and clarification of supernatant prior to chromatography

In this work, we propose a two-step chromatographic process to purify rVSVs
expressing HIV and Ebola glycoproteins. The rVSVs used in this work were
produced in serum-free adherent Vero cells that were maintained in VP-SFM serum-
free media. The cells were seeded at the density of 3.5 x 108 cells in 175 cm? T-
flasks in 30 mL of culture media. Once the cells reached 80 % or more confluency,
they were infected with the rVSV stock with the multiplicity of infection (MOI) by 0.001
and incubated at 34 °C until a CPE of higher than 80 % was observed in about 72
hpi. The cell culture supernatant was collected and treated with Benzonase®
immediately after harvest for two hours to eliminate contaminant nucleic acids. This
step had no negative effect on the recovery of infectious particles. However, in a few
experiments it resulted in a minor increase in the total number of infective viruses,
which could be due to the release of virus-DNA aggregates after DNA digestion and
the release of entrapped viruses from the aggregates. This nuclease treatment
resulted in removing 73% of the contaminant DNA as measured by picogreen™
dsDNA assay (Data not shown), giving a final concentration of 380 ng/mL.

The supernatant was then clarified in a two-step, firstly, with low-speed centrifugation
at 3500 g to remove cellular debris, then microfiltration using a 1.2 ym polypropylene
filter. At the end of the clarification step, 78 + 6 % of infective particles were
recovered at 1.95E+08 TCID50/mL. The clarified supernatant was aliquoted and
stored at -80 °C until further.
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4.3.2. Stability of rVSV

The stability of rVSVs in high salt concentrations was tested before chromatography
purifications. As presented in Fig. 14. rVSVs showed acceptable stability at 4 °C (18
% infectivity loss over 30 h) without salt. However, in the presence of 1 M NaCl, at 4
°C, the reduction in the number of infective particles starts from 6 hours of incubation
(hpi) with a loss of 12 % and extends to 41 % at 30 hpi. Storage of rVSVs in no salt
at room temperature caused a 12 % reduction in the number of the infective particles
followed by a more distinctive effect after 14 hpi resulting in the 27 % loss of infective
particles. However, in the presence of 1 M NaCl, at 23 °C, the viruses were stable
for up to 2 hours. Incubation of viruses in 1 M NaCl at 23 °C for more than 6 hours
reduced the number of infective particles by more than 70 %. These results confirm
the stability of rVSV at 10 mM Tris, 150 mM NaCl, pH 7.4, 0 M NaCl up to 30 hours
at 4 °C with the recovery of 82 % infective particles, and 6 hours at 23 °C with 88 %
of infective particles at the end of incubation. However, longer incubations at room
temperature can negatively impact the concentration of infective viruses. The
stability of rVSVs in 1 M NaCl for incubating longer than 6 hours was better at 4 °C.
Given the critical loss of infectivity of rVSVs in 1 M NaCl, both at 4 °C and at room
temperature, the dialysis of chromatography products must be performed rapidly to
lower the concentration of salt in preparations before storage (at 4 °C) or further
purification steps.
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Fig 14. Recovery of infective rVSV particles after incubation with buffer A/no NaCland 1 M
NaCl in buffer A at A) 4 °C and B) 23 °C over 30 hours. The virus titer was measured by
TCID50 assay (N = 3).
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4.3.3. Chromatographic purification

The purification of rVSVs was performed in a two-step chromatographic process
comprising a bind and elute step using an anion exchange membrane (Sartobind®
Q) and a multimodal column (Capto™core 700). At first, to see the column's ability
in the separation of rVSVs from cell culture contaminants, a total volume of 25 mL
clarified supernatant was passed through the column. The column was washed, and
the elution was performed using a linear gradient from 5 % to 100% B (100 mM to 2
M NaCl) (Fig. 15). The elution using a gradient of NaCl did not result in any distinct
separation of rVSVs and HCPs, and they were all eluted in a single peak where the
elution of rVSVs was detected in fractions 7 to 12. Therefore, to better separate the

HCPs from rVSVs, a purification using a step gradient was performed.
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Fig 15. Purification of rVSV using Sartobind® Q column. A) Chromatogram of rVSV
purification using a linear gradient of NaCl from 5 to 100 % corresponding to 100 to 2000
mM of NaCl. B) Spot blot analysis of the elution fractions. Anti VSV-N antibody was used for
immunoblot analysis.

It was also found (data not shown) that mixing the chromatography feed with Buffer
A in 1:1 results in more rVSV binding to the column. Therefore, the clarified
supernatant was conditioned with 20 mM Tris buffer, pH 7.4 in 1:1 ratio. To find the
proper salt concentration for elution of rVSVs from the Sartobind® Q column, 50 mL
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of the conditioned supernatant was passed through the column. The elution was
carried by step gradient using 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 % B (Fig.
16 panel A). The fractions were analyzed using spot blot for detection of VSV-N
protein.
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Fig 16. Determination of A) optimal salt concentration for elution of rVSVs from Sartobind®
Q column using a step gradient from 5 to 100 % B (2 M NaCl), B) dynamic binding capacity
of Sartobind® Q membrane for rVSVs. C) Spot blot analysis of fractions collected during
experiment A using anti-VSV-N antibody.

As shown in Fig. 16 panel C, the dissociation of viruses from the Sartobind® Q
membrane started from 20 % B corresponding to 400 mM NaCl and continued until
60 % B equivalent to 1.2 M NaCl. The results from titration of the virus-containing
fractions from each salt concentration are presented in Table 13. The highest
concentration of infective particles was eluted at 30 % B (600 mM NaCl) followed by
50 % B (1 M NacCl), 40 % B (800 mM NaCl), 20 % B (400 mM NaCl) and 60 % B (1.2
M NaCl). Despite the strong signals in spot blot analysis of 60 % B fractions, the

number of infective particles in these fractions was very low, and hence they were
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excluded from future experiments. The Overall recovery of infectious particles was
found as 63 % as measured by TCID50.

Furthermore, to assess the dynamic binding capacity of Sartobind® Q membrane for
rVSVs, we aimed to pass 300 mL of supernatant conditioned with buffer A in 1:1
dilution (corresponding to 150 mL of supernatant) through the Sartobind® Q column
(fig. 16 panel B). The flow-through was collected every 10 mL for further analysis by
spot blot for the presence of VSV-N protein. However, due to the column's high
backpressure (= 0.4 Mpa) at about 260 mL of the load, no more supernatant was
passed through, and therefore 260 mL of the feed corresponding to 130 mL of the
supernatant was set as the column capacity due to the limit of operation.

Table 13. Recovery of rVSVs from Sartobind® Q membrane (step elution using 2 M NaCl).

Sample VSV-.N positive Titer Total virus
fractions (mL) (TCID50/mL) (TCID50)

Load 50 4 37E+07 2.18E+09

5 0 - -

10 0 - -

20 5 5.33E+07 2.66E+08

30 5 7.99E+07 3.99E+08

40 6 5.34E+07 3.20E+08
Elution 50 6 6.53E+07 3.92E+08

60 3 6.92E+04 2.08E+05

70 0 - -

80 0 - -

90 0 - -

100 0 - -

Recovery (%) 63%

Previous reports on the capacity of the Sartobind® Q column for large- and small-
scale purification of non-enveloped viruses highlight the impact of DNA

concentration of the feed on the column DBC and pressure rise throughout the
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process [194]. However, the feed used in this experiment was previously treated with
endonuclease. The spot blot analysis of these flow-through fractions showed no
VSV-N proteins, confirming a dynamic binding capacity of 5.68E+09 TCID50 per 3
mL or 110 cm? of Sartobind® Q membrane for rVSVs produced in VP-SFM media
(With 4.37E+07 TCIDS0/mL rVSVs in the load). The DBC of the Q membrane for
rVSVs used in this experiment was higher than the DBC of 9.30E+08 TCID50 of
modified vaccinia Ankara Virus for 75 cm? or 2.1 mL of Sartobind® Q [187]. The
binding capacity determined in this work was based on the column limitation in the
continuation of the process due to pressure build-up and not based on the column
capacity for rVSV binding. This could justify the lower DBC of the membrane for
rVSV compared to the value of 6.9E+09 PFU of VSV/mL reported by Kang et al.
[195].
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Fig 17. Chromatograms of rVSV purification using A) Sartobind® Q column with a single step
elution by 1M NaCl (50% B) followed by a flow-through chromatography using B) Capto™
Core 700 column for further removal of DNA contents. C) and D) The chromatography
fractions were analyzed by dot blot using an Anti-VSV-M antibody. (L) Chromatography load,
(W1) first wash using 2% B, (W2) second column wash using 10 % B, (E) Elution using 50
% B, (R) column regeneration using 100 % B/ 2M NaCl for Sartobind® Q and 1M NaOH, 30
% isopropanol for Capto™ Core 700, (FT) Flow-through.

Then, to find the recovery of infectious units eluted in a single step from Sartobind®
Q 3 mL membrane, 50 mL of the load was passed through the column (Fig. 17 panel
A and C). The column was washed in two steps using 1 % B followed by 10 % B
corresponding to 200 mM NaCl to eliminate the HCPs from the column. The bound
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rVSVs were then desorbed using 50 % B (1 M NaCl). Table 14. Presents the quality
control assays of the fractions obtained at this step. This purification step resulted in
the recovery of 66 + 12 % infective particles from the feed and elimination of 88 %
total proteins and 92% HCPs. The protein profile of the eluate versus the load is
presented in Fig. 17 panel A. The DNA contents were reduced by 89 % in the elution
peak; however, the quantity of dsDNA in the virus-containing fraction was beyond
the recommendations of FDA (10 ng/dose), as presented in Table 14. The recovery
of rVSVs from the Sartobind® Q column was close to the value of 68 % for Flavivirus
VLP with 99.8 to 99.9 % elimination of DNA contents [196].

Therefore, the capture step was followed by a multi-modal column, Capto™ Core
700, to be used in the flow-through mode (Fig. 17 panel B and C). The Capto™ Core
700 column was equilibrated with 1 M NaCl before sample injection. The eluate from
the Sartobind® Q purification was loaded into the column, followed by collection of
the flow-through. The flow-through was collected in 2 mL fractions. The flow-through
salt concentration was immediately adjusted to 200 mM NaCl using 20 mM Tris, pH
7.4, 4 % sucrose. The sample was diafiltrated (10 X) against 20 mM Tris, 150 mM
NaCl, 4 % sucrose, pH 7.4, using Microkros® TFUF module maintaining a shear rate
of 2000 s throughout the experiment.

The application of the flow-through chromatography step resulted in the further
elimination of 20 % of total proteins and 42 % of HCPs while recovering 78 £ 6 % of
the infectious particles. The DNA contents were reduced notably to 14 ng/mL, slightly
higher than the FDA limits but lowered by an additional 10 % from the AEX step.
However, DNA concentration was lowered in the final preparations after diafiltration,
measured as 8 ng/mL by Picogreen™ assay (Table 14). The final diafiltration step
further removed proteins that were co-eluted with rVSVs in the capture step and
were not removed through flow-through chromatography. The TFUF step did not
influence the recovery of infective particles. However, we had previously found that
achieving higher concentration factors affect the virus recovery negatively. The
diafiltration brought down the level of HCPs from 12,726 ng/mL to 3,109 ng/mL
(Table 14)
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Table 14. The control assays for chromatography purified rVSVs.

Virus titer Total protein HCP content DNA content
Vol Step Global Total Protein HCP DNA
Step TCID50/m _ HCP DNA
(mL) RCV RCV protein RMV RMV RMV
L (ng/mL) (ng/mL)
(%) (%) (ug /mL) (%) (%) (%)
AEX load 50 9.77E+07 100 100 281 - 72,515 0 164 0
AEXFT 50 8.36E+02 O 0 147 47.7 34,613 52 29 82
AEX Wash 85 1.02E+03 O 0 62 62.5 14,509 65.9 43 55
AEX Elution 12 268E+08 66+12 66 137 88.3 25,614 915 72 89
Captocore700
ET 14 1.79E+08 786 51 93 20.8 12,726 42 14 77
TFF Retentate 17 1.46E+08 99 51 42 54.8 3,109 70.3 8 30

Vol: Volume, HCP: host cell proteins, AEX: Anion-exchange chromatography, FT: flow-through, RMV: removal, RCV: recovery.
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Fig 18. A) Silver stained SDS-PAGE analysis of the protein profile of the elution fraction
from Sartobind® Q column versus the clarified supernatant (Load) in comparison to flow-
through and column wash using 10 % B. (FT) Flow-through, (W) Wash using 10 % B/ 200
mM NaCl, (L) clarified supernatant/load, (E) elution using 50 % B/1 M NaCl from Sartobind®
Q column. The staining was performed using Coomassie orange staining. B) The protein
profile of the elution peak from Sartobind® Q (AEX) besides the flow-through fractions
obtained from Capto™ Core 700 and final diafiltration (DF) using Microkros® TFUF cartridge.

The application of the flow-through chromatography step resulted in the further
elimination of 20 % of total proteins and 42 % of HCPs while recovering 78 + 6 % of
the infectious particles. The DNA contents were reduced notably to 14 ng/mL, slightly
higher than the FDA limits but lowered by an additional 10 % from the AEX step.
However, DNA concentration was lowered in the final preparations after diafiltration,
measured as 8 ng/mL by Picogreen™ assay (Table 14). The final diafiltration step
further removed proteins that were co-eluted with rVSVs in the capture step and
were not removed through flow-through chromatography. The TFUF step did not
influence the recovery of infective particles. However, we had previously found that
achieving higher concentration factors affect the virus recovery negatively. The
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diafiltration brought down the level of HCPs from 12,726 ng/mL to 3,109 ng/mL
(Table 14).

The protein profile of the fractions from AEX, Capto™ Core 700, and diafiltration
steps is presented in Fig. 18. The visualization of the intensity of rVSV protein bands,
including the VSV-N protein with MW of 47 kDa and VSV-N protein of 47 kDa in the
elution fraction versus the background, is an indication of the purification efficacy in
the eluate fraction of AEX compared to the clarified supernatant (Fig. 18 panel A).
Further elimination of proteins and sharpening of the VSV protein bands can also be
seen in the flow-through fractions obtained from Capto™ Core 700 column and
diafiltration step (Fig. 18 panel B), indicating elimination of more contaminant

proteins in this step.
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Fig 19. Confirmation of purified rVSV size and shape through A) dynamic light scattering
(DLS) and B) transmission electron microscopy (TEM).

Furthermore, the final rVSV preparations' quality was confirmed by characterization
of the size and shape of the virus (Fig. 19). The DLS analysis of the purified rVSV
preparations showed an average particle diameter of 219.7 nm (Fig. 19 panel A) that
was on par with the VSV size previously reported [197,198]. Moreover, the TEM
analysis (Fig. 19 panel B) confirmed the bullet shape of the VSVs and their
dimension in accordance with the results of Howatson & Whitmore [199]. Overall,
the proposed purification scheme removed more than 95 % of contaminant DNA and
95 % of the HCP with the recovery of 51 % infective rVSVs.
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4.4. Conclusion

In the current work, a two-step chromatographic purification scheme has been
proposed for an rVSV based HIV vaccine candidate. In this approach, the rVSV
containing clarified supernatant is passed through an initial AEX membrane
chromatography using Sartobind® Q to capture and separate the viruses from the
other contaminants. Introduction of AEX resulted in removing 89 % DNA contents
and 91.5 % of the HCPs with the recovery of 66 + 12 % of the rVSVs. A flow-through
chromatographic purification was added to reduce the DNA contents further using
the Capto™ Core 700 column. This step effectively lowered the quantity of residual
DNA from 72 ng/mL to 14 ng/mL while recovering 78 + 6% of infective particles. The
virus-containing flow-through was immediately diluted to minimize high salt
concentration's adverse effects on virus infectivity. The final buffer exchange and
diafiltration were performed using Microkros® TFUF cartridge, leading to more DNA
reduction and bringing the contents to a value accepted by regulatory authorities (<
10 ng/dose).

The proposed purification scheme can be used both for laboratory-scale purification
of rVSVs and at pilot scale based on the size of the Sartobind® Q column selected.
The possibility of running the process at a higher flow rate when using membrane
chromatography makes it suitable for processing larger volumes at a lower process
time. The current protocol results in highly pure rVSVs by removing 95 % of DNA
contents and 85 % of total proteins. This highly pure preparation of rVSV can also
be used in studies where the biochemical or physical properties of VSV are
investigated.
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Résumé

Ce travail décrit la purification du virus de la stomatite vésiculeuse recombinant
(rVSV), exprimant les glycoprotéines d'Ebola et du VIH a sa surface, par le biais
d'une chromatographie a mode mixte d'échange anionique/cationique basé sur
l'utilisation de I'hydroxyapatite. Par ailleurs, une amélioration de I'étape de
clarification a également été testée en remplagant la centrifugation a basse vitesse
par un module de microfiltration séquentielle, mieux adaptée aux procédés a grande
échelle. Cette approche a abouti a la récupération de 83,5% de particules
infectieuses, inférieure a celle obtenue a partir d'une méthode de clarification en
deux étapes (centrifugation basse vitesse suivie d'une microfiltration) mais plus
adaptée aux procédés a plus grande échelle. Deux résines céramiques
d'hydroxyapatite (CHT) ont été criblées pour leur capacité a récupérer les particules
infectieuses. Les rVSV purifiés élués des colonnes CHT ont été analysés pour leur
pureté en termes de teneur en ADN et en protéines contaminants et leur
morphologie en utilisant la microscopie électronique a transmission (MET).
L'analyse des fractions d'éluat contenant le rVSV de la colonne CHT Il a révélé une
quantité inférieure a 10 ng/dose qui représentait 2,8 % du contenu d'ADN résiduel
de l'alimentation. Les teneurs en protéines ont été considérablement réduites de
28,5 fois par rapport a l'alimentation. De plus, l'observation par MET des
préparations virales purifiées avec la colonne CHT Il a montré un nombre inférieur

de vésicules extracellulaires contaminantes par rapport a I'alimentation.
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Abstract

This work describes a purification process for the recombinant vesicular stomatitis
virus (rVSV) expressing Ebola and HIV glycoproteins based on weak anion/cation
exchange mixed-mode chromatography using hydroxyapatite. Moreover, an
improvement for the clarification step was tested by replacing low-speed
centrifugation with sequential microfiltration that is scalable and better suited for
large-scale processes. This approach resulted in the recovery of 83.5 % of infectious
particles, lower than that obtained from the two-step clarification method but more
suitable for larger-scale processes. Two ceramic hydroxyapatite (CHT) resins were
screened for their ability to recover the infectious particles. The purified rVSVs eluted
from the CHT columns were analyzed for their purity in terms of contaminant DNA
and protein contents and their morphology using transmission electron microscopy
(TEM). The analysis of DNA contents in the rVSV containing eluate fractions from
the CHT Il column revealed an amount lower than 10 ng/dose that accounted for 2.8
% of residual DNA contents in the column feed. The protein contents were reduced
substantially by 28.5 folds compared to the feed. Moreover, the visual observation
of the purified virus preparations and comparing it to the feed, showed a lower
number of contaminant extracellular vesicles in the rVSV containing CHT |l eluate

fractions.

Keywords: VSV, Ceramic hydroxyapatite, chromatographic purification, HIV

vaccine
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5.1. Introduction

Ceramic hydroxyapatite (CHT) is formed by the hardening of the hydroxyapatite (HA)
crystals, an inorganic mineral from phosphate and calcium, at high temperatures to
a ceramic form. In general, the HA crystals carry both the positively charged calcium
ions and the negatively charged phosphate groups along with hydroxyl groups on
their surface. The interaction mechanism of HA with external molecules is not yet
clear. However, it is believed to interact with them either through 1) Ca+ ions, either
due to an affinity to calcium or weak anion exchange, 2) negatively charged
phosphate groups by cation exchange, and less likely, due to 3) the hydrogen
bonding with hydroxyl groups or 4) a combination of these bindings.

Stationary phase
Mobile phase

Fig 20. The working principle of the ceramic hydroxyapatite resin.

Once in contact with a charged molecule, the carboxyl groups (COOH) carrying the
negative charges on the acidic proteins are attracted to the calcium ions on the HA
resin through electrostatic interactions (Fig. 20). It has also been explained by
Kawasaki [200] that the phosphoryl groups of the proteins have a stronger interaction
with the calcium ions on HA in comparison to the carboxyl groups. However, the
positively charged amino groups (NH2) on the surface of the proteins are attracted
to the phosphate groups on the HA [121,201-203]. This interaction is initiated
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through electrostatic interactions that later result in the formation of solid

coordination bonds.

HA resins are proposed by several manufacturers, including Bio-Rad laboratories
(CHT I, CHT Il, Bio-Gel HT, Bio-Gel HTP), Sartorius (HA Ultrogel), Pall Corporation
(HA Ultrogel), Sigma Aldrich (Hydroxyapatite type 1), Repligen (Calcium
hydroxyapatite) and Clarkson chromatography (hydroxyapatite). However, the most
commonly used CHT resin for the purification of biomolecules is manufactured by
Bio-Rad and offered in two types: CHT type | (CHT |) and CHT type Il (CHT II). Based
on the Bio-Rad claims, the CHT | resin generally shows a higher binding capacity for
proteins than CHT II, while CHT Il offers a higher resolution for nucleic acids.

The use of HA to purify biomolecules was first introduced by Tiselius et al. [204] in
1956. Since then, there have been several reports on the purification of proteins
[205], antibodies [206,207], enzymes [208—-211], bacteriophages [212], nucleic acids
[213,214], viruses [31,215-217], and virus-like particles (VLPs) [218—-221] using HA.
Moreover, Aizawa et al. [222] reported the capability of HA chromatography to
distinguish the native and denatured forms of human lysozymes. In addition to this
feature, HA chromatography has been remarked to separate protein aggregates
from monomers [223,224].

Extracellular vesicles (EV) and exosomes are the main contaminants in the
production of enveloped viruses and yet,their separation from viruses remains a
challenge, as they share many physicochemical properties. In this work, we compare
the CHT type | and CHT type Il resins from Bio-Rad for their capabilities to purify a
human immunodeficiency virus (HIV) vaccine candidate based on the recombinant
vesicular stomatitis virus (rVSV) from the cell culture contaminants. The rVSV used
here carries the whole VSV genome except for the gene encoding for the VSV
glycoprotein being replaced by the genes encoding for HIV glycoprotein (HIV-gp)
and Ebola glycoprotein (Ebola-gp). This rVSV variant is produced in serum-free
adherent Vero cells. We have previously developed laboratory-scale and large-scale
purification schemes for DSP of the rVSV using ultracentrifugation and anion

exchange chromatography with resin or membrane-based columns. However, when
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observed under transmission electron microscopy (TEM), the purified virus
preparations were still contaminated by microvesicles that morphologically
resembled EVs and exosomes. Therefore, we will initially test the CHT column's
ability to recover infectious particles and then assess their ability to remove the EVs
or exosomes through TEM analysis.

5.2. Materials and Methods

5.2.1. Cell line and chemicals

All chemicals were of analytical grade, if not otherwise stated: sodium chloride
(NaCl) (ACROS Organics, Canada), Tris buffer powder (Invitrogen, Canada),
Tween-20 (Fisher Bioreagents, Canada), sodium hydroxide (NaOH) (Millipore
Sigma, Canada), 1 M MgCl> (ThermoFisher Scientific, Canada), sucrose (Bioshop,
Canada).

VP-SFM medium (ThermoFisher Scientific, Canada), 200 mM L-glutamine (Wisent
Bio Products, Canada), Dulbecco’'s Modified Eagle's Medium (DMEM, Corning,
Canada), 1X TrypLE™ Select enzyme (Thermo Fisher Scientific, Canada), Fetal
Bovine Serum (FBS, Wisent, St-Bruno, QC, Canada), Benzonase® (Millipore Sigma,
Canada), 1 M MgCl> (ThermoFisher Scientific, Canada), sucrose (Bioshop,
Canada). Serum-free adherent Vero cell line (CCL-81.5) was a generous gift from
Dr. A. Kamen laboratory (McGill, Montreal), and HEK 293A cells were obtained from
Dr. R. Gilbert laboratory (NRC-Montréal).

5.2.2. Cell maintenance and virus production

Vero cells used for virus production were maintained in serum-free VP-SFM medium,
supplemented with 4mM L-glutamine, without antibiotics at 37 °C and 5 % COz in a
humidified incubator, and passaged twice weekly. Cells were detached using 1X
TrypLE™ Select enzyme, centrifuged at 400 g, 5 min, resuspended in fresh medium,
and seeded at 1.5 x 10° cells/mL in 100 mm cell culture dish holding 12 mL of

medium.

HEK 293A cells used for virus titration were maintained in Dulbecco’'s Modified
Eagle's Media supplemented with 2 mM L-glutamine and 5 % FBS, without

antibiotics at 5 % CO. and 37 °C in a humidified incubator. The cells were passaged
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twice a week using the 1X TrypLE™ Select enzyme. They were pelleted at 400 g, 5
min, resuspended in fresh medium, and seeded at 1.5 x 10° cells/mL in a 100 mm
cell culture dish holding 12 mL of medium.

Recombinant VSVs were produced following the protocol described previously [159].
Briefly, to produce 1 L of virus-containing supernatant, the cells were seeded in 175
cm? culture plates (35 plates) at the initial density of 3 x 10° cells per plate in 25 ml
of medium, incubated at 37 °C, and 5 % CO2. When 80 % confluent, the cells were
infected with the rVSV stock at a multiplicity of infection (MOI) of 0.001, and
incubated at 34 °C, 5 % COzfor 72 h.

5.2.3. Chromatography feed preparation

The supernatant was primarily treated with 10 units/mL of Benzonase® (Millipore
Sigma, Canada) and 2 mM MgClz, 2 h, 37 °C. The bottle was gently shaken every
30 minutes to ensure the uniform distribution of the endonuclease. The supernatant
was clarified by sequential filtration using Sartopure PP3 filters (Sartorius, Canada)
with decreasing pore sizes of 20 um, 1.2 ym, and 0.6 ym, respectively. The filters
were pre-equilibrated with 20 mM Tris pH 7.4 and cell culture medium. The filtration
steps were performed at 200 L/m?/h (LMH).

The clarified supernatant was then concentrated and partially purified by tangential
flow ultrafiltration (TFUF) using a Midikros® 750 kDa hollow fiber TFUF system
(Spectrum Laboratories, Rancho Domingez, CA, USA). All the virus concentrates
except the one used to optimize the elution were diafiltrated using the same TFUF
unit against 100 mL of 20 mM Tris, 4 % sucrose, pH 7.4. The cartridge was sanitized
with 0.5 M NaOH for 2 h at room temperature, washed with distilled water (0.2 pm
filtered), PBS, and pre-equilibrated with the culture medium. Throughout the
process, the flow rate was maintained at 53 mL/min with a transmembrane flux rate
of 25 LMH and a transmembrane pressure difference (TMP) of 0.1 bar (shear rate
of 2000 s'). The concentrated virus preparation was aliquoted and preserved at -80
°C until further use.
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5.2.4. Chromatography purification

Chromatography purifications were performed using an AKTA start chromatography
system (GE Healthcare, Canada) operated with the UNICORN start 1.0 software
and equipped with 280 nm absorbance and conductivity sensors. The buffers
consisted of 20 mM Tris with 5 mM NaPOs, 4 % sucrose, pH 7.5 (Buffer A), and 1 M
NaPOgs, 4 % sucrose, pH 7.5 (Buffer B). A flow rate of 2.0 mL/min was maintained
throughout the process unless otherwise stated. The column was equilibrated with
15 column volume (CV) of 50:50 A: B buffers, followed by 15 CV of 100 % A.

The 5 mL Bio-scale™ mini CHT type | cartridge and Bio-scale™ mini CHT Type |
cartridge (Bio-Rad, Canada) with a particle size of 40 ym were tested for their ability
in purification of rVSVs. The batch mode purification was first carried out using free
resins. Different quantities of diluted virus preparation (1:1 in buffer A, thereafter
named "feed"), including 1, 2, and 5 mL were added to microcentrifuge tubes
containing 750 ug of either CHT | or CHT Il resins (mixed in 1:1 with A). The mixture
was incubated at room temperature for two hours, centrifuged to separate the
unbound material. It was then followed by a wash step using 5 mM NaPO4 and
elution using 50:50 buffers A: B.

For the column chromatography, the concentrated and equilibrated virus preparation
(1:1, virus preparation: buffer A) was passed through the column at 1 mL/min
(contact time of 5 min). The column was washed with 5 CV of 0.5 % buffer B in A.
The elution phase consisted in a series of step increase of B to find the suitable
concentration of NaPOg4 for the elution of rVSVs, including 50, 100, 200, 300, 400,
500, 600, 700, 800, 900, and 1000 mM NaPOs (Buffer B). The column was
regenerated using 10 mL of 1 M NaOH and stored in 0.1 M NaOH. The virus-
containing fractions were titrated using the TCID50 method to measure the virus

infectivity and recovery.

The dynamic binding capacity (DBC) was determined by passing the 350 mL of the
feed through the column. The flow-through was collected in 15 mL fractions and

analyzed for the presence of VSV-N or VSV-M protein using a spot blot test.
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5.2.5. Infective viral particle titer

Quantification of infectious particles was measured following the method reported in
Gélinas et al., using the TCID50 assay [160,191] with HEK 293A cells. Briefly, 100
uL/well of HEK293 A cells were seeded in 96 well plates at 5SE04 cells/mL density.
Once the cells were 80% confluent, a serial dilution of virus samples was performed
in another 96 well plate (round/U bottom). For this purpose, the plate was first filled
with DMEM medium (200 pL/well), then, 50 yL/well of the sample were added to the
first column of the plate and mixed with the medium. From this mixture, 50 yL was
pipetted and emptied in the next column, mixed, and the process was repeated for
all the following columns of the plate. A total volume of 20 pL of each row, using a
multichannel pipette, was transferred to the HEK293A containing plate. Samples of
every experiment were titrated the same day, having undergone the same number
of freeze-thaw cycles (N = 8). The virus titer, expressed in FFU/mL (FFU: Focus-
forming units), was calculated following the Spearman & Karber algorithm using the
excel sheet provided by the University of Heidelberg.

5.2.6. Total protein

The total protein concentration was determined using the Bradford method with the
BioRad protein assay kit Il (BioRad, Canada). The assay was performed following
the manual’s instructions in a 96 well plate. Briefly, a standard curve was generated
using the BSA standards supplied in the kit. A volume of 150 L of each sample was
added to the plate (N=3). To the sample, 150 uL of the dye reagent was added. The
mixture was incubated for 30 min at room temperature. The absorbance was

measured at 595 nm.

5.2.7. DNA content

The residual double-stranded DNA was quantified using Quant-iT™ Picogreen™ ds
DNA assay kit (Life Technologies, Canada) following the manual’s instructions.
Briefly, the samples were diluted at 1:2, 1:10, and 1:20 in 20mM DNase-free Tris
buffer (N=3). A volume of 100 pL of the Quant-iT™ Picogreen™ reagent was added

to the samples. The mixture was incubated for 5 min. The fluorescence was
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measured at 520 nm. The calibration curve was obtained using Lambda DNA

(supplemented in the kit) in concentrations ranging from 1 to 1000 ng/mL.

5.2.8. Dynamic light scattering (DLS)
The size distribution of particles was examined using a Zetasizer Nano ZS, Malvern.

Prior, the samples were diluted at 1:2 or 1:4 using 20 mM Tris, 4% sucrose.

5.2.9. Electrophoresis and immunoblot assays
The samples were denatured using 2x Laemmli buffer (BioRad, Canada) and 5% 2-
mercaptoethanol (ACROS Organics™, Canada), followed by heating, 95 °C, 5 min.

The protein profile of the sample was assessed by SDS-PAGE. For this purpose, 15
pL/lane of each sample was loaded into a Novex™ 4-12% Tris-Glycine Mini Gel
(Invitrogen™, Canada) and ran at 120 volts in 1x Tris/Glycine/SDS buffer for
approximately 1 h. PageRuler™ unstained protein ladder (Thermofisher Scientific,
Canada) was used as the molecular weight marker. The gel was stained using
Thermo Scientific™ Pierce™ Color Silver Stain Kit (Thermo Scientific, Canada)
following the manufacturer’s instructions and imaged with ImageQuant LAS 4000

imager (Cytiva, Canada).

Western blot analysis was performed following the same protocol as the SDS-PAGE.
The protein bands were transferred to Amersham™ Protran® Western blotting
membranes (Cytiva, Canada) using a wet blotting system (BioRad, Canada) at 300
mA for 1 h at 4 °C. The membrane was blocked using 5 % milk, PBS, 0.1 % Tween
(PBST) for 1 h at room temperature. The membrane was incubated with the VSV-
M/VSV-N (Kerafast, USA) antibody diluted with the blocking buffer (1:1000)
overnight at 4 °C. The next day, the membrane was washed 3 times for 5 min with
PBST on a shaker. The horse radish peroxidase (HRP) bound rabbit anti-mouse
(Abcam) in PBST (1:10000) was added to the membrane and incubated for 1 h at
room temperature. The membrane was washed 3 times for 5 min with blocking buffer
with shaking. The membrane was semi-dried and covered with 2 mL of Pierce™
ECL western blotting substrate (Thermo Scientific, Canada) and incubated for 1 min

and revealed using ImageQuant™ LAS 4000 unit.

115



Spot blot analysis was performed using 2 pL of the sample placed on a nitrocellulose
membrane. The membrane was air-dried for 30 min, blocked with PBST containing
5% milk for 1 h, hybridized with VSV-N/VSV-M antibody, incubated 1 h with rabbit
anti-mouse HRP bound antibody in the blocking buffer, and incubated with Pierce™
ECL western blotting substrate for 1 min. Gels were observed using an
ImageQuant™ LAS 4000 imager.

5.2.10. Transmission electron microscopy (TEM)

The virus-containing suspension was fixed with 4% paraformaldehyde for 1 h at
room temperature. They were adsorbed on 400 mesh nickel grids coated with
formvar and carbon for 20 minutes. The grids were blotted with bibulous paper and
stained with 2% PTA (phosphotungstic acid) for 30 seconds, blotted, and let dry for
at least 2 hours. They were then observed with a Tecnai Spirit G2 (FEI, Netherlands)
at 80 kV. 10-20 images were taken per sample. Before TEM pretreatment and

analysis, the samples were desalted using Amicon 15 (Millipore, Canada).

5.3. Results and discussion

In this work, we tested the efficacy of CHT resins in the purification of rVSV produced
using serum-free adherent Vero cells. We have previously (Chapters 3 and 4 of this
thesis) proposed purification schemes for small-scale and large purification of
rVSVs. The virus-containing supernatant was harvested 72 hours post-infection (hpi)
and treated with Benzonase® for the reduction of contaminant DNA contents.
Afterward, the supernatant underwent a clarification step using a series of 3 filters
with decreasing pore sizes of 20, 1.2, and 0.6 um, using Sartopure® PP3 filters,
(Sartorius, Canada).

The serial microfiltration was employed to eliminate the low-speed centrifugation
step that was previously used to improve the scalability of the overall process. The
recovery of infectious particles from each filter is listed in Table 15. Overall, this
clarification process resulted in the recovery of 68.8 % of the infective VSVs with
specific virus recoveries of 82, 98, and 69 % from the 20, 1.2, and 0. 6 um filters,
respectively (Table 15).
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The highest loss of viral particles was observed when using the 0.6 um filter. The
overall recovery of infectious particles at the clarification step was lower compared
to that obtained from our previous purification schemes (Chapter 3 of the thesis)
using a combination of low-speed centrifugation and microfiltration. However, the
current method is more applicable for pilot- and large-scale purification processes.
Moreover, the serial microfiltration step eliminated 18 % of total proteins from the
crude supernatant, bringing the protein concentration in the 0.6 ym filtrate to 574
pug/mL. The clarified supernatant was then concentrated 16 X by TFUF, aliquoted,
and stored at -80 °C until further use. The TFUF concentration reduced the protein

contents by 96 % without any loss of infective viruses (Table 15).

Table 15. Recovery of infectious particles and total protein contents throughout the
clarification step using Sartopure® PP3 filters and tangential flow ultrafiltration (TFF).

Infectious particles Protein content
. Ste Global Protein  SteP Global
Titer Volume p RCV RCV
Step (FFU/mL) RCV RCV conc
(mL) (%) (%) (ug/mL)  (op) (%)
Virus g o4E+07 1176 100 - 703 100 100.0
preparation
20 ym MF 6.74E+07 1184 82 82 641 92 91.8
1.2 ym MF 6.55E+07 1191 98 80.4 622 98 89.6
0.6 um MF 4 51E+07 1200 69 67.6 574 93 83.3
TFF 7.57TE+08 75 100 69 370 4 3.4

MF: microfiltration, FFU: Focus-forming units, TFF: tangential flow ultrafiltration, RCV:
recovery, Conc: concentration. * The Benzonase® treated cell culture supernatant.

The chromatographic purification of rVSV based HIV vaccine produced in Vero-SF
cells by CHT I and Il was initiated by performing a batch test of these resins and
analyzing their eluate using SDS-Page and western blot methods (Fig. 21). The
TFUF retentate was mixed with Buffer A (1:1) prior to chromatographic experiments
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(referred to as "feed" hereafter) and mixed with 750 pg of unpacked CHT | or CHT Il
resins. Different quantities of feed were incubated with each of the resins for 2 h.
The resin was washed with buffer A of low salt concentration to remove the loosely
bound materials followed by elution of the bound material using 500 mM NaPOs.

As it is shown in Fig 21. Panel A, the major VSV protein, including the VSV-N (47
kDa), can be spotted in the eluate of both resins. Moreover, the purity of these
eluates can be observed visually by comparing the intensity of the viral proteins
against the background in both eluates and non-purified samples. The presence of
rVSVs in these eluates was further confirmed by western blot using VSV-N antibody
(Fig. 21. B). These preliminary results confirmed that the rVSV HIV vaccine binds to
both CHT | and CHT Il resins.

5 CHTI CHTI CHTI CHTI CHTII CHTIl
= iml 2ml 5ml iml 2ml  5ml

A 2z § &

®. - .

B CHTI CHTI CHTI CHTHU CHTII CHT I
* 55kDa— 1ml 2ml 4ml 1ml 2ml 4ml

43 kDa— " S e coen S D

Fig 21. A) Silver staining SDS PAGE analysis of the batch mode chromatography using
CHT | and CHT Il resins. SN: Supernatant, Cent: Low-speed centrifugation, MF:
microfiltration, TFUF: tangential flow ultrafiltration. The quantity of the feed added to the
resin is mentioned on the top of each lane. B) Western blot analysis of the eluates using an
anti-VSV-N antibody. A pre-stained Page ruler molecular weight ladder was used.
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Therefore, to find the best candidate for the recovery of these infective particles, the
two resins in 5-ml prepacked column forms were used. For this purpose, a certain
volume of the feed was passed through the column. The virus load step was followed
by two wash steps with 0.5 and 5 % buffer B (in buffer A), to remove the host cell or
other loosely bound proteins and DNA. The bound material was then eluted using
500 mM NaPQg4 (50 % B in A).
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Fig 22. Chromatograms of rVSV purification using A) CHT Il and C) CHT | columns. Dot blot
analysis of the fractions obtained from the chromatographic purification using B) CHT Il and
D) CHT | columns. FT: Flow-through, F: Feed, 0.5%: column wash using 0.5 % B, 5%:
Column wash using 5 % B, 50 %: elution using 50 % B.
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The spot blot analysis of the fractions obtained throughout the process confirmed
the absence of rVSV in the flow-through when passing 25 mL and 50 mL of the feed
through the CHT Il (Fig. 22.B) and CHT | (Fig. 22.D) columns, respectively. As
presented in Table 16 the recovery of infectious particles from the CHT Il column
was higher than the CHT | column. The TCIDS0 reads from the elution peak of the
CHT Il column showed the presence of 6.92E+09 FFU of rVSVs, which corresponds
to the recovery of 72.2 % infectious particles. This recovery is higher than the one
reported for the same resin used to purify human papillomavirus type 33 L1 virus-
like particles (58.7 %) [221]. Considering these points, the CHT Il column was found
superior for purification of rVSVs compared to CHT | column based on the recovery
of virus particles.
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Table 16. Infective virus titers of the chromatography feed and the elution fractions obtained
from CHT | and CHT Il columns. The titers were determined using the TCID50 assay.

Feed Elution
. . . . Virus
Column Titer Volume Total virus Titer Volume Total virus RCV
(FFU/mL) (mL) (FFU) (FFU/mL) (mL) (FFU) (%)
CHTI 3.79E+08 50 1.89E+10 6.18E+08 8.4 519E+09 27.5
CHTII 3.79E+08 25 9.46E+09 1.38E+09 5.2 7.18E+09 75.9

RCV: recovery.

To find the right salt concentration for elution of rVSVs, a total volume of 100 mL
feed was passed through the column, followed by two wash steps comprising of 0.5
% and 5 % B. The 0.5 % B was carried out to wash away the unbound materials in
the column while the 5 % B wash targets the loosely bound compounds that elute at
a very low concentration of salt. The elution was carried out using an increasing step-
gradient of B from 10 % B corresponding to 100 mM NaPOQO4 to 100 % B, matching 1
M NaPOs (Fig. 23. A). The fractions were collected based on the 280 nm
absorbances between 5 mAU to 2000 mAU. The spot blot analysis of the fractions
using VSV-N antibody showed the release of VSV-N protein into the elution fractions
from 10 % B (100 mM NaPOa) and last until 50 % B (500 mM NaPOg) (Fig. 23. B).
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Fig 23. A) Chromatogram of rVSV elution from the CHT type Il column using a step salt
concentration gradient. B) Dot blot analysis of the fractions obtained from the rVSV elution
using a step gradient of buffer B using VSV-N antibody. Load: Column feed,
5%/10%/20%/30%/40%/50%: the percentages of buffer B used for elution.
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Compared to other chromatograms of the CHT Il column, the amount of impurities
washed from the column using 5 % B was higher in this experiment. The addition of
these impurities is speculated to be due to the exclusion of the diafiltration step after
the TFF concentration of the supernatant serving as the feed for this experiment.
This indeed shows the role of diafiltration in addition to the TFF concentration step
in the removal of contaminants that will compete with the viral particles in binding to
the chromatography separation media. As it can be observed in Fig. 23. A,
diafiltration of the supernatant at the TFF step has a positive impact on the

elimination of impurities that were loosely bound to the column and eluted at 5 % B.
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Fig 24. Determination of dynamic binding capacity of the CHT Il resin for rVSV presenting
the Ebola and HIV glycoproteins and produced using serum-free Vero cells. A)
Chromatogram showing the absorbance at 280 nm and the conductivity. B) Spot-blot
analysis of the 15 ml fractions obtained from purification using CHT Il resin. VSV-N antibody
was used.

Next, in order to determine the dynamic binding capacity (DBC) of the CHT Il resin
for rVSVs, a total volume of 350 mL of the feed was passed through the column
while the flow-through was collected in 15 mL fractions (Fig. 24). The column was
washed with 0.5 % B followed by elution of bound virus particles with 50 % B
corresponding to 500 mM NaPOs4 (Fig. 24. A). The spot blot analysis of the flow-
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through fractions using VSV-N antibody showed the presence of VSV-N protein,
starting from fraction 17 of the flow-through (Fig. 24. B).

However, the TCID50 assay confirmed the presence of 6.55E+05 FFU in fraction 17
that only corresponds to 0.17 % of infectious particles in the feed, while the number
of viruses in fractions 18 and 19 was quantified to be 1.10E+07 FFU matching 2.9
% of the virus content of the feed (Table 17). The titer of the rVSV determined in the
consecutive 15 fractions corresponded to 14.5 % (Fraction 20), 26.6 % (Fraction 21),
48.7 % (Fraction 22), 72.9 % (Fraction 23) and 89.1 % (Fraction 24) of the infective
virus content of the feed (Table 17). Therefore, the DBC of the CHT Il resin for rVSV
was selected as 2.27E+10 FFU per mL of the resin, corresponding to the volume of
270 mL of the feed (1:1 virus preparation: buffer A).

Table 17. Infective virus titers were obtained from VSV-N positive fractions of the flow-
through from the dynamic binding capacity assay.

Sample Titer (FFU/mL) RCV from the feed (%)
Feed 3.79E+08
c 17 6.55E+05 0.17
g 18 1.10E+07 2.90
g 19 1.10E+07 2.90
E 20 5.51E+07 14.54
] 21 1.01E+08 26.59
;% 22 1.85E+08 48.74
u_g_ 23 2.76E+08 72.88
24 3.38E+08 89.12

RCV: recovery.

As presented in the SDS-PAGE performed on fractions of the step-gradient
chromatography, Fig. 25. A, one of the major rVSV proteins, including VSV-N, can
be observed in the eluates. Comparing the intensity of these major rVSV bands to
the background in the eluates and the feed can show the level of purity of these

122



fractions. The identity of these protein bands was further confirmed by western blot
using VSV-M antibody (Fig. 25. B). Based on the eluates' western blot analysis and
protein profile, the highest amount of VSV-M antibody is found in 40 % B followed
by 30 % B, 20 % B, and 10 % B eluates. However, the titers derived from the TCID50
analysis showed the highest number of infectious particles in the 20 % B eluate,
followed by 30 % B, 50 % B, and 40 % B (Table 17). The titer of the fractions obtained
from 40 % B and 50 % B were higher per milliliter of the sample than that measured
in other fractions; however, the total number of the viruses eluted using 20 % B was
higher than the rest of the elution steps.

Feed FT1 FT2 FT3 0.5% 5% 10% 20% 30% 40% 50%
A. RS, 2V YR S, S . v 3

e |

35— Feed 0.5% 5% 10% 20% 30% 40% 50%

== ==uips
25 - —

kDa

Fig 25. A) Silver-stained SDS-PAGE of the chromatography fractions obtained from the
purification of rVSV using CHT type Il column. Unstained Page ruler molecular weight
marker was used as a ladder. Feed: chromatography feed, FT1-FT3: Flow-through fractions,
wash steps including 0.5 % and 5 % B, elution fractions from 10 % B, 20 % B, 30 % B, 40
%, 50 % B. B) Western blot analysis of the chromatography fractions using VSV-M antibody.

To ensure that higher concentrations of NaPO4 do not affect the integrity of rVSV,
the virus-containing peaks from 40 % B and 50 % B elution were analyzed by DLS
and TEM. Multiple factors have been linked to the formation of virus aggregates in a
suspension, including the fibers or lipids present in virus structure, the presence of
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cellular debris released into the medium after cell lysis, the addition of organic
matters and disinfectants, medium pH, and salt concentration. More precisely,
different types and concentrations of salts can change the repulsive electrostatic
charges on the surface of viruses and therefore affecting the surface charge of the
viral particles [225-227]. The absence of virus aggregates in these samples was
confirmed by TEM analysis (Fig. 25. C, D, E). The DLS analysis of the peaks
obtained at different salt concentrations showed a homogenous size distribution with
an average size of 210 nm (Fig. 26. A).

An additional TFUF and diafiltration applied prior to chromatography purification is
another key step that was as well shown to further lower the residual DNA contents
by an additional 94 %. After all, the DNA contents found in the 20 % to 50 % elution
fractions accounted for 2.8 % (Table 19) of the DNA in the feed, which indicates 38.5
folds lower quantities in the eluates compared to that in the feed. The rest of the
DNA contents, which were bound to the column, started eluting at low salt
concentrations, including 5 % B and 10 % B. The DNA contents in the other eluate
fractions were found, varying between 3.2 to 11.1 ng/mL (Table 19). All the fractions
except the 50 % B eluate had DNA contents lower than the limit defined by FDA (10
ng/dose). However, when pooling all the eluates together, the sample's total DNA
contents per milliliter was lower than 10 ng, which falls in the expected range.

Electron micrographs of the feed and the peaks obtained from CHT Il
chromatography are shown in Fig. 26. The feed (fig. 26. A) shows a heterogeneous
distribution of rVSVs and spherical structures round dimple-shaped structures that
resemble extracellular vesicles and have been described as the typical morphology
of exosomes [228]. The size of these round-shaped particles was found around 100
nm, which is within the range reported for exosomes [229]. As it can be seen from
Fig. 26. B, the 10 % B fraction seems to selectively elute most of these vesicles, as
this micrograph shows the largest number of these round-shaped particles. This
could partially explain why the number of spherical particles decreases in the
following fractions (Fig. 26. C, D, E, and F) and why the 10 % B fraction shows a
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very low infective virus titer while still exhibiting a significant level of viral proteins
(Fig. 26).

Fig 26. Electron micrographs of the CHT Il chromatography fractions. A) Feed, B) peak from
the elution with 10 % B, C) 20 % B, D) 30 % B, and E) 40 % B, F) Higher magnification of
the purified rVSVs.
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Table 18. Incorporation of virus-containing fractions collected from elution with 10 % B into
the final compiled virus-containing fractions obtained from the eluates of the CHT Il column
and its effect on the protein, dsDNA concentration, virus titer, and the recovery of infectious

particles.
Total protein o .1 21 DNA Infectious particles
contents
i . RCV RMV RCV
condition Pr:::;n from rag:; from  Volume Total virus  from
(1g) feed (ng) feed (mL) (FFU) feed
N (S I N U (%)
Compile o
W/O 10%B 647 3.5 874 87.9% 15 2.62E+10 69.2
°°:“0'?,/";W’ 982 53 2724 60.7% 20  274E+10 722
(1]

RCV: Recovery, RMV: removal, W/O: without, W/: With, 10%B: elution fractions from 10 %

buffer B.

These observations highlight the possible potential of the CHT Il resin for separation

of rVSVs from extracellular vesicles. This is an important application for purification

of enveloped viruses since the extracellular vesicles share morphological as well as

chemical characteristics with budding viruses, as they are both decorated with very

similar membrane proteins. However, it has been previously demonstrated that

hydroxyapatite, in other instances, had the capability of separating proteins with

only slight structural dissimilarities such as monomers, dimers, aggregates or the

native and denatured forms of the same protein [207,222-224].
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Fig 27. A) Size distribution diagram obtained by DLS for A) the pool of fractions obtained
from elution at 20, 30, 40, and 50 % B, and B) the fraction obtained from elution with 10 %

B.
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The identity, purity, and size of the purified particles were confirmed using TEM and
DLS. As shown in Fig. 26. Panel F, the purified rVSVs present the typical bullet-
shaped structure of VSV [169]. The purity of the fractions obtained from the elution
of rVSVs from the CHT Il column and their comparison to the TFF concentrate (Feed)
was also observed through TEM. The average size of the rVSVs captured by TEM
was found to be approximately 200 nm which is in concordance with the previous
reports [151][168]. The size distribution of the particles in different samples was
measured using DLS (Fig. 27). An average size of 210 nm was measured for the
purified fractions (20 — 50% B, Fig. 27. A). However, the DLS analysis of the fraction
obtained at 10 % B showed two peaks representing two major populations of 130
nm and 21 nm mean sizes (Fig. 27. B), which differs significantly from the size
distribution of the purified sample (Fig. 27. A).

Table 19. Analysis of virus titer, total protein content, and residual DNA in the fractions
obtained from the purification of rVSV HIV vaccine with the CHT Il column.

Total protein Residual DNA Infectious particles
Ste — RCV
P Eor(r)]tcein from ggnE;NA flfgr:]/ Titer Volume RCV
0,
(ug/mi) ‘(:ﬁ’/e)d (ng/ml)  feed (%) (FFY/ML) (mb) (%)
Feed 185 - 32 - 3.79E+08 100 -
FT 157 84.9% 21.8 68.1%  1.95E+03 100 0.00%
05%Bw 12 16% 1.4 11%  4.78E+04 25 0.00%
5%B w 38 51% 12.8 10.0%  2.39E+05 25 0.02%
E10%B 67 18% 37 5.8%  2.26E+08 5 2.98%
E20%B 35 11% 3.2 06%  1.69E+09 6 26.9%
E30%B 59 16% 7.6 12%  1.38E+09 5 18.3%
E40%B 46 05% 4 0.3%  2.07E+09 2 10.9%
E50%B 25 0.3% 11.1 0.7%  2.53E+09 2 13.4%

RCV: Recovery, w: wash, FT: flow-through, Conc: Concentration.
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5.4. Conclusion

The current work focuses on the purification of rVSVs carrying Ebola and HIV
glycoproteins using a multimodal chromatographic approach. The current
purification process replaces an existing low-speed centrifugation with sequential
microfiltration at the clarification stage to more easily meet GMP requirements. The
new clarification process results in a slightly lower recovery compared to the two-
step clarification process using low-speed centrifugation and microfiltration.
Moreover, two ceramic hydroxyapatite resins were screened, and among them, the
CHT Il resin (Biorad) showed promising results in terms of infectious virus recovery.

Further analysis of the purified rVSV containing fractions showed the recovery of 2.8
% residual DNA from the feed in the elution fractions, if the 10 % B fractions were
excluded. Also, the total protein contents in the CHT Il column eluates, after 28.5
fold reduction, accounted for 0.3 % to 1.8 % of the total proteins present in the feed.
The TEM images of the purified rVSVs showed a promising reduction in the number
of structures that resemble extracellular vesicles and exosomes. These findings
highlight the advantage of the CHT Il resin, particularly for the elimination of
microvesicles that have closely related physical and biochemical characteristics to
the budding viruses, thus making them difficult to separate by other means.
However, the identity of these vesicles needs to be further investigated using

exosome and extracellular vesicle hallmarks.
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General conclusion

In this work, multiple technologies and a few purification schemes have been tested
to treat a candidate HIV vaccine. The candidate HIV vaccine used in this work is
made using rVSV backbone, carrying HIV and Ebola glycoproteins, and it was
produced in the serum-free cultured Vero cell line. Two main schemes were
proposed that can be used for laboratory- and large-scale purification of rVSV based
HIV vaccine candidate. The small-scale protocol uses the density gradient
ultracentrifugation as the main purification step, and the highly pure material
produced from this step served as the standard for evaluating virus purity in other
samples. A series of strong and weak anion-exchange columns, strong anion-
exchange membrane, and multi-modal ceramic hydroxyapatite column were tested
for their efficacy in purification and recovery of rVSVs and removal of contaminants
including proteins, DNA, and microvesicles.

The clarification step initially consisted of the low-speed centrifugation at 3500 g, 20
min, to remove the larger contaminants including the cellular debris, followed by a
0.45 pm pore size microfiltration. This clarification step was optimized, in a first pass,
by testing different filter materials and pore sizes. To that end, different membrane
materials, including SFCA, CA, PVDF, PP, PES, and RC, with pore sizes varying
from 0.45 to 30 ym, were tested for their potential as an improved and scalable
alternative. Titration of the filtrates from the tested candidates showed more
promising virus recovery from the PP—based filters for processing 400 to 2000 mL
of LSC supernatant with the recovery of 86.3 + 7.4 % using Mini Profile® Il filter (Pall,
PP, 1.5 um pore size). The Miniprofile® filter was used at 200 LMH for the
microfiltration step of supernatant volume larger than 400 mL, and it resulted in the
elimination of 64 % of the host cell proteins and 8.9 % of the contaminant DNA in
the filtrate. Additionally, the SartoScale 25 filter (Sartorius, PES, 1.2 ym pore size)
with the recovery of 84 £ 6 % was selected to clarify smaller sample volumes (less
than 200 mL). The SartoScale 25, when employed for filtration of 50 mL of
supernatant, eliminated 58 % of the host cell proteins and 16.3 % of the contaminant
DNA. On the other hand, the cellulose-based membranes (RC, CA, and SFCA)
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resulted in higher virus loss with the recovery of 38.3 £ 7.1 % infectious particles in

the best conditions, in accordance with previous reports.

Clarifying the supernatant using low-speed centrifugation is not the method of choice
at larger scales, and it is usually replaced by microfiltration that will also minimize
the number of purification steps. In this study, sequential microfiltration using the
Sartopure® PP3 3-filter units (Sartorius) with decreasing pore sizes of 20 ym, 1.2
um, and 0.6 ym were tested. The final virus recovery from the clarification using
these filters was 68.8 % which was lower than that obtained from the combination of
low-speed centrifugation and microfiltration (82 %). However, this latter approach is
more scalable, robust, and easier to use at the large-scale.

One of the critical steps in DSP of cell culture harvest at the large-scale is volume
reduction. Indeed, reducing the volume to be treated impacts the purification
equipment scale and, therefore, its cost. Also, the use of concentration approaches
such as when large-scale approaches, such as ultrafiltration can have the added
benefit of contributing to the elimination of contaminants. The most commonly used
approach for the concentration of small entities (molecules and viruses) at
laboratory-scale is ultracentrifugation, either by virus pelleting using a homogeneous
medium or the use of a step or continuous gradient of different densities. In this work,
the clarified supernatant was initially UC pelleted using a cushion of 20 % sucrose.
After resuspension in the buffer, the pellet from this step was later purified using a

discontinuous gradient of iodixanol.

Virus pelleting resulted in 16 x concentrations and the elimination of 62.3 % proteins
and 20 % DNA while recovering 96 % of the infective particles. However, it was
found that loosening the virus pellet by its overnight incubation in the buffer before
re-suspension plays a critical role in the virus recovery compared to when the pellet
is re-suspended immediately. Moreover, the rVSV band after density gradient
ultracentrifugation using 18 layers of iodixanol was found between 18 % and 28 %
of iodixanol concentration, corresponding to densities between 1.100 and 1.153
g/mL, respectively, that was consistent with previous reports [230]. The purification
of r'VSV using a discontinuous iodixanol gradient allowed the recovery of 81 % of the
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infectious viral particles while eliminating 80.9 % of proteins and 92.7 % of residual
DNA.

Moreover, a gradient consisting of 6 layers of iodixanol was tested for separation of
rVSVs that simplified the process and allowed an increase in the volume of virus
preparation that could be charged on top of the centrifugation tube from 9 ml, when
using the previous protocol, to 14 mL with this 6-layer gradient. Purification of rVSVs
using this gradient resulted in eliminating 81 % of proteins and 86 % of the dsDNA
contents while recovering 81 % of infective particles. The virus preparations purified
through a gradient of iodixanol showed a noticeable difference in the number of
structures that morphologically resemble the extracellular vesicles compared to the
concentrate obtained from virus pelleting. This finding suggest that density gradient
ultracentrifugation might have the potential to partially eliminate some of the
microvesicles from the purified viruses. Such level of purification at small-scale can

be useful for studies dealing with the biochemical and physical properties of VSV.

For concentration at a larger scale, a number of TFUF units were tested while
maintaining the shear rate below or at 2000 s throughout the process.
Amongst the tested TFUF units, Midikros® TFUF module, mPES, 700 kDa MWCO
showed the most promising rVSV recovery. It resulted in the recovery of 94.6 + 1.5
% particles and removal of 92.1 % residual DNA and 98.6 % of the total proteins
while concentrating the supernatant 15 times. However, the DNA contents after this
step were still 46 ng/mL, which was higher than the FDA recommendation and
needed further purification steps to reduce it. Concentration at a scale of 120 mL
was carried out by pelleting using UC, which resulted in a similar concentration factor
to that obtained from TFUF (= 15 x). Both concentrations approaches resulted in
virus recovery of higher than 90 % with slightly higher (5 %) recoveries from UC.
Moreover, comparable results were obtained regarding eliminating proteins (96 %
and 99 %) from TFUF and UC usage. However, TFUF outperformed pelleting by UC

in the removal of contaminating dsDNA.

First, in order to find the right candidate for the final purification step of rVSVs at a

larger scale, anion-exchange resins including two weak anion exchangers, namely,
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HiTrap™ DEAE FF and HiTrap™ ANX FF, and two strong anion exchangers
comprising of HiTrap™ Q XL, HiTrap™ Q FF columns, were tested. The feed used
for these columns was the virus concentrate obtained from TFUF that was
equilibrated with the chromatography buffer A (0 mM NaCl) prior to injection. The
highest recovery of rVSVs (77 % and 53 %) was found when using HiTrap™ DEAE
FF followed by HiTrap™ Q XL, therefore one weak and one strong exchanging
resins. However, the HiTrap™ Q XL showed higher DBC (1.93E+10 FFU) for viral
particles compared to HiTrap™ DEAE FF (1.10E+10 FFU). However, the weak
anion-exchanger column (HiTrap™ DEAE FF) resulted in the elimination of 92.7 %
of DNA while the strong anion exchanger column (HiTrap™ Q XL) lowered the DNA
contents by 48 %. Therefore, the DNA contents in the eluates of HiTrap™ Q XL were
higher than the amount recommended by FDA (10 ng/dose). The performance of
HiTrap™ DEAE FF column for removal of total proteins was also superior to
HiTrap™ Q XL column by lowering the level of the total proteins by 86.6 % while the
HiTrap™ Q XL column resulted in 70 % lower protein contents in the eluates.

Membrane chromatography allows a higher flow rate and has a higher binding
capacity for viral particles than traditional resin-based column chromatography
[172,173]. Therefore, to further explore the available technologies for large-scale
purification of these candidate vaccines, an anion-exchange membrane (Sartobind®
Q, Sartorius) was tested. The membrane-based purification scheme was initiated
with a nuclease treatment, followed by a clarification step using a combination of low-
speed centrifugation and microfiltration. The clarified supernatant was then passed
through the Sartobind® Q membrane. The eluate from the anion-exchange
membrane showed 88.3 % reduction in the total protein contents and 92 % lower
concentration of HCPs while recovering 66 % of infective rVSVs. However, due to
the usage of high salt concentration for the stripping of viruses that favors elution of
DNA from the membrane, the DNA content in the eluates was relatively high (70
ng/mL), even though it was lowered by 89 %. Therefore, a second chromatography
step using Capto™ Core 700, a multimodal column, was added that was carried out
in flow-through mode. The addition of this step lowered the concentration of DNA in
the rVSV preparation by 30 % by bringing it to 14 ng/mL and recovering 78 + 6 % of
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the infectious particles. The overall recovery of viruses after the two chromatography
steps was 51 %. A TFUF followed the two-step chromatographic purification for
buffer exchange and desalting that had no effect on the virus titer but reduced the
DNA contents further to 8 ng/mL.

Finally, since the electron micrographs of the purified viruses using anion-exchange
resins and membrane showed high quantities of microvesicles, we sought to test
hydroxyapatite columns for their ability in separation of rVSVs from these
components. Hydroxyapatite has been previously reported to be able to separate
proteins with slight structural dissimilarities such as monomers, dimers, and
aggregates or the native and denatured forms of the same protein [222-224]. Among
the two columns tested (CHT type | and CHT type I, Bio-Rad), CHTIl was a better
candidate in terms of virus recovery. Purification of rVSV using the CHT Il column
eliminated 87.9 % residual DNA and 96.5 % total protein contents while recovering
69.2 % of infectious particles. The electron micrograph of the CHTII elution fractions
showed a noticeably lower amount of structures that morphologically resemble
extracellular vesicles and exosomes than those from other column-type eluates. The
biophysical similarity of these structures to enveloped viruses makes their separation
challenging. These findings suggest CHTII resin as an interesting candidate for a
better separation of rVSVs from microvesicles, as well as contaminant DNA and
proteins. However, to better understand the identity of these entities, detection of EV
or exosome hallmarks including heat shock proteins, acetylcholinesterase enzyme
activity assay, CD81 and CD63 need to be measured and compared in the purified
and non-purified samples from this chromatography column in future studies.

The overall purification schemes proposed for small-scale as depicted in Fig. 9
(Chapter 3), comprise a nuclease treatment, low-speed centrifugation,
microfiltration, and pelleting by ultracentrifugation, purification by density gradient
UC and diafiltration by ultrafiltration. The use of this protocol resulted in a global
recovery of 47.6 % of the infectious particles. On the other hand, the large-scale
purification scheme, based on the AEX column selected, resulted in an overall
recovery of 51.3 % and 35.1 % when using HiTrap™ DEAE FF and HiTrap™ Q XL
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columns, respectively. These results show comparable virus recovery values at best
conditions from small-scale, and large-scale purification approaches. In the
purification scheme for large-scale, concentration by pelleting was replaced by TFUF
that is proven as a more scalable approach. Application of TFUF prior to
chromatography helps in the removal of the proteins and DNA that, if not removed,
can interfere with the DBC of the column and compete with viruses for binding to the

column.

Table 20. Comparison of different chromatography approaches in terms of virus recovery
and rVSV purification.

Total protein Residual DNA Infectious particles

e , Step Step .
Purification step Protein RMV DNA RMV Titer Volume RCV

(ug/mL) (%) (ng/mL) (%) (FFU/mL)  (mL) (%)

HiTrap™ DEAE FF 23 93 6.7 92.72 1.69E+09 5 77
HiTrap™ Q XL 34 95 31 85.37 2.67E+09 3.8 53
CHTII 165 87 259 87.9 7.67E+09 15 69.2
Sartobind® Q 137 88.3 72 89 2.68E+08 12 66
Capto™ core 700 93 548 14 30 1.79E+08 14 78

RCV: recovery, RMV: removal

Amongst the tested chromatographic approaches (Table 20), the highest DBC for
rVSVs was observed in CHTIl column, being able to hold 2.27E+10 FFU of rVSV
per mL of the resin, followed by HiTrap™ Q XL, HiTrap™ DEAE FF and Sartobind®
Q. Despite higher DBC, the recovery of rVSVs from the HiTrap™ Q XL column was
lower than that of HiTrap™ DEAE FF, which could be due to the loss of the rVSV
population that was strongly bound to the column and needed a higher concentration
of salt for elution. It could also be justified by the trapping of viruses or virus
aggregates in the column prefilter that did not allow the viruses to enter the column.
Although the effectiveness of the membrane-based Sartobind® Q chromatography
was a little lower than the resin-based ones, an advantage of the former is the lack
of need for virus concentration before chromatography and the possibility of running
the experiment at a higher flow rate. However, the rapid pressure rise that occurred

with Sartobind® Q would need to be considered if making this choice of technology,
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by, for instance, having a 2-column swing system that would allow recycling one
adsorber while using the other in a cycle fashion. The strong anion exchanger resin-
based column (HiTrap™ Q XL) and membrane (Sartobind® Q) resulted in rVSV
recoveries lower than that obtained from CHTII and the weak anion exchanger
column (HiTrap™ DEAE FF). Overall, CHTII resin, despite slightly lower virus
recoveries compared to two of the anion exchangers, showed higher DBC for rVSVs
and presented promising results in terms of eliminating exosomes and extracellular
particles. To further improve the recovery of infectious particles from the CHTII
column, modifications of parameters such as pH of the column equilibration buffer

and the type of the equilibration and storage buffer could be useful.

The virus count in this study was measured using a TCID50 assay that estimates
the number of infective viruses. This value does not therefore represents the total
number of viral particles, which includes both infective and non-infedtive particles,
such as those that could have lost their infectivity upon DSP treatment. These non-
infective viral particles, if injected to a host, could interfere both positively or
negatively upon vaccination. They most likely exhibit HIV proteins on their surfaces
and hence could contribute to the increase in immune response of the host. But
since the infective viruses penetrate the host cells and replicate, contributing in this
fashion to the greater part of the immune response, non-infective particles could
also, especially if they are in great quantities, adsorb on the host cell receptors and
hinder the entry of infective particles. It would be therefore important to know what
is the concentration of the total viral particles, to be able to calculate the non-infective
ones by subtracting the total by the infective viruses. Such viral count could be
obtained using assays that quantify the viral RNA including RT-PCR. The analysis
of the total particles using flow cytometry that counts the particles based on their size
could also provide useful information. However, detection of the VSV particles (200
nm approximately) that are not fluorescently labelled using flow cytometer is
challenging since contaminants of similar size including microvesicles cannot be
differentiated from the viruses by the instrument and could therefore contribute to
the total virus count. However, if the instrument is designed for detection of
nanoparticles, such as CytoFLEX flow cytometer (Beckman), it might detect the
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particles of 200 nm but still might not be able to differentiate the other entities from

the virus particles unless it is labelled.

Although this work focused principally on the purification of a rVSV carrying HIV and
Ebola glycoproteins, we hypothesized that the purification schemes proposed in this
work should also be able to purify other rVSV based vaccine candidates. However,
this promising generalization remains to be demonstrated by future investigations.
Therefore, applying the purification schemes identified in this study to rVSV
expressing antigens other than HIV and Ebola gp would allow to know if resins and
membranes characterized in this project would also interact with other rVSV
constructs and also clarify the mechanism for such an interaction. This would allow
generalizing the applicability of the approaches selected in this study to all VSV
based vaccines.
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