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Resumo

A producgdo de vetores para terapia génica e vacinas virais requer uma concentracdo e purificagcao
eficiente de virus. Atualmente, os processos de downstream (DSP) sdo baseados em métodos de
centrifugacao diferencial. Estes métodos possuem baixos rendimentos, custos elevados, morosidade
e dificil aumento de escala. O objetivo deste trabalho é responder a estes desafios, através do
desenvolvimento e optimizacdo de tecnologias alternativas, nomeadamente cromatografia monolitica
e sistemas de duas fases aquosas (ATPS) para DSP do virus Lingua azul (BTV) a partir de
sobrenadantes de células de rim de hamster bebé (BHK-21). Em relagdo ao ensaio cromatografico do
BTV, o melhor rendimento (80%) foi atingido usando 20 mM NaH,PO, como tampéo de adsorcéo e
20 mM NaH,PO, com 1 mM MgCl, e 2 M NaCl, como tamp&o de eluicdo a pH 7.2. Considerando
ATPS, o melhor rendimento (89%) foi obtido usando 10% PEG 3350 Da e 3% dextrano 500 kDa a pH
7.0, com uma distribuicdo desigual para a fase de dextrano. Em ambas as técnicas, o BTV mostrou
ser estavel a uma gama estreita de pH. Adicionalmente foram efetuados estudos com o virus Maedi
Visna (MVV) sendo que a cromatografia monolitica se revelou ndo adequada para o processamento
do sobrenadante. Distintivamente, ATPS provou ser uma alternativa viavel. MVV mostrou preferéncia
pela fase constituida por PEG, sendo o melhor sistema composto por 15% PEG 3350 Da, 10%
fosfato a pH 6.0.

Este trabalho apresenta diferentes técnicas para concentracdo de virus e estabelece avangos

cientificos acerca das estratégias de DSP.

Palavras-chave: Concentracdo de virus, Cromatografia Monolitica, Sistemas de duas fases aquosas
(ATPS), Virus Lingua azul (BTV), Virus Maedi Visna (MVV)






Abstract

The production of gene therapy vectors and viral vaccines requires an efficient concentration and
purification of viral particles. Presently, virus downstream procedures are based in differential
centrifugation methods. Such methods are characterized by low yields, high costs, time-consuming
and difficult scale up. The goal of this thesis is to address these current challenges, by developing and
optimizing alternative technologies, namely monolithic chromatography and aqueous two-phase
systems (ATPS) for the concentration and purification of Bluetongue virus (BTV) from baby hamster
kidney cells (BHK-21) culture supernatants. Concerning the chromatographic assay, the best yield
(80%) was achieved using 20 mM NaH,PO, with 1 mM MgCIl, as adsorption buffer and 20 mM
NaH,PO, with 1 mM MgCI, and 2 M NacCl as elution buffer, both at pH 7.2. Regarding ATPS, the best
yield (89%) was obtained using 10% PEG 3350 Da and 3% dextran 500 kDa at pH 7.0 with an uneven
distribution of BTV being observed in the dextran-rich phase. In both techniques, BTV showed a
narrow zone of pH stability. Additionally, preliminary studies were performed with Maedi Visna virus
(MVV) and it was observed that monolithic chromatography was not suitable for processing the culture
supernatants. Distinctively, ATPS proved to be a viable alternative. MVV exhibited a top phase
preference with the highest recoveries obtained with 15% PEG 3350 Da, 10% phosphate at pH 6.0.
MVYV also presented a narrow working pH range.

This work presents different techniques for virus concentration and advance scientific understanding
of the viral downstream processing strategies.

Keywords: Aqueous two-phase systems (ATPS), Bluetongue Virus (BTV), Maedi Visna Virus (MVV),
Monolithic chromatography, Virus concentration
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1.l ntroducti on

1.1. State-of-the art

Recently, the successful purification of virus is a key feature in the production of viral vaccines and
gene delivery vehicles in the biopharmaceutical industry. However, a cost effective downstream

process is still a challenge and a mandatory requirement to manufacture these products.

During the last years, traditional methods based on ultracentrifugation and packed bed
chromatography have been the main process used, mainly due to its simplicity and high resolution
power. Nevertheless, there is an interest in alternative separation methods due to high costs, batch
operation, low throughput and complex scale-up involved in both technologies (Przybycien, et al.,
2004). The liquid-liquid extraction using aqueous two-phase systems (ATPS) has been recently
revisited to successfully recover bioproducts on a large scale with excellent levels of purity and yield

(Negrete, et al., 2007) (Rosa, et al., 2013) looking, therefore, promising in this field.

In the area of chromatography, the past 20 years have witnessed an increasing development of
alternative supports to the traditional packed-beds, namely membranes and monoliths. These
convective-flow media have unique architectures that offer compelling performance features offering
substantial advantages in binding capacity and throughput in addition to convenient handling (Gagnon,
2008).

The practical application of ATPS has been demonstrated in many cases including a number of
industrial applications such as the purification of human antibodies (Rosa, et al., 2013), the large scale
fiin situodo pu-icafriedooatby Genentecli and tlieFone of the most successful industrial
application of this technology, chymaosin purification from recombinant Aspergillus supernatant (Asenjo
& Andrews, 2012). Furthermore, this separation and purification has also been successfully used for
virus and virus-like particles. Examples include recombinant VLPs from yeast and insect cells (Asenjo
& Andrews, 2012) (Luechau, et al., 2011), bacteriophage T4 (Negrete, et al., 2007) among others.

Regarding the application of monolithic chromatography to the purification of virus, in 2005, live
attenuated replication-defective Influenza Vaccine project from Green Hills Biotechnology were
granted funding from European Commission working with different partner institutions both from
academia and biotech industry in different European countries highlighting the importance of this
technology. Later on, in 2011, Forcic and coworkers proved the applicability of the monolithic anion
exchange in the purification of rubella virus with viral recoveries of almost 100%. In 2012, Bamford

and his coworkers purified bacteriophage PDR1.

To acknowledge the importance of this emerging technique in virus purification, in 2007, Professor
Georges Guiochon had summarized, in one sentence, the current interest of the scientific community:
fi énonolithic columns will, someday, become the main workhorse of chromatographic separation.o
(Guiochon, 2007).



1.2. Objectives

This work specifically aims to: i) execute the upstream process of mammalian cell culture-based
viruses mainly Bluetongue and Maedi Visna virus and ascertain any differences; ii) viruses
downstream processing based on alternative methods namely monolithic chromatography and
extraction in aqueous two-phase systems (ATPS) iii) optimization of the monolithic chromatography
and ATPS changing several parameters; iv) comparison between both technologies and conventional
methods for virus recovery and purification; v) comparison between both viruses results in order to
generalize the downstream processing to other viruses.

This work is expected to be useful in the design and production of vaccines, gene delivery vehicles

and in the scientific understanding of viral purification strategies.



2. Literature review

2.1. Viruses: General remarks and applications

The evolution of pathogenic virus infections like influenza and HIV has created an urgent need to stop
diseases before they emerge through vaccines production. The size of vaccines market is about 2-3%
in the global pharmaceutical market although with a spectacular growth rate of 10-15% per year
versus 5-7 % for other pharmaceuticals (WHO, 2013).

The progress in vaccine research is likely to be seen as one of the crucial progresses of the early 21
century. For companies that come up with breakthroughs, the rewards can be enormous. Merck's
Gardisil, which prevents the spread of human papillomavirus (HPV), accomplished more than $1
billion in sales in 2013 (Merck, 2013). Pfizer's Prevnar 13, which helps preventing invasive
pneumococcal disease, is expected to surpass $5 billion in annual sales within a few years (Pfizer,
2012). Furthermore, Influenza vaccine market is estimated at $2.9 billion in 2011 to $3.8 billion by
2018 (WHO, 2013). The World Health Organization estimates that the global vaccine market grew
from $5 billion in 2000 to $24 billion in 2013 - and could hit $100 billion by 2025.

Another field where viruses look promising is gene therapy. The market for gene therapy is
challenging to estimate as there is only one approved gene therapy product and it is marketed in
China since 2004 (Jain PharmaBiotech, 2014). Due some unsuccessful cases, gene therapy had
pretty much dropped off the biotechnology industry. Genzyme and Pfizer in the U.S. and Novartis in
Europe are bringing back gene therapy to the market. California Global Industry Analysts forecast that
sales of gene-based therapies could exceed $465 million annually by the year 2015

(BloombergBusinessweek, 2010).

Viruses have been used extensively over the last years due to their many attractive features including
(i) nanometer size range, (ii) high degree of symmetry and polyvalency, (iii) low polydispersity, (iv)
efficient and inexpensive production, and (v) biocompatibility. Thousands of virus species have been
identified and as a result provided an enormous variety of potential platforms for applying
nanotechnology and pairing inherent properties of viruses with the most appropriate application
(Kristopher & Manchester, 2010).

A virus consists of a protein shell called the capsid surrounding a genome composed by RNA or DNA.
The patrticle is called a virion and, unlike a living cell, has no way to make its own energy or duplicate
its own genome. The virus relies on the host to do this work. As viruses do not have their own
metabolism, inhibitors such as antibiotics have no effect on them as there is no metabolism to be

disrupted. The only point of possible interventions is viral interaction with the host (Reinhard, 2008).

Viruses come in many different types and can inhabit every living organism from bacteria to humans to
plants. Viral diseases in humans are very common, and most cause only minor symptoms. For
example, when rhinovirus invades a host, the victim ends up with a runny nose as with other cold

symptoms and usually feels miserable for a few days. However, some viruses do cause a significant
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number of serious diseases, such as human immunodeficiency virus (HIV), smallpox (Variola),

hepatitis or ebola hemorrhagic fever.

The great variety of viruses can be divided into groups based on capsid shape or type of genome. The
three major shapes are spherical, filamentous, and complex. Complex viruses come in various
shapes, but some have flegso that attach to the host cell, a linear segment that injects the DNA or
RNA genome into the host, and a structure that stores the viral genome. This type of complex virus is

common among bacteriophages.

Viral genomes are varied in size, but all contain sufficient genetic information to get the host cell make
more copies of the virus genome and make more capsid proteins to pack it. At the very least, a virus
needs a gene to replicate its genome, a gene for capsid protein, and a gene to release new viruses
from the host cell (Clark & Pazdernik, 2012).

The viruses provide a diverse array of shapes as rods and spheres, and a variety of sizes spanning

from tens to hundreds of nanometers (Table 1).

Table 1. Examples of some viruses: name, features and structure. Content from (SIB Swiss Institute of

Bioinformatics, 2014).

Name Features Structural illustration

double-stranded DNA,;

Herpesvirus enveloped; 150-200 nm

double-stranded DNA,;

Reovirus nonenveloped; 70-80 nm

single-stranded RNA;

o nonenveloped; 18 nm
Tobacco Mosaic Virus




Viruses have been previously used as vaccine carriers and gene therapy vectors and play an
important role in current medical approaches. Viral vectors like adenoviruses, adeno associated
viruses, or retro-viruses are the vehicles being developed for delivering genetic material to the target
cell in gene therapy. Viral vaccines, such as attenuated or inactivated rabies virus, influenza virus, or
hepatitis virus are powerful tools used nowadays (Arvina & Greenberg, 2006). Moreover, viruses are

used in molecular and cellular biology research as well as in genetic engineering (Lodish, et al., 2000).

2.1.1.Understanding Bluetongue virus: virology, pathogenesis and
epidemiology

Bluetongue virus (BTV) is an economically important orbivirus of the Reoviridae family which causes
disease in domestic and wild ruminants, mainly in sheep and less frequently in cattle, goats, buffalo,
deer, dromedaries and antelope (Sperlova & Zendulkova, 2011). It is not known to affect humans

thereforeis not a significant threat to human health.

BTV is mostly transmitted by biting midges, small (0.3 mm) haematophagous insects of the genus
Culicoides. The genus Culicoides include, at the present, 1300 to 1400 species, but only about 30 of

them are BTV vectors (Meiswinkel, et al., 2004).

Culicoides competent to transmit BTV become infected by taking a blood-meal from a viraemic animal.
Once ingested, the virus starts to replicate and migrates from the Culicoides gut to the salivary glands.
When the virus has reached the Culicoides salivary glands, there is a fully disseminated infection
which can be transmitted to a new vertebrate during Culicoides feeding. If the infected Culicoides bites
a ruminant host which has not previously been infected with, or vaccinated against, that animal
becomes infected, starting the transmission cycle again. When inside the host, the virus replicates in
primary vasculature and draining lymph node and then it is transferred to sites of replication namely

lungs, lymph nodes and spleen (Purse, et al., 2005). The roots of the virus are illustrated in Figure 1.
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Figure 1. Summary of BTV transmission root (Purse, et al., 2005).



Infection with BTV results in reddening (hyperaemia) and swelling (oedema) of the lips, mouth, nasal
linings and eyelids (Figure 2). Animals may have quickened breathing. Nasal discharges, excess
salivation and frothing are common clinical signs. Animals can lose condition rapidly, including muscle
degeneration. All ruminant species can be infected by BTV, although clinical signs of the disease are

usually restricted to exploration breeds of sheep.

Figure 2. Clinical signs of the disease namely reddening and swelling of the lips, mouth, nasal linings and eyelids
(Baynard, 2010).

26 serotypes of BTV have been reported around the world. Due to its economic impact, BTV is an
Ofcg International des Epizooties (OIE)-listed disease. Economic losses associated with BTV
infection are caused directly through reductions in productivity and death and more importantly
indirectly through trade losses due to animal movement restrictions, restrictions on the export of cattle
semen and the costs of implementing control measures, including diagnostic tests (Sperlova &
Zendulkova, 2011).

In 2007, a BTV-8 serotype outbreak in France was estimated to cost US$1.4 billion. Economic losses
were mainly due to the inability to trade cattle, a very substantial industry in France, on the
international market. In 2007 a BTV-8 outbreak in the Netherlands cost approximately US$85 million.
In the eastern Mediterranean, a bluetongue episystem has been accepted since the first half of the
20" century. Bluetongue became endemic in the eastern Mediterranean Basin with sporadic spillovers
in Cyprus, Greece, Spain and Portugal. Portugal was involved in the 2004 epidemic of BTV-4 that
affected the Iberian Peninsula. In the same way, in Spain, vaccination of all sheep and cattle to be
moved was performed with modified live virus and inactivated vaccines (Caporale, 2008). Both
countries announced as free of this serotype in March 2010. However in 2011, there was an outbreak
of serotype 1 in Portugal, as well as two outbreaks in 2012 specifically in ldanha-a-Nova, Castelo
Branco and Vila Velha de Réddo where the vaccination is still mandatory up to date (Ministério da

Agricultura, Mar, Ambiente e Ordenamento do Territério, 2013).

Considering the structure, BTV is a non-enveloped virus, 90 nm in diameter, with a triple-layered

icosahedral protein capsid (Venkataram, Yamaguchi, & Roy, 1992) (Peter & Diprose, 2004) (Roy &



Noad, 2006) (Figure 3). Its genome consists of 10 linear double-stranded RNA (dsRNA) segments
encoding seven structural proteins (VP1 to VP7) and three nonstructural proteins (NS1, NS2, and
NS3).

VP7
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VP3

Inner shell
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Figure 3. Representative scheme of BTV structural proteins and dsRNA segments (Purse, et al., 2005).

The outer layer consists of two major proteins, VP2 and VP5. The VP2 protein establishes the
serotype and is responsible for receptor binding, haemagglutination and eliciting host-specific
immunity. The VP5 protein interacts with the host cell endosomal membrane and plays a minor role in
inducing an antibody response (Sperlova & Zendulkova, 2011). The middle layer or inner capsid (core)
is formed by the VP7 protein which is the responsible for serotype specificity providing an epitope in
ELISA tests for detection of antibodies against BTV. The innermost layer (subcore) is formed by the
VP3 protein and three smaller structural proteins, VP1, VP4 and VP6, involved in transcription and
replication of viral RNA (Sperlova & Zendulkova, 2011). The role of the NS1 non-structural protein is
poorly understood; some authors defend an involvement in viral morphogenesis (Pépin, et al., 1998).
The NS2 protein is the main component of viral inclusion bodies (Owens, Limn, & Roy, 2004), and is
also involved in recruitment of BTV mRNA for replication (Roy P., 2008). The NS3 protein acts as a
viroporin, which enhances permeability of the cytoplasmic membrane facilitating virus release from

mammalian or insect cells (Sperlova & Zendulkova, 2011).

BTV remains stable in the presence of proteins and can survive for years, for instance, in blood stored
at -20 °C. It is sensitive to 3% (w/v) NaOH, organic iodine complex, phenol and b-propioactone
(Sperlova & Zendulkova, 2011).

2.1.2. Maedi Visna virus: a model to study human immunodeficiency virus
(HIV)

Maedi Visna virus (MVV) was discovered in sheep by Sigurdsson et al (Sigurdsson, et al., 1960) in
Iceland in the early 50s. However, the disease symptoms had been described prior to this discovery in

South Africaand USA. T h e slawovni creupstgukiodf fronf this discovery encouraged the



name of the lentivirus [lentus (latin) means slow] genus of which MVV is a member. There are two
distinct pathological situations, corresponding to the main clinical manifestations of MVV infection: the
first, called maedi (i d y s pin Edaaadic), is a progressive pneumonia and the second, called visna
(fading away 1 state of progressive ap a t Inycélandic), is a demyelinating leukoencephalomyelitis
(Thormar, 2005). MVV can also infect other organs or tissues, particularly joints in which it causes
arthritis and the mammary glands where it causes mastitis (Figure 4A). Maedi, rather than Visna, is
the most common clinical manifestation of MVV infection. The pulmonary appearance is characterized
by chronic respiratory signs accompanied by loss of body weight and condition before death (Figure
4B) (Pépin, et al., 1998).

Figure 4. Clinical signs of the MVV disease namely mastitis in mammary glands (A) and loss of body weight in

sheep (B) (Veterinary Faculty of Zaragoza, Spain, 2013).

The lentivirus genus of the Retroviridae family embraces pathogens of humans, monkeys, horses,
cattle, sheep, goats and cats. The main routes of transmission are the horizontal transmission
between sheep of any age, by aerosol from the respiratory tract and from mother to offspring with
colostrum or milk. When a lamb sucks its infected dam, transmission is expected under any
management system and may happen even when the dam is in the preclinical period (Dawson, 1980).
Blood has not been demonstrated to be a source of transmission and vertical transmission is rarely

perceived. Venereal transmission of MVV has not been reported (Belknap, 2002).

Lentiviral diseases are the cause of important economic losses suffered by the sheep and goat
industries and also increasingly threaten exports of live animals. In a work published by
Christodoulopoulos in 2005 about commerciald ai r y p o c bysMVV,mimeao-anauil decline of
milk production and milk fat percentage was reported to be of the order of 3.2 and 2.0 % respectively,
following the year to year increase of MVV seroprevalence in p o ¢ Hte disease has been reported in
many of the sheep rearing countries of the world, but has not yet been seen in Australia and New
Zealand. Published data about MVV status and economic lossarepoor , r e pletle tesearah
made on the topic. Investigations into the economic impact of MVV have largely focused on
productivity parameters such as wool, milk or lamb production, as shown above, and have not

addressed the direct losses due to death or premature culling (Benavides, et al., 2013). Most countries

t

he



have recorded the disease already. In Portugal, the full-length sequence ofthey r st Portuguese

of ovine lentivirus has been presented (Barros, et al., 2004).

Regarding the structure, MVV virions have a conical capside and a unique three-layered structure
(Figure 5). Their diameter is about 100 nm. The central part of the virus is the genome-nucleo-protein
complex, associated with the reverse transcriptase. This structure is placed within an icosahedral

capsid enclosed by an envelope derived from the plasma membrane of the host cell.
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Figure 5. Representative structure of MVV and its main proteins (SIB Swiss Institute of Bioinformatics, 2014).

The virus has a typical genetic organization of lentiviruses: its genome is a RNA dimer with positive
strand polarity, 9.2 kb in size, which is reverse transcribed into proviral DNA some of which will be
integrated into the chromosomal DNA. It comprises three structural genes: gag (group-specific

antigen), pol (polymerase) and env (envelope), as well as various auxiliary genes (Pépin, et al., 1998).

The virus remains within infected monocytes and macrophages and may exist in a latent state for an
uncertain period. Viral expression is closely dependent on the maturation of monocyte to macrophage.
Moreover, the virus is able to mutate and the resultant antigenic drift results in new strains of the virus.
This fact explains the different patterns of the disease associated with diverse strains of the virus
(Belknap, 2002).

It will be difficult to have an available vaccine due to mutagenic properties of the virus (Belknap, 2002).
Despite this, a number of research groups continue to defend the feasibility of a search for such
vaccine, advocating different strategies. The use of attenuated viruses obtained by deletion of

selected genes looks promising (Pépin, et al., 1998) (Peterhans, et al., 2004).

The infections triggered by MVV in sheep share a number of features with the infection caused by the
HIV, such as an incubation period of several months or even years, a slow development of disease
symptoms and many structural and functional protein similarities (Thormar, 2005). In this degree,

studies of MVV may therefore help in the search for new drugs against HIV.



2.2. Bioprocess design to develop viruses

There are many challenges in the development of viruses due to the complexity, costly and high-
regulated upstream processes associated. Downstream processing is also a key step, costly and time
consuming as well. Therefore, biotech companies developing viral platforms are based on
conventional techniques although they are studying novel and appealing techniques to produce and

recover these bioproducts.

2.2.1. Manufacturing technology

In the case of the viruses, gene transfer experiments require large amounts of highly pure material.
Predictions have been made regarding the magnitude of single doses required for therapy which lie
between 10™ and 10" particles, with annual productivity requirements variously projected by some
agencies in the range of 10" to 10%° (Lyddiatt & O'Sullivan, 1998). Therefore, manufacturing capacity
to meet the demands of viral vectors production is a real challenge. In addition, market speed is critical

to deliver health benefits to patients quickly and to achieve business success.

There are two different methods to produce viruses: egg-based manufacture and cell-culture-based
manufacture. Each one has advantages and disadvantages based on experience, costs, raw materials
availability, and economic viability (Hickling & D'Hondt, 2006).

Relatively of egg-based manufacture at the laboratory scale, it is possible to produce viruses i b y
h a n, dvibhout the need for automation and using only standard laboratory equipment. Embryonated
eggs from a certified source are needed and used 9i 12 days after fertilization. The seed-virus is
inoculated via alantoic route into the alantoic sac with a syringe under aseptic conditions. The hole is
then sealed with wax. The inoculated egg is incubated for two to three days. At the end of this period,

it is transferred to 4°C, which kills the embryo. The top of the egg is cut off, the membrane pierced with

a pipette and the allantoic fluid is removed. This is then clarified by centrifugation to remove cell
debris. Harvests from the eggs are pooled and sterility tested for three to four days (Hickling &
D'Hondt, 2006).

At industrial scale, the process is the same but with automatic inoculators, incubators and harvesters

required to speed up the process and increase capacity.

In the past, seasonal flu vaccines have been manufactured using fertilized embryonic eggs. The
advantages of using embryonic eggs to manufacture seasonal flu vaccines are that the safety and
effectiveness of the vaccines produced have been well established. One of the most disadvantages in
this egg-based manufacture is that in the event of a pandemic, the available egg-grown influenza

vaccine would be insufficient to meet global demand (IFPMA, 2012).

However, in order to get a faster scale-up, a laboratory-scale cell-culture-based process can be better.
This process uses relatively straightforward equipment such as roller bottles or cell factories, standard

incubators and bioreactors.
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The first step is the cell line development stage to expand the desired quantity for working cell banks.
Then, cells are infected with the virus and incubated for necessary time. Parameters such as
multiplicity of infection, incubation time and temperature need to be optimized for each cell line and
each strain of virus. After the incubation period, the virus is harvested by removing the tissue-culture

supernatant. The harvested supernatant is concentrated using ultrafiltration or ultracentrifugation.

Scaling up will involve establishing a fermenter-based cell culture; either using suspension cells or a
micro-carrier-based culture (Hickling & D'Hondt, 2006). In this case, cells grow in suspension which
simplifies virus production. During production, one ampule of stored cells is thawed and expanded in
several steps. At each stage the cells are placed in fermenters (stainless steel tanks) that provide the
optimal environment for growth including the proper temperature, pH value and nutrient solution
(IFPMA, 2012). The proliferation of the cells is constantly monitored. Cell proliferation takes place in a

contained fermenter system within clean rooms (Figure 6).

Fermenter 4 -
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Fermenter 1
Cell Propagation

Fermenter 2
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Figure 6. Cell culture production plant from Novartis Vaccines and Diagnostics ((IFPMA, 2014).
2.2.2. Downstream processing

Cell harvesting and virus purification are essential steps in the downstream processing of
biopharmaceutical products. Viruses possess different biological and biochemical properties and
therefore purification conditions must be established specifically for each virus. Preparative methods
used to purify viruses are based mostly on different ultrafiltration techniques (Hensgen, et al., 2010)
precipitation by polyethylene glycol (PEG), or density gradient centrifugation (Huhti, et al., 2010)
(Figure 7 shown in blue). However these techniques present some disadvantages due to their difficult
scale-up at both laboratory and industrial scales. On the other hand, some alternative scalable
methods, such as chromatographic techniques including ion-exchange chromatography (IEX), size-
exclusion chromatography, affinity chromatography (Njayou & Quash, 1991), and metal chelate
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(Negrete, et al., 2007) or non-chromatographic such as aqueous two phase systems have been used
(Benavides & Rito-Palomares, 2008).

Cell culture harvest

Intermediate Purification
Polishing step

Centrifugation

Precipitation by
PEG

Density gradient
centrifugation

Ultrafiltration

Figure 7. Typical virus platform downstream process (blue) and alternative one, exploited in this work ( ).

2.2.2.1. Cell culture harvest

Centrifugation

Biological centrifugation is a process which separates or concentrates mixtures of biological particles
suspended in a liquid medium. The theoretical basis of this technique is the effect of gravity on
particles (cells, subcellular fractions, isolated macromolecules such as proteins or nucleic acids and
viruses) in suspension. Two particles of different masses will settle in a tube at different rates in
response to gravity (Sheeler, 1981). This sedimentation of particles can be explained by the Stokes
equation (Equation 1), which describes the movement of a sphere in a gravitational field. The equation

calculates the velocity of sedimentation utilizing five parameters:
o — Equation 1

where v is the sedimentation rate or velocity of the sphere, d the diameter of the sphere, p the particle
density, L the medium density, n the viscosity of the medium and lastly g is the gravitational force
(Sigma-Aldrich, 2014).

From the Stokes equation is possible to say that the rate of particle sedimentation is proportional to
the particle size and proportional to the difference in density between the particle and the medium.
Moreover, the sedimentation rate is zero when the particle density is the same as the medium density
and decreases as the medium viscosity increases. Finally, the sedimentation rate increases as the

gravitational force enhances, so, g parameter is used to increase the settling rate in the centrifuge.

One of the most used forms of centrifugation in industry is disk-stack centrifugation due to its
capability to perform very large scale downstream harvest operations with great efficacy. In this
centrifugation, the disc stack separator separates solids and one or two liquid phases from each other

in one single continuous process, using very high centrifugal forces. When the denser solids are
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subjected to these forces, they are forced outwards against the rotating bowl wall, while the less
dense liquid phases form concentric inner layers. The insertion of disc stack provides additional
surface settling area, which contributes to speeding up the separation process significantly (Alfa Laval,
2014). Disk stack centrifuges are capable of removing cells and large cell debris; however cells can be
damaged during the process increasing the number of submicron particles that cannot be removed.
So low-shear systems and techniques coupled with second-stage depth filtration are especially useful.
The use of depth filtration can provide further clarification, removing smaller solid particulates (Rios,
2012).

2.2.2.2. Intermediate Purification

Precipitation by PEG

PEG is a widespread polymer used as a fractional precipitating agent for the purification of proteins
from a variety of sources due to its non-denaturing qualities. However, the molecular basis of the
protein-precipitating action of PEG is not well understood. Polson and his coworkers (Polson, et al.,
1964) documented the increasing of PEG effectiveness as the molecular weight of the polymer
increased. However, there were cleaning difficulties in unit operations like mixing, pumping,
centrifugation and filtration. In order to precipitate small proteins, higher concentrations of larger
PEGs are needed and this occurs to a significant extent only when the proteins are present in high

concentrations.

Juckes (Juckes, 1971) referred afterwards that larger proteins have the tendency to precipitate at
lower concentrations of PEG. These tendencies have strengthened the notion that the precipitation
process is due mainly to excluded volume effects. According to this perspective, proteins are
sterically excluded from regions of the solvent occupied by the inert synthetic polymers and are thus

concentrated until their solubility is exceeded and precipitation occurs (Donald & Kenneth, 1981).

The addition of PEG to a protein solution increases the chemical potential of the proteins. Precipitation
of the protein happens when its chemical potential exceeds the level of a saturated solution. The
chemical potential of the proteinin s at ur at ed s o Wriiténiincan isothermal ahd isobalic) |,

condition was presented by Atha et al. (Atha & Ingham, 1981):
t — et YNME QY | Equation 2

w h e rdJ/mol = N m/mol) is the chemical potential of an infinitely dilute pure protein in ideal solution
(reference state of no intermolecular interaction), G (J) is the Gibbs free energy, n (mol) is the number
of protein particles, R (J/K mol) is the gas constant, T (K) is the absolute temperature, and S; (mol/L)
is the molarity of sol ubi(mollpaf BEGeBygas law, RT Hagthepnitofs e nce o f
Pa m*/mol. The bracketed terms on the right hand side of Equation 2 have no units. The coefficients
d; and; (IUmol) denote proteini protein (second virial coefficient) and PEGT protein interactions,
respectively. Negligible effects of buffer constituents (due to low concentrations) and higher order virial

coefficients (to simplify the virial equation) are assumed. Since the number of soluble protein

mol ecules in the system (1 &M, or 0.1 mg/ ml of a 10
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lower than the number of PEG molecules present [17 mM or 10 % (w/v) of a 6000 Da PEG], the non-

ideality caused by proteini protein interactions (d,S;) is not considered.

By taking ¢ as a constant (soluble and precipitated protein phases are in equilibrium), Juckes (Juckes,

1971) simplified Equation 2 to a semi-logarithmic expression (Equation 3):
|l og S=1b¥+a Equation 3

where S (mg/ml) is the protein solubility in t
plotted in semi-logarithmic scale, normally one of the curves obtained is a sigmoidal with a middle
linear region of negative slope that fits into Equation 3. T hvalue ff[log(mg/ml)]/[%w/v]) represents
the precipitati on e-fafue [od(regimt)lydenotes lingimsie preteintsdiubilitysin the
absence of PEG.

The equations described above help to refine the selection criterion for PEG precipitants.

Density gradient centrifugation

In the case of a biological mixture with particles of similar size but differing density, ultracentrifugation
with performed or self-establishing density gradients is the best method of choice. The mixture, such
as a virus containing supernatant, is layered on top of a preformed liquid density gradient. Depending
on biological application a wide variety of gradient materials are available: caesium chloride for
banding DNA or isolate plasmids and viruses; sodium bromide for the fractionation of lipoproteins;
sucrose for the separation of membrane vesicles from tissue homogenates (Walker & Wilson, 2010).
Those materials should have: i) good solubility in water, ii) electrical neutrality and iii) transparency to
UV-light. Whereas their viscosity should be relatively small for the centrifugation of macromolecules,

this restriction is less stringent for viruses or large cellular organelles (Fritsch, 2009).

Time of centrifugation

o Q

3 .*Q < Sample

‘_; %% | « Small-sized or low-

= density particles

rs- Density =0 E}%S) <] Medium-sized or medium

c gradient density particles

(&} m < Large-sized or high-
density particles

o v y P

Figure 8. Separation scheme of biological particles using a density gradient. The sample is carefully layered on
top of preformed density gradient prior to centrifugation. After centrifugation time separation of the different sized
particle was obtained (Walker & Wilson, 2010).

Density gradient centrifugation necessarily requires the use of swinging bucket rotors (Figure 9) or
zonal rotors. These are the only rotors in which the density gradient is always parallel to the force
which is submitted and the zones do not suffer any major distortion. Therefore, fixed angle rotors are

not suited for zone centrifugation. The choice of a particular rotor depends basically on the amount of
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macromolecules to be centrifuged, on the resolving power, and secondarily on the centrifugation time.

Most often, the best compromise has to be found between these three parameters (Fritsch, 2009).

Figure 9. Swinging bucket rotor from Instituto Nacional de Investigagdo Agréria e Veterinaria (INIAV).

The rotor in Figure 9 is essentially characterized by a set of buckets which hang in the vertical while

the rotor is at rest, and which come to the horizontal position as soon as the rotor spin. Thus, the

tubes placed inside each bucket are always submitted to a forc
force) which is parallel to their axes.

Ultrafiltration

Ultrafiltration (UF) is a tangential flow filtration technique which uses membranes with pore sizes in the
range of 0.1 to 0.001 pm. Typically, ultrafiltration will remove high molecular-weight substances, such
as viruses (Bellara, et al., 1998), colloidal materials, and organic and inorganic polymeric molecules
(Spatz & Friedlander, 1980). In this process, the fluid is pumped tangentially along the surface of the
membrane. There is an applied pressure which forces the fluid to pass through the membrane to the
filtrate side. The fluid that flows out of the feed channels of the membrane modules back into the
recycle tank is known as concentrate or retentate while the fluid that passes through the membranes
is commonly called permeate. UF using a hollow fiber membrane is accomplished by pumping the
fluid into the inner diameter of a tubular fiber (Figure 10).
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Figure 10. Schematic of an ultrafiltration process using a hollow fiber membrane module (Anon., 2014).

One application of UF is the solvent-exchange of proteins which is called Diafiltration (DF). In
processes where the product is in the retentate, diafiltration washes components out of the product
pool into the filtrate, thereby exchanging buffers and reducing the concentration of undesirable
species. When the product is in the filtrate, diafiltration washes it through the membrane into a
collection vessel.

A diavolume or diafiltration volume (DV) is a measure of the extent of washing that has been
performed during a diafiltration step. It is based on the volume of diafiltration buffer introduced into the
unit operation compared to the retentate volume. If the volume of permeate collected equals the

starting concentrate volume, it means that 1 DV has been processed (Schwartz, 2003).

If a solute is not totally retained (or rejected), the amount of solute going through the membrane can

be quantified in terms of parameters such as the apparent rejection coefficient (" ) (Equation 4).
» p — Equation 4

where ¢, is the concentration in the permeate and c. the concentration in the retentate or concentrate.

The permeability will be influenced by transmembrane pressure (TMP, qpRy) which is the average

applied pressure from the feed to the filtrate side of the membrane (Equation 5).

Y0 — 0 W Equation 5
wherePii s t he pressure at Pplistthe presgura btitha corcéndrate ontleteR, is the
pressure atthe per meat e o Utidtletdiffereace df osotic pressure between concentrate
and permeate. Because only high-molecular weight species are removed, the osmotic pressure

differential across the membrane surface is negligible.

When a membrane is used for a separation, the concentration of any species being removed is higher
near the membrane surface than it is in the bulk of the stream. This condition is known as
concentration polarization and exists in all ultrafiltration separations. The result of concentration

polarization is the formation of a boundary layer of substantially high concentration of substances
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being removed by the membrane (Porter, 1972). The thickness of the layer and its concentration
depend on the mass of transfer conditions that exist in the membrane system. Membrane flux and
feed flow velocity are both important in controlling the thickness and the concentration in the boundary
layer. In addition to concentration polarization phenomenon there is another reason for the
degradation of membrane's performance: membrane fouling. This is accomplished when solute
deposits onto a membrane surface or into membrane pores. Membrane fouling is an irreversible and

time-dependent phenomenon (Katsuki Kimuraa, 2004).

The permeate flux in an ultrafiltration process determines its productivity. This parameter depends
primarily on the properties of the membrane and the feed solution therefore is affected by
transmembrane pressure, concentration polarization and membrane fouling phenomena as described

in Equation 6,
o — Equation 6

where® i s t he sol ut,istherésstance deectotiseimenybraneRR, is the resistance due
to concentration polarization, and Ry is the resistance due to fouling.

2.2.2.3. Polishing step

lon Exchange Chromatography

With its origins dating back to the 1940s, ion-exchange chromatography (IEX) was designed
specifically for the separation of differentially charged or ionizable molecules. Researchers have
routinely employed this technique for the purification of proteins (Kent, 1999), enzymes (Cummins &
O'Connor, 1996), antibodies (Knudsen, et al., 2001), peptides, amino acids and nucleic acids, as well

as carbohydrates and organic compounds (Horvath & Lipsky, 1966).

IEX is an alternative purification technique to conventional ultracentrifugation based methods for virus
purification. The basis of IEX is that charged ions can freely exchange with ions of the same type. In
this context, the mass of the ion is irrelevant. Therefore, it is possible for a bulky anion like a
negatively charged protein to exchange with chloride ions. This process can later be reversed by
washing with chloride ions in the form of NaCl or KCI solution. Such washing removes weakly bound
proteins first, followed by more strongly bound proteins with a greater net negative charge. Its large
sample-handling capacity, wide applicability (particularly to proteins and virus), reasonable cost,
powerful resolving ability, and easy to scale-up and automation, made this technique as one of the

most versatile and widely used of all liquid chromatography (LC) techniques (Kent, 1999).

In cation exchange chromatography positively charged molecules are attracted to a negatively
charged solid support at a pH below its isoelectric point (pl). Contrariwise, in anion exchange
chromatography, negatively charged molecules are attracted to a positively charged solid support at a
pH above its pl. In a particular condition, the molecule carries no net surface and interactions with the
charged medium do not occur, in this case, pH corresponds to its isoelectric point. Additionally other

minor types of interactions may occur, due to Van der Waals forces or non-polar interactions.
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The stages of an anionic exchange chromatography are described in Table 2. The first step is
equilibration with the buffers in which the ion exchanger is brought to a starting state, in terms of pH
and ionic strength, which allows the binding of the desired solute molecules (Table 2 i Equilibration
step). The second step is the sample application and adsorption, in which solute molecules carrying
the appropriate charge displace counter-ions and bind reversibly to the medium. Unbound substances
are washed out from the column (Table 2 i Sample application step). In the third stage, the
substances are removed from the column by changing to elution conditions unfavorable for ionic
binding of the solute molecules (Table 2 i Elution steps). This normally involves increasing the ionic
strength (typically Na" or CI) of the eluting buffer or changing its pH. The last stage is the removal of
substances not eluted from the column under the previous experimental conditions and re-

equilibration at the starting conditions for the next purification (Table 2 i Washing step).
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Table 2. Separation steps in anion exchange chromatography. Adapted from (GE Healthcare Life Sciences,

2014)

Step

Description

lllustration

Equilibration

lon exchange medium
equilibrated with

starting buffer

buffer ionic
groups

el

@
@ =] matrix

fixed ionic
groups on matrix

Sample

application

Oppositely charged
proteins bind to ionic
groups or to the ion
exchange medium,
becoming
concentrated on the
column. Uncharged
proteins or those with
the same charge as
the ionic groups are

eluted

neutral or positively

% charged proteins

negatively
charged proteins

Elution

Increasing ionic
strength (using a
gradient) displaces
bound proteins as
ions in the buffer
competing for binding

sites

Elution

Further increases in
ionic strength displace
proteins that are more

highly charged

Washing

Final high strength
wash removes any
ionically bound
protein before

reequilibration
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Furthermore, ion exchangers are classi f i ed as fi we a k &lassificatiéngefers dorthg fact
that functional groups on many ion-exchange absorbents maintain their charge only during a certain
interval of pH. Functional groups on strong ion exchangers remain charged in wider pH ranges than
for weak ion exchangers. The weak/strong classification does not refer to the absorbent ability to bind

proteins; it refers only to pKa value of their functional groups (GE Healthcare Life Sciences, 2014).

Monolithic Chromatography: a particular case of IEX

Monoliths, also called continuous stationary phases, are important tools for bioseparation of large
molecules such as viruses. The first experiments with monoliths were reported in the late 60s and
early 70s but their commercial boost was not achieved until the new millennium (Jungbauer & Hahn,
2004). In that time, the search for an alternative to packed columns, considering problems caused by
assembly of the particles in the column, was a logical consequence. Hjerten in 1989 was the pioneer
who established continuous polymer beds based on polyacrylamide for the fast separation of
biopolymers. Thereafter, in 1992 Tennikova and Svec synthesized poly(glycidyl methacrylate ethylene
dimethacrylate) polymers as disks called macroporous polymer membranes which were
commercialized later by BIA Separations from Lubljana, Slovenia under the trade name Convection
Interaction Media (CIM).

These supports can be a single piece of organic highly porous material (like CIM disks mentioned
above) or inorganic (silica) with well-defined distribution of pore sizes. The pores are highly

interconnected network of large diameter channels in which the mobile phase flows (Gagnon, 2008).

Large biomolecules are more vulnerable than small molecules to structural damage from shear forces.
Even subtle alterations can compromise recovery, stability and effectiveness. The structure of
monoliths avoids generation of shear forces, thereby contributing to high functional recoveries, even
for labile biomolecules such as live virus vaccines, DNA plasmids, and large proteins. In monoliths the
predominant transport mechanism is convection rather than diffusion which leads to a flow-unaffected
resolution. Monoliths are homogenous, and flow is uniform throughout the bed unlike packed particle
columns, where its structure is discontinuous, comprising zones with dramatically different flow
properties (Gagnon, 2008). These features enable fast separations, laminar, nonturbulent flow of
mobile phase and low pressure drops even at very high flow rates. Therefore, monoliths present

simultaneously high capacity and high-resolution fractionation of these biomolecules.

Monoliths are made in different formats as porous rods, generated in thin capillaries or made as thin

membranes or disks as shown in Figure 11.
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Figure 11. CIM® disks and housing. CIM® disks (left) are white monoliths placed in the middle of the disk of a

non-porous self-sealing ring with different colors according with their ligand chemistry. CIM disk is inserted in the

CIM housing (right) and used as a chromatography column.

Currently, five companies are manufacturing monolithic columns for application in bioseparation. An

overview of their products is given in Table 3.

Table 3. Overview of commercially available monoliths

) ) Separation
Trade Name Manufacturer Material Channel diameter
Modes
IEX, HIC,
] Bioaffinity,
CIM BIA Separations Polymethacrylate 1500 nm
Reversed
phase
UNO Bio-Rad Polyacrylamide 1000 nm IEX
IEX, Reversed
SWIFT Isco Polymethacrylate 1500 nm
phase
] ) Polystyene ) IEX, Reversed
Ultimate LC-Packings ) Not available
divenylbenzene phase
M 12
. ) acropores: 2 ym Reversed
Chromolith Merck Silica
phase

Mesopores: 13 nm
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Agueous two-phase systems (ATPS)

Two-phase aqueous partitioning is a soft method of protein purification, without denaturation or loss of
biological activity mostly. Since the systems have a high water content and low interfacial tension and
the polymers may also have a stabilizing effect, the proteins are protected (Asenjo & Andrews, 2012).
ATPS can be used to purify proteins from cell debris or to separate proteins from other proteins
(Azevedo, et al., 2007), viruses and intact cells (Garcia-Pérez, et al., 1998) (Negrete, et al., 2007),
virus-like particles (Benavides, et al., 2006) (Luechau, et al., 2011), inclusion bodies (Walke &
Lyddiatt, 1999), plasmid DNA (Maggon, 2007), surrogate mimics for viral vectors and adenoviral
vectors (Sullivan, 2008) and even inorganic compounds produced by microorganisms (Gottschalk,
2008).

ATPS forms when two polymers or one polymer and a salt are mixed in an aqueous solution above
their critical solubility concentrations. The mixture will then separate into two immiscible phases
(Figure 12), where the light phase (top phase) is rich in one polymer and the heavy phase (bottom
phase) is rich in the second polymer or the salt. In addition an interphase can be formed between both
phases.

Figure 12. Schematic representation of protein separation by ATPS. Adapted from (Persson, et al., 1999).

An important parameter in ATPS is the partition coefficient (K), which is defined as
VI Equation 7

where ¢t and cg represent the equilibrium concentrations of the partitioned protein in the top and

bottom phases, respectively.

Proteins separation is achieved by manipulating the partition coefficient presented above by altering

the average molecular weight of the polymers, the type of ions in the system, the ionic strength of the
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salt phase or by adding an additional salt such as NaCl (Zaslavsky, 1995) (Cabezas, 1996) (Hatti-
Kaul, 2001).

To achieve an effective separation of a particular protein, the following properties of partitioning should
be studied (Asenjo & Andrews, 2011):

(i) Hydrophobicity, where the hydrophobic properties of a phase system are used for separation

according to the hydrophobicity of proteins;

(i) Electrochemical, where the electrical potential between the phases is used to separate molecules

or particles according to their charge;

(i) Size-dependent partitioning where molecular size of the proteins or surface area of the molecules

(proteins) or particles is the dominating factor;

(iv) Biospecific affinity, where the affinity between sites on the proteins and ligands attached to one of

the phase polymers is exploited for separation;
(v) Conformation-dependent, where the conformation of the proteins is the determining factor.

Therefore it is fundamental to do a physicochemical characterization of the target product and major
contaminants present in the feedstock as a first step in the process design. The following steps are the
selection of the type of ATPS, selection of system parameters and evaluation of the process
parameters upon product recovery/purity (Rito-Palomares, 2004) (Benavides & Rito-Palomares,
2008). Regarding the second step, in general, there are two major types of ATPSs, polymer/salt and
polymer/polymer. The initial selection of a polymer/salt ATPS (e.g. PEG/phosphate) has been
preferred due to several process advantages including low cost, low viscosity, short phase separation
time and possible recycling strategy of both polymer and salt (Greve & Kula, 1991) (Costa, et al.,
2000) (Benavides & Rito-Palomares, 2008). When the polymer/salt ATPSs are not effective and the
market cost of the product of interest is considerably high, a polymer/polymer ATPS (e.g.

PEG/dextran) may be considered.

ATPS has important advantages over the current established methods of ultrafiltration, precipitation by
PEG, or density gradient centrifugation: ATPS process does not harm or denature biomolecules due
to mild conditions used (presence of more than 80% water in both phases); it has a rapid mass
transfer (low interfacial tension) and specific systems may be developed in order to favor the
enrichment of a specific compound, or class of compounds, in one of the two phases reaching higher
yields and purities. These systems are easy to scale-up and they may be employed in continuous
protein-extraction processes. Therefore, ATPS has been applied in several fields of biotechnology
such as recovery of proteins, enzymes, biopharmaceuticals and extractive fermentation. The

advantages and disadvantages of this process are summarized in Table 4:
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Table 4. Advantages and disadvantages of ATPS (Rosa, et al., 2010) (Xu, et al., 2001).

Advantages Disadvantages

Mild conditions Limited know-how of the mechanism of partitioning, installation,

validation and operation
Rapid mass transfer

Large consumption of auxiliary materials
High biocompatibility

Easy scale-up

Low cost
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3. Mat er Matl ko &asn d

3.1. Culture expansion and virus inoculation

Production of BTV antigen

BHK-21 (Baby-Hamster-Kidney) cell line (European Collection of Cell Cultures) was cultured in
Glasgow Modified Eagle's Medium (MEM) (Gibco®, CA, USA), supplemented with 10% fetal bovine
serum (FBS) and 1% of antibiotics (Gibco®).

Virus suspensions of BTV-4 28931-13 (INIAV) used in centrifugation, chromatographic, and ATPS
experiments were prepared by infection of BHK-21 cells. The cell culture medium was removed and
the cellular monolayer was washed once with PBS (Sigma-Aldrich). BTV-4 inoculum (3 mL) with a
titer of 1.12x10° TCIDso/mL was added and adsorbed to the cells and incubated for 1 h at 37°C in a
5% CO, atmosphere. After 72 hours of incubation, when extensive cytopathic effect (CPE) was

observed the culture medium was removed and clarified by centrifugation 3000 x g for 30 min.

Production of MVV antigen

SCP cells (Sheep Choroid Plexus cells) obtained from a MVV seronegative sheep were used at low
passage to grow MVV (strain WLC-1) (INIAV). The cells were maintainedinDu | b e c c o ®SIEMYIE M
(Gibco®, CA, USA) supplemented with non-essential amino acids, sodium pyruvate, antibiotics, and
10% heat inactivated fetal calf serum (Gibco®). At 5 days after inoculation, when extensive cytopathic
effects were observed, the medium containing MVV was harvested. Cell culture supernatants were
clarified at 3000 x g for 30 min.

3.2. MVV pre-purification by polyethylene glycol-NaCl precipitation

The MVV was precipitated from the supernatant using 6% (w/v) polyethylene glycol 6000 (Sigma-
Aldrich) and 0.4 M NaCl (Sigma-Aldrich) with overnight stirring and centrifuged at 3000 x g for 30 min
at 4 € in a Sorvall GSA rotor and resuspended with the original volume with phosphate buffered saline
(PBS) (Sigma-Aldrich).

3.3. Viruses concentration by density gradient centrifugation

Viral pellets (BTV and MVV) obtained by ultracentrifugation (107000 x g) of clarified supernatants or
PEG pre-purified MVV were suspended in 1 mL of PBS and layered onto an 11 mL discontinuous
gradient consisting of 2 mL of 50% (ww) and 8 mL of 20% sucrose in 1 mM
Tris(hydroxylmethyl)aminomethane-chloride buffer [(Tris)-chloride buffer] (pH 7.2) containing 0.001 M
ethylenediaminetetraacetic acid (EDTA) (final solution: TNE) (all from Sigma-Aldrich). The gradients
were centrifuged for 1h15 at 107000 x g in a Beckman SW 41 rotor (Beckman, CA, USA). The viral
band at the interface between 20 and 50% sucrose was carefully collected, diluted in 3.5 mL of TNE
and centrifuged for 1h at 107000 x g in a Beckman SW 65 rotor. The virus pellet was suspended in
1/100 of thei ni t i al vol ume&’Cand stored at 18
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3.4. Supernatants ultrafiltration/diafiltration

The clarified supernatants were buffer exchanged by diafiltration/ultrafiltration in a tangential flow
filtration system with a Masterflex® L/S® pump, containing an Easy-Load® Il pump head (model 77200-
50) (Vernon Hills, IL, USA) and two pressure gauges connected (Anderson Instrument Company Inc.,
NY, USA). The diafiltration/ultrafiltration was carried out through a hollow fiber cartridge (33.7 L x 0.9
cm o.d.), with a 10 kDa molecular weight cut-off (MWCOQO) hollow fiber polysulfone membrane (pore

size and a membrane area of 110 cm?) (GE Healthcare, Sweden).

The operating conditions were establishedby sel ecting the apgumpdsngpebe aa
closure at the concentrate outlet with a transmembrane pressure of 10 i 13 psi (0.69-0.90 bar). The

pressure at the concentrate inlet caused an outlet pressure slightly above 13 psi.

The supernatants were diafiltered four times with an equal volume of Milli-Q water (i.e. 200 mL). The
permeate flow rate was measured in each 10 mL processed, and an equal volume of water was added
in the repository at the same time. Samples from permeate and concentrate were collected in each
treated 100 mL, in order to measure the infectious virus titer/ELISA optical density and the
conductivity. Virus concentration was determined by TCIDsy assay or ELISA, according to the
procedure described below. The conductivity was measured in an ECTester Low microprocessor-
based conductivity tester (range: 0 to 1990 &S/ cm),

after the samples had been five or ten times diluted in Milli-Q water.

The hollow-fiber membrane cartridges were cleaned using 0.1 M NaOH and, after whole neutralization

of the alkaline solution with water and stored in a 20% ethanol solution.
3.5. Viruses concentration and purification by Chromatography

Chromatography experiments were performed in an AKTA™ purifier HPLC system (GE Healthcare,
Uppsala, Sweden) which works with the UNICORN™ control software. CIM® disk monolithic columns
(BIA Separations, Ljubljana, Slovenia) of two different chemistries diethyl amine (DEAE) and
quaternary amines (QA) were used during the experimental work. CIM® monolithic column is a 3
mmx12 mm disk-shaped highly porous polyglycidyl methacrylate-co-ethylene dimethacrylate matrix
and its bed volume and porosity are 0.34 mL and 62%, respectively. The channels within the column
have a diameter of 1500 nm. The disk is stuck in a polyetheretherketon housing (BIA Separations).
During the procedure, the absorbance was measured at 280 nm and the flow rate was 0.5, 1 or 2
mL/min (depending on experimental settings). Virus suspension volumes applied to the monolithic
column varied in range from 0.5 to 5 mL. Equilibration of a disk monolithic column was carried out with
3 CVs of the adsorption buffer. All buffers were filtered prior to the chromatography procedure through
a 0.45 em filter (Mil |l ideotosapilizeteedifus, 6.HmM dMgCl, (Si§a) . I n or
Aldrich) was added in the adsorption buffer. The composition of the adsoption buffer varied depending

on experimental settings.
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In some experiments virus suspensions were diluted 1:5 in adsorption buffer prior to loading. Non-
bound substances were washed out by adsorption buffer at a flow rate of 1 mL/min with 2 column
volumes (CVs). Elution was undertaken by using a linear gradient (up to 75% of elution buffer) with 5
CVs. After loading, washing and elution,an al i quot of each fraction

runs were performed at room temperature. Sampl
in Place of disk monolithic column was carried out after 5 runs by washing the column with 20 column
volumes of 0.1 M NaOH at a flow rate of 1 mL/min and then with Milli-Q water in order to remove
precipitated proteins. Additionally, the column was washed with 20 column volumes of 30 % (v/v) 2-

propanol due to some bound hydrophobic proteins or lipids.
3.6. BTV concentration and purification by Aqueous Two-Phase Systems

The necessary amount of phase-forming chemicals for a 10 g ATPS were constructed on a w/w%
basis. Predetermined quantities of stock solutions of PEG 1000 and PEG 3350 Da (Sigma-Aldrich),
dextran 60-90 and dextran 500 kDa (Fluka, Buchs, Switzerland) or potassium phosphate (Sigma-
Aldrich) were mixed in either a complex system (containing clarified BTV supernatant) or a pre-purified
system (containing pre-purified MVV virus by PEG precipitation). Aqueous solutions of 40% (w/w)
phosphate were prepared and buffered at different pH by adjusting with NaOH or HCI (Sigma-Aldrich).
The virus supernatant was added in the end and consisted of a remaining percentage to make up total
ATPS weight. Partition assays were set up in 15 mL graduated centrifuge tubes. In the case of
PEG/Dextran systems, the final pH was given by a 1 M phosphate buffer stock solution in which 1 %
(%w/w) was added to all ATPS. In the case of PEG/Salt systems, the pH was assumed to be the
same as the original phosphate stock solution. The phase components were thoroughly mixed on a
vortex agitator (lka, Staufen, Germany). Then, the tubes were left to equilibrate for two hours at 4°C
and, afterwards, were centrifuged for 5 min in a fixed angle rotor centrifuge (Eppendorf, Hamburg,
Germany) at 4000 rpm, to ensure total phase separation. Finally, phase volumes were measured and
top and bottom phases were then carefully separated with a syringe and taken for further analysis.
The volumes of the phases were used to estimate the volume ratio (volume of the top phase/volume

of the bottom phase, V,).
3.7. Analytical Methods

Cell viability assay

BHK-21 cells were counted at time 24, 36, 48 and 72 h of BTV incubation. BHK-21 cells were washed
with PBS, removed from the well plate by trypsin digestion, and diluted in trypan blue. Viable cells

were scored as viable by trypan blue (Gibco®) exclusion method.

Determination of concentration of infectious BTV by 50% Tissue Culture Infective Dose (TCIDs,) assay

Viral samples were titrated in 96-well microtiter plates. Twofold dilutions of the viral samples (1:100,
1:200 or 1:500 in the first row) were prepared in Glasgow medium and added to the plates with an

equal volume (100 pL) of BHK-21 cells suspension (106 cells/mL). The plates were incubated at 37 €
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in a 5% CO, atmosphere during 3 days. The cells were checked on the optical microscope for specific
viral cytopathic changes such as detachment of some cells in the monolayer and cell rounding and
apoptosis as shown in Figure 13. The titer was calculated as a multiple of the median TCIDsy on the

basis of the final reading using Spearman-Karber formula in Equation 8.
0g10TCIDsg = H(TST 0. 5) Equation 8

where L = logy, of starting dilution, d = log,o of dilution step, S =sum of the proportion of positive

replicates.

Figure 13. Optical photomicrography (Magnification 100X) of monolayers of BHK-21 cells: A) Negative control at
the end of the assay: 72 h; B) Cytopathic effect 72 h after BTV inoculation.

Determination of relative concentration of MVV by ELISA

The wells of 96-well microtiter plates MaxiSorpTM (Thermo Scientific) were coated with viral samples
diluted in 50 mM carbonate-bicarbonate buffer (Fluka), pH 9.6. Then, the plates were tapped gently to
insure even distribution of the antigen solution over the bottom of each well and incubated overnight at
4 €. The plates were washed 3 times with the ELISA washing solution [PBS-Tween 20 solution 0.1%
(v/v) Tween 20] using an automatic plate washer (Tecan, Switzerland). Next, 100 pL of undiluted cell-
free supernatant from hybridoma cell line 16D9 (INIAV) was added and incubated for 1 h. The plates
were washed again and rabbit anti-mouse IgG secondary antibody conjugated to horseradish
peroxidase diluted 1:2000 in TBS (Sigma-Aldrich) was added. The plates were incubated for 30 min at
37 €. After the incubation, the plates were washed and 3,3,5,5-tetramethyl-benzidine (TMB) (Sigma-
Aldrich) was added (100 uL/well). Color development was stopped after 20 min by adding 100 pL/well
of 0.5 M sulfuric acid (H,SO,4) (Sigma-Aldrich). The absorbance was read at 450 nm using a plate

reader spectophotometer.

Protein Gel Electrophoresis

SDSi PAGE was performed to evaluate the purity of centrifuged samples, chromatography fractions or

top and bottom phases collected. Samples were diluted in a loading buffer containing 62.5 mM Trisi
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HCI (Sigma-Aldrich), pH 6.2, 2% SDS (Biorad, CA, USA), 0.01% bromophenol blue (Phasta GelTM
BlueR, Pharmacia) and 10% glycerol (Sigma-Aldrich) and denatured in reducing conditions with 0.1 M
of dithiothreitol (DDT) (Sigma-Aldrich) at 100°C for 5 min. Samples were applied in a 12% acrylamide
gel prepared from 40% acrylamide/bis stock solution (29:1) from Bio-Rad (Hercules) and run at 90 mV
using a running buffer containing 192 mM glycine, 25 mM Tris and 0.1% SDS, pH 8.3. Every gel was
loaded with a Precision Plus Protein Dual-color standard from Bio-Rad or Blue Wide Ranger
Prestained Protein Ladder from Cleaver Scientific (Warwickshire, UK). Gels were stained by soaking
gesinCoomassie PhastGel E Blue R, f r dgolutiBhfer & hoarcGes ( Upp s a
were then destained by washing twice in 30% (v/v) ethanol and 10% (v/v) acetic acid for 30 min each

one. Gels were stored in Milli-Q water.

When the intensity of the bands was unsatisfying, the gels were silver stained due t o met hod?éo:
sensitivity (in the very low ng range) according to the steps described in Table 5. The rationale of silver
staining is quite simple. Proteins bind silver ions, which can be reduced under appropriate conditions

to build up a visible image made of finely divided silver metal.

Table 5. Steps of the silver staining procedure.

Step Description
o Incubation in an oxidizer solution, composed of
1 - Fixation . . .
0.8 mM sodium thiosulphate, for 10 minutes
) Washing with Milli-Q water, for three times of 5
2 - Rinse .
minutes each
Incubation with a fresh silver nitrate solution
3 - Impregnation (11.8 mM silver nitrate, 0.02% formaldehyde), for
30 minutes
) Washing with Milli-Q water, for three times of 1
4 - Rinse )
minute each
Incubation with a developer solution, composed
5 - Development of 0.566 M sodium carbonate, 0.02 mM sodium
thiosulphate and 0.02% formaldehyde
Incubation in a stop solution, composed of 50%
6 - Stop ethanol, 12% acetic acid in Milli-Q water, for 15
minutes

The SDS-PAGE gels were scanned using a GS-800 calibrated densitometer, from Bio-Rad.
Western blot

The procedure was based on a Bio Rad protocol (BIO RAD, 2008). SDS-PAGE was performed
according to the previously reported technique. Once separated, the proteins were electrotransferred

to a nitrocellulose membrane in the transfer buffer composed of 25 mM Tris (Sigma-Aldrich), 192 mM
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glycine (Sigma-Aldrich) and 20% methanol (v/v) (Panreac Quimica, Barcelona, Spain) with a Trans-
Blot® SD Semi-Dry Transfer Cell at 15 V for 20 min at room temperature. Once transferred, the
nitrocellulose sheet was incubated 1 h with a Tris buffered saline solution (TBS) (20 mM Tris, 500 mM
NacCl) with 0.1 % Tween 20 (TTBS solution). After the blocking step, the membrane was washed with
TTBS for 10 minutes with gently agitation at room temperature (RT). Then it was incubated overnight
with a 1:20 dilution of sheep/bovine serum samples (MVV and BTV respectively) in TTBS. The BTV
sera selected were originated from infected bovines collected during BTV-4 outbreaks (2004-2006).
Concerning MVV, the sera were originated from flocks with a history of respiratory problems and high
prevalence of MVV antibodies as determined by ELISA (enzyme linked immunosorbent assay)-based
surveys (Fevereiro, et al., 1999). Once the primary antibodies were removed and washed with TTBS
for 5 minutes at RT, a donkey anti-sheep-lgG-HRP (1:10000) or sheep anti-bovine-IlgG-HRP
conjugate (1:5000) was added for 2 h (MVV and BTV respectively). Finally, the membranes were
washed twice with TTBS for 5 min and one last time with TBS. Bound antibodies were visualized by
the addition of the substrate/chromogen solution [H,O,/4-chloro-1-naphtol (Sigma-Aldrich) in TBS].
Color development was allowed to proceed until bands of desired intensity appeared. The reaction

was stopped with Milli-Q water, and the blots were dried at RT.

Virus Isoelectric focusing

For the isoelectric focusing (IEF) of the viral samples, a PhastSystem® electrophoresis apparatus
(Pharmacia) was used as well as a PhastGel® IEF gel with a pH gradient of 3.5-9.5 (Pharmacia). The
method used for IEF contains three steps: (i) a prefocusing step, in which the pH gradient is formed
and when the sample applicators can be loaded; (ii) a sample application step, in which the samples
are applied to the gel for 15 Vh; (iii) a focusing step, in which the applicators are raised and the

proteins migrate to their pl.

In the applicator comb wer e | oaded 2 eL of the viral asampl es,
additional pH ladder and 1  eof a pl marker. The pl marker (Pharmacia) was composed of

amyl oglucosidase (pl 3.50), met hyl r e d -ldctodlobuin.A7 5) , s
(pl 5.20), bovine carbonic anhydrase B (pl 5.85), human carbonic anhydrase B (pl 6.55), horse
myoglobin-acetic band (pl 6.85), horse myoglobin-basic band (pl 7.35), lentil lectin-acidic band (pl

8.15), lentil lectin-middle band (pl 8.45), lentil lectin-basic band (pl 8.65), and trypsinogen (pl 9.30).

The IEF gels were silver stained according to these steps: (i) Fixation of the gel with a 20% (w/v)
trichloroacetic acid solution, for 5 min at 20°C; (ii) washing with a 50% (v/v) ethanol, 10% (v/v) acetic
acid solution, for 2 min at 50°C; (iii) washing again with a 10% (v/v) ethanol, 5% (v/v) acetic acid
solution, for 6 min at 50°C; (iv) incubation in a sensitizer solution composed of 8.3% glutaraldehyde,
for 6 min at 50°C; (v) washing with a 10% (v/v) ethanol, 5% (v/v) acetic acid solution, for 8 min at
50°C; (vi) washing with Milli-Q water, for 4 min at 50°C; (vii) incubation in a 0.5% (w/v) silver nitrate
solution, for 10 min at 40°C; (viii) washing with Milli-Q water, for 1 min at 30°C; (ix) incubation in a

developer solution composed of 0.015% formaldehyde in 2.5% sodium carbonate, at 30°C until the
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satisfying bands intensity; (x) incubation in a stop solution, composed of 5% (v/v) acetic acid, for 5 min
at 50°C.

Total Protein Quantification- Bradford Assay

Total amount of protein present in loading samples (BHK-21 and SCP cell culture medium and
clarified supernatants), centrifuged samples, chromatography fractions and in top and bottom phases
were quantified by the Bradford method (Bradford, 1976) using the Coomassie assay kit supplied by
Pierce (Rockford, IL, USA). In order to prepare a calibration curve, standard samples of known
concentration of bovine serum albumin (BSA) were prepared, and applied in the 96 well plate in the
same way as the other samples. The samples were diluted five times in the respective buffer
according to the technique and applied in duplicate in the microwell plate. The plate was mixed on a
plate shaker for 30 seconds and incubated for 10 minutes at RT. The absorbance of all the samples in
the well was measured at 595 nm in a microplate reader from Molecular Devices (Sunnyvale, CA,
USA) armed with a Softmax Pro 5.3 processing software. Concerning a possible interference from
phase forming components in the case of ATPS, all samples were analyzed against blank containing

the same phase composition but without loading samples containing the virus.
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4.1. Production of cell culture-derived BTV

As BHK-21 cells are routinely used for the preparation of BTV viral stocks in INIAV, this mammalian

cell line was chosen as a simple in vitro model for analysis of the direct viral influences on cell host

viability.

Control and BTV infected BHK-21 cells were cultured in 12-Well Cell Culture Receiver Plate (Sigma-

Aldrich). Once the cell density level reached about 10° cells/mL, 3 mL of BTV-4 suspension (1.12x10°

TCIDso/mL) were added to the cell culture. Viable cells were counted at 24, 36, 48 and 72 h using the

Trypan blue exclusion method with a hemocytometer as illustrated in Figure 14. The pattern of the

cytopathic effect (CPE) was examined under microscope as shown in Table 6.

Total cell number x 105

/mL
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Figure 14. Effect of BTV on cell number and their viability. The viability was measured by trypan blue cell viability

assay. Number of live cells (0); number of dead cells (x); viability (0) as a function of the time post-infection.

The results obtained clearly indicate that after BTV inoculation, viable cell density started to decrease

(Figure 14). At one-day post infection there were 52 % of viable cells, whereas at the end of process

there were only nonviable cells. The minimal viability (0.0 %) was achieved after 48 h post infection.

33



Table 6. Microscopic view of the CPE. Uninfected cells are shown as the negative control (0 h), followed by

infected cells at different post-infection times.

Time post-infection Images (Magni- o
, . Description
(h) ycation 40X)
0 Uninfected cells adhering to the
plate.
No CPE is visible yet although the
24 viability had already decreased
significantly.
Detachment of some cells in the
36 monolayer. BTV has produced
foci of infection.
48 Cell rounding and detaching.
CPE appears to be generalized.
29 Extensive CPE. Clumping of the
nonviable cells.
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