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Over the last decade industrial manufacturing of viral vaccines and viral vectors for prophylactic and ther-
apeutic applications is experiencing a remarkable growth. Currently, the quality attributes of viral derived
products are assessed only at the end-point of the production process, essentially because in-process
monitoring tools are not available or not implemented at industrial scale. However, to demonstrate pro-
cess reproducibility and robustness, manufacturers are strongly advised by regulatory agencies to adopt
more on-line process monitoring and control. Dielectric spectroscopy has been successfully used as an
excellent indicator of the cell culture state in mammalian and yeast cell systems. We previously reported
the use of this technique for monitoring influenza and lentiviral productions in HEK293 cell cultures.
For both viruses, multi-frequency capacitance measurements allowed not only the on-line monitoring
of the production Kinetics, but also the identification of the viral release time from the cells. The present
study demonstrates that the same approach can be successfully exploited for the on-line monitoring of
different enveloped and non-enveloped virus production kinetics in cell culture processes. The on-line
monitoring multi-frequency capacitance method was assessed in human HEK293 and Sf9 insect cells
expression systems, with viral productions initiated by either infection or transfection. The comparative
analyses of all the data acquired indicate that the characteristic capacitance signals were highly correlated
with the occurrence of viral replication phases. Furthermore the evolution of the cell dielectric properties
(intracellular conductivity and membrane capacitance) were indicative of each main replication steps.
In conclusion, multi-frequency capacitance has a great potential for on-line monitoring, supervision and
control of viral vector production in cell culture processes.

Crown Copyright © 2016 Published by Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, an increasing number of viral products have
been evaluated and approved, either for vaccination or therapeu-
tic approaches, and numerous vectors and viruses are currently
evaluated in preclinical and clinical research programs (Brun et al.,
2008; Buonagurio et al., 2006; Draper and Heeney, 2010; Haupt
and Sings, 2011; Lentz et al., 2011; Van Gessel et al., 2011). Virus
production is a broad and highly diverse field, comprising differ-
ent virus types, production methods and the use of various cellular
platforms (Ansorge et al., 2009; Aucoin et al., 2007; Durocher et al.,
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2007; Ghani et al.,2006; Kamen and Henry, 2004; Knop and Harrell,
2007; Le Ru et al., 2010; Meghrous et al., 2005; Paillet et al., 2009;
Pau et al., 2001; Petiot et al., 2012b; Whitford and Fairbank, 2011;
Wong et al., 1994). Manufacturing processes require high levels
of compliance and quality control. Consequently, guidelines from
the regulatory agencies recommend to systematically monitor the
“quality” of such productions, not only as an end-point control, but
also through implementation of continuous in-process analytical
and monitoring technologies. It will allow to document the pro-
cess and assess its robustness and reproducibility. The goal of this
approach is ultimately to i) in-line monitor the accumulation of
bioactive viral particles in the cell culture, ii) enable quality-by-
design of the process by ensuring in real-time product quality,
process consistency and reproducibility (FDA, 2004).

In general, on-line monitoring of the accumulation of the bioac-
tive viral particles in cell culture remains for the moment out of
reach due to the fact that non-invasive methods have not been
developed to achieve this goal. However, monitoring and super-
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vision of key process parameter trends are feasible when using
state-of-the-art techniques. To do so, we propose to focus on meth-
ods measuring the morphological and physiological alterations of
the cell population that occur during each step of the viral repli-
cation cycle (cellular entry, replication, genome assembly, budding
and/or cell lysis). Many events are associated with the cell infec-
tion process and the viral replication cycle. The physiology and
morphology of the infected cells are significantly affected. The viral
hijacking of cellular machineries and associated remodeling of their
ultrastructure and compartments lead to strong modifications of
the cellular and the cell populations ‘fingerprints’ (Josset et al.,
2008; Terrier et al., 2012). During the viral production cycles, the
intracellular content, the membrane protein composition as well
as its integrity are very likely to change. For example, Sf9 cell size
increases during baculovirus productions (Palomares et al., 2001),
influenza and HIV viral infections induce cell apoptosis (Al-Rubeai
and Singh, 1998; Hinshaw et al., 1994) and cytolytic viruses are
responsible for modifications of the cell membrane permeability
(Costin, 2007). Therefore, the biomass (a function of cell size and
number) and the physiological characteristics of the cultivated cells
are primary indicators of the progress of viral infection and progeny
viral particle production.

Capacitance is probably one of the best and most advanced
techniques for the on-line monitoring of cell biomass and phys-
iological state and has been extensively described over the past
20 years (Ansorge et al., 2007; Ansorge et al., 2010b; Elias et al.,
2000; Opel et al,, 2010; Zeiser et al., 1999) It measures the cell
biovolume and has been shown to respond to changes in a num-
ber of cellular properties. Its principle is based on the theory of
Schwan where cells are considered as small capacitors. The models
describing cell capacitance behaviour under polarization at differ-
ent frequencies link dielectric constants (the permittivity (A&max)
and the characteristic frequency (fc)) to the physiological char-
acteristics of cultivated cells and their biomass (the intracellular
conductivity (oi), the membrane capacitance (Cm), the cell biovol-
ume (Bv), and the cell size (r)). This technology has already been
assessed and successfully used to monitor growth and death for
a number of different cell lines (Ansorge et al., 2010a,b, 2007a,b;
Ansorge et al., 2007; Ducommun et al., 2002; Noll and Biselli, 1998;
Opel et al., 2010; Parta et al., 2013; Petiot et al., 2012a; Zalai et al.,
2015; Zeiser et al., 1999). In addition, the potential to use Ag&max
or fc signals to monitor the viral production process evolution has
been established (Ansorge et al., 2011; Petiot et al., 2012b).

In parallel, complementary off-line methods, such as electro-
rotation and dielectrophoresis, have been used to assess corre-
lations between cell dielectric properties (¢i, Cm) and specific
biological characteristics (Arnold and Zimmermann, 1988). These
include cell membrane thickness and folding which both impact
the Cm value (Archer et al., 1999; Genet et al., 2000; Zimmermann
et al.,, 2008). Furthermore, the two dielectric parameters, mem-
brane capacitance (Cm) and intracellular conductivity (o;), can be
inferred from the incremental values of permittivity ( A&max ), char-
acteristic frequency (fc), medium conductivity (o) and cell size (r)
using Schwan model (see equations 3 & 4). Also, Cm and oi have
been used to study the impact of cell death on macroscopic signals
(Opel et al.,, 2010; Tibayrenc et al., 2011), and intracellular conduc-
tivity was recently identified as an indicator of the cell physiological
state in cell culture process (Ansorge et al., 2010b).

In the present study, the on-line capacitance data from
different viral production systems (virus type, cell-lines, produc-
tion mode) were extensively analyzed. Three enveloped viruses
(lentivirus, influenza virus, baculovirus) and one non-enveloped
virus (reovirus) were produced on two cellular platforms, HEK293
cells and Sf9 cells. All the viruses were produced by direct infec-
tion with the exception of lentivirus that was generated from a
co-transfection of four plasmids. The selected viruses were differ-

ent in many aspects, including the localization of viral replication
(nucleus vs cytoplasm) and assembly (cytoplasm vs cell mem-
brane), the mode of viral release (budding vs lysis) and the viral
1 morphology (spherical vs rod-shape) which broadened the scope
of the study and allowed to propose general conclusions. More-
over, two different multiplicities of infection (MOI) were used in
baculovirus productions to evaluate the impact of viral production
kinetics on the capacitance monitoring signals. Signal trends were
correlated with biological events occurring during the viral replica-
tion process. These biological events were directly correlated with
cell dielectric parameters profiles (r, Cm and oi) focusing on three
key phases for any viral production i) intracellular accumulation
of viral components and viral assembly (Phase I), ii) viral release
(Phase II) and iii) cell death (Phase III). Overall the results of this
work demonstrate that dielectric spectroscopy is a convenient and
generic on-line method to detect phases and progression of viral
productions.

2. Material & methods
2.1. Viral productions

Different viruses and modes of production were selected for
their variable effects on cellular morphology and cell dielectric
properties during the course of viral replication. Typical virus pro-
duction runs were monitored using an on-line capacitance probe
and one non-enveloped and three enveloped virus productions
were analyzed in detail. To do so, we focused on the analysis of
infectious viral particles which we are considered as having com-
pleted their viral life cycle.

On-line measurements from the capacitance probe acquired
the dielectric parameters of the cultures as described in the M&M
Section 3. The descriptions of the bioreactor set-up and feeding
strategy have been already presented in detail in the associated
published work for lentivirus (Ansorge et al., 2011), influenza virus
(Petiot et al., 2011) and baculovirus (Bernal et al., 2009). The cul-
tures presented herein for influenza and lentivirus productions
were also part of these articles, describing either viral production
process development and/or production kinetics. Both Reovirus
and Baculovirus cultures are original work that was not previously
published, but for baculovirus viral production kinetics (cell den-
sity, cell viability, viral titers) were comparable with previous work
published by the group on baculovirus production processes (Elias
et al., 2000). Critical information necessary for the understanding
of the present work is provided in the following section and Table 1.

2.1.1. Non-enveloped virus production: reovirus production

Reovirus production in HEK 293 cells was selected to rep-
resent a non-enveloped viral production process. Productions
were performed in batch mode including a dilution of the cul-
ture prior to infection. Cultures were inoculated at cell density
of 0.4 x 106 cell/mL in I.A. 65719 medium (SAFC) supplemented
with 4 mM glutamine. The dilution-step was performed immedi-
ately before infection after 2 days of culture once a cell density
of 1.8 — 2.4 x 106 cell/mL was reached. The bioreactor system used
was a Chemap 3.5 L(working volume 2.8-3 L), previously described
in Le Ru et al. (2010), but with minor modifications.

2.1.2. Enveloped virus productions

2.1.2.1. Influenza virus production. Influenza virus was produced
in a 3.5-L Chemap bioreactor with a 2.9L working volume. The
bioreactor set-up has been already well described elsewhere (Le
Ru et al., 2010). Cells were seeded at 0.25 x 106 cell/mL and were
infected when the culture reached 6 x 106 cell/m. Infection of cul-
ture is performed at a MOI of 0.01 with the preliminary addition of
TPCK-Trypsin (Sigma) at a final concentration of 1 pug/mL. Progeny
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Table 1
Summary of the viral production process monitored on-line by multi-frequency capacitance probe.
Virus Family Mean Size Cell Line Production Multiplicity of
process Infection (MOI)
Non-enveloped virus Reovirus Reoviridae 80 nm HEK293 S human infection 0.5
Enveloped virus Influenza Orthomyxovirus 100 nm HEK293 SF human Infection 0.01
Lentivirus Retrovirus 100 nm HEK293 SF human Transfection 4 n/A
plasmids
Baculovirus Baculoviridae 300 nm length Sf9 insect Infection 0.2&2.0

(rod shaped)

infectious influenza virus were titered from culture supernatant
collected during the production process. The titration method was a
TCID50 assay performed on MDCK confluent cells already described
in the related paper (Petiot et al., 2012b, 2011).

2.1.2.2. Lentivirus production. Lentivirus production was per-
formed using PEl-mediated co-transfection of four plasmids
encoding for the viral proteins and genome. All productions were
performed in 3.5 L Chemap bioreactor perfusion cultures and trans-
fections were done once a cell density of 5.8 x 106 cell/mL was
reached. To increase expression of the lentiviral vector com-
ponents, 5mM sodium butyrate was added to the culture 16h
post-transfection (Ansorge et al. 2009; Ansorge et al., 2010b). infec-
tious lentivirus particles were quantified by a cytometry technique
titled gene transfer assay (GTA) developed and described in Ansorge
et al. (2011) (Segura et al., 2006). This method allows for quantifi-
cation of the functional viral particles through measurement of the
number of transduced GFP-expressing cells.

2.1.2.3. Baculovirus production. Baculovirus productions were per-
formed in 3.5L Chemap bioreactor using Sf9 cell cultures. Sf9
cells were seeded at 0.5 x 108 cell/mL in Sf900™ II SFM medium
(Invitrogen). Infection of cultures was done at a cell density of
3 x 106 cell/mL. Baculovirus stocks used for these productions
were produced in-house with the BD Bioscience baculogold sys-
tem and pVL1393 vector backbone. Two different constructions
were produced, containing either neuraminidase or hemagglutinin
influenza genes. They were respectively named NA-BV and HA-BV.
Two different MOI were used for these baculovirus productions,
0.2 for NA-BV and 2.0 for HA-BV. Bioreactors were controlled at
40% dissolved oxygen and at a temperature of 25°C. Infectious
baculovirus TCID50 titration were performed using Easy titer tech-
nique with Sf9 cells expressing GFP when infected (Hopkins and
Esposito, 2009).

2.2. Cell size measurement

Mean cell diameter (d=2xr) was measured using a Z2TM
Coulter Counter” (Beckman Coulter, Mississauga, ON) with an aper-
ture diameter of 100 wm. Analysis of the size distributions was
then performed with the associated Accucomp® software pack-
age (Beckman Coulter). In the case of HEK293 cell cultures, cellular
aggregates could affect the measurement. Consequently, cell aggre-
gates were described by Coté et al. (1998). This step was not
necessary in the case of Sf9 cells.

2.3. On-line multi-frequency permittivity monitoring and data
treatment

Cultures were monitored in real-time with the Fogale Biomass
System® (scanning module and software Biomass 400®) (Fogale
Nanotech, Hamilton Bonaduz AG, Nimes, France). Permittivitiy
was acquired at frequencies ranging from 0.1 to 10 MHz every
6 min. From the raw data, the Biomass 400° software provides the

[B-dispersion parameters (Maximum permittivity Aemax, charac-
teristic frequency, fc) (Ansorge et al., 2007; Ansorge et al., 2010a;
Opel et al.,, 2010). In addition to B-dispersion parameters, the
medium conductivity (o, ) is also monitored on-line by the Biomass
System.

The mathematical model of Pauly and Schwan (Pauly and
Packer, 1960; Schwan, 1957) describes the (-dispersion as the
polarization of spherical vesicles. In this model, the maximum
amplitude in permittivity Aemax and fc are dependent on physical
or biological cell properties. Both of these parameters are described
by the model as functions of the following variables: the cell biovol-
ume (Bv), the cellular membrane capacitance (Cm), the cell radius
(1), the intracellular conductivity (i) and the medium conductivity
(om) (Egs. (1) & (2)). Consequently, the dielectric parameters, Cm
and ci, can be derived from the values of Aemax, om, fc, r and Bv as
described by Eqgs. (3) & (4).

On-line data processing was performed by averaging the on-
line measurements of Aemax, om and fc over a period of 0.5h.
Biovolume (Bv) was calculated from off-line measurements of cell
diameter (2 xr)(Section 2.2) and total cell concentrations over time.
Bv was derived from these measurements as the volume fraction of
viable cells in the cell culture volume. All the data (A&emax, om, fc,
d: 2xr, Bv) were smoothed with Kyplot software (KyensLab Inc.)
with a spline regression. Spline curves were then incremented to
one point per hour and dielectric parameters Cm and i, were cal-
culated according to Egs. (3) & (4). The differences between these
treated data points and the actual values allowed evaluating the
RMSE (root mean square error), corresponding to signal noise in
the case of fc, Aemax. and om. The RMSE errors allowed to eval-
uate the error propagated to the Cm and ci calculation, and to
determine a significance cut-off for their evolution. The RMSE prop-
agated errors calculated for Cm and oi were respectively 0.69%, and
2%. The changes in dielectric parameters were thus considered as
significant for changes above 2% (see Table 2).

A€max = 37T x 1* x N x Cm (M

1

fc =
¢ 27 xrxCm x ((1 +0i)+(1+20m))

81 x fc x Aemax x om

0-1:9><Bv><(Im—47t><fc><A8max (3)
4 x Aemax

_ 2 x démax 4

Cm 9xrxBv (4)

Aemax: permittivity (pFm1)

r: cell radius

Cm: cell membrane capacitance (Fm—2)

Bv: volume fraction of cells in the culture medium (%)

N: Cell concentration (cell/mL)

fc: characteristic frequency (kHz)

oi: intracellular conductivity (mSCm~1)

om: medium conductivity (mSCm~1)

Remark: Each of these calculated parameters is representative of
the entire cell population (or the average) at the time of the mea-
surement in the bioreactor, and it is not possible to discriminate
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Table 2

Significance of dielectric parameters evolutions: |x| represents the percentage of evolution of a parameter (P) calculated per hour as follows: ((Pe1-Pe1) x 100) = ((t+1) — (t-

1) x Py).

Dielectric parameter
evolution/hour, (|x])

0% < |x| <2%

2% <|x| <5%

[x| > 5%

Significance (Symbol) No evolution (~)

Significant increase (1) or decrease ()

High increase (11) or decrease (| |)

between the different sub-populations (i.e. infected/non-infected;
live/dead).

2.4. Membrane size evaluation by electron microscopy

Shake flask cell cultures of HEK293 cells were grown to a den-
sity of 2 x 10% cell/mL (120 rpm, 37°C, 5% CO,) and infected with
influenza A/Puerto Rico/8/34 H1N1 strain at a MOI of 0.01 (trypsin
concentration of 1 wg/mL). Cell growth and death was monitored
for 3 days to evaluate the consistency with bioreactor experiments.
A mock culture of HEK293 cells was grown in parallel and sampled
at the same time. Cell culture samples of 2 mL were fixed with 2%
Glutaraldehyde. The samples were washed three times in saccha-
rose 0.4 M/0.2 M Na C-HCI-Cacodylate-HCI pH 7.4 (1 h at 4°C) and
post-fixed with 2% 0s04/0.3 M Na C-HCI-Cacodylate-HCIpH7.4(1 h
at4°C).Then, cells were dehydrated with an increasing ethanol gra-
dient (5 minin30%,50%,70%,95%, and 3 times for 10 min in absolute
ethanol). Impregnation was performed with 50% Epon A, 50% Epon
B and 1.7% DMP30. Inclusion was obtained by polymerization at
60°C for 72 h.

Ultrathin sections (approximately 70 nm thick) were cut on a
Reichert ultracut E (Leica) ultramicrotome, mounted on 200 mesh
copper grids coated with 1:1000 polylisine, and stabilized for 1 day
at room temperature (RT) and, contrasted with uranyl acetate and
lead citrate. Sections were examined with a Jeol 1400JEM (Tokyo,
Japan) transmission electron microscope equipped with an Orius
600 camera and Digital Micrograph.

3. Results and discussion
3.1. Non-enveloped viruses

In order to observe effects of viral production kinetics on permit-
tivity on-line signals, Aemax and fc values were plotted against data
generated with off-line analyses. Biovolume, cell concentration, cell
size, cell viability and infectious viral titers analyzed from the cul-
ture supernatant or the total broth (including intracellular virions)
are presented in Fig. 1. The medium conductivity, cm, was moni-
tored as an indicator of cell environment evolution (base addition,
toxic compound released as metabolic by-products, osmolality) as
it could impact fc parameters. Its variation during the viral pro-
duction was considered as non-significant to explain the following
dielectric parameters evolutions as Aocm was of 1.6 mS/Cm (eq. to
10% of om mean values). We should indicate that the increase hap-
pens from the onset of cell death, after 20 hpi, and is concomitant
with base addition.

According to the theory of Schwan, the permittivity of a cell
culture is directly correlated to the cell biovolume and cell concen-
tration. In the present case, the on-line acquisition of the Ag&max

Table 3
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Fig. 1. Monitoring of reovirus production. A- Biovolume (e ), Cell size (- -@®- -),
Cell concentration (+) and permittivity signal (e-e-e ) B- Cell viability (-M-), Released
infectious viral particles (e ), Total infectious viral particles (©)=intracellular and
released particles, and fc signal (—®—). C- Intracellular conductivity oi (eee ) and
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signal allowed supervising different process steps. At the begin-
ning of the culture, the permittivity signal showed a similar trend
than cell concentration and biovolume (Fig. 1-A). The growth phase
before and after infection was characterized by a permittivity and
biovolume increase. This phase lasted for approximately 35 h post-
infection. When the cell death phase started at 35 hpi when viability
dropped below 90% a concomitant decrease in permittivity values
was observed. The dilution step, reducing the viable cell density

Dielectric parameters evolutions for non-enveloped virus (reovirus): Viral production kinetic events referred to dielectric calculated (Cm, oi) and morphologic (r) measured
parameters. On-line signal evolutions are also presented; arrows up indicate a significant increase, arrows down a significant decrease of the parameters. Significance of the
evolution was set as described in Material and Method section according to error calculation presented in Table 2.
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immediately before infection by half, is also clearly visible as a drop
in the permittivity signal (Fig. 1-A).

Physical or physiological changes of a cell culture during viral
replication are expected to have an impact on cell size and cell
biovolume. Such observations have already been reported for vari-
ous cell lines (CHO, Sf9) and production modes (Batch - Fed-batch
- Perfusion) (Ansorge et al., 2010a,b, 2007). For non-enveloped
virus types, cell size is a good indicator of the viral production
stage as already reported for adenovirus using capacitance mon-
itoring (Ansorge et al., 2010c,d). Here, we observed an increase
up to 17.5nm of cell diameter after infection, caused most likely
by the accumulation of cytoplasmic viral materials and numerous
assembled viruses inside the nucleus.

The fc profile is more complex to analyze due to its high vari-
ability during the first phase of the culture (oscillation between
700 and 750 kHz) at the low cell densities of 1-2 million cell/mL.
Clear changes in fc were however observed when cell death was
initiated by viral release, an event that is often accompanied by the
onset of apoptosis and cell shrinkage. At 35 hpi, when HEK293 cells
started dying, fc values increased drastically. Such phenomena have
already been described for different microbial and mammalian cell
systems, with and without viral production (Opel et al.,2010; Petiot
etal.,2012a; Tibayrencetal.,2011). For adenovirus production sim-
ilar fc and Aemax patterns and production kinetics were obtained
by the authors (data not shown).

3.1.1. Viral cycle and production kinetics

As indicated in the introductory section, three phases of the
viral replication process could be identified from growth and viral
kinetics. For the reovirus production kinetics, progeny virions were
detected intracellularly as early as 19 hpi, but were detected in
the culture supernatant only at cell death onset (after 35 hpi). This
observation implies that a first phase (Phase I) corresponding to
viral component synthesis and assembly of progeny viruses, lasted
until 35 hpi. The second phase (Phase II) corresponds to the viral
release, and the third phase (Phase III) to the induced cell death.
Progeny virions for naked virus are commonly released by cell lysis,
meaning thatin the case of reovirus production both Phase Il and I1I
start at 35 hpi. Calculation of the two dielectric parameters, mem-
brane capacitance Cm and intracellular conductivity oi allowed for
an in-depth analysis of the capacitance signals and to compare
and link their evolutions with known biological events (Fig. 1-C
& Table 3).

Values obtained for Cm and ci are consistent with values found
in the literature. Cm varies between 0.4 and 0.7 wFCm~2, where it
is generally reported close to 1.0 wWF Cm~2 for HEK293 cells (Labeed
et al., 2006; Zimmermann et al., 2008, 2006). As for measures of
intracellular conductivities, values reported for cardiac cell tissue
are of 1.5 to 5mSCm~! (Bronzino and Roth, 2000; Stinstra et al.,
2005); and the ones for human chronic myelogenous leukaemia
(K562) cells, used for apoptosis study, have a gi ranging from 2.7 to
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Table 4

Summary of the membrane capacitance, Cm, and intracellular conductivity, oi, evolutions during the production processes of enveloped viruses. Arrows up indicate an
increase, arrows down a decrease of the parameters. Significance of the evolution was set as described in Material and Method section according to error calculation (see

Table 2).

Production Phase Viral kinetic

On-line signals & dielectric parameters evolutions

Influenza virus MOI 0.01

Lentivirus Baculovirus MOI 2 Baculovirus MOI 0.2

[ Intracellular accumulation of
viral protein & Membrane

oi1/Cm 1 (1-30hpi)

folding
11 Massive Viral Release i~ /Cm 1 (15-30hpi)
11 Cell death fc 11 — Ae | (30 to —60 hpi)

oi 1/Cm 1 (2-17 hpi) ai 1/Cm 1 (2-15hpi) oi1/Cm 1 (2-10hpi)

oi [/Cm | (17-30hpi)
fct- Ae | (30-45 hpi)

ai |/Cm | (15-30 hpi)
fct- Ag | (30-50hpi)

ai [/Cm | (10-35 hpi)
fcp- Ae | (35-60 hpi)

3.2mSCm~! (Labeed et al., 2006). In the present case, i of infected
HEK293 cells is in the range of 4 to 6mSCm™!

During Phase I (from 5 hpi to 35 hpi), Cm and oi increased by
more than 25% over time. For enveloped viruses, the viral release is
generating cell death by lysis of the producer cells. Consequently,
a viability below 90% is observed in Phase II & III. In addition to
ion efflux, cell shrinkage or cell membrane porosity induced by cell
death process are likely to impact oi values (Ansorge et al., 2010b;
Labeed et al., 2006). Different reports have already discussed the
limits of the Pauly and Schwan model to accurately predict the cell
death phases (Patel and Markx, 2008): The mathematical models of
Pauly and Schwan describing fc and permittivity signals are appli-
cable only for live cells with intact cell membranes. Consequently,
in the present case and for the following viral productions, i and
Cm evolutions will not be discussed when cell viability is below
90%.

Literature studies of intracellular conductivity (i) reported pro-
portionality of this parameter with intracellular ion concentration
(Pilwat and Zimmermann, 1985). Alteration of the cytoplasmic ion
content of infected cells has been described for a variety of viruses,
and at different stages of their replication cycle (del Castillo et al.,
1991; Hackstadt and Mallavia, 1982; Nair, 1984; Palu et al., 1994;
Voss et al., 1996). Consequently, we assume that the intracellu-

lar accumulation of large amount of reovirus/cell during Phase I
impacts the infected HEK293 cytoplasmic conductivity.

With regards to membrane capacitance (Cm), this parameter
represents the membrane capacity to store electric charges and
is thus correlated with membrane area (Cm = C/S). This dielectric
characteristic has been related to i) folding of the membrane in
microvilli, ii) level of proteins embedded in the membrane or iii)
the membrane thickness (Benz et al., 1973; Zimmermann et al.,
2008).Therapid increase of HEK293 cell size and its related increase
of membrane surface (~10% between 20 and 40 hpi), is generally
observed to result in membrane smoothing and microvilli disap-
pearance (Zimmermann et al., 2008).

3.2. Enveloped viruses

Fig. 2 presents the monitoring of four cultures, respectively, A)
an influenza virus production, B) a lentivirus production and C &
D) two baculoviruses productions performed at different MOIs (0.2
and 2.0). The on-line acquisition of permittivity, A&max, and char-
acteristic frequency, fc, were plotted with off-line assessed cell
concentration, viability, cell size, biovolume and viral titers mea-
sured on culture samples. Fig. 3 and Table 4 present the evolutions
of the calculated parameters oiand Cm as described in the Material
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& Methods section. They are presented with the viral titers and the
fc signal evolutions for all four cultures described above.

3.2.1. Viral production method (transfection versus infection)

From the cultures presented in this study, lentivirus is the only
virus produced by cellular transfection. All the other viruses were
produced by direct infection with live viruses.

Lentivirus production during the first hour post-transfection,
displayed similar trends for fc and Aemax signals as the baculovirus
or influenza process using direct infection. Indeed, right after infec-
tion/transfection (0-5 hpi), the cell population exhibits a V-shape
pattern in the fc signal, indicative of the cellular effect of the virus
entry process or of the transfectant mediated plasmid DNA entry
(indicated as a grey arrow on Fig. 2A-1, B-1). Only in the case of
influenza production, a concomitant increase of Agmax signal is
observed. It is important to note that influenza infection process
is the only virus necessitating trypsin activation. Trypsin added
in the culture broth was already shown to be responsible of such
Aemax signal behaviour (Petiot et al., 2012b). No typical patterns
associated specifically with either infection or transfection were
identified.

Consequently, based only on such observations, the production
mode (infection or transfection) does not directly seem to impact
the dielectric properties of a cell population.

3.2.2. Viral assembly localization

Both, the viral structure and its assembly process may strongly
affect cellular characteristics during production. In the present case,
two enveloped virus types were used. The first group, composed of
baculovirus and lentivirus, possesses nucleocapsid that assemble
in the cytoplasm, whereas the second group composed of influenza
virus does not, but is rather composed of antigenic glycoproteins
and matrix proteins M1 & M2 that assemble at the cell membrane.
As previously indicated, the Aemayx signal is a good indicator of the

biovolume evolution. In the case of baculovirus and lentivirus pro-
ductions, Aemax increased significantly by the time the progeny
viruses were released (Fig. 2B-2, C-2 & D-2), whereas for influenza
virus the Aemax remained almost constant (Fig. 2A-2). Both bac-
ulovirus and lentivirus possess viral capsids that assemble in the
cytoplasm before budding and similarly to non-enveloped virus,
an accumulation of viral capsid accounts for an increase in cell
size and permittivity Aemax that is measured. Such phenomena
have been extensively documented for baculovirus infected cells
(Ansorge et al., 2011; Zeiser et al., 2000, 1999). In the present case,
the increase in cell size was more pronounced for baculovirus pro-
ductions than for lentivirus, most probably related to their larger
capsids and their shape (rod shape versus circular) as summa-
rized in Table 1 (M&M section) (Acheson, 2007a). On the contrary,
influenza viruses assemble directly at the plasma membrane, and
during the budding process only a lipid bilayer is acquired from
the cell membrane to envelop their genome (Acheson, 2007b).
Influenza virus production in HEK293 cells is characterized by a
cell diameter reduction, most likely due to arapid cell death process
(Petiot et al., 2011).

3.2.3. Viral production kinetics

3.2.3.1. Effect of multiplicity of infection (MOI) and identification of
the timing of the viral release. The multiplicity of infection (MOI)
controls the number of infection cycles occurring during the pro-
duction process, each infection cycle ending with a viral release.
Higher MOI than 1.0 viral particle per cell are generally chosen to
infect all the cell population simultaneously (synchronous infec-
tion). The purpose of using low MOI for viral production is to
generate multiple infection cycles in the culture, allowing the cells
to grow and to have multiple viral release steps before inducing
cell death. In order to observe the impact of viral kinetics on the
on-line signals, a high MOI of 2.0 and a low MOI of 0.2 were tested
to produce baculoviruses in Sf9 cells (Fig. 2C & D).
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The trends observed in the permittivity signal were consistent
with previous observations made for this viral production system.
The permittivity (Aemax) increase along the viral production pro-
cess is driven by the biovolume and the cell size increase. Such
observations have already been made for the baculovirus expres-
sion system using Sf9 cells (Zeiser et al., 2000; Ansorge et al., 2007;
Ansorge et al., 2010a). The maximum values of Aemax and their
timing differ for the two MOI conditions. The low MOI condition
has a maximum Aegmax of 25 pF.m~1, which is 70% higher than the
value obtained for the high MOI condition. This value is reached
at 30 hpi, or approximately 15 h later than the maximum obtained
for the high MOI of 2.0. This is consistent with the post-infection
cell growth observed in low MOI condition, reaching a cell density
of 4.5 x 10% cell/mL at 30 hpi whereas the growth of the high MOI
condition was stopped right after infection.

Comparison of the influenza and lentivirus cultures demon-
strates that the monitoring of fc signals is relevant in these systems
(Fig. 2A-2 & B-2). A similar V-shape profile of fc was observed in
all four cultures although the selected three cell-virus production
systems differ in their production mode (infection vs transfection),
viral shape, viral size or assembly mode. This V-shape profile is indi-
cated on Fig. 2 with blue arrows. This pattern is concomitant with
viral release in the four different cultures. This is a very important
finding supporting the demonstration that macroscopic capaci-
tance signals allow for an effective monitoring of viral productions
kinetics by providing informations on the particle release timing.
It is noteworthy that for influenza production in HEK293 cells, as
well as for lentivirus production, the amplitude of the fc V-shape

pattern has been correlated with cell productivity (Ansorge et al.,
2011; Petiot et al., 2012b).

3.2.3.2. Viralcycle stage and cellular dielectric properties. The dielec-
tric properties of the cell population (Cm & i) were calculated
and their evolution were compared with the different viral pro-
duction phases of the three enveloped viruses. This is presented in
Figs. 3 and 4 and Table 4. Similarities and discrepancies in the evo-
lution of Cm and oi parameters during the different viral kinetic
production phases are further detailed below.

Phase I, corresponding to the intracellular accumulation of viral
components (viral proteins, capsids and genomes), was defined as
the phase before the viral release. During this phase and for all the
viral productions, both Cm and ¢i parameters increased with rates
ranging from 1 to 5% per hour as indicated in Fig. 4 and Table 4. The
viral production phase (Phase II), was identified by the onset of viral
particle release. In Phase II, discrepancies in the dielectric param-
eter behaviour were observed between influenza production and
the other cell-virus systems. In contrast to influenza production,
where Cm and oi continue to increase, lentivirus and baculoviruses
production systems were characterized by a decrease in both Cm
and oi values (20-30% decrease). After that and similar to infection
processes with non-enveloped viruses, the dielectric properties Cm
and oi could not be exploited for Phase III due to the limitations of
the Pauly and Schawn model. Nevertheless, the fc and permittivity
profiles were clearly indicative of cell death. The characteristic fre-
quency fc has already been associated with cell death occurrence
in previous studies and was used for the monitoring of apopto-
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sis onset after nutrient deprivation or drug induction (Petiot et al.,
2012a; Zalai et al., 2015). In our case, the strong increase of fc signal
associated to a decrease in permittivity measurements was indica-
tive of cell death onset induced by viral production. The increase of
fc was observed in parallel to a loss of more than 30% of the viable
cells (until harvest) for all the viral productions (Fig. 2).

It is generally difficult to link the evolution of dielectric param-
eters and the viral replication cycle without direct measures of
Cm and oi. However, to complement these observations, in the
particular case of influenza virus, Cm and oi evolutions could be
interpreted on the basis of knowledges on the influenza replication
cycle in HEK293 cells (Petiot et al., 2012b).

Between 1 and 15 hpi, Cm and oi increase is weak (only 50%
of its initial value). Recent studies of influenza production kinetics
demonstrates that only 10% of the cell population is infected with a
MOI of 0.01 during a first viral-cycle lasting 8-12 h (Petiot et al.,
2012b). The first viral release provides enough progeny virions
to infect 100% of the cell population in a second round of infec-
tion. From 10 hpi to 30 hpi, the increase in Cm and oi is greater
(more than 150% of its original value), reaching a maximum of
1 wF/Cm? and 7.5 mS/Cm. As already reported, membrane capaci-
tance (Cm)is influenced by the membrane composition (embedded
proteins/lipids), the membrane folding or the membrane thickness
(Gentet et al., 2000; Zimmermann et al., 2008). A high expression
rate of transmembrane and underlying viral proteins could lead to
a strong modification of the membrane capacitance (Zimmermann
et al., 2008). After 30 hpi, all cells are infected and achieve their
highest production capacities, and cell membranes are full of
influenza matrix proteins M1 and M2 and antigenic glycoproteins
HA and NA. In the present case, HEK293 cells were producing
approximately 10 000 infectious virions/cell with approximately
500 to 750 glycoproteins per virions (Moulés et al., 2011).

The impact of the influenza viral infection on cell membrane
was also confirmed by electron microscopy (EM) measurements of
HEK293 cell membrane thickness after 35 hpi (Fig. 5). These EM
experiments showed membrane thickness reaching a mean value
of 17 nm in infected cells, whereas non-infected cells exhibited a
thickness of 8 nm only. Such increase in membrane thickness was
already proposed to be responsible of Cm diminution, as observed
after 35 hpi (Zimmermann et al., 2008). The effect of infection on
membrane folding was also confirmed with the observation of
infected cells presenting multiple microvilli unlike non-infected
cell membranes.

The increase of oi (>40% from its original value) during the
intracellular production phase (Phase I & II) could be, at least par-
tially, explained by an accumulation of viral components inside the
cytoplasm before the onset of the viral budding. For lentivirus and
baculovirus, accumulation of capsids within the cells has already
related to the cell biovolume increase. So, upon infection, concomi-
tant increase of oi and cell size is an additional confirmation of
the impact of viral infection progress on the cell and its dielectric
properties. gi diminution during viral release would suggest that
intracellular content of viral protein/capsids progressively decrease
as soon as the budding process starts.

Consequently, Cm and i evolution during Phase I for enveloped
virus productions is indicative of an intracellular accumulation of
viral proteins and/or capsids. Furthermore, an increased number of
viral proteins embedded in the cell membrane affects its thickness,
and eventually contribute to increase folding of the cell membrane
following viral budding inception. Cm and oi diminution during
viral release (Phase II) would suggest that cell dielectric properties
are reset to their initial state, with the partial release of the intra-
cellular content (viral proteins) and budded virus with a decrease
in cell membrane folding. In the case of viral production kinetics
with low MOI (influenza and baculovirus 4-D), the onset of Phase
II is more complex to interpret. Viral release is expected to start

as earlier as 8-10 hpi. In the meantime, different cell populations
at different stage of infection are undergoing simultaneously viral
synthesis, viral release and a secondary infection cycle. It is only
after 30 hpi, that all the cells are releasing viruses, time at which
the cell death onset is observed.

4. Conclusion

On-line monitoring of capacitance signals is well documented
as an excellent marker of the cell physiological state in cell culture
processes. Exploiting this technology for different viral production
systems demonstrates that it is also a valuable tool to monitor
the behaviour of cell cultures following viral infection, and con-
sequently allowing for the monitoring of viral production kinetics.
More detailed analyses of the cell dielectric properties showed that
the membrane capacitance and the intracellular conductivity were
strongly altered during the viral production phase. Differences in
cell dielectric properties appear to be specific to the type of virus
produced (enveloped/non-enveloped particle, viral size and intra-
cellular location of viral assembly). For each of the enveloped virus
production runs that were analyzed, a characteristic pattern of the
dielectric parameters (Ae&max, fc) and properties (Cm and oi) was
identified. This pattern indicated the onset/ending of critical pro-
cess phases as the viral release or the cell death. In the case of
non-enveloped virus production, changes in cell dielectric param-
eters due to virus replication were only observable immediately
before viral release, corresponding to the time when progeny viri-
ons are expelled out of the cells through lysis. Nevertheless, the
intracellular accumulation of viral capsid in the cell cytoplasm was
associated with typical changes in the parameters Cm and oi; this
observation is similar to the observation made during the replica-
tion phase of enveloped viruses. Further work focusing on off-line
determination of dielectric properties using methods such as elec-
tro rotation should help confirming the calculations of the changes
in Cm and oi that was presented herein.

By taking advantage of the current state of the art in dielec-
tric spectroscopy measurements, this study demonstrates that the
technology has the potential to support in-line monitoring and pro-
cess supervision of a wide variety of processes in the viral vaccines
and viral vectors manufacturing field. This technique should be
helpful to better document and supervise batch or perfusion viral
production processes, especially the one with transient production
phases, as for influenza and lentivirus, presented in this paper.
But more importantly, such technology could lead to important
advance for viral process control for continuous virus production
processes, where the infected-cell status has to be controlled to a
predefined set point.
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