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METHOD OF VIRAL PRODUCTION IN CELLS

Cross-reference to Related Applications

This application claims the benefit of United States Provisional Patent Application
USSN 61/452,368 filed March 14, 2011, the entire contents of which is herein
incorporated by reference.

Field of the Invention

The present invention is related to a method of producing viruses in cells.

Background of the Invention

Animal cell cultures may be used as cellular factories for the production of
bioproducts. Significant efforts have been dedicated to the development and optimization
of animal cell-culture conditions to increase the titer of the final product. In the case of
specific antibodies, improving specific antibody productivity in mammalian cell cultures
may be achieved with hyperosmotic stress, which can be easily induced by the addition of
salts or sugars to a culture medium (Sharfstein 2007). The effect of hyperosmotic stress
in increasing specific antibody production has been observed in many hybridoma cell
lines and in Chinese hamster ovary (CHO) cells (Ozturk 1991; Oh 1995; Ryu 2000; Kim
2002). The majority of the studies on hyperosmotic stress in mammalian cell cultures
observed an approximately two-fold increase in specific antibody productivity; however,
the increase in specific productivity was not accompanied by an increase in overall yield
because the maximum viable cell density was significantly decreased at higher
osmolalities. In a study of the function of glycine betaine as an osmoprotectant, it was
demonstrated that glycine betaine can alleviate the growth repression observed in
osmotically stressed cultures and can thereby improve antibody production (Jyaas 1994).
Several reports concluded that metabolism, cell growth, cell density, product secretion,
and specific antibody productivity in mammalian cells are strongly affected by osmotic
conditions (Ozturk 1991; Kim 2002).

Viral production in cell systems is the result of two consecutive phases: the
growth phase and the virus production phase. Production yield is not only determined by
cell physiological state in the virus production phase, but aiso by the history of the cells as
a consequence of cell culture environment during the growth phase. Determination of
optimal conditions that maximize viral production yield is not obvious. Thus, in contrast to

the effect of hyperosmotic pressure on specific antibody production, specific adenovirus
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productivity in HEK 293 cells was inhibited when both the cell growth and virus production
phases were carried out in hyperosmotic media (Ferreira 2005) or when the cells were
grown in isotonic media and the virus was produced in hyperosmotic media (Shen 2010)

(note: the osmolality of isotonic media is 290 mOsm; the osmolality of most commercial

media is near isotonic). Also, the volumetric productivity of retroviruses was generally
lower at elevated osmolality, although the stability of retroviral vectors was enhanced
under hyperosmotic conditions (Coroadinha 2006). The effect of osmotic stress on
adenovirus production has not been extensively studied, and its utilization to improve viral
production yields has not been reported.

There remains a need in the art to develop new methods for producing viral
vectors in cells that can result in improved viral production yields.

Summary of the Invention

Surprisingly, it has now been found that growing cells under hyperosmotic
conditions during the growth phase followed by maintaining the cells under osmotic
conditions during the production phase that are less stressful than the growth phase
markedly improves viral production yield.

Thus, in one aspect of the present invention, there is provided a method of using a
cell to produce virus comprising: growing cells under hyperosmotic conditions during a
growth phase of the cells; infecting or transfecting the cells grown under hyperosmotic
conditions with a virus; and, maintaining the infected or transfected cells under less
stressful osmotic conditions during a production phase of the infected or transfected cells
to produce more of the virus.

The present method is suitable for production of any kind of virus. Some examples
of viruses are non-budding and budding viruses. Non-budding viruses include, for
example, adenovirus, adeno-associated virus and reovirus. Budding viruses include, for
example, retrovirus, lentivirus and baculovirus. The present method is especially suited
for non-budding viruses, more especially adenoviruses. As viral production in cellular
systems is commercially often geared toward producing viral vectors, the present method
is particularly useful for production of viral vectors. Viral vector particles produced by the
method are useful for transfecting other cells with nucleic acid molecules of interest for
the production of proteins of interest.

Any cells that are suitable for producing viruses may be used in the present

method. Such cells are preferably eukaryotic cells, for example mammalian or insect
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cells. Some specific examples of cells include human embryonic kidney 293 (HEK 293)
cells, A549 cells, Chinese hamster ovary (CHO) cells, Hela cells and SF9 insect cells.

Viral production in cell systems results from two consecutive phases: a growth
phase and a production phase. The growth phase involves culturing cells under
conditions to maximize the number and size of the cells. In order to increase osmolality
during the growth phase, salts (e.g. NaCl, KCI, KNOs), sugars (e.g. sucrose, glucose,
fructose) or other chemicals are typically added to the cultured cells. For hyperosmotic
conditions, an osmolality of about 330 mOsm or greater is desirable, provided the
osmolality is not so high as to induce cell death. Osmolalities of about 340 mOsm or
greater, or about 370 mOsm or greater, without inducing cell death are useful.
Osmolalities in a range of from about 330 mOsm to about 420 mOsm or about 330 mOsm
to about 370 mOsm or about 370 mOsm to about 420 mOsm are noteworthy.
Osmolalities as high as about 500 mOsm may be achieved without inducing cell death,
and with proper conditioning, the cells may be able to survive osmolalities as high as
about 700 mOsm or even about 900 mOsm.

Once the growth phase is complete, the cells may be infected or transfected with
the virus. Infection or transfection with the virus induces the cells to produce more of the
virus, thus the cells enter into the production phase. Infection or transfection may be
accomplished by any suitable method, a number of which are well known in the art
(Aunins 2000). Infected or transfected cells are then maintained under less stressful
osmotic conditions during the production phase. Less stressful osmotic conditions
typically comprise an osmolality in a range of about 250 mOsm to about 325 mOsm, more
particularly from about 280 mOsm to about 300 mOsm, yet more particularly about 285
mOsm to about 295 mOsm, for example about 290 mOsm.

Cells are typically cultured on a cell culture medium containing necessary
nutrients for cell survival. Such media are generally well known in the art (Feshney 2005).
Achievement of hyperosmotic conditions during the growth phase can be accomplished
by adding salts, sugars or other chemicals as described above to the culture medium.
Achievement of less stressful osmotic conditions for the production phase may be
accomplished through complete medium replacement or through culture dilution before
viral infection.

Viral production yield is advantageously increased by the method of the present
invention. The yield may be increased by about 1.5 times or more. An increase of about 2

times or more or even 3 times or more is possible. An increase in yield of over 11 times
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has been observed. An increase in yield of about 2-4 times is typical. After the production
phase, viral particles produced may be recovered by means generally known in the art.
The general process of viral production is known in the art (Aunins 2000).

Osmolarity is a measure of the osmoles of solute per liter of solution. A capital
letter M is used to abbreviate units of mol/L. Since the volume of solution changes with
the amount of solute added as well as with changes in temperature and pressure,
osmolarity is difficult to determine. Osmolality is a measure of the moles (or osmoles) of
solute per kilogram of solvent expressed as (mol/kg, molal, or m). Since the amount of
solvent will remain constant regardless of changes in temperature and pressure,
osmolality is easier to evaluate and is more commonly used, and often preferred, in
practical osmometry. Most commercially available osmometers report results using
osmolality units mOsm/kg. It will be understood by one skilled in the art that the present

invention may be expressed in terms of osmolarity rather than osmolality.

Further features of the invention will be described or will become apparent in the
course of the following detailed description.

Brief Description of the Drawings

In order that the invention may be more clearly understood, embodiments thereof
will now be described in detail by way of example, with reference to the accompanying
drawings, in which:

Fig. 1 is a graph depicting effect of media osmolality on the growth of HEK 293 SF
cells in media with different osmolalities (O, 250 mOsm; 4, 290 mOsm: B, 330 mOsm;
®, 370 mOsm; A, 410 mOsm).

Fig. 2 is a graph depicting effect of media osmolality on cell diameter during the
phase of cell growth (O, 250 mOsm; ¢, 290 mOsm; W, 330 mOsm; @, 370 mOsm; A,
410 mOsm);

Fig. 3 is a graph depicting osmotic effect of cell growth and virus production media
on the specific virus productivity (osmolality of production medium: O, 250 mOsm; &, 290
mOsm; &, 330 mOsm; ®, 370 mOsm; A, 410 mOsm).

Fig. 4 is a graph depicting term effect of medium osmolality used for cell growth
and virus production on the specific virus production (W, term effect of growth medium; @,
term effect of production medium).
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Fig. 5 Is a graph depicting asmotic effect of cell growth media on total contont of
celiular RNA and protein.

Fig. 6 is a graph depicting osmotic effect of media used for celi growth and virus
production on the cell viability at 42 hpi. Cells grown in media with different osmolalities
(O, 250 mOsm; 4, 290 mOsm; B, 330 mOsm; ®, 370 mOsm; A, 410 mOsm). The insert
shows the term effect of the osmolarity of cell growth media (V) and virus production
media (A) on the cell viabllity at 42 hpi.

Fig. 7 is a graph depicting term effects of the osmolality of cell growth medium
{egr) and virus production medium (vpm) on the specific glucose consumption rate (e-
Ogusgme O~ Qguvpm), lactate production rate (- Queegme [° Giacvem): @Nd ammonia
production rate (®- QyHa.cme - Qurswem) during the phase of virus production.

Fig. 8 is a graph depicting Influence of cell passages on the effect of hypetosmotic
stress on the virus productivity.

Fig. 9 is a graph depicting reversibility of the osmotic stress on the adenovirus
production. (M), virus productivity of cell affer baing adapted to medium with different

osmolality for 4 passages; (), virus productivity of cell after being re-adapted to 290
mOsm medium for 4 passages.

Fig. 10 is a graph depicting effect of hyperosmotic pressure on the adenovirus
production in cultures using different serum free media.

Fig. 11 is a graph depicting effect of osmolality of growth media on the productivity
of reovirus by HEK 293 cell. The osmolality of production medium was 280 mOsm.

Fig. 12 is a graph depicting effect of osmolality of growth media on the productivity
of baculovirus by Sf9 insect cell. The osmoalality of production medium was 350 mOsm.

Description of Preferred Embodiments

The singular and combined effects of osmolality on the phases of cell growth and
virus production were evaluated in culture media with osmolalities ranging from 250 to
410 mOsm. A two-factor, five-level full factorial design was used to investigate the effect
of osmotic stress on cell physiclogy, as determined through the characterization of cell
growth, cell metabolism, cell viability, cell cycle, cell RNA and total protein content, and
virus productivity. Overall, the results show that the growth of cells under hyperosmotic
conditions induced favorable physiological states for viral production, and the specific

5
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virus productivity was improved by more than 11-fold when the medium’s osmolality was
increased from 250 to 410 mOsm during the cell growth phase. Both hypo- and
hyperosmotic stress in the virus production phase reduced virus productivity by as much
as a factor of six. Optimal virus productivity was achieved by growing cells in media with
an osmolality of 370 mOsm or greater, followed by a virus production phase at an
osmolality of about 290 mOsm. Compared to standard growth and production conditions
in isotonic media, the shift from high to low osmolality between the two phases resulted in
a two- to three-fold increase in virus yields. This hyperosmotic pressure effect on virus

productivity was reproduced in five different commercial serum-free media.

The behavior of mammalian cells, such as hybridoma cell lines and CHO-derived
clones, in response to osmotic stress has been investigated in many studies in an effort
to understand the impact of hyperosmotic stress on cell growth, viability, cell metabolism,
and antibody production (Sharfstein 2007). In contrast, the response of HEK 293 cells to
osmotic stress in the context of virus production had not been studied in detail and
required further examination to better understand the effect of osmotic stress on the cell
behavior during the cell growth phase. It has now been found that changes in the cells’
physiological state during the growth phase have an impact on the cells’ viral productivity.
In fact, not only do the cells respond to their environment, but the maintenance of the
cells also has a profound effect on the overall performance of the cells during the
production phase.

A notable decrease in the specific growth rate and a reduction in the maximum
viable cell density of HEK 293 cells under hyperosmotic conditions suggest that the
mechanisms by which osmotic stress suppresses cell growth are likely to be similar to
those observed in other cell lines. The reduced maximum viable cell density in the
cultures with hyperosmotic media might be (or partially) attributed to increased cell
volume (meaning greater biomass), as the consumption rates of amino acids in the

cultures using media with osmolalities of 290 mOsm or greater do not exhibit significant
differences.

In contrast to most reported studies in which medium with a single osmolality was
used for both cell growth and antibody- or virus-production phases, this invention involved
independent evaluation of the effects of various osmolalities during the cell growth phase
and during the virus production phase. It was found that the physiological state of the
cells (such as growth rate, cell diameter, RNA content, and protein content) changed after
the cells were exposed to osmotic stress during the cell growth phase. These changes,

depending on whether they were hyper- or hypoosmotic stresses, either stimulated or
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inhibited the specific virus productivity. However, osmotic stress over the production
phase inhibited virus productivity. A factorial design of experiments permitted decoupling
of the interactions between the osmotic effects of cell growth medium and of virus
production medium on the virus productivity and to find optimal osmolalities for cell
growth (330 to 370 mOsm) and virus production (290 mOsm) media to maximize the virus

production yield.

Media with osmolalities of 290 mOsm or greater were often used to study osmotic
stress (Ozturk 1991; Oh 1995). Some early studies observed an inhibitory effect of
hypoosmotic pressure on the production of Sindbis virus and reticuloendotheliosis virus
when NaCl concentrations were lowered in media used during the virus production phase
(Waite 1970; Bishop 1976). The effect of hypoosmotic pressure on cell growth and virus
(or antibody) production has been rarely revisited since then. Results herein demonstrate
that, in addition to a decreased specific cell-growth rate, virus production was also
inhibited by the use of hypoosmotic media during the virus production phase. More
importantly, specific virus production and cell viability at 42 hpi were always lower in the
infected cultures using cells grown in the hypoosmotic medium (250 mOsm), indicating
these cells were in a less favorable physiological state for viral production. Therefore, cell
growth and virus production could be significantly impaired if hypoosmotic media are

used in viral manufacturing processes.

Significant efforts have been dedicated to understanding the effect of
hyperosmotic stress on cellular pathways, such as protein processing and the cell cycle,
and to finding correlations between antibody production and cellular responses
(Sharfstein 2007). The sole impact of the growth medium’s osmotic stress, as reflected by
the changes in cellular physiological state, on virus production can be assessed when
there is no or minimal limitation on the cells’ viral productivity due to other factors during
the virus production phase. To this end, the virus productivity in the cultures using an
optimal production medium (290 mOsm) was used to evaluate the effect of osmotic stress
in the growth medium.

Increased RNA content (30% to 40% more) in osmotically stressed cells has been
reported by other groups (Oh 1995; Lee 2000) when osmolality was increased by 50 and
100 mOsm, respectively. Sun et al. (Sun 2004) found that the total RNA content was
similar in stressed and control cells in mid-exponential phase but became significantly
higher than in control cells during stationary phase. However, the content of total cellular
RNA or proteins in the cells grown in the media with osmolalities of 330 mOsm or greater

was not higher than in cells grown at 290 mOsm in the present invention. With regard to
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the relative change in RNA and protein content, the relative change in virus productivity
was one order of magnitude higher than that of either RNA or total protein content. This
result might indicate that the physiological state of cells grown in hyperosmotic media was
more favorable for one or more steps of the adenovirus replication cycle during the virus
production phase. This favorable physiological state, however, was not really reflected by
parameters such as cell size, content of total RNA and protein, and distribution of cell-

cycle status measured in the experiments.

Improvement in adenovirus production due to changes in the cells’ physiological
state has been reported before. Xie and Goochee (Xie 2008) obtained a two- to three-fold
enhancement in adenovirus productivity when the culture temperature was switched to a
sub-optimal setting (33°C) during part or all of cell growth phase and then raised back to
physiologically optimal temperature (37°C) during virus production. Zhang et al. (Zhang
2006) found that HEK 293 cells in S phase of the cell cycle may produce more
adenovirus. Therefore, Ferreira et al. (Ferreira 2009) employed various strategies to

increase the proportion of the cell population in S phase to improve virus production.

Increasing the osmolality of cell growth medium dramatically improved the cell
viability at 42 hpi in the infected cultures, which may improve the cells’ ability to perform
the packaging step of the adenovirus replication cycle, thus improving the virus yield.
However, the cell viability was also high in some cultures, but their virus production was
low when hyperosmotic media were used in the virus production phase. It has now been
found that maintaining a good “cell physiological state,” (e.g., growing cells in
hyperosmotic media and improving cell viability) are only prerequisites for improving virus
productivity. Other environmental conditions also play crucial roles during the virus
production process.

The increased glucose consumption and lactate production rates in infected
cultures using cells grown in hyperosmotic medium were due to the increased cell volume
(or biomass), as mentioned before. This result supports previous observations regarding
hybridoma cell lines exposed to hyperosmotic media (Ozturk 1991). In addition, the
accumulated lactate and ammonia concentrations were in the range of 11 to 23 mM and
1.6 to 2.4 mM, respectively, which are within the ranges observed in standard mammalian
cell cultures and are unlikely to be the main factors causing the significant differences
observed in virus productivity (Shen 2010).

The osmolality of cultures in both cell growth and virus production phases

significantly affects the final virus productivity, but in different ways. The virus productivity
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can be improved by two- to three-fold through optimization of the stimulatory effect of
hyperosmotic pressure during the cell growth phase and elimination of the inhibitory effect
of osmotic stress during virus production phase. The improvement of virus productivity
can be achieved through complete medium replacement or through cutture dilution before

viral infection.
Materials and Methods:
Cell lines, Media, and Virus

Serum-free HEK 293SF celis were adapted from HEK 293S to a Hybridoma-SFM
(Invitrogen Corp., Grand Island, NY). The Hybridoma-SFM (LC-SFM) was custom-made
with a low calcium concentration and without sodium chloride to allow flexibility in the
preparation of concentrated medium while maintaining a low osmolality. A basal medium,
which comprised 25% 2X LC-SFM, 50% CD293 (Invitrogen Corp., Grand Island, NY),
0.1% BSA, and 25% NaCl solution at various osmolalities, was prepared to have a
respective osmolality of 250, 290, 330, 370, and 410 mOsm. Cells were maintained at 25
mL culture in 125 mL plastic shake flasks (Corning, NY) at 37°C and 5% CO, in a
humidified incubator. Cells were sub-cultured to densities of 2x10° and 2.5x10° cell/mL
three times a week. Other culture media, including Pro293S-CDM (Lonza, Walkersville,
MD), SFM4transfx-293 (Hyclone, Logan, UT), and NSFM13 (Shen 2010), were also used
to investigate adenovirus production.

The adenovirus used for infection was a type 5 adenovirus containing the green
fluorescent protein (GFP) under the control of the CMV promoter. The titer of the virus
was 1.7x10" IVP/mL, and aliquots were stored at -80°C.

Batch culture

HEK 293SF cells were adapted to the basal medium at osmolalities of 250, 290,
330, 370, and 410 mOsm for at least three passages before being used for further
studies. The batch culture was inoculated at a density of 0.25x10° celis/mL and was
sampled regularly for cell count and the analysis of metabolites and residual nutrient

concentrations.
Infected culture

HEK 293SF cells grown to a density of about 1x10° cells/mL in the various media
were centrifuged at 300 x g for 5 min. The cells were then re-suspended in fresh media
with the same or a different osmolality to a cell density of 1x10° celis/mL, and the cells
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were infected with adenovirus at a multiplicity of infection of 10 infectious particles per cell
(an MOI of 10 IVP/cell was used throughout the study). Some cultures were grown to
2x10° cells/mL and then diluted with fresh media to a density of 1x10° cells/mL before the

viral infection. The infected culture was sampled at 42 hpi for subsequent analysis.
Design of experiments for studying adenovirus production

HEK 293SF cells were grown in the basal media with five different osmolalities for
at least three passages, centrifuged at 300 x g for 5 min, and re-suspended in fresh
production media at various osmolalities according to a two-factor (osmolality of cell
growth media and osmolality of virus production media), five-level (five different
osmolalities) full factorial design (52), as shown in Table 1.

Table 1
Osmolality of media used for cell growth (mOsm)
250 290 330 370 410
Osmolality of virus 250 + + + + +
production media (mOsm) 590 " " " " "
330 + + + + +
370 + + + + +
410 + + + + +

Statistical analysis of experimental data

The trend of the osmotic effect of cell growth media and virus production media
(factors) on virus productivity, cell viability, and metabolism (responses) was statistically
analyzed (DOE++ software, ReliaSoft Corporation, Tucson, AZ) and presented in term-
effect plots. The term effect of cell growth media on the responses is reported as the
mean of five samples prepared using production media with five different osmolalities
(five levels) but with identical cells grown under separate osmolalities. The term effect of
virus production media is calculated using the same principle.

Analytical methods

Total cell count, viability, diameter, and compactness were determined by
Cedex™ (Roche Innovatis AG, Bielefeld, Germany), an automated cell-counting system
based on the Trypan Blue exclusion method for determining cell viability. Total cell count

and viability of infected cultures were determined by hemacytometer counts (Hausser

10



10

15

20

25

30

WO 2012/122625 PCT/CA2012/000139

Scientific, Horshaw, PA) using the erythrosin B dye exclusion method. Glucose, lactate,
and ammonia were measured with a Vitros™ DT60 Il Chemistry System (Ortho-Clinical
Diagnostic, Inc., Rochester, NY). Amino acids were measured by HPLC using the Waters
AccQ.Tag™ method. Total virus-particle titers were assayed by HPLC (Kiyushnichenko
(2000). Medium osmolality was measured using an Advanced™Micro Osmometer

(Advanced Instruments, Inc., Norwood, MA).

Total celiular RNA was isolated according to a known protocol (Chomczynski
1987) using TRIZOL™ reagent. Briefly, 5 mL of culture at a density of about 1x10°
cells/mL was centrifuged, and the cell pellet was lysed with 1 mL of TRIZOL™ reagent.
The concentration of isolated RNA was quantified using a NanoDrop™ 1000
Spectrophotometer (Thermo Fisher Scientific, Wilmington, DE). Total protein was

estimated according to a known procedure (Sun 2004).

Cell-cycle analysis was performed according to a known the procedure (Cherlet
1999). Briefly, cells were grown to a density of about 1x10° cells/mL in media with various
osmolalities for at least three passages. The cells were harvested, washed with PBS,
fixed with 70% ethanol, and stained with propidium iodide before being analyzed using a
BD™ LSR Il flow cytometer (BD Biosciences, San Jose, CA).

Example 1: Effect of osmotic stress on cell growth, viability, and diameter

A medium comprising 50% LC-SFM, 50% CD293, and 0.1% BSA was used as a
basal medium in this experiment, as this medium was able to support both substantial cell
growth and excellent virus production (Shen 2010). The cell growth in the medium with
330 mOsm was comparable to that observed with 290 mOsm, and it doubled after 24
hours. However, the specific cell growth rate (u) in both hypo- (250 mOsm) and
hyperosmotic media (370 and 410 mOsm) was observed to gradually decrease and then
stabilize after two to three passages. The specific cell growth rate of cultures in media
with osmolalities of 250 or 370 mOsm was about 80% of that observed in the culture with
an osmolality of 290 mOsm in maintenance cultures. Increasing the medium osmolality to
410 mOsm reduced the specific cell growth rate to 60% of that observed in normal
cultures.

The maximum viable cell density decreased in the batch cultures with both hypo-
and hyperosmotic media and declined significantly with increasing medium osmolality
(Fig. 1). Analysis of the residual concentration of amino acids revealed that the rates of

amino acid consumption in the cultures using media with osmolalities of 290 mOsm or
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greater were similar, whereas the consumption rate was slightly lower in the cultures with
a medium osmolality of 260 mOsm. The cell diameter (or volume) increased significantly
after being cultured in the media with increasing osmolality, especially when the
medium’s osmolality was increased from 250 to 330 mOsm (Fig. 2, day 0). The diameter

of cells in all cultures decreased gradually over the time course of batch culture.
Example 2: Effect of medium osmolality on adenovirus production

To gain insight into the effect of osmotic stress on virus production, a two-factor,
five-level full factorial design was employed to investigate the impact of osmotic stress on
the cellular physiological state during the cell growth phase and its effect on cell
metabolism and virus productivity during the virus production phase. As shown in Fig. 3,
the specific productivity of adenovirus increased almost linearly when the osmolality of
medium used for cell growth was increased from 250 to 330 mOsm, although the extent
of the productivity increase was dependent on the osmolality of media used for virus
production. Additional improvement in the virus yield was limited when the osmolality of
cell growth media was increased beyond 330 mOsm. In the best-case scenario, where
the osmolality of the virus production medium was 290 mOsm, the difference of virus
yield between the cultures using cells grown at 250 and 410 mOsm was 11.7-fold (2016
vp/cell vs. 23507 vplcell). This result indicates that the maintenance of cells during the

culture process had a pronounced effect on the specific production of virus.

The osmotic effect of media used for cell growth and virus production in this set of
experiments was statistically analyzed. The term effect as shown in Fig. 4 indicated that
the virus production was higher in the cultures using the cells grown in media over a
relatively broad osmolality range of between 330 to 410 mOsm, whereas the optimal
osmolality of production medium was in a narrower range centered at about 290 mOsm.
As Fig. 4 shows, isotonic medium (290 mOsm) was optimal for virus production, as both
hypo- and hyperosmotic media caused reduced or severely suppressed virus production.
The virus yield was reduced by 6.7-fold when the osmolality of the virus production
medium was increased from 290 mOsm to 410 mOsm.

Statistical analysis also revealed that the trend of increasing osmotic effect of the
cell growth medium on virus productivity was almost opposite to that of the virus
production media. There was no overlap in the optimal range of osmolality between the
two media; therefore, optimal virus production cannot be achieved if one medium with the

same osmolality is used for both cell growth and virus production. This may explain why a
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decline instead of an increase in virus production was observed when a medium with high

osmolality was used for both cell growth and virus production (Ferreira 2005).
Example 3: Influence of the cellular physiological state on virus productivity

Cell diameter, RNA content, total protein content, and the distribution of cells
within the cell cycle were examined in cultures grown under various medium osmolalities
before the cells were re-suspended in fresh media for virus production. As described in
the previous section, the cell diameter (or volume) increased significantly after being
cultured in media with increased osmolality. A significant correlation was found between
the specific virus productivity (measured in vp/cell) and the diameter of cells used for
virus production, especially for cells grown at 290 mOsm (R? = 0.98) and 330 mOsm (R?
=0.96). A further analysis of specific virus productivity, on the basis of per-cell volume
(measured in vp/um®), revealed a similar pattern, which indicated that increasing cell size
played only a minor role in the increase in specific virus productivity. The cells grown in
media with osmolalities greater than 330 mOsm were generally more productive on the
basis of per-cell volume.

Referring to Fig. 5, total cellular RNA content increased by 13% when the
osmolality of cell-growth medium was increased from 250 to 290 mOsm. However, the
RNA content declined significantly when the medium’s osmolality was further increased
from 330 to 410 mOsm. The effect of the osmolality of cell growth medium on total
cellular protein content was similar to that observed on RNA content. No significant
correlation was found between specific virus productivity and the content of total cellular
RNA or proteins. Instead, the RNA content was significantly correlated with the specific
cell growth rate (R* = 0.97). Cell-cycle analysis by a flow cytometry revealed that there
was no significant difference in the relative fractions of the cell population that were in G1,
S, and G2 phases, caused by the growth of cells in medium with osmolalities ranging
from 250 to 370 mOsm. The distribution of cells in the cell cycle varied from about 43% in
G1 phase and 15% in G2 phase to 36% in G1 phase and 23% in G2 phase when the
medium osmolality was increased to 410 mOsm.

Example 4: Analysis of cell viability and metabolism during the virus production phase
and its effect on virus productivity

Cell viability measured at 42 hpi during virus production phase significantly
improved with increasing osmolality of the media used during the cell growth phase (Fig.

6). Increasing the osmolality of virus production medium from 250 to 370 mOsm also
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moderately improved cell viability at 42 hpi in cultures using cells grown with medium
osmolalities of 290 and 330 mOsm, respectively. A clearer trend of the osmotic effect of
the media used for cell growth and virus production on cell viability at 42 hpi was
demonstrated by an analysis of cell viabilities in the infected cultures, and shown by the

term effect (Fig. 6, insert).

Some correlations between cell viability and specific virus productivity were
observed among each group of five cultures for which the same medium was used for
virus production. The R? values were 0.76, 0.95, 0.97, 0.86, and 0.69 for the five groups
of cultures with production-medium osmolalities of 250, 290, 330, 370, and 410 mOsm,
respectively. However, when attempting to correlate cell viability and specific virus

production for all 25 cultures, a much lower value (R? = 0.38) was obtained.

The rate of glucose consumption and the rates of lactate and ammonia production
were measured for each specific culture during the virus production process. The term
effects of the osmolalities of cell growth and virus production media on the specific rates
of glucose consumption (qq.) and lactate and ammonia production (g.. & gaus) are
presented in Fig. 7. The qg, increased in a statistically significant manner with respect to
the increasing osmolality of medium used for cell growth. Hyperosmotic pressure of the
virus production media also slightly increased the glucose uptake rate for the cultures
where the cells were grown in high-osmolality media. The residual glucose concentration
in all of the cultures remained within a range of 6.7 to 14.4 mM. No significant correlation
(R* = 0.38) was found between the g, and the specific virus production rate for the 25
cultures or sub-groups of five samples.

Similarly to what was observed for the qg, the g, increased with the increasing
osmolality of media used for cell growth. The accumulated lactate concentration in the

cultures at 42 hpi was in the range of 11 to 23 mM.

Statistically, the gm; was not significantly affected by the osmolality of virus
production media. Cells grown in media with high osmolality, especially at 410 mOsm,
produced less ammonia. The accumulated ammonia concentration in the individual
culture at 42 hpi was in the range of 1.6 to 2.4 mM. No significant correlation was found

between the g3 and the level of virus production.

The effect of the osmolality of cell growth medium was further examined to gain
insight into the role of increased cell size on the cellular metabolism during the virus

production phase. The qgu, Giae, @nd guus in the cultures using cells grown in the media
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with different osmolalities were recalculated on the basis of per-cell volume. The results
indicated that the g, was 55, 58, 55, 57, and 62 attomolar/(um?* cell volume.h) (note: 1
aM = 10""® mM); g was 93, 86, 88, 93, and 101 aM/(um® cell volume.h); and gnx; was
58, 54, 39, 40, and 30 aM/(um? cell volume.h) for the cultures grown in the medium with
respective osmolalities of 250, 290, 330, 370, and 410 mOsm. This result indicates that
there was no dramatic difference in qq, and g in the cultures using cells grown in the
media with different osmolalities. The increased gy, Or gic 0N @ per-cell basis (Fig. 7) was
mainly due to increased cell size. In contrast to the qg, or Qi the gnvs decreased
significantly in the cells grown in media with increasing osmolality, decreasing by almost
50% less in the culture using cell grown in medium with an osmolality of 410 mOsm.
Again, these results indicate that the maintenance of cells grown in media with various

osmolalities has a profound effect on the gups3.

Example 5: Influence of the cell passage number in hyperosmotic medium on virus
productivity

HEK 293 cells were grown in a hyperosmotic medium at an osmolality of 370
mOsm for various periods of time to identify an optimal passage number (number of times
of sub-culturing) for adapting the cells to high osmolality and achieving maximum virus
productivity. A positive effect (45% increase) of hyperosmotic pressure on virus
production was observed after one passage. An approximately 2.5-fold productivity
increase was achieved after three or more passages (one week or longer) of cell growth
in the hyperosmotic medium (Fig. 8).

The cell growth-related beneficial effect of osmotic stress on adenovirus
production was also reversible. Cell populations originally adapted to the osmolalities of
250, 290, 330, 370, and 410 were de novo adapted over three passages to an osmolality
of 290 mOsm medium and were tested for adenoviral production. In all cases, viral

productivity returned to standard values (Fig. 9).

Example 6: Potential industrial application of cell-growth hyperosmotic pressure on the
improvement of virus production

A complete medium exchange at the time of virus infection was employed in the
experiments described in the previous sections. The cell growth-related stimulatory effect
of hyperosmotic pressure on virus production was also examined in cultures without
utilizing medium replacement, but through pre-infection dilution of the culture to adjust

osmolality during the virus production phase. Two cultures with medium osmolalities of
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290 and 370 mOsm were grown to a cell density of 2x10° cells/mL and were then diluted
to a cell density of 1x10° cells/mL by using either the same medium or a medium with a
lower osmolality (210 mOsm) before the viral infection to adjust the osmolality to the
target value of 290 mOsm. A 2.3-fold increase in both specific and volumetric virus
productivity was achieved in the culture using the 370 mOsm medium over the one using
290 mOsm medium for the cell growth phase. However, the volumetric productivity of
both cultures was only half of that achieved in cultures using a complete medium
replacement before the viral infection. This result suggests that the positive effect of
hyperosmotic stress during the cell growth phase can be achieved through diluting
cultures at higher cell densities before infection. This approach is simple to operate and is

more easily scalable than the one requiring a medium replacement.

To further demonstrate that the present method is generic and amenable to
industrial applications, the effect of hyperosmotic pressure-induced cell growth on
adenovirus production was also examined in cultures with four other different serum-free
media and validated in a 20-L controlled bioreactor production. Overall, the specific virus
productivity of cells grown in media at an osmolality of 370 mOsm was two- to four-fold of
the one achieved with a growth medium at an osmolality of 290 mOsm (Fig. 10). The
11.5-fold increase achieved in the culture using Pro293S CDM was much higher and is
an exceptional result that is probably caused by a much lower volumetric virus
productivity (almost one log lower than that achieved in other media), and therefore, the
stimulatory effect of hyperosmotic stress was more significant. The virus productivity at an
osmolality of 290 mOsm in the 20-L bioreactor production with cells adapted at an
osmolality of 370 mOsm was superior by threefold to the control culture realized in a

shake flask with cells adapted at an osmolality of 290 mOsm.
Example 7: Osmotic effect on productivity of reovirus by HEK 293 cell

HEK 293S cells were adapted to a proprietary formulation cell culture medium
(SAFC Biosciences, St Louis, MO) with respective osmolality of 290 and 350 mOsm at
37°C for at least 3 passages. The cells were then grown to a density of about 1x10°
cells/mi in various media, and centrifuged at 300x g for 5 min. The cell pellet was
resuspended to a fresh production medium with an osmolality of 290 mOsm, and infected
with a reovirus at an MOI of 0.5. The infected culture was harvested at 90 hours of post
infection. Total virus particles in the harvested culture were quantified according to a
HPLC method (Transfiguracion 2008). Fig. 11 shows that the virus yield in the culture

using cells grown in the medium with an osmolality of 350 mOsm was 50% higher than
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that obtained in the culture using the cells grown in the medium with an osmolality of 290

mOsm.
Example 8: Osmotic effect on productivity of baculovirus by Sf9 insect cell

The baculovirus was produced using Spodoptera frugiperda Sf9 and Sf900 |
medium (Life Technologies Inc., Burlington, ON, Canada). Briefly, the Sf9 cells were
adapted to Sf900 Il media with respective osmolality of 290, 350 and 410 mOsm in 125
ml shake-flasks at 27°C for at least 3 passages before being used for test of virus
production. The cells were grown to a density of about 2.5x10° cells per ml in the various
media and then centrifuged at 300x g for 5 min. The cell pellet was re-suspended to a cell
density of 2.5x10° cells/mL in fresh media with an osmolality of 290 or 350 mOsm, and
infected with a recombinant baculovirus expressing p-galactosidase at an MO! of 1. At 60
h post-infection (hpi), the virus was harvested by centrifuging the cell culture (Beckman,
Model J-6B) at 3000 rpm for 10 min at 4°C. The supernatant containing baculovirus was
filtered through a pre-sterilized 250 ml vacuum driven disposable 0.22 mm Stericup™

filtration system. The sterile filtrates were stored at 4°C for subsequent analysis.

Concentration of total virus particles in the supernatant was quantified by a HPLC
method (Transfiguracion 2011). Fig. 12 shows that specific virus productivity was
significantly higher in the cultures using Sf9 cells grown in media with higher osmolality,
e.g. 410 mOsm, especially when the virus production was carried out in a production
medium with an osmolality of 350 mOsm. This result also indicates that the optimal
osmolality of production media required for baculovirus production by insect cell could be

different from that used for virus productions in mammalian cultures.
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Claims:

1. A method of using a cell to produce virus comprising: growing cells under
hyperosmotic conditions during a growth phase of the cells; infecting or transfecting the
cells grown under hyperosmotic conditions with a virus; and, maintaining the infected or
transfected cells under less stressful osmotic conditions during a production phase of the

infected or transfected cells to produce more of the virus.

2. The method according to claim 1, wherein the virus is a non-budding virus.

3. The method according to claim 1, wherein the virus is an adenovirus or a reovirus.
4. The method according to claim 1, wherein the virus is a baculovirus.

5. The method according to any one of claims 1 to 4, wherein the virus is a viral
vector.

6. The method according to any one of claims 1 to 5, wherein the hyperosmotic

conditions comprise an osmolality of 330 mOsm or greater without inducing cell death.

7. The method according to any one of claims 1 to 5, wherein the hyperosmotic

conditions comprise an osmolality of 370 mOsm or greater without inducing cell death.

8. The method according to any one of claims 1 to 5, wherein the hyperosmotic
conditions comprise an osmolality in a range of from 330 mOsm to 420 mOsm.

9. The method according to any one of claims 1 to 8, wherein the cells comprise
eukaryotic cells.

10.  The method according to any one of claims 1 to 5, wherein the hyperosmotic
conditions comprise an osmolality in a range of from 330 mOsm to 370 mOsm.

11. The method according to claim 10, wherein the cells comprise mammalian cells.

12. The method according to claim 11, wherein the mammalian cells comprise human
embryonic kidney 293 cells, A549 cells, Chinese hamster ovary cells or Hela cells.

13. The method according to any one of claims 1 to 5, wherein the hyperosmotic

conditions comprise an osmolality in a range of from 370 mOsm to 420 mOsm.

14. The method according to claim 13, wherein the cells comprise insect cells.
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15. The method according to claim 14, wherein the insect cells comprise SF9 cells.

16.  The method according to any one of claims 1 to 15, wherein the less stressful
osmotic conditions during the production phase comprise an osmolality in a range of 250-
325 mOsm.

17.  The method according to any one of claims 1 to 15, wherein the less stressful
osmotic conditions during the production phase comprise an osmolality in a range of 280-
300 mOsm.

18.  The method according to any one of claims 1 to 15, wherein the less stressful
osmotic conditions during the production phase comprise an osmolality in a range of 285-
295 mOsm.

19.  The method according to any one of claims 1 to 15, wherein the less stressful
osmotic conditions during the production phase comprise an osmolality of about 290
mOsm.

20. The method according to any one of claims 1 to 19, wherein the cells are grown

and maintained on cell culture media.
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