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Abstract Transient gene expression (TGE) biopro-
cesses have been difficult to scale up in large stirred
tank bioreactors with volumes of more than 1.5 L.
Low production levels are often observed, but the
causes have not been investigated (Gutierrez-Grana-
dos et al. in Crit Rev Biotechnol 38:918-940, 2018).
Chikungunya Virus-like particle (VLP), expressed by
DNA-PEI transient transfection, is a representative
case study for these difficulties. Clinical materials
were produced in shake flasks, but the process suffered
when transferred to large stirred tank bioreactors. The
resulting process was not operationally friendly nor
cost effective. In this study, a systematic approach was
used to investigate the root causes of the poor scale up
performance. The transfection conditions were first
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screened in ambr® 15 high throughput mini bioreac-
tors then examined in 3 L stirred-tank systems. The
studies found that production level was negatively
correlated with inoculum cell growth status
(P < 0.05). The pH range, DNA and PEI levels, order
of the reagent addition, and gas-sparging systems were
also studied and found to affect process performance.
Further hydromechanical characterizations (Re,
energy dissipation rates, and P/V, etc.) of shake flasks,
ambr® 15, and 3-L stirred tank systems were
performed. Overall, the study discovered that the
shear stress (caused by a microsparger) and PEI
toxicity together were the root causes of scale-up
failure. Once the microsparger was replaced by a
macrosparger, the scale-up was successful.
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vaccine - Transient gene expression - DNA and PEI -
pH - Shear stress - Scale-up challenge - ambr® 15
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Introduction

Chikungunya virus (CHIKV) is a mosquito-borne
alphavirus that has infected millions of people world-
wide. CHIKV has been recognized as a severe public
health threat since it was first isolated in 1953 (Simon
et al. 2011). In Americas alone, more than 621,000
suspected and confirmed cases have been reported
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since its appearance in late 2013. The typical symp-
toms include rash, fever, headache, and joint pain.
Vaccination is the most effective treatment to prevent
the infections. Approaches include live attenuated,
inactivated virus, and recombinant subunit candidates
(Akahata et al. 2010; Smalley et al. 2016); however,
no licensed vaccine has yet been made available to the
public. Recently, the Vaccine Research Center (VRC)
at the National Health Institute (NIH) constructed a
virus-like particle (VLP) based CHIKV vaccine. The
CHIKV VLP produced high neutralizing antibodies
during a Phase I clinical trial (ClinicalTrials.gov,
NCT01489358). The vaccine was found to have
adequate efficacy, safety, and tolerability in human
trials (Chang et al. 2014). The CHIKV VLP Vaccine is
currently undergoing a phase II clinical trial (Clini-
calTrials.gov, NCT02562482.).

The CHIKV VLP used for these clinical trials was
expressed via transient gene expression (TGE) tech-
nology using plasmid DNA and PEI (polyethylen-
imine) in host HEK293 cells (Akahata et al. 2010). PEI
is the most popular gene delivery vehicle due to its
advantages in cost and transfection efficiency (Boussif
et al. 1995; Gutierrez-Granados et al. 2018). DNA and
PEI can be added either directly or indirectly to the
cells. The indirect approach is the most cited method
and involves a pre-mixing step of the two reagents
(Cervera et al. 2013; Rajendra et al. 2015; Tuvesson
et al. 2008; Venereo-Sanchez et al. 2016). Since DNA
is anionic and PEI is cationic, a stable complex is
formed when mixed. The complex attaches to the
anionic cell surface and enters the host cells through
endocytosis. The plasmid does not permanently inte-
grate into the cellular genome; thus, the foreign gene
can be lost during cell replication (Kim and Eberwine
2010; Kroll and Rathert 2018; Recillas-Targa 2006).
Further, PEI is toxic to cells (Breunig et al. 2007,
Florea et al. 2002; Kafil and Omidi 2011). Therefore,
the concentrations and ratios of plasmid DNA and PEI
need to be optimized to balance expression and
toxicity.

The optimal conditions for a TGE system are
typically identified in small scale studies. Large size
flasks or wave bags are usually used for scale-up at
next step (Bollin et al. 2011; Gutierrez-Granados et al.
2018; Raymond et al. 2011; Tait et al. 2004).
Alternatively, large stirred tank bioreactors could
provide better process control (dissolved oxygen and
pH), process robustness, and cost of goods. Various
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bioreactor sizes from 1.5 to 100 L have been
evaluated; however, lower expressions have been
uniformly observed (Fliedl and Kaisermayer 2011;
Rosser et al. 2005; Schlaeger and Christensen 1999).
The root causes for the poor performance are not
understood (Gutierrez-Granados et al. 2018).

The expressions of CHIKV VLP faced the same
challenges. The clinical materials were only able to be
produced in lab scale shake flasks at VRC, and not in
large stirred tank bioreactors with volumes of more
than 1.5 L. This study here is to investigate the root
causes hindering the scale-up. The inoculum cell
source, pH range, DNA and PEI levels, order of the
reagent addition, impeller speed, and gas-sparging
systems were studied. A systematic approach was used
for the purpose.

Materials and methods

VRC HEK293 cells (NIH VRC, Bethesda, MD, Lot
No. B087-179) were used for the transient transfec-
tion. Cells were thawed and expanded in shake flasks
(Corning, Oneonta, NY) in a Multitron Pro Incubator
(Infors USA, Laurel, MD). The incubator was con-
trolled at 37 °C, 6% CO,, 140 rpm, and 80% relative
humidity. Growth medium was 1X CDM4HEK293
(Hyclone, Logan, Utah) supplemented with 6 mM
Glutamine (J.T. Baker, Japan) during reconstitution.
Inocula were from 3-L shake flasks. To prepare cells
for transfection, cells were centrifuged in a J6-MI
Centrifuge (Beckman Coulter, Fullerton, CA) at room
temperature at 1300 rpm for 5 min. The supernatant
was aspirated off and the cell pellets were washed
twice with same amount of transfection medium
FreeStyle293 (GIBCO, Grand Island, NY). After the
second wash, cells were resuspended into calculated
amount of transfection medium with a target cell
density of 20 million cells/mL. This cell density was
used to inoculate each testing condition across various
systems (1-L shake flask, ambr® 15 bioreactor, and
3-L Applikon bioreactor) in this study.

Each condition also used the same transfection and
expression protocols unless otherwise specified.
CHIKV VLP plasmid DNA was added first and PEI
(linear, 25 kDa, PolySciences, Warrington, PA) sec-
ond. At 3 h, 1.5x CDM4HEK?293 production medium
was added to the culture at 1:1 ratio for production
purposes. Then the first sample was taken; cell density
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was expected to be approximately 10 million cells/mL
after dilution. At 24 h, the culture was supplemented
with 4 mM valproic acid (Sigma-Aldrich, St. Louis,
MO). At 48 h, the culture was supplemented with post
transfection feeds 5 g/L glucose (J.T. Baker, Japan)
and 6 mM glutamine (GIBCO, Grand Island, NY). At
72 h, the culture was supplemented with additional
2 mM glutamine. At 96 h, the expression was
completed.

Besides the direct addition of DNA-PEI (sequential
order) stated above, other addition methods were also
tested. These included reversed addition orders of
DNA and PEI (PEI-DNA, PEI-DNA-PEI), and
indirect addition via a pre-mixing step of the reagents.
For the latter method, DNA and PEI were added into
filtered Milli-Q water (Millipore, Darmstadt, Ger-
many), mixed, and incubated at room temperature for
10 min before adding into culture.

An Advanced Micro Bioreactor ambr® 15 (Sarto-
rius Stedim Biotech, Hertfordshire, UK) was used to
screen the transfection conditions at small scale first.
The utilizations of ambr® 15 have been well demon-
strated (Delouvroy et al. 2015; Janakiraman et al.
2015; Velez-Suberbie et al. 2018). The ambr® 15 had
two stations. Each station had 12 micro vessels, each
with 15 mL maximum working volume. The vessels
were controlled at 37 °C, 50% dissolved oxygen (DO)
using air at 0.01 volume per liquid volume per minute
(VVM) for background plus O, supplement on
cascade. Stirring was 800 RPM. CO, and 0.25 M
Na,COj3; were used to control pH at target values. All
gases including air, O,, and CO, were delivered
through the sparge tube with an internal size of
1.0 mm. Each vessel was equilibrated with transfec-
tion medium overnight and calibrated before
inoculation.

After the optimal transfection conditions were
identified, Applikon 3-L bioreactors (Applikon
Biotechnology, Schiedam, Netherlands) were used
for the scale-up tests. Each 3-L bioreactor was
equipped with two tier spargers for DO control. The
first tier was an open tube (macrosparger, 1.6 mm) for
background air; and the second tier was a micro-
sparger (15 pm) for O, supplement (CO, for pH
control as well). The second tier could also be the
macrosparger solely. In this study, both types of
spargers for tier 2 were tested. Temperature and DO
were controlled the same as ambr® 15.

Cell densities were analyzed by Cedex Cell Counter
(Roche Diagnostics, Indianapolis, IN). Cellular
metabolites were analyzed by Bioprofile Chemistry
Analyzer 100 (Nova Biomedical, Waltham, MA).
Titer samples were centrifuged and filtered through
0.2 pm filters and stored in 2-8 °C refrigerators. Titers
were analyzed by an in-house developed tandem
chromatographic method combining ion-exchange
(IEX) and size-exclusion (SEC) columns (Shaddeau
et al. 2019). Toxicities of DNA and PEI were
measured by cell growths and viabilities. Statistical
analysis was conducted by JMP (SAS Institute, North
Caroline). Hydrodynamics (whichever applicable) for
ambr® 15, 3-L bioreactor, and shake flask are
calculated as below.

Power input (%)

P N,Ndp
vV Vv
Impeller tip speed (u;,)
Utip = nNd
Reynolds Number (Re)
Nd?
Re = p
n

Average energy dissipation rate (EDR) for flask
(&p)
&p = NN3d*V—2/3
with N, = 75Re™" + 25Re™"® + 1.5Re™ 2

Maximum local EDR for bioreactors (&,,,) (Peter
et al. 2006)

ND)?
PE— (m : )

Results
Condition screening in ambr® 15 bioreactors

The first effort was to investigate the effects of
inoculum cell source, pH, and DNA-PEI concentra-
tion on CHIKV VLP transfection in an ambr® 15
bioreactor (Table 1). To study the effect of inoculum
cell source, HEK293 cells grown at four stages
including early exponential (at a cell density of 2.3
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Table 1 The investigation

Station Vessel pH Inoculum source DNA (mg/L)-PEI (mg/L)

of pH, inoculum source, and

DNA-PEI concentration for 1 1 73 +£02 Early exponential 2040

CHIKV VLP transient 2 30-60
transfection by a DoE study

in the ambr® 15 bioreactor 3 40-80

4 Middle exponential 2040

5 30-60

6 40-80

7 Late exponential 20-40

8 30-60

9 40-80

10 Stationary 20-40

11 30-60

12 40-80

2 13 69 £0.2 Early exponential 2040

14 30-60

15 40-80

16 Middle exponential 20-40

17 30-60

18 40-80

19 Late exponential 2040

20 30-60

21 40-80

22 Stationary 2040

23 30-60

24 40-80

million cells/mL), middle exponential (4.6 million
cells/mL), late exponential (6.0 million cells/mL), and
stationary (8.1 million cells/mL) phases (cell growth
data not shown) were investigated. The pH was tested
at 7.3 & 0.2 (Station 1) and 6.9 £ 0.2 (Station 2).
DNA (mg/L)-PEI (mg/L) were tested at concentra-
tions of 20—40, 30-60, and 40-80 respectively.

The second effort was to further investigate the
impact of pH and DNA-PEI concentration in an
ambr® 15 bioreactor based on the first evaluation
(Table 2). pH was maintained at 7.2 + 0.1 and
6.8 £ 0.1 respectively to avoid overlap. A full facto-
rial design of DNA (20, 30, 40 mg/L) and PEI (20,
40 mg/L) concentrations was tested. Condition DNA
20 mg/L-PEI 40 mg/L was used as a control.

The next effort was to test the toxicity of DNA and
PEI, reversed addition order, and pre-mixed complex
in an ambr® 15 bioreactor (Table 3). The toxicities of
DNA and PEI via direct addition in sequential order
were examined in Condition 1-3. The toxicities of
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DNA alone without PEI additions (DNA-0), or PEI
alone without DNA additions (0-PEI) were examined
in Condition 4-9. The reversed addition orders of
DNA and PEI were examined in Condition 10-11.
The indirect addition via a pre-mixing step of the
reagents was examined in Condition 12.

Effect of inoculum cell source

The normalized titers are shown in Fig. 1. At each pH
condition 6.9 £ 0.2 or 7.3 + 0.2, the patterns of
product expressions were the same. Specifically,
inoculum cells at early exponential growth phase
produced the highest titer expression; the inoculum
cells at middle exponential growth phase produced the
second highest titer expression; the inoculum cells at
late exponential and stationary growth phases pro-
duced the lowest titer expression. Further bivariate fit
model analysis indicated that the product titers were
negatively correlated to inoculum cell growth status
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(P < 0.05 for each pH control condition, data not
shown). Therefore, the study indicated the ideal cell
source for transfection should be at early exponential
growth phase.

Effect of pH condition

CHIKYV VLP product expressions were not affected by
the pH condition when tested at 7.3 &+ 0.2 or
6.9 &£ 0.2 (P > 0.0783 for Day 3; P > 0.0794 for
Day 4, t Test, data not shown). A close look at both pH

Table 2 Further investigation of pH and DNA-PEI concen-
tration for CHIKV VLP transient transfection by a DoE study
in the ambr® 15 bioreactor

Vessel  pH Inoculum source DNA (mg/L)-

PEI (mg/L)

7.2 £ 0.1 Middle exponential 2040
30-40
40-40
20-20
30-20
40-20
Middle exponential 2040
30-40
40-40
20-20
30-20
12 40-20

6.8 0.1

O 00 N O L B W N =

—_—
- o

pH controls were not overlapped in this study. Vessel 1 (DNA
20 mg/L-PEI 40 mg/L) was used as a control

profiles indicated that pH in the high pH (7.3 + 0.2)
condition decreased from 7.5 to 7.1 during the first
36 h and maintained at 7.1 afterwards; and pH in the
low pH (6.9 £ 0.2) condition maintained at 7.1
throughout the run (data not shown). The pH profiles
were not differentiated as expected most likely due to
the media buffer capacity. Therefore, the effect of pH
condition was not conclusive and further study was
needed.

In the subsequent test, pH parameters were set apart
without overlap, i.e., 7.2 = 0.1 and 6.8 £ 0.1. Inocu-
lum cell sources tested in this section were from
middle exponential growth phase only. Although the
first study found that early exponential growth phase
produced the highest product titer, its cell density was
too low (only ~ 2 million cells/mL) to realistically
meet the demand of high cell density 20 million cells/
mL for transfection. As a result, only inoculum at mid-
exponential growth phase was used going forward.

The non-overlapping pH differentiated the cell
growth profiles (Fig. 2). The high pH 7.2 £ 0.1
condition produced higher peak cell densities (14—-16
million cells/mL) than that of the low pH 6.8 £ 0.1
condition (12 million cells/mL) when PEI was tested
at 20 mg/L. However, pH did not affect cell growth
substantially when PEI was tested at 40 mg/L. Both
pH conditions produced peak cell densities around 10
million cells/mL. Therefore, the pH effect on cell
growth was dependent on PEI levels.

The non-overlapping pH also affected the CHIKV
VLP product expressions (Fig. 3). Specifically, when
PEI was tested at 40 mg/L concentration, the high pH
7.2 £ 0.1 produced 4-5 fold higher product levels

Table 3 The investigation

st Vessel pH Inoculum source Addition order of DNA (mg/L) and PEI (mg/L)

of DNA and PEI toxicities,
adjition Seq_uer(litial Or(ier, _ 1 72 £0.1  Middle exponential  DNA-PEI 20-40
sl conseln

3 DNA-PEI 40-80

4 DNA-O 20-0

5 DNA-O 30-0

6 DNA-O 40-0

7 O-PEI 0-40

8 O-PEIL 0-60

9 O-PEIL 0-80

10 PEI-DNA-PEI 20-20-20
Cellular growth and 11 PEI-DNA 40-20
viability were used to 12 Pre mixed complex 20-40

measure toxicity

@ Springer
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Fig. 1 The effect of pH, inoculum source, and DNA-PEI
concentration on CHIKV VLP production in the first ambr® 15
bioreactor study. Product titer was normalized to that of Vessel 1
condition (DNA 20 mg/L-PEI 40 mg/L at pH 7.3 £ 0.2) on

than that of the low pH controlled at 6.8 £ 0.1. When
PEI was tested at 20 mg/L concentration, the titer
expression was quite low at both pH conditions.
Therefore, the effect on titer expression by pH was
opposite from its effect on cell growth.

In summary, the first two ambr® 15 studies
suggested that the pH control in bioreactor was a
critical parameter for CHIKV VLP transient transfec-
tion and expression. The optimal pH should be within
7.5-7.1. Such pH range in general accorded to that of
shake flasks when incubated with 6% CO, (data not
shown) for successful transfection.

Effect of DNA/PEI
DNA and PEI concentrations
The first two ambr® 15 studies showed the best DNA

and PEI concentrations were 20 and 40 mg/L respec-
tively. In the first study, a common titer expression
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Day 4. Vessel 16 had a control issue during the study and its data
was not included. E: early exponential; M: middle exponential;
L: late exponential; S: stationary

pattern occurred across four different cell growth
stages at each pH condition (Fig. 1): the highest titer
expression came from DNA 20 mg/L-PEI 40 mg/L,
the second highest titer expression came from DNA
30 mg/L-PEI 60 mg/L, and the lowest titer expression
came from DNA 40 mg/L-PEI 80 mg/L. The study
implied that either the higher concentration of DNA or
PEI was responsible for the loss of titers. To better
understand this phenomenon, a lower concentration of
PEI (20 mg/L) was tested in the second study while
maintaining the DNA levels the same (Table 2). The
study found that the titer expressions were not
dramatically impacted by variations of DNA concen-
trations, but dramatically reduced to less than one-
tenth that of Control (DNA 20 mg/L-PEI 40 mg/L) by
the change of PEI to 20 mg/L (Fig. 3, pH 7.2 £ 0.1
condition). Taken together, the data indicated that the
transient transfection was more sensitive to PEI than
DNA. PEI conditions should be well defined.
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Fig. 2 The effect of pH and DNA-PEI concentration on cell growth in the second ambr® 15 bioreactor study. The first cell counts were

taken after the addition of 1.5x CDM4HEK293 production medium
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Fig. 3 The effect of pH and DNA-PEI concentration on CHIKV VLP production in the second ambr® 15 bioreactor study. Product
titer was normalized to that of the control condition DNA 20 mg/L-PEI 40 mg/L on Day 4

The sensitivity could be attributed to the toxicity of
PEIL. PEI 20 mg/L concentration group resulted in
higher peak cell densities than PEI 40 mg/L group at
pH 7.2 &+ 0.1 condition (Fig. 2). This implied that PEI
could be more toxic to cells at high concentrations. To
confirm this, DNA alone, PEI alone, and combinations
of DNA-PEI were tested respectively at various

concentrations (Table 3 Conditions 1-9). DNA alone
did not affect the viabilities regardless of concentra-
tion. But PEI inversely affected the viabilities: the
higher the concentrations of PEI, the lower the
viabilities. DNA—PEI combinations had better viabil-
ities than that of PEI alone (Fig. 4). This indicated that

@ Springer
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the toxicity of PEI could be remedied with the addition
of DNA.

DNA and PEI addition order

The studies discussed above both used direct addition
methods, and the DNA and PEI were added to the cells
sequentially. In this part of the investigation, three
different addition methods were tested for the selected
concentration of DNA 20 mg/L-PEI 40 mg/L
(Table 3, Conditions 10-12). These three methods
included a divided dose of PEI (20 mg/L each), PEI
first DNA second, and a pre-mixed indirect addition.
The purpose was to investigate if alternative addition
methods could improve the transient expressions.
Cell growths were affected by different addition
methods. First, cells grew in each condition and
reached similar peak cell densities by day 2. After-
wards, cells in the Control condition (DNA 20 mg/L—
PEI 40 mg/L) gradually died and cell density was less
than the other conditions by day 4. In comparison, cell
density in the pre-mixed complex condition was the
highest (data not shown). According to our experience,
a mild cell growth increase followed by some viable
cell loss usually indicated successful transfections.
This hypothesis was confirmed by the titer expressions
(Fig. 5). The control had the highest titers and pre-
mixed complex had the lowest. The lowest titer can be
explained by the precipitation of DNA and PEI during
pre-mixing step. Precipitation immediately occurred
when DNA and PEI were mixed, regardless of the
addition order. Because of the precipitation, the
effective DNA and PEI concentrations used for the
transfection were less than the expected target 20 and
40 mg/L. This was confirmed by NanoDrop™

Fig. 4 The toxicity of DNA Toxicity
DNA, PEI, and combination 100+
of DNA and PEI measured
by cellular viability in the 30-
third ambr® 15 bioreactor =
study. Samples were taken s 60
3 h after transfection. 2
Inoculum cells had a 3 40
viability of more than 95% g
20
0_.
20 30 40
DNA (mg/L)
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absorbance at 260 nm that only 6.9 mg/L of DNA
was left in solution (data not shown). As a result, the
PEI toxicity was reduced as well, and cells had better
growth. This trend was consistent with the test of PEI
20 mg/L condition in Fig. 2. Taken together, the direct
sequential addition of DNA and PEI was confirmed to
be the best method over others for CHIKV VLP
transfection.

Scale-up test in 3-L bioreactors

ambr® 15 mini bioreactors were only equipped with a
sparge tube where all three gases including air,
oxygen, and CO, shared the same tube. Conventional
large stirred tank bioreactors typically use two tier
sparger systems to achieve high cell densities. The first
tier is open tube (macrosparger) for background air,
and the second tier is microsparger for oxygen and
CO,. Such set up was used for the high cell density
transfection during the first scale up study in 3-L
bioreactors as well.

To identify the optimal hydromechanical environ-
ment for transfection, impeller agitation (RPM) and
tier one open tube air flow rate (VVM) were tested at
hi-hi (250RPM-0.05VVM), mid-mid (170RPM-
0.025VVM), and lo—lo (90RPM-0.0125VVM) respec-
tively (Table 4). Hi—hi combination provided the best
mass transfer coefficient kla ~ 3 h™! (data not
shown); however, it was only able to sustain a cell
density of ~ 2 million cells/mL, not the high cell
density of 20 million cells/mL. To maintain DO, O,
was immediately cascaded through tier 2 microsparger
system. The lower the impeller speed (RPM), the
higher the demand of O, (CO, for pH as well). Taken
together, lower agitation speeds and lower background

PEI Toxicity DNA-PEI Toxicity
100 100
80 80
> 60 > 60
§ 40 § 40

> >

20+ 20
0- 0-

40 60 80 20-4030-6040-80

PEI (mg/L) DNA (mg/L)-PEI (mgl/L)
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Fig. 5 The effect of DNA 1.5
and PEI addition order on == DNA 20 mg/L-PEI 40 mg/L
CHIKYV VLP product titers 5 m== PE| 40 mg/L-DNA 20 mg/L
in the third ambr® 15 E 1
bioreactor study. Titers were s 0 =mm  PE| 20 mg/L-DNA 20 mg/L-PEI 20 mg/L
normalized to that of DNA 2 )
20 mg/L—PEI 40 mg/L 5 mm Pre-mixed Complex:
= DNA 20 mg/L-PEI 40 mg/L
condition on Day 4 € 0.5
[]
P4
0.0-
3 4 3 4 3 4 3 4
Time (d)

Table 4 The investigation of CHIKV VLP transient expression in the 3-L Applikon bioreactors

Test Condition Impeller (RPM) Air open tube (VVM) 0O, Cascade sparger

1 Hi-hi 250 0.05 Microsparger
Mid-mid 170 0.025 Microsparger
Lo-lo 90 0.0215 Microsparger

2 Hi-hi 250 0.05 Open tube
Mid-mid 170 0.025 Open tube
Lo-lo 90 0.0125 Open tube

Two sets of studies were conducted. Each study included three levels of impeller agitation (RPM) and AIR (VVM) via open tube
sparger. O, was added through either a microsparger (Test 1) or open tube sparger (Test 2). Each test included a 1-L shake flask as a

control

gas flow rates via open tube would result in higher gas
flow rates through microspargers. It has been well
reported that the hydrodynamic stress generated by a
microsparger (smaller bubbles) is several orders
higher than that of a macrosparger (larger bubbles)
and mechanical mixing (Kioukia et al. 1996; Ma et al.
2004; Nienow 2006; Varley and Birch 1999). There-
fore, the hydrodynamic environments were totally
differentiated by such design.

Cell growth in 3-L bioreactors using microspargers
is shown in Fig. 6. All conditions started with the same
target cell densities of 20 million cells/mL for
transfection. The cells in control flask had moderate
growth. However, cells died in hi-hi condition. The
situation was even worse for mid—-mid condition, in
which only 2 million cells/mL remained with the poor
viability by the first cell count. Titer levels were also
significantly lower compared with the control (Fig. 6).
Hi-hi condition produced about 50% less than the
control, and mid-mid condition produced ~ 70%
less.

At the next study, microspargers were replaced with
macrospargers (Table 4). Cell growth patterns were
different compared with the first run. All conditions
had similar growth patterns. i.e., moderate cell growth
increases followed by viable cell losses (Fig. 7). Such
trends implied good titer expressions. Titer levels were
comparable for all tested conditions and the control
flask (Fig. 7). In contrast to 50-70% loss in the first
test using microspargers, the improvement was sig-
nificant. The data suggest the impeller agitation speeds
were not a critical factor for the transfection, nor the
macrosparger and its gas flow rates. The results were
repeated in another set of experiment with hi-hi
condition (data not shown). Overall, the study sug-
gested that transient transfection can be implemented
in 3-L bioreactors using macrospargers with similar
titer expression as the control flask.

The transient transfection was successful in shake
flasks, ambr® 15, and 3-L bioreactors using open tube
spargers, but not in the 3-L bioreactors using
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Fig. 6 Cell growth and CHIKV VLP production in 3-L bioreactors using microspargers. Product titer was normalized to that of the
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Fig. 7 Cell growth and CHIKV VLP production in 3-L bioreactors using open tubes. Product titer was normalized to that of the control

shake flask on day 4

microspargers. It is of great interest to understand the
shear and hydromechanical environment for each
system. The calculations are shown in Table 5. The
control flask had a Re number nearly 50,000, four
times that of the 3-L bioreactor running at the highest
250 RPM speed, and twenty times that of the ambr®
15. The control flask had an average energy dissipation
rate nearly 0.14 w/kg, eight times that of the ambr®

15, and fourteen times that of the 3-L bioreactor at 250
RPM. The ambr® 15 had 16.7 w/m> power input, 1.6
times of the 3-L bioreactor at 250 RPM. The ambr® 15
had maximum energy dissipation rate 0.92 w/kg, two
times that of the 3-L bioreactor at 250 RPM. The
ambr® 15 had similar tip speed as 3-L bioreactors at
250 and 170 RPM. Taken together, the control flask
and ambr® 15 had higher shear and hydromechanical

Table 5 Comparison of hydromechanical stress in the ambr® 15, 3-L. Applikon bioreactor, and 1-L shake flask

System RPM P/vV Tip Speed Re Average E dissipation rate Emax Emax/Aver E
(w/m?®) (m/s) (w/kg) (wikg)
ambr 15 800 16.7 0.5 2417 0.0167 0.9205 55.1
3-L Applikon 250 10.0 0.6 12193 0.0100 0.4535 453
170 3.1 0.4 8291 0.0031 0.1426 453
90 0.5 0.2 4389 0.0005 0.0212 453
1-L shake flask 130 N/A 49945 0.1381 0.1380 1.0
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stress by most measurements but still provided good
titer expressions. This indicated that mechanical
mixing could be ruled out as a critical factor hindering
transfection and expression. Instead, microsparger and
associated shear stress were most likely the root causes
(discussed below).

Discussion

Transient gene expression (TGE) techniques for VLP,
recombinant proteins, and viral vectors using mam-
malian cells are widely reported, but the titer expres-
sions are generally lower, less predictable, and
reproducible compared to stable transfections (de los
Milagros Bassani Molinas et al. 2014; Gutierrez-
Granados et al. 2018; Rajendra et al. 2015; Tuvesson
et al. 2008). CHIKV VLP in this case were not
exceptional and the historical productions at VRC had
up to four-fold variations when transfected and
expressed in shake flasks (internal data not shown).
Many hypotheses have been proposed to explain the
phenomena. The difficulties of DNA-PEI complex
entry into the nucleus either via active or passive
transport are considered one of the bottlenecks (Car-
pentier et al. 2007; Grosse et al. 2006; Han et al. 2009;
Won et al. 2009). Another bottleneck is that the
vectors are not integrated into host cell genome like
stable transfection. The foreign genes can be lost due
to cell division or degradation over time (Kim and
Eberwine 2010; Kroll and Rathert 2018; Recillas-
Targa 2006). While these challenges still exist today,
the studies here mainly focused on how extracellular
parameters and environments made impacts on TGE
performance, particularly at high cell density condi-
tions. High cell density transfection has been used to
improve titer expressions (Ansorge et al. 2009;
Backliwal et al. 2008a; Sun et al. 2008).

The study indicated that the transfection produc-
tions were directly correlated to inoculum cell growth,
i.e., the earlier the cell growth phase and more robust
the actual growth rate, the higher the titer production.
This finding is in line with literature reports that the
best cell status for transfections should be at expo-
nential growth phase (Cervera et al. 2013; Park et al.
2006; Segura et al. 2007). At this stage, cells are
actively growing with rapid host gene replications.
This probably facilitates the plasmid DNA uptake into
the cell nucleus.

This study further indicated that the optimal pH for
TGE should be in the range of 7.5-7.1. pH lower than
6.9 was not suitable for high titer expressions.
Gutierrez-Granados et al. (2018) reviewed that the
majority of the transfection work published so far were
conducted either in a pH above 7.0 for bioreactors, or
with 5% CO, injection for flasks or wave bags. The
lower pH condition is not ideal for transient transfec-
tion since it negatively affects the intracellular condi-
tions (Brunner et al. 2000; Grosjean et al. 2002; Tait
et al. 2004) and the formation and size of DNA-PEI
polyplex (van Gaal et al. 2011).

The optimal DNA and PEI concentrations for
CHIKYV transfection were found to be DNA 20 mg/L
and PEI 40 mg/L, at a ratio of 1:2. Such ratios have
also been well reported (Derouazi et al. 2004;
Durocher et al. 2002; Grieger et al. 2016; Pham
et al. 2003; Tait et al. 2004). Interestingly, if DNA and
PEI were still added with the same ratio but at DNA
30 mg/L-PEI 60 mg/L or DNA 40 mg/L-PEI 80 mg/
L level, the titer expressions decreased. Also, the
higher the concentration of PEI used, the more toxic
effect (measured by viable cell densities and viabil-
ities) it had on cells. Such observations were in line
with the previous reports. High amount of PEI
(> 3 mg/L/1 million cells/mL) and polyplex could
negatively inhibit the transfection due to its excessive
toxicity and cytostatic effect on cells (Carpentier et al.
2007; Tuvesson et al. 2008).

However, decreasing PEI concentration to 20 mg/L
was not an option either. The low concentration
resulted in more robust cell growth but dramatically
decreased the titers. One can believe that low PEI
concentration did not form enough DNA-PEI poly-
plexes for high cell density transfection, nor had
enough free PEI residue left in the solution after the
formation of DNA—PEI polyplex. The presence of free
PEI residue is important to increase the transfection
efficiency (Gutierrez-Granados et al. 2018). On the
other hand, increasing DNA concentrations to 30 and
40 mg/L while maintaining PEI at 40 mg/L did not
affect the titers dramatically. Together, these data
indicate that CHIKV VLP expressions were more
sensitive to the concentrations of PEI than DNA. The
use of PEI should be fine-tuned.

Addition methods of DNA and PEI were important
as well. Two addition methods, direct and indirect,
have been reported for transfection (Backliwal et al.
2008b; Bos et al. 2014; Rajendra et al. 2015; Raymond
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et al. 2011). Direct method added DNA and PEI
sequentially, and indirect method added pre-mixed
DNA and PEI complex. Although the indirect method
using the preformed DNA-PEI complexes are
reported to improve the transfection efficiencies, no
consistent results have been shown that one method is
superior to another one (Gutierrez-Granados et al.
2018). In this study, both methods were tested. The
indirect method only produced product titer one tenth
that of the direct method. This was most likely due to
the precipitation of DNA and PEI during the pre-
mixing step. The precipitation was immediately
formed regardless of the addition order of DNA and
PEI. As a result, the DNA and PEI left over for the
transfection were less than the optimal target 20 and
40 mg/L. Interestingly, no precipitation was reported
in the literature using the indirect method, most likely
due to the much lower concentrations DNA or PEI
used (Gutierrez-Granados et al. 2018). Therefore, the
indirect method could face challenges when high
concentrations of reagents must be used (e.g.—when
using high inoculation cell densities). The direct
method was more suitable in this case.

A reversed order of direct addition, i.e., PEI-DNA
or PEI-DNA-PEI instead of DNA-PEI was also
tested. PEI is positively charged. DNA and cellular
surfaces are negatively charged. The thought is that
PEI and cells will form electrostatic interactions
before the DNA bonds to PEI. As such, a sandwich
structure (cell-PEI-DNA) might form, and endocyto-
sis may be facilitated. However, only about 50% of
product titers were measured compared with that of
DNA-PEI sequential addition. Similar observations
are also reported that DNA-PEI sequential addition is
preferred over other additions (Boussif et al. 1995;
Gebhart and Kabanov 2001). The underlying reasons
are most likely due to the complexation structures and
charges formed under such conditions (van Gaal et al.
2011).

In addition to the transfection conditions identified
above, impeller speed and gas sparging strategy are
critical parameters for bioreactor scale-up. The hydro-
dynamic stress generated by impeller mixing has been
well reported. For instance, impeller tip speed above
1.5 m/s is generally considered to trigger cell damage
(Varley and Birch 1999). The average energy dissi-
pation rate (EDR) levels caused by impeller agitation
alone are typically in the range of 0.01-1 w/kg; while
the maximum EDR at which various mammalian cell
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types begin to experience damage are approximately
24 orders of magnitude higher (Hu et al. 2011; Ma
et al. 2002). In this 3-L scale-up study, the impeller tip
speeds, as well as the average and maximum EDRs
caused by impeller mixing were well within these
limits. Therefore, these impeller speeds were not
expected to cause cell death.

The burst of gas bubbles could be more detrimental
to mammalian cells than the mechanical mixing
(Kioukia et al. 1996; Ma et al. 2004; Nienow 20006).
A burst air bubble (1.7 mm in diameter) could
generate EDR 1.66 x 10* to 4 x 10° w/kg (Boul-
ton-Stone and Blake 1993; Garcia-Briones and
Chalmers 1994), several orders of magnitude higher
than that of mechanical agitation. The lethal damage
increases with the decrease of bubble size (Varley and
Birch, 1999). It has been reported that shear stress
impacts cell physiology, cellular uptake of DNA
cargo, and transfection efficiency (Mennesson et al.
2006; Shin et al. 2009). Therefore, the microspargers
used in the first scale-up test were most likely the root
cause for cellular damage and transfection. The higher
the microsparger gas flow rate, and the worse the
cellular damage. In contrast, the tube spargers in the
second test had much larger bubble size and shear
stress was believed not strong enough to damage the
cells and inhibit the transfection. As a result, cells had
slight growth before lysis. Such trend was usually a
good sign of transfections according to our experience.

Further, PEI cytotoxicity could make the cellular
damage associated with microsparger shear stress
even worse. Rawat and Gadgil (Rawat and Gadgil
2016) reported that the combined effects of Lipofec-
tamine 2000 and shear stress increased the toxicity of
the lipoplex and accounted for the extensive cell
growth inhibitions and transfection efficiency reduc-
tions. Since PEI is also toxic, such synergistic effects
could have existed for DNA-PEI system as well. The
PEI cytoxicity weakened the cells and made them
vulnerable; the microsparging shear stress magnified
the effects.

It must be pointed out that TGE using large stirred
tank bioreactors has been reported in literature. Some
studies achieve comparable titers during scale-up and
some have significant loss. In neither case have the
scale-up challenges and root causes been discussed in
detail (Gutierrez-Granados et al. 2018). Further liter-
ature review indicates a few different strategies are
used to overcome the scale-up issues to achieve
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comparable protein productions. One strategy is to use
surface aeration instead of sparging for DO control
(same method as shake flasks) (Ansorge et al. 2009;
Durocher et al. 2002; Pham et al. 2003; Venereo-
Sanchez et al. 2016). Other strategies include low cell
density for transfection (0.5-2.0 million cells/mL), or
low DO control (20%), or Pluronic supplementation as
shear protectant (Derouazi et al. 2004; Muller et al.
2007; Tuvesson et al. 2008). The former strategy
eliminates gas sparging and associated hydrodynamic
stress; the latter strategies minimize gas sparging and
shear damage. These strategies together imply that
shear stress is the root cause for TGE failure in large
stirred tank bioreactors as well.

Conclusion

In summary, a systematic approach was used to
troubleshoot the CHIKV VLP transient expression
challenge in large stirred tank bioreactors. The trans-
fection parameters were first optimized at small scale.
Parameters including the optimal inoculum cell
source, optimal pH range, best DNA and PEI concen-
trations, and addition method were identified. The
scale-up challenge came from the microsparging and
associated hydrodynamic stress, under the effect of
PEI toxicity. To resolve the issue, replacing the
microsparger with the macrosparger was the solution.
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