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ABSTRACT: The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2 virus) pandemic has shown the importance of pursuing various vaccine
manufacturing strategies. In the present study, the HEK 293 cells were infected
with recombinant adenovirus serotype 26 (rAd26), and the effects of critical
process parameters (CPPs) including viable cell density (VCD) at infection time
(0.5 × 106, 0.8 × 106, 1.4 × 106, 1.8 × 106, and 2.5 × 106 cells/mL), the
multiplicity of infection (MOI) = 3, 6, 9, 12, and 15, and two aeration strategies
(high-speed agitation with a sparging system and low-speed agitation with an
overlay system) were investigated experimentally. The results of small-scale
experiments in 2 L shake flasks (SF 2L) demonstrated that the initial VCD and
MOI could affect the cell proliferation and viability. The results at these
experiments showed that VCD = 1.4 × 106 cells/mL and MOI = 9 yielded
TCID50 /mL = 108.9, at 72 h post-infection (hpi), while the virus titer at VCD =
0.5 × 106 and 0.8 × 106 cells/mL was lower compared to that of VCD = 1.4 × 106 cells/mL. Moreover, our findings showed that
VCDs > 1.8 × 106 cells/m with MOI = 9 did not have a positive effect on TCID50 /mL and MOI = 3 and 6 were less efficient,
whereas MOI > 12 decreased the viability drastically. In the next step, the optimized CPPs in a small scale were exploited in a 200 L
single-use bioreactor (SUB), with good manufacturing practice (GMP) conditions, at RPM = 25 with an overlay system, yielding
high-titer rAd26 manufacturing, i.e., TCID50/mL = 108.9, at 72 hpi.

1. INTRODUCTION
The syndrome coronavirus 2 (SARS-CoV-2) caused corona-
virus 2019 (COVID-19), which has posed a serious threat to
public health. On March 2020, the World Health Organization
(WHO) proclaimed the SARS-CoV-2 virus a global pandemic
and gave the virus the COVID-19 designation.1 The SARS-
CoV-2 virus is classified as a β coronavirus, which is a member
of the Coronaviridae family.2,3 Given that the SARS-CoV-2
virus can spread easily from infected individuals without
showing symptoms, it is a challenging issue to manage this
pandemic without any global vaccination strategy.4 For this
reason, global priority is the development and enhancement of
different vaccine platforms against this viral infection.5 Several
developed vaccines get emergency use authorization (EUA) for
the COVID-19 pandemic. These new vaccine platforms use a
variety of technologies, including viral vectors, mRNA-based,
and protein subunits, compared to traditional techniques like
the inactivated virus vaccines.6

Adenovirus has been applied for vaccine development
purposes due to high safety and its promising efficacy in
stimulation of both cellular and humoral immunity.7,8 Chavda
et al. declared that the immune response elicited by such

vaccines is comparatively higher than other approved vaccine
candidates that require a booster dose to provide sufficient
immune protection and also have current cGMP-friendly
processes.9 Currently, different adenovirus serotypes are used
as a platform for vaccine candidates. Adenovirus serotype 5
(Ad5) is the most thoroughly researched due to its early
isolation, efficient reverse genetic system, good candidate for
gene therapy, and vaccine vector applications.10 On the other
hand, adenovirus serotype 26 (Ad26) was recently examined
for its potential use as a vector with a lower seroprevalence for
gene-based vaccinations and oncolytic viral therapy.11,12 Ad26
also shows favorable thermal stability profiles at a storage
temperature of −20 °C, compatible with existing cold supply
chains compared to mRNA-based vaccines, which unpleasantly
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need to be shipped and stored at deep freeze conditions (−80
°C).13 Moreover, Ad26-based vaccines record a successful
experience in the prevention of life-threatening viruses, such as
Ebola.

Sputnik is an adenovirus viral vector vaccine for COVID-19
(developed by Gamaleya, Russia) and is the world’s first
registered vector vaccine for the prevention of COVID-19.
This vaccine can be formulated in two techniques: as a ready-
to-use solution in water that is frozen at the common freezer
storage temperature (<−18 °C) and as a freeze-dried
(lyophilized) powder, which can be stored at 2−8 °C. The
freeze-dried powder needs to be reconstituted with sterile
water for injection (WFI) before administration.14 The
lyophilized formulation is similar to the smallpox vaccine,
avoiding the need for continuous cold-chain storage�as a vital
accessory for mRNA-based vaccines (the Pfizer−BioNTech
and Moderna)�and letting transportation to remote locations
with a reduced risk of degradation.15,16

The effectiveness of COVID-19 vaccines or any other
vaccine is firmed in mass vaccination in a real-world setting
(not in clinical trials). This is a valuation of how well the
vaccine protects people from outcomes such as infection,
symptomatic illness, hospitalization, and death. The effective-
ness is evaluated outside of clinical trials, which by contrast
evaluate the efficacy of the vaccine.17,18 A vaccine is generally
considered effective if the estimate is ≥50% with a > 30%
lower limit of the 95% confidence interval (CI).19 Effectiveness
is generally expected to slowly decrease over time, and the
WHO recommends that successful vaccines should show an
estimated risk reduction of at least half, with sufficient
precision to conclude that the true vaccine efficacy is greater
than 30%. This means that the 95% CI for the trial result
should exclude efficacy less than 30%. The current US Food
and Drug Administration (FDA) guidance includes this lower
limit of 30% as a criterion for vaccine licensure.20

Various processes for bulk manufacturing of viral-based
vaccines were presented, for example, three strains of H1N1,
H3N2, and influenza B vaccines were cultured in Cytodex
microcarriers,21 fed-batch culture,22 and perfusion bioreactor
equipped with a spin filter, respectively,23,24 and influenza A
virus was expanded in the perfusion bioreactor using an
alternating tangential flow (ATF).25 Also, disposable fixed-bed
bioreactors have been used in the adherent cell culture
technique to produce a higher yield of live viruses26,27 and
there are various studies showing a comparable cell growth rate
and virus production yield for disposable and stainless-steel
bioreactors.28 Cell culture-based vaccine production employing
bioreactors has expanded manufacturing capacities and
facilitated improved process control, while ensuring the
product quality. Technology based on cell culture gives
producers the ability to adapt to market requirements more
rapidly with shorter production cycles. In addition, cell culture-
based viruses are more similar to the circulating strains than
the viruses produced in eggs as hosts, which may contain
antigenic variations.29 The human embryonic kidney (HEK)
293 cell lines have been commonly used over the last decades,
not only for the basic research such as protein interaction and
signal transduction studies but also for the GMP manufactur-
ing of recombinant proteins and viral vectors in the
biopharmaceutical industry owing to the high transfectivity,
acceptable growth rate, and human-like post-translation
modifications.30−33 For this cell line, the results showed that
the host cell passage number, ratio of the number of virus

particles to each cell (i.e., multiplicity of infection (MOI)),
viable cell density (VCD), viral stock passage number, contact
time of the adenoviral vector with the host cells during culture,
and host cell viability during infection are all critical factors
that affect a successful infection.2,3,34 Previous studies have also
declared that addition of fresh culture medium at the time of
infection (ToI) or the feeding strategies (with glucose or
amino acids) at 24 h post-infection (hpi) together with pH
controlling within the optimal ranges allowed a high rAd
productivity at VCD = 2−3 × 106 cells/mL.35,36

Besides, it was found that the optimal process parameters
(agitation speed, aeration, pH, dissolved oxygen concentration,
medium composition, temperature, etc.) strongly affect cell
growth and virus replication as well. The process optimization
and scale up in stirred single-use bioreactors (SUBs) require
the identification of critical parameters because the use of
agitation and aeration increases the shear stress sensed by cells
and thus increases the risk of cell damage, resulting in the
product yield reduction. The critical process parameters
(CPPs) including dissolved oxygen (DO), pH level, cell
culture osmolality, temperature, agitation speed, and aeration
system must be carefully investigated during process
optimization. In this study, the effects of CPPs including
VCD (= 0.5 × 106, 0.8 × 106, 1.4 × 106 and 1.8 × 106 and 2.5
× 106 cells/mL) at ToI, the MOI (3, 6, 9, 12, and 15), and hpi
(0−120 h) on rAd26 GMP manufacturing were experimentally
studied, using a one-factor-at-a-time (OFAT) approach.
Initially, the effects of VCD at ToI, MOI, and the viability
were investigated in 2 L shake flasks (SFs 2 L) on the rAd26
virus titer using a batch-mode cell culture. Subsequently, the
optimum CPPs were exploited to scale up the rAd26 GMP
manufacturing up to 200 L in SUB. In the next steps, the effect
of agitation (low-speed agitation at RPM = 25 and high-speed
agitation at RPM = 80) and aeration system (with sparging and
without sparging, i.e., through overlay only) was examined in
200 L SUB.

2. MATERIALS AND METHODS
2.1. Cell Line and Culture Medium. In order to

manufacture the recombinant adenovirus rAd26-S-CoV-2
(Gamaleya Institute, Russia) containing the recombinant
SARS-CoV-2 Spike glycoprotein gene, HyClone (Cytiva)
serum-free medium (SFM) was used as the basal media.
HEK 293 cells that constitutively express the E1 proteins
(necessary for viral replication) were grown from a working
cell bank (WCB) and scaled up from initial 2 L shaker flasks
(SF) to 200 L bioreactors. For this purpose, a WCB vial
containing 10 × 106 cells/mL of viable HEK 293 cells was
thawed in a T-flask 75 (Thermo Scientific) containing 20 mL
of prewarmed HyClone SFM and incubated at 37 °C under 5%
CO2 to prepare the seed for the next step of cultivation. The
HEK 293 cells cultivated in the T-flasks were then inoculated
into the next step after 3−5 days (SF 250 mL (Corning), with
a final volume of 80 mL). All cell suspensions were incubated
in a shaker incubator (Kuhner, Switzerland) at 37 °C and RPM
= 90, with 5% CO2. The subcultures then were transferred to
SF 2 L with a working volume of 600 mL. In all steps, cell
counting, viability, and morphology were monitored daily with
an inverted microscope under a Neubauer hemocytometry
chamber.
2.2. Adenovirus rAd26 Stock Preparation. The rAd26-

S-CoV-2 virus was used to infect the suspension of HEK 293
host cells (Gamaleya Institute, Russia). The virus stock used
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for all experiments was prepared by infecting HEK 293 cells at
VCD = 1.4 × 106 cells/mL in SF 2 L with MOI = 9. All the
cultures were incubated at 37 °C in 5% CO2 and orbital
shaking RPM = 90. After 120 hpi, the sample was taken from
the SF 2 L for cell counting and to calculate the virus stock
necessary for infection, considering the MOI = 9. After
harvesting the infected HEK 293 cells at 120 hpi, they were
lysed mechanically (without adding any chemical component)
using freeze−thaw cycles (by three cycles of freezing at −80 °C
and then thawing in a water bath at 37 °C) to release the
adenoviral vectors from the HEK 293 cytoplasm. The lysate
was filtered using a sterile 0.22 μm poly(ether sulfone) (PES)
membrane filter (3M) to remove the cell debris and then was
aliquoted into sterile containers and stored at −80 °C for virus
stock purposes in the next steps.
2.3. Cell Growth and Infection in a 50 L Wave SUB. To

expand the cell culture and prepare the virus stock required in
a 200 L SUB (Sartorius, Germany), ∼10 L of SFM was
aseptically transferred into a 50 L wave SUB (Sartorius,
Germany) through a sterile port of the cell culture bag. The
SUB parameters were set as temperature = 37 ± 0.5 °C and 5%
CO2, agitation rate = 20 ± 2 rpm, angle = 7°, pH = 7.0 ± 0.2,
and DO = 35 ± 5%. In the 50 L wave SUB, the HEK 293 cells
were subcultured/infected same as the method described for

the SF 2 L. The VCD and viability were monitored daily, and
once the VCD reached 3−3.5 × 106 cells/mL, the cell was
subcultured again in the next step, to expand the cells for the
final volume in a 200 L SUB.
2.4. Cell Expansion and Infection in a 200 L SUB. The

virus stock to infect the 200 L SUB was prepared as previously
described for SFs and then in the wave SUB. The 200 L stirred
SUB was initially run with the cultivation of ∼40 L SFM with
conditions including pH = 7.10 ± 0.05, agitation = 25 ± 1
rpm, and temperature = 37 ± 0.1 °C to perform the medium
hold for 24 h (to check the medium sterility for any microbial
contamination). Then, the cells were transferred to the
bioreactor at the initial VCD = 0.5−0.8 × 106 cells/mL. The
fermentation was done in fed-batch mode, and once the VCD
reached ≥2.50 ± 0.1 × 106 cells/mL, the cell suspension was
diluted four times, i.e., 120 L of culture medium was aseptically
added into the bioreactor with a flow rate of ∼1 L/min, using a
peristaltic pump (Watson Marlow 520, United Kingdom). The
agitation was set to RPM = 40, and once the VCD reached 1.4
± 0.1 × 106 cells/mL (on the third day), the cells were then
infected with the virus stock with MOI = 9. Feeding with
glucose (concentration of 45% w/v) was added after infection
of the cells in the bioreactor to reach the final concentration of
glucose to 0.30% w/v. Samples were taken daily from the

Figure 1. Time profiles of initial VCD on the cell growth curve (A), viability (B), pH trend after infection (C), and adenovirus rAd26 production
viral titer 72 h after infection (D) by HEK293 cells at an MOI = 9 in 2 L shaker flask cultures. ■: VCD = 0.5 × 106 cells/mL; ▲: VCD = 0.8 × 106

cells/mL; ●: VCD = 1.4 × 106 cells/mL; ⧫: VCD = 1.8 × 106 cells/mL; and ×: VCD = 2.5 × 106 cells/L. All results are the mean values of
triplicate data.
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bioreactor to record VCD, cell viability, and pH. Also, at 72
hpi, the virus titer was quantified using TCID50 assay. The
aeration was done either through a sparger or overlay to
control DO to keep within the optimal range (DO = 40 ±
10%) with pure oxygen.
2.5. Downstream Process. Following the upstream

process, the chemical lysis was initiated at 72 hpi, by addition
of lysis buffer (at a final concentration of 0.5% v/v Tween 20),
the multistep downstream process including enzymatic
endonuclease digestion was performed as previously described
by Fedosyuk et al. to reduce host cell DNA, followed by depth
filter clarification, initial concentration, and diafiltration by
tangential flow filtration (TFF) with cutoff = 300 kDa
(Millipore) and two-step chromatographic steps including
anion exchange (AEX) and cation exchange (CEX) and finally
formulating the drug substance.37,38

2.6. TCID50 Assay. The number of infectious virus particles
is frequently quantified using the median tissue culture
infectious dose (TCID50) assay.39,40 This assay was performed
on A549 cells (a human lung cancer epithelial cell line) and
revealed by crystal violet staining, and then, the wells were
observed and scored for the presence or absence of the
cytopathic effect (CPE). Briefly, A549 cells were seeded at a
cell density of 8 × 105 cells/mL in 96-well plates for 14 days, at
37 °C with CO2. Tenfold serial dilutions of the viral sample
were added to each well in quadruplicate (50 μL/well). After
that, the number of wells with the CPE for each viral sample
was determined (CPE was considered positive when more
than 70% of the cells were compromised).38 In this study, the
TCID50/mL factor was quantified using the TCID calculator
(Marco binder, University of Heidelberg) based on the
Spearman−Kalbur method.41

2.7. Statistical Analysis. Data pertaining to different
periods were analyzed as repeated measures using the MIXED
procedure of the statistical analysis system (SAS)42 with a
model containing the continuous effect of covariate (as a
measure of the same variable), the random effect of cells, and
the fixed effects of two types of agitation, VCD, and the MOI.
By the use of Akaike’s information criterion, the best
covariance structure was specified among first-order autore-
gressive, unstructured, and compound symmetries. All data
represent the mean values of three replicates.

3. RESULTS AND DISCUSSION
3.1. Effect of the Initial Cell Density on rAd26

Manufacturing. Figure 1 presents the results related to the
cultivation of HEK 293 cells in SF 2 L, with a working volume
of 600 mL, on a laboratorial scale, carried out at MOI = 9 and
different initial VCDs. Figure 1A shows the infected HEK 293
cell density by hpi time. As can be seen, when the cultivation
started with an initial VCD less than 1.4 × 106 cells/mL, before
the cells had enough opportunity to duplicate, they have
premature death in a way that going through the logarithmic
phase and reaching a cell density higher than 0.8 × 106 and 1.0
× 106 cells/mL, respectively, were not observed. On the other
hand, in the initial VCD = 1.8 and 2.5 × 106 cells/mL, they
reached its maximum density, which is 2.5 × 106 and 3.5 × 106

cells/mL, respectively, at 48 and 60 hpi. By comparing the
trend of changes in the viability of these cultures in Figure 1B,
it can be understood that the viability of the infected cells
follows almost the same trend of culture with VCDs = 0.5 ×
106, 0.8 × 106, and 1.4 × 106 cells/mL; therefore, in the time
window of 72−84 hpi, the viability in these three experiments
is less than 40%. This is while for other cultivations in the same
time period, the viability rate is higher than 70%. In Figure 1C
that reports the rate of pH change in terms of hpi, as can be
seen during the first 12 h, the pH value in all flasks had a
similar decreasing trend; the culture with an initial VCD = 0.5
× 106 cells/mL has experienced a greater decrease in pH rather
than the others, so that at a time of 60 hpi, the pH has
decreased to around 6.30, while for other experiments, it is
around 6.75. According to what is observed from Figure 1D,
the highest virus titer was found in the SF infected with initial
VCD = 1.4 × 106 cells/mL, so that the TCID50/mL value was
108.9 at 72 hpi. Due to the improved titer that was achieved in
this flask, it is assumed that the viral titer was more productive
in this cell density. After 48 hpi, the viability of the culture with
initial VCD = 1.8 × 106 cells/mL fell out of 80% and the
TCID50/mL = 107.8 was obtained, approximately 1.14-fold
lower titer than what was observed with initial VCD = 1.4 ×
106 cell/mL. Also, the flask with initial VCD = 2.5 × 106 cells
showed TCID50/mL = 106.7, which was a lower titer compared
to the flask with initial VCD = 1.8 × 106 cells/mL.

These results are in disagreement with the report, which
indicated that the rAd yield could be increased with higher
VCD at the time of infection and the optimum VCC = 1.04 ×

Figure 2. Effect of cell infection with different MOIs on cell density (A) and viability % (B). In all experiments, the HEK293 cells at VCD = 1.4 ×
106 cells/mL in SF 2 L were infected. ■: MOI = 3; ▲: MOI = 6; ●: MOI = 9; ⧫: MOI = 12, and ×: MOI = 15. All results are the mean values of
triplicate data.
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106 cells/mL, MOI = 9, and pH = 7.17 was confirmed in the
shake flask in HEK 293 cells.43 Other study demonstrated that
with VCD up to 6−8 × 106 cells/mL at infection time, the
virus titer up to 1−6 × 1010 viral particle/mL was obtained in
the perfusion bioreactor manufacturing Ad26 with PER.C6 as
the host cells.44,45

3.2. Effect of Different MOIs on rAd26 Manufactur-
ing. The effect of infection at different MOIs = 3, 6, 9, 12, and
15 on cell growth rate and viability in the HEK 293 cells at
initial VCD = 1.4 × 106 cells/mL with 95% viability is
represented in Figures 2. The results in MOIs = 3 and 6
showed that the cells continued to grow even until 48 hpi, and
only after that time, the cell growth started to decline. By
looking at Figure 2B, it can be seen that viability even after 120
hpi is higher than 80% for MOI = 3 and is about 70% for MOI
= 6. This result is in accordance with what Dill and Britio et al.
obtained.46,47 Dill et al. showed that decreasing MOI increased
the viability and density of BHK cells infected with foot and
mouth disease virus (FMDV).46 As noted by Lavado-Garciá et
al. continued cell growth and no decrease in viability after
infection could be related to the insufficient number of viruses
to infect the host cell, so it can be understood that at MOIs = 3
and 6, the HEK 293 cells are not infected even after 120 hpi.48

Also, at MOI = 9, the cell density had a trend similar to
MOIs = 3 and 6, so that in the time period of 0−48 hpi, the
cell density increased and reached VCD = 2.0 × 106 cells/mL.
However, according to Figure 2B, the viability shows its
downward trend from 12 hpi and reaches approximately 45%
at 84 hpi due to the virus replication and the lytic
characteristics of the adenovirus. This behavior is different
from the trend of changes in MOIs = 3 and 6. This result is in
accordance with the finding of Nie et al.43 that assessed three
experimental CPPs (VCD, MOI, and virus production pH) by
the design of experiment (DoE) method, and the robust set
point of MOI = 9 was applied in both SFs and 2 L benchtop
bioreactor. According to figures A and B, in MOIs = 12 and 15,
cell growth has stopped since the first hours of infection, and
the trend is downward. In other words, no cell growth was
observed practically, so that at time 72 hpi of both
experiments, the cell density decreased to less than 0.5 × 106

cells/mL and the viability decreased to below 40% in the same
way. What can be inferred is that a premature cell death
followed by cell lysis resulted in a considerable decrease in
VCD, viability, and the effectiveness of infection.29

Figure 3 shows the rAd26 virus titer at different MOIs.
According to this figure for MOIs = 3 and 6, the quantity of

Figure 3. Effect of different MOIs on rAd26 titer at VCD = 1.4 × 106 cells/mL and 72 hpi in 2 L shaker flask cultures. Results are the mean values
of triplicate data.

Figure 4. Effect of agitation speed and sparging on cell growth and viability in 200 L SUB. (A) Cell density and viability with high-speed agitation
at RPM = 80 and sparging. (B) Cell density and viability with low-speed agitation RPM = 25 and without sparging (overlay system). ■: viability
and ⧫: VCD. All results are the mean values of triplicate data.
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adenovirus released in the supernatant (rAd26−S-CoV-2
replicated in HEK293 cell cultures), i.e., TCID50/mL, was
103.5 and 106.1, respectively, at 72 hpi. These values are almost
10,000 and 100 times lower compared to the experiment
infected at MOI = 9 (TCID50/mL = 108.8, at the same time).
The results also revealed that infection with MOI = 9 provided
a higher viral titer level rather than the infection with MOIs =
12 and 15. Likewise, other studies reported that the increase of
MOI accelerated the cell death rate and even can cause the
formation of defective interfering particles (DIPs), which may
reduce the maximum achievable virus production.49−51

Ferreira et al. designed two different processes for the
manufacturing of the Ad26 vector as a COVID-19 vaccine,
evaluated with SuperPro Designer software.52 Their findings
showed comparable results with our study, and a batch cell
culture viral production made a viral titer of 109 viral particles
(VP)/mL in both the stainless-steel (SS) and SUB.
Furthermore, they performed perfusion cell culture viral
manufacturing in the SUB, which resulted in a higher viral
titer (1 × 1012 VP/mL) compared to the SS bioreactor with
the same operating CPPs.53

3.3. Effect of Aeration on the Cell Growth in the 200
L Stirred SUB for the GMP Manufacturing Purpose. The
HEK 293 cells are typically assumed as shear stress-sensitive
cells to hydrodynamic stress.54 They even become more
sensitive to the environmental shear stress once they are
infected by adenoviral particles due to the proteolytic nature of
those kinds of viruses. Therefore, rAd GMP manufacturing is
always a challenging issue to optimize the shear stress sensed
by the infected cells. On the other hand, supplying the required
nutrients for the cells through culture medium as well as the
oxygen needed is done by agitation in stirred SUBs, which is
inherently a shear stress creator.54 Therefore, in this section for
GMP and industrial-scale manufacturing of rAd26, this factor
was examined in more detail. Figure 4A depicts the influence
of the aeration system (sparging and agitation) on the HEK
293 cells growth rate, measured daily over 5 days of post-
infection (dpi). The high-speed agitation (RPM = 80) with gas
sparging resulted in the lowest VCD of HEK 293 cells. In fact

by this strategy, at an early stage of the cell culture, the viability
was dropped unpleasantly. Also, as Figure 4A shows, a
considerable decrease in VCD was observed in a way that
the cells could grow hardly for the first 24 h, and then, it was
decreased considerably. What can be inferred from this result is
that the decrease observed in cell density may be attributed to
the environmental shear stress. Sensitivity to shear stress differs
according to the cell line and cell size and could also be
dependent on the intensity of shear stress (made by eddies in
turbulent flow), pH, temperature, cell growth phase, and also
the presence of antifoam and shear protectant agents such as
Poloxamer 188 (often referred to as Pluronic F-68).55 This is
shown by the post-harvest cell counts in Figure 4A, which
indicated that HEK 293 proliferation is quickly reduced at the
high-speed agitation with sparging aeration. This is a result
which confirmed the finding of Grein et al. declaring that the
aeration system must be optimized and monitored to ensure
the specific growth rate, for the production of oncolytic
measles virus.56 Also, Negrete et al. indicated that Pluronic F-
68 concentrations ranging from 0.05 to 0.2% can be used in the
culture of the suspension HEK 293 cells, as it did not display
any adverse effect upon either VCD or viability. In the same
way, the 5% CO2 atmosphere in the overlay system was not
restrictive for the cell growth of HEK 293 cells, while it
reduced the growth rate using a sparger system.57

To address this issue and enhance the cell growth, the
aeration system was investigated carefully using an overlay
system, and the agitation rate was performed at low-speed
conditions. As seen in Figure 4B, lowering the agitation speed
to RPM = 25 increased the cell density and viability once the
SUB was seeded at VCD = 0.4 × 106 cells/mL, with an overlay
system. The VCD in the 200 L SUB was increased from 0.5 ×
106 cells/mL to 1.4 × 106 cells/mL within 3 days (Figure 4B).
After infection of the cells in the 200 L SUB, the cells grew
exponentially over the next 24 h and reached VCD = 2.2 × 106

cells/mL and viability = 96%. After infection, cell growth
arresting was observed while cell viability remained high only
at 24 hpi, and after 185 hpi, the viability was decreased to 81%.

Figure 5. Online monitoring of the pH trend and infection in the 200 L stirred SUB. DO concentration was controlled using a cascade function
with agitation rate and the addition of pure oxygen. The temperature was 37 °C, controlled automatically via the heater system. Once the cell
density reached 1.4 ± 0.1 × 106 cells/mL on day 3, the cells were infected with the virus seed with MOI = 9.
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3.4. pH Trend after Infection in the 200 L SUB. The pH
of medium was found to influence the titer of virus stocks,
giving differences of up to 105 TCID50 in result on infected
HEK 293.58 Online monitoring of pH in the 200 L SUB during
batch mode cell culture with RPM = 25 agitation without
sparging (overlay system) is presented in Figure 5. Online and
offline recording of the pH fluctuation before infection
revealed that the pH value fell from 7.2 to 7.0, and this is
while the cell density was increased. According to the reported
studies, uninfected cells typically entered the stationary phase
at pH ∼ 6.9, which result in the decrease in cell growth. The
rate of cell growth was found to be the same between 6.9 and
7.2 by comparing the pH at different days and different VCDs.
The production of lactic acid, carbon dioxide, or ammonia by
the cells is the reason for pH changes at this period of time.47

However, continuous pH measurement taken during 72 hpi
showed the decrease in pH. The lower pH is in fact the result
of a decrease in oxygen consumption, cell death, and the
release of rAd26 into the supernatant.58 In most cases, after
infection, viral replication within a cell alters the cell cycles,
leading to cell death and an almost sharp pH drop to 6.5. In
this study, cell growth decreased significantly at pH 6.8, as a
result of virus infection-induced cell lysis. The effects of pH on
E1- and E3-deleted recombinant adenovirus vector (rAV)
production with HEK293S cells have been earlier studied by
Jardon and Garnier, in the range of pH = 6.7−7.7.59 They
performed the experiments in a 4 mL × 500 mL bioreactor
setup, and it was found that although the pH did not affect
HEK 293 viability meaningfully, in the studied range, it had a
significant effect on the virus titer and in very sharp optimum
ranges.

The results obtained from the 200 L SUB demonstrated that
the maximum virus titer occurred consistently at 72 hpi and
the virus yield was strongly corresponding to the CPPs, such as
cell density at infection, MOI, sparging/overlay aeration, and
agitation speed. For the cells in the growth phase of batch
culture, we may expect a stable but rapid reduction in pH and
oxygen levels due to the rise in total biomass and cellular
metabolism, as reported by Naciri et al. and other
researchers.60−62 It has been shown that the accumulation of
some metabolic byproducts (such as ammonium, a result of
glutamine metabolism) in batch culture can have a negative
impact on cell growth and viability. Conversely, as glucose is
consumed, lactate generation increases63 at high lactate
concentrations, the medium’s ability to act as a buffer is
reduced, and thus, the pH decreases, making the medium
unfavorable for cell growth.64−66

4. CONCLUSIONS
In this study, we developed an optimized process for
adenovirus vector vaccine GMP manufacturing using the
one-factor-at-a-time (OFAT) technique to reduce process
costs and to increase the viral titer. For this purpose, the cell
culture process was initially optimized in 2 L shake flasks (SF 2
L) with batch mode operations using HEK 293 cells. The
CPPs including VCD at ToI and MOI of adenovirus type 26
(rAd26) production were investigated by the OFAT approach,
from which the optimal CPPs were obtained (VCD = 1.4 ×
106 cells/ml and MOI = 9), yielding an adenovirus titer with
TCID50/mL = 108.9, at 72 hpi. Finally, the optimal CPPs were
experimentally scaled up and validated in the 50 L wave SUB
and then in a 200 L SUB with low-speed agitation (RPM = 25)
and without sparging (overlay system). The results in the 200

L SUB revealed that after infecting the HEK 293 host cells,
their sensitivity (due to the proteolytic characteristics of the
virus) to shear stress (made by the agitator and air bubbles
from the sparger) increased, and in order to improve cell
growth and to achieve a higher virus titer, different strategies
need to be applied.
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