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Background: Coagulation factor VIII (FVIII) is applied for spontaneous hemorrhaging inhibition and excessive bleeding
after trauma in patients with hemophilia A. High-quality human recombinant factor VIII (rFVIII) has been produced
relatively in large quantities in cultured mammalian cells. NSO is one of the most common mammalian cell lines for
therapeutic protein production. Production of rEVIII has increased due to low FVIII expression levels and rising demand
for hemophilia A prophylactic treatment. Several methods have been developed to prevent cell cycle progression in
mammalian cells for increased recombinant protein yields.

Objective: The aim of the study was to investigate the level of recombinant BDD-FVIII expression in NSO mouse
myeloma cells. Additionally, the study aimed to determine the effects of chemical drugs, Mitomycin C, Lovastatin, and
Metformin on the secretion of FVIII through cell cycle arrest.

Materials and Methods: We cultured NSO cells and transfected them with the 2 pg pcDNA3-hBDDFVIII plasmid by
Lipofectamine 3000. The cells were treated with 10 pg.mL"' Mitomycin C, 20 uM Lovastatin, and 20 mM Metformin
separately. After 24 and 48 hours, the samples were collected and, protein expression was analyzed using RT-PCR, Dot
blot, and ELISA.

Results: A higher protein expression level was observed in treated cells 24h and 48h after treatment with all three drugs.
According to real-time PCR, Metformin treatment resulted in the highest expression level within 24 h (P=0.0026), followed
by Mitomycin C treatment within 48 h (P=0.0030).

Conclusion: The NSO cell line can be regarded as a suitable host for FVIII production. FVIII protein expression level was
increased by using Lovastatin, Metformin, and Mitomycin C drugs. Further investigations are suggested, and the potential

application of these drugs to increase recombinant protein yield can be used to produce therapeutic proteins in the industry.
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1. Background

Hemophilia is the most common inherited hemorrhagic
disorder. Factor VIII (FVIII) deficiency causes
hemophilia A. This X-linked recessive disorder Affects
1 in every 5,000 live male births and is characterized by
prolonged and excessive bleeding after minor trauma
or sometimes even spontaneously (1-3). Providing the
missing coagulation factor through replacement therapy
has been the basis of both prophylactic and therapeutic
treatment (4). The application of recombinant FVIII
products accounts for safer and more -effective
approaches, accompanied by viral inactivation and
improved screening technologies. Although plasma-
derived FVIII concentrates are widely available, about
75% of global hemophilia patients use recombinant
FVIII products due to their superior safety profile. (1).

Mammalian cells genetically manipulated in culture
have been used to produce relatively large quantities of
high-quality human rFVIII (5). Although there are many
mammalian cells available, only a few are applicable for
recombinant protein production on the industry scale
due to 1- high transferability with standard methods, 2-
ease of adaptability to suspension cultivation in serum-
free conditions, and 3- cost-effective scale-up (6, 7).
A high degree of variation in productivity is observed
in mammalian cells, with liver-derived cells, such as
HepG2, SKHepl, and SMMC-7721, expressing at
greater levels than other cells. However, manufacturers
have chosen only three non-liver origin cell lines,
including CHO, BHK, and HEK293 (8).

Cell lines such as: CHO, NSO, and Sp2/0 are most
commonly administered for biopharmaceuticals
component expression (9). Since the 1970s, myeloma
cells have been used to produce antibodies. Myeloma
cells offer several advantages over CHO cells for
manufacturing approved biotherapeutics. These include
suspension growth, ease of scaling up, the ability to
proliferate well under serum-free conditions, and a
natural inclination for antibody production. Among the
most commonly used myeloma cell lines is NSO, which
has been employed for production in combination
with the glutamine synthetase (GS) selection system.
NSO cells express minimal endogenous GS, and non-
transfected cells are glutamine auxotrophs, eliminating
the need for genetic alteration in NSO for GS-based
selection (10).

Over the last thirty years, the production of biothera-
peutic molecules in mammalian systems has grown
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significantly. However, growing economic pressures
have driven efforts to improve yields and reduce the
costs of biotherapeutic agent production (11). It should
be noted that protein production depends on the cell
cycle phase, and several genes involved in ribosome
biogenesis and protein translation are highly expressed
during the G1 phase. Arrested cells are metabolically
more active and larger than non-arrested cells at the end
of'the G1 phase. So, to achieve the highest productivity
yield, the cell cycle is being arrested at the G1 phase in
numerous cell lines, such as hybridomas and CHO (12).
Various strategies have been developed to increase
the recombinant protein production in mammalian
cell cultures by inhibiting the cell cycle progression.
Cell cycle arrest can be induced by adding cytostatic
chemicals such as NaBu or DMSO, overexpression of
cell cycle inhibitory proteins like p21Cip1 or p27Kipl,
or controlling cell culture conditions like mild
hypothermic temperatures (13).

2. Objectives

In the current study, we chose the NSO cell line as the
host for expressing rFVIII based on its high potential for
recombinant protein production. We have also applied
Lovastatin, Metformin, and Mitomycin C to inhibit the
growth and increase the rate of protein expression.

3. Materials and Methods

3.1. Cell Culture, Transfection and Optimization

The NSO mammalian cells were purchased from
(Pasteur Institute-Iran and were used as host for hFVIII
expression. The NSO cells were grown in RPMI-1640
supplemented with 10% heat inactivated fetal bovine
serum (FBS) (Gibco-BRL Life Technology), 100
U. mL"! penicillin G and 100 pg.mL" streptomycin
(Sigma-Aldrich) and cultured at 37 °C in 5% CO, and
humidified conditions. One day before transfection,
cells were seeded at a density of 5x10° cells in 0.5 mL of
medium in 24-well plates following replaced of medium
with 250 uL Opti-MEM (Gibco-BRL Life Technology)
after 24h culture. A plasmid, pcDNA3-hBDDFVIII,
was available in our lab, based on previous studies
(KARDAR et al., 2010) (14), and used as a source for
the B-domain-less hFVIII cDNA and as an expressing
plasmid. The cells were then transfected with 2 pg
plasmid DNA by Lipofectamine 3000 (Thermo Fisher
Scientific-USA). About 48h after transfection, cells
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were treated with three chosen drugs; Mitomycin C
(10 pg.mL! — 2.5 hours)(15, 16), Lovastatin (20 uM-
24 & 48 hours) (17, 18), and Metformin (20 mM-24
& 48 h) (19, 20) (Sigma-Aldrich) in order to increase
the transient expression, then 24 & 48 after treatment,
supernatant and cells were collected for expression
assays.

3.2. Real-Time PCR

Total RNA was extracted from NSO cells using the
SanPrep Column RNA Miniprep Kit (bio basic)
according to the manufacturer’s instructions. cDNA was
synthesized using by a cDNA reverse transcription Kit
(rojetechnologies-iran). The synthesized BDD-FVIII-
cDNA was subsequently analyzed by amplification of
two fragments, using two specific primer pairs, namely
F8-F (5- GTGCCTTTTGCGATTCTGCT -3"), F8-R
(5'-GCAGCTCACCGAGATCACTT -3'). A volume
of 5 uL 2x SYBR Green master mix (Ampiliqon,
Denmark), 5 pmol of each specific primer, and 0.5
pL of cDNA in a total volume of 10 pL, was carried
out using StepOnePlus™ Real-Time PCR System
(Applied Biosystems). Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as an endogenous
control to standardize the amount of applied RNA.
Relative expression levels of rFVIII were measured by
applying the 2 °PCT equation.

3.3. Dot Blot

Proteins secreted in the supernatant of transfected cells
were analyzed using the dot blot method. Briefly, 3
uL of supernatant samples were spotted on the PVDF
membrane and allowed to dry for 10 min at room
temperature. The membrane was then blocked with 3%
skim milk in PBS-T for 1 h in a conditional shaker at
RT. The membrane was washed three times using PBS+
0.05% Tween-20 (PBS-T) as a washing solution. Then,
the membrane was incubated with biotinylated Anti-
hFVIII monoclonal antibody for 1 h with a shaker at
RT and repeating the washing step. In the next step,
the membrane was incubated with PBS-T solution
containing HRP-Conjugated Streptavidin and repeated
the washing step. Atthe end, the surface of the membrane
was developed with DAB, and the expression was
observed after the spots appeared. Various dilutions of
commercially lyophilized human rFVIII (ReFacto AF
500 IU) as a positive control and the supernatant of
non-transfected NSO cells as a negative control were
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used. The density of dots was quantified with Image J
software, and GraphPad Prism 9 was used to draw the
graphs from the resulting data.

3.4. Measurement of FVIII Antigen

The rhFVIII antigen in the conditioned cultured
media was assayed by sandwich enzyme-linked
immunosorbent assay (ELISA). Initially, the micro-
plate was coated with a specific mouse Anti- hFVIII
monoclonal antibody (clone GMA-012) (Sigma-
Germany) and incubated overnight at 4 °C. After
washing three times with PBS-T buffer, the microplate
was blocked and incubated for 1 h at room temperature
(RT). After washing three times with PBS-T buffer,
samples were applied to the wells along with standard
concentrations, negative control (cultured media from
non-transfected NSO cell lines), and then incubated
for 1.5 h at 37 °C. After washing according to the
previous procedure, a second biotinylated Anti- hFVIII
monoclonal antibody was added to each well and
incubated for 1.5 h at 37 °C. After 3X washes with
PBS-T buffer, HRP-Streptavidin was added to each
well and incubated for 1 h at 37 °C. After washing, 100
pL of tetramethylbenzidine (TMB) was applied to each
well. 5 to 30 minutes later, when a suitable color change
was made, 1 N H,SO, was applied to stop the reaction.
The resulting absorbance was measured at 450 nm. A
standard curve was drawn from 2-fold serial dilutions
of commercially lyophilized human rFVIII (ReFacto
AF 500 IU), and the concentration of rFVIII in culture
medium was expressed as TU. mL!.

3.5. Data Analysis

All experiments and assays were carried out in
triplicates, and the generated data were presented as
the means = SD. Analysis of dot blot images was done
using Image J. Excel (Microsoft), and GraphPad Prism
9 software (Graph-Pad Software) was used for all
data drawing and analysis. Statistical significance was
accepted at p < 0.05.

4. Results

4.1. Transient Transfection of the NSO Cells

To study the expression of hBDD-FVIII, the
mammalian cell line NSO was transiently transfected by
the recombinant plasmid. After transfection, they were
treated with Mitomycin C, Lovastatin, and Metformin
to optimize the transfected cells. Morphology of NSO
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Figure 1. The morphological changes of the NS0 cells after transfection with the pcDNA3-BDD-FVIILI. Cells
were cultured at a density of 5x10° cells in 0.5 ml of medium in 24-well plates. A) Non-transfected NSO cells,
B) NSO cells transfected with Lipofectamine 3000 and 2 pg plasmid DNA. The micrograph showed round cells

with some variation in size and transparency.

A) %%
ns

ns

Relative expression (2" DDCT)
¢

B) *
ns
*%

5 144

a

0 124

<

< 104

s

G 8-

]

s 6

3

o 47

2

& 24

g -

> © > &
06@ & & &
& & & &
S é&o J R\

Figure 2. Expression assessment of rhFVIII, based on Real-Time PCR. A) Relative expression among
untreated control cells and treated cells with Mitomycin C (10 pg.mL™ - 2.5 hours), Lovastatin (20 pM-24 & 48
hours), and Metformin (20 mM-24 & 48 hours) after 24 h and B) after 48 h. Statistically significant differences
between groups using one-way ANOVA was accepted at p < 0.05. ((ns) Not significant, (*) p < 0.05, (**) p <

0.01, (***) p < 0.001 and (****) p < 0.0001).

cells was examined by an inverted microscope before
and 24 h after transfection. (Fig. 1).

4.2. Expression Analysis

4.2.1. Analysis of the B-domain-less hFVIII Transcript
Quantitative comparative expression analysis was
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performed on NSO cells transfected with plasmid
pcDNA3-BDD-FVIII, optimized with three drugs
separately. According to the results, a higher expression
level of rhFVIII in the treated cells at 24 and 48 h
after treatment with all three drugs was observed
compared to the untreated NSO cells (control sample).
Furthermore, cells treated with Metformin expressed
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Figure 3. Expression evaluation of rhFVIII, utilizing Dot blot. The graphs below the Dot blot images illustrate
data quantified with Image J and plotted using GraphPad Prism 9. A) comparison of non-transfected cells, untreated
and treated cells: 1- negative control of non-transfected cells 2- transfected and untreated cells, and 3, 4, 5- cells
treated with Mitomycin C, Lovastatin, and Metformin, respectively after 24 h. B) Supernatant samples after 48 h :1-
transfected and untreated cells, 2, 3, and 4- cells treated with Mitomycin C, Lovastatin, and Metformin, respectively 5-
negative control of non-transfected cells. C) Serial dilutions of commercially lyophilized human rFVIII as a standard.

higher levels of thFVIII 24 h after treatment, and there
was a significant difference compared to the control
sample, p value=0.0026. Also, a higher level of
rhFVIII expression was observed 48h after treatment
of cells with Mitomycin C, p value=0.0030. (Fig. 2).

4.2.2. Supernatant Analysis with Dot Blot

An analysis of rthFVIII expression was carried out
by dot blot assay using PVDF paper. This assay was
done to qualitatively compare transfected versus
non-transfected cells and the relative expression
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between treated and untreated cells. Additionally,
semi-quantitative analysis was performed using an
Image] processing program to obtain more reliable
measurements. Examination of the blots showed that
rhFVIII protein was successfully expressed in NSO
cells following transfection compared to the non-
transfected cells. Also, an increase in expression
of rhFVIII was observed in all treated cells with
Mitomycin C, Lovastatin, and Metformin at 24 & 48 h
compared to the untreated control cells (Fig. 3).
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Figure 4. Measurement of the expressed recombinant hFVIII secreted in the cultured media of the
transfected NSO cells, by ELISA. The values are stated in ng.mL"'. The concentration of thFVIII in the
culture media of treated NSO cells with Mitomycin C (10 pg.mmL"' - 2.5 hours), Lovastatin (20 uM-24 &
48 hours), and Metformin (20 mM-24 & 48 hours) after 48 h vs control (untreated-transfected NSO cells).
The error bar shows the standard deviation, and the results were obtained from 3 repetitions (Mean£SD).
Statistically significant differences between groups using one-way ANOVA was accepted at p < 0.05. ((ns)
not significant, (*) p < 0.05, (**) p <0.01, (***) p <0.001 and (****) p <0.0001).

4.2.3. Investigating rhFVIII Protein Expression in the
Culture Medium Using Enzyme-Linked Immunosorbent
(ELISA)

ELISA assay was conducted on the supernatant of
NSO cells treated with three different drugs to examine
the rise of rhFVIII expression. The concentration
of thFVIII in the culture media of NSO cells treated
with Mitomycin C (4.5 IU. mL"), Lovastatin (8.8 TU.
mL"), and Metformin (10.7 TU. mL"') after 48 h was
higher than that of the control sample, which had a
concentration of 2.5 IU. mL"". Specifically, Lovastatin
and Metformin-treated cells showed significantly
higher levels of expression, with p-values of 0.0007
and 0.0001, respectively (Fig. 4).

5. Discussion

Initially, the hFVIII was mainly obtained from human
blood derivatives. However, Biotechnology innovations
have made it possible to produce large quantities of
hFVIII proteins from the culture medium of rodent
or human cells contained with the hFVIII expression
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cassette (21). Turoctocog alfa pegol (N8-GP), a new
extended half-life FVIII product expressed in the CHO
cell line, was approved by the FDA in 2019 (22, 23),
Efmoroctocog alfa (Eloctate®) is an FDA-approved
BDD FVIII-fusion protein (rFVIIIFc) produced in the
HEK cell line (23). One of the most common mammalian
cell lines used for therapeutic protein production is NSO
(24), In the current study, we use this cell line for the
first time as a host for hFVIII expression. As shown by
Shabani et al. the lipofectamine is the best reagent for
NSO transfection (25), so we used this reagent and cells
were transiently transfected.

In terms of applying heterologous expression systems,
FVIIlis one of the most challenging therapeutic proteins
(26); also, the need for the production of recombinant
FVIII has increased due to low expression levels of
FVIII in other protein expression systems and a growing
demand for prophylactic treatment of hemophilia A
patients (27). Several methods have been developed
to prevent cell cycle progression in mammalian cells
to increase yields of recombinant proteins (13), the
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individual and combined effects of low temperature,
BLIMP1 expression, and NaBu treatment on CHO
cells, reduced cell growth and arrested cell cycle
phases in G1/G0, while increasing cell productivity
(28). Sodium butyrate and sodium propionate increased
rBDD-FVIII production more than sixfold (29). The
effects of reducing the temperature to 31 °C with
valeric acid supplementation have been evaluated,
and an increase in the specific cellular efficiency of
FVII expression levels up to 2.4-fold was obtained
compared to the control group performed at 37 °C (30).
NSO 6A1/4-9F myeloma cell line, which expresses
chimeric IgG4 antibodies and induces the expression of
p21CIP1 cyclin-dependent kinase inhibitor, enhanced
productivity of continuous mammalian cell cultures by
arresting the cell cycle in G1 phase (31).

We decided to use Mitomycin C, Lovastatin, and
Metformin in a novel way to increase rFVIII expression
level in NSO cell lines. Lovastatin has been shown to
arrest various types of cells, including adherent and
suspension cells, in the early G1 phase. As previous
studies showed, Lovastatin, as an HMG-CoA reductase
inhibitor, was used at a final concentration of 20 pM
to Synchronize HeLa Cells and the Cell Cycle was
arrested in the S phase by double thymidine blocking
(32); furthermore, Metformin inhibits cell proliferation
by inducing autophagy and arresting the cell cycle
in the GO/G1 phase. Treated HEK293 cells with 20
mM Metformin reduced proliferation by 38% (19).
Mitomycin C also arrests cells in the G1 phase of the
cell cycle. Treating cells with 10 pg. mL-' Mitomycin C
for 30 minutes significantly reduced the central damage
of Langerhans islet cells (16).

There could be several reasons that FVIII gene
expression patterns obtained from RT-PCR, ELISA,
and Dot blot do not match. One possible reason
could be post-transcriptional or post-translational
modifications that affect the stability or activity of the
protein. The protein could be degraded or modified
after translation, which could affect its abundance or
activity. Additionally, there are some differences in the
sensitivity or specificity of the three assays. Based on
time line of transcription and then translation in cells,
we assume that the FVIII expression pattern of RT-PCR
at 24 h is almost similar to the expression pattern of
ELISA at 48 h. The expression pattern of FVIII at 72
h with ELISA may be similar to that at 48 h with RT-
PCR.

80

RT-PCR results demonstrated significant increased
expression of Metformin at 24 & 48 h and Mitomycin C
at 48 h, and Lovastatin has lower increased expression
compared to the other drugs. According to the ELISA
results at 48 h, a significantly increased expression
level of Metformin (4.2-fold) and Lovastatin (3.5-fold)
Was obtained, and Mitomycin C (2-fold) had lower
increased expression. It can be concluded that the
results of all three assays for Metformin showed higher
increases in expression and confirmed each other’s data.
Nevertheless, more research and investigation will be
necessary due to the lack of previous studies regarding
the increased expression of recombinant proteins with
these drugs and for investigating optimal treatment
dosage and time and interpreting different functions of
these drugs. We also suggest performing supplementary
assays such as SDS PAGE/Western.

6. Conclusion

According to the obtained results, it can be concluded
that the NSO cell line can express rhFVIII and can be
a suitable host for the production of this recombinant
protein due to its unique properties. Mitomycin C,
Metformin, and Lovastatin can be used for increased
production of recombinant proteins and improve the
efficiency of production systems.
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