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ABSTRACT. Hemophilia A is the most common X-linked bleeding 
disorder; it is caused by deficiency of coagulation factor VIII (FVIII). 
Replacement therapy with rFVIII produced from human cell line is a 
major goal for treating hemophilia patients. We prepared a full-length 
recombinant FVIII (FVIII-FL), using the pMFG-P140K retroviral 
vector. The IRES DNA fragment was cloned upstream to the P140K 
gene, providing a 9.34-kb bicistronic vector. FVIII-FL cDNA was 
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then cloned upstream to IRES, resulting in a 16.6-kb construct. In 
parallel, an eGFP control vector was generated, resulting in a 10.1-
kb construct. The 293T cells were transfected with these constructs, 
generating the 293T-FVIII-FL/P140K and 293T-eGFP/P140K cell 
lines. In 293T-FVIII-FL/P140K cells, FVIII and P140K mRNAs levels 
were 4,410 (±931.7)- and 295,400 (±75,769)-fold higher than in virgin 
cells. In 293T-eGFP/P140K cells, the eGFP and P140K mRNAs levels 
were 1,501,000 (±493,700)- and 308,000 (±139,300)-fold higher 
than in virgin cells. The amount of FVIII-FL was 0.2 IU/mL and 45 
ng/mL FVIII cells or 4.4 IU/µg protein. These data demonstrate the 
efficacy of the bicistronic retroviral vector expressing FVIII-FL and 
MGMT(P140K), showing that it could be used for producing the FVIII-
FL protein in a human cell line.

Key words: Bicistronic retroviral vector; FVIII coagulation factor; 
MGMT(P140K); eGFP; 293T cells

INTRODUCTION

Hemophilia A is the most common X-linked bleeding disorder caused by deficiency 
of coagulation factor VIII (FVIII) with a frequency of one in 5000 males (Furie and Furie, 
1988; Soucie et al., 1998). Liver transplantation is the only curative therapy available today 
(Ashrani et al., 2004; Yokoyama et al., 2011). However, the low rate of organ donations has 
been the principal problem, and the standard strategy in the care of people with hemophilia A 
has been replacement therapy with plasma-derived (pdFVIII) and/or recombinant factor VIII 
(rFVIII) (Manco-Johnson, 2003; Franchini, 2010). Historically, the recombinant era for hemo-
philia began in the early 1990s, with the approval of the first generation of Chinese hamster 
ovary (CHO) cell-derived full-length rFVIII (rFVIII-FL) (Recombinate) (Pipe et al., 2008) 
and baby hamster kidney cell (BHK)-derived rFVIII-FL (Kogenate) (Josephson and Abshire, 
2004; Grillberger et al., 2009).

Next, in 2000, after demonstrating that the B domain is not necessary for the proco-
agulant activity of FVIII (Toole et al., 1986; Fay, 1993), and that B-domain-deleted FVIII 
(FVIIIDB) results in a 10- to 20-fold increase in the levels of mRNA and the primary trans-
lation product (Pittman et al., 1993), the second generation of rFVIII named CHO-derived 
rFVIIIDB (ReFacto) was introduced (Pipe et al., 2008). Also, to reduce the risk of contami-
nation in this second generation, human albumin was used as a nutrient in cell culture but 
not for stabilizing the final product. However, it was also shown that the B domain plays an 
important role in the intracellular processing and transport of FVIII and that the FVIIIDB 
molecule is secreted poorly, due to either reduced folding or inefficient ER-to-Golgi transport 
(Pipe, 2009). The second generation of BHK-derived rFVIII-FL (Kogenate FS) thereby be-
came commercially available (Pipe, 2008).

In 2003, the third generation came along, which did not contain any animal or human 
plasma in the culture medium or as a stabilizer in the final product. There were three prod-
ucts: Helixate NexGen (BHK21-derived rFVIII-FL), Advate (CHO-derived rFVIII-FL) and 
ReFacto (CHO-derived rFVIIIDB). However, all these products were generated in nonhuman 
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mammalian cell lines, which enable the production of recombinant proteins with murine gly-
cosylation pattern. Nowadays, the primary concern of replacement therapy is the development 
of inhibitors, which may be influenced by either genetic background or nonhuman glycosyl-
ation pattern (Goudemand et al., 2006; Van Damme et al., 2006). Immunogenicity not only 
remains a serious cause of morbidity in hemophilia patients but increases the annual cost for 
treatment 4-fold (Gringeri et al., 2003). Therefore, an alternative approach should be produc-
tion using a human cell line.

In 2010, Octapharma started a clinical trial in the US and Germany for treatment of 
hemophilia A patients using the fourth generation of rFVIII, which is a human embryonic 
cell line (HEK 293F)-derived rFVIII-DB with a human glycosylation pattern (Human-cl rhF-
VIII) (http://www.bioportfolio.com/news/article/236108/Octapharma-Clinical-Trial-Begins-
In-The-U-s-And-Germany-Treating-Hemophilia.htm). However, based on previous evidence 
that portions of the B domain may have functional effects throughout the life cycle of the 
FVIII molecule (Bovenschen et al., 2005; Pipe, 2009), a number of research groups have 
generated transgenic cell lines with full-length FVIII (FVIII-FL) (Becker et al., 2004; Pipe 
et al., 2011).

Moreover, the gene-based approach to hemophilia A using viral vectors has been 
in development for more than 15 years and offers the possibility to eliminate the burden of 
protein-replacement therapy. However, up to now, clinical trials using gene therapy for he-
mophilia A have not been successful (Camire, 2010). On the other hand, pre-clinical studies 
have provided evidence for the feasibility of using a bicistronic vector expressing the g-globin 
or FIX gene and the O(6)-methylguanine-DNA-methyltransferase (MGMT) gene for in vivo 
enrichment of genetically modified autologous or allogeneic stem cells for the treatment of 
b-thalassemia or hemophilia B mouse models (Persons et al., 2003; Chang et al., 2008; Zhao 
et al., 2009).

On the basis of these considerations, we constructed a bicistronic retroviral vector 
containing the MGMT(P140K) gene for treatment of hemophilia A. To determine if MGMT-
retroviral vector is a suitable expression vector system we constructed two types of expression 
vectors, one with FVIII-FL and one with the enhanced green fluorescent protein (eGFP). This 
report describes the use of these vectors for the delivery of biologically active recombinant 
FVIII-FL or eGFP in human cell lines. We showed that this system can support the maturation 
of desired proteins and could be a useful platform for the production of recombinant proteins 
for research and therapeutic purposes.

MATERIAL AND METHODS

The chemicals used were of molecular biology quality. Platinum Pfx polymerase, 
TOPO-TA cloning and Escherichia coli (DH5a) competent cells were purchased from Invi-
trogen (USA). dNTPs and DNA size markers were also from Invitrogen. Restriction endo-
nucleases were from New England Biolabs (USA). T4 DNA ligase was from Roche Applied 
Science (USA). Agarose gel purification, PCR product clean-up kit and plasmid mini-prep 
kits were all products of Qiagen (USA). We designed the primers using the Oligo Explorer 
software (version 1.5) on the basis of data in NCBI Gene Sequence. All oligonucleotides 
were synthesized by Sigma (USA) and their sequences are listed in Table 1.
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Molecular biology techniques

Transformation of chemically competent E. coli DH5a cells by the heat shock method 
was based on a method previously described (Cohen et al., 1972).

Retroviral vector construction

Expression vectors used in the present study were derived from pMFG-P140K. Trans-
gene expression was driven by the MLV 5'LTR promoter. Vector generation was as follows:

•	 pMFG-I-P140K indicates the pMFG-P140K plus internal ribosomal entry site 
(IRES) sequence upstream of P140K. To develop this vector, the IRES se-
quence was PCR-amplified from pLXIN (Clontech, USA) using primers listed 
in Table 1. PCR amplification was performed with a 2-min pre-heat followed 
by 30 cycles of DNA denaturation at 94°C for 30 s, annealing at 60°C for 30 
s, and polymerization at 72°C for 2 min followed by a 5-min final extension at 
72°C. The resulting PCR product was purified using gels, restriction digested 
with BsrBI and SnaBI and ligated into pMFG-MGMT(P140K) after PmlI diges-
tion. Twenty-four colonies were randomly picked and identified using standard 
colony PCR. Orientation of the positive PCR clones were confirmed by NcoI 
and XhoI digestion and sequencing. Clone A7 was utilized for subsequent sub-
cloning efforts.

•	 pMFG-FVIII-FL-I-P140K indicates pMFG-I-P140K plus FVIII-FL upstream of 
IRES. To develop this vector, the FVIII-FL cDNA, which contains the entire 

Primer	 Primer sequence	 Objective	 Product size (bp)

P5IRESclon	 5'-CTCCCGCTCGTTAACTCGAGGATCCACTAG-3'	 Amplification IRES by PCR	 626
P3IRESclon	 5'-CTCTACGTAATTATCATCGTGTTTTTCAAAGGA-3'
P5IRESMFG	 5'-TTGGATAGTTGTGGAAAGAGTC-3'	 Colony IRES screening	 521
P3MFGP140K	 5'-GAAAACGGGATGGTGAAGCG-3'
P5MFG-FVIIIsa	 5'-CCTCATCTCCAGCAGTCAAG-3'	 Colony FVIII screening	 398
P3MFG-IRES	 5'-ACTGCTTCCTTCACGACATT-3'
P5MFG-F8 1655	 5'-GCAGCCTACCAAGAACAACT-3'	 Sequencing FVIII N-terminal	 524
P3FVIII 2179	 5'-CCACTGTATCATAAACCTCA-3'
P5MFG-FVIII 8834	 5'-CTCGCTACCTTCGAATTCAC-3'	 Sequencing FVIII C-terminal	 421
P3MFG-P140K 9265	 5'-ACATATAGACAAACGCACACC-3'
P5GFPkh	 5'-CTCGTTAACCGCCACCATGGTGAGCAAGG-3'	 Amplification GFP by PCR	 810
P3GFPh	 5'-CTCGTTAACTTATCTAGATCCGGA-3'
P5MFGeGFP	 5'-AACTACAACAGCCACAACGTC-3'	 Colony GFP screening	 643
P3MFGIRESGFP	 5'-TCTTCAAGAAGCTTCCAGAGG-3'
PFVIII (Taqman)	 Hs 00252034-M1	 FVIII amplicon	 Not informed
P5MGMTH	 5'-CAGTGGGAGGAGCAATGAGA -3'	 P140K amplicon	 120
P3MGMTH	 5'-AGAAGCCATTCCTTCACGGC-3'
P5GFP	 5'-AGCAGAAGAACGGCATCAAGG-3'	 eGFP amplicon	 114
P3GFP	 5'-TGGTTGTCGGGCAGCA-3'
P5GAPDH	 5'-GCCTCAAGATCATCAGCAATGC-3'	 GAPDH amplicon	 170
P3GAPDH	 5'-CATGGACTGTGGTCATGAGTCCT-3'
PGAPDH (Taqman)		  GAPDH amplicon	 Not informed

IRES = internal ribosomal entry site; GFP = green fluorescent protein; eGFP = enhanced green fluorescent protein; 
GAPDH = glyceraldehyde 3-phosphate dehydrogenase.

Table 1. Sequence of primes used and the sizes of their PCR amplification products.
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B domain was derived from the plasmid pSP64-VIII (ATCC No. 39812). The 
cDNA was isolated as SalI fragment, and the cohesive ends were completed by 
DNA polymerase I (Klenow fragment) and blunt-ligated with the XhoI digested 
plasmid pMFG-I-P140K(A7). It was also completed by DNA polymerase I (Kle-
now fragment). A total of 24 grown colonies were randomly picked and identi-
fied with standard colony PCR. Orientations of the positive PCR clones were 
confirmed by NcoI and NsiI digestion and sequencing. Clone A6 was utilized for 
further assays.

•	 pMFG-eGFP-I-P140K indicates pMFG-I-P140K plus eGFP upstream of IRES. 
To develop this vector, the eGFP cDNA was PCR-amplified from peGFP-C1 
(Clontech, Cat. No. 6084-1) using primers listed in Table 1. PCR amplification 
was performed as described for IRES amplification, but with the annealing tem-
perature of 66°C. The resulting PCR product was purified by gel electrophoresis, 
digested with BclI and HpaI, and the cohesive ends were completed by DNA 
polymerase I (Klenow fragment) and blunt-ligated with the HpaI and BamHI 
digested plasmid pMFG-I-P140K(A7). Twenty-eight colonies were randomly 
picked and identified using standard colony PCR. The orientation of the positive 
PCR clones was confirmed by NcoI digestion and by sequencing. Clone A8 was 
utilized for further assays.

Cell culture and gene transfer

Human embryonic kidney cells, 293T (ATCC: CRL 1573) were routinely main-
tained in Dulbecco’s modified Eagle’s medium (Life Technologies, USA) supplemented 
with 10% fetal bovine serum at 37°C in a humidified atmosphere of 5% CO2. Cells were 
grown overnight to 50-60% confluence on 100-mm2 plates. Transient transfections were 
conducted using the lipofectamine method as described elsewhere (Dalby et al., 2004). In 
brief, the cells were transfected for 20 min with 24 mg FVIII-FL plasmid or eGFP plasmid. 
Approximately 7 h after transfection, the samples were added to the culture medium. The 
cells were harvested 72 h later and assayed for FVIII expression and activity or eGFP ex-
pression and fluorescence.

RNA analysis

Total RNA from retrovirally transfected and nontransfected 293T cells was iso-
lated using the RNeasy Mini-kit (Qiagen, Germany) according to manufacturer instructions. 
RNA concentration and homogeneity was determined spectrophotometrically by measur-
ing absorbance at 260 and 280 nm. RNA (2 mg) was reverse transcribed to cDNA using 
High-Capacity cDNA Archive kit (Applied Biosystems, USA), according to manufacturer 
instructions. cDNA (2 mL cDNA diluted 1:20) was applied in the real-time PCR assay to 
determine the expression of FVIII-FL, eGFP and MGMT(P140K). Gene expression of eGFP 
and MGMT(P140K) was quantified using the SYBR Green PCR Master Mix kit (Applied 
Biosystems) and specific primers (Invitrogen Life Technologies) listed in Table 1 on the 
7500 Real-Time PCR System (Applied Biosystems). For FVIII expression, TaqMan Univer-
sal Master Mix (Applied Biosystems) was used. Cycling was carried out for 2 min at 50°C, 
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followed by denaturation at 95°C for 10 min. Amplification was carried out with 40 cycles 
of 95°C for 15 s and at 60°C for 60 s. The specificity of each primer pair was confirmed by 
melting curve analysis. The GAPDH gene was used as an endogenous control (housekeep-
ing gene). All reactions were carried out in duplicate, and the relative expression levels 
were calculated using the 2DDCt method (Pfaffl, 2001) with the mean of the virgin cells used 
as reference.

FACS analysis and fluorescence microscopy of eGFP expression

At 72 h after transfections, about 20,000 events were analyzed by FACS using the 
CellQuest software (Becton Dickinson) to obtain the percentage of eGFP-positive cells. Four 
independent experiments were performed. Analysis of 293T culture plates was performed 
using a digital fluorescence camera and a fluorescence microscope IX71 (Olympus, Japan) 
with a filter unit for low magnification.

Quantification of FVIII-FL

293T-FVIII-FL/P140K culture supernatants were filtered (0.2 mm) and stored at 
-80°C before FVIII activity was measured. Before assay, supernatants were concentrated 
5- to 10-fold using Amicon Centricon YM-10 centrifugal filter devices with 10-kDa cut-off 
membranes (Millipore, USA).

Coagulation FVIII activity (FVIII:C) was measured using a Coamatix chromo-
genic assay (DiaPharma Group, Inc., USA) according to manufacturer instructions. Briefly, 
the released FVIIIa acts as a cofactor of factor IXa to generate factor Xa. Since FVIIIa is 
a cofactor to FIXa, it stimulates the reaction. By using optimal amounts of Ca2+, phospho-
lipid, and FIXa, and an excess of FX, the rate of activation of FX is linearly related to the 
amount of FVIII. FXa hydrolyzes the chromogenic substrate S-2765, releasing the chro-
mophoric group pNA. Absorbance was read at 405 nm, and the generated FXa and amount 
of absorbance was proportional to the FVIII activity in the sample. The standard curve was 
obtained with S.A.R.P. (Speciality Assayed Reference Plasma; Australia). Samples and 
standards were diluted 80-fold with buffer supplied in the kit. FVIII activity in cell culture 
medium was related to FVIII activity in plasma standard, which is defined as 1 IU hFVIII 
or 200 ng/mL.

The amount of FVIII antigen (VIIIC:Ag) in the 293T-FVIII-FL/P140K supernatant 
was measured using the ELISA immunoassay kit Asserachrom VIIIC:Ag (Diagnostica Stago, 
USA). The assay was performed using a microplate coated with a specific anti-hFVIII an-
tibody, provided in the kit. A standard curve was prepared with 2-fold serial dilutions of 
the standard lyophilized human normal pooled plasma, containing 200 ng/mL FVIII, which 
corresponds to 1 IU/mL. Briefly, FVIII supernatant and plasma reference were diluted 1:4 
with the solution supplied (40 mL sample or control and 120 mL buffer) and incubated in pre-
coated plates in duplicate. Control fresh plasma (obtained from Hemocenter Blood Bank) and 
S.A.R.P. commercial reference plasma were also used as controls. Absorbance was measured 
at 405 nm. Both the activity and quantification measurements were performed on a plate 
reader (Model M5, Molecular Devices, USA) and data processed by the SoftMax® Pro Data 
Acquisition & Analysis Software.
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RESULTS

Construction of the pMFG-FVIII-FL-IRES-P140K and pMFG-eGFP-IRES-
P140K retroviral plasmids

PCR cloning of IRES

To generate the retroviral bicistronic vector pMFG-IRES-P140K (9.3 kb), the IRES 
was cloned into pMFG-P140K. Of the 24 colonies, 7 yielded a strong 521-bp PCR product 
(Figure 1A) with the correct orientation. After colony screening, three positive clones were 
selected. Analysis by restriction enzyme (Figure 1B) and DNA sequencing (data not shown) 
confirmed the identity of the construct. The A7 clone denoted pMFG-I-P140K was selected 
for further studies.

Figure 1. Cloning IRES in pMFG-P140K. A. Direct colony identification by PCR: 24 of the individual colonies 
(lanes A1 to A12 and B1 to B12) were selected randomly and cultured for 3 h at 37°C in Luria-Bertani (LB) 
medium (+ ampicillin). Then, some bacteria were submitted to PCR and 5 mL from each PCR sample was separated 
electrophoretically on a 1% agarose gel. Clones A1, A3, A7, B1, B4, B9, and B11 (indicated by arrows) have DNA 
products of the expected size. B. To demonstrate the presence and correct orientation of the insert, three PCR-
positive clones were analyzed by restriction enzyme digestion using XhoI and NcoI. The correct orientation of 
insert should result in two fragments of 8,687 and 667 bp as observed for the clones. Lanes M = 1-kb plus ladder 
and Lambda DNA digested with HindIII; Lanes A3, A7 and B4 = XhoI/NcoI digested positive IRES clones in 
pMFG-P140K.

PCR cloning of cDNA FVIII-FL

Clone A7 was used to clone FVIII-FL cDNA upstream of IRES. Figure 2A shows 
the results of PCR analysis from 24 randomly selected ampicillin-resistant colonies. Of the 
24 colonies, 2 yielded a strong 398-bp PCR product (Figure 2A). These colonies were then 
analyzed with restriction enzymes (Figure 2B) and the DNA sequenced (data not shown), 
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confirming the authenticity of the construct. Clone A6 denoted pMFG-FVIII-FL-I-P140K was 
selected for further analyses. Its structure is shown in Figure 2C.

PCR cloning of cDNA eGFP

We next generated a bicistronic control vector by cloning eGFP cDNA from peGFP-C1 
DNA plasmid (Clontech) upstream of IRES. Figure 3A shows PCR analysis of 24 randomly se-
lected ampicillin-resistant colonies. Of the 26 colonies, 6 yielded a strong 643-bp PCR product. 
These colonies were then analyzed with restriction enzymes (Figure 3B), DNA was sequenced 
(data not shown), and the identity of the construct was confirmed. Clone A8 denoted pMFG-
eGFP-I-P140K was selected for further analyses. Its structure is shown in Figure 3C.

Figure 2. Cloning FVIII-FL in pMFG-I-P140K. A. Direct positive colony identification: 24 of the individual colonies 
(lanes A1 to A12 and B1 to B12) were selected randomly and cultured for 3 h at 37°C in LB medium (+ ampicillin). 
The bacteria were then submitted to PCR and 5 mL from each PCR sample was separated electrophoretically on 
a 1% agarose gel. Two colonies showed the expected band size mobility (A6 and B12, indicated by arrows). B. 
To demonstrate the presence and correct orientation of the insert; two PCR-positive clones were analyzed by 
restriction enzyme digestion using NcoI and NsiI enzymes. The correct orientation of DNA insert is expected (two 
fragments of 12,631 and 4,018 bp as was observed for both clones). Lanes M = Lambda DNA digested with HindIII 
and 100-bp DNA ladder; lanes A6 and B12 = NcoI/NsiI digested positive FVIII-FL clones in pMFG-I-P140K(A7). 
C. Map of the bicistronic vector pMFG-hFVIII-I-P140K(A6). Features indicated as follows: 5'LTR promoter; 
extended packaging signal; FVIII-FL; internal ribosome entry site from pLXIN; P140K cDNA; 3'LTR; ampicillin-
resistance gene (b-lactamase); the Rep site (replicon) derived from pMB1 vector; Rop gene that regulates copy 
number, and the tetracycline-resistant gene (tetR).
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Analysis of expression level in transfected 293T cells

We next focused on analysis of the FVIII-FL, eGFP and P140K mRNA expression 
levels in the context of the same backbone expression vector and same cell line. We trans-

Figure 3. Cloning eGFP in pMFG-I-P140K(A7). A. Direct positive colony identification: 28 of the colonies (lanes 
A1 to A12, B1 to B12 and C1 to C4) were selected randomly and cultured for 3 h at 37°C in LB medium (+ ampicillin). 
Some bacteria were submitted to PCR and 5 mL from each PCR sample was separated electrophoretically on a 1% 
agarose gel. Six colonies showed the expected band size (A3, A7, A8, A10, B2, and C3). B. To confirm the presence 
and correct orientation of the insert, six PCR-positive clones were analyzed by restriction enzyme digestion using 
NcoI. The correct orientation of the DNA insert should result in two fragments of 8,693 and 1,462 bp as it was 
observed for all clones. Lanes M = Lambda DNA digested with HindIII, 100-bp DNA laldder and 1-kb DNA ladder; 
Lanes A7, A8 and B2 = NcoI digested positive eGFP clones in pMFG-I-P140K(A7). C. Map of the bicistronic vector 
pMFG-eGFP-I-P140K(A8). Features indicated as in legend to Figure 2 with eGFP cDNA instead FVIII-FL cDNA.
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fected 293T cells with pMFG-FVIII-FL-I-P140K and pMFG-eGFP-I-P140K simultaneously 
and compared the expression levels of these transgene mRNAs in 293T-FVIII-FL/P140K, 
293T-eGFP/P140K and virgin cells. Total RNA from all three cell lines was isolated, and it 
was shown that in 293T-FVIII-FL/P140K cells, the FVIII and P140K mRNAs were present at 
4,410 (±931.7)- and 295,400 (±75,769)-fold higher than in virgin cells (Figure 4A and B). In 
293T-eGFP/P140K cells, the eGFP and P140K mRNAs were present at 1,501,000 (±493,700)- 
and 308,000 (±139,300)-fold higher than in virgin cells (Figure 4C and D).

Figure 4. Expression levels of recombinant transcripts in virgin and transgenic 293T cell lines. Semiquantitative 
RT-PCR analysis was performed using total RNA as template. The amount of FVIII, MGMT(P140K) and eGFP 
transcripts is relative to GAPDH.

These data showed that pMFG-hFVIII-FL-I-P140K and pMFG-eGFP-I-P140K vec-
tors are functional bicistronic vectors and the cells express both transgenes. 
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FVIII activity and eGFP analysis in transfected 293T cells

To further characterize the functionality of the recombinant FVIII-FL protein, the co-
agulation activity of the secreted FVIII was measured using a chromogenic assay. It measured 
the chromophoric group pNA and was proportional to the FVIII coagulation activity in the 
sample. The 293T-FVIII-FL/P140K cells exhibited 0.2 IU/mL FVIII:C activity (0.19-0.22 IU/
mL)/3 x 106 cells for 72 h cell-conditioned media after transfection.

To determine the specific activity of FVIII-FL (IU/mg) observed in the supernatant of 
293T-FVIII-FL/P140K cells, we measured the concentration of FVIII antigen (FVIII:Ag) by 
ELISA. These cells exhibit FVIII concentration in the range of 45 ng/mL FVIII:Ag (42-48 ng/
mL)/3 x 106 cells. Therefore, the specific activity for the samples was 4.4 IU/mg protein and 
compared to 5.0 IU/mg by definition (see Quantification of FVIII-FL). The activity and con-
centration data demonstrated that the recombinant FVIII molecule secreted by 293T-FVIII-
FL/P140K cells into the culture medium was biologically active.

Next, we analyzed the eGFP expression in 293T-eGFP/P140K cell line by flow cytom-
etry and fluorescence microscopy to quantify the reporter gene expression containing the same 
retroviral vector backbone but instead coding for eGFP. Fluorescence microscopic analysis 
allowed monitoring the green fluorescence cells in culture (Figure 5A). Flow analysis showed 
about 15-17% of transfected 293T cells expressing eGFP fluorescence 72 h after transfection 
(Figure 5B). These results confirmed that the pMFG-eGFP-I-P140K reporter system allows 
visualization and diagnostic of eGFP expression in vitro.

Figure 5. Expression of eGFP in 293T-eGFP/P140K cells. A. Characterization of the 293T-FVIII-FL/eGFP culture: 
representative fluorescence microphotograph. Note the presence of fluorescent cells in 293T cells modified with 
pMFG-eGFP-I-P140K. Scale bar corresponds to 50 mm. B. Histograms showing the number of cells (count) vs the 
fluorescence exhibited level, green fluorescent protein (GFP). The peak outlined in green represents cells that were 
expressing GFP.

Therefore, both FVIII-FL and eGFP proteins expressed from the retroviral vector de-
scribed here were functional. Also, these vectors allowed the expression of similar levels of 
MGMT(P140K), which can be used for further in vitro assays to select a human cell line with 
high amount of recombinant proteins.
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DISCUSSION

Most recombinant therapeutic proteins available are produced in nonhuman mam-
malian cell lines and provoke some immune response (Dingermann, 2008). Therefore, human 
cell line-derived recombinant products can potentially produce clinical benefits and have been 
considered by Octapharma, since two years ago, when the first clinical trial was started using 
one recombinant B domain deleted-FVIII produced in a human cell line. However, based on 
previous studies that demonstrated the role of FVIII-B domain in its intracellular processing 
and transport (Pipe, 2009), the development of the FVIII-FL molecule should improve some 
outcomes in replacement or gene therapy trials.

In the present study, we designed a gamma-retroviral vector for the efficient delivery 
of FVIII-FL to a human cell line for transient gene expression. We developed bicistronic vec-
tors from MFG-based retroviral vectors by introducing an IRES element to genetically link a 
therapeutic gene with a drug-resistance element.

Our results show the FVIII-FL and eGFP mRNAs transcribed from MoMuLV LTR 
promoter in 293T-FVIII-FL/P140K cells and 293T-eGFP/P140K cells are approximately 4000- 
and 1,500,000-fold higher compared to mRNAs of virgin cells, respectively. The intrinsic prop-
erties of FVIII-FL mRNA, which contribute to the reduced accumulation of FVIII-FL mRNA 
in several cell lines (Pipe, 2009), can explain the difference in the expression of FVIII-FL and 
eGFP. Also, it has been demonstrated that the FVIII-FL cDNA contains a 305-bp motif, which 
functions as a transcriptional repressor element (Fallaux et al., 1996). These cited investigators 
showed that these transcription inhibitor sequences of FVIII-FL cDNA expression colocalize 
with the sequences that mediate the stimulatory effect of butyrate. Therefore, further studies in-
volving the treatment of 293T-FVIII-FL/P140K cell line with butyrate should be performed to 
determine whether or not this cell line will respond to this treatment and whether or not it will 
be possible to increase the amount of the FVIII protein produced. Furthermore, we compared 
the resistance gene in both bicistronic vectors, which was cloned downstream of IRES. We 
found that the MGMT(P140K) cDNA was expressed at similar levels in both 293T cell lines. 
As expected, since the use of IRES elements is an alternative strategy for eukaryotic cells for 
initiating protein translation beyond the canonical cap-dependent ribosome binding (Pestova 
et al., 2001), it should not interfere with the level of transcribed mRNA (Wang et al., 2005).

Despite the low level of FVIII-FL expression compared to MGMT(P140K) from the 
pMFG-FVIII-FL/P140K vector, we consistently obtained protein production in the 293T-
FVIII-FL/P140K cell line. Analyses of the FVIII antigen concentration by immunoassays re-
vealed that there was good correlation between the FVIII concentration and the FVIII activity 
(data not shown). In this study, we observed that the FVIII protein concentrations in culture 
medium varied from 0.19 to 0.22 (IU/mL)/3 x 106 cells within 72 h and corresponded to 4.4 
U/mg compared to 5.0 U/mg, which is the standard definition of the specific activity of FVIII 
in plasma.

Considering that the bicistronic vector generated here also expressed a P140K mutant 
methyltransferase (MGMT) to select gene-modified cells by adding O6-BG/O6-alkylating drug 
combinations, further assays can be performed to increase the amount of the recombinant 
FVIII-FL protein, and the eGFP vector can be used as a control to establish the optimum drug 
regimen for in vitro production. To date, we have demonstrated that this system is suitable 
for an in vitro selection strategy (Reese et al., 1996; Zielske et al., 2003; Fontes et al., 2006).
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Pre-clinical studies have shown efficient stable in vivo selection of genetically modi-
fied hematopoietic cells in mice (Zielske et al., 2003), dogs (Neff et al., 2003, 2005) and non-
human primates (Larochelle et al., 2006; Beard et al., 2010) and also for monogenic diseases 
such hemophilia B (Chang et al., 2008) and b-thalassemia (Persons et al., 2003), using viral 
vector to transfer an MGMT drug-resistance gene into bone marrow cells. Therefore, further 
studies in mice or in a large animal model will ultimately determine the feasibility of using the 
MGMT selection system with the vector generated here in the context of gene and cell therapy 
for hemophilia A disease.

Human cultured cell-based production is an attractive alternative manufacturing plat-
form for biopharmaceuticals. The 293T cell line technology platform offers many advantages 
for large-scale protein production over traditional biomanufacturing methods due to its high 
transfectability, which allows the production of numerous recombinant proteins. In the present 
study, the use of the 293T cell line and the construct described here can easily be used for other 
proteins. Also, we explored the advantage of using a vector which expresses MGMT(P140K) 
as a marker gene, which has not been previously demonstrated for hemophilia A. We showed 
that the MGMT(P140K) gene is expressed at similar levels by both vectors indicating that 
both bicistronic vectors are functional. The transfection of constructs containing the FVIII-FL 
gene and MGMT into cultured cells results in recombinant protein production within a short 
time and may also be useful for generating a human cell line with higher amount of FVIII-FL 
and also either for gene and cell therapy pre-clinical models or to highlight the importance of 
B-domain FVIII for hemophilia A research.
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