
CC S.
. =

BY NC ND

               BioTechnologia                                 vol. 104 (3)  C  pp. 247–262  C  2023       
               Journal of Biotechnology, Computational Biology and Bionanotechnology RESEARCH  PAPERS

https://doi.org/10.5114/bta.2023.130728

Expression of the gene encoding blood coagulation factor VIII
without domain B in E. coli bacterial expression system

ANNA MAZURKIEWICZ-PISAREK 1 *,  ALINA MAZURKIEWICZ 1,  DIANA MIKIEWICZ 2,
PIOTR BARAN 3,  TOMASZ CIACH 4

1 Centre for Advanced Materials and Technologies, Warsaw University of Technology, Warszawa, Poland
2 Science4Beauty LLC, Warszawa, Poland

3 Military Institute of Armament Technology, Zielonka, Poland
4 University of Technology, Faculty of Chemical and Process Engineering, Warszawa, Poland

 

Received: 7 October 2022;   revised: 29 March 2023;   accepted: 9 May 2023

Abstract

In this article, we have demonstrated the feasibility of generating an active form of recombinant blood coagulation
factor VIII using an E. coli  bacterial expression system as a potential treatment for hemophilia type A. Factor VIII
(FVIII), an essential blood coagulation protein, is a key component of the fluid phase blood coagulation system.
So far, all available recombinant FVIII formulations have been produced using eukaryotic expression systems.
Mammalian cells can produce catalytically active proteins with all the necessary posttranslational modifications.
However, cultivating such cells is time-consuming and highly expensive, and the amount of the obtained product
is usually low. In contrast to eukaryotic cells, bacterial culture is inexpensive and allows the acquisition of large
quantities of recombinant proteins in a short time. With this study, we aimed to obtain recombinant blood co-
agulation factor VIII using the E. coli bacterial expression system, a method not previously explored for this pur-
pose. Our research encompasses the synthesis of blood coagulation factor VIII and its expression in a prokaryotic
system. To achieve this, we constructed a prokaryotic expression vector containing a synthetic factor VIII gene,
which was then used for the transformation of an E. coli bacterial strain. The protein expression was confirmed
by mass spectrometry, and we assessed the stability of the gene construct while determining the optimal growth
conditions. The production of blood coagulation factor VIII by the E. coli bacterial strain was carried out on
a quarter-technical scale. We established the conditions for isolation, denaturation, and renaturation of the pro-
tein, and subsequently confirmed the activity of FVIII.

Key words: factor VIII, hemophilia type A, recombinant coagulation factor VIII, prokaryotic expression system,
E. coli, recombinant protein production system 

Introduction

Coagulation factor VIII (antihemophilic factor A) is
a glycoprotein synthesized mainly in hepatocytes, but
also in kidneys, endothelial cells, and lymphatic tissue.
It is one of the largest coagulation factors, with a mole-
cular weight of 293 kDa. Factor VIII circulates in the
bloodstream bound to von Willebrand factor in a non-
covalent complex. This association was first described by
Vehar et al. (1984) and Fang and Wang (2007). The ac-
tive form of factor VIII (FVIIIa) functions as a nonenzy-

matic cofactor for the prothrombinase and tenase com-
plexes in the intrinsic coagulation pathway. It enhances
the activation of factor X by activating factor IX (FIXa) in
the presence of phospholipids and calcium ions. The
lack of this protein, which is characteristic of hemophilia
type A, leads to a severe blood coagulation disorder.
Factor VIII is composed of 2332 amino acids and con-
sists of six domains, namely A1–A2–B–A3–C1–C2 (Ku-
rachi and Davie, 1982). 
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In the bloodstream, proteolytic processes, specifically
furin protease, cleave the factor VIII protein into two
chains: a heavy chain (HC) of 200 kDa (A1–A2–B) and
a light chain (LC) of 80 kDa (A3–C1–C2). These chains
are connected by a covalent bond. Limited proteolysis of
the B chain produces a heterogeneous population of
active factor VIII forms with molecular weights ranging
from 90 to 200 kDa. The smallest of these forms, com-
posed of an HC of 90 kDa and an LC of 80 kDa, repre-
sents the active coagulation factor VIII. Notably, the
resulting active form of the B domain lacks glycosylation
sites, specifically amino acids Arg740 to Glu1649 (Stoi-
lova-McPhie et al., 2014). Within the B domain, the
N-terminal region’s Ser743 is connected to the C-termi-
nal’s Glu1638, forming a specific site known as SQ com-
prising 14 amino acids (SFSQNPPVLKRHQR). This site
is located between domains A2 and A3. The presence of
this site enables intracellular cleavage of the 170 kDa
single chain (SC) and the formation of the 80–90 kDa
active complex. It is worth noting that the presence of
specific amino acids at positions !1 and !4 relative to
the Glu1649 site in SQ allows proteolytic cleavage by
furin protease.

In its inactive or minimally active state, factor VIII
serves as a cofactor in the blood coagulation process.
Activation as a cofactor occurs only after proteolytic clea-
vage at the SQ site (Thompson, 2003; Ngo et al., 2008).
Figure 1 illustrates the three-dimensional structure of B
domain-deleted coagulation factor VIII. The gene respon-
sible for encoding coagulation factor VIII is located on
the X chromosome (Xq28) in humans. When a mutation
occurs in this gene, it leads to a congenital bleeding dis-
order known as hemophilia A. It is important to note
that this mutation primarily arises in male germ cells.
The effect of this mutation is either the reduced or ab-
sent synthesis of factor VIII or the production of an ab-
normal protein (Hong et al., 2007). Treatment of ble-
edings in the course of hemophilia and related disorders
consists of supplementation of missing coagulation fac-
tor i.e., its substitution (Marchesini et al., 2021).

Materials and methods 

Bacterial media 

Bacterial media used for research: LB medium
(10 g/l bacto tryptone, 5 g/l yeast extract, 10 g/l NaCl)
+ 1.5 g/100 ml agar, liquid medium LB+10% PEG (10 g/l 

Fig. 1. Three-dimensional structure of B domain-deleted co-
agulation factor VIII (Ngo et al., 2008); domains A1, A2, B, A3,

C1, and C2 form coagulation factor VIII

bacto tryptone, 10 g/l yeast extract, 5 g/l NaCl, 100 g/l
PEG 6000, pH 6.1), for 1 l of medium 10 ml 1 M MgCl2
and 10 ml 1 M MgSO4 were added; liquid medium MM
(minimal medium) (8 g/l K2HPO4, 2 g/l KH2PO4, 3 g/l
NH4Cl, 0.15 g/l FeNH4, 3 g/l Na citrate, 0.9 g/l K2SO4,
pH 7.4) after sterilization for 1 l of medium 10 ml 50%
filtered glucose was added; liquid medium MM for quar-
ter-technical scale culture (8 g/l K2HPO4, 2 g/l KH2PO4,
3 g/l NH4Cl, 3 g/l sodium citrate, 0.15 g/l FeNH4 citrate,
0.9 g/l K2SO4, 0.1 g/l yeast extract, pH 7.4), after sterili-
zation for 1 l of medium 2 ml 1 M MgSO4, 10 ml 50% glu-
cose, 0.1 ml 1 M CaCl2, pH 7.0 were added. Antibiotics
used for research: ampicillin (Amp) 100 μg/ml, Chloram-
phenicol (Cm) 25 μg/ml, kanamycin (Kan) 100 μg/ml, and
tetracycline (Tet) 10 μg/ml were purchased from Sigma. 

DNA manipulation, transformation, and sequencing

DNA restriction, ligation, and gel electrophoresis
were performed using standard techniques (Sambrook
et al., 1989). All bacterial cell transformations with plas-
mid DNA were carried out through electroporation using
1 mm cuvettes (BTX) and the MicroPulserTM electro-
porator (BioRad). Electrocompetent E. coli cells were
prepared following the standard techniques (Sambrook
et al., 1989).

Plasmid DNA was isolated using the Plasmid Mini
Isolation Kit (A&A Biotechnology), following the manu-
facturer’s instructions. Restriction enzymes, ligase, and 
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Table 1. Host strains and their genotypes

Host strains Genotype

E. coli NM522  FG, proA+B+ lacIq Δ(lacZ )M15/ Δ(lac-proAB ) glnV thi-1 Δ(hsdS-mcrB )5

E. coli DH5α  FG, Φ80dlacZΔM15Δ(lacZYA-argF )U169, deoR, recA1, endA1, hsdR17(rK- mK+), supE44, λ–, thi-1,
 gyrA96, relA1

E. coli Z  FG , λ–, cyt R, rpsL

Table 2. Clone IDs, collections, description, and origin of the plasmids

Clone ID Collection Description Origin

IOH10704 ORF Human Clones  Homo sapiens, coagulation factor VIII, procoagulant component 
 (hemophilia A) (F8), transcript variant 2, mRNA Invitrogen

F84641352 IMAGE Human  602522966F1 NIH_MGC_20 Homo sapiens cDNA clone, 
 IMAGE: 4641352 5N, mRNA sequence Invitrogen

F82385511 IMAGE Human
 Wh64d04.x1 NCI_CGAP_Kid11 Homo sapiens  cDNA clone, 
 IMAGE: 2385511 3N similar to gb: M14113 COAGULATION FACTOR VIII
 PRECURSOR (HUMAN); mRNA sequence

Invitrogen

F81629998 IMAGE Human
 Am86c08.s1 Stratagene schizo brain S11 Homo sapiens cDNA clone, 
 IMAGE: 1629998 3N similar to gb: M14113 COAGULATION FACTOR VIII
 PRECURSOR (HUMAN); contains Alu repetitive element; mRNA sequence

Invitrogen

DNA ladder were purchased from Roche, New England
Biolabs, and Fermentas, respectively, and their usage
followed the instructions provided by the manufacturers.
The amplification of DNA was performed using the Bio-
tools DNA Polymerase (Biotools B&M Labs) on a PTC-
100 cycler from MJ Research, in accordance with the
manufacturer’s guidelines. For protein molecular weight
determination, prestained markers were used, namely
the Multicolor Broad Range Protein Ladder (Thermo-
Fisher) and the Full Range Rainbow (Amersham). DNA
sequencing was conducted at Genomed SA (Warsaw,
Poland), utilizing their commercially available sequen-
cing facility. The primers used in this study were syn-
thesized at the Institute of Biochemistry and Biophysics,
Polish Academy of Sciences. PCR products were separa-
ted on agarose gels and purified using the Gel-out Kit
(A&A Biotechnology), following the manufacturer’s in-
structions. The Chromogenix Coamatic® Factor VIII Kit
was purchased from DiaPharma Group, Inc.

Host strains

The laboratory strains of E. coli, namely NM522,
DH5α, and E. coli Z, are derived from E. coli K12,
a Gram-negative bacterium that belongs to the Entero-
bacteriaceae family. These strains exhibit characteristic
colony morphology on TSA, forming round, flat, shiny

colonies with smooth borders. In liquid LB medium, they
grow uniformly as suspended cultures. Furthermore,
these strains are capable of growth in liquid medium MM
when supplemented with thiamine (2 μg/ml) and L-proline
(at concentrations ranging from 50 to 200 μg/ml). The
optimal growth conditions for these strains include a tem-
perature of 37EC and a pH range of 6.5–7.5. Table 1 pro-
vides an overview of the host strains and their respective
genotypes.

DNA origin

PCR amplification in this study utilized vectors that
contained fragments of the factor VIII gene as a source
of DNA. Table 2 provides information on clone IDs, col-
lections, descriptions, and origins of the plasmids used
in the experiment. For the synthesis of the factor VIII
gene, primers and synthetic oligonucleotides were pur-
chased from the Institute of Biochemistry and Bio-
physics, Polish Academy of Science.

Plasmid vectors

The gene fragment of factor VIII was synthesized
(GenScript USA Inc., US). Subsequently, it was cloned
into the cloning vectors pBluescript II SK(!) and pUC19
using standard techniques (Sambrook et al., 1989). The
plasmid vector pBluescript II (GenBank Accession No. 
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Fig. 2. Construction scheme for the cloning plasmid pBluescript I with restriction sites and fragments of the factor VIII gene:
gene fragment from vector IOH10704, gene fragments A–C; site-directed mutagenesis was necessary in order to change

restriction sites into the original sequence of blood coagulation factor VIII (Vector NTI AdvanceTM10)

Fig. 3. Construction scheme for the cloning plasmid pUC II with restriction sites and fragments of the factor VIII gene: gene
fragment from vector F82385511 and vector F81629998, gene fragments D–F; site-directed mutagenesis was necessary in order
to change restriction sites into the original sequence of the blood coagulation factor VIII; AmpR – ampicillin resistance gene

(Vector NTI AdvanceTM10)

ATCC 87047) carries the ColE1 replicon and the ampi-
cillin resistance gene (ampR). On the other hand, plas-
mid pUC (GenBank Accession No. ATCC 37254) also
contains the ColE1 replicon and the ampR gene. The
plasmid pDB (Hartman and Mendelovitz, 1996) contai-
ning the deoP1P2 promoter (Valentin-Hansen, 1982;
1984), transcription terminator trpA (Pharmacia Bio-
tech), and the tetracycline resistance gene (tetR ), was
used for the construction of the prokaryotic expression
system.

Construction of the gene encoding blood coagulation
factor VIII without the B domain

To construct a synthetic gene for human coagulation
factor VIII, we designed specific primers and synthetic
oligonucleotides. These were utilized in the synthesis of
factor VIII gene fragments. Given the large size of the
blood coagulation factor VIII gene, which consists of 4320
base pairs, we devised three cloning vectors: pBluescript
II SK(!) (referred to as pBluescript I), pUC19 (referred
to as pUC II), and pUC19 (referred to as pUC III).
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Table 3. Primers for the construction of the cloning plasmid pBluescript I

Primers Sequences (5N 63N) Restriction
site

F810704F  gggggcggccgctcttcttctttggcaatgtggattc NotI

F810704R  ggggccgcggtcagtagaggtcctgtgcc SacII

F8AF  ggggggatcccatctacatgctgggatgagcac BamHI

F8AR  ggggcggccgcgttccagtggaatttcctcg NotI

F8BF  ggggaagcttagaccaaaagctggtacttcactg HindIII

F8BR  ggggggatccaataaggcattccacccgcc BamHI

F8CF  ggggatcgatcaggcctctcgtccctattc ClaI

F8CR  ggggaagcttagatggtgaaaaacagagcaaattcc HindIII

The names of primers contain the letters: 
F – sense or R – ntisense; the restriction sites are in bold

Table 4. Primers for the construction of the cloning plasmid pUC II

Primers Sequences (5N 63N) Restriction
site

F81629998F  gggggaattcactgatggctcctttactcagc EcoRI

F81629998R  ggggcatatgatcgatgaaagttaccatgatattatcttcaac NdeI
ClaI

F8DF  gggggagctccttactgaaggtttctagttgtgac SacI

F8DR  gggggaattcctggaaaacaactttcttgaactg EcoRI

F8EF  ggggggtacctcacagagaatatacaacgc KpnI

F8ER  gggggagctcatgcctctgttccgaaagtctg SacI

F8FF  ggggtctagattatatttaagaatcaagcaagcagacc XbaI

F8FR  ggggggtaccagcttcggttctcatc KpnI

F82385511F  gggggtcgactcctaaaacttgggtacattacattgc SalI

F82385511R  ggggtctagagtgtgtctccaacttccccataaag XbaI

   The names of primers contain the letters:
    F – sense or R – ntisense; the restriction sites are in bold

Table 5. Primers for the construction of the cloning plasmid pUC II

Primers Sequences (5N63N) Restriction
sites

F8GF  ggggtctagatggttatgtaaacaggtctctgcc XbaI

F8GR  ggggtcgacttggcaactgagcgaatttggataaag SalI

F84641352F  ggggggatcctttcctcctagagtgccaaaatcttttcc BamHI

F84641352R  ggggtctagagtgtgcattttaggccaggccc XbaI

oligoF8PF  ggtacctcgagatgcaaatag…..cgcaaggatcc
KpnI
XhoI

BamHI

oligoF8PR  ggatccttgcgtccaca…..tgcatctcgaggtacc
BamHI
XhoI
KpnI

  The names of primers contain the letters: 
  F – sense or R – antisense; the restriction sites are in bold
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Fig. 4. Construction scheme for the cloning plasmid pUC III with restriction sites and fragments of the factor VIII gene: gene
fragment from vector F84641352, synthetic oligonucleotide oligoF8P, gene fragment G; site-directed mutagenesis was necessary
in order to change restriction sites into the original sequence of the blood coagulation factor VIII; AmpR – ampicillin resistance 

gene (Vector NTI AdvanceTM10)

Figure 2 illustrates the cloning strategy employed for
plasmid pBluescript I, highlighting the restriction sites
and factor VIII gene fragments, including the gene frag-
ment from the vector IOH10704 (Table 2), as well as
gene fragments A, B, and C. Fragments A, B, and C were
constructed using the DNA Assembly Method (Sam-
brook et al., 1989). This method involved the chemical
synthesis of shorter fragments, followed by hybridization
and ligation to form the longer molecule. Subsequently,
PCR amplification with specific primers was performed
to amplify the correct DNA strands (Nowak et al., 2015).

Table 3 presents the primers used for the synthesis
of the factor VIII gene segment referred to as Frag-
ment 1. Figure 3 depicts the cloning plasmid pUC II, il-
lustrating the restriction sites and fragments of the
factor VIII gene. These include the gene fragments from
the vectors F82385511 and F81629998 (Table 2), as
well as gene fragments D, E, and F. Fragments D, E, and
F were constructed using the DNA Assembly Method
(Sambrook et al., 1989). 

Table 4 provides the primers employed for the syn-
thesis of the factor VIII gene segment known as Frag-
ment 2. Figure 4 illustrates the cloning plasmid pUC III,
displaying the restriction sites and fragments of the
factor VIII gene. This includes the gene fragment from
the vector F84641352 (Table 2), the synthetic oligo-
nucleotide OligoF8P, and gene fragment G. Fragment G
was constructed using the DNA Assembly Method (Sam-

Fig. 5. Construction scheme for the cloning plasmid pBlue-
script + Fragment 1 + Fragment 2 + Fragment 3; site-directed
mutagenesis was necessary in order to change restriction sites
into the original sequence of the blood coagulation factor VIII;
AmpR – ampicillin resistance gene, ori – origin of replication 

(Vector NTI AdvanceTM10)

brook et al., 1989). Table 5 presents the primers used
for the synthesis of the factor VIII gene segment refer-
red to as Fragment 3. The final plasmid, pBluescript
+ Fragment 1 + Fragment 2 + Fragment 3, was construc-
ted by cloning Fragment 2 from the cloning vector pUC
II and Fragment 3 from the cloning vector pUC III into
the cloning vector pBluescript I + Fragment 1 (Fig. 5).
All procedures throughout the study were conducted
using standard techniques (Sambrook et al., 1989). To
change restriction sites (SalI, ClaI ) into the original se-
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quence of the blood coagulation factor VIII site-directed
mutagenesis was performed using the QuikChange Site-
Directed Kit (ThermoFisher). Finally, the sequence of
the entire plasmid was confirmed, and the resulting
construct was named pBluescriptFVIII. 

Construction of the prokaryotic expression 
vector pDBFVIII

The pDBFVIII prokaryotic expression vector was
constructed using the gene encoding factor VIII obtained
from the pBluescriptFVIII plasmid and pDB expression
vector. To introduce the restriction sites (SacII, XhoI )
into the pDB vector, we utilized the QuikChange Site-
Directed Kit (ThermoFisher) for performing site-direc-
ted mutagenesis. The first mutagenesis reaction was
performed to remove the XhoI restriction site located in
the pDB transcription terminator trpA. Subsequently,
the SacII and XhoI restriction sites were added. The
resulting plasmid was then cleaved using SacII and XhoI
enzymes. The 4320 bp fragment of the FVIII gene, ob-
tained by digesting the corresponding region from the
recombinant plasmid pBluescriptFVIII with the same en-
zymes, was inserted into the cleaved pDB vector in
a clockwise orientation. To restore the original trans-
cription terminator sequence trpA, another round of
site-directed mutagenesis was performed using the
QuikChange Site-Directed Kit from ThermoFisher. Fi-
nally, the complete plasmid sequence was verified to en-
sure its accuracy, and the resulting construct was de-
signated as pDBFVIII (Fig. 6). The constructed pro-
karyotic expression plasmid carried a tetracycline resi-
stance gene, conferring resistance to tetracycline anti-
biotics. Transcription initiation was controlled by the
deoP1P2 promoter derived from E. coli.

Cell culture

The experimental work involved both laboratory-scale
cultures in flasks and quarter-technical scale cultures in
bioreactors. In the laboratory scale, the E. coli Z strain
carrying the pDBFVIII plasmid derivatives was aero-
bically cultured at 37EC in LB or MM medium supple-
mented with tetracycline (100 μg/ml) until the optical
density (OD) at 600 nm (OD600) reached a range of
0.5–1.5.

For the quarter-technical scale cultures, bacterial
cells were obtained from a glycerol stock stored at
!70EC. The E. coli Z strain containing the pDBFVIII 

Fig. 6. Construction scheme for the prokaryotic expression
vector pDBFVIII; the pDBFVIII plasmid contains a factor VIII
gene under the control of the deoP1P2 promoter; FVIII – fac-
tor VIII gene, TcR – tetracycline resistant gene (Vector NTI

AdvanceTM10)

plasmid with the factor VIII gene was initially grown for
12 h at 37EC in shaking flasks containing 50 ml of MM
medium supplemented with a 50% glucose solution and
tetracycline (100 μg/ml) until the OD600 reached approxi-
mately 1.0. These flasks (4 × 50 ml) served as the in-
oculum for the Bioflo 310 (New Brunswick Scientific)
7.5 l bench-top bioreactor with a culture volume of 4 l, as
well as the Bioflo 415 (New Brunswick Scientific) 15 l
bench-top bioreactor with an 8 l culture volume.

During the fermentation process, no antibiotics were
added to the media. The cells were grown for 16–17 h at
37EC with an aeration rate of 5 l/min. To maintain glu-
cose concentration within the range of 70–120 mg/dl
during the exponential growth phase, a 50% glucose
solution was added. The pH was controlled at around 7
throughout the entire run by adding 16% NH4OH solu-
tion. Once the OD600 reached approximately 25–37, the
glucose feeding rate was automatically limited until the
glucose concentration in the medium decreased to
0 g/dl. Subsequently, glucose feeding was controlled by
the pH-stat method using a cascade system. Glucose was
automatically added by the controller whenever the pH
exceeded the set point of around pH 7 (with a dead band
of 0.01). The glucose level was maintained within the
concentration range of 30–40 mg/dl using the pH-stat ap-
proach. After induction, the culture was grown for an ad-
ditional 4–7 h, reaching the stationary phase of growth.

Due to the minimal change in the culture volume
(below 5%), the calculations for the batch fermentation
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were performed using a mathematical model based on
Monod kinetics:

(1)
d
d
X
t

X= ⋅ μ

where X is the number or mass of cells (mass/volume),
t is time, and μ is the specific growth rate constant
(1/time).

Isolation, dissolution, and renaturation 
of inclusion bodies

The procedure for obtaining the recombinant blood
coagulation factor VIII in the form of inclusion bodies
involved several steps. Firstly, the E. coli Z cells expres-
sing the protein were harvested through centrifugation
at 9000 × g for 15 min at 4EC. The pelleted cells were
then resuspended in a solution containing 100 mM Tris-
HCl (pH 7.5), 500 mM NaCl, 10 mM EDTA, 0.35 mg/ml
lysozyme, and 0.5 mM β-mercaptoethanol. Additionally,
1% PMSF (protease inhibitor) was added to prevent pro-
tein degradation. The bacterial suspension was gently
mixed for 30 min at 20EC and subsequently lysed by
sonication. Afterward, the lysate was centrifuged at
18000 × g for 20 min at 4EC. 

The resulting pellet, containing the inclusion bodies,
was washed twice with a solution of 50 mM Tris-HCl (pH
7.5), 500 mM NaCl, and 1% Triton X-100 to remove bac-
terial proteins. Each wash step was followed by centri-
fugation at 18 000 × g for 20 min. Finally, the pellet was
washed again with a buffer solution of 50 mM Tris-HCl
(pH 7.5) and 500 mM NaCl.

To dissolve the inclusion bodies and extract the re-
combinant factor VIII, the pellet was suspended in a so-
lution consisting of 8 M urea, 5 mM β-mercaptoethanol,
and 50 mM phosphate buffer (pH 12). The suspension
was gently stirred for 45 min at room temperature to
facilitate the dissolution process. Subsequently, the sus-
pension was centrifuged at 18000 × g for 15 min at 4EC
to remove any remaining insoluble debris. The factor
VIII protein was then permitted to undergo folding over
a subsequent 16 h period, accompanied by vigorous stir-
ring and aeration at 8EC, within a renaturation buffer
that consisted of 100 mM NaCl and 50 mM Tris (pH 10).
The volume of the renaturation buffer utilized was
20 times greater than that of the renatured sample.

Protein determination by Western blot 

To conduct SDS-PAGE electrophoresis, a volume of
55 μl of lysate obtained from E. coli, which had overex-

Fig. 7. Expression level of the FVIII gene as revealed by SDS
electrophoresis in a 12% polyacrylamide gel; 1 – protein mar-
ker Full Range Rainbow (Amersham), 2 – lysate of E. coli  Z
strain, 3 – (OD600 -1.0) and 5 – (OD600 -5.19) E. coli Z strain
transformed with pDBFVIII plasmid, inclusion bodies isolated
from LB + Tet medium, 4 – (OD600 -1.0) and 6 – (OD600 -4.50)
E. coli  Z transformed with pDBFVIII plasmid, inclusion bodies

isolated from MM  + Tet medium; SC – single chain,
HC – heavy chain, LC – light chain

Fig. 8. Western blot with antibodies recognizing a single chain
of factor VIII of blood coagulation; SC – single chain of the FVIII

pressed coagulation factor VIII, was loaded onto the gel.
Electrophoresis was carried out for 24 h to determine
the protein size of 160 kD, using a 10% developer gel
(Fig. 7). Subsequently, the proteins were transferred
from the gel to a polyvinylidene difluoride membrane
using a transfer apparatus. The membrane was then
blocked using a blocking buffer.

For the detection of coagulation factor VIII A2
(Pierce) domain, primary murine antibodies were diluted
1 : 1000 in the blocking buffer and applied to the mem-
brane for incubation. Following a 1 h incubation period,
excess unbound primary antibodies were removed by
washing the membrane. In the subsequent step, horse-
radish peroxidase enzyme-conjugated secondary rabbit
antimouse IgG antibodies (Pierce) were added. These
secondary antibodies were diluted 1 : 1000 in the blocking
buffer. Finally, a photographic plate was developed, reve-
aling the analyzed coagulation factor VIII protein (Fig. 8).
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Protein identification with 4800 Plus Maldi TOF/TOF

MALDI TOF/TOF spectra were obtained using a re-
flector mode on a 4800 Plus Analyzer from Applied Bio-
systems Inc. The matrix used for analysis was α-Cyano-4-
hydroxy-cinnamic acid. External calibration was perfor-
med using a 4700 proteomics analyzer calibration mix-
ture provided by Applied Biosystems. The acquired
spectra were processed using Data Explorer Software,
Version 4.9 from Applied Biosystems.

For peptide identification, the Mascot search engine
from Matrix Science Inc. was utilized. The search was
conducted against the Swiss-Prot and National Library of
Medicine sequence databases. The protein bands corres-
ponding to three forms of factor VIII (SC, HC, and LC)
were identified based on the protein marker and con-
firmed by Western blot analysis. Following the proce-
dure described by Sączyńska et al. (2018), the protein
bands were excised from the gel, washed, and subjected
to a reduction in the presence of dithiothreitol. Sub-
sequently, alkylation with iodoacetamide was performed.
The samples were then incubated with a trypsin buffer
(Promega) at 37EC for 18 h. Before MS analysis, the
samples were dried and dissolved in 10 μl of 0.1% tri-
fluoroacetic acid.

Determination of factor VIII activity 
by chromogenic method

The activity level of factor VIII without domain B was
determined using a chromogenic method, as there are
differences in binding to phospholipids between native
factor VIII and recombinant factor VIII without domain
B. The Chromogenix Coamatic® Factor VIII Kit, fol-
lowing the manufacturer’s instructions from DiaPharma
Group, Inc., was employed for the chromogenic FVIII
activity assay.

The assay consisted of two stages (DiaPharma Group,
Inc). In the first stage, the recombinant factor VIII with-
out domain B, containing an unknown amount of func-
tional FVIII, was added to a reaction mixture composed
of thrombin, FIXa, FX, calcium, and phospholipid. This
resulted in the rapid production of FVIIIa, which in turn,
collaborated with FIXa to activate FX. The termination
of the reaction allowed for the assumption that the
production of FXa was proportional to the amount of
functional FVIII present in the sample.

In the second stage of the assay, the measurement of
FXa was carried out by utilizing a specific peptide nitro-

anilide substrate cleaved by FXa. This cleavage genera-
ted P-nitroaniline, resulting in the development of color.
The absorbance of the color at 405 nm was measured
using photometry. The intensity of the color produced
was directly proportional to the quantity of functional
FVIII present in the sample, based on a standard curve.
To calibrate the standard curves of the factor VIII acti-
vity assays, the 7th International Standard Factor VIII
from NIBSC (National Institute for Biological Standards
and Control) was used as the factor VIII standard (Mo-
ser and Funk, 2014).

Results

Expression of factor VIII in E. coli prokaryotic system

To achieve overexpression of the factor VIII protein,
we designed the prokaryotic expression vector pDB,
which contained a synthetic factor VIII gene. This vector
was then used for the transformation of the E. coli Z bac-
terial strain. In laboratory-scale experiments, we evalua-
ted the expression of recombinant protein in two dif-
ferent media, namely LB and MM, supplemented with
tetracycline at a concentration of 100 μg/ml. In the ini-
tial stage, the cultures were grown until they reached an
optical density of OD600 -1. In the case of cultures grown
in MM+Tet medium, the expected OD600 -1 was attained
after 12 h, whereas in cultures grown in LB+Tet me-
dium, the OD600 -1 was achieved after 7.5 h.

In the subsequent stage, the cultures were further
grown to attain maximum OD. After 24 h, the maximum
OD600 was reached, measuring approximately OD600

-4.50 for MM+Tet medium and OD600 -5.19 for LB+Tet
medium. Subsequently, all four cultures were subjected
to centrifugation, and the inclusion bodies were isolated.
These inclusion bodies were then separated using SDS
electrophoresis on a 12% polyacrylamide gel, allowing us
to evaluate the expression level of the FVIII gene. This
evaluation took into account the type of medium used, the
OD of the culture, and the amount of associated bacterial
proteins (Fig. 7). Furthermore, the expression of the
FVIII gene was confirmed through Western Blot analysis,
using primary murine antibodies targeting the coagulation
factor VIII A2 domain in the SC of FVIII (Fig. 8).

Protein identification with mass spectrometry

The confirmation of protein identity was achieved
using MALDI-TOF/TOF mass spectrometry. The mass 
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Fig. 9. The amino acid sequence of coagulation factor VIII with marked peptides; the amino acid sequences identified by mass
spectrometry of peptides according to the amino acid sequence of coagulation factor VIII are marked with red color;

SQN – proteolytic cleavage site for cutting the single chain form (SC) into the heavy chain (HC) and light chain (LC)

spectrometry analysis identified amino acid sequences
based on the peptides obtained, aligning with the amino
acid sequence of coagulation factor VIII. The identified
amino acid sequences are depicted in Figure 9.

Bioreactor high cell density batch fermentation

To achieve higher cell densities, the cultivation pro-
cess was scaled up. Initially, a 7.5 l bench-top bioreactor
was utilized, with a culture volume of 4 l. Subsequently,
the scale was further increased by employing a 15 l
bench-top bioreactor, with a culture volume of 8 l.

Batch fermentation in 7.5 L bench-top bioreactor

The cultivation process in the 4 l culture volume bio-
reactor began with an initial OD600 (OD at 600 nm) of
0.13 and a glucose concentration of 90 mg/dl. Over the
first 5 h, the bacterial culture utilized the glucose pre-
sent in the medium for its growth. Subsequently, glucose
was supplemented to maintain a concentration range of
60 mg/dl. The culture exhibited a particularly long lag
phase lasting for 5 h. After this lag phase, the accelera-
tion phase commenced, and after 11 h, the culture en-
tered the exponential growth phase, which lasted for the
following 7 h. The culture was considered complete
when the OD reached its maximum value of 37. Several

parameters of the cultivation process were monitored
over time, including OD, real-time estimation of biomass
(rx), dissolved oxygen (DO), and the rotational speed of
the agitator. These parameters are presented graphically
in the diagrams (Fig. 10). 

During the batch fermentation process in the 4 l cul-
ture volume, the rx was determined to be 1.67 × 1013

cells/h (1 OD600 = 8 × 108 cells/ml). The specific growth
rate of the culture was calculated to be 0.2 l/h, with
a corresponding generation time of 3.5 h. Following the
fermentation of the E. coli Z strain with the pDBFVIII
plasmid, approximately 160 g of wet biomass was obtai-
ned. From this biomass, 28 g of inclusion bodies were
isolated, accounting for approximately 17.5% of the total
biomass. The isolated inclusion bodies were subse-
quently dissolved and subjected to a renaturation pro-
cess, as described in the Materials and Methods section.

Batch fermentation in 15 L bench-top bioreactor

In the second cell culture, the cultivation was con-
ducted in an 8 l volume of LB medium. The initial OD600

was measured at 0.20, and the glucose concentration in
the medium was 90 mg/dl. Similar to the previous cul-
ture, during the initial 3 h, the bacterial culture utilized
the glucose from the medium for growth. Subsequently, 
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Fig. 10. Batch bioreactor fermentation for E.coli Z strain with pDBFVIII plasmid; A, B – cell growth curve for 4 and 8 l, respecti-
vely; C, D – real-time estimation of biomass (rx) for 4 and 8 l, respectively; E, F – profiles of dissolved oxygen (DO) and stir speed

for 4 and 8 l, respectively; R 2 – standard deviation

glucose was added to maintain a concentration range of
70 mg/dl. The lag phase for this culture also lasted 5 h,
similar to the smaller bioreactor. Following the lag
phase, an acceleration phase of approximately 10 h was
observed. This was followed by an 8 h exponential
growth phase until the OD reached its maximum value
of 25. The parameters of the cultivation process, in-
cluding OD, rx, DO, and rotational speed of the agitator,
were monitored and presented graphically in the dia-
grams (Fig. 10). 

During the batch fermentation process in the 8 l cul-
ture volume, the rx was determined to be 3.13×1013

cells/h (1 OD600 = 8×108 cells/ml). The specific growth
rate of the culture was calculated to be 0.351/h, with
a corresponding generation time of 2.0 h. Following the
fermentation of the E. coli Z strain with the pDBFVIII
plasmid, approximately 238 g of wet biomass was ob-
tained. From this biomass, 49.9 g of inclusion bodies
were isolated, accounting for approximately 20.9% of the
total biomass. The isolated inclusion bodies were sub-
sequently dissolved and subjected to a renaturation pro-
cess, following the protocol described in the Materials
and Methods section. To analyze the protein expression
levels of the FVIII gene, samples obtained from the 
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Fig. 11. Expression level of the FVIII gene as revealed by SDS
electrophoresis in a 12% polyacrylamide gel; M – protein mar-
ker: Multicolor Broad Range Protein Ladder (ThermoFisher),
1 – batch fermentation in 8 l culture volume, 2 – batch fer-
mentation in 4 l culture volume, 3 – laboratory scale culture;

SC – single chain, HC – heavy chain, and LC – light chain

batch fermentations and laboratory-scale culture were
subjected to SDS electrophoresis in a 12% polyacryl-
amide gel (Fig. 11).

Based on the findings, it has been demonstrated that
it is feasible to scale up the production process of the
recombinant blood coagulation factor. The initial labo-
ratory-scale culture was successfully followed by fer-
mentation in a 4 l culture volume bioreactor, and even-
tually scaled up to fermentation in an 8 l culture volume
bioreactor.

Determination of factor VIII activity 
by chromogenic method

To assess the activity of recombinant blood coagula-
tion factor VIII, a chromogenic method was employed.
This method measures the biological activity of factor
VIII as a cofactor for the activation of factor X by active
factor IX (factor IXa) in the presence of calcium ions and
phospholipids. Before measuring the activity level of
factor VIII, a standard curve was established. This in-
volved preparing dilutions of the FVIII standard and
measuring the corresponding absorbance values. Table
6 presents the dilutions used and the corresponding
activity level values expressed in International Units
(IU/ml).

Based on the dilutions, a standard curve was determi-
ned, described by the equation: 

Fig. 12. Standard curve of the relationship between the activity
of the FVIII standard and the absorbance value

y = 56.538x + 1.0337 (2)

where x is the IU/ml activity level; y is the absorbance
level A. 

The relationship between the activity of the FVIII
standard and the absorbance value is shown in Figure 12.

After the renaturation process, the sample containing
recombinant factor VIII protein at a concentration of
2.35 mg/ml was diluted by adding 25 μl of the sample
into 2000 μl of the dilution solution. The absorbance of
the diluted sample was then measured at a wavelength
of 405 nm. Using the standard curve equation, the level
of coagulation factor VIII activity was calculated based
on the absorbance value. This activity measurement was
performed for samples obtained from the laboratory
scale, the 7.5 l bench-top bioreactor (4 l culture volume),
and the 15 l bench-top bioreactor (8 l culture volume).
Each sample was measured three times. The average
activity level value from all measurements was deter-
mined to be 0.04 (Table 7). To assess the level of error,
the standard deviation was calculated, resulting in a va-
lue of 0.000258736. This indicates an error range for the
measured activity of approximately ± 0.0008.

Discussion

This study presents a method for obtaining recombi-
nant factor VIII using a prokaryotic expression system.
The protein’s antibody-binding properties were con-
firmed through Western blot analysis, and its activity
was determined using the chromogenic method.

Hemophilia A is primarily treated with FVIII substi-
tutive therapy. Early treatments involved lyophilized
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Table 6. Dilutions of the FVIII factor standard
according to activity level values in International Units IU/ml

Activity
level

[IU/ml]

Dilution I Dilution II

standard FVIII
[IU/ml]

[μl]

dilution
buffer
[μl]

standard FVIII
(from dilution I)

[μl]

dilution
buffer
[μl]

0.050 100 1900 25 2000

0.024 50 2000 25 2000

0.012 25 2000 25 2000

0.006 25 4000 25 2000

0 – – – 2000

Table 7. The results of obtained absorbance values
and the level of protein activity

were calculated based on the equation of the standard curve

Sample Absorbance
[A]

Activity
[IU/ml]

1 3.297 0.0400

1 3.297 0.0400

1 3.299 0.0407

2 3.289 0.0399

2 3.290 0.0399

2 3.291 0.0399

3 3.293 0.0400

3 3.292 0.0399

3 3.292 0.0399

1 – samples from laboratory scale culture (50 ml culture volume),
2 – samples from 7.5 l bench-top bioreactor (4 l culture volume),
and 3 – samples from 15 l bench-top bioreactor (8 l culture volume)

factor VIII concentrates derived from human plasma,
which became available in the late 1960s (Pool et al.,
1964). However, these concentrates were associated
with serious side effects for patients. Due to the pooled
plasma from multiple donors, they served as a source of
hepatitis B virus and later hepatitis C virus since 1989
(Fletcher et al., 1989; Tobler et al., 1997; Rougemont,
2023). Moreover, in the early 1980s, 60–80% of hemo-
philia patients became infected with human immuno-
deficiency virus (HIV) through these lyophilized con-
centrates (Curran et al., 1983; Evatt et al., 2006; Rouge-
mont, 2023). A significant breakthrough in hemophilia
treatment came with the discovery of the human factor
IX and factor VIII genes in 1982 and 1984, respectively

(Lusher et al., 1993). Shortly after, Wood et al. (1984)
demonstrated that mammalian cells (BHK – baby ham-
ster kidney cells and CHO – Chinese hamster ovarian
cells) transfected with human factor VIII cDNA could
successfully synthesize the factor. Recombinant factor
VIII produced through genetic engineering technology
became commercially available in the early 1990s (Bray
et al., 1994).

In the 1990s, the availability of recombinant factor
VIII raised expectations that it would replace human
plasma-derived concentrates in hemophilia treatment
(Coppola et al., 2010; Orlova et al., 2013; Lieuw, 2017).
However, the adoption of recombinant factor VIII varies
across countries. For example, Sweden and Ireland have
reached 100% utilization of recombinant factor VIII
among affected patients. In the United States, approxi-
mately 93% of patients receive recombinant factor VIII,
while in Germany, the rate is around 72%. In Hungary,
it is 60%, and in Poland, the utilization of recombinant
factor VIII remains low at only 8% (World Federation of
Hemophilia, 2021). Indeed, there have been significant
advancements in the production of recombinant coagula-
tion factor VIII and different generations of recombinant
factor VIII pharmaceuticals have been developed (Ken-
neth et al., 2017). It is worth noting that all currently
available recombinant factor VIII formulations have been
produced using mammalian cell lines such as CHO,
BHK, and human embryonic kidney cells (Lucas et al.,
1996; Fussengger et al., 1999; Sandberg et al., 2012;
Casademunt et al., 2012; Orlova et al., 2013; Valentino
et al., 2014; Winge et al., 2015). However, breeding
mammalian cells is time-consuming and very expensive,
and the amount of the product obtained is usually low.
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In contrast to eukaryotic cells, a bacterial culture is in-
expensive and allows the acquisition of large quantities
of recombinant proteins in a short time (Rosano and
Ceccarelli, 2014).

The findings presented in this paper highlight the
successful production of an active form of recombinant
blood coagulation factor VIII using a cost-effective pro-
karyotic expression system instead of the conventional
eukaryotic-based system (Mazurkiewicz-Pisarek et al.,
2016). This approach offers several advantages, in-
cluding reduced manufacturing costs, shorter production
time, improved product availability, and most impor-
tantly, elimination of the risk of infection associated with
using plasma-derived products. The methods and results
described in this study provide fundamental information
for further research aimed at obtaining functional re-
combinant factor VIII in E. coli bacterial strains. While
there are existing recombinant full-length factor VIII
variants available for research or FDA approval, as well
as studies reporting the production of recombinant fac-
tor VIII, to the authors’ knowledge, only two papers de-
scribe the production of recombinant factor VIII do-
mains rather than the full-length FVIII factor. One of
these papers reports on the production method of
obtaining a recombinant A2 domain using insect cells
and its activity confirmation via ELISA (Srivastawa et al.,
2013), while another one describes the production of
GST-tag or His-tag conjugated A1, A2, A2, and C do-
mains using E. coli  (Choi et al., 2015). 

The advantage of our research lies in the successful
production of an active, full-length recombinant factor
VIII without the B domain and the use of any tags. This
achievement opens up new possibilities for the develop-
ment of a novel drug for the treatment of hemophilia A.
Furthermore, future research in this field should focus
on optimizing the production process to increase the
activity of the obtained protein.

Conclusions

In this study, we present a novel method for ob-
taining recombinant FVIII factors using a prokaryotic
expression system. Our experimental work successfully
demonstrated the feasibility of constructing a synthetic
gene for human coagulation factor VIII within the pro-
karyotic system. We described the process of construc-
ting the prokaryotic expression vector, which involved

cloning the synthetic gene encoding factor VIII. The
expression of the vector was confirmed through mass
spectrometry analysis.

Constructing such a large prokaryotic expression
vector (8428 bp) and transforming it into the E. coli bac-
terial strain posed significant challenges. However, we
were able to overcome these challenges and successfully
obtain recombinant coagulation factor VIII in the form of
inclusion bodies. We developed a method to isolate
these inclusion bodies and determined the conditions for
protein dissolution and renaturation while maintaining
its activity.

As a result, we have devised effective scale-up stra-
tegies for a bioprocess intended to achieve the over-
production of recombinant factor VIII on a quarter-tech-
nical scale. The successful development of a biotechno-
logical method for producing recombinant blood coagula-
tion factor VIII has validated our hypothesis that it is
indeed feasible to obtain an active protein using an
unexplored prokaryotic expression system.

In comparison to production in the eukaryotic system
or by synthesis, the proposed biotechnological method
of obtaining active recombinant factor VIII has the po-
tential to significantly reduce production costs and in-
crease production volume.

Competing interests
The authors declare that they have no competing interests.

Author contributions
A.M.P. and T.C. designed and developed these studies. A.M.P.
carried out molecular genetic studies. P.B. confirmed protein
expression by mass spectrometry. A.M.P. and T.C. carried out
batch fermentation in bioreactors. A.M.P. and A.M. deter-
mined conditions of isolation, denaturation, and renaturation
of the protein, confirmed the activity of factor VIII, and wrote
the manuscript. D.M. wrote, reviewed, and edited the manu-
script. The study was coordinated by T.C., who also helped to
draft the manuscript. All authors read and approved the final
manuscript.

Ethical approval
This article does not contain any studies with human partici-
pants or animals performed by any of the authors.

Consent for publication
Not applicable.

Funding
This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Availability of data and materials
Not applicable.



 Expression of factor FVIII in E.coli strain 261

Acknowledgments
Not applicable.

References

Bray G.L., Gomperts E.D., Courter S., Gruppo R., Gordon
E.M. (1994) A multicenter study of recombinant factor
VIII: safety, efficiency and inhibitor risk in previously un-
treated patients with hemophilia A. Blood 83: 2428–2435.

Casademunt E., Martinelle K., Jernberg M., Winge S., Tie-
meyer M., Biesert L., Knaub S. et al. (2012) The first re-
combinant human coagulation factor VIII of human origin:
human cell line and manufacturing characteristics. Eur. J.
Haematol. 89: 165–176. https://doi.org/10.1111/j.1600-
0609.2012.01804.x

Choi S.J., Jang K.J., Lim J.A., Kim H.S. (2015) Human co-
agulation factor VIII domain-specific recombinant poly-
peptide expression. Blood Res. 50: 103–108. https://
doi.org/10.5045/br.2015.50.2.103

Coppola A., Di Capua M., Di Minno M.N. et al. (2010) Treat-
ment of hemophilia: a review of current advances and on-
going issues. J. Blood Med. 1: 183–195. https://doi.org/
10.2147/JBM.S6885

Curran J.W., Evatt B.L., Lawrence D.N. (1983) Acquired im-
mune deficiency syndrome: the past as prologue. Ann.
Intern. Med. 98: 401–403. https://doi.org/10.7326/0003-
4819-98-3-401

Evatt B.L. (2006) The tragic history of AIDS in the hemophilia
population, 1982–1984. J. Thromb. Haemost. 4: 2295–2301.
https://doi.org/10.1111/j.1538-7836.2006.02213.x

Fang H., Wang L., Wang H. (2007) The protein structure and
effect of factor VIII. Thromb. Res. 119(1): 1–13. https://
doi.org/10.1016/j.thromres.2005.12.015

Fletcher M.L., Trowell J.M., Craske J., Pavier K., Rizza C.R.
(1983) Non-A non-B hepatitis after transfusion of factor
VIII in infrequently treated patients. BMJ 287: 1754–1757.
https://doi.org/10.1136/bmj.287.6407.1754 

Fussengger M., Bailey J.E., Hauser H., Mueller P.P. (1999)
Genetic optimization of recombinant glycoprotein pro-
duction by mammalian cells. Trends Biotech. 17: 35–42.
https://doi.org/10.1016/S0167-7799(98)01248-7

Hartman J.R., Mendelovitz S., Gorecki M. (1996) Generation
of human insulin. International publication number WO
96/20724.

Hong F., Leming W., Hongbao W. (2007) The protein struc-
ture and effect of factor VIII. Thromb. Res. 119(1): 1–13.
https://doi.org/10.1016/j.thromres.2005.12.015

Kurachi K., Davie E.W. (1982) Isolation and characterization of
a cDNA coding for human factor IX. Proc. Natl. Acad. Sci.
79: 6461–6464. https://doi.org/10.1073/pnas.79.21. 6461

Lieuw K. (2017) Many factor VIII products available in the treat-
ment of hemophilia A: an embarrassment of riches? J. Blood
Med. 8: 67–73. https://doi.org/10.2147/JBM.S10 3796

Lucas K.B., Giere L.M., DeMarco R.A., Shen A., Chisholm V.,
Crowley C.W. (1996) High-level production of recombinant
proteins in CHO cells using a dicistronic DHFR intron

expression vector. Nucl. Acids Res. 24(9): 1774–1779.
https://doi.org/10.1093/nar/24.9.1774

Lusher J.M., Arkin S., Abildgaard C.F., Schwarz R.S. (1993)
Recombinant factor VIII for the treatment of previously
untreated patients with hemophilia A. N. Engl. J. Med.
328: 453–459. https://doi.org/10.1056/NEJM19930218
3280701

Marchesini E., Morfini M., Valentino L. (2021) Recent ad-
vances in the treatment of hemophilia: a review. Biologics
15: 221–235. https://doi.org/10.2147/BTT.S252580 

Mazurkiewicz-Pisarek A., Plucienniczak G., Ciach T., Plucien-
niczak A. (2016) The factor VIII protein and its function.
Acta Biochim. Polon. 63(1): 11–16. https://doi.org/10.
18388/abp.2015_1056

Moser K.A., Funk D.M. (2014) Chromogenic factor VIII acti-
vity assay. Am. J. Hematol. 89: 781–784. https://doi.org/
10.1002/ajh.23723

Ngo J., Huang M., Roth D.A., Furie B.C., Furie B. (2008) Crystal
structure of human factor VIII: implications for the forma-
tion of the factor IXa-factor VIIIa complex. Cell Press Struct.
16: 597–606. https://doi.org/10.1016/j.str.2008. 03.001

Nowak R.M., Wojtowicz-Krawiec A., Plucienniczak A. (2015)
DNASynth: a computer program for assembly of artificial
gene parts in decreasing temperature. Biomed. Res. Int.
2015: 413262. https://doi.org/10.1155/2015/413262

Orlova N.A., Kovnir S.V., Vorobiev I.I., Gabibov A.G., Voro-
biev A.I. (2013) Blood clotting factor VIII: from evolution
to therapy. Acta Naturae. 5(2): 19–39. PMID: 23819034

Pool J.G., Hink J.H. (1964) Experiences in the preparation of
AHG concentrates from human plasma. Bibl Haematol. 19:
146–150.

Rossano G.L., Ceccarelli E.A. (2014) Recombinant protein
expression in Escherichia coli: advances and challenges.
Front. Microbiol. 5: 172. https://doi.org/10.3389/fmicb.
2014.00172

Rougemont A. (2023) The evolution of the safety of plasma
products from pathogen transmission – a continuing narra-
tive. Pathogens 12(2): 318. https://doi.org/10.3390/patho
gens12020318

Sambrook J., Fritsch E.F., Maniatis T. (1989) Molecular clo-
ning: a laboratory manual. Cold Spring Harbor Laboratory
Press. Cold Spring Harbor, NY. 

Sandberg H., Kannicht C., Stenlund P., Dadaian M., Oswaldsson
U., Cordula C., Walter O. (2012) Functional characteristics
of the novel, human-derived recombinant FVIII protein pro-
duct, human-cl rhFVIII. Thromb. Res. 130: 808–817.
https://doi.org/10.1016/j.thromres.2012.08.311

Sączyńska V., Krzysik A., Cecuda-Adamczewska V., Baran P.,
Porębska A., Florys K., Zieliński M., Płucienniczak G.
(2018) Production of highly and broad-range specific mono-
clonal antibodies against hemagglutinin of H5-subtype
avian influenza viruses and their differentiation by mass
spectrometry. Virol. J. 15: 13. https://doi.org/10.1186/
s12985-017-0886-2

Srivastava A., Brewer A.K., Mauser-Bunschoten E.P. et al.
(2013) Guidelines for the management of hemophilia.



Anna Mazurkiewicz-Pisarek et al.262

Haemophilia 19: 1–47. https://doi.org/10.1111/j.1365-
2516.2012.02909.x

Stoilova-McPhie S., Lynch G.C., Ludtke S., Pettitt B.M. (2013)
Domain organization of membrane-bound factor VIII. Bio-
polymers 99: 448–459. https://doi.org/10.1002/bip. 22199

Thompson A.R. (2003) Structure and function of the factor
VIII gene and protein. Semin. Thromb. Hemost. 29(1):
11–21. https://doi.org/10.1055/s-2003-37935

Windyga J. (2004) Rekombinowane czynniki krzepnięcia krwi.
Acta Haematol. Pol. 35(supl. 1): 1–10.

Winge S., Yderland L., Kannicht C., Hermans P., Adema S.,
Schmidt T., Gilljam G. et al. (2015) Development upsca-
ling and validation of the purification process for human-cl
rhFVIII (Nuwiq), a new generation recombinant factor VIII
produced in a human cell-line. Protein Expr. Purif. 115:
165–175. https://doi.org/10.1016/j.pep.2015.08.023

Wood W., Capon D., Simonsen C., Eaton D., Gitschier J., Keyt
B., Seeburg P., Smith D., Hollingshead P., Wion K., (1984)
Expression of active human factor VIII from recombinant
DNA clones. Nature 312(5992): 330–337. https://doi.org/
10.1038/312330a0 

World Federation of Hemophilia (2021) Report on the Annual
Global Survey.

Valentin-Hansen P., Aiba H., Schumperli D. (1982) The struc-
ture of tandem regulatory regions in the deo operon of
Escherichia coli K-12. The EMBO J. 1(3): 317–322.
https://doi.org/10.1002/j.1460-2075.1982.tb01167.x

Valentin-Hansen P., Hammer K., Larsen J.E., Svendsen I.
(1984) The internal regulated promoter of the deo operon
of Escherichia coli K-12. Nucl. Acids Res. 12(13):
5211–5224. https://doi.org/10.1093/nar/12.13.5211

Valentino L.A., Negrier C., Kohla G., Tiede A., Liesner R.,
Hart D., Knaub S. (2014) The first recombinant FVIII
produced in human cells-an update on its clinical develop-
ment programme. Haemophilia 20: 1–9. https://doi.org/
10.1111/hae.12322

Vehar G.A., Keyt B., Eaton D., Rodriguez H., O’Brien D.P.,
Rotblat F., Oppermann H., Keck R., Wood W.I., Harkins
R.N., Tuddenham E.G.D., Lawn R.M., Capon D.J. (1984)
Structure of human factor VIII. Nature 312: 337–342.
https://doi.org/10.1038/312337a0


