
The AAPS Journal  2007; 9 (2) Article 28 (http://www.aapsj.org). 

E251

                       A BSTRACT  
 Factor VIII (FVIII) is an important cofactor in the blood 
coagulation cascade. A defi ciency or dysfunction of FVIII 
causes hemophilia A, a life-threatening bleeding disorder. 
FVIII circulates in plasma as a heterodimer comprising 6 
domains (heavy chain, A1-A2-B and light chain, A3-C1-C2). 
Replacement therapy using FVIII is the leading therapy in 
the management of hemophilia A. However, ~15% to 30% 
of patients develop inhibitory antibodies that neutralize the 
activity of the protein. Neutralizing antibodies to epitopes in 
the lipid binding region of FVIII are commonly identifi ed in 
patients ’  plasma. In this report, we investigated the effect of 
O-phospho-L-serine (OPLS), which binds to the lipid binding 
region, on the immunogenicity of B domain deleted recombi-
nant factor VIII (BDDrFVIII). Sandwich enzyme-linked 
immunosorbent assay (ELISA) studies showed that OPLS 
specifi cally bind to the lipid binding region, localized in the 
C2 domain of the coagulation factor. Size exclusion chroma-
tography and fl uorescence anisotropy studies showed that 
OPLS interfered with the aggregation of BDDrFVIII. Immu-
nogenicity of free- vs BDDrFVIII-OPLS complex was evalu-
ated in a murine model of hemophilia A. Animals administered 
subcutaneous (sc) injections of BDDrFVIII-OPLS had lower 
neutralizing titers compared with animals treated with 
BDDrFVIII alone. Based on these studies, we hypothesize 
that specifi c molecular interactions between OPLS and 
BDDrFVIII may improve the stability and reduce the immu-
nogenicity of BDDrFVIII formulations.  

   K EYWORDS:     B domain deleted recombinant factor VIII  ,   
O-phospho-L-serine  ,   protein formulation  ,   excipient  ,   phys ical 
stability  ,   immunogenicity  ,   inhibitor development    

   INTRODUCTION 
 Factor VIII (FVIII) is a multi-domain heterodimeric glyco-
protein composed of a heavy chain (domains A1, A2, and B) 
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and a light chain (domains A3, C1, and C2). 1  FVIII is sub-
jected to posttranslational modifi cations within the endo-
plasmic reticulum and the Golgi apparatus. Heavy chain 
polypeptides with molecular weights spanning between 90 
and 210 kd are generated because of the limited processing 
of several proteolytic sites within the B domain. 1  ,  2  The light 
chain of FVIII is homogeneous with a molecular weight of 
~80 kd as this chain is not processed. 1  ,  2  Besides the limited 
proteolysis, rFVIII is subjected to glycosylation, mainly at 
the level of the B domain. 1  Thus, the FVIII heterodimer is a 
highly heterogeneous glycoprotein with molecular weight 
in the range of 170 to 290 kd. 

 FVIII is an important blood coagulation factor that partici-
pates in the formation and the proper anchoring of the factor 
IXa:factor X complex on the surface of the platelet mem-
branes. 3  Dysfunction or defi ciency of FVIII results in a 
bleeding disorder known as hemophilia A. 4  Administration 
of recombinant human FVIII (rFVIII) is a therapy employed 
to control bleeding episodes. 5  

 Treatment with rFVIII is hampered by inhibitor development 
by induction of neutralizing antibodies in ~15% to 30% of 
the patients. 5-7  The immune response to therapeutic proteins 
has major consequences on the pharmacology and effi cacy 
of protein drugs. Antibodies developed against the C2 domain 
of FVIII 8  have been hypothesized to interfere with the pro-
tein binding to phosphatidylserine (PS) head group and to 
perturb the proper assembly of the tenase complex. 9  ,  10  

 The interaction of the PS head group, O-phospho-L-serine 
(OPLS), with the C2 domain of rFVIII has been shown to 
reduce the immunogenicity of full-length FVIII. 11  Here, we 
extended the studies to investigate the effect of OPLS, on a 
truncated form of FVIII, B domain deleted factor VIII 
(BDDrFVIII). 

 It has been shown that the B domain does not interact with 
either factor IXa, factor X, or with the platelet membranes. 12  
Thus, the deletion of the B domain does not alter the bio-
logical activity of the protein. 12  Furthermore, the deletion 
of the B domain decreased considerably the molecular weight 
of the functional protein, the degree of heterogeneity, and 
the degree of glycosylation of the heterodimer (     Figure 1 ). 13  
In addition, BDDrFVIII maintains the same universal dom-
inant epitopes such as C2 domain as the full-length protein, 
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and thus the specifi c interactions between C2 domain and 
OPLS may lead to the reduction in the immunogenicity.   
 The data in this study indicated that binding of OPLS to 
the truncated form of the FVIII improved the stability of 
the recombinant protein and modulated its immunological 
properties.  

  MATERIALS AND METHODS 
  Materials 
 BDDrFVIII (Refacto, Wyeth) was obtained as a gift from 
Zale P. Bernstein, Dr (Hemophilia Center of Western New 
York, Buffalo, NY). Normal human plasma and FVIII-
defi cient human plasma were purchased from Trinity Bio-
tech (Co Wicklow, Ireland). Brain phosphatidylserine (BPS) 
and dimyristoylphosphatidylcholine (DMPC) were obtained 
from Avanti Polar Lipids (Alabaster, AL). pyrogen-free 
water was purchased from Henry Schein Inc (Melville, NY). 
The monoclonal ESH4 antibody and BDDrFVIII was pur-
chased from American Diagnostica Inc (Greenwich, CT), 
goat anti-mouse IgG alkaline phosphatase conjugate was 
purchased from Southern Biotechnology Associates Inc 
(Birmingham, AL). OPLS and IgG-free bovine serum albu-
min (BSA) were purchased from Sigma (Rockford, IL). 
Tris-HCl (4%-15%) precast acrylamide gels were obtained 
from BioRad (Hercules, CA). All other buffer salts used in the 
study were purchased from Fisher Scientifi c (Fairlawn, NJ).  

  Sodium Dodecyl Sulfate - Polyacrylamide Gel 
Electrophoresis Under Reducing Conditions 
 Five micrograms of either BDDrFVIII or control rFVIII 
were mixed with an equal volume of Laemmli buffer (Bio-

rad, Hercules, CA) and heated for 5 minutes at 90°C. Sam-
ples loaded onto the gels were subjected to electrophoresis 
under a constant voltage of 120 V for 65 minutes. The gel 
was stained with coomassie blue for visualization of the 
light and heavy chains.  

  Preparation of the BDDrFVIII - Phospholipids Head 
Group Complexes 
 The lyophilized BDDrFVIII was reconstituted, using the 
buffer supplied by the manufacturer, to a concentration of 
1  m g/ m L. The protein-phospholipid head group complexes 
were generated by diluting the 1  m g/ m L stock solution of 
BDDrFVIII with Tris buffer (25 mM Tris, 5 mM CaCl 2 , 300 
mM NaCl, pH 7.0) containing 5, 10, or 20 mM phospho-
lipid head group. The reaction mixtures were incubated at 
25°C for 30 minutes. Prior to addition to the protein stock, 
the buffer was sterilized by fi ltration through a 0.22- m m 
Millex-GP fi lter unit (Millipore Corp, Bedford, MA).  

  Preparation of the BDDrFVIII-PS Containing 
Liposomes 
 Multi-lamellar vesicles were prepared by rehydrating a 
thin lipid fi lm of DMPC and BPS at 37°C with Tris buffer 
(25 mM Tris, 5 mM CaCl 2 , 300 mM NaCl, pH 7.0), as 
described before. 14  The liposomes were extruded 8 times 
through double-stacked 80-nm polycarbonate membranes 
using a high-pressure extruder (Lipex Biomembranes Inc, 
Vancouver, BC, Canada) at ~200 psi. The size distribution 
of the particles was monitored with a Nicomp model CW380 
size analyzer (Particle Sizing Systems, Santa Barbara, CA). 
The liposomal-FVIII complex was generated by incubating 
BDDrFVIII in the presence of small unilamellar vesicles 
(SUV)s with different lipid concentrations at 37°C for 30 
minutes.  

  Sandwich Enzyme-Linked Immunosorbent Assay 
 Sandwich enzyme-linked immunosorbent assay (ELISA) 
studies were performed in Nunc-Maxisorp 96-well plates, 
coated with ESH4 capture antibody (directed against epi-
tope 2303-2332). Coating was achieved by incubating the 
plates with 50  m L/well of a 2.5  m g/mL ESH4 antibody 
solution in carbonate buffer (Na 2 CO 3  200 mM, pH 9.4) for 
16 hours at 4°C. The plates were then washed 6 times with 
100  m L of phosphate buffer saline (PBS: 10 mM Na 2 HPO 4 , 
1.8 mM KH 2 PO 4,  14 mM NaCl, 2.7 mM KCl, pH 7.40) 
containing 0.05% Tween 20 (PBT). The plates were incu-
bated with 200  m L/well of 1% BSA in PBS for 2 hours at 
room temperature to eliminate nonspecifi c binding. A 
washing step using PBT was performed before the incuba-
tion with 50  m L of BDDrFVIII-lipidic complexes (150 ng/

 Figure 1.    Deletion of B domain decreases the heterogeneity of 
the heavy chain of FVIII. Sodium dodecyl sulfate - 
polyacrylamide gel electrophoresis (SDS-PAGE) under reducing 
conditions for BDDrFVIII and rFVIII. From left to right: B 
domain deleted recombinant factor VIII (BDDrFVIII), molecular 
weight marker (MWM), and recombinant human factor VIII 
(rFVIII). The position of heavy chain (HC), light chain (LC), and 
nascent single chain (SC) precursors are indicated.  
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mL BDDrFVIII) in 1% BSA in PBS for 1 hour at 37°C. 
After washing with PBT, the plates were incubated in the 
presence of 100  m L/well of a mixture containing rat anti-
human rFVIII polyclonal antibody (1:500 dilution) and 
goat anti-rat IgG alkaline phosphatase conjugated anti-
body (1:1000 dilution) for 1 hour at room temperature. 
The washing step was performed as described above, and 
the plates were incubated at room temperature with 200 
 m L of 1mg/mL p-nitrophenyl phosphate solution in dietha-
nolamine buffer (1 M diethanolamine, 0.5 mM CaCl 2 ). 
Thirty minutes later, the reaction was quenched using 100 
 m L of 3 N NaOH, and the optical density of the alkaline 
phosphatase reaction product was determined at 405 nm 
with a SpectraMax plate reader (Molecular Device Corp, 
Sunnyvale, CA).  

  Spectroscopy Studies 
 Tryptophan intrinsic fl uorescence spectra of BDDrFVIII 
in the presence of OPLS or phosphatidylcholine (PC) 
head group were acquired on a PTI spectrofl uorometer 
(PTI, Lawrenceville, NJ) equipped with a Xe arc lamp. 
Stock solutions containing 17 nM BDDrFVIII were pre-
pared in Tris buffer in the absence and presence of 1 mM 
OPLS. The 2 stock solutions were mixed under different 
ratios to obtain various protein:phospholipid head group 
molar ratios. Fluorescence spectra were acquired by excit-
ing the sample at 285 nm and monitoring the emission 
between 320 and 400 nm. Normalized fl uorescence inten-
sity (F 330 /F 0-330 , where F 330  is the fl uorescence intensity at 
330 nm at a given phospholipid concentration and F 0-330  
is the fl uorescence intensity at 330 nm of the protein in 
the absence of the phospholipid) was plotted as a function 
of the phospholipid head group concentration. The rela-
tionship between F 330 /F 0-330 , the protein, and the lipid 
analog concentrations is described by the following set of 
equations:

 
F

F
F

PL

PT

330

0 330

1
−

= − ⋅max ,  (1)

 PL
n P L

K L
T

D

= ⋅ ⋅
+

,  (2)

 L PL LT = + ,  (3)

where F max  is the maximal change in F 330 /F 0-330 ; PL, P T , L, 
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in Equation 1, Equation 4 was derived:
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  Spectral data were fi tted to this equation using nonlinear 
regression (WinNonLin, Pharsight Corp, Mountain View, 
CA) to obtain estimates for the phenomenological K D  value 
for the BDDrFVIII-OPLS complex and for F max . The fi tting 
was performed for n = 1 (1:1 stoichiometry) and for n > 1. 
The best fi t of the experimental data was observed only for 
n = 1. Therefore, we assumed a stoichiometry of 1:1 for the 
OPLS-BDDrFVIII complex. This study assumption is in 
agreement with a previous study by Purohit et al, 11  which 
employed a 1:1 stoichiometry for the binding of OPLS to 
recombinant factor VIII. 

 The total lipid concentration at which the F 330 /F 0-330  ap -
p  roaches F max  represents the minimal OPLS concentration 
that provides maximum spectral properties for BDDrFVIII-
OPLS complex.  

  In Vitro Activity of BDDrFVIII and BDDrFVIII-OPLS 
Complex 
 The in vitro specifi c activity of BDDrFVIII in the presence 
and absence of OPLS was measured by the activated partial 
thromboplastin time (aPTT) assay. 15  In brief, samples con-
taining free BDDrFVIII or BDDrFVIII-OPLS complexes 
were mixed with FVIII-defi cient human plasma. Following 
addition of platelin L (phospholipid) reagent and CaCl 2 , the 
clotting time of each sample was measured with a Coag-A-
Mate XM coagulation analyzer (Organon Teknika Corp, 
Durham, NC). The activity of BDDrFVIII-OPLS complex 
was extrapolated from a standard curve generated using 
BDDrFVIII standards. Data were presented as relative 
specifi c activity, computed as the specifi c activity of the 
BDDrFVIII-OPLS complex normalized against the specifi c 
activity of BDDrFVIII standards.  

  High Performance Size Exclusion Chromatography 
Studies 
 Size exclusion chromatography (SEC) experiments were per-
formed using a Biosep-SEC-S4000 4.6 × 300 mm column 
(Phenomenex, Torrance, CA) maintained at a constant temper-
ature using a Shimadzu CTO-10A column oven (Shimadzu 
Corp, Kyoto, Japan). 16  The chromatography system consisted 
of a Waters 510 high-performance liquid chromatography 
(HPLC) pump (Waters Corp, Milford, MA), a Shimadzu SIL-
10A auto-injector, equipped with a sample cooler unit, and 2 
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HPLC detectors connected in series (Shimadzu RF-10A XL 
fl uorescence detector and Shimadzu SPD-10A UV detector). 
The chromatograms were recorded and data analyzed using a 
Shimadzu CR-8A integrator. All components except for the 
HPLC pump were connected to a Shimadzu SCL-10A control-
ler. The experiments were performed under isocratic condi-
tions at 0.4 mL/min using Tris buffer (25 mM Tris, 0.3M NaCl, 
5mM CaCl 2 , pH 7.0). The time delay between the 2 detectors 
is ~0.08 minutes. 
 Free BDDrFVIII and BDDrFVIII-OPLS complexes con-
taining different OPLS concentrations were subjected to 
thermal stress for 90 minutes at 50°C. Samples generated by 
this method were stored at 4°C on the sample cooler rack 
prior to aggregate content analysis. Excitation and emission 
for the fl uorescence detector were set to 285 nm and 330 
nm, respectively. The UV detector was set to monitor absor-
bance at 215 nm  .

  Steady-state Fluorescence Anisotropy 
 Temperature-dependent steady-state emission anisotropy 
(r) studies were performed using a PTI instrument equipped 
with large-aperture motorized Glan-Thompson polarizing 
prisms and a Peltier unit, as described earlier. 11  In brief, data 
points were acquired from 20°C to 80°C at a heating rate of 
1°C/min. The protein and the phospholipid-head group con-
centration were maintained constant at 17 nM and 10 mM, 
respectively. The instrument-specifi c G-factor ( G ) was 
determined at room temperature as the ratio between  I  ||  and 
 I  ,  where  I  ||  and  I  represent the emission intensity with the 
excitation and the emission polarizer oriented parallel and 
at 90°, respectively.  G  was held fi xed over the entire range 
of study. Excitation and emission were set at 285 and 330 
nm, respectively. Emission slit widths were set to 4 nm. 
 Anisotropy (r) was calculated according to Equation 5 17 :
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 Data were fi tted to a sigmoidal curve using the WinNonLin 
software package (Pharsight).  

  In Vivo Studies 
 Immunogenicity studies for free BDDrFVIII and BDDrFVIII-
OPLS complex were performed in hemophilic mice 8 to 12 
weeks old, bearing a targeted deletion in exon 16 of the FVIII 
gene, as described before. 18  In brief, the immunization proce-
dure consisted of 4 sc injections of BDDrFVIII or BDDrF-
VIII-OPLS (containing 1 μg protein in 100  m L buffer and/or 
10 mM phospholipid head group) at weekly intervals. Blood 
samples were obtained at the beginning of the sixth week by 
cardiac puncture. Samples were added at a 10:1 (vol/vol) ratio 

to acid citrate dextrose (ACD) (85 mM sodium citrate, 110 
mM D-glucose and 71 mM citric acid). Plasma was separated 
by centrifugation and stored at  − 80°C until analysis. All stud-
ies were performed in accordance with the guidelines of Insti-
tutional Animal Care and Use Committee (IACUC) at the 
University at Buffalo, The State University of New York.  

  Measurement of Inhibitory Anti-rFVIII Antibodies Titers 
 Neutralizing anti-rFVIII antibodies were detected using the 
Nijmegen modifi cation of the Bethesda assay. 19  Dilutions of 
plasma samples (1:8 to 1:16 000) were mixed with normal 
human plasma. Residual FVIII activity was measured in dupli-
cates, using the 1-stage aPTT assay. By defi nition, 1 Bethesda 
Unit (BU) is the neutralizing activity that produces 50% inhi-
bition of the FVIII activity. The point of 50% inhibition was 
determined by linear regression of those data points falling 
within the range of approximately 20% to 80% inhibition.  

  Statistical Analysis 
 Statistical Analysis was performed by 1-way analysis of 
variance (ANOVA), followed by Dunnett post hoc analysis, 
using the Minitab 14 software application (Minitab Inc, 
State College, PA).   

  RESULTS AND DISCUSSION 
  Interaction of BDDrFVIII With OPLS 
 It has been shown that interaction of FVIII with PS-contain-
ing membranes is critical for the proper function of the 
tenase complex. 3  ,  20  Gilbert and Drinkwater reported that PS 
lipid binds with high affi nity to rFVIII. 21  Based on X-ray 
diffraction studies, the interaction is mediated via lipid 
binding region within the C2 domain of the molecule. 9  
Additional studies have indicated that the lipid binding 
region, 2303-2332, containing 4 hydrophobic loops inter-
acts with PS-rich membranes. 22  
 To investigate whether phosphatidylserine analogs bind 
to the lipid binding region of BDDrFVIII, we performed 
Sandwich ELISA studies. The mouse monoclonal antibody 
ESH4, which binds to the lipid binding region 2303-2332, 23  
was used as a capture antibody; whereas a rat polyclonal 
antibody was used as probe antibody. If the OPLS or other 
phospholipids analogs could bind to the lipid binding region 
of the protein, they would compete with ESH4, and a reduc-
tion in binding of BDDrFVIII to the capture antibody should 
be observed. 
 As shown in      Figure 2 , a concentration-dependent decrease 
in ESH4 binding was observed for the BDDrFVIII-OPLS 
complexes, suggesting that OPLS interacts with the lipid 
binding region of BDDrFVIII (     Figure 2 ). In contrast, the 
relative binding of ESH4 to BDDrFVIII in the presence of 
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other negatively charged phospholipid head group (phos-
phatidic acid [PA]) was independent of the concentration of 
the lipid analog, indicating that the interaction between 
FVIII with PS is specifi c. To investigate further the specifi c-
ity of BDDrFVIII with PS-containing particulates, experi-
ments were performed in the presence of PS-containing 
liposomes. The binding of the ESH4 antibody to PS lipo-
somes was also dependent on the lipid concentration (     Figure 
2 ), in agreement with previously published studies. 22  The 
mechanism of monoclonal antibody binding to FVIII asso-
ciated with PS-containing liposomes is different from that 
observed for FVIII in complex with OPLS or PA, head 
group of respective phospholipids. This observation further 
substantiated that the affi nity and specifi city of the protein 
toward lipids can be increased several fold by both electro-
static (between PS head group and BDDrFVIII) and hydro-
phobic (between the PS acyl chains and the hydrophobic 
loops of BDDrFVIII lipid binding region) interactions for 
the proper anchoring of BDDrFVIII on the surface of lipidic 
membranes.    

  Effect of OPLS on the Conformation of BDDrFVIII and 
the Affi nity Constant of the BDDrFVIII-OPLS Complex 
 Intrinsic fl uorescence spectroscopy is sensitive to changes 
in the tertiary structure of the proteins. To investigate the 
effect of OPLS on the tertiary structure of BDDrFVIII, fl uo-
rescence spectra were acquired in the presence of various 
OPLS concentrations. As shown in      Figure 3A , the fl uores-

cence intensity of FVIII was altered as the concentration of 
OPLS was increased. The intensity decreased as the OPLS 
concentration was increased from 5 to 100  m M. However, 
no change in emission wavelength maximum was observed. 
Addition of OPLS to a 400-nM L-tryptophan (Trp) solution 
did not affect the intensity of the fl uorophore (     Figure 3B ), 
ruling out any quenching effects of OPLS on the Trp intrin-
sic fl uorescence. In line with previous observations for FVa 
and FVIII and their interactions with short chain phospho-
lipids and phospholipid analogs, 11  ,  24  we interpreted that the 
spectral differences refl ected small conformational changes 
in the protein structure, as a result of interaction with OPLS. 
Fitting the data to Equation 4 (see Methods section and      Fig-
ure 3B ) allowed the determinations of an apparent K D  value 

 Figure 2.    Sandwich enzyme-linked immunosorbent assay 
(ELISA) for free and phospholipid analog complexes of 
BDDrFVIII. Binding of monoclonal antibody ESH4 (2302-
2332) to BDDrFVIII in the presence of lipid head group or 
liposomes (DMPC:BPS [70:30]). In all preparations, BDDrFVIII 
concentration was kept constant (150 ng/mL) and lipid 
concentrations are indicated. The error bars represent standard 
deviation ( ± SD; n = 4). * depicts statistical signifi cance ( P  < .05, 
1-way analysis of variance (ANOVA); Dunnet post hoc 
analysis). BDDrFVIII indicates B domain deleted recombinant 
factor VIII; OPLS, O-phospho-L-serine; PA, phosphatidic acid; 
PS, phosphatidylserine; DMPC, dimyristoylphosphatidylcholine; 
and BPS, brain phosphatidylserine.  

 Figure 3.    Effect of OPLS on tertiary structure of BDDrFVIII. 
(A) Intrinsic fl uorescence spectra of BDDrFVIII in the presence 
of various concentrations of OPLS (from top to bottom: 0, 5, 10, 
20, 30, 40, 50, 60, 70, 80, 90, 100  m M). The peak maximum is 
indicated by the arrow. (B) Changes in F/F 0  as a function of 
OPLS concentration. The protein and the L-tryptophan (L-Trp) 
concentration were 17 nM and 400 nM, respectively. Excitation 
wavelength was set at 285 nm and emission was monitored at 
330 nm for protein-containing samples and at 348 nm for the 
L-Trp solution. BDDrFVIII indicates B domain deleted 
recombinant factor VIII and OPLS, O-phospho-L-serine.  
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of ~70.2  m M, suggesting that the affi nity of BDDrFVIII 
toward OPLS was weaker compared with the affi nity to PS 
containing lipid bilayer or platelets membrane (K D  ~5.1 
nM 25 ).    

  Effect of OPLS on the BDDrFVIII Biological Activity 
 In order to investigate if OPLS could have an effect on the 
biological activity of BDDrFVIII, the relative specifi c activ-
ity in the presence of different concentrations of OPLS was 
determined. As can be seen in  Table 1 , at concentration of 
up to 20 mM OPLS, no signifi cant changes in specifi c activ-
ity were observed, indicating that OPLS does not interfere 
with the biological activity of the protein.    

  Effect of OPLS on the Physical Stability of BDDrFVIII 
 It has been reported that both rFVIII and BDDrFVIII have a 
tendency to aggregate because of small conformational 
changes in the lipid binding region. 26  In order to test the 
hypothesis that the interaction of OPLS with the lipid 
binding region could reduce the propensity of the protein 
to aggregate, BDDrFVIII was subjected to thermal stress 
in the presence of different concentrations of OPLS. The 
aggregate content of the samples was determined using 
SEC, as described in the Methods section. The native 
BDDrFVIII was characterized by a single peak that eluted 
at ~8.15 minutes (     Figure 4 ). The exposure to elevated tem-
peratures resulted in the formation of aggregated species 
that eluted in the void volume of the column (~5.0 minutes). 
The ratio of the area under the curve of the aggregated peak 
to the native peak (ie, peak area ratio [PAR]) is a measure of 
the relative population of the aggregated and native species. 
In the absence of OPLS, the PAR parameter was estimated 
to be 0.365. As the concentration of OPLS is increased from 
0 to 20 mM, the area of the peak corresponding to native 
protein is increasing at the expense of the aggregated one, 
suggesting that OPLS interfered with the aggregation pro-
cess and exerted a stabilizing effect ( Table 2 ). The decrease 
in PAR from 0.365 to 0.165 (0 and 20 mM OPLS, respec-
tively) indicated a decrease in the aggregated species from 
~27% to 14% in the presence of OPLS.   

 Table 2.    Size Exclusion Chromatography  —  Peak Area Ratio 
and Relative Total Peak Area of the Aggregated Peak to the 
Native Peak as a Function of OPLS Concentration*  

  OPLS Peak Area Ratio Relative Total Peak Area   

  0 mM 0.365 100% 
 5 mM 0.218 171% 
 20 mM 0.165 210%  
  *OPLS indicates O-phospho-L-serine.   

   Furthermore, the total peak area is a measure of the total 
concentration of soluble species in a sample that can be 
resolved by gel fi ltration. As can be seen from the data in 
 Table 2 , the total peak area increased with the concentration 
of OPLS, suggesting that, in the presence of the lipid ana-
logs, less insoluble species were formed under thermal 
stress. This observation further substantiated that OPLS 
interfered with the aggregation process of BDDrFVIII.  

  Effect of OPLS in the Thermal Unfolding of BDDrVIII 
 To investigate the effect of OPLS on the thermal unfolding 
of BDDrFVIII, fl uorescence anisotropy measurements were 
acquired in the absence and presence of OPLS. Anisotropy 
is a parameter that is dependent on the molecular volume of 
the species. The anisotropy values should increase with 
increase in hydrodynamic radius following aggregation of 
the protein. 17  As can be seen in      Figure 5 , there was no sig-
nifi cant change in anisotropy values over the temperature 
range of 20°C to 45°C in the case of free BDDrFVIII, sug-
gesting that the protein does not undergo self-association 
under those conditions. However, at temperatures greater 
than 50°C, the anisotropy increased sharply, suggesting 
the formation of aggregates. The formation of aggregated 

 Table 1.    Effect of OPLS on the In Vitro Activity of BDDrFVIII*  

  OPLS
Relative Specifi c Activity of BDDrFVIII

  (% mean  ±  SD)  

  0 mM 99.4  ±  14.1 
 5 mM 101  ±  3.2 
 20 mM 95.4  ±  3.2  
  *OPLS indicates O-phospho-L-serine; BDDrFVIII, B domain deleted 
recombinant factor VIII; and SD, standard deviation.   

 Figure 4.    Effect of O-phospho-L-serine (OPLS) on the 
aggregation behavior of B domain deleted recombinant factor 
VIII (BDDrFVIII). Size exclusion chromatography profi les of 
BDDrFVIII subjected to thermal stress in the presence of 
different concentrations of OPLS. Samples were incubated at 
50°C for 90 minutes and cooled to room temperature before 
analysis. Elution time was shown in minutes. The peak at ~8.1 
minutes corresponded to the native protein and the peak at ~5.0 
minutes represented the aggregated species. The Y-axis is shown 
in arbitrary units.  
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protein species was further supported by the isothermal 
SEC studies (     Figure 4 ). In the presence of OPLS, the melt-
ing profi le shifted to higher temperatures. The increase in 
anisotropy values in the presence of OPLS was observed 
only at higher temperatures (above 60°C) compared with 
the free protein (55°C), indicating that the aggregation was 
delayed by OPLS. To investigate whether this stabilizing 
effect is due to the specifi c interaction between protein and 
OPLS, a control experiment was performed in the presence 
of PC as there is no specifi c interaction between PC and 
BDDrFVIII. 27  As can be seen in      Figure 5 , only OPLS, but 
not PC, can delay the onset of the aggregation process, 
emphasizing that (1) the molecular interaction between pro-
tein and OPLS is required for the stabilizing effect and (2) 
conformational changes in the lipid binding domain initiate 
the aggregation of FVIII.   
 The aggregation and stability of factor VIII have been stud-
ied extensively (Grillo et al, 28  Derrick et al, 29  Fatouros 
et al, 30  Wang and Kelner, 31  and Ramani et al 16  ,  26 ). Factor 
VIII is susceptible to aggregation, and it leads to loss of 
activity. Grillo et al 28  have shown that the aggregation is the 
result of minor conformational changes in the tertiary struc-
ture of the protein. Based on biophysical and biochemical 
studies, Ramani et al 26  have shown that the conformational 
changes in the lipid binding domain may be at least partly 
responsible for the initiation of the aggregation. Since OPLS 
binds to this region, it is possible that this ligand binding 
may inhibit the aggregation process. At this point, the 

molecular events that contribute to the stabilization of the 
protein are not clear. In the case of the recombinant human 
interleukin-1 receptor antagonist and other proteins, the 
addition of the excipients into the formulation caused a 
small increase in the free energy between the native and the 
intermediate/denatured states that turned out to be suffi cient 
in suppressing the aggregation process and in increasing the 
shelf-life of the products. 32-34  Similarly, it is possible that 
the weak binding of OPLS to BDDrFVIII (K D  = 70.2  m M) 
might cause suffi cient stabilization and might be ample to 
prevent the aggregation of the protein. In addition, we spec-
ulate that OPLS binds to the lipid binding region, inducing 
small conformational changes that, in turn, could inhibit 
the aggregation process. Further, it is likely that OPLS-
mediated stabilization may also involve partially unfolded 
states, thus interfering with the aggregation kinetics. Despite 
the fact that OPLS specifi cally binds to factor VIII, it is 
possible that OPLS mediated stabilization of proteins can 
be extended to other proteins.  

  Immunological Properties of BDDrFVIII-OPLS 
Complex 
 Based on the presence of immunodominant epitopes within 
C2 domain 8  and its interaction with lipid membranes, 9  ,  21  ,  22  ,  35  
we hypothesize that the interaction of OPLS with the lipid 
binding region of the C2 domain would have an effect on 
the immunological properties of BDDrFVIII. We tested the 
immune properties of BDDrFVIII-OPLS complex and of 
the free protein in a murine model of hemophilia A. Sub-
cutaneous route of administration was chosen to magnify 
immune response to enable statistical analysis. 11  
 The neutralizing antibody titers were determined using the 
Nijmegen modifi cation of the Bethesda assay. 7  Following 4 
doses of 1  m g BDDrFVIII, the inhibitory antibody titers for 
animals treated with BDDrFVIII-OPLS complex were 
177  ±  36 BU/mL ( ± SEM, n = 9). These titers were signifi -
cantly lower than that observed for animals given free-
BDDrFVIII (461  ±  85 BU/mL [ ± SEM, n = 12]) (     Figure 6 ). 
The magnitude of observed response is higher in this animal 
model than that observed in hemophilia A patients, possibly 
because of the administration of a human protein in a non-
tolerized, non-human model via the sc route at a dose that 
was 6-fold higher than usually used in clinical situations. 
Nevertheless, the type and mechanism of antibody develop-
ment are similar between murine and humans. 36    
 The mechanism of the reduction in immunogenicity 
observed for the treatment with BDDrFVIII-OPLS complex 
compared with administration of free BDDrFVIII is not 
completely understood. It is possible that OPLS binding 
to lipid binding region induces minor conformational 
changes in this immunodominant epitope that, in turn, could 
alter the processing of the protein by the immune system. 

 Figure 5.    Effect of O-phospho-L-serine (OPLS) on the thermal 
unfolding of B domain deleted recombinant factor VIII 
(BDDrFVIII). Steady-state fl uorescence anisotropy 
measurements in the absence and presence of phospholipids 
analog (10 mM). Changes in anisotropy were monitored over the 
temperature range of 20°C to 80°C using a heating rate of 1°C/
min. Excitation and emission were set at 285 nm and 333 nm, 
respectively. PC indicates phosphatidylcholine.  
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This fi nding is consistent with this study ’ s preliminary data, 
which showed that OPLS suppressed the T-cell prolifera-
tion and the secretion of relevant cytokines (data not shown). 
This observation is further supported by the fact that PS 
could modulate the antibody response against antigens, by 
the induction of the synthesis of anti-infl ammatory cyto-
kines, such as the transforming growth factor-beta. 37  In 
addition, OPLS offers the additional advantage as an excipi-
ent in that its binding to FVIII reduces aggregation of the 
protein. It has been shown that aggregated protein species 
are expected to promote an adverse immune response, as it 
has been shown in the case of the human growth hormone 
and other therapeutic proteins. 38  ,  39  Thus, it is possible that 
OPLS may act as a multifunctional excipient for FVIII and 
could be useful for improving stability and reducing the 
immunogenicity of FVIII preparations.   

  CONCLUSION 
 Overall, the data presented here demonstrate that specifi c 
molecular interaction of BDDrFVIII occurs with OPLS result-
ing in less protein aggregation and less immunogenicity.  
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