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ABSTRACT

Replacement therapy with exogenous recombinant factor
VII (rFVIII) to control bleeding episodes results in the
development of inhibitory antibodies in 15% to 30% of
hemophilia A patients. The inhibitory antibodies are mainly
directed against specific and universal immunodominant
epitopes located in the C2 domain. Previously we have
shown that complexation of O-phospho-L-serine (phos-
phatidylserine head group) with the phospholipid binding
region of the C2 domain can lead to an overall reduction in
the immunogenicity of rFVIIL. Here, we have investigated
the hypothesis that dicaproyl phosphatidylserine, a short-
chain water-soluble phospholipid, can reduce the immuno-
genicity of rFVIIL. Circular dichroism and fluorescence
spectroscopy studies suggest that dicaproyl phosphatidyl-
serine interacts with rFVIII, causing subtle changes in the
tertiary and secondary structure of the protein. Sandwich
enzyme-linked immunosorbent assay studies indicate that
dicaproyl phosphatidylserine probably interacts with the
phospholipid binding region of the C2 domain. The immu-
nogenicity of FVIII-dicaproyl phosphatidylserine com-
plexes prepared at concentrations above and below the
critical micellar concentrations of the lipid were evaluated
in hemophilia A mice. Our results suggest that micellar
dicaproyl phosphatidylserine may be useful to reduce the
immunogenicity of rFVIII preparations.

KEYWORDS: Hemophilia A, inhibitor development, aggre-
gation, recombinant human factor VIII, protein folding,
factor VIII-DCPS complex

INTRODUCTION

Factor VIII (FVIII) is a multidomain glycoprotein that com-
prises 6 main domains: NH,-A1-A2-B-A3-C1-C2-COOH.!
The protein is synthesized mainly in the liver cells as a 2351
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residue single-chain precursor protein.2 Prior to secretion,
the protein is proteolytically processed to form the heavy
chain (A1-A2-B) having a molecular weight of 90 to 180
kDa and the light chain (A3-C1-C2) having a molecular
weight of ~80 kDa.35 The heavy and the light chains
are held together by a divalent calcium ion.® The protein
circulates in the plasma as a complex with von Willebrand
factor.”

Hemophilia A is a life-threatening bleeding disorder caused
by deficiency or dysfunction of FVIIL.!® Hemophilia A pa-
tients usually experience spontancous bleeding that can be
controlled only by the exogenous administration of FVIII
preparations.!! Currently, replacement therapy with recom-
binant FVIII (rFVIII) preparations is the treatment of choice
for controlling the bleeding episodes. However, replace-
ment therapy with rFVIII preparations leads to the develop-
ment of inhibitory antibodies in 15% to 30% of patients.!2
The pathophysiology of inhibitor development is not com-
pletely understood, with genetic and product-related factors
being implicated as contributors to the development of inhib-
itors.!3:14 Development of inhibitors complicates replace-
ment therapy with rFVIII preparations, necessitating more
frequent and higher doses to control the bleeding episodes.
Alternative treatment strategies such as bypass therapy with
factor VIIa!S or porcine FVIIL'® and immune tolerance
therapy with high doses of rFVIIL,!7 have been used to
manage patients with inhibitors. However, these alterna-
tives are not successful in all patients and significantly
increase the cost of therapy. Hence, rFVIII preparations that
prevent the development of inhibitors are desirable.

The main immunodominant epitopes of rFVIII have been
found to be located in the C2, A3, and A2 domains of
FVIIL.!%18-20 Additionally, the C2 domain region 2291 to
2330 has been shown to encompass several universal
immunodominant epitopes for CD4+ T cells.2l:22 The
phospholipid binding region 2303 to 2332 is also located
in this area and has structural features of universal immuno-
dominant epitopes.??

We have previously shown that O-phospho-L-serine,2*
the head group of phosphatidylserine and phosphatidyl-
serine-rich liposomes (K. Ramani, V. Purohit. R.M.
Straubinger, S.V. Balasubramanian, unpublished data,
2005) capable of binding to the phospholipid binding
region, can reduce the immunogenicity of rFVII in
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hemophilia A mice. Dicaproyl phosphatidylserine (DCPS)
is a unique water-soluble lipid that can exist as micelles at
concentrations above the critical micellar concentrations
(CMCs). Both the soluble and micellar forms of DCPS
may interact with rFVIII because of the presence of the
phosphoserine head group and influence the immunoge-
nicity of rFVIII. Here, we have investigated the effects of
DCPS, a short-chain phosphatidylserine capable of exist-
ing in the soluble (monomolecular) as well as micellar
(multimolecular assembly) forms, on the immunogenicity
of rFVIII in hemophilia A mice. The effects of DCPS on
the secondary and tertiary structure of rFVIII were inves-
tigated using circular dichroism (CD) and fluorescence
spectroscopy, respectively. We confirmed that DCPS can
bind to the phospholipid binding region of the C2 domain
of rFVIII using sandwich enzyme-linked immunosorbent
assay (ELISA). We have also evaluated the impact of
DCPS on the immunogenicity of rFVIII hemophilia A
mice. The results suggest that DCPS may be useful in
reducing the immunogenicity of rFVIII.

MATERIALS AND METHODS
Materials

rFVIII was obtained from Baxter Healthcare (Carlsbad,
CA). Monoclonal antibodies ESH4 and ESH8 were ob-
tained from American Diagnostica Inc (Greenwich, CT).
Activity assays were performed with normal coagulation
control plasma and FVIII-deficient plasma purchased from
Trinity Biotech (Co Wicklow, Ireland). Platelin L reagent
was purchased from BioMerieux (Durham, NC). The acti-
vated partial thromboplastin time (APTT) and Bethesda
assay was performed using a COAG-A-MATE coagulation
analyzer (Organon Teknika Corporation, Durham, NC).
Diethanolamine, tryptophan, and 30% essentially immu-
noglobulin-free bovine serum albumin were obtained from
Sigma (St Louis, MO). 1,6-Diphenyl-1,3,5-hexatriene was
obtained from Molecular Probes (Eugene, OR). p-Nitro-
phenyl phosphate was purchased from Pierce (Rockford,
IL). DCPS and dicaproyl phosphatidylcholine (DCPC) as
chloroform solutions were obtained from Avanti Lipids
(Alabaster, AL). All buffer salts were purchased from
Fisher Scientific (Fair Lawn, NJ) and used without further
purification.

Determination of CMC of DCPS

Lipid films corresponding to various amounts (SuM-
1uM) of DCPS were prepared from a chloroform stock
solution by evaporating the solvent in a rota-evaporator.
The films were reconstituted with Tris buffer (SmM or
ImM CaCl,, 25mM Tris, and 300mM NaCl, pH = 7) by
vortexing to obtain 5, 4.5, 4, 3.5, 3, 2.5, 2, and ImM DCPS

solutions. Two L of a 0.005M, 1,6-diphenyl-2,4,6-
hexatriene (DPH) solution in tetrahydrofuran was added
to the above solutions, incubated at 37°C for 30 minutes,
and stored in the dark for 1 hour. The fluorescence of the
samples was measured in a PTI-Quantamaster fluores-
cence spectrophotometer (Photon Technology Interna-
tional, Lawrenceville, NJ). Excitation wavelength was set
at 360 nm, and emission was monitored at 430 nm. An
I-shaped cuvette was used for all fluorescence measure-
ments to minimize any interference due to scattering
caused by the presence of micelles. The fluorescence in-
tensities were plotted against the concentration of DCPS,
and independent linear regressions were performed on the
data above and below the putative CMC. The point of
intersection of the 2 independent linear regressions was
considered the CMC for DCPS.

Preparation of rFVIII-DCPS Complexes

rFVIII-DCPS complexes were prepared by diluting a
concentrated stock solution of rFVIII in buffer compris-
ing 0.05mM (below CMC) or 5SmM (above CMC) DCPS
in 25mM Tris, ImM CaCl,, and 300mM NaCl, pH 7.0.
The solution was incubated at room temperature for
30 minutes. rFVIII complexes with DCPC were also pre-
pared as described for rFVIII-DCPS complex by diluting
with Tris buffer containing 0.05mM (below CMC) DCPC.
For the immunogenicity studies, the solutions were pre-
pared using pyrogen-free water and were sterile filtered
prior to use.

Effect of DCPS on Tertiary Structure of rFVIII

A stock solution of DCPS at a concentration of 1mM was
prepared in Tris buffer (25mM Tris, 300mM NaCl, and SmM
CaCl,, pH 7) containing 0.017uM rFVIIL. Required volumes
of the above solution as calculated by the alligation method
were added to a 0.017uM solution of rFVIII in Tris buffer to
obtain various concentrations of DCPS. Each addition was
followed by an equilibration period of ~5 minutes before the
fluorescence of the sample was measured. The fluorescence
measurements of tFVIII in the presence of various concentra-
tions of DCPS were performed using a PTI-Quantamaster
fluorescence spectrophotometer (Photon Technology Interna-
tional, Lawrenceville, NJ). Excitation wavelength was set at
285 nm, and fluorescence intensity was monitored at 335 nm
for single wavelength measurements. Emission spectra were
obtained over a wavelength range of 300 to 400 nm. The fluo-
rescence intensity (F) at 335 nm at a given concentration of
DCPS was normalized to the fluorescence intensity of rFVIII
(F,) in the absence of DCPS, to obtain the F/F ratio. The F/F,,
ratio relates to rFVIII and DCPS concentrations by the fol-
lowing equation?>:
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where F,,, = maximal change in F/F,, P = total protein
concentration, Ky = binding constant, and Ly = total ligand
concentration.

The data were plotted as F/F, versus DCPS concentration
(wM) and fitted using WinNonlin (Pharsight, Mountain
View, CA) with Equation 1 to obtain estimates for Ky,. The
above equation assumes a stoichiometry (n) of 1 and a sin-
gle binding site. Attempts were also made to fit the data to
an equation assuming 2 independent binding sites.

Effect of DCPS on Secondary Structure of rFVIII

The effect of DCPS on the secondary structure of rFVIII
was studied in a manner identical to that described above.
rFVIII was used at a concentration of 0.068 .M, and changes
in secondary structure were monitored using far UV CD
spectroscopy. CD spectra were acquired using a JASCO-
715 spectropolarimeter (Jasco, Inc, Easton, MD) calibrated
with d-10 camphor sulfonic acid. The spectra were obtained
from 208 to 250 nm, and ellipticity was monitored at 215
nm in a 1-cm quartz cuvette. Furthermore, the CD spectrum
of rFVIII was corrected by subtracting the baseline spec-
trum of the appropriate concentration of DCPS in Tris
buffer. The ellipticity (E) at 215 nm at a given concentration
of DCPS was normalized to the ellipticity of rFVIII (E,) in
the absence of DCPS, to obtain the E/E, ratio. The E/E,
ratio relates to the rFVIII and DCPS concentrations by
Equation 1. The data were plotted and fitted as described
above to estimate Kp,.

Sandwich ELISA—Interaction of DCPS With rFVIII

Binding of DCPS to the phospholipid binding region of
rFVIII was confirmed by evaluating the ability of DCPS to
inhibit the binding of rFVIII to ESH4, an antibody that binds
to the phospholipid binding region of the C2 domain. The
above was confirmed using the sandwich ELISA protocol
described previously.2* DCPS was used at concentrations of
0.5, 2, and 5SmM. DCPC is a short-chain water-soluble ana-
log of phosphatidylcholine that has a CMC of 15 to 20mM.26
DCPC was also evaluated for its interaction with the phos-
pholipid binding region, as a control.

Effect of DCPS on Thermal Denaturation of rFVIII

All studies with DCPS were conducted at concentrations
below the CMC. The unfolding of rFVIII upon thermal
stress was monitored using CD spectroscopy. CD spectra
were acquired on a JASCO-715 spectropolarimeter cali-

brated with d-10 camphor sulfonic acid. The protein was
subjected to thermal denaturation in the presence and in the
absence of 0.05mM DCPS at a controlled heating rate of
60°C/hr from 20°C to 80°C and a 2-minute holding time at
every 5°C increment. Temperature was controlled using a
Peltier 300 RTS unit (Jasco, Inc), and the thermal unfolding
profiles were generated using software provided by the CD
instrument manufacturer. The data were represented as
change in ellipticity (06) as a function of temperature. 66
was computed as 6, — 6,, where 6, is the ellipticity of the
protein in the native state obtained by averaging the ellip-
ticities at the initial temperatures, and 6, is the ellipticity at
a given temperature. The transition temperature (T,,) for the
unfolding profile was obtained by fitting the data to a sig-
moid function (Equation 1) using WinNonlin.

Y
_ (Kwtive - Ktrgfolded) xT (2)
observed — ¥ native T % 4 Tmy

where Y, perveq 18 the ellipticity at 215 nm at a given temper-
ature, Y .. 1S the ellipticity of the native protein, Y ,r1ded 1S
the ellipticity of the unfolded protein, T,, is the transition
temperature, and vy is the fitting function.

Protein concentrations used were ~20 wg/mL in Tris buffer.
The spectral changes of the sample were monitored at 215
nm, and the spectra were obtained from 250 to 208 nm in a
1-cm quartz cuvette. The CD spectrum of rFVIII was cor-
rected by subtracting the baseline spectrum of 0.05mM
DCPS buffer. Higher concentrations of DCPS contributed
significantly to the buffer baseline and were not investigated.
The above thermal denaturation studies were conducted in
Tris buffer because of its low metal ion binding capacity.2’
Because of the high temperature coefficient of Tris buffer,
the observed changes at elevated temperatures could be due
to a combination of temperature and pH changes. However,
thermal denaturation of rFVIIl was also carried out in
morpholinepropane sulfonic acid (MOPS) buffer, which has
minimal pH change at elevated temperatures, and the pro-
files were comparable to those obtained in Tris.

Animals

A colony of hemophilia A mice (C57BL/6J with a target
deletion in exon 16 of the FVIII gene) was established with
breeding pairs from the original colony.?? Equal numbers of
adult male and female mice, aged 8 to 12 weeks, were used
for the studies. The sex of the animal has no impact on the
immune response.3°

Immune Response

Immunization of hemophilia A mice consisted of 4 weekly
subcutaneous (sc) injections of rFVIII or rFVIII-DCPS
complex. Each dose consisted of 2 g of protein in 100 pL
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of Tris buffer. The sc route of immunization was used
mainly to amplify the immune response against adminis-
tered rFVIIL.2* Blood samples by cardiac puncture were
obtained from immunized animals in the acid citrate dex-
trose buffer at 6 weeks postimmunization. The immunoge-
nicity of rFVIII-DCPC complex was also evaluated as an
additional control to evaluate the specificity of observed
effects. All studies were performed in accordance with the
guidelines of the Institutional Animal Care and Use Com-
mittee at the University at Buffalo.

Measurement of Total and Inhibitory Anti-rFVIII
Antibody Titers

Antibody titers were determined by standard antibody-
capture ELISA, as described previously.?* Inhibitory anti-
body titers were determined using the Nijmegen modification
of the Bethesda (NMB) assay, as described previously.?*
The inhibitory titers were expressed in terms of Bethesda
units (BU); 1 BU is the amount of antibody neutralizing
50% of FVIII activity under prescribed test conditions.
Higher inhibitory titers usually indicate higher concentra-
tions of inhibitory antibodies.

RESULTS AND DISCUSSION
CMC of DCPS

The CMC of DCPS was determined by fluorescence spec-
troscopy using DPH as a hydrophobic probe.3! At lipid con-
centrations below CMC, DPH exists predominantly in an
aqueous environment and exhibits low fluorescence. For-
mation of micelles results in the preferential partitioning of
the DPH into the hydrophobic regions of micelles with a
concomitant sharp increase in fluorescence. As can be seen
in Figure 1, an increase in the concentration of DCPS
beyond 2.3mM (estimated using regression, as described in
Materials and Methods) results in a sharp increase in fluo-
rescence intensity, indicating the formation of micelles.
At concentrations above CMC, formation of a flocculated
precipitate was also observed, possibly because of the in-
teraction of DCPS with Ca2*. This is consistent with the
observation that Ca2* ions interact with phosphatidylserine
to formnonlamellarlipidic structures suchas chochleates.32-33
Reduction in the CaZ* ion concentration to 1mM prevented
the formation of the precipitate without altering the CMC
(~2.7mM) of DCPS. Hence, subsequent experiments with
DCPS at concentrations above the CMC were conducted in
buffer containing 1mM CacCl,.

Effect of DCPS on Tertiary and Secondary
Structure of rFVIII

The tertiary structural changes of rFVIII were monitored by
steady-state fluorescence spectroscopy in the presence and
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Figure 1. Determination of the critical micellar concentration of
DCPS using DPH as a probe. DCPS indicates dicaproyl
phosphatidylserine; DPH, 1,6-diphenyl-1,3,5-hexatriene; CMC,
critical micellar concentration.

absence of DCPS. As can be seen in Figure 2a, increasing
concentrations of DCPS caused a decrease in the intrinsic
fluorescence of rFVIII at 335 nm. The decrease in intrinsic
fluorescence saturated at a DCPS concentration of ~50uM,
but this decrease was not accompanied by a shift in the N,
(Figure 2a). The addition of DCPS did not quench the fluo-
rescence of free tryptophan in solution (Figure 2b). The data
suggest that DCPS causes subtle changes in the tertiary
structure of rFVIII and are consistent with the observation
that DCPS causes similar changes in the tertiary structure
upon interaction with factor V,.3* The data were appropri-
ately described by Equation 1, which estimated an apparent
Kp of 3.31uM (£SE, 0.38) with a maximal change (F,,.,)
of ~32%. The above data further suggest that the interaction
of DCPS with rFVIII is similar to its interaction with
O-phospho-L-serine (OPLS), as reported earlier.* Hence,
the interaction of soluble forms of phosphoserine
(DCPS below CMC, and OPLS) is mainly mediated by the
phosphoserine moiety, with very little contribution from the
lipid component of the molecule.

The effect of DCPS on the secondary structure of rFVIII
was monitored using far UV CD spectroscopy. Because we
were unable to scan the far UV CD spectra beyond 205 nm
(because of buffer interference), the exact effect of DCPS
on the secondary structural elements (a-helix, (3-sheet, etc)
of rFVIII could not be ascertained unambiguously. How-
ever, structural changes were determined by monitoring the
changes in ellipticity at 215 nm in the presence and absence
of DCPS. Increasing concentrations of DCPS caused a
slight decrease in the negative ellipticity; this suggests
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Figure 2. Effect of DCPS on structure of rFVIIL. (a) Changes in the emission spectra of rFVIII as a function of DCPS concentration.
The sample was excited at 285 nm, and the emission spectra were obtained from 300 to 400 nm. (b) Changes in the intrinsic
fluorescence (F/F,) of rFVIII and tryptophan as a function of DCPS concentration. The excitation was set at 285 nm, and emission was
monitored at 335 nm with a 4-nm slit width. The protein concentration typically used was 0.017 wM. Tryptophan was used at a
concentration of 0.6 wM. Raw data for rFVIII were fitted using Equation 1 to obtain estimates for the binding parameters. (c) Changes
in the far UV-CD spectra of rFVIII obtained from 205 to 250 nm as a function of DCPS concentration. (d) Changes in the ellipticity
(E/E,) at 215 nm for rFVIII as a function of DCPS concentration. The protein concentration typically used was 0.064 uM in a 1-cm
pathlength cuvette. Raw data were fitted using Equation 1 to obtain estimates for the binding parameters. DCPS indicates dicaproyl
phosphatidylserine; rFVIII, recombinant factor VIII; CD, circular dichroism.

subtle changes in the secondary structure of the protein. The
data were fit into Equation 1, and the apparent K was esti-
mated to be 19.2uM (£SE, 6.98) with a maximal change of
~33%. The Kp estimated with CD spectroscopy studies
appears to be higher than that estimated with fluorescence
spectroscopy. This discrepancy is probably caused by a dif-
ference in the structural aspects of the protein being moni-
tored by the respective techniques. The estimated Kp is
hence a phenomenological Ky, and is representative of the
changes occurring in only the structural component being
monitored.

Sandwich ELISA—Interaction of DCPS With rFVIII

ESH4, a monoclonal antibody, binds to the phospholipid
binding region of rFVIII. Binding of DCPS to this region
would compete with ESH4 binding, resulting in a lower
ELISA response. As can be seen from Figure 3a, increasing
concentrations of DCPS caused a decrease in the binding of
rFVIII to ESH4, and this decrease was observed for concen-
trations both above and below the CMC. This indicates that
both the soluble and the micellar forms of DCPS can inter-
act with the phospholipid binding region of rFVIIL. As
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Figure 3. Binding of DCPS to the phospholipid binding region:
effect of (a) DCPS and (b) DCPC on the binding of rFVIII to
ESH4 as determined by sandwich enzyme-linked
immunosorbent assay. Insets: effect of preincubation of DCPS
and DCPC on the binding of rFVIII with ESH4. Statistical
analysis: analysis of variance followed by post hoc Dunnett test
(*, P <.05). DCPS indicates dicaproyl phosphatidylserine;
DCPC, dicaproyl phosphatidylcholine; rFVIII, recombinant
factor VIII.

DCPS has detergent-like properties, an additional control
experiment was conducted in which DCPS alone was incu-
bated with ESH4-coated wells before the addition of rFVIII.
As can be seen from the inset of Figure 3a, the optical densi-
ties were independent of the concentration of DCPS, which
rules out the possibility of stripping of the immobilized

ESH4 by DCPS. Hence, the observed reduction in rFVIII
binding to ESH4 in the presence of DCPS is mainly due to
competition between ESH4 and DCPS for binding to the
phospholipid binding region of rFVIIL

The interaction of DCPC to the phospholipid binding region
was also investigated in the sandwich ELISA at concentra-
tions above and below the CMC. As can be seen in Figure
3b, DCPC did not interfere with the binding of rFVIII to
ESH4. This suggests that DCPC does not interact with the
phospholipid binding region of rFVIII and the interaction of
DCPS with rFVIII is specific.

Effect of DCPS on Thermal Denaturation of rFVIII

Our previous studies have shown that rFVIII aggregation
may at least in part be initiated by conformational changes
in the phospholipid binding region in the C2 domain of
rFVIIL35 Because DCPS binds to the phospholipid binding
region, we determined the effect of DCPS on the aggrega-
tion behavior of rFVIII using CD under thermal denaturing
conditions. Thermal stress was chosen to investigate the
effects of DCPS, as it is frequently used to understand pro-
tein folding and stability issues.3¢

The thermal unfolding of rFVIII at a heating rate of 60°C/hr
in the presence and absence of DCPS was monitored at
215 nm using far UV-CD spectroscopy. As can be seen for
rFVIII (Figure 4, inset), there was no significant change in
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Figure 4. Effect of DCPS on thermal denaturation of rFVIII: far
UV-CD spectra of rFVIII and rFVIII-DCPS after heating to
80°C. Inset: Thermal unfolding profiles of rFVIII in the presence
(*) and absence (0) of DCPS. The protein concentration was ~20
pg/mL, and DCPS was used at a concentration of 0.05mM.
DCPS indicates dicaproyl phosphatidylserine; rFVIII,
recombinant factor VIII; CD, circular dichroism.

E367



The AAPS Journal 2006; 8 (2) Article 41 (http://www.aapsj.org).

the ellipticity values over the temperature range of 20°C to
45°C. Beyond 50°C an increase in negative ellipticity was
observed. The midpoint of the transition as determined by
fitting to Equation 2 was ~60°C. In the presence of DCPS, a
similar profile was obtained, suggesting that the intrinsic
stability of rFVIII was unaltered.

Far UV-CD spectra were also acquired at various tempera-
tures along the thermal unfolding profile of rFVIII in the
presence and absence of DCPS. The far UV-CD spectrum
of rFVIII (Figure 2c) acquired at 20°C showed a broad
negative band at 215 nm, suggesting that the protein exists
predominantly in a (3-sheet conformation. At elevated tem-
peratures the spectrum showed (Figure 4) a bathochromic
shift in the negative band at 215 nm with a positive band
beyond 210 nm, indicating the formation of aggregates
stabilized by intermolecular B-strands.’®> However, in the
presence of DCPS the far UV-CD spectral features charac-
teristic of intermolecular (-strands were not observed
(Figure 4), indicating that DCPS interfered with the aggre-
gation of the protein by preventing conformational transi-
tions necessary for the formation of intermolecular 3-strands.

Immunogenicity of rFVIII-DCPS Complex

DCPS interacts with the C2 domain of rF VIII, which encom-
passes several immunodominant epitopes.2!-*2 Hence, we
tested the hypothesis that administration of rFVIII com-
plexed to DCPS could reduce the overall immunogenicity
of rFVIII in hemophilia A mice. The hemophilia A mice
have enabled investigations of the immune responses against
rFVIIL, as the immune response observed in this animal
model has been shown to be qualitatively similar to that
observed in humans.3%-37 Additionally, the murine hemo-
philia A model has been employed to test strategies that
could reduce the immunogenicity of rFVIIL.383° Immuno-
genicity studies were conducted following subcutaneous
administration of the protein to amplify the immune response
for meaningful comparison. The total antibody titers and
inhibitory titers in immunized mice were determined by
antibody capture ELISA and NMB assay (Figure 5).

rFVIII-DCPS complexes were prepared at DCPS concen-
trations below the CMC, and their immunogenicity was
compared with rTFVIII’s. The total antibody titers for ani-
mals given rFVIII with soluble DCPS below CMC (rFVIII-
DCPS,,)) and rFVIII alone are shown in Figure 5a. Animals
given rFVII-DCPS,, had slightly lower total antibody
titers (9.40E+03 £+ 1.89E+03, = SEM, n = 12) relative to
animals given rFVIII alone (1.32E+04 + 2.04E+03, = SEM,
n = 15). A similar pattern (Figure 5b) was also observed for
the inhibitory titers: animals administered rFVIII-DCPS
had lower inhibitory titers (5.01E+02 + 104 BU/mL, *
SEM, n = 9) relative to animals given rFVIII alone
(6.90E+02 + 78.1 BU/mL, = SEM, n = 13). Although the
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Figure 5. Effect of DCPS on the immunogenicity of rFVIII: (a)
total mean antibody titers against rFVIII as determined by
antibody capture enzyme-linked immunosorbent assay; and (b)
inhibitory antibody titers as determined by Nijmegen
modification of the Bethesda assay at 6 weeks in hemophilia

A mice immunized with rFVIII, rFVIII-DCPS,, or rFVIII-
DCPS,,c. Error bars, + SEM. Statistical analysis: analysis of
variance followed by post hoc Dunnett test (*, P <.05). DCPS
indicates dicaproyl phosphatidylserine; rFVIII, recombinant
factor VIII; BU, Bethesda unit.

total and inhibitory titers for rFVIII-DCPS,, were lower
than those observed for rF VI, statistical significance could
not be achieved. We also evaluated the effect of DCPC
(rFVII-DCPCg,) on the immunogenicity of rFVIII as a
control. Animals given rFVIII-DCPC,,; had mean total
(9.62E+03 + 1.20E+03 BU/mL, = SEM, n = 12) and inhibi-
tory (5.63E+02 = 119 BU/mL, £ SEM, n = 8) antibody titers
slightly higher than those observed for rFVIII-DCPS;,
although statistical significance was not achieved. This may
suggest that only DCPS is lowering the immunogenicity of
rFVIII at concentrations below CMC.

We also investigated the effects of DCPS on the immuno-
genicity of rFVIII at concentrations (SmM) where DCPS
would exist as micelles (rFVIII-DCPS,,;.). As can be seen in
Figure 5, animals given rFVIII-DCPS,;. had significantly
lower total (3.51E £ 03 £ 332, £ SEM, n= 12, P <.05) and
inhibitory (295 + 84.0 BU/mL, £ SEM, n = §, P <.05) anti-
body titers relative to animals given rFVIII alone. This sug-
gests that the micellar form of DCPS reduced the immune
response against rEVIII.

The reason for the lower immune response observed for
rFVIII complexed to micellar forms of the DCPS is not
clear. However, we believe that processing of rFVIII by the
immune system in the presence of DCPS micelles is ineffi-
cient. The inefficient processing can in turn lead to reduced
stimulation of the T helper cells, B cells, and concomitant
cytokine (IL-10) production that is necessary for sustaining
a humoral immune response.

CONCLUSION

Overall, our findings suggest that short-chain phospholipids
such as DCPS may be promising excipients for reducing the
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immunogenicity of rFVIII and warrant further investiga-
tion. The above results further confirm our previous obser-
vations, which had suggested that molecules and molecular
assemblies capable of interacting with the lipid binding
region of rFVIII may be useful multifunctional excipients
for rFVIIL.24.35
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