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Essentials

• Factor VIII inhibitors are the most serious complication

in patients with hemophilia A.

• Aggregates in biopharmaceutical products are an

immunogenic risk factor.

• Aggregates were identified in recombinant full-length

factor VIII products.

• Aggregates in recombinant factor VIII products are

identified by analytical ultracentrifugation.

Summary. Background: The development of inhibitory

anti-factor VIII antibodies is the most serious complica-

tion in the management of patients with hemophilia A.

Studies have suggested that recombinant full-length FVIII

is more immunogenic than plasma-derived FVIII, and

that, among recombinant FVIII products, Kogenate is

more immunogenic than Advate. Aggregates in biophar-

maceutical products are considered a risk factor for the

development of anti-drug antibodies. Objective: To evalu-

ate recombinant full-length FVIII products for the pres-

ence of aggregates. Methods: Advate, Helixate and

Kogenate were reconstituted to their therapeutic formula-

tions, and subjected to sedimentation velocity (SV) analy-

tical ultracentrifugation (AUC). Additionally, Advate and

Kogenate were concentrated and subjected to buffer

exchange by ultrafiltration to remove viscous cosolvents

for the purpose of measuring s20,w values and molecular

weights. Results: The major component of all three prod-

ucts was a population of ~7.5 S heterodimers with a

weight-average molecular weight of ~230 kDa. Helixate

and Kogenate contained aggregates ranging from 12 S to

at least 100 S, representing ≈ 20% of the protein mass.

Aggregates greater than 12 S represented < 3% of the

protein mass in Advate. An approximately 10.5 S aggre-

gate, possibly representing a dimer of heterodimers, was

identified in buffer-exchanged Advate and Kogenate. SV

AUC analysis of a plasma-derived FVIII product was

confounded by the presence of von Willebrand factor in

molar excess over FVIII. Conclusions: Aggregate forma-

tion has been identified in recombinant full-length FVIII

products, and is more extensive in Helixate and Kogenate

than in Advate. SV AUC is an important method for

characterizing FVIII products.

Keywords: aggregates; analytical ultracentrifugation;

factor VIII; hemophilia A; immunogenicity.

Introduction

The most serious complication in the management of

patients with hemophilia A is the development of inhibi-

tory anti-factor VIII antibodies (inhibitors). Inhibitors

occur in 30–40% of previously untreated children with

hemophilia A following initiation of FVIII replacement

therapy [1–4]. Patient-related risk factors for inhibitor

development include poorly understood genetic and non-

genetic factors [5,6]. Observational studies have indicated

that recombinant products are more immunogenic than

plasma-derived products [7–9], although this has not been

confirmed by other studies [4,10–13]. The randomized

SIPPET trial found that patients treated with plasma-

derived FVIII containing von Willebrand factor (VWF)

had a lower incidence of inhibitors than those treated

with recombinant FVIII [14]. The differential immuno-

genicity was higher in patients with a relatively low risk

of inhibitor development because of non-null mutations

in the F8 gene [15]. Additionally, observational studies

have indicated that, among the recombinant full-length

FVIII products, Kogenate and Helixate are more
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immunogenic than Advate [4,16,17]. The problems associ-

ated with interpreting these studies have been discussed

extensively [18–20].
Protein aggregates in biopharmaceuticals constitute a

risk factor for the development of anti-drug antibodies

[21]. Aggregation is defined as self-association of a pro-

tein to form stable covalent or non-covalent complexes.

Sedimentation velocity (SV) analytical ultracentrifugation

(AUC) has emerged as a powerful method for detecting

protein aggregates in biopharmaceuticals [22]. In contrast

to size exclusion chromatography (SEC), gel electrophore-

sis, and other fractionation-dependent techniques, SV

AUC is a matrix-free method that does not disturb the

self-association process, and provides size and conforma-

tion information about the protein and its aggregates.

Additionally, analysis can be performed in the product

formulation buffer. The most widely used method for

measuring protein aggregates by SV AUC is c(s) distribu-

tion analysis with the program SEDFIT [23,24]. This

method produces an estimate of the distribution of sedi-

mentation coefficients within a heterogeneous population

of proteins, buffer components, and excipients. Addition-

ally, it provides an estimate of the mass of aggregates pre-

sent in a protein product.

In this study, we reconstituted Advate, Helixate and

Kogenate into their injectable formulations, and subjected

the products to SV AUC. We identified aggregates

extending up to 100 S in Helixate and Kogenate. Addi-

tionally, in all three products, we identified a 10.5 S

aggregate that represents a dimer of FVIII heterodimers.

Materials and methods

Materials

Advate (Baxter, Westlake Village, CA, USA), Helixate

FS (CSL Behring, Kankakee, IL, USA) and Kogenate FS

(Bayer Corporation, Whippany, NJ, USA) were pur-

chased from their respective manufacturers. Manufactur-

ing lots and product characteristics are described in

Tables S1 and S2. Formulated products were prepared by

adding Sterile Water for Injection by use of the kits and

instructions provided by the manufacturers. These formu-

lations represent the products as they would be adminis-

tered to a patient. FVIII activity measured with a one-

stage clotting assay [25] yielded values within the experi-

mental error of the nominal values in Table S1. Advate,

Helixate and Kogenate also were concentrated 4.6-fold

and subjected to buffer exchange by repeated filtration

with an Amicon Ultra-15 Ultracel-30K centrifugal filter.

After passivation of the filter with 0.15 M NaCl, 0.02 M

HEPES and 5 mM CaCl2 (HBS/Ca2+) with 0.01%

polysorbate 80 (pH 7.4), 1.5-mL samples were filtered by

centrifugation at 2400 9 g at 4 °C to ~ 0.05 mL; this

was followed by the addition of 3.9 mL of HBS/Ca2+,

and further concentration to ~ 0.05 mL. After the

centrifugation/filtration step had been repeated three

times, the sample was collected in 0.33 mL of HBS/Ca2+.

Wilate (870 IU of VWF ristocetin cofactor activity per

vial; 940 IU of FVIII per vial) was purchased from Octa-

pharma (Vienna, Austria), and reconstituted to its thera-

peutic formulation by adding Sterile Water for Injection.

Human plasma-derived VWF was purified as described

previously [26]. Polysorbate 80 (10% Tween-80 Surfact-

Amps Detergent Solution) was purchased from Thermo

Scientific (Waltham, MA, USA). Anotop 10 0.02-lm syr-

inge filters were purchased from Sigma Aldrich (St Louis,

MO, USA). Amicon Ultra-15 Ultracel-30K centrifugal fil-

ters were purchased from Merck Millipore (Billerica, MA,

USA).

UV absorbance spectroscopy

UV absorbance scans of formulated Advate, Helixate and

Kogenate and of polysorbate 80 were performed in a Beck-

man DU650 spectrophotometer (Indianapolis, IN, USA)

in a 1-cm-pathlength quartz cell blanked against water.

AUC

SV experiments were performed at 105 000 9 g on Advate,

Helixate, Kogenate, and Wilate, or at 42 000 9 g on puri-

fied VWF at 20 °C in a Beckman Coulter ProteomeLab

XLI analytical ultracentrifuge. Scanning was performed at

280 nm in an An-60 rotor equipped with 12-mm-path-

length double-sector cells and sapphire windows. For for-

mulated Advate, Helixate, Kogenate, Wilate, and VWF,

water was used in the reference sector. For buffer-

exchanged samples, ultrafiltration buffer was used in the

reference sector. Sample and reference buffer volumes were

0.40 mL each. Scans were initiated in continuous mode

with a radial spacing of 0.003 cm after reaching the target

rotor speed, and were acquired at intervals of ≈ 3 min.

Data were analyzed with SEDFIT, version 15.01c (http://a

nalyticalultracentrifugation.com) by use of the continuous

c(s) distribution model [23,27]. This model produces a least

squares fit of the absorbance signal as a function of radial

position and time to a set of Lamm equations correspond-

ing to a user-defined range and increments of sedimenta-

tion coefficients. The meniscus position, baseline and

time-invariant noise were also fitted. Fitting was performed

by maximum entropy regularization with a confidence

interval of 0.68. Both the simplex and Marquardt–Leven-
berg non-linear least squares fitting algorithms were tested,

and produced equivalent results.

Molecular weight estimates were obtained for the domi-

nant species in buffer-exchanged Advate and Kogenate

from the Svedberg equation by deconvoluting the contri-

bution of diffusion to the observed signal as described

previously [23,28]. The sedimentation coefficients (s20,w
values) of buffer-exchanged Advate and Kogenate were

converted to the standard condition of water as reference
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solvent at 20 °C as described by Svedberg and Pedersen

[29]. The viscosity and density of the exchange buffer

used in the determination were estimated with SEDNTERP

(http://sednterp.unh.edu) [30]. SV graphs were plotted

with GUSSI version 1.2.1 [31].

Weight-average molecular weight and partial specific

volume of full-length FVIII

The weight-average molecular weight and partial specific

volume of full-length FVIII were estimated from the frac-

tional distribution of FVIII heterodimers and their glycan

contents following integration of SEC peaks of fraction-

ated FVIII light chain (LC) and heavy chain (HC) species

1–817, 1–1115, and 1–1313 [32]. The mole fraction of

each species, fi, was estimated by the use of molar extinc-

tion coefficients predicted from their tryptophan, tyrosine

and cystine contents [33], with

fi ¼
Fi=eHCiP3
i¼1

Fi=eHCi

where Fi and ei are the signal of the integrated SEC peak

and the extinction coefficient of HC species i, respec-

tively.

The A1 domain and LC each have two N-linked glycans

[34]. In the B domain, there are 14 occupied N-linked gly-

can sites between residues 741 and 1313 [34], yielding two,

nine and 14 N-linked glycans for the HC1–817, HC1–1115

and HC1–1313 species, respectively. Most of the N-linked

glycans in full-length FVIII are (i) disialo, core-fucosylated

biantennary, (ii) monosialo, core-fucosylated biantennary

and (iii) trisialo core-fucosylated triantennary glycans at a

weight ratio of approximately 2.2 : 1 : 1 [35]. This ratio

produces a weight-average glycan mass of 2439 Da.

The glycan mass obtained by multiplying the number of

N-linked glycans by weight-average mass was added to the

polypeptide mass to estimate the molecular weight of each

heterodimer.

The weight fraction of species i is given by

wi ¼ fiMiP3
i¼1 fiMi

where Mi is the molecular weight and fi is the mole frac-

tion. The weight-average molecular weight is

Mw ¼
X3

i¼1

wiMi

Using the estimates of fi and Mi yielded a weight-average

molecular weight for full-length FVIII of 246 kDa.

The partial specific volume, �m , of a glycoprotein was

estimated by using

�m ¼ wpolypeptide�m polypeptide þ wglycan�m glycan

where wpolypeptide and wglycan and �mpolypeptide and �mglycan
are the weight fractions and partial specific volumes of

the polypeptide and glycan. The partial specific volumes

of the HC1–817–LC, HC1–1115–LC and HC1–1313–LC het-

erodimers estimated with SEDNTERP are, identically,

0.733 mL g�1. A partial specific volume of glycoprotein

glycans of 0.63 mL g�1 was used [36]. With these values

and the fractional glycan content of the FVIII heterodi-

mers, a weight-average partial specific volume of

0.719 mL g–1 was obtained for full-length FVIII.

SEC

SEC was performed on 0.1-mL samples with a Superdex

200 Increase 10/300GL column (GE Healthcare Life

Sciences, Marlborough, MA, USA) at 0.75 mL min�1,

with 0.4 M NaCl, 0.025 M HEPES, 5 mM CaCl2 and

0.01% Tween-80 (pH 7.4) as the running buffer, and

absorbance at 280 nm for detection. Advate (Lot 2) and

Kogenate (Lot 3) were reconstituted to their therapeutic

formulations and injected without further manipulation.

Results

UV absorbance spectra of formulated Advate, Helixate, and

Kogenate

Advate, Helixate and Kogenate were reconstituted with

Sterile Water for Injection by use of the kits supplied by

the manufacturers, producing the formulation used for

therapeutic, intravenous delivery. SDS-PAGE analysis of

the preparations revealed major bands at approximately

200 kDa and 80 kDa corresponding to the FVIII HC

and LC, and thrombin activation fragments at approxi-

mately 75, 50 and 40 kDa corresponding to the throm-

bin-activated light chain and A1 and A2 subunits of

activated FVIII, as previously described [32] (Fig. S1).

In anticipation of using absorbance at 280 nm to detect

the properties of Advate, Helixate and Kogenate in the

analytical ultracentrifuge, UV absorbance spectra of the

formulated products were obtained (Fig. 1). The spectra

revealed characteristic protein absorbance peaks at

278 nm attributable to tryptophan and tyrosine, and a

shoulder at 288 nm attributable to tryptophan. Polysor-

bate 80 is present as a stabilizer in Lot 1 and Lot 2 of

Advate at concentrations of 0.3 mg mL�1 and

0.1 mg mL�1, respectively, and at ~ 0.08 mg mL�1 in

Helixate and Kogenate (Table S2). The UV absorbance

spectrum of a 1 mg mL�1 solution of polysorbate 80

produces an OD resulting from combined absorbance

and light scattering of 0.05 at 280 nm (Fig. S2), consis-

tent with published results [37]. This indicates that

polysorbate 80 makes a minor contribution to the absor-

bance at 280 nm at the concentrations present in the

formulated products. The formulations also possessed

significant turbidity resulting from light scattering, as

shown by the non-zero OD between 310 nm and

340 nm.
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SV analysis of formulated Advate

Two lots of Advate were reconstituted to their therapeutic

formulations and immediately subjected to SV AUC. Fig-

ure 2A,C shows overlays of scans of A280 nm versus radial

position taken at different times during the sedimentation

process. The scans were fitted to the continuous c(s) distri-

bution model in SEDFIT. The least squares fits are shown in

Fig. 2A,C, and the resulting c(s) distributions are shown in

Fig. 2B,D. The non-zero baselines in Fig. 2A,C are attri-

butable to presence of a 0.2-S solvent species. In Lot 1, a

major c(s) peak was present at 4.6 S, preceded by a small

shoulder (Fig. 2B). In Lot 2, there was a major 6.7 S peak,

there were minor peaks at 4.3 S and 10.2 S, and there was

a broad distribution between 12 S and 20 S (Fig. 2D).

Excluding the solvent peak (not shown), the 6.7 S, 4.3 S,

10.2 S and 12–20-S distributions represent 81%, 6.9%,

5.5% and 3.8% of the A280 nm signal, respectively.

The difference in sedimentation coefficients of the

major species in Lot 1 and Lot 2 is the result of differ-

ences in the stabilizers and excipients in the formulated

products. The lots had the same components, but they

were present at a 2.4-fold higher concentration in Lot 1

than in Lot 2 (Table S2). An increase in solution viscosity

and density associated with higher cosolvent concentra-

tions slows particle transport, and therefore reduces the

sedimentation coefficient.

SV analysis of formulated Helixate and Kogenate

Helixate Lot 1 and Kogenate Lot 1 were reconstituted in

Sterile Water for Injection and immediately subjected

to SV AUC. Figure 3A,C shows an overlay of the

absorbance scans and least squares fits to a continuous

c(s) distribution. Figure 3B,D shows the resulting c(s) dis-

tributions. Both products gave a broad peak below 20 S.

In contrast to Advate, species of up 100 S were detected

in both products. Integration of the c(s) distributions

from two lots of each product yielded estimates of the

amounts of materials migrating between 12 S and 20 S

and between 20 S and 100 S (Fig. 4). Approximately

20% of the mass in Helixate and Kogenate is attributable

to aggregates with sedimentation coefficients between

12 S and 100 S. SV AUC was also performed on formu-

lated Helixate and Kogenate samples passed through a

0.02-lm filter, which did not decrease the fraction of

12–100 S aggregates (data not shown).

SV analysis of heat-treated Advate and Kogenate

In a modification of the Nijmegen–Bethesda FVIII inhibi-

tor assay, samples are heated at 56 °C for 30 min, which

inactivates FVIII but does not destroy the inhibitor [38].

Heat denaturation of Advate and Kogenate under these

conditions resulted in near-complete aggregation to prod-

ucts sedimenting at 20–100 S (Fig. S3).

SEC of Advate and Kogenate

Advate and Kogenate were reconstituted to their thera-

peutic formulations and subjected to SEC for comparison

with the results obtained with SV AUC (Fig. 5). Both

products yielded peaks that eluted slightly ahead of the

670-kDa thyroglobulin standard, consistent with an

anomalously high apparent molecular weight resulting

from particle asymmetry. There were no obvious aggre-

gates identified in the chromatograms. Peak height recov-

ery was evaluated with IgG mAb 2-76 as a standard.

mAb 2-76 produced a linear relationship between peak

height A280 nm and injected A280 nm. The slope of the line,

0.27, representing the ratio of peak height/injected

A280 nm, is a result of sample dilution during the run. The

injected A280 nm and peak height A280 nm for Advate were

10.2 and 1.1, respectively, and those for Kogenate were

5.6 and 0.7, respectively. The corresponding ratios of

peak height/injected A280 nm values for Advate and

Kogenate were 0.11 and 0.13. These values are lower than

the ratio for mAb 2-76, indicating adsorptive losses of

Advate and Kogenate. Overall, the results are consistent

with the inability of SEC to detect aggregates in Advate

and Kogenate, because of a decrease in signal/noise ratio

resulting from sample dilution and adsorptive losses to

the chromatography matrix.

SV analysis of buffer-exchanged, concentrated Advate and

Kogenate

The molecular weights of the major species in Advate and

Kogenate were estimated by SV AUC to determine
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Fig. 1. UV absorbance spectra of full-length FVIII products. Lyo-

philized vials of Advate, Helixate and Kogenate were reconstituted

in Sterile Water for Injection to produce their therapeutic formula-

tions, and absorbance spectra were obtained at 0.1-nm intervals in a

1-cm-pathlength cuvette blanked against water. Light gray: Helixate.

Gray: Kogenate. Black: Advate.
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whether they represent heterodimeric FVIII or aggregates.

To eliminate potential cosolvent effects of stabilizers and

excipients, Lot 1 of formulated Advate and Lot 1 of for-

mulated Kogenate were exchanged into HBS/Ca2+

(pH 7.4), and concentrated 4.6-fold by repeated ultrafil-

tration with a 30-kDa-cutoff membrane. Figure 6A,C

shows the resulting A280 nm scans and least squares fits to

continuous c(s) distributions. The increase in concentra-

tion increased the signal/noise ratio, improving the resolu-

tion in the c(s) distributions shown in Fig. 6B,D as

compared with Fig. 2B,D and Fig. 3D. Additionally, buf-

fer exchange allowed measurement of standard s20,w val-

ues. Both products showed a dominant peak at 7.4–7.5 S

and additional peaks at 5.0–5.1 S and 10.5–10.6 S

(Fig. 6B,D). There were additional species in Kogenate in

the 20–100-S range, as in the formulated product prior to

buffer exchange (data not shown).

Continuous c(s) analysis in SEDFIT provides an estimate

of a weight-average frictional ratio, f/f0, which, when

combined with the s20,w value and the partial specific vol-

ume, provides a molecular weight estimate of the sedi-

menting species [23,39]. These estimates are valid when

the sample is monodisperse or when the frictional ratios

of all of the sedimenting species are equal [23]. The fric-

tional ratios obtained for Advate and Kogenate were 1.82

and 1.91, respectively, producing molecular weight esti-

mates of 220 kDa and 230 kDa, respectively (Table 1).

These values can be compared with a weight-average

molecular weight of 246 kDa for full-length FVIII based

on estimates of the weight fraction of the HCs [32] and
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Fig. 2. Sedimentation velocity (SV) analytical ultracentrifugation (AUC) of formulated Advate. Lyophilized vials of Advate, Lot 1 (A, B) and

Lot 2 (C, D) were reconstituted in Sterile Water for Injection to produce their therapeutic formulations, and then subjected to SV AUC at

105 000 9 g at 20 °C. (A, C) A280 nm scans were taken at 3-min intervals, and fitted to a continuous c(s) distribution from 0 S to 20 S with

0.2-S increments. Only every fourth scan is shown for clarity. The lower panels show the residuals of the fitted data. The root-mean-square

deviations of the fits are 0.0032 and 0.0027, respectively. (B, D) c(s) distributions. Solvent peaks at 0.2 S are not shown.
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the mass contribution made by N-linked glycans [34,35],

as described in Materials and methods (Table 2). This

calculation slightly overestimates the weight-average

molecular weight because a minor but unknown fraction

of the sites containing N-linked glycans is unoccupied

[34]. Thus, the results are consistent with a 7.5 S heterodi-

mer being the dominant species present in Advate and

Kogenate.

Polysorbate 80 micelles have a reported molecular

weight of ≈ 120 kDa [40]. Thus, the micelles are retained

and are coconcentrated during ultrafiltration with a 30-

kDa-cutoff membrane. This resulted in estimated concen-

trations of polysorbate 80 of 1.4 mg mL�1 and

0.4 mg mL�1 in Advate and Kogenate, respectively,

based on their nominal concentrations prior to

concentration (Table S2). The peaks at 1.6–1.7 S in

Fig. 5B,D are attributable to polysorbate 80, which was

verified by SV analysis of polysorbate 80 subjected to the

same ultrafiltration procedure in the absence of FVIII

(data not shown).

SV analysis of a commercial plasma-derived FVIII product

Although the focus of the current study was to compare

full-length recombinant FVIII products, in initial studies

we examined the SV properties of the plasma-derived

FVIII product Wilate (Fig. 7A,B). For comparison, fitted

absorbance scans and the continuous c(s) distribution for

highly purified plasma-derived human VWF are shown

(Fig. 7C,D). Wilate and purified VWF showed peaks at
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(s) distribution from 0 S to 100 S with 0.3-S increments. Only every fourth scan is shown for clarity. The root-mean-square deviations of the

fits are 0.0024 and 0.0027, respectively. The lower panels show the residuals of the fitted data. (B, D) c(s) distributions. Insets: expanded scale.

Solvent peaks at 0.2 S are not shown.
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~ 20 S and 30 S, respectively.The lower sedimentation

coefficient in the Wilate peak is attributable, at least in

part, to increased solvent viscosity resulting from the

presence of sucrose as a stabilizer (Table S2). Material

sedimenting in the 40–100-S range constituted 4% and

6% of the total signals of Wilate and purified VWF,

respectively.

Discussion

In this article, we report the identification of aggregates

in recombinant full-length FVIII products by the use of

SV AUC. The presence of aggregates in a biopharmaceu-

tical product is considered an immunogenic risk [41]. Cur-

rent Food and Drug Administration guidance states that

‘it is critical for manufacturers of therapeutic protein

products to minimize protein aggregation to the extent

possible’ [42]. The immunogenicity of protein aggregates

has been studied extensively for > 50 years [43]. Aggre-

gates have been implicated in the immunogenicity of

intravenous immunoglobulin [44], human growth hor-

mone [45], interferon-a [46], and other biopharmaceuti-

cals, including plasma-derived FVIII [47]. The

mechanisms by which aggregates increase immunogenicity

are not well understood, and may be specific to the prod-

uct. Studies in model systems have indicated that aggre-

gates can activate both the adaptive immune system and

the innate immune system. The presence of two or more

epitopes in an aggregate can cross-link the B-cell receptor,

leading to B-cell proliferation and antigen presentation

[41,48,49]. Partial unfolding of a protein can produce

aggregates through interactions between exposed

hydrophobic surfaces. It has been proposed that residual

hydrophobic patches on aggregates form damage-asso-

ciated molecular patterns that activate innate immunity

[50].

Lyophilized preparations of Advate, Helixate and

Kogenate reconstituted to their therapeutic formulations

contain sufficient absorbance at 280 nm for the sedimen-

tation properties of the product components, including

aggregates, to be determined (Figs 2 and 3). Approxi-

mately 20% of the mass in Helixate and Kogenate was

attributable to aggregates with sedimentation coefficients

ranging from 12 S up to at least 100 S (Fig. 4). Helixate

and Kogenate showed indistinguishable sedimentation

behavior, as expected because they are the same product

sold under different labels. Although Helixate and

Kogenate originate from the same manufacturing process

through fill-and-finish, post-manufacture product storage

and handling potentially affect the immunogenicity of

therapeutic proteins [51]. In the absence of knowledge in

the public domain about differences in post-manufacture

product storage and handling between Helixate and

Kogenate, we treated them as separate products. In con-

trast, aggregates exceeding 20 S were not identified in

Advate. Advate Lot 2 contained 4% of aggregates

between 12 S and 20 S. No aggregates in this range were

identified in Lot 1 Advate. The immunogenicity of pro-

tein aggregates increases with size in some experimental

systems [52–54]. Thus, the presence of large aggregates in

Helixate and Kogenate may contribute to the increased

incidence of FVIII inhibitor formation as compared with

Advate that has been suggested by some studies [4,16,17].

There were no differences in the size and amount of

aggregates in Helixate and Kogenate products whose

storage ranged over several years (Fig. 4; Table S1), indi-

cating that aggregates are formed during the manufactur-

ing process and are stable thereafter. This may occur

during manufacturing fill-and-finish with its attendant

alteration of the aqueous milieu of the FVIII protein.

All three products employ sugars as stabilizers. Lot 1

of formulated Advate contained 0.44 M mannitol, and at

least two-fold increased concentrations of all excipients

and stabilizers as compared with Lot 2. Submolar con-

centrations of sugars and other cosolvents have large

effects on the sedimentation properties of molecules

[55–58]. This was evident on comparison of Lot 1 and

Lot 2 of Advate, in which the sediment coefficients of the

major species were 4.6 S and 6.7 S, respectively. Buffer

exchange and concentration of Advate and Kogenate

were performed to reduce cosolvent effects and to

increase the signal/noise ratio. This led to the identifica-

tion of a 10.5–10.6 S peak in Advate and Kogenate, rep-

resenting 7% and 5% of the protein-related absorbance

signal, respectively (Fig. 6B,D). According to the s ~ M2/3

power law relationship between molecular weight and the

sedimentation coefficient [59], the ~ 10.5 S species is
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Fig. 4. Distribution of sedimentation coefficients in Helixate and

Kogenate. c(s) distributions resulting from sedimentation velocity

analytical ultracentrifugation of two lots each of formulated of

Helixate and Kogenate were integrated between 5 S and 12 S, 12 S

and 20 S, and 20 S and 100 S, and normalized to the integration

between 5 S and 100 S. Shown are means and ranges of the two

determinations.
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probably an aggregate consisting of a dimer of FVIII het-

erodimers. A bivalent dimer of FVIII heterodimers could

conceivably cross-link the B-cell receptor and contribute to

product immunogenicity. The 5.0–5.1 S species in Fig. 5B,

D is most likely free FVIII LC, based on an s20,w value of

4.9 S observed for the porcine FVIII LC [26].

The major species in full-length FVIII products has an

s20,w value of 7.4–7.5 S (Fig. 5B,D) and an estimated

molecular weight of 220–230 kDa (Table 1). Therapeutic

full-length FVIII is defined as the product derived from

expression of the complete FVIII cDNA, which encodes a

2332-residue, 265-kDa mature polypeptide chain [60].

During intracellular processing in the mammalian cell

lines used to manufacture FVIII, proteolytic cleavage

occurs at residues 817, 1115, 1313 and 1648 in the B

domain, leading to loss of B domain mass and expression

of a paucidisperse population of heterodimers [32]. Esti-

mates of the mole fractions of the heterodimeric species

and the extent of N-linked glycosylation yielded a weight-

average molecular weight of 246 kDa (Table 2), which is

reasonably consistent with the experimental value.

Prior to the current study, recombinant FVIII products

were considered to be highly purified preparations com-

posed of populations of HC–LC heterodimers in which

aggregates have not been described [32]. Our results pro-

vide an example of the use of SV AUC continuous c(s)

distribution analysis as a powerful method with which to

detect aggregates in highly purified biopharmaceutical

products. SEC has been the industry standard for detect-

ing and characterizing aggregates in biopharmaceutical
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Fig. 5. Size-exclusion chromatography (SEC) of Advate and Kogenate. Molecular weight (MW) standards (A) and dilutions of mAb 2-76 (B),

Advate (C) and Kogenate (D) were subjected to SEC with a Superdex 200 Increase 10/300 column as described in Materials and methods. Bio-

Rad (Hercules, CA, USA) SEC standards bovine thyroglobulin (670 kDa), bovine c-globulin (158 kDa), chicken ovalbumin (44 kDa) and

horse myoglobin (17 kDa), and murine anti-human FVIII IgG m(Ab) 2-76 [64], were used for comparison. An extinction coefficient of

1.37 mg mL�1 cm�1 was used for mAb 2-76. The injection loads of Advate and Kogenate were 10.2 mA280 nm and 5.6 mA280 nm, respectively.

mAb 2-76 injection loads were 0.71, 1.4, 2.9, 5.7, 11.4 and 22.9 lg, corresponding to mA280 nm values of 1, 1.9, 4.0, 7.8, 15.6, and 31.4. The

chromatograms in (A), (B) and (D) represent duplicate injections with a baseline offset.
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products. Potential drawbacks of the use of SEC include

interactions of the protein with the sieving matrix, and

the requirement for a mobile phase that differs from the

formulation buffer. Head-to-head comparisons of SEC

with SV AUC continuous c(s) distribution analysis have

demonstrated that the latter is more sensitive and identi-

fies more species of aggregates than SEC [61,62].

Additionally, SEC requires the use of standards to esti-

mate molecular weights, which may be inaccurate for pro-

teins with large frictional ratios. Consistent with these

observations, SEC failed to identify aggregates in Advate

and Kogenate, and produced spuriously high apparent

molecular weights (Fig. 5). In contrast, SV AUC provides

direct information about the size and shape of molecules

in paucidisperse systems. Therefore, SV AUC could be a

useful additional tool for characterizing FVIII products

in the biopharmaceutical industry.

In contrast to highly purified recombinant FVIII prod-

ucts, most of the protein mass in commercial plasma-

derived FVIII/VWF products is VWF and contaminating

plasma proteins. The ratio of VWF to FVIII in plasma-

derived FVIII products ranges from 0.5 IU IU–1 to
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Fig. 6. Sedimentation velocity (SV) analytical ultracentrifugation (AUC) of buffer-exchanged and concentrated Advate and Kogenate. Advate

(Lot 1) (A, B) and Kogenate (Lot 1) (C, D) were concentrated and exchanged into 0.15 M NaCl, 0.02 M HEPES and 5 mM CaCl2 (pH 7.4) by

repeated ultrafiltration, and subjected to SV AUC at 105 000 9 g at 20 °C. (A, C) A280 nm scans were taken at approximately 3-min intervals,

and fitted to a continuous c(s) distribution from 0 S to 20 S with 0.2 S increments. Only every fourth scan is shown for clarity. The root-

mean-square deviations of the fits are 0.0034 and 0.0032, respectively. The lower panels show residuals of the fitted data. (B, D) c(s) distribu-

tions and corresponding s20,w values.

Table 1 Sedimentation parameters of the major species in Advate

and Kogenate

s20,w (S) f/f0 Molecular weight (kDa)

Advate 7.5 1.82 220

Kogenate 7.4 1.91 230
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1 IU IU–1 [14], where 1 IU corresponds to the activity in

1 mL of normal plasma. Because the plasma concentra-

tions of VWF and FVIII are approximately 3 lg mL�1

and 0.2 lg mL�1, respectively, a ratio of 1 IU IU–1 repre-

sents a VWF/FVIII mass ratio of ≈ 15 (3/0.2). SV AUC

of a commercial plasma-derived FVIII/VWF product,

Wilate, and highly purified plasma-derived human VWF

revealed a broad c(s) distribution, as expected, because

VWF consists of a heterogeneous population of multi-

mers. These multimers extend up to at least 20 MDa [63],

Table 2 Weight-average molecular weight and partial specific volume of full-length recombinant factor VIII

FVIII heterodimer Mole fraction, fi

Molecular weight (kDa)

% Glycan (w/w) �m (mL g�1)Polypeptide Glycoprotein

HC1–817–LC 0.16 173 187 7.8 0.725

HC1–1115–LC 0.44 205 237 13.4 0.719

HC1–1313–LC 0.40 227 271 16.2 0.716

Weight average 246 0.719

HC, heavy chain; LC, light chain.
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Fig. 7. Sedimentation velocity (SV) analytical ultracentrifugation (AUC) of Wilate and purified human von Willebrand factor (VWF). Wilate

(A, B) was reconstituted in Sterile Water for Injection to its therapeutic formulation, and subjected to SV AUC at 105 000 9 g at 20 °C.
Human VWF (C, D) in 0.3 M NaCl and 0.2 M HEPES (pH 7.4) was subjected to SV AUC at 42 000 9 g at 20 °C. (A, C) A280 nm scans were

fitted to a continuous c(s) distribution from 0 S to 100 S with 1 S increments. Only every other scan and every other data point are shown for

clarity. The lower panels show the residuals of the fitted data. (B, D) c(s) distributions.
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and produce a weight-average sedimentation coefficient of

30 S in highly purified preparations of plasma-derived

human VWF [26]. The presence of native VWF multimers

and contaminating plasma proteins confounds the use of

c(s) distribution analysis to detect antigen (FVIII)-specific

aggregates.
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