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Background and Objectives

 

Human plasma is the source of a wide variety of
therapeutic proteins, yet it is also a potential source of viral contamination. Recent
outbreaks of emergent viral pathogens, such as West Nile virus, and the use of
live vaccinia virus as a vaccine have prompted a reassessment of the viral safety
of plasma-derived products. The purpose of this study was to evaluate the efficacy of
current viral inactivation methods for West Nile and vaccinia viruses and to reassess
the use of model viruses to predict inactivation of similar viral pathogens.

 

Materials and Methods

 

Virus-spiked product intermediates were processed using a
downscaled representation of various manufacturing procedures. Virus infectivity
was measured before and after processing to determine virus inactivation.

 

Results

 

The results demonstrated effective inactivation of West Nile virus, vaccinia
virus and a model virus, bovine viral diarrhoea virus, during pasteurization, solvent/
detergent treatment and caprylate treatment. Caprylate provided rapid and effective
inactivation of West Nile virus, vaccinia virus, duck hepatitis B virus and Sindbis
virus. Inactivation of West Nile virus was similar to that of bovine viral diarrhoea virus.

 

Conclusions

 

This study demonstrates that procedures used to inactivate enveloped
viruses in manufacturing processes can achieve inactivation of West Nile virus and
vaccinia virus. In addition, the data support the use of model viruses to predict the
inactivation of similar emergent viral pathogens.
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Introduction

 

Plasma-derived products, such as clotting factors, intravenous
immunoglobulins, alpha

 

1

 

-proteinase inhibitor (

 

α

 

1

 

-PI ) and
human serum albumin, are routinely used in clinical practice
and the safety of these products with respect to transmission
of infectious viruses has never been higher. The high margin
of viral safety can be attributed to a number of measures that
manufacturers have implemented during the last decade. These

measures are part of a multifaceted strategy for pathogen safety
that includes donor screening, donation testing, virus inactiva-
tion or removal measures during manufacture, strict adherence
to good manufacturing procedures and post-use surveillance
of products. However, recent outbreaks of emergent viruses, such
as West Nile virus (WNV), severe acute respiratory syndrome
(SARS)-associated coronavirus and monkeypox, have indicated
that potential threats to the blood supply exist and have resulted
in a re-evaluation of the current pathogen safety strategy for
plasma products.

Although donor deferral and plasma donation screening
effectively provide safety for known pathogens, the presence of
a new or emergent virus cannot be detected when its existence
is not anticipated. Consequently, robust viral clearance
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procedures within manufacturing processes are critical. The
capacity of these procedures to remove or inactivate viruses
is validated in small-scale studies in which high levels of
virus are spiked into a manufacturing intermediate and the
reduction of infectious virus is measured. Typically, a number
of these experiments are performed, each using a different
virus that could potentially be present in plasma. Some
potential contaminants, such as hepatitis C virus (HCV) and
parvovirus B19, cannot be readily cultured 

 

in vitro

 

. For viruses
like these, a closely related virus with similar physicochem-
ical properties, and which can be easily propagated in the
laboratory, is used [1]. Like HCV, bovine viral diarrhoea virus
(BVDV) is a member of the Flaviviridae and has been used for
many years as a model for HCV. Other viruses, such as the
Flaviviruses yellow fever virus and tick-borne encephalitis
virus, as well as the Alphaviruses Sindbis virus and Semliki
Forest virus, have also been used to model HCV. Inactivation/
removal of BVDV and other HCV model viruses by various
manufacturing processes has effectively represented HCV
clearance, as evidenced by the lack of HCV transmission by
products which have claimed significant levels of BVDV
clearance.

WNV, a mosquito-borne encephalitis virus, is now epidemic
in the United States. Most WNV-infected individuals have
subclinical infections, with a short, but defined, viraemic
period. During epidemics of WNV infection, when the pre-
valence of viraemia within the population is high, the risk of
a viraemic blood or plasma donor is also high. In fact, in
2003, WNV was transmitted to transplant recipients from an
infected organ donor and to recipients of whole blood and
platelets from infected donors [2]. This resulted in the imple-
mentation of a United States Food and Drug Administration
(FDA)-endorsed WNV screening programme for whole blood.
The programme includes donor deferral questions and nucleic
acid amplification tests (NATs) [3–5]. The FDA and the Euro-
pean Agency for the Evaluation of Medicinal Products (EMEA)
concur with manufacturers of plasma products that various
viral-inactivation measures used during the processing of
these products are sufficient to provide a high degree of safety
for this virus [3,6].

The live vaccinia virus (VV) vaccine has recently been used
as part of the United States National Smallpox Immunization
Program. In an interim recommendation, the Centers for
Disease Control advised immunization with this vaccine for
individuals at risk for monkeypox infection [7]. The possibility
of transmission of VV during whole blood or plasma dona-
tions by recently vaccinated individuals has resulted in rec-
ommendations by the FDA to defer donors who have recently
received the smallpox vaccine [8].

We have recently evaluated the inactivation of two newly
emergent potential contamination threats: WNV and VV. VV
is a unique enveloped virus, with complex lipid membrane
structures [9]. Although some studies have evaluated VV

inactivation, it is not always included in the panel of viruses
used for virus clearance studies for plasma-derived products.
WNV, a member of the Flaviviridae, is closely related to
BVDV, which has been used for many years as a model for
HCV. It would be expected, then, that WNV inactivation
would be similar to that of BVDV, and that WNV-inactivation
studies could verify the validity of using BVDV as a model
for virus-inactivation studies. The virus-inactivation data
presented here demonstrate that current virus-inactivation
procedures provide inactivation of WNV and VV and support
the use of virus-inactivation data from model viruses.

 

Materials and methods

 

Plasma product intermediates

 

Manufacturing process intermediates for anti-haemophilic
factor (AHF) (Koate®-DVI), intravenous immunoglobulin
( IVIG-S/D when produced using the solvent/detergent process:
Gamimune®N; IVIG-C when produced using the caprylate/
chromatography process: Gamunex®), intramuscular immu-
noglobulin (IGIM) (BayGam®), 

 

α

 

1

 

-PI (Prolastin®) and albumin
(5% and 25%; Plasbumin®) were obtained from the Bayer
HealthCare plasma fractionation facility (Clayton, NC). Human
plasma protein solution (HPPS) was obtained from the Bayer
HealthCare recombinant factor VIII (Kogenate®FS) manu-
facturing facility (Berkeley, CA). HPPS is used as a component
of the production medium for Kogenate®FS and is a 5% human
albumin protein solution.

 

Pasteurization

 

For pasteurization studies, an aliquot of stabilized 

 

α

 

1

 

-PI,
HPPS, 5% albumin or 25% albumin was heated to 60 

 

±

 

 0·5 

 

°

 

C
and then spiked to 10% (v/v) with WNV, VV or BVDV. The
virus spike and product were mixed well and incubated at
60 

 

±

 

 0·5 

 

°

 

C for 10 h. Aliquots were removed at the indicated
times, placed on ice and immediately assayed for infectious
virus. A separate, unheated, virus-spiked product sample was
used to determine the initial virus concentration. The 

 

α

 

1

 

-PI
intermediate, pH 6·5, was stabilized during pasteurization with
0·38 

 

M

 

 citrate and 37% sucrose. HPPS and albumin were
aqueous solutions at pH 7·0; HPPS and 5% albumin were
stabilized with 4 m

 

M

 

 

 

N

 

-acetyl-

 

DL

 

-tryptophan and 4 m

 

M

 

 sod-
ium caprylate, while 25% albumin was stabilized with 20 m

 

M

 

N

 

-acetyl-

 

DL

 

-tryptophan and 20 m

 

M

 

 sodium caprylate. Small-
scale pasteurization experiments were performed in 30–50 ml
volumes. During manufacture, albumin is pasteurized in its
final container, and so the volume of the virus experiments
was similar to that of production. Prolastin pasteurization
experiments were approximately 0·04% of production scale
and HPPS pasteurization experiments were 0·003% of
production scale.
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Tri-(

 

n

 

-butyl)-phosphate/Tween 80 treatment

 

During the production of AHF, the product intermediate is
treated with 0·3% tri-(

 

n

 

-butyl)-phosphate (TNBP)/1% poly-
sorbate 80 (Tween 80) for 6 h at 24–30 

 

°

 

C. For these studies,
a concentrated stock solution of TNBP/Tween 80 was added
to aliquots of AHF intermediate solution to 0·3%/1% or 0·15%/
0·5%. Virus was added to the solution to 10% (v/v). The mix-
ture was incubated at 28 

 

±

 

 0·5 

 

°

 

C for 6 h, and aliquots were
removed for titration at the indicated time-points. Virus,
added to Hank’s balanced salt solution (HBSS) to 10% (v/v), was
an untreated control. Small-scale experiments were conducted
in 40-ml volumes, approximately 0·5% of production scale.

 

Tri-(

 

n

 

-butyl)-phosphate/cholate treatment

 

During the production of IVIG-S/D or IMIG, the process inter-
mediate is incubated in 0·3% TNBP/0·2% sodium cholate
(cholate) for 6–8 h at 30 

 

±

 

 2 

 

°

 

C. The protein concentration
is adjusted to 6–7·5% and the pH is adjusted to 5·5–5·7. For
VV-, WNV- or BVDV-inactivation studies, concentrated TNBP/
cholate from a stock solution was added to an aliquot of
process intermediate to 0·3%/0·2% or to 0·15%/0·1% and then
spiked to 10% (v/v) with virus. The mixture was incubated at
28 

 

±

 

 0·5 

 

°

 

C for 6 h and aliquots were removed at the indi-
cated time-points for quantification of infectious virus. HBSS
was spiked to 10% (v/v) with virus and used as an untreated
control. Small-scale experiments were conducted in 40-ml
volumes, approximately 0·005% of production scale.

 

Caprylate treatment

 

The caprylate-inactivation experiments were carried out
as described previously [10]. Briefly, caprylate was added to
Gamunex® intermediate to a specified final concentration.
Throughout the addition of caprylate, the pH of the process
intermediate was maintained at 5·1 by adding either 1·0 

 

M

 

acetic acid or 1·0 

 

M

 

 sodium hydroxide. The solution was then
spiked to 10% (v/v) with virus that had been pH-adjusted to
5·0–5·2 and the virus-spiked solution was incubated at 24 

 

°

 

C
for 60 min. Aliquots for virus titration were removed from all
solutions at the indicated times throughout the incubation.
Small-scale experiments were conducted in 40-ml volumes,
approximately 0·001% of production scale.

Although 20 m

 

M

 

 caprylate is used in this step in production,
the concentrations of caprylate evaluated in these studies
ranged from 11 m

 

M

 

 to 20 m

 

M

 

. As the Gamunex® intermediate
contains 

 

≈

 

 8 m

 

M

 

 residual caprylate [11], caprylate from a
2·1 

 

M

 

 stock solution was added to increase caprylate levels
to within the desired range. To confirm that the targeted
caprylate range was reached during inactivation experiments,
the concentration of caprylate in the process intermediate
following addition was measured. Analytical testing could

not be performed on virus-spiked solutions, so mock-spiked
solutions, containing 10% (v/v) virus propagation medium
instead of virus, were generated.

 

Low-pH incubation

 

During the manufacture of Gamunex®, the final product at
pH 4·0–4·3 is incubated at 23–27 

 

°

 

C for 21–28 days as an
enveloped virus-inactivation step. For this study, the Gamunex®
final product that had been adjusted to pH 4·4 was spiked to
10% (v/v) with WNV and incubated at 23 

 

°

 

C. Samples were
removed on days 3, 7, 14 and 21, and infectious WNV was
quantified. As pH 4·4 is above the normal pH range used in
production, this represented a ‘worst-case’ situation. The
volumes used for the virus-inactivation experiments were
similar to the final container sizes of product.

 

Preparation and quantification of viruses

 

VV (the WR strain) was propagated and assayed at AppTec
Laboratory Services (Camden, NJ). All WNV, except for that
used in the Gamunex® low-pH incubation study, was also
propagated and assayed at AppTec Laboratory Services,
where infectious WNV or VV was quantified by making
end-point serial log dilutions of the test samples or positive
controls in serum-free medium. VV was assayed with a plaque
assay using monkey kidney (BS-C-1) indicator cells. WNV
(the NY-99 strain) was assayed with a plaque assay using
African green monkey kidney (Vero) cells. For both viruses,
0·5-ml aliquots of serial dilutions of samples were plated on
multiple wells of six-well plates. Virus titres were reported as
plaque-forming units (PFU) per ml.

WNV (NY-99 strain), used in the Gamunex® low-pH
incubation study, was propagated and assayed in Vero cells
that were obtained from the American Type Culture Collec-
tion (ATCC; Rockville, MD). Sindbis virus (Ar-339 strain) was
propagated and assayed in Baby Hamster Kidney (BHK-21)
cells obtained from the ATCC. BVDV (Kentucky-22 strain),
obtained from the Biological Research Facility and Faculty
(Ijamsville, MD), was propagated in Madin-Darby bovine
kidney (MDBK) cells and assayed in bovine turbinate (BT)
cells. Test samples were neutralized before they were assayed.
All in-house viruses were quantified by tissue culture infec-
tious dose 50 (TCID

 

50

 

) and, for each dilution, 8–12 replicates
of a 0·1-ml aliquot were plated in each well of 96-well micro-
titre plates. Cell monolayers were then observed microscopi-
cally for the presence of viral infection, as indicated by a
viral cytopathic effect (CPE). Each well was scored as positive
or negative, and the results were converted into a titre ( log
median TCID

 

50

 

/ml) by using the method of Spearman &
Karber [12,13].

Duck hepatitis B virus (DHBV), a hepatitis B virus (HBV)
surrogate, was obtained from Hepadnavirus Testing, Inc. (Palo
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Alto, CA) and consisted of DHBV-containing serum obtained
from congenitally infected ducklings. The virus was assayed
at AppTec Laboratory Services in primary duck hepatocytes.
Samples were serially diluted and 0·5 ml of each dilution was
assayed in quadruplicate in 48-well plates. Ten days follow-
ing inoculation, monolayers were fixed and wells containing
infected hepatocytes were identified using fluorescence micro-
scopy after incubation with a murine monoclonal antibody
to the DHBV surface antigen, washing and a subsequent in-
cubation with a fluorescein isothiocyanate (FITC)-conjugated
sheep antibody to mouse immunoglobulin G. Results were
converted into a titre by using the method of Spearman &
Karber [12,13].

For all virus assays, limits of detection were based on
the results of cytotoxicity and viral interference experiments,
which evaluated whether the product intermediates were toxic
to the indicator cells or interfered with the ability of the virus
to infect the cells.

 

Results

 

Pasteurization

 

The data in Table 1 show the inactivation of WNV, VV and
BVDV in 

 

α

 

1

 

-PI during a 10-h pasteurization at 60 

 

°

 

C. The
protein, at a concentration of 25 mg/ml, is in a citrate buffer
containing 0·38 

 

M

 

 citrate and 37% sucrose for stabilization
during heating. VV was reduced by 2 log

 

10

 

 within 1 h, and
by 3 h was undetectable. WNV and BVDV were inactivated
to the lower limits of detection within 3 h, and infectious virus
was undetectable after 5 h at 60 

 

°

 

C. A total of 

 

≥

 

 6·5 log

 

10

 

,

 

≥

 

 5·0 log

 

10

 

 and 

 

≥

 

 4·9 log

 

10

 

 of WNV, VV and BVDV, respec-
tively, were inactivated.

WNV and VV were also inactivated during the pasteurization
of HPPS (Table 2). This solution contained 5 mg/ml protein
and was stabilized with 4 m

 

M

 

 sodium caprylate and 4 m

 

M

 

acetyltryptophan. Complete inactivation of WNV was ob-
served after 30 min of heating at 60 

 

°

 

C, resulting in a total
inactivation of 

 

≥

 

 7·1 log

 

10

 

. Approximately four log

 

10

 

 of VV
was inactivated within 30 min; within 2 h of pasteurization,
no infectious VV was detectable. A total inactivation of

 

≥

 

 5·7 log

 

10

 

 VV was observed.

Table 1 Virus inactivation during pasteurization (10 h at 60 °C) of the 

alpha1-proteinase inhibitor (α1-PI)
 

 

Time at 60 °°°°C (h) WNVa VVa BVDVb

Unheatedc  7·5  6·0  5·6

1  1·9  3·7  3·2

3  1·1 ≤ 1·0  0·9

5 ≤ 1·0 ≤ 1·0 ≤ 0·7

10 ≤ 1·2 ≤ 1·0 ≤ 0·7

Log10 reduction factor ≥ 6·5d ≥ 5·0 ≥ 4·9

aData from the West Nile virus (WNV) and vaccinia virus (VV) samples are 

expressed as log10 plaque-forming units/ml.
bData from the bovine viral diarrhoea virus (BVDV) samples are expressed as 

log10 tissue culture infectious dose 50/ml.
cVirus was spiked into samples once they reached 60 °C. As the potential 

existed for immediate inactivation, the initial virus concentration was 

determined from an unheated sample.
dInactivation was calculated from the value from the first time-point where 

samples were at the lower limit of detection. The increased detection limit 

for the WNV 10-h time-point was the result of reduced volume testing.

WNV values represent the mean of three determinations, BVDV values 

represent the mean of two determinations and VV values represent a single 

determination.

Table 2 Viral inactivation during pasteurization (10 h at 60 °C) of Fraction V products
 

 

Time at 60 °°°°C (h)

5% Albumin 25% Albumin HPPS 

WNVa BVDVb WNVa BVDVb WNVa VVa

Unheateda  7·4  4·8  6·7  4·4  7·4  6·0

0·5  0·8 ≤ 0·7 ≤ 0·3 ≤ 0·7 ≤ 0·3  1·7

1  0·2 ≤ 0·7 ≤ 0·3 ≤ 0·7 ≤ 0·3  0·8

2 ≤ 0·3 ≤ 0·7 ≤ 0·3 ≤ 0·7 ≤ 0·3 ≤ 0·3

5 ≤ 0·3 ≤ 0·7 ≤ 0·3 ≤ 0·7 ≤ 0·3 ≤ 0·3

10 ≤ 0·0d ≤ 0·7 ≤ 0·0d ≤ 0·7 ≤ 0·3 ≤ 0·3

Log10 reduction factor ≥ 7·4 ≥ 4·1 ≥ 6·7 ≥ 3·7 ≥ 7·1 ≥ 5·7

aData from the West Nile virus (WNV) and vaccinia virus (VV) samples are expressed as log10 plaque-forming units/ml.
bData from the bovine viral diarrhoea virus (BVDV) samples are expressed as log10 tissue culture infectious dose 50/ml.
cVirus was spiked into samples once they reached 60 °C. As the potential existed for immediate inactivation, the initial virus concentration was determined from 

an unheated sample.
dIncreased volume testing. 

WNV values represent the mean of three determinations, BVDV values represent the mean of two (albumin) or four [human plasma protein solution (HPPS)] 

determinations and VV values represent a single determination.
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When 5% or 25% albumin was spiked with either WNV or
BVDV and pasteurized at 60 °C for 10 h, all infectious virus
was inactivated (Table 2). Within 30 min of incubation of 5%
albumin at 60 °C, WNV was near the lower limit of detection
and no BVDV could be detected. Pasteurization of 5% albumin
inactivated ≥ 7·4 log10 WNV and ≥ 4·1 log10 BVDV. Similarly,
pasteurization of 25% albumin resulted in the complete in-
activation of both WNV and BVDV within 30 min. A total of
≥ 6·7 log10 WNV and ≥ 3·7 log10 BVDV were cleared.

Solvent/detergent treatment

Within 1 h of incubation of the AHF intermediate with either
0·3% TNBP/1% Tween 80 or 0·15% TNBP/0·5% Tween 80, no
infectious WNV could be detected (Fig. 1a). The production
operating concentration of 0·3% TNBP/1% Tween 80 resulted
in ≥ 5·9 log10 inactivation of WNV, and when the concentra-
tion was diluted twofold, ≥ 5·9 log10 inactivation was also
observed (Table 3). Solutions of AHF spiked with BVDV and
incubated in 0·3% TNBP/1% Tween 80 or 0·15% TNBP/0·5%
Tween 80 resulted in ≥ 5·3 log10 and ≥ 5·2 log10 inactivation,
respectively (Table 3). In contrast, VV was more resistant to
inactivation under these conditions. Following 6 h of in-
cubation in 0·3% TNBP/1% Tween 80, 3·0 log10 inactivation
was achieved (Fig. 1b, Table 3).

Fig. 1 Inactivation of West Nile virus (WNV) and vaccinia virus (VV) in solvent/detergent. Solutions of anti-haemophilic factor (AHF) were treated with tri-(n-

butyl)-phosphate (TNBP)/Tween 80 and the inactivation of infectious (a) WNV in 0·3% TNBP/1% Tween 80 or 0·15% TNBP/0·5% Tween 80 or (b) VV in 0·3% 

TNBP/1% Tween 80 was determined. For solutions of intravenous immunoglobulin produced using the solvent/detergent process (IVIG-S/D), the inactivation of 

(c) WNV in 0·3% TNBP/0·2% cholate or 0·15% TNBP/0·1% cholate or (d) VV in 0·3% TNBP/0·2% cholate was determined. Each WNV point represents the mean 

of three determinations and each VV point represents a single determination. The dashed lines in panels (b) and (d) represent the limit of detection. Overall 

reduction factors are presented in Table 3.

Table 3 Virus inactivation by tri-(n-butyl)-phosphate (TNBP)/Tween 80 in 

solutions of anti-haemophilic factor (AHF) or TNBP/cholate in intravenous 

immunoglobulin produced using the solvent/detergent process (IVIG-S/D)
 

 

Protein Inactivation step

Log10 inactivation 

WNV BVDV VV

AHF 0·3% TNBP/1% Tween 80 ≥ 5·9a ≥ 5·3 3·0b

0·15% TNBP/0·5% Tween 80 ≥ 5·9a ≥ 5·2 NDc

IVIG-S/D 0·3% TNBP/0·2% Cholate ≥ 5·9d ≥ 4·2 ≥ 4·6e

0·15% TNBP/0·1% Cholate ≥ 6·2d ≥ 3·9 ND

aFrom Fig. 1(a).
bFrom Fig. 1(b).
cND = not determined.
dFrom Fig. 1(c).
eFrom Fig. 1(d).

For West Nile virus (WNV), each value represents the mean of three 

determinations; for bovine viral diarrhoea virus (BVDV), each value represents 

the mean of two or three determinations; and for vaccinia virus (VV), 

the value is the result of a single determination.

Solvent/detergent solutions were incubated at 28 °C for 6 h.
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Incubation of WNV in an IVIG-S/D process intermediate
solution, containing either 0·3% TNBP/0·2% cholate (manu-
facturing conditions) or 0·15% TNBP/0·1% cholate, resulted
in complete inactivation of the virus within 30 min (Fig. 1c).
Approximately 6 log10 of WNV was inactivated (Table 3).
Similarly, in 0·3% TNBP/0·2% cholate or 0·15% TNBP/0·1%
cholate, ≥ 4·2 log10 and ≥ 3·9 log10 BVDV inactivation, respec-
tively, was observed (Table 3). Unlike the observations with
TNBP/Tween 80, complete and rapid inactivation of VV was
achieved during the treatment of IVIG-S/D with 0·3% TNBP/
0·2% cholate. Within 30 min, > 4 log10 of inactivation was
achieved and, by 3 h, no infectious virus could be detected
(Fig. 1d). A total of ≥ 4·6 log10 of VV was inactivated (Table 3).

Similarly, WNV was readily inactivated when the IGIM
process intermediate was incubated in either 0·3% TNBP/
0·2% cholate (manufacturing conditions) or 0·15% TNBP/
0·1% cholate (Fig. 2). Complete inactivation was observed
within 30 min of incubation. Total inactivation of ≥ 5·4 log10
and ≥ 5·6 log10 were achieved in 0·3% TNBP/0·2% cholate
and 0·15% TNBP/0·1% cholate, respectively.

Caprylate treatment

Treatment of a Gamunex® intermediate solution with sodium
caprylate resulted in the complete inactivation of both WNV
and VV within 3 min. In 14 mM caprylate at 22 °C, ≥ 5·0 log10
WNV was inactivated (Fig. 3a, Table 4). When incubated at
22 °C in 20 mM caprylate, ≥ 6·0 log10 VV was inactivated
(Fig. 3b, Table 4).

Caprylate has previously been shown to provide robust and
effective inactivation of human immunodeficiency virus (HIV),
pseudorabies virus (PRV) and BVDV [10]. To further evaluate
the efficacy of this innovative method for the inactivation of
enveloped virus, additional models for HBV and HCV were
used in inactivation studies (Table 4). The data demonstrated
that no infectious DHBV, an HBV surrogate, could be detected
following incubation in 20 mM caprylate. Within 3 min, DHBV
inactivation was complete (kinetics not shown). Another model

for HCV – Sindbis – was similarly shown to be rapidly and
completely inactivated in 18 mM caprylate.

Inactivation of HIV, PRV and BVDV have previously been
shown to be robust with respect to caprylate concentration
[10]. Robust inactivation of BVDV with respect to protein
concentration, pH and incubation temperature have also been
demonstrated [10]. To further investigate the robustness of
caprylate inactivation of enveloped viruses, a series of studies
were performed to evaluate the robustness of Sindbis virus
inactivation with respect to caprylate concentration, protein
concentration, pH and incubation temperature. These data,
shown in Table 5, demonstrate that within the ranges in-
vestigated, these operating parameters did not influence
Sindbis inactivation by caprylate. Under all conditions,
complete inactivation of Sindbis was observed within 10 min
(kinetics not shown).

Low-pH incubation

Incubation of the Gamunex® final product (pH 4·4) at 23 °C,
resulted in the effective inactivation of WNV (Fig. 4). Within

Fig. 2 Kinetics of West Nile virus (WNV) inactivation during the treatment 

of intramuscular immunoglobulin (IMIG) with 0·3% tri-(n-butyl)-phosphate 

(TNBP)/0·2% cholate or 0·15% TNBP/0·1% cholate. Each point represents the 

mean of three determinations. Total inactivations of ≥ 5·4 log10 and ≥ 5·6 

log10 WNV were achieved in 0·3% TNBP/0·2% cholate and 0·15% TNBP/0·1% 

cholate, respectively.

Fig. 3 Kinetics of West Nile virus (WNV) (a) and vaccinia virus (VV) (b) 

inactivation during the incubation of Gamunex® in 20 mM caprylate. Except 

for the 0-h samples, all values were below the limit of detection. The dashed 

line represents the lower limit of assay detection. For WNV, each point 

represents the mean of three determinations and, for VV, each point is a 

single determination. Overall reduction factors are presented in Table 4.
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3 days of incubation at pH 4·4, WNV was near the lower limit
of detection and, by the next time-point (7 days), complete
inactivation was achieved. A total of ≥ 4·8 log10 inactivation
was observed.

Discussion

Effective inactivation of WNV, BVDV and VV by pasteuriza-
tion was demonstrated in a variety of protein solutions, even
in the presence of a stabilizer. Although albumin, HPPS and
α1-PI utilize different excipients for stabilization (e.g. sucrose,

citrate, tryptophan) and were at different protein concentra-
tions, complete inactivation of the viruses was achieved,
demonstrating that this technology provides robust inactiv-
ation of enveloped viruses. As the complete inactivation of
WNV, BVDV and VV was observed in both 5% and 25% albu-
min, similar inactivation of these viruses would be expected for
all intermediate concentrations.

Both WNV and VV have previously been shown to be
susceptible to inactivation by heat. Complete inactivation
of VV was observed during the pasteurization of solutions of
immunoglobulin at 60 °C [14,15], and a recent report has
demonstrated the inactivation of WNV during the pasteur-
ization of albumin [16]. A number of studies, including this
one, have demonstrated the inactivation, by pasteurization,
of viruses that are closely related to WNV, such as BVDV, tick
borne encephalitis virus, yellow fever virus and Sindbis virus
[16,17,19]. The data reported here, which demonstrated a

Table 5 Robustness of Sindbis virus inactivation with respect to caprylate 

concentration, protein concentration, pH and incubation temperature 

during the caprylate-inactivation step of the Gamunex® process

Parameter Parameter level
Log10 Sindbis 
inactivation 

Caprylate 18 mM ≥ 6·0

concentration 15 mM ≥ 5·9

11 mM ≥ 5·9

Protein 1·1% ≥ 5·8

concentration 1·2% ≥ 6·0
1·5% ≥ 5·8

pH 4·9 ≥ 6·3

5·1 ≥ 6·0
5·3 ≥ 6·3

Temperature 25 °°°°C ≥ 6·0
20 °C ≥ 5·8

One parameter was varied at a time, while all others were held at the 

production-operating setpoint (shown in bold; 20 mM caprylate, pH 5·10, 

1·2% protein, 25 °C). Each value represents the mean of three 

determinations.

Virus Models

Log10 reduction

HIVa HIV-1, HIV-2 ≥ 4·5

PRVa Human herpes viruses, HBV ≥ 4·6

BVDVa HCV ≥ 4·5

Sindbisb HCV ≥ 6·0

DHBV HBV ≥ 4·6

WNVc Relevant ≥ 5·0

VVd Relevant, variola, monkeypox ≥ 6·0

aData obtained from a previously published reference [18].
bFrom Table 5.
cFrom Fig. 3(a).
dFrom Fig. 3(b).

BVDV, bovine viral diarrhoea virus; DHBV, duck hepatitis B virus; HBV, hepatitis B virus; HCV, hepatitis C 

virus; HIV, human immunodeficiency virus; PRV, pseudorabies virus; WNV, West Nile virus; VV, vaccinia 

virus.

The reduction factor for VV represents a single determination. All other reduction factors were the mean 

of three determinations.

Table 4 Inactivation of enveloped viruses in the 

Gamunex® process intermediate containing 

20 mM caprylate during incubation at 24 °C: 

within 10 min, all viruses were undetectable

Fig. 4 Kinetics of West Nile virus (WNV) inactivation during low-pH 

incubation of Gamunex®. WNV was spiked into the Gamunex® final product 

that had been adjusted to pH 4·4, and was incubated for 21 days at 23 °C. 

Virus infectivity was monitored by removing samples for titration at 0, 3, 7, 

14 and 21 days after incubation began. The value at each time point 

represents the mean + 1 SD of three determinations. A total of ≥ 4·8 log10 

WNV inactivation was achieved.
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similar inactivation of WNV and BVDV by pasteurization of
α1-PI and albumin, support the predictive value of inactiv-
ation information from model viruses. VV is antigenically
similar enough to both variola (smallpox) and monkeypox
viruses to be used as a vaccine [7]. The susceptibilities to pas-
teurization of monkeypox virus and variola virus, then, are
probably similar to that of VV.

Solvent/detergent treatment is widely used to inactivate
lipid-enveloped viruses. Treatment of the AHF intermediate
with 50% of the TNBP/Tween 80 concentration used in the
manufacturing process provided rapid and complete inactiv-
ation of WNV. Again, these results were very similar to those
of the related virus, BVDV, supporting the validity of this
virus as a model for WNV.

VV, however, was more resistant to inactivation by TNBP/
Tween 80. The production-operating concentration of TNBP/
Tween 80 did not achieve complete inactivation of VV, although
the virus titre was reduced by over 3 log10. The resistance of
VV to solvent/detergent has previously been observed [18,19].
VV is unlike other enveloped viruses in that it can be present
in two infectious forms, both of which are membranous and
one of which is a double membrane with a complex structure
[9,20].

In contrast to TNBP/Tween 80, in this study, TNBP/cholate
provided effective inactivation of both WNV and VV. Treat-
ment of human placental tissue with 0·3% TNBP/0·2% cholate
at 4 °C resulted in substantial, but incomplete, VV inactiv-
ation [21]. In the current study, TNBP/cholate in a solution of
IVIG, rather than tissue, was incubated at 28 °C, and com-
plete inactivation of the virus was achieved. Cholate may be
able to solubilize VV membranes more efficiently than other
detergents. Thus, these TNBP/cholate data provide evidence of
the ability of this method to effectively inactivate enveloped
viruses with a wide variety of characteristics. It also suggests
that an emergent enveloped virus with characteristics similar
to the viruses for which TNBP/cholate data exist will also be
susceptible to inactivation by this method.

WNV was effectively inactivated during the low-pH incu-
bation step of the Gamunex® process, even when the incuba-
tion was performed at pH 4·4, above the upper pH limit of the
manufacturing range (pH 4·0–4·3). The susceptibility of this
virus to low-pH-mediated inactivation has previously been
demonstrated, and the current data confirm that incubation
of this product under conditions of low pH similarly achieve
inactivation of the virus [16,22]. It is likely that any manu-
facturing step that was performed at a low pH would effec-
tively inactivate WNV. Vaccinia has also been shown to be
susceptible to inactivation at low pH [23].

Caprylate treatment provided rapid and complete inactiv-
ation of the wide panel of enveloped viruses that were
evaluated. To date, all enveloped viruses evaluated, represent-
ing a wide variety of physicochemical characteristics, have
been inactivated to the limit of detection within minutes of

incubation in caprylate. Caprylate inactivation of VV was
similar to that of other enveloped viruses, demonstrating that
it can be an alternative to solvent/detergent treatment for the
inactivation of resistant enveloped viruses. These data also
suggest that any emergent enveloped virus with a complex
lipid membrane may be similarly susceptible to this means
of inactivation.

The data presented here support the robust inactivation
of enveloped viruses by caprylate. A number of enveloped
viruses, representing a variety of virus families, were shown
to be completely inactivated within minutes of incubation
with caprylate. In addition, data obtained using Sindbis
virus demonstrated that during the Gamunex® manufactur-
ing process, variations in caprylate concentration, protein
concentration, pH or incubation temperature would not alter
the overall inactivation or the inactivation kinetics of this
HCV surrogate.

These data also demonstrated the validity of the use of
model viruses for inactivation studies. Inactivation of WNV
by pasteurization, solvent/detergent treatment and caprylate
treatment was very similar to that observed with BVDV in
this study. The use of surrogate viruses for those viruses that
cannot readily cultured in vitro is a widely used strategy that
has been advocated by regulatory agencies [1]. BVDV has
been used as a model for HCV for many years, and its ability
to predict the inactivation of HCV has been verified by the
lack of transmission of this pathogen by blood products
subjected to inactivation measures that achieve signific-
ant levels of BVDV inactivation. The WNV data presented
here support the use of model viruses; WNV inactivation
mirrored that of BVDV. The appearance of a novel viral
pathogen should not place the safety of plasma-derived
products in jeopardy as long as data from viruses with
similar physicochemical characteristics support effective
inactivation during manufacture. Data from studies with
a wide panel of model viruses, representing a range of
physicochemical properties, should provide a basis for deter-
mining whether an emergent pathogen is likely to present
a threat to biological products.

Although data from model viruses was predictive of the
safety of plasma-derived products with respect to transmission
of WNV, VV or other potential viral contaminants with similar
properties, the results of the current study provide definitive
confirmation. This is consistent with the conclusion of others
[16]. Furthermore, these data justify the model virus approach
for assessing the viral safety of these products.
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