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Clearance of dengue virus in the plasma-derived
therapeutic proteins
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Jo LK. Cheung, Sai Wah Wong, Mahommed B. Ali, and Bing-Lou Wong

BACKGROUND: Viral safety is of paramount impor-
tance for human plasma—derived therapeutic proteins.
Recent reports of blood-associated transmission and
continuous regional outbreaks of dengue fever have
prompted a validation of clearance of dengue virus in
the manufacture processes of the plasma-derived
products.

STUDY DESIGN AND METHODS: A high titer of cul-
tured dengue virus serotype 2 was spiked into process
samples before individual steps of albumin and immu-
noglobulin manufacture processes, including cold
ethanol precipitation, cation-exchange chromatography,
pasteurization, solvent/detergent treatment, and virus
filtration. Clearance of dengue virus was quantified with
TCIDs, assays in the culture of Vero E6 cells and, when
appropriate, real-time polymerase chain reaction (RT-
PCR) assays.

RESULTS: The individual process steps were all effec-
tive in the inactivation and/or removal of dengue virus,
and the data obtained clearly demonstrate that the risk
of dengue virus transmission was reduced cumulatively
by at least 10.12 and at least 14.24 lag in the albumin
and immunoglobulin manufacture processes,
respectively.

CONCLUSION: The dedicated viral inactivation and/or
removal approaches currently implemented in the
manufacture of plasma-derived products provide a good
safety margin with regard to the transmission of dengue
virus.
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engue virus infects 50 to 100 million people

worldwide a year; of those infected, several

hundred thousand develop the more severe

and life-threatening diseases, dengue hemor-
rhagic fever and dengue shock syndrome. Dengue virus
belongs to the family Flaviviridae, which in general is
known to survive over long periods in fluids with high
protein contents, for example, blood. Therefore, dengue
viruses may be transmitted via transfusion of blood or
blood components. Albeit rare, it has indeed been docu-
mented that blood-associated transmission of dengue
virus occurs via routes including needle-stick injuries,
marrow transplantation,? intrapartum and vertical trans-
mission,” and mucocutaneous transmission. This can be
a serious public health problem without proper control
measures.

Dengue virus is a lipid-enveloped RNA virus, with a
diameter of approximately 50 nm.* Reportedly, dengue
virus has been effectively inactivated by photosensitiz-
ers®® and is sensitive to high temperatures and acidic pH.”
This study aims to demonstrate for the first time that the

ABBREVIATION: BVDV = bovine viral diarrhea virus.
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ELIMINATION OF DENGUE VIRUS IN PLASMA FRACTIONATION

risk of dengue virus transmission in plasma derivatives is
eliminated by specific virus removal and inactivation pro-
cedures. Log reduction of dengue virus is investigated at
individual steps of the manufacture processes of plasma-
derived albumin and immunoglobulins, which include
cold ethanol precipitation, cation-exchange chromatog-
raphy, pasteurization, solvent/detergent (S/D) treatment,
and virus filtration. The evaluation of the manufacture
processes provides a measure of confidence for eliminat-
ing dengue virus.

MATERIALS AND METHODS

Raw materials

Normal human plasma was obtained from the plasma
fractionator Shenzhen Weiwu Guangming Biological
Products Co. (Shenzhen, China). All chemicals used in this
study were of either pharmaceutical grade or analytical
grade. Virus filters (Planova 35N, 10 cm?) were a gift from
Asahi Kasei (Tokyo, Japan).

Virus culture and quantification

Dengue virus serotype 2 (S047/00 from Environmental
Health Institute, Singapore) was propagated in C6/36 cells
(CDC Guangdong, China) in minimal essential medium
with 1 percent fetal bovine serum (Gibco, Grand Island,
NY). Dengue virus was quantified with TCIDs, assays in
the culture of Vero E6 cells (ATCC, Manassas, VA). Vero E6
cells (2.5 x 10° cells/mL) were seeded in 96-well plates in a
volume of 100 uL per well. After 1 day of incubation, 50 uL
of medium was added to each well. Each dilution of
sample was added at 50 pL per well, and further incuba-
tion was carried out at 36 * 2°C with 5 percent CO,. Plates
were assessed for TCIDs, endpoint as cytopathic effects
developed on the fifth day. The TCIDs, endpoint was cal-
culated according to the Spearman-Kirber method, and
the Poisson distribution was used when no virus was
detected in samples. Quantitative real-time polymerase
chain reaction (RT-PCR) was used to determine virus titer
in the chromatography and cold ethanol precipitation
steps. RNA of dengue virus was extracted in duplicate
from samples with a viral RNA mini kit (QIAamp, Qiagen,
Hilden, Germany) according to the procedure provided by
the manufacturer. Dengue virus cDNA was reverse tran-
scribed with random hexamers with reverse transcriptase
(Supercript III, Invitrogen, Carlsbad, CA). Quantitative
RT-PCR utilizing TagMan technology (Applied Biosystems,
Foster City, CA) was performed on samples and proper
controls with specific primers (GTCAACATAGAAGCA-
GAACCTCCA and CTCTATGATGATGTAGCTGTCTCCG)
and SYBR Green fluorescent probes with conditions opti-
mized to detect 4.67 copies of viral RNA for dengue virus.
Duplicate PCR procedures were performed for each

sample with a sequence detection system (ABI 7900 HT,
Applied Biosystems), and the cycling conditions were 50°C
for 2 minutes, 95°C for 10 minutes followed by 40 cycles of
95°C for 15 seconds, and 60°C for 1 minute, as well as a
dissociation stage of 95°C for 15 minutes, 60°C for

15 minutes, and 95°C for 15 minutes.

Fraction IV precipitation

The supernatant II + I1I was prepared from frozen human
plasma through two consecutive steps of cold ethanol pre-
cipitation with 8 percent ethanol at pH 7.1 followed by
19 percent ethanol at pH 5.85.® Duplicates of 20 mL of
supernatant II + III were spiked with 7.00 log per mL each
of dengue virus at a ratio (vol/vol) of 1:10. Ethanol (95%)
was added drop by drop into the supernatant Il + III to a
final ethanol concentration of 40 percent, which was
further mixed at -5 to 5.5°C for 1 hour, before being cen-
trifuged at 2300 x g to separate the fraction (F)IV from the
supernatant IV. The supernatant II+IIl, the FIV, and the
supernatant IV were titrated for quantity of viruses by
TCIDs, assay or RT-PCR assay.

Pasteurization

The purified albumin solution was diafiltrated with
8 volumes of water and then concentrated to a concentra- .
tion of 22 percent with a 30-kDa cutoff cassette (Millipore,
Bedford, MA). Sodium caprylate was added to the concen-
trated albumin solution to a final concentration of
32 mmol per L, before adjustment of pH to 6.8 to make
20 percent 'albumin bulk. Two-hundred milliliters of
albumin bulk and duplicates of the sterile-filtered
20 percent albumin in a 50-mL bottle was heated to 59°C
in a water bath, followed by spiking with dengue virus
(6.67, 7.50, or 7.67 log/mL) at a ratio (vol/vol) of 1:20 and
1:25, respectively. Gentle mixing with a mechanical stirrer
(stainless steel) was applied to the bulk pasteurization.
Samples were taken out for virus titration during the time
course of a 10-hour treatment at 59 to 60°C.

Flll precipitation

The FII + IIl separated from the supernatant II + III above
was redissolved, and NaAc-HAc buffer (0.8 mol/L-
4 mol/L, pH 3.9) was added dropwise to adjust pH to 5.1.
Dengue virus (7.17 or 7.67 log/mL) was spiked at a ratio
(vol/vol) of 1:10 into duplicates of 20mL of the
pH-adjusted FII + III. Ethanol (95%) was added drop by
drop into the FII +III to a final ethanol concentration of
15 percent, which was further mixed.at -5 to 5.5°C for
1.5 hour, before being centrifuged at 2300 x g to separate
the FIII from the supernatant III. The FII + III, the super-
natant I1I, and the FIII were titrated for quantity of viruses

by TCIDs, assay.
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Virus filtration

A quantity of 196 mL of partially purified inmunogiobulin
was spiked with 7.67 log per mL dengue virus at a ratio
(vol/vol) of 1:49, followed by filtration with a 0.22-pm filter
(Steritop, Millipore) to remove viral aggregates. The fil-
tered immunoglobulin was subject to virus filtration with
the 35N filter in a normal-flow manner, under constant
pressure of 80 kPa. Samples were titrated for quantity of
viruses by TCIDs, assay or RT-PCR assay.

S/D treatment

Duplicates of 27 mL of the immunoglobulin purified
through virus filtration were heated to 28°C in a water
bath, followed by spiking with 7.16 or 7.83 log per mL
dengue virus at a ratio (vol/vol) of 1:9. Triton X-100 and
tri-n-butyl phosphate were added drop by drop into the
immunoglobulin to a final concentration of 1 and
0.3 percent, respectively. Gentle mixing was achieved with
a mechanical stirrer (stainless steel) for the time course of
16-hour treatment at 28 to 30°C, during which samples
were removed for virus titration by TCIDs, assay.

Cation-exchange chromatography

A chromatograpby column of 10-mm diameter was
packed to a bed height of 11 cm with either new CM
Sepharose Fast Flow resin (Pharmacia Biotech, Uppsala,
Sweden) or the used resin that had previously been
recycled 476 times with the immunoglobulin purification
process. The column was equilibrated with 20 mmol per L
NaAc buffer, pH 4.0. Adjusted to a pH of 4.0 with 1 M HCI
and an ionic strength of 1.4 mS per cm with purified water,
duplicates of 75 mL of the S/D-treated immunoglobulin
solution were spiked with 7.67 or 7.83 dengue virus at a
ratio (vol/vol) of 1:20. The virus-spiked immunoglobulin
solution was applied to the column at a linear flow rate of
40 cm/hr at ambient temperature. After washing of the
column with 10 column volumes of 10 mmol per L glycine,
pH 7.0, immunoglobulins were eluted with 100 mmol per
L glycine together with 150 mmol per L sodium chloride,
pH 9.0. The column load, the flow-through fraction, and
the eluate fraction containing immunoglobulins were
titrated for quantity of viruses by TCIDs, assay or RT-PCR
assay.

RESULTS

FiV precipitation

After the 40 percent ethanol precipitation of the superna-
tant II + III, no dengue virus was detected with the TCIDsq
assay in both the supernatant IV and the FIV (Table 1).
Despite its direct cytotoxicity to the virus detector Vero E6
cells, when diluted 500-fold, 40 percent ethanol did not
affect the determination of virus titer. Results of quantita-
tive RT-PCR clearly showed that genetic materials of
dengue virus were concentrated in the FIV (Table 1),
which is discarded during the albumin manufacture.
Because chemical inactivation by high concentrations of
ethanol is mechanistically different from the physical par-
titioning effects between fractions, this FIV precipitation
step provides an extra safety margin in the effective clear-
ance of dengue viruses.

Pasteurization

The kinetics of inactivation of dengue virus in the
20 percent albumin during the 10-hour pasteurization at
59 to 60°C are shown in Fig. 1. The pasteurization was
carried out at 0.5°C below what is normally used in the
manufacture, representing a worst-case scenario. Dengue
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Fig. 1. Inactivation of dengue virus in albumin by pasteuriza-
tion over time. ((J) Bulk pasteurization; () terminal pasteur-
ization. Stock dengue viruses (6.67 or 7.50 log/mL) were
spiked at a ratio (vol/vol) of 1:20 and 1:25, respectively, in the
bulk pasteurization and terminal pasteurization.

TABLE 1. Clearance of dengue virus in the precipitation of FIV*

Assay (log) Supernate Il + ill Flv Supemate tV Log reduction, Il + it — supernate IV
TCIDso 6.83/7.00 2.06t/2.061 1.651/1.651 =5.18/=5.35
Quantitative RT-PCR 7.15/8.33 7.40/7.56 3.30/4.98 3.85/3.35

7.00 log per mL spiked at a ratio of 1:10.

* Data shown are total viral titers (log number multiplied by volume) from duplicate experiments, where stock virus had a titer each of

T No dengue virus was detected, and the number was caiculated according to the Poisson distribution.
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virus was quickly inactivated by the heat treatment, and
infectious virus became undetectable within 5 minutes
(Fig. 1). Total viral reduction for both the bulk pasteuri-
zation and the terminal pasteurization is shown in
Table 2.

FlIll precipitation

After the 15 percent ethanol precipitation, dengue virus
was detectable with the TCIDs, assay in both the superna-
tant III and the FIII, with a majority of infectious virus in
the FIII. Viral reduction from the FII + III to the superna-
tant 11l was calculated and is shown in Table 3.

Virus filtration

The immunoglobulin spiked with dengue virus was pro-
cessed at 24 to 25°C through the 35N virus filter within

TABLE 2. Clearance of dengue virus in the
albumin process*

Process step Reduction of virus (log)
FIV precipitation =5.181/=5.35%
Bulk pasteurization =4.61
Terminal pasteurization =4.94/=5.44
Cumulative =10.124/=10.79%

* Data are shown from duplicate experiments, except bulk pas-
teurization, which was conducted once.

1 The data from the TCIDs, assay, but not the RT-PCR assay,
are included.

1 “Bulk pasteurization” is not included in the “cumulative,”
because it is similar mechanistically to “terminal
pasteurization.”

TABLE 3. Clearance of dengue virus in the
immunoglobulin process*

Process step Reduction of virus (log)
FIlf precipitation . 2.16/2.65

Virus filtration 3.37¢%

S/D treatment =5.05/=5.38
Chromatography 3.664/4.18%
Cumulative =14.24/=15.58

* Data of single virus filtration experiment and duplicate experi-
ments of other processing steps are shown.

1 Only RT-PCR data are included.

} Virus reduction caused by the presence of S/D is not

7 hours. No infectious virus was detectable by the TCIDs,
assay in the immunoglobulin filtrate, the sample obtained
when the virus filter was reversely flushed with purified
water, or the virus-spiked immunoglobulin control stand-
ing along the whole virus filtration process. To differenti-
ate physical separation from the chemical inactivation by
the low pH, the samples were further quantified for
dengue virus with the quantitative RT-PCR assay. The
RT-PCR data show that dengue virus was much more con-
centrated in the back-flush fraction than in the immuno-
globulin filtrate. Viral reduction by the virus filtration was
calculated and shown in Tables 3 and 4. These results indi-
cate that dengue virus is effectively removed by the 35N
virus filtration.

S/D treatment

The presence of S/D was cytotoxic to the virus detector
Vero E6 cells; when diluted 1000-fold, S/D did not affect
the determination of virus titer. The kinetics of inactiva-

_tion of dengue virus in the immunoglobulin during the
16-hour S/D treatment at 28 to 30°C is shown in Fig. 2.
Dengue virus was quickly inactivated by the S/D treat-
ment, and infectious virus became undetectable within
1 minute. Total viral reduction for the S/D treatment was
shown in Table 3.
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Fig. 2. Inactivation of dengue virus in immunoglobulins by
S/D treatment over time. Stock dengue viruses (7.16 log/mL)
was spiked at a ratio (vol/vol) of 1:9 in the S/D treatment step;

included. when it was spiked to the immunoglobulin sample neutral-
ized to pH 7.0 a viral titer of 7.00 log was obtained.
TABLE 4. Clearance of dengue virus in the virus filtration*
Assay Load immunoglobulin filtrate Back-flush {Log reduction, load — filtrate
TClDso '8.37 =2.58t% =251t =5.79
Quantitative RT-PCR 8.47 5.10 7.08 3.37

7.67 log per mL..

* The numbers shown are total viral titers {log number muitiplied by volume), and the stock virus spiked at a ratio of 1:49 had a titer of

t+ No dengue virus was detected, and the number was calculated according to the Poisson distribution.
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TABLE 5. Clearance of dengue virus in the chromatography*

Assay Resin Load Flow through Eluate Log reduction, load — eluate
TCIDso New 8.20 =6.19t =1.16t =7.04

Used 8.04 =6.19% =1.111 =6.93
Quantitative RT-PCR New 9.24 8.31 5.58 3.66

Used 8.99 8.14 4.81 4.18

and 7.83 log per mL for the new and used resins, respectively.

* The numbers shown are total viral titers (log number multiptied by volume), and the stock virus spiked at a ratio of 1:20 had a titer of 7.67

t No dengue virus was detected, and the number was calculated according to the Poisson distribution.

S

Cation-exchange chromatography

After the chromatography step of the immunoglobulin
process, no infectious virus was detectable by the TCIDs,
assay in the column load, the flow-through fraction, the
eluate fraction, or the virus-spiked load control standing
along the whole chromatography process. Total viral
reduction from the column load to the eluate fraction was
at least 7.04 and at least 6.93 log for the new resin and the
476-cycled used resin, respectively (Table 5). Because S/D
was present in the starting material, the elimination of
dengue virus could be a result of inactivation by the
chemicals. To differentiate physical removal from chemi-
cal inactivation, the samples were further quantified for
dengue virus with the quantitative RT-PCR assay. The
RT-PCR data show that a majority of dengue virus was
observed in the flow-through fraction. Total viral removal
by the chromatography process was calculated to be 3.66
and 4.18 log for the new resin and the 476-cycled used
resin, respectively (Tables 3 and 5).

DISCUSSION

Viral safety is of paramount importance for human
plasma-derived therapeutic proteins such as albumin,
al-proteinase inhibitor, clotting factors, and immunoglo-
bulins. Recent documentation of blood-associated
transmission'? and continuous regional outbreaks of
dengue fever have prompted a validation of clearance of
dengue virus in the manufacture processes of the plasma-
derived products. It was the intention of this study to
investigate clearance of dengue virus in individual steps of
.manufacture processes of plasma-derived albumin and
immunoglobulins. The results shown in Tables 2 and 3
clearly demonstrate for the first time that specific virus
removal and inactivation procedures reduce the risk of
dengue virus transmission by more than 10 log cumula-
tively in plasma-derived albumin and immunoglobulins.

In this study, cold ethanol precipitation is very effec-
tive in inactivating dengue virus in the albumin process,
but mildly effective in removing dengue virus in the
immunoglobulin process. This difference in effectiveness
is probably due to the fact that higher concentrations of
ethanol were used in the albumin process. It is fairly rea-
sonable to speculate that other therapeutic proteins pre-
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pared from plasma by similarly high concentrations of
ethanol, for instance, al-proteinase inhibitor and trans-
ferrin purified from the Cohn FIV, would have a good
safety margin with regard to transmission of dengue virus.

Pasteurization inactivated dengue virus very quickly
and effectively in the albumin process. The presence of a
high concentration of albumin or the albumin stabilizing
agent sodium caprylate did not seem to protect dengue
virus from the heat inactivation. Caprylate has been
shown to be an effective virus-inactivating agent at milli-
molar concentrations under acidic conditions;*?2
however, caprylate appears unlikely to contribute much to
the viral inactivation capacity of the pasteurization step as
in the albumin formulation it is used under neutral pH,
which do not favor the formation of the active
component—the nonionized form of caprylate. As shown
by albumin’s long history of viral safety in clinical appli-
cations, the dedicated viral inactivation step in albumin
manufacture processes has been very robust in the inac-
tivation of many different viruses including West Nile virus
and bovine viral diarrhea virus (BVDV), both from the
same Flaviviridae family as dengue virus.3'

Virus filtration was very effective in separating
dengue virus from the'immunoglobulin filtrate (Table 4).
The data suggest that chemical inactivation by the low pH
condition can probably contribute to the viral clearance
capacity of this process step. In a separate study with
BVDV, which is of similar size but not sensitive to low pH
treatment, a majority of the spiked BVDV was trapped in
the Planova 35N filter, which was recovered in the back-
flush sample (unpublished observation). y

Like pasteurization, S/D treatment very quickly and
effectively inactivated dengue virus in the immunoglobu-
lin process. This dedicated viral inactivation step in the
immunoglobulin manufacture processes has been very
robust in the inactivation of many different viruses includ-
ing West Nile virus and BVDV,!314

The cation-exchange chromatography was originally
intended to remove S/D from the immunoglobulin
process; however, it was also observed in this study to
effectively remove dengue virus by affinity adsorption. In
addition, this purification step was mildly effective in the
physical removal of BVDV (unpublished observation).
Although the chromatographic process may not be a
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robust viral removal step in general, it is indeed effective in
the clearance of dengue virus.

In summary, this study has shown that effective clear-
ance of dengue virus is achieved in the manufacture pro-
cesses of albumin and immunoglobulins, providing
additional evidence supporting the viral safety of plasma-
derived products.
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