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A downstream processing was examined for Vero cell-derived human influenza virus (HIN1) grown in
serum free medium. Vero cell banks were established in serum free medium and characterized accor-
ding to regulatory requirements. Serum free Vero cells were grown on Cytodex 3 microcarriers in 5L
bioreactor and infected with influenza A virus (A/New Caledonia/99/55). The harvests were processed
with the sequence of inactivation, clarification, anion exchange chromatography (DEAE FF), Cellufine Sul-
fate Chromatography (CSC) and size exclusion chromatography (Sepharose 6FF). Host cell DNA (hcDNA)
was mainly removed with DEAE FF column and CSC by 40 and 223 fold, respectively. Most of Vero cell
proteins were eliminated in CSC and Sepharose 6FF unit operation by about 13 fold. The overall scheme
resulted in high recovery of hemagglutinin (HA) activity and the substantial removal of total protein, host
protein and DNA. The total protein content and DNA content per 15 g HA protein in final product was
89 wg and 33 pg, respectively, which complied with regulatory requirements for single strain influenza
vaccines. SDS-PAGE analysis and Western blotting confirmed the purity of the final product. In conclu-
sion, the suggested downstream process is suitable for the purification of microcarrier-based cell-derived
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influenza vaccine.
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1. Introduction

Influenza virus, a lipid-enveloped RNA virus from the Ort-
homyxoviridae family, affects up to 10% of the world population
annually. Five influenza pandemics have occurred in 1918, 1957,
1968, 1977 and the recent 2009 pandemic since last century.
Large-scale vaccination remains the top strategy to control the
spread of influenza infection and reduce the impact on public
health. Conventionally, influenza vaccines are supplied by embr-
yonated egg-based technology. The supply of embryonated eggs
is available only while advanced planning and may be limited
in the event of an influenza pandemic caused by avian influenza
viruses. Hence, the embryonated egg-based technology may not
be adequate to meet the rapid, immediate and surge needs for
influenza vaccines in the event of an influenza pandemic. Based
on these, WHO recommended to develop cell culture as an alter-
native substrate for the production of influenza vaccines in 1995
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[1]. Currently, three continuous cell lines, Madin Darby canine kid-
ney (MDCK) cells, African green monkey kidney Vero cells and
the human retina-derived cell line Per. C6 have been investiga-
ted as candidate substrate for influenza vaccine production. Vero
cells have been extensively used in the manufacture of human
vaccine production, such as rabies vaccines and polio vaccines.
Vero cell line has been used as host for the production of seaso-
nal influenza vaccine [2] and H5N1 vaccine for pandemic flu [3].
Although influenza viruses were able to effectively propagate in
Vero cells, the titres were relatively lower than that in embryonated
eggs [2]. Therefore, it is of great significance to establish an efficient
processing to increase the yield of cell culture-derived influenza
vaccine.

Downstream processing of influenza virus from egg-derived
influenza virus usually consists of clarification followed by ultra-
filtration and sucrose zonal gradient centrifugation [4,5]. This
process has been successfully employed for the production of
influenza vaccine in Vero cells [2]. The greatest shortage in
this downstream processing is lack of purification steps to
effectively remove host cell DNA (hcDNA) and proteins. Recen-
tly, chromatography technology has been applied to purify cell
culture-derived influenza vaccines, including size exclusion chro-
matography (SEC) [6,7], anion exchange chromatography (AEC)
[7,8] and affinity chromatography [9,10]. A combination of SEC and
AEC was examined to purify MDCK cell-derived influenza virus [7].
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Nevertheless, the final product failed to fulfill the purity requi-
rements for protein and hcDNA. Thus, a combination of different
downstream processing methods is needed to reduce these impu-
rities.

Due to the potential of cellular transformation [11] the elimina-
tion of host cell genome is one of the major concerns for influenza
vaccines produced in continuous cell lines. Efforts to eliminate
hcDNA centered on enzymatic digestion [2,12], selective DNA pre-
cipitation [13,14], AEC [15] and recently hydrophobic interaction
chromatography [16]. Enzymatic digestion and selective DNA pre-
cipitation may necessitate an additional purification or assay to
confirm the complete removal of nuclease and precipitant reagents.
AEC was widely applied to reduce hcDNA contamination in mono-
clonal antibody production [17-19], gene therapy vector [12,20,21]
and vaccines [7,22,23]. Weak anion exchanger DEAE resin exhi-
bited low adsorption capacity to virus and has been successfully
utilized for the production of rabies vaccine [22,23]. In this study,
DEAE chromatography was explored to remove hcDNA in Vero cell-
derived influenza vaccine.

Immuno-chromatography, which captured influenza virus
using polyclonal [24] or monoclonal antibodies [10], is costly and
difficult for scaling up. Hemagglutinin (HA) is a glycoprotein con-
taining several N-linked glycosylationsides. These glycans can be
targeted as affinity ligands by specific lectins. Lectin affinity was
reported to result in high HA activity recovery as well as substan-
tial removal of total protein and hcDNA from cell culture-derived
influenza broth [9,25]. Lectin affinity chromatography is not an
optimal option due to potential toxicity of lectins. Compared to
lectin affinity chromatography, pseudo-affinity chromatography
offers a cheaper and easier alternative to capture influenza viru-
ses. Cellufine Sulfate media, which contains sulfated cellulose beads
and mimics the affinity of heparin or dextran sulfate has been used
for the purification of many viral vaccines including influenza vac-
cine [26,27], Japanese encephalitis vaccine [28] and herpes simplex
virus vaccine [29].

A typical influenza virus consists of about 500 molecules of HA
(72 kDa) and 100 molecules of neuraminidase (42 kDa). In contrast,
the molecular weight of most soluble proteins is not larger than a
few hundred kDa. Several SEC media have been explored for the
separation of influenza virus particles [6,7,30,31]. Efficient sepa-
ration of influenza virus from cell components was achieved with
Sepharose CL-2B, 4FF and 6FF [7]. Compared to Sepharose CL-2B
and 4FF, Sepharose 6FF is more rigid and featured with higher
flow rate. Hence, Sepharose 6FF was chosen as SEC media in this
study.

The differences in starting materials, i.e., allontoic fluids versus
cell culture media with microcarriers and cell debris, necessi-
tate more complicated purification process for cell culture-derived
influenza vaccine compared to egg-based influenza vaccines.
Unfortunately, very few complete downstream processes have
been described in details. In this study, we presented a complete
purification process for Vero cell-derived influenza vaccine. First,
we established Vero cell banks in serum free medium and tested
for potential contamination, adventitious viruses and tumorigeni-
city according to regulatory requirements. Vero cells were used to
propagate influenza virus on microcarriers in 5L bioreactor. After
harvesting, virus broth was purified with a sequence of inactiva-
tion, clarification, AEC anion exchange chromatography, Cellufine
Sulfate Chromatography (CSC) and SEC. HA activity, which reflects
the activity of viral particles to agglutinate erythrocytes, was used
to evaluate the performance of a downstream process for influenza
vaccine purification. This novel scheme resulted in high HA reco-
very and the efficient reduction of impurities. The content of total
protein and hcDNA in the final inactivated influenza vaccine com-
plied with the regulatory requirements.

2. Materials and methods
2.1. Cell culture and virus culture

Vero cells (Vero CCL-81) at passage 120 were obtained from
ATCC and adapted to serum free growth using direct adapta-
tion and serial passages for more than 6 passages in serum free
medium VP-SFM (Invitrogen, USA). Master Cell Bank (MCB) and
Working Cell Bank (WCB) were established in VP-SFM at passage
133 and 137, respectively. MCB and WCB have been fully charac-
terized for adventitious agents according to Chinese Pharmacopeia
[32] and fulfilled all the requirements for biological products. A
single ampoule of WCB cells was thawed and passaged as mono-
layers in 150 cm? or 4L rolling bottles to produce enough cells to
inoculate a 5L fermenter (New Brunswick Scientific, USA) using
8 g/L Cytodex-3 (GE Healthcare, Sweden) microcarriers. After cell
number mounted to about 5 x 10%/mL, allantoic fluid containing
A/New Caledonia/99/55 was added at 0.01TCIDs5q/cell. Incubation
was carried out at 34°C for 3-4 days using porcine trypsin at a
concentration of 5 pg/mL [33]. After 96 h cultivation, virus culture
broth was harvested and inactivated by 1/5000 (v/v) formalin at
4°C for 7 days.

2.2. Purification process

Inactivated virus culture broth was clarified by a combination of
continuous flow centrifugation at 10,000 x g using Beckman Avanti
J-25 high performance centrifuge (Beckman, USA) with JCF-Z con-
tinuous rotor and prefiltering with Sephadex G-50. To avoid the
viral losses due to the retentate in the centrifuge chamber, 1000 mL
phosphate buffer (PB, 10 mM, pH 7.2) was added to rinse rotor
chamber at the end of the centrifugation for washing out the reten-
tated virus culture. The partially clarified virus culture and the
“centrifuge wash” were pooled and used for sequential chromato-
graphy processes. An AKTAexplorer 100 chromatography system
(GE Healthcare, Sweden) was used for chromatography operation.
Partially clarified virus batch were loaded multiple times on 20 mL
Sephadex G-50 in 10cm x 2cm column equilibrated with 10 mM
PB at a flow rate of 1 mL/min. G-50 flowthrough was passed a 5 mL
HiTrap DEAE FF at a flow rate of 1 mL/min pre-equilibrated with
10mM PB (pH 7.2) in order to remove Vero cell DNA. The hcDNA
adsorbed to DEAE column was eluted with 2 N NaCl. DEAE flowth-
rough was loaded on column (10cm x 1.6 cm) packed with 50 mL
Cellufine Sulfate (Chisso, Japan) pre-equilibrated with 10 mM PB
(pH 7.2) with the flow rate of 1 mL/min. Influenza virions absor-
bed to Cellufine Sulfate matrix were eluted with 1.5N NaCl. The
CSC eluates were loaded multiple times with 0.1 cv on gel filtra-
tion XK 100 columns (100 cm x 1.6 cm) packed with Sepharose 6FF
and fractionated by AKTAexplorer 100 chromatography system at a
flow rate of 5 mL/min. Sepharose 6FF column was equilibrated and
eluted with PB (20 mM, pH 7.3) containing 0.65M NacCl. In order
to maintain the stability of viral proteins, all the above processes
were operated under 4 °C. Different fractions were collected either
in smaller aliquots or as a whole from the column and analyzed
for HA activities, protein content, host DNA and protein concentra-
tions or conductivity (Mettler, Sweden). A process flow sheet for
upstream and downstream processing is shown in Fig. 1.

2.3. Hemagglutination assay

Hemagglutinin was quantified as described [2]. Serial double
dilutions of the samples (100 wL) were performed in round-
bottomed 96-well microplates containing 100 L PBS. Each sample
was assayed in duplicates. A chicken red blood cell (RBC) solu-
tion (~2.4 x 107 RBCs/mL) was added 100 p.L/well and incubated
for 90 min at room temperature. The last dilution showing complete
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Fig. 1. Upstream and downstream processing of Vero cell-derived human influenza
virus A.

hemagglutination was taken as the end point and was expressed
as HA titer unit (HAU/0.1 mL).

2.4. Determination of the specific hemagglutinin antigen content

The concentration of hemagglutinin was determined by the sin-
gle radial immunodiffusion (SRID) [34]. Briefly, 4 mm diameter and
2 mm depth wells were cut in 1% agarose in PBS. The agarose con-
tained 22 pL/mL anti-HA (HIN1, A/New Caledonia/99/55) sheep
antisera (NIBSC standard). Samples and A/New Caledonia/99/55 HA
positive standards (NIBSC standard) were diluted in 10% Zwitter-
gent (Calbiochem, USA), before application (0.02 mL) to the agarose
wells. After 72 h incubation at room temperature, the gels were
washed with PBS and stained with 0.3% (v/v) Coomassie blue in
bleaching solution (10% acetic acid in 45% methanol). After stan-
dard destaining for 24 h, precipitin ring radius for each sample was
measured with a micrometer and compared to an influenza A/New
Caledonia/99/55) standard (NIBSC) curve.

2.5. Protein assay

Protein concentration was determined by bicinchoninic acid
(BCA) protein assay kit (Pierce, USA), calibrated with bovine serum
albumin standards according to manufacture instructions. All sam-
ples were measured in triplicates.

2.6. Preparation of guinea pig or rabbit IgG against Vero cell
proteins

Vero cells grown in serum free medium were adjusted to a
concentration of 2 x 107 cells/mL and lysed with three cycles of
freezing and thawing. The cell debris was removed by centrifuga-
tion at 10,000 x g at 4°C for 10 min. Supernatant was quantitated
with Pierce BCA protein assay kit and used for immunization or as
standards. Guinea pig or rabbit were immunized with the lysate
equivalent to 2 x 107 Vero cells in complete Freund's adjuvant (1:1)
(Sigma, USA) and boosted twice at 4 week intervals with the same
lysateinincomplete Freund’s adjuvant (1:1). One week after the last
booster, animals were bled and anti-Vero cell protein IgG was puri-
fied with Montage Antibody Purification Kit with PROSEP-A media
(Millipore, USA).

2.7. Quantification of host cell-derived proteins

The Vero proteins in samples were measured by ELISA. The anti-
Vero guinea pig IgG (3 pg/mLinto NaHCO3, pH 9.6) was coated with

100 pL/well into a 96-well microplate (Corning, USA) overnight at
room temperature. After three washes with PBST (PBS pH 7.2, 0.05%
Tween 20), the plate was blocked with blocking buffer (3% BSA in
PBST) for 1 h. Host cell protein standard and samples were serially
diluted with blocking buffer and added into wells with 100 w.L/well
after three washes and incubated for 1h at 37°C. The plate was
washed for three times and anti-Vero rabbit IgG (1:1000 in bloc-
king buffer) was added with 100 pL/well and incubated for 1h at
37°C. After three washes, HRP-conjugated goat anti-rabbit serum
was added and incubated for 1h at 37 °C. After washes with PBST,
TMB solution was added with 100 pwL/well and incubated for an
appropriate time at 37 °C before 1 M H,SO4 solution was added to
stop the reaction. Color development was measured at 490 nm by
a Thermo microplate reader (Thermo, USA).

2.8. Host cell-derived DNA estimation

The content of hcDNA was determined according to Chi-
nese Pharmacopeia [35]. Please see Supplemental Experimental
Procedures for detailed information (Supplement 1).

2.9. SDS-PAGE and Western blotting

Samples from culture broth before or after inactivation, clarifi-
cation, DEAE flowthrough and CSC flowthrough were concentrated
10 fold by Amicon Ultra-15 Centrifugal Filter Unit (Millipore, MW
cut-off 3 kDa) followed by two to three washing steps with PBS
and used for SDS-PAGE. The dissociation and electrophoresis con-
ditions were as described [6]. SDS-PAGE was carried out with a
Mini-Protean II electrophoresis Cell (Bio-Rad, USA) according to
the manufacturer’s instructions. Protein bands were visualized by
Commassie Blue staining. Electrophoretically separated proteins
in another two SDS-PAGE gels were transferred to polyvinylidene
difluoride membranes and incubated in a blocking buffer (PBST
containing 5% BSA) for 1h. After three washes with PBST anti-
HA (H1NT1, A/New Caledonia/99/55) sheep antisera (NIBSC) in the
1:1000 ratio or rabbit anti-Vero IgG in 1:500 ratio was added and
incubated overnight at 4°C. After three washes with PBST secon-
dary HRP-conjugated goat anti-sheep IgG or sheep anti-rabbit IgG
was added in the 1:2000 ratio and 1h incubation followed. After
three washes TMD substrate was added on the membrane for the
colorimetric development of bands.

2.10. Negative stain electron microscopy

Influenza virus in viral fraction from Sepharose 6FF was visuali-
zed by negatively transmission electron microscope (JEM 100-CX,
Japan) according to the methods described previously [36].

3. Results
3.1. Biosafety tests of cell banks

The Vero cell lines were distributed by ATCC at passage level
120 and fully adapted into serum-free growth after several pas-
sages in serum-free medium. The MCB and WCB were established
at passage 133 and 137 respectively in serum free medium and
have been fully characterized for the presence of a range of spe-
cific adventitious viruses (Table 1). The cell banks were tested for
sterility, mycoplasma, retroviruses, in vivo and in vitro adventitious
agents and were found to be free of such contamination. Vero cells
from the MCB and WCB did not produce palpable tumors during
3 weeks observation period in athymic nude mice. STR profiles of
MCB and WCB were CSF1P0O:14, D75820:10, Amelogenin:X, con-
sistent with the STR profiles of Vero cell line in Japanese Collection
of Research Bioresources. Master Cell Bank and Working Cell Bank
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Table 1
Tests for Vero master cell bank and working cell banks.
Test MCB WCB
[ Culture and supernatant Negative Negative
Bacteria and fungi Negative Negative
Mycoplasma Negative Negative
Il Viral contamination
1. Direct culture and Hemagglutinin adsorption Negative Negative
assay
2. In vitro assay in different cell lines
Vero E6 Negative Negative
MRC-5 Negative Negative
Vero Negative Negative

3. In vivo testing (sukling mice, adult mice, guinea
pigs, rabbits and embryonated specific
pathogen-free eggs)

4. Reverse transcriptase assay

(1) Electron Microscope

(2) Reverse transcriptase assay

11l Tumorigenesis

IV Identification (STR profile)

Negative

No evidence of viral contamination

No evidence of viral contamination

No tumor and no histopathologic change
CSF1PO, 14; D7S820, 10; Am, X.

No evidence of viral contamination

No evidence of viral contamination
Negative

No tumor and no histopathologic change
CSF1PO, 14; D7S820, 10; Am, X.

fulfilled all the requirements of Chinese Pharmacopeia [32] for the
manufacture of biological products.

3.2. Purification process

HA activity, total protein, host cell protein and DNA concen-
trations including a summary of the recovery and the material
balances for all process steps of a typical batch are presented
in Tables 2 and 3, respectively. A typical virus culture broth
harvested from a microcarrier-based cell culture after 4 days
cultivation had a DNA content of 100ng/mL, protein concen-
tration of 182 pwg/mL, host cell protein of 115.5 wg/mL, and HA
activities of 192 HAU/0.1 mL (Table 2). For biosafety considera-
tion, the virus was inactivated with formalin at 4°C for 7 days.
Egg safety test showed negative for haemagglutination, an indi-
cative of effective inactivation. During inactivation, clarification
and subsequent DEAE flowthrough, HA activities fluctuated wit-
hin +0.151log HAU/0.1 mL (+41%/—29% HAU/0.1 mL, linear), which
is within the typical error range of such an assay [37]. Inactiva-
tion resulted in the reduction of total protein and hcDNA by 6.14
and 2 fold, respectively (Table 3). ELISA results showed the removal
of half of Vero cell protein, indicating that host cell protein might
precipitate with formalin. Broken microcarriers, cell debris or pre-
cipitation caused by inactivation was removed by a combination
of continuous flow centrifugation and prefiltration with Sephadex
G50. The low salt concentration facilitates the efficient removal of
hcDNA in the sequential DEAE unit operation [7]. At the end of con-
tinuous flow centrifugation, 1000 mL 10 mM PB (pH 7.4, 2.2 ms/cm)
were used to harvest the retentated viral broth in centrifuge cham-
ber and dilute the sample to lower the ionic strength of virus broth
(from 28.2 to 18.8 ms/cm). After centrifugation, the loss of HA acti-
vity was likely due to the removal of aggregated viral particles
caused by inactivation or cell membrane composition containing
HA antigen. Sephadex G50 is mainly applied for desalting and buf-
fer exchange. G50 can also be used as a depth filtration matrix. Cell
debris was blocked by the gel while influenza virions and soluble
impurities flow through. Small molecular salt was retained in G50
resin. After G50, the conductivity in G50 flowthrough was redu-
ced to 6.69 ms/cm. The low ionic strength may facilitate hcDNA
binding to AEC resin in the next step. Overall clarification redu-
ced total protein and hcDNA by 1.42 and 1.97 fold, respectively.
This suggested that most of hcDNA may be removed with host cell
debris. Clarification did not markedly reduce host cell protein, indi-
cating the reduction of total protein might origin from aggregated
viral particles or insoluble cell debris. The slightly increase in Vero

protein concentration in G50 unit operation was probably caused
by methodological accuracy of ELISA.

DEAE unit operation was applied in a negative mode (i.e., virus
in the flowthrough). At low salt concentration, hcDNA strongly
adsorbed to DEAE matrix. An overall 40 fold reduction in hcDNA
was achieved after DEAE FF chromatography. Influenza virions did
not adsorb to DEAE matrix and appeared in the flowthrough. HA
activity was not markedly affected with fluctuation from 128 to
192 HAU/0.1 mL. The HA activity in DEAE eluate may be caused by
cell components containing HA molecules. DEAE chromatography
was ineffective in the reduction of total protein (0.88 fold) and host
cell protein (1.05 fold). The conductivity of DEAE flow-through was
13.66 ms/cm. The fluctuation of the ionic strength has not been
clearly understood.

After DEAE, CSC was used to capture influenza virus in DEAE
flowthrough. Influenza virus was adsorbed to CSC column and elu-
ted with 1.5N NacCl. CSC resulted in concentration factor of HA
activity and volume by 134 and 170 fold, respectively. A product
yield of 127% based on HA activity was achieved and HA protein
in CSC elute was 150 pg/mL (SRID). HA activity was under detec-
tion level in CSC flowthrough, indicating that nearly all virions were
adsorbed to CSC matrix. CSC also caused the reduction of protein,
Vero cell protein and DNA by 2.7, 13.7 and 224 fold, respectively.

The CSC eluate, which was the starting material for Sepha-
rose 6FF, has 32,768 HAU/0.1 mL and 1656.6 pg/mL total protein.
The column was loaded multiple times with 0.10cv of the CSC
eluate. The fractionation range of Sepharose 6FF is from 10 kDa to
4000 kDa, hence influenza virions were eluted at the void volume
(about 0.5cv) due to their high molecular weight (Fig. 2). Small
solutes were retained in Sepharose 6FF resin. A typical double
peak pattern was not obviously observed in the UV trace as the
protein content in viral fraction was extremely higher compared
to impurities. Due to the high salt concentration in CSC eluate,
the conductivity peak at 1cv implied the appearance of the salt
composition (Fig. 2). The UV absorbance of tailing of product frac-
tion was low but not zero, which indicated that partly damaged
virions can enter a fraction of pores. The second peak (impurity
peak) reported elsewhere [7] was indistinct from the tailing of the
first viral faction (0.7-1 cv). Influenza virions in the viral fraction
were visualized by scan electric microscope (SEM) (Fig. 3) and viral
aggregation was not observed. Some partly broken virions were
probably caused by shear damages of previous purification pro-
cess. In contrast, the impurity fraction only exhibited very low HA
activity (<10 HAU/0.1 mL) and protein content (under detection).
In Sepharose 6FF, the yield of HA was 63.2%. Based on the initiated
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Table 2
HA activities, protein, Vero-derived protein and DNA content in various steps for Vero cell-derived human influenza A downstream processing.
Steps Volume (mL) HAU/0.1 mL Protein (g/mL) Vero protein (g/mL) HA Protein (pg/mL) DNA (pg/mL)
Culture broth 3700 192 181.83 117.5 ND 100,000
Inactivation 3700 256 53.33 56.72 ND 50,000
aCentrifugation 4700 128 31.58 40.5 ND ND
G50 flowthrough 4700 128 29.60 41.03 ND 20,000
DEAE flowthrough 4700 192 33.56 39.21 ND 500
DEAE elute 9 2048 695.84 1631.97 ND 500,000
CSC flowthrough 4700 <1 BLD 9.98 ND 400
CSC elute 35 32,768 1656.64 385.37 150 300
SEC virus fraction 120 6044 263.23 8.45 45 100
ND: Not determined.
2 At the end of continuous flow centrifugation, 1000 mL phosphate buffer (10 mM, pH7.2) was added to wash out the viral retentate in the rotor chamber.
Table 3
Recovery and mass balances during downstream processing of human influenza virus A.
Steps Concentration factor % HA recovery Impurity reduction (fold)
Volume HA Protein Host protein Host DNA
Culture broth 1.00 1.00 100.0 1 1 1
2Inactivation 1.00 1.33 1333 6.14 2.07 2
a.bClarification 0.79 0.75 63.51 1.42 1.09 1.97
3DEAE flowthrough 1.00 1.50 150.0 0.88 1.05 40
aCSC elute 134.3 170.7 127.1 2.72 13.7 223.8
aSEC virus fraction 0.29 0.18 63.2 1.84 133 0.88
¢Overall 30.8 31.5 102.1 21.3 428 30,833

2 Based on the product fraction in the previous step.
b Clarification included high-performance centrifugation and prefiltration with Sephadex G50.

¢ Based on culture broth.

mAuU ms/cm
Viral peak 120
250
100
200
80
150
60
100
Salt 40
500 || SN t20
) Impurit -
0 0
80 100 150 200 ml

Eluent Volume after loading

Fig. 2. Atypical chromatogram of Sepharose 6FF. Column (100 cm x 1.6 cm) packed
with Sepharose 6FF was loaded with 0.1 column volume of Cellufine Sulfate Chro-
matography eluate. Recording was started after loading. Eluates were traced online
for UV absorbance at 280 nm (solid line) and conductivity (diamond line).

Fig. 3. Negative staining electron microscopy of influenza particles in Sepharose
6FF viral fraction. Bar =100 nm.

concentration in feed, total protein and Vero cell protein were redu-
ced by 1.84 and 13.3 fold, respectively. SRID assay exhibited that
HA content in product fraction was 45 p.g/mL. SEC did not efficien-
tly reduce DNA (0.88 fold), indicating co-elution of viral particles
and DNA.

Based on the starting virus harvest, the purification process
resulted in the recovery of HA activity by 102%, concentration
factor of volume and HA activity by about 30 fold and the reduc-
tion of total protein, Vero cell protein and DNA by 21.3, 428 and
30,833 fold, respectively. The final product contained 45 pg/mL HA,
263 p.g/mL protein, 8.45 pg/mL Vero cell protein and 100 pg/mL
DNA.

3.3. Characterization by SDS-PAGE and Western blot

Samples for various purification steps were analyzed by SDS-
PAGE (Fig. 4A) and Western blotting (Fig. 4B and C). In order to
visualize the effects of purification steps several dilute samples
from culture broth before or after inactivation, clarification, DEAE
flowthrough and CSC flowthrough were concentrated by 10 fold.
The final product mainly contained three bands, 55 kDa, 46 kDa and
27 kDa, which was identified as HA, HA1 and HA2 by Western blot-
ting with specific anti-HA serum. Vero cell protein only appeared in
CSC eluate, which was appeared at about 80 kDa. The final product
from SEC did not exhibit Vero protein in either SDS-PAGE or Wes-
tern blotting with anti-Vero IgG, confirmed the removal of most
host cell protein.

4. Discussion

Compared to embryonated egg-based technology, cell culture
technology for influenza vaccine production offers many advanta-
ges including a shorter production time, a more reliable substrate,
less risk of contamination and closer matching to the wild influenza
strain. Due to the change of the starting materials, the develop-
ment of downstream processes appropriate for cell culture-derived
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Fig. 4. SDS-PAGE and Western blot of purification process.

(A) SDS-PAGE (B) and (C) Western blotting with anti-influenza virus A serum (B) or
by rabbit anti-Vero protein IgG (C). Lane1: culture broth before inactivation (10x);
Lane 2: culture broth after inactivation (10x); Lane 3: culture broth after clarification
(10x); Lane 4: DEAE flowthrough (10x); Lane 5: DEAE elute (1x); Lane 6: Cerllufine
Sulfate flowthrough (10x); Lane 7: Cellufine Sulfate eluate (1x); Lane 8: Sepharose
6FF Virus fraction (1x). N.S. = nonspecific.

influenza vaccine is required. In particular, the residual host cell-
derived impurity, which may affect the potency of drugs and cause
side effects, has been closely concerned. Under low salt concentra-
tion, host genome exhibited stronger binding capacity to Sepharose
Q XL resin than influenza virus [15]. We found that weak anion
exchange resin DEAE favored the binding of hcDNA versus influenza
virus under low ionic strength. Only small amount of influenza
virions adsorbed the gel despite low ionic strength (6.69 ms/cm). In
comparison, most of hcDNA was adsorbed to DEAE resin. The exact
mechanism needs to be investigated. DEAE eluate also exhibited
comparable HA activity (2048 HAU/0.1 mL), which indicated par-
tly binding of virions or cell debris containing HA molecules. AEC
was reported insufficient to remove hcDNA in MDCK cell-derived
influenza virus [7]. The high salting concentration (0.65M NaCl)
used probably accounted for the ineffective separation of hcDNA
from virus particles. After AEC, hcDNA was further removed by
CSC unit operation. DNA did not specifically bind to Cellufine Sul-
fate matrix and passed through the column unbound. After CSC
chromatography residual DNA was reduced by 224 fold. Conta-
minating hcDNA often associated with virions and has identical
size as virions [7]. Hence, Sepharose 6FF did not effectively remove
hcDNA (0.88 fold). Controlling viral aggregation by nonionic deter-
gents or changes of salt concentration may improve the clearance
of hcDNA [38]. Influenza virus concentration can be conducted by
centrifugation, dia-, ultra-, and microfiltration [15]. Nevertheless,
influenza virus particles are fragile to shear force caused by cen-
trifugation or filtration, which often result in damages of virions
[39]. It requires laborious efforts for careful selection of membrane
pore size and the optimization of operation conditions are needed

[39,40]. Generally, a concentration factor of 20-30 can be achieved
by these methods. Sartobind anion exchange membrane adsor-
bers were recently reported to capture influenza virus by 6-7 fold.
The shortage of this method was the complete recovery of hcDNA.
Lectin-affinity chromatography or membrane [9,25] is also emplo-
yed to capture influenza virus but the potential toxicity limited
their application. CSC has been applied for the capture of MDCK
cell-derived influenza viruses [27] and recombinant HA [41]. The
overall yields in CSC unit operation vary tremendously in diffe-
rent studies, from 21% [42] to 67.6% [25]. A successful application
of CSC depends on the salt concentration. The low salt concentra-
tion of DEAE flowthrough was proven suitable for the adsorption
of influenza virions. The loss of HA activity was not observed
after CSC with the HA yield of 127%. Furthermore, the volume-
tric concentration factor of 134 and the HA activity enrichment of
170 were achieved, which is difficult to obtain for conventional
centrifugation/ultrafiltration methods. As previous reports [7,25],
viral aggregation and precipitation were observed and aggrava-
ted over time (data not show). The major drawback of CSC is the
low productivity due to low density of ligands. Recently, a sulfa-
ted cellulose membrane (SCM) chromatography unit operation has
been reported to greatly improve the productivity compared to
column-based Cellufine Sulfate [43]. Nevertheless, CSC exhibited
higher efficiency (more than 200 fold) to remove hcDNA than SCM
(50%).

Due to extremely high concentration of influenza virions in CSC
eluate, a single viral peak was observed in UV trace instead of a dou-
ble peak pattern as previous studies [7]. Based on HA activity, the
yield of 63% was obtained in Sepharose 6FF. The loss of HA activity
may be caused by the long tailing, indicating that some damaged
virions entered the porous beads and eluted with cell proteins.

Based on the starting cell culture harvesting, the overall yield
of HA activity was 102%. Although HA activity represents the most
robust assay in evaluating the purification process of influenza vac-
cines, the broad accuracy of HA activity (+41%/—29% HAU/0.1 mL,
linear scale) and discontinuous assay make it difficult to obtain a
closed material balance in many studies [25,40,43,44]. Recently,
efforts have been made to optimize the assay of HA activity [37].
By the introduction of a regression procedure, the accuracy of HA
activity reduced to +29%/—22% (95% confidence intervals reports).
It is possible to obtain a closed mass balance using this optimized
HA assay.

According to Chinese Pharmacopeia [45], one injectable dose of
a human whole virion inactivated vaccine should contain 15 pg of
HA antigen with the total protein of less than 100 g per strain per
dose. For purity requirement, total protein should not exceed six
times of the HA content. If Vero cell is used as host cells, the residual
DNA content per human dose should not exceed 100 pg [46]. Here,
the protein contentin the final product was 87 g protein/15 pg HA
and 5.8 fold of HA protein content. The residual amount of hcDNA
was 33 pg per 15 g HA antigen. The final product thereby fulfills
the purity requirement for vaccine derived from continuous cell
lines. Taken together, the purification process presented was sui-
table for the production of Vero cell-derived (microcarrier-based
culture) influenza vaccine. Viral and host cell protein were not dis-
tinguishable by the total protein assay. Hence, the effective removal
of host cell protein was not well studied in downstream process of
cell-derived influenza vaccine. In this study, an ELISA assay was
developed to monitor the change of Vero cell proteins in diffe-
rent unit operations. Vero cell proteins were mainly removed by
CSC (13.66 fold) and Sepharose 6FF chromatography (13.3 fold).
Thus, the rest proteins in the final product may mainly origin from
influenza virus. The slight inconsistency between total protein con-
tent and Vero cell proteins in purification process may be owing to
the working principles and sensitivity disparity between BCA assay
(20-2000 pg/mL) and ELISA (1-100 pg/mL).
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5. Conclusion

This study presented a complete downstream process for inac-
tivated cell culture-derived influenza vaccine. This downstream
process resulted in high HA recovery and substantial reduction of
the impurities. The final product meets the impurity limit required
by regulatory authorities. All operation is easy to scale up and is
a potential candidate downstream process for cell culture-derived
influenza vaccine production.
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