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Abstract MedImmune Vaccines has engineered

a live, attenuated chimeric virus that could

prevent infections caused by parainfluenza virus

type 3 (PIV3) and respiratory syncytial virus

(RSV), causative agents of acute respiratory

diseases in infants and young children. The work

here details the development of a serum-free

Vero cell culture production platform for this

virus vaccine candidate. Efforts to identify critical

process parameters and optimize culture condi-

tions increased infectious virus titers by approx-

imately 2 log10 TCID50/ml over the original

serum-free process. In particular, the addition of

a chemically defined lipid concentrate to the pre-

infection medium along with the shift to a lower

post-infection cultivation temperature increased

virus titers by almost 100-fold. This improved

serum-free process achieved comparable virus

titers to the serum-supplemented process, and

demonstrated consistent results upon scale-up:

Vero cultures in roller bottles, spinner flasks and

bioreactors reproducibly generated maximum

infectious virus titers of 8 log10 TCID50/ml.
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Abbreviations
CDLC Chemically defined lipid concentrate

F Fusion

FBS Fetal bovine serum

HN Hemagglutinin–neuraminidase

hPIV3 Human parainfluenza virus type 3

MEDI-534 Chimeric human parainfluenza virus

type 3/respiratory syncytial virus

MOI Multiplicity of infection

PIV3 Parainfluenza virus type 3

RB Roller bottle

RSV Respiratory syncytial virus

SFM Serum-free medium

TCID50 50% Tissue culture infective dose

Vero African green monkey kidney

VP-SFM Virus production serum-free medium

WME Williams’ Medium E

Introduction

Human parainfluenza virus type 3 (hPIV3) and

respiratory syncytial virus (RSV) are
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non-segmented negative-strand RNA viruses of

the paramyxovirus family. Together, hPIV3 and

RSV are responsible for approximately one-third

of all cases of pediatric respiratory diseases

leading to hospitalization (Hall 2001). Despite

the prevalence of hPIV3 and RSV infections in

infants and young children, vaccines against these

viruses remain unavailable (Tang et al. 2004).

To create a vaccine candidate against both

hPIV3 and RSV, scientists at MedImmune

Vaccines first constructed a recombinant bovine

PIV3 virus vector by replacing the fusion (F) and

hemagglutinin–neuraminidase (HN) glycoprotein

genes in bovine PIV3 with the human PIV3 F and

HN genes, respectively (Haller et al. 2000). Next,

they inserted the RSV F gene into the bovine/

human PIV3 vector backbone so that the result-

ing chimeric virus—named MEDI-534—-

expresses the RSV F protein (Tang et al. 2003).

MEDI-534 functioned as a live, attenuated, biva-

lent vaccine in animal studies: hamsters and

non-human primates immunized with MEDI-534

produced both hPIV3 hemagglutination-inhibit-

ing and RSV-neutralizing serum antibodies and

these animals demonstrated protection from chal-

lenges with hPIV3 and RSV (Tang et al. 2003,

2004).

In light of the promising immunogenicity and

protection results in pre-clinical animal models,

MedImmune Vaccines decided to initiate a clin-

ical program for MEDI-534. Clinical enrollment

would require a high-yielding host cell line for

propagating this virus vaccine candidate. In ear-

lier studies, company scientists compared the

replication of three viruses closely related to

MEDI-534 in different permissive mammalian

cell lines (Haller et al. 2003). In all instances,

Vero cells—originating from a continuous

African green monkey kidney cell line—gener-

ated the highest virus titers. Subsequent experi-

ments showed that the MEDI-534 virus

maintained the RSV F gene inserts stably for up

to 10 serial passages in Vero cells (Tang et al.

2003). In addition to its ability to support MEDI-

534 propagation, the Vero cell line also presents

other advantages. For instance, Vero cells have

already passed regulatory hurdles and are cur-

rently used for the commercial manufacture of

human polio and rabies vaccines (Montagnon

1989). Furthermore, regulatory authorities have

provided guidelines on the use of Vero cells for

viral vaccine production (WHO 1987a, b). Based

on these advantages, MedImmune Vaccines

selected the Vero cell line for propagating

MEDI-534 (Tang et al. 2003, 2004).

Although Vero cells can grow in suspension as

cell aggregates (Litwin 1992), they are typically

propagated in static cultures or on microcarriers

(Yokomizo et al. 2004; Wu et al. 2004; Berry

et al. 1999) because they are usually considered to

be anchorage-dependent. Since adherent cultures

of Vero cells are well-characterized, have dem-

onstrated an absence of tumorigenicity (Vincent-

Falquet et al. 1989) and also have an excellent

safety record (Montagnon and Vincent-Falquet

1998), no efforts were made in this work to adapt

the anchorage-dependent Vero cells to grow in

suspension culture.

This report describes efforts to develop a

scalable, robust, and high-yielding Vero cell

culture process for manufacturing MEDI-534.

By identifying critical process parameters and

optimizing culture conditions in small-scale

experiments, the Vero cell culture process was

improved. The new serum-free process increased

infectious virus titers by approximately 100-fold

over the original serum-free process and it

demonstrated reproducible MEDI-534 titers of

approximately 8 log10 TCID50/ml in roller bot-

tles, spinner flasks, and bioreactors. The insights

gained in developing this serum-free Vero pro-

duction platform might benefit future endeavors

to propagate viruses in mammalian cells.

Materials and methods

Cell line and culture maintenance

A vial of Vero cells (ATCC CCL-81, passage 121)

was thawed in DMEM + 5% (v/v) fetal bovine

serum (FBS) and passaged four times in this FBS-

supplemented medium prior to direct adaptation

to serum-free growth in OptiPRO SFM, a

commercially available serum-free medium

(SFM) that contains no animal-derived compo-

nents. These anchorage-dependent cells were then

banked after 10–15 passages in OptiPRO SFM.
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All Vero cells used in the experiments originated

from these OptiPRO SFM banks.

Vero cells were routinely seeded at

5 · 104 cells/ml—in corresponding culture vol-

umes of 35 ml per T-75 flask, 100 ml per

T-225 flask, and 350 ml per 850 cm2 roller bottle

(RB)—and passaged 3–5 days later. For cultures

passaged 4–5 days post-seeding, a complete med-

ium exchange was performed on each culture

3 days post-seeding. In preparation for subcultur-

ing, the spent media were aspirated, and the cells

were rinsed twice with DPBS. To detach the Vero

cells from the flasks, the cultures were incubated

at 37�C with a 0.05% solution of trypsin–EDTA

(3 ml per T-75 flask, 6 ml per T-225 flask, and

10 ml per RB). After the cells had detached, an

equal volume of lima bean trypsin inhibitor

(Worthington Biochemical Corporation, Lake-

wood, NJ) was added to quench trypsin activity.

For all uninfected Vero cells, T-flask cultures

were maintained in 37�C/5% CO2/95% Rh incu-

bators and RB cultures were placed on a roller

bottle apparatus operated at 0.3 rpm in a 37�C

incubator.

In general, cells were pre-adapted to the media

tested in each experiment for at least one passage

prior to initiating the experiment, and cultures

were discarded when the cell passage number

exceeded 165. Glutamine-free culture media were

always supplemented with 4 mM L-glutamine

before use. Cell culture reagents and supplies

were sourced from GIBCO/Invitrogen (Carlsbad,

CA) and tissue culture wares were purchased

from Corning (Corning, NY), unless specified

otherwise.

Virus constructs and seed stock preparation

Construction of the MEDI-534 virus has been

previously detailed (Tang et al. 2003). To generate

the virus seed stock used for infection in all

experiments, MEDI-534 obtained by plasmid res-

cue (Tang et al. 2003) was added at multiplicity of

infection (MOI) of 0.001 to T-225 flask cultures of

Vero cells that had grown for 3 days in OptiPRO

SFM. The culture media were collected 4 days

post-infection and stabilized with 10% (v/v)

sucrose phosphate prior to aliquoting into multiple

1 ml cryovials. The virus seed stocks were stored at

–80�C and thawed only immediately before use.

T-flask experiments

T-75 flasks were seeded with 1.75 · 106 Vero cells

in 35 ml OptiPRO SFM (unless specified other-

wise) and maintained in a 37�C/5% CO2/95% Rh

incubator. At the time of infection, the spent

medium was removed from each flask and the

cells were rinsed with 2 · 10 ml DPBS. One flask

in each medium condition was trypsinized and the

cells were counted. To infect the cultures, DMEM

(unless stated otherwise) containing MEDI-534 at

the appropriate MOI was added to the remaining

flasks. Post-infection, the T-flasks were main-

tained in humidified incubators with 5% CO2

overlay.

RB experiments

Each 850 cm2 RB was seeded with 1.5 · 107 Vero

cells in the growth medium of choice and main-

tained at 37�C with constant rotation at 0.3 rpm.

The basal growth medium was either OptiPRO

SFM or virus production serum-free medium

(VP-SFM), another commercially available

animal-derived component free SFM from GIB-

CO/Invitrogen (Carlsbad, CA). In the instances

specified, the basal growth medium was supple-

mented with FBS sourced from JRH Biosciences,

Inc. (Lenexa, KS) or with a chemically defined lipid

concentrate (CDLC) purchased from GIBCO/

Invitrogen. To generate growth curves in Opti-

PRO + 0.5% FBS and VP-SFM + 1% CDLC,

duplicate RB cultures in each medium were tryps-

inized and counted daily. Three days post-seeding,

spent medium was removed from each RB and the

cells were rinsed with 300 ml DPBS prior to

infection. At least one flask in each medium

condition was trypsinized and the cells were

counted to determine the cell yield per flask and

to calculate the appropriate amount of virus to add

for infection at MOI 0.001. Unless stated other-

wise, 500 ml of Williams’ Medium E (WME)—a

chemically defined animal-derived component free

basal medium—containing MEDI-534 at MOI

0.001 was added to each of the remaining flasks at

the time of infection. Post-infection, all RBs were

Cytotechnology (2006) 51:183–192 185

123



incubated at 33�C with constant rotation at

0.3 rpm.

Spinner flask experiments

The growth medium used in spinner experiments

was either OptiPRO supplemented with

0.5% (v/v) FBS or VP-SFM supplemented with

1% (v/v) CDLC. Vero cells can grow on Cyto-

dex 1, a polycationic dextran-based polymer, in

both of these media. Cytodex 1 microcarriers

were rehydrated and sterilized according to the

manufacturer’s recommendations (Amersham

Biosciences AB, Uppsala, Sweden). The micro-

carrier beads were then rinsed once with the

appropriate growth medium before use. Two

hours pre-seeding, each 250 ml glass spinner

flask (Bellco Biotechnology, Inc., Vineland, NJ)

was filled with 200 ml of the chosen growth

medium containing 2 g/l Cytodex 1 and incu-

bated at 37�C/5% CO2/95% Rh with 60 rpm

agitation. To inoculate the spinner flasks,

2 · 107 Vero cells were added per vessel. All

cultures were incubated pre-infection at 37�C/

5% CO2/95% Rh with agitation maintained at

60 rpm. To generate growth curves, well-mixed

samples were taken from the spinner flasks daily

for nuclei counting. Prior to infection, a sample

was removed from each spinner flask to deter-

mine the nuclei count and to calculate the

amount of virus to use for infection at MOI

0.001. In preparation for infection, agitation was

stopped for all the spinner flasks. After the

microcarrier beads had settled, approximately

90% of the spent medium was replaced by

WME containing MEDI-534 at MOI 0.001. Post-

infection, the cultures were incubated at 33�C/

5% CO2/95% Rh with constant agitation at

60 rpm.

Bioreactor experiments

Bioreactor experiments were conducted in 3 l

stirred tank bioreactors (Applikon, Foster City,

CA) with dissolved oxygen maintained at 50% of

air saturation. Each bioreactor was equipped with

an ADI 1030 Bio Controller (Applikon) and an

ADI 1035 Bio Console (Applikon). Cytodex 1

microcarriers were prepared for use following the

manufacturer’s instructions. Three hours

pre-seeding, three bioreactors were each filled

with 2 l VP-SFM supplemented with 1% (v/v)

CDLC and 2 g/l Cytodex 1. Bioreactor contents

were warmed to 37�C with heating blankets and

agitated at 60 rpm with single marine impellers.

The pH setpoints in the three bioreactors were

7.0, 7.2, and 7.4, respectively. Culture pH was

controlled at the designated levels by the CO2

percentage in the inlet gas and by the addition of

1 N NaOH solution after the CO2 percentage in

the inlet gas was reduced to 0%. To ensure that

all cells used within each experiment had the

same passage history, all bioreactors used within

an experiment were inoculated with cells pooled

from multiple RBs. Bioreactor contents were

sampled daily for nuclei counting to generate

growth curves. To prepare for infection, agitation

was stopped in the bioreactors. After the micro-

carrier beads had settled, approximately 90% of

the spent medium was replaced by WME con-

taining MEDI-534 at MOI 0.001. Post-infection,

the temperature setpoint was lowered to 33�C and

agitation was increased to 100 rpm, while retain-

ing the same pH and dissolved oxygen setpoints.

Collection of infected culture samples for virus

quantification

To stabilize the virus, 10% (v/v) sucrose phos-

phate was added to samples taken from infected

T-flask and RB cultures. After sampling from

infected spinner flasks and bioreactors, microcar-

rier beads in the samples were allowed to settle

and the culture supernatants collected were

mixed with 10% (v/v) sucrose phosphate. All

sucrose phosphate stabilized virus samples were

immediately stored at –80�C until analyses.

Analytical methods

Cells from T-flasks and RBs were enumerated

either using a hemocytometer or the Cedex cell

counting and viability testing system (Innovatis

Inc., Malvern, PA) operated according to the

manufacturer’s directions. Cell densities in

microcarrier cultures were determined by count-

ing nuclei released by 0.1% crystal violet in 0.1 M

citric acid solution (Hu and Wang 1987). Infec-
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tious virus titers were measured with an in-house

50% tissue culture infective dose (TCID50) assay

and results were quantified in log10 TCID50/ml.

To minimize inter- and intra-assay variabilities

inherent to the TCID50 assay, samples generated

from the same experiment were tested on the

same day when possible, and replicates of four

were used for each virus sample.

Results and discussion

T-flask experiments

Effect of MOI on virus production

Initial experiments to identify critical process

parameters and optimize culture conditions were

performed in T-75 flasks. The first small-scale

experiment examined the effect of multiplicity of

infection (MOI) on MEDI-534 production

(Fig. 1). A repeat of this experiment gave the

same findings. In brief, the three highest

MOIs—0.1, 0.01, and 0.001—yielded comparable

maximum virus titers (~6 log10 TCID50/ml),

whereas the two lowest MOIs—0.0001 and

0.00001—yielded maximum virus titers that were

lower by at least 1 log10 TCID50/ml. A low MOI

is preferred for manufacturing viruses because it

would require less virus inoculum per infection

and should, therefore, extend the lifespan of

master virus banks. Hence, to conserve virus seed

stocks while maximizing virus yields, infections in

subsequent experiments used MOIs ranging from

0.01 to 0.001.

Effects of time of infection and post-infection

temperature on virus production

The second T-flask experiment investigated the

combined effects of time of infection and post-

infection cultivation temperature on MEDI-534

production (Fig. 2). By delaying the time of

infection from 3 days post-seeding to 5 days

post-seeding, the number of Vero cells at infec-

tion almost tripled from 0.6 · 107 cells/flask to

1.7 · 107 cells/flask. The peak virus titers

measured in cultures infected at 3 days post-

seeding (Fig. 2a) were slightly higher than that

measured in cultures infected at 5 days post-

seeding (Fig. 2b). Likewise, attempts to increase

virus titers in spinner cultures by increasing the

Vero cell concentration at infection failed. This

‘‘cell density effect’’ has been observed for

adenovirus production in batch cultures: increas-
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Fig. 1 Virus production profiles at different MOIs. Dupli-
cate T-75 flasks of serum-free Vero cells were infected
3 days post-seeding with MEDI-534 at MOI of 0.1, 0.01,
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Fig. 2 Effects of time of infection and post-infection
temperature on virus titers. Serum-free Vero cultures
were infected with MEDI-534 at MOI 0.01 either (a)
3 days post-seeding (0.6 · 107 cells/flask) or (b) 5 days
post-seeding (1.7 · 107 cells/flask). Duplicate T-75 flasks
were incubated at either 33�C or 37�C post-infection
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ing the cell density at the time of infection did not

increase maximum virus titers because specific

virus productivity decreased (Henry et al. 2004;

Kamen and Henry 2004; Nadeau and Kamen

2003). The successes in using perfusion cultures to

overcome the ‘‘cell density effect’’ in adenovirus

production (Henry et al. 2004; Yuk et al. 2004),

compared with the failures encountered using

conventional fed-batch strategies (Nadeau et al.

2002; Yuk et al. 2004), allude to the presence of

one or more unidentified inhibitors that accumu-

late under batch and fed-batch conditions. Hence,

cultures were typically infected 3 days post-seed-

ing in subsequent experiments.

In this T-flask experiment, although shifting

the time of infection did not noticeably impact

peak virus titers, shifting to a lower post-infection

cultivation temperature (from 37 to 33�C) mark-

edly elevated peak virus titers (by at least

1 log10 TCID50/ml). In follow-up studies, post-

infection cultivation temperatures of 29, 31, and

35�C yielded peak virus titers that were interme-

diate between the results obtained with post-

infection temperatures of 33 and 37�C (data not

shown). Therefore, all ensuing MEDI-534 infec-

tions used 33�C as the post-infection incubation

temperature.

This boost in virus titers from lowering culti-

vation temperatures is unexpected because

MEDI-534 has not been cold-adapted (Tang

et al. 2003). Although the specific reasons for

this thermal sensitivity are not identified, amino

acid changes in viral polymerases have produced

PIV3 viruses that exhibit temperature-sensitive

phenotypes (Feller et al. 2000; Skiadopoulos

et al. 1999). Other virus systems have demon-

strated similar thermal sensitivity: the cultivation

of retrovirus packaging cells at 32�C instead of

37�C increased the yield of infectious virus

particles by a maximum of 2- to 15-fold (Kaptein

et al. 1997; Kotani et al. 1994; Lee et al. 1996).

Effect of pre-infection culture medium on virus

production

The third T-flask experiment assessed the impact

of pre-infection culture media on virus production

(Table 1). To enhance the pre-infection growth

media, Vero cultures were supplemented with

FBS at the time of seeding. By adding FBS to

OptiPRO SFM, cell yields at infection increased

almost 2-fold, and maximum virus titers increased

at least 5-fold. FBS supplementation at the 0.5, 2,

and 5% (v/v) levels produced comparable cell

yields (1.0–1.1 · 107 cells/flask) and virus titers

(7.6–7.8 log10 TCID50/ml), suggesting that

increasing the FBS concentration will not further

improve cell growth or virus production. In an

analogous experiment conducted using a retrovi-

rus packaging cell line, Lee et al (1996) obtained

similar results: retroviral vector titers doubled

upon serum addition, but virus production was

dose-independent in the serum supplementation

range tested (1–20%).

Roller bottle (RB) experiments

Effect of serum supplementation on cell growth

and virus production

To determine the reproducibility and scalability

of the previous FBS titration experiment, cell

yields at the time of infection and MEDI-534

titers were measured in RB cultures supple-

mented with 0.5% and 2% FBS (Fig. 3). Three

days post-seeding, the cell yield for the OptiPRO

SFM control culture was only 1.9 · 107 cells/RB,

even though all cultures were inoculated at

1.5 · 107 cells/RB. In contrast, T-flask cultures

of Vero cells, seeded at 1.75 · 106 cells/flask in

OptiPRO SFM, more than tripled in cell numbers

after 3 days of culture (Table 1 and Fig. 2). These

results indicate that OptiPRO SFM preferentially

supports cell growth and attachment in static

Table 1 Comparison of cell yields and virus titers in cul-
tures titrated with FBS pre-infection

Pre-infection culture
medium

Cell yield at
infection
(cells/flask)

Maximum
virus titer
(log10 TCID50/ml)

DMEM + 5% FBS 1.1 · 107 7.8 ± 0.2
OptiPRO + 2% FBS 1.0 · 107 7.6 ± 0.2
OptiPRO + 0.5% FBS 1.1 · 107 7.7 ± 0.2
OptiPRO SFM 0.6 · 107 6.9 ± 0.3

Vero cells were seeded in media supplemented with FBS
at different concentrations. Three days post-seeding,
duplicate T-75 flasks were infected with MEDI-534 at
MOI 0.001 and incubated at 33�C. TCID50 data represent
mean of duplicate cultures ± standard deviation
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cultures. When OptiPRO SFM was supplemented

with 0.5% (v/v) and 2% (v/v) FBS, cell growth in

the RB cultures correlated with that observed in

the T-flask cultures (Table 1)—cell numbers

increased about 6-fold after 3 days in both cases.

In accord with the T-flask findings (Table 1), the

serum-supplemented RB cultures yielded signif-

icantly higher virus titers than the OptiPRO SFM

cultures.

Media optimization efforts

Regulatory authorities in the United States (Food

and Drug Administration) and in Europe (Euro-

pean Medicine Evaluation Agency) have encour-

aged biologics manufacturers to reduce or

eliminate the use of substances of animal origin

in their production processes (Castle and

Robertson 1999) because of growing concerns

about human exposure to infectious agents such

as transmissible spongiform encephalopathies

(Asher 1999; Galbraith 2002) and adventitious

viruses (Erickson et al. 1989).

To minimize potential regulatory concerns,

numerous RB experiments were conducted to

identify a serum-free production process that can

support MEDI-534 titers comparable to that

achieved with the serum-containing process.

Some of these experiments focused on optimizing

the post-infection culture medium. In head-to-

head comparisons with several media that were

free of animal-derived components, WME—a

chemically defined SFM of known composition

(Williams and Gunn 1974)—yielded the highest

virus titers (data not shown). Consequently,

ensuing infections with MEDI-534 employed

WME exclusively as the virus production med-

ium. Other RB experiments focused on optimiz-

ing the pre-infection culture medium. In testing

several commercially available as well as two in-

house animal-derived component free media

designed for Vero cultures (data not shown), the

best Vero growth and MEDI-534 titers were

achieved with VP-SFM developed by the same

manufacturer (GIBCO/Invitrogen) as OptiPRO

SFM. However, the maximum titers obtained

with VP-SFM alone were at least 0.5 log10

TCID50/ml lower than those obtained with Opti-

PRO + 0.5% (v/v) FBS.

The remaining experiments in RBs focused on

finding a replacement for FBS in the pre-

infection medium. In screening several plant

hydrolysates and lipid concentrates from differ-

ent commercial suppliers, the highest titers were

obtained by supplementing VP-SFM with a

CDLC purchased from GIBCO/Invitrogen.

Figure 4 shows the typical cell growth and virus

production profiles in the two top-performing

pre-infection growth media (OptiPRO + 0.5%

(v/v) FBS and VP-SFM + 1% (v/v) CDLC). The

maximum cell yields differed by about 30% in

the two media, but peak virus titers were

identical (8.1 log10 TCID50/ml). Since titrating

VP-SFM with different concentrations of CDLC

did not further improve culture performance

(data not shown), all remaining experiments

used VP-SFM + 1% (v/v) CDLC as the pre-

infection serum-free Vero growth medium.

To our knowledge, this is the first report to

demonstrate the successful use of a chemically

defined lipid supplement to improve cell growth

and virus production in Vero cultures. The

underlying mechanisms for these observed pro-

cess improvements are not known. However,

accumulated evidence indicates that several

viruses, including RSV, utilize plasma membrane

microdomains—called lipid rafts—for virus

assembly and budding (Bender et al. 2003; Brown
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the following media in triplicate RBs: OptiPRO SFM,
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et al. 2005). Since lipid rafts are rich in cholesterol

and sphingolipids, CDLC supplementation may

enhance virus replication by promoting lipid raft

formation. If this hypothesis is true, the addition

of CDLC to serum-free media may be effective in

facilitating cell attachment and in increasing titers

of enveloped viruses in other mammalian culture

systems.

Spinner flask experiments

To prepare for culturing Vero cells on microcar-

riers in bioreactors, multiple microcarrier process

parameters—including seeding density, serum-

free growth medium, time of infection, agitation

rate, microcarrier type and bead concentra-

tion—were tested in spinner flasks (data not

shown). After the optimum microcarrier process

conditions were defined, the following spinner

flask experiment was conducted. This experiment

compared Vero cell growth (Fig. 5a) and MEDI-

534 titers (Fig. 5b) in serum-supplemented

(OptiPRO + 0.5% (v/v) FBS) and serum-free

(VP-SFM + 1% (v/v) CDLC) pre-infection med-

ia. Despite differences in the observed cell

growth, both pre-infection media yielded identi-

cal peak virus titers of 8.1 log10 TCID50/ml.

However, for unknown reasons, the infectious

virus titer decreased by an average of 2.6 log10

TCID50/ml between days 4 and 7 post-infection in

the serum-supplemented cultures, whereas the

infectious virus titer only decreased by an average

of 0.4 log10 TCID50/ml over the same time period

in the serum-free cultures. In contrast, serum-

supplemented cultures in RBs did not exhibit

such a substantial loss in infectious virus titer

(Fig. 4b). As a result of these spinner flask

findings, all subsequent microcarrier cultures used

VP-SFM + 1% (v/v) CDLC for cell growth prior

to MEDI-534 infection.

Bioreactor experiments

The bioreactor experiments assessed the scala-

bility of this serum-free MEDI-534 production

process and also evaluated the dependence of

cell growth and virus production on culture pH.

All three parallel bioreactor cultures maintained

at pH setpoints of 7.0, 7.2, and 7.4 showed

comparable growth and identical maximum
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Fig. 4 Comparison of (a)
cell growth and (b) virus
production in RBs using
different pre-infection
media. Vero cells were
seeded in either
OptiPRO + 0.5%
(v/v) FBS or
VP-SFM + 1%
(v/v) CDLC. To generate
the growth curves (a),
duplicate RBs in each
condition were counted
daily. To generate the
virus production profiles
(b), duplicate RB cultures
in the two different pre-
infection media were
infected with MEDI-534
3 days post-seeding. The
infected cultures were
sampled daily from 2 to
7 days post-infection
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virus titers (8.0 log10 TCID50/ml). Pre-infection

cell growth and virus production profiles in the

bioreactor cultures were similar that observed in

the VP-SFM + 1% (v/v) CDLC spinner flask

cultures (Fig. 5). A repeat of this bioreactor

experiment generated the same results, indicat-

ing that cell growth and virus production are

relatively pH-independent within the pH 7.0–7.4

range in bioreactors. These results demonstrate

the success in scaling up the microcarrier

process from spinner flasks to bioreactors.

Conclusions

The scalable serum-free production platform

developed in this work supported reproducible

Vero cell growth and MEDI-534 virus produc-

tion. By combining pre-infection medium supple-

mentation with post-infection temperature shift,

the resulting serum-free production process

increased infectious virus titers by almost

100-fold. Although cell yields were higher in the

serum-supplemented cultures, virus titers were

comparable in the serum-containing cultures and

lipid-supplemented serum-free cultures. Vero

cultures in T-flasks, RBs, spinner flasks, and

bioreactors all achieved maximum infectious

virus titers of ~8 log10 TCID50/ml. The serum-

free Vero process described here may potentially

be used as a generic platform for the production

of other PIV/RSV vaccine candidates.
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