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Abstract

Vaccinia virus vectors are attractive tools to direct high level protein synthesis in mammalian cells. In one of the most efficient strategies
developed so far, the gene to be expressed is positioned downstream of a bacteriophage T7 promoter within the vaccinia genome and tran-
scribed by the T7 RNA polymerase, also encoded by the vaccinia virus genome. Tight regulation of transcription and efficient translation are
ensured by control elements of the Escherichia coli lactose operon and the encephalomyocarditis virus leader sequence, respectively. We have
integrated such a stringently controlled expression system, previously used successfully in a standard vaccinia virus backbone, into the mod-
ified vaccinia virus Ankara strain (MVA). In this manner, proteins of interest can be produced in mammalian cells under standard laboratory
conditions because of the inherent safety of the MVA strain. Using this system for expression of b-galactosidase, about 15 mg protein could
be produced from 108 BHK21 cells over a 24-h period, a value 4-fold higher than the amount produced from an identical expression system
based on a standard vaccinia virus strain. In another application, we employed the MVA vector to produce human tubulin tyrosine ligase
and demonstrate that this protein becomes a major cellular protein upon induction conditions and displays its characteristic enzymatic activ-
ity. The MVA vector should prove useful for many other applications in which mammalian cells are required for protein production.
� 2007 Elsevier Inc. All rights reserved.
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A variety of expression systems have been developed
to overproduce proteins in mammalian cells. Viral vec-
tors are particularly powerful tools because they have
inbuilt mechanisms to subvert the cellular machinery in
their favour. Vaccinia virus (VACV)2, the prototype of

the Poxviridae family, has been used for more than
20 years as an expression vector [1–3] and it displays a
number of advantages for such applications. Like all
Poxviruses, VACV replicates entirely in the cytoplasm
of the host cell where transcription and replication of
the viral DNA genome are carried out by virus encoded
machinery. This property accounts in part for the ability
of VACV to infect a wide range of cell types from dif-
ferent species. Furthermore, the size of the genome
packaged into viral particles is not precisely controlled
so that as much as 25 kbp can be accommodated
beyond the approximately 200 kbp normally encapsidat-
ed [4]. In numerous strategies for expression of foreign
genes using VACV, the gene of interest has been posi-
tioned downstream of VACV early or late promoters.
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However, the highest expression levels have been
achieved when the gene encoding the RNA polymerase
from the bacteriophage T7 was integrated into the
VACV genome and the foreign gene of interest was
under the control of a bacteriophage T7 promoter
[5,6]. To isolate viable virus encoding within the same
genome both the T7 RNA polymerase and a foreign
gene under the control of a T7 promoter it was neces-
sary to tightly regulate expression of the T7 RNA poly-
merase by regulatory elements of the lactose operon,
namely a lac operator positioned upstream of the
RNA polymerase gene and a lac repressor under the
control of a VACV promoter [7]. The level of expression
of the foreign gene could then be controlled by the con-
centration of the lactose analogue, isopropyl b-D-thioga-
lactoside (IPTG), added to the culture medium. Further
improvements of protein expression were accomplished
by adding an encephalomyocarditis virus leader sequence
upstream of the foreign gene [8–10] and more stringent
control of expression was obtained by positioning an
additional lac operator upstream of the foreign gene
[8]. In addition, transcription termination was improved
by adding a strong rho-independent ribosomal transcrip-
tion terminator downstream of the foreign gene [8].
Under these conditions, Ward et al. [8] showed that as
much as 2 mg protein could be produced from 108

infected cells over a 24-h period. The tightly regulated
VACV-T7 expression system developed so far has been
built into the Western reserve (WR) strain of VACV
which displays the broad host range typical of VACV
and is potentially pathogenic for individuals with
immune system or skin disorders. In fact, most regula-
tory authorities require that the WR strain be handled
under biosafety level 2 containment conditions. To avoid
such hazards and yet be able to produce large amounts
of recombinant protein, the modified vaccinia virus
Ankara strain (MVA), which is unable to significantly
multiply in human cells [11,12], is safe for highly immu-
nocompromised animals [13,14] and can be handled
under biosafety level 1 containment conditions, has been
engineered to encode bacteriophage T7 RNA polymerase
[15,16]. However, the MVA-T7 expression system has
not been optimized by addition of lactose operon
elements nor for efficient translation by use of the
encephalomyocarditis virus leader. Here, we report opti-
mization of the MVA-T7 expression system by introduc-
ing the same regulatory elements developed for high
level expression using the VACV-WR strain [8]. During
these studies we have found that the optimized MVA-T7
expression system, in addition to its intrinsic safety, dis-
plays the added benefit of inducing 4-fold higher levels
of foreign protein synthesis than the same system in a
VACV-WR background. To further demonstrate the
usefulness of the MVA-T7 vector system, we have
employed it to express human tubulin tyrosine ligase
(hTTL), a protein not previously expressed to high levels
in Escherichia coli or mammalian cells.

Materials and methods

Viruses and cells

The Baby Hamster Kidney (BHK21) cell line was culti-
vated in the Glasgow modification of Minimum Essential
Medium (MEM) supplemented with 10% fetal calf serum
(FCS) and 1.5 g/ml bacto-tryptose phosphate. Human
HeLa cells were grown in MEM supplemented with 10%
FCS. Primary chicken embryo fibroblasts (CEF) were pre-
pared from 11-day-old embryos and grown in Eagle’s Basal
Medium supplemented with 10% FCS and 1.5 g/ml bacto-
tryptose phosphate. The MVA-N33 strain was generously
provided by J.-M. Balloul (Transgène SA, Strasbourg,
France). MVA-N33 was derived from a lyophilized vaccine
preparation (MVA II/85 provided by Anton Mayr) by two
successive plaque purifications on CEF at Transgène and
was shown to display the characteristic features of previ-
ously published MVA isolates ([17] and data not shown).
The VACV-WR strain was obtained from the American
Type Culture Collection. All viruses were propagated on
BHK21 cells. For titrations, the culture medium was
removed from 35 mm tissue culture plates containing
BHK21 cell monolayers. Serial dilutions of virus samples
were then deposited on the cells for 1 h at room tempera-
ture. Fresh culture medium was then added to the dishes
which were incubated for 2 days at 37 �C. The medium
was then removed, the cells stained with 4% neutral red
and plaques counted under a microscope. Virus titers were
expressed in plaque forming units (PFU) per ml.

Plasmids

The pgT7lacOI-TK.R-L plasmid (unpublished data,
A.D. and B.M.), is essentially identical to the plasmid pg-
T7lacOI encoding both the bacteriophage T7 RNA poly-
merase and the Lac I repressor that was used previously
to insert these genes into the WR strain [7]. Foreign genes
interrupt the viral thymidine kinase locus in the pgT7lac-
OI-TK.R-L plasmid, thus enabling selection of recombi-
nant vaccinia virus for a thymidine kinase negative
phenotype. However, this property could not be used easily
for selection of recombinant MVA viruses for lack of a thy-
midine kinase deficient cell line that is sensitive to MVA
infection. Therefore, we added a gene encoding the green
fluorescent protein (GFP) as a selective marker to pgT7lac-
OI-TK.R-L by cutting the latter at its unique SmaI site and
inserting a NaeI fragment containing the GFP gene (Clon-
tech) downstream of a VACV synthetic early promoter
[18,19]. This procedure generated a plasmid named
pEM24. The pVote2 plasmid has been developed for trans-
fer of a tightly controlled T7 expression cassette to the
hemagglutinin locus of the VACV genome [8]. A lacZ cas-
sette obtained by cutting pMC1871 (GenBank Number:
L08936.1) with BamHI was inserted in frame into the
unique BamHI site of pVote2 and the new plasmid was
designated pEM28. The gene encoding human tubulin
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