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Summary. The highly attenuated ‘modified vaccinia Ankara’ (MVA) strain is
a potential live vaccine vector. Insertional inactivation of the tk-gene resulted in
viruses difficult to purify. Co-integration of a functional fowlpox virus tk-gene
allowed easy generation of recombinants, indicating that the genetically stable
tk-gene region is a suitable insertion site, if tk-gene activity is substituted.

Introduction

Recombinant vaccinia viruses are currently widely used as vectors for gene
expression and their potential as live vaccines has been evaluated [1]. Since the
previously used vaccine strains and, in particular, laboratory strains remain
virulent, recombinants derived therefrom would be hazardous for use in humans
and in animals. Vaccinia vaccine strains, though attenuated, can cause infections
with severe outcome in immunocompromized hosts [2]. Vaccines based on
vaccinia strains are, however, desirable because of the unique properties of
vaccinia based live vaccines [1]. Highly attenuated vaccinia strains have been
developed, such as the MVA strain [3], the CV-1 strain [4] and the LC16m0
strain [ 5]. In addition to the classically attenuated strains, genetically engineered
strains have been described [ 6]. The vaccinia MV A strain was passaged over 570
times in chicken embryo fibroblasts [ 7] resulting in six major deletions, includ-
ing 31 kb of genomic material [8,9]. The virus is therefore severely restricted in
its host range and cannot grow in human and most mammalian cells. The MVA
strain was used in large vaccine trials and clinical experience for primary
vaccination of over 120000 humans exists. No side effects were associated with
its use, even when high risk patients received primary vaccination [ 10]. Recently,
viral recombinants have been described in which the site of a deletion has been
used for the insertion of a foreign gene into the MVA genome [11, 12].

We have now investigated the use of a classical insertion site, the thymidine
kinase gene locus and report the conditions under which this locus can be used to
insert foreign genes.
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Materials and methods
Virus and cells

The vaccinia virus strain MVA was kindly provided by Prof. A. Mayr, Munich, Germany.
Primary chicken embryo fibroblasts (CEF) were prepared as described in [ 137. The cells were
grown in tissue culture medium 199 (TCM 199; Gibco-BR L} supplemented with 5% fetal calf
serum, glutamine and antibiotics.

Cell infections and plaque assays

Plaque assays were performed on confluent CEF monolayers cells in 60 cm? tissue culture
dishes or in 6 well plates. The virus suspension was allowed to adsorb to the cells in a volume
of 2.5 ml (dishes) or 0.6 ml (wells) TCM 199 with occassional rocking for 1 h. The suspension
was removed by aspiration and replaced by an overlay consisting of serum free Dulbecco’s
MEM (DMEM, Gibco-BRL), antibiotics and 1% low melting agarose (LMA; Gibco-BRL).
Plaques were stained with 30 pg/ml neutral red (Sigma) on the fifth or sixth day of infection.

In vivo recombination

CEF cells were grown in 60 cm? tissue culture dishes and infected with 0.5 plaque forming
units (pfu} per cell of vaccinia MVA. The virus was adsorbed for 1hat 37°Cin 2.5ml TCM
199. Subsequently, the medium was removed and the infected monolayers were overlayed
with a DNA-Ca-phosphate precipitate, consisting of 20ug of plasmid DNA in Hepes
buffered saline in a final volume of 1 ml as described earlier [ 14]. After a 30 min incubation
period at room temperature, 9 ml of TCM 199 were added and the incubation was continued
for another 4 h at 37°C. The medium was replaced with 10ml of fresh TCM 199 and the
plates were incubated for two days. The cells were then scraped into the medium, centrifuged
and the pellets were lysed by three successive cycles of freezing and thawing. Progeny virus
was then assayed for the presence of recombinants.

Selection and plague purification of the recombinants

Virus with lacZ gene inserts were identified by blue plaque screening as described in [15] with
the following modifications: confluent CEF cells were infected with viral crude stocks derived
from recombination experiments and overlayed with serum free DMEM containing 1%
LMA. After 5-6 days, the monolayers were stained with a second overlay consisting of 1%
LMA in phosphate buffered saline (PBS) and 600 ug/ml of the chromogenic substrate
5-bromo-4-chloro-3-indolyl-B-D-galactoside (X-Gal). Blue plaques could be detected after
6—12h. Recombinant viruses with gpt-gene inserts were identified on the basis of their
resistence to the drug mycophenolic acid (MPA) essentially as described in [14] with the
following modifications: monolayers of CEF cells were infected with recombinant virus and
overlayed with DMEM supplemented with 125 ug/ml xanthine, 5-25 pg/ml MPA and 1%
LMA. After 5-6 days the plaques were visualized by staining with a second overlay
consisting of 1% LMA in PBS containing 30 pg/ml neutral red. In the case of gpt- and lacZ
positive recombinants, the overlay also contained 600 pg/mi of X-Gal. The plaques were
subjected to several rounds of plaque purification.

Construction of plasmids

The plasmid pTZgpt-TK + lacZa was prepared by cleaving the Smal-Stul fragment contain-
ing the lacZ gene from the plasmid pFP-Zsart and inserting the fragment into pTZgpt-
TK + 1 [13].
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Fig. 1. Southern blot analysis of tk-negative MVA vaccinia recombinants. The genomic

Xhol fragments were separated by polyacrylamide gel electrophoresis, blotted and hybrid-

ized to a tk-gene probe. I-10 MVA mTK-clones; 11 MVA wild-type virus; 12 mock infected

chicken embryo fibroblasts; 13, 14 pTK gpt-F1sp digested with HindIII (H) and Clal (C) as

size markers. The upper arrow (left) indicates the recombinant genomic fragment; the lower
arrow points to the wild-type tk-gene

Results

The tk-locus is a well characterized insertion site that allows genetically stable
integration of foreign genes in many vaccinia strains. The vaccinia tk-gene is not
essential for growth of the virus in cell culture [16]. Viruses with inactivated
tk-genes do, however, show decreased virulence and are highly attenuated in
a mouse challenge model [17]. To investigate the behavior of tk-negative MVA
derived viruses, the tk-gene was inactivated by gene insertions. The plasmid
pTKgpt-F1sP [14] was inserted into the tk-locus of the MVA strain by in-vivo
recombination techniques in chicken embryo fibroblasts (CEF). The plasmid
pTKgpt-F1sP contains the E. coli gpt and the lacZ gene between tk-gene flanking
regions. Recombinant viruses were identified by gpt-selection [ 14] and screening
for lacZ expression [15]. Eighteen blue gpt-positive plaques were purified four
times, and small virus stocks were grown and further characterized. Only ten
plaques survived and could be fully purified. For further characterization, CEF's
were infected with the small virus stocks, and after 72h total DNA was prepared,
digested with Xhol and further analyzed by Southern blotting (Fig. 1). The
immobilized fragments were hybridized to a vaccinia tk-gene probe. As a size
marker, the plasmid pTKgpt-Flsp was digested with HindIII (Fig. 1, lane 13) or
with Clal (Fig. 1, lane 14). The expected fragment of about 10.5 kb containing the
foreign gene and the flanking tk-gene was detected (upper arrow). Most of the
tk-negative MVA viruses, however, still contained the 5.3 kb wild-type tk-gene
fragment (Fig. 1, lower arrow) indicating contamination by wild-type virus.
Longer exposures of the blot showed that only isolates 11.1 and 13.1 were free of
wild-type virus. Unexpectedly, the tk-negative MVA was difficult to handle,
beginning with identification of plaques and plaque purification. Thus tk-
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negative MVA probably needs a wild-type helper virus for efficient growth. Since
tk-negative vaccinia, in general, is highly attenuated in animals [17], tk-negative
MVA must be further attenuated, which is not desirable in the light of the already
high degree of attenuation of MVA.

To overcome the drawbacks observed after using insertional inactivation of
the tk-locus, the fowlpox virus (FPV) tk-gene was co-integrated into the vaccinia
MVA tk-locus. Although the genes are related, they show little conservation of
sequence on the nucleotide level [18]. To generate the FPV tk-positive viruses,
the plasmid pTZgpt-TK + lacZa was constructed (Fig. 2) which contains three
foreign genes located between vaccinia tk-gene flanking regions, an intact FPV
tk-gene and the E. coli genes gpt and lacZ. The latter two allow for gpt-selection
and lacZ screening. pTZgpt-TK + lacZa was inserted into the tk-locus of the
MVA strain by marker rescue. From ten initially isolated plaques, nine survived
four rounds of purification without difficulties. Viruses were characterized by
Southern analyses using a vaccinia tk-gene probe (Fig. 3). As a size marker, the
plasmid pTK gpt-F1sf was digested with HindIII (lane 12) and with Clal (lane
13). The viruses showed the expected restriction and hybridization patterns of
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Fig. 3. Southern blot analysis of tk-positive MVA vaccinia recombinants. The Xhol frag-

ments were separated by polyacrylamide gel electrophoresis, blotted and hybridized to

a tk-gene probe. 1-9 MVA isolates mTK#1.1, mTK#2.1, mTK#3.1, mTK#4.1, mTK#6.1,

mTK#7.1, mTK#8.1, mTK#9.1 and mTK#10.1; 10 mock infected chicken embryo fibro-

blasts; 11 MVA wild-type virus; 12, 13 pTKgpt-F1sp digested with Xhol and Clal as size

markers. The upper arrow (left side) indicates the recombinant genomic DNA fragment; the
lower arrow points to the wild-type tk-gene

one fragment of about 8 kb. The wild-type Xhol fragment containing the tk-gene
(Fig. 3, lane 11) was not visible even after long exposure times in the lanes of the
mtk-viruses (lower arrow), indicating that the isolates were free of wild-type virus
after four rounds of plaque purification. This was in contrast to the experience
made with the tk-negative MVA viruses.

Discussion

The tk-locus is a desirable insertion site also for attenuated vaccinia strains
because it is located in a genetically stable region of the genome. Further
attenuation of an already poorly replicating virus by inactivation of the tk-gene,
however, should be avoided in order not to alter the growth properties of an
evaluated vaccine strain. To solve this problem, several approaches to circum-
vent insertional inactivation seem practicable. One approach would be the use of
intergenic regions [19] around the MVA tk-gene as insertion sites. We have
explored an alternative approach, the substitution of the inactivated endogenous
tk-gene by the fowlpox virus tk-gene. Control experiments indicated that tk-
negative MVA virus was difficult to purify while the tk-positive MVA recom-
binants could be handled like, and grew to titers similar to, the wild-type virus.
Cointegration of the fowlpox virus tk-gene, therefore, provides a strategy for
using the MVA tk-locus as an integration site for foreign genes minimizing
further attenuation. In addition, co-insertion of the FPV tk-gene into already

existing vaccinia vectors with tk-gene flanking regions will allow the further use
of these vector constructs.



668 F. Scheiflinger et al.

Acknowledgements

We thank Prof. A. Mayr for providing the MV A strain, G. Gerstenbauer for expert technical
assistance and Dr. C. Gibbs for critically reading the manuscript.

References

1. Moss B (1991) Vaccinia virus: a tool for research and vaccine development. Science 252:
1662-1667
2. Redfield RR, Wright DC, James WD, Jones TS, Brown C, Burke DS (1987) Disseminated
vaccinia in a military recruit with human immunodeficiency virus (HI'V} disease. N Engl
J Med 316: 673676
3. Mayr A, Hochstein-Mintzel V, Stickl H (1975) Abstammung, Figenschaften und Ver-
wendung des attentuierten Vaccinia-Stammes MVA. Infection 3: 6-14
4. Kempe CH, Fulginiti V, Minimitani M, Shinfield H (1968) Smallpox vaccination of
eczema patients with a strain of attenuated live vaccinia (CV1-78). Pediatrics 42: 980—
985
5. Sugimoto M, Yamanouchi K (1994) Characteristics of an attenuated vaccinia virus
strain, LC16m0, and its recombinant virus vaccines. Vaccine 12: 675-681
6. Tartaglia J, Perkus ME, Taylor J, Norton EK, Audonnet JC, Cox W1, Davis SW, van der
Hoeven J, Meigner B, Riviere M, Languet B, Paoletti E (1992) NYVAC: a highly
attenuated strain of vaccinia virus. Virology 188: 217-232
7. Stickl H, Hochstein-Mintzel V, Mayr A, Huber HC, Schéifer H, Holzner A (1974)
MVA-Stufenimpfung gegen Pocken. Dtsch Med Wochenschr 99: 23862392
8. Meyer H, Sutter G, Mayr A (1990) Mapping of deletions in the genome of the highly
attenuated vaccinia virus MVA and their influence on virulence. J Gen Virol 72:
1031-1038
9. Altenburger W, Siiter CP, Altenburger J (1989) Partial deletion of the human host range
gene in the attenuated vaccinia virus MVA. Arch Virol 105: 15-27
10. Mayr A, Stickl H, Miiller HK, Danner K, Singer H (1978) The smallpox vaccination
strain MVA: marker, genetic structure, experience gained with the parenteral vaccination
and behavior in organisms with a debilitated defence mechanism. Zbl Bakt Hyg 1 Abt
Orig B 167: 375-390
11. Sutter G, Moss B (1992) Nonreplicating vaccinia vector efficiently expresses recombinant
genes. Proc Natl Acad Sci USA 89: 10847-10851
12. Sutter G, Wyatt LS, Foley PL, Bennink JR, Moss B(1994) A recombinant vector derived
from the host-range restricted and highly attenuated MVA strain of vaccinia virus
stimulates protective immunity in mice to influenza virus. Vaccine 12: 1032-1040
13. Scheiflinger F (1992) Pockenviren als Expressionsvektoren fiir heterologe Proteine: Ein
Vergleich des Fowlpox Virus—mit dem Vaccinia Virus Expressionssystem. Thesis,
Universitit fiir Bodenkultur, Vienna
14. Falkner FG, Moss B (1988} Escherichia coli gpt gene provides dominant selection for
vaccinia virus open reading frame expression vectors. J Virol 62: 1849-1854
15. Chakrabarti S, Brechling K, Moss B (1985) Vaccinia virus expression vector: coexpression
of B-galactosidase provides visual screening of recombinant virus plaques. Mol Cell Biol
5: 34033409
16. Mackett M, Smith GL, Moss B {1982) Vaccinia virus: a selectable eukaryoticcloning and
expression vector. Proc Natl Acad Sci USA 79: 7415-7419
17. Buller RML, Smith GL, Cremer T, Notkins AL, Moss B (1985) Decreased virulence of
recombinant vaccinia virus expression vectors is associated with a thymidine kinase-
negative phenotype. Nature 317: 813-815



Thymidine kinase as an insertion site in MVA 669

18. Boyle DB, Coupar BEH, Gibbs Al, Seigman LJ, Both GW (1987) Fowlpox virus
thymidine kinase: nucleotide sequence and relationships to other thymidine kinases.
Virology 156: 355-356

19. Spehner D, Drillien R, Lecocq JP (1990) Construction of fowlpox virus vectors with
intergenic insertions: expression of the B-galactosidase gene and the measles virus fusion
gene. J Virol 64: 527-533

Authors’ address: Dr. F. G. Falkner, Biomedical Research Center, Immuno AG, Ufer-
strasse 15, A-2304 Orth/Donau, Austria.

Received September 29, 1995



