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Potent and safe vaccinia virus vectors inducing cell-mediated immunity are needed for clinical use. Repli-
cating vaccinia viruses generally induce strong cell-mediated immunity; however, they may have severe adverse
effects. As a vector for clinical use, we assessed the defective vaccinia virus system, in which deletion of an
essential gene blocks viral replication, resulting in an infectious virus that does not multiply in the host. The
vaccinia virus Lister/Elstree strain, used during worldwide smallpox eradication, was chosen as the parental
virus. The immunogenicity and safety of the defective vaccinia virus Lister were evaluated without and with the
inserted human p53 gene as a model and compared to parallel constructs based on modified vaccinia virus
Ankara (MVA), the present “gold standard” of recombinant vaccinia viruses in clinical development. The
defective viruses induced an efficient Th1-type immune response. Antibody and cytotoxic-T-cell responses were
comparable to those induced by MVA. Safety of the defective Lister constructs could be demonstrated in vitro
in cell culture as well as in vivo in immunodeficient SCID mice. Similar to MVA, the defective viruses were
tolerated at doses four orders of magnitude higher than those of the wild-type Lister strain. While current
nonreplicating vectors are produced mainly in primary chicken cells, defective vaccinia virus is produced in a
permanent safety-tested cell line. Vaccines based on this system have the additional advantage of enhanced
product safety. Therefore, a vector system was made which promises to be a valuable tool not only for
immunotherapy for diseases such as cancer, human immunodeficiency virus infection, or malaria but also as
a basis for a safer smallpox vaccine.

A major challenge in the development of live vaccines and
immunotherapy vectors is the generation of safe delivery sys-
tems for clinical use that induce efficient cell-mediated im-
mune responses. The safety of live vaccines is a major concern
in times of widespread immunosuppression due to human im-
munodeficiency virus (HIV) infection. The induction of cell-
mediated immune effector mechanisms by active immunother-
apy eliminates cells infected with intracellular pathogens, and
also tumor cells and several tumor-specific antigens which are
accessible to cell-mediated immune responses could be iden-
tified (for a review, see reference 23). In patients suffering
from the AIDS, a critical role of cell-mediated immunity in the
down-regulation of viremia after acute HIV infection was ob-
served (18), and HIV-specific cytotoxic T lymphocytes (CTLs)
are present in the blood of individuals who are frequently
exposed to HIV but remain uninfected (46). Clinical data on
hepatitis B virus-infected individuals indicate that cell-medi-
ated immunity plays an essential part during clearance of an
established viral infection (26, 30). Also in malaria, an associ-
ation between the major histocompatibility complex class I
allele HLA-B53 and resistance to malaria indicates a protec-
tive role for the cellular immune response (12).

Live viral vectors are promising in fighting these diseases.
However, before live viruses can be used as gene delivery

vectors for immunotherapy in humans, a number of key issues
have to be addressed, such as safety, immunogenicity, and
vaccine preparation by state-of-the-art production methods.
Although the vector should be able to efficiently infect the
target cell, the virus should not replicate and spread in the host
or cause adverse effects. Further, a strong and specific immune
response targeted mainly against the inserted antigen should
be induced. Due to their unique immunological properties in
eliciting long-term protective humoral and cell-mediated im-
mune responses and their stability, recombinant vaccinia vi-
ruses are considered to be prime candidates for use in immu-
notherapy (5, 27). The vaccinia virus strains used during the
World Health Organization program on the eradication of
smallpox induced, mainly in immunocompromised patients,
severe adverse effects, which was one of the reasons to discon-
tinue vaccination after eradication. Today the principal candi-
dates as gene delivery vectors for clinical use in the immuno-
therapy of chronic disease or cancer are vaccinia virus strains
that have been classically or genetically attenuated. Reemerg-
ing smallpox due to bioterrorism is a further scenario requiring
safer vaccinia virus-based vectors (10).

Several attenuated and safe vaccinia virus strains were de-
veloped for clinical use. The vaccinia virus strain NYVAC,
derived from the Copenhagen strain, for instance, was genet-
ically attenuated by deletion of many nonessential genes, in-
cluding virulence and host range genes, resulting in a strain
growing only in primary cells (40). The currently widely used
modified vaccinia virus Ankara (MVA) strain, which has
proven to be safe even in immunocompromised individuals,
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was classically attenuated by being passaged more than 500
times on chicken embryo fibroblasts (CEFs) (20). The growth
of MVA in mammalian cells (baby hamster kidney cells) has
been described (3, 7), opening the way to also produce MVA
vectors in permanent cells. Passaging in mammalian cells, how-
ever, presumably also increases virulence in mammals, result-
ing in new MVA-like strains with unknown safety profiles in
humans.

In addition to vaccinia virus vectors, the avipox vector AL-
VAC has potential as an immunotherapy vector (29). Although
immunogenic in patients, the vectors produced in primary
chicken cells do not have an optimal safety profile. There is a
high risk of contamination with adventitious agents because a
production batch may consist of hundreds of eggs, a flaw that
cannot be corrected by procedures to inactivate viruses, as are
performed during the production of subunit or inactive whole
virus vaccines. State-of-the-art production of biologicals
should be done today in permanent cell lines, allowing cell
banking and safety testing (44). A novel approach to generate
a nonreplicating vaccinia virus was the deletion of a single gene
essential for viral replication, the uracil DNA glycosylase gene
encoded by the D4R open reading frame (ORF). The resulting
viruses grow exclusively in a complementing permanent cell
line (14), excluding reversion to virulence and obviating the
need for primary cells. To distinguish these entirely impaired
viruses from attenuated vaccinia viruses not replicating in most
permanent mammalian cell lines (nonreplicating vaccinia vi-
ruses), they are referred to as defective vaccinia viruses
(dVVs). In these viruses, the replication cycle is blocked prior
to late gene expression in any cell line except the complement-
ing cells. Using a tick-borne encephalitis virus model, it was
shown that recombinant dVVs based on the Western Reserve
(WR) strain expressing the prME antigens were immunogenic
in mice and conferred antibody-mediated protection from a
lethal challenge (16). The WR strain, however, is a vaccinia
virus laboratory strain passaged in mouse brain that has unfa-
vorable properties, such as neurovirulence and gonadotropism,
not suitable for clinical use (11). In this study, we describe the
suitability of recombinant dVVs based on the Lister (Elstree)
vaccine strain as a vector in immunotherapy. We evaluate the
safety and immunogenicity of the vector system alone and with
a recombinant gene insertion, using human p53 as a model
antigen. In both safety and immunogenicity, the vector system
proved to be comparable to or better than the corresponding
constructs based on MVA.

MATERIALS AND METHODS

Viruses and cell lines. The African green monkey kidney cell lines CV-1
(ATCC CCL-70) and Vero (ATCC CCL-81), the human fibroblast cell line
MRC-5 (ATCC CCL-171), and the rabbit kidney cell line RK13 (ATCC CCL 37)
were obtained from the American Type Culture Collection. The mouse fibroblast
cell lines 10(3)Tx4BT87 (B27) and 10(3)273.1NT24 (NT24), the latter of which
is transfected with the mutated form of the human p53 cDNA, have been
described previously (33). Primary CEFs were prepared from 12-day chicken
embryos. The cells were grown in tissue culture medium 199 (Gibco BRL)
supplemented with 5% fetal bovine serum. The vaccinia virus strains WR (ATCC
VR-1354), Lederle-Chorioallantoic (ATCC VR-118), and Lister (ATCC VR-
862) were from the American Type Culture Collection. The Copenhagen strains
were obtained from J. Esposito (Centers for Disease Control and Prevention,
Atlanta, Ga.) and R. Drillien (Strasbourg, France). The MVA strain was the
cloned isolate M4, derived from MVA II/85, which originated from MVA pas-
sage 575 (1983), and has been described previously (2). The defective virus

eVAC-1, as well as the D4R gene-transformed rabbit kidney cell line RK-D4R-
44.20 (RK44), were described previously (14).

Animals. Chickens (Leghorn, 6 to 8 weeks old), guinea pigs (Dunquin Hartley,
6 to 10 weeks old), and mice (BALB/c, 6 to 8 weeks old) were purchased from
Charles River. BALB/c/SCID mice (strain CBySmn.CB17-Prkdc scid/J) were
purchased from Jackson Laboratories.

Construction of plasmids. (i) pDM5hp53-iLg. The plasmid pDW (15) contains
a multiple cloning site (MCS) and an adjacent unstable Escherichia coli lacZ and
gpt marker cassette (flanked by direct repeats) for the generation of marker-free
defective viruses. Both elements are flanked by vaccinia virus D3R and D5R
gene regions for recombination (thereby deleting the essential D4R gene during
recombination). To obtain the plasmid pDM5hp53-iLg, the human p53 ORF was
isolated as a NcoI/SalI-fragment from the plasmid pC53-SN3 (33) and placed
under the control of the vaccinia virus mH5 promoter (5�-GTT AAC AAA AAT
TGA AAA TAA ATA CAA AGG TTC TTG AGG GTT GTG TTA AAT TGA
AAG CGA GAA ATA ATC ATA AAT AAT TTC ATT ATC GCG ATA TCC
GTT AAG TTT AGG CCT CCA TGG-3�). The mH5 promoter-p53 gene cas-
sette was inserted into the MCS of pDW, resulting in pDM5hp53-iLg, which
allows transient dominant selection of vaccinia viruses (9, 35).

(ii) pDRMa. A stable lacZ/gpt marker gene cassette was inserted into the MCS
of plasmid pER (15); this plasmid has inserts consisting of the D3R, D4R, and
D5R genes, and the MCS is located in the D4/D5 intergenic region. The resulting
plasmid was designated pDRMa.

(iii) pDRM5-hp53. To obtain the plasmid pDRM5-hp53, the mH5 promoter-
p53 gene cassette (see above) was inserted upstream of the lacZ/gpt marker gene
cassette of pDRMa (for gene order, see Fig. 1D), resulting in pDRM5-hp53.

(iv) pRSET-hp53. The human p53 gene was inserted as an NcoI/SmaI frag-
ment from the plasmid pC53-SN3 in frame into the E. coli protein expression
vector pRSET (Invitrogen. Inc.).

Plasmids were constructed by standard procedures (34); the correct assembly
of all plasmids was confirmed by restriction analysis and double-stranded DNA
sequencing. The sequences of all plasmids are available upon request.

Generation of defective viruses dVV-Cop, dVV-Led, dVV-L, and dVV-L-p53.
Recombinant viruses were generated using the respective vaccinia virus strain
and the complementing cell line RK-D4R-44.20. For virus constructions, 5 � 106

RK-D4R-4420 cells were infected with the respective wild-type virus strain at a
multiplicity of infection (MOI) of 0.5 and incubated for 2 h at 37°C in a CO2

incubator prior to transfection with 7.5 �g of pDW (to obtain the defective empty
viruses) or pDM5-hp53-iLg plasmid DNA (to obtain the p53-expressing virus
dVV-L-p53) using DOTAP liposomal transfection reagents (Boehringer, Mann-
heim, Germany). After overnight incubation, the transfected cells were overlaid
for gpt selection (8). Products of single recombination events were identified by
X-Gal ((5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside) staining (4) and
plaque purified on RK44.20 cells under gpt selection. Starting with the third
round of plaque purification, clones were screened for selective growth in per-
missive RK-D4R-44.20 cells and in nonpermissive CV-1 cells. Plaque purification
on RK-D4R-44.20 cells was further performed until selective growth was
achieved (usually in purification rounds 6 to 8). Clones were then amplified in the
absence of gpt selection to allow deletion of the marker cassette. The amplified
viruses were further plaque purified in the absence of gpt selection until purely
white plaques were obtained. The virus was expanded, and sucrose cushion-
purified viral stocks were prepared and titrated on RK-D4R-44.20 cells. dVV-
L-p53 was additionally tested for p53 protein expression.

Generation of MVA-based recombinants MVA-c and MVA-p53. Recombinant
viruses were generated using the sequenced MVA strain M4 (2) and CEFs.
Chicken cells were infected with the wild-type virus at an MOI of 0.5 and
incubated for 2 h in a CO2 incubator prior to transfection with 7.5 �g of pDRMa
or pDRM5-hp53 plasmid DNA, respectively, as described above. After overnight
incubation, the recombination was overlaid for gpt selection. Products of single
recombination events were identified by X-Gal staining and purified through
four to six rounds of plaque purification on CEFs under gpt selection. Positive
clones were screened in Southern blots; the virus MVA-p53 was additionally
checked for p53 protein expression. The viruses were expanded, and sucrose
cushion-purified viral stocks were prepared and titrated on CEFs by X-Gal
staining. The genomic structures of all final recombinant viruses were confirmed
by Southern blot analysis (data not shown).

Generation of antisera. (i) Guinea pig anti-late vaccinia virus protein. Sucrose
gradient-purified defective virus eVAC-1 was inactivated with psoralen (AMT;
Lee Biomolecular Research Inc., San Diego, Calif.) for 30 min, using 10 �g of
AMT per ml under UV light at 365 nm. The equivalent of 107 functional PFU
was used to immunize guinea pigs three times at monthly intervals. Character-
ization of the serum demonstrated specificity for late vaccinia virus proteins in
Western blots and neutralizing activity in vaccinia virus neutralization tests.
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(ii) Chicken anti-early vaccinia virus protein. CEFs were infected with
eVAC-1 at an MOI of 1. Cells were harvested at 3 days postinfection and
homogenized by sonication, and the cell lysate was inactivated with psoralen as
described above. Chickens were immunized with the equivalent of 107 infected
cells in complete Freund’s adjuvant, followed by a boost in incomplete Freund’s
adjuvant 4 weeks later. The serum showed specificity in Western blots for early
vaccinia virus proteins as well as for vaccinia infection-induced cellular proteins
but not for proteins of purified vaccinia virus virions.

Protein expression. Protein expression was induced by addition of isopropyl-
thiogalactopyranoside (0.5 mM; Sigma) to pRSET-hp53-transformed E. coli
ER2566 cell cultures (New England Biolabs), and inclusion bodies of recombi-
nant hp53 protein were purified (25). After solubilization in 4 M urea–200 mM
Tris pH 8.0 and refolding dialysis against 10 mM Tris–150 mM NaCl (pH 8.0),
the soluble protein was further purified on Ni-nitrilotriacetic acid agarose (Qia-
gen, Inc.) and finally dialyzed against 10 mM Tris–150 mM NaCl. The purity of
the protein was estimated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) to be at least 80%.

Western blotting. Samples (equivalent to 105 cells) were separated by SDS-
PAGE on 12.5% gels and blotted onto nitrocellulose membranes. p53 expression
was assessed using a mouse anti-p53-specific monoclonal antibody (1:500 dilu-
tion; Calbiochem Inc.). Early and late vaccinia virus protein expression and
RK-D4R-44.20 cellular protein contamination were assessed using anti-vaccinia
virus late protein-specific guinea pig serum (1:1,000 dilution), anti-vaccinia virus
early protein-specific chicken serum, and anti-RK-D4R-44.20 cell lysate chicken
serum, respectively. Detection was done using species-specific alkaline phos-
phatase-conjugated anti-immunoglobulin G (IgG) sera (Sigma).

IgG subclass ELISA. Vaccinia virus and p53-specific IgG subclasses IgG1,
IgG2a, IgG2b, and IgG3 in mouse sera were analyzed on day 14 after immuni-
zation by enzyme-linked immunosorbent assay (ELISA) using microtiter plates
(Costar, Cambridge, Mass.) coated with human recombinant p53 protein and
recombinant vaccinia virus eVAC-1, respectively. In parallel, serially diluted IgG
isotype standards (PharMingen, San Diego, Calif.) were added to wells coated
with goat anti-mouse IgG [F(ab)2; Accurate, Westbury, N.Y.] for standardization
purposes. Alkaline phosphatase-conjugated goat anti-mouse IgG isotype-specific
antibodies (Accurate) were used as secondary antibodies. A reference standard
curve, obtained by plotting the absorbance versus the standard IgG concentra-
tions, was used to calculate the specific IgG isotype concentrations in the sera.

CTL assay. (i) Preparation of spleen cell suspension. Mice were sacrificed by
cervical dislocation at day 14 after immunization. A single-cell suspension was
prepared from the pooled spleens of four to six animals by forcing minced tissue
through 200-mesh stainless steel sieves. Red blood cells were depleted by incu-
bation for 5 min at room temperature with lysis buffer containing 0.15 M NH4Cl,
10 mM KHCO3, and 0.1 M Na2-EDTA, pH 7.4. The leukocytes were resus-
pended in complete culture medium (a 1:1 mixture of RPMI 1640 [Gibco,
Paisley, Scotland] and Click’s medium [Sigma, Irvine United Kingdom] supple-
mented with 10% fetal calf serum, 2 mM L-glutamine, and 100 IU of penicillin-
streptomycin per ml [all from Gibco] and 50 �M 2-mercaptoethanol [Bio-Rad,
Hercules, Calif.]).

(ii) In vitro restimulation. A two-step in vitro restimulation protocol was
performed for the p53-specific CTL assay. First, leukocytes (5 � 106/ml) were
seeded into 24-well culture plates (Costar) in the presence of p53-expressing
vaccinia virus vp53 (multiplicity of infection [MOI], 0.05). After 7 days of incu-
bation (37°C, 5% CO2), viable cells were isolated by centrifugation over Lym-
pholyte-M (Cedarlane, Hornby, Ontario, Canada). A second round of in vitro
restimulation was performed by coculturing these cells with irradiated (100 Gy
from a 137Cs source) p53-positive NT24 stimulator cells (105/ml) and purified
interleukin-2 (5 U/ml; Biotest, Frankfurt, Germany). Viable effector cells were
harvested after a 5-day incubation period for analysis in the 51Cr or gamma
interferon (IFN-�) release assay. For the vaccinia virus-specific CTL assay, re-
stimulation was done once using only the first step described above.

(iii) 51Cr release assay. The ability of effector cells to lyse the appropriate
target cells was tested in a standard 51Cr release assay. B87 and NT24 target cells
were labeled with 14.8 MBq of Na251CrO4 (Amersham, Little Chalfont, United
Kingdom) for 2 h at 37°C. When indicated, B87 target cells had been infected
previously for 16 h with vdTK (a thymidine kinase-negative vaccinia virus without
foreign genes) or the p53-expressing virus vp53 (MOI, 1). After extensive wash-
ing, the target cells were mixed with effector cells at the indicated ratios in
V-bottom microtiter plates (Nunc, Roskilde, Denmark). After incubation for 4 h
at 37°C, supernatants were harvested and radioactivity was measured in a beta
counter (Microbeta; Wallac, Turku, Finland). Spontaneous and maximum 51Cr
release were determined by incubating target cells in culture medium or 1%
Triton X-100, respectively. Spontaneous release of the target cells was between
5 and 25%. The percent specific lysis was calculated using the formula (counts

per minute for test release � counts per minute for spontaneous release)/(counts
per minute for maximum release � counts per minute for spontaneous release).

IFN-� release assay. For analysis of IFN-� secretion, an in situ IFN-� ELISA
as was performed (22) with slight modifications. Briefly, 96-well ELISA plates
(Costar) were coated with anti-IFN-� monoclonal antibody (PharMingen) over-
night at 4°C and then blocked for 2 h with complete culture medium. Serially
diluted effector cells were seeded onto the coated plates and cultured for 16 h
with NT24 or B87 stimulator cells (9 � 104/well) at 37°C with 5% CO2. Serially
diluted recombinant IFN-� (PharMingen) was added to separate control wells
for standardization purposes. The next day, the wells were washed and the
amount of IFN bound was detected using biotinylated anti-IFN-� monoclonal
antibody (PharMingen) and alkaline phosphatase-conjugated streptavidin
(Zymed, San Francisco, Calif.). A reference standard curve, obtained by plotting
the absorbance versus the standard IFN-� concentrations, was used to calculate
the specific IFN-� release of the effector cells.

T-cell proliferation assay. Spleen cells were prepared from immunized mice as
described above and were further purified into a T-cell-enriched population by
depletion of B cells with magnetic beads coated with anti-mouse B220 mono-
clonal antibodies (Mouse pan B, B220; Dynal A.S., Oslo, Norway). Subsequently,
105 enriched T cells/well were stimulated with recombinant human p53 at con-
centrations of 0.3, 1, 3, and 9 �g/ml in 0.2 ml of complete culture medium.
Cultures were incubated in 96-well flat-bottom microtiter plates (Costar) for 5
days (37°C, CO2 incubator), and 18.5kBq (0.5 �Ci) of [3H]thymidine per well was
added during the last 16 h of the culture period. The cells were then harvested
using an automatic cell harvester (Tomtec; Wallac), and incorporated radioac-
tivity was measured in a beta counter (Microbeta; Wallac). The stimulation index
was calculated as the counts per minute in the stimulated sample/counts per
minute in a nonstimulated control sample.

In vitro safety test. For induction of cytopathic effects (CPE) in permissive and
nonpermissive cell lines, the indicated cell line was seeded into six-well tissue
culture plates and grown to approximately 80% confluency. The cells (duplicate
wells) were infected with the indicated viruses. Starting at an MOI of 10, the cells
lines were infected with 10-fold dilutions of virus at MOIs ranging from 10 to
10�6. Cells were monitored visually under a microscope daily for signs of CPE
(such as cell rounding and cytoplasmic contraction), and the extent of CPE in a
well was estimated for 7 days. To confirm the visual monitoring results, the plates
were finally stained with crystal violet. For comparison of the CPE of the dif-
ferent viruses, the lowest MOI at which 50% or more of the cells in a well showed
a CPE after 6 days was determined. Three independent experiments were per-
formed.

In vivo safety test. Groups of four female BALB/c/SCID mice were challenged
subcutaneously with the indicated amounts of the different vaccinia virus strains
or phosphate-buffered saline (PBS) in a volume of 0.5 or 1 ml. Mice were
monitored for weight and symptoms of progressive vaccinia virus disease. Two
independent experiments were performed.

RESULTS

The Lister strain as a backbone for the dVV technology. The
original study describing the dVV technology used the WR
strain (14). However, this strain is a vaccinia virus laboratory
strain with unfavorable properties which preclude its use as a
clinical vector for humans. To find a more appropriate parental
virus, a number of former vaccine strains were screened for
their ability to grow as uracil DNA glycosylase deletion viruses
in the rabbit kidney-derived complementing cell line RK-D4R-
44.20. The first step was to construct defective viruses based on
several former vaccine strains, such as the Lister (Elstree)
strain, the Copenhagen strain, and the New York City Board of
Health strain, by deleting the essential D4R ORF. For this
purpose, the plasmid pDW (15) was transfected into cells that
were infected with the vaccinia virus strains. This plasmid con-
tains the D3R and D5R flanking sequences with a precise
deletion of the D4R ORF. An unstable marker gene cassette
consisting of a gpt/lacZ expression unit framed by a noncoding
tandem repeat of 0.45 kb at each side is located between the
flanking regions, thus rendering the marker genes unstable in
the viral context in the absence of selection pressure (35).
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Marker-free defective viruses with precise deletions of D4R,
growing in complementing cells but not in wild-type CV-1 cells,
could be obtained from all vaccine strains after 8 to 10 rounds
of plaque purification (see Materials and Methods).

In order to analyze the growth properties of the wild-type
and nonreplicating strains in the complementing cell line, RK-
D4R-44.20 cells were infected at an MOI of 0.01, cells were
harvested after 96 h, and the cell lysates were titrated to de-
termine the number of viruses per infected cell (Table 1).
Under these standardized conditions, yields of all tested wild-
type vaccine strains were significantly decreased compared to
those of the WR laboratory strain. The Lister strain showed,
with 54% of the WR yield, the best growth potential on RK-
D4R-44.20 cells. Under the chosen conditions, the defective
viruses also grew to lower titers, ranging from 46 to 7% of the
respective wild-type virus levels (Table 1). The yields of the
defective viruses did not significantly differ between the vac-
cine strains. The decreased yields seen with the defective vi-
ruses were due to delayed growth on RK-D4R-44.20 cells in-
fected at a low MOI. Under optimal harvest conditions,
defective viruses usually grow to high titers corresponding to
yields of 30 to 50 PFU/cell. Due to its importance as a smallpox
vaccine and its growth potential, the Lister strain was finally
chosen as the parental virus for the dVV platform.

Design and construction of the recombinant viruses. It was
important to determine the efficiency of defective Lister-based
recombinant viruses in inducing immune responses and to
compare the data with an established nonreplicating reference
virus, MVA. We therefore constructed recombinant viruses
based on the two strains. The p53 tumor suppressor protein, a
possible target antigen for the treatment of cancer, was used as
a model antigen (13, 28, 33) in the recombinant viruses. The
constructs are outlined in Fig. 1. The unmodified insertion site,
the vaccinia virus D4R gene region, is depicted in Fig. 1A. In
the empty Lister-based defective virus, termed dVV-L, the
D4R ORF is deleted and replaced by a small insert of non-
coding DNA (R) (Fig. 1B). In the Lister-based virus carrying
the foreign gene, termed dVV-L-p53, the D4R ORF is re-
placed by the mH5-p53 gene cassette, in which expression is
driven by the strong early/late promoter mH5 (45).

In the MVA constructs, the foreign genes were integrated
into the intergenic region located between the D4R and the
D5R ORFs. Since MVA grows efficiently only in CEFs, the
D4R ORF was not deleted and the marker genes lacZ and gpt
were retained to allow accurate titration of the viruses. The
virus carrying the mH5-p53 gene cassette was termed MVA-
p53, and the control construct carrying only the marker gene
was termed MVA-c (Fig. 1D and E). The construction of the
viruses and the plasmids is described in Materials and Meth-
ods. All viruses had the expected genomic structure as char-
acterized by Southern blotting (data not shown).

TABLE 1. Viruses used and yields per cell (RK-D4R-44.20 cells)

Virus (abbreviation) Replicationa Marker

Yield

PFU/cell
(mean � SD) %b

Wild-type WR R —c 61.7 � 13.1 100
Wild-type Copenhagen R — 14.5 � 6.2 100
Wild-type Lederle R — 14.0 � 3.3 100
Wild-type Lister R — 33.3 � 7.0 100
Defective WR (dVV-WR) NR — 28.3 � 4.8 46
Defective Copenhagen (dVV-Cop) NR — 1.5 � 0.4 10
Defective Lederle (dVV-Led) NR — 2.7 � 0.9 19
Defective Lister (dVV-L) NR — 2.2 � 0.7 7
Defective Lister, p53 insert (dVV-L-p53) NR — 1.5 � 0.4 NAd

MVA control (MVA-c) NR lacZ/gpt 9.67 � 1.99 NA
MVA, p53 insert (MVA-p53) NR lacZ/gpt 6.87 � 0.53 NA

a R, replicating; NR, nonreplicating.
b Percentage of yield of corresponding replicating virus.
c —, no insert or marker.
d NA, not applicable.

FIG. 1. Schematic representation of the insertion sites of the vi-
ruses. The insertion site in all viruses is the region around the D4R
ORF. The regions of the wild-type Lister virus (WT-L) (A), the de-
fective Lister virus without foreign gene (dVV-L) (B), the defective
Lister virus expressing the human p53 gene (dVV-L-p53) (C), and the
two MVA-based viruses (MVA-p53 and MVA-c) (D and E)are shown.
R, small noncoding DNA insert; mH5, strong vaccinia virus early/late
promoter mH5; hp53, human wild-type p53 cDNA; lacZ and gpt, color
and selection markers, respectively.
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Expression of the p53 antigen and vaccinia virus vector
components by the viral constructs under permissive condi-
tions. We first analyzed expression of the p53 antigen by the
recombinant viruses in the permissive cells by Western blotting
using a monoclonal anti-p53 antibody. The dVV-L-p53 virus
induced high levels of expression in complementing RK-D4R-
44.20 cells (Fig. 2A, lane 6); infection of chicken cells with the
MVA-p53 construct also resulted in high expression levels
(lane 9), while the lysates of cells infected with the control
viruses dVV-L and MVA-c (lanes 5 and 8) and the lysates of
the noninfected cells (lanes 3 and 7) did not show this band.
The cell line NT24 overexpressing p53 served as a positive
control for p53 expression (lane 2), and the p53-negative pa-
rental cell line B87 served as the negative control (lane 1).

Next, the expression of the vector components in the cell
lysates was examined using vaccinia virus early- and late-spe-
cific antisera. The vaccinia virus early antiserum was produced
by immunization of chickens with dVV-infected CEFs. Under
these conditions, dVV induces only expression of early genes,
allowing specific induction of anti-vaccinia virus antibodies di-
rected against early proteins. The late sera were produced by

immunization of guinea pigs with purified psoralen-inactivated
vaccinia virus (see Materials and Methods). Using the early
antiserum, few early-specific bands were observed in all vac-
cinia virus-infected cell lysates (Fig. 2B, lanes 4 to 6, 8, and 9).
A strong non-vaccinia virus-specific cellular band in the 70-
kDa range (Fig. 2B, upper part) was also detected, which is
strongly upregulated in vaccinia virus-infected CEFs (lanes 8
and 9) and induces antibodies that are cross-reactive with a
protein of similar size in CV-1 cells. These bands are likely to
be heat shock proteins migrating in this molecular mass range
that are induced by vaccinia virus infection (37).

Using the late antiserum, strong late vaccinia virus-specific
bands were observed only in the infected cells (Fig. 2C, lanes
4 to 6, 8, and 9), confirming a uniform infection of the different
cells. The noninfected cells did not react with the antiserum
(lanes 1 to 3 and 7). Under permissive conditions, both viruses
express a similar spectrum of antigens.

Expression of the p53 antigen and the vector components
under restricted conditions. In order to also check expression
under restricted conditions, the monkey kidney cell line CV-1,
which does not support multiplication of defective viruses and
supports MVA only to a limited extent (semipermissive), was
infected with the p53 viruses and the controls (Fig. 3A). Puri-
fied recombinant p53, derived from E. coli, and a lysate from
NT24 cells were included as positive controls (lanes 1 and 9,
respectively). Expression of p53 was readily detected in lysates
of dVV-L-p53-infected cells (Fig. 3A, lane 5) but not in non-
infected, wild-type virus-infected, or dVV-L-infected cells
(lanes 2 to 4). Since the Lister construct dVV-L-p53 does not
replicate and therefore does not express late genes in CV-1
cells, only the early part of the mH5 early/late promoter con-
tributes to the p53 expression level. Expression is lower than
that seen in the MVA-p53 construct (lane 7), which replicates
in CV-1 cells to a limited extent (3, 7). Therefore, both the
early and late parts of the promoter contribute to the p53
antigen level.

To extend the Western blot analysis, expression of early and
late vector antigens under nonpermissive conditions (that
mimic the situation in a vaccinee) by the nonreplicating viruses
was analyzed with the specific vaccinia virus early and late
antisera (see above). To detect the viral antigens, Western
blots of lysates of infected cells were incubated with the anti-
vaccinia virus sera (Fig. 3B and C). Using the early antiserum,
a strong vaccinia virus-specific band in the 30-kDa range was
seen in the lower part of the blot for all vaccinia virus-infected
cells (Fig. 3B, lanes 3 to 7). This immunodominant early pro-
tein may correspond to a strong early band of similar size seen
after radiolabeling of nonpermissive cells with defective virus
(14). Again, the strong non-vaccinia virus-specific cellular band
in the 70-kDa range (Fig. 3B, upper part) was also detected in
this cell line.

As expected for uracil DNA glycosylase-defective viruses,
late proteins could not be detected in cells infected with the
dVV-L-p53 and dVV-L constructs (Fig. 3C, lanes 4 and 5),
reflecting the genetic block after early protein synthesis (14).
In contrast, late antigens were detected with the two MVA
constructs (Fig. 3C, lanes 6 and 7), consistent with the block of
MVA in morphogenesis in mammalian cells (39). The wild-
type-Lister-infected cells also showed a strong reaction with
the late antiserum (lane 3), while the lysates of the noninfected

FIG. 2. Functional characterization of recombinant viruses under
permissive conditions by SDS-PAGE and Western blotting. Cell ly-
sates of RK44 cells or CEFs (equivalent to 105 cells infected at an MOI
of 1 for 36 h) were analyzed using a human p53-specific monoclonal
antibody (a-p53) (A), an anti-vaccinia virus early protein antiserum
(a-early) (B), and an anti-vaccinia virus late protein-specific antiserum
(a-late) (C). Lane 1, noninfected B87 cells (p53-negative parental cell
line). Lane 2, noninfected p53-positve NT24 cells. Lane 3, noninfected
RK44 cells. Lane 4, wild-type Lister (L-WT)-infected RK44 cells. Lane
5, dVV Lister (dVV-L)-infected RK44 cells. Lane 6, dVV-L-p53-in-
fected RK44 cells. Lane 7, noninfected CEFs. Lane 8, MVA control
virus (MVA-c)-infected CEFs. Lane 9, MVA-p53-infected CEFs.
Numbers at the left are sizes of marker proteins in kilodaltons. ns,
non-vaccinia virus-specific band; e, early band. The results are repre-
sentative of those from three independent experiments.
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cells (lanes 2, 8, and 9) did not react. This characterization
confirmed the expected expression patterns induced by the
different viruses.

Induction of humoral immune responses. To compare the
humoral immune responses induced by dVVs and MVA-based
viruses, BALB/c mice were immunized once intramuscularly
with 106 PFU of dVV-L-p53, MVA-p53, and the correspond-
ing control viruses. The absolute amounts of p53- and virion-
specific antibodies in the sera were subsequently determined
by IgG1, IgG2a, IgG2b, and IgG3 isotype-specific ELISAs.
Antibodies specific for the virion were detected in small
amounts in the sera of mice immunized with all four vectors
but not in the PBS control. The isotype that was mainly in-
duced was IgG2a (Fig. 4B). No significant amounts of virion-
specific antibodies of the IgG1, IgG2b, and IgG3 isotypes (all
	30 ng/ml) were found.

When tested for p53 specificity, the sera of mice immunized
with the control constructs or PBS did not react (	30 ng/ml).
In contrast, MVA-p53 induced antibodies of all isotypes (Fig.

4, bars III). Even larger amounts of p53-specific antibodies of
all isotypes were detected in the sera of dVV-L-p53-immu-
nized mice (Fig. 4C and D). The sera of both dVV- and
MVA-immunized mice showed the classical picture of a cell-
mediated antibody profile. The most prominent isotype was
IgG2a, which was approximately 15-, 3- to 7-, and 24-fold more
abundant than IgG1, IgG2b, and IgG3, respectively. In addi-
tion, the p53-specific antibodies were in both cases approxi-
mately 10-fold more abundant than the virion-specific antibod-
ies, indicating that the main humoral immune response is
directed against the expressed foreign gene driven by the
strong mH5 promoter. This result therefore demonstrates that
both viral systems induce an efficient antibody response pre-
dominantly against the recombinant p53 antigen. Antibodies
against virion components were substantially lower with all
constructs, and higher levels of virion-specific antibodies re-
quire boosting. Since isotype switching took place and the
antibody profile of a cell-mediated immune response was ob-
served, this indicates that both vector systems also prime cel-
lular components of the immune system.

Induction of cellular immune responses. To test for the
induction of cellular immunity, we immunized BALB/c mice
with 106 PFU of vaccinia virus intravenously. Using T-cell-
enriched splenocytes from immunized mice, p53-specific pro-
liferation was assessed with purified recombinant p53 (see also
Fig. 3A, lane 1) for restimulation (see Materials and Methods).
As shown in Fig. 5A, no significant proliferation was found
when the control constructs dVV-L and MVA-c were used for
immunization. The construct MVA-p53 induced only a weak
proliferation, whereas dVV-L-p53 showed a statistically signif-
icant proliferation with a stimulation index of 5.5. Therefore,

FIG. 3. Functional characterization of recombinant viruses under
conditions nonpermissive for viral replication by SDS-PAGE and
Western blotting. Cell lysates of CV-1 cells (equivalent to 105 cells
infected at an MOI of 1 for 72 h) were analyzed using a human
p53-specific monoclonal antibody (a-p53) (A), an anti-vaccinia virus
early protein antiserum (a-early) (B), and an anti-vaccinia virus late
protein-specific antiserum (a-late) (C). Lane 1, 100 ng of recombinant
(rec) human p53. Lane 2, lysates of uninfected (uninf.) cells. Lane 3,
wild-type Lister (L-WT)-infected cells. Lane 4, dVV Lister (dVV-L)-
infected cells. Lane 5, dVV-L-p53-infected cells. Lane 6, MVA control
virus (MVA-c)-infected cells. Lane 7, MVA-p53-infected cells. Lane 8,
p53-negative B87 cells. Lane 9, p53-positive NT24 cells. Numbers at
the left are sizes of marker proteins in kilodaltons. ns, nonspecific
band; e, early band. The results are representative of those from three
independent experiments.

FIG. 4. The nonreplicating viruses induce an efficient humoral im-
mune response of the Th1 phenotype against the recombinant p53
antigen. Mice were immunized once intramuscularly with 106 PFU of
the indicated viruses. The vaccinia virion (VV) and the p53-specific
antibodies were determined by analysis of a series of serum dilutions in
ELISAs using IgG1- and IgG2a-specific antisera for detection. The
absolute amounts were determined by plotting against an isotype-
specific standard curve. Error bars represent standard deviations. The
results are representative of those from three independent experi-
ments.
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both p53-expressing viruses prime T cells, with dVV-L-p53
being more efficient.

A special feature of viral vectors is the priming of CD8� T
cells and the induction of CTLs. To assess the ability of the
dVVs to induce CTLs, BALB/c mice were immunized intrave-
nously with 106 PFU of the viruses. As shown in Fig. 5B, high
levels of vaccinia virus-specific target cell lysis were observed
for all four constructs. No lysis was observed for PBS-immu-
nized mice or on noninfected targets. Therefore, not only
MVA-based viruses but also the dVV Lister constructs effi-
ciently induce vaccinia virus-specific CTLs upon immunization.

Next, we tested for p53-specific lysis by using the p53-ex-
pressing murine cell line NT24 as a target; this cell line ex-
presses high levels of human p53 (Fig. 1B, lane 9). As shown in
Fig. 5C, specific lysis was observed only after immunization
with the p53-expressing viruses. No lysis was detected with the
control vectors and NT24 cells or the p53-negative murine cell
line B87 as targets. Therefore, as observed for antigen-specific
CTL induction, the dVV Lister system proved to be as efficient
as the MVA system.

To further substantiate that both systems are able to prime
p53-specific CD8� T cells, we also tested for p53-specific
IFN-� secretion in cultures stimulated with NT24 cells. IFN-�

is the main cytokine secreted by activated CD8� T cells. As
shown in Fig. 5D, both p53-expressing viruses induced T cells
with the ability to secrete IFN-� as measured by restimulation
with NT24 cells. No IFN-� secretion was observed using the
control vectors dVV-L and MVA-c upon restimulation with
NT24 cells or for all constructs using B87 cells (9 � 105 effector
cells/well, 	3 ng/ml).

In conclusion, these results demonstrate that defective vi-
ruses based on the Lister strain can induce cellular immune
responses, including the priming of CTLs, to a similar extent as
MVA-based viruses.

Induction of CPE in permissive and nonpermissive cell
lines. One of the most important aspects in the development of
viral vectors for clinical use is safety. Due to their inability to
replicate, dVVs should be better tolerated than the respective
wild-type viruses. Since MVA is replication deficient in most
cell lines, it was expected that dVVs and MVA would show
similar CPE induction and have similar safety profiles. To test
this assumption, a variety of vaccinia virus-susceptible cell lines
(RK13, CV-1, MRC5, Vero, RK-D4R-44.20, and CEFs) were
infected with the p53-expressing viruses and the controls at
MOIs ranging from 101 to 10�6, grown for 6 days, and moni-
tored daily for CPE such as cytoplasmic contraction and cell

FIG. 5. dVVs induce an efficient cellular immune response against p53 and vaccinia virus components. Mice were immunized once intramus-
cularly (A) or intravenously (B to D) with 106 PFU of dVV-L-p53, dVV-L, MVA-p53, and MVA-c or PBS as indicated in panel C and used for
the tests. All results shown are representative of those from at least three independent experiments. (A) The p53-specific proliferation of
B-cell-depleted splenocyte suspensions was determined upon restimulation with recombinant human p53 (1 �g/ml), and the stimulation index was
determined. Error bars represent the standard errors of the means. (B) Induction of vaccinia virus-specific CTLs. Upon restimulation of a
splenocyte suspension with vaccinia virus (MOI, 0.05), lysis of infected target cells was determined. The observed specific lysis with respect to the
effector-to-target cell ratio is shown. Specific lysis of 	3% was observed for noninfected B87 target cells. (C) Induction of p53-specific CTLs. The
observed specific lysis, with respect to the effector-to-target cell ratio, is shown. Specific lysis of 	3% was observed for p53-negative B87 target cells.
(D) Induction of p53-specific IFN-� secretion upon restimulation of splenocytes with recombinant p53-expressing vaccinia virus vp53. NT24 cells
were added at the concentrations indicated, and IFN secretion was determined by ELISA. Absolute amounts were subsequently determined by
comparison to an IFN standard curve. The amount of IFN-� secreted upon restimulation with p53-negative B87 cells was 	2 ng/ml for all cell
concentrations.
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rounding. As expected, replicating wild-type Lister was the
most aggressive strain (Fig. 6). All cell lines were lysed at MOIs
of 	10�2. In contrast, the dVVs showed lysis at an MOI of
	10�2 only on the complementing cell line (Fig. 6, Rk44) and
not on any of the other cell lines tested. The MVA viruses lysed
only the chicken production cell line and none of the others
(Fig. 6). In nonpermissive cell lines, both dVVs and MVA
viruses induced CPE at similar MOIs, mainly in a range be-
tween 1 and 0.1, reflecting the fact that although they are
replication deficient, these live viruses still infect the target cell
and turn on viral protein synthesis, which finally leads to the
death of the infected cell. The recombinant p53-expressing
viruses induced CPE in almost every cell line at concentrations
1 order of magnitude lower. A likely explanation is that over-
expression of the p53 gene additionally induces apoptosis, as
was seen for replicating vaccinia viruses (42). In summary, the
nonreplicating viruses were less virulent in cell culture, induc-
ing a CPE at doses 5 orders of magnitude higher than those of
the wild-type strain, and should therefore be safer in animals.

Safety in immunodeficient mice. The main concern about
the use of replication-competent viruses in immunotherapy is
that severe adverse effects may occur in immunocompromised
patients. To more thoroughly address the safety question in an
in vivo model, groups of four immunodeficient BALB/c/SCID
mice were challenged subcutaneously with high doses of the
wild-type Lister strain or the nonreplicating Lister- or MVA-
based vectors (Fig. 7). Using the wild-type Lister virus, doses of
�106 PFU led to a progressive vaccinia virus infection within a
2-month observation period. At 4 to 8 weeks after challenge,
the mice showed typical blister formation on the tail and foot-
pad (Fig. 7C). Later, weight loss, sometimes accompanied by
swelling of the mouth region, led to the death of the mice.
While mice receiving the nonreplicating viruses gained weight
over time similarly to those receiving the PBS control, mice
challenged with the replicating virus started to lose weight
after 2 weeks (Fig. 7B). Since no mouse recovered after the
challenge with replicating Lister virus, the animals were sacri-
ficed when they reached a critical weight of 15 g. When the

observation period was extended to 6 months, doses of repli-
cating Lister virus of 105 PFU also led to progressive vaccinia
disease and death.

In contrast to the replicating Lister strain, the MVA viruses
were tolerated well. No signs of disease were observed over the
observation period of 6 months with doses of as high as 109

PFU. Notably, no wild-type MVA was used in these experi-
ments; the MVA control is a recombinant virus with a lacZ/gpt
marker gene inserted into the D4R-D5R intergenic region.
Insertion into this region has a slight attenuating effect, result-
ing in diminished growth compared to the wild-type virus.

Importantly, the defective Lister strain-based viruses also
did not induce any signs of progressive disease. Both types of
nonreplicating viruses were tolerated without any visible signs

FIG. 6. Induction of CPE by the different viruses in cell lines under
permissive (replicating [r]) and nonpermissive (nonreplicating [nr])
conditions. The cell lines RK13, CV-1, MRC5, Vero, and RK-D4R-
44.20 (Rk44) and CEFs were infected with 10-fold dilutions of the
viruses (wild-type Lister [�], dVV-L-p53 [■ ], dVV-L [�], MVA-p53
[F], and MVA-c [E]) at MOIs ranging from 10 to 10�6. The dilution
with the lowest MOI where at least 50% CPE in a well occurred was
determined. The indicated intervals represent the range of MOIs
where at least 50% CPE was observed. The results represent those
from three independent experiments.

FIG. 7. dVV vectors are safe in immunodeficient animals.
(A) BALB/c/SCID mice were challenged with the indicated doses of
wild-type Lister (WT-L), defective Lister (dVV-L), recombinant de-
fective Lister expressing p53 (dVV-L-p53), MVA control (MVA-c),
and recombinant MVA expressing p53 (MVA-p53) and monitored for
signs of a progressive vaccinia virus infection. Results for healthy mice
(open circles) and mice which showed signs of disease (closed circles)
during a time period of 2 months are shown; one mouse died due to an
unrelated event (�). The results represent those from two indepen-
dent experiments. (B) Weight monitoring of BALB/c/SCID mice in-
fected with the indicated viruses. After 2 weeks, wild-type virus (WT-
L)-infected mice (106 PFU/animal) started to lose weight and die,
while mice infected with the nonreplicating viruses (dVV-L or MVA-c
at a dose of 109 PFU/animal) grew normally and gained weight over
time, similar to the PBS control mice. (C) Typical symptoms of gen-
eralized vaccinia disease in SCID mice infected with the wild-type
Lister vaccinia virus. Cutaneous lesions are seen on the tail (upper
panel) and on the paws and the mouth region (lower panels).
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of discomfort of the mice at doses of 107 and 108 PFU. The
highest dose of 109 PFU was accompanied by mild signs of
sickness in the first few days, which disappeared later. At 4
weeks after challenge a lesion was observed at the injection
site, which subsequently healed. In summary, not only in the in
vitro system but also in vivo in immunodeficient animals, dVVs
based on the Lister strain are as well tolerated as the MVA-
based viruses.

DISCUSSION

The advantage of using defective viruses is that viral repli-
cation occurs only in a permanent complementing cell line. If
used as vaccines, these vectors will retain their infectivity and
the ability to synthesize viral early proteins but will fail to
complete the replication cycle, thereby eliminating the risk of
a disseminated or progressive vaccinia virus infection in an
immunocompromised host. In addition, the risk of environ-
mental spread of the virus is eliminated. This may occur, for
example, when avipoxviruses are used to vaccinate nonpermis-
sive hosts (41). There are also several practical advantages of
the defective virus technology platform. During generation of
the vectors, recombinations and titrations can be performed on
a fast-growing stable cell line and thereby the cumbersome
preparation of CEFs necessary for the other nonreplicating
poxviral systems can be avoided. Furthermore, the formation
of lytic plaques is far more pronounced on RK-D4R-44.20 cells
than for MVA-based viruses on CEFs, thereby facilitating the
screening especially of marker-free recombinants. Third, we
showed that a variety of vaccinia virus strains can be made
defective by deletion of the uracil DNA glycosylase gene. Since
vaccinia virus strains can show extensive genomic differences,
this feature allows rapid construction of additional defective
strains, broadening the basis for future gene delivery vectors
with improved properties.

MVA can still grow in BHK cells (3, 7) and regains full
growth potential in Vero cells when passaged in this cell line
(19). This is surprising, because the large deletions character-
istic for MVA (2, 24) seemed to suggest that the restriction in
host range and virulence was mainly due to these deletions,
including the loss of a host range gene and many immune
modulatory genes. The numerous single-nucleotide differences
found between the MVA sequence and the Copenhagen se-
quence (2) suggest that regain of function (replication in a
specific host) is also due to reversions on the nucleotide level.
It will be interesting to see whether an MVA strain first
adapted to growth in mammalian cells and then passaged in
mouse brain also regains virulence. In contrast to MVA, dVVs
with an essential gene deleted cannot regain replication and
virulence functions upon passaging in a chosen host. There-
fore, the defective genotype principally excludes safety risks in
severely immunocompromised vaccinated subjects.

Using in vitro and in vivo safety assays, we showed that
defective viruses are safe live viral vectors. The wild-type Lister
vaccine strain induced a progressive vaccinia virus infection in
immunodeficient mice. This disease could completely be
avoided by the introduction of the defective phenotype. The
safety of the vector was increased by at least 4 orders of
magnitude, suggesting that, similar to the case for MVA, it
should also be well tolerated in immunocompromised hosts.

The only noticeable adverse effect was toxicity at the site of
injection at the highest dose, which was also seen with MVA.
Therefore, these results suggest that the defective viruses can
be used safely in immunocompromised patients, a precondi-
tion important for potential application in the immunotherapy
of cancer and chronic diseases.

The immune response induced by MVA is well character-
ized; this virus induces a Th1 type of response with low anti-
body titers against the viral vector (31). Here we show that the
immunity induced by dVVs is similar to that induced by MVA
vectors. The defective viruses induced a humoral immunity
with the phenotype of a cell-mediated immune response. The
vectors also efficiently primed CTL responses. Since MVA was
formerly used for primary smallpox vaccinations even of im-
munocompromised patients, these results, together with the
excellent safety profile, suggest that the defective Lister viruses
may be used for the same applications.

Currently, recombinant MVA-based constructs are devel-
oped as vaccines for a variety of diseases. Progress has been
made towards the clinical assessment of MVA-based vectors in
the treatment of HIV infections, malaria, measles, or cancer,
either alone or in combination with DNA vaccines (1, 6, 36,
43). Here we show that a recombinant p53-expressing defective
virus, dVV-p53, induced significant levels of humoral and cel-
lular immune responses against p53. The levels of immunity
induced were comparable to or even slightly better than those
induced by the MVA-based constructs, indicating that the
dVV Lister system is an excellent alternative to MVA or to
other nonreplicating poxviral vectors. One important advan-
tage of the defective Lister system is the possibility of produc-
ing sufficient amounts of the virus in a permanent stable cell
line. Virus production in permanent cells allows cell banking
and rigorous quality control, increasing product safety. The
product safety aspect is especially important for the production
of live vaccines, where no final virus inactivation steps are
possible. In contrast, biologicals produced in primary cell cul-
tures, such as chicken fibroblasts, may be contaminated by
adventitious viruses such as retroviruses.

Since permanent cell lines can be grown in large fermentors,
upscaling is easier and more cost-effective than production in
primary cells. The complementing cell line, for instance, grows
in high cell densities in microcarrier cultures, and upscaled
batches of defective viruses of up to 50 liters in volume have
been produced (M. Reiter, unpublished data). A defective
Lister-based immunotherapy vector, having vector properties
similar to those of a corresponding MVA construct, has the
advantage of easy upscaling due to state-of-the-art production
possibilities and superior product safety. Therefore, the dVV
Lister technology platform fulfills the most important aspects
for clinical use as a live vaccine vector.

An exciting new perspective is the development of safer
smallpox vaccines based on nonreplicating vaccinia virus vec-
tors. As shown decades ago, prevaccination of patients with a
highly attenuated vaccinia virus strain followed by vaccination
with a standard vaccine strain reduces side effects dramatically
(17). The approach resulted, however, in reduced titers of
neutralizing antibodies (21), probably trading safety for effi-
cacy. Prevaccination was used in the last years of smallpox
eradication in Germany with MVA strain as prevaccine and
the Lister/Elstree strain as the standard vaccination strain (20,
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38). The dVV system might be a more suitable smallpox pre-
vaccine for immunocompromised subjects. It was highly pro-
tective in a preclinical challenge model (16), induced antibod-
ies and CTLs similarly to MVA, and was as safe as MVA-based
recombinants in immunodeficient mice. In addition, reversion
to virulence can principally be excluded because the vector
lacks an essential gene, which restricts its host range to a
complementing cell line. Nevertheless, a prevaccination regi-
men involving the currently used replicating strains in combi-
nation with a nonreplicating prevaccine may still have severe
consequences in HIV-infected or otherwise severely immuno-
compromised persons (32). Therefore, strategies to enhance
the levels of neutralizing antibodies, using, for instance, non-
replicating vaccinia virus strains twice or in combination with
cross-protective viral antigens, should be further explored to
develop a safe smallpox vaccine.
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