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ABSTRACT Vaccinia virus, no longer required for immu-
nization against smallpox, now serves as a unique vector for
expressing genes within the cytoplasm of mammalian cells. As
a research tool, recombinant vaccinia viruses are used to
synthesize and analyze the structure-function relationships of
proteins, determine the targets of humoral and cell-mediated
immunity, and investigate the types of immune response
needed for protection against specific infectious diseases and
cancer. The vaccine potential of recombinant vaccinia virus
has been realized in the form of an effective oral wild-life
rabies vaccine, although no product for humans has been
licensed. A genetically altered vaccinia virus that is unable to
replicate in mammalian cells and produces diminished cyto-
pathic effects retains the capacity for high-level gene expres-
sion and immunogenicity while promising exceptional safety
for laboratory workers and potential vaccine recipients.

On May 14, 1776, an English country physician named Edward
Jenner inoculated 8-year-old James Phipps with cowpox virus
isolated from the infected hand of Sarah Nelmes, a milkmaid
(1). Jenner demonstrated that the boy was resistant to smallpox
and the new procedure became known as vaccination (L. vacca
cow) to distinguish it from variolation, an older and far more
risky procedure of inoculation with small amounts of the
smallpox (variola) virus itself. Although vaccination was met
with some initial skepticism (Fig. 1), it was widely adopted.
Cowpox virus was later superseded by vaccinia virus, a closely
related virus that may have been isolated from a horse (2) and
that produced a milder vaccination reaction. Despite the
profound differences in human virulence of variola, vaccinia,
and cowpox viruses, they are now known to belong to the same
Orthopoxvirus genus, accounting for their ability to cross
protect. Jenner accurately predicted "that the annihilation of
the Small Pox, the most dreadful scourge of the human species,
must be the final result of this practice [vaccination]" (cited in
ref. 3). The last endemic case of smallpox occurred in 1977,
bringing to an end the ravages wrought by smallpox over the
past 3000 or more years (3). In 1980, the Assembly of the
World Health Organization declared smallpox eradicated and
recommended the discontinuation of smallpox vaccination.
Ironically, that year also marked the application of recombi-
nant DNA technology to vaccinia virus (4, 5), providing the
means for genetically engineering poxviruses and developing
them as expression vectors and candidate vaccines against
unrelated infectious diseases (6, 7).

Molecular Biology of Poxviruses. The study of poxviruses
has been motivated by a desire to understand the unique
replication program of these large complex genetic systems (8).
An appreciation of the molecular biology of poxviruses was
crucial for their rational development as expression vectors

(9). The ability of poxviruses to replicate entirely within the
cytoplasm of the infected cell, even though they have DNA
genomes, is the most distinctive feature of the members of this
family. Detailed information regarding poxviruses was derived
mainly from studies with vaccinia virus, although the basic
features apply to other family members as well.

Infectious vaccinia virus particles are brick-shaped, 300-400
nm in diameter with lipoprotein membranes that surround a
complex core structure containing a linear and nearly
200,000-bp duplex DNA molecule. Numerous virus-encoded
enzymes, including a multisubunit DNA-dependent RNA
polymerase, a transcription factor, capping and methylating
enzymes, and a poly(A) polymerase, are packaged within the
virus core and enable particles to synthesize translatable
mRNAs with typical eukaryotic features after entry into a cell
(Fig. 2). Initially, only the early genes are transcribed: they
encode proteins involved in stimulation of the growth of
neighboring cells, defense against host immune responses,
replication of the viral genome, and transcription of the
intermediate class of viral genes.
The progeny viral DNA molecules serve as templates for the

sucessive expression of intermediate and late genes. The three
temporal classes of genes have promoters with distinctive
sequence elements (10-12) that are recognized by specific
viral proteins (13), providing the basis for a programmed
cascade mechanism of gene regulation (Fig. 2). Upon synthesis
of the late structural proteins, infectious virus particles are
assembled and some are wrapped with an additional Golgi-
derived membrane (14, 15), are transported to the periphery
of the cell (16, 17), bud through the plasma membrane, and
either remain attached to the cell surface (18) or are released
into the medium (19). The externalized forms of vaccinia virus
mediate cell-to-cell spread.

Genetic Engineering of Poxviruses. The DNA molecules of
many viruses are infectious, i.e., a complete round of replica-
tion occurs after transfection. of the naked genome into the
cell. Poxviral DNA is not infectious, however, because the viral
genome is not transcribed by cellular enzymes, and therefore,
viral proteins are not made. Most strategies for genetically
engineering poxviruses have employed homologous DNA re-
combination in infected cells, a process that occurs naturally
during the replication of poxviruses (20-22).

Genetic engineering of poxviruses has provided a way to
study their biology and to express foreign genes. Early exam-
ples of the former include marker transfer for mapping the
thymidine kinase (TK; ref. 23) and DNA polymerase (24)
genes and temperature-sensitive mutations (25, 26), as well as
the deletion of nonessential genes such as the TK (7) and
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FIG. 1. English engraving by James Gilray, 1802, suggesting the alarm that greeted the introduction of the smallpox vaccine (from the National
Library of Medicine).

vaccinia virus growth factor (27). Techniques have been
developed that permit precise gene sequence alterations (28),
inducible regulation of gene expression (29-31), and the
targeting of temperature-sensitive mutations (32). These tech-
nical developments have greatly facilitated the correlation of
poxvirus biochemistry and genetics.

Because poxviruses replicate in the cytoplasm and use their
own transcription systems, poxvirus promoters and continuous
open reading frames are required for expression of foreign
genes. The time and level of gene expression is regulated by the
choice of an early, intermediate, or late promoter. A com-
monly used DNA sequence contains tandem early and late
promoters allowing a continuous moderate level of gene
expression (9). The highest levels of expression have been
obtained with strong natural or synthetic late or early/late
promoters (refs. 33 and 34; S. Chakrabarti, J. Sisler, and B.M.,
unpublished results). The precise sequence of thymidines
TTTTTNT serves as a transcription termination signal spe-
cifically for vaccinia virus early genes (35); if such a sequence
happens to be present within a foreign gene to be regulated by
an early promoter, the run of thymidines can be altered by
changing the codon usage (36).

General methods for the production of recombinant poxvi-
ruses employ plasmid transfer vectors that contain an expres-
sion casette, consisting of a poxvirus promoter with adjacent
restriction endonuclease sites for foreign gene insertion,
flanked by poxvirus sequences that direct recombination to the
desired locus (9, 37). The relatively high frequency of homol-
ogous recombination (approximately 0.1%) makes it possible
to screen virus plaques byDNA hybridization or for expression
of the desired foreign gene product (38). Nevertheless, selec-
tion or general screening procedures are quite helpful. By
targeting the foreign gene to the TK locus, recombinant

viruses can be selected by their TK-negative phenotype in
TK-deficient cells (9). Alternatively, the transfer vector may
enable the cointegration of an antibiotic selection marker
(39-42) or a reporter gene allowing color screening due to
,B-galactosidase (43,44) or f3-glucuronidase (45) synthesis. The
reversal of host range restriction (46) or plaque phenotype (47)
has also been used. A recently devised procedure involves the
complementation of a defect in extracellular virus production
so that all plaques contain recombinant virus (48).
Although the large size of poxvirus genomes would seem to

make in vitro ligation of foreign genes technically daunting, this
approach has been used successfully (49-51). The strategy
involves (i) cutting the vaccinia virus genome at a unique
restriction endonuclease site, (ii) religating the two halves of
the genome with the recombinant gene between them, trans-
fecting the ligated DNA into cells that have been infected with
a helper virus: either a temperature-sensitive vaccinia virus
mutant or an avian poxvirus. This approach does not require
intermediate cloning in Escherichia coli and is useful in
conjunction with polymerase chain reaction amplification of
genes or screening large cDNA libraries or for very large
segments of DNA. In this regard, the vaccinia virus genome
can tolerate the addition of at least 25,000 bp of additional
DNA (49, 52). Presumably, this quantity could be doubled by
deleting DNA not required for replication in cultured cells.

Since vaccinia virus is the prototype poxvirus and infects a
wide range of cells and experimental animals, it was the first
member of the family employed for expression studies. Other
poxviruses have been developed as vectors, primarily because
of advantages associated with their restricted host ranges, and
will be considered in subsequent sections.

Vaccinia Virus-Bacteriophage Hybrid Systems. Because of
their high efficiency and stringent promoter specificity, the
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FIG. 2. Infectious cycle of vaccinia virus (from ref. 8, with permission).

single-subunit DNA-dependent RNA polymerase of bacterio-
phage T7 (53) and of related bacteriophages T3 (54) and SP6
(55) have been used for expression of selected genes in vaccinia
virus expression vectors. Recombinant vaccinia viruses con-
taining the gene encoding the bacteriophage polymerase,
regulated by a vaccinia virus promoter, have been constructed.
There are three basic versions of the system. In one, cells are
infected with the recombinant vaccinia virus and then trans-
fected with a plasmid containing the bacteriophage promoter
regulating a foreign gene (53). In another version, the bacte-
riophage promoter regulated foreign gene is incorporated into
a second recombinant vaccinia virus and expression obtained
by coinfection with a recombinant vaccinia virus that encodes
the T7 RNA polymerase gene (56) or by infecting cell lines that
stably express the T7 RNA polymerase (57). Finally, there are
inducible versions in which both the bacteriophage polymerase
and expressed gene are in the same recombinant vaccinia virus
allowing single infection protocols (58, 59).
Because of its simplicity and versatility, the transfection

system has been widely used for analytical studies. In some
cases, the same recombinant plasmid can be used for expres-
sion in both the vaccinia virus hybrid system and E. coli, as well
as for in vitro transcription and translation. With liposome
carriers, the transfection efficiency is very high and most cells
express the desired gene (60). The level of expression can be
enhanced by employing the untranslated leader sequence of
encephalomyocarditis virus to provide cap-independent trans-
lation (61). This transient system is ideal for screening the
effects of large numbers of mutations or for cDNA libraries as
discussed below.
The double infection and the inducible systems are appro-

priate if large numbers of cells are used. In a recent configu-
ration of the inducible system (59), the recombinant vaccinia
virus contains (i) the E. coli lac repressor gene under control
of a vaccinia virus early/late promoter for continuous repres-
sor synthesis; (ii) the T7 RNA polymerase gene under control
of a vaccinia virus late promoter and E. coli lac operator; and
(iii) the gene to be expressed under control of a T7 promoter

and lac operator. Because both the T7 polymerase and the T7
promoter-controlled genes are regulated by lac operators,
control is very stringent providing an induction of more than
10,000-fold. Another modification of this system employs a
thermolabile repressor, so that expression occurs upon tem-
perature elevation rather than after addition of inducer,
providing an advantage especially for fermentation technol-
ogy.

Synthesis of Proteins in Cell Culture. Several characteristics
of vaccinia virus contribute to its wide use as an expression
system. These include (i) relatively simple methods of recom-
binant virus construction, (ii) a wide choice of cell types, (iii)
cytoplasmic expression eliminating special requirements for
nuclear processing and transport of RNA, and (iv) relatively
high expression levels. As anticipated, proteins synthesized by
vaccinia virus vectors are processed and transported in accord
with their primary structure and the inherent capabilities of the
host cell. Although vaccinia virus vectors have been primarily
used for expression in fully permissive mammalian and avian
cells, the system has also been extended to nonpermissive
amphibian cells (62-64).

Transient expression, by DNA transfection of infected cells,
can be accomplished either using vaccinia virus promoters (65)
or the hybrid vaccinia virus-T7 system described above. Gen-
erally, the expression level is considerably higher than that of
conventional eukaryotic transfection systems. Applications of
this transfection system are very diverse and, for example, have
included analysis of protein-protein interactions (66), epitope
mapping of monoclonal antibodies (67), cell fusion (68), and
expression of ion channels (69, 70). Complex structures, such
as infectious RNA virus particles, have been assembled by
transfecting several plasmids simultaneously (71-73). The
transfection system also provides a useful method for func-
tional screening of cDNA libraries, as shown by the recent
identification of the human immunodeficiency virus corecep-
tor fusin gene (74).
To harvest protein from large quantities of cells, the gene of

interest needs to be integrated into a recombinant vaccinia
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virus (75). High levels of recombinant protein have been
obtained using strong synthetic vaccinia virus promoters (34)
or the hybrid vaccinia virus-T7 system (59). The latter is
preferred if the expressed protein is toxic to either the virus or
cells. The hybrid vaccinia virus-T7 system has recently been
adapted to Chinese hamster ovary cells, which are normally not
permissive for vaccinia virus (76).

Determination of Targets of Humoral and Cell-Mediated
Immunity. If recombinant vaccinia viruses that express one or
more genes of another microorganism are used to immunize
animals, the antiserum can be tested for neutralizing activity.
This approach eliminates the need to purify the protein in a
native state, which may be difficult as in the case of membrane
proteins (77, 78). Genetic engineering can be used to enhance
the immune response, for example, by converting a secreted
protein into one that is membrane-anchored (79). Immuniza-
tion with recombinant vaccinia viruses also provides a conve-
nient way to produce monoclonal antibodies to native gene
products without having to purify them (80, 81).
Recombinant vaccinia viruses are extensively used to induce

CD8-bearing cytotoxic T lymphocytes (CTLs) in animals or to
determine the targets of CTLs in vitro. Intracellular expression
allows the antigen to be processed and presented in association
with matched major histocompatability complex (MHC) class
I molecules for recognition. For the determination of targets,
autologous or MHC-matched cells are infected with a recom-
binant vaccinia virus that expresses a protein of interest,
preferably under control of an early or early/late promoter
(82). Alternatively, the recombinant virus can also express the
appropriate MHC molecule. The target cells are then loaded
with chromium and chromium release is measured after
incubation with effector lymphocytes from an experimental
animal (83-85) or human (86, 87). B cells, immortalized with
Epstein-Barr virus, have been used as autologous cells from
individuals. CTL epitopes can be located by expressing trun-
cated proteins, prior to fine mapping with small peptides (87,
88). The hybrid vaccinia virus-T7 transfection system can be
used to express CTL target proteins, avoiding the task of
constructing new recombinant viruses (89).

Vaccinia vectors are also used to induce CD4-bearing CTLs
and analyze the presentation of endogenous antigens with
MHC class II molecules (90-93).

Protection Against Experimental Infections. The numerous
examples, in which immunization of experimental animals
(from mouse to chimpanzee) with recombinant vaccinia vi-
ruses that express one or more genes of a DNA or RNA virus
have provided partial or complete protection against disease
caused by challenge, are referenced elsewhere (94-96). In
many cases, protection was correlated with neutralizing anti-
body against viral envelope proteins expressed by the recom-
binant vector. In other cases, vaccination provided a priming
effect and protection was associated with an anamnestic
antibody response, as when chimpanzees were inoculated with
a recombinant vaccinia virus that expresses hepatitis B surface
antigen (97). In some cases, protection may be due to induction
of CTLs (98-103).

Smallpox vaccine was usually administered intradermally
and other routes were thought to be less immunogenic (104).
Good immunogenicity also follows intradermal inoculation of
recombinant vaccinia virues. However, when intradermal and
intranasal inoculations of recombinant vaccinia viruses that
express influenza and respiratory syncytial virus envelope
glycoproteins were compared, the latter route provided better
local immunity and protection against an upper respiratory
infection (105-107). Mucosal immunity also has been achieved
by intestinal inoculation with recombinant vaccinia virus (108,
109). Coexpression of interleukin (IL) 5 and IL-6 reportedly
enhances mucosal IgA production (110, 111).
Tumor Immunization. The ability of poxviruses to induce

strong CTL responses has led to consideration of their use as

cancer vaccines. Recombinant vaccinia viruses that express
viral antigens (101, 112) or cellular tumor-associated antigens
(113-116) have provided prophylactic and therapeutic effects
against experimental tumors. Cytokines (IL-2 and IL-12)
and/or costimulatory molecules (B7-1 and B7-2) may enhance
the immune effects in model systems (117, 118).
Attenuated and Nonreplicating Vectors. At the site of

percutaneous inoculation with vaccinia virus, a nonimmune
individual typically develops a papule that becomes vesicular
and pustular reaching a maximum size in 8-10 days. The
pustule dries and the scab separates within 14-21 days. The
local lymph nodes may feel tender and there may be some
fever. In young children, eczema vaccinatum and encephalitis
are serious but infrequent complications; in adults dissemi-
nated or progressive vaccinia may occur if there is a severe
immunodeficiency (119, 120). Safety issues have been raised
because of the possibilities of accidental laboratory infections
and side effects of vaccination. In the United States, the
immunization practices advisory committee (121) recom-
mended that laboratory work with vaccinia virus be carried out
under biosafety level 2 conditions; those that have direct
contact with the virus are advised to receive a smallpox
vaccination at 10-year intervals. In the United Kingdom,
however, vaccination of laboratory workers is recommended
only under special circumstances (122).

Several approaches have been taken to enhance the safety
of vaccinia virus. During the smallpox era, highly attenuated
vaccinia virus strains were developed (3). One of these,
modified vaccinia virus Ankara (MVA), was passaged more
than 500 times in chicken embryo cells, lost the ability to
replicate in mammalian cells, became apathogenic even for
immunodeficient animals, and was administered without ap-
parent incident to about 120,000 humans including many who
were considered a poor risk for the conventional smallpox
vaccine (123, 124). Further studies showed that multiple
genomic deletions had occurred (125) and that virus replica-
tion was blocked at a late stage of morphogenesis in mamma-
lian cells, importantly leaving synthesis of viral proteins un-
impaired (126). Marker transfer experiments suggest that
multiple gene defects need to be corrected for efficient
replication of MVA in mammalian cells (M. Carroll and B.M.,
unpublished results). Consequently, MVA is useful as an
expression vector while providing a high degree of safety. For
this reason, recombinant MVAs that express T7 RNA poly-
merase have been constructed (127, 128). At the National
Institutes of Health, work exclusively with MVA is permitted
at biosafety level 1 without vaccination. Despite its inablity to
replicate, recombinant MVA has proven to be highly immu-
nogenic and effective in protecting against influenza, parain-
fluenza and simian immunodeficiency virus infections in
mouse or monkey models (129-131).

Varied degrees of attenuation can be achieved by deletion
of one or more genes not required for replication in tissue
culture (132-139). These include viral genes involved in nu-
cleotide metabolism, host interactions, and extracellular virus
formation. NYVAC, a derivative of the Copenhagen strain of
vaccinia virus with multiple deletions and impaired replication
in human cells, has provided protective immunity againtst
Japanese encephalitis virus in swine (140, 141).
Another attenuation approach involves the expression of

genes designed to enhance the host response to vaccinia virus.
Recombinant vaccinia viruses that encode IL-2 have dimin-
ished pathogenicity for immunodeficient mice (142, 143) and
immunocompetent monkeys (144, 145). The mechanism in-
volves the rapid clearance of virus by natural killer and other
cells secreting interferon-y (146, 147). Recombinant vaccinia
viruses that express interferon--y are also attenuated (148,
149). The stability of such viruses in vivo needs to be examined,
since loss of the IL-2 or interferon-y gene would restore
virulence.
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Some members of the poxvirus family have a naturally
restricted host range, which can provide increased safety.
Avian poxviruses were initially considered as vectors for birds
(150-152) since they do not replicate in mammals. Subsequent
studies, however, indicated that expression of recombinant
genes occurs in mammalian cells and that immune responses
are induced in mammals (153). For unknown reasons, canary-
pox virus appears to be superior to fowlpox virus in this regard
(154, 155). Raccoon poxvirus (156), capripox virus (157), and
swinepox virus (158) vectors also have been made.

Veterinary Vaccine Trials. Recombinant poxviruses are
capable of protectively immunizing animals against diseases of
veterinary importance. Examples include the use of vaccinia
virus recombinants to protect cattle against vesicular stomatitis
virus (159) and rinderpest (160, 161), chickens against influ-
enza virus (162), and raccoons and foxes against rabies virus
(163-166). The recombinant vaccinia virus expressing the
rabies virus glycoprotein was administered in bait form for
immunization of wild animals and protective immunization
with reduced incidence of rabies has been demonstrated in
large field tests in Belgium (167). Examples of the use of other
poxvirus vectors for veterinary purposes include a raccoon
poxvirus vector to protect raccoons against rabies virus (156);
a capripoxvirus vector to protect cattle against rinderpest
(168); swinepox vectors to protect pigs against Aujeszky dis-
ease (pseudorabies) (158); fowlpox vectors to protect chickens
against influenza virus (169), Newcastle disease virus (152,
170-172), and infectious bursal disease virus (173); canarypox
virus to protect dogs against canine distemper virus (154); and
pigeonpox virus vectors to protect chickens against Newcastle
disease virus (174).
Human Vaccine Trials. Phase 1 clinical trials, to test the

safety and immunogenicity of a recombinant vaccinia virus
expressing the human immunodeficiency virus 1 (HIV-1)
envelope gene, were conducted in the United States (175-
177). No serious side effects were encountered in healthy
subjects that received percutaneous inoculations. Humoral
and cell-mediated immune responses were higher in previously
unvaccinated individuals and were enhanced after a booster
injection with gpl60 protein. Although an improvement could
be made with regard to the level of expression achieved with
the first-generation vaccinia vector, the prime-boost strategy
provided both humoral and cell-mediated immunity.

In China, a recombinant vaccinia virus that expresses the
major Epstein-Barr virus membrane glycoprotein was immu-
nogenic when administered to infants and young children and
apparently delayed or prevented natural infection over a
period of 16 months (178).

Clinical tests of two recombinant canarypox viruses have
been reported. The first, conducted in France, described the
inoculation of a canarypox virus that expressed the rabies
glycoprotein. Antibody was detected, although the titer was
not as high as that obtained with a licensed rabies vaccine
(179). The second, conducted in the United States, involved a
recombinant that expressed the HIV-1 glycoprotein. No an-
tibody response was detected after two subcutaneous inocu-
lations; however, both humoral and cell-mediated immune
responses were found after a gpl60 protein booster injection,
suggesting that priming had occurred (180).

Present and Future Considerations. Poxviruses are tran-
scription machines, encoding and packaging proteins required
for synthesis ofmRNA in the cytoplasm of an infected cell. For
this reason, as well as the ability to integrate large amounts of
DNA into the viral genome and to infect a wide variety of cells,
recombinant vaccinia viruses have become valuable laboratory
research tools. The popularity of the vector system exists
despite the cytopathic effects of the virus and the special
precautions required to work with a class 2 infectious agent.
The adaptation of a highly attenuated vaccinia virus strain that
has lost the ability to produce infectious progeny in mamma-

lian cells addresses these concerns. Basic research on poxvi-
ruses and innovations, such as the vaccinia virus-bacterio-
phage T7 system, have greatly increased the level of recom-
binant gene expression; elucidation of the mechanisms that
perturb host cell macromolecular synthesis and other intra-
cellular processes may lead to further improvements in the
vector system.
The role of vaccinia virus in the eradication of smallpox

suggests that poxviruses could have important uses as recom-
binant vaccines. Excellent field results, with a wild-life recom-
binant vaccinia virus rabies vaccine, fully support this idea.
Other veterinary vaccine applications also seem promising.
The relatively few human clinical studies that have been
carried out suggest that the immunogenicity of the vaccine may
need to be enhanced in some cases. Safety is an important
consideration leading to the goal of effective "nonreplicating"
vectors. Avian poxviruses and genetically altered strains of
vaccinia virus, which meet this stringent criterion, need to be
directly compared for efficacy. Although existing immunity to
vaccinia virus may restrict the replication of vaccinia virus
vectors and decrease the immune response to the recombinant
protein, smallpoxvaccinationwas largely stopped more than 15
years ago so this is becoming less of a concern with the passage
of time. Should more than one poxvirus-based vaccine be
developed, then their simultaneous administration as a mix-
ture or a polyvalent virus would avoid the problem associated
with immunity to the vector.
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