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Abstract: Conditionally replication-competent Herpes Simplex Virus Type 1 (HSV-1) vectors
expressing foreign genes have been developed as experimental therapeutic agents. Traditional
methods of virus construction, including growth selection based on thymidine kinase gene
expression, and color selection based on a reporter gene expression are often time-consuming
and relatively inefficient. This review summarizes the various strategies developed in recent
years for the rapid and efficient construction of novel conditionally replication-competent mutant
HSV expressing multiple foreign genes. Additionally, two new modifications of existing strategies,
which have not been previously reported, are discussed.
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Introduction
Eight different types of herpesviruses are known to infect

humans. Of these, the herpes simplex viruses type 1 and 2
(HSV-1, HSV-2), both members of the alphaherpesvirus
family, are capable of replicating in the central nervous
system (CNS), and establishing latency in dorsal root
ganglia.1 Due to their natural neurotropism, both replication
competent and replication defective HSV-1 vectors have been
investigated as gene delivery vectors for therapy of CNS
malignancies and nervous system disorders. The approxi-
mately 152 kb double-stranded DNA genome of HSV-1 is
composed of one unique long (UL) and one unique short (US)
segment, each flanked by inverted repeat (IR) sequences that

contain viral transcriptional regulatory genes. At least 84
genes have been described for HSV-1, about half of which
are nonessential for viral replication in cell culture.2 Ap-
proximately 30 kb of the viral genome can be replaced with
foreign genes, thus making HSV-1 an ideal vector for
delivery of one or more foreign genes for therapeutic
applications.

The HSV γ134.5 gene resides within the IR sequences
flanking the UL domain, and is not essential for viral
replication in cell culture; however it is critical for viral
replication in ViVo. Viruses lacking both γ134.5 gene copies
(herein referred to as ∆γ134.5 HSV) are aneurovirulent and
are safe for use as oncolytic or gene therapy vectors. ∆γ134.5
HSV retain the ability to replicate in mitotically active tumor
cells but lack this capability in postmitotic cells, such as
neurons, and are thus considered conditionally replication-
competent. Conditionally replicating ∆γ134.5 HSV-1 vectors
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are useful for therapy of a variety of malignancies since they
can be engineered to express a variety of foreign genes,
including those encoding immune system regulatory proteins
to augment the host antitumor immune response. Examples
include interleukin (IL)-2, IL-5, IL-10, IL-12, GM-CSF,
among others.3-7 Our group and others have also demon-
strated that co-injection of multiple ∆γ134.5 HSV, each
expressing a different immune signaling protein, can syn-
ergistically enhance the antitumor response as compared to
treatment with either virus alone.6 The ability to test novel
vector combinations or viruses with new foreign gene inserts
is dependent on efficient methods for construction of
recombinant viruses. Over the past few decades, multiple
methods have been developed for genetic manipulation of
the HSV genome and construction of recombinant viruses
for therapeutic applications. These are summarized in the
next several sections.

A. Marker Rescue Method. This method, originally
reported in 1981, relied upon utilization of HSV thymidine
kinase (tk) gene as a marker for selection of mutant viruses.8

The HSV-1 tk gene was introduced into a specific site within
the viral genome, following cotransfection of viral genomic
DNA with plasmid DNA containing the tk gene flanked
between sequences homologous to the region to be targeted.
For this strategy, multiple steps are required, including initial
deletion of the native tk gene, its reintroduction into a specific
site via homologous recombination, and, then, introduction
of specific gene deletions or insertion of foreign genes. This
approach requires one to two additional homologous recom-
bination events and subsequent selection in cells and growth
medium conducive to growth of either tk viruses or viruses
that express a functional tk gene. This method will effectively

(though inefficiently) facilitate targeting of the mutation or
foreign gene insert to a specific site. However, the disad-
vantages of this system include the time required to select
and purify recombinant viruses, and the potential of having
to construct several intermediate viruses before the introduc-
tion of foreign genes for potential therapeutic purposes. In
addition, tk mutant viruses do have a growth disadvantage
as compared to wild-type HSV, and often can be difficult to
selectively amplify. Finally, restoration of the native tk gene
locus is necessary to render the recombinant virus susceptible
to standard antiviral drugs, an essential safety measure prior
to advancing any novel HSV-1 vector to clinical trials in
humans.

B. HSV Cosmid Sets. To more easily introduce specific
deletions, mutations or foreign gene inserts into the HSV-1
genome, cosmid sets have been developed that collectively
contain the entire HSV-1 genome. Following cotransfection
of cosmid sets into mammalian cells, successful homologous
recombination between the overlapping fragments contained
within the cosmids leads to a reconstituted viral genome.9

A primary disadvantage of the cosmid system, however, is
that maintenance of HSV sequences is not stable, leading to
increased risk of introduction of undesirable mutations at
other sites.

C. HSV-BAC System. Bacterial artificial chromosomes
(BAC) are capable of encoding up to 300 kb of foreign DNA
and are genetically stable. As such, they can easily accom-
modate the 152 kb of viral DNA that comprises the entire
HSV genome. Early HSV-BACs contained deletions of viral
packaging sequences, but when reconstituted led to replica-
tion defective viruses.10,11 Horsburgh et al. constructed a
replication-competent HSV-BAC by introducing the BAC
sequences within the tk gene.12 However, recombinant
viruses reconstituted from this HSV-BAC lacked a functional
thymidine kinase, and as such are resistant to antiviral
therapies and not suitable for use in patient clinical trials.
To overcome this limitation, Tanaka et al. constructed a BAC
containing a full-length infectious clone of HSV-1 (F) strain,
into which the BAC vector, flanked by loxP sequences, was
introduced between the UL3 and UL4 intergenic region.13

The loxP sequences mediated efficient removal of the BAC
sequences following co-infection of Vero cells with the HSV-
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BAC containing virus and a recombinant adenovirus engi-
neered to express the Cre recombinase. Subsequent BAC-
HSVs have been constructed with other commonly used
HSV-1 strains 17 and KOS.14 While manipulation of the viral
genome in the BAC is less time-consuming than recombina-
tion procedures in mammalian cells, disadvantages of the
Cre/LoxP system include the presence of a residual loxP site
within the recombinant HSV genome. Additionally, some
virology laboratories have been reluctant to use bacterial
systems for fear of introducing undesirable, and phenotypi-
cally undetectable mutations during passage through bacteria.

D. Pac I/Targeting Plasmid Method. To improve the
marker rescue method for generation of novel HSV ampli-
cons, Krisky et al. reported a two-step method for site-
directed mutagenesis of replication-defective HSV genes and
insertion of transgenes into these locations in the viral
genome.15 First, a unique restriction enzyme site (PacI), not
normally found within the HSV genome, was engineered into
the viral DNA at the desired genetic locus. Second, selection
of recombinant viruses following cotransfection of PacI
digested viral DNA with a targeting plasmid containing
sequences homologous to those flanking the targeted genetic
locus is much more efficient in that homologous recombina-
tion has to occur in order to reconstitute the viral genome.
In addition, PacI sites are lost following successful isolation
of new recombinants selected by this method, allowing for
this method to be used repeatedly for introduction of
additional mutations, deletions or foreign genes. For this
report, the PacI method was only used for generation of
replication-defective mutant HSV and targeted single-copy
genes.

E. Other Methods. Modifications of existing methodolo-
gies have been employed for the rapid generation of novel,
replication-competent HSV vectors. These include improved
marker rescue strategies with existing targeting plasmids and
co-infection of two or more existing replication competent
therapeutic vectors to select for recombinant viruses that
carried the phenotypic properties of both parent viruses
(Luckett, Zheng, Markert and Cassady, unpublished data).
These strategies are described in more detail below.

1. Bridge Plasmid Method. This method involves adapta-
tion of the PacI marker rescue strategy described above.15

This method has been used by our group to construct a

conditionally replication-competent virus that contains PacI
sites in a single-copy locus, as well as in two-copy loci, thus
allowing for the rapid introduction of multiple foreign genes.

(a) Bridge Plasmid Method To Target Single-Copy
Genes. The universal “parent” virus selected was R8309.
R8309 contains the first 205 amino acids of γ134.5 fused
with the carboxyl terminus of the MyD116 gene, a murine
myeloid differentiation primary responsive gene.16 The in-
frame substitution of the carboxyl terminus of γ134.5 with
the corresponding domain of MyD116 in the context of the
viral genome restores the ability of this γ134.5 null virus to
preclude premature shutoff of protein synthesis in both
neuroblastoma cells and in human foreskin fibroblasts. The
lacZ reporter gene was introduced into the UL39 locus within
R8309. UL39, which encodes for the large subunit of the
HSV-1 ribonucleotide reductase, has been deleted from other
γ134.5 null viruses to increase their safety, and one of these
viruses, G207, has been safely used in clinical trials for the
treatment of patients with recurrent malignant glioma.17,18

The bridge plasmid contains unique PacI restriction sites
placed on either side of the promoter and polyadenylation
sites to facilitate removal of the lacZ expression cassette
when targeting new gene inserts to this region. This virus,
named M1000, is shown schematically in Figure 1. This
method was successfully used to construct M1001, a
conditionally replication-competent HSV that expresses
murine endostatin (Luckett, Markert, Parker, unpublished
studies).

(b) Bridge Plasmid Method To Target Two-Copy Loci.
Unique restriction sites can also be introduced into the repeat
sequences flanking the UL domain of the HSV and, subse-
quently, introduction of foreign genes into these sites by this
method. The C130 chimeric HSV19 is a ∆γ134.5-derived
HSV recombinant that contains the human cytomegalovirus
TRS1 gene, flanked by PacI sequences, and introduced via
the “bridge plasmid” method within the UL3/UL4 intergenic
region. A bridge plasmid was constructed to target both
γ134.5 loci in C130, and which contained the gene encoding
the fluorescent protein dsRED-monomer, flanked by PmeI
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restriction enzyme sites. As seen in Figure 2B, the resulting
recombinant virus, C140, following restriction endonuclease
digestion with Nco1, shows only a single band at 1.6 kb,
which is consistent with the introduction of the dsRED
expression cassette (1.6 kb) into both γ134.5 loci. If only
one of the sites received the inserted gene, then a 700 bp
band (present in the parent virus C130) consistent with the
γ134.5 gene deletion would be observed in addition to the
1.6 kb band following NcoI digestion. To demonstrate that
the unique restriction sites introduced into two-copy loci can
be used for targeting novel foreign genes, C140 viral DNA
was digested with PmeI and then cotransfected with a
targeting bridge plasmid carrying the expression cassette for
EGFP to generate C150. At least two C150 candidates
demonstrate the banding pattern consistent with introduction
of EGFP into both γ134.5 loci (Figure 2B). Figure 2A is a
schematic representation of the genomic structures of C130,
C140 and C150 viruses. These data demonstrate that unique

restriction sites like PmeI and PacI can also be used to
efficiently introduce genes into two-copy loci (Zheng,
Cassady and Markert, unpublished results).

2. Co-Infection Method. This strategy is based on the
presumption that viruses containing mutations or gene
insertions in different regions of the HSV genome can easily
recombine in culture, and that novel recombinant viruses can
be selected based on the phenotypes of the mutations or
insertions present in both parent viruses. A number of
oncolytic HSV vectors constructed by our group and others
contain foreign genes expressed from separate loci. In
unpublished studies, we tested whether a new recombinant
virus could be selected following co-infection of two parent
viruses, each expressing a different foreign gene from a
different genetic location, simply by selecting for progeny
that demonstrated both phenotypes. For this experiment,
M1000 was co-infected with M012, an HSV engineered to
express bacterial cytosine deaminase, or CD.20 Candidate
recombinant viruses were first screened by color selection
for the presence of the lacZ gene, contributed by M1000,
and then subsequently screened by Southern blot hybridiza-
tion to identify the candidate viruses that had also acquired
the CD gene, contributed by M012. The resulting new virus
recombinant was called M1012 (Parker and Markert, un-
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Figure 1. Bridge plasmid method for construction of conditionally replicating HSV M1000 (R8309-lacZ) and M1001
(R8309-EndoS). Line 1: HSV-1 viral genome. UL (unique long) and US (unique short) sequences, flanked by inverted
repeat sequences (a, a′, b, b′, c, c′). The DNA polymerase (Pol) reads through the viral genome in wild-type virus.
Line 2: Viral DNA polymerase is stalled at the site digested by restriction endonuclease (RE). Line 3: “bridge plasmid”,
containing the lacZ gene (color selection marker) flanked by UL39 homologous sequences, bridges the gap introduced
by RE digestion, allowing viral DNA replication to proceed, as indicated by the dashed line. Line 4: The UL39 region
of M1000 has the foreign gene insertion from the “bridge plasmid” which contains the �-galactosidase expression
cassette flanked by unique RE sites PacI and UL39 homologous sequences. The γ134.5 loci of both M1000 and
M1001 are the same as R8309 (shown on line 4). Only one copy is shown here. Line 5: The UL39 region of M1001
contains the murine endostatin expression cassette, which was introduced using the “bridge plasmid” method. No
PacI sites remain in this virus.
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published results). Since the efficiency of recombinant virus
selection is significantly reduced over the bridge method
(<10% of candidates), screening by Southern blot hybridiza-
tion is a bit laborious. But for the proof-of-concept studies,
it was nevertheless demonstrated that co-infection of two
parent viruses can be used to select for a recombinant virus
with a combined phenotype.

Conclusion
Genetically engineered HSV with attenuated neuroviru-

lence harboring therapeutic foreign genes have been inten-
sively studied as promising agents for antitumor therapy.
Critical to the success of this approach to antitumor therapy
is the ability to (1) rapidly generate and screen a panel of
recombinant viruses encoding foreign genes and (2) combine
potentially advantageous genotypes of existing viruses
without having to construct an intermediate virus. Two
adaptations of existing recombinant virus construction meth-
odologies are described as part of an overview of different

techniques that would allow us to achieve each of these
objectives. The first technique, termed the “bridge plasmid”
method, builds upon a strategy employed by Krisky et al. to
construct nonreplicating HSV-1 expressing foreign genes.15

The second strategy, referred to as the co-infection method,
takes advantage of the fact that viruses containing mutations
or gene insertions in different regions of the HSV genome
can easily recombine in permissive cell cultures, and
recombinants can be selected based on the phenotypes of
these mutations or insertions. Figure 3 is a summary
illustrating these two methods.

Traditional methods for virus construction require purifica-
tion of the new recombinant away from the contaminating
parent virus. Historically, this has involved growth selection
based on drug resistance (i.e., thymidine kinase mutations)
or color selection based on reporter gene expression (i.e.,
lacZ). The “bridge plasmid” method improves virus selection
by reducing background growth of parent virus by digesting
the parent viral DNA during the initial cotransfection step,
using a unique restriction enzyme site (PmeI or PacI). As
with the construction of amplicon vectors, a unique 8 bp,
exclusively AT-derived DNA restriction endonuclease rec-
ognition sequence not present in wild-type HSV-1 viral DNA
(i.e., PacI or PmeI) was introduced into the desired targeting
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Figure 2. Construction and verification of HSV recombinant C150. (A) Schematic diagrams depicting genomic
structure of wild-type HSV-1 (F), and the γ134.5 region within recombinant viruses C101, C130, C140 and C150. The
diagram also indicates that the inverted repeat region (b′a′) contains the same deletion, restriction sites and/or
inserted genes as in the terminal a sequence region. Pm, PmeI site; N, NcoI site. (B) Southern blot of viral DNA
isolated from ten C150 candidates (1-10) digested with NcoI. HSV-1 “F”, C101, C130 and C140 were used as control
viral DNAs. Plasmid pRB4794, which contains the 1.8 kb NcoI fragment within the γ134.5 gene, was used as probe.
Predicted hybridization band size for C150 candidate viruses is about 1.2 kb. A faint band around 1 kb will also be
seen in positive candidates if sufficient quantities of vDNA are loaded (clones 7, 10).
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locus of the parent virus. The efficiency of recombination
between viral DNA digested at the uniquely engineered
restriction site and a “bridge plasmid” that contains homolo-
gous sequences flanking the PacI sites is much higher
(50-80%) than that observed between a bridge plasmid and
viral DNA that has not been previously digested at the target
site (typically 1-3% efficiency). This method has been
previously used to construct ∆γ134.5 HSV/HCMV chimeric
viruses.19

Another advantage to the bridge plasmid method is that
foreign gene insertions can be targeted both to a single-copy
locus (e.g., UL39) and to dual-copy gene loci (e.g., γ134.5)
located within the IR sequences of the HSV-1 genome. The
use of restriction enzyme recognition sequences not normally
found within the HSV-1 genome is essential to allow site-
specific recombination to occur, and to prevent further
fragmentation of the viral genome. Single-copy gene inser-
tions have been previously engineered into amplicons using
this method. As discussed earlier, this methodology is
applicable for the engineering of replication-competent HSV
vectors for introduction of foreign genes into both single-
copy and two-copy gene loci.

The method of simple co-infection and selection of a
progeny virus containing both of the mutations contributed
by each individual parent virus is not ideal for many
situations in that the efficiency of recombination is quite low.
However, it is an attractive option for the construction of
viruses like M1012, when the objective is simply to acquire
a recombinant virus carrying a combination of foreign genes
derived from each parent virus. The criteria for using the
co-infection method include (a) neither parent virus currently
contains a unique restriction enzyme recognition site flanking
the foreign gene inserts, necessitating the construction of an

intermediate virus to introduce a selectable marker flanked
by such sites, and (b) one or more of the gene inserts of the
parent viruses are easily selectable (i.e., lacZ), or encode for
a protein whose expression can be easily detected. Addition-
ally, the step involving isolation of viral DNA and restriction
enzyme digestion prior to cotransfection is not necessary for
the co-infection method. Using the example above, M012
and M1000 were co-infected into permissive cells, and
candidate recombinant viruses were first selected based upon
�-galactosidase activity. �-Galactosidase-positive candidates
were then screened for the presence of the second gene insert
(CD) by Southern blot hybridization (to verify genotype) and
CD conversion assays (to verify phenotype).

In summary, as methods for rapid virus construction
continue to evolve, they will encourage the further develop-
ment of novel conditionally replication-competent HSV for
the treatment of cancer and other conditions.
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Figure 3. New strategies for the rapid construction of novel, replication-competent HSV-1 vectors. (A) The “bridge
plasmid” method, in which the parent viral DNA contains unique restriction sites flanking the existing marker gene
(line 1). The viral DNA is digested with the corresponding restriction enzyme, creating a site-specific gap in the viral
DNA (line 2). Digested viral DNA is cotransfected with a plasmid that provides a “bridge” for the DNA polymerase to
continue replication through the gap (line 3). (B) The co-infection method, in which two parent viruses are used to
co-infect permissive cells, and recombinant viruses expressing genes contributed from both parent viruses are
selected.
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