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Abstract Herpesviruses are enveloped DNA viruses that
infect vertebrate cells. Their high potential cloning capac-
ity and the lifelong persistence of their genomes in various
host cells make them attractive platforms for vector-based
therapy. In this review, we would like to highlight recent
advances of three major areas of herpesvirus vector
development and application: (i) oncolytic therapy, (ii)
recombinant vaccines, and (iii) large capacity gene transfer
vehicles.
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Introduction

Herpesviruses (HVs) are enveloped large double-stranded
DNA viruses infecting vertebrate hosts with genome
sizes ranging from 150 to 240 kilobase pairs (kbp). A
common feature of HVs is their lifelong latency in
infected hosts, associated with the maintenance of their
genome in special host cells without lytic replication [1].
Their large potential capacity and long-term genome
persistence in vivo make HVs attractive platforms for
vector development [2]. HVs can be divided into three
subfamilies based on their genetic and biological char-
acteristics. Alpha-herpesviruses, for example herpes
simplex virus 1 (HSV1), are characterized by a fast
replication cycle and latency in neurons. Beta-her-
pesviruses, such as cytomegaloviruses (CMVs), show
slow replication and latency in macrophages and
endothelial cells. Gamma-herpesviruses, such as Epstein-
Barr virus (EBV), also replicate slowly, induce cell
transformation, and establish latency in lymphocytes [1].
HV vectors can be divided in three major groups based
on their applications: (i) oncolytic viruses (OVs), (ii)
vectors for recombinant vaccines, and (iii) large capacity
gene transfer vehicles. Oncolytic HVs are replication-
competent HSV1-derived recombinant viruses targeted to
tumor cells and already in clinical use (e.g., T-VEC
[3, 4]). HV-based recombinant vaccines are either
replication-competent or helper-dependent vectors and
currently under preclinical investigation (e.g., CMV-
based HIV vaccines [5]). For gene transfer applications,
mainly helper-dependent vectors based on HSV1 ampli-
con technology are used in experimental settings (e.g.,
neurobiological applications [6]).
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Genetic engineering of HV vectors

The first strategy to construct recombinant HVs was based
on sub-cloned viral genes, which after mutation and
functional analysis, could be reintroduced into the viral
genome. The HSV genome was the first to be modified in
the genomic context [7, 8] followed by the establishment of
the same technique for CMVs [9, 10]. In principle, a co-
transfected marker gene flanked by viral sequences is
introduced into the viral genome upon infection of a host
cell exploiting its homologous recombination machinery.
The use of selectable markers is mandatory for this
approach, since recombination, which leads to the desired
genetic modification, is a rare event. This technology is still
in use in modification of alpha-herpesviruses, but most
frequently, construction of recombinant HVs, especially for
beta- and gamma-herpesviruses, nowadays is based on the
bacterial artificial chromosome (BAC) technology.

Stable maintenance of very large foreign DNA was
reported using a vector based on the fertility factor (F-
factor) and coined BACs [11]. Due to the single copy
maintenance of these amplicons, BACs show outstanding
sequence integrity in appropriate E.coli strains, regardless
of their size and embedded repeat regions [11-13]. The
murine CMV was the first HV to be cloned as infectious
BAC [14]. By now, all HV model genomes were cloned as
BACs using essentially the same technology initially
described for CMV (for review see [15]). The construction
of a HV BAC starts with homologous recombination in
infected cells (using a procedure similar to that depicted in
Fig. 1a). Here, the plasmid sequences required for the BAC
maintenance in E.coli, are introduced into the double-
stranded genomes of HVs that are circularized after
entering the host nucleus. For insertion into the viral gen-
ome, the plasmid contains sequences homologous to the
selected viral insertion site. The recombinants are propa-
gated further to amplify the vector containing genomes.
Then the circular replication intermediates of the vector
containing HV genomes can be isolated from infected host
cells and transferred to E.coli where they are exclusively
maintained as circular BACs. To regenerate infectious
virus, the HV BAC DNA is isolated from E.coli and
transfected back into permissive host cells, where HV
replication can start on the circular intermediate.

Once in E.coli, the HV BAC is amenable to the well-
developed genetic engineering technologies applicable in
bacteria. Virtually all genetic changes including deletions,
modifications, and insertions ranging from one base pair to
many kbp can be constructed by BAC technology (for
review see [15, 16]). The most popular method to modify
HV genomes in E.coli is the BAC recombineering.
Recombineering is a two-step mutagenesis methodology
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based on the lambda phage red recombinase which allows
for exact genetic manipulation. First, the mutation along
with a selectable marker is introduced into the desired
locus of the HV BAC. Next, the selectable marker is
replaced by the mutated gene resulting in a precise muta-
tion seamlessly introduced at the site of interest (for gen-
eral overview see [17], for HV applications see [18]).

Depending on their replication capacity, HV vectors can
be sorted in three clusters (Fig. 1). The replication-com-
petent HV vectors maintain replication capacity in certain
cell lines without specific complementation of viral genes
(Fig. 1a, b). However, their capacity to replicate in most
cell types, which are permissive for the wild-type viruses,
is frequently limited either in vitro and/or in vivo. Repli-
cation-competent recombinant HVs can either be generated
by homologous recombination in infected cells (Fig. 1a) or
by BAC technology (Fig. 1b). The replication defective
HV vectors can only replicate in special cell lines com-
plementing the affected viral gene (Fig. 1c). These types of
HV vectors lost their replication capacity in normal cells
and frequently were attenuated even in complementing cell
lines, and therefore they are constructed preferentially by
BAC technology. The helper-dependent HV vectors (also
called amplicon vectors) which avoid all viral protein
coding regions, require a helper virus for their propagation
(Fig. 1d). Besides the transgenes, they only carry cis ele-
ments for amplification by the viral DNA replication
machinery and packaging. The replication-competent HV
vectors are utilized mainly for oncolytic approaches; the
amplicon vectors dominate the HV-based gene transfer
systems, and as platform for recombinant HV vaccines, all
three classes are under investigation.

Applications
Oncolytic recombinant HVs

Most recently, the first genetically engineered oncolytic
virus (OV), the herpes simplex virus type 1 (HSV1)
Imlygic® talimogene laherparepvec (T-VEC), was
approved by the Food and Drug Administration (FDA) to
treat advanced melanoma marking a breakthrough in
oncolytic therapy [3, 4]. Several features of HSV1 make it
a highly attractive platform for development of oncolytic
therapies. HSV1 replication is characterized by a broad cell
tropism and efficient viral propagation that naturally ceases
in cytolysis [19]. It is a highly prevalent human pathogen
causing a self-limited disease in immune-competent indi-
viduals. Specific and effective antiviral therapy has been
available for decades [20] and can be administered either
locally or systemically. Basic research provided extensive
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Fig. 1 Herpesvirus (HV) vectors can be sorted in three groups. The
replication-competent HV vectors maintain replication capacity in
certain cells and can be propagated either by homologous recombi-
nation in the host cell (a) or by BAC technology (b). These mutations
(x) can determine cell tropism and tumor targeting or affect
immunomodulation. ¢ The replication defective HV vectors can only
replicate in special cell lines (comp) complementing the affected viral
gene (®). They are mainly propagated by BAC technology and used

knowledge on its replication and host interaction. Its fusion
machinery can be manipulated for detargeting and retar-
geting of viruses [21]. Genetic engineering of HSV1 is
available since the early 80s, and now BAC-based tech-
nologies make it rapid and precise resulting in
stable genomes [22-24]. Roughly 30 kbp of the 152 kbp
HSV1 genome are nonessential for viral replication and
thus provide ample capacity and flexibility to functionalize
the virus by heterologous genes. Finally, infectious virions
can be generated in high titres [25]. Since recent reviews
provide comprehensive overviews of HSV1 OVs
[21, 26, 27], we will focus on a few aspects relevant for
future developments.

Safety of OVs based on HSV1 was the major issue
during their initial engineering. To prevent systemic
infection or spread of this neurotropic virus to the brain,
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for expressing transgenes and antigens (gray arrow). d The helper-
dependent HV vectors carrying only the packaging signal () and
origin of replication (gray circle) require a helper virus for
propagation. The replication-competent HV vectors are utilized
mainly for oncolytic approaches; the amplicon vectors dominate the
HV-based gene transfer systems, and as platform for recombinant HV
vaccines, all three classes are under investigation

several viral genes were mutated or deleted (for review see
[26]). HSV1 genes with functions in nucleotide metabolism
and DNA synthesis were mutated for selective replication
in tumor cells [26]. These include UL39 encoding the large
subunit of the ribonucleotide reductase (also called the
infected cell protein (ICP) 6), and UL23 encoding the viral
thymidine kinase making the OV insensitive to the antiviral
prodrug acyclovir. The HSV1 gene RL1 encodes the neu-
rovirulence factor ICP34.5 required for virus replication in
mouse brain cells ([28] and references therein). Deletion of
both copies of the RL1 gene supports tumor-specific
replication [3]. In general, while effective in limiting viral
replication to tumor cells, most gene deletions resulted in
virus attenuation both in normal and in tumor cells. Clin-
ical trials show that T-VEC is effective for the treatment of
melanoma accompanied by mild to moderate side effects
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[3, 4]. Overall, however, safety of HSV1 OVs was
achieved at the expense of virus potency.

More recent engineering strategies aim at developing
highly tumor-selective OVs while at the same time
retaining their full oncolytic potential. HSV1 virions gain
access to the host cells by a multistep process involving a
set of viral transmembrane proteins [29, 30]. The essential
glycoprotein (g) D interacts with one of its host receptors
nectin-1, herpesvirus entry mediator (HVEM), or modified
heparan sulfates, thereby determining HSV1 tropism to
neuronal and epithelial cells. The conserved gH/gL and gB
together mediate fusion of the virion envelope with the host
membrane. Receptor binding of gD results in a confor-
mational change thought to initiate a cascade of inter-
molecular signaling to gH/gL. subsequently transferred to
gB. Several strategies have been exploited to detarget
HSV1 virions from their natural receptors and retarget
them to cancer-specific surface proteins such as HER-2
(human epidermal growth factor receptor 2) overexpressed
in breast, ovarian, and other cancers or the IL-13 Receptor
20 expressed in glioblastoma (for review see [21]).
Heterologous ligands like HER-2-specific single-chain
fragment variable (scFv) antibodies were successfully
introduced into the N-terminus of gD coupled with addi-
tional engineering of the natural targeting sites. Therefore,
retargeting of HSV1 to several carcinomas that overexpress
HER-2 was achieved. Recent evidence indicates that gH
and gB are also amenable to retargeting strategies chal-
lenging the current view of the cascade-like signaling
during virion entry [31, 32]. HER-2-specific scFv engi-
neered into the gH enabled HER-2-specific targeting and
cis-activation of the fusion event [31]. Activation occurs in
the presence of a mutant gD deleted for its nectin-1/HVEM
binding site. Thus, oncolytic HSV1 could potentially be
retargeted to more than one cancer receptor, e.g., by
engineering of gD AND gH, thereby addressing tumors
with low-level expression of HER-2, or that potentially
develop resistance to HER-2-based targeting. Most
importantly, gH-based retargeting maintained wild-type
lytic potency of the therapeutic virus [31].

Virus infections are counterbalanced by a variety of
innate immune mechanisms. Initially, the innate immunity,
which involves the induction of an antiviral state in the
infected cell and production of a pro-inflammatory milieu
limiting the spread of the pathogen, was viewed as a barrier
to efficient oncolytic virus therapy [33, 34]. On the other
hand, it became clear that OV therapy has the potential to
synergize with the adaptive immune responses elicited at
the tumor site in order to result in effective tumor
elimination.

Several HSV1 proteins including ICP47 and UL49.5
inhibit the cellular peptide transporter TAP to prevent the
presentation of antigenic peptides by the MHC class I
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pathway and consequently evade the T cell response. To
enhance the tumor-specific immune response, US12/ICP47
was deleted from tumor-targeted HSV1 [3]. In the absence
of TAP inhibitors, peptides presented in HSV1-infected
tumor cells are recognized more efficiently and should
activate not only virus- but also tumor-specific effector T
cells [33, 35]. However, early evasion of innate immunity
by OVs is necessary for robust replication in order to
mount a successful oncolysis. This allows for sufficient
release of tumor antigens to elicit an effective anti-tumoral
immune attack.

OV-induced inflammation of the tumor microenviron-
ment is accompanied by the release of various immune-
stimulating cytokines. To enhance the expression and
concentration of immune-stimulating host factors at the site
of OV activity, cytokine encoding transgenes were inserted
into OVs [26, 34, 36]. Recombinant OV-driven cytokine
expression increased the recruitment of immune cells to the
infected tumors significantly improving their therapeutic
efficacy [26]. T-VEC, the first oncolytic virus approved by
the FDA, encodes the granulocyte-macrophage colony-
stimulating factor (GM-CSF) [3]. Phase III clinical trials
using T-VEC showed anti-tumor effects upon treatment of
melanoma [4, 37], suggesting that GM-CSF contributes to
the therapeutic outcome while detailed analysis is lacking.
Following injection of melanoma lesions, distant unin-
jected lesions were decreased in size supporting a systemic
immunotherapeutic effect of T-VEC [38].

In many cases, tumors represent a microenvironment
that escapes the attack and control by the immune system.
Tumors may dampen their response to immune effectors,
prevent the presentation of cancer antigens, and inhibit
invading immune effector cells [39]. Tumors achieve
resistance to the immune system by co-opting immune
checkpoints that play an essential role in establishing and
maintaining self-tolerance. Immune checkpoint inhibitors
have entered the clinical stage with very promising results.
Full success of immune checkpoint inhibitors, however,
requires a pre-existing anti-tumor immune response in the
patient. Thus, OVs seem to be the ideal partner of immune
checkpoint inhibitors: OV infection leads to release of
tumor antigens and attraction of immune cells to the tumor
environment that in the presence of immune checkpoint
inhibitors can be unleashed to full activity [37]. Most
importantly, tumor-specific antigens released by OVs have
the potential to induce a specific immune response by the
patient’s immune system. This way, OV-driven tumor
vaccination may be reached without previous knowledge of
the tumor genetics. Promising clinical results were gained
for treatment of melanoma by combining T-VEC with
different immune checkpoint inhibitors [37]. Co-applica-
tion of T-VEC with the immune checkpoint inhibitor ipil-
imumab appeared to have greater efficacy in advanced
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melanoma than either therapy alone [40]. Future strategies
will likely go beyond the mere co-application of these two
treatment modalities by “arming” OVs to deliver immune
checkpoint inhibitors to the site of virus replication and
oncolysis [4, 36, 41].

T-VEC and its approval by the FDA set the stage for the
broad application of oncolytic immunotherapy. Meanwhile
more potent and highly tumor-specific HSV1 OVs are in
development supported by modular BAC engineering
platforms. High-throughput screening approaches [42] will
likely reveal novel strategies to enhance OV selectivity,
potency, immunogenicity, and tumor penetration aiming at
systemic and long-lasting therapeutic effects.

HV-based recombinant vaccine platforms: a new
type of immunization

Effective vaccines have to stimulate the adaptive immunity
of an individual for its long-lasting protection against a
wild-type pathogen without the risk of an infectious dis-
ease. Therefore, standard procedures in vaccinology are
either the application of immunogenic subunits or of
attenuated or inactivated pathogens. However, vaccines
based on these procedures are not always protective. This
induced approaches based on rational design of recombi-
nant vaccine vectors that present heterologous antigens.
For development of recombinant HV vaccine platforms,
the most frequently used technology applies replication-
competent vectors, which are genetically attenuated but
able to initiate limited replication. Alternatively, helper-
dependent vectors which can only initiate productive
infection in the presence of trans-complementation are
used. Here, the antigen is inserted into the HV vector as a
separate transcription unit, normally leading to overex-
pression of the heterologous antigen after vector entry.

In the last decades, an impressive amount of work was
published on different approaches to generate HV-based
recombinant vaccines (for recent review see [43-45]).
Therefore, here, we concentrate on current developments,
which reshaped our expectations about recombinant vac-
cines in general. Recombinant vaccines are currently
designed to induce immune responses which mimic the
natural immunity, because it is well accepted that conva-
lescent infections induce the best immunity. This however
may not hold true, if recombinant CMVs are used as vac-
cine vectors: Replication-competent CMV vectors can
induce an immune response which is both quantitatively
and qualitatively more powerful than the natural infection
by the pathogen of interest. First, it was shown using
recombinant murine CMV expressing nucleoprotein (NP)
of influenza A virus that in contrast to the influenza virus
infection itself or expression of the NP by a recombinant
vaccinia vector, the recombinant MCMV will induce a

relatively low T cell response. However, the T cell mem-
ory, instead of shrinking as it is usual for the other vacci-
nations, expands after applying the antigen in the context
of MCMV [46]. This CMV-induced memory inflation is
due to the change in antigen presentation induced by the
viral immune evasins and now could be transferred to other
vector platforms too ([47]; for recent review see [48]).
Secondly, recent work based on the rhesus CMV (thCMYV)
model showed that the cellular immune response induced
by special thCMV vectors differs also qualitatively from
the normal one. Recombinant thCMV expressing simian
immunodeficiency virus (SIV) antigens induced a protec-
tive immunity against an SIV challenge with unusually
good efficacy [5]. Detailed analysis of the T cell response
upon vaccination with recombinant rhCMV vectors
revealed the induction of a broad range of T cells specific
for normally subdominant epitopes. This was in sharp
contrast to the normal immune response or antigen delivery
with other vectors where fewer immunodominant epitopes
were recognized. Moreover, the induced T cells did not
match the classical restriction rules: both MHC class I or II
epitopes were recognized by CD8 T cells, which normally
only recognize class I restricted epitopes [5, 49]. Interest-
ingly, this unusual immune response required a special set
of mutations in the vector backbone, influencing cell
tropism and antigen presentation. CMVs are thought to be
highly species-specific in vivo. Therefore, one should
expect that CMV vectors may not work as efficiently in
other species due to the well-tuned species-specific inter-
actions, which are required for immune modulation.
However, it may not apply to infection of closely related
species as it was shown that a hCMV-derived vector, after
repair of some of its genetic defects, was able to mount a
cellular immune response in Cynomolgus monkeys [50].
This may allow for rational design of recombinant CMVs,
which can be used in cross-primate applications.

Besides its antigen-specific immunity, CMV is also able
to induce natural killer cell-mediated cross-protection
against other pathogens [51] which can be utilized for
immunization against hard-to-target pathogens [52].
Shaping the NK response by recombinant CMV vectors
can also improve the adaptive cellular immune response
and presents a new approach for rational design of CMV-
based recombinant vaccines [53].

EBV-transformed B cells can efficiently induce virus-
specific T cells in vitro. Based on these observations, a
replication-incompetent EBV-based vector platform was
developed to deliver heterologous antigens in order to
induce specific T cells in vitro for immune monitoring and
cell-based immunotherapy. This EBV vector system con-
sists, on one hand, of a packaging cell line carrying a
modified EBV BAC, which encodes all genetic information
for production of EBV particles, while the genome cannot
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be encapsidated. On the other hand, a transfer vector
(called mini-EBV) is required, which lacks more than half
of the EBV genome rendering it incompetent for lytic
replication but capable of B cell transformation [54]. This
system was efficiently applied to generate HCMV-specific
T cell clones including a large variety of previously
unknown specificities [54-56]. A newer generation of this
vector platform was also reported, which lacked trans-
forming activity, but retained its unparalleled B cell
transducing capacity [57].

Gene transfer applications

HV vectors are special among viral vectors because their
potential transgene capacity (>100 kbp) allows for delivery
of complete genomic genes or even loci. The most advanced
high-capacity HV vector systems are based on the HSV1
amplicon technology. Besides their exceptional capacity,
amplicon vector particles induce minimal toxicity upon
transduction due to the lack of viral genes operating in the
target cells. In addition, unlike other viral vectors, HSV1-
based amplicons can target a wide range of cell types and cell
lines in vitro. In vivo, in gene therapy settings, HSV1
amplicons are especially useful for gene transfer to neurons
and other epithelial cells, which are naturally infected by the
wild-type virus (for recent review see [6, 44]).

Transgenes are provided in high-capacity BAC vectors
equipped with amplicon sequences called infectious BAC
(iBAC) and packaged into HSV1 virus-like particles by the
amplicon technology [58]. Most recently, using the iBAC
technology, the first comprehensive human genomic
amplicon vector library was generated by packaging a
complete genomic BAC library into an HSV1 amplicon.
This resulted in an amplicon preparation carrying the rep-
resentative set of genomic genes [59]. After transduction of
this library to target cells with specific functional defects,
the library can be screened for clones with induced phe-
notypic changes.

The capacity and safety of the amplicon vectors allowed
the design of a new vaccine production strategy. All
genetic information, which is required for formation of
rotavirus virus-like particles (RVLP) can be integrated into
an HSV1-based amplicon vector. Then, instead of applying
the required multiple expression plasmids with co-trans-
fections, VPLs can be produced after transduction of a
single dose of the recombinant amplicon vector [60]. This
way, complex subunit vaccines could be produced with
simple and efficient protocols.
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