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Description

Edward Jenner tested the first vaccine that was aimed at small pox
in 1796. Overall, vaccination has been a very successful approach for
disease prevention. However, more than two centuries after the first
vaccine use, there still remain diseases and conditions that cannot be
effectively prevented or treated by vaccination. Unfortunately, the
diseases that have remained refractory to vaccination or that are
insufficiently protected against by vaccination include diseases of
global concern including influenza/flu, tuberculosis, malaria, HIV/
AIDS, and oral and genital herpes. While vaccine development efforts
based on the “classical” paradigm (described below) are continuing, it
may be appropriate to also consider novel approaches that may have a
potential for inducing qualitatively and/or quantitatively superior
immune responses.

Most currently licensed vaccines are either subunit vaccines
(comprising isolated proteins or protein fractions) or attenuated forms
of disease-causing microorganisms. Attenuation of pathogens is
achieved by their killing or by genetic disablement of their replicative
ability. While attenuation provides the required safety, it almost
universally compromises the ability of so-modified pathogens to
induce robust inflammatory responses, which translates in suboptimal
humoral and T-cell responses [1-4]. It is obviously not feasible to
compare immune responses elicited by a wild type pathogenic agent
vs. those induced by an attenuated agent. However, several studies
have compared immune responses elicited by viral vectors that were
attenuated but had retained residual replicative ability and
corresponding vectors that were replication-incompetent [5-8].
Results indicated that attenuated viruses that retained some replication
ability induced more complete and more potent immune responses
than non-replicating comparison viruses.

Based on these considerations and findings, we hypothesized that a
genetically altered viral pathogen that can be transiently activated in
an inoculation site region to (locally) replicate with an efficiency
approaching that of the corresponding wild type agent would be a
superior immunization agent to a conventional vaccine [9].
Replication is understood here as propagation of the agent.

How could one confine replication of a viral pathogen to the
inoculation site region as well as limit the duration of its replication? It
is well known that viruses will not remain in the region in which they
have been administered but will disseminate within the host organism.
Therefore, a suitable control mechanism will need to be capable of
activating replication in the inoculation site region but not elsewhere.
It is believed that such a control mechanism will need to respond to a
physical “signal” that can be targeted to the inoculation site region.
One possibility, representing perhaps the only practicable solution
available at this time, will be the use of a highly heat-inducible heat
shock protein gene (HSP) promoter for controlling the expression of
replication-essential genes of a pathogenic virus. Certain HSP
promoters such as the human HSP70B promoter have very low basal
activity that can be induced several thousand fold by heat activation
[10,11]. The promoters appear to be capable of being activated in all
mammalian cell types. Activation of the HSP70B promoter requires a
heat dose that is essentially outside of the physiological range but can
be readily tolerated by a human subject (44-45°C for 5-10 min).
Should this be desired, it would be possible to modify the promoter so
that it responds to a lower heat dose [12]. Heat can be targeted in
many ways. In the case of intradermal or subcutaneous inoculation, a
simple and robust approach would involve the application of a heating
patch. Such a patch may be manufactured using well-known and
inexpensive technology (of the kind used in commercial products such
as ThermaCare).

The most critical issue with an immunization agent that can be
activated to replicate with near wild type efficiency will be safety from
inadvertent transient activation or, worse, run-away activation. A
practical (not safety-related) question that also needs to be addressed
arises from the mode of regulation of HSP promoters. Exposure of a
cell to heat (even sustained heat) results in a transient activation of
heat shock transcription factor 1 (HSF1) that then binds to and
mediates transcription from HSP promoters. HSF1 reverts to an
inactive form within at most a few hours from heat activation. As a
consequence, HSP promoters per se are not well adapted for
controlling genes of a pathogen whose activity is required during
much of the replication cycle or that need to be active at different
times in the cycle. We suggested that adequate safety from inadvertent
activation, whether caused by exceptional circumstances (e.g.,
ischemia, intoxication, etc.) or a recombination event, could come
from using a dual-responsive gene switch for controlling at least two
replication-essential genes of a viral pathogen that is to be used as an
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immunization agent [9]. Dual-responsive gene switches that are
activated by a combination of heat and a small-molecule regulator
(SMR) were described previously and are known to stringently control
expression of target genes both in vitro and in vivo [13-15]. The gene
switches consist of (i) an SMR-activated transactivator that is
expressed from a promoter cassette which is activated both by heat
and the transactivator, and (ii) a transactivator-responsive promoter
for driving a gene of interest. A viral pathogen that has two
replication-essential genes controlled by a dual-responsive gene switch
is represented in Figure 1A, and how the gene switch operates is

illustrated in Figure 1B. Upon administration of such a replication-
competent controlled pathogen to a chosen inoculation region,
replication of the agent is triggered by a localized heat treatment, e.g.,
application of a heating patch, in the presence of SMR. The SMR may
be provided systemically or may be co-administered with the
immunizing agent. The activated gene switch in the infected cells will
remain active until clearance of the SMR has occurred or the cells have
been lysed by the replicating agent. Thereafter, the agent is safely
disabled. For as long as the agent persists in the inoculation region,
deliberate re-activation of replication will be possible.
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Figure 1: A. Replication-competent controlled HSV. An HSV genome is represented schematically in which replication-essential genes REG1
and REG2 were placed under control of a transactivator-responsive promoter (TRP) and a transactivator gene (TA) controlled by a promoter
cassette (HSP70B/TRP) comprising an HSP70B and a TRP promoter was inserted. TRy, TRg: long and short terminal repeats; Uy, Ug: long
and short unique regions; IRy, IRg: long and short internal repeats. B. Illustration of an activated dual-responsive gene switch. eHSFI: host cell
HSF1; SMR: small-molecule regulator. The extra arrow beginning at the transactivator symbol (circle in a circle) indicates elimination/

dilution of transactivator.

Is it feasible to construct such replication-competent controlled
viruses? Will they have a potential for inducing better immune
responses than conventional vaccines? We placed two replication-
essential genes of a wild type strain of Herpes Simplex Virus 1
(HSV-1) under the control of a dual-responsive gene switch
(manuscript in preparation). The transactivator integrated in the latter
gene switch was activated by antiprogestin mifepristone and highly
related compounds (but not progestins). /n vitro, the recombinant
virus replicated essentially as efficiently as the wild type virus after heat
activation in the presence of antiprogestin, but not in the absence of
either antiprogestin or heat treatment. Replication of the virus was also
stringently controlled in the mouse. In immunization/challenge
experiments, once activated recombinant virus was significantly more
protective than a corresponding non-replicating virus. These findings
are encouraging and warrant an exploration of the full potential of the
proposed immunization approach.

How broadly applicable may this technology be? Replication of a
viral pathogen can only be controlled by the above-described dual-
responsive gene switch if the pathogen normally engages the host
transcriptional machinery for expression of its genes. This limitation is

less important than one might suspect at first sight (Table 1). There is
a long history of use of (replication-defective and attenuated) viral
vectors for expressing heterologous antigens [16,17]. A replication-
competent controlled virus may serve as a potent immunization
platform. For the reasons that were discussed at the beginning of this
communication, expression of heterologous antigens in the context of
vigorous viral replication is expected to result in superior immune
responses. Furthermore, viral pathogens that do not utilize the host
transcriptional ~ machinery may be  regulated  through
complementation. A replication-essential gene of such a virus may be
disabled and the gene product provided by a co-infecting (replication-
disabled or replication-competent controlled) virus that expresses the
replication-essential gene under the control of a dual-responsive gene
switch. It is noted that whenever viral vectors are utilized as
immunization or oncolytic agents, the question arises whether pre-
existing immunity will substantially reduce the efficacy of these agents.
Many studies have addressed this question for HSV, our preferred
backbone for controlled virus construction (cited in ref.9). The
prevailing answer is that pre-existing immunity has little effect or only
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relatively minor effects on immune responses to HSV-delivered
antigens or on anti-tumour efficacy of oncolytic HSV.

Agent

Potential use

Replication-competent controlled HSV*

Preventative or therapeutic immunization against HSV

Oncolytic therapy

Replication-competent controlled HSV* expressing heterologous antigens (e.g.,
from HIV, influenza, M. tuberculosis)

Immunization against HIV/AIDS, flu, tuberculosis, etc.

Replication-competent controlled HSV*+co-infecting viral pathogen having at least
one replication-essential gene controlled by the dual-responsive gene switch
(present in the controlled HSV)

Immunization against the co-infecting viral pathogen (e.g., adenovirus, papilloma,
polyoma, other herpesvirus, etc.)

Replication-competent controlled HSV* expressing a replication-essential gene of
a co-infecting viral pathogen under gene switch control+co-infecting viral pathogen
with disabled replication-essential gene

Immunization against the co-infecting viral pathogen (essentially any viral
pathogen capable of co-infection)

Table 1: Potential applications for a replication-competent controlled HSV. "The controlled HSV may express heterologous proteins that
enhance immune functions (e.g., proteins functioning as cytokines). In addition, or in the alternative, certain immune evasion mechanisms may

be disabled (e.g., ICP47).
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