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EXECUTIVE SUMMARY

With molecular biological techniques the genetic make-up of virtually any (micro-)organism can be
modified. This process is know as ‘genetic modification’. The availability of cloned copies of viral
genomes facilitates the generation of genetically-modified recombinant and chimeric viruses. A
chimeric virus is a recombinant virus that contains at least one functional gene from another virus.
Such viruses become increasingly important for vaccine development, experimental gene therapy and

for scientific research purposes.

Virus particles bind and enter living cells via specific receptors at the cell surface. These and other
host factors determine whether the host is permissive for this virus. Rare spontaneous mutations in
the viral genome can alter the cell-, tissue-, and host-specificity of a virus. Hardly ever this leads to an
extension of the host range of a virus. However, in rare cases this may lead to new viral diseases.
HIV, influenza virus, and SARS-associated coronavirus are notorious examples of viruses that in

recent history extended their host specificity from animals to humans.

The generation of recombinant and chimeric viruses by means of targeted genetic modification, may
— either intentionally or unintentionally — result in the generation of viruses with a modified host
specificity. Due to the infectious nature of viruses, and the fact that they can cause disease,
applications involving such viruses are not completely without risk. A desk study was performed to
gain a better understanding of the risks associated with changes in the tropism of recombinant or
chimeric viruses. Here a state-of-the-art review is provided that covers the recent developments and
uses of such viruses. It describes the viral and cellular factors that can affect the tropism of viruses,

and identifies the potential risk factors associated with the use of recombinant and chimeric viruses.

Four classes of risk factors are distinguished: i.e., (1) those related to biological and physical
properties of the vector virus, (2) those related to changes in virus - receptor interactions, (3) those
related to changes in the virus that affect the host’s antiviral responses, and (4) those related to the
health status of the host. Although it cannot always be precisely predicted whether a change in
tropism will result in (increased) pathogenicity, criteria are identified that allow for educated estimates

of such events and their associated risks.

It is concluded that our knowledge of the relationship between tropism and pathogenicity of viruses is
still incomplete. Therefore developments in this area must be closely monitored and, where pertinent,
dedicated research should be stimulated. This will allow scientifically supported assessment of the
risks and risk factors associated with the use of recombinant or chimeric viruses for research and

biomedical applications.
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INTRODUCTION

Genetic engineering can be used for the production of recombinant and chimeric viruses of which the
genome consists of a combination of the genetic information from two different viruses. By combining
the sequences from two different viruses, the biological properties of recombinant and chimeric
viruses may differ from those of the original parent strains. These changes in biological properties may
be intentional - for instance to achieve changes in tropism - or unintentional. Due to our limited
knowledge of the intricate interactions between viruses and their hosts, it is not always possible to
faithfully predict all consequences of the new genetic constellation of recombinant and chimeric
viruses. Therefore, applications involving such viruses are not completely without risk, especially when
it concerns viruses which are infectious to humans. In this report different applications of recombinant
and chimeric viruses are reviewed in the context of potential risks associated with the use of viruses of
which the tropism has been modified either intentionally or unintentionally.

Viruses of which the tropism has been intentionally modified have mainly been developed for gene
therapy and cancer gene therapy applications. Many viral gene therapy vectors have a cell- and tissue
specificity that is often insufficient for efficacious delivery to specific target cells or tissues. Therefore,
retargeting of such vectors has been explored by using pseudotyping of virus particles or modification
of viral attachment proteins by the insertion of specific targeting ligands. Recombinant and chimeric
viruses have also been developed for vaccination purposes. Since viral attachment proteins belong to
the most immunogenic viral proteins, they are often the proteins of choice for inclusion in recombinant
and chimeric live vaccines. However, since these proteins are also involved in cell recognition,
attachment and entry, incorporation of such proteins may also lead to unintentional changes in viral
tropism. Here, we give an account of recent developments in virus retargeting for gene therapy as well
as of the development of recombinant chimeric viruses containing heterologous viral surface proteins
for vaccination purposes and fundamental studies. Potential risks associated with changes in tropism
are discussed in view of our current knowledge of viral and host factors that determine virus tropism

and host range.

This report is organized into seven sections. After a short introduction on the genetic modification of
viruses and the definition of recombinant and chimeric viruses, a brief overview is given of the different
applications for which recombinant and chimeric viruses are used. These sections are followed by
detailed descriptions of recent developments in virus retargeting, with an emphasis on new techniques
aimed at redirecting viruses and viral vectors to specific cell-types. Section 5 deals with chimeric
viruses that express foreign viral surface proteins. This part is focussed on chimeric viruses in which
the foreign protein is actually incorporated and displayed at the surface of the virus particle, thereby
potentially altering the tropism of such chimeric virions. Section 6 summarizes our current knowledge
of the viral factors and host factors that determine host-range and tropism. Without being exhaustive,
in this section relevant examples are given to illustrate how such factors may affect virus tropism and
host range. Finally, potential risks associated with the use of recombinant and chimeric viruses are
discussed in view of our current knowledge of viral and host factors that determine virus tropism and

host range.
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1. GENETIC MODIFICATION OF VIRUSES

Developments in molecular biology over the past few decades have resulted in techniques that allow
the modification of genetic material, a process know as ‘genetic manipulation’, ‘genetic engineering’ or
‘genetic modification’. Due to their relatively small sizes and simple genetic organization, viruses have
been used extensively for genetic modification, thereby serving as model systems to unravel the
complex molecular mechanisms of all kinds of biological processes. Furthermore, genetic modification
of viruses has been used for the production of recombinant viruses with new properties that may be
used as tools for fundamental scientific studies or practical applications such as vaccination and gene
therapy.

Recombinant DNA technology makes it possible to specifically modify DNA. Therefore, the first
viruses that were successfully modified consisted of viruses which contain a DNA genome. The first
recombinant virus, simian virus 40 (SV40), was constructed in the late 1970™ (Goff & Berg, 1976) and
since then, a variety of DNA viruses and retroviruses have been genetically modified. When
transfected into cells, the in vitro modified genome of many DNA viruses is infectious and gives rise to
new recombinant viruses. Alternatively, recombinant DNA can be introduced into a viral genome by
means of homologous recombination between transfected DNA (usually in the form of a ‘transfer
plasmid’) and the genome of a helper virus. The latter process is commonly used for the modification
of large DNA viruses such as herpesviruses or poxviruses.

Since genetic modification of RNA is hardly possible, the modification of RNA viruses has somewhat
lagged behind that of DNA viruses. However, by conversion of the RNA genome into complementary
DNA (cDNA), an intermediate can be generated that is amenable to genetic modification and which
can subsequently be converted back — either in vitro or in vivo - into an RNA genome which is able to
yield infectious virus. This process is known as ‘reverse genetics’. Two major RNA virus groups - the
positive-stranded and negative stranded RNA viruses - can be distinguished based on whether their
RNA genomes can be directly used for translation by the host cell machinery or whether they first
have to be converted into complementary RNA. In other words, positive-stranded viral RNA genomes
can initiate an infectious cycle whereas negative-stranded RNA genomes cannot. For the latter group,
the infectious unit is not an RNA molecule but a ribonucleoprotein complex (RNP) consisting of the
RNA genome and associated replication proteins. After reconstitution of such an RNP complex the
negative-stranded genome is converted into a positive-stranded anti-genome and subgenomic
mRNA’s, leading to an infectious cycle. Nowadays, genetic modification is possible for members of
almost all virus groups containing either a DNA or RNA genome, a positive-stranded or negative-
stranded RNA genome, or a non-segmented or segmented genome (Almazan et al., 2000, Boyer &
Haenni, 1994, Burton et al., 2002, Conzelmann, 1998, Conzelmann & Meyers, 1996, Efstathiou &
Minson, 1995, Enjuanes et al., 2005, Evans, 1999, Fodor et al., 1999, Kuo et al., 2000, Lundstrom,
2000, Lundstrom, 2003b, Masters, 1999, Moss, 1996, Neumann & Kawaoka, 2001, Neumann &
Kawaoka, 2004, Palese et al., 1996, Rice et al., 1989, Sola et al., 2003, Yun et al., 2003).
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2. RECOMBINANT AND CHIMERIC VIRUSES

The ability to manipulate viral genomes has resulted in the generation of recombinant viruses and
chimeric viruses. The term ‘recombinant virus’ is generally used for a genetically modified virus
(‘vector’) that carries nucleotide sequences from a viral or non-viral species. An example of a
recombinant virus would be a virus that carries and expresses a foreign therapeutic gene or reporter
gene. The term ‘chimeric virus’ is generally used for a recombinant virus that consists of a combination
of the genomes of two viruses and which may display biological properties characteristic for both
parent viruses. An example of a chimeric virus would be a virus that contains the non-structural genes
(i.e., genes encoding proteins which are not incorporated in virus particles) from one virus and one or
more structural genes (i.e., genes encoding proteins which are incorporated in virus particles) from
another virus. However, the distinction between a recombinant virus and a chimeric virus is not always
clearly defined. For instance, a recombinant virus may express a hybrid protein encoded by a gene
consisting of a fusion between a gene from the vector virus and a gene from a donor virus. Such a
virus might be best referred to as a recombinant virus expressing (or carrying) a hybrid or chimeric
protein. Other viruses may express a viral gene product that is modified to display only a short
immunogenic epitope from a heterologous virus, e.g., for vaccination purposes. In order to clearly
distinguish between a chimeric virus and a recombinant virus, we will define a chimeric virus as a
recombinant virus (acceptor or vector) that contains the genetic information for at least one functional
gene from another virus (donor). The gene(s) from the donor virus can be either an addition or a
replacement. The donor virus may be a different species but may also be closely related, e.g., a
different serotype but belonging to the same species as the acceptor virus. This definition would
include reassortants of viruses with segmented genomes, such as influenza virus. However, since a
new genetic constellation is inherent to the term ‘reassortant’, we will also use this term when referring
to influenza viruses of which the genome consists only of influenza virus gene segments of one type. If
at least one gene segment is derived from, e.g., influenza B, and all other gene segments from

influenza A, we will refer to this virus as a chimeric virus.
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3. APPLICATIONS OF RECOMBINANT AND CHIMERIC VIRUSES

The technological developments that enabled the manipulation of viral genomes have led to a large
number of applications in which viruses are used for the incorporation of heterologous nucleotide
sequences or for the generation of chimeric viruses. Incorporation of foreign sequences may result in
changes in the biological behaviour of the viral vector. These changes may include the acquisition of
new pathogenic properties. Therefore, precautions should be taken when handling recombinant and
chimeric viruses in the laboratory or when using them in association with animals or humans. In the
following paragraphs, an overview is given of the main activities for which recombinant viruses and
chimeric viruses are currently being used. Since this report deals with potential risks as a result of
changes in tropism, the emphasis will be on those applications and developments which may lead to
an increase in pathogenicity or the acquisition of new pathogenic properties by acquiring a different
tissue or host tropism. The expression of immune modulating proteins by recombinant viruses will also

be briefly discussed since this may also affect viral tropism.

3.1. Fundamental studies of host-pathogen interactions

In order to understand the complex interactions of viruses with their host, recombinant viruses have
been used as tools to unravel these interactions, mainly at the level of virus-cell interaction. Viruses
can be divided into two main categories; enveloped viruses, which have a lipid membrane (envelope)
that is derived from the host cell; and non-enveloped viruses, which lack a membrane. Both non-
enveloped and enveloped viruses share the same main steps and routes of virus entry which begin
with attachment to cell-surface receptors and end with the delivery of the viral genome to the cell
cytoplasm. After binding to receptors, viruses use two main routes to enter the cell, i.e., the endocytic
and non-endocytic routes. The endocytic route is used by most - if not all - non-enveloped viruses and
usually involves transport by clathrin-coated vesicles or caveolae. Enveloped viruses can either use
the non-endocytic route by directly crossing the plasma membrane by fusion of the viral envelope with
the cell membrane at neutral pH, or by the endocytic pathway which involves uptake of virus particle in
endosomes followed by acidification of the endosome which leads to fusion of the viral envelope and
the endosomal membrane as a results of conformational changes in the viral fusion proteins
(Dimitrov, 2004, Sieczkarski & Whittaker, 2002). Viruses from many different virus families are
associated with diseases in humans. Therefore, it is important to understand how different viruses are
able to enter cells and how this process can be inhibited. Although the use of recombinant and
chimeric viruses has added significantly to our understanding of the interactions between viruses and
receptors and the subsequent process of entry into cells, only few successful antiviral drugs that target
viral entry have been developed. Major problems are the occurrence of virus mutants that are resistant

to such drugs, low potency in vivo and toxic side effects.
3.2. Gene therapy

Many viruses have evolved to become highly efficient at nucleic acid delivery (‘transduction’) to

specific cell-types while simultaneously avoiding immune surveillance by an infected host. These
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properties make viruses attractive gene delivery vehicles for gene therapy. The definition of viral gene
therapy has become quite broad. It no longer refers strictly to the treatment of an existing genetic
disorder by replacement of a defective gene with a functional copy by gene transfer (Mulligan, 1993).
The delivery of recombinant viruses to tumors, and prophylactic or therapeutic cancer vaccination by
immunization with recombinant viruses are also examples of gene therapy (Lundstrom, 2003Db,
Robbins & Ghivizzani, 1998). However, we will deal with them separately because potential risks
associated with the use of recombinant and chimeric viruses may differ significantly between classical
gene therapy studies, in which replication incompetent vectors are generally used, and cancer gene
therapy studies, in which replication competent vectors are typically used.

Several types of viruses, including adenovirus, adeno-associated virus (AAV), retrovirus, lentivirus,
herpes virus, pox virus and several RNA viruses have been modified for use in gene therapy
applications. Because these vector systems have unique advantages and limitations, each has
applications for which it is best suited. Retroviral and lentiviral vectors can permanently integrate into
the genome of the infected cell. Adenoviral vectors can efficiently deliver genes to a wide variety of
dividing and non-dividing cell-types, but immune elimination of infected cells often limits gene
expression in vivo. Herpes simplex virus can deliver large amounts of exogenous DNA; however,
cytotoxicity and maintenance of transgene expression remain as obstacles. AAV also infects many
nondividing and dividing cell-types, but has a limited DNA capacity. Alternatively, hybrid viral vector
systems that combine advantageous properties of two or more viral systems are also being explored.
In general, viral vectors for gene therapy are unable to produce infectious progeny virions after
application to target cells or tissues. Replication incompetent vectors can consist of gene-deleted or
‘empty’ vectors (e.g., adenovirus, AAV and retrovirus/lentivirus), or of highly attenuated strains which
contain mutations that do not allow productive replication in the target cells and tissues (e.g., poxvirus,
herpesvirus). Whatever their specific advantages and disadvantages may be, no virus is optimally
suited for the delivery of genes to each cell-type. Therefore, attempts have been made to change the
cell-, tissue- or even host specificity of gene therapy vectors either by broadening or limiting their

tropism.

3.3. Cancer gene therapy

The goal of viral cancer gene therapy is to kill cancer cells either directly as an effect of viral
replication, by introducing genes that will kill cells by sensitising them to other therapies, or by
enhancing an immune response against transfected cancer cells (Bonnet et al., 2000, Kirn et al.,
2002). Most classical gene therapy studies use replication defective viruses because of the risk of
uncontrolled viral spread of replication competent viruses. However, if it is the goal to eliminate the
transfected cells, as is the case in cancer, one may take advantage of the inherent cytotoxic
characteristics of viral replication. Infection of cells with replication competent viruses will often lead to
cell death. In addition, viral replication often results in lysis of the infected cells allowing further spread
of progeny virus particles to other cells. This idea of using replication competent viruses has resulted
in the use of such viruses for cancer therapy, know as ‘oncolytic virotherapy’ (Biederer et al., 2002,
Everts & van der Poel, 2005, Lin & Nemunaitis, 2004, Ries & Brandts, 2004). Currently used oncolytic

Recombinant and chimeric viruses 14



viruses can be divided in two groups, i.e., (1) natural tumor selective viruses with inherent oncolytic
properties such as Newcastle disease virus (NDV), Vesicular stomatitis virus (VSV), Measles virus,
Reovirus and autonomous parvovirus, and (2) genetically engineered tumor selective viruses such as
adenovirus, herpesvirus, poxvirus, poliovirus and influenza virus. Whereas replication of oncolytic
viruses is more or less restricted to cancer cells, the biodistribution of the virus after inoculation of
patients is determined by the interaction of the viral envelope or capsid proteins with cellular receptors.
Since these receptors are generally not restricted to specific cell-types but are present on a wide
range of cells and tissues, specific targeting of oncolytic viruses to cancer cells is highly desirable.
Examples of how specific retargeting of several classes of viruses to cancer cells may be achieved are

discussed below.

3.4. Vaccination

Vaccination has been one of the most successful and cost-effective means to combat infectious viral
diseases. Conventional vaccines have been generated by attenuation of virulent viruses, inactivation
of virulent viruses, or the purification of immunogenic molecules from whole viruses. In this way,
effective vaccines which give protection against diseases, such as smallpox, polio, rabies, measles,
influenza and yellow fever, have been generated. However, in many cases these protocols have failed
to produce safe and efficacious vaccines against a number of other important infectious diseases.
Consequently, fundamentally new technologies are required to tackle these infections. One of the
most promising has been the development of genetically modified viruses. This process normally
involves taking a proven safe and efficacious vaccine virus, and modifying its genome to include
genes coding for immunogenic proteins from other viruses. In many cases, the most immunogenic
proteins of viral pathogens are structural components of the viral particle which are recognized
primarily by the humoral immune system. Thus, in order to generate efficacious recombinant vaccines,
viral structural proteins are the proteins of choice for the inclusion in such vaccines. In order to display
these proteins to the immune system in a similar way as the original pathogen, incorporation of the
heterologous protein in recombinant viral particles is often desirable. However, since structural
proteins are often involved in cell recognition and entry, incorporation of foreign structural proteins

may result in changes in the biological properties, including tropism, of the vector virus.

3.5. Immune modulation

The clinical use of cytokines to modulate in vivo immune responses has been well established.
However, in many cases the practical use has been problematic due to the high cost and systemic
toxicity of purified recombinant cytokines. Furthermore, multiple injections are often required to elicit
the desired effect. These problems may be overcome by incorporating genes encoding cytokines in
viral vectors which can be delivered topically and which are able to express the cytokine in vivo for
extended periods of time. In addition, since cytokines may function as potent adjuvants, incorporation
of cytokine genes in live recombinant viral vaccines may greatly enhance their efficacy (Hubel et al.,
2002). Cytokines are involved in many immunological processes and play a key regulatory role in the

differentiation and proliferation of CD4+ T-helper cells into Th1 and Th2 subsets, which is important in

15 Recombinant and chimeric viruses



stimulating either humoral or cellular immune responses. Thus, by incorporating Th1 or Th2 specific
cytokine genes as adjuvants in vaccines, the immune response may be shifted in the desired
direction. However, in view of the complex nature and multiple intricate interactions of the cytokine
network, the outcome of the adjunct cytokine treatment on vaccination may not always be predictable

and indeed can sometimes result in adverse effects such as uncontrolled virus spread and infection.
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4. RECENT DEVELOPMENTS IN VIRUS RETARGETING

With respect to retargeting of recombinant or chimeric viruses, a distinction must be made between
conjugate-based retargeting and classical pseudotyping on the one hand and genetic retargeting
strategies on the other. Neither classical pseudotyping nor conjugate-based retargeting requires
genetic modification of the vector virus. Conjugate-based retargeting is based on the use of bi-specific
conjugates or adapter molecules of which one component binds specifically to a viral capsid or
envelope protein whereas the other component binds to a specific cellular surface molecule. After pre-
incubation of the virus and the conjugate to allow binding of the virus-binding component to the viral
surface, the complex is added to cells that are specifically recognized by the other component of the
conjugate. In this way the conjugate functions as a retargeting device. Bi-specific conjugates can
consist of a protein component that is chemically linked to a synthetic or natural substance. However,
in most cases the conjugate consists either of two peptide domains in the form of a fusion between a
Fab fragment or single-chain immunoglobulin variable region (scFv) and a peptide ligand that is
recognized by a cellular receptor, or a combination of two scFv’s (Barnett et al., 2002a, Bartlett et al.,
1999, Bian et al., 2005, Curiel, 1999, Kanerva et al., 2002, Ponnazhagan et al., 2002, Volpers &
Kochanek, 2004, Volpers et al., 2003). Pseudotyping refers to the process of generating virions that
have incorporated a capsid or envelope protein from another virus but which do not carry the genetic
information encoding that heterologous protein. Pseudotyping may, for instance, occur when two
different viruses infect the same cell (‘phenotypic mixing’). However, specific pseudotyping is usually
achieved by expressing a single envelope or capsid protein (Sena-Esteves et al., 2004). As a result of
the incorporation of the heterologous protein, the tropism of the resulting virions resembles that of the
donor virus (Balliet & Bates, 1998, Bruett & Clements, 2001, Engelstadter et al., 2001, Kafri, 2004,
Kang et al., 2002, Kobayashi et al., 2003, Ma et al., 1999, Mebatsion & Conzelmann, 1996, Schauber
et al., 2004, Schnierle et al., 1997, Spector et al., 1990, Spiegel et al., 1998, Sung & Lai, 2002, Tatsuo
et al., 2000). Since their genome was not modified, retargeted virions will produce progeny virions that
carry the original capsid or envelope proteins of the vector virus. Although it cannot be excluded that
these forms of retargeting may lead to changes in pathogenicity for the individual host, they probably
do not represent an enhanced environmental risk over the use of the original viral vector. Therefore,
we will only deal with potential risks associated with changes in the tropism of genetically modified
viruses.

Another form of virus or vector retargeting concerns the use of so-called ‘transcriptional targeting’. In
this case, virus replication in different cell-types is not determined by the entry proteins on the viral
surface (‘transductional targeting’) but by transcriptional control elements in the viral genome that are
only operative in certain cell-types due to their dependence on specific host cell factors (Glasgow et
al., 2004a, Rots et al., 2003).

4.1. Adenovirus
Probably the most popular viral gene therapy vector is adenovirus (Barnett et al., 2002a, Kanerva &
Hemminki, 2004, Lundstrom, 2003b, Rots et al., 2003, Volpers & Kochanek, 2004). Several biological

properties of adenoviruses make them the vector of choice for human gene therapy because they
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efficiently introduce DNA into host cells, can be produced easily to high titres, and are able to
transduce a relatively wide range of cell-types (both dividing and quiescent). Moreover, they are not
inactivated by complement in vivo and are not oncogenic in humans. Limitations of adenoviruses as
gene vectors is their immunogenicity (which interferes with multiple serial applications), the suboptimal
distribution of adenovirus particles in vivo, the lack of specificity of vectors for malignant tissues, and a
poor infectivity for several therapeutically relevant cell-types.

Adenovirus is a non-enveloped, icosahedral virus of 60—90 nm in diameter with a linear, double-
stranded DNA genome of 30—40 kb. The capsid is composed of 240 hexon capsomers forming the 20
triangular faces of the icosahedron, and 12 penton capsomers with spike-shaped protrusions located
at the 12 vertices. The terminal globular domain or ‘knob’ region of the homotrimeric protruding fibers
of the adenovirus capsid is responsible for the primary virus attachment to the cellular receptor, the
coxsackie- and adenovirusreceptor (CAR), which is used by human group C adenoviruses such as
Ad2 and Ad5, or CD46, which is used by human group B adenoviruses such as Ad3 and Ad35.
Following the initial attachment, an arginine-glycine-aspartic acid (RGD) motif exposed in a protruding
loop of the penton base protein interacts with a cell surface integrin molecule (a4, ayBs, or ayPs)
serving as secondary or internalisation receptor that triggers virus uptake by endocytosis. The
endosomal uptake of the virus and release into the cytoplasm is accompanied by a stepwise
dismantling of the capsid, leading to the transport and delivery of the viral genome to the nucleus.
Several therapeutically relevant cell-types express only low levels of CAR or completely lack
expression of CAR and, therefore, are almost refractory to adenovirus vector infection. These cell-
types include skeletal and smooth muscle cells, endothelial cells, haematopoietic cells, differentiated
airway epithelial cells, lymphocytes, fibroblasts, dendritic cells, and many tumor cells. Based on these
observations, strategies to modify adenovirus tropism have focused on alterations to the viral capsid to
allow CAR-independent infection. The interaction of the adenovirus fiber and CAR only serves to bring
the viral particle into close contact with the cellular surface. Since other cellular receptors could fulfil
the same function, changes to the fiber to disrupt CAR binding and to redirect binding to other cellular
receptors would allow for CAR-independent binding. Two general approaches have been used to
achieve this goal. One approach involves the use of adaptor molecules or bispecific proteins which
bind to the viral capsid with one arm and to a cellular surface molecule with the other. In the second
approach, the viral genome is genetically modified in such a way that it expresses a modified capsid
protein which binds to a specific cellular surface molecule (Barnett et al., 2002a, Curiel, 1999, Volpers
& Kochanek, 2004). Genetic modification of the adenovirus capsid protein has been achieved in a
number of different ways (summarized in Table 1). In one approach, the original capsid is replaced by
substituting the fiber gene from the most commonly used group C serotypes Ad2 or Ad5 with genes
encoding fiber proteins from other adenovirus serotypes with different tissue tropism. This process of
genetic pseudotyping is also know as ‘fiber swapping’ (Gall et al., 1996, Goossens et al., 2001,
Havenga et al., 2001, Havenga et al., 2002, Rea et al., 2001, Zabner et al., 1999). In all cases,
substitution of the fiber protein resulted in enhanced gene transfer to the targeted tissue. Replacement
of only the knob domain of the fiber can also alter tropism. This has been shown, for instance, by
replacement of the Ad5 knob with the Ad3 or Ad35 knob. The resulting chimeric fiber conferred altered
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tropism on the vector (Haviv et al., 2002, Kanerva et al., 2002, Kanerva et al., 2003, Krasnykh et al.,
1996, Mizuguchi & Hayakawa, 2002, Rea et al., 2001, Shayakhmetov et al., 2000, Stevenson et al.,
1997, Von Seggern et al., 2000). Recently, chimeric fibers have been generated by using the knob
region from adenoviruses from non-human species such as canine adenovirus type 2 (Glasgow et al.,
2004b), and avian adenovirus type 1 or bovine adenovirus type 4 (Renaut et al., 2004). Gene delivery
to CAR-deficient cells was increased up to 30-fold by using the canine adenovirus knob, whereas
recombinant viruses containing the bovine adenovirus knob demonstrated CAR-independent binding
and increased infectivity of cell lines from ovarian origin. Conversely, insertion of a chimeric fiber
containing the human Ad5 knob in bovine adenovirus type-3 resulted in expansion of the tropism of
the recombinant virus from strictly bovine to non-bovine cells, including human cells (Wu & Tikoo,
2004).

Although pseudotyping and the use of chimeric fibers is a convenient way to manipulate the tropism of
adenovirus, this approach suffers from the same disadvantage as a vector with a native fiber, i.e., the
tissue distribution of the receptor for the fiber limits the targeting potential. One approach to overcome
this limitation is to incorporate cell-specific targeting ligands into the fiber. This was first reported by
Michael and co-workers who showed that a peptide ligand could be genetically fused to the fiber
protein without disrupting trimerization of the fiber (Michael et al., 1995). Subsequently, it was shown
that the incorporation of either an integrin-targeting RGD-peptide or a heparin-binding peptide
consisting of a stretch of lysine residues at the C-terminus of the fiber protein resulted in efficient
infection of cell lines that were refractory to infection by the unmodified parent virus (Dmitriev et al.,
1998, Gonzalez et al., 1999a, Gonzalez et al., 1999b, Staba et al., 2000, Wickham et al., 1997). The
availability of the crystal structure of the fiber protein resulted in a refinement of the insertion of
targeting ligands. The so-called HI-loop localized on the surface of the knob allowed the insertion of
ligands without disrupting the intramolecular interactions (trimerization) which are essential for the
stability of the fiber protein. Krasnykh and co-workers showed that the native trimeric configuration of
the fiber protein was retained after the insertion of the octapeptide FLAG into the HI loop and that the
FLAG peptide was able to bind to an anti-FLAG monoclonal antibody. Moreover, the vector retained
the ability to bind and infect CAR-positive cells via a CAR-mediated pathway, indicating that the native
tropism was not abolished (Krasnykh et al., 1998). The HI-loop has subsequently been used for the
insertion of other cell-type specific ligands, especially for the targeting of different types of CAR-
deficient cancer cells (Biermann et al., 2001, Cripe et al., 2001, Fontana et al., 2003, Garcia-Castro et
al., 2001, Kasono et al., 1999, Mizuguchi et al., 2001, Vanderkwaak et al., 1999). Work and co-
workers inserted linear targeting ligands, which were selected for selectivity for vascular smooth
muscle cells by means of the phage display technology, in the HI-Loop. Of two peptides which were
tested, only one resulted in a significant improvement in transduction of smooth muscle cells (Work et
al., 2004a). This indicates that ligands do not always retain their binding specificities when grafted into
a different protein. To overcome these limitations, Fontana and co-workers expressed a functional Ad5
fiber domain on the surface of bacteriophage lambda. This phage display system was used to create a
library in which 14 amino acid residues were displayed in the HI-Loop. Panning this library on CAR-

negative NIH 3T3 cells resulted in the identification of three clones with increased binding to these
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cells. Adenovirus recombinants incorporating these ligands in the fiber gene transduced NIH 3T3 cells
2 to 3 orders of magnitude better than the parental vector. Furthermore, these recombinant viruses
transduced mouse and human primary immature dendritic cells with up to 100-fold increased
efficiency (Fontana et al., 2003).

Modifications other than in the HI-Loop include the incorporation of the RGD-motif in the hexon
monomers (Vigne et al., 1999) and the replacement of the RGD-motif in the penton base by another
receptor-specific peptide (Wickham et al., 1995). Zerbini and co-workers substituted 44 amino acids of
the Ad2 fiber globular region by the C4 domain of gp120 of human immunodeficiency virus type 1
(HIV-1) (Zerbini et al., 2002). Furthermore, it was shown that also minor capsid protein IX, a minor
capsid component that is non-essential for capsid formation, can be used for the incorporation of the
heparan-sulfate binding poly-lysine motif (Dmitriev et al., 1998) or the RGD-motif (Vellinga et al.,
2004).
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Table 1. Strategies for tropism modification and retargeting of adenoviruses
and adenovirus vectors

Genetic fiber Human serotypes Ad7a (Gall et al., 1996)
pseudotyping Ad16 (Goossens et al., 2001)
(Havenga et al., 2001)
Ad17 (Zabner et al., 1999)
Ad35 (Rea et al., 2001)
Non-human serotype Bovine Ad4 | (Renaut et al., 2004)
Canine Ad2 | (Glasgow et al., 2004b)
Avian Ad1 (Renaut et al., 2004)
Chimeric fiber proteins Ad3 (Krasnykh et al., 1996)
(Stevenson et al., 1997)
(Von Seggern et al., 2000)
(Kanerva et al., 2002)
(Kanerva et al., 2003)
(Haviv et al., 2002)
Ad35 (Mizuguchi & Hayakawa,
2002)
(Rea et al., 2001)
(Shayakhmetov et al., 2000)
Incorporation of peptide- C-terminus Poly-lysine | (Gonzalez et al., 1999a)
ligand (Gonzalez et al., 1999b)
(Staba et al., 2000)
(Wickham et al., 1997)
(Cripe et al., 2001)
RGD-motif | (Dmitriev et al., 1998)
(Cripe et al., 2001)
HI-loop RGD-motif | (Biermann et al., 2001)
(Garcia-Castro et al., 2001)
(Kasono et al., 1999)
(Mizuguchi et al., 2001)
(Vanderkwaak et al., 1999)
6xHis (Biermann et al., 2001)
NGR-motif | (Mizuguchi et al., 2001)
Random (Fontana et al., 2003)
Penton-base LDV-motif (Wickham et al., 1995)
Globular fiber domain C4 gp120 (Zerbini et al., 2002)
Protein IX Poly-lysine | (Dmitriev et al., 1998)
RGD-motif | (Vellinga et al., 2004)
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4.2. Adeno-associated virus

Adeno-associated virus (AAV) is a member of the parvovirus family, a single-stranded DNA virus that
requires a helper virus such as adenovirus for replication. Wild-type AAV is able to infect non-dividing
human cells and to stably integrate into a specific locus on chromosome 19 (McCarty et al., 2004).
Heparan sulphate proteoglycan (HSPG) has been reported to be the primary attachment receptor for
AAV-2 (Summerford & Samulski, 1998). In addition, human fibroblast growth factor receptor 1 and
avPs integrin have been proposed to act as secondary receptors (Qing et al., 1999, Summerford et al.,
1999). No pathology appears to be associated with infection by AAV, and the site that it integrates in
does not encode an important gene. AAV contains two open reading frames, rep and cap, which
encode for the 4 replication proteins and 3 capsid proteins, respectively. These replication proteins
and capsid proteins can be provided in trans, thus allowing the generation of a recombinant AAV
vector that only retains the 145 nt inverted terminal repeats, which are necessary for viral replication
and integration (Rolling & Samulski, 1995). In contrast to wild-type AAV, recombinant virus carrying a
therapeutic gene in place of the normal viral replicase and capsid genes loses its ability to integrate
specifically. Moreover, in certain cell-types, it has been reported that recombinant AAV is not
integrated into the host genome, but is maintained episomally (McCarty et al., 2004). Recent
advances have eliminated the need for helpervirus for the production of AAV virus by supplying AAV
proteins and essential adenovirus helper genes in trans. Using co-transfection of cells with a
recombinant AAV plasmid and appropriate helper plasmids, vector batches with very high titres can be
obtained (Matsushita et al., 1998, Xiao et al., 1998).

Recombinant AAV vectors possess a number of attractive features which make them particularly
useful for gene therapy. They lack any pathogenicity, are able to transduce a wide range of host cells
and allow long-term expression of transgenes (Lai et al., 2002). Recombinant AAV vectors have been
used to deliver transgenes into a wide variety of proliferating and quiescent cells both in vitro and in
vivo, including muscle, liver, lung, the central nervous system, eye and heart. Furthermore, AAV
vectors are able to transduce cells from various different species including rat, mouse, human,
primate, dog and rabbit. However, the broad host range also represents a limitation because
recombinant AAV mediated gene transfer should be specific for the tissue or cell-type of interest in
order to avoid transduction and possible integration of the recombinant genome in unwanted cells and
tissues. Thus, clinical development of AAV for gene therapy requires the ability to target specific tissue
types.

One way to modify the tropism of AAV is the use of capsid proteins from other AAV serotypes in the
virus production system. This process is known as ‘cross-packaging’ and is basically similar to the
process of pseudotyping (see above). In a recent study, AAV-2 based vectors were packaged into
virions by using serotype-specific capsid proteins and it was found that AAV-1 was superior for
efficient transduction of liver and muscle, followed by AAV-5, AAV-3, AAV-2, and AAV-4. In the retina,
however, AAV-5 and AAV-4 were most efficient followed by AAV-1(Rabinowitz et al., 2002). These
differences in transduction profiles are likely related to distinct mechanisms of uptake and intracellular
trafficking of the various serotypes. Additionally, different serotype-specific inverted terminal repeat

elements could also influence transgene expression. Thus the use of different serotypes or cross-
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packaging broadens the tissue tropism of recombinant AAV vectors. Furthermore, selective use of
particular serotypes might allow specific targeting of tissues. For example, it has been reported that a
recombinant AAV-2 genome packaged in an AAV-5 capsid (AAV2/5) transduced both photoreceptors
and retinal pigment epithelial (RPE) cells. However, an AAV-2-encapsidated vector transduced
primarily photoreceptors while an AAV-1-encapsidated vector transduced mainly RPE cells (Auricchio
et al., 2001).

The first attempt at genetically incorporating a ligand into the AAV capsid involved linking the gene
encoding a scFv against human CD34 molecules to the AAV-2 VP2 gene (Yang et al., 1998). The
incorporation of the scFv at the N terminus of VP2 resulted in improved infectivity of haematopoietic
progenitor cells and maintained transduction of normal HelLa cells. However, the system was
dependent on co-expression of the wild-type VP1, VP2 and VP3 proteins and virus titres were
extremely low. Subsequently, linker insertion mutagenesis was used to establish which parts of the
capsid protein could be used for the insertion of short peptides. Using this approach several regions
that are on the surface of the capsid were identified and were shown to yield viable virions (Girod et
al., 1999, Rabinowitz et al., 1999, Shi et al., 2001, Wu et al., 2000b). Moreover, it was shown for the
first time that the tropism of AAV could be changed by the insertion of specific ligands. Insertion of the
serpin receptor ligand in VP2 resulted in enhanced infectivity in cells that expressed the serpin
receptor. However, the serpin-tagged viruses continued to use HSPG as the primary receptor (Wu et
al., 2000b). Incorporation of a 14-amino acid ligand that contains the RGD-motif that recognizes
integrins resulted in efficient infection of cells that were resistant to infection with wild-type AAV-2
(Girod et al., 1999). Using deletions and insertions in putative loop regions of the capsid protein,
Grifman et al showed that amino acid sequences around position 587/588 (Loop 1V) in VP3 were
involved in HSPG binding. Whereas a deletion of 6 amino acids (GNRQAA) from Loop IV abolished
binding to heparin, replacement of this sequence with NGRAHA, a peptide that was selected by
means of phage display and which is specific for CD13, resulted in restoration of heparin binding.
Moreover, viruses containing the NGRAHA sequence were able to transduce CD13 expressing cells
10 to 20-fold better that wild-type AAV (Grifman et al., 2001). In order to target vascular epithelial cells,
Nicklin et al used a 7-mer peptide SIGYPLP that was selected by phage display for its specific binding
to endothelial cells. Incorporation of the peptide in the AAV capsid at position 587 resulted in
enhanced transduction of human epithelial cells as compared to wild-type AAV. Furthermore, these
authors showed that the modified virus was unable to bind to heparin indicating that transduction of
epithelial cells was independent of the presence of HSPGs (Nicklin et al., 2001). This was an
important finding since definitive retargeting of AAV to individual cell-types should be HSPG
independent. HSPG-independent binding was also shown after the incorporation of an integrin-binding
RGD-peptide. By using the RGD-integrin interaction as an alternative infection pathway, the ability of
the virus to transduce several cell-types which are normally poorly infected by wild-type AAV could be
dramatically improved (Shi & Bartlett, 2003). Recent developments include the incorporation of
targeting peptides that have been selected either by phage display technology (White et al., 2004,
Work et al., 2004a, Work et al., 2002) or by using random peptide libraries displayed on AAV capsids

to select for targeted vectors on specific cell-types (Muller et al., 2003, Perabo et al., 2003). Using the
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latter technique, infectious AAV mutants were obtained which transduced target cells with an up to
100-fold increased efficiency in a receptor-specific manner and without interacting with the primary
receptor for wild-type AAV (Perabo et al., 2003). Given the complexity of the virus-cell interaction and
the incomplete understanding of the effects of incorporating peptide sequences on the capsid
structure, it seems more advantageous to screen a large library of random peptide-modified AAV than
to generate a limited number of virus variants by the incorporation of peptides identified by the phage
display technology.

Many receptor-ligand interactions involve non-linear, conformation-dependent binding domains.
However, incorporation of targeting ligands into the capsid protein of AAV is limited to relatively small
peptides (< 30 residues) consisting of linear receptor binding epitopes. This limitation may be due to
the overlap of the VP1, VP2 and VP3 proteins in the cap ORF of AAV which makes it impossible to
modify only one capsid protein across its entire sequence without also modifying the other ones. Only
region, (residues 1-137 of VP1) allows for modification of only one capsid protein, but this region has
been shown to contain a phopholipase A motif that is essential for viral infection. Nevertheless, it has
been shown that a scFv against CD34 can be incorporated into recombinant capsids if it is fused to
the N-terminus of VP2 and co-expressed with wild-type VP1, VP2 and VP3 (Yang et al., 1998). These
observations were used by Warrington and co-workers to device a system for producing AAV vectors
in which expression of a modified capsid protein is combined with separate expression of the
remaining two unmodified capsid proteins. The results showed that recombinant particles were formed
as long as the VP3 capsid was present whereas the presence VP2 proved to be non-essential. Using
this system, recombinant AAV particles containing large ligands (up to 30-kDa) inserted after residue
138 in VP1 and/or VP2 were generated (Warrington et al., 2004). This system promises great flexibility
for manipulating the composition of the AAV particle and may allow vector retargeting to receptors that
require conformation-dependent peptide ligands. However, actual retargeting using this system has
not yet been reported.

An alternative retargeting strategy for AAV was described which is based on the use of capsids
incorporating the immunoglobulin-binding domain derived from protein A. By binding to (monoclonal)
antibodies with defined specificities for cell surface molecules, the virus-antibody complexes can be
targeted to specific cell-types. When coupled to antibodies against CD29, CD117 and CXCR4 such
recombinant AAV vectors specifically transduced human haematopoietic cell lines, whereas no

transduction was seen in the absence of antibodies (Ried et al., 2002).

4.3. Retrovirus en lentivirus

Retroviruses are small enveloped RNA viruses that replicate through a DNA intermediate. The
retrovirus genome encodes for three polyproteins, gag, pol, and env, which are required in trans for
viral replication and packaging. All that is required for viral replication in cis are the 5’ and 3’ long-
terminal repeats (LTRs), which contain promoter, polyadenylation, and integration sequences, a
packaging site termed psi, and a tRNA binding site, as well as several additional sequences involved
in reverse transcription. The genes encoding the three viral proteins can be removed, and

heterologous genes and transcriptional regulatory sequences inserted. The retrovirus infects target
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cells through a specific interaction between the viral envelope protein and a cell surface receptor on
the target cell. The virus is then internalised, where it is uncoated and the RNA reverse-transcribed
into proviral double-stranded DNA (dsDNA) by means of the virally encoded pol gene. The dsDNA is
then transported to the nucleus, where it is stably integrated into the host genome. The ability of
retroviruses to insert their genome into the host DNA allows for stable genetic modification of the host
cell. The disadvantage of retroviral vectors is that they require cell division, in particular mitosis, for
integration. Thus, the current retroviral vectors are better suited for ex vivo gene therapy in which
isolated cells can be propagated in culture, genetically modified by retroviral infection, and then
transplanted into a recipient patient. Exceptions to the requirement for cell division for infection are
lentiviruses, such as human immunodeficiency virus (HIV), which appear to have acquired factors that
allow for active transport of the DNA to the nucleus of nondividing cells. Many of the lentivirus vectors
used in gene therapy are based on HIV. Typically, HIV vectors can accommodate fairly large inserts
and can provide long-term expression through chromosomal integration. The limitations of using
lentivirus vectors in clinical trials are the production of high-titre virus stocks and the safety concerns
related to their origin from HIV.

Similar to other gene therapy vectors, targeting to specific cell-type remains one of the most desirable
properties of retroviral and lentiviral vectors. This is of utmost importance since retroviral and lentiviral
vectors that have the capacity to deliver transgenes into specific tissues are expected to be of great
value for various gene therapy applications in vivo. Two different strategies to modify the surface of
retroviral and lentiviral vectors have been developed, i.e., (1) pseudotyping with heterologous viral
glycoproteins that exploits the tropism of a given virus, and (2) engineering the viral glycoproteins by
fusing or inserting heterologous polypeptides, in order to retarget the virus particles to a cell of interest
for therapeutic gene delivery. Many heterologous viral glycoproteins can be incorporated into retroviral
and lentiviral particles. Non-retroviral glycoproteins include those derived from vesiculoviruses,
lyssaviruses, arenaviruses, hepadnaviruses, flaviviruses, paramyxoviruses, orthomyxoviruses,
filoviruses, and alphaviruses (Verhoeyen & Cosset, 2004). The incorporation of heterologous proteins
into virus particles may modify the properties of the pseudotyped vectors. However, as stated above,
although it cannot be excluded that this type of retargeting may lead to changes in pathogenicity for
the individual host, it does not represent an enhanced environmental risk over the use of the original
viral vector. Therefore, pseudotyping will not be further considered here. For more information on
pseudotyping of retroviral and lentiviral vectors the reader is referred to the literature (Lavillette et al.,
2001, Verhoeyen & Cosset, 2004).

Initial attempts to genetically modify the tropism of retroviral vectors consisted of the insertion of
various ligands, such as growth factors, hormones, peptides or single-chain antibodies, in several
locations on the viral surface glycoproteins. These modifications would allow the virus to bind cell-
surface molecules different from the parent virus receptor. Direct targeting strategies rely on the idea
that fusion activation of the chimeric envelope should be triggered by the interaction of the displayed
ligand with its specific receptor on the target cell. However, so far, this concept has met with only
limited success. The different types of modifications of the retroviral envelope glycoprotein include

domain replacements (Barnett et al., 2001, Benedict et al., 1999, Kasahara et al., 1994), peptide
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insertions in pre-folded domains (Gollan & Green, 2002a, Gollan & Green, 2002b, Valsesia-Wittmann
etal., 1994, Wu et al., 2000a), and display of polypeptides as additional folded domains (Chadwick et
al., 1999, Cosset et al., 1995, Fielding et al., 2000, Kayman et al., 1999, Martin et al., 2002, Maurice et
al., 1999, Maurice et al., 2002, Russell et al., 1993, Valsesia-Wittmann et al., 1996). Although the
great majority of these ligand-displaying envelope glycoproteins could specifically and efficiently bind
the targeted cells, the infectivity of the corresponding viral particles was generally very poor, if not
absent. It seems that although the fusogenic potential of chimeric glycoproteins incorporated on the
viral particles is intact, in the absence of the retroviral receptor, the interaction of the displayed ligand
with its target cell surface molecule is generally not able to activate fusion. This post-binding block in
targeted retroviral-mediated gene transfer was shown to be caused by the inability of the chimeric
envelope proteins to undergo a conformational change that is required for fusion (Benedict et al.,
1999, Zhao et al., 1999). Thus, the poor fusion activity of chimeric glycoproteins is attributed to the
loss of coupling between retargeted binding and fusion activation. Another potential problem of the
use of chimeric glycoproteins is that their binding to new receptor molecules actually abolishes
infection, even when the retroviral receptor is present at the surface of the targeted cells. It has been
shown, for example, that retroviral envelope proteins that display epidermal growth factor (EGF) have
greatly impaired infectivity in cells that express both EGF-receptors and retroviral receptors.
Presumably, the EGF-receptors can sequester virus particles and/or traffic virus particles to cell
compartments that are not compatible with the natural route of infection (Cosset et al., 1995). The
observation that vectors displaying EGF could efficiently bind EGF-receptor positive cells, but could
not infect them, has been used to selectively infect EGF-receptor negative cells in a process known as
‘inverse targeting’ (Cosset et al., 1995, Fielding et al., 1998).

Despite the fact that many retroviral particles containing chimeric envelope glycoproteins are unable
initiate fusion, in most cases they are still correctly targeted to host cells that express the
corresponding receptor. This observation has been used for the construction of chimeric glycoproteins
in which the ligand is separated from the viral glycoprotein by a protease cleavage site. If the cleavage
site is recognized by a cellular matrix-associated protease, cleavage of the chimeric glycoprotein
results in liberation of the authentic viral glycoprotein which is subsequently able to interact with its
cognate receptor and to initiate fusion. This type of targeting, also known as ‘protease-targeting’, is
dependent on the presence on the host cell of the correct receptors for the retroviral vector
(Verhoeyen & Cosset, 2004).

Since direct targeting strategies using glycoproteins that are receptor-dependent for fusion are
precluded by the specific fusion activation mechanism of retroviral glycoproteins, alternative
mechanisms have been explored. The ability of the glycoproteins of some membrane-enveloped
viruses to fuse in low-pH endosomes provides an alternative basis for targeting. Many types of
receptor candidates for targeting can recycle from the cell surface and traffic into low-pH endosomes.
Therefore, it is likely that the fusogenicity of the pH-dependent chimeric glycoproteins bound to various
targeted cell surface molecules will be activated during endocytosis, even if these chimeras are not
attached to their wild-type receptors. When an IgG-binding domain of protein A was inserted in the

hemagglutinin (HA) of Influenza virus or the E2 envelope protein of Sindbis virus, gene delivery by
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retroviral vectors carrying the HA or E2 chimeric glycoproteins could be retargeted in the presence of
specific antibodies against the target cell-surface molecules (Hatziioannou et al., 1999, Morizono et
al., 2001). As both proteins can efficiently pseudotype primate lentiviral vectors, these results may

open new ways to in vivo applications in gene transfer areas.

4.4. Hybrid virus vectors

Hybrid virus vectors have been developed In order to combine the useful properties of specific gene
therapy vectors. To achieve high-efficiency stable transduction in vivo combined with long-term
expression, a hybrid adenovirus/retrovirus vector was constructed (Bilbao et al., 1997). The system
consisted of two adenovirus vectors, one that contained the entire genome of a retroviral vector, and a
second that expressed the retroviral packaging functions. Co-infection of cells with the two vectors
resulted in the generation of transient producer cells which generated retroviral particles that were
able to infect neighbouring cells leading to stable integration of the retroviral vector into the genome of
these cells. Animal experiments confirmed that the system was operative albeit with relatively poor
efficiency. This was probably related to the fact that target cell proliferation is required for retroviral
vectors to achieve stable integration.

Ideally, gene therapy of genetic disorders requires stable integration of appropriately regulated
transgenes in human somatic cells. Although retroviruses and lentiviruses integrate at high efficiency,
integration is almost random with a preference for active genes (Schroder et al., 2002, Wu et al.,
2003). The wild-type AAV genome integrates at a specific position in human chromosome 19, but this
ability is lost in AAV vectors since they are deleted for the rep gene in order to enhance their
packaging size. Thus, similar to adenovirus, also AAV vectors do not normally integrate, or do so with
varying efficiency depending on the host cell. In order to combine the site-specific integration capacity
of AAV with the capacity of helper-dependent adenoviral vectors to accommodate large stretches of
DNA, hybrid adenovirus/AAV (Ad-AAV) vector systems have been developed. High capacity
adenovirus vectors that carried the inverted terminal repeats (ITRs) of AAV were generated by
recombination between two first generation adenovirus vectors. The resulting vector contained an 11.6
kb expression cassette including the human y-globin gene and upstream transcriptional control
elements. Since the vector did not express the AAV rep gene, integration was random but the gene
cassette was shown to be intact (Shayakhmetov et al., 2002).

A system consisting of two helper-dependent adenovirus vectors, one carrying the AAV rep gene and
the other containing the AAV ITRs was described by Recchia and co-workers (Recchia et al., 1999).
Although rep protein expression interfered with adenovirus replication, the vector was successfully
amplified in producer cells. Importantly, after coinfection of hepatoma cells, successful transduction
and specific integration at the authentic AAV integration site could be demonstrated. Recently this
system has been optimised by generating a single adenovirus vector that carries the flanking ITRs of
AAV and a copy of the AAV rep gene that is driven by an inducible promoter (Recchia et al., 2004).
After a single tail vein administration of the Ad/AAV vector, specific integrations were mapped and

sequenced in livers of animals in which activation of rep expression was induced by drug treatment.
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High cloning capacity combined with site specific integration and long term expression was also
achieved with an adeno-associated virus/adenovirus (AAV-Ad) hybrid vector. In this case the AAV
vector was provided in cis with adenoviral packaging signals. The AAV vector was packaged using an
adenovirus helpervirus that complemented in trans AAV helper functions and adenoviral structural
proteins. Remarkably, cross-packaging was able to overcome the limited cloning capacity of AAV
vectors (Goncalves et al., 2001, Goncalves et al., 2002, Goncalves et al., 2004). When combined with
specific targeting, both the Ad-AAV and AAV-Ad system may hold great promise for future gene

therapy applications.

4.5. Herpesvirus

Herpes simplex virus (HSV) is an enveloped virus carrying a linear dsDNA genome of approximately
150 kb, encoding over 80 viral proteins. The virus enters the cell by a complex fusion process
involving several different envelope glycoproteins (Garner, 2003). Glycoproteins gD, gB and the
gH/gL-complex are required for entry, while other glycoproteins such as gE, gl, and gM are also
thought to be involved in membrane fusion events and intracellular trafficking. After delivery to the
nucleus, the linear DNA circularises and a cascade of gene expression is initiated by the viral protein
VP16, which is carried into the cells as part of the viral tegument. Newly synthesized viral particles are
released from the infected cells by lysis. Many HSV proteins are nonessential for viral replication and
can be deleted, allowing HSV to be used as a vector for the insertion of large exogenous coding
regions (Burton et al., 2002). Inactivation of one or more of the immediate early proteins, ICPO, ICP4,
ICP22, and ICP27, results in a vector unable to replicate, except in a complementing cell line (Krisky
et al., 1998, Marconi et al., 1996, Wu et al., 1996). Deletion of the gene encoding ICP34.5 results in a
virus that may replicate in vitro, but not in neurons in vivo (Andreansky et al., 1997, Whitley et al.,
1993). However, the virus retains its ability to undergo lytic replication in rapidly dividing tumor cells
(Markert et al., 2000). HSV vectors have the advantages of being able to infect nondividing cells,
establishing latency in some cell-types, and having the capacity to carry large regions of exogenous
DNA.

Several strategies have been considered for modifying the tropism of HSV. Pseudotyped HSV vectors
have been made using the vesicular stomatitis virus envelope glycoprotein (VSV-G). It was
demonstrated that VSV-G chimeras containing the transmembrane domain of gD, or a truncated gB
transmembrane domain, were efficiently incorporated into the viral envelope and that the wild-type
VSV-G protein was incorporated rather less efficiently. However, only the latter intact VSV-G protein
was able to partially rescue the gD-deficient phenotype, whereas the chimeric proteins were non-
functional (Anderson et al., 2000). Since binding of viral gB/gC to glycosaminoglycan (GAG) cell
surface receptors is the first step in the entry cascade, targeted adsorption of virions might be
achieved through the modification of gC and gB. This was tested by generating engineered virions in
which gC was fused to erythropoietin (EPO) (Laquerre et al., 1998). The viruses expressed the fusion
proteins at their surface and showed greatly reduced GAG binding as well as the acquisition of
specific binding to the new ligand, the EPO receptor. However, although the viruses were taken up by

cells expressing the EPO-receptor, productive infection did not ensue, indicating that the natural route

Recombinant and chimeric viruses 28



of infection was not used. Successful targeting without loss of infectivity was shown using HSV
amplicon vectors in which the heparan sulphate binding domain (HSBD) of gC was replaced by a
hexameric histidine-tag as a model ligand. Packaging of amplicons by a gC-negative helpervirus
resulted in gC-modified virus particles which showed increased binding to cells expressing a his-tag
pseudoreceptor (Grandi et al., 2004a, Grandi et al., 2004b, Spear et al., 2003). Recently, successful
specific retargeting of HSV to hepatocytes was reported. An engineered HSV-1 mutant, which was
deleted for gC and the heparan binding-binding domain of gB, and which expressed a fusion between
gC and a 27 amino acid preS1 peptide of human Hepatitis B virus, was shown to bind specifically to a
hepatoblastoma cell line resulting in productive infection (Argnani et al., 2004). These results indicate
that HSV-1 can productively infect cells through specific binding to a non-HSV-1 receptor.
Modification of the viral entry/attachment glycoprotein D might present an alternative to engineering
the cell attachment receptors gC and gB. However, this targeting strategy demands an intimate
knowledge of crucial gD amino acid residues involved in receptor binding, and represents a formidable

protein engineering challenge.

4.6. Negative-stranded RNA viruses

The negative-strand RNA viruses form a broad group of enveloped viruses whose genome consists of
either one (paramyxoviruses, rhabdoviruses, filoviruses and bornaviruses), two (arenaviruses), three
(bunyaviruses) or eight (orthomyxoviruses) RNA segments. The virus carries its own RNA-dependent
RNA polymerase, which is responsible for transcription and replication of the viral genome in the
infected cell. The genome of these viruses is found in both virions and infected cells to be complexed
with the viral nucleoprotein as ribonucleoprotein (RNP) complexes. These RNP complexes, rather
than naked viral RNA, are the actual templates recognized by the viral RNA polymerase. Replication
involves the synthesis of a replicative intermediate consisting of a complementary copy of the
genome, known as the antigenome, which is also encapsidated. The genome is also used as template
by the viral RNA polymerase to synthesize the viral MRNAs, which, in contrast to the antigenomes,
are capped and polyadenylated. The tissue tropism of negative-strand RNA viruses is mediated, at
least in part, by their envelope proteins, which contain the receptor-binding sites and mediate viral
entry into the cell. Some negative-strand viruses, such as rhabdoviruses and orthomyxoviruses, are
endocytosed and require acidification of the endosome for infectivity. Others, such as
paramyxoviruses, can fuse at neutral pH directly with the cell membrane.

The first reports dealing with the deliberate change of the tropism of negative-strand RNA viruses
concerned the rhabdoviruses rabies virus and vesicular stomatitis virus (VSV). These viruses have a
single envelope glycoprotein, the G protein that is responsible for infectivity of the virus. The
observation that foreign glycoproteins expressed by recombinant rhabdoviruses could be efficiently
incorporated into virus particles along with the G protein (Schnell et al., 1996) and the subsequent
finding that rhabdoviruses are able to form spikeless non-infectious particles in the absence of the G
protein, suggested that these viruses could be used for the generation of viruses with an altered
receptor specificity. It was shown that a hybrid HIV-1 envelope glycoprotein in which the cytoplasmic

tail was replaced by that of the rabies virus G protein could be incorporated into the envelope of rabies
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virus and that the pseudotyped virus particles specifically infected CD4+ cells, the natural target cells
for HIV-1 (Mebatsion & Conzelmann, 1996). Using a similar approach, G-deficient rabies virus
pseudotyped with CD4- and CXCR4-derived proteins selectively infected cells expressing HIV-1
envelope protein (Mebatsion et al., 1997). Subsequently, a replication-competent recombinant VSV
was constructed that expressed a chimeric HIV-VSV envelope protein from an extra transcription unit.
This recombinant was shown to specifically infect CD4+ cells after treatment with anti-VSV serum to
block infectivity via the G protein. Furthermore, CD4-specific infectivity could be neutralized with anti-
HIV serum (Johnson et al., 1997). Specific targeting of virus infected cells was accomplished by using
a G-deficient VSV recombinant that expressed the HIV receptor CD4 and co-receptor CXCR4. This
virus was unable to infect normal cells but did infect and kill cells that were previously infected with
HIV-1 (Schnell et al., 1997). The fusion (F) protein of the pneumovirus respiratory syncytium virus
(RSV) was cloned in VSV and expressed in recombinant VSV-infected cells. The RSV-F glycoprotein
was incorporated into virions, and functional studies revealed that the presence of this glycoprotein in
the viral envelope allowed for infectivity that was independent of endosome acidification. This low-pH-
independent infectivity was specific for RSV-F since incorporation of RSV-G did not allow for low-pH-
independent infectivity (Kahn et al., 1999).

Replication-competent rabies virus recombinants that expressed the gp160 envelope protein of HIV
displayed HIV-like tropism and infected professional antigen-presenting cells (human dendritic cells)
opening the potential use of rabies virus recombinants as vaccines (Foley et al., 2002). That
retargeting using this approach is not always successful was shown by the inability of VSV
recombinants that expressed and incorporated high levels of Hepatitis C virus (HCV) glycoproteins to
infect cell lines that supported HCV infection and replication (Buonocore et al., 2002). Recently,
preferential targeting of VSV to breast cancer cells was reported. In one approach, non-replicating and
replicating VSV recombinants were created whose only surface protein was a Sindbis virus
glycoprotein with severely reduced native binding that contained the Fc-binding domain of
Staphylococcus aureus protein A. This virus was selectively targeted to cells that expressed the
Her2/neu receptor in the presence of monoclonal antibodies directed against the Her2/neu receptor
(Bergman et al., 2003). Subsequently, a replication-competent VSV recombinant was created that
expressed a chimeric Sindbis glycoprotein containing a single-chain antibody against the Her2/neu
receptor. This recombinant was shown to be preferentially targeted to breast cancer cells that
expressed the Her2/neu receptor (Bergman et al., 2004).

In contrast to many other viruses, two separate envelope proteins, one for attachment (receptor
recognition) and another for fusion are used by members of the paramyxoviridae. The attachment
protein has hemagglutination (H) or hemagglutination plus neuraminidase (HN) activity whereas
membrane fusion is mediated by the fusion (F) protein. This constellation allows for the specific
modification of receptor recognition by a chimeric H or HN protein without compromising fusion. The
first demonstration that large specificity domains can be displayed on the extracellular domain of the
attachment protein without losing replication competence was reported for measles virus by Cattaneo
an co-workers. Hybrid proteins consisting of the epidermal growth factor (EGF) or the insulin-like

growth factor 1 (IGF1) linked to the extracellular carboxy-terminus of the measles virus Edmonston B
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vaccine strain were produced. Replication competent measles virus displaying EGF or IGF1 efficiently
entered cells that were lacking the natural measles virus receptor CD46 but which expressed either
the EGF or IGF1 receptor (Schneider et al., 2000). Subsequently, data from the same laboratory
showed that also single-chain antibodies could be functionally displayed on the measles virus H
protein. In this study, a scFv against carcinoembryonic antigen (CEA), which is highly over-expressed
on the surface of a number of cancerous cells, was displayed on top of the H protein and the
corresponding virus replicated efficiently in non-human CEA expressing cells, which the parental virus
failed to infect (Hammond et al., 2001). Similar results were reported for a measles virus recombinant
that displayed scFv’s against CD20, which is expressed on normal and neoplastic B cells, and CD38,
a myeloma cell marker (Bucheit et al., 2003, Peng et al., 2003). A recombinant measles virus could
even be targeted to cells expressing a specific peptide/MHC complex by using a high-affinity single-
chain T-cell receptor (TCR). The efficiency of TCR-mediated virus entry was dependent on the
number of peptide/MHC complexes expressed on the target cells (Peng et al., 2004). Although
targeting and fusion could be triggered by displaying ligands at the C-terminus of the wild-type H
protein, the hybrid H proteins still triggered fusion via the natural measles virus receptors CD46 and
SLAM, which are widely expressed on normal cells. Recently, the identification of specific amino acid
residues which are responsible for the binding of the H protein to the CD46 and SLAM receptors
(Nakamura et al., 2004, Vongpunsawad et al., 2004) resulted in the generation of truly retargeted
measles virus recombinants which are blind to the native receptors CD46 and SLAM but which
propagated efficiently and exclusively via alternative cellular receptors such as EGF or CD38 (Hadac
et al., 2004).

Strategies for changing the receptor-binding specificity of the influenza A virus have been explored
(Patterson et al., 1999). Problem is that the receptor-binding specificity and the membrane fusion
function reside in one and the same protein, i.e., the haemagglutinin (HA) protein. A scFv specific for
the hapten NIP was inserted in HA to create a scFv-HA chimeric protein. This protein was shown to
possess anti-NIP binding activity, but membrane fusion activity could not be demonstrated, suggesting
that linking the scFv domain directly to HA inhibits its fusion function. Co-expression of the anti-NIP
scFv-HA chimeric protein together with wild-type HA protein in Chinese hamster ovary cells resulted in
fusion of these cells with NIP-conjugated red blood cells that lacked sialic acid, the natural ligand of
the HA protein. These results indicate that the receptor-binding function of HA can be transferred to an
adjacent molecule, and also changed in its specificity, without compromising its membrane fusion
activity. However, to date, no results describing this application in the context of a recombinant

Influenza virus have been reported.

4.7. Other viruses

Alphaviruses such as Sindbis virus and Semliki Forest virus (SFV) have received considerable
attention for use as virus-based expression vectors. Attractive properties of alphavirus vectors include
the rapid engineering of expression constructs, production of high-titered stocks of infectious particles,
infection of non-dividing cells, and high expression levels (Liljestrom & Garoff, 1991, Lundstrom,

2003a). However, a major drawback is that these vectors lack target-cell specificity. For mammalian
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cells at least one receptor is the high-affinity laminin receptor, whose wide distribution and highly
conserved nature is probably responsible for the broad host-range of the virus. Cell-specific targeting
of Sindbis virus vectors was achieved indirectly by using vectors that displayed the IgG-binding
domain of Staphylococcus aureus protein A (Ohno et al., 1997). When used in conjunction with
monoclonal antibodies that react with cell-surface antigens, the protein A-envelope chimeric virus was
able to efficiently infect cells which were minimally infected by the wild-type virus. Another strategy
relied on the expression of a chimeric protein consisting of the Sindbis virus E2 glycoprotein and the
human chorionic gonadotrpopin (hCG) glycoprotein, a hormone that is recognized by the luteinizing
hormone / chorionic gonadotropin (LH/CG) receptor. The hCG-envelope chimeric Sindbis vector
showed minimal infectivity against cell lines which lacked the LH/CG receptor on their surface, but
could infect LH/CG receptor bearing cancer cell lines and transfer a reporter gene into these cells with
high efficiency in a viral dose-dependent manner (Sawai & Meruelo, 1998).

Switching of species tropism was achieved by exchanging the ectodomains of the spike glycoprotein
(S) of the coronaviruses mouse hepatitis virus (MHV) and feline infectious peritonitis virus (FIPV)
(Haijema et al., 2003, Kuo et al., 2000). The chimeric virus fMHV (MHV containing the ectodomain of
the S glycoprotein of the feline coronavirus) acquired the ability to infect feline cells and
simultaneously lost the ability to infect murine cells. Similarly, the chimeric virus mFIPV (FIPV
containing the ectodomain of the S glycoprotein of murine coronavirus) acquired the ability to infect
murine cells and lost the ability to infect feline cells. This highly selective infectivity has been elegantly
used for establishing a reverse genetics system for these coronaviruses by using the possibility to

select recombinants after targeted RNA recombination.
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Table 2. Overview of retargeting strategies

Non-genetic:

Pseudotyping / cross-packaging

Adenovirus, Retrovirus, AAV,
Herpesvirus, SS(-)RNA?

Bispecific conjugates / bispecific antibodies

Adenovirus, AAV, SS(-)RNA

Genetic:

Replacement of attachment protein gene with
homologous gene from other serotype

Adenovirus, AAV

Replacement of part of attachment protein gene
with corresponding part of other serotype

Adenovirus, AAV, Retrovirus

Replacement of attachment protein gene with
attachment protein gene from other species

SS(-)RNA

Replacement of part of attachment protein gene
with corresponding part of other species

SS(-)RNA, Coronavirus

Incorporation of short ligands in viral attachment
proteins

Adenovirus, AAV, Retrovirus,
Herpesvirus

Display of conformational domains on attachment
protein

Adenovirus, AAV, Retrovirus,
Herpesvirus, SS(-)RNA, Alphavirus

Display of scFv on attachment protein

AAV, Retrovirus, SS(-)RNA

Display of IgG-binding domain (protA) in
combination with Mab’s specific for cell surface
markers

Retrovirus, SS(-)RNA, Alphavirus

Inverse targeting

Retrovirus

Protease targeting

Retrovirus

a Single-stranded negative-sense RNA viruses
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5. CHIMERIC VIRUSES CONTAINING FOREIGN VIRAL SURFACE PROTEINS

Membrane glycoproteins drive the assembly and budding of enveloped viruses and play a key role in
the initiation of the infection of target cells. Since they are exposed at the surface of the virus particle,
these proteins are in most cases also major targets for the humoral - and sometimes also the cellular -
immune response. Therefore, in terms of vaccine development, surface glycoproteins are prime
candidates as immunogens for vaccination. However, in many cases, surface glycoproteins are also
the primary determinants of the host range and tissue tropism of viruses. Therefore, the construction
of chimeric viruses in which the replication properties of one virus are combined with the envelope
proteins of another virus can result in viruses with properties which may differ from those of the parent
viruses. For the construction of chimeras, certain constraints on the ability of the envelope of one virus
to enclose the nucleocapsid of another virus may be present. Such constraints are evidenced by the
failure to detect pseudotype formation. Generally, a strong and specific interaction between the
nucleocapsid and the envelope proteins will minimize the likelihood of pseudotyping, whereas
pleomorphic or loosely structured viruses seem to more easily tolerate envelope proteins from
distantly related viruses. However, in some cases, the inability of pseudotyping with intact proteins can
be overcome by generating chimeric surface proteins consisting of a fusion between the cytoplasmic
tail and transmembrane regions of a surface protein of one virus and the extracellular region of a
surface protein of another virus.

Since this report deals with changes in tropism, we will focus on chimeras between enveloped viruses
which have been shown - or are at the least expected - to have acquired changes in the composition
of their envelope proteins as a result of the addition or replacement of genes expressing such
proteins. Few examples of non-enveloped chimeric viruses which are characterized by replacements

of capsid proteins will also be discussed.

5.1. Chimeric poxviruses

One of the first, and probably the most well-known chimeric virus is the recombinant vaccinia virus
VR-G, which expresses the rabies virus G protein, that was already developed in the 1980’s (Kieny et
al., 1984, Wiktor et al., 1984). The recombinant virus was applied in the form of baits for immunization
of wild animals, especially foxes, and protective immunization with reduced incidence of rabies has
been demonstrated in large field trials (Brochier et al., 1996, Pastoret & Brochier, 1996). Recombinant
poxvirus based vaccines have since been shown to be able to protect animals from a number of
different diseases of veterinary importance. Examples include the use of poxvirus recombinants to
protect cattle against vesicular stomatitis virus (Mackett et al., 1985), rinderpest (Giavedoni et al.,
1991, Romero et al., 1994, Verardi et al., 2002, Yilma et al., 1988) and rabies (Aspden et al., 2002);
raccoons and foxes against rabies (Blancou et al., 1986, Blasco et al., 2001, Brochier et al., 1991,
Masson et al., 1999, Rupprecht et al., 1988, Wiktor et al., 1984); vampire bats against rabies (Aguilar-
Setien et al., 2002); mice and chickens against influenza virus (Chambers et al., 1988, Qiao et al.,
2003, Sutter et al., 1994b, Swayne et al., 2000, Taylor et al., 1988); chickens against Newcastle
disease virus (Boursnell et al., 1990a, Boursnell et al., 1990b, Boursnell et al., 1990c, Edbauer et al.,
1990, Letellier et al., 1991, Taylor et al., 1990) and Marek’s disease (Lee et al., 2003, Liu et al., 1999);
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and dogs against canine distemper virus (Taylor et al., 1991). In all of these cases, the immunogenic
protein(s) expressed by the recombinant poxvirus consisted of the major envelope glycoprotein(s) of
the respective viral agents (sometimes in combination with additional non-structural proteins). In most
cases, the expressed proteins were shown to be expressed at the surface of cells infected with the
recombinant poxviruses suggesting that they were also present in the envelope of poxvirus particles
which are released from infected cells by budding trough the cell membrane. Safety studies indicated
that none of the recombinants had acquired a pathogenic phenotype.

Several poxviruses have been used for vaccination studies in humans. These include the NYVAC
strain (Paoletti et al., 1995, Tartaglia et al., 1992) which is derived from the Copenhagen strain of
vaccinia virus and the MVA strain (Meyer et al., 1991, Sutter & Moss, 1992) which is a modified
vaccinia virus Ankara strain. Also highly attenuated derivatives of avian poxviruses such as fowlpox
virus (TROVAC) and canarypox virus (ALVAC) have been tested in extensive studies which have
shown their safety in a variety of species including humans (Paoletti, 1996, Paoletti et al., 1995).
Vaccination studies in humans with recombinant poxviruses expressing viral surface proteins have
been reported for the envelope proteins gp120 and gp160 of HIV (Bures et al., 2000, Fleury et al.,
1996, Girard et al., 1999, Graham, 2002, Graham et al., 1992, Slobod et al., 2004), the G protein of
rabies virus (Cadoz et al., 1992), and the major membrane glycoprotein of Epstein-Barr virus (Gu et
al., 1995). All recombinant poxvirus vaccine candidates that have been approved for human studies
are unable to complete a productive cycle in mammalian cells and thus they are unable to produce

infectious progeny.

5.2. Chimeric herpesviruses

Several herpesviruses have been used for the expression of genes encoding surface proteins of other
viruses. The swine herpesvirus pseudorabies virus (PRV), that causes Aujeszky’s disease in pigs, was
used as a vector for the expression of chimeric viral membrane proteins composed of portions of the
PRV envelope glycoprotein glll (presently renamed gC) and of the HIV-1 envelope glycoproteins
gp120 and gp41 (Whealy et al., 1988). The glycosylated fusion proteins expressed by the recombinant
viruses could be immunoprecipitated by polyvalent sera specific for glll, as well as by sera from an
AIDS patient. The levels of expression were lower than expected due primarily to instability or altered
processing of the hybrid mRNA. Cleavage of chimeric proteins carrying the gp120-gp41 protease
processing site could not be detected. PRV has also been used for the expression of the envelope
glycoprotein E2 (previously E1) of classical swine fever virus. Chimeric viruses based on a live
attenuated strain of PRV or a non-transmissible gD-mutant were both shown to be able to protect pigs
against both swine fever and Aujeszky’s disease (Peeters et al., 1997, van Zijl et al., 1991).

A chimeric PRV mutant which lacked the gene encoding the essential envelope glycoprotein B (gB)
but expressed the homologous gene of bovine herpes virus type-1 (BHV-1) was generated and the
effect of the gB exchange was analysed in swine, which is the natural host of PRV (Gerdts et al.,
2000). Animals infected with wild-type PRV showed high fever, marked respiratory symptoms but
minimal neurological disorders. In contrast, animals infected with the chimeric PRV showed no

respiratory symptoms and developed only mild fever. However, on day 5 after infection, all piglets
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developed severe central nervous system (CNS) symptoms leading to death within 48 to 72 h.
Detailed histological analyses showed that the chimeric PRV infected all regions of the nasal mucosa
and subsequently spread to the CNS preferentially by the trigeminal route. In contrast, wild-type PRV
primarily infected the olfactory epithelium and spread via the olfactory route. In the CNS, more viral
antigen and significantly more pronounced histological changes resulting in more severe encephalitis
were found after infection with the chimeric virus. These findings demonstrate that replacement of
PRV gB by the homologous BHV-1 glycoprotein resulted in a dramatic increase in neurovirulence
combined with an alteration in the route of neuroinvasion, indicating that gB is involved in determining
neurotropism and neurovirulence of PRV.

The glll (gC) gene of PRV was inserted into the tk gene region of BHV-1. The infectivity of the BHV-1
recombinant that expressed PRV glll could be neutralized by polyclonal PRV antisera and by
monoclonal antibodies to PRV glll, indicating that both glll proteins were present in the envelope of
the recombinant virus (Kit et al., 1992). BHV-1 was also used for the expression of the bRSV G protein
(Kuhnle et al., 1998). Immunoblots showed that the G protein contained N- and O-linked
carbohydrates and that it was incorporated into the membrane of infected cells and into the envelope
of recombinant virions. The latter was also demonstrated by neutralization of infectivity by monoclonal
antibodies or polyclonal anti-BRSV G antisera and complement.

A herpesvirus of turkeys (HVT) recombinant containing the glycoprotein B (gB) gene of the closely
related avian herpesvirus Marek’s disease virus (MDV) has been constructed (Ross et al., 1993).
Replication of the recombinant in chick embryo fibroblasts (CEF) was comparable to that of wild-type
HVT. However, the level of replication of the recombinant in vivo appeared to be lower than wild-type
HVT. Pathogenicity tests showed that the recombinant was safe and did not cause lesions or other
abnormalities. Both HVT and MDV have been used for the expression of the fusion (F) protein of
Newcastle disease virus (NDV), either alone (Morgan et al., 1993, Morgan et al., 1992, Sakaguchi et
al., 1998, Sondermeijer et al., 1993, Sonoda et al., 2000) or in combination with the hemagglutinin-
neuraminidase (HN) protein (Heckert et al., 1996, Reddy et al., 1996). The resulting recombinant
viruses were all shown to be safe and to induce a protective immune response against Newcastle
disease in chickens.

Oronasal vaccination of cats with a recombinant feline herpesvirus type 1 (FHV-1) that expressed the
envelope glycoprotein gene from feline leukaemia virus (FeLV) provided significant protection against
challenge with wild-type FeLV (Willemse et al., 1996).

In order to evaluate whether canine herpesvirus (CHV) could be used as a live vector for the
expression of heterologous immunogens, a recombinant canine herpesvirus (CHV) expressing the
rabies virus G protein was constructed (Xuan et al., 1998a). The G protein expressed by the
recombinant CHV was processed and transported to the cell surface as in rabies virus infected cells,
and showed the same biological activities such as low pH dependent cell fusion and hemadsorption.
Dogs inoculated intranasally with the recombinant CHV produced higher titres of virus neutralizing
antibodies against rabies virus than those inoculated with a commercial, inactivated rabies vaccine
(Xuan et al., 1998b).
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An expression cassette encoding a chimeric protein consisting of the signal peptide of the EX\°

protein
and the E2 envelope protein of bovine viral diarrhoea virus (BVDV) was incorporated into the genome
of BHV-1. Penetration kinetics and single-step growth curves indicated that incorporation of the BVDV
E2 glycoprotein in the BHV-1 envelope did not require BHV-1-specific signals but interfered with entry
into target cells and egress of progeny virions. These results demonstrate that a pestivirus

glycoprotein be can incorporated into the BHV-1 viral envelope (Schmitt et al., 1999).

5.3. Chimeric negative-stranded RNA viruses

The negative-stranded RNA viruses include many important human as well as veterinary pathogens
including influenza virus, mumps virus, measles virus, respiratory syncytial virus, parainfluenza virus,
metapneumovirus, Ebola virus, rinderpest virus, Newcastle disease virus, rabies virus, and vesicular
stomatitis virus. The advent of genetic engineering techniques for negative-stranded RNA viruses
(Conzelmann, 1998, Garcia-Sastre, 1998, Neumann & Kawaoka, 2001, Palese et al., 1996) has
resulted in the development of a number of recombinant and chimeric viruses for vaccination purposes
(Murphy & Collins, 2002, von Messling & Cattaneo, 2004).

As already discussed above, foreign glycoproteins expressed from an extra transcription unit by
recombinant VSV viruses were efficiently incorporated into virus particles. For instance, the measles
virus H or F protein were incorporated into the membrane envelope of VSV along with the VSV-G
protein (Schnell et al., 1996). Also, functional HA and NA proteins of influenza virus were incorporated
with high efficiency in recombinant VSV (Kretzschmar et al., 1997) and mice which were immunized
with a VSV-HA recombinant were protected from challenge with influenza strain WSN (Roberts et al.,
1998). Deletion of the VSV-G gene resulted in non-infectious virus particles indicating that the HA
protein could not functionally substitute for the VSV-G protein in the viral entry process. When the
deletion mutant was grown in trans-complementing VSV-G expressing cells, the resulting
phenotypically complemented VSVAG-HA virions were able to induce a protective immune response
against influenza virus but did not induce antibodies against the VSV vector (Roberts et al., 1999).
Other examples of viral envelope glycoproteins which were successfully expressed and incorporated
into recombinant VSV are the respiratory syncytial virus attachment protein (RSV-G) and fusion
proteins (RSV-F) (Kahn et al., 1999). Also in this case deletion of the VSV-G protein resulted in non-
infectious particles (Kahn et al., 2001).

The first truly chimeric single-stranded RNA virus with completely altered envelope and tropism
consisted of a virus in which the reading frames of the measles virus H and F genes were substituted
by a single reading frame encoding the VSV-G protein (Spielhofer et al., 1998). In this chimeric virus,
transcription and replication were mediated by the measles virus ribonucleoproteins, whereas the
VSV-G envelope glycoprotein dictated the tropism as evidenced by the finding that the chimeric virus
was able to infect a wider range of cells than measles virus. Remarkably, the matrix (M) protein of
measles virus was not incorporated into progeny virus particles in the absence of the H and F
proteins. When the G protein was substituted by a chimeric G/F protein consisting of the cytoplasmic

domain of the measles virus F protein and the ectodomain of the VSV-G protein, incorporation of the
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M protein was restored, indicating that the cytoplasmic tail of the F protein interacts with the M protein
in the process of measles virus budding.

To investigate the importance of the rabies virus G protein in protection against rabies, a recombinant
rabies virus was constructed in which the G ecto- and transmembrane domains were replaced with the
corresponding regions of the VSV-G protein (rRV-VSV-G). Budding of the chimeric virus was delayed
and infectious titres were reduced 10-fold compared with the parental rabies virus strain. Biochemical
analysis showed equal replication rates of both viruses, and similar amounts of wild-type and chimeric
G were present in the respective viral particles. Vaccination-challenge studies in mice showed that the
chimeric virus rRV-VSV-G was unable to protect against virulent rabies virus, confirming that the
rabies virus G protein is essential for successful vaccination (Foley et al., 2000).

Three replication-competent rabies virus based vectors were constructed expressing either both
hepatitis C virus (HCV) envelope proteins E1 and E2 or a modified version of E2 which contained the
human CD4 transmembrane domain and the CD4 or rabies virus G protein cytoplasmic domain.
Surface expression of HCV E2 resulted in efficient incorporation of the HCV envelope protein
regardless of the presence of the rabies virus G cytoplasmic domain, which was described previously
as a requirement for incorporation of the HIV-1 envelope protein into rabies virus particles (Mebatsion
& Conzelmann, 1996). Killed and purified rabies virus particles containing HCV E2 were highly
immunogenic in mice and were able to induce cellular responses against HCV E2, suggesting that
recombinant rabies viruses are potentially useful vaccine vectors against important human viral
diseases.

A chimeric rabies virus harbouring covalently linked gp120/gp41 envelope proteins of HIV-1 was
recently described (McKenna et al., 2003). In HIV-1 virions the gp120 and gp41 proteins are non-
covalently associated resulting in the loss of gp120 during virus purification. Therefore, a chimeric
HIV-1 Env protein which contains introduced cysteine residues that give rise to an intermolecular
disulfide bridge between gp120 and gp41 was generated. This protein was fused in frame to the
cytoplasmic domain of the rabies virus G protein and was shown to be efficiently incorporated into
rabies virus particles. Immunogenicity of these particles was shown in a Rhesus macaque (McKenna
et al., 2004).

Glycoproteins substitutions were reported for the closely related pneumoviruses bovine respiratory
syncytial virus (bRSV) and human respiratory syncytial virus (hRSV) (Buchholz et al., 2000). The
complete G and F genes of bRSV were replaced by their hRSV A2 counterparts. Whereas bRSV and
hRSV grew more efficiently in bovine and human cells, respectively, the chimeric bRSV/A2 exhibited
intermediate growth characteristics in a human cell line and grew better than either parent in a bovine
line. The cytopathology induced by the chimera more closely resembled that of bRSV. Replication of
bRSV was highly restricted in the respiratory tract of chimpanzees, a host that is highly permissive for
hRSV. Interestingly, the bRSV/A2 chimeric virus was somewhat more competent than bRSV for
replication in chimpanzees but remained highly restricted compared to hRSV. This showed that the
substitution of the G and F glycoproteins alone was not sufficient to induce efficient replication in
chimpanzees. Thus, the F and G proteins contribute to the host range restriction of bRSV but are not

the major determinants of this phenotype.
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Chimeric bRSV expressing glycoproteins of bovine parainfluenza virus type 3 bPIV3 instead of bRSV
glycoproteins were reported by Stope and co-workers (Stope et al., 2001). The G and F proteins of
bRSV were replaced individually or together by the HN and/or F glycoproteins of bPIV3. Recombinant
virus could not be recovered when the bRSV F protein was replaced the bPIV3 F protein. However,
recovery of a chimeric virus with both glycoproteins replaced simultaneously, and of a chimeric virus
with the bRSV G protein replaced by bPIV3 HN, was successful. The replication rates of both
chimeras were similar to that of standard bRSV. These results indicate that the envelope glycoproteins
derived from a member of the respirovirus genus can together functionally replace their homologs in a
pneumovirus background.

Human parainfluenza virus (hPIV) type 1, 2 and 3 are significant causes of serious lower respiratory
tract disease in infants and children. Promising live attenuated hPIV3 vaccine candidates are
undergoing clinical evaluation but comparable vaccine candidates do not exist for hPIV1 and hPIV2. In
order to develop vaccine candidates for hPIV1 and hPIV2, the reverse genetics system that is
available for hPIV3 was used to construct chimeric viruses in which the protective F and HN proteins
of hPIV3 were replaced by those of hPIV1 and hPIV2 (Skiadopoulos et al., 1999, Skiadopoulos et al.,
2002b, Tao et al., 1998, Tao et al., 2000, Tao et al., 2001, Tao et al., 1999). The hPIV3-1 chimera
replicated in tissue culture cells and in the respiratory tract of hamsters as efficiently as its hPIV1 and
hPIV3 parents, which is remarkable because the HN and F glycoproteins share only 43 and 47%
overall amino acid sequence identity. Furthermore, the hPIV3-1 chimera was found to possess
biological properties derived from each of its parent viruses. Specifically, it required trypsin for efficient
plaque formation in tissue culture, like its hPIV1 parent but unlike hPIV3. On the other hand, it caused
an extensive cytopathic effect (CPE) in LLC-MK2 cultures which resembles that of its hPIV3 parent but
differs from that of its non-cytopathic hPIV1 parent. This latter finding indicates that the genetic basis
for the CPE of hPIV3 in tissue culture lies outside regions encoding the HN or F glycoproteins (Tao et
al., 1998). Using the strategy described above for hPIV3-1, attempts to recover recombinant chimeric
hPIV3-hPIV2 isolates carrying the full-length PIV2 glycoproteins in a wild-type hPIV3 backbone failed.
Viable hPI1V3-2 chimeras were only recovered when chimeric HN and F proteins rather than complete
hPIV2 F and HN proteins were used, indicating that the cytoplasmic tail of the HN or F glycoproteins of
hPI1V3 were required for successful recovery of hPIV3-2 chimeras. Although the hPIV3-2 chimeric
viruses replicated efficiently in vitro, they were moderately to highly attenuated for replication in the
respiratory tracts of hamsters, African green monkeys, and chimpanzees. This unexpected finding
indicated that chimerization of the HN and F proteins of hPIV2 and hPIV3 itself specified an
attenuation phenotype in vivo. Despite this attenuation, these viruses were highly immunogenic and
protective against challenge with wild-type hPIV2 in hamsters and African green monkeys (Tao et al.,
2001). In order to generate a single virus capable of inducing immunity to both hPIV1 and hPIV2, the
chimeric virus hPIV3-1 was used as a vector to express the HN protein of PIV2 from an extra gene
cassette. The recombinant derivative, designated rPIV3-1.2HN, exhibited a level of temperature
sensitivity and in vitro growth similar to that of its parental virus. The rPIV3-1.2HN virus was restricted
in replication in both the upper and lower respiratory tracts of hamsters compared with hPIV3-1,

identifying an attenuating effect of the hPIV2 HN insert in hamsters. rPIV3-1.2HN elicited serum
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antibodies to both hPIV1 and hPIV2 and induced resistance against challenge with wild type hPIV1 or
hPIV2. Thus, rPIV3-1.2HN, a virus attenuated solely by the insertion of the hPIV2 HN gene, functioned
as a live attenuated bivalent vaccine candidate against both hPIV1 and hPIV2 (Tao et al., 2001).

A chimeric recombinant hPIV3 virus containing bovine PIV3 F and HN glycoprotein genes in place of
its own and the reciprocal recombinant consisting of bovine PIV3 bearing the hPIV3 F and HN genes
were generated to assess the effect of glycoprotein substitution on replication of hPIV3 and bPIV3 in
the upper and lower respiratory tract of rhesus monkeys (Schmidt et al., 2000). hPIV3 bearing the
bPIV3 F and HN genes was restricted in replication in rhesus monkeys to a level similar to that of its
bPIV3 parent virus, indicating that the glycoprotein genes of bPIV3 are major determinants of its host
range restriction. bPIV3 bearing the hPIV3 F and HN genes (b/hPIV3) replicated in rhesus monkeys to
a level intermediate between that of hPIV3 and bPIV3, indicating that the F and HN genes make a
significant contribution to the overall attenuation of bPIV3 for rhesus monkeys. However, other bPIV3
sequences also contribute to the attenuation phenotype in primates. The chimeric b/hPIV3
recombinant was used for the expression of the G and F proteins of RSV subgroup A and B. The level
of replication of b/hPIV3-RSV chimeric viruses in the respiratory tract of rhesus monkeys was similar
to that of their parent virus, and each of the chimeras induced a robust immune response to both RSV
and hPIV3 (Schmidt et al., 2002).

Along the same line, a chimeric virus was developed which was based on an attenuated temperature-
sensitive recombinant bPIV3 strain in which the HN and F genes were replaced by those of hPIV1.
The resulting chimeric b/hPIV3 was temperature sensitive for growth in Vero cells. The replication of
the chimeric virus was restricted in the lungs of hamsters, albeit not as severely as was observed for
the parent strain. The chimeric virus protected hamsters and rhesus monkeys against challenge with
hPIV3 (Pennathur et al., 2003). The chimeric b/h PIV3 was employed as a vector for RSV antigen
expression. African green monkeys immunized with b/hPI1V3 expressing either the native or soluble
RSV F protein were protected from challenge with wild-type RSV and produced RSV neutralizing and
RSV F-protein specific serum antibodies (Tang et al., 2004).

Attenuated derivatives of hPIV3 have been used for the expression of measles virus HA in order to
develop a vaccine that could be used for immunization of infants against measles and hPIV3.
hPIV3(HA) chimeric viruses based on the cold-adapted hPIV3 strain cp45L replicated 5- to 10-fold
less well than the parent virus in the upper respiratory tract of hamsters suggesting that the
approximately 2-kb HA insert itself conferred attenuation. Nevertheless, the hPIV3(HA) recombinants
induced a high level of resistance to replication of hPIV3 challenge virus in hamsters and induced very
high levels of measles virus neutralizing antibodies (Durbin et al., 2000). The chimeric recombinant
virus rHPIV3-N(B)HA which expressed measles virus HA and which was attenuated due to the
presence of the bPIV3 nucleocapsid (N) protein ORF in place of the hPIV3 OREF, replicated like its
attenuated rHPIV3-N(B) parent virus in vitro and in the upper and lower respiratory tracts of rhesus
monkeys, indicating that the insertion of the measles virus HA did not further attenuate rHPIV3-N(B) in
vitro or in vivo. Monkeys immunized with rHPIV3-N(B)HA developed a vigorous immune response to
both measles virus and HPIV3 (Skiadopoulos et al., 2001). Recombinant hPIV3s bearing genes
encoding HN of hPIV1, HN of hPIV2, or HA of measles virus replicated efficiently in vitro, including the
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largest recombinant which contained three gene insertions. Viruses with inserts were restricted for
replication in the respiratory tract of hamsters. Viruses containing two inserts were generally more
attenuated than those with a single insert, and viruses with three inserts were over-attenuated for
replication in hamsters. A recombinant hPIV3 bearing both the hPIV1 and the hPIV2 HN genes was
attenuated, immunogenic, and protected immunized hamsters from challenge with hPIV1, hPIV2, and
hPIV3 (Skiadopoulos et al., 2002a).

A chimeric Newcastle disease virus (NDV) vaccine was constructed with an insertion of the HA gene
from an avian influenza virus (AlIV) H7N2 serotype. Recombinant virus particles exhibited
hemagglutinating activity which could be inhibited by antisera against both NDV and AlV H7 indicating
that the HA protein was incorporated into virus particles. The chimeric NDV-HA vaccine provided
partial protection from virulent NDV and highly pathogenic AlV challenge (Swayne et al., 2003).
Influenza A viruses are enveloped viruses containing a genome composed of eight strands of
negative-sense RNA that encode ten viral proteins (Steinhauer & Skehel, 2002). Influenza viruses of
aquatic birds have been proposed as the ancestors of all influenza virus subtypes existing in humans
and other animals. They are classified into subtypes based on antigenic differences in the two surface
glycoproteins, the haemagglutinin (HA) and neuraminidase (NA). Currently, 15 HA subtypes and nine
NA subtypes of influenza A virus are known, and all of these subtypes can be found in aquatic birds.
Genetic variation of the HA and/or NA genes resulting in the emergence of new influenza virus strains
has frequently been recognized. The mechanism of variation can be either ‘genetic drift’, which occurs
as a result of point mutations, or ‘genetic shift’, which occurs as a result of genetic reassortment
between two strains of influenza A virus. Differences in the sialic acid binding specificity of the HA
protein are involved in determining the tropism of influenza virus. Most HA proteins of avian and
equine influenza viruses preferentially recognize receptors containing the a(2,3)- linkage of sialic acid
to sugar chains, and those of human viruses the a(2,6)-linkage. However, these generalizations
should not be considered an “all-or-none” phenomenon, as various residues of not only the HA protein
but also of the NA protein may play a role in determining tropism (Kobasa et al., 1999, Matrosovich et
al., 2000). Recently, the construction of influenza virus recombinants which expressed either intact NA
of influenza type B or a chimeric protein consisting of the HA of influenza type A and B was described
(Flandorfer et al., 2003, Horimoto et al., 2003). A type A virus possessing a chimeric HA in which the
entire ectodomain of the type A HA molecule was replaced with that of the type B HA, protected mice
from challenge by a wild-type B virus (Horimoto et al., 2003). A type A/B chimeric virus carrying not
only the chimeric (A/B) HA, but also the full-length type B NA instead of the type A NA, resulted in
(A/B) HA/NA chimeric viruses possessing type B HA and NA ectodomains in the background of a type
A virus. These chimeric viruses were attenuated in both cell culture and mice as compared with the
wild-type A virus (Horimoto et al., 2004).

5.4. Chimeric flaviviruses
The flaviviruses consist of nearly 80 viruses that are distributed worldwide. Most flaviviruses are
arthropod-borne and have been classified on the basis of serological data, vector transmissibility and

phylogenic analysis (Monath & Heinz, 1996). Many of the arthropod-borne flaviviruses are important
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human pathogens responsible for diverse ilinesses, including yellow fever (YF), West-Nile fever
(WNF) Japanese encephalitis (JE), tick-borne encephalitis (TBE), and dengue fever. Flaviviruses are
small enveloped viruses which contain a positive-strand RNA genome of ca. 11 kb. Translation of the
genome results in the synthesis of a single polyprotein precursor that is co- and posttranslationally
processed into three structural proteins, i.e., capsid (C), pre-membrane (prM) and envelope (E)
protein, and the nonstructural (NS) proteins NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5. Many
flaviviruses are neurotropic, exhibiting various degrees of neuroinvasiveness and neurovirulence in
experimentally infected rodents and primates.

A live-attenuated YF virus vaccine, strain 17D, has been developed by serial passage of the wild type
virus in animals and cultured cells. The live YF virus vaccine is used extensively throughout the world
and has an impressive safety and efficacy record (Monath, 1999). The YF17D vaccine is the paradigm
for other live attenuated flavivirus vaccines. Live-attenuated vaccines offer the potential advantages of
a single dose and delivery of the complete repertoire of antigens that closely resemble the pathogen
against which they are meant to protect. The live vaccine may induce a cytokine milieu similar to that
following natural infection, stimulating innate immunity and induction of strong immunologic memory
and a complete and long-lasting humoral and cell-mediated response. Attempts to develop safe and
effective live-attenuated vaccines against dengue and tick-borne encephalitis have not yielded
licensed products and a live attenuated vaccine against Japanese encephalitis is approved for use
only in China. Recent advances in recombinant DNA technology have made it possible to explore a
novel approach for developing live attenuated flavivirus vaccines against other flaviviruses. Full-length
cDNA clones allow the construction of infectious virus bearing attenuating mutations or deletions
incorporated in the viral genome. It is also possible to create chimeric flaviviruses in which the
structural protein genes for the target antigens of a flavivirus are replaced by the corresponding genes
of another flavivirus.

The majority of chimeric flaviviruses that have been constructed thus far are between two vector-borne
flaviviruses. These chimeric flaviviruses have mainly been constructed in an attempt to develop
vaccines against flaviviruses that cause disease in humans (Lai & Monath, 2003). Most of these
chimeric viruses are derived from the infectious clone of YF17D (Rice et al., 1989). YF17D has been
used as a “vector” for engineering new vaccines against other flaviviruses, e.g., chimeric vaccines
against Japanese encephalitis virus (Chambers et al., 1999, Monath et al., 1999), against different
serotypes of Dengue virus (Caufour et al., 2001, Guirakhoo et al., 2001, Guirakhoo et al., 2002,
Guirakhoo et al., 2004, Guirakhoo et al., 2000, Guirakhoo et al., 1999, Van Der Most et al., 2000) and
against West-Nile virus (Arroyo et al., 2001, Monath, 2001). Other examples include intertypic
chimeric Dengue vaccines (Bray & Lai, 1991, Chen et al., 1995, Pletnev & Men, 1998) and chimeric
viruses against TBE using Dengue virus as a backbone (Pletnev et al., 1992). In all chimeric
flaviviruses generated thus far, either the C, prM, and E structural proteins or the prM and E structural
proteins have been exchanged. Neutralizing antibodies specific for the prM, M and E structural
flavivirus proteins provide the first line of defence. Flavivirus infections also induce cytotoxic T cells
that recognize the structural proteins as well as several non-structural proteins in a type-specific or

cross-reactive manner. Thus, by combining the structural genes (‘backbone’) of a highly safe vaccine
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strain with the immunogenic proteins of another strain, new chimeric vaccines can be generated which
should be safe for immunization of humans. Encouraging results from preclinical and clinical studies
have shown that several chimeric flavivirus vaccines have the safety profile and satisfactory protective
efficacy to warrant further evaluations in humans. However, some caution should be respected in view
of recent results which show that the prM and E proteins may determine neuroinvasiveness of
flaviviruses. A chimeric flavivirus (MOD/YF) was constructed consisting of the YF17D backbone in
which the prM and E genes were replaced by those of the murine flavivirus Modoc virus. The MOD/YF
virus, like the parent strain MOD from which it had acquired the prM and E structural proteins, but
unlike YF, proved to be neuroinvasive in SCID mice (Charlier et al., 2004). Animals developed
neurological symptoms about 15 days after inoculation and died shortly thereafter. The distribution of
MOD/YF in the brain of infected mice was similar to that observed in MOD-infected mice. These
observations provide compelling evidence that the determinants of neuroinvasiveness of Modoc virus
are entirely located in the envelope proteins prM and E. However, it should be noted that SCID mice

are severely immunocompromized.

5.5. Other chimeric viruses

Classical swine fever virus (CSFV), bovine diarrhoea virus (BVDV) and border disease virus (BVD)
belong to the Pestivirus genus of the Flaviviruses. Chimeric CSFV viruses in which the gene encoding
either envelope protein ERNS or envelope protein E2 was replaced by the homologous gene of BVDV
were generated. The recombinant with the E2 replacement showed a slower growth rate on swine

kidney cell line SK6 than the recombinant with the ERNS

replacement or the parent strain. Replacement
of E”N® or E2 did not alter cell tropism for SK6 or foetal bovine epithelial cells. Vaccination of pigs
resulted in complete protection against a lethal CSFV challenge, and both chimeras induced E2 or
E™N® antibodies which could be discriminated from those induced after wild-type virus infection (de
Smit et al., 2001, van Gennip et al., 2000). An inverse chimeric virus, i.e., a chimeric BVDV
recombinant in which the E2 gene was replaced by the E2 gene of CSFV was recently described.
Efficient growth of the chimeric virus could only be demonstrated on porcine cells and, in contrast to
the parental BVDV strain, the chimeric virus only inefficiently infected and propagated in bovine cells.
These results indicated that the tropism of the virus was dictated by the origin of E2 protein (Reimann
et al., 2004). This conclusion was corroborated by the results obtained with another chimeric
pestivirus, i.e., a recombinant BVDV in which the E2 gene was replaced by the E2 gene from BDV.
BVDV isolates infect cultured Madin-Darby bovine kidney (MDBK) cells as efficiently as sheep kidney
cells. In contrast, BDV propagates poorly in MDBK cells but infects sheep cells very efficiently. As
expected, the chimeric BVDV-E2(BDV) virus retained the ability to multiply in sheep cells but
experienced a remarkable reduction in its ability to propagate and form plaques in MDBK cells (Liang
et al., 2003).

Arteriviruses are enveloped, positive-strand RNA viruses for which the two major envelope proteins
GP5 and M occur as disulfide-linked heterodimers. In order to assess whether these proteins are
involved in tropism, the ectodomains of GP5 and M were replaced by their homologous counterparts

from related viruses. Using an equine arteritis virus (EAV) infectious cDNA clone, chimeras in which
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the ectodomain of GP5 was replaced by the corresponding ectodomain of GP5 from the arteriviruses
porcine reproductive and respiratory syndrome virus (PRRSV) or mouse lactate-dehydrogenase
elevating virus (LDV) were generated. Although the two viable GP5 chimeras were attenuated, they
were still able to infect baby hamster kidney (BHK-21) and rabbit kidney (RK-13) cells, which can be
infected by EAV, but not by either PRRSV or LDV. This implies that the ectodomain of the major
glycoprotein GP5 is not the main determinant of EAV tropism in cell culture (Dobbe et al., 2001).
Similar results were reported for a chimeric PRRSV in which the ectodomain of the M protein was
replaced by the corresponding domain of LDV, EAV or a PRRSV-isolate from the US. Characterization
of the chimeric viruses revealed that they had retained their ability to infect porcine cells and had not
acquired tropism for cells susceptible to the viruses from which the foreign ectodomains were derived
(Verheije et al., 2002).

Coronaviruses are able to generate diseases in a number of different of animals. Transmissible
gastroenteritis coronavirus (TGEV) is a coronavirus of swine. Whereas some TGEV strains mainly
cause enteric disease, others cause severe respiratory disease. Recombinant TGEV strains were
generated by a double crossover in the S gene that resulted in replacement of most of the S gene of a
attenuated respiratory strain by the S gene of an virulent enteric isolate. The recombinant virus was
virulent and showed an enteric tropism demonstrating that a change in the tropism and virulence of
TGEV can be engineered by sequence changes in the S gene (Sanchez et al., 1999).

Mouse hepatitis virus (MHV), another member of the coronaviruses, provides a useful model to study
virus-induced neurological disorders. Both the MHV membrane (M) protein and the spike (S)
glycoprotein have been implicated as determinants of viral pathogenesis. Chimeric viruses were
produced in which the M gene of MHV-A59, a mildly neurovirulent strain, was substituted with the M
gene of MHV-2, a non-neurovirulent strain, by targeted recombination. Viruses were then analysed for
their biological properties following intracerebral inoculation. Chimeric viruses had a phenotype similar
to MHV-A59 indicating that the replacement of the M gene is insufficient to produce a phenotype that
lacks encephalitis similar to MHV-2 (Lavi et al., 1998). By using targeted RNA recombination to
introduce the S gene of the highly neurovirulent strain MHV-4 into the genome of MHV-A59, the role of
the S gene in neurovirulence has been addressed (Phillips et al., 1999). In cell culture, the chimeric
virus containing the MHV-4 S gene exhibited a small-plaque phenotype and replicated to low levels,
similar to wild-type MHV-4. However, intracranial inoculation of mice revealed a marked alteration in
pathogenesis. Relative to wild-type controls, the MHV-4 S gene chimera exhibited a dramatic increase
in virulence and viral antigen staining and inflammation in the central nervous system, without an
apparent increase in the level of viral replication in the brain. These studies demonstrated that the S
gene of a neurovirulent strain is sufficient to confer a highly neurovirulent phenotype to a mildly
neurovirulent virus. Further mapping of the neurovirulence determinants indicated that interactions of
multiple regions of the MHV S protein, including the hypervariable region of the S1 subunit, act in
concert to allow for efficient infection of, and virulence in, the murine central nervous system (Phillips
et al., 2001, Phillips & Weiss, 2001). Recombinant MHVs expressing chimeric S glycoproteins have

also been used to map the receptor binding domain of the S protein (Tsai et al., 2003).
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Few examples are available of chimeric viruses from non-enveloped viruses other than the chimeric
adenovirus and AAV recombinants discussed above. Porcine circovirus type 2 (PCV2) is the primary
causative agent of postweaning multisystemic wasting syndrome (PMWS), whereas the ubiquitous
porcine circovirus type 1 (PCV1) is nonpathogenic for pigs. A chimeric PCV1-2 virus was constructed
which contained the PCV2 capsid gene cloned in the backbone of the nonpathogenic PCV1 genome.
Similarly, a reciprocal chimeric PCV2-1 virus was constructed by replacing the PCV2 capsid gene with
that of PCV1. The PCV1, PCV2, and chimeric PCV1-2 and PCV2-1 viruses were all shown to be
infectious in PK-15 cells. The chimeric PCV1-2 virus was attenuated in pigs and was able to induce
protective immunity against wild-type PCV2 (Fenaux et al., 2004, Fenaux et al., 2003).

Natural poliovirus isolates that proved to be recombinants between type-3, -2 and -1 (Swayne et al.,
2003) or between type-3 and -2 (Blomqvist et al., 2003) polioviruses have been isolated from healthy
vaccinees. Although the recombinants expressed a chimeric VP1 capsid protein and showed altered
antigenic properties when probed with monoclonal antibodies, they retained their type-3 serotype

since the virus reacted with polyclonal sera raised against type 3 but not against type 2 or 1.
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Table 3. Characteristics of major animal virus families

Family Genome?® Envelope | Entry route | Representative(s)
dsDNA viruses
Adenoviruses Linear (34-42) No Endocytosis | Human adenovirus type-2
Herpesviruses Linear (120-230) |Yes Surface Herpes simplex virus
Papovaviruses Circular (8) No Endocytosis | Human papillomavirus type-16
Polyomaviruses Circular (5) No Endocytosis | SV40
Poxviruses Linear (130-375) |Yes Endocytosis | Vaccinia virus
ssDNA viruses
Parvoviruses Linear (5) No Endocytosis | Human parvovirus B19
Adeno-associated virus
Circoviruses Circular (2) No Endocytosis | Chicken anemia virus
Reverse-transcribing
viruses
Retroviruses Linear (7-11) Yes Endocytosis | HIV, murine leukaemia virus
/ Surface
Hepadnaviruses Circular (3) Yes Endocytosis | Hepatitis B virus
Negative-stranded
RNA viruses
Arenaviruses 2 linear (5-7) Yes Endocytosis | Lassa fever
Bornaviruses linear (9) Yes Endocytosis | Borna disease virus
Bunyaviruses 3 linear (10-23) Yes Endocytosis | Hantaan virus
Filoviruses linear (19) Yes Endocytosis | Ebola virus
Orthomyxoviruses 8 linear (12-15) Yes Endocytosis | Influenza A virus
Paramyxoviruses linear (15-16) Yes Surface Respiratory syncytial virus,
Sendai virus, parainfluenza
Rhabdoviruses linear (11-15) Yes Endocytosis | Rabies virus, vesicular
stomatitis virus
Positive-stranded
RNA viruses
Arteriviruses Linear (13) Yes Endocytosis | Equine arteritis virus
Astroviruses Linear (7-8) No Endocytosis | Human astrovirus type-1
Caliciviruses Linear (8) No Endocytosis | Norwalk virus
Coronaviruses Linear (20-33) Yes Endocytosis | Mouse hepatitis virus,
/ Surface(?) | SARS-Coronavirus
Flaviviruses Linear (10-12) Yes Endocytosis | Yellow fever virus, Dengue
Picornaviruses Linear (7-8) No Endocytosis | Poliovirus, foot-and-mouth
/ Surface(?) |disease virus
Togaviruses Linear (10-12) yes Endocytosis | Semlike forest virus, Sindbis
virus
dsRNA viruses
Reoviruses 10-12 Linear (18- |No Surface(?) | African horse sickness virus,
30) Rotavirus, Bluetongue virus
Birnaviruses 2 Linear (6) No Endocytosis | Infectious bursal desease

virus

@ humber of segments, conformation, (size in kb)
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6. VIRAL FACTORS AND HOST FACTORS THAT DETERMINE HOST-RANGE AND TROPISM

In order for a virus to be successful, it has to be able to enter a host, establish a productive infection,
and produce sufficient progeny virions to allow transmission to a new host. A number of obstacles are
encountered along this way. These obstacles occur at two levels, i.e., at the cellular level, and the
organismal level. At the cellular level, the virus first has to find a way to recognize and bind to a
suitable host cell. Subsequently, the virus has to enter the cell and it has to be able to complete its full
repertoire of genome replication, protein synthesis, virus assembly and release. Furthermore, it has to
deal with antiviral responses that are mounted by the infected cell. At the organismal level, apart from
physical barriers, the virus has to cope with different types of innate and adaptive immune responses
in order to survive long enough to allow successful transmission to a new host. Although this is a
formidable task for any virus, many viruses have succeeded in doing so, each in their own specific
ways. However, success generally does not come instantly. Only by a process of constant adaptation
and by co-evolution of viruses with their hosts, this goal has been achieved - not in the least due to the
genetic plasticity of viruses. Below, an overview is given of both viral as well as host factors that are

involved in different host-pathogen interactions and which may determine host-range and tropism.

6.1. Receptor and co-receptor usage

Binding of viruses to cells is mediated by the interaction between viral attachment or entry proteins
and cell surface components (‘receptors’). Three different types of cellular receptors can be
distinguished, i.e., (1) low-affinity receptors, (2) high-affinity receptors, and (3) co-receptors. Low
affinity receptors usually consist of cell surface carbohydrates such as sialic acid or glycans. High-
affinity receptors and co-receptors generally consist of specific cell surface proteins which are involved
in cell-cell interactions and in the recognition of extracellular components such as cytokines, growth
factors, hormones, etc. Some viruses need co-receptors for infectivity since the primary receptor is
only used to capture the virus but does not mediate viral entry. Binding to the primary receptor triggers
exposure of envelope protein domains that mediate downstream interactions resulting in virus entry.
Examples of post-attachment entry coreceptors include CCR5 and CXCR4 for HIV-1 (Deng et al.,
1996, Feng et al., 1996, Reeves et al., 2004) and CD81 for hepatitis C virus (Cormier et al., 2004).
Viruses from the same family can bind to many different cellular receptors, for instance retroviruses.
On the other hand, the same surface molecule can serve as receptor for several different viruses, for
instance sialic acid. Generally speaking, viruses which recognize a cell surface molecule that is
present on a wide variety of cells have a broad tropism, whereas viruses which recognize a surface
molecule that is highly cell-type specific have a narrow tropism.

The structure of viral entry proteins varies from ‘spikes’ which consist of a stem and a globular head,
such as those of reoviruses, adenoviruses, orthomyxoviruses and paramyxoviruses, to relatively ‘flat’
structures, such as those of the alphaviruses. The topologies of the non-enveloped reovirus and
adenovirus attachment proteins show overall similarities, as do the envelope proteins from enveloped
viruses, such as orthomyxoviruses and paramyxoviruses. The structures of the envelope proteins from

flaviviruses and alphaviruses are similar to each other, which - in combination with similar functions -
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might indicate the existence of a common ancestor for these proteins. Viral envelope proteins have
been divided into two classes based on (1) their mechanism of action, (2) whether the protein is
cleaved, and (3) whether the protein is complexed with other viral proteins. Envelope proteins that
contain coiled-coils, such as those encoded by orthomyxo-, paramyxo-, retro-, filo-, and coronaviruses,
have been designated class | fusion proteins and those of alphaviruses and flaviviruses have been
designated class Il fusion proteins (Dimitrov, 2004). Many class | envelope proteins are proteolytically
cleaved to yield membrane-anchored subunits which contain N-terminal fusion peptides. However, the
spike proteins of some coronaviruses are not cleaved and remain trimeric throughout the fusion
process. Class Il envelope proteins are not proteolytically cleaved and have internal, rather than N-
terminal fusion peptides. Activation of the fusogenic potential of class Il envelope proteins is
accomplished by the proteolytic cleavage of an accessory membrane glycoprotein (prM) that is
complexed with the fusion protein (Heinz & Allison, 2001). Activation of class | proteins is dependent
on a conformational change that is induced either by low pH, e.g., HA of influenza virus, or by protein-
protein interactions by another attachment protein upon binding of the latter protein to the cellular
receptor, e.g., activation of the F protein by the HN protein in paramyxoviruses. The G proteins of the
rhabdoviruses VSV and rabies virus have characteristics in common with both class | and class Il
fusion proteins. They have an internal fusion peptide, are not cleaved, and are not complexed with

other proteins at the virion surface.

6.2. Entry and transport

Viruses use two main routes to enter the cell, i.e., the endocytic and non-endocytic route (Dimitrov,
2004). The endocytic route is by uptake and transport in clathrin-coated vesicles, non-clathrin coated
pits, or caveolae, or by macropinocytosis. The non-endocytic route involves direct fusion of the viral
envelope and the cell membrane at neutral pH. Viruses that use endocytosis contain entry proteins
which undergo a low-pH dependent conformational change that triggers fusion and penetration.
Endocytosis is crucial to these viruses because of the acidification occurring within the endosomal
pathway. It is becoming clear that many viruses without a strict low-pH step for entry can also enter
cells via endocytosis, e.g., HIV-1. In order to exit the endosome and gain access to the cytosol,
enveloped viruses such as alphaviruses and influenza virus fuse with the endosomal membrane,
whereas non-enveloped viruses such as adenovirus, reovirus, rhinovirus or parvovirus do so either by
a pore-forming mechanism or by lysing the endosomal membrane.

The strict dependence on low-pH is an important limitation that prevents virions from fusion with the
plasma membrane under normal conditions. When artificially introduced into the cytoplasm by direct
fusion at the plasma membrane by acidifying the medium, some viruses fail to initiate genome
replication and protein synthesis in certain cell-types. This has, for instance, been shown for SFV and
VSV using baby hamster kidney (BHK) cells and Chinese hamster ovary (CHO) cells. Whereas BHK
cells were infected efficiently following fusion in endosomes or at the plasma membrane, CHO cells
were only infected following fusion from endocytic organelles (Marsh & Bron, 1997). Also, targeted
adsorption of engineered herpes virions in which gC was fused to EPO resulted in internalisation by

cells expressing the EPO-receptor, but productive infection did not ensue, indicating that the natural
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route of infection was not used (Laquerre et al., 1998).These examples indicate that in certain cell-
types a barrier other than the plasma membrane can prevent infection. One possible barrier would be
the endocytic pathway which provides a trafficking mechanism to bring viral particles to the correct
sites in the cytoplasm where replication can proceed.

Trafficking depends on specific post-internalisation membrane sorting and, in some cases, direct
interactions of virus particles with the cytoskeleton (Sodeik, 2000). Two endocytic trafficking pathways
exist in the cell, i.e., a recycling pathway and a lysosome-targeting pathway (Gruenberg, 2001,
Sieczkarski & Whittaker, 2002). The internalised vesicle acquires properties that are defined
temporally and are thus termed ‘early* and ‘late’ endosomes. The early endosome is a major sorting
station where internalised cargo can either be delivered back to the plasma membrane (the recycling
pathway) or can progress to the late endosome. Late endosomes contain internal vesicles (multi-
vesicular bodies) and differ from early endosomes in that they have a significantly lower pH. Late
endosomes subsequently progress to lysosomes, which are characterized by the presence of
degradative proteases and hydrolases which are delivered by the trans-Golgi network.

Virions, subviral particles, viral genome-protein complexes and viral proteins are transported within the
host cell cytoplasm during and after viral entry from the plasma membrane to the site of viral
replication, and during egress from the sites of synthesis of viral components and virus assembly to
the plasma membrane. This cytoplasmic transport depends on a complex network of three cytosolic
filaments, i.e., microtubules, intermediate filaments and microfilaments. For viral macromolecular
complexes, there are two different ways to manoeuvre inside a cell, i.e., (1) inside a cellular or virally
modified membrane, or (2) directly within the cytosol. In the first case, the vesicle interacts with the
cytoskeleton, whereas in the second a viral component binds to the cytosolic transport machinery
(Sodeik, 2000). Viruses that are released into the medium after cell lysis presumably do not require
specific transport mechanisms. However, many enveloped viruses assemble at internal membranes or
the plasma membrane. Although integral viral membrane proteins are transported using host
membrane traffic, little is known about how viral genomes or capsids are targeted to specific
organelles for assembly. Once the viruses have budded into the lumen of secretory or endocytic
organelles, transport to the cell surface seems to use the same mechanisms as that of host

components.

6.3. Nuclear import

The genomes of most DNA viruses as well as retroviruses and lentiviruses are delivered to the
nucleus where they are either integrated into the host chromosome or maintained as episomal DNA.
Before the viral genome can enter the nucleus, the capsid that encloses the genome is either partially
disassembled in the cytosol or is docked at the nuclear pore complex. The nuclear pore complex
spans the double membrane of the nuclear envelope and controls macromolecule transport into and
from the nucleus. Cellular factors, such as importins and karyopherins, which interact with nuclear
localization sequences are recruited that facilitate capsid disassembly and import of the viral nucleic
acid-protein complex into the nucleus (Greber & Fassati, 2003). Lentiviruses uncoat and reverse
transcribe their RNA genome into DNA within the cytoplasm. They then recoat the DNA and drive it
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into the nucleus using multiple factors, including redundant nuclear localisation signals, import
receptors, conformational changes and unknown cellular factors. For unknown reasons, retroviruses
are unable to enter the nucleus similar to lentiviruses and are dependent on breakdown of the nuclear
envelope during mitosis in order to access the host chromatin. Large DNA viruses, such as adenovirus
and herpesviruses, dissociate their DNA from the capsid prior to nuclear import. Small DNA viruses
are thought to maintain their genome in an encapsidated state until they arrive in the nucleus.

For influenza virus, the available evidence suggests that the nucleoprotein and the polymerase
complex accompany the RNA into the nucleus where they are required for transcription and replication
(Whittaker et al., 2000). Since, at least for some viruses, nuclear import requires specific interactions
between viral proteins or viral structural components and host cell factors, these interactions may be

utilized by the host cell to restrict access to the nucleus, thereby inhibiting viral replication (see below).

6.4. Interference with interferon responses

Infected cells respond to viral infections by mounting anti-viral responses. The most powerful anti-viral
defence mechanism is mediated by interferons (Goodbourn et al., 2000, Pestka et al., 2004).
Interferons are cytokines that are produced upon viral infection in many different cell-types. Type |
interferons consist of interferon-a (IFN-a) which is predominantly produced by leukocytes, and IFN-
which is synthesized by most cell-types but particularly by fibroblasts. Type Il interferon consists of
IFN-y and is synthesized in response to the recognition of infected cells by activated T lymphocytes
and natural killer (NK) cells. Type | interferons are induced by double-stranded RNA (dsRNA) as a
result of viral replication and transcription. Interferon production results in transcriptional activation of
many cellular genes which results in the production of proteins that actively participate in the inhibition
of viral replication. One protein that is upregulated by type | interferons and which is also directly
activated by dsRNA is the dsRNA-dependent protein kinase R (PKR). Activated PKR is able to
phosphorylate the translation-initiation factor elF-2a. which leads to a general inhibition of protein
synthesis in infected cells. Furthermore, type | interferons activate the 2’-5’- oligoadenylate cyclase
(OAS) system which results in the synthesis of 2’-5’-oligoadenylates which bind with high affinity to
endoribonuclease L (RNaselL) and induces its activation via dimerization. Activated RNaseL cleaves
both messenger RNA (mRNA) and ribosomal RNA (rRNA) in the cytoplasm of the cell, leading to an
inhibition of protein synthesis. Other antiviral activities of interferons include the induction of Mx
proteins which confer resistance to infection by several RNA viruses, caspases which are involved in
apoptosis, and anti-proliferative responses which inhibit cell growth and thereby replication of some
viruses.

The induction of interferons not only results in antiviral activities within infected cells. Interferons are
secreted by infected cells and are able to trigger an antiviral state in surrounding cells by a process
known as interferon-signalling. Binding of IFN-a/B to their cognate receptors on the surface of cells
results in activation of the Jak/STAT signalling pathway. The ultimate outcome of this signalling is the
transcriptional activation of target genes that encode proteins involved in different types of antiviral

activities such as the ones described above.
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In order to successfully infect and replicate in their hosts, viruses have developed means to
circumvent the interferon response either by (1) inhibiting the production of interferon, (2) interfering
with interferon signalling, or (3) by directly inhibiting interferon-induced antiviral effector molecules
(Goodbourn et al., 2000, Levy & Garcia-Sastre, 2001, Sen, 2001, Taniguchi & Takaoka, 2002). The
ability of viruses to cope with the cellular interferon response may be an important factor that
determines viral tropism. This has recently been shown for members of the negative-stranded RNA
viruses. Many of these viruses are able to counteract IFN-a/B responses by expressing non-essential
accessory proteins such as the V (respiroviruses, rubulaviruses), C (respiroviruses) or NS proteins
(pneumoviruses, influenza virus) that antagonize the intracellular signalling pathways downstream of
the activated IFN-a/p receptor (Bossert & Conzelmann, 2002, Didcock et al., 1999a, Didcock et al.,
1999b, Garcia-Sastre et al., 1998a, Garcia-Sastre et al., 1998b, Garcin et al., 2001, Garcin et al.,
2000, Garcin et al., 1999, Garcin et al., 2002, Huang et al., 2003, Komatsu et al., 2000, Park et al.,
2003a, Park et al., 2003b, Schlender et al., 2000, Young et al., 2000). The ability of these viruses to
interfere with the antiviral interferon response has been shown to be species specific and in some
cases also organ specific. These observations indicate that host range and tissue tropism can be
determined by viral factors that are able to interfere with the interferon response. This conclusion is
corroborated by experiments using knock-out mice which are unable to mount an interferon response.
For instance, ablation of the IFN-a/p response altered the apparent cell and tissue tropism of Sindbis
virus and rendered cells from the macrophage-dendritic cell lineage permissive to infection (Ryman et
al., 2000). Also, replication of influenza virus strain A/WSN/33, which is normally restricted to the lungs
of wild-type mice, was shown to be systemic in STAT1-/- knock-out mice (Garcia-Sastre et al., 1998a).
Another example concerns the poxvirus strain MVA. MVA is a highly attenuated vaccine strain that
has lost multiple genes involved in immunomodulation including two viral proteins that function as
soluble receptors for IFN-o/B and IFN-y. However, it still expresses two proteins, K3L and E3L that
function within the infected cell to block interferon-induced antiviral proteins such as PKR and OAS.
Whereas MVA replicated to high titres in primary chicken embryofibroblasts (CEF) and BHK-21 cells,
an MVA-AE3L deletion mutant was unable to replicate in CEF cells, while replication in BHK-21 cells
was unaffected. This host range phenotype in CEF cells was associated with deficient viral protein and
DNA synthesis and enhanced production of IFN-o/p (Hornemann et al., 2003).

Since the specific protein-protein interactions that underlie the different mechanisms involved in
blocking the interferon response may be tissue or species specific, it is conceivable that the (in)ability
of many viruses to interfere with the interferon-response of the host is an important determinant for
virus tropism in general. In other words, the tropism of a virus will, among others, be determined by
whether or not it is able to successfully circumvent the interferon response in a given cell-type or host.
This would also predict that virus mutants or recombinants could arise which have gained the ability to
block the interferon response of an otherwise non-permissive host, thereby extending their host range.
This has, for instance, been shown for SV5, a virus that is able to block interferon signalling in human,
monkey and canine cells, but not in murine cells. In certain murine cells this virus is able to establish a
low-grade persistent infection in which the viruses fluxes between active and repressed states in

response to local interferon production. Mutants that were better able to replicate in murine cells were
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selected and one isolate with a single amino acid substitution in the V protein was shown to be able to
block interferon signalling in murine cells (Young et al., 2001). Indeed, it cannot be excluded that
emerging viral zoonotic diseases such as Nipah and Hendra virus infections in humans are the result
of host range extension based on the ability of these viruses to evade the host immune response
(Rodriguez & Horvath, 2004).

6.5. Interference with general immune responses

In order for viruses to survive in the presence of an active immune response, they have developed
mechanisms to evade the host’'s immune system or to actively interfere with the immune response.
These mechanisms include, (1) downregulation of expression of viral gene products (e.g., during
persistence or latency), (2) infection of areas with little surveillance by the immune system (e.g.,
neurons), (3) infection of immune cells (T-cells and B-cells), thereby inhibiting their immune functions,
and (4) expression of viral gene products that directly interfere with the immune response.

With respect to the latter class: interference with the antiviral interferon response has been discussed
above. Other strategies include down-regulation of MHC class | antigen presentation, interference with
the action of cytokines and chemokines, and the inhibition of apoptosis.

Viral interference with MHC Class | antigen processing and presentation can take place at virtually
every step along the pathway from the generation of peptides to their display by MHC class |
molecules at the cell surface (Fruh et al., 1999, Hewitt, 2003, Yewdell & Bennink, 1999) (Fig. 1). Most
peptides presented by class | molecules are produced from a cytosolic pool of proteins by the action of
proteasomes. Some viral proteins interfere with peptide generation by blocking proteasome digestion.
Import of cytosolic peptides into the endoplasmic reticulum (ER) via the peptide transporter TAP can
be blocked, both on the cytosolic side and the luminal side, by specific viral proteins. Other viral
proteins can redirect the newly synthesized class | molecules to the cytosol for proteasomal
destruction. Still other viral proteins interact with class | molecules, resulting in their retention in the ER
or Golgi-complex or in targeting from the ER to lysosomes for destruction. Lysosomal targeting of

class | molecules by viral proteins can also occur from the trans-Golgi complex or from the cell surface
(Fig. 1).
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Figure 1. Viral inhibition of the MHC class | antigen presentation pathway.

Viruses have evolved proteins that inhibit the MHC class | pathway at virtually every step. The human
Cytomegalovirus (hCMV) proteins US2 and US11 dislocate the MHC class | heavy chain into the cytosol where it
is degraded by the proteasome. HSV ICP47 and hCMV US6 inhibit peptide translocation by TAP. Adenovirus
protein E19 inhibits MHC class | association with TAP and also inhibits trafficking by retrieving MHC class |
molecules from the cis-Golgi. Similarly, hCMV US3 and US10 inhibit the ER export of MHC class | molecules. The
human herpesvirus 7 U21 protein diverts MHC class | molecules to the lysosome. The HIV-1 Nef protein down-
regulates MHC class | molecules from the plasma membrane, sequestering them in the trans-Golgi network.
Finally, K3 and K5, encoded by Kaposi's sarcoma-associated herpesvirus, down-regulate MHC class | molecules

and sort them into the late endocytic pathway where they are degraded.

Source: Hewitt, E.W. Immunology (2003) 110:163-169.

55 Recombinant and chimeric viruses



Cytokines and chemokines (chemoattractant cytokines) play a key role in the initiation and regulation
of the innate and adaptive immune responses. In order to cope with these responses, viruses have
developed mechanisms to interfere with the production, activity and signal transduction of cytokines
and chemokines. Apart from proteins that interfere with antigen presentation (see above) and
inflammation, viral immunomodulatory proteins mainly consist of homologs of cellular cytokines
(‘virokines’), and cytokine receptors (‘viroceptors’). Viral homologs of host genes involved in the
immune system are mainly found in large DNA viruses (herpesviruses and poxviruses) and their
existence suggests that viruses have ‘stolen’ genes from the host. Virokines are generally secreted
and mimic host molecules such as cytokines thereby redirecting the immune response for the benefit
of the virus. Viroceptors can be either secreted or localized in the cell surface and act as ‘decoys’ to
sequester cellular cytokines thereby inhibiting their action (Alcami & Koszinowski, 2000, Haig, 2001,
Johnston & McFadden, 2003, Johnston & McFadden, 2004, Lorenzo et al., 2001, Moss & Shisler,
2001, Ploegh, 1998, Seet et al., 2003). In view of the immunomodulatory functions of many
herpesviruses and poxviruses genes it is not surprising to see that deletion of such genes results in an
attenuated phenotype. Indeed, the attenuated phenotype of the poxvirus vaccine vectors MVA has
been shown to be due to the loss of several of the genes encoding immunomodulatory virokines and
viroceptors (Blanchard et al., 1998). The interactions of virokines, viroceptors and other viral
immunomodulatory proteins may be species specific, as has for instance been shown for the IFN-y
binding proteins of vaccinia virus and ectromelia virus (Mossman et al., 1995). Therefore, they
represent another class of factors that determine tissue and/or host tropism of viruses.

In addition to inducing immune and inflammatory responses, infection by most viruses triggers
apoptosis or programmed death of the infected cell. This interferes with the objective of most viruses
to generate large numbers of progeny virions and to spread these virions to new cells, tissues and
hosts. Therefore, viruses have evolved strategies to modulate the process of apoptosis and to use it to
their advantage either by inhibiting apoptosis to allow for the production of sufficient progeny, or to
trigger apoptosis in order to kill the host cell at the end of the viral infectious cycle (Aubert & Jerome,
2003, Benedict et al., 2002, Roulston et al., 1999, Shisler & Moss, 2001). Cell death by apoptosis may
be advantageous for the virus since the entire cellular content, including progeny virions, is packaged
into apoptotic bodies that are rapidly taken up by surrounding cells. This process suppresses the
inflammatory response and allows the infection to spread. Since apoptosis is intimately linked with the
function and regulation of the immune system, the ability of viruses to inhibit apoptosis could
profoundly alter the immune response. Viral anti-apoptotic proteins could protect infected cells from
apoptosis induced by cytotoxic lymphocytes. They could also alter antigen cross-presentation and the
priming of the immune response, or modulate the expression of danger signals from the sites of
infection. Since the interaction of viral factors with apoptotic and/or pro-apoptitic host cell factors may
be cell-type or species specific, they may also be involved in determining the tissue and host tropism

of viruses.
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6.6. Host restriction factors

Although the adaptive and innate immune responses are primarily responsible for providing protection
against viral pathogens, it is becoming increasingly clear that dominant inhibitory host gene products
can also have an important role in controlling susceptibility to viral infection. These post-entry host cell
barriers or ‘restriction factors’ determine whether or not a virus is able to replicate in a given cell or
host. The best studied restriction factors are those governing replication of retroviruses (Bieniasz,
2003, Goff, 2004a, Goff, 2004b). The prototype retrovirus restriction factor is Fv1 which controls
susceptibility of mice to leukemia induced by the Friend strain of murine leukemia virus (MLV). Several
Fv genes modify immune responses to MLV and only exert their action upon inoculation of animals.
However, two dominant genes, Fv1 and Fv4, are active in cultured cells derived from mice and exhibit
substantial resistance to MLV infection. Remarkably, the Fv1 gene shows clear sequence similarity to
the retroviral gag gene. Although the exact molecular mechanism by which Fv exerts its effect is still
not completely elucidated, the available evidence indicates that it is fundamentally a trafficking block.
Fv4 appeared to be a homologue of an env gene of a defective provirus that encodes an envelope
protein which blocks the receptor for ecotropic MLV (Goff, 2004b, Ikeda & Sugimura, 1989). An Fv1-
like activity is also present in human cells and is called Restriction factor-1 (Refl). Refl seems to act
earlier than Fv1 in the course of infection by blocking reverse transcription of the retroviral RNA. Cell
lines from rhesus macaque were found to be unable to support infection by HIV-1, although they were
very permissive for the simian immunodeficiency virus of macaques (SIVmac). The factor that
mediates resistance to HIV-1 and/or SIVmac in primates is termed lentivirus susceptibility factor-1
(Lv1). Recently, it was shown that Refl and Lv1 are species specific variants of tripartite interaction
motif 5a (TRIM5a), a cytoplasmic component that blocks HIV-1 infection in rhesus macaque cells
(Goff, 2004b, Hatziioannou et al., 2004, Stremlau et al., 2004).

An exciting mechanism of viral resistance against cellular defence mechanisms is represented by the
interaction between the accessory protein Vif of HIV-1 and the cellular APOBEC3G protein (Harris et
al., 2003, Mangeat et al., 2003, Sheehy et al., 2002). The latter protein is present in human T
lymphocytes and inhibits HIV-1 through a remarkable mode of action. APOBECS3G is a cytidine
deaminase that is active on single-stranded DNA and converts cytidine to uridine. In infected cells the
enzyme is incorporated into virion particles of HIV-1 Vif-mutants and upon infection of naive cells it
induces the deamination of single-stranded viral DNA that is synthesized by reverse transcriptase.
This destroys HIV-1 replication through hypermutation of the genome. The Vif protein circumvents this
host defence mechanism by binding to APOBEC3G, thereby targeting it for proteasomal degradation.
Thus, unlike HIV-1 Vif-mutants, wild-type HIV-1 can replicate in human cells because it is able to
interfere with the action of APOBEC3G. A single amino acid at position 128 of human and African
green monkey APOBEC3G governs the virus-specific sensitivity of these proteins to Vif-mediated
inhibition. This phenotype correlates with the ability of Vif to bind APOBEC3G and interfere with its
incorporation into virions (Mangeat et al., 2004). These results indicate that the interaction between Vif
and APOBEC3G is an important determinant of the tropism of primate lentiviruses. Recently, it was

shown that APOBEC3G is also able to inhibit replication of hepatitis B virus (HBV), suggesting that
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this is the reason why 95% of individuals infected with HBV manage to escape chronic infection with
the virus (Turelli et al., 2004).

Host cell factors that are required for the production of progeny virus are also potential factors of virus
restriction. Cyclophilin A (CypA), for example, is a cellular protein that is encapsidated in HIV-1 virions
as a result of its interaction with the viral capsid protein. Encapsidation of CypA in virions seems to be
a requirement for successful replication, since HIV-1 virions produced in the absence of CypA fail to
establish infection of target cells because of a block at an early post-entry step. Incorporation of CyPA
thus seems to relief the restriction of HIV-1 replication by inhibiting binding of cellular restriction
factors. The observation that critical amino acid residues, which are involved in binding of the MLV
capsid protein to the Refl and Fv1 encoded TRIMSa. proteins, overlap with those for CypA binding,
raises the interesting possibility that CypA could compete with binding of TRIM5a (Goff, 2004b,
Towers & Goff, 2003, Towers et al., 2003).

Mx proteins are interferon-inducible proteins with antiviral activity against a wide variety of viruses
(Lee & Vidal, 2002). The prototype Mx protein, Mx1, was identified in a mouse strain that proved to be
resistant to influenza virus infection. Mx1 accumulates in the nucleus and inhibits influenza virus
transcription, thereby inhibiting influenza virus multiplication (Staeheli et al., 1983). A number of Mx
proteins have been identified in higher eukaryotes including fish, birds and mammals. MxA, the human
homolog of Mx1, accumulates in the cytoplasm and interferes with multiplication of orthomyxoviruses
(Frese et al., 1995, Marschall et al., 2000, Pavlovic et al., 1990), paramyxoviruses (Zhao et al., 1996),
bunyaviruses (Frese et al., 1996) and togaviruses (Landis et al., 1998). Recent evidence indicates that
nuclear MxA suppresses influenza virus transcription by interacting with the polymerase protein, PB2,
and the nucleoprotein, NP (Turan et al., 2004). MxA also inhibits multiplication of hepatitis B virus, a
DNA virus, by blocking export of viral mMRNA from the nucleus (Gordien et al., 2001). The observation
that some Mx proteins act in the nucleus whereas others act in the cytoplasm suggests that Mx

proteins may interfere with translocation of viral components between the nucleus and the cytoplasm.

6.7. Viral host range genes

In some cell-types, poxviruses fail to complete their reproductive cycle, a phenomenon known as host
range restriction. Studies using mutant viruses have identified viral host range (hr) genes that rescue
virus growth in otherwise restrictive cells. However, up to now, the cellular mechanism of host range
restriction remains largely unknown. One of the exceptions is E3L of vaccinia virus, which binds to
double-stranded RNA and downregulates PKR-mediated apoptosis (Xiang et al., 2002). Another
vaccinia virus protein, K1L, is required for activation of a host-encoded intermediate transcription
factor in RK13 cells (Sutter et al., 1994a). A third example is myxoma virus M11L, which was shown to
be an anti-apoptotic protein that prevents the release of mitochondrial cytochrome C (Everett et al.,
2002). The cowpox virus protein CP77 was shown to rescue growth in HelLa cells of a vaccinia virus
deletion mutant that lacked the hr genes K1L and C7L. CP77 allowed translation of viral intermediate
genes which was blocked in the mutant virus (Hsiao et al., 2004). Although most studies suggest that
hr genes possess anti-apoptotic activities that antagonize host restriction, other studies suggest that

apoptosis is a cellular stress response associated with host restriction.
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An interesting host range restriction phenotype of influenza virus was shown to be determined by a
single amino acid at position 627 in the PB2 gene The host range restriction phenotype was first
characterized by efficient replication in avian tissue and failure to produce plaques in mammalian
Madin-Darby canine kidney (MDCK) cells (Subbarao et al., 1993). Recently, the same mutation was
shown to be associated with pathogenicity since a single amino acid substitution from glutamic acid to
lysine at position 627 of PB2 converted a nonlethal human H5N1 influenza A isolate into a lethal virus
for mice. The mutation did not affect viral tropism among cells of different mouse organs but enhanced
its ability to support efficient viral replication in mouse cells in general (Shinya et al., 2004). Since
overexpression of PB2 abrogates the antiviral activity of the Mx protein (Jin et al., 1998), it is tempting
to speculate that this mutation correlates with sensitivity for the Mx protein. However, the mouse strain
used in the above study lacked a functional Mx protein.

Determinants of host range restriction have been shown to be polygenic for the Kansas strain of
bovine PIV3 which showed a 100-1000 fold restricted replication in the respiratory tract of non-human
primates compared to human PIV3. Both the N and P genes were the major determinants of host
restriction suggesting that there may be multiple mechanism by which this restriction was achieved
(Skiadopoulos et al., 2003). Restriction of measles virus replication in a mouse epithelial cell line could
be trans-complemented by overexpression of either the N-P-L or N-P functional protein complexes but
not by P-L complexes or individual N, P or L proteins. Moreover, the use of human/mouse somatic
hybrid cell lines indicated that the restriction phenotype could be complemented by (a) human cellular
factor(s), possibly by stabilizing the viral polymerase templates (Vincent et al., 2002).

Experiments with host range restricted isolates of minute parvovirus of mice (MVM) suggested that the
activity of complexes formed by the non-structural (NS1 and NS2) polypeptides and recruited cellular
factors restrict parvovirus DNA amplification in a cell-type-dependent manner and that NS functions
may in addition determine MVM host range acting at postencapsidation steps of viral maturation
(Rubio et al., 2001). In addition to the NS proteins, also the capsid proteins (VP1 and VP2) of
parvoviruses have been implicated in determining host range restriction (Bloom et al., 1993, Horiuchi
et al., 1994). This tropism is not mediated via specific cellular receptors but by interactions with
intracellular factors. The nature of these factors is unknown but most data point to a stage beyond the

conversion of the single-stranded DNA genome by host cell DNA polymerase (Tijssen, 1999).

6.8. Host proteases required for processing of viral proteins

Many viral proteins require endoproteolytic cleavage for activation of their biological functions. One
particular class is represented by viral surface (‘spike’) proteins that are involved in cell binding and
entry (Klenk & Garten, 1994). In most cases, cleavage activation of viral spike proteins is required for
the exposure of a highly hydrophobic protein domain that is able to induce fusion of the viral envelope
with the plasma membrane. This fusion process can be triggered either by a low-pH or by specific
protein-protein interactions. Examples of viral proteins that are activated by endoproteolytic cleavage
are the HA protein of orthomyxoviruses (e.g., influenza virus), the F protein of paramyxoviruses (e.g.,
Sendai virus), the envelope protein of retroviruses and lentiviruses (e.g., HIV-1), the E2 protein of

togaviruses (e.g., Semliki forest virus), the S protein of some coronaviruses (e.g., Mouse hepatitis
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virus), the gB protein of some herpesviruses (e.g., human cytomegalovirus) and the GP protein of
arenaviruses (e.g., lymphocytic choriomeningitis virus). For some viruses, it is not the cleavage of the
envelope protein itself but rather cleavage of a chaperone protein — for example, pE2 with pE1 in
alphaviruses and prM with pE in flaviviruses - that results in a conformational change that leads to
dissociation of the complex and subsequent activation of the envelope protein (Heinz & Allison, 2001).
Cellular proteases that are involved in activation of viral entry proteins belong to a large family of
ubiquitous calcium-dependent serine endoproteases, termed ‘subtilisin-like proprotein convertases’
(SPCs), of which furin (or SPC1) is the best studied (Nakayama, 1997). Furin is expressed in most
cell-types and traffics between the trans-Golgi network (TGN), the endocytic pathway and the cell
surface (Molloy et al., 1999). It cleaves after a stretch of poly-basic amino acids containing the minimal
recognition motif R-X-R/K-R, which is a common motif in many viral entry proteins. Other proteins that
are involved in activation of viral entry proteins include trypsin-like endoproteases which are secreted
by a limited number of cell-types mainly in the respiratory tract (Gotoh et al., 1990).

Proteolytic activation of entry proteins can be an important determinant of tissue tropism and
pathogenicity. This has been clearly shown, for instance, for NDV of which a large number of strains
vary widely in their virulence for chickens (Nagai et al., 1976). The F proteins of virulent and avirulent
NDV strains differ in the amino acid sequence of the cleavage site. The F proteins of virulent strains
are cleaved in almost all cell-types by a ubiquitous furin-like protease. In contrast, the F protein of
avirulent strains is activated by trypsin-like proteases which are present in only a few cell-types. Thus,
infection with avirulent strains results in a local infection that usually does not result in overt disease.
On the other hand, infection with a virulent strain results in virus spread throughout the organism and
results in fatal systemic infection (Nagai, 1995). Proteolytic cleavage has also been found to be the
primary determinant for organ tropism and pathogenicity of Sendai virus in mice. The F protein of
Sendai virus is cleaved by an organ-specific protease in the lungs. When other organs are infected,
replication terminates after one cycle of replication because appropriate proteases which can cleave
the F protein are lacking (Tashiro et al., 1990). Cleavage of the HA protein is also an important
determinant of influenza virus tropism and pathogenesis (Steinhauer, 1999). Pathogenicity for
chickens correlates directly with the ability of these viruses to produce cleaved HA in infected cells.
Cleavage depends on the presence of a sequence of basic residues in the HA protein. A notable
exception is the HA protein of the WSN strain of influenza. This mouse-adapted strain shows
multicyclic trypsin-independent replication in cell culture. Remarkably, this phenotype correlates with
the presence of the NA protein instead of the HA protein. It appears that the NA protein of WSN has
the property of a plasminogen-binding protein, thereby concentrating this plasmin precursor at the
surface of viral envelopes and infected-cell membranes. After conversion to plasmin, the proteolytic
activity of plasmin cleaves the adjacent HA protein thereby activating its fusion function (Goto &
Kawaoka, 1998). The above examples illustrate that cleavage properties of viral entry proteins and the
tissue distribution of activating proteases in the host are major factors for virus tropism and
pathogenicity.

The proteins of viruses from families such as the picornaviruses and flaviviruses are produced from a

single large precursor protein (polyprotein) that is processed to yield the ultimate functional viral
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proteins. For other viruses, at least part of the genome is expressed as a polyprotein, e.g., the
polymerase proteins of coronaviruses and arteriviruses, the non-structural proteins of caliciviruses and
togaviruses, and the both structural and non-structural proteins of retroviruses and lentiviruses.
Processing of the viral proteins occurs in cis and in trans by virus encoded proteases and by host
encoded proteases (Dougherty & Semler, 1993). The great diversity in both virus-encoded as well as
cellular proteases and the fact that many viral proteins are dependent on proteolytic cleavage for
maturation, would suggest that aberrant proteolytic processing of viral proteins may be responsible for
host range restriction and differences in tissue and host tropism of viruses. However, examples
indicative of such restrictions are almost completely lacking in the literature. This suggests that either
this type of restriction has been overlooked, or that it does not play a significant role in determining
tropism. One of the few examples is a report dealing with the restricted replication of caprine arthritis-
encephalitis virus (CAEV), a natural lentivirus of goats, in ovine fibroblasts. Whereas the mature
envelope protein gp135-SU was readily detectable in CAEV-infected permissive cells (macrophages),
it was absent in CAEV-infected non-permissive fibroblasts. Instead, a novel protein doublet of 60 kDa
was present in these cells. This 60 kDa doublet was derived from gp135-SU by a specific proteolytic
cleavage and could be immunoprecipitated with a polyclonal CAEV-specific serum. Thus, restricted
replication of CAEV in non-permissive cells was shown to be correlated with a specific but abnormal

proteolytic cleavage of the envelope glycoprotein of this virus (Chebloune et al., 1996).

6.9. Host transcription factors

Viruses are highly dependent on the biosynthetic machinery of the host cell for multiplication. Whereas
RNA viruses are mainly dependent on translational processes, DNA viruses and retroviruses are also
dependent on transcriptional processes since they are unable to generate their own mRNA’s.
Especially the small DNA viruses such as polyomaviruses, papillomaviruses, parvoviruses,
hepadnaviruses, retroviruses - and to a lesser extent adenoviruses - are highly dependent on host
transcription factors for their replication. Since transcription of cellular genes is highly cell-type
specific, replication of such viruses may also be restricted to certain cell-types or tissues. Therefore,
the availability of the correct host transcription factors may be an important factor that determines the
tropism of a virus.

Transcription of the proviral genome of retroviruses and lentiviruses is largely determined by host
transcription factors that interact with the enhancer and promoter sequences in the long terminal
repeats (LTRs). Many retroviruses have adapted to allow optimal replication in certain cell-types.
Therefore, it is not surprising to see that cell-type specific replication of many retroviruses is governed
by transcriptional constraints (Grimm & Nordeen, 1999, Hallberg & Grundstrom, 1988, Maury et al.,
2000, Wahlers et al., 2002). These observations have been used for transcriptional targeting of
retroviral gene therapy vectors by replacing various enhancer/promoter elements in the LTRs with cell-
or tissue-specific promoter/enhancer sequences (Ferrari et al., 1995, Grande et al., 1999, Logg et al.,
2002, Lotti et al., 2002). In order to restrict transgene expression to certain cell-types (especially
cancer cells), transcriptional targeting has also been used - either alone or in conjunction with

transductional targeting - for adenovirus gene therapy vectors (Glasgow et al., 2004a, Nettelbeck et
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al., 2000). Cell-type specific promoters have not only been used for the tissue or specific-specific
expression of transgenes (Banerjee et al., 2004, Barnett et al., 2002b, Frauli et al., 2003, Nicklin et al.,
2003, Reynolds et al., 2001, Work et al., 2004b, Zhu et al., 2004a, Zhu et al., 2004b) but also for the
generation of conditional replicating adenovirus vectors in which replication is dependent on tissue
specific promoters (Rivera et al., 2004).

Hepatitis B virus (HBV, hepadnaviruses) infects hepatocytes of humans and primates, causing acute
and chronic liver disease. Despite the small size of the genome of HBV (3.2 kb) it contains four
promoters, each regulating the production of distinct transcripts. However, each promoter is regulated
by the viral enhancer which is located at the proximal end of the genome. The HBV enhancer has
been shown to interact with liver-enriched transcription factors suggesting that these interactions are
at least partly responsible for the specific liver tropism of the virus (Ori & Shaul, 1995, Tang &
McLachlan, 2001).

The human polyomavirus JC virus is the etiological agent of a brain disease called progressive
multifocal leukoencephalopathy (PML). The virus selectively destroys oligodendrocytes, leading to
demyelation and loss of brain function. The JC virus early promoter directs cell-specific expression of
the viral replication factor large T-antigen. T-antigen represses the JC virus early promoter in glioma
cells. In contrast T-antigen induced strong activation of the early promoter in non-glial cells. This
differential activity suggests that transcriptional regulation constitutes a major mechanism of the
tropism of this virus (Kim et al., 2000, Krebs et al., 1995).

Because of their limited coding capacity, parvoviruses rely heavily on cellular factors for their
replication. Replication of the parvovirus MVM depends on cellular functions expressed transiently
during the S-phase of the cell cycle (Deleu et al., 1999) and productive infection also depends on the
cell-type and differentiation state of the host cell. Activation of the P4 promoter which drives
expression of the viral regulatory NS proteins is a key step in the life cycle of MVM. Using transgenic
mice, activation of P4 was shown to be developmentally regulated. Activation occurred during
embryogenesis and in the adult in a cell-type specific and differentiation dependent pattern that was
consistent with transcriptional control (Davis et al., 2003).

Human papillomavirus (HPV) has a restricted tropism for human epithelial cells and the viral life cycle
is tightly linked to the differentiation program of the infected keratinocyte. This dependence seems to
be dictated by viral transcription rather than viral DNA replication (Desaintes & Demeret, 1996).
Transcription and replication are controlled by the long control region (LCR) that contains a tissue-
specific enhancer, the E6/E7 promoter, and the origin of replication. Furthermore, the viral E2 protein
plays an important role in the viral lifecycle since it regulates both transcription of E6/E7 and
replication. E2 regulates expression of E6 and E7 separately and this regulation is cell-type dependent
(Rapp et al., 1997).

These are only a few examples of restriction of virus replication by host transcription factors. They
show that some viruses have specialized in achieving optimal replication in certain cell-types or
tissues by making use of available transcription factors. However, at the same time this has limited

their ability to replicate in other cell-types or tissues.
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6.10. Other factors

Not only host transcription factors but also host translation factors may be involved in determining
virus tropism. This has, for instance, been shown for picornaviruses which make use of a complex
structure in the 5’ untranslated region of the viral RNA - known as the internal ribosome entry site
(IRES) - for translation of their genome. The IRES regulates the initiation of translation by coordinating
binding of initiation factors and IRES-specific trans-acting factors (Jackson & Kaminski, 1995, Pestova
et al., 2001). Mutations in the IRES, or substitution of IRES sequences by those from another virus,
can impair viral RNA translation and virus growth in particular cell-types, suggesting that cell-specific
IRES-binding proteins are involved in virus tropism and pathogenicity (La Monica & Racaniello, 1989,
Pilipenko et al., 2001, Shiroki et al., 1997, Svitkin et al., 1988, Yanagiya et al., 2003).

The human parvovirus B19 virus has been shown to possess a limited host range, with erythroid
progenitor cells being the main target cells supporting B19 replication. Synthesis of the NS1
nonstructural protein occurs in both permissive and nonpermissive cells, whereas synthesis of the
VP1 and VP2 capsid proteins seems to be restricted to erythroid cells. In nonpermissive cells, the NS1
protein is overexpressed and the NS1 RNAs are the predominant RNA species. However, the VP1
and VP2 proteins are not detectable, although the corresponding mRNAs are synthesized. Transient
transfection assays indicated that the 3' untranslated region (UTR) of mRNAs coding for the capsid
proteins repressed their own mRNA translation. The 3' UTR did not affect nuclear export or mRNA
stability and the mRNAs did not associate with ribosomes at all. These results indicate that in
nonpermissive cells, the 3' UTR of the capsid protein mRNAs repressed capsid protein synthesis at
the translational level by inhibiting ribosome loading (Pallier et al., 1997).

Other factors which are related to fysiological and metabolic processes may also determine tropism by
differentially affecting virus replication. For instance, an important difference between avian and
human influenza A viruses is the optimum temperature of their polymerase activity which is related to

the site of replication and body temperature (42°C in bird intestine vs 34°C in human lung).
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7. POTENTIAL RISKS ASSOCIATED WITH THE USE OF RECOMBINANT AND CHIMERIC
VIRUSES

Changes in cell or tissue tropism of recombinant or chimeric viruses may be intentional or
unintentional. For gene therapy and cancer gene therapy applications, changes in tropism are often
intentional because retargeting of viral vectors to specific cell-types or tissues is often desirable in
order to improve the efficacy of such vectors. For vaccination purposes, recombinant and chimeric
viruses are developed that express foreign viral surface proteins with the aim to establish an immune
response against these foreign proteins. If a foreign viral surface protein is incorporated into virion
particles, such recombinant and chimeric viruses may possess a new tropism that differs from that of
the vector virus. These changes in tropism are generally unintentional. As discussed above (section 6)
unintentional changes in tropism may also result from post-entry interactions.

In some cases, changes in tropism as a result of the incorporation of a heterologous surface protein
are not to be expected, for instance in the case of chimeric herpesviruses or poxviruses. Since
multiple envelope proteins are involved in the entry process of these viruses, replacement of one of
them - or the presence of an additional heterologous envelope protein - will probably not lead to a
change in tropism. In other cases, however, a change in tropism may be expected or even predicted,
for instance for chimeric parainfluenza viruses in which the HN and F proteins of one strain have been
exchanged by the HN and F proteins of another strain. Also for other viruses which make use of only
one or two entry proteins, exchange of these proteins (or the addition of an extra entry protein) is likely
to result in an alteration in tropism. Generally, the chance of inducing a change in tropism is high in
‘simple’ viruses with a small genome size and a single or a limited number of entry proteins (such as
most small RNA viruses), and low in ‘complex’ viruses with a large genome size and multiple entry
proteins (such as herpesviruses and poxviruses). However, this may also be dependent on the
phylogenetic relationship between the donor virus and vector virus. It has been observed, for instance,
that replacement of the gB envelope glycoprotein of a swine herpesvirus by the homologous gB
protein from a bovine herpesvirus resulted in an altered tropism (Gerdts et al., 2000).

In order to change the tropism of a recombinant or chimeric virus, the entry protein of the donor virus
has to be incorporated correctly in the chimeric virus particle and it has to be functional in the new
environment. Since different viruses may have different entry mechanisms and different intracellular
transport routes, not all entry proteins can be exchanged by another entry protein. This seems to be
particularly true for retroviruses (see section 4.3). Thus, both functional and physical requirements
determine whether the entry protein of the donor virus will be successful in changing the tropism of a
chimeric virus. Generally, the replacement or addition of entry proteins from closely related donor

viruses will probably be more successful than from distantly related donor viruses.

7.1. Increase in pathogenicity and virulence
Virus infection of host cells inevitably results in interference with normal cellular processes. To what
extent these interactions may or may not disrupt cellular processes is dependent on specific

characteristics of different viruses. Generally speaking, large disturbances in the cellular metabolism
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will lead to disease - especially when more cell-types or tissues are concerned - whereas minor
disturbances may go unnoticed. The major risk associated with the use of viruses in general, and with
recombinant or chimeric viruses in particular, is their ability to cause disease (pathogenicity). Disease
occurs when the host suffers from damage that interferes with homeostasis. In this respect, damage
includes cell, tissue and organ damage. Damage can be mediated by either the pathogen or the host
and is dependent on the immune status of the host. Damage in hosts that mount weak immune
responses is primarily caused by the pathogen, whereas damage in hosts that mount strong immune
responses is primarily caused by host-mediated inflammatory responses. Hence, disease is a complex
outcome which can arise because of pathogen-mediated damage, host-mediated damage, or both.
Whether or not a viral infection will result in disease is dependent on the pathogenicity and virulence of
the virus. Here we will use the definitions put forward by Casadevall and Pirofski, i.e., pathogenicity is
defined as the capacity of a virus to cause damage in a host, and virulence as the relative capacity of
a virus to cause damage in a host (Casadevall & Pirofski, 1999). There is considerable confusion
regarding what is meant by virulence. This confusion stems from the fact that virulence is often
considered to be a property of the virus. However, virulence is only expressed in susceptible hosts.
For example, virulent viruses are non-virulent in hosts with specific immunity. Also, viruses which are
extremely virulent for one host may be completely non-virulent for another. Thus, virulence is not a
separate characteristic of the virus but a complex and dynamic phenomenon that includes both host
and viral factors (Casadevall & Pirofski, 2001). Virulence depends on a variety of viral factors such as
tropism and replication capacity, on host factors such as age, sex, species, and immune status, and
on other factors such as dose, route of entry, etc. Clearly, virulence and pathogenicity are closely
linked and can hardly be separated when dealing with virus infections because differences in
pathogenicity are often directly correlated with differences in virulence.

Once it has been established that a recombinant or chimeric virus has acquired a new or extended
tropism (either intentionally or unintentionally), the question is whether this will lead to (an increase in)
pathogenicity. Pathogenicity of viruses is primarily determined by their virulence, which — amongst
others - is determined by their tropism. Changes in tropism may not only be the result of changes in
receptor binding, but also of changes in susceptibility to host defence mechanisms. Thus, when
dealing with recombinant viruses and chimeric viruses of which the tropism has been modified, a
potential increase in pathogenicity and virulence is a serious concern. Whether or not a recombinant
or chimeric virus with an altered tropism has an increased virulence and pathogenicity compared to
the parent (vector) virus, may be determined by several factors. These factors are summarized in
Table 4, and can be roughly divided into 4 categories, i.e., (1) properties of the vector virus, (2)
changes in tropism that relate to receptor interactions, (3) changes in tropism that relate to antiviral
responses, and (4) host factors. It should be emphasized that a change in tropism of a recombinant or
chimeric virus does not automatically lead to an increase in virulence or pathogenicity. In many cases
the reverse seems to be more likely, since changes in tropism of a virus may be accompanied by
changes in fithess. The concept of fithess is difficult to define but it relates to the ability of a virus to
replicate and spread in vivo. Fitness is determined by factors such as tropism, replication efficiency,

stability, susceptibility to the immune response, etc. Normally, a given virus has reached an optimal
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fitness in its natural host by a constant process of adaptation and co-evolution. However, when the
virus is introduced into a new host (or host cell line) its replication capacity is generally sub-optimal.
Thus, by changes in - or exchange of — (a) surface protein(s), the resulting recombinant or chimeric
virus may have a lower fitness, for instance because of an altered genome size, interference with
transcription and/or replication, or because individual proteins are not optimally adapted to each other
in the new and forced constellation. Indeed, a reduction in fitness is frequently observed in chimeric
viruses based on small viruses where the impact of gene addition or replacement is relatively high
(Flandorfer et al., 2003, Foley et al., 2000, Horimoto et al., 2003, Schmidt et al., 2000, Skiadopoulos et
al., 2002a, Tao et al., 2000). However, it has also been observed in larger viruses such as
coronaviruses (Haijema et al., 2003, Kuo et al., 2000).

The virulence of the vector virus, and whether or not the recombinant or chimeric virus is replication
competent, may be the most important factors that determine the risks associated with the use of such
viruses. For any application involving recombinant or chimeric viruses, the safest strategy would be to
use a virus that combines specific desirable properties with optimal safety. This has, for instance been
achieved with chimeric live vaccines based on the Yellow fever vaccine strain YF17D. By exchanging
the structural proteins of this strain with those of other flaviviruses, new vaccine candidates have been
developed that are highly safe (see section 5.4). Nevertheless, it has been shown that a YF17D
recombinant in which the prM and E genes were replaced by those of the mouse flavivirus Modoc
virus, resulted in neurovirulence in SCID mice (Charlier et al., 2004). Although this seems worrying at
first sight, it must be kept in mind that SCID mice lack a functional immune system and thus are
unable to mount an immune response against the invader. Indeed, such mice can be killed by many
conventional viruses. Other examples of highly safe chimeric viruses include poxvirus recombinants
which are used as vaccines to protect animals and humans from disease. Although such
recombinants show a complete lack of virulence, infection of a human being with the vaccinia-rabies
recombinant virus (which is generally considered to be very safe), has been reported. The woman,
who was pregnant and suffered from a chronic skin disease, was bitten by her dog which was
vaccinated with the vaccinia-rabies recombinant (Rupprecht et al., 2001). This incident does not
question the safety of the vaccine, it just illustrates that the condition of the host is also an important
contributing factor that determines pathogenesis of recombinant or chimeric viruses.

Despite our growing knowledge of the interactions between cells and viruses, our knowledge of the
cell- and tissue-distribution of viral receptors is often far from complete. It is not always clear, for
instance, whether a co-receptor is involved in the entry process or not. Often, the cell- or tissue-
distribution of a specific receptor or co-receptor is not exactly known. Furthermore, there may be other
receptors which may be used by the same entry protein but which have not yet been identified. The
situation is even worse when the receptor for the new entry protein is unknown. In this case, the
outcome of an infection with a recombinant or chimeric virus may be unpredictable. In a worst case
scenario, the new or expanded tropism of a recombinant virus would result in infection of cell-types or
tissues which are normally not infected by the vector virus due to the absence of the receptor. If these
cell-types or tissues fulfil an important or even an essential biological function - and replication of the

recombinant or chimeric virus in these cells destroys these functions - than this could result in severe
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pathogenesis. The acquisition of neurotropism by a virus that normally does not replicate in the brain
is an example of increase in virulence. This has for instance been observed for a chimeric swine
herpesvirus in which the gB envelope glycoprotein gene was replaced by the gB gene of a bovine
herpesvirus (Gerdts et al., 2000). This example shows that extra precautions should be taken when
entry proteins are being used that may change or extend the tropism of chimeric viruses to vulnerable
tissues or cell types such as neurons and cells of the immune system.

Changes in tropism are not necessarily determined by changes in entry proteins. As discussed above
(section 6), the ability of viruses to antagonize antiviral responses, either at the cellular or the
organismal level, may also be responsible for differences in tropism. Therefore, recombinant viruses
that are able to circumvent antiviral responses may be expected to be more virulent than their parent
strains. Indeed, the attenuated phenotype of many viruses after serial passage in cell culture is often
accompanied by a loss of the ability to antagonize antiviral responses of the host (Blanchard et al.,
1998). It is becoming more and more clear that, in order to be successful, virtually every virus uses
one or more viral proteins to interfere with the host immune response. Our knowledge about these
proteins and their mode of action has long been limited to large DNA viruses such as herpesviruses
and poxviruses. More recently, detailed studies have given us new insights in the mechanisms used
by many other viruses. It may be expected that many more exciting examples of interference

mechanisms will be uncovered in the near future.

7.2. Changes in host tropism

For any virus, recognition of the correct receptor is a prerequisite for successful infection of the host
cell. Thus, the interaction between viral entry proteins and cellular receptors is the primary determinant
of virus tropism. However, as discussed above (section 6) many viral and cellular factors determine
whether replication of different viruses in specific cell types will be successful or not. Nevertheless,
sometimes recognition of the receptor is the only factor that determines the tropism of a virus. This
has, for instance, been shown for poliovirus. Whereas the natural host range of poliovirus is restricted
to humans, expression of the poliovirus receptor in transgenic mice rendered these animals
susceptible to poliovirus infection and pathogenesis (Koike et al., 1991, Ren et al., 1990). This
indicates that also the acquisition of a new receptor binding specificity by changes in viral entry
proteins may result in an extended host range. Host range extension can be determined by very subtle
changes in viral entry proteins. It has been shown that even single amino acid changes in viral entry
proteins can result in host range extension. For instance, a change from a leucine to serine at position
155 in gp85 of an avian retrovirus extended the host range from avian to non-avian cell-types,
including human, dog, cat, mouse, rat and hamster (Rainey et al., 2003). A change in host tropism
was also obtained by exchanging the ectodomains of the spike glycoprotein (S) of the coronaviruses
MHV and FIPV (Haijema et al., 2003, Kuo et al., 2000).

The biological behaviour of recombinant and chimeric viruses in tissue culture cells may not always
reflect their behaviour in the intact organism. Many viruses such as, for instance, the swine
herpesvirus pseudorabies virus are able to replicate in human tissue culture cells but are unable to

cause disease in humans (Boldogkoi et al., 2002). Thus, although the above examples show that a

Recombinant and chimeric viruses 68



change in host specificity is possible at the cellular level, it remains questionable whether such viruses
will also be able to establish a productive infection and cause pathogenicity in the intact organism.
Most recombinant and chimaeric virus which are developed for fundamental studies of virus-host
interactions have not been tested in vivo. It would be interesting to study the biological behaviour of
chimeric viruses with an extended host range in their natural host and in their new host. Such studies
might give us valuable information about viral factors and host factors that determine the outcome of
an infection.

Apart from receptor interactions also other factors may determine host tropism. For instance, viral
genes involved in antagonizing the cellular antiviral interferon response, such as the those employed
by the negative-stranded RNA viruses. In order to study the function of the V protein of NDV, mutants
defective in the expression of the V protein, were generated. These mutants grew poorly in both
embryonated chicken eggs and chicken embryo fibroblasts (CEFs) compared to wild-type NDV.
However, replacement of the NDV V gene by the NS1 gene of influenza A virus restored growth to wt
levels in embryonated chicken eggs and CEFs. These data indicate that for viruses infecting avian
cells, the NDV V protein and the influenza NS1 protein are functionally interchangeable. Remarkably,
in human cells, the titre of wt NDV was 10 times lower than that of the NDV V-/NS1 recombinant,
whereas the level of interferon secreted by human cells infected with wt NDV was much higher than
that secreted by cells infected with the NS1-expressing NDV (Park et al., 2003a). These results
indicate that the interferon antagonist activity of the NDV V protein is species specific and that
substitution of the V protein by the NS1 protein of Influenza A virus allows for much more efficient
replication in human cells. A direct correlation between a mutation in the V protein that extended its
antagonistic activity and the ability to replicate in cells from another species was also shown for
another paramyxovirus, SV5 (Young et al., 2001). Anti-viral responses of the host operate at different
levels and, therefore, it is difficult to predict whether a non-human virus that acquires the ability to
infect human cells as a result of an interaction with the cellular interferon pathway, will also be
successful in establishing an infection in humans. Perhaps the emergence of influenza A virus
infections in humans is partly based on changes in the NS1 protein that allow it to antagonize the
cellular interferon system (Geiss et al., 2002).

Another important aspect that needs mentioning, is the ability of recombinant and chimeric viruses to
become successful at the population level. Crossing the species barrier is one thing, but in order to
maintain itself in the population, a virus must be able to reach a certain level of reproduction and
transmission (May et al., 2001). Successful jumps from one species to another happen only
occasionally in nature, indicating that it is generally an unlikely event. However, once it has occurred it
may have severe consequences as is the case, for instance, for HIV, influenza A virus, and SARS
coronavirus (Louz et al., 2005, Ludwig et al., 2003, Palese, 2004). It should be noted that there is no
evidence that genetically modified recombinant or chimeric viruses (or classically modified viruses
such as influenza virus reassortants) made the jump from the lab to the field by infection of personnel
or accidental escape from the contained environment. Many laboratories have made lots of genetically
modified viruses in the past but apparently these did not give rise to unpredicted and undesired

properties.
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Due to our limited knowledge of the relationship between tropism and pathogenicity of viruses,
research in this area should be stimulated and scientific developments in this area should be closely
monitored in order to be able to make a realistic judgement of the risks associated with the use of

recombinant or chimeric viruses.

7.3. Immunopathology

The main actors in the cellular arm of the immune system are CD4+ helper T-cells (Th) and CD8+
cytotoxic T-cells (CTL). Th cells can be classified on the basis of their cytokine production either as
Th1 cells that produce IL-2, IL-12 and IFN-y, or Th2 cells that produce predominantly IL-4, IL-5, IL-10,
and IL-13 (Seder & Paul, 1994). Furthermore, cytokines produced by one Th subset can block the
production or activity of cytokines produced by the other subset. Thus, the type of immune response -
and in particular the type of effector T cells that are induced after infection or vaccination - is not only
determined by the immunogen but also by the cytokine microenvironment that influences the
development of naive Th cells into Th1 or Th2 cells. This differential development can have profound
implications for disease susceptibility since efficient clearance of a viral infection may require a type 1
response for one virus, and a type 2 response for another. It has been shown that vaccinia virus
recombinants that express either the F or G protein of RSV, prime for different Th-responses in
BALB/c mice. Whereas expression of the F protein primed for CTL and a Th1 response, expression of
the G protein primed for a Th2 response (Alwan & Openshaw, 1993). This difference in the type of
immune response may be affected by the type of cytokines that are induced after vaccination. Indeed,
the use of recombinant vaccinia virus to study the in vivo effects of mouse cytokines has
demonstrated that the course of infection can be modified and biased toward either an antiviral effect
by Th1 cytokines, such as IL-2, IL-12 and IFN-y, or enhanced virus virulence by Th2 cytokines, such
as IL-4 and IL-10 (Aung et al., 1999, Ramshaw et al., 1997, Sharma et al., 1996, van Den Broek et al.,
2000). Also other studies, using different viral infection models, have shown that overexpression or
systemic administration of IL-4 impedes the development of virus-specific CTL activity, causing a
delay in viral clearance, although infected mice generally survive infection (Bembridge et al., 1998,
Fischer et al., 1997, Moran et al., 1996). Furthermore, IL-4 not only suppresses primary anti-viral cell-
mediated immune responses, but it may also inhibit memory responses, since infection of immunized
mice with a recombinant ectromelia virus that expressed IL-4 resulted in significant mortality (Jackson
et al., 2001). These examples indicate that coexpression of immunogenic proteins and specific
cytokines by a viral vector in order to modify the type of immune response against a viral infection,
may not always result in the desired outcome. It also shows that it is extremely important to have a
detailed knowledge of the different types of immune regulatory functions and effector functions that

control viral diseases.
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7.4. Conclusions

Although the main factors that may contribute to potential changes in tropism are systematically
identified and summarized in this report, it is still difficult to draw general conclusions with respect to
actual risks associated with the use of recombinant or chimeric viruses. This is mainly due to the great
variety in possible combinations of vector viruses and donor genes/proteins, and our limited
knowledge of the involvement of the many different factors that may influence tropism. Therefore, the
question whether or not a recombinant or chimeric virus with an extended tropism will have an
increased pathogenicity compared to the vector virus cannot easily be answered in general. Also, it is
not always feasible to determine this experimentally, e.g., for human applications. However, by trying
to answer a number of specific questions (‘checklist’), in case-by-case situations it may be possible to
come up with an expert judgement which may form the basis for rational precautionary safety

measures. These questions include, but may not be limited to the following:

Properties of the vector virus

— Is the vector virus replication competent?

— Is the vector virus associated with disease in humans or animals?

— Is the vector virus attenuated?

— If so, is the attenuating modification or the attenuation mechanism know?

— Is the attenuation mechanism preserved in the recombinant or chimeric virus?

Properties of the donor gene(s) and/or protein(s)

— Can the gene(s) or protein(s) of the donor virus interfere with the attenuation mechanism
of the vector virus?

— Is (are) the donor protein(s) of the recombinant or chimeric virus an addition or a
replacement?

— Is (are) the donor protein(s) incorporated in recombinant or chimeric virion particles?

— Is (are) the donor protein(s) functional in the recombinant or chimeric virion particles?

Entry mechanism of vector virus and donor virus

— Is the entry mechanism of the vector virus and the donor virus similar or distinct?

— What is the function in the entry process of the entry protein(s) of the vector virus?

— Do(es) the donor protein(s) fulfil a function in the entry process?

— Has (any one of) the donor protein(s) the same function as the entry protein(s) of the

vector virus?

Phylogenetic relationship between vector virus and donor virus
— Do the donor and vector virus belong to the same species?
— Do the donor and vector virus belong to the same genus?

— Do the donor and vector virus belong to the same subfamily, family or order?
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Host specificity and receptor usage of vector virus

— What is (are) the natural host(s) of the vector virus?

— What is the host range of the vector virus?

— What is the receptor for the vector virus?

— What is the tissue distribution of the receptor for the vector virus in the target species?
— Does the vector virus make use of a co-receptor?

— What is the tissue distribution of the co-receptor (if any) for the vector virus in the target

species?

Host specificity and receptor usage of donor virus

— What is (are) the natural host(s) of the donor virus?

— What is the host range of the donor virus?

— What is the receptor for the donor virus?

— What is the tissue distribution of the receptor for the donor virus in the target animal?

— Does the donor virus make use of a co-receptor?

— What is the tissue distribution of the co-receptor (if any) for the donor virus in the target

animal?

Post-entry interactions

— Is the tropism of the vector virus exclusively determined by receptor interactions or also by
post-entry interactions?

— Is (are) the donor protein(s) involved in post-entry interactions that could extend the

tropism of the recombinant or chimeric virus?

Possible changes in fitness

— Is there any evidence for a reduction or increase in fitness of the recombinant or chimeric
virus as a result of the insertion of the donor gene(s) or protein(s)?

— Is there any reason to believe that insertion of the donor gene(s) or protein(s) will result in

a reduction or increase in fithess of the recombinant or chimeric virus?

Antiviral responses

— Is (any one of) the donor protein(s) known to be involved in counteracting anti-viral
responses of the target cells?

— Is (any one of) the donor protein(s) known to be involved in counteracting anti-viral

responses of the host?

Whereas it may be possible to answer several - or even most - of the above questions, some will
probably be difficult to answer. Nevertheless, by using this or an even more detailed checklist, it
should be possible to identify the main factors that determine the risks associated with a given vector-

donor combination. This will allow the identification of the weakest link(s) in the containment regimen
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for a given application, and it will allow the application of specific safety measures in order to limit
potential risks as much as possible. In view of our past experience, it seems that recombinant and
chimeric viruses can generally be handled safely using the hitherto prescribed containment facilities.
Nevertheless, one should be aware of the fact that new combinations may behave differently from

what may be expected. Therefore, appropriate safety measures should always be observed.
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Table 4. Risk factors associated with changes in tropism of recombinant

and chimeric viruses

Properties of vector

1.

2.

The virus is replication competent

Pathogenicity and virulence of the vector virus

Changes in tropism relating to receptor interactions

1.

2.

The virus has acquired an extended cell- and tissue-tropism
The virus has acquired a new cell- and tissue-tropism
The virus has acquired a new host range

The virus has acquired specific tropism for vulnerable target cells (e.g., immune cells,
neurons)

The virus has an unknown tropism due to an unknown receptor specificity

The virus has an unknown tropism due to an unknown receptor distribution

Changes in tropism relating to antiviral responses

1.

2.

The virus has acquired superior interferon antagonistic activity

The virus has lost sensitivity to the antiviral host response

The virus has acquired interferon antagonistic activity that is specific for another species
The virus has acquired factors that allow it to interfere with the general immune response

The virus expresses a cytokine that subverts the antiviral immune response

Host factors

1.

2.

The host is naive to new class of viruses

The host is immunocompromized
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OPDRACHT
In opdracht van de COGEM is in het kader van het onderzoeksprogramma 2004 een deskstudie
verricht getiteld: “Gastheerbereik chimaere virussen” (Bijlage 1). Doel van het onderzoek was het in
kaart brengen van de laatste wetenschappelijke ontwikkelingen op het gebied van recombinant
virussen, chimaere virussen en virale vectoren, en van mogelijke risico’s ten gevolge van een mogelijk
veranderend gastheerbereik van dergelijke virussen en vectoren. Tevens werd een inventarisatie
uitgevoerd van de stand van zaken op het gebied van factoren die kunnen leiden tot veranderingen in
het gastheerbereik van virussen.
De studie werd uitgevoerd door Dr. Ben Peeters, senior wetenschappelijk medewerker van de Animal
Sciences Group van Wageningen Universiteit en Research Centrum.
De begeleidingscommissie had de volgende samenstelling:
Voorzitter: Prof. Dr. R.C. Hoeben, Leids Universitair Medisch Centrum
Leden: Dr. D. van Zaane, Wageningen Universiteit en Research Centrum
Dr. C. van Maanen, Gezondheidsdienst voor Dieren
Drs. D. Louz, Bureau GGO
Ing. P. van Beurden-Snoek, secretariaat COGEM
De begeleidingscommissie is in totaal drie keer bij elkaar gekomen; bij de start van het project, tijdens
het project, en op het eind van het project.
Als externe deskundigen werden geraadpleegd:
Prof. Dr. Peter Rottier (Faculteit Diergeneeskunde, Universiteit van Utrecht)
Prof. Dr. Albert Osterhaus (Afdeling Virologie, Erasmus Universiteit Rotterdam)
Dr. Ron Fouchier (Afdeling Virologie, Erasmus Universiteit Rotterdam)
Het studierapport is - in overleg met de begeleidingscommissie - opgesteld in het Engels. Het rapport
is daardoor toegankelijk voor buitenlanders en kan tevens gebruikt worden door buitenlandse
zusterinstanties. Tevens kan het rapport eventueel als artikel worden gepubliceerd in een

wetenschappelijk tijdschrift.

VERANTWOORDING

Dit rapport is samengesteld aan de hand van literatuurgegevens uit wetenschappelijke tijdschriften die
toegankelijk zijn voor wetenschappelijke instellingen en individuele wetenschappers. Er is géén
gebruik gemaakt van interne rapporten van bedrijven of instellingen die niet publiekelijk toegankelijk
zijn. De inhoud van dit rapport is bedoeld als wetenschappelijke achtergrond informatie ten behoeve
van de onderbouwing van wetenschappelijke adviezen van de COGEM. Dit rapport is niet bedoeld als
opiniestuk. Interpretatie van de gegevens door de auteur is puur op persoonlijke titel vanuit een
wetenschappelijke achtergrond en representeert niet de mening van de COGEM, noch die van de

Animal Sciences Group.
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LEESWIJZER

Dit rapport bestaat uit zeven hoofdstukken. Na een korte introductie over de genetische modificatie
van virussen (hoofdstuk 1) en de definitie van recombinant en chimaere virussen (hoofdstuk 2), volgt
in hoofdstuk 3 een korte beschrijving van de verschillende toepassingen van recombinant en chimaere
virussen. Vervolgens wordt in hoofdstuk 4 een gedetailleerde beschrijving gegeven van recente
ontwikkelingen op het gebied van de sturing van het tropisme van virussen en virale vectoren. In
hoofdstuk 5 worden chimaere virussen beschreven die een heteroloog viraal oppervlakte eiwit tot
expressie brengen dat wordt geincorporeerd in chimaere virusdeeltjes, waardoor mogelijk
veranderingen in tropisme optreden. Hoofdstuk 6 geeft een overzicht van onze huidige kennis van de
virale en gastheer factoren die het tropisme van virussen bepalen. Tenslotte wordt in hoofdstuk 7
ingegaan op de eventuele risico’s ten gevolge van een veranderd tropisme van recombinant en

chimaere virussen.
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MANAGEMENT SAMENVATTING

Door middel van moleculair biologische technieken is het mogelijk om het erfelijke materiaal van
(micro-)organismen gericht te veranderen (‘genetische modificatie’). Dit heeft onder andere geleid tot
de productie van genetisch gemodificeerde virussen. Tevens is het met deze technieken mogelijk om
nieuwe virussen te maken die bestaan uit een combinatie van het erfelijke materiaal van twee
verschillende virussen. Dergelijke recombinant virussen worden ook wel aangeduid met de term
chimaere virussen. Recombinant virussen en chimaere virussen worden gebruikt voor tal van

onderzoeksdoeleinden en voor toepassingen zoals experimentele gentherapie en vaccinontwikkeling.

Virusdeeltjes kunnen lichaamscellen herkennen en binnendringen door interacties met een receptor
op het celoppervlak. Of het virus vervolgens in staat is om zich in deze cellen te vermeerderen, is
afhankelijk van verschillende factoren die zowel door het virus als door de cel bepaald worden. Samen
met de receptor bepalen deze factoren de cel-, weefsel-, en gastheerspecificiteit (gezamenlijk
aangeduid met de term ‘tropisme’) van een virus. Veranderingen in tropisme kunnen spontaan
optreden door natuurlijke veranderingen (mutaties) in het erfelijke materiaal. Soms leidt dit tot
uitbreiding van het gastheerbereik, zoals bijvoorbeeld het geval is geweest bij virussen zoals HIV,

influenza en het SARS geassocieerde coronavirus.

Tropisme veranderingen kunnen ook het gevolg zijn van gerichte genetische modificatie. Eén van de
toepassingen waarbij vaak een gerichte verandering van het tropisme van virussen wordt beoogd is
gentherapie. Hierbij worden virussen zodanig genetisch veranderd dat ze het vermogen krijgen om
therapeutisch interessante cellen of weefsels te infecteren die normaalgesproken niet door het
oudervirus worden geinfecteerd. In andere gevallen, b.v. bij vaccin ontwikkeling, is verandering van
het tropisme onbedoeld het gevolg van de inbouw van een oppervlakte eiwit van het ene virus in de

virusmantel van een ander virus.

Gezien het infectieuze karakter van virussen en het feit dat ze ziekteverwekkend kunnen zijn, is de
toepassing van virussen waarvan het tropisme — opzettelijk dan wel onopzettelijk - veranderd is, niet
geheel zonder risico’s. Om een beter inzicht te krijgen in de eventuele risico’s ten gevolge van
tropisme veranderingen van recombinant en chimaere virussen, heeft de COGEM een studierapport
laten opstellen waarin een overzicht wordt gegeven van de wetenschappelijke stand van zaken
betreffende de ontwikkeling en toepassing van dergelijke virussen. Tevens bevat het rapport een
inventarisatie van de virale en gastheer factoren die het tropisme van een virus bepalen. De resultaten
van dit rapport kunnen worden gebruikt als achtergrond informatie en als leidraad voor de COGEM ter
beoordeling van mogelijke risico’s die gepaard gaan met de ontwikkeling en toepassing van

recombinant en chimaere virussen.

De belangrijkste risicofactoren die werden geidentificeerd kunnen worden ondergebracht in 4

categorieén, te weten (1) de eigenschappen van het dragervirus, (2) veranderingen in tropisme met
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betrekking tot receptor interacties, (3) veranderingen in tropisme met betrekking tot antivirale afweer
reacties van de gastheer, en (4) de gezondheidsstatus van de gastheer. Ofschoon niet altijd
voorspelbaar is of een verandering in tropisme leidt tot een toename in het ziekteverwekkend
vermogen van een virus, kan op basis van criteria die in dit rapport naar voren komen in veel gevallen
een redelijke inschatting worden gemaakt van de kans op een dergelijke gebeurtenis en de daarmee

gepaard gaande risico’s.

Vanwege onze beperkte kennis van de relatie tussen tropisme en ziekteverwekkend vermogen van
virussen, verdient het aanbeveling om onderzoek op dit gebied te stimuleren en wetenschappelijke
ontwikkelingen op dit gebied nauwkeurig in de gaten te houden teneinde een reéle inschatting te
kunnen maken van eventuele risico’s die werkzaamheden met recombinant en chimaere virussen met

zich meebrengen.
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NEDERLANDSE SAMENVATTING

Recombinant en chimaere virussen:

evaluatie van risico’s ten gevolge van veranderingen in tropisme

Inleiding

Genetische modificatie kan worden gebruikt voor het maken van recombinant virussen of chimaere
virussen die bestaan uit een combinatie van de genetische informatie (het ‘genoom’) van twee
verschillende virussen. Door deze nieuwe combinatie kunnen de biologische eigenschappen van
dergelijke virussen afwijken van die van de oorspronkelijke oudervirussen. Doordat onze kennis van
de subtiele interacties tussen virussen en hun gastheer relatief beperkt is, is het niet altijd mogelijk om
de biologische eigenschappen van dergelijke nieuwe virussen exact te voorspellen. Daarom zijn
toepassingen van dergelijke virussen niet geheel vrij van risico’s, met name wanneer het
toepassingen in dieren of mensen betreft. In dit rapport wordt een overzicht gegeven van recente
ontwikkelingen op het gebied van de ontwikkeling en toepassing van recombinant en chimaere
virussen, met de nadruk op die virussen waarvan het cel-, weefsel- of gastheertropisme opzettelijk

dan wel onopzettelijk is veranderd.

1. Genetische modificatie van virussen

Ontwikkelingen in de recombinant DNA technologie hebben geleid tot technieken die het mogelijk
maken om het genetisch materiaal van organismen gericht te veranderen. Vanwege hun relatief kleine
genoom zijn virussen in het verleden veelvuldig gebruikt als modelsysteem om allerlei moleculair
biologische processen te bestuderen. Dit heeft onder andere geleid tot de productie van recombinant
virussen en chimaere virussen. Omdat recombinant DNA technieken met name geschikt zijn voor de
modificatie van DNA, werden aanvankelijk voornamelijk virussen gebruikt waarvan het genoom
bestaat uit DNA. Later werden ook RNA virussen gebruikt dankzij technieken die het mogelijk
maakten om RNA te vertalen in DNA en dit vervolgens (na eventuele genetische modificatie) weer
terug te vertalen in RNA. Deze laatste technologie wordt ook wel aangeduid met de term ‘reverse
genetics’. Momenteel is genetische modificatie in principe mogelijk van vrijwel elk virus, ongeacht of

het genetisch materiaal bestaat uit DNA of RNA.

2. Recombinant en chimaere virussen

De term ‘recombinant virus’ wordt over het algemeen gebruikt om aan te geven dat het genoom van
een virus veranderd is, ofwel door herschikking, verwijdering, toevoeging, of vervanging van genetisch
materiaal. Een voorbeeld van een recombinant virus is een virus dat een stukje genetische informatie
(een ‘gen’) bevat afkomstig van een ander organisme en dat bijvoorbeeld codeert voor een
therapeutisch eiwit. De term ‘chimaer virus’ wordt gebruikt om aan te geven dat het een recombinant
virus betreft waarvan het genoom bestaat uit een combinatie van het genoom van twee verschillende

virussen. Een voorbeeld van een chimaer virus is een virus waarvan het gen dat codeert voor een
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oppervlakte eiwit is vervangen door een soortgelijk gen van een ander virus. In dit rapport zal de term
chimaer virus worden gebruikt voor een recombinant virus dat tenminste één functioneel gen bevat
van een ander virus. Dit nieuwe gen kan ofwel zijn toegevoegd aan het genoom van het dragervirus of
het kan een vervanging zijn. Voor influenza A virus zullen we de gebruikelijke term ‘reassortant’
gebruiken indien het de uitwisseling van genoom segmenten betreft tussen verschillende influenza A
stammen. Indien er genoom segmenten van een ander type influenza (B of C) betrokken zijn zullen

we de term chimaer gebruiken.

3. Toepassingen van recombinant en chimaere virussen

De toepassingen van recombinant en chimaere virussen kunnen grofweg worden ingedeeld in 5
categorieén. De eerste toepassing betreft fundamentele studies naar virus-gastheer interacties.
Hierbij valt te denken aan onderzoek naar interacties tussen virale oppervlakte eiwitten en cel
receptoren, naar processen zoals endocytose en transport van virale componenten in de cel en naar
de kern, en onderzoek naar nieuwe antivirale geneesmiddelen.

De tweede toepassing is gentherapie. Virussen zijn een uitstekend transportmiddel om therapeutische
genen in een cel binnen te brengen. De meest gebruikte gentherapie vectoren zijn afgeleid van
adenovirussen, adeno-associated virus (AAV), herpesvirussen, pokkenvirussen of retrovirussen (incl.
lentivirussen). Gentherapie vectoren bestaan uit “kreupele” virussen die éénmalig in staat zijn om
cellen te infecteren maar vervolgens niet meer in staat zijn om nakomelingen te produceren. Vaak
bezitten gentherapie vectoren niet het gewenste tropisme voor bepaalde cel typen. Om hun
toepassing specifieker en effectiever te maken wordt daarom vaak getracht het tropisme gericht te
veranderen.

De derde toepassing betreft kankertherapie. Hiervoor worden verschillende soorten virussen gebruikt
die, ofwel van nature, ofwel na genetische modificatie, in staat zijn tot efficiénte replicatie in met name
kankercellen maar niet of nauwelijks in normale cellen. Deze virussen worden ook wel aangeduid met
de term ‘oncolytische virussen’ en hun toepassing in kankerbestrijding met ‘virotherapie’. Het betreft
virussen die conditioneel replicatie-competent zijn en die in principe in staat zijn om nakomelingen te
produceren. Om ervoor te zorgen dat deze virussen desondanks veilig kunnen worden gebruikt, wordt
geprobeerd om hun tropisme gericht te veranderen en te beperken tot kankercellen.

De vierde toepassing betreft vaccinatie. Ofschoon er voor een aantal virale ziekten uitstekende
vaccins bestaan (b.v. pokken, polio) is dat voor lang niet alle virale infectieziekten het geval. Daarom
wordt getracht om veilige en goed gekarakteriseerde virale vaccinstammen als drager te gebruiken
voor de expressie van immunogene eiwitten van andere virussen. Vaak zijn oppervlakte eiwitten die
betrokken zijn bij herkenning van de gastheercel de meest immunogene eiwitten van een virus. Door
deze eiwitten te incorporeren in een ander virus is het in principe mogelijk dat zo’'n chimaer virus
veranderde biologische eigenschappen krijgt doordat het bijvoorbeeld een uitgebreider tropisme heeft.
De laatste toepassing betreft het gebruik van recombinant virussen om het immuunsysteem te
beinvloeden. Bepaalde eiwitten zoals cytokines en chemokines kunnen het afweersysteem
veranderen of stimuleren en zo als adjuvans functioneren waardoor de immuunrespons na vaccinatie

sterk wordt verbeterd. Door genen die coderen voor dergelijke cytokines in te bouwen in virale vaccins
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zou een effectievere vaccinatie bereikt kunnen worden. Door de vele verschillende effecten, zowel
positieve als negatieve, van cytokines op het immuunsysteem is het echter niet altijd mogelijk om de

effecten van tevoren te voorspellen.

4. Recente ontwikkelingen op het gebied van de sturing van het tropisme van virussen
Verschillende methoden zijn - en worden - gebruikt om het tropisme van virussen of virale vectoren
gericht te veranderen. Eén van de methoden maakt gebruik van het tijdelijk incorporeren van een
heteroloog oppervlakte eiwit in een virusdeeltje door dit eiwit tot expressie te brengen in dezelfde cel
waarin dat virus zich vermenigvuldigt. Dit proces wordt ‘pseudotypering’ genoemd. Het betreft hier dus
géén genetische modificatie van het virus. In het verleden werden cellen bijvoorbeeld met twee
verschillende virussen geinfecteerd waardoor het ene virus oppervlakte eiwitten van het ander virus in
kan bouwen. Dit proces staat ook wel bekend onder de naam ‘phenotypische menging’. Tegenwoordig
wordt het in te bouwen eiwit meestal individueel via een andere methode tot expressie gebracht. Een
ander methode maakt gebruik van zogenaamde bi-specifieke conjugaten. Dit zijn moleculen (meestal
eiwitten) die bestaan uit twee componenten, nl. één die bindt aan het virusdeeltje, en een ander die
bindt aan het celopperviak. Op deze wijze worden virusdeeltjes min of meer gedwongen om contact te
maken met de gewenste cellen.

De volgende stap in het veranderen van de oppervlakte eiwitten van virussen en virale vectoren is het
gebruik van genetische modificatie van het virale genoom zelf om het gen dat codeert voor een
oppervlakte eiwit te veranderen. Deze veranderingen kunnen bestaan uit het compleet vervangen van
een gen door een ander gen, of uit het gedeeltelijke vervanging van bijvoorbeeld alleen de component
die verantwoordelijk is voor de binding aan de receptor. In de meeste gevallen werkt dit alleen als de
twee eiwitten vrij sterk op elkaar lijken. Vaak betreft het dan ook uitwisseling van tropisme-bepalende
eiwitten of gedeelten van dergelijke eiwitten van virussen van dezelfde of een nauw verwante soort.
Voorbeelden zijn het gebruik van capside eiwitten van verschillende subtypen van het adenovirus. Het
adenovirus dat het meest gebruikt wordt voor gentherapie is het humane adenovirus type 2 (Ad2) en 5
(Ad5). Door het capside gen te vervangen door dat van bijvoorbeeld Ad35 kan het tropisme worden
veranderd. Echter, omdat de diversiteit van de receptoren die door de capside eiwitten herkend
worden beperkt is, is dit niet altijd de meest geschikte manier om het tropisme van een virus te
veranderen. Bovendien is er niet altijd een ander adenovirus subtype beschikbaar met de gewenste
weefsel specificiteit. De receptor voor adenovirus, CAR (coxsackie en adenovirus receptor), komt niet
op alle cellen voor die therapeutisch interessant zijn. Daarom is getracht om de affiniteit van
adenovirus voor intergrine, een eiwit dat vaak wél voorkomt op dergelijke cellen, te verhogen door
gebruik te maken van een specifiek tripeptide bestaande uit de aminozuren arginine-glycine-
aspartaatzuur (RGD) dat sterk bindt aan integrine. Dit RGD tripeptide is een voorbeeld van een
bindingspartner (ligand) die op verschillende plaatsen kan worden ingebouwd in het adenovirus
capside. Op deze wijze zijn ook andere liganden gebruikt zoals bijvoorbeeld poly-lysine dat bindt aan
heparaan-sulfaat op het celopperviak. De nieuwste ontwikkelingen maken gebruik van de inbouw van
liganden die geselecteerd zijn uit een synthetische peptidenbank met behulp van bepaalde bindings-

en selectie-technieken. Op deze wijze kunnen zeer specifieke interacties worden bewerkstelligd. Door
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gebruik te maken van dergelijke technieken zijn bijvoorbeeld AAV vectoren verkregen waarvan de
infectiviteit 100x was verhoogd in cellen met de geschikte receptor terwijl binding aan de normale AAV
receptor compleet was geblokkeerd. De meeste liganden die worden ingebouwd in capside eiwitten
zijn lineair en mogen niet groter zijn dan maximaal 10-30 aminozuren omdat ze anders de structuur
van het capside eiwit teveel verstoren waardoor de infectiviteit compleet verloren gaat. Vaak is het
echter wenselijk om een groter stuk eiwit te incorporeren zoals bijvoorbeeld een conformationeel
domein van een eiwit of een antilichaam domein in de vorm van een scFv (single-chain variable
fragment).

De inbouw van grotere conformationele liganden is over het algemeen een probleem voor niet-
geénvelopeerde (‘naakte’) virussen zoals adenovirus en AAV, maar minder voor geénvelopeerde
virussen zoals retrovirussen, herpesvirussen en enkelstrengs RNA virussen zoals paramyxovirussen
en rhabdovirussen. Dat wil echter niet zeggen dat deze aanpak altijd succesvol is. Met name voor
retrovirussen blijkt dat het wel mogelijk is om het tropisme van de virusdeeltjes te veranderen door de
incorporatie van dergelijke liganden, maar vervolgens blijken dergelijke virusdeeltjes niet of nauwelijks
in staat om de cel binnen te dringen. Kennelijk zijn de gemodificeerde envelop eiwitten niet meer in
staat om een conformationele verandering te ondergaan die nodig is om het proces van
membraanfusie te initiéren. Door gebruik te maken van specifieke proteolytische knipplaatsen tussen
het virale envelop eiwit en de ligand is het soms tdch mogelijk om infectie te bewerkstelligen. In dit
geval wordt het fusie eiwit na binding aan de cel gesplitst door celopperviak-gebonden proteasen
waardoor het virale envelop eiwit vrij komt en nu alsnog in staat is om fusie te induceren. Deze vorm
van targeting wordt ook wel aangeduid met ‘protease-targeting’.

De meeste geénvelopeerde virussen maken gebruik van één envelop eiwit dat verantwoordelijk is
voor zowel binding aan de receptor en de inductie van membraanfusie. De paramyxovirussen maken
echter gebruik van twee verschillende eiwitten, één voor receptorbinding en een ander voor fusie. Een
voorbeeld is het mazelenvirus dat gebruik maakt van een hemagglutinine (H) eiwit voor binding en
een fusie (F) eiwit voor membraanfusie. Dit betekent dat het H eiwit kan worden gebruikt om de
bindings-specificiteit te veranderen terwijl de functie van het F eiwit niet wordt aangetast. Recombinant
mazelenvirus waarin het H eiwit was gefuseerd met het epidermale groeifactor eiwit (EGF) of het
insuline groeifactor eiwit (IGF1) bleken levensvatbaar en waren in staat om cellen te infecteren die de
EGF-receptor of de IGF1-receptor tot expressie brachten maar niet de normale mazelenvirus receptor,
CD46. Specifieke infectie van kankercellen die het carcino-embryonic antigen (CEA) tot expressie
brengen kon worden aangetoond met een mazelenvirus recombinant waarin het H eiwit was
gefuseerd met een scFv dat specifiek was voor CEA. Tevens konden in het H-scFv fusie eiwit
mutaties worden aangebracht in het H eiwit gedeelte waardoor de binding met de normale receptor
verloren ging.

Een generieke methode om specifiek cellen te infecteren met een recombinant virus berust op het
incorporeren van een eiwitsequentie met een zeer hoge affiniteit voor de Fc-staart van antilichamen
(b.v. proteine A van Staphylococcus aureus). Door virusdeeltjes die dit eiwit in hun capside of envelop

hebben geincorporeerd te incuberen met een monoclonaal antilichamen tegen een specifiek
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celoppervlakte eiwit, kunnen de virusdeeltjes specifiek binden aan dergelijke cellen en ze vervolgens

infecteren.

5. Chimaere virussen met heterologe oppervlakte eiwitten

Met uitzondering van de hierboven beschreven gentherapie vectoren zoals adenovirus en AAV, zijn
chimaere virussen waarbij een heteroloog eiwit op het oppervlak van het virusdeeltje aanwezig is,
vrijwel uitsluitend gebaseerd op geénvelopeerde virussen. In de meeste gevallen betreft het chimaere
virussen die bedoeld zijn voor vaccin toepassingen. De achterliggende gedachte hierbij is dat
expressie en blootstelling aan het immuunsysteem van een heteroloog viraal eiwit door middel van
een geschikt dragervirus (vector) resulteert in een immuunrespons tegen zowel het dragervirus als
tegen het heterologe virus waarvan het geéxpresseerde eiwit afkomstig is. Eén van de bekendste
voorbeelden is een vaccin gebaseerd op een pokkenvirus (vaccinia) dat het envelop glycoproteine (G)
van het rabiesvirus tot expressie brengt. Dit vaccin is met succes in de natuur toegepast in lokaas om
vossen te vaccineren tegen rabies (hondsdolheid) om op die manier de verspreiding van rabies te
voorkomen. Verschillende verzwakte pokkenvirussen zijn sindsdien gebruikt als vector om vaccins te
ontwikkelen tegen een veelvoud aan veterinaire ziekten. In vrijwel alle gevallen werd hierbij gebruik
gemaakt van de expressie van immunogene oppervlakte eiwitten van verschillende virussen. Voor
zover bekend zijn hierbij nooit problemen met de pathogeniteit van dergelijke recombinant virussen
beschreven. Pokkenvirussen worden ook gebruikt als vector voor humane toepassingen. Het betreft
sterk verzwakte humane stammen zoals MVA en NYVAC of aviaire stammen zoals TROVAC en
ALVAC. Geen van deze pokkenvirussen is in staat om een productieve infectie te veroorzaken in
zoogdiercellen en zijn daardoor zeer veilig.

Ook herpesvirussen worden gebruikt als vector voor vaccinatie doeleinden. Het betreft met name
veterinaire toepassingen, bijvoorbeeld een herpesvirus van kippen dat wordt gebruik om te vaccineren
tegen andere kippenvirussen zoals pseudovogelpest, of een herpesvirus van varkens dat kan worden
gebruikt om te vaccineren tegen varkenspest. Een onverwachte verandering werd waargenomen
nadat een envelop eiwit van een varkens herpesvirus werd vervangen door het overeenkomstige eiwit
van een runder herpesvirus. Het chimaere virus bleek in varkens neurovirulenter te zijn dan het
uitgangsvirus.

De klasse van de enkelstrengs negatief-strengs RNA virussen (SS(-)RNA) bevat een groot aantal
virussen die ernstige ziekten kunnen veroorzaken bij zowel mensen als dieren. Voorbeelden zijn
influenza virus, mazelen virus, Ebola virus, rinderpestvirus en rabies virus. Deze virussen bevatten
ofwel één oppervlakte eiwit (G), ofwel twee oppervlakte eiwitten (afhankelijk van de subfamilie: H/HN
+F, G + F, of HA + NA). Verschillende vaccinstammen van deze SS(-)RNA virussen zijn gebruikt om
oppervlakte eiwitten van andere SS(-)RNA virussen toe te voegen of uit te wisselen. Een aantal van
deze chimaere virussen beschikt over interessante vaccin eigenschappen, met name humane
parainfluenza virus vaccins en respiratoir syncytium virus (RSV) vaccins. Dergelijke chimaere virussen
vertoonden in sommige gevallen wel enige verandering in tropisme maar deze veranderingen bleken
vaak beperkt te zijn omdat ook andere eiwitten, zoals replicatie eiwitten, betrokken waren bij het

bepalen van het tropisme.
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Bepaalde flavivirussen veroorzaken ernstige humane ziekten zoals gele koorts, Dengue koorts,
Japanse encephalitis, Tick-borne encephalitis en West-Nijl koorts. Tegen gele koorts is een goed
gekarakteriseerd en veilig levend verzwakt vaccin ontwikkeld, gebaseerd op de YFD stam. Deze YFD
vaccinstam wordt momenteel gebruik voor het ontwikkelen van chimaere vaccins waarbij de genen die
coderen voor de oppervlakte eiwitten prM en E worden vervangen door die van andere flavivirussen.
Momenteel worden chimaere vaccins tegen een aantal van deze bovenstaande ziekten getest in
preklinische en humane studies. De eerste resultaten zijn bemoedigend. Onlangs werd een chimaer
flavivirus beschreven bestaande uit de YFD vaccinstam waarin de prM en E genen waren vervangen
door die van een muizen flavivirus. Dit recombinant virus bleek neurovirulent in immuun-deficiénte
SCID muizen, hetgeen suggereert dat het neurotropisme van het muizenvirus wordt bepaald door het
prM en/of E eiwit.

Uitwisseling van het envelop glycoproteine (S ‘spike’ eiwit) tussen verschillende coronavirussen
toonde aan dat neurovirulentie en het tropism voor maag-darm stelsel of het ademhalingsstelsel
bepaald werd door het S eiwit. Reciproke uitwisseling van het S eiwit tussen een muizen coronavirus
en een katten coronavirus leverde chimaere virussen op waarvan het gastheer tropisme in
weefselkweek cellen was veranderd van muis naar en kat en vice versa. Deze chimaere virusen zijn

tot nu toe nog niet gebruikt voor dierexperimenten in muizen of katten.

6. Virale factoren en gastheer factoren die tropisme bepalen

Om zich succesvol te kunnen vermenigvuldigen en verspreiden in een gastheer moet een virus een
groot aantal obstakels overwinnen. Deze obstakels kunnen op twee niveaus liggen, nl. op cellulair
niveau en op het niveau van het organisme. De voornaamste factoren die van invloed kunnen zijn op
het tropisme van een virus zijn hieronder samengevat.

Gebruik van receptor en co-receptor. Herkenning en binding van een virus aan het celoppervliak

berust op de interactie van een viraal oppervlakte eiwit met het celopperviak. De aanwezigheid van de
correcte receptor op de cel is dus een eerste vereiste voor succesvolle infectie. Er kunnen drie
soorten cellulaire receptoren voor virussen worden onderscheiden, nl. (1) generieke receptoren met
een relatief lage affiniteit (bv. siaalzuur or heparaansulfaat), (2) specifieke receptoren met een hoge
affiniteit, en (3) co-receptoren. Specifieke receptoren en co-receptoren bestaan meestal uit
oppervlakte eiwitten die betrokken zijn bij cel-cel herkenning en binding van extracellulaire factoren
zoals hormonen, groeifactoren etc. In sommige gevallen binden virussen aan de primaire receptor
maar zijn ze vervolgens afhankelijk van een co-receptor om daadwerkelijk in de cel binnen te dringen.
Een voorbeeld is HIV-1 dat bindt aan de primaire receptor CD4 en vervolgens gebruik maakt van de
co-receptoren CCR5 of CXCR4.

Penetratie en transport. Na de binding aan de cel moet het virusdeeltje de cel penetreren en

vervolgens naar de juiste locatie worden getransporteerd. Penetratie en transport vindt meestal plaats
door middel van membraan insnoeringen via endocytose. Door een pH verlaging in het endosoom
wordt een conformatie-verandering geinduceerd in een viraal oppervlakte eiwit dat vervolgens fusie
induceert met het endosoom membraan waardoor het virusdeeltje in het cytoplasma terecht komt.

Andere virussen, zoals herpesvirussen en paramyxovirussen, maken geen gebruik van endocytose
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maar fuseren direct met het plasmamembraan aan het opperviak van de cel en komen zo direct in het
cytoplasma terecht.

Opname in de kern. De meeste DNA virussen en sommige RNA virussen repliceren in de kern. Om de

kern te bereiken moet het virusdeeltje de kernporién passeren. Mogelijk kunnen kleine virussen de
kernporie rechtstreeks passeren terwijl voor grotere virussen, zoals adenovirussen en herpesvirussen,
actief transport nodig is. Dit proces is nog niet goed opgehelderd maar het is duidelijk dat opname in
de kern mede mogelijk wordt gemaakt door cellulaire import eiwitten die een interactie aangaan met
virale componenten. Vreemd genoeg zijn lentivirussen wel in staat om de kern te bereiken terwijl
andere retrovirussen dat niet kunnen. De meeste retrovirussen repliceren alleen in delende cellen

waarbij de kernmembraan tijdens de celdeling verdwijnt.

Interferentie met de cellulaire interferon respons. Cellen reageren op virus infecties door het activeren
van anti-virale responsen. Deze anti-virale responsen worden veroorzaakt door interferon. Interferon-a
(IFNa) en interferon-p (IFNB) behoren tot de Type | interferonen. IFNa wordt geproduceerd door
leukocyten, terwijl IFNB voornamelijk wordt geproduceerd door fibroblasten. Interferon productie
resulteert in het aanschakelen van allerlei genen, hetgeen vervolgens leidt tot de productie van allerlei
eiwitten die virus vermenigvuldiging tegen gaan. Virussen, op hun beurt, maken gebruik van virale
factoren die interfereren met de werking van interferon en andere anti-virale eiwitten. Deze virale
factoren zijn in de meeste gevallen soortspecifiek, d.w.z. ze werken alleen in cellen van de natuurlijke
gastheer en niet in die van een andere gastheer. Dit betekent meestal dat infectie van een andere
gastheer leidt tot een abortieve infectie omdat het virus niet in staat is om de interferon respons van
de gastheer te ontregelen. De anti-virale interferon respons is dus een belangrijk factor die het
tropisme van een virus kan bepalen.

Interferentie met de algemene immuunrespons. Om te overleven in de aanwezigheid van een actief

immuunsysteem beschikken virussen over middelen om zich ofwel te onttrekken aan de zichtbaarheid
voor het immuunsysteem, ofwel om actief te interfereren met het immuunsysteem van de gastheer.
Virussen kunnen zich tijdelijk ‘verbergen’ door de expressie van virale genproducten op een laag pitje
te zetten of helemaal uit te schakelen, bijvoorbeeld tijdens persistentie en latentie. Ook kunnen ze
weefsels infecteren waar het immuunsysteem minder actief is, bijvoorbeeld in zenuwweefsel. Ze
kunnen juist cellen van het immuunsysteem infecteren, bijvoorbeeld B- en T-cellen, om op die manier
hun werking te remmen. Virussen beschikken ook over middelen om hun aanwezigheid in
geinfecteerde cellen te maskeren. Daartoe verhinderen ze de presentatie van peptiden door MHC-I
moleculen op het opperviak van de cel. Op die manier worden de geinfecteerde cellen niet herkend
door surveillerende lymphocyten. Remming van de antigeen presentatie kan, afhankelijk van het type
virus, op een aantal manieren plaats vinden zoals (1) remmen van de afbraak van virale eiwitten door
het proteasoom, (2) remmen van het transport van de peptiden naar het endoplasmatisch reticulum
(ER), (3) remmen van het beladen van het MHC-I molecuul, (4) het induceren van afbraak van het
MHC-I molecuul, (5) remmen van het transport van het MHC-I molecuul naar het Golgi-apparaat, (6)
wijziging van de transport route van het MHC-I molecuul van het trans-Golgi netwerk naar lysosomen,
en (7) verhinderen van transport van MHC-I moleculen van het trans-Golgi netwerk naar de

celmembraan. Met name grote DNA virussen zoals herpesvirussen en pokkenvirussen maken vaak
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gebruik van meerdere mechanismen tegelijk om het immuunsysteem te ontregelen. Pokkenvirussen
bevatten bijvoorbeeld meerdere genen die coderen voor eiwitten die homoloog zijn aan cellulaire
cytokines en hun receptoren. Deze eiwitten, virokines en viroceptors genaamd, zorgen ervoor dat de
immuunrespons van de gastheer zodanig verandert dat de virussen er geen last van hebben of zelfs
voordeel bij hebben.

Een ander klasse van virale eiwitten interfereert met het proces van apoptose (geprogrammeerde
celdood). In sommige gevallen is er sprake van remming van apoptose om het virus voldoende tijd te
geven om zich te vermenigvuldigen. In andere gevallen gaat het om de inductie van apoptose omdat
dit leidt tot onderdrukking van ontstekingsreacties en tegelijkertijd de verspreiding van het virus kan
bevorderen doordat omliggende cellen de apoptotische cellen opnemen.

Restrictiefactoren van de gastheer. Ofschoon het immuunsysteem primair verantwoordelijk is voor de

bescherming tegen virus infecties, wordt het steeds duidelijker dat ook cellulaire factoren een actieve
rol spelen bij het verhinderen van de replicatie van bepaalde virussen. Deze cellulaire factoren
kenmerken zich door een dominante overerving en ze zijn werkzaam in een stadium na het
binnendringen van het virusdeeltje in de cel. De bekendste en best bestudeerde restrictiefactoren zijn
die welke interfereren met de replicatie van retrovirussen. Ofschoon de exacte werking van de meeste
van deze factoren niet exact bekend is lijkt het erop dat ze de replicatie van retrovirussen remmen
doordat ze interfereren met het proces van replicatie (reverse transcriptie), transport en import in de
kern. Een van de bekendste restrictiefactoren die niet werkzaam is tegen retrovirussen maar tegen
een breed scala aan negatief-strengs RNA virussen, is het Mx eiwit. Het prototype Mx eiwit, Mx1,
werd voor het eerst geidentificeerd in een muizen cellijn die resistent was tegen infectie met influenza
A virus. Het Mx1 eiwit hoopt zich op in de kern en verhindert replicatie van influenza virus doordat het
bindt aan het virale polymerase eiwit PB2 en het nucleoproteine NP. In humane cellen hoopt het eiwit
(MxA) zich op in het cytoplasma en verhindert daar de replicatie van verschillende klassen van
virussen. Waarschijnlijk berust de werking op remming van het transport van virale componenten van
en naar de kern.

Virale genen die het gastheerbereik bepalen. Studies aan mutanten van pokkenvirussen hebben

genen aan het licht gebracht die betrokken zijn bij het bepalen van het gastheerbereik van deze
virussen. Van de meeste van deze genen is het werkingsmechanisme nog niet opgehelderd. Slechts
van enkelen is het werkingsmechanisme min of meer bekend, zoals bijvoorbeeld het E3L gen van
vaccinia virus. Dit gen codeert voor een eiwit dat bindt aan dsRNA waardoor het interfereert met de
werking van proteine kinase R (PKR) dat betrokken is bij de interferon respons en bij de inductie van
apoptose. Een ander vaccinia virus product is K1L, dit eiwit is in bepaalde cellen nodig voor het
activeren van een transcriptiefactor. Een derde voorbeeld is M11L van myxoma virus, dit eiwit
voorkomt apoptose door remming van het vrijkomen van cytochroom C uit mitochondrién. Het
gastheerbereik van een bepaalde stam van influenza A virus wordt bepaald door één enkele
aminozuur mutatie op positie 627 in het PB2 gen. Het aminozuur op deze positie bepaalt of het virus
wel of niet kan groeien in MDCK cellen. Onlangs werd aangetoond dat dezelfde mutatie in een ander

influenza virus betrokken was bij virulentie voor muizen.
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Gastheer proteasen. Een groot aantal cellulaire en virale eiwitten zijn voor hun werkzaamheid

afhankelijk van activatie door middel van een proteolytische splitsing. Dit geldt met name voor een
aantal virale oppervlakte eiwitten die betrokken zijn bij het proces van membraanfusie en penetratie.
De meeste fusie-eiwitten van virussen worden geactiveerd door middel van proteolytische splitsing
waarna de fusie activiteit wordt geinduceerd door een lage pH (in het endosoom) of door eiwit-eiwit
interacties met een fusiepartner. De cellulaire proteasen die verantwoordelijk zijn voor het activeren
van fusie eiwitten behoren tot de familie van de ‘subtilisin-like proprotein convertases’ (SPCs). De best
bestudeerde vertegenwoordiger is furine (SPC1). Furine wordt door de meeste cellen geéxpresseerd
en komt voor in het trans-Golgi netwerk, in het ER, en op de celmembraan. Furine splitst na een
aantal basische aminozuren met het minimale motief R-X-R/K-R dat vaak voorkomt in virale fusie
eiwitten. De activatie van fusie eiwitten kan een belangrijke factor zijn bij het bepalen van het
weefseltropisme van bepaalde virussen. Een goed voorbeeld is Newcastle disease virus (NDV). Van
dit virus zijn verschillende varianten bekend met een sterk uiteenlopende virulentie. De virulentie is
afhankelijk van de aminozuur sequentie van de splitsingsplaats van het fusie (F) eiwit van het virus.
De splitsingsplaats van het F eiwit van virulente stammen wordt herkend door een furine-achtig
protease dat voorkomt in vrijwel alle cellen, terwijl de splitsingsplaats van het F eiwit van niet-virulente
stammen wordt herkend door extra-cellulaire trypsine-achtige proteasen die alleen voorkomen in
bepaalde cellen in het ademhalingsstelsel en het maagdarm stelsel. Infectie met een virulent virus
resulteert dus in replicatie en verspreiding door het hele lichaam terwijl infectie met een niet-virulent
virus beperkt blijft tot een locale infectie. Hetzelfde principe geldt ook voor het tropisme van Sendai
virus in muizen en voor influenza A virus in kippen.

De eiwitten van virussen zoals picornavirussen of flavivirussen ontstaan door proteolytische splitsing
van één precursor, het poly-proteine, hetgeen uiteindelijk resulteert in individuele virale eiwitten. Voor
andere virussen wordt tenminste een deel van de virale eiwitten op deze wijze geproduceerd (b.v. de
polymerase eiwitten van coronavirussen of arterivirussen). Aangezien de proteolytische splitsing
zowel door virale als door gastheer gecodeerde eiwitten plaatsvindt, zou men verwachten dat er ook
op dit niveau sprake zou kunnen zijn van gastheer restrictie en verschillen in tropisme. Voorbeelden
van dergelijke restricties zijn in de literatuur echter niet of nauwelijks te vinden, hetgeen suggereert dat
dit type restrictie geen belangrijke rol speelt of over het hoofd is gezien. Een van de weinige
uitzonderingen is een publicatie over een lentivirus van geiten waarbij een specifieke proteolytische
splitsing van het envelop eiwit in een bepaalde cellijn verantwoordelijk was voor het feit dat het virus
zich in die cellijn niet kon vermenigvuldigen.

Transcriptiefactoren. Virussen zijn voor hun vermenigvuldiging in hoge mate afhankelijk van de

gastheer. Terwijl RNA virussen voornamelijk afhankelijk zijn van translatie processen, zijn DNA
virussen en retrovirussen tevens afhankelijk van transcriptie processen aangezien deze virussen niet
in staat zijn om hun eigen MRNAs te maken. Aangezien transcriptie van cellulaire genen sterk
afhankelijk is van het cel-type en het ontwikkelingsstadium van de cel, is het voor de hand liggend dat
ook de transcriptie — en daarmee de replicatie - van virussen sterk afhankelijk is van het cel-type. Dit
blijkt voor een groot aantal DNA virussen en retrovirussen inderdaad het geval te zijn. Doordat

bepaalde virussen helemaal aangepast zijn aan optimale replicatie in bepaalde cel-typen zijn ze vaak
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niet meer in staat om in andere weefsels te repliceren. Voorbeelden van virussen die op deze wijze
sterk gespecialiseerd zijn, zijn Hepatitis B virus dat een sterk tropisme heeft voor levercellen en
humaan papillomavirus dat een sterk tropisme heeft voor epitheel cellen.

Andere factoren. Niet alleen transcriptie factoren maar ook translatie factoren kunnen een rol spelen
bij het bepalen van het tropisme van een virus. Picornavirussen maken gebruik van een complexe
RNA structuur aan het 5’-uiteinde van hun RNA genoom, de zgn. IRES (internal ribosome binding
site), voor cap-onafhankelijke translatie. Mutaties of substituties in de IRES sequentie van bepaalde
picornavirussen kunnen leiden tot virussen die zich niet meer kunnen vermenigvuldigen in bepaalde
cellijnen. Dit suggereert dat bepaalde cel-type specifieke IRES-bindende eiwitten een rol spelen bij het

bepalen van het tropisme van deze virussen.

7. Evaluatie van risico’s ten gevolge van veranderingen in tropisme

Het voornaamste risico ten gevolge van het gebruik van virussen in het algemeen, en van
recombinant virussen en chimaere virussen in het bijzonder, is hun vermogen om ziekte te
veroorzaken. Het vermogen van een virus om ziekte (schade aan cellen, weefsels en organen) te
veroorzaken wordt aangeduid met pathogeniteit. Dit vermogen is afhankelijk van een aantal factoren
zoals, inoculatieroute, dosis, en virulentie van het virus. Virulentie is gedefinieerd als het relatieve
vermogen om ziekte te veroorzaken. Virulentie van een virus wordt onder andere bepaald door het
tropisme van een virus. Virulentie is dus een belangrijke risicofactor als we te maken hebben met
virussen waarvan het tropisme is veranderd tengevolge van opzettelijke dan wel onopzettelijke
veranderingen. Of het gebruik van dergelijke virussen ook inderdaad zal leiden tot een verandering in
virulentie en daardoor in pathogeniteit, is niet altijd met zekerheid te voorspellen. Dit hangt af van een
aantal factoren. Deze factoren zijn weergegeven in Tabel 1 en kunnen grofweg in 4 categorieén
worden verdeeld, nl. (1) eigenschappen van de vector, (2) tropisme veranderingen met betrekking tot
receptor interacties, (3) tropisme veranderingen met betrekking tot anti-virale responsen, en (4)
gastheerfactoren.

Niet elke verandering in tropisme leidt automatisch tot een toename in virulentie en pathogeniteit. In
veel gevallen is het tegenovergestelde het geval doordat de genetische veranderingen juist leiden tot
een afname in fitness’. Fitness heeft betrekking op het vermogen van een virus om zich te
vermenigvuldigen en te verspreiden in een levend wezen en wordt onder andere bepaald door
factoren zoals tropisme, efficiéntie van virusreplicatie, stabiliteit, gevoeligheid voor afweerreacties van
de gastheer, etc. Normaal gesproken heeft een virus in zijn natuurlijke gastheer een optimale fitness
als gevolg van constante aanpassing aan de gastheer. Echter, wanneer het virus in een andere
gastheer of gastheercel komt is het over het algemeen niet optimaal toegerust voor replicatie in deze
nieuwe omgeving. Veranderingen in de genetische samenstelling van een virus en veranderingen in
het tropisme van een virus leiden dan ook vaak tot een verminderde fitness. Dit is met name het geval
voor chimaere virussen die zijn gebaseerd op kleine virussen zoals SS(-)RNA virussen, maar ook wel
voor grotere virussen zoals coronavirussen.

De vraag of een verandering in tropisme resulteert in een toename van de pathogeniteit en/of

virulentie kan over het algemeen niet gemakkelijk worden beantwoord. Echter, door een lijst vragen te
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beantwoorden in de vorm van een checklist kan in individuele gevallen vaak een gedetailleerder beeld
worden verkregen van de voornaamste risicofactoren waardoor een redelijk betrouwbare inschatting
van de risico’s mogelijk is. Terwijl een aantal van risicofactoren meestal bekend zijn of redelijk goed
kunnen worden ingeschat, zijn andere factoren minder goed gedefinieerd. Met name de aanwezigheid
van de virale receptor op verschillende cellen en in verschillende weefsels is niet altijd goed bekend.
Mogelijk kunnen er ook andere receptoren worden gebruikt die nog niet bekend waren. Soms is de
receptor-specificiteit van een heteroloog oppervlakte eiwit helemaal niet bekend. In dergelijke gevallen
is niet te voorspellen of toepassing van een chimaer virus zal leiden tot pathogenese.

Veranderingen in het tropisme van virussen zijn niet altijd het gevolg van veranderingen in opperviakte
eiwitten. Zoals reeds vermeld kunnen ook veranderingen in factoren die de antivirale interferon
respons van de gastheer beinvioeden, resulteren in een veranderd cel tropisme. Dit suggereert dat
dergelijke virussen ook virulenter zouden kunnen zijn dan de oudervirussen. Een aanwijzing hiervoor
is de waarneming dat verzwakte virus stammen die zijn verkregen na veelvuldige passage in
weefselkweek cellen, meestal genen hebben verloren die betrokken zijn bij de remming van de afweer
respons van de gastheer.

Soms kan het verkrijgen van een nieuwe gastheerspecificiteit worden veroorzaakt door de aan- of
afwezigheid van een specifieke receptor. Dit is bijvoorbeeld aangetoond voor poliovirus. Poliovirus
infecteert normaal gesproken alleen mensen en géén muizen. Echter expressie van de poliovirus
receptor in transgene muizen maakt deze muizen gevoelig voor poliovirus infectie en pathogenese.
Het is echter de vraag of dit een algemeen principe is. Ofschoon van verschillende chimaere virussen
is aangetoond dat de gastheerspecificiteit in weefselkweekcellen veranderd is, zijn er nauwelijks
gegevens over testen met dergelijke virussen op het niveau van het organisme. Vaak is het zo dat
waarnemingen betreffende veranderingen in tropisme in weefselkweekcellen niet altijd kunnen worden
doorgetrokken tot op het niveau van het organisme.

Waarschijnlijk zijn factoren zoals de oorspronkelijke virulentie van het vectorvirus, en het feit of dit
virus wél of niet replicatie competent is, de voornaamste factoren die bepalen of een recombinant of
chimaer virus virulent is en ziekte kan veroorzaken. Daarnaast spelen ook gastheerfactoren een grote
rol. Individuen met een verzwakt afweersysteem zullen vatbaarder zijn dan normale individuen. Dit is
echter niet specifiek voor recombinant virussen maar geldt voor alle virussen. Een ander aspect dat
van belang is, is of het recombinant virus in staat is om zich te handhaven in de populatie.
Waarschijnlijk komt het in de natuur relatief vaak voor dat een virus een nieuwe gastheer infecteert,
maar succesvolle handhaving in de nieuwe gastheer komt waarschijnlijk slechts sporadisch voor.
Echter, als het voorkomt kan dat vérstrekkende gevolgen hebben zoals bijvoorbeeld is gebleken bij
HIV, influenza en SARS.

Een andere categorie recombinant virussen betreft virussen die een cytokine tot expressie brengen,
met de bedoeling om daarmee de immuunrespons positief te beinvioeden. Door middel van cytokines
kan de immuunrespons min of meer gestuurd worden in de richting van een type 1 respons, die ook
wel wordt gekarakteriseerd als een CTL response, of een type 2 response die grofweg kan worden
gekarakteriseerd als een antilichaam response. Tegen sommige virus infecties is een type 1 respons

het meest effectief terwijl tegen andere virussen een type 2 respons juist effectiever is. Vaccinia virus
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recombinanten die een type 2 cytokine, zoals IL-4, tot expressie brachten bleken veel virulenter te zijn
voor muizen dan vaccinia virus recombinanten die géén IL-4 produceerden. Doordat IL-4 de CTL
respons remt, en de CTL respons juist belangrijk is om vaccinia virus infecties te bestrijden en op te
ruimen, waren recombinanten die IL-4 produceerden juist veel virulenter geworden. Dit voorbeeld
geeft aan dat co-expressie van cytokines door middel van virale vectoren niet altijd het gewenste
resultaat oplevert. Het geeft ook aan dat we in veel gevallen nog te weinig kennis hebben van de
verschillende typen regulatie functies en effector functies van het immuun systeem die betrokken zijn
bij het bestrijden van virale infecties.

Vanwege onze beperkte kennis van de relatie tussen tropisme en ziekteverwekkend vermogen van
virussen, verdient het aanbeveling om onderzoek op dit gebied te stimuleren en wetenschappelijke
ontwikkelingen op dit gebied nauwkeurig in de gaten te houden teneinde een reéle inschatting te
kunnen maken van eventuele risico’s die werkzaamheden met recombinant en chimaere virussen met

zich meebrengen.
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Tabel 1. Risicofactoren ten gevolge van veranderingen in tropisme van

recombinant en chimaere virussen

Eigenschappen van de vector

1. Het virus is replicatie competent

2. De pathogeniteit en virulentie van het vector virus

Veranderingen in tropisme met betrekking tot receptor interacties

Het virus heeft een uitgebreid cel- en weefseltropisme verkregen
Het virus heeft een nieuw cel- en weefseltropisme verkregen

Het virus heeft een nieuwe gastheer specificiteit verkregen

Db~

Het virus heeft een specifiek tropisme voor kwetsbare cellen (b.v. cellen van het

immuunsysteem, neuronen)

o

Het virus heeft een onbekend tropisme tengevolge van een onbekende receptor specificiteit
Het virus heeft een onbekend tropisme omdat niet bekend is op welke cellen de receptor

voorkomt

Veranderingen in tropisme met betrekking tot anti-virale responsen
1. Het virus is beter in staat om de interferon respons te remmen
Het virus is ongevoelig geworden voor antivirale gastheer responsen
Het virus heeft het vermogen om de interferon respons van een andere species te remmen

het virus heeft het vermogen om te interfereren met de algemene immuun respons

ok o N

Het virus produceert een cytokine dat aanleiding geeft tot een verkeerd type antivirale immuun

respons waardoor de pathogeniteit van het virus wordt verhoogd

Gastheerfactoren
1. De gastheer is naief voor de virusklasse waartoe het recombinant of chimaere virus behoort

2. De gastheer heeft een sterk verzwakt immuunsysteem
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Bijlage 1. Beschrijving van het project volgens het COGEM onderzoeksprogramma 2004-2005

Titel: Gastheerbereik chimeare virussen

Onderwerp: Het inventariseren van mogelijk nieuwe ontwikkelingen op het gebied van genetisch
gemodificeerde virussen en virale vectoren met een mogelijk veranderde ‘host range’ (tropie). Het
gebruik van genetisch gemodificeerde of chimeare virussen en virale vectoren neemt steeds verder
toe. Dit wordt onder meer in de hand gewerkt door de grotere beschikbaarheid van infectieuze klonen
van tal van virussen. Bij het tot nu toe beperkte aantal voor vergunning aangevraagde
werkzaamheden is geconcludeerd dat de ingebrachte sequenties vermoedelijk niet zouden resulteren
in een veranderd gastheerbereik of verhoogde pathogeniteit van het recombinant virus. Echter met de
toename in het gebruik van virussystemen en het breder beschikbaar komen van gegevens over het
gebruik van recombinant virussen lijkt een inventarisatie van deze problematiek gewenst. Een
overzicht van de internationale ontwikkelingen en de mogelijke consequenties op het gebied van
bioveiligheid die hieruit getrokken kunnen worden is gewenst.

Doel: Het in kaart brengen van mogelijke risico’s van recombinant virussen in samenhang met een
mogelijk veranderend gastheerbereik.

Resultaat: Rapport met een inventarisatie van de laatste ontwikkelingen op het gebied van
recombinante virussen en virale vectoren. Tevens een inventarisatie van de laatste kennis op het
gebied van factoren die kunnen leiden tot veranderingen in het gastheerbereik.

Onderzoek: deskstudie
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