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Abstract

In 2003 and 2013, the World Health Organization convened informal consultations on
characterization and quality aspects of vaccines based on live virus vectors. In the resulting
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reports, one of several issues raised for future study was the potential for recombination of virus-
vectored vaccines with wild type pathogenic virus strains. This paper presents an assessment of
this issue formulated by the Brighton Collaboration.

To provide an appropriate context for understanding the potential for recombination of virus-
vectored vaccines, we review briefly the current status of virus vectored vaccines, mechanisms of
recombination between viruses, experience with recombination involving live attenuated vaccines
in the field, and concerns raised previously in the literature regarding recombination of virus-
vectored vaccines with wild type virus strains. We then present a discussion of the major variables
that could influence recombination between a virus-vectored vaccine and circulating wild type
virus and the consequences of such recombination, including intrinsic recombination properties of
the parent virus used as a vector; sequence relatedness of vector and wild virus; virus host range,
pathogenesis and transmission; replication competency of vector in target host; mechanism of
vector attenuation; additional factors potentially affecting virulence; and circulation of multiple
recombinant vectors in the same target population. Finally, we present some guiding principles for
vector design and testing intended to anticipate and mitigate the potential for and consequences of
recombination of virus-vectored vaccines with wild type pathogenic virus strains.

Preface

The Brighton Collaboration is a global, non-profit, scientifically independent, largely
volunteer research network created for the purpose of providing reliable, high quality
international information and guidelines relevant to vaccine safety. One of many working
groups within the Brighton Collaboration is the Viral Vector Vaccines Safety Working Group
(V3SWG) that was formed to explore safety issues relevant to virus-vectored vaccines [1].

In 2003, the World Health Organization (WHO) convened an informal consultation on
characterization and quality aspects of vaccines based on live virus vectors [2]. One section
of the 2003 report reviewed “regulatory issues for live viral-vectored vaccines”, including
input from regulators representing the European Union, the USA (specifically the Center for
Biologics Evaluation and Research (CBER), a unit within the Food and Drug administration
(FDA)), China, and Health Canada. Among the issues raised by the Center for Biologics
Evaluation and Research, U.S. Food and Drug Administration (CBER/FDA) was:

Recombination of a live virus-vectored vaccine with a circulating or reactivated
latent virus could theoretically generate a more pathogenic strain. This would be
less of an issue for vectors that share little homology with circulating/latent viruses.
The risk of recombination should be studied if possible in a non-clinical model
system, but should also be considered in clinical study designs.

Recombination was not explored further in the 2003 consultation, but was listed in among
the “Recommendations to WHO and priorities for future work” as one of several “issues of
critical importance to be investigated further”, specifically, “Potential of recombination with
wild type pathogenic strains: Vector — circulation virus could create a more pathogenic
strain; this issue should be addressed in vitro or in animal studies”.
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In 2013, WHO convened an additional informal consultation which reinforced concerns
regarding recombination within the vaccine recipient [3]. Specifically, the report from this
consultation states that “guidelines for characterization of the viral vector based vaccines
have been harmonized and require the following” [among others]:

Demonstration of stability of insert/transgene by PCR, expression, passage /1 vitro
and/or /n vivo, as well as stability of the attenuated phenotype, i.e., investigate the
potential for reversion, recombination or replication in the vaccine recipient

The U.S. Food and Drug Administration and the European Medicines Agency have
published general guidance for use of recombinant virus-vectored vaccines [4;5]. The
following report specifically explores the issue of potential recombination between virus-
vectored vaccines and wild type pathogenic strains of virus. Our intent is not to conduct an
exhaustive review of literature, but rather to provide some salient examples to guide
consideration of issues relevant to the topic.

Background

Virus-vectored vaccines

Virus-vectored vaccines are laboratory-generated, chimeric viruses that are based upon
replicating (“live”) or non-replicating virus vectors into which have been spliced genes
expressing antigenic proteins for a target pathogen. A live virus-vectored vaccine is
biologically active and produces virus progeny in the vaccinated host but may be attenuated
for pathogenicity either because of mutations in the vector, because of the chimeric nature of
the vaccine itself, because the vector is used in a heterologous host, or due to a combination
of these factors. A non-replicating virus-vectored vaccine is so severely attenuated that is
cannot undergo a complete replication cycle in infected cells. Administration of the chimeric
virus-vectored vaccine results in expression of antigen(s) of the target pathogen and
induction of an adaptive and possibly protective immune response. At the time of this
writing, only two virus-vectored vaccines have been approved for human use, specifically
Imojev® [6] and Dengvaxia® [7-9]. Imojev® is marketed in Australia and Thailand for
immunization against Japanese encephalitis virus infection. Dengvaxia® is approved in
Mexico, the Philippines and Brazil for immunization against dengue fever. Both vaccines are
based on the live yellow fever vaccine virus vector generically known as ChimeriVax [10].

In Imojev® and Dengvaxia®, the genes for the yellow fever virus virion structural proteins
M and E have been replaced with the homologous genes from Japanese encephalitis virus or
dengue virus respectively. Because Japanese encephalitis virus, dengue virus and yellow
fever virus are all flaviviruses, these particular chimeras represent relatively subtle
exchanges of antigens among closely related viruses. Numerous other virus-vectored
vaccines using a wide range of vectors and targeting a variety of different pathogens are at
various stages of research and development. Although currently the number of virus-
vectored vaccines available for human use is small, a variety of viral-vectored vaccines are
available commercially for use in veterinary practice [11], demonstrating the promise and
likely future use of viral-vectored vaccines in humans.
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Virus recombination

Recombination describes a process by which nucleic acid sequences from two different
parental viruses are exchanged so that the progeny contain sequences derived from both
parents. Both RNA and DNA viruses may undergo recombination when two related genomic
variants of a virus co-infect a cell. In viral systems there are three different mechanisms of
recombination, dictated by the structures of the viral genomes. For DNA viruses,
recombination occurs by the physical breakage and rejoining of parental DNA molecules
through regions of sequence homology, in a fashion similar or identical to the same process
in bacteria or higher organisms. For RNA viruses containing segmented genomes, gene
exchange occurs primarily through reassortment of individual parental genome segments
into progeny viruses, however /ntra, genic recombination has also been reported for the
segmented orthomyxoviruses, reoviruses and bunyaviruses [12-16]. Recombination has
been observed in several single-stranded RNA (ssRNA) virus families representing both
positive and negative sense genomes both in the laboratory and in the wild; picornaviruses,
coronaviruses, togaviruses and retroviruses, all with positive sense SSRNA genomes, display
relatively efficient recombination [17-31]. The frequency of recombination among negative
sense RNA viruses (excluding reassortment of segmented genomes) seems to be relatively
low [31]. Recombination in RNA viruses, including retroviruses, is thought to occur during
replication via "copy choice", namely switching RNA templates during replication with the
result that the newly synthesized genome contains sequences from two different parental
molecules [32;33].

While recombination clearly requires coinfection of a cell with two different viruses, the
circumstances leading to such a coinfection in vivo are not clearly understood. Coinfection
could theoretically result from infection with a heterogeneous population of viruses, by
simultaneous or overlapping serial infections with different viruses, or by infection of an
individual harboring a persistent, latent or reactivated infection with a different virus.
Nevertheless, recombination among viruses in the human population clearly occurs as
exemplified by a recent study describing interclade recombinants of varicella zoster virus
[34].

Vaccine viruses in the wild

Although experience with virus-vectored vaccines in humans is limited, perspective on the
issue of recombination between virus-vectored vaccines and wild type viruses can be
informed by experience with traditional live, attenuated human virus vaccines and virus-
vectored veterinary vaccines. Vaccine viruses may establish a long-term reservoir in the
wild, and recombination between attenuated vaccine strains and circulating wild type viruses
or even between two different live attenuated vaccine strains has been documented.
Specifically, evidence exists that vaccinia virus used as vaccine during the smallpox
eradication campaign in Brazil has established a durable reservoir in the wild and is the
cause of numerous cowpox-like infections in cattle and humans [35]. Likewise, the bovine
herpesvirus vaccine may establish a latent reservoir in vaccinated animals which, through
reactivation, may spread to other animals [36]. Numerous examples document probable
recombination between live attenuated vaccine viruses and wild viruses. Phylogenetic
analysis revealed recombination between wild, circulating strains of Newcastle disease virus
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(NDV), an avian paramyxovirus, and attenuated NDV vaccine strains [37]. Attenuated
viruses contained in the oral poliovirus vaccine frequently recombine with related
indigenous human enterovirus strains to produce circulating vaccine-derived polioviruses
(cVDPV), which can cause paralytic disease [38]. A reassortant Rift Valley Fever virus
strain containing both wild type virus-derived and vaccine virus-derived genomic segments
was isolated from a patient who received a needle stick injury while vaccinating sheep [39].
Analysis of two independently isolated disease strains of the pestivirus bovine viral diarrhea
virus (BVDV) demonstrated that these strains arose via both homologous and non-
homologous recombination between a persistent BVDV strain and a vaccine strain, resulting
in evolution of strains with enhanced pathogenicity relative to the parental strains [40].
Analysis of a strain of the poxvirus myxoma, originally isolated from a wild rabbit, suggests
that it resulted from a recombination between a wild myxoma strain and a vaccine strain
[41]. Genome analysis of a disease strain of porcine reproductive and respiratory syndrome
virus (PRRSV), an arterivirus, demonstrated that it is a recombinant between an attenuated
PRRSV vaccine strain and a field strain [42]. Additionally, recombination between
independently derived attenuated avian herpesvirus vaccine strains can give rise to
circulating pathogenic recombinant viruses [43]. Lastly and most extraordinarily, evidence
exists that the retroviral disease reticuloendotheliosis was introduced into avian populations
via contamination during development of fowlpox (a poxvirus) and Marek’s disease (a
herpesvirus) vaccines, and now circulates in the wild as an integrated provirus in some
fowlpoxvirus genomes [44]. All of these examples attest to the potential for genetic
interaction between vaccine viruses and viruses in the wild. By contrast, it is noteworthy that
more than 100 million doses of poxvirus-vectored recombinant rabies virus vaccine has been
distributed in the wild in the United States, Eurasia and Western Europe resulting in
reproducible reduction or elimination of wild rabies where applied and with no reports of
recombination with wild type virus strains, attesting to the utility of recombinant vectored
vaccines [45]. Furthermore, a wide variety of viral-vectored recombinant vaccines have been
routinely used in veterinary practice for well over a decade with no recorded evidence of
problems resulting from recombination with wild viruses [11]. Thus, while the occurrence of
a recombination event is likely to be rare, the unanticipated consequences of such an event
must be considered by developers and regulators alike.

Recombination between virus vaccine vectors and wild type virus strains

Although as described above, recombination has occurred between traditional live attenuated
vaccine viruses and wild type viruses, to date there are no examples of recombination
between virus vectored vaccine strains and wild type virus strains outside of the laboratory.
However, on at least two separate occasions the possibility of recombination between viral
vaccine vectors and wild type virus strains has been debated in the literature. One debate
related to the development of ChimeriVax based vaccines [46—48] and one related to the
development of Newecastle disease virus as a vector [49;50]. These debates defined some of
the central concepts surrounding the issue of recombination between viral vaccine vectors
and wild type virus strains. In the case of the ChimeriVax debate, most of the issues were
ultimately addressed experimentally, thus providing a template for safety assessment of viral
vaccine vectors, discussed in more detail at the end of this document.
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In summary, it is wholly feasible that virus-vectored vaccines could undergo recombination
with naturally occurring viruses to produce hybrid viruses that could theoretically have
undesirable properties affecting transmission or virulence. Especially given the entirely
novel nature of chimeric viruses, prudence dictates that this possibility be taken into account
in the design of virus-vectored vaccines. While medicinal regulatory decisions are made on
the basis of risk and benefit considerations, the approach that has primarily been taken by
regulators towards genetically-modified organisms has been that of the precautionary
principle. Both types of regulatory decision-making (risk/benefit; precautionary principle)
implore prudence and caution on the part of developers and the requirement for provision of
evidence to support decision-making.

A framework for consideration of recombination between virus-vectored

vaccines and circulating wild type viruses

The subject of recombination between virus-vectored vaccines and circulating wild type
viruses comprises two overlapping sub-topics, namely, the probability that recombination
will take place and the possible outcomes of recombination. The numerous variables
affecting these issues are probably impossible to quantify accurately given existing tools and
knowledge. However, the major variables that could influence recombination between a
virus-vectored vaccine and circulating wild type virus and the consequences of such
recombination can be identified and evaluated at least qualitatively during vaccine
development. These major variables are:

1 Intrinsic recombination properties of the parent virus used as a vector
Sequence relatedness of vector and wild virus

Host range, pathogenesis and transmission

2
3
4, Replication competency of vector in target host
5 Mechanism of vector attenuation

6 Additional factors potentially affecting virulence

7 Circulation of multiple recombinant vectors in the same target population

Each of these variables is considered separately in the following paragraphs.

Intrinsic recombination properties of the parental viruses

As noted above, different virus families are associated with different intrinsic frequencies of
recombination, and these intrinsic properties will affect the probability that recombination
will take place. Generally, DNA viruses are subject to relatively high frequencies of
recombination. Although RNA viruses generally display lower recombination frequencies
compared to DNA viruses, retroviruses and some positive stranded RNA viruses
(picornaviruses, coronaviruses, togaviruses, noroviruses), readily recombine. Other positive
stranded RNA viruses recombine only inefficiently, and while recombination among
negative stranded RNA viruses can be demonstrated on an evolutionary scale, the
frequencies are sufficiently low as to make recombination under laboratory conditions
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difficult to detect. Segmented viruses display extremely high rates of reassortment, and
concern has been expressed that live attenuated influenza vaccines might readily reassort
with circulating wild type strains [51]. One must assume that vectors based on virus families
with segmented genomes or families prone to high recombination rates would also be most
prone to recombination with related wild type viruses should the opportunity for
recombination arise. For viruses of any given family, the intrinsic rates of recombination
both in cell culture and in laboratory animals can often be determined experimentally, and
recombination among related viruses in the wild can sometimes be deduced based on
phylogenetic analyses. The intrinsic recombination properties of any given virus should be
taken into account during vaccine vector development.

Sequence relatedness of vector and wild virus

For both DNA and RNA viruses, the majority of observed recombination events occur
through regions of nucleic acid sequence homology between parental genomes. Thus, any
sequence alterations to a vector that reduce homology with the wild type virus should
theoretically reduce the probability of recombination between vector and wild type virus.
Viruses can be attenuated by changing the genome sequence to substitute less common
codons [52]. Sequences can be changed in silent positions such that the original amino acid
sequence of the gene is preserved, but multiple substitutions of less frequently used codons,
“codon deoptimization”, results in loss of virulence. Attenuation can also be achieved by the
introduction of many uncommon combinations of pairs of codons, thus changing the “codon
pair bias” [53]. Vectors engineered in this fashion should theoretically have a reduced
frequency of recombination with wild type homologs. Alternatively, vectors intended for
human use which are based on naturally occurring non-mammalian viruses, for example the
use of canarypox virus as an HIV vaccine vector [54], are sufficiently divergent in sequence
homology from mammalian viruses such that the probability of recombination between the
vector and a mammalian virus in the vaccinated host should be lowered. Lastly, gross
alterations in gene arrangement of a vector could suppress productive recombination with a
wild type virus homolog [55-57]. Notably, non-homologous recombination among viruses
does occur, albeit at a relatively low frequency, and manipulations to influence homologous
recombination will theoretically not affect non-homologous recombination events.
Furthermore, sequence homology is irrelevant in reassortment of genome segments in
segmented viruses.

Host range, pathogenesis and transmission

The probability of recombination between two viruses should be directly proportional to the
probability that a cell will be co-infected by the two parental viruses under consideration.
The probability of co-infection, in turn, may theoretically be influenced by virus host range,
pathogenesis (i.e. whether infections are normally acute, persistent, chronic or latent) and
transmission. Considering the influence of host range, use of an avipoxvirus vector in
humans or non-avian vertebrates should limit the potential for recombination of the vector
with wild avipoxviruses [54]. Likewise, use of the avian Newcastle disease virus (NDV) as a
vector in humans would present minimal opportunity for co-infection with the wild type
avian virus, thus limiting the opportunity for recombination [49]. By contrast, use of a
human adenovirus as a vaccine vector carries the clear potential for genetic interaction
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between the vector and circulating human adenoviruses. Considering the influence of
pathogenesis, one would expect that a virus that in the wild causes a latent infection in the
target population would provide a greater opportunity for recombination compared with a
virus that results in an acute infection. As a specific example, herpes viruses have been
proposed as vaccine vectors [58]. Because a large fraction of the human population carries
several different herpes viruses in a latent state, these latent wild type genomes could
theoretically provide stable, persistent populations of virus genomes in a target population
which could recombine with vaccine vectors. By comparison, if the vector parent usually
undergoes an acute infection such as in the flavivirus yellow fever, the opportunities for
recombination would be relatively rare. Transmission mechanism could also theoretically
affect the probability of recombination between a viral vaccine vector and a circulating
virus. For example, different species of arthropod-borne flaviviruses exhibit differences in
observable recombination frequencies in nature attributable to differences in mechanism of
vectoring by ticks and mosquitoes and by differences in both host and vector ecology among
different flaviviruses [30].

Replication competency of vector in target host

The probability of recombination between a virus-vectored vaccine and a wild virus should
be proportional to the virus load in a vaccinated individual, and thus limited by the
replication competency of the vectored vaccine. Virtually all vaccine vectors are either
defective for virus replication or naturally or artificially attenuated for pathogenicity in their
target populations, and attenuation sometimes equates to reduced virus replication, hence
reduced virus load and reduced opportunity for recombination. “Naturally” attenuated
vectors comprise those in which a virus specific for one animal species is used as a vector
for vaccination of another normally non-permissive species. Examples include canarypox
virus and Newcastle disease virus engineered for use in humans as described above [49;59].
Canarypox in particular undergoes an abortive infection in non-avian cells, virtually
nullifying the opportunity for recombination [60]. Vectors may be artificially attenuated
using classic methods of serial passage in vitro or more modern methods involving
engineered gene deletion or rearrangement. Modified vaccinia Ankara provides an example
of a poxvirus vector attenuated by serial passage [61], the MRKAdS5 HIV-1 clade B
gag/pol/nef vaccine provides an example of an adenovirus vector artificially attenuated by
deletion of the essential viral E1 regulatory region [62], and vesicular stomatitis virus
vectors have been attenuated by rearrangement of gene order in the viral genome [57].

Mechanism of attenuation

The specific mechanism of attenuation impacts the consequences of recombination between
a vaccine vector and a wild type virus. Specifically, if attenuation is genetically linked to
transgene expression, reversion to virulence seems unlikely. For example, as noted above, in
an adenovirus vector the transgene encoding an immunizing antigen may be inserted into a
deleted E1A region [62] so that any recombination event that restores virulence to the vector
also deletes the transgene and conversely transfer of the transgene to a wild type virus also
transfers attenuation. Thus, theoretically, no recombinant should be more virulent than the
vaccine vector itself. By contrast, in an attenuated vaccinia vector (MVVA) multiple genes are
mutated or deleted to confer attenuation, and the transgene is expressed only from one site
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[61]. Recombination with a wild orthopox virus (cowpox virus, vaccinia virus or monkeypox
virus) could in theory either “repair” some virulence mutations or transfer the transgene into
a wild type virus background, generating a recombinant with improved replication properties
relative to the original vaccine vector and also leaving the transgene expression intact.

Additional factors potentially affecting virulence

Vector designs have been proposed that incorporate expression of immune modulatory
molecules, for example interleukins, to stimulate or otherwise regulate the immunogenicity
of the recombinant vaccine [63]. However, in some cases these genes may act as virulence
factors. For example, in a model poxvirus system, expression of interleukin-4 (IL-4) from
ectromelia virus (a natural pathogen of mice; mousepox virus) enhanced the pathogenicity
of the virus and conferred resistance of the recombinant virus to pre-existing immunity in
infected animals [63;64]. Theoretically, recombination of a vector expressing such a
virulence factor with a wild type virus could result in production of a wild virus with
increased virulence.

Circulation of several recombinant vectors in the same target population

Although hypothetical, the possibility of recombination between two live recombinant
vectors administered in the same population deserves some consideration. Two examples are
provided. Attenuated vaccinia Tiantan [65;66] used in China for smallpox eradication is
being assessed as a replication-competent vector for both HIV-1 [67]and H5N1 [68]
vaccines and in its replication-defective form for hepatitis C vaccine [69]. Similarly,
replication-competent adenovirus serotype 4 (Ad4) has been tested in humans as a vector for
H5N1 [70] HIV and anthrax. Ad4 and Ad7 cause serious lower respiratory tract disease in
military recruit training camps. Non-recombinant Ad4 and Ad7 vaccines proved to be
among the safest vaccines, with more than 10 million military recruits vaccinated without
serious adverse experience and the military continues to vaccinate recruits today with these
vaccines [71;72]. The use of two different vaccines based on the same vector in the same
population creates an opportunity for recombination which could generate a novel virus with
potentially undesirable properties. A practical example with existing traditional attenuated
veterinary vaccines is the recombination between two independently derived attenuated
vaccines for infectious laryngotracheitis virus, a herpesvirus affecting commercial poultry,
which regenerated a pathogenic wild type virus, cited above under “vaccine viruses in the
wild” [43].

A template for investigations of recombination between live virus-vectored

vaccines and wild type virus: experience with the ChimeriVax platform

The experience with ChimeriVax may serve as a template for analysis of the role of
recombination in the development of vectored vaccines.

As introduced above, ChimeriVax is a live, attenuated recombinant virus platform
constructed from the live attenuated yellow fever (YF) vaccine strain 17D in which the
envelope protein genes of YF 17D are replaced with the corresponding genes of another
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flavivirus [73]. The ChimeriVax platform has been used to develop live vaccines for dengue
viruses (DENV), West Nile virus (WNV) and Japanese encephalitis virus (JEV).

Concerns have been raised that recombination between ChimeriVax vectored vaccines and
wild type flaviviruses could generate a novel virus with enhanced pathogenicity [47;48].
These concerns have been addressed through a variety of studies including a review of
evidence for inter- and intra-typic recombination among flaviviruses in the wild [74],
laboratory tests for recombination among flaviviruses [74;75], and deliberate construction
and testing of theoretical recombinants containing a heterologous envelope vaccine antigen
in a wild-type vector background [76;77]. The results demonstrated intra-typic
recombination among flaviviruses that occurred on an evolutionary scale in the wild and
little or no recombination in cell culture, and that substitution of heterologous envelope
proteins into a virulent flavivirus backbone results in a virus with properties of attenuation
matching those of the attenuated vaccine vector.

For analysis of an existing vector or development of a new vector, new or existing studies
such as those done for ChimeriVax, along with a thorough description of the distribution and
host range of both the vaccine and the wild strains should effectively address the
fundamentals influencing recombination between virus-vectored vaccines and wild strains as
recommended by WHO and outlined in this document.

Guiding principles for vector design and testing

Consistent with the recommendations of the U.S. Food and Drug Administration and the
European Medicines Agency [4;5], the potential for recombination with circulating wild-
type viruses should be addressed during development and testing of virus-vectored vaccines.

Rather than attempting to prepare specific guidelines for each vector, the Brighton
Collaboration recommends that developers take the responsibility for assessing the potential
for recombination between their virus-vectored vaccine and wild-type circulating viruses,
taking into account the issues described above. Specifically:

1 Consider the evidence that members of the virus genus do or do not
undergo recombination in the wild or under experimental conditions, for
example in an animal model or in cell culture.

2. Given the vector design and mode of delivery, assess the magnitude of the
opportunity for recombination in a clinical scenario.

3. Given the vector design, evaluate the probability that a recombination
event with a wild virus could lead to a virus of increased pathogenicity.
Consider the potential mechanisms whereby this could happen, and cite or
conduct laboratory studies to evaluate those mechanisms.

4, Consider vector designs that could further reduce the probability of a
recombination event, and enhance safety, while leaving the potency of the
vector largely intact.
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5. Develop an optimized system for recombination and a strategy for
detection of recombinants perhaps using current, sensitive assays for
detection of expected viruses (e.g. PCR or infectivity assays) and new,
broad methods for detection of novel viruses (e.g. degenerate PCR and
massively parallel sequencing).

A place already exists for reporting the general conclusions of these investigations in the
existing Brighton Collaboration templates for description of vectors [78]. The option for
including a more detailed report can be considered.

Acknowledgments

We thank the following for helpful advice: 1) Mark Pallansch, David Bloom, Kathy Spindler, Pennathur Sridhar,
Ann Arvin, Harry Greenberg, Nancy Davis, Valery Grdzelishvili; and 2) other members of the V3SWG during the
preparation of this document: Baevin Carbery, Louisa Chapman, David Garber, Najwa Khuri-Bulos, Bettina Klug,
Sonali Kochhar, and Janet McNicholl.

Reference List

1. Chen RT, Carbery B, Mac L, Berns KI, Chapman L, Condit RC, et al. The Brighton Collaboration
Viral Vector Vaccines Safety Working Group (V3SWG). Vaccine. 2015 Jan 1; 33(1):73-75.
[PubMed: 25305565]

2. World Health Organization. WHO Informal Consultation on Characterization and Quality Aspect of
Vaccines Based on Live Viral Vectors. 2003. http://apps.who.int/vaccine_research/documents/
vvreport/en/index1.html

3. World Health Organization. WHO informal consultation: Development of viral vectored vaccines
for HIV, malaria, tuberculosis and other indications. 2013. http://www.who.int/immunization/
research/meetings_workshops/viral_vecto_meeting_oct13/en/

4. European Medicines Agency. Guideline on quality, non-clinical and clinical aspects of live
recombinant viral vectored vaccines. 2010. http://www.ema.europa.eu/docs/en_GB/
document_library/Scientific_guideline/2010/08/WC500095721.pdf

5. U.S.Food and Drug Administration. Determining the Need for and Content of Environmental
Assessments for Gene Therapies, Vectored Vaccines, and Related Recombinant Viral or Microbial
Products; Guidance for Industry. 2015. http://www.fda.gov/biologicsbloodvaccines/
guidancecomplianceregulatoryinformation/guidances/cellularandgenetherapy/ucm401869.htm

6. Appaiahgari MB, Vrati S. Clinical development of IMOJEV (R)--a recombinant Japanese
encephalitis chimeric vaccine (JE-CV). Expert Opin Biol Ther. 2012 Sep; 12(9):1251-1263.
[PubMed: 22775524]

7. Villar L, Dayan GH, Arredondo-Garcia JL, Rivera DM, Cunha R, Deseda C, et al. Efficacy of a
tetravalent dengue vaccine in children in Latin America. N Engl J Med. 2015 Jan 8; 372(2):113-
123. [PubMed: 25365753]

8. Capeding MR, Tran NH, Hadinegoro SR, Ismail HI, Chotpitayasunondh T, Chua MN, et al. Clinical
efficacy and safety of a novel tetravalent dengue vaccine in healthy children in Asia: a phase 3,
randomised, observer-masked, placebo-controlled trial. Lancet. 2014 Jul 10.

9. Hadinegoro SR, Arredondo-Garcia JL, Capeding MR, Deseda C, Chotpitayasunondh T, Dietze R, et
al. Efficacy and Long-Term Safety of a Dengue Vaccine in Regions of Endemic Disease. N Engl J
Med. 2015 Sep 24; 373(13):1195-1206. [PubMed: 26214039]

10. Monath TP, McCarthy K, Bedford P, Johnson CT, Nichols R, Yoksan S, et al. Clinical proof of

principle for ChimeriVax: recombinant live, attenuated vaccines against flavivirus infections.
Vaccine. 2002 Jan 15; 20(7-8):1004-1018. [PubMed: 11803060]

11. Meeusen EN, Walker J, Peters A, Pastoret PP, Jungersen G. Current status of veterinary vaccines.
Clin Microbiol Rev. 2007 Jul; 20(3):489-510. table. [PubMed: 17630337]

Vaccine. Author manuscript; available in PMC 2017 December 12.


http://apps.who.int/vaccine_research/documents/vvreport/en/index1.html
http://apps.who.int/vaccine_research/documents/vvreport/en/index1.html
http://www.who.int/immunization/research/meetings_workshops/viral_vecto_meeting_oct13/en/
http://www.who.int/immunization/research/meetings_workshops/viral_vecto_meeting_oct13/en/
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2010/08/WC500095721.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2010/08/WC500095721.pdf
http://www.fda.gov/biologicsbloodvaccines/guidancecomplianceregulatoryinformation/guidances/cellularandgenetherapy/ucm401869.htm
http://www.fda.gov/biologicsbloodvaccines/guidancecomplianceregulatoryinformation/guidances/cellularandgenetherapy/ucm401869.htm

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Condit et al.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Page 12

Phan TG, Okitsu S, Maneekarn N, Ushijima H. Evidence of intragenic recombination in G1
rotavirus VP7 genes. J Virol. 2007 Sep; 81(18):10188-10194. [PubMed: 17609273]

Plyusnin A, Kukkonen SK, Plyusnina A, Vapalahti O, Vaheri A. Transfection-mediated generation
of functionally competent Tula hantavirus with recombinant S RNA segment. EMBO J. 2002 Mar
15; 21(6):1497-1503. [PubMed: 11889055]

Ramig RF, Ward RL. Genomic segment reassortment in rotaviruses and other reoviridae. Adv
Virus Res. 1991; 39:163-207. [PubMed: 1645493]

Steinhauer DA, Skehel JJ. Genetics of influenza viruses. Annu Rev Genet. 2002; 36:305-332.
[PubMed: 12429695]

Suzuki Y, Gojobori T, Nakagomi O. Intragenic recombinations in rotaviruses. FEBS Lett. 1998
May 8; 427(2):183-187. [PubMed: 9607308]

Han GZ, He CQ, Ding NZ, Ma LY. Identification of a natural multi-recombinant of Newcastle
disease virus. Virology. 2008 Feb 5; 371(1):54-60. [PubMed: 18028976]

Perez-Ramirez G, Diaz-Badillo A, Camacho-Nuez M, Cisneros A, Munoz ML. Multiple
recombinants in two dengue virus, serotype-2 isolates from patients from Oaxaca, Mexico. BMC
Microbiol. 2009; 9:260. [PubMed: 20003526]

Chen SP, Yu M, Jiang T, Deng YQ, Qin CF, Han JF, et al. Identification of a recombinant dengue
virus type 1 with 3 recombination regions in natural populations in Guangdong province, China.
Avrch Virol. 2008; 153(6):1175-1179. [PubMed: 18446424]

Barr JN, Fearns R. How RNA viruses maintain their genome integrity. J Gen Virol. 2010 Jun; 91(Pt
6):1373-1387. [PubMed: 20335491]

Hahn CS, Lustig S, Strauss EG, Strauss JH. Western equine encephalitis virus is a recombinant
virus. Proc Natl Acad Sci U S A. 1988 Aug; 85(16):5997-6001. [PubMed: 3413072]

Hu WS, Temin HM. Effect of gamma radiation on retroviral recombination. J Virol. 1992 Jul;
66(7):4457-4463. [PubMed: 1602553]

Keck JG, Stohlman SA, Soe LH, Makino S, Lai MM. Multiple recombination sites at the 5'-end of
murine coronavirus RNA. Virology. 1987 Feb; 156(2):331-341. [PubMed: 3027982]

Kirkegaard K, Baltimore D. The mechanism of RNA recombination in poliovirus. Cell. 1986 Nov
7; 47(3):433-443. [PubMed: 3021340]

Lai MM. RNA recombination in animal and plant viruses. Microbiol Rev. 1992 Mar; 56(1):61-79.
[PubMed: 1579113]

Lai MM. Genetic recombination in RNA viruses. Curr Top Microbiol Immunol. 1992; 176:21-32.
[PubMed: 1600753]

Worobey M, Holmes EC. Evolutionary aspects of recombination in RNA viruses. J Gen Virol.
1999 Oct; 80(Pt 10):2535-2543. [PubMed: 10573145]

Aaskov J, Buzacott K, Field E, Lowry K, Berlioz-Arthaud A, Holmes EC. Multiple recombinant
dengue type 1 viruses in an isolate from a dengue patient. J Gen Virol. 2007 Dec; 88(Pt 12):3334—
3340. [PubMed: 18024903]

Chuang CK, Chen WJ. Experimental evidence that RNA recombination occurs in the Japanese
encephalitis virus. Virology. 2009 Nov 25; 394(2):286-297. [PubMed: 19766282]

Twiddy SS, Holmes EC. The extent of homologous recombination in members of the genus
Flavivirus. J Gen Virol. 2003 Feb; 84(Pt 2):429-440. [PubMed: 12560576]

Chare ER, Gould EA, Holmes EC. Phylogenetic analysis reveals a low rate of homologous
recombination in negative-sense RNA viruses. J Gen Virol. 2003 Oct; 84(Pt 10):2691-2703.
[PubMed: 13679603]

Cooper, PD. Genetics of picornaviruses. In: Fraenkel-Conrat, H.; Wagner, RR., editors.
Comprehensive virology. New York: Plenum Press; 1977. p. 133-207.

Smyth RP, Davenport MP, Mak J. The origin of genetic diversity in HIV-1. Virus Res. 2012 Nov;
169(2):415-429. [PubMed: 22728444]

Norberg P, Depledge DP, Kundu S, Atkinson C, Brown J, Haque T, et al. Recombination of
Globally Circulating Varicella-Zoster Virus. J Virol. 2015 Jul; 89(14):7133-7146. [PubMed:
25926648]

Vaccine. Author manuscript; available in PMC 2017 December 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Condit et al.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Page 13

Moussatche N, Damaso CR, McFadden G. When good vaccines go wild: Feral Orthopoxvirus in
developing countries and beyond. J Infect Dev Ctries. 2008; 2(3):156-173. [PubMed: 19738346]

Dispas M, Schynts F, Lemaire M, Letellier C, Vanopdenbosch E, Thiry E, et al. Isolation of a
glycoprotein E-deleted bovine herpesvirus type 1 strain in the field. Vet Rec. 2003 Aug 16; 153(7):
209-212. [PubMed: 12956298]

Chong YL, Padhi A, Hudson PJ, Poss M. The effect of vaccination on the evolution and population
dynamics of avian paramyxovirus-1. PLoS Pathog. 2010 Apr.6(4):e1000872. [PubMed: 20421950]

Kew OM, Wright PF, Agol VI, Delpeyroux F, Shimizu H, Nathanson N, et al. Circulating vaccine-

derived polioviruses: current state of knowledge. Bull World Health Organ. 2004 Jan; 82(1):16-23.
[PubMed: 15106296]

Grobbelaar AA, Weyer J, Leman PA, Kemp A, Paweska JT, Swanepoel R. Molecular epidemiology
of Rift Valley fever virus. Emerg Infect Dis. 2011 Dec; 17(12):2270-2276. [PubMed: 22172568]

Becher P, Orlich M, Thiel HJ. RNA recombination between persisting pestivirus and a vaccine
strain: generation of cytopathogenic virus and induction of lethal disease. J Virol. 2001 Jul; 75(14):
6256-6264. [PubMed: 11413291]

Camus-Bouclainville C, Gretillat M, Py R, Gelfi J, Guerin JL, Bertagnoli S. Genome sequence of
SG33 strain and recombination between wild-type and vaccine myxoma viruses. Emerg Infect Dis.
2011 Apr; 17(4):633-638. [PubMed: 21470452]

Wenhui L, Zhongyan W, Guanqun Z, Zhili L, JingYun M, Qingmei X, et al. Complete genome
sequence of a novel variant porcine reproductive and respiratory syndrome virus (PRRSV) strain:
evidence for recombination between vaccine and wild-type PRRSV strains. J Virol. 2012 Sep.
86(17):9543. [PubMed: 22879614]

Lee SW, Markham PF, Coppo MJ, Legione AR, Markham JF, Noormohammadi AH, et al.
Attenuated vaccines can recombine to form virulent field viruses. Science. 2012 Jul 13.337(6091):
188. [PubMed: 22798607]

Niewiadomska AM, Gifford RJ. The extraordinary evolutionary history of the reticuloendotheliosis
viruses. PLoS Biol. 2013; 11(8):e1001642. [PubMed: 24013706]

Slate D, Algeo TP, Nelson KM, Chipman RB, Donovan D, Blanton JD, et al. Oral rabies
vaccination in north america: opportunities, complexities, and challenges. PLoS Negl Trop Dis.
2009; 3(12):e549. [PubMed: 20027214]

Monath TP, Kanesa-Thasan N, Guirakhoo F, Pugachev K, Almond J, Lang J, et al. Recombination
and flavivirus vaccines: a commentary. Vaccine. 2005 Apr 27; 23(23):2956-2958. [PubMed:
15811640]

Seligman SJ, Gould EA. Live flavivirus vaccines: reasons for caution. Lancet. 2004 Jun 19;
363(9426):2073-2075. [PubMed: 15207960]

Seligman SJ, Gould EA. Safety concerns with regard to live attenuated flavivirus vaccines. J Infect
Dis. 2008 Sep 1; 198(5):794—795. [PubMed: 18694340]

Collins PL, Bukreyev A, Murphy BR. What are the risks--hypothetical and observed--of
recombination involving live vaccines and vaccine vectors based on nonsegmented negative-strain
RNA viruses? J Virol. 2008 Oct; 82(19):9805-9806. [PubMed: 18796655]

Han GZ, Liu XP, Li SS. Caution about Newcastle disease virus-based live attenuated vaccine. J
Virol. 2008 Jul.82(13):6782. [PubMed: 18544791]

Hai R, Garcia-Sastre A, Swayne DE, Palese P. A reassortment-incompetent live attenuated
influenza virus vaccine for protection against pandemic virus strains. J Virol. 2011 Jul; 85(14):
6832-6843. [PubMed: 21543486]

Mueller S, Papamichail D, Coleman JR, Skiena S, Wimmer E. Reduction of the rate of poliovirus
protein synthesis through large-scale codon deoptimization causes attenuation of viral virulence by
lowering specific infectivity. J Virol. 2006 Oct; 80(19):9687-9696. [PubMed: 16973573]

Coleman JR, Papamichail D, Skiena S, Futcher B, Wimmer E, Mueller S. Virus attenuation by
genome-scale changes in codon pair bias. Science. 2008 Jun 27; 320(5884):1784-1787. [PubMed:
18583614]

Pitisuttithum P, Rerks-Ngarm S, Bussaratid V, Dhitavat J, Maekanantawat W, Pungpak S, et al.
Safety and reactogenicity of canarypox ALVAC-HIV (vCP1521) and HIV-1 gp120 AIDSVAX B/E
vaccination in an efficacy trial in Thailand. PLoS One. 2011; 6(12):e27837. [PubMed: 22205930]

Vaccine. Author manuscript; available in PMC 2017 December 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Condit et al.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Page 14

Ball LA, Pringle CR, Flanagan B, Perepelitsa VP, Wertz GW. Phenotypic consequences of
rearranging the, P, M, and G genes of vesicular stomatitis virus. J Virol. 1999 Jun; 73(6):4705—
4712. [PubMed: 10233930]

Clarke DK, Nasar F, Lee M, Johnson JE, Wright K, Calderon P, et al. Synergistic attenuation of
vesicular stomatitis virus by combination of specific G gene truncations and N gene translocations.
J Virol. 2007 Feb; 81(4):2056-2064. [PubMed: 17151112]

Clarke DK, Nasar F, Chong S, Johnson JE, Coleman JW, Lee M, et al. Neurovirulence and
Immunogenicity of Attenuated Recombinant Vesicular Stomatitis Viruses in Nonhuman Primates.
J Virol. 2014 Jun 15; 88(12):6690-6701. [PubMed: 24696472]

Dudek T, Knipe DM. Replication-defective viruses as vaccines and vaccine vectors. Virology. 2006
Jan 5; 344(1):230-239. [PubMed: 16364753]

Nitayaphan S, Pitisuttithum P, Karnasuta C, Eamsila C, de SM, Morgan P, et al. Safety and
immunogenicity of an HIV subtype B and E prime-boost vaccine combination in HIV-negative
Thai adults. J Infect Dis. 2004 Aug 15; 190(4):702-706. [PubMed: 15272397]

Fries LF, Tartaglia J, Taylor J, Kauffman EK, Meignier B, Paoletti E, et al. Human safety and
immunogenicity of a canarypox-rabies glycoprotein recombinant vaccine: an alternative poxvirus
vector system. Vaccine. 1996 Apr; 14(5):428-434. [PubMed: 8735555]

Gilbert SC. Clinical development of Modified Vaccinia virus Ankara vaccines. Vaccine. 2013 Sep
6; 31(39):4241-4246. [PubMed: 23523410]

Youil R, Toner TJ, Su Q, Casimiro D, Shiver JW, Chen L, et al. Comparative analysis of the effects
of packaging signal, transgene orientation, promoters, polyadenylation signals, and E3 region on
growth properties of first-generation adenoviruses. Hum Gene Ther. 2003 Jul 1; 14(10):1017—
1034. [PubMed: 12869219]

Jackson RJ, Ramsay AJ, Christensen CD, Beaton S, Hall DF, Ramshaw IA. Expression of mouse
interleukin-4 by a recombinant ectromelia virus suppresses cytolytic lymphocyte responses and
overcomes genetic resistance to mousepox. J Virol. 2001 Feb; 75(3):1205-1210. [PubMed:
11152493]

Chen N, Bellone CJ, Schriewer J, Owens G, Fredrickson T, Parker S, et al. Poxvirus interleukin-4
expression overcomes inherent resistance and vaccine-induced immunity: pathogenesis,
prophylaxis, and antiviral therapy. Virology. 2011 Jan 20; 409(2):328-337. [PubMed: 21071055]
Qin L, Liang M, Evans DH. Genomic analysis of vaccinia virus strain TianTan provides new
insights into the evolution and evolutionary relationships between Orthopoxviruses. Virology.
2013 Jul 20; 442(1):59-66. [PubMed: 23608359]

Liu Z, Wang S, Zhang Q, Tian M, Hou J, Wang R, et al. Deletion of C7L and K1L genes leads to
significantly decreased virulence of recombinant vaccinia virus TianTan. PLoS One. 2013;
8(7):e68115. [PubMed: 23840887]

LiuQ, LiY, Luo Z, Yang G, Liu Y, Liu Y, et al. HIV-1 vaccines based on replication-competent
Tiantan vaccinia protected Chinese rhesus macaques from simian HIV infection. AIDS. 2015 Mar
27; 29(6):649-658. [PubMed: 25849828]

Xiao H, Liu L, Zhu Q, Tan Z, Yu W, Tang X, et al. A replicating modified vaccinia tiantan strain
expressing an avian-derived influenza H5SN1 hemagglutinin induce broadly neutralizing antibodies
and cross-clade protective immunity in mice. PLoS One. 2013; 8(12):e83274. [PubMed:
24358269]

Wen B, Deng Y, Chen H, Guan J, Chuai X, Ruan L, et al. The novel replication-defective vaccinia
virus (Tiantan strain)-based hepatitis C virus vaccine induces robust immunity in macaques. Mol
Ther. 2013 Sep; 21(9):1787-1795. [PubMed: 23774793]

Gurwith M, Lock M, Taylor EM, Ishioka G, Alexander J, Mayall T, et al. Safety and
immunogenicity of an oral, replicating adenovirus serotype 4 vector vaccine for H5N1 influenza: a
randomised, double-blind, placebo-controlled, phase 1 study. Lancet Infect Dis. 2013 Mar; 13(3):
238-250. [PubMed: 23369412]

Radin JM, Hawksworth AW, Blair PJ, Faix DJ, Raman R, Russell KL, et al. Dramatic decline of
respiratory illness among US military recruits after the renewed use of adenovirus vaccines. Clin
Infect Dis. 2014 Oct; 59(7):962-968. [PubMed: 24991024]

Vaccine. Author manuscript; available in PMC 2017 December 12.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Condit et al.

72.

73.

74.

75.

76.

77.

78.

Page 15

Weaver EA. Vaccines within vaccines: the use of adenovirus types 4 and 7 as influenza vaccine
vectors. Hum Vaccin Immunother. 2014; 10(3):544-556. [PubMed: 24280656]

Guy B, Guirakhoo F, Barban V, Higgs S, Monath TP, Lang J. Preclinical and clinical development
of YFV 17D-based chimeric vaccines against dengue, West Nile and Japanese encephalitis viruses.
Vaccine. 2010 Jan 8; 28(3):632-649. [PubMed: 19808029]

McGee CE, Tsetsarkin KA, Guy B, Lang J, Plante K, Vanlandingham DL, et al. Stability of yellow
fever virus under recombinatory pressure as compared with chikungunya virus. PLoS One. 2011,
6(8):€23247. [PubMed: 21826243]

Taucher C, Berger A, Mandl CW. A trans-complementing recombination trap demonstrates a low
propensity of flaviviruses for intermolecular recombination. J Virol. 2010 Jan; 84(1):599-611.
[PubMed: 19864381]

McGee CE, Tsetsarkin K, Vanlandingham DL, McElroy KL, Lang J, Guy B, et al. Substitution of
wild-type yellow fever Asibi sequences for 17D vaccine sequences in ChimeriVax-dengue 4 does
not enhance infection of Aedes aegypti mosquitoes. J Infect Dis. 2008 Mar 1; 197(5):686—692.
[PubMed: 18266608]

McGee CE, Lewis MG, Claire MS, Wagner W, Lang J, Guy B, et al. Recombinant chimeric virus
with wild-type dengue 4 virus premembrane and envelope and virulent yellow fever virus Asibi
backbone sequences is dramatically attenuated in nonhuman primates. J Infect Dis. 2008 Mar 1,
197(5):693-697. [PubMed: 18266603]

Monath TP, Seligman SJ, Robertson JS, Guy B, Hayes EB, Condit RC, et al. Live virus vaccines
based on a yellow fever vaccine backbone: standardized template with key considerations for a
risk/benefit assessment. Vaccine. 2015 Jan 1; 33(1):62—72. [PubMed: 25446819]

Vaccine. Author manuscript; available in PMC 2017 December 12.



	Abstract
	Preface
	Background
	Virus-vectored vaccines
	Virus recombination
	Vaccine viruses in the wild
	Recombination between virus vaccine vectors and wild type virus strains

	A framework for consideration of recombination between virus-vectored vaccines and circulating wild type viruses
	Intrinsic recombination properties of the parental viruses
	Sequence relatedness of vector and wild virus
	Host range, pathogenesis and transmission
	Replication competency of vector in target host
	Mechanism of attenuation
	Additional factors potentially affecting virulence
	Circulation of several recombinant vectors in the same target population

	A template for investigations of recombination between live virus-vectored vaccines and wild type virus: experience with the ChimeriVax platform
	Guiding principles for vector design and testing
	References

