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This book is a collection of chapters dealing with examples of RNA and DNA 
viruses, and issues such as how these gene packages have learnt to take 
advantage of their hosts, molecular recognition events that hosts may use to 
counterattack the viruses, and how researchers have developed strategies to use 
viruses or their parts as tools for different purposes.



Chapter 1

The Complex Genetics of Citrus tristeza virus

Maria R. Albiach-Marti

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/56122

1. Introduction

The 2000 x 11 nm long bipolar flexuous filamentous particles of Citrus tristeza virus (CTV)
(genus Closterovirus, family Closteroviridae) (Figure 1) contain a single-stranded positive-sense
RNA genome of 19.3 kb, which is encapsidated in two different capsid proteins that coat the
opposite ends of the virions [1, 2]. CTV is the largest identified RNA virus infecting plants and
the second largest worldwide after the animal Coronaviruses. The virus is phloem limited and
it is transmitted by aphids (Hemiptera: Aphididae) (Figure 1), and mechanically by graft
propagation of virus-infected plant tissues. CTV isolates from different hosts and areas display
great variability either biologically or genetically. There are wild CTV isolates that consist
basically of a main genotype and its quasispecies, but others could contain a mixture of strains
(groups of viral variants with similar sequence) that differ in symptomology and in viral
transmission efficiency by aphids. These CTV strains could bear divergent CTV genotypes.
Additionally, wild isolates are also composed by a population of defective RNAs (D-RNAs)
that could change by aphid or graft transmission or by host passage [3].

The Tristeza syndrome, induced by CTV, has devastated entire commercial citrus industries
around the world, since it has caused the death of hundred million trees worldwide. In point of
fact, this virus is present in most of the citrus producing areas infecting nearly all species,
cultivars and hybrids of Citrus spp. and related genera. Phenotypically, CTV induces differ‐
ent grade and wide range of symptoms in Citrus species. In effect, depending on the virus isolate
and the variety/rootstock combination, CTV strains can cause different syndromes in the field
like ‘decline’ (QD) or ‘stem pitting’ (SP). Some CTV isolates induce a third syndrome, in
glasshouse conditions, that is referred as ‘seedling yellows’ (SY). Furthermore, CTV causes a
myriad of different symptom combinations in indicator plants depending on the CTV strain, or
the mixture of strains, present in the plant host indexed. Remarkably, there are mild CTV strains
that cause a complete lack of symptoms in almost all species and varieties of citrus, including
those present in the citrus orchards, even though these mild viruses multiply to high titers [4, 5].



The study of the CTV genetics and the virus-host interactions have been hampered during
long time as a consequence of the difficulties of experimenting with a virus with a large RNA
genome, assembled in fragile particles and present in reduced amounts in a tree, where CTV
could take long time to colonize the entire plant and to induce symptomatology. For that
reason, CTV was for decades a virus complicated to isolate and characterize. Moreover, the
elevated diversity of CTV populations impeded the separation of the sequence variants,
composing a specific isolate, to analyze each of the genotypes independently in order to
understand every aspect of viral infection. Likewise, the myriad of diseases induced by CTV,
depending on the Citrus host, viral strain and environmental conditions, challenged the study
of the host-plant interactions. In the last century, the study of CTV genetics was focused in
generating molecular techniques to improve CTV detection and genotype differentiation [5].
However, in a decade, a remarkable progress has been achieved in developing the genetic
engineering tools to overcome the challenges of examining CTV genetics. A cDNA clone (T36-
CTV9) of the Florida isolate T36 was generated and an in vitro genetic system was developed
to analyze CTV genotypes, D-RNAs, mutants and self-replicating constructs in Nicotiana
benthamiana protoplasts or indexing plants [6, 7, 8, 9, 10]. The last advances in CTV genetics
and the different biotechnological approaches used to study CTV are discussed in this chapter.

Figure 1. Left: Viral particles from Swinglea glutinosa (Blanco) Merr. protoplasts, transfected with CTV isolate T36, col‐
lected at 4 dpi and examined by SSEM electron microscopy. The bar indicates 200 nm. From Albiach-Marti et al. [72].
Top right: colony of Toxoptera citricida (Photo: Dr. A. Urbaneja). Bottom right: Aphis gossiipi (Photo: Dr. A. Hermoso de
Mendoza)

2. Citrus tristeza virus genome structure, organization and gene function

The CTV RNA genome structure resembles that of Coronaviruses, and it is organized in twelve
open reading frames (ORFs) and two non-translated regions (NTR) at the 5´ and 3´ terminus
(Figure 2) [2]. The 5´ termini of the CTV genome is protected with a cap structure [2]. The 5’
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NTR of around 107 nt contains the sequences necessary for both replication and particle
assembly [6, 23, 24]. Remarkably, the CTV 5´NTR predicted secondary structure is similar even
for divergent genotypes and folded in two stem-loops separated by a short spacer region [23,
25]. The 3´NTR (273 nt) lacks a poly-A tract and does not appear to fold in a tRNA-like structure
[2] but instead consists a predicted secondary structure of minimum energy of 10 stem-loop
(SL) structures [26].

The CTV genome maintains the two characteristic clusters of genes of the family Closteroviri‐
dae (Figure 2) [11]. The replication gene block, which is also conserved in the supergroup of
sindbis-like viruses, comprises ORF 1a and 1b and makes up the 5´ half of the viral genome [2]
(Figure 2). The ORF1a encodes a 349 kDa polyprotein with two papain-like protease domains,
a type I methyltransferase-like domain, and a helicase-like domain bearing the motifs of the
superfamily I helicases. The ORF1b encodes a 54 kDa protein with RNA-dependent RNA
polymerase (RdRp) domains. When ORF 1 is are directly translated from the positive-strand
gRNA yield a 400 kDa polyprotein [2]. The conserved quintuple gene block (Figure 2) is related
with virion assembly and trafficking in the plant [11]. This consists of the major coat protein
(CP) of 25kDa, the minor coat protein (CPm) of 27kDa and other three proteins, p61, HSP70h
and p6. HSP70h is a 65 kDa protein homologue of the HSP70 plant heat-shock proteins [2], a
family of plant chaperones involved in protein-protein interactions, translocation into
organelles, and intracellular trafficking [12]. The p6 gene encodes a small hydrophobic protein
that belongs to the single-span transmembrane proteins [2]. While CP, CPm, p61 and HSP70h
are necessary for proper particle assembly, p6 is required for systemic invasion of host plant
[13, 14]. The additional five ORFs located at the 3´ half of the genome (Figure 2) are the p20,
an homologue of p21 of Beet yellows virus (BYV) (genus Closterovirus), and four genes encoding
proteins with no homologue in other closteroviruses (p33, p18, p13 and p23) (Figure 2) [11].
The p20 protein is the main component of the CTV-induced amorphous inclusion bodies [15]
and it is essential for systemic infection [14]. The multifunctional protein p23 contains a Zn
finger domain that binds cooperatively both single-stranded (ss) and double-stranded (ds)
RNA molecules in a non-sequence specific manner [16]. In addition, p23 controls asymmetrical
accumulation of positive and negative RNA strands during viral replication, ensuring the
presence of enough quantity of positive genomic RNA (gRNA) ready for virion assembly [17].

Figure 2. Scheme of CTV genome structure and organization. CTV ORFs are delimited by boxes. The acronyms PRO,
MT, HEL and RdRp indicate protein domains of papain-like protease, methyltranferase, helicase and RNA-dependent
RNA polymerase, respectively. HSP70h, CPm and CP indicate ORFs encoding a homologue of heat shock protein 70,
the minor and the major coat proteins, respectively. From Karasev et al. [2].
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In relation to host-plant interactions, CTV is a virus with a large genome and complex genetics,
while the citrus host includes many species, varieties, and intergenic hybrids with which the
virus could interact causing a range of physiological and biochemical responses. In fact, CTV
evolved ending up with three proteins, CP, p20 and p23, which are suppressors of the plant
RNA silencing mechanism in N. benthamiana and N. tabacum plants [18]. Unexpectedly, the
ORFs that encode proteins p33, p18 and p13 are not required either for replication or assembly
[6, 13] or for systemic infection of Mexican lime [C. aurantifolia (Christm.) Swing.] and C.
macrophylla Wester plants [14]. Nevertheless, they are involved in CTV infection and move‐
ment in other citrus hosts [19].

Furthermore, several CTV genomic regions have been found to be related with viral symptom
development in citrus hosts. The symptomatology determinant of SY syndrome was located
at the 3´ region composed by p23 ORF and the 3´NTR [20]. Nevertheless, the p33, p18 and p13
are involved in the SP syndrome development [21], although the participation in this process
of other CTV regions, undetected until the moment, has not been discarded. Mild strain cross
protection has been widely applied for millions of citrus trees in Australia, Brazil and South
Africa [4, 5] to protect against SP economic losses. The mechanism of this type of viral
superinfection exclusion is mainly a mystery. Recently, it has been found that the lack of the
functional CTV p33 protein completely eliminated the ability of the virus to exclude superin‐
fection by the same or closely related virus [22].

3. Citrus tristeza virus sequence diversity

Sequencing the complete genome of CTV was the first breakthrough towards the study of CTV
genetics [2]. Actually, there are twenty CTV genomic sequences available. These are T36 and
T30 from Florida [2, 27]; VT from Israel [28]; SY568R from California [29, 30]; T385 and T318A
from Spain [31, 32]; NuagA from Japan [33]; Qaha (AY340974) from Egypt; Mexican isolate
(DQ272579); B165 form India [34]; NZ-M16, NZ-B18, NZRB-TH28, NZRB-TH30, NZRB-M12,
NZRB-M17 and NZRB-G9 from New Zealand [35, 36]; HA16-5 and HA18-9 from Hawaii [37]
and Kpg3 from China [38]. Genetic comparison of these CTV genomes revealed an extreme
genomic divergence for genotypes of the same viral species (Figure 3). Nevertheless, these
divergent CTV genotypes retained the same genomic organization [3].

Phylogenetic analysis classified the twenty CTV genomic sequences in seven main genotypes
[35, 37, 38]. Six of them induce severe syndromes: (1) T36-like (T36, Qaha and Mexican); (2) the
RB group plus HA18-9; (3) the VT-like (VT, NUagA, T318A, SY568 and Kpg3); (4) HA16-5; (5)
B165 and NZ-B18; and the (6) NZ-M16 genomic sequences [35, 37, 38]. The group 7 consisted
in the T30-like asymptomatic or mild genotypes (T30, T385). Sequence comparison of complete
CTV genomes yielded nucleotide identities from 79.9%, between Qaha (a T36-like strain) and
VT, to 99.3% (between T30 and T385) (Figure 3) [37]. The most conserved sequences were
located in the 3´NTR region, which is almost identical in most of the cases (Figure 3). The
nucleotide divergence was mostly concentrated at the 5´ half of the CTV genome and increased
towards the 5´NTR region to raise, in some cases, nucleotide identities as low as 42% [27, 37,

Current Issues in Molecular Virology - Viral Genetics and Biotechnological Applications4



39] (Figure 3). This pattern of genomic divergence was more evident between the T36-like
genotypes and close relatives (groups 1 and 2) and the other five CTV groups [36]. However,
two paths of sequence divergence were observed [39]. The sequence divergence between CTV
genotype groups 3 to 7, although slightly increased in the 5´NTR region, was relatively
constant in proportion and distribution along the genome [37, 39]. On the other hand, the T36-
like genotypes and close relatives showed considerable genetic distance to the other five main
CTV genotypes [36]. Actually, the comparison of the genomic sequences of T30 and T36
diverged from 5% in the 3´ NTR to as high as 58% in the 5´NTR (Figure 3) [27]. Based in these
two paths of sequence divergence detected between CTV genomic sequences [39], it was
speculate that the T36 genotype and relatives evolved from a recombinant of a CTV genome
and an unknown virus millions of years ago in Asia [28].

Figure 3. Graphic of the nucleotide identity along the CTV genome when comparing T30 genomic sequence with the
sequences of (A) T385 (B) T36 and (C) VT genomes. From Albiach-Marti et al. [27].

Comparison of each of the CTV regions pointed to an unevenly distributed sequence variation
along the CTV genome, likely reflecting different selective pressures along the genomic RNA
[26, 37, 39]. Analysis of nucleotide diversity in some coding regions between CTV strains yield
values higher than 0.13. However, most of the nucleotide exchanges were reported at the third
codon position, indicating the preservation of the protein sequence among divergent geno‐
types. Actually, the ratio between non-synonymous and synonymous substitutions assessed
for CTV coding regions was below the value 1, thus suggesting selective pressure for amino
acid conservation [40]. In addition, analysis of the CTV genomic and D-RNAs sequences
indicate homologous and non-homologous recombination events among different genotypes
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[30, 32, 41, 42, 43], possibly as a result of mixed infections on trees that are recurrently inocu‐
lated by aphid transmission.

Conversely,  in  spite  of  this  genetic  variability,  sequence  comparisons  of  some CTV ge‐
nomes  revealed  a  remarkable  viral  genetic  stasis  as  the  genomes  of  some CTV strains,
separated geographically and in time,  were found essentially identical  [27].  This genetic
stability has been explained as a consequence of strong selection and competition between
the  mutants  that  arise  in  each  replication  cycle,  which  creates  equilibrium  in  the  viral
quasispecies distribution [27]. In this context, there is a hypothesis to explain the high sequence
variability found in the wild CTV isolates [3, 27]. In a fist stage, each of the main genotypes
evolved separately in different Citrus species at their point of origin in Asia. This was followed
by the dispersal of the main CTV genotypes to different environments around the world with
the advent of the modern citrus industry in the XIX century. After that, RNA virus muta‐
tion,  due  the  error-prone  nature  of  RNA-dependent  RNA  polymerases,  in  addition  to
recombination events between diverged sequence variants, plus selection, genetic drift and
gene flow could have been promoted rapid evolution [3, 5, 27].

4. Citrus tristeza virus replication and gene expression

CTV replication is an extraordinary process that generates at least 35 different species of viral
RNA in CTV-infected cells (Figure 4) [44] plus a myriad of D-RNAs [45, 46, 47] (Figure 5).
The viral genomic sequences necessary for CTV replication are the replication gene block plus
the 3´ and 5´NTRs, which contain the cis-acting elements indispensable for this process (Figure
4).  In  fact,  a  T36 CTV replicon consisting in only these genomic regions is  able  to  self-
replicate  in  protoplasts  of  N.  benthamiana  [6].  As  indicated  previously,  the  CTV  5´NTR
predicted secondary structure folded into two SL separated by a short spacer region [25].
Directed mutations disrupting this predicted secondary structure were shown to abolish
replication,  whereas  compensatory  mutations  resumed  replication,  suggesting  that  the
secondary structure of the 5´ NTR is more important than the primary structure for CTV
replication [23]. Conversely, the basic function of the 3´ NTR (273 nt) is minus-strand initiation
for the CTV gRNA and the subgenomic (sg) RNAs [26]. The 3´NTR consists in a predicted
secondary structure of 10 SL structures. While the core of the 3’ replication signal was located
in the primary structure of three of the central stem-loops (SL4, SL6 and SL8), the secon‐
dary structure  of  the  other  stem-loops  (SL3,  SL5,  SL7 and SL9)  proved dispensable  but
required for efficient replication [26]. In addition, all CTV genomes retain a CCA triplet at the
3´ termini necessary to initiate replication [26].

Wild CTV populations could be composed by divergent genotypes [3]. In the case of mixed
infections in the same plant cell, it is essential to determine whether a specific replicase complex
is able to recognize the cis–acting elements of the 3´or 5´ NTR of other genomic variants. The
exchange of 5´NTR and 3´NTR sequences, from different main genotypes, into the T36-CTV9
infectious clone decreases replication as the degree of sequence divergence increases. There‐
fore, indicating partial compatibility of the T36 replicase complex with diverged 5´ and 3´ cis-
acting elements, thus suggesting limited heterologous replication in mixed viral infections [6].

Current Issues in Molecular Virology - Viral Genetics and Biotechnological Applications6



Figure 4. RNA species produced in cis during CTV replication. Main panel: Scheme of the different CTV RNA species.
Black lines: single-stranded positive-sense RNAs. Grey lines: single-stranded negative-sense RNAs. The acronyms gRNA,
sgRNA and LMT RNA indicate genomic, subgenomic and low molecular-weight tristeza RNAs, respectively. The signs
(+) and (-) specify plus and minus-strand RNAs, respectively. Black arrows on the CTV gRNA(-) line designate the ap‐
proximate position of the CTV controller elements in the CTV genome. Small left panel: Accumulation of T36 double
strain (ds) RNAs in citrus plants showing the 3´coterminal sgRNAs produced during replication and expression of the
ten 3´half ORFs of the CTV genome. Northern-blot hybridization performed using a single-stranded negative-sense
riboprobes specific to the 3’ end of T36 genomic sequence. From Karasev et al. [2, 50], Gowda et al. [44, 51, 52] and
Ayllon et al. [49, 48].

In the first step of the CTV genome replication, the viral replicase uses the single stranded
positive-sense gRNA (CTV gRNA (+)) from the uncoated viral particles, as template to generate
a homologous single-stranded negative –sense CTV gRNA (CTV gRNA (-)) (Figure 4). The
CTV gRNA(-) molecules will function as basis for the synthesis of the CTV progeny of positive-
strand gRNAs. The CTVgRNA(+) molecules would act as RNA messenger for expression of
viral proteins or as a pool of CTV gRNAs ready to be incorporated into virions to produce
newly infectious viral particles. The new CTV gRNA(+) could also serve as template for the
synthesis of fresh CTVgRNA(-) molecules to start all over the process [44].
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Another function of the CTV gRNA (-) is to serve as template to produce high quantities of
single and double strain sgRNAs during the expression mechanism of the ten ORFs situated
at the 3´half of the genome (Figure 4 and 5) [44, 48, 49, 50]. Unlike the large animal viruses of
the Nidovirales, the 3´ sgRNAs of CTV do not share a common 5´ terminus and the sgRNA
transcription mechanism resembles the transcriptional mechanism of other Sindbis-like
viruses [50]. The synthesis of each 3´ coterminal sgRNA is controlled by its corresponding cis-
acting element (controller element (CE)) (Figure 4). Probably each CTV CE could act as
promoter or terminator of the CTV RNAs during the replication process [44, 48, 49, 50].
However, if the CEs function as internal promoters for the generation of positive-strand
sgRNAs, using as template the CTVgRNA(-) molecules (Figure 4), or act as terminators for the
synthesis of negative-strand gRNAs (by premature termination at the CE site), or both, is still
unclear [44]. In addition to the plus and minus- sense 3´coterminal sgRNAs, the CEs corre‐
sponding to each of the ten 3´ORFs produce a reduced amount of a set of 5´coterminal positive-
strand sgRNAs (Figure 4), probably due to premature termination during the synthesis of the
CTV gRNA(+) [44]. Moreover, CTV generates significant amounts of low molecular-weight
tristeza (LMT1 and LMT2), two positive-strand 5´co-terminal sgRNAs population with
heterogeneous 3´termini at nt 842-854 and 744-746, respectively (Figure 4 and 5) [46, 47]. LMT
1 and LMT 2 are generated and accumulated differently [51, 52]. LMT1 is likely created by
premature termination during CTV gRNA(+) synthesis at a 5´ CE situated in the PRO I domain
of the replicase (Figure 4). This 5´ CE acts as a strong promoter when placed immediately
upstream of the ORFs near the 3´ terminus [51]. In contrast of the 3´ CEs, which are able to
generate plus and minus-strand sgRNAs, the 5´ CE of the LMT 1 only promoted the synthesis
of positive-strand sgRNAs (Figure 4) [51]. In fact, the RNA termination and initiation sites of
the 5’ CE, compared to those of 3’ CEs, occur at opposite ends of the corresponding minimal
active CE site [49]. Therefore, as a result of the replication process, CTV produces high amounts
of viral RNA species in the infected cell (Figure 4). The total (gRNAs plus sgRNAs) positive
to negative-strand RNA ratio (approximately 40 to 50:1) falls within the range of the genomic
RNAs of most positive-strand RNA viruses, particularly the more similar alphavirus super‐
group and large complex viruses of the Nidovirales [26]. However, during CTV replication,
only the positive-strand gRNA accumulates approximately 10 to 20 times more than their
negative-strand gRNA homologues, a rather lower ratio compared to those generated during
other RNA viruses replication [17].

The expression of the CTV genome, which potentially yields at least nineteen protein products,
resembles that of Coronaviruses [50]. This remarkable process includes at least three different
RNA expression mechanisms widely used by positive-strand RNA viruses: proteolytic
processing of the polyprotein precursor, translational frameshifting and the generation of a
nested set of ten 3’-coterminal sgRNAs [50]. Therefore, the ORFs 1a and 1b are directly
translated, from the positive-strand gRNA, to yield a 400 kDa polyprotein that is later
proteolytically processed in, at least, nine protein products. The ORF1b encodes a 54 kDa
protein with RdRp domains that is occasionally translated after ORF 1a by a +1 ribosomal
frameshifting [2]. Additionally, as indicated above, the 10 ORFs located at the 3’ half of the
CTV genome are expressed by the synthesis of ten 3’ co-terminal sgRNAs (Figure 4). Each 3’
sgRNA serve as RNA messenger for the translation of its 5’ proximal ORF [13, 46] and the
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expression of each of the ten 3’ proximal ORFs is regulated independently both in amount and
timing [46, 47].

5. Citrus tristeza virus defective RNAs

In addition to the 35 different species of RNA created during replication, CTV could accumu‐
late considerable amounts of D-RNAs in infected cells (Figure 5) [46]. CTV D-RNAs vary in
size, abundance and sequence [41, 45, 46] and could be encapsidated into particles and could
be transmitted by aphids [45].

Generally, D-RNAs bear a genome from 2.0 to 5.0 kb and are composed by variable portions
of the 3’ and 5’ termini of CTV genomic RNA with large internal deletions (Figure 5). Never‐
theless, some D-RNAs comprising the two termini and a non-contiguous internal sequence or
a non-viral sequence, plus large D-RNAs of 10-12 kb including in their 5’ proximal region the
ORFs 1a and 1b, or with a 3’ region homologous to the ten CTV 3’ terminal ORFs, have been
described [41, 43, 46, 55]. These large D-RNAs resembled the RNAs 1 and 2 distinctive of the
bipartite Criniviruses, also included in the Closteroviridae family. Moreover, the D-RNA
containing the complete CTV replicase constitutes a novel class of large self-replicating D-
RNAs [47].

CTV D-RNAs characteristic genomic structure suggests an origin in the recombination events
during viral replication. In this way, some large D-RNA bear a 5´ termini identical o slightly
larger than the 5´ sgRNA generated by the CE of the p33 ORF [47], and the small ones usually
contain a 3´ termini identical to 3´ sgRNA of p23 ORF [43]. Additionally, a repeated 4-5 nt,
(corresponding to two CTV genomic regions) was reported flanking the D-RNA 3´ and 5´
termini junction sites indicating that D-RNAs are probably created during the generation of
the positive-strand sgRNA or gRNA by a template-switching mechanism [41, 43].

D-RNAs require the viral machinery for their survival. The D-RNA replication in trans was
examined using infectious D-RNAs and the in vitro genetic system of T36/CTV9 [10, 6]. The
minimal D-RNA sequence required for replication are a 5´ proximal region of 1kb and a 3´
termini limited to the CTV 3´NTR. In addition, efficient replication of D-RNAs involves some
spacing between these terminal cis-acting signals and a continuous ORF through most of the
5´ proximal regions of the D-RNA sequence [10, 56]. CTV field isolates are composed by viral
populations of divergent genotypes. In this case, an important point is to understand the
dynamics of generation and accumulation of D-RNAs in a specific plant cell infected with
distinct CTV genotypes. Mawassi et al., [56] demonstrate that some wild-type populations of
CTV are capable of supporting the replication of synthetic divergent D-RNAs. However,
replacement of 5´ region (which is the most variable among CTV strains) of a particular
synthetic D-RNA, with the corresponding sequence from different main CTV genotypes,
resulted in chimeric D-RNAs that were replicated to detectable levels by some CTV genotypes
but not with the others. Consequently, differential specificities of distinct CTV replicase
complexes with divergent D-RNA replication signals are possibly affecting the maintenance
of D-RNA population structures in the infected plant cell.
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Figure 5. Different species of D-RNAs in CTV populations. Top panel: graphic representation of a usual small CTV D-
RNA compared with the CTV genome. Bottom panel: accumulation of CTV RNAs in bark extracts from sweet orange
plants infected with three field isolates (1 to 3 lines), before (lines w) and after (lines T) aphid transmission. Northern-
blot hybridization performed using a single-stranded minus-sense riboprobes specific to the 3’ end (left panel) and
the 5´end (right panel) of the T36 genome. From Mawassi et al. [46] and Albiach-Marti et al. [45]

In other viral pathosystems, D-RNAs have the capacity of interfering with the viral replication
process of their helper virus (named defective interfering (DI) RNAs), but those function was
not reported for CTV [10]. Although their biological role is presently unknown, at least in one
case, the presence of D-RNAs was suggested to modulate symptom development either
increasing or decreasing CTV symptom expression [57]. Most of the CTV D-RNAs contain a
complete region p23 and the 3´NTR [43] that is associated with SY development [20], thus they
could have a role in symptom modulation. Therefore, it will be necessary to promote further
research to elucidate the role of the D-RNAs (or DI-RNAs) in CTV replication or in modulation
of pathogenic responses in the infected plant host.
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6. Citrus tristeza virus encapsidation

Differently of most elongated viruses, CTV particles are encapsidated by two different capsid
proteins that coat the opposite ends of the virion [24]. About the 97% of the CTV genome is
coated by CP, while the remainder 3% is coated by CPm resulting in viral particles with the
emblematic tail of the members of the Closteroviridae family [11, 24]. The coordinate action of
HSP70h and p61, in addition to the CP and CPm coat proteins, are required for proper assembly
of CTV particles [13]. The previously described CTV 5´NTR conserved SL structures contains
the origin of assembly of CPm, overlapping the sequences that function as a cis-acting element
required for gRNA synthesis [24]. During CTV assembly, CPm begins coating the gRNA at
the 5´ NTR to about nt 630. However, in the absence of HSP70h or p61, CPm may coat larger
segments or even the complete gRNA. Probably, HSP70h or p61 bind to the transition zone
between CP and CPm (around 630 nt) and restrict CPm to the virion tail [24]. The protein
homologous to HSP70h and p61 in BYV are coordinately assembled with CPm in the virion
structure and remain attached to the viral particles [58]. Although the assembly of HSP70h
and p61 is not directly confirmed for CTV, RNA transcripts lacking one or both of these ORFs
were unable to produce infective CTV virions [24]. Several strains with divergent genotypes
could coexist in the same citrus cell. Analysis of the encapsidation of heterologous CPms in
absence of HSP70h and p61 indicated reduction or lack of CPm assembly. Nevertheless, the
presence of HSP70h and p61 restored CPm assembly to wild-type levels. This indicated that
the HSP70h and p61 could play an important role facilitating heterologous CPm assembly in
mixed infections [59].

The region coated by CPm also overlaps the LMT2 5´ sgRNA (650 nts). Actually, LMT2
production is correlated to virion assembly since mutations in the 5´ NTR that abolish
encapsidation also eliminate accumulation of LMT2. Although this represents the first
evidence of a viral RNA processed by the assembly mechanism, the exact function of LMT2 in
CTV assembly is unknown at the moment [52].

7. Citrus tristeza virus genetics and plant-host interactions

In order to infect a plant, CTV needs to enter in the cell, and to overcome the constitutive and/or
inducible plant defences, to re-program the plant cellular machinery for its viral multiplica‐
tion. The infection process will continue with the assembly of new viral particles that will move
cell to cell through the plasmodesmata. This process will be completed with the viral long distance
movement through the plant vascular structure to colonize systemically the plant. Each CTV
gene product seems to have a primary genetic function required for the survival of the virus.
However,  there  are  secondary  genetic  interactions,  which  cause  or  trigger  resistance  or
pathogenic responses in the citrus host [60, 61]. Citrus genus contains multitude of species,
cultivars and intergenic hybrids, with which CTV could interact causing a range of physiologi‐
cal  and biochemical  responses.  These  could be  from either  pathogenic  or  asymptomatic
phenotypes to limited or complete plant resistance [5]. Although most of these mechanisms are

The Complex Genetics of Citrus tristeza virus
http://dx.doi.org/10.5772/56122

11



still a mystery, new discoveries towards the understanding of the genetics of CTV movement in
the plant, host-range, host resistance and pathogenicity have been reported recently [19, 20, 21,
62, 63, 64].

7.1. Citrus tristeza virus host range and plant systemic infection

Citrus  tristeza  virus  natural  plant  hosts  belong  to  the  order  Geraniales,  family  Rutaceae,
subfamily Aurantoidea.  There are also non-rutaceous hosts that have been experimentally
infected with CTV strains like Passiflora gracilis or Passiflora coerulea. Some citrus hosts are
usually susceptible to CTV infection like Mexican lime or C. macrophylla. Other citrus host are
tolerant to some CTV strains like sweet orange [C. sinensis (L.) Osb.] and grapefruit (C. paradisi
Macf.), or tolerant to almost all known CTV strains as mandarins (C. reticulata Blanco). Finally,
pummelos [C. grandis  (L.)  Osb.],  sour orange (C. aurantium  L.)  and the hybrid rootstock
Swingle citrumelo exhibit a differential degree of resistance depending on the CTV strain. In
addition, some Citrus relatives within subfamily Aurantioideae, like Poncirus trifoliata (L.) Raf.,
as well as P. trifoliata intergenic hybrids remain resistant or immune to most of the CTV strains
[4, 5]. Consequently, these data highlight an elevated complexity in the CTV systemic infection
and host range genetics.

Several CTV genes are related with systemic infection of citrus plants [14, 62]. Viral mu‐
tants  with a deletion in the p6 and p20 ORFs failed to infect  citrus plants  systemically,
suggesting their possible roles in virus translocation or infection of the whole plant. Like‐
wise, the p6 homologue in BYV is a movement protein [65], and similarly to homologous
proteins function in BYV [11], CP, CPm, HSP70h and p61 probably participate in the viral
movement. CTV genome has several ORFs that are non-conserved in the family Closteroviri‐
dae, thus unique for CTV. Unexpectedly, three of these ORFs (p33, p18 and p13) neither are
required for replication and assembly [6, 13] nor for systemic infection of Mexican lime and
C. macrophylla [14]. However, p33, p18 and p13 were demonstrated to be CTV host range
determinants. The p33 ORF is necessary for the systemic infection of sour orange and lemon
trees. Likewise, either p33 or p18 ORF is enough for systemic infection of grapefruit trees.
Similarly, p33 or p13 ORF is sufficient to invade whole calamondin (C. mitis) plants. As a
result of the acquisition of multiple non-conserved genes (p33, p18, and p13), probably CTV
increased the possibilities to interact with multiple hosts, thus extending its host range during
the course of its evolution [19].

7.2. Citrus tristeza virus suppressing genes of plant silencing mechanism

The plant constitutive defence consists of the RNA mediated post-transcriptional silencing
mechanism (PTGS) that implies the specific degradation of the viral dsRNA in small interfering
RNAs (siRNAs), which guides a specific plant ribonuclease to disintegrate the viral genomes
in the cytoplasm. Besides the antiviral role, the plant silencing mechanism has important
functions in regulating plant gene expression (miRNA metabolism) [60]. In order to infect
plants, viruses developed a strategy to block this silencing mechanism: the suppressing genes.
This strategy allows viral replication but interfere with host gene expression, thus inducing
disease [60, 66]. As indicated previously, CTV evolved ending up with three proteins that are
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suppressors of the plant RNA silencing mechanism in N. benthamiana and N. tabacum plants.
The p23 inhibits intercellular RNA silencing, while CP impedes intracellular RNA silencing
and p20 limits both inter and intracellular RNA silencing [18]. Although, CP, p20 and p23 have
not been yet reported as suppressors of the citrus silencing mechanism, their presence in the
CTV genome is in concordance with wide host range among citrus species and hybrids,
previously described, and consequently, with the complexity of CTV-citrus interactions. In
fact, in spite of the existence of these three silencing suppressors, accumulation of siRNAs in
CTV-infected susceptible hosts is 50% of the total RNAs in the plant [64]. The CTV siRNAs
accumulation in infected plants is directly proportional to the virus accumulation and varies
depending on the citrus host. Deep sequencing analysis of these siRNAs, from CTV-infected
plants, indicated that they mainly consisted in small RNAs of 21-22 nt derived essentially from
the CTV genome [64].

7.3. Genetic determinants of the Citrus tristeza virus pathogenic syndromes

Viruses possess the potential to disrupt host physiology either by usurpation of substantial
amount of plant metabolic resources or by the interaction of a specific viral product with the
host components [60]. CTV induces three hallmark syndromes, plus a myriad different
symptom patterns in indexing plants. Tristeza disease or QD syndrome consists in overgrowth
of the scion at the bud union, loss of root mass, and therefore death of citrus commercial
varieties grafted on sour orange rootstock [5]. The SP syndrome consists in deep pits in the
wood under depressed areas of bark in commercial varieties of sweet orange and grapefruit
trees grafted on any rootstock. Usually SP do not cause tree death, but severe stunting and
unmarketable fruit, thus causing elevated economic damages [5]. The SY syndrome is
characterized by stunting, leaf chlorosis and sometimes a complete cessation of growth on sour
orange, grapefruit or lemon [C. limon (L.) Burm. f.] seedlings (Figure 6). Although, SY syn‐
drome might be found at the field in top–grafted plants and it is not economically valuable, it
could be examined in the greenhouse in a timely manner and has a substantial diagnostic value
for CTV pathotype differentiation [5]. On the contrary, the development of QD and SP extends
over 10 to 40 years at the field [1], a period too long to screen the CTV isolates. Although SP
pathotype could be likely examined in glasshouse conditions, there are no reliable methods to
reproduce the QD in those conditions [5]. Therefore, the degree of severity of a specific CTV
isolate, strain or genotype usually is assessed by using indexing plants (Mexican lime, C.
macrophylla, sour orange, sweet orange and Duncan grapefruit) [60]. In this case, the degree of
CTV symptomology ranges from the mild phenotypes, which are almost asymptomatic, to the
highly virulent CTV isolates that could generate vein clearing, leaf cupping, dwarfing, stem
pitting and the plant death [5]. This diversity and grade of symptom responses to CTV infection
suggests the possible presence of more than one mechanism of pathogenicity taking place
during the CTV-Citrus interactions.

CTV multiplication generates great quantities of viral products like, at least, 19 viral proteins,
35 RNA species (gRNAs, sgRNAs and LMTs) and D-RNAs along with a complicated process
of replication, gene expression, assembly and movement, where the interaction with host
factors is essential. Consequently, during the CTV-Citrus interaction there are multiple
opportunities to generate disease. In fact, analysis of Mexican lime transcriptome using
microarrays, after infection with a severe CTV isolate, showed altered expression of 334 genes
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and about half of them without significant similarity with other known sequences [63]. In this
context, identifying a specific genetic determinant that is responsible for a specific disease
symptom under field or glasshouse conditions could be a real challenge [20].

Although serological or molecular markers were correlated with some CTV pathotypes [5],
direct linkage of these markers to symptom development has not been established. Neverthe‐
less, the CP, p20 and p23, reported as suppressors of the plant silencing mechanism [18], could
be candidates for symptom determinants since they could potentially disrupt the miRNA
metabolism, thus possibly inducing disease. Indeed, several viral suppressors of RNA-
mediated gene silencing have been identified as pathogenicity determinants [66]. Actually,
when p23 is ectopically expressed in transgenic limes or transgenic sour orange plants induces
virus-like symptoms. However, the symptomatology pattern developed in these transgenic
plants is different than those induced by natural virus infection. Additionally, the grade of
symptom severity observed in these p23 transgenic plants is directly proportional to the p23
production level, and independent of the viral source or sequence of the p23 gene [67, 68].
Nevertheless, the symptom intensity in wild virus-infected limes or sour oranges is radically
different between severe and mild isolates of virus. Yet, the different response in transgenic
plants could be related to the fact that, in this case, the p23 protein is produced constitutively
in most cells, while the expression of p23 is limited to phloem-associated cells in nature [20].

As previously described, a distinctive phenotype of some isolates of CTV is the ability to induce
Seedling yellows in sour orange, lemon and grapefruit seedlings (Figure 6). To delimit the viral
sequences associated with the SY syndrome, T36/T30 hybrids were generated by substituting
severe sequences, located in the 3´ moiety of the T36-CTV9 infectious clone, for homologous
asymptomatic sequences from the T30 genome. The T36/T30 hybrids were analyzed in N.
benthamiana and citrus plants [20]. The SY determinant was mapped to the region encompass‐
ing the p23 gene and the 3' NTR (nt 18394-19296) (Figure 6) [20]. The 3’NTR has been used to
generate transgenic plants resistant to CTV [69] and it has also been related to symptom
development for other virus [70]. Likewise, the p23 is an obvious candidate for SY symptom
determinant since it is one of the most highly expressed CTV proteins [54], a RNA-binding
protein responsible for asymmetric replication [16, 17], and it is a viral suppressor of RNA-
mediated gene silencing mechanism [18]. Additionally, p23 ORF has been used to produce
transgenic plants searching for resistance to CTV [71].

The study of the devastating QD syndrome is especially important under de economical point
of view. In this case, the extremely difficult task of reproducing this syndrome in glasshouse
conditions hinders the study of the QD genetic determinants. However, since a strong
correlation between SY and QD has been observed in the biological evaluation of a wide range
of CTV isolates [5], it could be possible, but not yet confirmed, that determinant(s) for the
decline disease map similarly to that of SY. Therefore, the CTV hybrids, used for evaluation
of the SY genetics determinant [20], have been directly assessed in decline-susceptible grafted
combinations of scion and rootstock in field conditions. In addition, since the hybrids are made
by recombinant DNA technologies, these assays require special permits from the plant
protection and environmental safety authorities [20].
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In order to map the stem pitting determinants, the effect on symptom development in C.
macrophylla of deletions in p33, p18, and p13 ORFs were evaluated [21]. Although the T36 full-
length construct (T36-CTV9) causes only very mild SP symptoms in this host, certain deletion
combinations (p33 and p18 and/or p13) greatly increased SP symptoms, while other combi‐
nations (p13 or p13 plus p18) resulted in reduced SP [21]. Remarkably, the stem-pitting
phenotype seems to be induced as result of a balance between the expressions of different viral
genes.

7.4. Host resistance to Citrus tristeza virus infection

There are different Citrus species and relatives that exhibit total or limited resistance to CTV
infection. Pummelos, sour orange and the rootstock Swingle citrumelo display a differential
degree of resistance depending on the CTV strain. However, some Citrus relatives, within
subfamily Aurantioideae, like P. trifoliata, Swinglea glutinosa (Blanco) Merr., and Severinia
buxifolia (Poir) Ten, as well as P. trifoliata intergenic hybrids like citranges (sweet orange × P.
trifoliata), remain resistant or immune to most of the CTV strains [4, 5].

Figure 6. Development of seedling yellows syndrome (SY) in CTV infected plants. Top panel: SY symptoms in (A) sour
orange and (B) Duncan grapefruit seedlings compared to (C) a healthy sour orange plant. Bottom panel: SY symptoms
in (1) T36/T30 hybrid [P23-3´NTR], (2) isolate T30 (3) healthy (4) T36 infectious clone CTV9 and (5) T36/T30 hybrid
[HSP70h-P61] sour orange seedlings. From Albiach-Marti et al. [20].
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Figure 7. Systemic infection of CTV in different citrus host. Top panel: localization of construct CTV-BCN5-GFP, derived
from the recombinant virus T36-CTV9, in (A) leaf, (B) shoot and (C) roots of tolerant host C. macrophylla. Bottom panel:
localization of BCN5-GFP in a bark flap of (D) Mexican lime, (E) C. macrophylla, (F) sweet orange, (G) sour orange and
(H) Duncan grapefruit. Pictures were taken in a confocal microscope under UV light. Pictures from Folimonov et al. [9]
and Folimonova et al. [62].

Resistance of plants to viruses results from blockage of a basic step in the virus life cycle. This
blockage can result from the lack of a factor(s) in the plant that is necessary for virus multi‐
plication and movement (passive resistance) or activation of a defense mechanism (active
resistance) [60]. One of the most effective methods of characterizing resistance mechanisms is
to determine whether the resistance is expressed at the single-cell level. Albiach-Martí et al.,
[72] studied the nature of this CTV resistance mechanism and reported efficient multiplication
of CTV in resistant P. trifoliata and its hybrids (Carrizo citrange, US119 and Swingle citrumelo)
and S. buxifolia and S. glutinosa protoplasts (Figure 1). Thus, the resistance mechanism in these
plant species affects a viral step subsequent to replication and assembly of viral particles,
probably preventing CTV movement. Similar results were obtained in CTV inoculation
experiments of resistant pummelo and sour orange protoplasts (Albiach-Martí, unpublished
data). Likewise, the CTV systemic infection of Duncan grapefruit (a descent of pummelo) and
sour orange plants was examined using a stable virus-based vector CTV-BC5/GFP, which was
generated from the T36-CTV9 recombinant virus (Figure 7) [9]. The susceptible host C.
macrophylla and Mexican lime and the tolerant host sweet orange were used as controls [62].
CTV infection sites, after cell to cell movement, consisted of clusters of 3 to 12 cells in the
susceptible species, while in Duncan grapefruit and sour orange there were fewer CTV
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infection sites and they were usually single cells, indicating absence of cell to cell movement
in both cases (Figure 7) [62]. However, the long-distance movement mechanism of CTV
appears to be inefficient in some extend, since the majority of phloem-associated cells in the
bark flaps have not been infected, even for C. macrophylla and Mexican lime susceptible hosts
(Figure 7) [62]. In these experiments, accumulation of T36 seemed related to host susceptibility.
Actually, the hypothesis points to plant silencing as a probable cause of this resistance
mechanism [62]. However, inadequate interactions of the CTV host range determinants (p33,
p18 and p13) [19] with the host factors, which allow viral movement, have not been discarded.

8. Citrus tristeza virus genetic determinants related with aphid
transmission

While CTV dispersal between new areas or countries occurs by graft propagation of virus-
infected plant tissues, aphid transmission is responsible of local spread [1]. Viruliferous aphids
of Toxoptera citricida (Kirkaldy) and Aphis gossypii (Glover) species are able to transmit CTV in
a semipersistent manner [1] (Figure 1). However, A. spiraecola (Patch) and T. aurantii (Boyer de
Fonscolombe) have also been reported as CTV vectors, although with less efficiency than A.
gossypii. The aphid T. citricida is the most effective transmitting CTV and the most efficient and
fast in the spatial and temporal viral spreading in citrus orchards. Moreover, when T. citrici‐
da appears in a new citrus area, the interaction between CTV and T. citricida seems to shift a
specific mild or QD viral population to severe SP one [5]. This incidence suggests that T.
citricida is more effective transmitting the minor virulent SP populations than the endemic mild
or QD CTV genotypes. Citrus is the primary host of T. citricida, while A. gossypii populations
build up in other crops. Probably T. citricida evolved with citrus and CTV and this could explain
its high efficiency transmitting this virus [3].

The CTV genes or sequences related with aphid transmission are mostly unknown. However,
usually for viral transmission, a helper component or the CTV virion has to interact with the
mouthparts and the foregut of the aphids. Therefore, the protein components of the CTV
particles (CP, CPm, HSP70h, p61) are candidates for aphid transmission determinants. In fact,
CPm, which composes the particle tail structure of Lettuce infectious yellows virus (LIYV) (genus
Crinivirus, family Closteroviridae), a close relative to CTV, is involved in viral transmission by
Bemisia tabaci [75]. Similarly, the CTV CPm is suspected to affect aphid transmission [73, 74].
Comparison of CPm protein sequences from transmissible and non- transmissible CTV strains
yield five mutations that appear to be conserved in transmissible CTV strains. These ones could
affect aphid transmission efficiency by altering the conformation of the protein or masking
motifs, which could be involved in the interaction between CPm and aphid stylet [76].
Although the special abilities of T. citricida are partially explained by its high efficiency in viral
transmission [3], it seems that could be distinct interaction of this aphid with the coat proteins
corresponding to different CTV genotypes. Additionally, the transmission mechanism of CTV
by A. gossypii may possibly be, to some extent, different to the one by T. citricida.
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9. Conclusions

Citrus tristeza virus research continues pushing the molecular virology technology to further
limits. Molecular tools have been developed to study CTV gene expression, replication,
assembly, systemic infection, viral movement, and plant-host interactions. The scientific
results reveal a virus with a complex genetics that has become a model for molecular virology
studies and viral biotechnology development. However, in spite of the CTV complicated
genetics, further efforts need to be applied to engineer viral-based vectors, or additional
biotechnological approaches, with the aim of understanding the mechanisms of viral move‐
ment, pathogenesis, resistance and aphid transmission, and the role of the D-RNAs in the CTV
infection or the pathogenesis process. This valuable information will be applied to implement
biotechnological strategies in order to control the devastating CTV epidemics.
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1. Introduction

Viruses are a vastly diverse group of infectious particles with many different structures,
mechanisms of function and ingenious strategies of invading host organisms for their own
proliferation. One of the key features that ties viruses together as an inclusive group, is the
reliance on living cells for replication and propagation. On their own, viruses lack the cellular
machinery necessary for many life-sustaining functions including protein translation and
metabolism. Regardless of the organization of a viral genome or the type of nucleic acid,
infection of a host cell and viral propagation is dependent on the transcription of viral mRNA
and, in turn, the translation of viral proteins as well as genome replication. Because viruses
are dependent on host cell machinery for most of these processes, they have driven an
outstanding virus-host co-evolution. Viruses that rely on the replication machinery of the host
cell become cell-cycle dependent in their own replication. Furthermore, just as viruses have
evolved ways to hijack necessary cellular proteins, cells have evolved complex mechanisms
for fighting infection by detection and degradation of foreign mRNA. In order for viral mRNA
to utilize host cell machinery, begin translation and remain both stable and undetected in the
cytoplasm, it must contain the post-translational modifications of a host cell mRNA including,
but not limited to, a 5’ cap structure. By disguising viral mRNA with the same structural
elements found in host mRNA, the cellular defense mechanism can be evaded and protein
translation may occur. The significance of the cap structure can be seen through the diversity
of cap-synthesis pathways across vastly different viral families that all lead to the formation



of a ubiquitous RNA 5’-cap. The 5’→ 3’ direction of nucleotide triphosphate (NTP) polymeri‐
zation during RNA synthesis creates a nascent mRNA molecule with a 5’-triphosphate moiety
resulting from the initial NTP on the 5’-end. Through the processes involved in cap synthesis,
the pppRNA structure is transformed into a basic, cap-0 RNA structure (m7GpppN). Further
2'-O-methylations of the first and second nucleotides of the RNA may occur.

In this chapter, a number of processes used by viruses to synthesize, acquire or mimic a 5’ cap
are explored to highlight the similarities and differences in the enzymatic mechanisms that
lead to the maturation of a 5’cap on viral RNA and its importance in viral genome replication
within a host cell.

2. Description of the RNA cap structure

To understand the importance of an RNA cap structure for viruses, it is crucial to first
understand why this structure is essential to their eukaryotic hosts. Prokaryotic RNA tran‐
scription and protein translation are coupled due to the spatial proximity between DNA and
ribosomes. In eukaryotic cells however, newly synthesized RNA transcripts undergo several
nuclear post-transcriptional modifications, known as RNA processing, before they are
exported and translated in the cytoplasm. These eukaryotic pre-mRNA modifications include
the addition of a cap structure at the 5’-end, the splicing out of introns, the editing of nucleo‐
bases and the addition of a poly(A) tail at the 3’-end. RNA capping is a co-transcriptional
process that occurs when an RNA molecule is 20-30 nucleotides in length. The cap structure
consists of a guanosine residue, harboring a methylation in the N-7 position, which is bound
to the terminal 5’-end nucleotide with a peculiar 5’-5’ triphosphate bridge (Fig. 1). This inverted
link between the two nucleotides prevents RNA degradation by 5’-3’ exonucleases. The second
important feature of the cap structure is the presence of the methyl group on the guanosine,
which confers a positive charge that plays an important role in its specific recognition by
specialized proteins. The cap structure fulfills many roles which ultimately lead to mRNA
translation. In the nucleus for instance, the cap structure of pre-mRNAs is recognized by the
cap binding proteins (CBP20 and CBP80). This cap binding complex (CBC) protects mRNA
from degradation and assists RNA transport from the nucleus to the cytoplasm. Once in the
cytoplasm, ribosomes and translation factors must be recruited for translation of mRNAs into
proteins. The eukaryotic translation initiation factor 4E (eIF4E) specifically binds to the RNA
cap structure [1]. This association is mediated through stacking interactions between two
aromatic residues of the eIF4E protein; the mRNA binding is further stabilized by specific
hydrogen bonds between the positive charge of the 7-methylguanosine and an acidic residue
[2]. Upon cap binding, eIF4E assembles with eIF4G (a scaffold protein) and eIF4A (an RNA
helicase) into the eIF4F complex [3]. The scaffolding protein eIF4G recruits the small 40S
ribosomal subunit through the eIF3 complex [4]. The translation initiation complex then scans
the mRNA for the start codon before recruiting the larger subunit of the ribosome, and
translation of the open reading frame (ORF) takes place [2]. Taken together, the roles fulfilled
by the RNA cap structure are crucial for RNA stability and translation. Because of this, many
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eukaryotic viruses require strategies, such as RNA cap synthesis, in order to protect, replicate
and translate their genomes in eukaryotic hosts.

Figure 1. RNA 5’-cap structure. The RNA 5’cap structure is composed of a 7-methylguanosine (blue) linked to the
RNA (black) through a 5’-5’ triphosphate bridge (blue and black). The N7 methylation of the guanosine (green) con‐
fers a positive charge to the cap structure. Additional 2’O-methylation (red) can be found on the first few nucleotides.

3. Conventional and unconventional 5’ RNA cap synthesis mechanism

3.1. Canonical cap synthesis by different viruses

The importance of the cap structure in eukaryote metabolism has resulted in an evolutionary
pressure for viruses to adopt a similar cap structure. A series of enzymatic reactions is required
to synthesize a cap structure at the 5’-end of RNA. The most pervasive enzymatic pathway,
also termed “conventional capping”, consists of three sequential enzymatic activities that are
required to generate a functional 7-methylguanosine 5’-5’-triphosphate bridged cap structure.
As a result of the directional 5’ to 3’ polymerization of nucleotide triphosphates (NTP) during
RNA synthesis, nascent RNA bear at their 5’-end a triphosphate moiety (originating from the
initial NTP). This 5’-triphosphate end of the RNA is first converted into a 5’-diphosphate end
by hydrolysis of the terminal phosphate, or γ-phosphate, by an RNA triphosphatase (RTPase).
This is followed by a two-step reaction catalyzed by an RNA guanylyltransferase (GTase). The
enzyme first specifically binds and hydrolyzes a GTP molecule to form a covalent enzyme-
GMP intermediate, which then catalyzes the transfer of the GMP moiety onto the 5’-end of a
diphosphorylated acceptor RNA (ppRNA) in the second step of GTase reaction. Lastly, an
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RNA (guanine-N-7)-methyltransferase (N7MTase) uses S-Adenosyl methionine (SAM) as a
methyl group donor in order to methylate the guanosine residue of the cap structure at the N7
position. This sequence of enzymatic modifications yields the minimal RNA cap-0 structure
(m7GpppN). Subsequent methylation of the 2’-hydroxyl group of the first few nucleotides of
the RNA can be catalyzed by a (nucleoside-2’-O)-methyltransferase (2’OMTase) again using a
SAM molecule as a methyl-donor (Fig. 2). Further methylations on the caps proximal nucleo‐
tides convert a cap-0 structure into a cap-1 (m7GpppNm) or cap-2 (m7GpppNmNm) structure.

Figure 2. Canonical 5’ RNA cap synthesis pathway. RNA cap-1 structures are conventionally synthesized by the se‐
quential γ-phosphate hydrolysis by an RTPase, GMP transfer by a GTase, N7-methylation by an N7MTase, and 2’O-
methylation by a 2’OMTase. The contribution of each substrate to the formation of the final 5’ RNA cap structure is
highlighted by a color code: pppRNA (black), GTP (blue) and SAM (green and red).

The conventional RNA 5’ cap synthesis mechanism is used by a majority of viruses in order
to acquire a cap structure. Most DNA viruses together with the RNA viruses from the
Bornaviridae and Retroviridae families use the host RNA polymerase II (RNA Pol II) to transcribe
their mRNAs. As a result, the majority of DNA virus transcripts are co-transcriptionally
capped using the cellular capping apparatus. Alternatively, many RNA viruses with a
cytoplasmic replication cycle, do not have access to the host RNA Pol II and therefore have
evolved their own capping machinery. Over time, a wide diversity of enzyme structures and
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mechanisms of action have evolved to generate the same highly conserved RNA cap structure
(Fig. 3). The following paragraphs describe the enzymes supporting the RTPase, GTase,
N7MTase and 2’OMTase activity.

Figure 3. Viral RNA 5’-end structure and maturation. Nearly all mammalian viruses modify their RNA 5’-end
through the covalent addition of a cap structure (majority) or a VPg protein (minority). Although the widely acquired
RNA cap structure is chemically identical (m7GpppN), viruses have evolved a large variety of mechanisms to synthesize
or acquire this crucial structure. The mechanisms of 5’-end maturation vary among order and families of viruses as
presented in the above schematic (for clarity, only a few viral families are presented). Within the Flaviviridae family, the
Flavivirus synthesize a typical cap structure while the Hepacivirus and Pestivirus are the only mammalian viruses repre‐
sentative to harbor an unmodified 5’-triphosphate end. Their RNA 5’ UTR instead folds into a highly structured three-
dimensional conformation termed IRES. Of notice, the Retroviridae RNA harbor both, a cap structure and an IRES, as
well as the Picornaviridae RNA that harbors both an IRES and a 5’-VPg-linked protein. Adapted from Decroly and al.
(2012).

3.2. RNA triphosphatases

The RTPase activity is the first of the three enzymatic reactions required to synthesize a cap
structure. The RTPase hydrolyzes the γ-β-phosphoanhydride bond at the 5’-end of an RNA
to yield an RNA 5’-diphosphate and inorganic phosphate (Pi). Viruses have evolved a wide
variety of enzyme structures and mechanisms of action to fulfill the RTPase activity, a greater
diversity than is seen with any other enzymatic capping activity. RTPases are classified as
either belonging to the metal-dependent family or the metal independent family based on their
cofactor requirements. As indicated by its name, the first family requires a divalent cation
cofactor for its activity. This metal requirement is usually satisfied by Mg2+, although Mn2+ is
also able to support the RTPase activity [5]. This family of enzymes also shares the ability to
hydrolyze free NTPs, again in the presence of a metal cofactor [5, 6]. The lack of substrate
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specificity is speculated to be a result of the chemical similarity between an NTP and the RNA
5’-triphosphate end. The metal dependent RTPase family is further subdivided into three
distinct structural groups, namely the triphosphate tunnel metalloenzyme (TTM), histidine
triad-like (HIT-like) and helicase-like RTPase (Fig. 4).

Figure 4. Diversity in RNA triphosphatase structure and mechanism of action. The RTPase activity can be cata‐
lyzed by various mechanisms of action, each associated with a characteristic structure. They are indicated as follows:
TTM (blue), HIT-like (multimeric: dark pink, monomeric: red), Helicase-like (cyan) and metal-independent (green). The
location of the active site is indicated by and arrow, and examples of hosts and viruses utilizing those enzymes are
given.

The TTM enzymes are found in chlorella virus, poxviruses, baculoviruses, mimiviruses and
lower eukaryotes. All TTM RTPases fold in a specific, characteristic structure. An assembly of
eight antiparallel β-strands to form a tunnel scaffold surrounding the active site (Fig. 4). The
interior of the tunnel is dominated by hydrophilic amino acid side chains oriented toward the
center of the tunnel creating a network of interactions for the triphosphate moiety of the
substrate [7]. Glutamate residues, within this amino acid network are also responsible for the
coordination of the crucial cation cofactor [6]. The recognition of the RNA substrate, primarily
through its triphosphate moiety, could explain the activity of the TTM RTPase against NTP
substrates. Interestingly, this NTP hydrolysis is not supported by Mg2+, but is rather dependent
on Mn2+ or Co2+ [6]. The coordinated metal ion, in conjunction with basic lysine and arginine,
activates the γ-phosphate and stabilizes the pentacoordinate phosphorane transition state. A
glutamate serves as a general base catalyst to activate the nucleophilic water for the attack on
the γ-phosphorus according to a one-step in-line mechanism [8]. TTM RTPases have been
acquired by large DNA viruses from their hosts [7]. Interestingly, modern Poxviridae infect
higher eukaryotes that lack TTM RTPase, underlying their evolution from viral ancestors that
replicated in unicellular eukarya, from which they likely acquired a TTM RTPase.
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The HIT-like RTPase is so far only represented by the NSP2 enzyme of rotaviruses (dsRNA
virus). The name of this family is based on the structural resemblance between the NSP2 C-
terminal domain (CTD) and the ubiquitous cellular histidine triad nucleotidyl hydrolases
(HIT). The NSP2 protein associates into an octamer to form a doughnut-shaped quaternary
structure (Fig. 4) [9, 10]. RNA binding grooves are found at the surface of the doughnut-shape
while the active site is buried deep in an electro-positive cleft on each monomer. Despite
structural similarity with HIT, NSP2 appears to be catalytically distinct. The catalytic histidine
triad requires a Mg2+ cofactor to hydrolyze the γ-β-phosphoanhydride and form a covalent
phosphate-histidine intermediate [11]. The enzyme harbours similar catalytic rates toward
both NTP and pppRNA substrates. Increased affinity for RNA, conferred by the RNA binding
grooves, is speculated to stimulate RTPase activity over NTPase activity in vivo [10]. Despite
the structural similarity with HIT, currently no evidence indicates that HIT-like RTPase could
have evolved from their cellular counterpart, and rather a convergent evolution is more
probable [9].

The helicase-like RTPases are found in a variety of ss(+) RNA viruses of the flavivirus,
coronavirus, potexvirus and alphavirus genera and the dsRNA viruses of the Reoviridae family.
These enzymes are active NTPase-helicases and belong to the large helicase superfamilies SF1
and SF2. The NTPase activity fuels the energy-consuming strand displacement of the helicase
activity. The common NTPase-RTPase catalytic site is located in a cleft formed from the
junction of two RecA-like subdomains (Fig. 4). As with many nucleotide-binding proteins, the
active site of helicase-like RTPases harbour both a Walker A and Walker B motif [12, 13]. The
Walker A motif (GxxxxGK(T/S)), or phosphate-binding loop (P-loop), is responsible for
contacting the γ-phosphate through its highly conserved arginine. The aspartate of the Walker
B motif (DExD) coordinates the crucial Mg2+, which stabilizes the γ and β-phosphates, while
the glutamate activates the water molecule for the hydrolysis reaction [14]. The addition of the
RTPase activity to an NTPase-helicase ancestor appears to result form only a minor evolu‐
tionary progression as the ancestor enzyme already displayed the key RTPase features,
namely, a nucleic acid binding domain, a triphosphate binding active site and a terminal
phosphate hydrolysis activity.

The second family of RTPases is the metal-independent group. Higher eukaryotic viruses that
rely on capping apparatus of the cell use the host metal-independent RTPase. Moreover,
baculovirus also expresses such a metal-independent RTPase. Two striking differences
between this enzyme family and the metal-dependent family, are its cation-independent
mechanism of action and its inability to hydrolyze free NTP [15]. Metal-independent RTPases
are members of the cysteine phosphatase superfamily, sharing their signature
HCxxxxxR(S/T) P-loop motif located in a deep positively charged pocket. The catalytic cysteine
is located at the bottom triphosphate binding cleft formed by the characteristic α/β-fold ternary
structure (Fig. 4) [15, 16]. The catalytic cycle fits a two-step phosphoryl-transfer reaction. First,
the pppRNA γ-phosphate is attacked by the catalytic cysteine to form a covalent protein-
cysteinyl-S-phosphate intermediate which results in the release of the ppRNA product. Next,
a water molecule attacks the phosphocysteine to expel the inorganic phosphate and regenerate
the enzyme [15]. The metal-independent RTPase presumably evolved from the cysteine
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phosphatase ubiquitously found in higher eukaryotes and was later acquired by baculovirus
from their hosts. Interestingly, baculovirus also encodes a second TTM RTPase fulfilling the
same role. This unconventional carrying of two distinct enzymes having the same activity is
speculated to be an evolutionary snapshot of an RTPase transition from the lower eukaryote
TTM RTPase to the higher eukaryote metal-independent RTPase.

3.3. RNA guanylyltransferase

The second step of the capping sequence is the GTase activity. GTase catalyzes the rate-limiting
transfer of a GMP moiety from a GTP substrate to an acceptor ppRNA to yield an unmethylated
cap structure (GpppN). GTases are members of the covalent nucleotidyltransferases super‐
family which also includes the ATP- and NAD+-dependent DNA ligases and the ATP-
dependent RNA ligases [17]. This superfamily’s ternary structure is composed of the N-
terminal of the nucleotidyltransferase (NT) domain fused to an oligobinding fold (OB-fold)
domain in the C-terminal. These flexible proteins are able to undergo large conformational
changes during their catalytic cycle. GTases share highly conserved structures and motifs, of
which the hallmark KxDG(I/L) motif is present in nearly all GTases [18]. The catalytic cycle of
the GTase is a complex two-step ping-pong reaction involving multiple conformational
changes. First, a GTase in a conformation where the OB-fold domain is distant from the NT
domain (open conformation) specifically binds a GTP molecule. This is followed by the closure
of the OB-fold domain toward the NT domain (closed conformation) which is stabilized by
interactions between the bound nucleotide and residues from both NT and OB fold domains.
This conformational change also creates a Mg2+ cofactor binding site, thus the closed confor‐
mation represents the catalytically active form of the enzyme [19, 20]. Upon Mg2+ binding, the
α-phosphate of the GTP is sandwiched between the catalytic lysine (form the KxDG) and the
metal cofactor. Deprotonation of the lysine leads to the attack on the α-phosphate of the GTP
to form a enzyme-(lysyl-N)-GMP intermediate (EpG), concomitant with the hydrolysis of a
pyrophosphate molecule [20]. Following the catalysis, interactions between the bound
guanylate and the OB fold domain are disrupted, leading to the reopening of the enzyme and
the release of pyrophosphate. The reopening of the guanylylated enzyme allows for accom‐
modation of the ppRNA, which is likely followed by the closure of the OB-fold domain. Closing
of the OB-fold domain returns the enzyme to its catalytically active form, which promotes the
transfer of the GMP to the acceptor RNA. A final reopening allows for unmethylated capped
RNA to be released and the apo-protein to be regenerated (Fig. 5) [19]. The active sites of the
GTase are highly conserved, potentially due to their fairly complex catalytic cycle. Most viruses
encode GTases that are, with respect to the active site, nearly identical to their eukaryotic host
GTase, favouring the hypothesis of ancestral viral acquisition of the host GTase.

While nearly all GTases are highly conserved, a few recently discovered viral GTases are
different. Little is currently known about those atypical GTases lacking the catalytic KxDG
motif. Some segmented dsRNA viruses of the Reoviridae family encode for a large multiprotein
capsid harbouring nucleic acid maturation functions, including GTase activity. The Reoviri‐
dae GTase is structurally different from the conventional GTase. While they lack the conserved
KxDG motif, they still maintain the capacity to form an enzyme-(lysyl-N)-GMP intermediate.
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The flavirivus GTases are also atypical. Their activities are found on the N-terminal portion of
the RDRP-MTase peptide. They are structurally distinct from both the conventional and the
Reoviridae GTase but they still mediate RNA guanylation through a two-step mechanism
involving an EpG intermediate [21, 22]. The precise amino acid involved in the guanylate-
enzyme complex formation is also speculated to be a lysine, but a histidine or an arginine
residue may also play this role. Progress in the field of atypical viral capping enzymes will
eventually shed light on those imprecisions.

3.4. RNA methyltransferase

The third step of the RNA 5’-end cap synthesis is the methylation of the cap guanosine by a
N7MTase. An N7MTase adds a methyl group to the guanine at the N7 position in order to
convert the GpppN into a functional m7GpppN cap-0 structure. The conversion of S-Adenosyl

Figure 5. Structural and mechanistic pathway used by GTase. The apo-enzyme in open conformation (blue) binds
a GTP substrate (gray), closes (red) and proceeds to hydrolysis thereby generating an enzyme-GMP (black) intermedi‐
ate. GTase reopening (blue) allows for RNA binding (orange), the enzyme either stays open or closed to allow GMP
transfer onto the RNA. Finally, the open enzyme releases the GpppN product and the apo-enzyme is regenerated.
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methionine (SAM) into S-Adenosyl homocysteine (SAH) provides the methyl group. N7MTas‐
es are members of the large SAM-dependent MTase family, which shares a low sequence
identity but a structurally conserved SAM binding core. This SAM binding pocket, composed
of a seven-stranded β-sheet flanked by six α-helices, ensures specific and proper positioning
of the SAM molecule, while other structural determinants provide specificity for a range of
methyl acceptors [23, 24]. For the N7MTase, those structural determinants are a positively
charged RNA-accommodating groove and a GpppN binding pocket that forms extensive
electrostatic interactions with the cap guanine, thereby ensuring specificity [25]. Despite a
broad network of interactions with both substrates (GpppN and SAM), no direct contact is
made between the N7MTase and their substrate reacting group: the guanine N7 nitrogen
(methyl acceptor) and the SAM CH3 (methyl donor). The methyl transfer is instead mediated
by a direct in-line nucleophilic attack of the SAM methyl moiety by the guanine N7 nitrogen.
N7MTases are not directly implicated in the transition state stabilization, but are rather
optimizing the proximity and the spatial orientation between both ligands reacting groups. In
addition, a favourable electrostatic environment further stimulates the catalysis [25]. The
degree of conservation among N7MTases is very high and most viral and eukaryotic N7MTas‐
es only differ in their accessory domain. A rare exception is the poxvirus N7MTase, which
appears to bind SAM in a slightly different conformation. Moreover, some poxviruses, such
as vaccinia virus, have evolved a heterodimer N7MTase. The vaccinia virus N7MTase D1 for
example relies on its association with the accessory protein D12 to be fully active [26]. The
degree of conservation among N7MTases points toward a common eukaryotic ancestor
acquired by viruses.

Lastly, some viruses infecting higher eukaryotes, such as flavirirux, reovirus and poxvirus, can
further modify their RNA 5’-end through 2’-O-methylation in order to more accurately mimic
their host mRNA modifications. This last modification is not required for viruses infecting
lower eukaryotes as their host harbours cap-0 mRNA. The 2’OMTase methylates the first
nucleotide 2’-hydroxyl group(s) of the RNA, allowing for the conversion of a m7GpppN (cap-0)
into a m7GpppNm (cap-1). The 2’OMTases are also members of the large SAM-dependent MTase
family. When compared to the N7MTase, 2’OMTase harbours an additional highly conserved
catalytic lysine-asparagine-lysine-glutamine tetrad [27]. These amino acids are not consecutive
in the primary sequence, but they cluster together once the protein adopts its three-dimen‐
sional structure. The exact catalytic pathway is still controversial, but relies on the conserved
asparagine and arginine to lower the pKa of the catalytic lysine, which is responsible for the
2’-hydroxyl group activation. Two mechanisms are proposed for this substrate activation. The
first involves the lysine deprotonating the 2’-OH to form a nucleophilic 2’-oxanion. The second
implicates the lysine in the formation of a non-deprotonating hydrogen bound with a 2’-
hydroxyl proton, which freezes the 2’-OH rotation in an angle where the 2’-oxygen electron
lone pair is steered toward the SAM methyl group. In both cases, the nucleophilic 2’-oxygen
attacks the electrophilic SAM methyl group according to an in-line Sn2 mechanism [28-31].
The pentavalent methyl intermediate of the transition state is stabilized by the asparagine.
Despite the structural homology with the N7MTase, the 2’OMTase harbours a distinct
mechanism of methyl transfer. Interestingly, some viruses, such as the flavivirus, have evolved
both N7MTase and 2’OMTase activities within the same enzyme [22, 32]. These dual MTases
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share the same SAM binding site and accessory domain but not the same mechanism of methyl
transfer. The classical N7MTase and 2’OMTase mechanisms are instead present but inde‐
pendent. It is, for example, possible to abolish the 2’OMTase activity through disruption of the
lysine-asparagine-lysine-glutamine tetrad while maintaining the N7MTase activity [22, 32]. It
is important to note that the flavivirus dual MTase accomplishes a sequential methylation,
starting with the N7 guanine methylation and followed by a repositioning of the cap structure
and finally, the 2’-hydroxyl methylation [22, 32]. This sequence is virus specific and can be
inverted, as exemplified by the vesicular stomatitis virus (VSV), a member of the Rhabdoviri‐
dae family. The VSV also encodes a dual MTase, but the 2’OMTase takes place first and is
followed by the N7MTase [33]. These dual MTases have likely evolved their second MTase
activity out of their initial MTase fold.

3.5. Gene organization of viral capping enzymes

In order to support viral replication and fitness, both the catalytic activity of viral enzymes
involved in RNA capping as well as their localization within the cell, are crucial. Viral capping
enzymes required for RNA capping have to be recruited at the site of RNA synthesis. Recruit‐
ment of the capping enzyme can be mediated by protein-protein interactions with either the
RNA polymerase or a scaffold protein. While recruitment of the three distinct enzymatic
activities is required in order to synthesise a cap-0 structure, the available surface for protein
interactions at the RNA synthesis site is limited. Viruses have evolved multiple solutions to
overcome this problem including the fusion of multiple enzymatic activities to the same
polypeptide as well as protein-protein interactions between two capping enzymes to form a
hetero-multimer (Fig. 6). A good example of protein-protien interaction is seen in Paramecium
bursaria Chlorella virus, which encodes the RTPase, GTase and N7MTase activities on three
different peptides [19, 34, 35]. The RTPase enzyme is likely to interact with the GTase, in a
manner that is reminiscent of the lower eukaryotic capping machinery in which the Pol II co-
transcriptionally recruits the RTPase-GTase heterodimer and the N7MTase separetely [36,
37]. Alternatively, viruses such as Baculovirus and Infectious Spleen and Kidney Necrosis virus
benefit from the fusion of the RTPase and the GTase activities in a single polypeptide, thus
facilitating the recruitment of the capping apparatus to the viral RNA polymerase transcription
site [38, 39]. In this instance, the organization of the viral capping enzymes is most analogous
to that of higher eukaryotes in which the RTPase and GTase enzymes are fused together. In
this case, interaction with the GTase domain is solely responsible for RTPase-GTase recruit‐
ment to the RNA Pol II while the N7MTase is recruited separately [40]. The fusion of sequential
enzymatic activities to the same multi-domain protein appears to be more robust than the
heterodimer formation. Because of this, selective pressures have driven the fusion of the
capping gene in a wide variety of viruses. Alphavirus, for example, encodes a single protein
that is able to add a N7 methylated guanosine to a ppRNA, while the RTPase activity is located
on a different peptide [41]. The flavivirus represent an even more striking example of gene
organization optimization. The RTPase in this group shares a catalytic site with the NTPase/
helicase (also implicated in RNA synthesis) on one protein while the GTase and the dual (N7
and 2'OMTase are fused to the RNA dependent RNA polymerase (RDRP) on a second protein.
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In this example, flavivirus managed to pack, within two polypeptides, six different enzymatic
activities, all of which are involved in RNA synthesis and maturation [21, 22, 32].

Figure 6. Gene organization of the canonical capping enzymes. Schematic representation of the genetic organiza‐
tion of the canonical enzymatic activity required to synthesize a cap-0 structure. Examples of organisms associated
with each gene organization is indicated on the left. The color code is representative of structural and mechanistic
enzymatic conservation and is detailed at the bottom of the figure.

Some viruses have even evolved a highly efficient capping enzyme, fusing together all three
or four enzymatic functions required for cap synthesis into what can be described as an RNA-
capping assembly line. Mimivirus and African swine fever virus encode a large, single protein
inclusively harbouring the RTPase, GTase and N7MTase activities. This allows these viruses
to efficiently modify their RNA to generate a cap-0 structure [7, 42]. The conventional cap
synthesis pathway is a directional succession of enzymatic activities such that
RTPase→GTase→N7MTase. Interestingly, the order of the catalytic domains within the
primary sequence of these triple-activity capping enzymes follows the required capping
activity sequence (NH2-RTPase-GTase-N7MTase-COOH). As a result, they not only co-localize
all capping activity to the RNA 5’-end, but also optimize the progression of the RNA through
the capping activity sequence. Poxvirus, typified by the vaccinia virus (VV), also display a nice
example of a multi-capping enzyme. The VV multi-capping enzyme, D1, possesses all three
RTPase, GTase and N7MTase activities. The first two are constitutive while the N7MTase
requires association with the D12 stimulatory subunit. Together this complex is able to modify
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an RNA 5’-end up to a cap-0 structure. It is also interesting to note that the structure of the D12
stimulatory subunit indicates that it used to be a 2’OMTase but that function is now inactive.
Instead, the 2’OMTase activity is now taken over by the dedicated VP39 2’OMTase [23]. This
raises the possibility of an ancestor poxvirus RNA-capping assembly line composed of a D1-
D12-like complex that could process a 5’-triphosphate RNA into a cap-1 RNA. Such an
enzymatic conveyor can currently be found in mammalian reovirus and bluetongue virus.
These two viruses are members of the segmented dsRNA Reoviridae family and transcribe their
plus-strand messenger RNA within an internal capsid particle containing the RDRP and the
capping apparatus. A single protein packs together all four enzymatic activities required to
synthesize a cap-1 structure (RTPase, GTase, N7MTase and 2’OMTase), although the putative
RTPase activity is yet to be confirmed [43-45]. Once again, these activities are presented into
a directional layout that channels the mRNA through successive enzymatic modifications with
the goal of converting its 5’-triphosphate end into a cap-1 end. Moreover, this RNA capping
assembly line is in direct contact with the polymerase, ensuring optimal recruitment of the
nascent mRNA to the capping apparatus [46]. The λ2 and VP4 capping proteins from reovirus
and bluetongue virus are slightly different in regard to their quaternary structure. Reovirus λ2,
which is overall linearly shaped, associates into a pentamer to form a hollow cylinder with
each active site facing the interior of the cavity, or the turret. This barrel is perpendicular to
the spherical internal capsid particle and creates a channel for the nascent mRNA to exit the
internal capsid particle while undergoing complete type-1 mRNA capping [44]. It is interesting
that a diversity of viruses, ranging from dsDNA virus such as Mimivirus, African swine fever
virus and poxvirus, to segmented dsRNA viruses including members of the Reoviridae family,
have evolved such a complex but highly effective RNA-capping assembly line. The convergent
evolution of these systems highlights the critical importance of proper RNA capping for viral
genome replication and overall viral fitness.

3.6. Unconventional 5’ RNA cap synthesis mechanism evolved by different viruses

The capacity to properly cap RNA confers a distinct advantage to many eukaryotic viruses.
Consequently, the selective pressure to maintain this structure is high, which is reflected by
the degree of conservation among the viral capping proteins. Interestingly, this selective
pressure is not directed toward the capping proteins themselves (RTPase, GTase and
N7MTase), but rather toward their final product, the cap structure. Because of this, many
viruses have evolved diverse biosynthetic strategies, divergent from the canonical
RTPase→GTase→N7MTase pathway, allowing them to synthesize or acquire the final cap
structure. This cap structure is in every aspect identical to the canonically synthesized one;
only the enzymatic pathway varies. Many viruses families include members that use an
unconventional 5’ RNA cap synthesis pathway. As of today, three unconventional 5’ RNA cap
synthesis mechanism have been described.

3.7. The m7GTP RNA capping pathway

The m7GTP RNA capping pathway, also termed the alphavirus-like pathway, is found in a
number of (+)ssRNA viruses of the alphavirus (Semliki Forest virus and Sindbis virus),
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potexvirus (Bamboo mosaic virus), tobamovirus (Tobacco mosaic virus), Togaviridae (Rubella
virus and Chikungunya virus) and Hepeviridae (Hepatitis E virus) families [5, 47]. These viruses
encode unique capping machinery capable of synthesizing a cap-0 structure in three sequential
enzymatic reactions. The initial step is quite similar to the conventional capping mechanism
in which an RTPase (nsP2 protein of Semliki Forest virus for example) hydrolyzes the γ-β-
phosphoanhydride bond at the 5’-end of the RNA yielding a ppRNA [48]. Next a GTP molecule
in methylated in position N7 by an atypical N7MTase (nsP1 protein of Semliki Forest virus for
example). This m7GTP is then recognized as a substrate by an atypical GTase (also nsP1 of
protein of Semliki Forest virus for example). The reaction results in the formation of a charac‐
teristic m7GMP-enzyme covalent complex upon the hydrolysis of a pyrophosphate group. This
m7GMP group is finally transferred onto the 5’-end of the acceptor ppRNA, to yield a typical
m7GpppN cap-0 structure [41, 49-52]. The overall capping reaction is then RTPase→atypical
N7MTase→atypical GTase (Fig. 7). It is worth mentioning, however, that not only the order of
chemical modifications differs, but also the protein mechanisms of action. The atypical
N7MTase has fundamental similarities to the standard N7MTase, including the presence of a
SAM binding domain, but its substrate recognition is vastly different. Atypical N7MTase
proteins are unable to methylate GpppN as the canonical N7MTase does, and instead they
specifically methylate GTP (and GDP to some extent) [51]. The atypical GTases are mechanis‐
tically different from their GTase counterpart in that they lack the KxDG conserved motif and
mediate their m7GMP-enzyme intermediate through a conserved histidine instead of a lysine
[41]. These proteins have no activity with GTP, but specifically require m7GTP to form a
covalently bound enzyme complex. Therefore, the conversion from GTP to m7GTP is necessary
prior to the N7-methyl-gunanylyltransferase activity [49].

Of all known eukaryotes and viruses, the m7GTP RNA capping pathway is only used by
members of the (+)ssRNA viruses, which points toward a eukaryote-independent emergence
of this unconventional cap synthesis mechanism. In addition, the conservation of this capping
pathway throughout distantly related viruses harbouring a broad spectrum of hosts, ranging
from plants to animals, suggests an evolution from a common (+)ssRNA virus ancestor.

3.8. The GDP RNA capping pathway

The GDP RNA capping pathway, also termed the Rhabdoviridae-like pathway, is found in
representatives of many (-)ssRNA viruses of the Rhabdoviridae (vesicular stomatitis virus (VSV)
and Rabies virus), paramyxoviridae (Human respiratory syncytial virus and Measles virus),
Bornaviridae (bornavirus), and Filoviridae (Ebola virus and Marburg virus) families [5, 47]. These
viruses encode unconventional capping machinery that catalyzes the formation of a cap-1
structure. These viruses, exemplified by VSV, encode a large L protein harbouring the RNA
dependent RNA polymerase RDRP activity as well as the RNA capping activity. The latter
requires a sequence of four enzymatic activities that differ from the conventional pathway, in
order to generate a cap-1 structure. First, the NTPase activity is responsible for the hydrolysis
of a GTP molecule into a GDP molecule. Then, an RNA GDP polyribonucleotidyl transferase
(PRNTase) catalyzes a two-step reaction. The L protein hydrolyzes the (alpha-beta) phosphoan‐
hydride bond of the pppRNA triphosphate moiety releasing a molecule of pyrophosphate and
creating a covalent enzyme-pRNA intermediate. The pRNA moiety is then transferred onto the
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GDP to form a GpppN block RNA. In this case, only the α-phosphate originates from the RNA
whereas both the β and γ-phosphates are contributed by the GDP. Finally, synthesis of the cap-1
structure is completed by two successive methylations; the first being methylation of the first
nucleotide of the 2’OH and the second being methylation of the guanine N7 nitrogen [33, 53-57].
When compared to the canonical capping reaction, this unconventional capping pathway
reverses the phosphate contribution from the GTP and the RNA. The covalent  enzyme-
monophosphate-nucleotide intermediate is formed with the RNA instead of the GTP in an
enzyme-pRNA complex instead of an enzyme-GMP complex. Similarly to the conventional
capping pathway, the diphosphate cosubstrate is pre-emptively hydrolysed from its triphos‐
phate precursor, but this time it is GDP instead of ppRNA that is generated. The PRNTase
mechanism of action is also distinct from the GTase one in that the KxDG motif is replace by an
HR motif and the histidine, not the lysine, is responsible for the enzyme-pRNA phosphoa‐
mide bond [55, 56]. Both the N7 and 2’OMTase activities are also present on the L protein and
share the same SAM binding site. The typical lysine-asparagine-lysine-glutamine tetrad is also

Figure 7. Unconventional 5’ RNA cap synthesis mechanisms. The m7GTP capping pathway involves the hydrolysis of
the RNA γ-phosphate by an RTPase, the methylation of a GTP by a N7MTase and the transfer of this m7GTP onto the
diphosphorylated RNA. The GDP capping pathway is initiated by the hydrolysis of GTP to GDP by an NTPase. A
PRNTase then hydrolyzes the γ-and β-phosphates of the RNA to form a covalent enzyme-pRNA intermediate. The
pRNA is then transferred onto the GDP. Further methylation by the N7MTase and 2’OMTase complete the cap-1 struc‐
ture. The contribution of each substrate to the formation of the final 5’ RNA cap structure is highlighted by a color
code: pppRNA (black), GTP (blue) and SAM (green and red).
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predicted to be at the MTase active site. The 2’O position of the GpppN is methylated prior to
the guanine N7 position, which is the opposite order when compared to most canonical cap-1
methylation events [33, 53]. The overall GDP RNA capping sequence can be summarized as
NTPase→PRNTase→2’OMTase→N7MTase (Fig. 7). It is very likely that an ancestral (+)ssRNA
virus polymerase has evolved a PRNTase activity independently from its eukaryotic host. Both
N7 and 2’OMTase, however, have likely been acquired from a eukaryotic host.

3.9. The RNA cap snatching

Some viruses, unable to synthesize their own cap structures, have evolved a clever way to
acquire this important entity: steeling it from their host. This method of cap acquisition, termed
RNA cap snatching, is used by representatives of the Orthomyxoviridae (e.g. Influenza virus,
Thogoto virus), the Arenaviridae (e.g. Lassa virus, Machupo virus) and the Bunyaviridae
(Hantaan virus, La Crosse virus, Tomato Spotted Wilt virus) families [5, 58]. These (-)ssRNA
viruses acquire their cap structure from their hosts capped mRNA. They bind the cap structure,
cleave the RNA a few nucleotides downstream and finally use this short capped RNA to prime
their RDRP [59]. The Arenaviridae and Bunyaviridae express a large monomeric polymerase
where the Orthomyxoviridae expresses an heterotrimeric polymerase (e.g. PB1, PB2 and PA
protein of influenza virus) harbouring all the activities required for cap snatching. The PB2
protein of the Influenza virus, the most studied cap snatching virus, specifically binds the host
mRNA cap structure. The specificity of the binding is crucial and is mediated by the aromatic
stacking of the methylated gunanine coupled to a base-specific interaction with a conserved
acidic residue [60]. While the mode of cap binding is similar between PB2 and other cap-
binding proteins (e.g. eIF4E, nuclear cap binding complex, Vaccinia VP39) its overall fold is
completely different [60]. Once the host mRNA is bound by the cap-binding PB2, the viral PA
subunit cleaves the mRNA a few nucleotides downstream from the cap structure. The length
of the primer RNA generated is virus-dependent, and typically ranges from 10-13 nucleotides
for Influenza virus, but can be as short as 1-2 nucleotides as is seen in the Thogoto virus [59,
61, 62]. The PA endonuclease domain shares a high homology with the type II restriction
enzyme, including the active site conserved (P)Dxn(D/E)xK signature motif [63]. The PA active
site coordinates two Mn2+ cations and is believed to catalyze endonucleolytic cleavage through
a common two-metal dependent mechanism [61, 64]. The short capped oligomers are next used
by the PB1 RDRP as primer to initiate the transcription of the viral mRNAs [58]. PB1 also
specifically binds the viral RNA (vRNA) 3’ and 5’-end through a ribonucleoprotein 1-like motif
((R/K)G(F/Y)(G/A)(F/Y)Vx(F/Y)) [65]. The vRNA serves as a template for the 3’ elongation of
the cellular 10-13 nucleotide-capped primer. The overall cap snatching process results in the
transcription of a chimeric full-length vRNA with a 5’-extension of 10-13 cellular nucleotides
and a cap-2 structure (Fig. 8). Cap snatching enables viruses to acquire their hosts cap structure,
which not only promotes viral replication but also impairs cellular mRNA translation, as
translation of decapped cellular mRNA is impeded and the mRNA is targeted for degradation.
Another consequence of cap snatching is the dependency on a pool of host mRNA molecules
in order to support viral replication. (-)ssRNA viruses that utilize cap snatching have evolved
ways to maintain the precious pool of eukaryotic mRNA. First, the cap binding and endonu‐
clease activity of the trimeric polymerase are only activated upon vRNA binding, limiting the
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waste (induced by the cleavage and downstream degradation) of mRNA when the vRNA are
not loaded on the RDRP [66]. Secondly, some nucleocapsid proteins, first demonstrated by
Hantavirus, are able to bind and protect capped mRNA from degradation in the processing
bodies (P-bodies) [67]. Thus, converting the P-bodies function from mRNA decapping and
decay into cellular cap storage foci. The cap snatching is only observed in segmented (-)ssRNA
viruses; such a unique molecular mechanism supports the hypothesis of a common (-)ssRNA
virus ancestor of today’s virus, despite their tropism now ranging from plants to animals.

The incredible diversity of RNA capping pathways, protein folding and enzymatic mecha‐
nisms of action that have been evolved by viruses all lead to the synthesis of the same
ubiquitous structure is a testimony to the importance of the cap structure for viral genome
replication and global viral fitness.

Figure 8. RNA cap snatching. The viral polymerase complex is activated upon viral RNA binding (dark blue) and spe‐
cifically binds the cellular mRNA cap structure (red) via its cap binding activity. The endonuclease activity cleaves the
bound cellular mRNA 10-13 nucleotides downstream of the cap structure. This short capped oligomer is then used to
prime the RDRP and initiate genome replication, resulting in a chimeric (red and light blue) RNA copy harbouring the
host cap structure (in this example a cap-2 structure).

4. Viral alternatives to cap structures

Most viruses harbour a cap structure at the 5’-end of their RNA. Mutations preventing the
proper capping of their RNA result in infection or replication deficient viruses. This is a strong
proof of the crucial importance of the cap structure for viral RNA stability and translation. Yet
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not all viruses harbour capped RNA, which raises the question about the mechanism they
evolved to overcome this cap dependency? To answer this query it’s important to ask whether
it is the cap structure itself or its function that is essential. In fact, the cap structure is important
for a number of different cellular processes related to mRNA metabolism. For instance, the cap
structure protects the RNA from 5’→3’ exonucleases, preventing their degradation. The RNA
cap structure also represents a definite molecular structure that is specifically recognized by
the eukaryotic initiation factor 4E (eIF4E), which, together with the scaffold protein eIF4G, the
RNA helicase eIF4A and the ribosome binding protein eIF3, promote RNA translation
initiation. While most viruses use a cap structure to fulfill these important roles, some viruses
have evolved cap-independent strategies to ensure the stability and translation of their RNA.

4.1. Viral proteins as substitutes for the cap structure

Viruses of the Picornaviridae (e.g. Poliovirus, Hepatitis A virus), Potyviridae and Caliciviridae
(e.g. Norwalk virus, Feline calicivirus) families bear a special type of RNA 5’-end modification.
The RNA 5’end of these (+)ssRNA viruses is covalently linked to a viral protein [68]. This viral
genome-linked protein (VPg) is not added to the viral genome upon replication, like a regular
cap structure, but is instead directly used by the RDRP as a primer to initiate RNA polymeri‐
sation. VPg is a representative of the class II nucleic acid-protein complex and does not catalyze
its own covalent complex formation (like GTase or PRNTase could do) [69]. The VPg-RNA
formation is instead catalyzed by a second protein, the viral RDRP, which synthesizes the
primer in a template-dependent matter, resulting in a virus specific initiating primer, VPg-
pUpU for Picornaviridae and VPg-pGpU for Calicivirus [70]. VPg is covalently linked to the first
RNA nucleotide via a phosphodiester bond between the RNA α-phosphate and the tyrosine
hydroxyl group situated in the conserved motif (E/D)EYDE(Y/W/F)[71]. The VPg protein
protects the vRNA 5’-end from the cellular 5’→3’ exounucleases, thus limiting the vRNA
degradation. Furthermore, the VPg is used to initiate the RNA polymerisation instead of being
added once the RNA is synthesised. This prevents the formation of 5’-triphosphate vRNA and
limits the cellular anti-viral response, which will be described later [68]. In addition to their
protective role against RNA degradation, some VPg can fulfill a second important role of the
cap structure, promoting the vRNA translation initiation. This is the case of the Caliciviridae
and Potyviridae 15 kDA VPg that is essential for vRNA translation initiation. This VPg directly
interacts with eIF4E (the cap-binding protein) and the eIF3 complex (the 40S binding complex),
which promotes the assembly of the translation initiation complex to the 5’-end of the vRNA
(Fig. 9) [68, 72-75]. This allows VPg-vRNA to bypass the requirement for a direct eIF4E-cap
interaction in order to initiate translation. This property is not conserved among all VPg, the
Picornaviridae VPg is much smaller (2.5 kDA) and is not involved in the vRNA translation
initiation [68]. These viruses instead rely on a highly structured RNA sequence called an
internal ribosome entry site (IRES) to ensure their translation (this will also be described in
more detail later on). All the (+)ssRNA viruses encoding a VPg benefit from its protective effect
on the viral genome, but the Caliciviridae and Potyviridae VPg have evolved an additional
function, promoting vRNA translation initiation. This VPs is a striking example of a cap
substitute as it fulfills two critical functions of the cap structure, namely ensuring vRNA
stability and promoting translation initiation.
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Figure 9. Mechanisms of viral translation initiation. The cap structure of RNA is specifically recognized by eIF4E,
which recruits the cap-dependent translation initiation complex to the 5’-end of capped RNA. Alternatively, the viral
VPg (covalently linked at the 5’-end of vRNA) can directly recruit eIF4E. The conserved viral RNA structure, located
within the 5’-UTR, can directly promote translation initiation. These internal ribosome entry sites (IRES) are catego‐
rized into four different groups, each able to directly recruit a subset of initiation factors and the 40S ribosomal subu‐
nit in order to initiate translation. Of notice, some mechanisms of initiation require RNA scanning (left panel) by the
initiation complex to reach the ORF while others position the ribosome directly adjacent to the transcription initiation
site (right panel). Abbreviation : Human Immunodeficiency virus (HIV), West Nile virus (WNV), Encephalomyocarditis
virus (ECMV), Hepatitis C virus (HCV) and Cricket paralysis virus (CPV), Open reading frame (ORF).

4.2. Highly structured 5’ RNA structure as an alternative to the cap structure

The ribonucleic acid (RNA) is a macromolecule which, according to the central dogma of
molecular biology, is a transient messenger carrying the genetic information required to pilot
the protein synthesis. In addition to this canonical role, RNA, given its high chemical com‐
plexity, can fulfill additional roles including genome support, ordered three-dimensional
structure and even catalytic activity [76]. Many viruses have exploited this capacity of RNA
to form complex structure in order to promote viral replication. Some viruses, lacking
enzymatic activity to synthesize or acquire a cap structure at the 5’-end of their vRNA, have
instead selected a high-order structural RNA element upstream of their coding region. This
peculiar RNA sequence can fold precisely and repeatedly into a definite three-dimensional
structure. This ordered structure has numerous functions including binding to other macro‐
molecule partners. Those viruses use this cis-acting structure to bind directly or indirectly to
ribosomal components in order to assemble the translation initiation complex at the beginning
of their open reading frame (ORF). This promotes the cap-independent translation of viral
genes. Such RNA structures bypassing the cap-dependency for translation initiation are called
internal ribosome entry site (IRES). Many RNA virus families (e.g. Dicistroviridae, Picornaviri‐
dae and some Flaviviridae) use this structure to promote viral protein production. The diversity
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of viruses that have evolved distinct IRES structures can be divided into four categories that
differ in their structure, length, mechanism of ribosome recruitment and robustness (Fig.9).
The first group of IRES, which is the smallest and simplest, is encoded into the Dicistroviri‐
dae (e.g. Cricket paralysis virus) genome. This IRES consists of a 180 nt structure that is able to
directly bind and recruit the 40S ribosomal subunit to the translation initiation site, and does
not require any initiation factors nor methionyl-tRNA to initiate translation (Fig. 9) [77, 78].
The second group of IRES is similar to the first, but slightly larger with 330 nt. These include
Flaviviridae of the Hepacivirus (e.g. Hepatitis C virus) and Pestivirus (e.g. Classical swine fever
virus) genus. The second group of IRES is also able to directly bind the 40S ribosomal subunit,
but requires the contribution of a limited number of initiation factors (eIF2 and eIF3) together
with the methionyl-tRNA in order to initiate the vRNA translation [77-79]. Of notice, the RNA
helicase eIF4A is not required for initiation of the group 1 or 2 IRES, an advantage that comes
at the expense of a limited RNA unwinding capacity. Therefore the initial coding sequence of
the ORF must be encoded by a non-structured RNA sequence, as an RNA structure will block
translation initiation in the absence of helicase activity [78]. The Picornaviridae family viruses
harbour IRES from the third and fourth groups and are similar in many regards. They are the
largest IRES (450 nt) and the most complex. They do not directly bind the 40S ribosomal subunit
and require canonical eIFs (eIF2, eIF3, eIF4A, eIF4B, eIF4G) together with additional proteins
called IRES trans-activating factors (ITAFs) in order to recruit the ribosome and initiate
translation [80]. The difference between these two groups lies in the positioning of the ribosome
relative to the ORF. Group 3, found in the Aphthovirus (e.g. Foot-and-mouth disease virus) and
Cardiovirus (e.g. Encephalomyocarditis virus) genera, recruits the ribosome at the initiating
AUG codon. Group 4, found in the Enterovirus (e.g. poliovirus) and Hepatovirus (e.g. Hepatitis
A virus) genera, recruits the ribosome upstream from the ORF and requires a scanning or
shunting process to move along the RNA in order to reach the AUG codon and initiate
translation [77, 78]. Of notice, those viral IRES (with the exception the of Hepatitis A virus
IRES) are able to bypass the requirement for eIF4E, one of the limiting components of the cap-
dependent translation initiation complex, to initiate their downstream ORF translation [81].
Encoding an IRES into the viral genome is an efficient mechanism evolved by viruses to fulfill
a critical role of the cap structure, namely the translation initiation. The importance of this
structure is exemplified by its remarkable degree of conservation. The case of the Flaviviridae
family presents an interesting example: the members of the Hepacivirus and Pestivirus genera
share a much closer homology between their IRES region than between their coding region,
while members of the Flavivirus genus, do not have any IRES at all and synthesize a cap
structure through a conventional viral RNA capping mechanism [78]. The emergence of viral
alternatives to overcome the lack of a cap structure is a testimony to the crucial functions of
this small structure for viral genome stability, replication and translation.

5. Recognition of the 5'-ends by the innate immune system

In humans, the RNA cap structure harbors additional methylations at the 2'-O site of the first
and second transcribed nucleotides of the mRNAs [82]. The addition of these supplementary
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ribose methylations occurs via enzymatic activities located in the nucleus and cytoplasm,
respectively [83, 84]. Similarly, many different viruses possess RNA 2'-O-methyltransferases
in order to modify their mRNAs. The role of these methylations has however remained elusive
until recently when it was demonstrated that 2'-O methylation of viral mRNAs enhances
virulence through evasion of intrinsic cellular defense mechanisms [85, 86].

5.1. Innate immune response

Viral infection normally results in the generation of immunological non-self RNA species.
Pattern recognition receptors are a crucial component of innate immunity that are responsible
for the detection of non-self RNAs [87]. Toll-like receptors (TLRs), retinoic acid inducible gene-
I (RIG-I)-like receptors (RLRs) and nucleotide oligomerization domain (Nod)-like receptors
(NLRs) are important pattern recognition receptors that recognize non-self nucleic acids of
pathogens [88-90]. For instance, many TLRs can detect viral nucleic acids that are found in
endosomes following the release of nucleic acids from infected cells [91-95]. This eventually
leads to the activation of subsequent immune reactions. In contrast, RLRs detect viral nucleic
acids in the cytoplasm of the infected cells during the early phase of viral replication [96, 97].
This detection leads to the induction of interferons and inflammatory cytokines which
ultimately block viral replication and promote the activation of antigen-presenting cells in
order to eliminate infected cells [98].

RIG-I, MDA5, and LGP2 are important RLRs that can detect cytoplasmic viral RNAs and
induce the expression of cytokines in order to establish a host antiviral state through the
expression of numerous interferon-stimulated genes (ISGs) [98]. These include the protein
kinase PKR and stress-inducible proteins such as IFIT1 and IFIT2 that can inhibit the protein
synthesis machinery of the host cell [99-101]. What is the exact molecular signature found on
viral RNAs that is detected by RLRs? Previous experiments demonstrated that RIG-I specifi‐
cally recognizes 5'-triphosphate groups that can be found on some viral RNAs [102-104].
Viruses must therefore hide or modify their RNA 5'-ends in order to evade the innate immune
recognition through the addition of an RNA cap structure or through the addition of alternative
5' elements, such as viral proteins linked to the 5'end in order to hide their uncapped ends.
This last strategy is used for instance by poliovirus which encodes a protein, VPg, which is
covalently linked to the 5' end of the plus-strand genomic RNA [105]. Viruses that are unable
to maturate their RNA 5’-end have instead evolved immune-evasion strategies to prevent ISGs
induction. For instance, the Hepacivirus protease inhibits the signal transduction resulting
from RIG-I activation [106, 107].

5.2. Importance of the RNA cap 2'-O-methylation

Recent studies suggest that 2'-O-methylation of viral RNAs can enhance the replication of
viruses through evasion of the innate immune response [85, 86]. For instance, coronaviruses
that lack a functional 2'-O-methyltransferase activity induce a higher expression level of type
I interferon [86]. Moreover, these mutant viruses can replicate efficiently in the absence of some
RLRs such as MDA5 [86]. Similarly, poxvirus and coronavirus mutants that lack 2'-O-meth‐
yltransferase activities show an enhanced sensitivity to IFIT proteins. Therefore, it appears that
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2'-O-methylation of cellular mRNAs has evolved as a molecular signature in order to distin‐
guish between self and non-self RNA during viral infection, and that ribose 2′-O-methylation
in the cap structure of viral RNAs plays an important role in viral escape from innate immune
recognition. Not surprisingly, it has been suggested that the development of pharmacological
strategies that could inhibit viral 2'-O-methyltransferases could represent a novel therapy
against viruses that replicate in the cytoplasm of infected cells [85]. In fact, it was previously
shown that mutations of the 2'-O-methyltransferase catalytic residues can block or attenuate
replication [22, 32] and that viral inhibitors such as sinefungin can inhibit methylation and
suppress the replication of certain viruses, such as West Nile virus, in cell culture [108].

6. Conclusion

This chapter explored the viral diversity of enzymatic activities and mechanistic pathways
converging to the maturation of the 5’ cap on viral RNA. The cap structure provides tremen‐
dous advantages to eukaryotic viruses in terms of vRNA stability, gene translation and
immune evasion. Some viruses have evolved enzymatic mechanisms of action unknown to
the eukaryotic domain in order to synthesize this critical structure. Other viruses have
developed novel cap synthesis mechanisms that generate a 5’ cap structure chemically
identical to their hosts, yet formed by an entirely new process. Finally, particular viruses have
also evolved unique mechanisms to steal or mimic the host cap structure. In conclusion, the
incredible diversity and conservation of the mechanisms evolved by viruses to synthesize,
acquire or mimic the 5’ cap structure is a testimony to the importance of viral RNA capping
for viral replication, fitness and infectivity.
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1. Introduction

Baculoviridae  is  a  diverse  family  of  insect  viruses  with  large,  double-stranded,  circular
DNA genomes packaged in rod-shaped, enveloped nucleocapsids. A characteristic feature
of baculoviruses is the production of paracrystalline occlusion bodies (OBs) which surround
the assembled virions at late times of infection. Baculoviruses produce lethal infections in
their hosts and OBs protect the virions in the environment after death of the insect until
uptake  by  another  susceptible  host.  Other  insect  viruses  also  produce  OBs  such  as
entomopoxviruses  (EPV)  and  cytoplasmic  polyhedrosis  viruses  (CPV).  EPV  and  CPV
replicate in the cytoplasm of infected cells; in contrast, baculoviruses replicate within the
nucleus. According to the size and shape of OBs, baculoviruses were traditionally classified
into  two  genera:  nucleopolyhedrovirus  (NPV),  which  produce  large  OBs  known  as
polyhedra, and granulovirus (GV), which produce small ovoid OBs or granules. The major
proteins that form each class of OB are known as polyhedrin and granulin, respectively.
Recently, after several baculoviral genomes have been sequenced, a new classification based
on the phylogenetic  relationships between species  within the family was accepted [1-2].
Four genera were defined: Alphabaculovirus (lepidopteran NPV), Betabaculovirus (lepidopter‐
an  GV),  Gammabaculovirus  (hymenopteran  NPV)  and  Deltabaculovirus  (dipteran  NPV).
Baculoviruses are not infectious to vertebrates and they were known from far before they
were  recognized  as  viral  entities  as  they  produced  disease  outbreaks  in  the  silkworm
rearing. There are more than 600 species described in the literature [3] and some of them
are widely used as bioinsecticides to control insect pests in agriculture and forestry [4]. A



feature that differentiates baculovirus from other DNA viruses that replicate in the nuclei
of  infected  cells  is  that  they  encode  a  novel  DNA-dependent  RNA  polymerase.  This
enzyme,  of  uncertain  evolutionary origin,  is  responsible  for  transcription of  baculovirus
late  and very late  genes.  At  this  time of  the  infection the transcription of  most  cellular
genes is shutoff and the synthesis of the polyhedrin/granulin becomes prominent to finally
account for up to 95% of total cellular protein production. This high capacity of protein
synthesis has been exploited for the development of baculoviruses as vectors for expres‐
sion of foreign proteins.

2. Two types of virus progeny serve at different steps of host invasion

Alphabaculoviruses  and  betabaculoviruses  produce  virions  of  two  phenotypic  classes:
occlusion-derived  virus  (ODV)  and  budded-virus  (BV).  Nucleocapsids  of  both  types  of
virus particles are assembled in the nucleus of the infected cell. During the late phase of
infection, when proteins of the nucleocapsid are expressed, BVs are produced as the newly
formed  nucleocapsids  exit  the  cell,  acquiring  their  envelopes  from  the  cell  membrane
during  the  budding  process.  BVs  disseminate  the  infection  within  the  host  by  entering
other  cells  via  a  mechanism  of  receptor-mediated  endocytosis.  ODVs  arise  at  very  late
times,  when  nucleocapsids  are  enveloped  in  membrane  units  derived  from the  nuclear
envelope  to  finally  be  embedded  in  the  OBs.  OBs  persist  in  the  environment  after
liquefaction of the insect cadaver and are responsible for the horizontal transmission of the
virus between hosts. Upon ingestion by a susceptible insect larva, OBs are dissolved in the
alkaline environment of the midgut and ODVs are released. The ODVs move through the
peritrophic membrane and nucleocapsids are delivered into midgut epithelial cells through
a  mechanism  of  membrane  fusion  mediated  by  specific  viral  proteins  known  as  per  os
infectivity factors (PIFs). This primary infection in the midgut is followed by a secondary
infection, consisting in the dissemination of BVs to other tissues. In contrast to this infection
cycle, which is typical of lepidopteran-specific baculoviruses, infections of gammabaculovi‐
ruses and deltabaculoviruses are restricted to the midgut of their hosts.

3. Nuclear events associated with infection

Baculovirus  infection  causes  cells  to  enlarge  and  stop  dividing;  the  nucleus  swells  and
forms the virogenic stroma (VS), which is the nuclear compartment where the viral DNA
is replicated and the nucleocapsids of virus progeny are assembled. The host chromatin
adopts  a  marginal  distribution  at  24  hours  post  infection  (hpi),  when  the  VS  becomes
evident. At this time, it was shown that histone H4 fused to fluorescent protein markers
colocalizes with the chromatin in the periphery but not with the VS [5]. The new distribu‐
tion of the chromatin is determined by the replication of the virus and may have effects
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in changes operated in the expression of host genes and the progression of the cell cycle.
At late times, ODVs become occluded into OBs in the periphery of the VS.

Apparently,  the  nucleocapsids  of  NPVs  enter  the  nucleus  through  the  nuclear  pores,
whereas the genome of GVs is probably injected [6]. Virions of baculoviruses are devoid
of histones, in turn the DNA in the nucleocapsid is packed in association with viral protein
P6.9, a basic DNA-binding protein. This small polypeptide is rich in arginine, serine and
threonine residues, a feature similar to proteins called protamines present in the nuclei of
spermatids  in  many  animals  and  plants.  The  positive  arginine  residues  in  protamines
neutralize the negative charges in the DNA backbone while  serine and threonine medi‐
ate interaction between protamine molecules, resulting in a high condensation of genom‐
ic DNA. Once it is uncoated into the nucleus, the DNA dissociates from P6.9 through the
phosphorylation of the protein. During infection the viral DNA appears to be organized
in  the  form  of  nucleosomal-like  structures  in  association  with  P6.9,  as  suggested  by
experiments of micrococcal nuclease digestion of isolated nuclei [7].

4. Transcription program of baculovirus genes

In general, genes of DNA viruses are transcribed in a temporal sequence and the process
is highly regulated by infection-derived mechanisms and proteins from both host and viral
origin.  This stepwise mode of  gene expression ensures the availability of  gene products
required for  the  progression into  the  next  phase  of  the  infection.  Baculoviruses  express
their  genes in three successive phases  designated as  early,  late  and very late  (figure 1).
Early  genes  are  transcribed  by  the  host  RNA polymerase  II  before  virus  DNA replica‐
tion, while late and very late genes are transcribed by a virus-encoded RNA polymerase,
after starting of viral DNA replication. Products of a number of early genes are required
for virus DNA synthesis and for expression of late/very late genes, and at least one late
gene  product  is  also  needed  for  expression  of  very  late  genes.  The  progression  of  the
infection into the late phase correlates with the transcriptional shutoff of cellular and early
viral genes. Genes belonging to the different temporal classes are encoded in both DNA
strands without any associative distribution in the genome. A number of baculovirus genes
contains  promoters  with  sequence elements  characteristic  of  both early  and late  classes.
Their transcription is regulated independently at each temporal phase which ensures their
expression  throughout  the  infection  [8].  Most  of  our  knowledge  of  baculovirus  gene
regulation comes from studies in Autographa californica  nucleopolyhedrovirus (AcMNPV),
which is the type species of the family. This alphabaculovirus has a wide host range and
causes productive infections in permissive insect cell-lines Sf21 (and its clonal isolate Sf9),
derived from Spodoptera frugiperda [9] and TN368, from Trichoplusia ni [10]. The genome of
AcMNPV  encodes  154  predicted  open  reading  frames  (ORFs)  [11].  Roughly,  one  half
corresponds to late genes, according to the sequence elements present in their promoters.
About 25 gene products, mostly of early genes, have functions directly or indirectly related
to gene expression.
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Figure 1. Kinetics of transcription of baculovirus genes. The time courses of steady-state level of transcripts (y axis) of
the three AcMNPV temporal classes of genes, in Sf21 cells, are shown schematically. Solid lines represent mRNAs in
wild-type (wt) infection; dotted lines represent idealized transcriptional profiles in infections in which a virus gene re‐
quired for either DNA replication or late transcription was silenced by RNAi (denoted by “-”). Early genes are transcri‐
bed by the host RNA polymerase II before virus DNA replication, which initiates 6 to 9 hours post infection (hpi).
Transcripts of early genes are detectable within 1 hpi, reach a maximum between 6 to 12 hpi and diminish thereafter
(shutoff). Transcription of late and very late genes depends on viral DNA replication and is performed by a virus-en‐
coded RNA polymerase. Transcription of late genes begins with the onset of DNA replication and continues mainly up
to 24 hpi, while transcription of very late genes bursts around 18 hpi and continues through 72 hpi. The figure shows
that late/very late gene transcription is abolish by silencing p47, a gene that encodes a subunit of the RNA polymer‐
ase, which is essential for the activity of the enzyme. A similar effect is shown as consequence of silencing lef3, a gene
essential for virus DNA replication, since DNA replication is required for transcription of late/very late genes. However,
the effects of silencing these genes on expression of early genes are different. When p47 is silenced, early gene tran‐
scription declines as in wild-type infection; in contrast, silencing of lef3 blocks the reduction of transcription, indicating
that DNA replication, rather than late transcription, is a primary determinant of the shutoff of early genes (adapted
from [65]).
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5. Expression of early genes

At the time the virus reaches the nucleus, the template DNA for transcription as well as proteins
of the virion that are carried over and may activate transcription are at their lowest levels.
Therefore, the success of the infection depends on the ability of the virus to efficiently redirect
the cellular system to express early genes encoded in its genome. Baculovirus DNA is infectious
without any accompany protein, as proved by the infection that follows after transfection of
permissive cells with viral DNA. This indicates that baculovirus early promoters are respon‐
sive to the RNA pol II and accordingly, their structural organization resembles that of the host
genes which are transcribed into mRNAs.

Promoters of baculovirus early genes consist in a core region and regulatory proximal
sequences that may be recognized for specific binding of transcription factors from either the
host or the virus. The core promoter includes two characteristic elements: a TATA-box-like
sequence and a transcription initiator (INR), although one or both are absent in some early
promoters [12]. The TATA box is the site for assembly of the preinitiation transcription complex
by first binding of TATA binding protein (TBP). After the RNA pol II is recruited to the
complex, transcription starts about 30 nucleotides downstream of the position of the TATA-
box. The INR determines the starting site for transcription (nucleotide +1 of the primary
transcript), and ensures proper initiation when there is no TATA-box present. CAGT is the
most conserved INR sequence motif in baculovirus early promoters. Other activating sequen‐
ces can be found either upstream of the core promoter or downstream, in the 5´UTR of the
regulated gene.

Besides the sequences within the promoter region that modulate expression of a gene through
the binding of regulatory proteins, there are sequences that enhance transcription from
promoters even if they are located at a long distance. In baculoviruses there are non-coding
regions known as homologous regions (hr) that play the role of enhancers [13] (see below).

Baculovirus early genes can be subdivided into two categories: immediate-early (ie) and
delayed-early genes. Expression of ie-genes does not require viral factors, whereas the
transcription of delayed-early genes was shown to need activation by ie-genes in transient
expression assays. The major transactivator of AcMNPV early genes is the product of ie1, a
gene that is present in all lepidopteran baculoviruses [14].

Other  ie-genes  known to  regulate  the  expression  of  early  genes  are  ie2  and pe38.  ie2  is
conserved only in group I alphabaculoviruses, one the two phylogenetic lineages in which
members  of  this  genus  can  be  separated.  In  transient  expression  experiments  it  was
determined that ie2 increases IE1-mediated transactivation of early promoters when ie1 is
present at low concentrations [15]

5.1. Immediate early transactivator IE1

AcMNPV IE1 is a 582 aminoacids long protein exhibiting general characteristics of transcrip‐
tion factors (figure 2). It has a modular organization with domains associated to different
functions: dimerization, nuclear import, DNA-binding, transactivation and replication [16-17].
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Dimer formation is required for nuclear localization since the protein mutated in the dimeri‐
zation domain cannot be imported into the nucleus [18]. IE1 transactivates early promoters
including its own. Two mechanisms are postulated by which IE1 is capable of activating an
early promoter: one independent and one dependent on DNA-binding. In the first one, IE1
activates transcription by interaction with cell factors recruited to the promoter regulatory
regions. In the DNA-binding-dependent mechanism, the activation depends on binding of IE1
to hr sequences which function as enhancers. The hrs contain a variable number of imperfect
palindromic repeats in tandem, separated by non-palindromic sequences. The palindromes
are conserved within a genome but differ widely between genomes. In AcMNPV the imperfect
palindrome consensus sequence has a length of 28 nucleotides with a central EcoRI site.
According to the current knowledge, each subunit of the IE1 dimer interacts with a corre‐
sponding hemipalindrome during binding to an hr. Binding of IE1 to the enhancer increases
the effective concentration of IE1 molecules able to interact with cellular factors in the promoter
region. It was found that hrs also bind cellular factors in sites overlapping palindromic repeats
and within interpalindromic regions [19-20]. Hrs are enriched in sequence motifs similar to
cAMP and TPA response elements known to interact with transcription factors of the bZIP
family. This is consistent with the ability of hrs to enhance transcription from baculovirus early
promoters even in the absence of viral factors (see [21]for a review).

It has been reported that AcMNPV IE1 down-regulates the expression of certain genes.
Promoters of these genes contain a sequence motif similar to one half of a typical hr palindrome
which still functions as a target for IE1 binding; however, IE1 bound to this sequence is no
longer able to promote activation, instead it functions as a repressor [22].

IE1 is the only known baculoviral gene that is expressed as part of a product of alternative
splicing designated IE0. Compared to IE1, AcMNPV IE0 contains 54 additional aminoacids at
its N-terminus. Both protein species are required for an efficient infection, although each one
is dispensable given the other is present [23].

6. Expression of late and very late genes

Experiments using α-amanitin, an inhibitor of RNA pol II, showed that the synthesis of virus-
specific mRNA becomes resistant to the drug with the progression of the infection, indicating
that a novel RNA polymerase is induced in infected cells [24-25]. In AcMNPV-infected cells
this viral encoded enzyme transcribes late genes mostly from 6 to 24 hpi and very late genes
between 18 and 72 hpi. These times correlate with the production of BVs and ODVs, respec‐
tively. Expression of late genes depends on viral DNA replication. When replication is blocked
with the DNA synthesis inhibitor aphidicolin, transcription of late genes is also inhibited [26].
In accordance to this dependency, whose nature is not known, genes involved in DNA
replication are also required for transcription of late genes, and therefore, they are considered
as a subset of the factors regulating late gene expression, collectively known as late expression
factors (lefs). The remaining lefs, including those encoding the multi-subunit RNA polymerase,
are considered to regulate transcription-specific events. AcMNPV lefs were discovered using
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different approaches including temperature-sensitive mutations mapping and transient assays
of plasmid DNA replication and late gene expression (for review see [8]). In transient expres‐
sion assays, a plasmid containing a reporter gene under control of a late promoter was

Figure 2. Functions of IE1 during the replicative cycle of AcMNPV. IE1 is targeted to the nucleus by a nuclear localiza‐
tion element (NLE) that becomes functional upon IE1 dimerization. The NLE is determined by a small basic domain
(BDII) located at the C-terminus of the molecule adjacent to a helix-loop-helix dimerization domain. IE1 transactivates
early promoters through interacting directly with transcription factors in the promoter (A) or via binding to hr enhanc‐
ers (B). The hr-mediated transactivation mechanism depends on the interaction of the basic domain I (BDI) of each IE1
monomer in the dimer with a corresponding hemipalindrome of an hr repeat. IE1 may bind sequences within a pro‐
moter that resemble an hr palindrome half-site and down-regulate rather than activate transcription, as observed in
transient expression assays (C). With the onset of viral DNA replication, early transcripts are down-regulated and there
is a switch to the viral-encoded RNA polymerase which takes over transcription of late genes. At this stage, IE1 is re‐
quired for the replication of virus DNA. Hrs may serve as origins of replication and it appears that binding of IE1 to hrs
recruits requisite factors to assemble the replication complex (D). This IE1 function is associated with the N-terminal
domain of the protein designated as the replication domain. This domain mediates phosphorylation of IE1 at the ini‐
tiation of DNA replication. It has been proposed that this event is timely regulated and determines the functional
switch of IE1 from transcription- to replication-associated activities. IE1 functional domains for replication, transactiva‐
tion and dimerization, are indicated in lower panel with I, II and III, respectively (adapted from [37]
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cotransfected into cells with an overlapping clone library representing the AcMNPV genome
[27]. Genomic DNA fragments containing lefs were identified as a consequence of the lack of
reporter activity when they were omitted in cotransfections. Gradual shortening of those
fragments led to the identification of each lef. Nineteen AcMNPV lefs were identified as
required for activation of the late promoter in this system: lef1 to lef12, ie1, ie2, dnapol, p143, p35,
p47 and 39k [28] (Table 1). In addition to the lefs, a gene designated vlf1 was found necessary
to support expression from a very late promoter. Some other genes influence DNA replication
or late gene expression either directly or indirectly, and may be considered as lefs also [8].
Differences in reports on the relative contribution of specific genes appear to be consequence
of different experimental approaches utilized in studies.

ORF name
ORF

number

Amino acid

residues

Homologs in

baculovirus

lineages§

Functional class LEF function

lef1 14 266 core Replication DNA primase

lef2 6 210 core Replication primase accessory protein

dnapol 65 984 core Replication DNA polymerase

p143 95 1221 core Replication DNA helicase

lef11 37 112 α-I, α-II, β, γ Replication

lef3 67 385 α-I, α-II, β Replication ssDNA binding protein

ie1 147 582 α-I, α-II, β Replication
transactivator of early genes, hr-binding

protein

lef7 125 226 α-I, α-II*, β* Replication possible ssDNA binding protein

ie2 151 408 α-I Replication
transactivator of early genes,

cell-cycle control

p35 135 299 α-I*, α-II*, β* Replication apoptosis inhibitor

lef4 90 464 core Transcription RNA polymerase subunit, capping enzyme,

lef8 50 876 core Transcription RNA polymerase subunit

lef9 62 490 core Transcription RNA polymerase subunit

p47 40 401 core Transcription RNA polymerase subunit

lef5 99 265 core Transcription transcription initiation factor

lef6 28 173 α-I, α-II, β Transcription

39k/pp31 36 275 α-I, α-II*, β Transcription DNA binding protein

lef10 53A 78 α-I, α-II*, β* Transcription

lef12 41 181 α-I, α-II* Transcription

§ Core genes have homologs in all sequenced baculoviruses. α-I, α-II: Group I and Group II of alphabaculoviruses,
respectively. β: betabaculoviruses, γ: gammabaculoviruses.

*There is at least one member in the indicated group having an homolog of the corresponding gene.

Table 1. AcMNPV lefs
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6.1. Replication lefs

Among  lefs  involved  in  viral  DNA  replication  [29-30],  four  baculovirus  core  genes  are
essential for this process: lef1, lef2, dnapol and p143; they were required in transient assays
for  plasmid replication  as  well  as  for  late  gene  expression.  lef1  is  a  DNA primase  that
interacts  with  lef2,  a  primase  accessory protein  [31].  dnapol  encodes  a  DNA polymerase
with 3'  to  5'  exonuclease  activity.  The sequence of  dnapol  is  the  most  conserved among
baculovirus  replication lefs;  the  phylogeny of  the  family  Baculoviridae  inferred from its
sequence is  congruent with that resulting from the analysis of  all  core genes altogether,
suggesting that  dnapol  is  an ancestral  gene [32].  P143 is  a  helicase that  requires  ATP to
unwind DNA. Two other AcMNPV replication lefs,  ie1  and lef3,  which are present in all
lepidopteran baculoviruses, are also essential as determined in transient assays. Neverthe‐
less,  their  absence in  the  genome of  γ-  and δ-baculoviruses  suggests  that  there  may be
functional  homologs  of  these  genes  involved  in  replication/gene  expression  in  species
belonging to these genera. LEF3 is a single stranded DNA-binding protein that promotes
unwinding of DNA duplex and annealing of complementary strands [33]. LEF3 interacts
with p143 and shuttles this molecule to the nucleus [34].

The actual function of IE1 in DNA replication is poorly understood, nonetheless it appears to
depend on the hr-binding capacity of IE1. Hr regions function not only as enhancers of early
genes but also serve as origins of DNA replication in plasmid replication assays [35]. It was
shown that in the presence of an hr element, transiently expressed IE1 adopts a focal distribu‐
tion within the nucleus. When LEF3 and P143 are simultaneously expressed they localize to
the hr-induced IE1 foci [36]. This suggests that IE1 functions by recruiting viral replication
factors to the hr origin. The switch to the replication activity of IE1 seems to be timely regulated
by phosphorylation [37].

Other genes have a stimulatory effect in transient replication/late expression assays. These
are ie2, lef7 and p35. IE2 is a transactivator involved in cell cycle arrest [38] and LEF7 has
sequence  similarity  to  single  stranded-DNA  binding  proteins.  Both  are  present  in  all
genomes of  group I  α-baculoviruses  and LEF7 is  also  present  in  some other  α-  and β-
baculoviruses.  P35  blocks  the  apoptotic  response  of  cells  triggered  by  DNA  replication
through inhibition  of  effector  caspases  [39].  The  contribution  of  P35  in  transient  assays
reflects its protective effect against apoptosis, and therefore represents an indirect require‐
ment for replication and late gene expression. Actually, it may be replaced in the assays
by a member of the baculovirus iap (inhibitor of apoptosis) gene family with similar results.
ie2, lef7 and p35 are dispensable for the infection of TN368 cells by AcMNPV [40]; hence,
they are considered as host range factors able to extend the infectivity of AcMNPV towards
Sf21 cells.

AcMNPV lef11, which was necessary for late gene expression in transient assays, was not
required in transient plasmid replication assays. However, an AcMNPV lef 11-null bacmid was
unable to replicate its DNA [41]. Therefore, lef11 is essential for DNA replication in the context
of the virus infection and may be considered as a replication lef.
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6.2. Transcription lefs

The viral RNA polymerase is a complex of the products of four baculovirus core genes: lef4,
lef8, lef9 and p47. LEF8 and LEF9 have motifs present in the two large subunits of RNA
polymerases from prokaryotes and eukaryotes, and are supposed to participate of the catalytic
domain. Their sequences are the most highly conserved among LEFs. The role of LEF4 as a
capping enzyme is discussed below, while the specific function of P47 remains to be elucidated.
The polymerase complex was chromatographycally isolated as a fraction that was active in in
vitro transcription assays using template DNA containing signals specific of baculovirus late
gene promoters [42]. In the complex, the four subunits are present in an equimolar ratio.

lef5 is a core gene that encodes a protein with sequence similarity to the eukaryotic transcription
elongation factor TFIIS, however, in vitro assays evidenced the ability of LEF5 to increase the
transcriptional activity of the viral RNA polymerase at the initiation step rather than to have
any effect in the elongation process [43]. The remaining lefs have a distribution among species
restricted to lepidopteran baculoviruses. 39k (also known as pp31) and lef10 are considered
essential for late gene expression although their specific role in transcription is not known. 39K
binds single- and double-stranded DNA and localizes to the virogenic stroma during infection.
LEF10 is a small polypeptide without homology to known proteins. lef6 and lef12 are consid‐
ered auxiliary lefs because although they were shown necessary in transient assays (lef12 is
dispensable in TN368 cells), knockout mutants for these genes sustained late gene expression
with minor deviations from wild type virus [44-45].

6.3. Late and very late mRNAs synthesis and regulation

Promoters of late genes contain a TAAG sequence motif from which transcription is initiated.
There are less TAAG motifs in baculovirus genomes than expected by random occurrence,
suggesting that the activity of this sequence as a late promoter selects negatively its random
distribution. The integrity of this motif is strictly necessary for transcription, while adjacent
sequences up to eighteen nucleotides may affect the level of expression [46]. There may be
more than one functional TAAG over a variable distance upstream the translational start codon
of the regulated gene [47].

Late transcripts usually span more than one ORF; likewise, one specific ORF may be repre‐
sented in transcripts with different 5' or 3' ends. The significance of these polycistronic mes‐
sages is not known and it is generally assumed that only the leading gene in the message is
translated into protein. Late genes are encoded in both DNA strands, distributed over the
genome, therefore there may be opposite late transcripts with complementary stretches. It is
not known if this may play any regulatory role considering that baculovirus genes are sus‐
ceptible to silencing by double-stranded RNA [48]. Late transcripts are capped and polyade‐
nylated at their 5' and 3' ends, respectively. At least two enzymatic activities required for
capping reside in the LEF4 subunit of the RNA polymerase. This protein functions as RNA
triphosphatase and guanylyltransferase but lacks activity of N7-methyltransferase, which is
required for methylation of the cap structure in position N7 of guanine [49-50]. A gene re‐
sponsible for this activity has not been identified in baculovirus. The structure of cap 1
mRNAs includes methylation of the 2'hydroxyl group of the ribose of the first transcribed
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nucleotide by an RNA cap 2'O-methyltransferase (MTase-I). Several alphabaculoviruses
have a MTase-I gene. The gene of AcMNPV has been found to stimulate late gene expres‐
sion in transient assays [51]. Late transcripts are terminated by the polymerase at U-rich se‐
quences present in their 3'UTR, and subsequently the enzyme adds adenosine residues
independently of template [52].

The most expressed very late genes in AcMNPV are those encoding polyhedrin and P10. Their
transcription depends on a TAAG initiation promoter but their high level of expression
depends on the presence of an AT-rich sequence known as the “burst” sequence, located
between the TAAG and the translational start codon [53-54]. The burst sequence binds very
late expression factor-1 (VLF1; [55]) originally identified in a temperature sensitive AcMNPV
mutant defective in occluded virus production [56]. VLF1 is a baculovirus core gene that is
essential for the packaging of DNA into normal nucleocapsids.

7. Cellular responses to infection and changes in host gene expression

Early in infection, baculoviruses produce cell cycle arrest at G2/M or S phase, prior to viral
DNA replication [57]. The AcMNPV early transcription coactivator IE2 is considered to be

Figure 3. Cascade of baculovirus gene transcription events. Diagram of the AcMNPV genome indicating the localiza‐
tion of the genes encoding key proteins involved in the regulatory network of transcription and DNA replication.
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involved in regulation of cell-cycle [38]. The progression of infection is accompanied by
profound changes in the expression of cellular genes. The host protein synthesis is shutoff
starting at around 12-18 hpi [58]. This was found to be mostly the result of a reduction in the
levels of transcripts rather than in translation of mRNAs [59], though the actual mechanism of
the decrease in the steady-state level of host messages is not known.

Despite host genes are eventually down-regulated at late times, Nobiron and co-workers [60]
found that the transcript of a cognate heat shock protein (hsc) 70 gene was transiently up-
regulated early in AcMNPV-infected Sf9 cells. In a comprehensive study of gene expression
profile of Sf21 cells using microarrays designed from an EST database of S. frugiperda, Salem
and co-workers [61] confirmed the general shutoff of host transcription over time of AcMNPV
infection, but interestingly, they found that about 25% of host genes were slightly up-regulated
at 6 hpi. The expression of heat shock proteins (HSPs) of the 70-kDa family in infected cells
was followed by western analysis [62]. The results of this study showed changes in the cellular
pattern of HSP/HSC70s. Moreover, the infection potentiated the response to heat shock,
boosting the HSP/HSC70s content of cells several-fold in comparison with uninfected cells.

The actual level of cellular proteins during infection may vary with a different kinetics of that
of the steady-state level of their mRNAs. For example, in a study by Rasmussen and Rohrmann
[63], the level of TBP in AcMNPV-infected Sf9 cells, revealed constant until 72 hpi. In other
study, TBP was actually found to increase between 16 and 72 hpi in Sf21 and TN368 cells, and
to co-localize with viral DNA replication centers within the nucleus [64]. Therefore, TBP
appears not be targeted for degradation as it is in other viral systems. However, the functional
significance of its increment is unclear, given that it coincides with decreasing levels of
transcripts synthesized by RNA pol II.

Currently, due to the relevance of AcMNPV as vector for the expression of proteins in cultured
insect cells, it is of special interest to understand the global shutoff of host protein synthesis.
In this system, the expression of foreign proteins is driven by the promoter of polyhedrin gene,
which is most active at very late times of infection. By this time many processes and pathways
appear highly compromised, and the expression of certain classes of proteins may be severely
affected, especially those involved in traffiking through the ER and Golgi.

Baculoviruses induce apoptosis of infected cells [39]. Programmed cell death functions as an
antiviral defense response to prevent production of virus progeny and spreading of the
infection. To counteract the apoptotic response, baculoviruses encode antiapoptotic genes. P35
is a potent antiapoptotic protein of AcMNPV that inhibits the activity of effector caspases. The
results of experiments using an AcMNPV p35 mutant that causes apoptosis upon infection in
Sf21 cells showed that apoptosis is triggered by replication of the viral DNA [65]. Apoptosis
induced by this mutant was inhibited when each one of the AcMNPV genes required for
replication was independently silenced by RNAi. Silencing of these genes also inhibited
shutoff of host proteins synthesis, suggesting that both processes are linked. These cellular
responses resemble that of vertebrates which arises as consequence of cell cycle arrest or DNA
damage. In a recent report Huang and co-workers [66] presented evidence indicating that
infection of Sf9 cells with AcMNPV induces a DNA damage response which is required for
efficient replication of the virus.
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8. Baculoviral microRNAs

MicroRNAs (miRNAs) are small RNA molecules of ~20-22 nt that regulate gene expression
posttranscriptionally in a sequence dependent way. miRNAs have been widely described in
animals and plants and regulate expression of protein coding genes involved in numerous
processes. Genes coding for miRNAs are transcribed by the RNA pol II. The primary transcript
(pri-miRNA) containing a hairpin loop is processed by the RNase III-like enzyme Drosha
releasing the precursor miRNA (pre-miRNA). The pre-miRNA is a ~80 nt molecule that
contains an imperfect hairpin loop and is exported to the cytoplasm by Ran-GTP dependent
Exportin 5. Once in the cytosol, the pre-miRNA loop is cleaved by another RNAse III enzyme,
Dicer, leaving the RNA duplex consisting of the mature miRNA and its complement (miR‐
NA*). One of these strands (the mature miRNA) is then incorporated in the RNA-Induced
Silencing Complex (RISC), which is then ready to target the specific mRNA and either represses
its translation or degrades it [67].

Viruses were also found to encode miRNAs. Strikingly, nearly all the virus encoded miRNAs
were reported from DNA viruses, especially those that have a nuclear cycle, with access to the
microRNA processing proteins. The majority of the viral miRNAs described belong to
herpesviruses. Interestingly, studies of virus-host interactions revealed a complex miRNA
regulation with both viral and host microRNAs regulating both viral and host mRNA targets
[68-69]. Regarding insect viruses miRNAs, little is known yet. Two viruses, belonging to
Ascoviridae and Baculoviridae, were reported to code for miRNAs. The first report of a miRNA
encoded by an insect virus was from the Heliotis virescens ascovirus (HzAV). This virus codes
for a miRNA that targets viral DNA polymerase and regulates viral replication [70]. More
recently, Singh and colleges [71] presented a study in which they found and validated four
miRNAs encoded by Bombyx mori nucleopolyhedrovirus (BmNPV): bmnpv-miR-1, -2, -3 and
-4. This was achieved by sequencing small RNAs obtained from infected tissues of B. mori
larvae followed by in silico analysis and validation using northern blot hybridization, stem-
loop RT-PCR and poly(A)-tailed RT-PCR. Interestingly, closely related baculoviruses were
found to contain these miRNA in their genomes in conserved positions. All four BmNPV
miRNAs are present with 100% identity in AcMNPV, BomaNPV and PlxyMNPV whereas
three miRNAs were conserved in RoMNPV and only one in MaviNPV. In contrast of what
occurs in animals and plants (miRNAs coded in intergenic regions or introns), these micro‐
RNAs were found in genomic locations completely overlapping viral ORFs, either in the
coding or the complementary strand. In silico predictions revealed putative targets, either viral
or from the host. Viral predicted targets include dna binding protein, chitinase, bro-I, bro-III, lef8,
fusolin, DNA polymerase, p25 and ORF 3 of BmNPV. Cellular predicted target genes encode
proteins related to antiviral defense mechanisms, such as prophenoloxidase and hemolin, or
proteins that play an important role in small RNA-mediated gene regulation like GTP binding
nuclear protein Ran, DEAD box polypeptides and eukaryotic translation initiation factors [72].

A further study on bmnpv-miR-1 revealed the sequence dependent interaction of this miRNA
with cellular Ran mRNA. The GTP-binding nuclear protein Ran is an essential component of
the Exportin-5-mediated nucleocytoplasmic transport machinery involved in the transport of
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small RNAs from the nucleus to cytoplasm. Downregulation of Ran by the expression of
bmnpv-miR-1 in viral infection triggers the reduction of the host small RNA population and
increasing of the viral load in infected B. mori larvae. In this way BmNPV counteracts the small
RNA mediated defense of its host for its effective proliferation [63].

9. Persistent infections

It is known that some viruses are capable of persisting in their hosts without causing disease.
This can be accomplished by producing either a latent or a persistent infection. The main
difference between both is that during latent infection the virus is not replicating and keeping
a minimal gene expression while in persistent infections all the genes are expressing, at low
levels, without causing any symptom. Herpesviruses can establish latent infections in specific
cell types [73]. This state is characterized by a unique transcriptional program that involves
the expression of latency-associated transcripts (LATs) as the only viral products synthesized
in large quantities. The virus is maintained as an independent quiescent genetic material within
the host cell nucleus. An alternative mechanism is observed in measles virus by which the
virus remains at low levels with the production of viral proteins. This is usually referred to as
persistent infection [74].

The White Spot Syndrome Virus (WSSV) is a non-occluded virus pathogenic to shrimp,
phylogenetically related to baculoviruses. It was found at very low levels in asymptomatic
shrimps. The virus may reside within cells in a quiescent state as in a latent infection or causing
a persistent infection [75]. Similarly, a nudivirus was found infecting persistently the cell line
IMC-Hz1, derived from the corn earworm Heliothis zea.

Baculoviruses are highly lytic, causing a lethal disease in infected larvae. Epizootics caused by
these viruses can reduce dramatically their host population [76]. Persistence of baculoviruses
in the environment is mainly thought to be due to the OBs that protect virions from UV light
and allow horizontal transmission. But there seems to exist another way for baculoviruses to
persist in the environment at low host densities. Baculoviruses can cause sublethal infections,
and so be vertically transmitted from adult to offspring [77-79] or may as well become
persistent or latent [80]. A laboratory colony of Mamestra brassicae was found to harbour an
occult infection by the baculovirus MbMNPV with expression of viral genes at a low level [81].
Later, Burden et al. demonstrated the persistence of this virus in naturally occurring field
populations of M. brassicae. RT-PCR analysis showed the presence of polyhedrin transcripts in
asymptomatic larvae, indicating a covert infection [80-81]. Similar results were obtained using
ie1 as a target [81]. Moreover, these studies revealed that covert infections could be induced to
produce overt infections when infecting these larvae with another baculovirus. This means
that the persistently infecting virus retains its ability to produce a lethal disease in the larva.

There is accumulating evidence of persistent baculoviral infections. Kemp et al [83] detected
baculoviral presence (CfMNPV, CfDEFMNPV and a GV) in laboratory and field populations
of Choristoneura fumiferana. Also, there were baculoviruses (SeMNPV and MbNPV) identified
in Spodoptera exigua populations that could be reactivated to full lethal forms [84]. A study in
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field populations of Spodoptera exempta showed that virtually all the insects collected in the
field were positive for S. exempta nucleopolyhedrovirus (SpexNPV) DNA and 60% of these
insects had transcriptionally active virus, suggesting that SpexNPV is transmitted vertically
at extremely high levels in field populations of S. exempta and can maintain a persistent
infection without obvious symptoms [85].

On the whole, baculoviruses seem to use different strategies to persist in nature: on one hand
OBs permit their subsistence outside the host for horizontal transmission while, on the other
hand, they can persist as covert infections in the host, allowing vertical transmission too.
Moreover, these covert infections can be triggered to overt infections producing the typical
lethal disease in the host. Nevertheless, the mechanisms of reactivation of these sublethal
infections remain to be elucidated.

10. Concluding remarks

Among nuclear DNA viruses, baculoviruses have developed a unique strategy to synthesize
late mRNAs which consists in having their own DNA-directed RNA polymerase. This enzyme
recognizes viral late promoters that are different to promoters responsive to the cellular RNA
polymerase. By this means, the infected cell produces high levels of viral proteins at times of
the infectious cycle at which the cellular protein synthesis is mostly shutdown. A late viral
progeny with a distinct phenotype is embedded in proteinaceous occlusion bodies (OBs) that
assemble after overexpression of the major OB protein. In order to exploit their high protein
synthesis capacity, baculoviruses have been developed as vectors for expression of heterolo‐
gous proteins in insect cells. This system is continuously evolving to new biotechnological
applications. However, there is still a lack of knowledge about the molecular mechanisms
governing the complex baculovirus infectious cycle. A better understanding of these mecha‐
nisms would also benefit the development of baculovirus as biopesticides. To this regard, the
array of viral factors involved in regulation of gene expression is an important component of
the specific virus-host interactions that determinate the susceptibility to the virus of different
cell types within a host and of different hosts within a range of insect species.
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1. Introduction

Baculoviruses are arthropod‐specific, enveloped viruses with circular, supercoiled double‐
stranded DNA genomes [1]. They infect Lepidoptera (butterflies and moths), Hymenoptera
(sawflies) and Diptera (mosquitoes) [2]. While many viruses are studied because of their
damaging effects, the study of baculoviruses was stimulated by their potential utility to control
insect pests [3]. Later, the utility of baculovirus as gene expression vectors was evidenced and
a new research area emerged [4]. A major step forward was the development of bacmid
technology [5] (the construction of bacterial artificial chromosomes containing the genome of
the baculovirus) which allows the manipulation of the baculovirus genome in bacteria. With
this technology, foreign genes can be introduced into the bacmid by site‐ directed recombina‐
tion or by transposition. Baculoviruses have been used to explore fundamental questions in
molecular biology such as the nature of programmed cell‐death [6]. Moreover, the ability of
baculoviruses to transduce mammalian cells led to the consideration of their use as gene
therapy and vaccine vectors. Strategies for genetic engineering of baculoviruses have been
developed to meet the requirements of new application areas, and the establishment of new
genetic modification systems is still necessary when an unexplored experimental system is to
be addressed. The aim of this chapter is to detail the areas of application of the baculovirus in
basic molecular biology and applied biotechnology and the strategies used to generate
genetically modified baculoviruses according to each area of study.

1.1. Molecular biology of baculoviruses

Baculovirus genomes consist of a circular, double‐stranded DNA molecule with a size ranging
from 80 to over 180 kbp and encoding 90 to 180 genes.



The name “baculovirus” is derived from the latin “baculum” (stick), denoting the rod‐shaped
nucleocapsids that are 230– 385 nm in length and 40–60 nm in diameter [1]. The virions are
enveloped and present two phenotypes: occluded virions (OVs) and budded virions (BVs).
These two types of virions differ in the origin and composition of their envelopes and their
functions in the virus life cycle. In both, the genome is complexed with multiple copies of a
small basic protein (p 6.9) which neutralizes the negative charge of the DNA and this structure
is protected by other proteins forming the nucleocapsid. The OVs are enclosed in a paracrys‐
talline matrix forming occlusion bodies (OBs), which are orally infectious. Their morphology
was initially used to define two major groups or genera of the Baculoviridae: the Nucleopo‐
lyhedrovirus (NPVs) and the Granulovirus (GVs). NPV OBs, called polyhedra, are about 0.6–
2 μm in size and their major occlusion protein is called polyhedrin. GV OBs, also known as
granules or capsules, are oval‐shaped with diameters in the range of 0.2–0.4 μm (Figure 1).
OBs are highly stable and can resist most normal environmental conditions thereby allowing
virions to remain infectious for very long periods of time.

Multiple Nucleopolyhedrovirus 

polyhedron

Single Nucleopolyhedrovirus 

polyhedron

Granulovirus

 granulum

MNPV ODV SNPV ODV GV ODV

Figure 1. On the basis of the OB morphology, baculovirus were originally divided in two major groups: the Nucleopo‐
lyhedrovirus (NPVs) and the Granulovirus (GVs). NPVs occlusion bodies are called polyhedra and their major occlusion
protein is called polyhedrin and GV occlusion bodies and granules or capsules for GVs.

Based on the fusion protein present in the BVs NPVs have been further classified into two
groups: type I NPVs contain GP64, a low‐pH‐dependent membrane fusion protein required
for virus entry and cell‐to‐cell transmission [7,8,9,10], BVs of group II NPVs and GVs lack a
homolog of GP64, and membrane fusion during viral entry is triggered by F protein [11,12]. It
was found that the entry of baculoviruses in mammalian cells is mediated by GP64. In contrast,
baculoviruses with F protein cannot transduce these cells [13].

The natural cycle of infection by AcMNPV in insect larvae is summarized in Figure 2. Cater-
pillars ingest polyhedra that contaminate their food. The polyhedrin matrix is dissolved in the
alkaline environment of the larvae midgut releasing ODVs (occlusion derived virions). These
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virions enter midgut cells after fusion with membrane epithelial cells. The virions are uncoated
and enter the nucleus where viral genes are expressed.

The gene transcription of baculovirus has been divided in sequential phases: immediate early,
delayed early, late and very late. Immediate early genes are recognized by host transcription
factors and viral proteins are not necessary at this stage. Transcription of delayed early genes
requires activation by products of immediate early genes. The delayed early phase is followed
by the synthesis of DNA and the late gene products of the virus [14]. There is a close relation‐
ship between the DNA replication and the switch to late gene transcription, and it is believed
that these events are physically connected. In the late phase, that occurs following the initiation
of viral DNA replication, nucleocapsid structural proteins are synthesized, including glyco‐
protein GP64 playing a crucial role in the horizontal infection by BV [15]. During the very late
phase the production of infectious BV is greatly reduced. Nucleocapsids interact with nuclear
membranes and eventually become enveloped usually in groups of a few particles. Envelop‐
ment of the nucleocapsids appears to be an essential primary step in the process of occlusion
of nucleocapsids by the very late protein‐polyhedrin. The occlusion continues until eventually
the nucleus becomes filled with occlusion bodies. As occlusion proceeds, fibrillar structures
begin to accumulate in the nucleus (sometimes also in the cytoplasm). These structures are
composed mostly of a single polypeptide named p10, which is a very late protein [16]

The function of fibrillar structures is not clear but they may play a role in the controlled cellular
disintegration in caterpillars [17,18]. In the terminal stages of infection two viral proteins,
chitinase and cathepsin, act together to facilitate host cuticle breakdown [19]. After death the
caterpillar liquefies and releases polyhedra which can infect other insects. At the end of the
infection, OBs may account for over 30% of the dry weight of the larvae [20].

2. Baculovirus expression vectors

2.1. Introduction

The high levels of expression of the very late genes has been exploited to design the first vectors
for foreign gene expression based on baculoviruses. They are especially suitable regarding
safety (not harmful to non‐target organisms) and easy containment in the laboratory. Baculo‐
virus vectors are used to infect insect cells or larvae where high levels of recombinant proteins
are produced; the eukaryotic environment provides appropriate post-translational modifica‐
tions in comparison with prokaryotic expression systems. Insect cells to be used in the
baculovirus expression system are derived from lepidopteran insects and are relatively easy
to grow. No control of oxygen atmosphere is required. Moreover, insect cells can be adapted
to serum‐free media and production of recombinant protein can be scaled up to pilot plant or
larger bioreactors [21, 22]. The lepidopteran insect cells used are also normally free of human
pathogens. Thereby, the proteins produced in the baculovirus virus expression system can be
used for functional studies, vaccine preparations or diagnostics.
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budded virions

epithelial cell

peritrophic membrane

occlusion body ODVs

Figure 2. Per os infection of baculoviruses. A cross sectional representation of the anatomy of an insect larva is depict‐
ed. A baculovirus occlusion body (OB) is ingested in contaminated food. OBs pass through the foregut and enter the
midgut where they dissolve in the alkaline midgut lumen and release occlusion derived viruses (ODVs).

A baculovirus expression vector (BEV) is a recombinant baculovirus that has been genetically
modified to lead the expression of a foreign gene. BEVs are viable in insect cell culture and
sometimes in larvae, depending on the baculovirus genes deleted in the process of the
recombinant virus generation. In BEVs, the foreign gene coding sequence is usually placed
under the transcriptional control of a viral promoter. For this reason usually viral factors are
required for the transcription of the foreign gene.

The most commonly used process for cloning recombinant baculovirus is briefly summarized
in Figure 3. Baculovirus genomic DNA and a transfer plasmid are cotransfected into an insect
cell culture. Double homologous recombination between viral DNA and transfer plasmid
causes the allelic replacement that incorporates the recombinant gene in the baculovirus
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genome. Clonal purification requires several plaque passages. After this, viral stocks can be
produced and amplified for recombinant protein production [31]. Insect cells are used for
purification of many proteins, including therapeutic and vaccine peptides. Larvae are used to
reduce production costs, or when recombinant baculovirus are to be tested as bioinsecticides.
Finally, baculovirus can be used for transduction of mammalian cells, for production of
therapeutic proteins, or to transduce organisms for gene therapy or vaccination.

Transfer plasmid containig 

          gene of interest

baculovirus genome

Cotransfection into 

insect cell line
Lysis plaque formation

Virus plaque isolation and 

amplification

polyhedrin

recombinant protein purification Larvae infection transduction of mammalian cells

Transduced organism

Transduced mammalian cells

Protein purification for basic studies

Pharmaceutical peptides

Recombinant vaccines

Improved bioinsecticides

Protein purification from larvae
Protein production in mammalian cells

Peptid display library

Budded virus display vaccines

Gene therapy and cell response mediated immunity

 

Figure 3. General process for baculovirus cloning. Genomic DNA and a transfer plasmid are cotransfected into an in‐
sect cell culture. Recombinant virus propagates causing lysis plaques. Virus is isolated from lysis plaques and amplified.
Virus can be used for recombinant protein production in insect cells or larvae. Furthermore, baculovirus can be used
for transduction of mammalian cells or whole animals.
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2.2. Historical perspective

The major component of the polyhedrovirus OB is polyhedrin. This polypeptide comprises
about 25% of total cell protein in the late phase of baculovirus infection [23]. This was the main
property of baculovirus that led to their consideration as expression vectors. In the first studies
of baculovirus, AcMNPV polyhedrin gene was located and cloned. Then, a plasmid containing
the sequences of the polyhedrin gene (polh) and its flanking regions was constructed and
subsequently the polyhedrin open reading frame (ORF) was replaced with the reporter gene
β‐galactosidase [24]. This is the simplest version of a transfer plasmid, which contains the
strong polh promoter and upstream and downstream flanking sequences, but lacks the
polyhedrin ORF which is usually replaced with the coding sequence of a foreign gene of
interest. Transfer plasmid and viral DNA are cotransfected into cultured insect cells, where
allelic replacement of polyhedrin can occur via homologous recombination involving the
flanking viral sequences present in both DNAs.

This strategy was devised because the baculovirus genome is large [25]; and in vitro ligation
of foreign DNA fragments with restriction enzyme‐digested viral DNA has been successful
only in few cases [26, 27]. Other strategies that have been explored include enzymatic recom‐
bination in vitro [28] and homologous recombination in yeast followed by selection [29].
Although these methods are ingenious, neither has become part of the mainstream baculovirus
technology.

Allelic replacement is a consequence of double homologous recombination between viral DNA
and transfer plasmid, and occurs at a frequency of only about 1% [30]. Thus, the viral progeny
is a mixture of recombinant and wild type virus, which needs to be resolved in plaque assays.
The recombinant progeny is occlusion negative (occ‐) and produces polyhedrin‐ negative
plaques (cell plaques with no polyhedral OBs), whereas wild‐type progeny produces polyhe‐
drin‐positive plaques (occ+). Clonal purification requires several plaque passages. After this,
viral stocks can be produced and amplified to infect cell cultures for recombinant protein
production.

2.3. Strategies to simplify the isolation of recombinant baculoviruses

As mentioned before, following the strategy described above, the proportion of the progeny
virus population derived from the cotransfection experiment is less than 1% [31]. Plaque
purification of recombinant clones requires a tedious search for occ‐ plaques. Good quality
microscope and experienced eye are necessary, and few recombinant viruses can be screened
simultaneously because of the number of titrations required. To circumvent these problems,
several modifications in the parental viral genome were carried out in order to simplify the
isolation of recombinant baculoviruses, with the aim of reducing the parental virus yields in
the progeny of the co‐transfected insect cells.

One of the most successful strategies is the use of a linearized parental genome (in principle,
no virus can be recovered) instead of the circular viral DNA (fully infectious). The addition of
a unique naturally infrequent restriction site in the baculoviral genome allows the digestion
with the adequate restriction enzyme and digested parental DNA is cotransfected with transfer
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vector [32]. As linearized parental DNA has a reduced infectivity compared with its circular
counterpart, frequencies of recombinant progeny rise to about 30%. The baculoviral genome
can also be modified to contain restriction sites on both sides of a cassette containing a reporter
gene coding sequence (such as β‐galactosidase) under the control of a baculoviral promoter,
so that double digestion with this enzyme removes the reporter gene cassette. The presence of
two restriction sites reduces the frequency of undigested circular DNA genome. Moreover, if
undigested or single digested‐repaired parental DNA produces progeny, those few parental
plaques stain blue in the presence of X‐gal and can be easily discarded. This strategy was
exploited in the AcMNPV BEV system. In this virus, the genome was modified to contain
Bsu36I sites on both sides of the β‐galactosidase sequences, so that digestion with this enzyme
removed the gene and also part of a virus gene (ORF 1629) that encodes a structural protein
[33]. By removing part of the essential ORF 1629 gene, the virus is unable to form infectious
particles efficiently even if the double digested linear DNA is repaired and recircularized in
insect cells. In contrast, a process of homologous recombination repairs the deletion of ORF
1629 while simultaneously inserting the foreign gene in place of β‐galactosidase. Several
commercial systems make use of the repair of the deletion in ORF 1629. Among them, Bac‐to‐
Bac® (Invitrogen) and flashBacTM (Oxford Expression Technologies) quickly gained popu‐
larity in the scientific community.

2.4. Bacmid technology

A major step forward in the technology of baculovirus genetic engineering has been the
development of baculovirus genomes capable of replicating in a bacterial host as bacterial
artificial chromosomes (Figure 4). These recombinant baculoviruses are called bacmids, and
they have been modified to contain classical bacterial artificial chromosomes replicons and
selection markers for selection in bacteria. BAC vectors contain a fragment of E. coli fertility
factor (F‐ factor) replicon (miniF) and are maintained as circular supercoiled extrachromosomal
single copy plasmid in the bacterial host [57, 58]. BACs can accept inserts up to 300 Kb in length.
The principal advantage BACs have over other high insert capacity vectors like yeast artificial
chromosomes (YAC) and mammalian artificial chromosomes is stability of insert propagation
over multiple generations.

Once transferred into the bacterial host, the baculovirus genome can be manipulated easily
through site‐specific recombination, Rec‐A mediated homologous recombination or transpo‐
sition. Once the recombinant bacmid is generated and the presence of transgene and the
absence of the parental bacmid in the bacterial colonies are verified, e.g., by PCR, the DNA
from those colonies is purified and used to transfect susceptible insect cells. As was mentioned
above, naked genomic DNA from baculovirus can efficiently establish infection when it
reaches the cell nuclei. BV particles can be recovered from culture supernatant and used as
inoculum to produce high titer stocks.

Various commercial transfer vectors are available and compatible with bacmid systems to
allow expression of one or two proteins (e.g., pFastBac1TM and pFastBacDualTM from
InvitrogenTM). Some are designed to add tags and signal peptide sequences fused to the
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protein of interest in order to facilitate their purification. In addition, transfer vectors that are
compatible with GatewayTM and TOPO® cloning technologies have been developed.

A problem frequently found when working with BAC systems is the presence of parental
bacmid background even in the same colony where the recombinant bacmid is found, despite
the antibiotic‐based selection and blue‐white screening. This then requires a new transforma‐
tion of bacterial cells with mixed DNA and the screening of newly replated colonies. To avoid
this requirement, a negative‐selection system has been developed that makes use of the sacB
marker [59]. When the transposon is not integrated in the bacmid genome, the bacterial cell
will be killed in presence of sucrose due to the expression of sacB gene, which encodes an
enzyme that metabolizes sucrose to a toxic compound.

The first bacmid developed contained the AcMNPV genome. Later, bacmid systems were
developed for Bombyx mori NPV, Helicoverpa armigera single‐nucleocapsid nucleopolyhedro‐
virus (HearSNPV) [61] and Cydia pomonella granulovirus (CpGV) [60] (the first report of a
granulovirus bacmid).

Later, bacmid technology was exploited to develop a system that allows the generation of
recombinant baculoviruses with negligible background. This system relies on homologous
recombination in insect cells between a transfer vector containing a gene to be expressed and
a replication‐deficient AcMNPV bacmid. The deficiency of AcMNPV is due to a deletion in
the essential gene orf1629, and homologous recombination between bacmid DNA and transfer
vector (containing orf1629) repairs this deleted gene [62, 63, 64]. Therefore, only recombinant
virus can replicate and no further selection is required, facilitating the rapid production of
multiple recombinant viruses on automated platforms in a one‐step procedure. Several
commercial vectors (flashbackTM, Oxford Expression Technologies Ltd., BacMagicTM
(Merck), BaculoOneTM (PAA), etc.) follows this principle. All these systems claim that no
plaque purification of baculovirus is required, although it is recommended (there is a possi‐
bility that defective genomes can be replicated when a replication competent viral genome
resides in the same cell). Later, bacmids using this selection system were improved for protein
expression, carrying additional deletions in cathepsin (v‐cath) and p10 gene [65].

2.5. Improving protein quality and quantity in baculovirus expression systems

2.5.1. Introduction

The proteins to be expressed using recombinant baculovirus and insect cells are commonly of
mammalian origin and, as it happens in other expression systems, the expression levels and
the conformation and posttranslational modifications vary among individual proteins. The
principal purpose of a protein expression system is not only the production of large quantities
of recombinant protein, but also the production of a recombinant protein that resembles the
native protein. One of the most difficult challenges in expression systems is the expression of
transmembrane proteins. The correct expression of complex transmembrane proteins that
cross the membrane several times is even more difficult. In order to improve the quality in the
routing, the post-translational modifications and the stability of recombinant proteins, several
modifications have been carried out that address these limitations of baculovirus expression
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system. It is important to notice, however, that the protein is produced in the context of a viral
infection. Since certain protein processing pathways are compromised by baculovirus
infection, the capacity of host cells to correctly route, fold and modify the recombinant protein
is affected. This intrinsic limitation must be recognized and baculovirus expression system
must be regarded as a transient expression system.
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Figure 4. Baculovirus expression vectors over time. Various methods exist to generate recombinant baculoviruses ex‐
pressing a foreign gene (gene X). Historically, recombinant baculoviruses were generated through homologous re‐
combination (1). Subsequently, linearized vectors were developed to increase the percentage of recombinants (2).
Bacmid technology allowed the maintenance of defective baculoviruses as bacterial artificial chromosomes. Homolo‐
gous recombination with transfer vector in cells repairs the essential gene (3). Bacmid technology also allowed the
generation of recombinant baculovirus by in vitro transposition (4).
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2.5.2. Heterologous DNA properties and codon usage

Although the promoter elements that control the transcription of the heterologous gene are
derived from baculovirus, it is important to consider the effect of introducing heterologous or
artificial 5´ and 3´untranslated regions (UTR). The 5´UTRs of baculovirus are short AT‐rich
sequences. Therefore, the introduction of GC‐rich sequences upstream of the ORF may have
a negative effect on the heterologous gene transcriptional levels. The choice of 3´UTR,
including polyA sequences may also determine the heterologous gene expression levels. As
expected, p10 polyA signals are more efficient than the widely used SV40 terminator [66].
There are no in‐depth studies comparing the influence of codon usage on translation levels in
baculovirus expression systems. However, no strong bias in alternative codon frequency has
been observed in baculovirus coding sequences, suggesting that the codon optimization is
unlikely to improve significantly the translation levels [67].

2.5.3. Deletion of baculovirus genes to prevent proteolytic cleavage

Chitinase, the product of the gene chiA, is an enzyme that breaks down the chitin exoskeleton
of the insect host, together with cathepsin (V‐CATH, encoded by v‐cath) at the end of the
infection, ensuring the dispersal of the viral occlusion bodies [68]. As those genes have a
specific function in the context of the infection in the insect, they are not required for the
propagation of the virus in cultured insect cells. Chitinase is produced at high levels and stored
in the endoplasmic reticulum, and it may interfere in the secretory apparatus of the host cell.
On the other hand, cathepsin is a protease that is made as an inactive precursor (PRO‐V‐
CATH). PRO‐V‐CATH can be activated when preparing protein samples for SDS‐PAGE,
leading to the degradation of the recombinant protein. Bacmids were developed with deletions
in the genes chiA and v‐ cath, resulting in higher levels of secreted protein [69, 70].

2.5.4. Secretion of proteins

Many secretory pathway proteins have N‐terminal signal peptides that direct the protein
correctly through the ER and the Golgi system and ultimately to the surface of the cell. If the
signal peptide is not adequately recognized, the protein may be not targeted to the cell surface,
and the misfolded protein is also prone to degradation as it may be recognized by quality
control systems [71].

Native signal peptides of mammalian proteins may be replaced by signal peptides derived
from insect proteins such as the signal peptide of honey bee melittin [72] or derived from
baculovirus proteins, such as the GP64 signal peptide. Although the introduction of insect
signal peptides normally targets the protein to cell surface, it does not always lead to a correct
folding of the protein.

2.5.5. Glycosylation of proteins in the baculovirus‐insect cell system

Glycosylation is a common covalent chemical modification that can affect many protein
properties, including intracellular trafficking, biological function, immunological properties
and biochemical stability. One of the most advantageous features of the baculovirus‐insect cell
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system is that it can produce glycosylated proteins. However, the protein glycosylation
pathways of lepidopteran cells differ from those of higher eukaryotes [73]. N‐glycosylation
begins in insect cells with the transfer of the oligosaccharide Glc3Man3GlcNAc2 (where Glc,
Man and GlcNAc refer to glucose, mannose and N‐acetylglucosamine, respectively) from a
lipid complex to an asparagine residue in the polypeptide chain in the ER lumen. As the protein
passes through the ER and Golgi system, enzymes trim and add different sugar moieties to
this N‐linked glycan. In this step is where insect and mammalian cells start to vary. This results
in glycoproteins with simple oligomannose sugar chains in insects, while in mammals complex
sugar groups with terminal sialic acids are added.

Differences in glycosylation patterns may affect the folding and targeting of recombinant
glycoproteins and their immunological properties. Moreover, differences in glycosylation may
even lead to protein degradation [74].

To overcome the limitations of the baculovirus insect‐cell system in glycosylation, a series of
transgenic cell lines derived from lepidopteran Sf9 and High Five cells expressing genes for
the enzymes required to produce the complex mammalian glycosylation patterns were
developed [75, 76]. Genes incorporated include bovine β‐1,4‐galactosyl transferase and rat α‐
2,6 sialyltransferase. The introduction of these enzyme resulted in the incorporation of
galactosyl and sialyl residues in the produced proteins.

2.5.6. Expression of cytosolic and ER processing enzymes

Proteins to be secreted are translated in the cytosol and can translocate across the ER membrane
either by a cotraslational or post‐traslational mechanism. Transport in mammalian cells is
primarily cotraslational, and in yeast both post‐traslational and cotraslational mechanisms are
used. In insect cells, the predominant mechanism is still not known. In mammalian cells, the
cytosolic chaperone hsp70 is believed to contribute to the traslocation of proteins by interacting
with nascent polypeptides and preventing their aggregation. Coexpression of immunoglobu‐
lin G (IgG) and human hsp70 resulted in higher levels of soluble IgG precursor. As a conse‐
quence, mature IgG secreted levels increased [77].

In the ER chaperones also assist the folding of polypeptides by preventing improper aggre‐
gations and conformations. In mammalian cells, immunoglobulin heavy chain binding protein
(BiP) is an ER chaperone that interacts with several polypeptides destined for secretion and
may be involved in the translocation or proteins across the ER membrane. When recombinant
BiP was coexpressed in insect cells with IgG the soluble and secreted IgG levels were increased
[78]. Other additional chaperones, such as calnexin and calreticulin, can also assist folding and
assembly of membrane proteins in BEVs. Catalytic enzymes in the ER also collaborate by
accelerating the folding. Disulfide bond formation occurs in the oxidizing ER compartment,
with the catalytic action of protein disulfide isomerase (PDI). Studies demonstrated that
overexpression of PDI increases the folding and secretion of IgG in insect cells [79]. It has been
observed that co‐expression of foldases appears to work more efficiently when the corre‐
sponding genes are provided by the baculovirus vector than those integrated in the genome
of transgenic cell lines. This observation may be related to the phenomenon of host genome
transcriptional shut down known to occur during baculovirus infection.
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2.6. Improving baculovirus genome stability

A major drawback that limits the application of baculovirus for large‐scale production is the
accumulation of defective interfering (DI) particles upon serial viral cell culture passages. DI
particles are not able to propagate autonomously due to deletion of large portions of their
genomic DNA, but can co‐propagate in the presence of viable virus [80]. Since deletion often
includes the inserted foreign gene of interest, when DI particles proportion increases, re‐
combinant protein expression levels decreases. The accumulation of DI particles can be
reduced by the practice of infecting at low multiplicities of infection (MOI).

Genetic engineering strategies have been developed to prevent the accumulation of DI
particles. In Spodoptera exigua MNPV (SeMNPV), it has been observed that DI particles are
enriched in a non‐hr ori fragment. Removal of this non‐hr ori from the genome of the baculovirus
prevented the formation of DI particles up to 20 cell culture passages [81]. Removal of an
AcMNPV non‐ hr ori had the same effects on genomic stability. It was also observed that when
a large foreign fragment of DNA is cloned in baculovirus DNA genome in which no selection
pressure exists, the addition of an hr (which functions as origin of replication) may prevent the
loss of the foreign DNA [82].

3. Baculoviruses as bioinsecticides

3.1. Introduction

The basis of modern baculovirology was stimulated by the potential utility of baculoviruses
to control insect pests [34]. Baculoviruses are highly infectious and selective pathogens (their
host range is usually limited to one species), are very safe to people and wildlife and long term
crop protection can be established [35]. Despite these advantageous features, the application
of baculovirus as bioinsecticides has not still matched their potential. Although the use of
baculovirus bioinsecticides was hampered by their slow speed of action when compared with
fast‐killing chemical insecticides, they gained increasing acceptance as they were considered
for long term protection of crops, in the framework of integrated pest management.

Up to date, the most successful project was implemented in Brazil where over two million
hectares of soybean were controlled by baculovirus AgMNPV [36, 37]. However, it is important
to notice that a series of factors contributed to the success of AgMNPV as bioinsecticide. First,
AgMNPV is highly pathogenic and only one application is sufficient to control the pest over
the production cycle. In second place, Anticarsia gemmatalis was the most important plague in
soybean crops in Brazil, and other plagues did not cause significant economic damage. Finally,
the application of AgMNPV was promoted by Brazilian state and the integrated pest man‐
agement governmental programs facilitated the public acceptance of alternatives to chemical
insecticides. Despite this favorable unique context, the success of Brazilian project revitalized
the interest in baculovirus as bioinsecticides and many countries and private companies begun
to develop new programs of baculovirus control and the search of novel baculoviruses.
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3.2. Genetic improvement of baculovirus insecticides

In the search of increasing the commercial fitness of baculovirus as bioinsecticides, strategies
to improve the baculovirus pesticide parameters by means of genetic engineering were
developed.

Slow action of baculoviruses often limits its practical application and many strategies aimed
to improving the timing of the pest killing or paralyzation by baculovirus. The first strategies
were based on the interference of host physiology with insect hormones. When a diuretic
hormone gene was introduced into B. mori baculovirus genome, recombinant BmNPV killed
larvae about 20% faster than wild type virus [38]. The expression of this hormone by baculo‐
virus causes the infected larvae to rapidly lose water.

Another strategy was based upon the control of juvenile hormone. In lepidoptera, this
hormone controls the onset of metamorphosis at the final molt. The expression of juvenile
hormone esterase decreases the concentration of the hormone [39, 40]. A reduction in the levels
of juvenile hormone (JH) early in the last larval instar has been shown to initiate metamor‐
phosis and lead to a cessation of feeding behavior. If this juvenile hormone esterase (JHE) is
inhibited, the concentration of JH remains high enough to keep the larva in the feeding stage,
resulting in giant insects. Another approach used consists in the deletion of the virus‐encoded
ecdysteroid glucosyltransferase gene [41]. The product of the egt gene normally prevents larval
molting during infection increasing feeding activity of infected larvae. The EGT enzyme
inactivates hormone ecdysone by transferring sugar molecules. The inactivation of this
hormone results in an increased food consumption, allowing the virus to maximize the viral
progeny. The infection with an egt defective recombinant AcMNPV resulted in a 30% faster
killing of larvae and significant reduction in food consumption.

The degree of improvement that can be achieved by gene deletion alone appears limited. For
this reason, several research lines have focused on the use of gene insertion technology in order
to achieve more substantial improvement in the performance of viral insecticides.

Among the strategies that have been explored to date, the insertion of insect‐specific toxins is
the most promising one for development of commercially viable baculovirus insecticides [42].
In nature, insect predators and parasites use venoms to immobilize their prey. Although
arthropod venoms are composed of a mixture of toxins that may have activity against
organisms other than insects, it is possible to isolate genes that target insects with high
specificity.

Although the first experiments using an insect‐specific toxin of the scorpion Buthus eupeus [42]
did not show an improvement in the speed of action of the recombinant baculovirus, the use
of other scorpion toxin genes resulted in significant enhancement of virus insecticidal per‐
formance. One of the most promising insect‐specific toxins used for the generation of recombi‐
nant baculovirus is the product of the gene AaIT of the scorpion Androctonus australis. The
product of this gene is a small peptide (70 amino acids) that interacts with voltage‐ dependent
sodium channels causing rapid paralysis in insects. Moreover, AaIT has no activity on
vertebrate nervous tissue and is nontoxic to mice. When AaIT toxin was introduced into
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AcMNPV, the speed of kill increased by about 40% and the feeding damage was reduced by
about 60% [43].

Another paralytic toxin that holds promise is the TxP‐I toxin, a component of the venom of the
predatory straw itch mite Pyemotes tritici [44,45]. The mechanism of action this toxin has not been
studied in depth, although it is related to voltage‐dependent calcium channels (VDCC). The
mean time to death of larvae infected with AcMNPV recombinant baculovirus expressing TxP‐
I under the control of p10 very late promoter was reduced by 50‐60% compared to larvae infected
with the wild‐type strain, depending on virus dose and larval instar [46].

The choice of the promoter that controls the transcription of the heterologous toxic gene is very
important. Although polh and p10 very late promotes provides high levels of transcription,
early and late viral promoters or constitutive promoters can result in an earlier accumulation
of the toxin, causing more significant reductions in the speed of paralysis of the larvae. A
chimeric promoter constructed by insertion of the p6.9 promoter downstream of the polh
promoter was found to be more effective than polh promoter alone [47]. Another promoter
tested was the constitutive Drosophila hsp70 heat‐shock protein gene promoter [48]. Despite the
lower levels of toxin accumulation, the results obtained with this promoter were comparable
to those obtained with the p6.9 promoter. The choice of the promoter must be considered from
a biosafety perspective. Evidence indicates that recombinant baculoviruses expressing toxin
genes are not pathogenic to vertebrates, and that the probability of horizontal transfer of the
toxin gene to vertebrates is very low. Moreover, as it was mentioned above, specific arthropod
toxins have no effect on vertebrate neural system. Despite these arguments, it is desirable to
select promoters that are not functional in vertebrates.

3.3. Strategies for modifying host range of baculoviruses

A primary advantage of baculovirus bioinsecticides is their host specificity. In contrast to
chemical insecticides that may harm vertebrates or kill arthropods indiscriminately, baculo‐
viruses target specific populations of insect pests. This feature makes them compatible with
classical biological controls in integrated pest management strategies and makes particularly
useful for controlling insect pests in environmentally sensitive areas. Although bioinsecticides
are attractive from an ecological perspective, their limited host range is undesirable from an
economical point of view. Since many different baculoviruses may be needed to control
complexes of simultaneous insect pests, costs would be excessively high. For this reason, many
researchers have studied the possibility of modifying the baculovirus host range while
maintaining their safety for vertebrates and nontarget arthropods.

3.4. Determinants of virus host range

The host range of any virus is determined by its ability to enter the cells and tissues of a host
organism, replicate and release new infectious virus particles. The virus host range is fre‐
quently determined by the presence of suitable receptors that facilitate virus attachment and
entry into a host cell. This does not appear to be the case for baculoviruses. Baculoviruses are
able to enter nonpermissive insect and even mammalian cells. This indicates that if receptors
are used by baculoviruses, they are common to insect and mammalian cells [49, 50, 51, 52]. In
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nonpermissive insect cells, reporter gene expression was observed from early baculovirus
promoters, but expression from very late baculovirus promoters was limited. Expression from
late baculovirus promoters varied among nonpermissive insect cell lines. As mentioned before,
it was established that the transcription from late baculovirus promoters requires the viral
DNA replication [53]. These findings indicate that in nonpermissive insect cells viral DNA is
delivered to the nucleus, the site of baculovirus replication, although replication is restricted
in a cell specific manner. For this reason, the viral genes that determine the host range are likely
to be related with the process of DNA replication.

One of the first steps forward in baculovirus host range alteration was the generation of a
recombinant AcMNPV capable of replicate in nonpermissive B. mori cells and larvae. This was
achieved by replacing the endogenous p143 gene, which encodes an essential protein with
homology to DNA helicases by a hybrid p143 gene [54]. The hybrid p143 gene resulted from
the homologous recombination between AcMNPV and BmNPV p143 genes, and differed from
AcMNPV p143 only in four amino acids. How these changes in p143 affected AcMNPV host
range is still not well understood. Infection of B. mori BmN cells by wild type AcMNPV induces
protein synthesis arrest [55]. This suggests that AcMNPV p143 or perturbations in the cell
caused by AcMNPV p143 or its activity may induce a cellular response. This example dem‐
onstrates that baculovirus host range can be manipulated through genetic engineering.
However, it is important to notice that BmNPV and AcMNPV are closely related baculoviruses
showing on average ORF amino acid sequence identities of about 93%. Although deletion of
a gene critical for replication in one host can reduce the virus host range, in many cases, the
insertion or modification of a single gene will not be sufficient to expand host range. The
expanded AcMNPV host range resulting from p143 recombination with BmNPV is probably
a singular case. Functional complementation studies have conducted to the identification of
other viral elements that may result in host‐ specific interaction. Those elements include the
homologous regions (hrs). Hrs consist of repeated units of about 70 base pairs with an imperfect
30 base pairs palindrome near their center, and have been implicated both as transcriptional
enhancers and origins of DNA replication for a number of baculoviruses. It was demonstrated
that hrs interact with host and viral factors in a species‐specific way. In an interesting work
baculoviruses were analyzed by bioinformatics in the search of genes subject to positive
selection pressure (when the rate of nonsynonymous substitutions per potential nonsynony‐
mous site in a gene is greater than the rate of synonymous substitutions per potential synon‐
ymous site, the gene is said to be undergoing positive selection). Since most genes appear to
be subject to negative selection most of the time, this method can be used to identify viral genes
involved in adapting to new or current hosts [56].

Another relevant topic to be addressed in the development of baculovirus recombinants with
expanded host range is the selection of appropriate promoters for the expression of heterolo‐
gous genes. If selected candidate genes for expansion of the host range are to be incorporated
in the baculovirus genome under the control of their own promoters, it is necessary to evaluate
the functionality of these promoters in this context.
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4. Mammalian cells transduction and BacMam systems

4.1. Introduction

Initial interest in baculoviruses as gene delivery vectors for mammalian cells was driven by
their good biosafety profile [84]. Compared to other human‐derived viral gene delivery
vectors, the safety requirements for handling baculoviruses are relatively low. Baculoviruses
are so exceptionally adapted to their natural hosts that they pose no threat to vertebrate
organisms. They are unable to replicate in mammalian cells, can be manipulated in laboratories
at BSL1/2 levels and can be easily inactivated [85]. Moreover, insect larvae in the wild are
infected via the gut by occluded baculoviruses and polyhedrin‐deleted recombinant virus used
to transduce mammalian cells does not efficiently infect larvae. The viruses are unstable
outside of the laboratory, so they are environmentally contained as well.

Baculovirus entry into mammalian cells was suggested to depend on electrostatic interactions,
heparin sulfate and phospholipids, but the exact cell surface molecules for baculovirus docking
remained unknown [86]. It was also proposed that clathrin‐mediated endocytosis and
macropinocytosis play roles in baculovirus entry [87, 88]. Contradictorily, a recent study [89]
discovered that (1) baculovirus entered cells into vesicles devoid of clathrin; (2) macropino‐
cytosis‐related regulators imparted no significant effects on virus transduction and (3) the
internalization and nuclear uptake were affected by the regulators of clathrin‐independent
entry. These data unveiled a baculovirus entry pathway independent of clathrin‐mediated
endocytosis and macropinocytosis and suggested that phagocytosis might play a role, which
echoed the observations reported previously [90]. Moreover, other recent studies reported that
baculovirus transduction related to direct fusion pathway induced by a short pH trigger [91].
Nevertheless, one consensus is that baculovirus envelope protein gp64 is pivotal for entry
because blocking gp64 can abrogate the baculovirus ability to transduce mammalian cells and
activate dendritic cells [92]. Very recently, it has been demonstrated that 6‐O‐ and N‐sulfated
syndecan‐1 promotes baculovirus binding and entry into mammalian cells. [93].

Numerous cell lines have been transduced [94], including primary cells in vitro and human
livers ex vivo and the capability of baculovirus as a gene therapy vector has been studied. More
recent studies have described the use of AcMNPV vectors in the form of BVs for in vivo
targeting of different organs including brain and liver [95], and stem cells for tissue engineering
[96].

The term BacMam refers to baculoviruses in which a mammalian promoter is used to drive
heterologous gene expression in mammalian cells following viral transduction (Figure 5). Since
the viral genome can stably accommodate an insert sequence of at least 40 kb, BacMams are
particularly suitable for expression of multimeric complexes. Unless a selection force is
applied, gene expression in transduced cells is transient and can usually last for up to 4 days.
However, the expression can even be prolonged to 16 days. For viruses carrying a selectable
marker, stable cell lines can also be established upon selection [97].

BacMams have been used as delivery vehicles to mammalian cells for many polypeptide genes,
including secreted [98] and transmembrane proteins [99, 100, 101]. When high MOIs are used,
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transduction efficiencies near 100% can be reached. With this high transduction efficiency and
flexibility, the technology easily enables coexpression of several genes with multiple baculo‐
viruses and modulation of expression level by dosing and timing. This flexibility is especially
relevant in studies of multimeric complex functional proteins and also in assays of processes
where mix‐and‐match coexpression experiments with a number of cofactors and interacting
partners are necessary.

4.2. Available vectors for BacMam development

The vectors used for the development of BacMams are derivatives from AcMNPV transfer
vectors. The most widely used system for the generations of BacMam are based on the Bac‐to‐
Bac system (InvitrogenTM) for baculovirus generation. With this system the recombinant
baculoviral genome is constructed in E. coli, via a transfer vector. The gene of interest is first
subcloned into a BacMam transfer vector, which is then transformed into a special E. coli strain
DH10Bac to generate the recombinant viral DNA. The viral DNA is then used to transfect
insect cells in order to generate the recombinant virus. The entire process is simple and easy
to perform, allowing generation of multiple viruses simultaneously. With the procedure,
recombinant BacMams can be generated in less than 2 weeks. The Bac‐to‐Bac system [102] uses

Transfer plasmid containig 

          target genes

Recombinant baculovirus

Infected insect cells

Purified budded virus

Transduced animal

Transduced mammalian cells
Expressed multimeric complex

Figure 5. Production and application of BacMam viruses. Target gene sequences cloned into a transfer plasmid con‐
taining a mammalian cell‐active expression cassette are transferred to baculovirus DNA via recombination. The viral
DNA is transfected into insect cells where virus production occurs. Budded virus are clarified from the insect cell cul‐
ture medium. The stock virus is used to transduce mammalian cells and expression of the recombinant protein(s) is
usually validated 24–48 h later. The effects of the expression can be tested with this transient assay. BacMam vectors
can be also used to transduce mammalian organisms.
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the Tn7‐mediated site‐specific transposition reaction to direct integration of expression
cassettes contained in the transfer vector into a baculovirus backbone vector (bacmid) preex‐
isting in the E. coli DH10Bac strain. In this case, the bacmid is a mini‐F replicon with the
baculovirus genome and has a kanamycin resistance marker. In addition, the E. coli strain
contains a helper plasmid that expresses the Tn7 transposase gene. The system was designed
in such a way that the recombinant Tn7 transposon from the transfer vector will be integrated
into a mini‐attTn7 in the lacZα gene fragment contained within the recombinant viral genome,
causing inactivation of the α‐complementation of lacZ. The desired recombinant transformants
will be resistant to tetracycline, kanamycin, and gentamicin and can be easily distinguished
from nonrecombinants by blue/white selection on X‐gal plates.

The BacMam transfer vectors described here are derivatives of pFastBac1 of the Bac‐to‐Bac
system (InvitrogenTM). Originally, the AcMNPV polh promoter of pFastBac1 was deleted for
the introduction of cassettes containing a mammalian promoter. Later, the CMV immediate
early promoter was inserted to allow expression of the cloned cDNA sequences in mammalian
cells. The vector pFastBacMam‐1, in addition, contains a neomycin resistance gene driven by
the SV40 promoter. The neomycin resistance marker allows selection of stable cell lines
following BacMam transduction. Using this vector a new version was constructed (pFast‐
Backmam‐NA) to accommodate ORFs cloned in GatewayTM vectors (Invitrogen).

4.3 Strategies to improve baculovirus transduction

4.3.1. Surface display via gp64 fusion or expression of heterologous protein

Heterologous peptides can be inserted between the signal peptide and the mature domain of
the envelope fusion protein GP64, and this feature has been exploited for surface display of
peptides to improve the virus transduction [103, 104], for ligand‐directed targeting if an
appropriate ligand is chosen [105, 106]. When a short peptide motif from gp350/220 of Epstein–
Barr virus (EBV, which naturally infects B cells) was displayed as GP64 fusion peptide on the
baculovirus envelope [107], the efficiency of transduction to B lymphocytes was increased.
Another paradigm is the display of the immunoglobulin Fc region on the baculovirus surface
[108]. Fc receptors (FcRs) are membrane proteins that bind to the Fc region of antibody and
mediate the phagocytosis and antigen presentation. The Fc display allows for specific bacu‐
lovirus targeting to cell lines and antigen presenting cells (APCs) expressing FcRs, hence
augmenting the vaccine effect. The display system also allows for the surface presentation of
functional membrane proteins to simplify subsequent isolation.

Aside from the gp64‐aided display, expression of vesicular stomatitis virus G protein (VSVG)
[109], influenza virus neuraminidase [110], Spodoptera exigua multiple nucleopolyhedrovirus
F protein, single chain antibody fragments and human endogenous retrovirus envelope
protein [111] in insect cells also leads to incorporation of the protein into baculovirus envelope.
Among these strategies, display of VSVG or heterologous peptide/protein via the VSVG anchor
is the most widely adopted and can tremendously enhance baculovirus transduction in vitro
and in vivo.
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Serum complement proteins (e.g. C5b‐9) inactivate baculovirus, hence constituting a major
hurdle in the in vivo use of baculovirus. The inactivation problem has been circumvented by
the use of complement inhibitors [112] or by displaying human DAF (decay accelerating factor)
via gp64 [113]. The DAF‐displaying baculovirus caused lower levels of inflammatory cytokines
IL‐1β, IL‐6, and IL‐12p40 in macrophages and mitigated liver inflammation in mice when
compared with the control virus. These results demonstrate that DAF display offers protection
to the baculoviral vector against complement inactivation and attenuates complement‐
mediated inflammation injury.

4.3.2. Surface modification via capsid display, chemical coupling or electrostatic interactions

Other than the display on the envelope, heterologous protein has been displayed on the capsid
by fusion with the major capsid protein VP39. The VP39 fusion with enhanced green fluores‐
cent protein (eGFP) neither interferes with the virus assembly nor affects the virus titer, thereby
enabling intracellular baculovirus trafficking and biodistribution monitoring [114]. Similarly,
the ZnO binding peptide has been fused to the N‐terminus of VP39 while retaining the viral
infectivity and conferring the ability to bind nanosized ZnO powders [115]. Besides, by fusing
the protein transduction domain (PTD) of human immunodeficiency virus (HIV) TAT protein
(a protein responsible for nuclear import of HIV genome) with VP39, the engineered baculo‐
virus results in improved transduction of various mammalian cells

Baculovirus can also be chemically conjugated with compounds such as polyethylene glycol
(PEG) alone and folate [116] to improve the transduction of folate receptor‐positive KB cells.
Additionally, baculoviral vectors have been coated with positively charged polyethylenimine
(25 kDa) through electrostatic interactions. The modification imparts baculoviral vectors
resistance to human and rat serum‐mediated inactivation in vitro and elevates in vivo
transduction in the liver and spleen after tail vein injection into mice.

5. Baculovirus display strategies

5.1. Introduction

Recently, a novel molecular biology tool was established by the development of baculovirus
surface display [117‐123], using different strategies for presentation of foreign peptides and
proteins on the surface of budded virions. This eukaryotic display system enables presentation
of large complex proteins on the surface of baculovirus particles and has thereby become a
versatile system in molecular biology.

The baculovirus system offers great potential as an eukaryotic surface display system, since
the post‐translational modification of the recombinant proteins is efficient and high transfec‐
tion rates can be reached. These features are important for the generation of efficient surface
display libraries. The principal applications of such strategies are ligand screening of surface
expression libraries, for example epitope mapping, antigen display for induction of specific
antibodies and presentation of proteins that increase binding to mammalian host cells.
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Moreover, display strategies play an important role, as they may be used to enhance the
efficiency and specificity of viral binding and entry to mammalian cells. In addition, baculo‐
virus surface display vectors have been engineered to contain mammalian promoter elements
designed for gene delivery both in vitro and in vivo. Moreover, baculovirus capsid display has
recently been developed; this holds promise for intracellular targeting of the viral capsid and
subsequent cytosolic delivery of desired protein moieties. Finally, the viruses can accommo‐
date large insertions of foreign DNA and replicate only in insect cells. Together, these are
attributes that are very likely to make them important tools in functional genomics and
proteomics.

Display of foreign proteins or peptides on the surface of various virus particles has been
valuable in a number of areas within life sciences, ranging from basic research such as protein
structure–function studies to diagnostics and gene therapy. One of the most successful
examples of display technology is the isolation of antibodies from large combinatorial libraries
displayed on the surface of the bacteriophages [124]. The versatile principle of phage display
is based on the direct physical linkage between genotype and phenotype. This linkage enables
the selection of basically any protein with the desired characteristics, such as increased binding
affinity or improved catalytic properties from a suitable display library [125]. Phage display
comprises some severe limitations imposed by expression in the bacterial host, however, for
example when large complex eukaryotic proteins that require glycosylation or particular
protein folding are under study.

Over the past few years, the ability to present large complex glycoproteins on the surface of
AcMNPV, has been developed into a versatile system in molecular biology. Expression of
proteins or peptides on the baculoviral surface, or more recently also on the viral capsid,
without compromising replication in insect cells, has shown to be useful for important
applications, both in vivo and in vitro. The major envelope glycoprotein of AcMNPV is
generally known as gp64. The corresponding gene encodes a type I integral membrane
glycoprotein with an amino‐terminal signal sequence and a carboxy‐proximal transmembrane
domain. The GP64 protein occurs on the viral particle as a disulphide‐linked oligomer, most
likely a trimer, and is responsible for viral cell entry mediated by acid‐triggered membrane
fusion. Structural studies on the GP64 protein have identified separate domains responsible
for oligomer formation and membrane fusion. These structural characteristics of gp64 make it
a good candidate as a presentation platform for the development of a eukaryotic‐based viral
surface display system. Modification of viral surface structures by display techniques has
enabled the use of baculovirus for enhanced targeting to mammalian cells in vitro. Based on
the fact that surface display may interfere with baculovirus infectivity, and that molecules
which are displayed on the baculovirus envelope end up in the lysosomes of the mammalian
cell and subsequent acid‐induced fusion of the viral envelope in the endosomes, an approach
for display of foreign protein moieties on the capsid of AcMNPV was recently developed. This
system allows for presentation of desired proteins as fusions with the baculovirus major capsid
protein VP39. By contrast, molecules displayed on the baculovirus capsid should escape
endosomes and thereby follow the capsid through the cytoplasm into the nucleus of trans‐
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duced mammalian cells. Ideally, capsid display should thus enable transfer of functional
molecules into the cytoplasm and/or the nucleus of the target cells.

5.2. Baculoviral display cloning

In the first constructions used to display peptides on the surface of the budded virions the
foreign open reading frames were fused to the complete GP64 coding sequence, with the
parental baculovirus retaining a wild type GP64 copy [126]. The foreign genes were cloned
between the gp64 signal peptide and the mature gp64 peptide. The mechanism of incorpora‐
tion into the viral particle probably involves the oligomerisation of the fusion construct with
wild‐type GP64. Until now, only small peptides have been inserted into the protein gp64 [127,
128]. When entire proteins were inserted the virus budding efficiency decreased drastically,
and titres similar to those of gp64‐deletion mutants were obtained [129]. By comparison of
different positions within the gp64 sequence using specific antibody epitopes, it was found
that the surface probability of the inserted peptide strongly depends on the position, structural
framework and the adjacent amino acids [128]. Incorporation of the fusion protein onto the
viral surface usually represents only a small proportion of the total fusion protein and the
levels of incorporation into the budded virus are variable and cannot be predicted. The position
not only affects the viral titres obtained, but also influences the presentation of the epitope. In
addition to the oligomerization domain and fusion domain, the N‐terminal part of the protein
also contains essential structural or sequential motifs that are more sensitive to changes than
the rest of the protein.

Different promoters for the GP64 fusion protein have been evaluated to increase incorporation
rates and presentation of the displayed peptide [130]. It was noticed that the use of early
promoters resulted in more complete post‐translational processing of glycoproteins; but the
level of fusion protein detected on the surface of cells and budded virus particles was signif‐
icantly enhanced when strong, very late polyhedrin promoter was used. High concentrations
of the target protein are required on the cell surface in order to reach a signal‐to‐noise ratio
that allows cell sorting to be performed by fluorescence‐activated cell sorting, which, at the
moment, is the only practical technique for selecting specific clones from baculovirus surface
display libraries.

As an alternative to using either the entire GP64 or portions of GP64 protein as the scaffold for
protein presentation, the coat protein of a different virus, vesicular stomatitis virus (VSV), or
its membrane anchor domain, has also been evaluated. It was shown that by using this strategy,
incorporation eGFP was extremely high [131]. The avidity of the display virus increased
significantly, without putting a direct limit on the size of the target gene. In the latter cases,
wild‐type gp64 was still expressed in order to maintain efficient infectivity.

6. Conclusions and perspectives

The study of baculoviruses is a traditional field in virology. In particular, genetic engineering
of AcMNPV emerged in the 1980s, and several systems for various purposes have been
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developed. However, although genetic engineering of baculoviruses seems to be a thoroughly
explored area, much work is still required to fully exploit the advantages of the system.

Vectors and cells with many advantageous characteristics have been developed; yet, it would
be tantalizing to assemble all these features in a single system. As mentioned before, the
addition of an IRES to the transfer vector to couple the recombinant ORF to an essential BV
ORF enhanced the genetic stability of the recombinant virus providing sustained recombinant
protein expression. However, this feature is still not commercially available and is not
compatible with many commercial systems. Other alternatives that have been explored and
may be assembled in new generation systems include: selection by rescue of a lethal gene
deletion, deletion of baculovirus chitinase and cathepsin, expression of chaperones and other
folding proteins and expression of mammalian glycosylation pathway proteins.

The use of transgenic cell lines for expression of recombinant proteins is a convenient alter‐
native to baculovirus infection, since the protein is not expressed in an infection context.
Selection systems for the generation of transgenic insect cell lines may be optimized. Systems
based on site‐specific recombination would increase the rate of transgenic cell generation, thus
simplifying clonal cell isolation. Negative selection systems should be explored as well.
Additionally, the development of inducible expression systems would be very convenient,
since they are convenient for expression of proteins that affect cell physiology.

The improvement of baculovirus bioinsecticides by means of genetic engineering is a chal‐
lenging subject. Genetic stability of recombinant baculovirus is an issue, and it is addressed
by strategies such as the addition of an IRES (as mentioned before) and by deleting small
regions with high recombination rates. Many genes from various sources are being tested for
their ability to increase baculovirus biopesticidal propierties, although small RNA‐mediated
silencing will probably emerge as an important alternative to foreign gene expression ap‐
proach. Host range modification is even more challenging. To address this question a system‐
atic study could start by replacing each of the baculovirus genes with related baculovirus
homologs in search of functional complementation. Other various approaches may be
envisaged. Also, bioinformatics studies in search of genes subjected to positive pressure are
valuable to provide candidates of host‐specific interaction genes. These bioinformatics studies
should be updated with the recently sequenced baculovirus genomes. The use of baculovirus
to transduce mammalian cell lines and mammalian organism bring baculovirus in the gene
therapy and vaccine fields. One of the most challenging objectives in this area is the program‐
ming of viral particles to target specific tissues or cell types. In this direction, the replacement
of the baculovirus fusion protein by other fusion proteins have shown to modify baculovirus
BV tropism, and the development of targeted baculovirus is crucial for exploiting their
potential as gene therapy vectors.

From this overview of the field, it is clear that there is room for many strategies and approaches
to improve the various applications of genetically engineered baculoviruses.
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1. Introduction

Papillomaviruses (PVs) are epitheliotropic viruses that cause benign proliferative lesions in
the skin (warts or papillomas) and mucous membranes (condylomas) of their natural hosts.
However, certain malignant epithelial lesions have been attributed to PVs, especially in cases
of cervical cancer and other human urogenital tract tumors [1].

The first DNA oncovirus recognized was also the first animal PV to be identified. Known as
CRPV (cottontail rabbit papillomavirus), this virus was identified in the 1930s in warts on the
skin of cottontail rabbits [2].

PVs  are  small,  non-enveloped,  icosahedral  viruses  that  replicate  in  the  nuclei  of  squa‐
mous epithelial cells. The diameter of the viral particles varies between 52 and 55 nm (Figure
1) [1].

Currently, PVs constitute a widely diverse group of DNA viruses. PVs have been found in
many mammal species, as well as in certain birds and reptiles. In addition to human beings
(human  papillomavirus  –  HPV),  PVs  have  been  identified  in  most  domestic  animals,
including bovines (BPV),  canines  (CPVs),  goats  (Capra hircus papillomavirus –  ChPV1),
equines (Equus caballus papillomavirus EcPVs), domestic felines (Felis domesticus papilloma‐
virus – FdPV), sheep (Ovis aries papillomavirus – OaPV), and swine (Sus scrofa papilloma‐
virus – SsPV1) [3].



2. Taxonomic classification of PVs

Originally, PVs were grouped with the polyomaviruses in the family Papovaviridae, which
was justified based on such shared traits as morphologically similar non-enveloped cap‐
sids  and circular  double-stranded DNA genomes.  Because  the  genomes  of  both  groups
were later found to exhibit  different sizes and organizations,  as well  as a low similarity
between their  nucleotide (nt)  and aminoacid (aa)  sequences,  PVs are currently classified
in the family Papillomaviridae [4,5].

PVs are  traditionally  designated as  “viral  types”.  Each viral  type represents  a  complete
genome with the L1 gene nt sequence – which encodes the main capsid protein – exhibit‐
ing at least 10% dissimilarity compared with the same sequence from any other previous‐
ly identified PV [5].

The classification of PVs into genera unites several phylogenetically related species that differ
with respect to their biological properties, whereas classification based on species groups
phylogenetically close viral types that also exhibit similar biological and pathological traits. In
terms of nt sequence identity, these taxonomic relationships are expressed as follows: i)
different genera exhibit less than 60% similarity in their L1 ORFs (open reading frames) and
less than 23% to 43% when their full genomic sequences are compared; ii) different species
within the same genus exhibit 60% to 70% similarity in their L1 ORFs (Table 1) [5].

Currently, the family Papillomaviridae contains at least 29 genera that include more than 200
PV types. The Greek alphabet is used to name the genera, which thus range from Alphapapil‐
lomavirus to Dyoiotapapillomavirus. Each species is designated according to the viral type that

Figure 1. Electron micrograph of bovine papillomavirus type 1 virions (BPV1) (diameter of 55 nm). Source: [1].
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best represents it, whereas the remaining PV types classified within a single species are named

as virus strains (Table 2).

Genera Species

Alphapapillomavirus
Human Papillomavirus 2, 6, 7, 10, 16, 18, 26, 32, 34, 53, 54, 61, 90

Macaca mulata Papillomavirus 1

Betapapillomavirus
Human Papillomavirus 5, 9, 49, 92, 96

Macaca fascicularis Papillomavirus 2

Gammapapillomavirus Human Papillomavirus 4, 48, 50, 60, 88, 101, 109, 112, 116, 121

Deltapapillomavirus

Alces alces Papillomavirus 1

Bos taurus Papillomavirus1

Capreolus capreolus Papillomavirus 1

Odocoileus virginianus Papillomavirus1

Ovis aries Papillomavirus 1

Epsilonpapillomavirus Bos taurus Papillomavirus 5

Zetapapillomavirus Equus caballus Papillomavirus 1

Etapapillomavirus Fringilla coelebs Papillomavirus

Thetapapillomavirus Psittacus erithacus Papillomavirus 1

Iotapapillomavirus Mastomys natalensis Papillomavirus 1

Kappapapillomavirus
Oryctolagus cuniculus Papillomavirus 1

Sylvilagus floridanus Papillomavirus 1

Lambdapapillomavirus

Canis familiaris Papillomavirus 1 and 6

Felis domesticus Papillomavirus 1

Procyon lotor Papillomavirus 1

Mupapillomavirus Human Papillomavirus 1 and 63

Nupapillomavirus Human papillomavirus 41

Xipapillomavirus Bos taurus Papillomavirus 3

Pipapillomavirus
Mesocricetus auratus Papillomavirus 1

Micromys minutus Papillomavirus 1

Rhopapillomavirus Trichechus manatus latirostris Papillomavirus 1

Taxonomic Level L1 ORF Identity

Genus <60%

Species 60-70%

Viral Type 71-89%

Table 1. Relationship between diverse taxonomic levels and the identity observed on the L1 ORF nt sequences.
Source: [5].
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Genera Species

Sigmapapillomavirus Erethizon dorsatum Papillomavirus 1

Taupapillomavirus Canis familiaris Papillomavirus 2

Upsilonpapillomavirus Tursiops truncatus Papillomavirus 1 and 2

Phipapillomavirus Capra hircus Papillomavirus 1

Chipapillomavirus Canis familiaris Papillomavirus 3 and 4

Psipapillomavirus Rousettus aegyptiacus Papillomavirus 1

Omegapapillomavirus Ursus maritimus Papillomavirus 1

Dyodeltapapillomavirus Sus scrofa Papillomavirus 1

Dyoepsilonpapillomavirus Francolinus leucoscepus Papillomavirus 1

Dyozetapapillomavirus Caretta caretta Papillomavirus 1

Dyoetapapillomavirus Erinaceus europaeus Papillomavirus 1

Dyothetapapillomavirus Felis domesticus Papillomavirus 2

Dyoiotapapillomavirus Equus caballus Papillomavirus 2

Table 2. Classification of Papillomaviridae family. Source: [3].

PVs isolated from vertebrates are classified into 24 genera, whereas viral species that occur
exclusively in birds and reptiles are grouped into three genera and one genus, respectively.
The taxonomic nomenclature of animal PV types is based on the scientific name of their hosts
according to the genus and species. For example, FdPV1 is the name given to PV of the domestic
cat (Felis domesticus) type 1 [3]. An exception occurs in the case of the bovine papillomavirus,
which was named Bos taurus papillomavirus but by consensus is usually referred to as BPV.
Table 3 describes the genera and species of PVs identified in various species of domestic
animals.

Because PVs are not amenable to isolation using classic cell culture techniques and do not
induce a strong humoral immune response in their hosts, the taxonomic terms “strain” and
“serotype” were not originally applied to this virus family. Consequently, the family classifi‐
cation is based on the similarities between nt sequences and a limited number of biological
and medical properties [5,6].

3. Genomic organization

In the 1970s, the cloning of PVs genomes contributed substantially to the study of their
biological and biochemical properties. Sequencing of the cloned genomes allowed the
identification of different ORFs as probable viral genes [7].

The genomic organization of the various PVs is notably similar. A common feature of PVs is
that all of the ORFs are contained on a single strand of the viral DNA. Therefore, only one of
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the DNA strands serves as a template for transcription. The coding strand might exhibit up to
10 ORFs, which are classified according to the cell differentiation stage when they are ex‐
pressed by means of the letters E (early) and L (late). The early genomic segment (E) comprises
up to eight ORFs, which are expressed in epithelial cells in the early stages of maturation.The

Genera Species Viral Strains

Deltapapillomavirus

Bos taurus Papillomavirus 1
Bos taurus Papillomavirus 1

Bos taurus Papillomavirus 2

Ovis aries Papillomavirus 1
Ovis aries Papillomavirus 1

Ovis aries Papillomavirus 2

Epsilonpapillomavirus Bos taurus Papillomavirus 5
Bos taurus Papillomavirus 5

Bos taurus Papillomavirus 8

Zetapapillomavirus Equus caballus Papillomavirus 1 Equus caballus Papillomavirus 1

Lambdapapilloamvirus

Canis familiaris Papillomavirus 1 Canis familiaris Papillomavirus 1

Canis familiaris Papillomavirus 6 Canis familiaris Papillomavirus 6

Felis domesticus Papillomavirus 1 Felis domesticus Papillomavirus 1

Xipapillomavirus Bos taurus Papillomavirus 3

Bos taurus Papillomavirus 3

Bos taurus Papillomavirus 4

Bos taurus Papillomavirus 6

Bos taurus Papillomavirus 9

Bos taurus Papillomavirus 10

Bos taurus Papillomavirus 11

Bos taurus Papillomavirus 12

Taupapillomavirus Canis familiaris Papillomavirus 2
Canis familiaris Papillomavirus 2

Canis familiaris Papillomavirus 7

Phipapillomavirus Capra hircus Papillomavirus 1 Capra hircus Papillomavirus 1

Chipapillomavirus
Canis familiaris Papillomavirus 3

Canis familiaris Papillomavirus 3

Canis familiaris Papillomavirus 5

Canis familiaris Papillomavirus 4 Canis familiaris Papillomavirus 4

Dyodeltapapillomavirus Sus scrofa Papillomavirus 1 Sus scrofa Papillomavirus 1

Dyothetapapillomavirus Felis domesticus Papillomavirus 2 Felis domesticus Papillomavirus 2

Dyoiotapapillomavirus Equus caballus Papillomavirus 2 Equus caballus Papillomavirus 2

- - Bos taurus Papillomavirus 7

Table 3. Papillomavirus species that infect domestic animals. Source: Adapted from [3].
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late segment (L) usually contains two ORFs that are expressed in differentiated keratinocytes.
A third region without ORFs has been identified in all PV genomes and is named the LCR
(long control region) or URR (upstream regulatory region).This region contains the origin of
replication and elements that control transcription (Figure 2) [1].

Figure 2. Schematic representation of genome of bovine papillomavirus type 1 (BPV1).

Expression of the six most common non-structural and regulatory proteins (E1, E2, E4, E5, E6,
and E7), which are encoded by the early viral genome region, occurs in basal cells or during
the intermediate stages of maturation. The expression of the two viral structural proteins (L1
and L2) encoded by the late genomic segment occurs in keratinocytes in the final stage of
maturation [8].

4. Viral proteins

4.1. Proteins E1 and E2

Protein E1 is encoded by the largest ORF found in the early genomic segment of PVs. Significant
homology among the different PVs has been found upon comparison of the amino acid
sequences inferred for the proteins that are encoded by the E1 gene [9].

Together with viral protein E2, protein E1 recognizes the origin of replication and represents
the central factor of PV replication. It is indispensable for the initiation of viral DNA replication.
In addition to this main function, E1 participates in the recruitment of host cell replication
proteins and exhibits intrinsic ATPase/helicase activity, which induces relaxation of the DNA
coiling at the origin of replication and during the progression of the replication fork [9].
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Transformation studies using BPV1 have shown that the presence of an intact E1 ORF is crucial
for the maintenance of viral genome stability in cells through the presence of multiple genomic
copies in episomal form [10,11,12].

However, the interaction between protein E1 and the origin of replication exhibits low
specificity. Specific and efficient recognition of the origin of replication occurs exclusively
through the cooperative binding of proteins E1 and E2 to sites adjacent to the origin of
replication. Therefore, protein E2 participates in this mechanism as an aggregation factor that
promotes the recruitment of helicase E1 to the origin of replication [13].

The BPV1 E2 ORF encodes a protein that comprise the central viral regulatory system and thus
control genetic expression and viral replication. Protein E2 also modulates the transcription of
the early viral promoters through its binding sites [14]. In addition, E2 participates in the
maintenance of the viral genome in its episomal form by promoting binding between these
genomes and mitotic chromosomes during cell division [15,16].

4.2. Protein E4

The non-structural protein E4 occurs abundantly in the cytoplasm of the differentiated
keratinocytes of papillomas. Therefore, although the gene that encodes this protein is located
in the early viral genome region, E4 is produced later in the differentiation process. The E4
protein of HPV16 has also been associated with the collapse of cytokeratin filaments, which
thus suggests an auxiliary function in the process of viral exit from cells [1].

4.3. Proteins E5, E6 and E7

In humans, the oncoproteins E5, E6, and E7 encoded by the genomes of certain HPVs, represent
the primary viral factors related to the onset and progression of cervical cancer. These genetic
products are able to override the negative regulation of cell growth that is mediated by host
cell proteins. In addition, it is believed that these viral oncoproteins promote the genomic
instability observed in HPV-related cancers [17].

Binding with proteins of the retinoblastoma family is the main mechanism by which protein
E7 contributes to the escape of infected cells from the negative regulatory mechanisms of cell
growth. In the case of HPV, protein E7 interacts with these cellular factors and targets them
for degradation [18]. The result of such binding and degradation is the release and activation
of E2F transcription factors that regulate the expression of genes during S phase of the cell
cycle. Efficient interaction between E7 and these factors triggers a compensatory inhibition of
cell growth and apoptosis that is mediated by the p53 tumor suppressor protein-dependent
pathway [17].

The targeting of protein p53 for degradation by viral protein E6 in high-risk HPVs eliminates
the inhibition of cell growth in both undifferentiated and differentiated cells [17]. The actions
of the viral proteins E6 and E7 to abrogate these regulatory factors of the cell cycle allow
infected cells undergoing differentiation to remain in S phase. As a result, many cell cycle
checkpoints are abrogated. Consequently, an accumulation of mutations and progression into
cancer occurs in cells that are persistently infected by these viruses [19].
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Most of the tumors of cattle affected by enzootic hematuria express the BPV2 oncoprotein E5
[20,21,22]. The onset of cellular transformation that is triggered by E5 might occur mainly
through its interaction with and activation of the platelet-derived growth factor (PDGF) β
receptor. Thus, a mitogenic response is induced even in the absence of PDGF [23,24].

4.4. Proteins L1 and L2

The viral capsid consists of the two structural proteins L1 (ca. 55 kDa) and L2 (ca. 70 kDa), being
L1 the major capsid protein and representing approximately 80% of the total virus protein [25].
Virus-like particles (VLPs) can be produced using prokaryotic and eukaryotic systems to
express combination of L1 and L2 or L1 alone [26,27]. Although L2 is not needed for viral
assembly, it is incorporated in the VLPs when it is co-expressed with L1. Under cryoelectron
microscopy, the morphology of the VLPs that contain only L1 appear identical to that of intact
viral particles (Figure 3) [28]. The epitopes that induce the production of neutralizing anti‐
bodies are principally found on L1 but might also be present on L2 (Table 4) [29].

Figure 3. Electron micrograph of VLP sproduced through expression of BPV2 L1.
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Viral Proteins
Approximate size

(kDa)
Function / activity

E1 68.1 recognition of origin of replication / helicase activity

E2 34.3
recruitment of E1 to the origin of replication / modulation of the

transcription of the early viral promoters

E4 12.5 presumed auxiliary function in the virion exit from infected cells

E5 5.2
interacts with and activates the platelet-derived growth factor (PDGF) β

receptor

E6 15.8 targets p53 tumor suppressor protein

E7 13.6 binds to proteins of the retinoblastoma family

L1 55.5 component of the viral capsid

L2 50.5 component of the viral capsid

Table 4. Viral proteins and their functions.

5. Clinical conditions in cattle

Infections by different BPV types are related to several clinical conditions in cattle. The
occurrence of the benign skin tumors that characterize cutaneous papillomatosis might be
found in several areas of the animals’ bodies. Depending on the extent of lesions, the devel‐
opment of the animals might be affected, they might become predisposed to secondary
infections and/or infestations, and their hidescan be damaged. These possibilities are a few of
the potential consequences that might result in economic losses for the beef and, even more
so, dairy industries. Papillomas affecting the udders and teats of lactating cows cause diffi‐
culties with feeding calves and manual and mechanical milking, whereas secondary bacterial
infections predispose the animals to clinical and/or subclinical ascending mastitis [30].

The interaction between specific BPV types and prolonged bracken (Pteridium aquilinum)
intake has been suggested as the cause of enzootic hematuria and upper gastrointestinal tract
cancers in cattle. With regard to enzootic hematuria, it is believed that latent or subclinical
infections with BPV1 or BPV2 occur first in the bladder mucosa. Because the bladder represents
the main target of bracken toxins, once the virus is established, infection might be reactivated,
which might induce neoplasia through the immunosuppressant and carcinogenic chemical
compounds present in bracken, which results in progression to malignancy [31].

Although the incidence of such tumors varies among cattle raised on bracken-infested
pastures, it might be higher than 90% among adult animals [31,32].

With regard to gastrointestinal tract tumors, the immunosuppression associated with bracken
intake is defining for the persistence of BPV4-induced papillomas, which might progress into
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malignant carcinomas under the influence of the carcinogenic elements present in bracken
[33,34,35].

Therefore, although infection by these BPVs plays a central role in the pathogenesis of these
cattle neoplasias, the presence of environmental and biological cofactors is essential for the
development of such lesions [22,36].

6. Diversity of BPVs

Although the genomic sequences of approximately 150 HPV types have already been charac‐
terized, at the beginning of the 1980s only six BPV types (BPV1 to 6) had been identified from
cases of bovine cutaneous papillomatosis and cancer [37-42].

Studies performed from the beginning of  the 2000s onward to investigate the actual  di‐
versity of BPVs have indicated the existence of many BPV types, which is similar to ob‐
servations made regarding the human virus.  The first  such study employed the generic
primer pair FAP59/FAP64 on swabs of healthy skin from 19 species of vertebrates. In six
of the 10 analyzed bovines that did not exhibit any clinical sign compatible with BPV in‐
fection,  one  or  two  putative  new  BPV  types  were  detected.  These  putative  new  viral
types were named BAA1 through BAA5 [43].

Subsequently, a study aimed at establishing the prevalence of BPV in teat papillomas and teat
healthy skin used the primer pairs FAP59/FAP64 and MY09/MY11 to analyze 15 teat papillo‐
mas and 122 swabs of teat healthy skin on cattle from five Japanese prefectures [44]. That study
found four previously characterized BPV types (BPV1, 3, 5, and 6), two of the previously
identified putative new BPV types (BAA1 and 5), and 11 additional putative new types (named
BAPV1 through 10 and BAPV11MY) among the 39 BPV-positive samples. Nevertheless, the
putative new types BAA1 and BAPV7 through 10 were detected only in samples of healthy
skin. In addition, during one outbreak of mammary papillomatosis that occurred in Japan and
affected 560 heifers, the presence of BPV6 was confirmed in the majority of the 16 analyzed
samples [45]. The previously described putative new types BAA5 and BAPV1 were also
identified in these animals.

Although cutaneous papillomatosis poses a serious sanitary problem in beef and, even more
so, dairy cattle, studies aimed at identifying the BPV types involved in the occurrence of skin
lesions in Brazilian cattle are only sporadically performed. Recently, the detection of BPV1, 2,
6, and 8 in papillomas of cattle from the state of Parana was accomplished using generic FAP
primers [46,47]. In another study, the identification of four previously undescribed putative
new BPV types, named BPV/BR-UEL 2 through 5, pointed to the occurrence of considerable
viral diversity among Brazilian cattle [48]. The genetic characterization of one of these new
BPV types, namely, BPV/BR-UEL2, through sequencing of the full L1 gene, confirmed that it
belongs to the genus Xipapillomavirus [49] (Figure 4).
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Figure 4. Phylogenetic reconstruction based on L1 ORF partial nucleotide sequences (FAP amplicons) demonstrating
the classification suggested for the putative new BPV types into the genera Deltapapillomavirus (δ), Epsilonpapilloma‐
virus (ε), Xipapillomavirus (ξ), and a yet unnamed genus that includes BPV7. The numbers at the internal nodes repre‐
sent the bootstrap support values determined for 1000 replicates. The BPV/BR-UEL2, 3, 4, and 5 types are indicated by
shading. Source: [48].

7. New BPV types

Recently, complementary analysis of several putative new BPV types through sequencing of
the full viral genomes allowed the characterization of these new viral types [3]. The first such
new type to be characterized was BPV7, which was initially named BAPV6. Because the nt
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sequence of the BPV7 L1 ORF is more closely related to PVs of the genera Betapapillomavirus,
Gammapapillomavirus, and Pipapillomavirus, which include viruses causing skin lesions in
human beings and the mucosa of hamsters, this new BPV type constitutes a new and yet
unnamed genus [50].

The second recently described BPV type is BPV8, formerly known as BAPV2, which was
identified in Japan. The description of this new viral type was performed together with the
description of a variant named BPV8-EB, which was detected in a case of cutaneous papillo‐
matosis in a European bison born in Italy [51]. The high degree of similarity observed between
the L1 ORF sequences of BPV8 and BPV5 (75%), as well as the results of the phylogenetic
analysis, were the basis for classifying this new viral type in the genus Epsilonpapillomavirus.
In addition, the genomic structures of the early and late regions of these two different members
of the genus were almost identical. The only difference exhibited between them was in the E4
ORF, which is present in BPV8 but absent in BPV5.

Recently, two BPV types, namely, BPV9 and 10, were identified from teat papillomas [52].
These new viral types were initially designated BAPV1 and BAA5 [43,44]. Phylogenetic
analysis and the greater similarity of the L1 ORFs with BPV3 (74.2% and 71.2%, respectively)
allowed the classification of these two new isolates in the genus Xipapillomavirus [52].

Hatama [53] assessed the viral genotypes present in 167 skin warts in Japanese herds through
polymerase chain reaction (PCR), cloning, and sequencing. A total of 124 of the assessed lesions
tested positive for BPV using PCR. Three putative new BPV types, and eight previously
described BPV types (BPV1, 2, 3, 4, 5, 6, 9, and 10) were identified in the partial sequences
obtained from sequencing the PCR products. The characterization of the full sequence of one
of the new BPV types (BPV11) and the comparison of its L1 gene nt sequence to other members
of this viral family allowed its classification in the genus Xipapillomavirus [53].

The complete genome sequence of an isolate identified from an epithelial tongue lesion in a
Japanese bovine was recently obtained, and this isolate was named BPV12 [54]. Comparison
of the BPV12 L1 gene nt sequence to other viral types isolated from cattle suggested that it
should also be classified in the genus Xipapillomavirus.

Recently, the sequencing of the complete genome of the putative new viral type BPV-BR-UEL4,
which was isolated from a skin papilloma on a cow from a herd in southern Brazil,was
performed by subjecting the viral genome to rolling circle amplification (RCA), PCR, the
subsequent cloning of two long amplicons, and sequencing by means of primer walking.
Phylogenetic analysis based on the L1 ORF nt sequences of 45 PVs distributed among 17
genera, including the previously sequenced BPV types and PVs identified from different
artiodactyl species, showed that the new viral type, named BPV13, belongs to the genus
Deltapapillomavirus, which is generally dominated by artiodactyl PVs and also includes BPV1
and 2 (Figure 5). As previously reported for BPV1 and 2, the putative E7 protein of BPV13 does
not contain a retinoblastoma tumor suppressor-binding domain. Additionally, the BPV13 E5
ORF also encodes a small transforming protein (Figure 6) [55]. The combination of these two
different biological aspects has been recognized as a distinct marker for fibropapilloma
development. This pathogenic mechanism appears to be unique among delta-PVs [56].
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Figure 5. Phylogenetic tree based on L1 ORF nt sequences. In addition to 14 genera where animal PVs are classified,
the genera Deltapapillomavirus, Epsilonpapillomavirus, and Xipapillomavirus, which contain BPVs, are indicated in the
tree. Additionally, the six species classified within the Deltapapillomavirus genus are shown. The numbers at the inter‐
nal nodes represent the bootstrap support values determined in 1000 replications. Source: [55]
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Figure 6. A diagram of the genomic organisation of BPV13. The three main regions characteristic of PV genomes are
shown as grey rectangles above the ruler. The viral genome is represented as linear, and ORFs are shown as white
rectangles. The numbers below each ORF indicate the nt positions of the start to stop codons and the corresponding
molecular mass (in parentheses) for each putative viral protein. Source: [55].

8. Co-infections and heterologous infections

In Brazil, the association between BPV infection and the occurrence of cutaneous papilloma‐
tosis, enzootic hematuria, and upper gastrointestinal neoplasias has been confirmed in cattle
[46,48,57-59]. Previous studies have found BPV in tissues other than the skin epithelium. Thus,
BPV1, 2, and 4 have been identified in the embryos and female reproductive tissues of infected
cows [60-63]. Similarly, BPV DNA has been detected in samples of blood, milk, urine, seminal
fluid, and spermatozoa from infected cattle. These findings point to the possible participation
of these fluids and cell types in BPV transmission [64].

In addition, other studies have shown the occurrence of multiple infections in cattle exhibiting
several cutaneous papillomas that are caused by different BPV types and the possibility of
viral co-infections in single lesions [65-68]. Additionally, the presence of several BPV types in
single lesions is similar to the situation in human skin, where co-infection by more than 10
viral types is frequently detected [69].

Each papillomavirus is known to exhibit specificity for a single animal host species in which
it replicates productively. However, only a few viral types are also able to infect a second
animal species. In such cases, non-productive infections, that is, infections without the
production of infective virions, are the result [1]. This type of infection is the case for the equine
sarcoid, which can be defined as a fibroblastic locally invasive skin tumor. Sarcoid is the most
frequent neoplasia affecting equine species, and it represents the best-known example of
heterologous PV infection because it is caused by BPV1 and 2 [70]. In addition to horses,
donkeys, and mules, skin lesions caused by these viral types have also been described in zebras
and buffaloes [71,72]. Another example of heterologous PV infection is provided by the
detection of DNA from FeSarPV (feline sarcoid-associated papillomavirus), a putative new PV
type that was initially identified in feline sarcoids with non-productive infections, in fibropa‐
pillomas and skin samples from cattle with dermatitis [73-75]. The recent detection of FeSarPV
in biological samples from cattle strengthens the hypothesis that cattle might be the natural
host of this virus [73].
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9. Vaccines against BPV

Immunity against BPV is considered to be type-specific, and the immune status of the in‐
fected animals is considered to be the crucial factor for clinical progression. Whereas hu‐
moral  immunity  prevents  new  infections,  cellular  immunity  (possibly  mediated  by  T
lymphocytes) is associated with the spontaneous and immune-mediated regression of es‐
tablished lesions [76].

The finding that epitopes that induce the production of neutralizing antibodies are present in
the structural proteins L1 and L2 explains the success of the use of these proteins in the
production of vaccines [34].

The recent availability of VLP-based immunogens against HPV that are able to protect mainly
against infection by HPV16 and 18 has allowed the development of the first vaccine against
one of the main human neoplasias, i.e., cervical cancer [77]. The data that have been collected
since the implementation of the HPV vaccine are quite encouraging, and these vaccines seem
to be highly efficient [78,79].

In addition, preventive vaccines have been developed for cattle that are mainly against BPV2
and 4. These viral types were selected because they represent the cutaneous and mucous BPVs,
respectively, and are associated with the development of cancer in cattle [80]. A vaccine
prepared with the BPV2 L1 capsid protein produced as a beta-galactosidase fusion protein in
Escherichia coli induced the production of neutralizing antibodies and was able to prevent
infection [81]. A similar effect was achieved using an E. coli derived BVP1 L1 protein, which
protected calves against post-vaccine challenge with a homologous virus [82].

VLPs produced from the L1 or L1 and L2 genes from BPV4 have also proven to be highly
immunogenic and produce powerful prophylactic vaccines. The prevention of infection
during challenge with BPV4 through vaccination with L1 VLPs has shown that L1 promotes
the production of neutralizing antibodies [34]. Vaccination with VLPs produced from BPV4
L1 and L2 proteins in insect cells also efficiently prevented the development of experimentally
induced papillomas [83].

Because BPV does not grow in conventional cell cultures for the production of killed or
attenuated live vaccines, protein expression systems, such as yeast and insect cells, have been
used to produce VLP vaccines. However, the use of these systems is expensive. Recently, as
has been described for other papillomaviruses (e.g., HPV16), a candidate vaccine against BPV1
consisting of L1 VLPs produced in planta elicited a strong and specific immune response, which
demonstrated its potential as a future vaccine that could be produced at a lower cost [84].

Because the viral life cycle and the progression from benign to malignant lesion are similar in
humans and animals, animal PVs and their natural hosts have represented good models for
the study of HPV [30,85]. In addition, animal PVs, particularly BPV1 and 4, SfPV1, and CPV1,
have also served as models for vaccines against PVs, and observation of the induction of
protective immunity through the use of VLP-based vaccines in their corresponding host
species has opened the way for the implementation of VLPs in HPV vaccines [86,87].
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Currently, immunization through the use of L2 protein peptides has been suggested as an
alternative to the use of VLP-based HPV vaccines. Curiously, residues at the N terminus of
the L2 viral protein appear to represent a cross-neutralizing epitope capable of eliciting a
broad-spectrum protection against many different viral types [87]. Once more, vaccination of
both cattle and rabbits with L2-based vaccines has been highly protective against challenge
with infectious virus [88,89], which confirms the great potential of L2 vaccines in preventing
HPV infections.

10. Conclusion

BPV infection is associated with cutaneous papillomatosis, enzootic hematuria and upper
gastrointestinal tract cancers in cattle. Although approximately 150 HPV types have already
been characterized, only 13 BPV types had their genomes sequenced. However, in accordance
with diversity observed from HPVs, the identification of numerous putative new BPV types
through partial L1 gene sequences have pointed to the occurrence of a similar diversity among
BPVs. Historically, together with a few animal PVs, BPVs and cattle have represented good
models for the study of HPV and vaccines against this important human pathogen, fact that
opened the way for the implementation of VLPs in HPV vaccines. The demonstration of
protective effect of L2-based vaccines in this animal species reinforces the possibility of the
future use of L2 protein peptides as an alternative vaccine to prevent HPV infections.
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1. Introduction

Baculoviruses are enveloped viruses that infect insect larvae mainly from the order Lepidop‐
tera. Their genomes are circular double-stranded DNA molecules of about 80 to 180 kbp and
are packed in rod-shaped nucleocapsids with a typical size of 40-50 nm in diameter and 200-400
nm in length.

Among the numerous baculoviruses, Autographa californica multiplenucleopolyhedrovirus
(AcMNPV) is the most widely studied and used in biotechnology.

During its infection cycle it produces two phenotypes. Occlusion derived viruses (ODV)
initiate the infection at the larvae midgut. After this primary infection, the viral progeny
consists of budded viruses (BV) that carry on the systemic infection in larvae. These types of
virions differ in their efficiencies of infection for different cell types; ODV infect midgut
epithelial cells up to 10,000 fold more efficiently than BV. In contrast, BV are up to 1,000-fold
more efficient at infecting cultured cells than ODV. As the viral propagation in cell culture is
mediated by BV phenotype (Rohrmann, 2011), most of the knowledge regarding baculovirus
infection cycle is based on studies performed in insect cells infected by BV (Figure 1).

Cell entry is mediated by a class III viral glycoprotein located at the virion surface, Gp64, which
interacts with an unknown cell receptor (Backovic & Jardetzky, 2009). This interaction triggers
clathrin-dependent endosomal internalization. This internalized vesicle becomes subsequent‐
ly acidified. This causes a conformational change in Gp64 that result in the fusion of the viral
envelope with the endosome membrane. Thus the nucleocapsid is released in the cytoplasm
and migrates to the nucleus. Once in the nucleus, DNA is uncoated and the transcriptional
cascade begins (Figure 2).



Figure 2. Baculovirus replication cycle. Infection cycle initiates when a budded virus (BV) interacts with the cell
membrane and is endocytosed. When the endocytic vesicle is acidified, GP64 fusion protein, located at the BV mem‐
brane, trigger the fusion of the plasma membrane and the BV envelope releasing the nucleocapsid in the cytoplasm.
The nucleocapsid is then transported to the nuclus where it transcribes its genes, replicates its DNA in the virogenic
stroma where new nucleocapsids are assembled. Nucleocapsids then egress from the nucleus, travel to the cytoplas‐
mic membrane and bud through aquiring an envelope containing the surface protein GP64.

Figure 1. Structure of the budded virus.
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AcMNPV genome encodes about 150 genes which are transcribed in a temporal fashion.
Firstly, immediate early genes are transcribed by the host RNA-polymerase II. These genes
generally encode for transcription factors, like Ie1, that aid the subsequent transcription of
genes. After this early phase DNA replication occurs. Immediately after DNA replication there
may be a transient period when proteins are not bound to the DNA and this might expose late
promoters and facilitate their activation (Rohrmann, 2011). Baculoviruses also encode a novel
RNA polymerase that transcribes late and very late genes and that recognizes the unique
baculoviral promoter consensus sequence DTAAG. During the systemic infection nucleocap‐
sids are assembled in the virogenic stroma. The envelope proteins are synthesized, translated
in association with the endoplasmic reticulum, glycosylated and transported to and incorpo‐
rated into the cytoplasmic membrane via the Golgi apparatus. Nucleocapsids destined to
become BV exit the nucleus. They move to the cytoplasmic membrane at the site where
envelope proteins (Gp64 and F protein) concentrate, and bud through obtaining their enve‐
lopes. Early in the systemic infection more BV are produced which spread the infection
throughout the insect. Finally, late in infection, occluded virions are produced, and the cell
dies releasing the occlusion bodies.

There are many biotechnological uses for baculoviruses. One of the most widespread is their
use as insecticide agents. There have been much work on the development of baculoviruses
to control insects but the acceptance and use of viruses for insect control has been limited. This
can be attributed to their slow speed of kill and their limited host range. At present many
research groups are working with the aim of overcoming these limitations developing novel
strategies such as baculovirus-mediated expression of toxic proteins for insects. Moreover,
recombinant baculoviruses have been extensively used as expression vectors in insect cell
cultures. A variety of technological improvements have eliminated the tedious procedures to
isolate the recombinant viruses turning the baculovirus-based expression system in a safe, easy
to use and scale up system. (Kost et al., 2005).

Another application of baculovirus is their use as expression vectors for eukariotic proteins.
Their ability to include quite large DNA extra fragments in their genomes and the possibility
to use their very strong polihedryn promoter, which activates upon infection, make baculo‐
viruses a very useful tool in biotechnology for the production of recombinant proteins in insect
cells.

In addition, protein expression in larvae or cell culture is not the only application of baculo‐
viruses. In fact, baculoviruses are widely used in the development of strategies for displaying
foreign peptides and proteins on the virus surface as well as mammalian cell transduction
using different mammalian expression cassettes. Baculovirus display consists of the expression
of proteins or peptides in the surface of a baculovirus. This is achieved by fusing the protein
of interest with the major baculoviral envelope glycoprotein Gp64, resulting in the localization
of the chimeric protein on the viral envelope and the plasmatic membraneof infected cells. The
surface displaying of antigenic epitopes make baculoviruses efficient vaccine vehicles capable
of mounting a strong specific immune response.

The aim of this chapter will be to describe the biotechnological utilities of baculovirus display.
Particularly, it will describe this technique for vaccination and gene delivery. It will discuss
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the adjuvant effects of baculoviruses and the immunity response of recombinant viruses.
Moreover, other applications of baculovirus display such as gene therapy and high throughput
screening of antibodies and antigenic epitopes libraries will also be addressed.

2. Baculoviral fusion proteins

Entry of enveloped viruses into host cells requires fusion of the viral envelope with the
cytoplasmic membrane by the action of viral envelope fusion proteins. If the fusion occurs at
the cell surface, viral fusion proteins typically act at neutral pH. On the other hand, in receptor-
mediated endocytosis the major fusion protein activity is most often observed at the acidic
endosomal pH (Monsma & Blissard, 1995).

In general, baculovirus fusion proteins mediate the membrane fusion at the late endosomal
phase. For this reason, the major fusogenic activity was observed at low pH. Although it has
been possible to identify which are the proteins that build fusogenic function, which is the cell
receptor that recognizes these proteins remains a mystery.

Baculoviruses can be divided into two different groups according to the surface glycoprotein
they use to mediate the fusion between the endosomal membrane and the viral envelope. One
group is composed by viruses that use Gp64 as its fusogenic protein whereas the other group
uses the F protein to mediate membrane fusion. This division is coincident with a phylogenetic
separation of lepidopteran NPVs into the two major Groups I and II. These two groups differ
significantly in gene content, most notably Group I NPVs use GP64 as their BV fusion protein,
whereas Group II NPVs lack gp64 and utilize F protein (Zanotto et al., 1993).

AcMNPV is one of the most widely described baculovirus and belongs to Group I. It presents
on its surface the major glycoprotein Gp64 and the residual F protein. While the F protein does
not develop any specific function, Gp64 has been identified as the glycoprotein responsible for
membrane fusion.

In this section it will be described the structure and function of glycoprotein Gp64 as respon‐
sible for the fusion of membranes and its biotechnological applications for the presentation of
foreign antigens.

2.1. Gp64: Structure and function

Three classes of viral membrane fusion proteins havebeen identified. Class I which contain N-
terminalhydrophobic fusion peptides, Class II, which fusion peptides are located in internal
loops, and Class III that exhibit distinctstructural features in their architectures as well as in
theirmembrane interacting fusion loops. Gp64 belongs to this latter group.

The major envelope protein of the budded virions, GP64, has been shown to mediate acid-
triggered membrane fusion both in virions and when expressed alone in transfected cells. The
native GP64 is a phosphoglycoprotein fatty acid acylated near the transmembrane domain
(Monsma & Blissard, 1995). The Gp64 open reading frame (ORF) of AcMNPV encodes a 512
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aminoacids polypeptide with 15 cysteine residues. The resulting disulfide bonds participate
in the formation of the native structure.

As a member of the Class III fusion proteins, Gp64 is composed of five domains that result in
a macromolecular structure very distinct from any reported class I or class II fusion protein.
However, Gp64 conserves the typical characteristics of viral fusion proteins. It includes a
fusion domain which mediates the fusion between the cell membrane and viral envelope; a
transmembrane domain which anchors the protein in the lipidic bilayer and a multimerization
domain that allows the protein to form trimmers. The detailed structure of AcMNPV Gp64 is
shown in Figure 3 (Backovic & Jardetzky, 2009) Baculovirus gp64 also contains a seven residue
C-terminal tail domain (CTD). Deletion of this domain does not significantly affect the ability
to mediate fusion, but reduces the baculovirus titers to 50%. These data indicate that CTD is
involved in virus budding (Figure 3).

a.

b.

Figure 3. GP64 structure. a. Trimmeric structure of baculovirus major surface glycoprotein Gp64 obtained using the
Expasy tool Make multimer.py in www.expasy.org. b. Gp64 polypeptide scheme showing different functional domains
useful for antigen surface display.
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Budded  virions  of  baculoviruses  enter  cells  by  endocytosis.  Gp64  is  the  major  compo‐
nent  of  the viral  envelope,  and the unique protein with fusogenic  activity in AcMNPV.
Gp64  is  triggered  to  induce  the  fusion  at  the  low pH of  endosomes.  In  addition  Gp64
is  distinguished from any other  fusion protein in  its  ability  of  going through a  reversi‐
ble  conformational  change,  unlike class I  and class  II  fusion proteins,  for  which the post-
fusion  conformation  is  thermodynamically  more  stable  and  the  conformational
rearrangement is  irreversible.

2.2. Gp64 for protein display

Gp64 is  expressed early and late  in the infection of  an insect  cell.  It  is  a  64 kDa protein
which forms trimmers and locates  in the BV envelope with a  polarized distribution.  As
Gp64 is  a  transmembrane protein that  exposes an outer domain,  it  can be used to display
a selected protein on the BV surface.  A chimeric  Gp64 can be constructed to contain the
protein  of  interest  allowing it  to  be  incorporated in  the  BV structure  upon infection  of
insect  cells  (Grabherr  & Ernst,  2010).

In order to facilitate the construction of a chimeric protein it was shown that is not necessary
to conserve the complete structure of Gp64. The signal peptide (SP), the multimerization
domain, the transmembrane (TM) and the cytoplasmic tail domain (CTD)were shown to be
enough for the surface display, whereas the rest of the protein can be eliminated. This strategy
avoids the need of dealing with large transfer vectors as well as permitting to increase the
number of displayed proteins.

3. Baculovirus as immunogens

The innate immune system provides the first line of host defense against infection. It is
extremely important to mount a strong specific immune response by expressing co-stimulating
factors necessary for the activation of adaptative immunity cells.

It was shown in previous articles that inoculation of a murine macrophage cell line with
budded baculovirus induces the secretion of inflammatory cytokines, such as tumor necrosis
factor alpha (TNF-α), interleukin-6 (IL-6), and IL-12 (Abe et al., 2005; Chimeno Zoth et al.,
2012; Han et al., 2010; Hervas-Stubbs et al., 2007).

AcMNPV induces pro-inflammatory cytokines secretion through a MyD88/TLR9-dependent
signaling pathway, while other signaling molecules may participate in IFN-α production in
response to AcMNPV.

Toll-like receptors (TLRs) are a family of transmembrane proteins that recognize and bind
endogenous and exogenous ligands. Signaling through TLR generally culminates in the
production of pro-inflammatory cytokines resulting in modulation of several aspects of the
innate immune response (Han et al., 2010). In the case of baculovirus, it has been reported that
BVs could induce cytokine production through the TLR9 signaling pathway in mammals.
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TLR9 was shown to be responsible  in vivo for  immune system stimulation by oligodeox‐
ynucleotides  containing  unmethylated  CpG  motifs.  Like  bacteria,  AcMNPV  contains  a
significant  number  of  potentially  bioactive  CpG  motifs.  Indeed,  a  number  of  studies
demonstrate  that  AcMNPV  can  stimulate  professional  Antigen  Presenting  Cells  (APCs)
by this  pathway.  Furthermore,  Abe et  al.  demonstrated that  internalization and endoso‐
mal  maturation  are  required for  TLR9 activation  by  CpG-rich  DNA.  They showed that
the  inhibition  of  endosomal  maturation  abolishes  the  immune  system  activation  of
AcMNPV  in  a  dose-dependent  manner.  These  results  imply  that  immune  system
activation by AcMNPV through TLR9 requires membrane fusion via Gp64 as well  as  the
liberation of  the viral  genome into cytoplasmic TLR9-containing vesicles  (Figure 4.a)

On the other hand, despite BVs cannot replicate in mammalian or other vertebrate animal cells
(Via et al., 1983), recent studies showed that BVs have strong adjuvant properties in mice,
promoting potent humoral and CD8+ T cell adaptive responses (Abe et al., 2003; Gronowski
et al., 1999). In addition, BVs induce the production of inflammatory cytokines by the in vivo
maturation of dendritic cells (Figura 4.c).

Zoth et al. evaluated the effect of baculovirus administration on the innate immune response
of chickens. They found an upregulation of IFN-γ and IL-6 in the baculovirustreated chicken
spleens and a decrease of the TGF-β gene expression. These facts indicated a strong pro-
inflammatory immune response. Moreover, they demonstrated that BV induced modifications
in the mononuclear cells pattern of different organs using flow cytometry.

The duration of the BV-induced response is very limited. This fact represents one of the many
interesting benefits of the use of baculovirus for stimulating innate immunity, because the
potential damage for a strong inflammatory immune response on an extended time period
could be avoided (Chimeno Zoth et al., 2012)

On the other hand, it could be presumed that baculovirus inoculation produced an indirect
effect on monocytes/macrophages. Zoth et al. also showed an increase of both the mRNA and
the protein levels of IFN-γ, and a priming effect of Nitric Oxyde (NO) response in splenocytes
of chickens treated with baculoviruses. NO acts as a multi-functional mediator with diverse
physiological and pathological roles in host defense, (MacMicking et al., 1997). The production
of NO by activated monocytes/macrophages is an important innate immune response sign of
cellular antiviral and bactericidal activity.

Moreover, Kitajima et al. demonstrated that AcMNPV inoculation of mice induced NK cells
activation. They observed that in AcMNPV inoculated animals there was up to fourfold
increase in the number of NK cells in spleen, liver, bone marrow and thymus. Furthermore, it
was analyzedt he antitumor ability of AcMNPV-induced NK cells and they concluded that
AcMNPV injection induces a NKT cell and IFN-γ independent NK cell cytotoxicity against
tumor cells in mice (Kitajima et al., 2007) These findings will be approached in section 7.

In  conclusion,  the strong immune response induced by AcMNPV makes it  a  promising
candidate  for  a  novel,  adjuvant-  containing  vaccine  vehicle  against  infectious  diseases
(Abe et  al.,  2005).
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a. 

b. 

c. 

Figure 4. Immune response induced by baculovirus summarized. a. Activation of immune cells by inoculation with
AcMNPV wild type. b. Immune response triggered by AcMNPV displaying a Gp64 fused antigen. c. Immune response
generated by antigen coding AcMNPV under the control of CMV Ie1 promoter.
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4. Baculovirus display

Eukaryotic  systems  represent  a  highly  interesting  model  for  the  study  of  higher
eukaryotic  structures  and  interaction  mechanisms  because  they  provide  posttranslation‐
al  modifications  and  complex  protein  folding,  in  contrast  to  prokaryotic  systems.
Moreover,  displaying  a  protein  on  the  surface  of  a  cell  or  a  virus  is  a  very  successful
strategy,  for  recreating  and  maturing  binding  properties  such  as  antigenic  recognition
(Grabherr  & Ernst,  2010).

Several  strategies  have  been  developed  for  displaying  heterologous  peptides  or  pro‐
teins  on  the  baculovirus  envelope  by  fusing  the  peptide  or  protein  to  gp64.  In  most
instances  the  vector  is  designed  with  the  aim  of  obtaining  baculovirus  particles  that
contain  both  wild-type  gp64  and  chimeric  gp64  molecules.  Furthermore,  baculoviruses
displaying  proteins  fused  to  Gp64  have  proven  to  be  very  effective  immunogens  and
they  have  been  used  successfully  to  generate  antibody  responses  to  a  variety  of
displayed proteins (Kost  et  al.,  2005).

Given that baculoviruses are able to mount a robust innate immune response by activating
professional APCs, it is expected that baculovirus expressing an heterologous antigen on its
surface could generate a specific response against this antigen. In fact, several works showed
that baculoviruses expressing chimeric Gp64 on its surface were able to mount a very strong
humoral response against the antigen displayed (Figure 4.b).

Xu et al. demonstrated in several works that baculovirus surface display of different proteins
of Japanese Encephalitis Virus and swine fever virus generated high titers of specific antibodies
useful for the protection against the disease. More specifically, they found that inoculation
with recombinant baculoviruses produced a specific IgG response comparable with the
response mounted by the preexistent attenuated vaccine and high neutralizing antibody titers
against the virus (Xu et al., 2008; Xu & Liu, 2008; Xu et al., 2009; Xu et al., 2011).

Furthermore, numerous studies used baculovirus display for the development of new
generation vaccines and obtained similar results to those showed by Xu et al. In this context,
baculovirus surface display conferred protection and induced a strong humoral response
against avian reovirus (Lin et al., 2008), human enterovirus (Meng et al., 2011), influenza (Jin
et al., 2008; Prabakaran et al., 2010), malaria (Yoshida et al., 2009), etc.

In the next sub-sections the different strategies for efficient baculovirus display will be
discussed. These include baculovirus display using the entire Gp64 for the generation of the
chimeric proteins, baculovirus display based on single peptide insertion in Gp64 and a
truncated Gp64 system with several cloning advantages will be considered (Figure 5).

Baculovirus display strategies have also been used for modification of the viral surface to
command baculovirus mediated transduction of mammalian cells. In addition, capsid
modifications may allow novel approaches for enhancing baculovirus mediated gene delivery.
These studies will be discussedlater.
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4.1. Chimeric proteins using the entire Gp64

Gp64 can serve as a fusion partner that together with a chosen target protein gets incorporated
into the cell membrane and into budded virions. In the first reports of baculovirus display
proteins were fused to the complete gp64. In these works the target proteins were cloned into
a vector providing N-terminal fusion with the gp64 signal peptide and C-terminal fusion with

Figure 5. Different kinds of baculovirus display. a. Baculovirus surface display using the entire Gp64. b. Baculovirus
surface display using only TM, MMD and CTD as fusion partner of the antigenic target. c. Baculovirus display using
recombinant Gp64 expressing a small peptide.
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the full length gp64 coding region. (Boublik et al., 1995; Grabherr & Ernst, 2010). The conser‐
vation of the biological function of several proteins when they were expressed by the baculo‐
virus display system, e.g HIV gp120, indicated that large, complex proteins could be displayed
on the surface of baculovirus particles in a functional form.

The mechanism of incorporation into the viral particle was proposed to be due to oligomeri‐
zation of the chimeric Gp64 with wild-type Gp64. In addition the CTD of the chimeric Gp64
may play an important role in the nucleocapsid recognition for budding process (Figure 5.a)

For the purpose of antigen display various epitopes were presented and shown to induce
immune response in mice.

The advantages of this method reside in that all needed sequences for glycoprotein transport
and maturation are present in the entire sequence of Gp64. Complete Gp64 fused antigens will
be synthetized through the glycoprotein synthesis pathway and will be directed to plasmatic
membrane and also budded virus envelope.

However, the utilization of entire Gp64 may cause some problems in the cloning process due
to the length of the subsequent transfer vector.

4.2. Peptide insertion on Gp64

Another strategy consists in peptides directly engineered into the native Gp64 of AcMNPV in
order to increase the avidity of the displayed target. In this case a short peptide is inserted into
the sequence of the wild type Gp64, being this protein the only variant expressed in the virion,
in contrast to the previous approach where both wt and the modified versions coexisted in the
BV surface. It has been reported that this method resulted very efficient to mount a robust
specific antibody response against the inserted peptide with a significantly increased avidity.

However, manipulating the native gp64 envelope protein may cause some problems. Given
that no wild-type gp64 exists in order to guarantee functional cell fusion and virus budding,
it is possible that the overall incorporation of the recombinant protein into cell membrane or
viral envelope as well as viral titers decrease considerably. For this reason, insertion sites for
foreign fragments must be chosen carefully. Moreover, the size of the peptides for insertion
results in a limiting condition. Indeed, only small peptides have been inserted into the native
gp64 with a maximum size of 23 amino acids (Figure 5.c).

Alternatively,  expressing a second copy of  gp64 displaying the target  peptide in addition
to  the  wild  type  Gp64  represents  an  effective  solution  (Grabherr  & Ernst,  2010;  Speng‐
er  et  al.,  2002).

4.3. SP, TM and CTD display systems

More recently, several reports demonstrated that using only the signal peptide region
(SP),transmembrane region (TM) and the cytoplasmic tail domain (CTD) was enough for
surface display on the insect cell surface as well as on the budded virions. The resulting smaller
transfer vectors represented a significant improvement for the increased cloning efficiencies
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and the number of displayed chimeric proteins (Grabherr & Ernst, 2010; Spenger et al., 2002;
Xu et al., 2009).

This method conserves the advantages of the baculovirus surface display using the entire
Gp64, reducing significantly possible cloning troubles (Figure 5.b).

5. Baculovirus and cellular immunity

Apart from infecting insect cells, baculoviruses are able to transduce different types of animal
cells such as human, rodent, rabbit, porcine, bovine, fish and avian cells (Hu, 2005; Hu, 2006)
In addition, baculovirus can transduce embryonic stem cells, adult stem cells and induced
pluripotent stem cells (Chen et al., 2011).

Baculovirus are safer than other transduction vectors because they don´t integrate its DNA
into host genome, nor replicates it inside the transduced cells (Chen et al., 2011; Merrihew et
al., 2001). It has been demonstrated that humans do not possess pre-existing antibodies and
specific T-cells against baculoviruses (Strauss et al., 2007). For this reason, baculoviruses may
avoid the pre-existing immunity problem caused by other viral vectors.

Thus, the coding sequence of a protein of interest can be cloned into the viral genome under
the control of a suitable promoter. Then, the inoculation of an animal with the recombinant
virus results in the expression of the heterologous protein inside different cell types. The
expression of a foreign protein in the cytoplasm trigger the MHC class I antigen presentation
of proteasome processed peptides of the recombinant protein. In this way, joined to the
adjuvancy showed by baculoviruses, transduction of animal cells may induce a strong cellular
immune response (Figure 4.c).

Yoshida et al. have developed a baculovirus based dual expression system, with the aim to
develop multifunctional vaccines capable of inducing strong humoral and cellular immune
responses. In this study a chimeric protein was constructed with the display necessary
sequences of Gp64 and the entire open reading frame of thePlasmodium berghei circumsporo‐
zoite protein (PbCSP) under the control of polyhedron and CMV Ie1 promoters. ELISPOT
assays with splenocytes from immunized mice with the recombinant baculovirus showed
significative IFN-γ secretion compared with the results for immunization with a recombinant
AcMNPV without the CMV Ie1 promoter when the splenocytes was stimulated with a PbCSP
synthetic peptide. In addition, this baculovirus based dual system showed to be more protec‐
tive than the simple baculovirus display system (Yoshida et al., 2009)

On the other hand, Hervas-Stubbs et al. demonstrated that baculoviruses induced strong
humoral and cellular immune responses by co-administration of AcMNPV wt. and a purified
antigen.They showed that budded baculoviruses had strong adjuvant properties, promoting
humoral and CTL responses against coadministered antigen. They observed also that baculo‐
virus could induced DC maturation, and the production of inflammatory mediators through
mechanisms primarily mediated by IFN-α and IFN-β.It has been shown previously that type
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I IFNs act directly on naive B cells and CD4+ and CD8+ T cells, promoting clonal expansion
and differentiation (Curtinsger 2005; (Bon & Lucchetti, 2006).

5.1. Baculovirus and mammalian cell transduction

Baculovirus entry into mammalian cells represents an important goal for immune response
induction and most recently for different genic therapies. It was initially suggested that
baculovirus entry depended on electrostatic interactions, heparin sulfate and phospholipids
(Duisit et al., 1999; Tani et al., 2001), but the exact cell surface molecules and the involved
mechanism remained unknown. Based on the mechanism of Gp64 mediated membrane fusion
and the entry pathway of baculoviruses in insect cells, it was also proposed that clathrin-
mediated endocytosis and macropinocytosis play roles in baculovirus entry (Long et al.,
2006; Matilainen et al., 2005) In contrast, Laakkonen et al.(2008) discovered that baculovirus
could enter some types of mammal cells, such as hepatic cells, by a pathway independent of
clathrin-mediated endocytosis and macropinocytosis suggesting that phagocytosis might play
a role (Chen et al., 2011).

These data suggest that baculovirus entry pathway varies with cell types and will be necessary
more studies to elucidate the complete mechanisms. Nevertheless, all studies determined that
baculovirus envelope protein gp64 is pivotal for entry and for the activation of dendritic cells
(DCs) (Abe et al., 2005; Niu et al., 2008; Schutz et al., 2006).

Once inside the cells, baculovirus is transported to the endosome. Then, virions are released
by the acid-triggered gp64 fusion (Kukkonen et al., 2003) and subsequently transported into
the nucleus (Laakkonen et al., 2008; van Loo et al., 2001) reorganizing the actin cytoskeleton
(Matilainen et al., 2005); Salminen et al., 2005). A major component of type III intermediate
filaments, vimentin, also participates in intracellular trafficking (Mahonen et al., 2010). Inside
the nucleus, baculoviral DNA could be recognized by the cellular transcription machinery and
recombinant proteins could be expressed.

5.2. Baculovirus capsid display

As was described before in this section, several authors reported strategies in which the coding
sequence of an antigen was cloned driven by the cytomegalovirus (CMV) promoter to obtain
antigen specific T cell immune responses, resulting in high levels of protection against parasitic
diseases.

In addition to the baculovirus surface display on the envelope, heterologous protein has been
displayed on the capsid by fusion with the major capsid protein VP39 without any interference
in the virus assembly (Molinari et al., 2011). Kukkonen et al. fused the enhanced green
fluorescent protein (EGFP) with VP39 with the aim to improve the nuclear traffic of BV in
mammalian cells, and shown no interference with virus titer (Kukkonen et al., 2003). This
finding suggested the possibility of performing insertions into the inner capsid of the BV
particle. VP39 is the most abundant protein of the nucleocapsid and consist in a 39 KDa
polypeptide with monomers arranged in stacked rings around the nucleoprotein core
(Molinari et al., 2011).
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In the section 5.1 it were described the possible mechanisms of entry of baculovirus in
mammalian cells. Besides the complete mechanism diverge in different cell types, endosome
trafficking and Gp64 mediated fusion are always involved. Under these circumstances, it
seems unlikely that the antigen displayed on the BV envelope would be able to efficiently reach
the cytoplasm and consequently would be preferentially presented by MHC class II pathway.
For this reason, antigen displayed on the envelope of baculovirus failed to produce a robust
CD8+ T cell response, but was very effective to induce a CD4+ T and B cell responses.

However,  antigen capsid display  should be  able  to  reach the  cytosol  and preferentially
trigger  MHC  class  I  presentation  pathway  and  mount  a  strong  CD8+  T  cell  response
(Molinari  et  al.,  2011).

In this context, Molinari et al. developed a capsid display system and probed it fusing OVA
with VP39 (BV-OVA) and showed that OVA could enter into the MHC class I pathway.
Consequently, it was observed that inoculation of an animal model with the recombinant
baculovirus triggered the activation of naive CD8+ T cells inducing an OVA-specific cytotoxic
response. Though the mechanism involved in OVA MHC class I presentation was not
elucidated, all these data suggest that capsid display is more convenient over envelope surface
display for CTL activation. One of the proposed hypothesis consists of the possibility of the
entire baculovirus capsid digestion by proteasome generating MHC class I binding peptides.

In summary, baculovirus are internalized by DCs and induce their maturation and the
production of the pro-inflammatory cytokines IL-6 and IL-12 and are able to mount a type I
IFN response (Section 3). Finally, Molinari et al. also examined the efficacy of the strong CTL
and innate immune response elicited by baculovirus by the capacity of BV-OVA to confer
protection against the classical MO5 melanoma tumor model. It was observed that inoculation
with the BV-OVA protect against this tumor model.

Other researchers used capsid display as an alternative for mammalian cells transduction. In
the work presented by Song et al. the ZnO binding peptide has been fused to the N-terminus
of VP39 while retaining the viral infectivity and conferring the ability to bind nanosizedZnO
powders (Chen et al., 2011; Song et al., 2010).

In conclusion, capsid display results in a very attractive alternative for cells transduction and
for triggering MHC class I presentation of antigenic peptides. In this way, capsid display
showed to be strongly effective to mount a robust cellular response against heterologous
proteins promoting both IFN secretion and cytotoxicCD8+ T cells activation.

6. Baculovirus and complement

Complement is an important component of the innate immune system and plays an important
role in the recognition and elimination of pathogens. Complement can be activated by three
separate pathways: the classical, alternative, and lectin pathways (Ricklin et al., 2010). The
classical activation pathway begins with the binding of the complement protein C1q to the
pathogen surface or to antibody-antigen complex. The alternative complement activation
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pathway is initiated by spontaneous hydrolysis of the C3 protein into C3a and C3b and the
subsequently attaching of C3b to amine and carbohydrate groups on the target surface. Finally,
the lectin pathway is activated by the recognition of specific carbohydrate patterns on the
pathogen surface by mannose-binding proteins. Once complement was activated, a cascade
of proteolysis events of complement proteins leads to the recruitment of the membrane attack
complex (MAC) and the subsequently target membrane perforation (Kaikkonen et al., 2011)
(Figure 6.a.b).

On the other hand, complement must be regulated. There are two different types of comple‐
ment regulators: Surface-bound regulators, and soluble regulators. Surface-bound regulators
consists in a group of molecules integratedby factors that accelerate decay of the convertases
(complement receptor 1, CR1; decay accelerating factor, DAF), act as a cofactor for the factor
I-mediated degradation of C3b and C4b (CR1; membrane cofactor protein, MCP), or prevent
the formation of the membrane attack complex (CD59) (Hourcade et al., 2000; Ricklin et al.,
2010). Soluble regulators also mediate the first two functions of surface-bound regulators.
C4bbinding protein (C4BP), factor H (FH) and FH like protein-1 (FHL-1) are examples of the
members of this group (Kaikkonen et al., 2011) (Figure 6.c).

In this context, baculovirus engineering with the aim to confer it resistance to complement
inactivation results very attractive to improve the efficiency of baculoviruses for gene delivery.

Figure 6. The two major complement activation pathways in baculoviruses: The classical pathway is triggered by the
binding of C1 to antigen-bound antibody molecules. The classical pathway utilize C2 and C4 to generate the C3-con‐
vertase C4b2a. The alternative pathway is initiated by the spontaneous hydrolysis of C3. Then, the complete comple‐
ment cascade (from C3 proteolysis to formation of membran attack complex (MAC)) proceeds. Adapted from
Kaikkonnen et al. 2011.
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6.1. Complement activation by baculoviruses

As particulated antigens, baculoviruses are vulnerable to the action of the complement. This
fact was observed in several studies which demonstrate that baculovirus-mediated gene
transfer into hepatocytes is strongly reduced in the presence of untreated human serum.

The complement cascade is usually activated to protect the host from foreign elements. The
complement activating properties of various gene transfer vectors was demonstrated. The
mechanism of complement activation by liposomes and synthetic DNA complexes depends
mainly on the formulation, charge and size. Murine retroviruses are effectively lysed by
primate complement triggered by the classical pathway, involving direct binding of C1q and
C1s to the envelope and/or to antibody-antigen complexes. Comparatively, Hoffmann et al.
found baculovirus survival in C1q-depleted human serum indicating baculovirus-mediated
activation of the complement cascade through the classical pathway.

Given that there is no evidence of pre-existing anti baculovirus antibodies in human sera, this
data suggests that baculoviruses activate the complement cascade by an antibody-independent
activation of the classical pathway (Hofmann & Strauss, 1998).

6.2. Strategies for complement inactivation

At present there are different strategies which help to avoid complement attack during
baculovirus treatment (Huser et al., 2001; Kaikkonen et al., 2010). As noted previously, the
surface of baculovirus particles can easily be engineered. As an example,desired peptides or
proteins can be displayed as fusion proteins (Boublik et al., 1995; Makela & Oker-Blom, 2008;
Oker-Blom et al., (2003). The most widely used technique for surface engineering makes use
of the trimeric major baculoviral envelope glycoprotein GP64 as a fusion partner (Kadlec et
al., 2008). In this section, diverse strategies for complement inactivation mediated by baculo‐
viruses will be discussed. In particular, the discussion will be focused in the use of polymers
for baculovirus surface coating, pseudotyping of baculoviruses by the expression on VSV-G
protein and surface display of eukaryotic complement inhibitors.

6.2.1. Polymer coating

With the aim to protect baculoviral vectors against complement inactivation, using polymers
should be appropriated. The coating is based on the electrostatic interaction between the virus
particle and the polymer. In the case of baculovirus, the negative charge of its surface allows
coating with positively charged polymers such aspolyethylenimine (PEI) (Yang et al., 2009). It
was observed that the 25 kDa PEI protected the virions against complement destruction
resulting in a 10% to nearly 100% of vector survival in samples treated with human and rat
serum, respectively. In addition,Kim et al. observed thatafter intraportal delivery the PEI-
treated viruses exhibited improved transduction of liver and spleen compared to non-coated
virions(Kim et al., 2009).

Additionally,  another polymer,  PEG (Mw 5000),  has also been reported to increasebacu‐
lovirus  transduction  efficiency  in  vitro  and in  mouse  brain  and lung  (Kim et  al.,  2007;
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Kim et  al.,  2010;  Kim et  al.,  2006).  Although serum stability  of  the PEG-coatedbaculovi‐
ruses was not  directly studied,  these results  support  the notion that  PEG coating can be
used to  protect  baculovirus  vectors  against  the  immune system and prolong its  surviv‐
al  time in circulation (Jevsevar et  al.,  2010).

Nevertheless, it is necessary adjust the ratiosof PEI or PEG and virus particles, and the polymer
sizeto preserve virus infectivity and minimize cytotoxicity.

6.2.2. Pseudotyping

Pseudotyping consists in a process in which the natural envelope proteins of the virus are
replaced with surface proteins from another virus. This strategy has been shown to mitigate
the problem of complement attack (Tani et al., 2003). Unlikechemical engineering which is
limited and requires extensive optimization to retain virus infectivity, pseudotyping conserves
virus infectivity and allows virusevasion ofcomplement-mediated destruction.The most
widely used method of pseudotyping of baculoviruses relies on the employ of the VSV-
Gprotein. Several researches have shown that VSV-G is capable to improve transduction
efficiency of baculovirus in vertebrate cells (Barsoum et al., 1997; Pieroni et al., 2001; Tani et
al., 2003; Tani et al., 2001). VSV-G can alsoreplace GP64 and allow productive infection,
replication, and propagation of thevirus in Sf9 insect cells (Kitagawa et al., 2005; Mangor et al.,
2001). However, pseudotyping is typically performed by co-expressing both the desired
molecule and Gp64.

Other reportsalso demonstrated increased gene delivery into mouse after direct intramuscular
injection of VSV-Gpseudotypedbaculovirus (Pieroni & La Monica, 2001; Pieroni et al., 2001).
Additionall, Tani et al. found that the VSV-Gmodified baculovirusexhibited greater resistance
to human, rabbit, guinea pig, rat, hamster and mouse serum inactivation compared to the
unmodified control baculovirus (Tani et al., 2003). Furthermore, co-display of a short trans‐
membrane fragment of VSV-G was found to give similar complement protection as intact VSV-
G (Kaikkonen et al., 2010). These results suggest that envelope modification of the baculovirus
can change its immunogenic properties and protect them for complement inactivation.

6.2.3. Display of complement inhibitors

The last strategy for complement inactivation that will be discussed in this section consists in
the baculovirus surface display of eukaryotic complement inhibitors. Several reports showed
that genetic modificatedviruses expressing complement regulators presented an improved
survival rate, unlike wild type controls. In this context, the most promising results to increase
the serum stability of baculovirus vectors by genetic means have been attained by displaying
complement regulating proteins fused to Gp64 on the virion surface (Huser et al., 2001;
Kaikkonen et al., 2010). The first described research generated a recombinant baculovirus
which expressed on its surface the DAF complement regulator. Kaikkonen et al. have recently
verified the protective nature of DAF-display and studied the efficacy of other complement
regulatory proteins (FHL-1, C4BP and MCP) and their combinations for complement inacti‐
vation and consequently baculovirus survival rates. (Kaikkonen et al., 2010). Their resultscon‐
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cluded that serum stability was dependent on the displayed complement regulatory protein
and the source of serum.

In general, the complement regulators DAF and MCP gave the best results. Conversely,
simultaneous co-display of soluble complement regulatory proteins did not provide further
benefit.Best protection was gained in mouse serum (70%), while the worst protection rate was
obtained with rat serum (13%). In the case of human serum, about 30% of the viral particles
were still competent to transduce mammalian cells after 1 h preincubation with serum
(Kaikkonen et al., 2010).

All these data suggest that engineering of baculoviral vectors for complement inactivation
result very convenient not only to reduce the number of necessary inoculations for an efficient
transduction, but also to avoid the undesired mortality induced by high doses of non-modified
vectors.

7. Other applications

The use of baculoviruses as vectors for the generation of immunity is not the only possible
application for these viruses. Their ability to transduce mammalian cells and their capacity to
allow the introduction of large amounts of heterologous DNA in their genomes represent
remarkable advantages. In addition to the biosafety benefits of baculovirus in comparison with
other viral vectors, these features make baculoviruses as adequate vectors for in vivo animal
transduction. The absence of preliminary immune cells against baculoviruses makes them a
promising tool for human treatment.

In this section, two different novel applications for baculoviruses will be discussed. In first
place, the use of baculoviruses for gene therapy and the goals and limitations of this practice
will be analyzed. Then, the construction of displaying libraries using baculovirus display
system will be exemplified.

7.1. Gene therapy

There are two different categories in which gene therapy vectors can be classified: nonviral
and viral vectors. Non-viral vectors consist in polycation conjugated polymers that allow
delivery of the DNA. Positively charged liposomes are one example of this type of vectors.
Although these vectors are advantageous in biosafety, its application is restricted by the low
efficiency in the delivery and expression of transgenes. (Verma & Somia, 1997). On the other
hand, viral vectors, such as retroviral, lentiviral, adenoviral, and adeno-associated viral (AAV)
vectors, have a higher efficiency in cell entry and transduction by expressing different
transgenes. Advantages and disadvantages depend on each particular viral vector. The
mechanism used for replication and protein expression, and the biological hazard inherent in
its use are some of the features to be analyzed at the moment in which a viral vector is chosen
for gene therapy. In comparison with these common viral vectors, baculoviruses possess a
number of advantages.
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In first place, baculovirus-mediated transduction does not present any toxic effect against
mammalian cells and does not disturb cell growth even at high MOI (Gao et al., 2002; Hofmann
et al., 1995). In contrast, cell proliferation may be retarded by transgene products because they
could be toxic and even induce apoptosis in some cells (Detrait et al., 2002; Liu & Carstens,
1999). Furthermore, baculoviruses do not replicate in transduced mammalian cells (Kost &
Condreay, 2002). These features of baculoviruses are particularly important because other viral
vectors are human pathogens, and consequently represent a biological risk.

Another advantage of baculoviruses as gene therapy vectors consists in its large cloning
capacity. The baculovirus (AcMNPV) genome is a large circularized DNA molecule with 130
kb of length and a maximum cloning capacity of at least 38 kb. This flexibility results partic‐
ularly advantageous in contrast to retroviral and AAV vectors whose cloning capacities are
limited (Hu, 2008).

In comparison with other viral vectors, baculoviruses are easy to produce. Retroviral, lentivi‐
ral, and AAV vectors require transfection of plasmids encoding essential genes into packaging
cells for its production. In contrast, baculovirus can be easily propagated by infecting insect
cells in suspension culture or monolayer and harvesting the supernatant 3–4 days postinfec‐
tion. In addition, the construction, propagation, and handling of baculoviruses can be per‐
formed in Biosafety Level 1 laboratories without the need for specialized equipment.

Finally, one of the most important advantages is that baculoviruses do not present preexisting
immunity in mammalian. One of the problems associated with other viral vectors is that most
people are exposed to these viruses and develop specific humoral response. Circulating
antibodies can significantly reduce the efficiency of transduction with the viral vector. The use
of baculovirus vectors in gene therapy, therefore, may avoid the problem of preexisting
immunity (Hu, 2008).

However, baculoviruses have a number of disadvantages as gene therapy vectors. One of these
is that baculovirus induce a transient expression in mammalian cells. In vivo, transgene
expression typically declines by day 7 and disappears by day 14 (Airenne et al., 2000; Lehto‐
lainen et al., 2002). The duration of in vitro transgene expression using baculoviruses is
significantly shorter than expression mediated by retroviral, lentiviral, and AAV vectors.

Baculoviral vectors differ mainly than other viral vectors in the time that the carried genes can
persist in the host nucleus. In the case of retroviral, lentiviral and adenoviral vectors, viral
DNA can remain into the nucleus either in an integrated or episomal form, for a longer period.
In fact, Tjia et al. demonstrated that baculoviral DNA persists in the nuclei of transduced
mammalian cells for only 24–48 h (Tjia et al., 1983).

Another disadvantage of using baculovirus as gene therapy vector is the inactivation by
complement. As described in previous sections, contact between baculoviruses and serum
complement results in rapid inactivation of budded virions. There are need several modifica‐
tions for reduce the negative effect of complement in baculovirus-mediated transduction.
However, the complement system is not a problem only for baculovirus. It is also a potent
barrier to in vivo administration of other gene delivery systems such as liposomes, murine
retrovirus, and various synthetic DNA complexes (Hu, 2008).
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Additionally, baculoviruses as enveloped virus are very fragile. The envelope structure is
essential for virus infectivity because of the anchored Gp64, responsible of viral and cellular
membrane fusion. (Blissard & Wenz, 1992). For this reason it renders virus vulnerable to
mechanical force and results in relatively low virus stability, a common problem also observed
for other enveloped viruses such as retrovirus. Ultracentrifugation is often necessary for
budded virions purification, but also leads to significant loss of infectivity probably because
of the viral envelopes damage. Labile thermal stability, in conjunction with the tendency to be
inactivated by serum complement, may further restrict the in vivo application of baculovirus
gene delivery vectors.

In vivo gene therapy

Due to their ability to transduce various cell types, baculoviruses have captured increasing
interest as vectors for in vivo gene delivery. Baculovirus-mediated gene delivery was tested
in different tissues that including rabbit carotid artery, rat liver, rat brain, mouse brain, mouse
skeletal muscle, mouse cerebral cortex and testis, and mouse liver (Hu, 2006). However, for
baculovirus-mediated in vivo gene therapy in all of these tissues the complement system
appears to be a significant barrier.

Baculovirus vectors have also been injected into the rodent brain where complement proteins
may be absent because of the blood–brain barrier (Hu, 2008; Lehtolainen et al., 2002). After
injection into the brain, baculoviruses specifically transduced the epithelium of the choroids
plexus in ventricles and the obtained transduction efficiency was very high.

As  discussed  in  previous  sections,  baculoviruses  can  be  alternatively  pseudotyped  by
displaying VSVG on the  envelope.  This  modified virus  enhanced gene transfer  efficien‐
cies  into  mouse  skeletal  muscle  and  the  transgene  expression  in  mice.  The  VSVG-
modified baculovirus also exhibited greater  resistance to inactivation by the complement
system present  in animal  sera.

Moreover, it has been shown that transduction of different cell lines with a baculovirus
expressing shRNAs (short-hairpin RNAs) effectively knocked down expression of the target
mRNA and protein (Nicholson et al., 2005). Additionally, baculoviruses have been used to
mediate RNA interference (RNAi). The recombinant baculovirus encoding RNAi sequence
was efficient in suppressing expression of the target gene by 95% in cultured cells and by 82%
in vivo in rat brain. These data suggest that baculoviruses may be also used as delivery vectors
for RNA interference therapies (Hu, 2008; Ong et al., (2005).

7.2. Libraries

Surface display libraries represent a very useful methodology for selecting binding proteins
out of defined pools of protein variants. Although prokaryotic expression systems such as
phage display technology or protein targeting to the cellular surface of Escherichia coli are
widely used, they fail allowing the functional display of complex proteins such as eukaryotic
glycoproteins which require a high degree of modification and processing. (Ernst 1998)
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Eukaryotic expression libraries, in contrast, are a powerful tool for finding new ligands,
identification of cellular interaction partners and affinity maturation of antibody and antibody
fragments (Grabherr & Ernst, 2010).

As discussed before, the expression of foreign proteins on the surface of insect cells, in
occlusion bodies and on the baculovirus surface make baculoviruses an important resource in
biotechnology. Moreover, fusion proteins with the baculoviral envelope protein Gp64 as well
as different foreign membrane proteins such as the influenza virus hemagglutinin or VSV-G
protein have shown to be targeted to the surface of infected insect cells in several researches
about baculovirus display. Then, it is possible take advantage of baculovirus display systems
with the aim to generate a surface display library for high trhoughput screening.

Ernst et al. expressed a specific antibody epitope in the context of the influenza virus hemag‐
glutinin, randomizing the adjacent amino acid. This procedure results in the construction of a
baculovirus surface display library capable to allow the selection of the displayed peptide with
optimal antigenicity. Furthermore, baculovirus surface display libraries served to identify
MHC class I and II mimotopes (Grabherr & Ernst, 2010; Wang, 2005).

In comparison with bacterial phage display in which cross infection does not occur and every
infected cell just propagates one individual phage, in baculovirus surface display cross
infection is very probably. The situation may result advantageous or disadvantageous
depending the aim of the library. For the assembly of a multisubunit protein, this fact is highly
advantageous. However, when the library is performed to screening different proteins, these
cross infections have to be considered (Grabherr & Ernst, 2010). Adjusting the multiplicity of
infection (moi) usually result convenient for avoid the cross infection problem.

In conclusion, baculovirus insect cell system consists in a highly useful tool for constructing
and screening of surface display libraries, specially for the expression of eukaryotic complex
proteins (Ernst et al., 1998).

8. Perspectives and conclusions

There are many biotechnological uses for baculoviruses. One of the most widespread is the
use of baculoviruses as insecticide agents. Moreover, recombinant baculoviruses have been
extensively used as expression vectors in insect cell cultures. A variety of technological
improvements have eliminated the tedious procedures to isolate the recombinant viruses
turning the baculovirus-based expression system in a safe, easy to use and scale up system
(Kost et al., 2005).

In addition, protein expression in larvae or cell culture is not the only application of baculo‐
viruses. In fact, baculoviruses are widely used in the development of strategies for displaying
foreign peptides and proteins on the virus surface as well as mammalian cell transduction
using different mammalian expression cassettes.

As described in this chapter, baculovirus surface display based on the generation of Gp64
chimeric proteins result in a very efficient technology capable to induce a strong immune
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response against specific antigens (Xu et al., 2009). The ability of baculoviruses to activate
innate immune system cells guarantees the mount of a robust immune response and the
generation of immunological memory. More specifically, AcMNPV induces pro-inflammatory
cytokines secretion through a MyD88/TLR9-dependent signaling pathway (Abe et al., 2005;
Chimeno Zoth et al., 2012).

It was showed by several authors that baculovirus surface display induced high specific
antibody titers against various virus families and parasitic pathogens (Jordan et al., 2009; Meng
et al., 2011; Prabakaran et al., 2010; Yoshida et al., 2009). Furthermore, it was demonstrated
that many of these titers had neutralizing properties.

On the other hand, it was discussed before that baculoviruses could also transduce mammalian
cells (Kost et al., 2005). This feature results very interesting because it allows intracellular
expression of heterologous proteins and its subsequent presentation through the MHC class I
pathway. In this context, several authors demonstrate that baculoviruses can also induce a
specific cellular immune response either by cloning the desired antigen under the control of a
suitable promoter, or through the capsid display technique. CTL activation and IFN-γ
secretion was detected in all of these researches (Yoshida et al., 2009).

Finally, baculovirus were shown to be useful as gene therapy vectors so as to create libraries
of binding proteins.

For all these reasons, we conclude that baculoviruses represent a very useful tool in biotech‐
nology as vaccination vectors. Its adjuvant capacity makes baculoviruses in a promising
alternative for the generation of immunological memory.
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Gene Delivery Systems

Andrea Pereyra and Claudia Hereñu

Additional information is available at the end of the chapter
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1. Introduction

The present chapter will be focused on different gene delivery systems used in gene therapy
approaches with the purpose of inserting into individual cells and/or tissues to treat diseases.
By correcting genetic defects via genome manipulation, gene therapy can truly revolutionize
medical intervention for treating monogenetic inherited/acquired diseases or polygenetic
conditions.

Gene therapy has undergone a remarkable development in the last 20 years. Particularly
important advances have been made in the improvement of gene transfer and expression
technology, with current efforts focusing on the design of safer and long-term gene expression
vectors as well as systems possessing cell-type specificity for transgene delivery and regulat‐
ability of its expression by small molecules. The foreign genetic material can be administered
in vivo, ex vivo or in vitro depending on the nature of a disease. A successful gene therapy system
must perform several functions. In all cases, the therapeutic gene must first be delivered across
the cell membrane, which is a significant barrier. Once delivered inside the cell, the therapeutic
gene may exist episomally or be integrated into the host genome depending on the nature of
the gene transfer vector. Moreover, an important issue is the replication and segregation of the
therapeutic gene during cell division in order to maintain long-lasting gene expression. These
specifications will be discussed for each gene delivery system along the chapter.

• Current viral vector systems will be detailed in this chapter: Adenovirus, Retrovirus,
Lentivirus, Adeno-associated Virus, Sendai Virus and Herpes Simplex Virus.

• Non-viral vector systems will be also discussed: naked DNA (including plasmids, DNA
transposons), DNA-lipid complexes and nanoparticles (including Qdots and the new
technology of magnetic nano-particles) which have been actively developed as additional
tools for crossing the cell membrane.



• Novel systems were the viral and non-viral methods merge will be also addressed.

2. Non viral gene delivery systems

2.1. Naked DNA

Naked DNA such as plasmids remain popular as vectors for gene therapy today for their low
immunogenicity and low risk of causing insertional mutagenesis. However, their episomal
feature resulting in transient gene expression makes them unsuitable as gene therapy vectors
when long-term gene expression is needed for treatment. DNA transposons have the proper‐
ties of naked DNA and plasmids as well as the ability to insert transgenes into host chromo‐
somes for long-term expression. DNA transposons are natural genetic elements residing in the
genome as repetitive sequences that move through a direct cut-and-paste mechanism.

A simple transposon is characterized by terminal inverted repeats flanking a gene encoding
transposase, an enzyme required for its translocation (Meir et al., 2011). The cut-and-paste
process, called transposition, makes DNA transposons particularly attractive as gene delivery
tools. To turn DNA transposons into a gene delivery tool, a two-plasmid system, consisting of
a helper plasmid expressing the transposase and a donor plasmid with the terminal repeat
sequences flanking genes of interest, has been developed. Using this system, transposons have
been utilized extensively as genetic tools in invertebrates and in plants for transgenesis and
insertional mutagenesis (Spradling et al., 1982; Hayes et al., 2003).

Plasmid DNA is an attractive alternative due to its inherent simplicity and because it can easily
be produced in bacteria and manipulated using standard recombinant DNA techniques. It
shows very little dissemination and transfection at distant sites following delivery and can be
re-administered multiple times into mammals without inducing an antibody response against
itself (Jiao et al., 1992). Also, considerable long term foreign gene expression from naked
plasmid DNA (pDNA) is possible even without chromosome integration if the target cell is
post-mitotic or has low mitotic rate and if an immune reaction against the foreign protein is
not generated (Herweijer et al., 2001; Wolff et al., 1992). The poor expression levels represent a
major constraint in the use of these vectors for gene transfer/therapy. However, the low
efficient expression by direct injection of naked plasmids was improved by ballistic technol‐
ogy, cationic lipids and neutral polymers (Prud’homme et al., 2001; Gao et al., 1995; Lemieux
et al., 2000) and most efficiently by electroporation (Sandri et al, 2003), an established technol‐
ogy that transiently permeabilizes cell membrane by short voltage pulse, allowing the uptake
of a wide spectrum of biological molecules.

The stability of DNA vectors with high-molecular-weight is a central point for the improve‐
ment of gene delivery. All high-molecular-weight DNA vectors are susceptible to damage. The
self-compacting option (self-entangling) can be defined as the folding of single DNA molecules
into a configuration with mutual restriction by the individual segments of bent DNA. A
negatively charged phosphate backbone makes DNA self-repulsive, so it is reasonable to
assume that a certain number of 'sticky points' dispersed within DNA could facilitate the

Current Issues in Molecular Virology - Viral Genetics and Biotechnological Applications166



entangling. Tolmachov, proposes that the spontaneous entanglement of vector DNA can be
enhanced by the interlacing of the DNA with sites capable of mutual transient attachment
through the formation of non-B-DNA forms, such as interacting cruciform structures, inter-
segment triplexes, slipped-strand DNA, left-handed duplexes (Z-forms) or G-quadruplexes.
(Tolmachov, 2012).

2.2. Liposomes

The liposomes, lipids arranged in lamellar structures, are concentric bilayered vesicles
surrounded by a phospholipid membrane. They are related to micelles which are generally
composed of a monolayer of lipids. The amphiphilic nature of liposomes, their ease of surface
modification, and a good biocompatibility profile make them an appealing solution for
increasing the circulating half-life of peptides, proteins, cDNAs and siRNAs (Bhavsar et al.,
2012). They may contain hydrophilic compounds, which remain encapsulated in the aqueous
interior, or hydrophobic compounds, which may escape encapsulation through diffusion out
of the phospholipid membrane (Figure 1).

Figure 1. Non-viral gene delivery using lipoplexes. DNA is complexed with cationic liposomes and is internalized
through receptor mediated endocytosis. After their internalization large amounts of complexes are degraded in the
endolysosomal compartments. Only a small fraction enters into the nucleus and elicits desired gene expression. (From:
Pankajakshan Divya and Devendra K. Agrawal, 2013).
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Liposomes can be designed to adhere to cellular membranes to deliver drugs or cDNAs after
endocytosis (Bangham et al., 1995). The first formulation was prepared in 1986 by the Christian
Dior laboratories in collaboration with the Pasteur Institute (Bangham et al., 1995). Liposomes
have been used as delivery systems due to their versatility, charge and surface functionalities
that improve their effectiveness in vivo. Presumably, the lack of widespread medical impact is
due to their limited biological stability. Hydrophobic nanoparticles such as unmodified
liposomes are rapidly cleared via the reticuloendothelial system. Liposome formulations with
prolonged circulation time have been obtained upon functionalization with PEG (polyethyle‐
neglycol, a biologically inert polymer). The longer circulation half-life of these PEG-coated
liposomes may allow a better control of therapeutic drug delivery (Gabizon A et al, 1988).

There are additional unique mesophasic structures of lipids formed as a result of lipid structure
polymorphisms, which include cubic-, hexagonal- or sponge-phases. These structures have
been utilized for gene, vaccine and drug delivery and provide the advantages of stability and
production feasibility compared with liposomes (Shanmugam et al., 2011).

2.3. Nanoparticles and nanotechnology

Nanotechnology is a rapidly expanding field, encompassing the development of man-made
materials in the 5–200 nanometer size range. This dimension vastly exceeds that of standard
organic molecules, but its lower range approaches that of many proteins and biological
macromolecules. The origin of nanotechnology can be traced back to 1959 when physicist
Richard Feynman (1960) recognized the potential of manipulating individual atoms and
molecules at the nanometer scale and suggested that materials at this scale possess unique
physical properties. The nanotechnology field encompasses concepts and approaches deeply
rooted in physics, polymer and colloidal chemistry, pharmaceutics, biomaterials, as well as
cell and molecular biology and biophysics. The main theme of nanotechnology is the devel‐
opment and use of nanometer-scale materials that display unique functional properties not
shown by bulk materials. Nanomaterials can interact with biological systems at a molecular
and supra-molecular level, they can be coated to respond to specific cell environments and
even to induce desired physiological responses in cells, while minimizing unwanted side
effects. The first practical applications of nanotechnology can be traced to advances in
communications, engineering, physics, chemistry, biology, robotics, and medicine. Nanotech‐
nology has been utilized in medicine for therapeutic drug delivery and the development of
treatments for a variety of diseases and disorders. An intracellular nanoparticle, consequently,
may act as a drug depot within the cell and provide an intracellular sanctuary to protect
therapeutic compounds from efflux or degradation.

Several synthetic strategies exist to prepare ferromagnetic iron oxide nanoparticles (Gobe et
al., 1983). For maghemite (c-Fe2O3) and magnetite (Fe3O4) nanoparticles, this precipitation
technique requires alkalization of a solution of metal salt with subsequent hydrolysis in
microemulsions. Additionally, biosynthetic routes exist utilizing “magnetic bacteria”; the
resulting nanoparticles typically range from 50 to 100 nm in diameter (Matsunaga et al.,
1998). The synthesis of iron oxide nanoparticles has also been achieved by sonochemical
decomposition of iron pentacarbonyl (Faraji et al., 2009), thermal decomposition of other iron
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complexes (Rockenberger et al., 1999), and by thermal decomposition of iron pentacarbonyl
followed by oxidation. When optimized, these methods may afford monodisperse nanopar‐
ticles with sizes ranging from 3 to 20 nm for magnetite and 4 to 16 nm for maghemite (Sun et
al., 2002). The circulation times of these particles can be greatly increased simply by hydrophilic
surface modification with PEG. Furthermore, iron oxide nanoparticles also display fairly easy
surface modification capabilities that presents an attractive prospect for direct drug or
biomolecule payload attachment (Longmuir et al., 2006).

Nanoparticle-based delivery (NBD) has emerged as a promising approach to improve the
efficacy and the development of new therapies (Probst et al., 2012).

2.3.1. Quantum dots (Qdots)

Quantum  dots  are  luminescent  nanoparticles  typically  used  for  imaging  in  biological
systems. Their primary components —core (cadmium with selenium or tellurium), shell,
and coating— give the photochemical properties. Qdots have small size and versatile surface
chemistry and offer superb optical properties for real-time monitoring as transport vehicles
at both cellular and systemic levels. Qdots offer great potential providing mechanisms for
monitoring intracellular and systemic nanocarrier distribution, degradation, drug release,
and  clearance.  They  can  be  manufactured  with  diameters  from  a  few  nanometers  to
micrometers  and  a  narrow  size  distribution  using  techniques  requiring  high  annealing
temperatures (Yum et al.,  2009).  Capping of quantum dots with ZnS has been shown to
augment  stability  and enhance  luminescence  (Park  et  al.,  2009).  However,  ZnS  capping
alone is not sufficient to fully stabilize the core, especially in biological systems. PEGyla‐
tion plays a dual  role in increasing biocompatibility and improving the core stability in
biological systems (He et al., 2010).

Though the direct use of QDots for drug delivery remains questionable due to their potential
long-term toxicity, the QDot core can be easily replaced with other organic drug carriers
or  more biocompatible  inorganic  contrast  agents  (such as  gold and magnetic  nanoparti‐
cles)  based  on  their  similar  size  and  surface  properties,  facilitating  translation  of  well
characterized  NBD  vehicles  to  the  clinic,  maintaining  NBD  imaging  capabilities,  and
potentially providing additional therapeutic functionalities such as photothermal therapy
and magneto-transfection.

2.3.2. Magnetic nanoparticles (MNPs)

Magnetofection is a methodology developed in the early 2000’s (Scherer et al., 2002). It is based
on the association of MNPs with non-viral or viral vectors in order to optimize gene delivery
in the presence of a magnetic field, and to concentrate therapeutic complexes in target areas.
The association of viral vector-based gene delivery with nanotechnology now offers the
possibility to develop more efficient and less invasive gene therapy strategies for a number of
major pathologies and diseases (See details in Section 3.5 of this chapter).
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3. Viral gene delivery systems

3.1. General overview of viruses as vectors for gene delivery

For centuries the health sciences have invested sweat and tears in order to fight against viral
infections affecting humans, animals and plants. It is reasonable to imagine that the idea of
viruses as therapeutic agents was quite a shock when first presented. The enormous advances
in Molecular Biology, Biochemistry, Genomics and Human Medicine, among others, have
provided to the Virology field the necessary tools for manipulating them on their behalf.

These recombinant vectors are viruses where the genome has been altered in a controlled way
by experimental manipulation. For any procedure to generate a recombinant virus the starting
point is to clone and manipulate its genome. Thus DNA virus genomes may be cloned directly
while RNA virus genomes may be cloned as cDNA. These molecules can then be modified by
site-specific alteration, or more drastically, segments may be removed and replaced with
foreign DNA sequences. Then the process must be completed by recreating infectious virus
particles. This requires specific techniques and is not yet possible for all virus types (Dimmock
et al., 2007).

Regarding the biological value of these viral vectors, there are constantly novel potential
applications such as vaccines, carriers of nucleic acid sequences for regulating gene expression
and agents for gene therapy. In order to become a therapeutic agent the DNA has to be carried
into the cell and ultimately reach the nucleus; therefore it is mandatory to be provided of an
strategy for membrane cross and lysosomal scape. This is something that naked DNA is very
poorly equipped to achieve. By contrast, the nucleic acid that is inside an infectious virus
particle can avoid these issues. First, viruses have evolved specific interactions with cell surface
molecules that lead to their efficient entry and, second, if that entry involves arrival in the
cytoplasm within an endocytic vesicle, then viruses have mechanisms to allow efficient escape.
This process of virus-mediated gene delivery into a cell is known as transduction (Dimmock
et al., 2007).

It is clear then that, to be potentially useful as a gene delivery vector, a virus should have a
number of specific features (Figure 2).

However, there is no virus that can meet all the criteria for an ideal gene delivery vector and
there are some significant drawbacks that will be addressed in the following sections. Thus,
each application is likely to need its own vector, chosen and then tailored to fulfill the precise
requirements.

3.2. Current viral vectors systems

3.2.1. Adenoviral vectors (Ad)

The discovery and initial description of Adenoviruses (AdV) took place in the early 1950s.
They were first isolated from human adenoid tissue cultures (Rowe et al., 1953). Since then
several different serotypes of human, avian, reptilian, amphibian and other mammalian
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adenoviruses have been isolated and characterized giving birth to the Adenoviridae family of
over 50 members.

The focus on AdV for gene transfer was based on basic research. The establishing of the biology
of AdV and their capacity to efficiently deliver the viral genome to the target cells became
relevant then. More importantly, since AdV was not oncogenic in humans and the genomes
of common AdV were completely defined and easy to modify, the production of recombinant
AdV (RAdV) was achieved. In the context of gene delivery, serotypes 5 and 2 of the subgroup
C have been used the most because their structure and biology is well described and there are
convenient biologic reagents available to produce recombinant subgroup C gene transfer
vectors in large quantities. Regarding safety, AdVs of subgroup C can cause minor to mild
respiratory infections sometimes associated with conjunctival compromise (Ginsberg et al.,
1994).

AdV virions consist of a ~36 kb linear double-stranded DNA genome encased within a non-
enveloped icosahedral particle (Figure 3).

Figure 2. What does it take to be a useful viral vector? (Adapted from Dimmock N, Easton A and Leppard K; 2007)

Gene Delivery Systems
http://dx.doi.org/10.5772/56869

171



Figure 3. Adenovirus particle structure

The experimental manipulation of its genome has allowed the production of a diversity of
recombinant viral particles where most of the replication genes are removed. The deletion of
the E1 and E3 regions in first-generation AdV allows ~7 kb of foreign DNA to be inserted into
the vector genome (Volpers and Kochanek, 2004). Another feature of these vectors is that they
can be grown to extremely high titers in the HEK 293 cell line, with burst sizes typically between
103-104 viral particles (VP) per cell and final concentrations reaching 1013 VP/ml, after CsCl
density gradient centrifugation. Whereas AdV vectors can achieve high expression in many
target organs when used in vivo, expression of the transgene is limited to days or weeks, mainly
because innate and adaptive immune host defenses against the virus. For applications where
persistent expression is required to achieve a therapeutic goal, the modern, third-generation,
high capacity AdV vectors have become the most efficient alternative (Hackett NR and Crystal
RG, 2009). Other important obstacle in the use of RAd for gene transfer is the process of cell
attachment and internalization used by the viral particles. The target cell must express the cell
membrane receptor CAR (Coxsackie-Adenovirus Receptor) in order to be susceptible to the
adenoviral infection (Figure 4).

For those transduction-refractory tissues, modern virology has developed modified-tropism
RAds with modifications in fiber/high affinity receptor or the penton–integrin of the capsid.
In an extensive survey of the tropism of AdV5-derived vectors but with fibers derived from
different serotypes, the fiber genes of AdV16 were found to be better at targeting fibroblasts
and chondrocytes, AdV35 at targeting dendritic cells and melanocytes and AdV50 better at
targeting myoblasts and hematopoietic stem cells (Havenga et al., 2002). The addition of an
oligolysine motif to the C-terminus of the fiber protein, giving the virus an affinity for
polyanions such as heparin sulphate, profoundly affects the range of cell types that can be
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infected in vitro allowing cells lacking CAR to be transduced by RAdVs (Bouri et al., 1999). For
a more detailed description of Adenoviral vectors see section 3.3 of the present chapter.

3.2.2. Adeno-associated virus Vectors (AAV)

AAV is a human parvovirus within the genus Dependovirus. It was originally observed as a
contaminant of laboratory preparations of adenovirus (Carter et al., 2009). Viral particles are
small (20–30 nm) and non-enveloped, containing single-stranded DNA molecules with plus

Figure 4. Recombinant adenovirus enters cells via CAR-mediated binding allowing internalization via receptor-medi‐
ated endocytosis through clathrin-coated vesicles. Inside the cytoplasm, the endocytosed adenoviral vector escapes
from the endosomes, disassembles the capsid and the viral DNA enter into the nucleus through the nuclear envelope
pore complex. The viral DNA is not incorporated into the host cell genome, but rather assumes an epichromosomal
location, where it can still use the transcriptional and translational machinery of the host cell to synthesize recombi‐
nant protein (From: Pankajakshan Divya and Devendra K. Agrawal, 2013).
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and minus strands packaged with equal efficiency (Daly, 2003). No human disease has been
associated with AAV infection which is an important feature when thinking in AAV as gene
vectors. Six serotypes of AAV have been described with AAV2 being the most widely used for
gene-transfer studies (Hermonat et al., 1984). AAV2 cell entry is mediated by binding to
heparin sulfate proteoglycans and αvβ5 integrin; fibroblast growth factor receptor-1 (FGFR-1)
may also be involved. The distribution of these molecules on many different cell types can
explain the prolonged in vivo expression following AAV treatment seen in the liver, brain,
skeletal muscle, lung, and hematopoietic stem cells of animal models (Daly, 2003). AAV vectors
contain no viral genes that could elicit undesirable immune or inflammatory responses. The
primary host reaction that might have an unwanted impact is the production of neutralizing
antibodies against the viral particles.

One major concern when developing AAV vectors for gene delivery is that DNA constructs
larger than the wild-type 4.7 kb sequence do not package well and vector titers decrease
sharply thus constituting an insertional limitation for the cDNAs. Another important issue is
the frequently seen integration of AAV genome in the host cell chromosomes. However, the
available evidence indicates that integration of wild type AAV in vivo does not reflect the
experimental in vitro observations, but appears to be a rather rare event and AAV genomes
mostly persist as episomes, as has also been demonstrated for AAV vectors (Carter et al., 2009).

3.2.3. Retroviral vectors (RV)

Retroviruses are lipid-enveloped viruses; with nucleocapsids containing two copies of a linear,
positive-stranded 7–11 kb RNA genome. The family Retroviridae contains various viruses that
have shown potential utility for gene therapy, such as the gammaretrovirus (or simple retrovi‐
rus), spumaviruses and lentiviruses (or complex retrovirus). Following attachment and receptor-
mediated entry into host cells, viral reverse transcriptase and integrase enzymes mediate
reverse transcription and integration of the virus genome into the host-cell chromatin.
Retroviral vectors have the ability for stable integration and allow long-term expression so that
theoretically a single administration could have a sustained, potentially even, lifelong curative
effect (Schambach et al., 2009). As for any viral vector, replication-deficiency is a condition. To
achieve this goal, the retroviral coding sequences have to be removed, which creates at least 6
kb space for the transgene of interest. Since neither structural proteins nor replication enzymes
are encoded by the target cell, the generation of replication-competent virus is prevented. The
gammaretroviruses cannot infect quiescent, non-dividing cells, which is a handicap of the
vectors derived from these retroviruses. However, this can be overcome by the use of lentiviral
vectors.

For most RV, taking advantage of the insertional mechanism, the simplest application is in the
production of cell lines that express a transgene introduced on a retroviral vector. For modified,
transgenic animals, the lentivirus group must be used because gammaretrovectors are silenced
during embryonic development. RV vectors can also be used in the delivery of toxic genes to
cancer cells, which are actively dividing. Another area of application is gene discovery. The
integration of the viral genome can reveal function by insertional inactivation of a gene in the
host cell chromosome (Somia, 2003).
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3.2.4. Herpes Simplex Virus Vectors (HSV)

HSV-1 is a double-stranded DNA virus,with a capsid surrounded by a dense layer of proteins
-the tegument- enveloped in a lipid bilayer with surface proteins. It has evolved to persist in
a lifelong nonintegrated latent state without causing disease in the immune-competent host.
Among the herpes family Herpes Simplex Virus type 1 (HSV-1) is an attractive vehicle because
in natural infection, the virus establishes latency in neurons, a state in which viral genomes
may persist for the life of the host as intranuclear episomal elements. Although the wild-type
virus may be reactivated from latency under the influence of a variety of stresses, completely
replication-defective and non-lytic viruses can be design (Goins et al., 2003). HSV-1 has a broad
host range and does not require cell division for infection and gene expression. Accordingly,
HSV may be generally useful for gene transfer to a variety of normal and disease tissues. The
overall size of the HSV-1 genome (152 kb) represents an attractive feature for employing the
vector for the transfer of large amounts of exogenous genetic sequences. Approximately one-
half of the HSV-1 coding sequences are nonessential for virus replication in cell culture. At
least 44 kb of HSV sequence can potentially be removed in order to accommodate a transgene
(Wolfe et al., 2009).

The obstacles that need to be addressed in order to take advantage of the full potential of these
vectors include elimination of residual vector toxicity, design of promoter cassettes that
provide sufficient level and duration of transgene expression, and targeting of transgene
expression to specific cell populations through the use of tissue-specific promoters, or by
altering the virus host range through modifying receptor utilization for attachment and entry
(Wolfe et al., 2009).

3.2.5. Sendai Virus Vectors (SeV)

Since its isolation in 1953 in Japan, Sendai virus (SeV) has been widely used as a research tool
in cell biology and in the industry, but the application of SeV as a recombinant viral vector has
been investigated only recently. Sendai virus (SeV) is a nonsegmented negative-strand RNA
virus belonging to the Paramyxoviridae family. As SeV can infect various animal cells with an
exceptionally broad host range and is not pathogenic to humans, various applications have
been explored for SeV as a recombinant viral vector capable of transient but strong gene
expression (Nakanishi and Otsu, 2012). Its RNA nature is advantageous for applications in
which chromosomal integration of exogenous genes can be undesirable. These viral vectors
are currently being tested in regenerative medicine to reprogram cell genomes to a pluripotent
state with a surprisingly high efficiency (Nishimura et al., 2011; MacArthur et al., 2012) and as
recombinant viral vaccines for influenza prevention (Le et al., 2011).

3.3. Recombinant adenoviral vectors

Although the pathologies associated with wild-type Adenovirus (AdV) infections are gener‐
ally mild, there is a potential risk of using fully replication-competent AdV for gene transfer
because the inflammatory host responses may alter organ function. There is also the possibility
of overwhelming infection if AdV replication is allowed to progress when there are deficiencies
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in the host defense system. These situations became then a major reason to develop recombi‐
nant, non-pathogenic viral particles.

Regardless experimentation with different viral gene delivery systems, adenoviral vectors
continue to be widely used for gene transfer strategies (Kovesdi et al., 1997; De Gruijl et al,
2012; Youngjoo et al, 2013; Fishbein I et al, 2013). They were also the first viral vector system
to be developed. However this was more by chance than intentionally while working in the
production of live adenoviral vaccines propagated in monkey cell lines. Infection of tissue
culture cells with AdV vaccine accidentally contaminated with simian virus 40 (SV40) resulted
in the production of the SV40 T antigen, even after removal of the SV40 virions from the AdV
stocks by immunodepletion. Analysis of this adenovirus revealed that the T-antigen gene from
SV40 had recombined into the E3 region of the Ad genome. This demonstrated the possibility
that AdV could carry foreign genes and express them as well as demonstrating the dispensa‐
bility of the E3 genes for in vitro replication (Roy-Chowdhury and Horwitz, 2002; Campos et
al., 2007).

The first wild type adenoviruses subjected to “vectoring” process were AdVs derived from
the human serotypes 5 (Ad5) and 2 (Ad2). First-generation replication-deficient Ad5 vectors
were developed by deleting the E1 genes, necessary for expression of E2 and late genes
required for AdV DNA synthesis, capsid protein expression, and viral replication. Further
deletions included the E3 genes which are involved in the evasion of host immune defenses
but dispensable for replication of the virus in vitro. Therefore, because of this experimental
manipulation leading to viral replication impairment, there was the need to develop a
biological system capable of providing the genes required for the virus propagation. This led
to the creation of the HEK 293 cell line, which was transfected with sheared adenovirus-type
5 (Ad5) genomic DNA and stably expresses the E1 genes (Graham et al., 1977).

Although the first-generation AdV vectors are generally considered replication defective, there
is some low level expression of viral antigens that limits the duration of transgene expression
in vivo, due to elimination of transduced cells by the cellular immune system (McConnell and
Imperiale, 2004). To avoid this response and allow long-term episomal expression a new
recombinant vector was developed. They are referred as “gutless” or high-capacity Adenovi‐
rus (HC-AdV) lack all viral coding sequences except the cis-elements required for the genome
replication and encapsidation. Therefore, they need to be assisted by Helper Adenoviruses
that provide all necessary replication genes in trans; therefore, they are also called Helper-
Dependent adeno vectors (HD-AdV) (Amalfitano, 1999). In addition, these vectors have a
much higher packaging capacity of ~35 kb of foreign DNA, enabling the expression of large
transgenes or the inclusion of human genomic regulatory elements (Palmer and Ng, 2005). See
Table 1 for comparison of the profile of different vector generations.

A variety of applications can be found for these vectors. The most widely explored are Gene
Therapy for prostate, colon, cervix, ovary and CNS tumors, for genetic diseases such as
Hemophilia, Duchene Muscular Dystrophy, Familial Hypercholesterolemia, Autoimmune
Diabetes; viral vaccines; supplementary therapy for degenerative conditions as Parkinson,
Alzheimer and Rheumatic Arthritis and production of recombinant proteins among others.
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One of the most spectacular results in gene therapy using HD-AdV was published by Kim et
al., 2001. They used a gutless AdV harboring the apoE gene to treat apoE-deficient C57BL/6
mice which display spontaneous hypercholesterolemia. These mice received a single intrave‐
nous (i.v) injection of HD-AdV-ApoE at the 12th week of age. This isolated intervention
managed to normalized plasma apoE concentrations and therefore diminish the plasma
cholesterol level to values found in wild-type mice. However, the most outstanding finding
involves the duration of the protective effect of this gene therapy, being of at least 2.5 years,
the lifespan of these mice.

Many of these AdV vectors produced in accordance with regulated quality standards, are now
being used for human clinical trials. For detailed information the reader is referred to the
following reviews: Russell, 2000; Józkowicz and Dulak, 2005; Campos, 2007.

3.4. Adenoviral vectors in tissue-specific gene transfer: The skeletal muscle

The skeletal muscle gene transfer approach using Adenoviral Vectors has created controversy.
There are several studies with heterogeneous efficiency rates and, in some cases, divergent
outcomes. On this section we will intend to present and discuss these results as well as to
introduce a novel technology that might overcome the difficulties experienced in the trans‐
duction of this tissue.

Ad vector

generation

AdV genome

deletions

foreign DNA

insertion

capacity

propagation in cell

lines

type of

transgene

expression

host immune

response
risks

first E1 and/or E3 6.5 kb HEK293 (express E1) transient significant Possibility of the

production of

replication-

competent

adenovirus (RCA)

second E2 (complete

or partial)

8kb 293-C2 (express E2)

AE1-2a

transient important;

especially

after repeated

administration

No production of

RCA

third most of the

genome.

ITR and

packaging

seq. retained

(“gutless”, HC

or HD-Ad)

35-37 kb 293 cells expressing

Cre;

require helper virus

long-lasting low or none No production of

RCA

Table 1. Comparison of adenoviral vectors generations (Russell, 2000).
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Direct gene transfer into skeletal muscle cells in vitro and in vivo using either plasmid DNA or
recombinant viruses has medical applications in vaccination and gene therapy and also has
been widely used in studies of developmental and physiological regulation of muscle gene
expression (Hallauer et al., 2000). Many factors regarding muscle tissue barriers, immune
response, systemic dissemination, potential toxicity and specific properties of each viral system
need to be taken into account when selecting the proper approach for skeletal muscle. It is well
known that skeletal muscle is a highly developed and organized tissue in which the constituent
myofibers become post-mitotic in fetal life. The mononucleated myogenic precursor cells
(satellite cells) that are located between the extracellular matrix and the plasma membrane of
myofibers are known to be capable of fusing together or with preexisting myofibers in response
to various types of stimuli, mainly to injury (Chargé et al., 2004). These satellite cells are
relatively easy to isolate and cultivate in vitro and can also be efficiently transduced using
virtually any viral vector in contrast with the mature multinucleated myofibers. Thus, is
believed that viral transduction during skeletal muscle maturation might require mitotically
active myoblasts (van Deutekom et al., 1998). However, because some of the viral vectors have
been shown to transduce post-mitotic, immature myofibers in vitro and in vivo other factors
are also likely to be involved in the poor level of viral transduction of mature myofibers (Wolff
et al., 1990; Acsadi et al., 1994 and Huard et al., 1996;).

Retroviral vectors (RV) can infect dividing myoblasts with a high efficiency although they
remain incapable of infecting post mitotic myotubes or myofibers (Miller et al., 1990 and
Salvatori et al., 1993). In addition, the ability to become stably integrated into the host cell
genome, which can provide long-term, stable expression of the delivered gene, may also
represent a risk for insertional mutagenesis. As mentioned in Section 3.2 of the present chapter,
other limitations to the use of retroviruses are the gene insert capacity (less than 7 kb) and the
relatively low production titers (105–106 plaque-forming units per milliliter (pfu/mL)). The
recombinant vectors obtained from the Herpes Simplex Virus type 1 (HSV-1) can persist in the
host cell in a nonintegrated state and be prepared at adequately high titers (107–109 pfu / ml).
They are capable of transducing muscle cells in most maturation stages while carrying large
DNA fragments. However, are still unable to highly penetrate and transduce mature myofibers
(Huard et al., 1997). Adeno-associated derived viral vectors (AAV) have also been used to approach
muscle cells. Although a long-term gene expression (up to 18 months) and a high efficiency of
mature myofibers transduction have been observed in mouse skeletal muscle, the application
of adeno-associated viral vectors for gene therapy may be limited by their restrictive gene
insert capacity (Pruchnic et al., 2000). In the last few years a novel gene transfer viral vector
has been used into skeletal muscle, the recombinant Sendai virus (SeV) vectors. As explained
before, the wild SeV is a non-segmented negative-strand RNA virus belonging to the Para‐
myxoviridae family that can infect various animal cells with an exceptionally broad host range.
Shiotani et al., 2001 accomplished a significant overexpression of hIGF-1 in the adult rat Tibialis
Anterior muscle when injected the tissue with a recombinant SeV vector (hIGF-1/SeV). They
indicate a favorable gene delivery to mitotic myoblasts, post-mitotic immature and mature
myofibers.
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Despite this wide range of viral delivery systems, Adenoviral (AdV) vectors are probably the
most prominent ones in this matter and have been extensible use to deliver genes into skeletal
muscle. However, several obstacles have been identified in the application of adenovirus as
gene delivery vehicles to skeletal muscle (Acsadi et al., 1994 and van Deutekom et al., 1998).
The major limitations facing first generation adenoviral gene transfer to skeletal muscle are (1)
the lack of transgene persistence due to the immune rejection of transduced myofibers; (2) the
relatively low insert carrying capacity; (3) the reduced viral transducibility during muscle
maturation; and (4) repeated administration associated with the production of neutralizing
antibodies is limited to the viral capsid (Cao et al., 2001). During experiments of AdV gene
transfer in animals of different ages it became clear that the transduction efficiency was related
with the maturation state of the muscle. While the skeletal muscle of newborn mice achieved
high levels of AdV infection, the mature muscle from adult animals was significantly less
susceptible to infection under the same conditions (Huard et al., 1995). Here the high adeno‐
viral transduction of newborn myofibers could be explained due partly to transduction of
myoblasts and partly to the higher levels of CAR in these myofibers (Nalbantoglu et al.,
1999). Several studies have shown that in developing human, mouse and rat muscle, expres‐
sion of the primary AdV membrane receptor CAR is severely downregulated even at early
ages with CAR mRNA being barely detectable in adult myofibers (Nalbantoglu et al., 1999).
Furthermore, it has been demonstrated that forced expression of CAR in myotubes by different
approaches, such as RAdV encoding hCAR or transgenic mice overexpressing the receptor,
overcomes the poor AdV mediated transducibility of these cells (Nalbantoglu et al., 2001 and
Kimura et al., 2001). On the other hand, basal lamina and glycocalyx surrounding mature
skeletal muscle cells appear to be an anatomical barrier that may limit the access and distri‐
bution of exogenously introduced virus. (van Deutekom et al., 1998 and Cao et al., 2001). It has
been reported that the extracellular matrix of mature myofibers may form a physical barrier
and prevent the passage of some viral particles that are too big to pass through its pores, which
are estimated at 40 nm in size. Adenoviral particles are about 70 nm and 100 nm in diameter
and appear to be too large to penetrate the pores of the basal lamina (Cao et al., 2001). Re‐
gardless these difficulties some authors have published high rates of skeletal muscle trans‐
duction using AdV. In 2002, Sapru et al., was able to achieve nearly 100% of transduced fibers
in the adult rat Soleus and more than 80% in the Tibialis Anterior muscle when infected with
an adenoviral vector harbouring the cDNA of the GFP under the control of the CMV promoter
(AdVCMV-GFP). These authors claim that the viral titer used was an important factor since
they could increase the number of transduced fiber when the viral dose was doubled. Other
major factor regarding skeletal muscle infection with AdV and AAV seems to be the fiber
composition of the muscle, with suggested preferential transduction of slow fibers (Pruchnic
et al., 2000 and Sapru et al., 2002). New AdV vectors lacking all viral genes, the Helper-Dependent
AdV vectors, show a markedly decreased immunogenicity and hence, an improved persistence
of transgene expression in muscle in vivo (Bilbao et al., 2005). These observations suggest that
the limitations regarding the immunogenicity with the use of adenoviral vectors are being
overcome. However, the inability of adenoviral vectors to efficiently transduce mature
myofibers remains a major hurdle facing the widespread application of adenoviral gene
transfer to skeletal muscle (van Deutekom et al., 1998).
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On the next section we will introduce the novel combination of Magnetic Nanoparticles and
Recombinant Adenoviral Vectors as an efficient alternative for gene delivery in transduction-
resistant differentiated skeletal muscle cells.

3.5. Use of magnetic nanoparticles and magnetic fields to enhance viral vector-based gene
delivery

Nowadays, the novel association of non-viral or viral vector-based gene delivery with
nanotechnology offers the possibility to develop more efficient gene transfer strategies for a
number of applications. In 2002 the concept of Magnetofection was first published by Scherer
et al. Here, the Magnetic Drug Targeting (MDT) approach (Widder et al., 1978) classically used
to concentrate magnetically responsive therapeutic complexes in target areas of the body by
means of external gradient magnetic fields was applied for gene delivery. Therefore, Magne‐
tofection is based on the association of Magnetic Nanoparticles (MNPs) with non-viral or viral
vectors in order to optimize gene delivery when exposed to a magnetic field (Scherer et al.,
2002).

There are currently several synthetic formulations of MNPs commercially available for
biomedical applications such as cell separation, drug/gene delivery, magnetic resonance
imaging (MRI) and hyperthermia (Gupta et al., 2005). Despite the differences, they all need to
comprise some basic functionality to allow them to be associated with a gene delivery vector.
Furthermore, the magnetic properties of these particles have to be sufficient to concentrate the
vector at the target cells under a magnetic force and the formulation has to be biocompatible
enough for application in living cells or organisms (Plank et al., 2011). Their general structure
is based on a magnetic core of magnetite (Fe3O4) or maghemite (g-Fe2O3) coated with
synthetic polymers that provides both protection and biological functionality. Occasionally
specific organic linkers are added to this structure to generate new attachment sites for drugs
or gene vectors (Yallapu et al., 2010). (Figure 5).

Organic Linker 

Magnetic Core 

Polymer Coating 

Drug/Gene Vector 

Figure 5. General Structure of a Magnetic Nanoparticle

For association with nucleic acids and/or viral particles, coatings comprised of cationic
polymers such as polyethylenimine (PEI) are particularly useful (Mykhaylyk et al., 2007). The
negatively charged phosphate backbone of nucleic acids as well as the negative electrokinetic
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(or zeta-) potential of all types of viral particles in aqueous media allow their assembling with
cationic species and particles due to electrostatically induced aggregation (Scherer et al.,
2002). The resulting magnetic-viral vectors complexes are then forced into sedimentation over
the cell monolayer when a magnetic field is applied.

As detailed in Section 2.3, one of the most remarkable aspects of magnetofection enhancing
viral gene transfer is the lack of need for virus interaction with cellular receptors. This has a
particular significance for adenoviral vectors. It is known that for all the Wild-Type (except
Subgroup B) and Recombinant Adenovirus cell entry takes place through receptor-mediated
endocytosis via the Coxsackie–Adenovirus Receptor (CAR) (Meier and Greber, 2003). Various
cell types differ widely in their level of CAR expression, and this may be a limiting factor for
the transduction efficiency achievable with Adenovirus (Chorny et al., 2006). When AdVs are
complex with MNPs all the viral surface proteins become hidden and unreachable for the CAR
receptor. The cell entry in then achieved by unspecific clathrin-mediated endocytosis (Plank
et al., 2011).

In order to find the optimal magnetic vector formulations for plasmid, siRNA and viral vector
delivery, Plank and co-workers have aimed at maximal association with the magnetic com‐
ponent but avoiding an excess of magnetic particles (Plank et al., 2011). They have published
that an excess of magnetic nanoparticles can inhibit transfection/transduction efficiency and
cause toxicity (Tresilwised et al., 2010 and Sanchez-Antequera et al., 2011). Therefore, finding
the optimal MNPs-to-nucleic acid ratios (about 0.5–1 units of iron weight per unit of the nucleic
acid weight for triplexes with an enhancer) as well as MNPs-to-virus ratios (2.5–10 fg iron per
virus particle further referred to as fg Fe/VP) have turned out useful for a variety of magnetic
nanoparticle types (Sanchez-Antequera et al., 2011). The complexes formulated in this way
were efficient and hardly toxic in delivery of DNA and siRNA as well in delivery of adenoviral
and lentiviral vectors in vitro and ex vivo. Particularly to this regard there are several studies
that have demonstrated the higher efficiency of this method when compare with traditional
viral transduction using Adenovirus, Adeno-associated Virus, Baculovirus, Lentivirus and
Retrovirus (Chan et al., 2005; Chorny et al., 2009; Hughes et al., 2001; Kaikkonen et al., 2008;
Mah et al., 2000 and 2002; Morizono et al., 2009; Raty et al., 2004; Tresilwised et al., 2010 and
2012).

Regarding our experimental field, development of reliable techniques for manipulation of gene
expression in mature skeletal muscle fibers is critical for understanding molecular mechanisms
involved in both physiology and physiopathology. As explained before, differentiated skeletal
muscle myotubes and myofibers are refractory to most standard protocols for gene transfer in
vitro and in vivo and the use of adenoviral vectors offers relatively low efficiency. It is believed
that a maturation-dependent loss of the CAR receptor together with structural and biochemical
changes are responsible for these decreased transduction efficiencies (Nalbantoglu et al.,
1999). It has been proposed that these limitations can be overcome by achieving adenoviral
cellular uptake via a CAR independent pathway using genetic modifications of the capsid
proteins or chemical modifications of the virus. However, these strategies are not sufficient for
rapid infection of the cells at the target site, as the delivery process itself is diffusion-limited
(Haim et al., 2005 and Schillinger et al., 2005). Here, magnetofection provided us a powerful,
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accessible and efficient tool for transducing differentiated myotubes of the C2C12 cell line
(Pereyra A et al., 2011-Posters Sessions). A first generation (E1/E3-deleted), serotype 5,
Recombinant Adenoviral vector harboring de cDNA of the Green Fluorescent Protein (RAdV-
GFP) under the control of the CMV promoter was constructed in our laboratory. This vector
was incubated with Atto550PEI-Mag2, a magnetic nanoparticle conjugated with a red fluo‐
rescent dye that allows particle tracking during the cellular uptake and internalization. Then
the [RAdV-GFP-Atto550PEI-Mag2] complexes were incorporated to the supernatant of the
mature myotubes cultures. The magnetic field required for sedimentation was provided by a
commercial plate (Oz Biosciences®, Marseille, France) composed of cylindrical-permanent-Nd-
Fe-B magnets. The same protocol was tested in undifferentiated C2C12 myoblast cultures and
conventional RAdV transduction experiments using the same viral multiplicity of infection
(MOI) were also performed for efficiency comparisons. (Figure 6)

Figure 6. Magnetofection in cell culture. This basic scheme shows the process of magnetofection in cultured cells. The
pre-incubated RAdV-MNPs complexes are introduced to the cell culture. Then the culture plate is exposed to a mag‐
netic field created by the magnetic plate placed under the cells.

As showed in Figure 7, the poor RadV-GFP transduction of mature myotubes was overcome
by magnetofection. In myoblasts, were the conventional transduction protocols show an
acceptable efficiency, the magnetofection method displayed an enhancer effect. The intracel‐
lular localization of the magnetic nanoparticles can be seen in Figure 8.
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Myoblasts+RAd-GFP MOI 60
Myoblasts+RAd-GFP+Atto550-
PEI-Mag2 without exposure to 

magnetic field

Myoblasts+RAd-GFP+Atto550-
PEI-Mag2 with exposure to 

magnetic field

Figure 7. Magnetofection in mature C2C12 myotubes and myoblasts. The conventional RAdV transduction system
was compared against magnetofection. The images were obtained 48 hs after incubation. The green fluorescence
corresponds to the expression of the GFP protein encoded by the viral genome. Magnification 40X (Pereyra A et al.,
2011-Posters Sessions).

Figure 8. This picture was taken with a Double Band filter in order to appreciate the cellular co-localization of the
green and red (Atto550-PEI-Mag2) fluorescence. Magnification 40X (Pereyra A et al., 2011-Posters Sessions).
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4. Final remarks

There is no doubt that genetic manipulation of cells, tissues and whole individuals has become
a fundamental tool for both basic and clinical research. The information that can be retrieved
from experimentation using gene transfer techniques is highly significant and the therapeutic
interventions that can be made by gene therapy are positioned as a promissory future for
medicine. In this chapter we intended to describe the pros and cons of the most commonly
used viral and non-viral gene delivery systems as well as to introduce the novelties in this field
such as magnetic nanoparticles and magnetofection technology. The current applications for
all of these systems seems endless; from the traditional recombinant protein production to the
cutting edge cell reprograming. It is certain then that is of major importance to continue
working in the pursuit of the ideal gene delivery system with high efficiency, selective tissue-
tropism, non-toxic, and long-lasting expression.
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1. Introduction

This chapter will focus on the role of innate immunity induction on antiviral responses with
an emphasis on nucleic acids as type-I interferon (IFN) inducers and their use as antiviral
compounds and vaccine adjuvants. A general and up-to-date view of the different mechanisms
operating in the host cell for sensing viral genomes will be given, as well as viral strategies
counteracting this response through immune evasion or specifically targeted antagonism. Our
own recent data describing the ability to induce IFN and mediate protection against viral
infection in vivo of synthetic RNA transcripts enclosing structural domains present in the 5´-
and 3´-terminal regions of the foot-and-mouth disease virus (FMDV) genome will be sum‐
marized and discussed in this context. New vaccine formulations including innate immunity
inducers are being developed for improvement of current vaccines. The potential of exogenous
nucleic acids as modulators of immune response outcomes and vaccine adjuvants will be
reviewed and discussed. A schematic summary of the interrelated topics addressed in this
chapter is shown in Figure 1. Additionally, a glossary of all the acronyms and abbreviations
used in the text and figures is shown in Table 1.

2. Innate immune response against viral infection

The mammalian immune system is composed of the innate and the adaptive arms which work
in combination to battle against a large variety of pathogens such as bacteria, fungi, parasites



and viruses. Both systems have the molecular task to distinguish “self” from “non-self”
components in the organisms in a sensitive and faithful manner. The innate immune system
is hence the first line of defense against infection by pathogens. The existence of pattern-
recognition receptors (PRRs) expressed in cells of the innate immune system that are capable
to specifically sense pathogen-associated molecular patterns (PAMPs) was first proposed by
Charles Janeway in 1989 [1]. PAMPs are chemical or structural features present in pathogens
but not in host cells acting then as alert signals to the innate immune system of the host. Lipids,
polysaccharides, nucleic acids and CpG DNA are among the basic PAMPs recognized by PRRs.
Their recognition triggers cellular responses aimed to counteract the pathogen and initiate and
promote other responses such as inflammation and adaptive immune responses.

In 1996, the gene/protein Toll, initially described as a transmembrane protein required for
dorsal-ventral polarity in the Drosophila embryo, was found to play also a role in immunity
against fungal infections [2]. One year later, their mammalian orthologs, the Toll-like receptors
(TLRs), were reported to mediate recognition of pathogens by the innate immune system [3].
In 2004, a new and TLR-independent pathway was described for recognition of viral nucleic
acids in the cytoplasm of the infected cells, the retinoic acid-inducible gene-1 (RIG-I) [4]. Four
different families of PRRs have been found to date, including TLRs [5], RIG-I-like receptors
(RLRs), C-type lectin receptors (CLRs) [6] and nucleotide oligomerization domain (NOD)-like
receptors, (NLRs) [7], as well as unidentified proteins that mediate sensing of cytosolic DNA
or retroviral infection [8]. Among them, TLRs, RLRs and NLRs are involved in the recognition
of viral nucleic acids [9]. NOD2, a member of the NLR family, typically involved in antimi‐
crobial immune defenses, and highly expressed in antigen presenting cells (APCs) such as
monocytes, macrophages and dendritic cells (DCs), has been shown to bind viral single-
stranded (ss) RNA [10].

TLRs are a family of type-I transmembrane proteins that traffic between the plasma membrane
and endosomal vesicles, expressed on various immune cells, including dendritic cells, which
recognize a wide range of PAMPs including double-stranded (ds) RNA (TLR3), ssRNA (TLR7
and TLR8) and DNA (TLR9). All TLRs signal as dimmers and share a common architecture of
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Figure 1. Schematic summary of the topics reviewed and discussed in this chapter
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extracellular leucine-rich repeats and intracellular Toll/Interleukin-1 receptor (TIR) domain
(Figure 2). Nucleic acid sensing-TLRs localize in intracellular vesicles, including endoplasmic
reticulum (ER), endosomes, lysosomes and endolysosomes of dendritic cells and other innate
immune cells. Intracellular localization enables TLRs to recognize nucleic acids delivered to
intracellular compartments after the uptake of viruses or infected cells. Unc93b1 is a membrane
protein which anchors TLRs to the ER and regulates their trafficking to the endosomal
compartments. TLR signaling pathway depends on the recruitment of a TIR-domain contain‐
ing adaptor, MyD88, for all TLRs (with the exception of TLR3) and culminates with NF-κB and
MAP kinase activation and induction of inflammatory cytokines (Figure 2). TLR3 uses TRIF
to activate NF-κB and IRF-3 through an alternative pathway and the induction of type-I IFN
and inflammatory cytokines. Activation of the TLR signaling leads to maturation of DCs,
contributing to the induction of adaptive immunity.

The RLRs are a family of ubiquitous cytosolic helicases consisting of the three members: RIG-
I, melanoma differentiation-associated gene 5 (MDA5) and laboratory of genetics and physi‐
ology-2 (LGP2) (Figure 2). RIG-I and MDA5 have tandem caspase activation and recruitment
domains (CARD) followed by a DExD/H box RNA helicase domain and a repressor domain.
LGP2 lacks the N-terminal CARD domains and may function to regulate RIG-I and MDA5 as
a repressor [11]. It has been reported that RIG-I recognizes ssRNA bearing a 5´-ppp and short
dsRNA, while MDA5 senses long dsRNA [12-14]. When the inactive forms of RIG-I or MDA5
bind viral RNA, the helicases undergo a conformational change, multimerization and then,
interaction with the adaptor molecule MAVS (also called IPS1, VISA or CARDIF), localised to
the outer mitochondrial membrane via CARD-CARD interaction. Then, MAVS induces
activation of IRF3/7 resulting in the transcription of type-I IFNs and also activates NF-κB
(Figure 2). It has been recently shown that MAVS resides on peroxisomes also and can induce
antiviral signaling from this organelle acting with mitochondrial MAVS sequentially to create
an antiviral cellular state [15]. Upon viral infection, peroxisomal MAVS induces the rapid
interferon-independent expression of defense factors for short-term protection, whereas
mitochondrial MAVS activates an interferon-dependent signaling pathway with delayed
kinetics, amplifying and stabilizing the antiviral response.

In addition to PRRs, which inhibit viral infections indirectly by activating signaling cascades
that result in the transcription of IFN and other antiviral molecules, there are intrinsic antiviral
factors which act blocking viral replication immediately and directly, often before the onset of
IFN response, like PKR, MxA, TRIM5α or the IFIT and IFITM families [16]. Intrinsic innate
factors preexist in certain cell types though they can be further induced by IFNs to amplify
their antiviral activity.

Recent work supports the non-redundant functional requirement for TLRs and RLRs [17]. On
the contrary, the cooperation and crosstalk between different PRRs mediates activation of an
effective immune response and host defense against viral infections [8, 18]. Unique links
between NLRs and RLRs signaling responses have also been identified [10, 19]. Polymicrobial
infection involve complex host interactions that are likely to engage a variety of response
pathways including different PRRs.
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IFNs exert auto- and paracrine actions within a few hours in response to a viral infection. Their
protective effect is dual: they induce an antiviral cellular state and promote the clearance of
infected cells in synergy with other proapoptotic agents as tumor necrosis factor (TNF).
Through the secretion of IFN, triggered by activation and translocation to the nucleus of NF-
κB, IRF3 and IRF7, the antiviral response can be amplified and spread to surrounding
uninfected cells by binding to the IFN-α/β receptor (IFNAR) in the cell surface. Binding of the
cytokine triggers a Jak-STAT signaling pathway and subsequently activates hundreds of IFN-
stimulated genes (ISGs), most of them encoding proteins with antiviral functions such as
inhibition of viral gene expression or degradation of the viral genome [20].

In addition to its antiviral properties, IFNs exhibit potent immunomodulatory properties that
contribute to their antiviral effect such as stimulation of the effector function of natural killer
(NK) cells, cytotoxic T lymphocytes and macrophages, upregulation of MHC class I and II
molecules, induction of immunoglobulin production by B cells and stimulation of proliferation
of memory T cells [21]. This enables several ways to control viral replication by modulating of
the innate and adaptive immune responses [22]. Type-I IFNs act through activation and
maturation of dendritic cells leading to MHC upregulation. They can also regulate certain
chemokines, chemokine receptors and costimulatory molecules, which, in turn, stimulate CD4-
and CD8-positive T cell responses and promote Th1 differentiation, modulating T lymphocyte
responses [23].
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Figure 2. Schematic representation of viral RNA detection by TLRs and RLRs and signalling pathways
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Induction of innate immune signaling pathways through PRRs is a crucial step antagonised
by many viruses [24, 25]. Over 170 different virus-encoded IFN antagonists from 93 different
viruses had been reported by 2010 (reviewed in [26]), and the list keeps constantly growing,
indicating that most viruses interfere with multiple stages of the IFN response. Four main
mechanisms are used to circumvent host innate responses: general inhibition of gene expres‐
sion, and sequestration, proteoltytic cleavage or proteasome degradation of key factors of the
IFN circuit such as RLRs, MAVS, IRFs, Jak/STAT, PKR... Several IFN antagonists are conserved
within different RNA virus families, while that seems not to be the case for DNA viruses [26].
This can be explained by the multi-functionality of RNA virus proteins, imposed by restriction
in genome size, unlike large dsDNA viruses which might have a higher coding capacity for
new viral proteins displaying a wider range of antagonistic activities.

The potential of IFN antagonists knockout viruses as promising candidates for live virus
vaccines has been suggested based on studies with Influenza A/B viruses, Japanese encepha‐
litis virus, human respiratory syncytial virus and coronaviruses [26-29]. These severely
attenuated viruses are rapidly cleared in vivo by a potent IFN response, while inducing long-
lasting immune memory due to their replication competent nature. Viral miRNAs may also
function in evasion of the host antiviral response (reviewed in [30]). The contribution to viral
evasion of type-I IFN response of small non-coding subgenomic flavivirus RNAs generated
as degradation products by a host exoribonuclease, has been recently shown [31]. Hence, IFN
antagonists are good targets for antiviral drugs development.

3. RNA motifs in the viral genome can trigger innate responses

Accurate discrimination of self from non-self is critical to avoid immune triggering against self
that leads to autoimmunity [32]. In that sense, it has been proposed for hepatitis C virus (HCV)
that a combinatorial non-self signature in the viral genome for PRR binding may lead to
accurate PAMP discrimination [33].

TLRs involved in recognition of the viral genomes are TLR3, TLR7/8 and TLR9, all of them
localized to the endosomal compartment [34]. TLR3 is widely expressed in innate immune
cells with the exception of neutrophils and pDCs and responds to dsRNA, a common viral
PAMP, and its synthetic analog polyriboinosinic-polyribocytidylic acid (poly I:C) [35]. TLR7
and TLR8 are closely related receptors that recognize nearly any long ssRNA with some
differences between them. Short ssRNA containing certain motifs preferentially activate TLR7,
and activation with synthetic agonists specific to TLR7 or TLR8 trigger different cytokine
profiles [36]. TLR9 is highly expressed in pDCs and responds to the unmethylated deoxycy‐
tidylate-phosphate-deoxyguanylate (CpG) motifs in viral and bacterial DNA [37].

Different features have been defined for RIG-I recognition as RNA PAMPs, including the
presence of a free 5´-triphosphate, absent from eukaryotic cytoplasm due to RNA metabolism
in the nucleus, length (longer than 19 nt), secondary structure characteristics (a base-pairing
region of 10-20 nt near the 5´-ppp) [38] and nucleotide sequence motifs (such as a 3´-poly
U/UC tract in the HCV genome) [33]. Panhandle structures adopted by Sendai virus DI-
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genomes or self-complementary influenza virus genome have been described as potent
PAMPs sensed by RIG-I [39]. Data on MDA5 ligands are scarce. MDA5 seems to sense dsRNA
analog poly I:C in mice [40] and higher-order RNA structures present in infected cells have
been found to activate MDA5 [41]. A recent report shows the direct interaction of MDA5 with
dsRNA replicative intermediate forms of positive strand RNA viruses [14]. RLRs have evolved
to sense the presence of largely different sets of viruses but not always acting in a mutually
exclusive way [13, 42].

In addition to the direct antiviral function of RNase L degrading ssRNA, RNase L can generate
viral or host-derived small RNAs that amplify the IFN response by generating PAMPs that
activate the RLR pathway. RNase L mediated cleavage of HCV RNA generates svRNA that
activates RIG-I, thus propagating innate immune signaling to the IFN-β gene [43, 44].

Given the ability of RLRs to sense viral RNAs and activate IFN signaling cascades that
eliminate viral infections, many viruses have developed immune evasion strategies to
overcome detection by RLRs. This is carried out through RNA modification of viral RNA
genomes to prevent host detection [24]. For example, some viruses engage cap snatching (e.g.
influenza virus), modification of 5´-ppp to monophosphate through virus encoded enzymes
(e.g. Borna disease virus, Lassa virus), 2´O-methylation of viral mRNA cap structure by virus
encoded methyltransferases, exploiting nucleotide modifications found at higher frequency
in eukaryotic versus prokaryotic/viral RNA, and the use of proteins to protect the 5´ends
(picornavirus have a virus encoded protein, VPg, covalently linked to the 5´end of their
genome) or overhangs (e.g. arenavirus) [24].

In 2008, Saito et al. showed that the 3´ non-coding region (NCR) of HCV (a flavivirus) encoded
PAMP motifs triggering innate immune signaling in the host cell. Thus, the 100 nt-polyuridine
motif (poly U/UC) within the 3´ NCR was identified as a potent PAMP, substrate of RIG-I
recognition and immune triggering in human and murine cells [45]. In contrast, the structured
3´-terminal X region failed to trigger signaling. The entire HCV 5´NCR, containing four major
stem-loop structures including the internal ribosome entry site (IRES), was a weak inducer of
IFN promoter signaling. However, prior treatment of cells with IFN-β to increase RIG-I levels
rendered them responsive to signaling induced by the 5´NCR or the X region [45], suggesting
that dsRNA regions of the HCV genome are not potent PAMPs but may confer signaling
during the IFN response. Some studies on the 5´- and 3´-NCRs of other flaviviruses show
remarkable differences in their IFN-inducing capacity. The 5´and 3´NCRs of dengue virus
(DEN) elicited low but measurable stimulation of innate immune signaling, while the smaller
highly structurally conserved 3´-terminal stem-loop RNAs of DEN, West Nile virus (WNV)
and yellow fever viruses were minimally active [46]. Additionally, the base-pairing extent of
the 5´-triphosphate of the RNAs may have an enhancing effect on RLR recognition and
signaling [38, 47]. Therefore, the ability of different RNAs as IFN inducers must be tested
independently, being difficult to predict their behaviour/potency by their sequence, secondary
structure or homology with analog molecules. In this sense, we have recently shown that
FMDV (a picornavirus) full-length transcripts with the 3´NCR deleted induce lower levels of
IFN-β than complete RNA transcripts in cell culture [48]. These results are equivalent to those
reported for HCV transcripts lacking the PAMP motif poly-U/UC. In this case, it has been
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proposed that, as the virus must maintain this motif in the 3´NCR for its viability, the host
takes advantage of this and targets this region as a discriminator of PAMP RNA through RIG-
I interaction [45]. Thus, HCV infection seems to be regulated by hepatic immune defenses
triggered by the cellular RIG-I helicase. For FMDV, we also found that RNA transcripts
corresponding to structural domains predicted to enclose stable dsRNA regions in the 5´and
3´NCRs of the viral genome were able to trigger an IFN-α/β response in epithelial porcine
kidney cultured cells and induce an antiviral state [48] (Figure 3). A direct link between
antiviral activity induced by FMDV NCR transcripts and IFN could be established in cultured
cells, as treatment with monoclonal antibodies against IFN-α/β effectively blocked the antiviral
activity induced by the RNAs [48]. Different levels of IFN-β mRNA induction were observed
for the different RNAs assayed, being the one mimicking the complete 3´NCR, enclosing two
predicted stem-loop structures, the best inducer. The in vitro RNA transcripts corresponding
to the complete 5´ NCR, the IRES and the S hairpin (Figure 3), were also able to induce IFN-
β transcription, though at lower levels than the 3´NCR transcript. The removal of the poly A
tail within the 3´NCR RNA had a detrimental effect on IFN-β induction, but milder than
removal of the 5´-ppp by treatment with alkaline phosphatase, which strongly reduced but
did not completely abolish induction. However, deletion of any of the 3´NCR stem-loop (SL)
structures rendered RNAs minimally active for IFN-β signaling, suggesting a relevant role for
RNA structure in this region for its recognition as a PAMP. Unlike the FMDV NCR transcripts,
the 5´-end of the viral genome is linked to the viral protein VPg lacking a 5´-ppp, making
difficult to draw conclusions on the putative role of these structural regions in viral patho‐
genesis.

Encouraged by the results of IFN-β induction in swine cultured cells transfected with the NCR
transcripts, we aimed to address the potential of such molecules as type-I IFN inducers in vivo.
For that, the FMDV NCRs were inoculated intraperitoneally into Swiss suckling mice and the
levels of IFN-α/β proteins and antiviral activity in sera were measured [48]. Newborn mice are
a suitable model for innate immune responses while their adaptive immunity is still immature.
All the FMDV NCRs were able to induce a peak of IFN-α/β in sera of the inoculated animals
at 8 h after injection, remarkably higher than those observed for poly I:C-transfected mice. This
peak was maintained up to 24 h in the case of the S RNA. The presence of antiviral activity in
sera from NCR-transfected mice was also detected and measured, and a good correlation with
IFN-α/β levels tested by ELISA was found. Interestingly, even those transcripts showing a
lower capacity for IFN-β induction in porcine cultured cells were able to induce an innate
immune response in mice. On one hand, this suggests that the effect of low level-inductions
of type-I IFN observed in cultured cells can be magnified in vivo. On the other hand, the action
of other viral sensors in vivo, mainly TLRs, may account for the enhancing effect observed.
Thus, the specific immunostimulatory activity of each NCR RNA may be different depending
on the host cell context assayed. This was the case for the IRES: despite of its complex structure,
it was a poor inducer in cultured cells. However, the IRES acted as a strong IFN inducer in
suckling mice. We further showed that the innate immune responses triggered by the NCRs
in suckling mice resulted in a reduced susceptibility to FMDV infection in all cases, being
remarkable the antiviral effect of inoculation with the IRES RNA [48, 49].
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The antiviral effect exerted in vivo by these small synthetic non-infectious RNA molecules was
analyzed extensively, using a wide range of viral doses and different serotype isolates [49]. The
time course of resistance to FMDV of the RNA-transfected mice was also studied. Inoculation
with all RNAs remarkably increased the 50% lethal dose (LD50) of the virus, determined for the
control group. Mice inoculated with IRES or S transcripts 24 h before challenge became at least
10000-fold less susceptible to the virus than PBS-inoculated mice. Interestingly, 90% of the IRES-
transfected mice survived after infection with a viral dose of 7 x 106 plaque forming units (PFU)
(undiluted viral stock), showing the outstanding protective effect of these RNA molecules. The
level of protection against viral infection was dose-dependent. Complete or very high protec‐
tion was achieved when IRES RNA was inoculated 8 or 24 h prior to FMDV infection with 7 x
104 PFU, with 100 and 86% survival, respectively. Inoculation of the transcripts at longer times
pre-infection strongly decreased their protective effect against viral infection. Co-inoculation of
S or IRES transcripts and the virus induced high levels of protection (about 90%), and the IRES
RNA had a higher protective effect inoculated at 8 h than at 4 h before infection, suggesting that
a fine balance between the routes activating the innate immune response by the RNAs and the
viral replication kinetics or antagonistic mechanisms triggered by the virus, might determine
either the outcome of disease or the viral clearance. Additionally, high survival percentages were
observed for those groups inoculated with the RNAs at short times after infection (89 and 87%
of mice inoculated with the IRES at 4 h and 8 h post-infection survived, respectively), and complete
protection (100% survival) was achieved when mice were inoculated with the S transcripts at 4
or 8 h post-infection [49]. No protective effect was observed for mice inoculated with the RNAs
24 h after viral infection. These results suggest that the antiviral response induced by the RNAs
is rapidly established and effective to counteract the viral replication if administered shortly
after infection, while 24 h later it was too late to restrain the progress of infection. Our data support
the potential use of this RNAs as both prophylactic as well as therapeutic molecules in a certain
time window. These small non-infectious RNAs could be useful to induce a rapid antiviral state
in combination with effective FMD vaccines to overcome the problem of the susceptibility
window until protective levels of antibodies are produced by vaccinated animals. These results
provide, as well, a new insight into broad-spectrum antiviral development strategies (Figure 3).

4. Exploiting innate responses for antiviral, therapeutic and adjuvation
strategies

The example described above illustrates the potential of RNA regions in the viral genome,
known to elicit innate responses, for antiviral and therapeutic applications.

Viral pattern recognition system may offer unique translational implications in medical
approaches, taking advantage of the innate immune function of PRRs to trigger cell autono‐
mous responses in tumour cells along with cytotoxic T-cell responses that target tumour cells.
Tumour cells are much more sensitive to cytotoxic effects after RLR ligation than are untrans‐
formed cells, allowing for tumour-specific effects despite systemic application of the ligands
in mouse models [50, 51]. The concept of using targeted application of PAMPs to mimic a
situation of viral infection for clinical application like immunotherapy is being extensively
explored [52]. In addition to being interesting targets for the immunotherapy of cancer, RLRs
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have been found to play a role in other disease conditions like type-I diabetes and other
autoimmune diseases like psoriasis or selective IgA-deficiency [53-55]. RLRs ligands have been
shown to have a therapeutic effect for autoimmune inflammatory disease of the central
nervous system in mice [56].
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Other than its role in driving innate immune defenses, IFN plays a major role in modulating
the adaptive immune response [57]. IFN is required to promote T cell survival and clonal
expansion after antigen presentation. IFN also induces the cytolytic activity of NK cells and
cytotoxic lymphocytes and promotes B cell differentiation and antibody production, as well
as expression of MHC class I molecules [58, 59]. The specific role of RLR signaling in regulating
IFN production and its regulation of the adaptive immune response is less clear and appears
to vary from virus to virus [60].

Luke et al. showed that the potency of a DNA vaccine against influenza virus could be
augmented by the incorporation of a RIG-I activating immunostimulatory RNA into the vector
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backbone [61]. Mice receiving the vaccine exhibited increased virus-specific serum antibody
response as compared to those receiving the DNA vaccine alone. These results suggest that
RLR signaling can enhance antibody development after vaccination by activation of innate
immunity and improved adaptive immune responses. However, in a previous study Koyama
et al. found a defect in antigen-specific B and T cell activation in MyD88-defficient mice, unlike
MAVS-deficient mice, suggesting that adaptive immune responses against influenza A virus
are governed by the TLR pathway [62]. On the contrary, MAVS-deficient mice infected with
WNV displayed uncontrolled inflammation including elevated systemic IFN, proinflamma‐
tory cytokine and chemokine levels, and enhanced humoral responses marked by complete
loss of virus neutralization activity with a failure to protect against WNV infection [63]. This
work defined an innate/adaptive immune interface mediated through MAVS-dependent RLR
signaling that regulates the quantity, quality and balance of the immune response to WNV.
Using MDA5-defficient mice, Anz et al. showed that the loss of T regulatory cell function on
infection with encephalomyocarditis virus (EMCV) is strictly dependent on RLR signaling [64].
In a different study, a normal and effective adaptive immune response against respiratory
syncytial virus (RSV) infection was reported in the absence of both MAVS and MyD88, RLR-
and TLR-adaptor molecules, respectively [65]. All together, the results suggest that, in the case
of flavivirus and picornavirus infections, RLR signaling is important in the control of the
quantity, quality and balance of the adaptive immune response, with specific and differential
mechanisms of regulation operating depending on the specific virus infections. The under‐
standing of the molecular features underlying these processes could offer new strategies for
immune and antiviral therapy targeting the RLR pathway for therapeutic control of the viral
infection and enhancement of the induced immune response.

The vaccine development field is evolving from traditional whole cell vaccines to more defined
and safer subunit vaccines. In the idea of exploiting the innate responses in vaccine adjuvant
design, a growing demand for the use of immunopotentiators in poorly immunogenic subunit
vaccines is arising with the development of a new generation of vaccine adjuvants. New
vaccine adjuvants are designed to improve the recruitment and activation of dendritic cells,
then enabling transition from the innate to adaptive immune system for priming of B- and T-
cell responses. Endogenous or therapeutically induced early type-I IFN responses may confer
protection until adaptive immunity is activated to an extent that the pathogen can be elimi‐
nated. In that context, PRRs come into sight as targets of new vaccine adjuvants beside their
role as sentinels in innate immunity.

Evidence is now emerging that many empiric vaccines and adjuvants inherently stimulate
PRRs, like the yellow fever vaccine 17D, one of the most effective vaccines available, shown
to activate multiple DC subsets through stimulation of several TLRs (including TLR-7, -8 and
-9) [66], highlighting the potential of vaccination strategies that use combinations of different
PRRs ligands to stimulate polyvalent immune responses.

The current vaccine adjuvants licensed for use in human vaccines are limited [67], but other
PRR agonists in clinical stages of development are emerging as potential vaccine adjuvant
candidates [68], such as the TLR3 and MDA5 agonist poly I:C, a promising mucosal adjuvant
for intranasal H5N1 influenza vaccination [69]. Clearly, TLR agonists are the most clinically
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advanced in adjuvant development, but require additional considerations, as variation in TLR
expression and influence of age in responsiveness or the risk of autoimmunity by induction
of excessive inflammatory responses [68]. Other TLR agonists currently in clinical trials of a
malaria vaccine are the TLR-9 agonists CpG oligodeoxynucleotides (ODNs).

In addition to recognition of viral ssRNA like that derived from HIV (Human immunodefi‐
ciency virus) or influrenza viruses, TLR7/8 can also be activated by certain synthetic agonists
such as the imidazoquinoline derivatives imiquimod and resiquimod (R-848), as well as the
guanine nucleotide analog loxoribine. TLR7/8 imidazoquinolines can activate appropriate
immune cells and modulate cellular and humoral immunity and have been found to be
excellent vaccine adjuvants [70]. Most TLR agonists induce antibody and Th1 responses,
although some can induce Th2 and possibly Th17 responses. Knowledge of the response
outcomes in terms of cytokines, chemokines and T-cell subtypes generated by activation of
combination of PRRs would help in the design of vaccine formulations including the appro‐
priate combination of adjuvants in the future that can contribute to develop new vaccines
against infectious diseases.

In the case of FMDV, many efforts are being invested on development of new vaccine formula‐
tions aimed to improve currently used vaccines [71]. Although FMD vaccines are available since
the early 1900s, the disease still affects millions of animals around the globe and remains the
main sanitary barrier to the commerce of animals and animal products. Among the limitations
of the currently available inactivated antigen vaccines are the short duration of immunity and
the lack of serotype-cross protection. Administration of this vaccine or an experimental vaccine
based on a replication-defective human adenovirus (Ad5) vector that delivers the FMDV capsid
and 3C proteins requires ~7 days to induce protective immunity in animals [72, 73]. New
approaches aimed to shorten this susceptibility window and induce a more robust and long-
lasting adaptive immune response are being developed, such as expression of type-I,-II and –
III IFNs with Ad5 vectors with good but differential results depending on the host species assayed
[74, 75]. Treatment with IFN has proved, so far, to be the best biotherapeutic approach tested
against FMDV. Recent data show that poly I:C stabilized with poly-L-lysine and carboxymeth‐
yl cellulose (poly ICLC), a TLR-3 and MDA5 agonist, is a potent stimulator of IFN and ISGs in
swine and at an adequate dose is sufficient to induce complete protection against FMD [77]. A
different study shows that the combined application of recombinant adenoviruses expressing
IFN-α or siRNA and other antiviral agents such as ribavirin may enhance their inhibitory effect
on FMDV [77]. Our own data, discussed above, support the use of the FMDV NCR RNAs,
mimicking structural domains in the viral genome acting as potent type-I IFN inducers, as
promising non-infectious and synthetic molecules in future antiviral and vaccine develop‐
ments against FMDV and likely other viral infections.

5. Conclusions

Understanding how the innate immune system senses the infection of different viruses with
a variety of genome structures and signals and the crosstalk between different PRRs will help
to understand the complex regulation of immunity to infection. The increasing knowledge on
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the nature of PAMPs and sensor specificity will surely contribute to the development of safer
and more effective vaccines for infectious diseases. PRR agonists arise as promising molecules
due to their synergistic effects on cytokine production and contributing to effective immune
responses. The success of rationally designed vaccine formulations in the near future will likely
correlate with the advances on understanding cell signalling mechanisms as well as PRR
adjuvanticity and response outcomes. Targeted immunomodulatory strategies will require
knowledge of the virus-specific aspects of the pathway. Viral proteins with IFN antagonistic
activity are potential drug targets for antiviral strategies. Moreover, small, synthetic and non-
infectious RNAs mimicking viral PAMPs can act as potent IFN inducers and exert an antiviral
effect in vivo, providing new insight into broad-spectrum antiviral development strategies.

Acronyms and abbreviations

Ad5 replication-defective human adenovirus vector

APC Antigen presenting cell

CARD Caspase activation and recruitment domain

CLR C-type lectin receptor

CpG Unmethylated deoxycytidylate-phosphate-deoxyguanylate

DC Dendritic cell

DEN Dengue virus

DI genomes Defective-interfering genomes

ds Double-stranded

EMCV Encephalomyocarditis virus

ER Endoplasmic reticulum

FMDV Foot-and-mouth disease virus

HCV Hepatitis C virus

HIV Human immunodeficiency virus

IFITM Interferon inducible transmembrane protein

IFN Interferon

IFNAR IFN-α/β receptor

IRES Internal ribosome entry site

IRF Interferon regulatory factor

ISG IFN-stimulated gene

JAK/STAT Janus kinase/signal transducers and activators of transcription

LD50 50% lethal dose
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LGP2 Laboratory of genetics and physiology-2

MAP Kinase Mitogen-activated protein kinase

MAVS Mitochondrial antiviral signaling

MDA5 Melanoma differentiation-associated gene 5

MHC Major histocompatibility complex

miRNA Micro RNA

NCR Non-coding region

NK Natural killer

NLR Nucleotide oligomerization domain (NOD-like receptor)

ODNs Oligodeoxynucleotides

ORF Open reading frame

PAMP Pathogen-associated molecular pattern

pDC Plasmacytoid dendritic cell

PFU Plaque forming units

PKR Protein kinase R

Poly I:C Polyriboinosinic-polyribocytidylic acid

Poly ICLC poly-L-lysine and carboxymethyl cellulose

PRR Pattern-recognition receptor

RIG-I Retinoic acid-inducible gene-1

RLR RIG-I-like receptor

RSV Respiratory syncytial virus

siRNA Small interfering RNA

SL Stem-loop structure

ss Single-stranded

svRNA Small viral RNA

TIR Toll/Interleukin-1 receptor

TLR Toll-like receptor

TNF Tumor necrosis factor

TRIF TIR-domain-containing adaptor inducing interferon

TRIM Tripartite motif protein

VPg Virus encoded protein

WNV West Nile virus

Table 1. List of the acronyms and abbreviations used in this chapter
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1. Introduction

The Age of Enlightenment is the period in time when the method of reasoning known as the
Scientific Method was developed. This revolution in science began with the description of the
sun as the center of our solar system rather than the earth. Natural phenomena previously
explained by spiritualists were now described by science. Given our still evolving under‐
standing of influenza, it is perhaps no coincidence that we describe the combined effects of the
influenza virus gene segments with the word ‘constellation’, which has astrological roots
describing the position of the stars. Interestingly, the name influenza also has astrological roots:
it was borrowed from the Italian word influenza in the mid-17th century which, in turn, was
derived from the Medieval Latin word influentia, a 14th century term that refers to the influence
of the stars. The scientific rational to describe the influence of the influenza gene constellation
on virus phenotype is currently being resolved. Here we try to shine some light on the subject
by providing the reader with background information, recent experimental results and
provide a framework for questions that remain unanswered.

Influenza is a common infectious respiratory disease caused by influenza viruses. The host
range of these viruses can include birds, humans and other mammals. Influenza viruses cause
seasonal epidemics and are almost globally ubiquitous. They cause significant morbidity and
mortality each year yet some infected persons remain asymptomatic. Influenza is typically
transmitted by aerosols produced by coughing or sneezing. Although virus particles on
contaminated surfaces can be easily inactivated, the virus is still able to spread easily and
rapidly. Vaccination is the recommended approach to prevent disease because of the possible
emergence of drug resistance.

Vaccines are produced each year to counter the currently circulating seasonal strains. The
influenza vaccine seed viruses used to produce the immunogenic proteins are reassortant
viruses. That is, they contain a mix of gene segments from different viruses. The genomes of



the influenza A and B viruses are made up of eight negative-strand RNA segments. The
haemagglutinin (HA) and neuraminidase (NA) proteins found on the surface of the virus are
found on two different segments. Usually these two segments from a seasonal virus are
combined with another six gene segments from a high yield strain to make a vaccine seed
virus. HA is the major immunogenic protein recognized by the host immune system. Because
of influenza’s high rate of mutation, and the capacity of the genome to tolerate many mutations,
there is a need to update the influenza vaccine seed virus strains each year. The influenza virus
is able to avoid control by the host immune system via two major types of mutation. Antigenic
drift is the process of gradual genetic mutation, especially in the HA gene, that results in newer
viruses not being well recognized by antibodies that recognized the progenitor virus. Anti‐
genic shift is the replacement of one or more segments from one influenza virus with those of
another. This unpredictable event can lead to a change in host range, transmission or patho‐
genicity. Likewise, genetic reassortment, the mixing of genomic segments from different
strains, can generate undesirable characteristics in the influenza vaccine seed viruses. Here we
explore possible reasons for this and describe approaches that might be beneficial to the
development of influenza vaccine seed viruses.

2. The segmented influenza genome

The Orthomyxoviridae family is comprised of negative-sense, segmented RNA viruses. There
are three influenza genera, influenza A, B and C viruses, that belong to the family. Eight
negative-sense RNA segments make up the viral genome for the A and B viruses, one more
than the influenza C virus genome which has seven segments (Figure 1). The terminal ends of
each gene segment are conserved and this allows control over several aspects of the influenza
lifecycle. The terminal sequences are partially complementary and can form structures that
serve as regulatory signals for transcription and replication (Figure 1). The structures are
dynamic and it is thought that switching between the structures allows different steps of
replication to occur [1].

Each negative-sense viral RNA is encapsidated with nucleoprotein to form a ribonucleoprotein
(RNP). Attached to the 5’ end of each segment is the influenza polymerase complex [2]. This
arrangement allows a message RNA (mRNA) from each segment to be transcribed independ‐
ently of other segments in the nucleus. Most of the segments encode a single protein but some
of the RNA segments are spliced or have alternative translation mechanisms so that usually
more than 10 proteins are made during an infection [3;4]. The mRNAs transcribed from all the
segments are exported from the nucleus to the cytoplasm where they are translated into the
viral proteins. The nucleoprotein and polymerase proteins each contain nuclear localization
sequences and are imported into the nucleus where they participate in the production of new
viral RNA. Some of the remaining proteins are processed in the secretory pathway and
transported to the cell surface for incorporation into the virions while others remain in the
cytoplasm or nucleus and modulate the host cell immune response.

The negative-sense segmented genome bestows some advantages and disadvantages to the
virus. Having the genome divided up into segments creates some challenges such as ensuring
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that one of each segment is packaged into one virion. However, it also helps alleviate a problem
faced by many RNA viruses, the high error rate inherent in RNA synthesis. The error rate for
the influenza viruses has be calculated to be 2.0 x 10-6 and 0.6 x 10-6 mutations per site per
infectious cycle for influenza A and B respectively [5]. Rates ranging from 3.72 to 6.77 x 10-4

substitutions per site per year have been calculated for the influenza C segments [6]. Influen‐
za viruses can exist as a quasispecies, that is, a group of diverse viruses that collectively
contribute to the characteristics of the population (reviewed in [7]). This enables mutations to
exist that, by themselves, may not increase the fitness of the virus and could even be detrimen‐
tal. A combination of these mutations, that together increase the fitness of the virus, may result
in a virus with some selective advantage. Such a combination could occur by gene reassort‐
ment. The separation of different mutations on different virus segments facilitates this proc‐
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Figure 1. Genomes of influenza viruses. A) The ends of the negative strand influenza genomic RNA are complexed
with the three polymerase proteins and the remaining sequence is encapsidated with nucleoprotein (vRNP (-)). The
positive strand cRNP is similarly complexed. The mRNA is transcribed with a 5’ cap structure and poly-A tail (see main
text for details). Figure used with permission from Resa-Infante et al., 2011. B) Schematic of the influenza A virus ge‐
nome. The bold black lines represent the 3’ and 5’ untranslated regions. The blue and pink boxes represent the major
protein coding regions. C) Schematic of the influenza B virus genome. The green and brown boxes represent the ma‐
jor protein coding regions. D) Schematic of the influenza C virus genome. The red and purple boxes represent the ma‐
jor protein coding regions. The protein coding regions are not to scale. Coding regions in a different reading frame are
shown above or below each other, coding regions in the same frame are show as contiguous blocks.
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ess and allows reassortant viruses to be made if a cell is infected with two influenza viruses at
the same time.

Reassortment occurs in all three influenza virus genera [6;8;9]. But there is no evidence of
reassortment between the genera. This is likely due, in part, to the level divergence between
the viruses, both in the non-coding regulatory elements and in the proteins which interact with
each other. Also, there is evidence that one virus may suppress another through pathways that
are not well understood [10]. Reassortment has long been known to occur naturally in humans,
swine and birds [11-13].

Often evidence of reassortment is based on incongruence in the phylogenetic trees of each of
the segments. Although naturally occurring reassortants can be compared to previously
sequenced strains, the actual strains that a particular segment is derived from, and the steps
in reassortment, are only deduced. The different segments from the recent 2009 pandemic
H1N1 virus were phylogenetically similar to human, avian, and classical, Eurasian and triple
reassortant swine virus segments. Using all the available whole virus genome sequences
Bokhari et al. [14] used a bioinformatics approach to determine which viruses were most likely
homologous to the ancestors to the 2009 pandemic strain, and what reassortments needed to
occur. Interestingly, they found that among 92% of the possible paths there were certain
bottleneck viruses [14]. That is, these viruses contained the mutations and segment reassort‐
ments that made them most like the next virus in the reassortment path that eventually gave
rise to the 2009 pandemic strain. This suggests that there are certain sequence requirements
that need to be present before reassortment occurs.

Sequence analysis indicates that a disproportionate number of the naturally occurring
reassortants are the result of novel haemagglutinin and/or neuraminidase genes being
introduced into a previously circulating strain [15]. The introduction of the HA and NA
segments into another strain is also the goal of influenza vaccine seed virus strain construction.

2.1. Making vaccine seed virus

There are two predominant ways that an influenza virus can be engineered; one, by simulta‐
neous infection of a cell with two viruses each bearing some desired trait, or two, by reverse
genetics. Both methods are commonly used to produce influenza vaccine seed viruses. A
disadvantage of co-infection is that it may result in the production of viruses with unwanted
combinations of the gene segments. A disadvantage to the reverse genetic approach is that it
may be difficult to generate a virus if the introduced HA and NA genes cause a detrimental
gene constellation effect.

In the late 1950s and throughout the 1960s Edwin Kilbourne pioneered the development of
genetic recombination with influenza [16]. He recognised that an influenza vaccine seed virus
should have certain desirable characteristics; good growth, low virulence, thermal stability
and the proper antigenicity. At that time, development of high yield vaccine seed virus strains
was via empirical methods such as mouse-lung passage. Kilbourne developed and promoted
the use of “the deliberate mating of 2 or more viruses, each bearing a desired trait” so that “an
appropriate progeny virus can be selected without the need for tedious“ adaptation ”until
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appropriate mutants, if any, become manifest” [16]. This was achieved by infecting an egg with
a combination of a non-infective strain (with a high yield characteristic) and infective influenza
strain (with the desired antigenic trait) in the presence of antiserum to suppress the antigenic
proteins of the non-infective strain. This allowed for the selection of virus with the same
antigenicity as the infectious strain and the same growth characteristics of the non-infectious
strain [17]. This method for making vaccine seed virus strains has been widely used since. One
drawback of this approach is that, because the antiserum only suppresses virus expressing the
non-infective strain surface proteins, segments from the infective strain, in addition to the HA
and NA segments, are often present in the resulting strains [18;19]. This may result in an
undesirable trait being present in the vaccine seed virus strain and, as reassortments involving
whole gene segments cannot revert like single point mutations, the traits are not as easily
reverted as point mutations.

More recently, with the development of reverse genetics, it has been possible to make reas‐
sortant viruses from cloned viral segments. This allows genetically defined vaccine seed virus
strains to be produced and the methodology has been employed extensively for the production
of live attenuated vaccine seed virus strains [20]. The cold adaption and attenuation mutations
are spread out on multiple segments. A large number of human influenza vaccine seed virus
strains have been made with the cold adapted strains A/Ann Arbor/6/60-H2N2 and B/Ann
Arbor/1/66 strains [20]. High yield attenuated backbone strains for vaccination of livestock
such as birds or pigs have also been developed and are typically made using reverse genetics
[21-23]. In addition, viruses expressing the haemagglutinin from highly pathogenic avian
strains (H5N1) need to have the polybasic cleavage site removed by mutagenesis and reverse
genetic viruses made to reduce pathogenicity. Viruses made by reverse genetics use the same
plasmid derived internal gene segments. In constrast, vaccine seed strains made using in ovo
reassortment are sometimes made with a recent high growth reassortant as the non-infective
strain. This could result in the carrying forth of internal segments that are not from the high
yield strain Puerto Rico/8/1934 (PR/8) or mutations that have appeared during the passage of
the earlier reassortant strain. Although the reverse genetically engineered viruses are geneti‐
cally defined, there is no avenue for reassortment to occur if there is some incompatibility
between the glycoproteins from the season strain and the remaining proteins from the
backbone virus.

Influenza viruses are frequently isolated and propagated in tissue culture. Madin-Darby
canine kidney (MDCK) cells are widely used because they are quite susceptible to influenza
virus infection. This is because the antiviral activity of MDCK cells is lacking due to inadequate
interferon-induced myxovirus resistance protein 1 (Mx1) activity [24]. As noted above, the
introduction of HA or NA segments into circulating strains is dominant among naturally
occurring reassortants [15]. In contrast, recombinants generated in MDCK cells with no
selection show a positive correlation between other segments: most of the segment pairs that
segregate with each other in MDCK cells were polymerase combinations [25-27]. This suggests
that for naturally occurring reassortants there is some selective pressure that is not present in
laboratory-based experiments. One explanation for this bias may be due to the limited MDCK
cell antiviral response; without this response the replication efficiency of the virus might be
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the main limiting factor. Thus, viruses with combinations of polymerase factors that are most
efficient will become dominant. One report of recombinants generated in eggs without
selection described a preference for cosegregation of the HA and M segments [28]. Although
the number of reports regarding reassortment without selection is limited, the current data
suggests that egg-based experiments may more closely reflect naturally occurring events.

The replicase proteins may play a role in reassortment via their independent interaction with
each RNA segment. Each genomic segment has it’s own replicase proteins associated with it
when it enters the nucleus. A doubly infected cell is capable of producing each of the segments
from both viruses independently of each other. The timing of the overall replication will
depend on many factors such as which segments are imported into the nucleus first, translation
promoter sequences and replication signals on each segment, and the induced host response.
If a cell is simultaneously infected with two viruses, it is possible that early in the infection the
polymerase that transcribes RNA more efficiently will control the dynamics of the infection.
The resulting dynamics between the host cell and the viruses may favor the production of
either virus or a reassortant. It is unknown if the dynamics of transcription and replication
play a role in reassortment but, given that the transciption and replication signals on each
segment can differ, it is easy to imagine the dynamics of an infection being altered when a cell
is infected with two viruses. One could also imagine polymerase proteins from one strain
transcribing or replicating another strain’s RNA, or a polymerase protein from one virus
interacting with, and altering the activity of, a polymerase protein from the other virus.

2.2. Glycoproteins

There are two major surface glycoproteins for the influenza A and B viruses. The haemagglu‐
tinin (HA) protein is a sugar-binding protein that facilitates virus entry into epithelial cells that
have sialic acid sugars on the cell surface. After the HA is cleaved by a protease, the virion is
imported into the cell by endocytosis. Virus replication culminates with the accumulation of
new virions at the cell surface. The neuraminidase (NA) cleaves the glycosidic linkages of the
sialic acids to mediate virion release. The HA protein is encoded by segment 4 and the NA
protein by segment 6 in influenza A and B viruses. Influenza C has only seven segments. The
haemagglutinin-esterase-fusion (HEF) glycoprotein is encoded on segment 4 and this protein
performs the functions analogous to HA and NA of influenza A and B viruses.

In contrast to the influenza B and C viruses which are only sorted by type and strain, the
influenza A viruses are sorted into subtypes. The HA and NA proteins are used for virus
classification. There are at least 16 different HA subtypes and 9 different NA subtypes among
the influenza A viruses. The HA subtypes are divided into two groups. Certain subtypes from
both groups are able to infect and transmit among humans. Most human influenza A infections
are from H1N1, H2N2, and H3N2 subtypes. Occasionally a strain will jump the species barrier.
A limited number of avian subtypes (H5, H7 and H9) have infected humans. Sometimes the
disease is much more severe than that from a human influenza strain but these strains seem
to lack the ability to transmit from human to human efficiently. There is a fear that these highly
virulent viruses may reassort with human viruses creating virulent viruses that spread easily
among humans. New pandemic strains arising by reassortment is clearly a concern. An
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additional subtype was recently identified in bats [29]. The HA from the bat virus is more
similar to the Group 1 HAs (subtypes H1, 2, 6, 8, 9, 11, 12, 13 and 16) than the Group 2 subtypes
but the NA shows no similarity to any previously identified NA subtypes [29]. It remains to
be seen if these viruses can reassort and cause disease in humans.

Infection of humans with viruses containing swine origin HA and NA is known to occur. Like
other zoonoses, most of these swine viruses do not spread efficiently in humans. However, the
swine origin 2009 pandemic H1N1 virus spread around the world supplanting the prior
seasonal human H1N1 strains. This virus was a reassortant derived from a North American
triple reassortant H1N2 swine strain and a Euroasiatic H1N1 swine strain.

2.3. Replicase proteins

Four proteins are required for influenza virus replication; the nucleocapsid protein (NP) and
the three polymerase proteins PB1, PB2 and PA. The polymerase proteins are the larger
influenza proteins and are encoded in the largest segments 1-3. NP is encoded in segment 5.
The RNA from each viral segment form ribbon-like closed superhelical structures (reviewed
in [30]). The 5’ and 3’ ends of the RNA are in close proximity to one another and are associated
with the three polymerase proteins. Nucleoprotein is associated with the remaining genomic
RNA and there is one NP monomer present for each 24 nucleotides. Nuclear localization
sequences on NP facilitate import of each ribonucleoprotein complex (RNP) into the nucleus
(reviewed in [31]). Inside the nucleus mRNA transcription and viral replication take place.

Two of the polymerase proteins, PB1 and PB2, have biochemical interactions with NP proteins.
In addition, the three polymerase proteins interact with each other. The carboxyl-terminus of
PA interacts with the amino-terminal end of PB1 and the carboxyl-terminal end of PB1 interacts
with the amino-terminal end of PB2. The same arrangement is described for both the negative
strand viral RNA (vRNP) and the positive strand copy RNA (cRNP) with the polymerase being
associated with the 5’ end of the RNAs. New negative-strand viral genomes are derived from
the cRNP and also have a newly synthesized polymerase complex associated with the 5’ end.
The NP and three polymerase proteins all have nuclear localization signals which enable them
to be imported into the nucleus after they are synthesized in the cytoplasm. There is evidence
that PA and PB1 associate with each other before localizing to the nucleus (reviewed in [31]).

Both types of positive-strand RNA, cRNP and mRNA, are generated from the vRNP. In
constrast to the vRNP and cRNP, the mRNA is not associated with NP. The viral mRNAs also
have a capped 5’ leader sequence snatched from a cellular mRNA and a polyadenylated 3’
end. It is not yet known exactly what regulates the polymerase complex so that it makes two
distinct products from one template. The cap-binding domain is in PB2 and the endonuclease
domain is in PA. Together these parts of the polymerase complex capture and remove the 5’
capped region of cellular mRNA and this is used as the priming sequence for viral mRNA
production. The RNA-dependent RNA polymerase domain required for all RNA production
is in the PB1 protein.

Combining the polymerase proteins from different strains to produce chimeric polymerase
complexes  has  been studied with regard to  polymerase  activity  and pathogenicity.  It  is
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sometimes found, but not always, that increased polymerase activity leads to more virus and
increased pathogenicity [32]. Most recent studies have focused on the replicase genes from the
2009 pandemic H1N1 strain and prior seasonal strains. It was found that the pandemic PB2 gene
combined with seasonal PB1, PA and NP genes resulted in significantly less polymerase activity
[33;34]. Conversely, inclusion of a seasonal PB2 gene in a pandemic background significantly
increased polymerase activity.  When the corresponding reassortant  viruses,  with a  PR/8
backbone, were generated the growth kinetics for both types were reduced. This suggests that
the level of polymerase activity needs to be optimized for the best virus production in vitro. In
addition these viruses had higher mouse LD50  values suggesting polymerase activity and
replication are important for virulence [33]. Interestingly, introduction of the pandemic NP gene
into  a  seasonal  virus  also  dramatically  reduced  the  virus  replication  and  pathogenicity
demonstrating that both altered polymerase and RNP could give rise to detrimental gene
constellation effects.

In an analysis of ressortant viruses with a 2009 pandemic strain background it was found that
introduction of a PA, PB1 or PB2 segment from another virus typically reduced the virus titer
[27;35]. This included instances when all three segments from another virus increased
polymerase activity (A/swine/Korea/JNS06/04 or A/mallard/Korea/6L/07) or reduced poly‐
merase activity (A/duck/Korea/LPM91/06 or A/aquatic bird/Korea/ma81/07). Again, this
suggests that the level of polymerase activity needs to be optimized for efficient virus pro‐
duction in vitro. Each of these viruses were less pathogenic in mice but several other viruses
were generated that were more pathogenic in mice. One, containing the just the PA segment
from A/aquatic bird/Korea/ma81/07 in the 2009 pandemic backbone had a similar level of
polymerase activity to the reassortant virus containing all three A/aquatic bird/Korea/ma81/07
polymerase genes indicating that polymerase activity per se is not the cause of pathogenicity
[35]. It is possible that specific virulence determinants are associated with the PA segment but,
in the absence of a gene constellation effect, this would not account for the lower pathogenicity
of the virus containing all three polymerase segments.

One PB2 virulence marker, the amino acid at position 627, is a determinant of host range and
contributes to pathogenicity in mice [36]. It has been shown that introduction of a PB2 gene from
a low pathogenic H1N1 virus into the highly pathogenic 1918 strain attenuated the virus in mice
but pathogenicity was restored with a E627K mutation [37]. In contrast, studies of swine
influenza in pigs have shown that there is no correlation between pathogenicity and viruses
with either a swine- or avian-origin PB2 gene containing the 627K or 627E mutation [38]. While
it has been suggested that the 627 residue mediates an interaction with NP [39], and the strength
of this interaction correlates with polymerase activity [40],  recent evidence suggests that
restricted activity is due to a lack of compatibility with a host cell factor [41]. Thus, although
amino acid signatures of virulence may be important in the context of genetic drift, these results
demonstrate that gene constellation effects can attenuate virulence in some hosts.

Clearly, although specific functions of replicase complex reside in each protein, the interaction
of the replicase proteins plays a large role in several virus attributes including replication and
virulence. At present there is a lot of genetic information for the replicase genes available.
Unfortunately our current understanding of influenza replication does not enable the predic‐
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tion of replication efficiency or associated pathogenicity based on replicase gene sequence
alone. While new functional information is being generated regularly, a more complete
understanding of influenza replication and its contribution toward pathogenicity will require
more comprehensive structure-function information.

2.4. Other proteins

There are at least four additional proteins produced during influenza infection of a cell. The
two segments not mentioned so far, segments 7 and 8, are the smallest genome segments. In
both influenza A and B viruses each of these segments encodes at least two proteins. The
analogous segments in influenza C viruses are segments 6 and 7 (Figure 1).

Influenza A segment 7 encodes two matrix proteins; M1 and M2. The M2 proteins from
influenza B and C viruses are called BM2 and CM2 respectively. M1 binding to RNPs in the
nucleus inhibits viral transcription [42;43]. M1 proteins form a continuous shell on the inner
side of the lipid bilayer. M2, and the analogous BM2 and CM2 proteins, are ion-channel
proteins that form as a homotetramers in the virus envelope. These small hydrophobic integral
membrane proteins allow hydrogen ions to enter the viral particle from the endosome. The
lower pH causes M1 to dissociate from the RNPs leading to the uncoating of the virus. Different
coding strategies are used by the different influenza species (Figure 2 and [44]). M2 protein is
translated from a spliced transcript while BM2 protein is translated by a coupled termination/
reinitiation event [45;46]. In contrast CM1 is translated from a spliced transcript and CM2 is
the produced by peptidase cleavage of a precursor protein [47;48]. Influenza B viruses encode
an additional small hydrophobic integral membrane protein on segment 6. The open reading
frame starts 4 nucleotides upstream from the NA ORF (Figure 2). Although NB is conserved
in influenza B genomes it is apparently not essential and it’s function remains unknown at
present [49]. Interestingly, influenza A viruses also encode an alternative M2 protein on a
splicing variant [3]. The same conserved redundancy in two different influenza families
highlights the importance of the ion channels for the viruses. This diversity in coding and
expression of similar functions may also be a reason why reassortant viruses containing
segments from different influenza types are not readily obtained.

The smallest influenza segment encodes the non-structural protein NS1 and the nuclear export
protein xlink. xlink is translated from a spliced transcript and is incorporated into the virions
in small numbers (Figure 2). The major role of NS1 is to modulate the host immune response.
It is a multifunctional protein that interacts with several host proteins and has an RNA binding
domain (reviewed in [50]). Protein sequence features from influenza NS1 proteins indicate that
there are variant types that seem to correlate with certain host species [51]. The exact nature
of this relationship has not been teased out yet. The NS1 protein from the 2009 pandemic strain
was less effective at blocking the innate immune response in cultured cells than other seasonal
strains but attempts to make the 2009 NS1 protein more like the seasonal strain did not result
in the same effect, rather the virus had reduced the virulence and was more easily cleared [52].
A better understanding the relationship between NS1 from specific virus strains and the host
cell type could lead to the development of vaccine seed virus backbone strains that are more
suitable for vaccine production.
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The presence of segment 7 or 8 from differing viruses can alter the phenotype of another virus.
For example, addition of different NS segments from an H3N2 virus or different H5N1 viruses
into a PR/8 backbone could result in no attenuation or complete attenuation [53;54]. Similarly,
the same gene can have different effects on different viruses. For example, replacement of the
A/Korea/82 (H3/N2) M segment with the A/Ann Arbor/6/60 M segment attenuated the virus.
However, introducing the same A/Ann Arbor/6/60 M segment into A/Udorn/72 (H3/N2) did
not attenuate the virus [55]. This clearly demonstrates the greater impact the gene constellation
has toward the virus phenotype than an individual segment in this instance.

The characterization of the laboratory generated reassortants provides useful hypothesis-
driven information. Natural reassortment of the smallest influenza segments may give
additional information about the role these segments play in the virus lifecycle. Some viruses
isolated recently from North American pigs contain the 2009 H1N1 M segment in the context
of a previously endemic H1N2 strain [56]. This suggests that this particular gene constellation
may increase viral fitness. Supporting this Chou et al., [57] were able to show that inclusion of
the M segment in a PR/8 backbone was essential for transmission in guinea pigs. Another group
reported that the neuraminidase segment from the 2009 H1N1 strain, in addition to the M
segment, was required for efficient replication and transmission in pigs [58]. Finally, Hause et
al. [59] reported transmission but lower viral titers for the reassortant viruses containing the
M segment from the 2009 pandemic strain in pig lung homogenate when compared to infection
with the parental strains. The major difference between the viruses analyzed by these groups
is that the backbone strains differed; one group used comtemporary H1N2 swine viruses to
generate reassortants while the other groups used laboratory adapted strains. The different
outcomes observed are based on gene constellation effects.

3. The gene constellation effect

It stands to reason that if a certain gene constellation confers some desirable attribute then
viruses containing those segments should occur more often in the population over time than
other reassortments. That is, the combination of gene segments should occur independently
many times in a large enough population if the same parental viruses continue to co-circulate
in the population. However, if the reassortant has a relative fitness that is much greater than
other circulating strains then the virus may quickly replace other virus strains in the popula‐
tion. An example of this is the emergence and spread of the 2009 pandemic H1N1 strain. Very
quickly, and during a season not typically associated with high influenza rates, the 2009
pandemic strain became the prevalent H1N1 strain and prior seasonal H1N1 strains become
less common [60].

Possibly more common, but less well documented, are reassortants that have a small increase
in fitness compared to the parental strains. A recent analysis of reassortant H3N2 viruses in
swine demonstrated that multiple reassortants generating the same gene constellation
occurred [61]. Several H3N2 swine lineage viruses were isolated from humans in 2011 and
found to contain the segment 7 from the 2009 pandemic H1N1 virus. This prompted Nelson
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and colleagues to analyze the reassortants present in swine populations. What they discovered
was that, in addition to the reassortants that transmitted to humans, reassortants in swine with
a range of genetic backbones contained the 2009 pandemic segment 7 [61]. It is not known if
the presence of the 2009 segment 7 in swine viruses plays a role in viral fitness in swine or if
it has a role in zoonotic infection of humans, but clearly the presence of this segment gives rise
to viruses from different reassortment events that are stably represented in the population.

In addition to the appearance of this particular gene constellation in North America pigs, gene
constellations involving all segments from the 2009 pandemic strain are becoming dominant
in other parts of the world. It has been reported that the 2009 pandemic strain is present in
pigs and reassorting with H1N2 and H3N2 strains [62-65]. It is not clear how the combination
of gene segments present in strains like the 2009 pandemic strain results in a greater viral fitness
but study of different viral characteristics has given us some insight. Here we highlight
research describing the effect different gene constellations have on viral fitness.
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Figure 2. Coding strategies of influenza viruses (adapted from Lamb & Takeda, 2001). A) Multiple splice variants are
transcribed from one segment to enable the production of multiple proteins. As many as four mRNAs (and proteins)
are produced from influenza A segment 7. The mRNA from the smallest segment of all influenza species is spliced for
the translation of the nuclear export protein xlink. B) A larger protein is translated and processed to produce the influ‐
enza C protein CM2. The M1 protein is produced from a spliced mRNA. C) Different AUG start codons are used to pro‐
duce up to three proteins from influenza A segment 1. A second membrane protein, NB, is produced from an
alternative start codon in segment 6 of influenza B. D) The termination and start codons of the respective M1 and
BM2 open reading frames in segment 7 of influenza B overlap. A stop/start translation strategy is used to produce the
second protein.
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3.1. Altered pathogenicity

There have been many efforts to understand which gene segments contribute to pathogenicity.
If a particular segment were known to contribute to pathogenicity in a vaccine strain then
safeguards could be put in place to prevent the generation of the gene constellations containing
the offending segment(s). The current recommendation for Institutional Biosafety Committees
in the United States is that gene constellation be included in the evaluation for determining
the biocontainment level for influenza work [66]. One difficulty in applying this recommen‐
dation is that the pathogenicity of a virus in one host species may differ greatly from the
pathogenicity in another host species. Another difficulty is that new strains emerge and evolve
faster than the pathogenicity of the gene combinations can be assessed. Here we reflect on what
is known about gene constellation and pathogenicity.

In the 1970s it became clear that both the glycoproteins and the internal proteins play a role in
pathogenicity. In many experiments segments from a human or animal origin virus were
introduced into a pathogenic avian influenza virus and pathogenicity tested in chickens. Often
the pathogenicity was reduced [67;68]. However, increased monitoring of avian influenza
viruses in Hong Kong indicated that most naturally occurring reassortant H5N1 viruses were
lethal to birds [69]. Serial passage of pathogenic avian influenza in MDCK cells and selection
of large plaques resulted in reduced pathogenicity in mice suggesting that differences in the
host cell type that the virus is propagated in play a role in pathogenicity [70]. Interestingly, the
attenuated variants all had common mutations in the polymerase genes and grew to higher
titers on MDCK cells than virus purified from small plaques. This suggests that an equilibrium
between replication efficiency and pathogenicity is being altered when a virus is adapting to
a new host. This is in contrast to the increased pathogenicity seen when faster growing viruses
are compared to slower growing viruses in the same host; for example, avian viruses grown
in eggs [71;72].

There are other examples of changes in the replication machinery of the influenza virus
affecting pathogenicity. In one study it was found that reassortant avian H5N1 viruses
containing the PB2 gene from a human H3N2 virus had increased pathogenicity in mice [73].
It was also shown that the introduction of a human PB1 segment alone did not enhance
pathogenicity but had a cooperative effect when the human PB2 was present. As noted above,
the segments containing the polymerase often cosegregate, which could be troubling if this
enhances pathogenicity.

Pathogenicity is not only dependent on the virus, it also depends on the host species and even
where in the host the virus replicates [74]. The pathogenicity caused by a virus is often due to
the host response to the virus and is perhaps best exemplified by the cytokine storm. In such
instances an excessive amount of proinflammatory cytokines are released and inflammation
spreads from the site of infection. Acute lung injury, or the more severe acute respiratory
distress syndrome, is associated with influenza infections (reviewed in [75]). As the NS-1
protein encoded on segment 8 has a role in modulating the host immune response, one would
expect that segregation of segment 8 during reassortment might alter virus pathogenicity.
However, while addition of an H3N2 NS segment to a 2009 H1N1 virus increased replication
efficiency, the virus was not as pathogenic in mice as the parental H1N1 strain [54]. Also, the
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addition of an H5N1-derived NS segment to a PR/8 backbone attenuated the virus when tested
in mice [53]. Because PR/8 is a high growth strain these results may not be truly representative
of the effect the NS gene can have. When the NS segment from a highly pathogenic H5N1
strain was added to a highly pathogenic H7N1 strain the virus was more pathogenic in mice
[76]. Here the observed increase in virulence was also associated with enhanced cell tropism.
This demonstrates the potential for reassortants created in a host specific manner to gain the
ability to jump the species barrier.

The 2009 H1N1 pandemic virus arose by reassortment of swine influenza viruses of different
lineages. The NA and M gene segments were from the Eurasian avian-like swine virus lineage
and the remaining segments were from the North American triple reassortant lineage. The
triple reassortant lineage emerged in the 1990s with the PB2 and PA segments derived from
an avian virus, the PB1 from a human virus and the remaining segments from the classical
swine lineage. With all three swine lineages circulating, and reassorting, there is a concerted
effort to characterize current and possible reassortants for their potential to infect humans
[62;65]. The ferret is a widely used model for assessing pathogenicity and transmission of
viruses. Unlike mice, but like humans, ferrets infected with a seasonal influenza strain present
with an increase in temperature, nasal secretions, sneezing and sometimes with a cough,
making them suitable for study of human viruses. Triple reassortant swine viruses isolated
before 2009 did not produce clinical signs of respiratory symptoms like sneezing and nasal
secretions [77]. The pathogenicity of these viruses was similar to the 2009 pandemic virus with
more lung pathology than seasonal viruses [77]. All the triple reassortant viruses transmitted
between ferrets by direct contact but only those with human-like HA and NA were transmitted
efficiently by respiratory droplets [65;78]. Addition of a seasonal H3N2 NA to a 2009 pandemic
virus gave rise to more severe pulmonary lesions in ferrets demonstrating the importance of
gene constellation [79]. Further, it has been shown that the tropism of such a virus is linked to
the balance between HA and the NA even when the replication competence is lower [62]. For
influenza vaccine seed viruses it has been hypothesized that a lower NA content in the virion
can increase HA content [80].

3.2. Altered growth rates

A high growth phenotype in a virus seed strain is beneficial for vaccine production. There are
many proteins that might have an effect on the virus growth rate. The envelope proteins
determine the infectivity through effects on attachment, entry and budding. The replicase
proteins affect the speed of transcription and replication. And finally, NS1 protein modulates
the host response. Thus, differing combinations can result in changes in growth rates. Many
vaccine seed strains have been made using PR/8 as the backbone, that is, replacement of the
HA and NA segments whilst retaining the six remaining PR/8 segments. Usually the intro‐
duced HA and NA segments come from the same virus so one would assume that the encoded
proteins are compatible with each other. Thus, any reduction in growth rate is due to the
change in interactions between the HA and NA combination and other proteins. Increased
growth rates are often achieved by passaging the virus but the enhanced growth sometimes
results in antigenic changes to HA rather than adaptation of the other proteins.
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Many insights about virus growth have come from analysis of changes on one segment. It has
been observed that culture of many influenza viruses in eggs results in amino acid changes in
HA as the virus adapts to the new host. Similar observations have been made when viruses
are grown in different cell types. For example, most viruses have an asparagine residue in the
haemagglutinin at position 117 (H1 subtype) or 116 (H3 subtype). Substitution of this residue
with aspartic acid does not alter the growth in MDCK cells but enhances growth in Vero cells
[81]. This mutation was shown to alter the pH range for virus membrane fusion indicating that
this is an important factor for optimal growth [81]. However, HA does not act in isolation and
the best growth of vaccine seed strains will depend on how differences in HA affect interactions
with other proteins, in particular, the other major envelope proteins NA and M.

The introduction of HA from a seasonal H1N1 virus into the 2009 pandemic strain backbone
resulted in larger plaque size and higher viral titers in cell culture [82]. It was further shown
that, in contrast to the predominantly filamentous parental strains, the reassortant virus was
predominantly spherical and enhanced yields could be obtained by introducing the same
seasonal HA into other swine-origin backbones [82]. By using the opposite approach, introduc‐
ing swine-origin segments into the seasonal virus backbone Octaviani et al. were able to show
that the high yield was primarily due to the presence of swine-origin HA and M segments [82].

The HA and NA segments from A/Vietnam/1194/2004 and the PR/8 backbone were combined
to make a reassortant prepandemic vaccine seed virus but it gave low antigen yield and did
not grow well. Incorporation of the M gene segment from the A/Panama/2007/1999 H3N2
strain or from the A/Vietnam/1203/2004 H5N1 strain enhanced growth [83]. The M1 proteins
differed at positions T167A, R174K, I219V, A227T and A239K, while the M2 proteins differed
at positions N31S, R54L, Y57H, S82N and G89S from the PR/8 segment 7 proteins. It is unknown
how the synergy between these segments works but, with structures available for the major
envelope proteins and advances in electron tomography, these interactions may be revealed
in the near future [84].

Several vaccine seed strains have included the seasonal PB1 gene [18;19]. Growth rates were
also shown to improve when the indigenous PB1 was included in the 2009 H1N1 reassortant
[85] and with a H5 reassortant [86]. However, this result did not extend to a different H5
reassortant [83]. We postulated that certain residues within the PB1 protein might be important
for growth and yield. Rather than target those amino acids known to be involved enzyme
activity or protein interactions with the other polymerase proteins, we made changes based
on sequence similarity between diverse PB1 proteins that reassorted in ovo during the pro‐
duction of influenza vaccine seed viruses. Using this impartial approach, we made changes to
the PR/8 PB1 gene that, when combined with the HA and NA from the low yield H3N2
Wyoming/03 strain, resulted in faster growth in both egg and cell culture [87].

3.3. Altered protein production

The 5’ untranslated regions of the influenza A genomic segments contain signals that stimulate
translation. These signals regulate the amount of protein produced from each segment and
differ between segments. The non-coding regions also differ in length among the different
segments and virus types [88-90]. The sequence motifs AGGGU and GGUAGAUA that are
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recognized respectively by the host protein G-rich RNA sequence binding factor 1 (GRSF-1)
and the viral NS1 protein may also be present in the non-coding regions (reviewed in [1]). Both
of these proteins have been shown to stimulate translation [91;92]. In addition, there are
changes in translation that most likely due to changes in the RNA structure. Single nucleotide
changes in the 5’ and 3’ non-coding regions of PA were shown to have no effect on translation
individually, but together these changes almost completely abolished protein expression [90].
It is not known if the changes altered mRNA production or affected translation itself, but one
would expect that the resultant loss of viral protein would affect virus replication and possibly
virulence. Indeed, the mutations that resulted in low protein production were based on the
sequence of a low pathogenic avian influenza virus.

Very  similar  viruses  may  produce  quite  different  amounts  of  viral  protein  and  several
groups have tried to find the underlying reasons. It is common for several reassortants to
be made using different seasonal isolates in an effort to create a suitable high yield vaccine
seed virus. As noted previously the PB1 segment from the seasonal strain was found in
many  high  yield  reassortants  made  for  vaccine  manufacture  [18].  Analysis  of  protein
production from reassortants with or without the seasonal PB1 segment and the 2009 H1N1
HA and NA as been performed. One group found that the presence of the PB1 from the
2009  strain  increased  protein  yield  while  another  found  that  it  decreased  protein  yield
[85;93]. Both groups used PR/8 as the high yield donor strain but they each used differ‐
ent 2009 pandemic isolates. This highlights one difficulty in predicting what gene constel‐
lations may be beneficial for protein production; minor strain variations may have major
translational effects. Comparison of both the PR/8 strains and both 2009 pandemic strains
used in these studies may provide interesting information.

3.4. Incomplete genomes and RNA structure

The in vitro production of ressortant viruses using the classical reassortant method involves
high multiplicities of infection to increase the chance of both viruses infecting cell.  Early
studies  demonstrated  that  passage  of  influenza  at  high  multiplicities  of  infection  could
result in the production of non-infectious particles [94;95]. These particles are now known
as defective interfering, or DI, particles. Subsequently it was discovered that the polymer‐
ase genes frequently contained deletions [96;97].  Thus, although eight genomic segments
were packaged, the viruses could not make proteins essential for replication. In addition,
non-infectious  particles  lacking  the  glycoproteins  have  also  been  described  [98].  This
explains the loss of infectivity even though many particles are detected by haemagglutina‐
tion [99]. Kaverin et al., [99] were able to show that one fraction of a DI population could
complement  another  fraction  of  the  DI  population.  More  recently,  Odagiri  and  Tashiro
[100] were able to show that non-coding sequences were responsible for the preferential
packaging of DI RNA rather than the full  length RNA segment.  It  is  not clear when or
how the portions of the RNA are deleted but it is likely that the structure and the sequence
of  the  RNA play  a  significant  role.  Using a  bioinformatics  approach,  Priore  et  al.  [101]
analyzed the extensive base pairing that exists throughout the genomic segments of avian,
swine and human influenza A viruses.  The results  indicated that  there  were significant
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differences  between  species  in  the  PB2,  NP,  M  and  NS-containing  segments.  These
differences were only on the positive strand which could indicate a role in either protein
production  or  negative  strand  synthesis.  Given  that  these  segments  do  not  reassort  as
frequently as the other polymerase segments or glycoprotein segments, it would seem that
genome  wide  RNA  structural  organization  does  not  contribute  to  reassortment.  Al‐
though, it  is  postulated that global organizational RNA structure could be a mechanism
by which the virus adapts to the host environment [101] leaving open the possibility that
the  RNA  structure  of  a  particular  segment  affects  the  chances  of  it  being  involved  in
reassortment.

DI particles represent an evolutionary dead end with regard to a natural infection. However,
particles that lack a complete genome could be either detrimental or beneficial in vaccine
production. Particles that are defective in the polymerase will alter growth characteristics and
would not function in a live attenuated vaccine. In contrast, particles with incomplete genomes
represent an abundance of antigen with no pathogenicity, which could be viewed as desirable
in an inactivated vaccine.

4. Conclusion

Understanding the gene constellation effect in influenza is important, especially for vaccine
production. The mixing and matching of influenza genomic segments in nature and in the
laboratory gives rise to new viruses with phenotypes that differ from the ancestral viruses. In
nature, this may be a more pathogenic virus or one that has an expanded host range. In the
laboratory, attenuated viruses with good growth characteristics and high protein yield are
desirable for study and vaccine production. A greater understanding of what contributes to
the gene constellation effect may enable researchers to produce influenza vaccine seed viruses
that facilitate production with reduced risk of infection.

As we have described in this chapter, current research has provided some insight into the
genomic features that contribute to the gene constellation effect, but more work needs to
be done.  Some segments,  such as  those encoding the glycoproteins  and the polymerase
proteins, appear to be more frequently involved in reassortments. The reassortment of the
polymerase  proteins  is  more  common in  laboratory  manipulation  whereas  the  reassort‐
ment  of  glycoproteins  is  more  common in  nature.  The  beneficial  effects  of  certain  pro‐
tein:protein  interactions  may  be  the  underlying  impetus  behind  some  of  these
reassortments. For example, certain combinations of HA, NA and M can lead to changes
in transmission and growth. Likewise, certain combinations of PB1, PB2 and PA can affect
polymerase  activity  and  growth.  Also,  the  two  smallest  segments  have  effects  on  cell
tropism and viral fitness. The amount of polymerase activity is not directly associated with
virus titer suggesting other factors affecting replication must be balanced with replication
efficiency.  Changes in  the  polymerase  segments  can also  affect  pathogenicity,  especially
when the virus is adapting to a new host cell. Changes in the glycoproteins have also been
shoen to affect pathogenicity.  While much work has focused on either the glycoproteins
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or  the  replicase  proteins  independently,  some of  the  work described here  demonstrates
that these two groups of proteins have an effect on each other.  The interaction between
these two groups of proteins at a functional level needs to be elucidated.

While several groups have analyzed the genomes of reassortant viruses there is still a great
need  for  better  understanding  what  features  contribute  to  genomic  reassortment.  With
more whole virus genome sequences available for analysis there is a better chance that the
features important for reassortment can be determined. Retrospective analysis of reassor‐
tant viruses can illuminate which genomic features are compatible. In vitro construction of
reassortant viruses can highlight which segments, or parts of segments, are not compati‐
ble. After a reassortment event is detected there needs to be more analyses of the muta‐
tions that occurred in each segment as they may have facilitated the reassortment event.
Mutations necessary for reassortment would occur prior to reassortment and perhaps be
present in bottleneck viruses. Mutations that occur with passage are those that increase the
fitness  of  the  reassortant.  Description  of  both  types  of  mutations  would  enhance  our
understanding of  the  network of  interactions  between viral  proteins.  In  addition to  the
changes in coding sequences, analysis of the untranslated regions of the genomes is also
important. There is no available information about the compatibility of segments with the
replication and translation machinery, or how this contributes to the gene constellation.

Finally, an understanding of the gene constellation effect will allow for the selection of better
reassortant viruses for vaccine production. Currently both the in ovo and reverse genetic
methods use an impirical approach to get the best viruses that express the desired HA and NA
proteins. Knowing how the different segments contribute to the network of interactions that
result in high yield will enable researchers to produce strains that will provide the best
backbone for an influenza vaccine seed virus. The optimal backbones may be universal, or
differ for the different virus subtypes, or differ according to the host species that the virus
providing the HA and NA infects. But without optimal virus backbones, the production of
high yield reassortant influenza vaccine seed viruses will remain inefficient.
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1. Introduction

There has been a long history of the battle between viral diseases and the mankind. The
arms at our disposal against the virus invasion are continuously expanding its inventory.
Most of them fall into the category of vaccines and antiviral and each of the two kinds of
viral diseases intervention agents has its own advantages and limitations.

2. Vaccine

A vaccine is a biological preparation that improves immunity to a particular disease. A vac‐
cine typically contains an agent that resembles a disease-causing microorganism, and is of‐
ten made from weakened or killed forms of the microbe, its toxins or one of its surface
proteins. The agent stimulates the body's immune system to recognize the agent as foreign,
destroy it, and "remember" it, so that the immune system can more easily recognize and de‐
stroy any of these microorganisms that it later encounters.

Vaccines are dead or inactivated organisms or purified products derived from them.

There are several types of vaccines in use. These represent different strategies used to try to
reduce risk of illness, while retaining the ability to induce a beneficial immune response.

2.1. Inactivated

Some vaccines contain killed, but previously virulent, micro-organisms that have been de‐
stroyed with chemicals, heat, radioactivity or antibiotics. Examples are the influenza vac‐
cine, cholera vaccine,bubonic plague vaccine, polio vaccine, hepatitis A vaccine, and rabies
vaccine.



2.2. Attenuated

Some vaccines contain live, attenuated microorganisms. Many of these are live viruses that
have been cultivated under conditions that disable their virulent properties, or which use
closely related but less dangerous organisms to produce a broad immune response [1]. They
typically provoke more durable immunological responses and are the preferred type for
healthy adults. Examples include the viral diseases yellow fever, measles, rubella, and
mumps. Attenuated vaccines have some advantages and disadvantages. They have the ca‐
pacity of transient growth so they give prolonged protection, and no booster dose is re‐
quired. But they may get reverted to the virulent form and cause the disease.

Figure 1. H1N1 flu nasal spray as an example of attenuated vaccine

2.3. Subunit

Protein subunit- rather than introducing an inactivated or attenuated micro-organism to an
immune system (which would constitute a "whole-agent" vaccine), a fragment of it can cre‐
ate an immune response. Examples include the subunit vaccine against Hepatitis B virus
that is composed of only the surface proteins of the virus (previously extracted from the
blood stream of chronically infected patients, but now produced by recombination of the vi‐
ral genes into yeast), the virus like particle (VLP) vaccine against human papillomavirus
(HPV) that is composed of the viral major capsidprotein, and the hemagglutinin and neura‐
minidase subunits of the influenza virus. One method of production involves isolation of a
specific protein from a virus and administering this by itself. A weakness of this technique is
that isolated proteins can be denatured and will then bind to different antibodies than the
proteins in the virus. A second method of subunit vaccine is the recombinant vaccine, which
involves putting a protein gene from the targeted virus into another virus. The second virus
will express the protein, but will not present a risk to the injector. This is the type of vaccine
currently in use for hepatitis, and it is experimentally popular, being used to try to develop
new vaccines for difficult to vaccinate viruses such as Ebola and HIV.
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2.4. DNA Vaccine

In the past decade and a half, the DNA vaccine concept has been tested and applied against
various pathogens and tumor antigens [2]. The optimized gene sequence of interest is deliv‐
ered to the skin, subcutaneum or muscle by one of several delivery methods [3]. The expres‐
sion of plasmid-encoded genes will produce foreign antigens and elicits immunological
response. Until now, four DNA vaccine products have been approved, all in the area of vet‐
erinary medicine [4].

Vaccines are very effective on stable viruses, but are of limited use in treating a patient who
has already been infected. It is also difficult to successfully deploy them against rapidly mu‐
tating viruses, such as influenza (the vaccine for which is updated every year) and HIV [5].
Antiviral drugs are particularly useful in these cases.

Vaccine Target Product Name Company involved
Date licensed

and country

Target

organism
Benefits

West Nile virus
West Nile

Innovator

Centers for Disease

Control and Prevention

and Fort Dodge

Laboratories

2005 USA Horses
Protects against West

Nile virus infection

Infectious

Haematopoietic

necrosis virus

Apex-IHN Novartis 2005 Canada Salmon

Improves animal

welfare, increase food

quality and quantity

Growth hormone

releasing hormone
LifeTide-SWS VGX Animal Health 2007 Austrilia

Swine and

food Animals

Increases the number

of piglets weaned in

breeding sows

Melanoma

Canine

Melanoma

Vaccine

Merial, Memorial

Sloan-Kettering Cancer

Center and The Animal

Medical Center of New

York

2007 USA,

conditional

license

Dogs

Treats aggressive forms

of cancer of the mouth,

nail bed, foot pad or

other areas as an

alternative to radiation

and surgery

Table 1. Current licensed DNA therapies (Adapted from Kutzler MA & Weiner et. al)

3. Antiviral agent

Antiviral drugs are a class of medication used specifically for treating viral infections. Like
antibiotics for bacteria, specific antivirals are used for specific viruses. Unlike most antibiot‐
ics, antiviral drugs do not destroy their target pathogen; instead they inhibit their develop‐
ment [6].
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Most of the antiviral drugs now available are designed to help deal with HIV, herpes virus‐
es (best known for causing cold sores and genital herpes, but actually the cause of a wide
range of other diseases, such as chicken pox), the hepatitis B and C viruses, which can cause
liver cancer, and influenza A and B viruses. Researchers are working to extend the range of
antivirals to other families of pathogens.

Designing safe and effective antiviral drugs is difficult, because viruses use the host's cells to
replicate. This makes it difficult to find targets for the drug that would interfere with the vi‐
rus without harming the host organism's cells. Moreover, the major difficulty in developing
vaccines and anti-viral drugs is due to viral variation.

Figure 2. Virus life cycle and targets of antivirals

3.1. Before cell entry

One anti-viral strategy is to interfere with the ability of a virus to infiltrate a target cell. The
virus must go through a sequence of steps to do this, beginning with binding to a specific
"receptor" molecule on the surface of the host cell and ending with the virus "uncoating" in‐
side the cell and releasing its contents. Viruses that have a lipid envelope must also fuse
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their envelope with the target cell, or with a vesicle that transports them into the cell, before
they can uncoat [7].

3.1.1. Entry inhibitor

A very early stage of viral infection is viral entry, when the virus attaches to and enters the
host cell [8]. A number of "entry-inhibiting" or "entry-blocking" drugs are being developed
to fight HIV. HIV most heavily targets the immune system's white blood cells known as
"helper T cells", and identifies these target cells through T-cell surface receptors designated
"CD4" and "CCR5". Attempts to interfere with the binding of HIV with the CD4 receptor
have failed to stop HIV from infecting helper T cells, but research continues on trying to in‐
terfere with the binding of HIV to the CCR5 receptor in hopes that it will be more effective.

3.1.2. Uncoating inhibitor

Inhibitors of uncoating have also been investigated.

Amantadine and rimantadine, have been introduced to combat influenza. These agents act
on penetration/uncoating. They are M2 inhibitors which block the ion channel formed by
the M2 protein that spans the viral membrane. The influenza virus enters its host cell by re‐
ceptor-mediated endocytosis. Thereafter, acidification of the endocytotic vesicles is required
for the dissociation of the M1 protein from the ribonucleoprotein complexes. Only then are
the ribonucleoprotein particles imported into the nucleus via the nuclear pores. The hydro‐
gen ions needed for acidification pass through the M2 channel. Amantadine and rimanta‐
dine block the channel [9].

3.2. During viral synthesis

A second approach is to target the processes that synthesize virus components after a virus
invades a cell.

3.2.1. Reverse transcription

One way of doing this is to develop nucleotide or nucleoside analogues that look like the
building blocks of RNA or DNA, but deactivate the enzymes that synthesize the RNA or
DNA once the analogue is incorporated. This approach is more commonly associated with
the inhibition of reverse transcriptase (RNA to DNA) than with "normal" transcriptase
(DNA to RNA).

An improved knowledge of the action of reverse transcriptase has led to better nucleoside
analogues to treat HIV infections. One of these drugs, lamivudine, has been approved to
treat hepatitis B, which uses reverse transcriptase as part of its replication process. Research‐
ers have gone further and developed inhibitors that do not look like nucleosides, but can
still block reverse transcriptase.

Another target being considered for HIV antivirals include RNase H-which is a component
of reverse transcriptase that splits the synthesized DNA from the original viral RNA.
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Figure 3. Example of the mechanisms of antivirals: Mechanism of action of azidothymidine (AZT). AZT needs to be
phosphorylated, in three steps, to the triphospate form before it can interfere with the reverse transcriptase reaction

3.2.2. Integrase

Another target is integrase, which splices the synthesized DNA into the host cell genome.
There appears to be no functional equivalent of the enzyme in human cells. The biochemical
mechanism of integration of HIV DNA into the host cell genome involves a carefully de‐
fined sequence of DNA tailoring (3'-processing) and coupling (joining or integration) reac‐
tions [10]. In spite of some effort in this area targeted at the discovery of therapeutically
useful inhibitors of this viral enzyme, there are no drugs for HIV/AIDS in clinical use where
the mechanism of action is inhibition of HIV integrase. However there are several promising
candidates in several classes of compounds, including nucleotides, dinucleotides, oligonu‐
cleotides and miscellaneous small molecules such as heterocyclic systems, natural products,
diketo acids and sulfones, that have been discovered as inhibitors of HIV integrase.
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3.2.3. Transcription

Once a virus genome becomes operational in a host cell, it then generates messenger RNA
(mRNA) molecules that direct the synthesis of viral proteins. Production of mRNA is initiat‐
ed by proteins known as transcription factors. Several antivirals are now being designed to
block attachment of transcription factors to viral DNA. Kao et al. recently identified a com‐
pound called nucleozin via random screening, which was found to inhibit influenza by in‐
teracting with influenza NP. Nucleozin causes the NPs to aggregate abnormally, and
consequently inhibits normal viral transcription, crippling the replication cycle by extension
[11]. Examination of a nucleozin analogue revealed that the compound functions by binding
to two copies of NP and forming abnormal dimers, causing the proteins to aggregate and
preventing them from functioning normally. Nucleozin was also shown to inhibit influenza
virus in vitro and in a mouse model, making it a promising candidate for a new antiviral
drug.

3.2.4. Translation/antisense

Genomics has not only helped find targets for many antivirals, it has provided the basis for
an entirely new type of drug, based on "antisense" molecules. These are segments of DNA or
RNA that are designed as complementary molecule to critical sections of viral genomes, and
the binding of these antisense segments to these target sections blocks the operation of those
genomes. A phosphorothioate antisense drug named fomivirsen has been introduced, used
to treat opportunistic eye infections in AIDS patients caused by cytomegalovirus, and other
antisense antivirals are in development.

3.2.5. Translation/ribozymes

Yet another antiviral technique inspired by genomics is a set of drugs based on ribozymes,
which are enzymes that will cut apart viral RNA or DNA at selected sites. In their natural
course, ribozymes are used as part of the viral manufacturing sequence, but these synthetic
ribozymes are designed to cut RNA and DNA at sites that will disable them.

A ribozyme antiviral to deal with hepatitis C has been suggested, and ribozyme antivirals
are being developed to deal with HIV. An interesting variation of this idea is the use of ge‐
netically modified cells that can produce custom-tailored ribozymes. This is part of a broad‐
er effort to create genetically modified cells that can be injected into a host to attack
pathogens by generating specialized proteins that block viral replication at various phases
of the viral life cycle [12].

3.2.6. Protease inhibitors

Some viruses include an enzyme known as a protease that cuts viral protein chains apart so
they can be assembled into their final configuration, such as Saquinavir (Figure 4). HIV in‐
cludes a protease, and so considerable research has been performed to find "protease inhibi‐
tors" to attack HIV at that phase of its life cycle. Protease inhibitors became available in the
1990s and have proven effective, though they can have unusual side effects, for example
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causing fat to build up in unusual places. Improved protease inhibitors are now in develop‐
ment [13].

Figure 4. Protease inhibitor antiviral Saquinavir.

Structure: cis-N-tert-butyl-decahydro-2-[2(R)-hydroxy-4-phenyl-3(S)-[[N-2-quinolylcarbonyl-
l-asparaginyl]-amino]butyl]-(4aS-8aS)-isoquinoline-3(S)-carboxamide methane sulfonate,
hard gel capsules, Invirase®, also available as soft gelatin capsules (Fortovase®).

Activity spectrum: HIV (types 1 and 2).

Mechanism of action: transition-state, hydroxyethylene-based, peptidomimetic inhibitor of
HIV protease.

3.3. Release phase

The final stage in the life cycle of a virus is the release of completed viruses from the host
cell, and this step has also been targeted by antiviral drug developers. Two drugs named
zanamivir (Relenza) and oseltamivir (Tamiflu) that have been recently introduced to treat
influenza prevent the release of viral particles by blocking a molecule named neuraminidase
that is found on the surface of flu viruses, and also seems to be constant across a wide range
of flu strains [14].

3.4. Considerations in the clinical development of antiviral agents

A total of 37 antiviral compounds (not including interferons or immunoglobulins) have mo‐
mentarily been licensed for the treatment of HIV, HBV, herpesvirus, influenza virus and/or
HCV infections [15]. In the preceding sections these compounds have been discussed from
the following viewpoints: chemical structure, activity spectrum, mechanism of action, prin‐
cipal clinical indication(s). Other points that need to be considered before the full clinical po‐
tential of any given drug could be appreciated, are: (i) duration of treatment, (ii) single-
versus multiple-drug therapy, (iii) pharmacokinetics, (iv) drug interactions, (v) toxic side
effects and (vi) development of resistance. A particular issue that may be important in the
clinical setting is whether the listed anti-HIV agents would be equally suited for the treat‐
ment of HIV-2 and HIV-1 infections.
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As to the duration of treatment, this may vary from a few days (HSV, VZV, influenza virus
infections) to several months or years (HIV, HBV and HCV infections), depending on
whether we are dealing with an acute (primary (i.e. influenza) or recurrent (i.e. HSV, VZV)
infection or chronic, persistent (i.e. HIV, HBV, HCV) infection. For HIV infections it is still
being evaluated whether long-term treatment can be interrupted, without loss of benefit (or
increased benefit) to the patient (structured treatment interruption, STI) [16].

While the short-term treatment (5–7 days) of HSV, VZV and influenza virus infections, and
even the more prolonged treatment of CMV infections, can be based on single-drug therapy,
for the long-term treatment of HIV infections combination of several drugs in a triple-drug
cocktail (also referred to as HAART for ‘highly active anti-retroviral therapy’) has become
the standard procedure, and likewise, the long-term treatment of HBV infections may in the
future also evolve from single- to dual- or triple-drug therapy [17].

Pharmacokinetic parameters to be addressed, when evaluating the therapeutic potential, in‐
clude bioavailability (upon either topical, oral or parenteral administration), plasma protein
binding affinity, distribution through the organism (penetration into the CNS, when this is
needed), metabolism through the liver (i.e. cytochrome P-450 drug-metabolizing enzymes)
and elimination through the kidney. Particularly when concocting the multiple-drug combi‐
nations for the treatment of HIV infection, possible drug–drug interactions should be taken
into account: i.e. some compounds act as P-450 inhibitors and others as P-450 inducers, and
this may greatly influence the plasma drug levels achieved, especially in the case of NNRTIs
and PIs [18].

Toxic side effects, both short and long-term, must be considered when the drugs have to be
administered for a prolonged period, as in the treatment of HIV infections. These side effects
may seriously compromise compliance (adherence to drug intake), and could, at least in
part, be circumvented by a reduction of the pill burden to, ideally, once-daily dosing.

Finally, resistance development may be an important issue, again for those compounds that
have to be taken for a prolonged period, as is generally the case for most of the NRTIs,
NNRTIs and PIs currently used in the treatment of HIV infections. Yet, the nucleoside phos‐
phonate analogues (NtRTIs) tenofovir and adefovir do not readily or rapidly lead to resist‐
ance development, even after more than 1 year of therapy (for HIV and HBV, respectively).
Resistance has been noted with HBV against lamivudine after long-term therapy (>6
months), but, if resistant to lamivudine, HBV infections remain amenable to treatment with
adefovir dipivoxil. As has been occasionally observed in immunosuppressed patients, HSV
may develop resistance to acyclovir, and CMV to ganciclovir, but, if based on ACV TK or
CMV PK deficiency, these resistant viruses remain amenable to treatment with foscarnet
and/or cidofovir [19]. In immunocompetent patients, treated for an acute or episodic HSV,
VZV or influenza virus infection, short-term therapy is unlikely to engender any resistance
problems

The evolution of viral vaccines from the time of Jennerian prophylaxis to today's recombi‐
nant technology has been a continuing story of success. From the relatively crude or "first
generation" vaccines for smallpox, rabies, and yellow fever followed a second and third gen‐
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eration of improved or new viral vaccines. The application of techniques for attenuating, in‐
activating, and partially purifying candidate viruses yielded safe, effective vaccines against
influenza, poliomyelitis, measles, mumps, and rubella. With the advent of effective national
immunization programs in the United States and other areas of the world to promote wide
scale use of these vaccines, we have seen a dramatic decrease in incidence of the viral infec‐
tions of children. The new biotechnology serves as the cornerstone for a fourth generation of
vaccines and has already provided a licensed recombinant yeast human hepatitis B vaccine.
The prospects for a wide spectrum of new or improved vaccines are highly encouraging, not
only because of the recent technical advances but also because vaccine development has
been recognized as a priority area of research. Under the National Institute of Allergy and
Infectious Diseases' Program for Accelerated Development of New Vaccines, support is be‐
ing provided for developmental vaccine studies with hepatitis A and B, influenza A and B,
rabies, rotavirus, varicella, and respiratory syncytial virus. The outlook for antivirals is
equally optimistic. The same technologies that have provided greater insight into the genet‐
ics and molecular biology of viruses and hence the means to fashion subunit or even syn‐
thetic vaccines have yielded data that can be applied to successful development of targeted
antiviral compounds.
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1. Introduction

The history of plant virology dates to the late 19th century, when Iwanowski and Beijerinck,
who were investigating the cause of a mysterious disease of tobacco, independently described
an unusual agent that caused tobacco mosaic disease. This agent was later named Tobacco
mosaic virus (TMV) [1]. During this period, viruses including Potato virus X (PVX), Potato virus
Y (PVY) and Lettuce mosaic virus (LMV) were described. These viruses could be distinguished
based on their transmission and method of disease induction. In addition, numerous techni‐
ques for the study of viruses were developed.

Viruses are among the most agriculturally important groups of plant pathogens, causing
serious economic losses in many major crops by reducing yield and quality. A virus can be
defined as a set of one or more nucleic acid template molecules, often encased in a protective
coat of protein or lipoprotein, which is able to organise its own replication only within suitable
host cells [1]. Because the genetic information encoded by viral genomes is limited, viruses
depend entirely on host cells to replicate their genome and produce infectious progeny. Both
plant and animal viruses can be classified according to the type of nucleic acid that makes up
their genome. In plants, the vast majority of viruses have positive-sense (+) RNA genomes (i.e.,
the RNA genome has the same polarity as cellular mRNA), although negative-sense (−) RNA
and double-stranded RNA viral genomes also exist. Other plant viruses have DNA genomes;
the DNA can be double-stranded (caulimoviruses) or single-stranded (geminiviruses) [1, 2].
Cell-to-cell movement of plant viruses occurs through cytoplasmic “bridges” between cells



called plasmodesmata, and viruses are able to move systemically throughout plants via the
phloem [1].

Viruses depend on other organisms (vectors) to transmit them from diseased to healthy plants.
These vectors are often sap-sucking insects such as aphids, thrips, whiteflies, leaf-feeding
beetles, plant-feeding mites, soil-inhabiting nematodes or fungal pathogens. Some viruses can
be mechanically transmitted, on pruning knives or gardeners hands; or by grafting material,
and a relatively small number of species can pass through infected seed [3]. Viruses use a
variety of strategies that frequently induce disease in the plants they infect. Different viruses
induce distinct diseases, and this can be true even for different strains of the same virus. Virus
infection can profoundly alter the physiology of the host due to the interaction with cellular
components. In plants, the severity of viral diseases varies considerably depending on the host
genotype, the stage of infection and the environmental conditions. Diseases caused by viruses
can vary broadly in intensity, from very mild symptoms observed in tolerant plants up to very
severe symptoms and plant death [1, 4, 5].

Each plant virus encodes an average of 4-10 proteins necessary to coordinate the complex
biochemical and intermolecular interactions required for viral infection cycles. The cycle of
infection includes viral genome replication, cell-to-cell and systemic movement and transmis‐
sion [6]. For efficient viral infection to occur, viral proteins must be able to interact with factors
in the host cell, thereby manipulating metabolic pathways and coordinating biochemical
interactions that promote infection. Thus, during co-evolution between viruses and their hosts,
a variety of complex interactions have developed that involve several distinct mechanisms of
plant defence and virus attack.

During evolution, plants have developed diverse defence mechanisms that are activated
during viral infection. One of these is the hypersensitive response (HR), which activates initial
defence responses that prevent the infection from spreading further and then kills the cells
within the infected zone. The onset of a second mechanism, systemic acquired resistance (SAR),
then protects the plant together with HR against new attacks by the same pathogen. SAR is
induced by a variety of agents after initial infection and can provide resistance to a wide range
of pathogens for days [7-10]. The HR and SAR responses are accompanied by changes in gene
expression that include the production of pathogenesis-related (PR) proteins and of several
proteins involved in cell signalling [11].

Plants also possess other antiviral defence mechanisms such as RNA silencing, a remarkable
type of gene regulation based on sequence-specific targeting and degradation of RNA [12],
and the more recently described ubiquitin/26S proteasome system (UPS), which plays a central
role in the degradation of proteins. The latter system is involved in almost all phases of the
defence mechanisms of plants, regardless of the type of pathogen [13]. In addition to its
proteolytic activity against ubiquitinated pathogen proteins, which directs their degradation
by the 20S proteasome, the degradation of viral RNA can also occur via the ribonuclease
activity of the 20S proteasome [14, 15]. While the proteasome as a structure, and RNA silencing
as a mechanism, are two conserved features among eukaryotes, several lines of evidence
suggest that the proteasome-linked RNase activity is most likely not directly related to RNA
silencing. The selective degradation of viral RNAs by the 20S complex can represent an
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alternative pathway of host defence that occurs in parallel to RNA silencing and reinforces
cellular antiviral defence in plants [14].

Over time, the strategies used by the virus to overcome these elaborate host defences can lead
to a number of fundamental changes in the plant’s physiology. Such changes, including
structural modifications in the host cell, may give rise to intranuclear inclusions of various
types and may affect the nucleolus or the size and shape of the nucleus. Within the mitochon‐
dria, abnormal membrane systems may develop [16, 17]. In plants infected with Turnip yellow
mosaic virus (TYMV - Tymovirus), abnormalities such as clumping of chloroplasts and
abnormal size and number of starch grains in leaf cells may occur, and small vesicles near the
periphery and chloroplasts may become greatly enlarged and filled with starch grains [18].
These abnormalities were also observed in squash infected by the Zucchini yellow mosaic
potyvirus (ZYMV - Potyvirus) [17]. In plant cell walls, three types of abnormality have been
observed: abnormal thickening due to the deposition of callose near the edges of virus-induced
lesions; cell wall protrusions involving the plasmodesmata (these protrusions may have one
or more canals and may be quite short or of considerable length); paramural bodies, which are
depositions of electron-dense material between the cell wall and the plasma membrane, may
appear and extend over substantial areas of the cell wall, or be limited in extent occurring in
association with plasmodesmata. Moreover, in the cytoplasm of an infected cell, virus particles
may accumulate in sufficient numbers to form three-dimensional crystalline arrays. The ability
to form crystals within the host cell cytoplasm depends on properties of the virus itself, and
is not related to the overall concentration reached in the tissue or to the ability of the purified
virus to form crystals [1].

Intriguingly, in carrot plants (Daucus carota L.) infected by Cucumber mosaic virus (CMV) some
cytological and physiological changes were observed due to alterations in various host
metabolites. With respect to cytological changes, scattered metaphase was observed in the
diseased plant cells. The mitotic index of the diseased cells was decreased, while the nucleus /
cytoplasm ratio was increased. Chromatin bridges were also observed at anaphase I and II.
Physiological changes resulting in decreased carbon, nitrogen and protein content and
increased phosphorous content of the virally infected plants have been observed [19].

Other viral counterattack mechanisms involve changes in the plant cell cycle. In plants, as in
all eukaryotes, the four phases of the mitotic cell cycle (G1, S, G2 and M) are conserved. During
development, plant cells leave the cell division cycle, and in mature plants, DNA replication
and the corresponding enzymes are confined to meristematic tissues [20]. Geminiviruses are
good models for the study of the relationship between the cell cycle and viral DNA replication
because they replicate in differentiated cells, such as mature cells of the leaves, stems and roots,
in which most of the cellular factors required for viral DNA replication are normally absent.
These cells have left the cell division cycle and no longer contain detectable levels of plant
DNA replication enzymes necessary for geminivirus replication [21]. Due to the requirement
for cellular factors, geminiviral DNA replication must be coupled to a special state of the
infected cell, suggesting that the virus may have evolved mechanisms that affect the expression
of cellular genes involved in S-phase progression and G1/S transition [22]. One such a
mechanism involved in regulating changes of the host cell cycle appears to be the inactivation
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of the retinoblastoma protein (pRb), which negatively regulates the G1/S transition in cells.
The Rep protein, which is encoded by all geminiviruses and is the only viral protein necessary
for viral DNA replication, has been found to induce expression and also interacts with the host
“proliferating cell nuclear antigen” (PCNA), an auxiliary protein of DNA polymerases
required during replication and repair in non-dividing plant cells. This observation suggests
that Rep protein can provide the necessary stimulus to induce the dedifferentiation process.
Mechanisms other than sequestering plant pRb most likely contribute to the multiple effects
of geminivirus proteins on cellular gene expression, cell growth control and cellular DNA
replication [21, 22].

Ultimately, RNA silencing suppressor (RSS) proteins are able to block or attenuate plant host
defence mechanisms, particularly post-transcriptional gene silencing and efficiently inhibit
host antiviral responses by interacting with the key components of cellular silencing machi‐
nery, often mimicking their normal cellular functions [23]. Viral suppressors of RNA silencing
have been identified from almost all plant virus genera; these VSRs are surprisingly diverse,
exhibiting no obvious sequence similarities. Most identified VSRs are multifunctional; in
addition to being RNA silencing suppressors, they often perform essential roles, functioning
as coat proteins, replicases, movement proteins, helper components for viral transmission,
proteases or transcriptional regulators. The first viral RNA silencing suppressor identified was
the helper component-proteinase (HC-Pro) of potyviruses [24]; currently, many different
suppressors are known.

The aim of this chapter review is to discuss the current status of knowledge regarding various
components of host silencing machinery and viral suppression. We also pretend to describe
how the defence response in plants is directed against the virus and, in particular, how the
virus can sidetrack the host’s defence response. Relevant topics on the molecular bases of the
induction and suppression of the RNA silencing mechanism, as well as the applications and
perspectives of the use of silencing suppression in plant biotechnology, will be emphasised.

2. The importance of silencing pathways

A major breakthrough in the history of biology was the discovery of an RNA-induced silencing
response in the nematode Caenorhabditis elegans [25]. Prior to that discovery, this RNA-induced
silencing had been interpreted as a defence mechanism against viruses and other invading
nucleic acids; the discovery of endogenous small regulatory RNAs in many species led to the
realisation that gene silencing is a fundamental genetic regulatory mechanism in eukaryotic
organisms [26].

Several studies in genetics, biochemistry and the development of novel techniques in molec‐
ular biology have helped identify different components of the RNA silencing machinery and
have confirmed that RNA interference (RNAi), co-suppression and virus-induced gene
silencing share mechanistic similarities [27]. RNA silencing is a conserved eukaryotic pathway
involved in the suppression of gene expression via sequence-specific interactions that are
mediated by 21–23 nucleotide (nt) RNA molecules [28]. Organisms utilise RNA silencing for
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three purposes: 1) creating and maintaining heterochromatin at repetitive DNA and transpo‐
sons; 2) regulating development, stress responses and other endogenous regulatory functions;
3) defending against viral and bacterial infections [29]. Silencing is utilised in developmental
pathways and in cellular differentiation to repress genes whose products are not required at
specific stages of development or in specific cell types; in plants silencing is also used to
respond to internal and external stresses by changing the expression of specific genes involved
in the response. In some situations, tissue- or cell-specific silencing is desirable.

Initially discovered in transgenic plants, especially in those created to acquire virus resistance,
RNA silencing is now also believed to be responsible for various epigenetic effects and their
maintenance; the silencing of transgenic loci in plants most likely results from the activation
of defence mechanisms. A number of silencing studies with different plant systems have
explored transgenes as indicators of silencing pathways; these works have received important
attention in part because silencing reduces the reliability of transgenic approaches in biotech‐
nology of several agriculturally important cultures.

RNA silencing can be classified into two major categories: transcriptional gene silencing (TGS)
and post-transcriptional gene silencing (PTGS). TGS is defined as inhibition of transcription,
whereas PTGS involves the post-transcriptional degradation of RNA species but does not
affect the transcription rate [30]. TGS occurs when double-stranded RNA molecules (dsRNA)
containing promoter sequences are present, and PTGS occurs when dsRNA comprise open
reading frames (ORF). Together, TGS and PTGS depend on small interfering RNAs (siRNA)
or microRNAs (miRNA) that are produced from dsRNA precursors [31]. Because RNA
silencing, mainly PTGS, also contributes to antiviral immunity in plants, fungi and inverte‐
brates, it is an important part of innate immunity [32]. The silencing may persist over many
cell divisions or plant generations [33].

The basic steps in common to all RNA silencing pathways (Figure 1) include: (i) formation of
a dsRNA; (ii) processing of the dsRNA by an RNase III–like enzyme named Dicer (DCL) to
shorter (20-30 nucleotide) dsRNA duplexes, the so called siRNA (iii) binding of the small RNA
duplexes to a protein from the Argonaute (AGO) family; and (iv) targeting of the RNA-induced
complex to mRNA (or DNA) guided by strand complementary to the small dsRNA, which is
called the guide [34]. At present, there is good evidence for the existence of at least four different
types of RNA silencing pathways in plants. These pathways involve different types of small
RNA molecules, specially siRNA and miRNA. Heterochromatin-associated siRNA (hc-
siRNA), trans-acting siRNA (tasiRNA) and viral siRNA (primary and secondary) are also
important in silencing [35]. A better understanding of silencing pathways is very important
because of the potential usefulness of silencing as a powerful tool for gene function studies
and crop improvement.

2.1. Post-transcriptional gene silencing

As already mentioned, PTGS is essential to antiviral immunity in plants, thus our focus will
be concentrated in this phenomenon. PTGS was first observed in 1990, and initially referred
to as ‘co- suppression’, it was first discovered in transgenic petunia plants in which the
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introduction of the gene for chalcone synthase created a block in anthocyanin biosynthesis,
resulting in variegated pigmentation [36].

Figure 1. Overview of the transcriptional gene silencing (TGS), siRNA and miRNA pathways. The important steps of
each pathway are depicted.

PTGS was also detected in transgenic plants engineered for virus resistance, and associated
with the phenomenon of recovery of a host plant from viral infection. This recovery process
was soon understood to be associated with the plant’s inherent RNA silencing mechanism,
which is an evolutionarily conserved antiviral system. The first report related to virus-induced
gene silencing was published as long ago as 1929 by McKinney, who reported that tobacco
plants infected with the “green” strain of TMV were protected against infection by a closely
related second virus (TMV “yellow” strain). This phenomenon was later described as “cross-
protection” [37]. However, a remarkable explanation of cross-protection was provided when
it was shown that virus infection prevents infection by a second virus if the two viruses possess
homologous sequences. Importantly, this viral-RNA-mediated cross-protection was function‐
ally equivalent to post-transcriptional gene silencing [38].

Viruses are not only targets of transgene induced RNA silencing but also elicit silencing
themselves. Transgenic plants expressing a truncated version of the coat protein of Tobacco etch
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virus (TEV) were initially susceptible to infection and showed symptoms. However, a few
weeks after the transgenic plants recovered from the TEV infection, newly developed leaves
were symptomless and virus-free. Remarkably, the recovered leaves were resistant against a
second TEV infection but were susceptible to infection by the heterologous PVY [39].

PTGS is a mechanism that has been preserved among eukaryote kingdoms. It is a genetic
regulatory mechanism that is involved in several processes including defence of the genome
against mobile DNA elements, establishment of heterochromatin, control of plant and animal
development, and downregulation of gene expression by specific cleavage and translational
repression of target mRNAs that contain complementary sites to miRNAs or siRNAs [40].

The involvement of short RNAs in PTGS was discovered when ~25 nt RNA molecules with
sequence homology to a transgene were detected only in plants in which the corresponding
transgene was silenced [41]. These molecules are also generated against replicating viruses.
They are loaded in an active silencing complex called RISC (RNA-induced silencing complex).
RISC shows slight variability in composition from one RNA silencing pathway to the next and
from species to species; however, all RISCs contain a guide RNA strand bound to an AGO
protein. AGO imparts endonuclease activity to the RISC (the so called slicer activity) being
responsible for target RNA cleavage.

During PTGS, RNA is degraded predominantly in the cytoplasm. The strongest evidence in
support of this comes from study of PTGS-based degradation of RNA viruses that are
expressed exclusively in the cytoplasm [42]. However, recent work has demonstrated that the
enzymes involved in PTGS are localised in both the cytoplasm and the nucleus. Overall, the
available data suggest that PTGS activity in plant cells occurs in both the cytoplasmic and
nuclear compartments. Nuclear PTGS would allow regulation of a potentially larger set of
endogenous targets that cannot be regulated through cytoplasmic PTGS [31].

Some aspects of genomic silencing remain unknown. For a more complete understanding of
genomic silencing, supplementary approaches are needed. This is especially important
because gene silencing has the potential for use as a potent sequence-specific gene inactivation
tool in functional genomics and plant biotechnology.

3. RNA silencing suppression

RNA silencing is known to serve as a mechanism for plant defence against pathogens. To
counteract this mechanism, viruses have evolved the ability to avoid or suppress RNA
silencing. Using this strategy, viruses protect their genomes from degradation through the
production of proteins that act as suppressors of RNA silencing. These viral proteins act
through a variety of molecular mechanisms including, particularly, blockage of the intercel‐
lular and systemic spread of mobile small silencing RNA molecules. The ability of viruses to
infect cells can have a profound impact on host endogenous RNA silencing regulatory
pathways and can result in alterations in endogenous short RNA expression profile and gene
expression [43]. A general overview of the RNA silencing pathway discriminating the different
steps targeted by different VSR is provided in Figure 2.
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Figure 2. Schematic representation of the RNA silencing pathway triggered by double stranded RNA molecules
(dsRNA) of virus origin. The steps of the pathway that are targeted by different viral suppressor proteins are depicted.
Amplification of the silencing signal requires an RNA-dependent RNA polymerase (RdRP). Both strands of the small
RNA duplexes (3′ termini) are methylated by HEN1 before RISC loading.

VSRs were first evident from the analysis of potyviral synergistic interactions with other
viruses. It was shown that this synergism is the result of suppression of a host defence
mechanism by the potyviral HC-Pro [44]. Subsequent studies established that HC-Pro is a
suppressor of PTGS and provided a link between PTGS and antiviral defence [24, 45]. At the
same time, analysis of a second viral protein, the 2b protein of CMV, identified this protein as
a suppressor of PTGS in Nicotiana benthamiana. Intringuily, HC-Pro and 2b do not target the
silencing mechanism in the same way; HC-Pro suppresses silencing in tissues in which it is
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already established, whereas the 2b protein only affects silencing initiation [45]. In 1999, a
seminal study [46] showed definitively that suppression of RNA silencing is an anti-defence
strategy commonly used by plant viruses with DNA or RNA genomes, such as Geminivirus
(through protein AC2), Sobemovirus (through protein P1), Tombusvirus (by means of the
“19K” protein) and others (Comovirus, Tobamovirus and Tobravirus).

Silencing suppression has also been documented in virus capable of infecting other organisms
such as insect and fungus, including flock-house virus (FHV), cricket paralysis virus Droso‐
phila C virus, and Cryphonectria parasitica hypovirus [47]. In insect cells, functional similarities
between the CMV 2b protein and the suppressor B2 protein from FHV were described. Deletion
of the B2 ORF from FHV results in a drastic loss of virus accumulation in Drosophila mela‐
nogaster S2 cells, and this loss can be rescued by decreasing the cellular content of AGO2. B2
therefore seems to suppress the effect of the AGO2-dependent silencing response that normally
restricts FHV accumulation [48].

Viral suppressors are considered to be of recent evolutionary origin, and they are often
encoded by out-of-frame ORFs within more ancient genes. They are surprisingly diverse
within and across kingdoms, with no obvious sequence homology [47]. VSRs are variously
positioned on the viral genome and can be expressed using different strategies such as
subgenomic RNAs, transcriptional read-through, ribosomal leaky-scanning or proteolytic
maturation of polyproteins. Due to their molecular evolution, many of the viral suppressors
identified to date are multifunctional, i.e., besides being RNA silencing suppressors; they also
perform essential roles in other steps of the viral life cycle [23].

Viruses have developed three efficient silencing suppression strategies to counter host
antiviral immunity. The first is related to the inhibition of key components of RNA silencing
pathways; the mechanisms involved in this strategy have already been well characterised for
some viral proteins and will be described forward. A second silencing-suppression strategy,
which will also be described later, involves the recruitment of endogenous negative regulators
of RNA silencing. For example, yeast two-hybrid system results showed that HC-Pro is able
to interact with the tobacco calmodulin-related rgs-CaM, a cellular suppressor of PTGS [49].
The third strategy relies on modification of the host transcriptome and is supported by studies
of the geminivirus transcriptional-activator proteins (TrAPs), which have been identified as
silencing suppressors (50).

VSRs are essential for viruses to replicate in host cells and to achieve systemic infection
[47]. Although they do not share any obvious sequence or structural similarity across vi‐
ral families and groups, they have having been initially identified as pathogenicity deter‐
minants causing developmental defects in host plants, or as host range determinants [51,
52]. Viral silencing suppressors could cause developmental defects in plants because they
act  in  miRNA  and  siRNA  pathways  that  are  mechanistically  similar  to  developmental
pathways. In a study involving transgenic expression of the HC-Pro of Turnip mosaic vi‐
rus  (TuMV) in  Arabidopsis  thaliana,  this  protein  was  shown to  alter  the  accumulation of
miRNAs and to  prevent  the  endonucleolytic  cleavage of  a  number  of  their  cellular  tar‐
gets. This effect coincided with the occurrence of morphological defects resembling those
of  Dicer-like  partial  mutants  called  dcl-1.  Remarkably,  similar  defects  were  observed
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upon TuMV infection, providing support for the idea that some of the symptoms caused
by this virus are actually the result of alteration of miRNA-guided functions by HC-Pro
[53].  Analyses  of  N. benthamiana  and Nicotiana tabacum  plants  expressing well  character‐
ized silencing suppressors derived from 6 different virus genera: P1 of Rice yellow mottle
virus  (RYMV)  and  Cocksfoot  mottle  virus  (CfMV),  P19  of  TBSV,  P25  of  PVX,  HC-Pro  of
PVY, 2b of CMV and AC2 of African cassava mosaic virus (ACMV) were performed. Inter‐
estingly, some of the silencing suppressors promoted specific phenotypic effects. HC-Pro
caused a severely distorted growth habit in both Nicotiana  spp., while the P25 protein of
PVX caused a specific flower malformation and an early senescence phenotype in the N.
benthamiana  plants,  although not  affecting N. tabacum.  Moreover,  P19 expressing N. ben‐
thamiana plants had blistered leaf epidermis, hairy and serrated leaves in one of the lines
and occasional bending of the flower stalks while in N. tabacum caused occasional malfor‐
mation of flowers [54].

From almost all virus genus that infect plants, over 50 individual VSRs have been identified,
strongly suggesting that successful virus infection requires their expression [47, 55]. The data
available in the literature suggest that almost all viruses encode at least one suppressor, but in
many cases, viruses encode more than one [47]. Virus-encoded suppressors seem to have
primordial RNA-binding properties and often show preference for a specific RNA molecule
[56, 57].

Studies comparing the activities of three distinct RNA silencing suppressors (P19, P21 and HC-
Pro) in vitro and in vivo showed that all three silencing suppressors are dsRNA-binding proteins
that interact physically with siRNA duplexes [57]. These three suppressors inhibit siRNA-
directed target RNA cleavage in a D. melanogaster in vitro RNA silencing system. Moreover,
P19, HC-Pro and P21 uniformly inhibit the siRNA-initiated RISC assembly pathway by
preventing RNA silencing initiator complex formation through siRNA sequestration. None of
these silencing suppressors inhibit pre-assembled RISC activity in vitro or in vivo.

Suppression can vary in degree and spatial detail ranging, for example, from suppression
in  all  tissues  of  all  infected  leaves  to  suppression  only  in  the  veins  of  newly  emerged
leaves. This suggests that different suppressors might be targeted to different parts of the
gene  silencing  mechanism  [58]  such  as  viral  RNA  recognition,  dicing,  RISC  assembly,
RNA targeting and amplification [20]. For example, DCL function was indirectly blocked
by the Cauliflower mosaic  virus  encoded P6 protein (viral  translational transactivator pro‐
tein). Transgenic P6 expression in A. thaliana reduced levels of DCL4-dependent 21-nt siR‐
NAs  (DCL4  converts  non-coding  RNA  precursors  into  21-nt  tasiRNAs  controlling
developmental timing and organ polarity), similar to the effect of inactivating A. thaliana
DRB4  (dsRNA-binding  protein  that  physically  and  specifically  interact  with  Dicers).
Moreover,  immunoprecipitation  assays  demonstrated  that  P6  physically  interacts  with
DRB4 and that the ability of P6 to move within cellular compartments (nucleus and cyto‐
plasm) was important for its silencing suppression activity [59].

Direct interaction between the V2 protein of Tomato yellow leaf curl virus (TYLCV) with SlSGS3,
the tomato functional homolog of the A. thaliana SGS3 protein (AtSGS3), which is a coiled-coil
protein involved in siRNA signal amplification, interferes with RNA silencing. Furthermore,
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the fact that a V2 mutant is unable to bind SGS3 loses its ability to suppress silencing indicates
that the V2–SGS3 interaction may represent one of the key events in V2-induced RNA-silencing
suppression in TYLCV-infected plant cells [60]. The HC-Pro protein can also act in a different
manner as a viral suppressor of RNA silencing and might additionally be involved in seques‐
tration of RNA duplexes. It was demonstrated that the FRNK amino acid motif in the central
domain of HC-Pro is a probable point of contact involved in siRNA and miRNA duplex
sequestration [61]. Mutations of FRNK (severe strains) to FINK (attenuated strains) caused
attenuation of symptoms in squash leaves upon infection by Zucchini yellow mosaic virus
(ZYMV). A decrease in miRNA accumulation was also observed. This raises the hypothesis
that interactions of the FRNK box with different plant miRNAs directly influences their
accumulation and endogenous regulatory functions, thereby contributing to symptom
development.

Viral suppressors can interfere with the activity of methyltransferase HEN1. Studies per‐
formed with transgenic A. thaliana expressing P21 of BYV, P19 of tombusviruses, or P1/HC-
Pro of TuMV demonstrated that, in addition to affect miRNA duplexes, these proteins interfere
with short RNA stabilisation by blocking HEN1 methylation. Because miRNA precursors are
supposedly cleaved in the nucleus, the fact that they are blocked for methylation by cytoplas‐
mic viral suppressors could be explained in three ways: first, they may compete with HEN1
for substrate miRNA/miRNA* duplexes (sequestration by the suppressors could prevent
HEN1 from interacting with duplexes or prevent HEN1 access to the 2’ OH of the 3’ terminal
nucleotide); second, the viral silencing suppressors may bind directly to HEN1 and inhibit its
activity, or interact with other factors required for HEN1 function; and third, viral suppressors
may affect the subcellular localisation of HEN1 [62].

Diverse VSRs have been shown to bind AGO proteins. The first protein identified that binds
AGO1 and AGO4 in vivo was 2b protein encoded by CMV. AGO1 is the major effector in both
miRNA-directed and virus-induced RNA silencing. The 2b protein co-localises with AGO1
both in the cytoplasm and in the nucleolus [63]. The direct interaction of 2b protein with the
PAZ and PIWI domains of AGO1, leading to the inhibition of its slicer activity, was verified
by bimolecular fluorescence complementation (BiFC) and co-immunoprecipitation (Co-IP)
assays [64]. The 2b protein also interacts directly with AGO4 in the nucleolus [65]. AGO4 binds
to 24-nt long repeat-associated siRNA (ra-siRNA) to participate in RNA-directed DNA
methylation (RdDM) [66]. In this case, 2b competes with AGO4 for binding to 24-nt ra-siRNA,
suppressing the DNA methylation mediated by AGO4 [65]. However, the effects of inhibition
by 2b of the RNA-dependent DNA methylation phenomena on virus replication and spread
remain to be investigated.

RISC activity also undergoes interference by viral suppressors. In agro-infiltrated leaves of N.
benthamiana containing a GFP transgene, the P0 protein encoded by Beet western yellows virus
(BWYV) was identified as having strong silencing suppressor activity [67]. Further studies on
two A. thaliana infecting poleroviruses revealed that P0 contains a conserved minimal F-box
motif that interacts with homologues of S-phase kinase related protein 1 (SKP1), a core subunit
of the multi-component SCF family of ubiquitin E3 ligases. Mutations in the F-box motif
interrupt the interaction between P0 and a SKP1 homolog in N. benthamiana, causing a decrease
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in virus pathogenicity. In transgenic A. thaliana plants, expression of P0 caused severe
developmental defects similar to those observed in mutants affected in miRNA pathways.
Downregulation of a SKP1 homolog in N. benthamiana resulted in plant resistance to polero‐
virus infection. These results support a model in which P0 acts as an F-box protein that targets
an essential component of the host post-transcriptional gene silencing machinery [68]. The
results of subsequent investigation of the molecular mechanism by which P0 impairs PTGS
showed that P0 expression does not affect the biogenesis of primary siRNAs, but it does affect
their activity. Furthermore, in transformed A. thaliana plants P0 expression leads to various
developmental abnormalities reminiscent of mutants affected in miRNA pathways. In this
system, P0 expression is accompanied by enhanced levels of several miRNA-target transcripts,
suggesting that P0 acts at the level of RISC. It was also revealed that P0 physically interacts
with AGO1 to trigger AGO1 protein decay in plants [69].

There are also viral suppressors with unspecified function, such as the triple gene block protein
1 (TGBp1) of PVX, cysteine-rich proteins encoded by hordeiviruses, tobraviruses, furoviruses,
pecluviruses and carlaviruses, and the b protein of Barley stripe mosaic virus (BSMV) [52].

A number of assays have been established to verify the silencing suppression activity of a given
viral gene and/or to identify multiple VSRs encoded by a single virus. In the case of plants,
two assays have been widely used. The first is based on the transient, mixed expression of two
transgenes in leaves co-infiltrated with two Agrobacterium tumefaciens strains. One strain
induces RNA silencing of a reporter gene such as the green fluorescent protein (GFP) in the
infiltrated leaf (local silencing); the subsequent spread of silencing into upper non-infiltrated
tissues in transgenic plants that carry a homologous, integrated transgene (systemic silencing)
is measured. The potential silencing suppressor is identified by the ability of the transiently
expressed viral gene to enhance and/or sustain visibly higher levels of expression of the
reporter gene. However, this assay was not capable of identifying several viral suppressors,
including the CMV 2b gene, P25 of PVX, and the coat protein (CP) of Citrus tristeza virus (CTV)
because they display very low suppression activity in agro-infiltration assays. Thus, their
suppressor activities were confirmed by alternative approaches [40, 51]. The second type of
assay, which is based on the use of grafting experiments, enables the identification of VSRs
that are active against systemic silencing but not local silencing. In these experiments, selected
transgenic plants stably expressing a candidate VSR are genetically crossed with a transgenic
plant line that carries an autonomously silencing reporter transgene, such as 35S-GUS (β-
glucoronidase) in tobacco line such as 6b5. Spreading expression of the viral protein suppresses
reporter transgene silencing in the resulting F1 progeny (6b5xVSR) and can be determined by
grafting reporter scions onto rootstocks made from the F1 plants. The reporter scions are from
another transgenic plant line that expresses the reporter GUS transgene at high levels. The
reporter gene becomes silenced a few weeks after grafting onto 6b5 rootstocks owing to the
importation of a sequence-specific silencing signal from the silencing rootstock. Silencing does
not occur in the scions if the VSR can inhibit either the synthesis of the mobile silencing signal
in the F1 rootstocks or its export from rootstock to scion. Analysis of expression of the reporter
transgene in the F1 progeny can also reveal whether the VSR suppresses local silencing, DNA
methylation of the reporter transgene, or both [40].
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Viruses are able to spread through infected plant cells using two ways of movement: cell-to-
cell movement and long-distance movement. To combat this distribution, plants emit a
silencing signal that spreads between cells. Because the effect of spreading is nt-sequence
specific, the nature of the signal is likely to incorporate a siRNA or other RNA species [70].
Long-distance spreading depends on an RNA-dependent RNA polymerase (RDR), whereas
short-distance movement of the signal does not [70]. A large number of suppressors of RNA
silencing, including some effectors of long-distance virus movement through the phloem, are
involved in these movements. For example, the P19 of tombusvirus is a suppressor of silencing
that is not required for virus replication in isolated cells but is required for extensive viral
invasion of systemic leaves [46]. P19 blocks the intercellular movement of the silencing signal
by binding DCL4-dependent 21-nt siRNA [40]. Likewise, the potyviral HC-Pro and cucumo‐
viral 2b proteins are suppressors [24] required for systemic virus infection [71]. Cucumovirus
2b protein inhibits the systemic movement of RNA silencing by either binding dsRNA/siRNA
or inhibiting the slicer activity of AGO1 [23]. A site-directed mutation strategy involving the
HC-Pro protein of TEV showed a correlation between silencing suppression and the ability to
mediate long-distance virus movement [72]. Reevaluation of the role of Tomato bushy stunt
virus (TBSV) P19 in the systemic invasion of N. benthamiana by the virus revealed a silencing
suppression role for the structural protein (CP) of Turnip crinkle virus (TCV). The authors
showed that a TBSV P19 deletion mutant, while capable of systemic movement in the plants,
accumulated progressively less viral RNA in the systemic leaves due to loss of silencing
suppressor ability. When the TBSV structural protein was replaced with TCV CP to create a
chimeric virus, it restored close to wild type levels of virus accumulation in systemic leaves.
This result shows that both of these genes participate in efficient systemic TBSV infection and
suggests that TCV CP not only provides structural protein but also complements the silencing
suppressor function of TBSV P19. Moreover, it is also suggestive that assembled virions are
likely important for the effective unloading of viruses from the vascular system into the leaf
mesophyll. This work provides direct evidence that P19 primarily enhances systemic invasion
by suppressing the host PTGS responsible for eliminating viral RNAs in the infected plants
[51]. The P25 protein of three ‘triple gene block’ (TGB) proteins of potexviruses is another
example of suppressor that is required for cell-to-cell movement of the virus; it is an RNA
helicase that moves cell-to-cell and modifies plasmodesmata [73, 74].

As previously mentioned, in many cases viruses encode more than one VSR. A good example
is the closterovirus CTV, which encodes three different silencing suppressors [P23, coat protein
(CP) and P20] and exhibits distinctive features related to silencing suppression. CTV has a
plus-strand RNA genome of approximately 20 kilobases (kb) in length. Its P20 and P23
proteins, but not CP, suppressed RNA silencing in an agro-infiltration assay and were able to
reverse transgene silencing. In addition, P20 and CP, but not P23, prevented intercellular
silencing spread. It was suggested that P23 appears similar to HC-Pro because, although both
are potent suppressors of intracellular silencing, neither prevents intercellular silencing or
DNA methylation of the target transgene. On the other hand, the suppressor activity of P20
shares features with silencing suppression mediated by CMV 2b, i.e., both are potent but
incomplete suppressors of intercellular silencing, and suppression of intercellular silencing is
not associated with reduced DNA methylation of a target GUS transgene. In the case of CP,

Viral Counter Defense X Antiviral Immunity in Plants: Mechanisms for Survival
http://dx.doi.org/10.5772/56253

263



suppression of intercellular silencing spread is not associated with suppression of intracellular
silencing, unlike P20, CMV 2b and P25 of PVX, which are known to interfere with intercellular
silencing [75].

Silencing suppressors may confer biased protection against viral RNA and subviral parasites.
It was shown that the P1/HC-Pro proteins of TEV caused an increase in the accumulation of
the negative strand viral RNA of PVX [44], suggesting that negative-strand viral RNAs are
more susceptible to the RNA silencing based host defence while positive-strand viral RNAs
are better protected.

Viral infection is greatly influenced by changes in environmental temperature. A general
explanation for this phenomenon is that RNA silencing-mediated plant defence is temperature
dependent. Generally, at low temperature (15°C), both virus- and transgene-induced RNA
silencing is inhibited; the level of virus- or transgene-derived siRNAs is dramatically reduced,
leading to enhanced host susceptibility to virus infection and loss of silencing-mediated
transgenic phenotypes. In contrast, with increasing temperature (27°C), RNA silencing is
activated, and the amount of siRNA gradually increases. However, accumulation of miRNAs,
which play a critical role in developmental regulation is temperature independent [76].
Because the replication of viruses does not appear to be disproportionately inhibited by higher
temperature, one can assume that the activity of viral silencing suppressors is relatively
constant over the temperature range that permits viral systemic infection. Thus, the level of
silencing suppression activity should be relatively constant over this temperature range and
therefore more readily overcome at higher temperature due to enhancement of the RNA
silencing pathway. Conversely, it can be predicted that at low temperatures, the weakened
RNA silencing would be more readily overcome by viral silencing suppressors [51].

3.1. Mechanisms of suppression

3.1.1. Viral suppressors

HC-Pro

As described above, HC-Pro was one of the first viral proteins to be identified as a suppressor
of transgene- and virus-induced RNA silencing [77, 78]. HC-Pro is produced by plant viruses
of the Potyvirus genus, family Potyviridae, the most important group of plant pathogenic
viruses. HC-Pro has attracted renewed attention in recent years due to its multifunctionality
and involvement in different steps of the potyvirus life cycle [79, 80]. Potyviruses, like the
majority of plant viruses, have a single-stranded, positive-sense RNA genome that consists of
approximately 10.080 nucleotides and is polyadenylated on its 3 'end and surrounded by a
capsid [81]. The genomic RNA has a single ORF located between two noncoding regions, which
are called 5'NTR and 3'NTR (non-translated region). Translation of the single ORF produces
a polyprotein with molecular weight between 340 and 370 kilodaltons (kDa). This polyprotein
is cleaved into functional proteins of the virus through the proteolytic activity of three
proteases of viral origin (P1, HC-Pro, and NIa), resulting in 8-10 final products. HC-Pro and
P1 act in cis, each carrying out its own cleavage, and NIa catalyses its own cleavage and that
of six other polypeptides [80, 82].
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A typical potyviral HC-Pro consists of approximately 460 amino acids and has a molecular
weight of approximately 52 kDa, it performs a surprisingly large number of functions; in fact,
among proteins produced by potyviruses, it is the protein for which the greatest number of
features has been described [80]. Apart its role as silencing suppressor, HC-Pro plays several
other roles as a proteinase, participates in aphid transmission, acts as an auxiliary viral
replication factor and participates in virus cell-to-cell and long distance movement [44, 80,
83-88].

HC-Pro can be divided into three functional regions, a N-terminal region that is essential for
transmission, a C-terminal region that is responsible for its proteolytic activity and a central
region involved in all other functions described. However, recent studies show that most
functions overlap along its primary amino acid sequence [89].

Concerning its  ability  to  suppress  silencing,  HC-Pro was  shown to  restore  GFP expres‐
sion in  both old and new leaves  of  post-transcriptionally  silenced transgenic  plants  (re‐
viewed  in  [90]).  HC-Pro  suppresses  PTGS  via  interaction  with  one  or  more  cellular
proteins that are either components of the silencing machinery or regulators of the silenc‐
ing  pathway.  Studies  have  shown that  HC-Pro  interferes  with  the  accumulation  of  the
small  RNAs  associated  with  silencing.  These  small  RNAs  derive  from  the  cleavage  of
dsRNA by Dicer and HC-Pro may target the process at this step [91, 92]. Dicer could be
blocked by HC-Pro in several ways: HC-Pro can prevent the small RNAs from being pro‐
duced by preventing the enzyme from binding to the dsRNA template, thus blocking the
cleavage step; alternatively, it  could block at a step downstream of cleavage, preventing
incorporation of  siRNAs and making the silencing unstable.  A model  in  which HC-Pro
suppression of PTGS occurs upstream of accumulation of small RNAs has been proposed
[93].  Furthermore,  HC-Pro has been shown to transactivate the replication,  and enhance
the pathogenicity, of a broad range of heterologous plant viruses [44].

Since HC-Pro prevents accumulation of siRNAs of silenced genes, it prevents silencing in a
universal manner; however, in tobacco HC-Pro was shown to increase the in vivo accumulation
of several miRNAs, namely, miR167, miR164 and miR156 [94]. In addition, HC-Pro is not able
to inhibit the systemic silencing signal, suggesting that HC-Pro works downstream from
production of the systemic signal. It was suggested that HC-Pro works at the point of RISC
assembly and that it most likely unwinds miRNA duplexes [95]. The specificity of HC-Pro
binding to small RNAs was tested by the use of synthetic 21-nt or 24-nt siRNA duplexes and
19-nt or 21-nt blunt-ended RNA duplexes. The results showed that HC-Pro binds with
specificity to 21-nt siRNA duplexes. Moreover, it has higher binding affinity for duplexes with
2-nt overhangs than for small single-stranded RNAs or blunt-ended small RNA duplexes [57].

HC-Pro is often mentioned in conflicting reports in the literature that address the relationship
between PTGS and DNA methylation. In some instances, a good correlation between HC-Pro
suppression of PTGS and the decrease of DNA methylation is observed. When introduced in
a GUS-silenced tobacco line, for example, HC-Pro affected the accumulation of small RNAs of
the PTGS pathway and reduced methylation of the corresponding GUS locus [96], suggesting
that silencing is directly related to DNA methylation. In contrast, another study showed that
HC-Pro increased DNA methylation of the promoter sequence of a silenced DNA target gene
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when silencing was induced by dsRNA directed against the promoter region [97]. In the same
study, it was shown that the amount of promoter-derived siRNA molecules increased five-
fold in the presence of HC-Pro.

P25

P25, the product of the first gene of the "triple gene block" (also known as TGBp1) encod‐
ed by PVX, is an RNA helicase that induces plasmodesmal gating. P25 promotes cell-to-
cell movement of the virus and is also associated with suppression of RNA silencing [98].
P25 was one of the first  VSRs to be identified and shown to inhibit  transgene sense- or
dsRNA-induced RNA silencing.  The  mechanism of  action  of  P25  contrasts  with  that  of
HC-Pro, which acts at a downstream cellular signalling step. For this reason, mixed infec‐
tions of PVX with any other potyvirus (which encode HC-Pro) normally result in syner‐
gistic disease [86]. Such diseases are common and often occur in plants as a result of the
interaction between viruses that suppress silencing at various points of the silencing path‐
way [99, 100]. P25 is the only suppressor so far described that affects gene silencing but
fails to recover silenced GFP expression post-transcriptionally. Surprisingly, P25 does not
interfere with silencing of viral-induced sites [101].

Antiviral silencing suppression by P25 is required for cell-to-cell movement of the virus but
has no apparent effect on viral accumulation in protoplasts, unlike most known VSRs such as
cucumoviral 2b, tombusviral P19, and carmoviral P38. The analysis of a variety of random
mutants of P25 showed that all produced defects in the suppression of silencing and in cell-
to-cell movement. Some P25 mutants, defective in suppression activity, could be supplement‐
ed by heterologous viral suppressors. However, other mutants showed silencing suppression
activity but were not functional as movement proteins. These results demonstrate a crucial
role for P25 in cell-to-cell movement of the virus and also suggest the importance of an
additional function of P25 in these activities [98].

P25 exhibits strong activity against silencing produced by both sense and inverted repeat
transgenes in leaves of N. benthamiana and in transgenic A. thaliana. These observations indicate
that P25 targets a downstream step in the synthesis of dsRNA [98, 101, 102]. As reported above,
P25 inhibits systemic silencing but does not inhibit gene silencing induced by viruses in locally
infected leaves. Moreover, it reduces the accumulation of both primary and secondary siRNAs
but has no effect on the accumulation of endogenous miRNA and siRNA. It has been specu‐
lated that P25 does not interfere with programmed RISC [101, 102].

Co-immunoprecipitation assays indicate that P25 interacts with various members of the AGO
family, including AGO1, AGO2, AGO3 and AGO4, but not AGO5 or AGO7. Furthermore, P25
promotes the proteasome-dependent degradation of AGO1 [103], indicating that its suppres‐
sor activity is dependent on AGO1 degradation. It is not currently known whether P25 inhibits
the local motion silencing signal targeting AGO1 to promote movement of the virus [104].

P19

The tombusviral  19 kDa protein,  P19,  is  one of the best  studied viral  silencing suppres‐
sors. The hypothesis that P19 is a viral suppressor arose in 1995 when Scholthof and col‐
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leagues reported that the 19 K protein of TBSV is a pathogenicity determinant. TBSV is a
virus with a broad host range that induces a variety of symptoms in different hosts [105].
This virus contains a single copy of a positive-sense single-stranded RNA genome of 4800
nucleotides [106]. Five major ORFs are encoded by the TBSV genome. Two small nested
genes located near the 3' terminus of the genome are expressed via a second subgenomic
mRNA that directs synthesis of a 22 kDa protein (P22) and a 19 kDa protein (P19) [107].
P19 can act both as an elicitor of the HR response in N. tabacum or as an inductor of sys‐
temic necrosis in N. benthamiana  [108]. Due to its activity as a host-specific symptom de‐
terminant, the P19 was suggested to play a role in overcoming host defence systems [108,
109].  This  hypothesis  was  confirmed by  the  inoculation  of  silenced GFP tobacco  plants
with a recombinant PVX carrying the 19K coding region [48].  In these assays, plants in‐
fected with PVX-19K showed severe symptoms two weeks after inoculation while those
already infected with PVX-m19K (with a nontranslatable P19 RNA) showed mild mosaic
symptoms. Suppression of silencing occurred in PVX-19K infected plants but was mani‐
fested only  in  new emerging tissues  and was most  pronounced in  the  veins.  However,
symptoms of PVX-19K were visible on all  areas of the leaves. Interestingly, P19 restores
GFP  expression  in  PTGS  inactivated  transgenic  plants  only  around  the  veins  of  new
emerging  leaves  [46],  even  though  TBSV  accumulates  to  a  high  concentration  in  the
whole leaf [108].

Several recent studies report a breakthrough in understanding the molecular mechanism of
the suppressor activity of P19. This suppressor prevents incorporation of siRNAs into effectors
such as the RISC complex by binding specifically to 21-nt siRNAs in vitro and in vivo [110,
111]. This model was confirmed by three-dimensional structural resolution of the P19-siRNA
complex showing that P19 acts as a clamp for dsRNA binding to the ends of the siRNA duplex
[112, 113]. However, it was also reported that after the RISC complex is formed, P19 is no longer
effective, being unable to bind to siRNA and miRNA [57].

P19 inhibits the onset of transgene-induced local and systemic silencing [110]. It does not
interfere with the location of virus-induced silencing, but it can prevent systemic silencing. It
was suggested that P19 depletes PTGS generated 21-25-nt dsRNAs, thus inhibiting the
development of transgene-induced silencing and preventing the production of active signal
complex. Interestingly, transgenic plants expressing biologically active P19 showed an altered
phenotype, suggesting that the P19-targeted PTGS pathway might also have a role in devel‐
opmental regulation. Low level expression of P19 altered leaf morphology in transgenic plants.
In addition to leaf curling, some severely affected plants also showed delayed appearance of
developed secondary stems. Although it is possible that developmental abnormalities in
transgenic plants are not related to the silencing suppressor activity of P19, these findings are
suggestive that the P19-targeted PTGS pathway plays a role in plant development.

The silencing suppressor activity of P19 is also observed in other hosts. Since siRNA binding
by P19 does not require host factors in vitro, and that these short RNAs are specificity deter‐
minants of silencing effector complexes, P19 could be used to inhibit RNA silencing in
heterologous systems, including D. melanogaster, worms and mammals [110].
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The P19 protein of Cymbidium ringspot virus (CymRSV), a relative of the TBSV P19 protein,
specifically binds to siRNAs in vitro, and two reports show co-crystallisation of P19 homo‐
dimers with siRNA [112, 113]. P19 also binds RNA duplexes with a blunt end and with a 2-nt
3´ overhanging end. In animals, Dicer digests from the ends of long dsRNAs [114] and therefore
might produce long dsRNAs with 2-nt 3´ overhangs. Although it is possible that P19 competes
with Dicer-related proteins for the 2-nt 3´ overhanging ends of long dsRNAs, the high level of
21-25-nt RNAs in CymRSV infected cells suggests that P19 fails to suppress Dicer-like activity.

A study using mutants of CymRSV demonstrated that lack of P19 suppressor did not affect
most basic viral functions, including genome replication, cell-to-cell movement and phloem
long-distance transport [109]. In contrast, the systemic infection of plants inoculated with a
silencing suppressor mutant of CymRSV was seriously compromised and led to the develop‐
ment of a recovery phenotype, suggesting that P19 suppressor targets a non-cell-autonomous
step of RNA silencing [110].

In CymRSV infected plants, siRNAs are present in P19–siRNA complexes, while in plants
infected with the P19-defective mutant in which P19 was inactivated (termed Cym19stop),
siRNAs were found as free molecules. P19 apparently does not affect virus-induced cell-
autonomous silencing because CymRSV and Cym19stop viral RNAs, as well as siRNAs
derived from these viruses, accumulate to the same levels in transfected single cells [110]. In
addition, the P19 protein was shown to repress the accumulation of all size classes of siRNA
produced in agroinfiltration assays [110, 115]. While CymRSV infects N. benthamiana system‐
ically and typically kills the host within two weeks, infection with the mutant virus results in
a recovery-like phenotype showing mild symptoms and low virus levels in the upper leaves
[116]. Moreover, P19-deficient and wild type CymRSV accumulate at similar levels in both
protoplasts and inoculated leaves, indicating that this protein does not prevent RISC from
degrading viral RNAs by sequestering viral derived siRNAs (vsiRNA) [37]. In systemic leaves,
P19-deficient CymRSV accumulates only in the vascular bundles and exhibits defects in
invading the surrounding tissues suggesting that blocking the local movement of RNA
silencing by P19 is essential for systemic virus infection [117].

In this context, studies have shown that P19 specifically sequesters the DCL4-dependent 21-
nt siRNAs derived from transgene RNAs; these siRNAs normally move into the neighbouring
recipient cells and act as a silencing signal [118]. These results imply that P19 promotes
systemic virus infection by sequestering vsiRNA, thus preventing the signal for RNA silencing
from spreading out of vascular bundles into neighbouring cells [104]. Therefore, when P19 is
absent, the systemic signal moves faster than the virus in the infected plant, thereby estab‐
lishing antiviral silencing in cells ahead of the infection front. As a result, any virus entering
these cells is immediately controlled by silencing-mediated RNA degradation. In conclusion,
the presence of the silencing suppressor is essential for the development of systemic virus
infection [37].

3.1.2. Endogenous suppressors

In addition to the numerous viral suppressors of RNA silencing, endogenous RNA silencing
suppressors have also been reported in eukaryotes. The endogenous suppression of RNA
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silencing negatively controls the presence of siRNAs and miRNAs in different ways. The
generation and control of such siRNAs and miRNAs are essential for normal development of
plants and animals [119-121].

The first endogenous RNA silencing suppressor was identified in N. tabacum and was named
rgs-CaM (regulator of gene silencing CaM). This protein was found in a screen for proteins
interacting with the viral suppressor HC-Pro. Expression of rgs-CaM can be induced in leaves
of N. tabacum when HC-Pro is expressed either from a transgene or from infection with a virus
that encodes HC-Pro. When expressed at high levels in N. benthamiana, rgs-CaM suppresses
both PVX–induced gene silencing and sense transgene–mediated PTGS (S-PTGS) [49]. A recent
study, however, demonstrated that rgs-CaM is not an endogenous suppressor of silencing
[122]. In fact, this protein acts as an endogenous pattern recognition receptor able to bind to
several viral silencing suppressors through their RNA-binding domains. Thus, rgs-CaM
activity confers a countermeasure against viral suppressors.

In addition, an inhibitor protein of A. thaliana RNase L activity, called RLI2, was also described
as having a silencing suppressor activity when expressed at high levels in transgenic N.
benthamiana [123]. Another known endogenous suppressor, the A. thaliana exoribonuclease
XRN4, suppresses silencing by promoting the degradation of aberrant, uncapped RNAs that
constitute possible templates for an RNA dependent RNA polimerase (RdRP) pathway
involved in silencing. These aberrant molecules represent important activators of silencing,
serving as templates for the production of new dsRNAs by the action of the RdRP. Indeed,
mutations in the gene xrn4 promote RdRP-dependent silencing [124] and lead to over-
accumulation of miRNA-generated cleavage products [125]. Three other suppressor proteins,
the exoribonucleases XRN2, XRN3 and FRY1, were identified in A. thaliana, thus complement‐
ing existing knowledge of the suppression of silencing involving XRN4 [126]. While XRN4 is
cytoplasmic, XRN2 and XRN3 are nuclear exoribonucleases [127]. XRN2 and XRN3 contribute
to the suppression of RNA silencing by degrading miRNA-derived loops excised during
miRNA maturation in the nucleus. In contrast, XRN4 acts exclusively in the cytoplasm,
promoting degradation of uncapped messages such as miRNA target cleavage products
[124-126]. Fry1 acts as a fine-tuning modulator of the activities of XRN2, XRN3 and XRN4 [126].
Interestingly a family of exoribonucleases known as small RNA degrading nucleases (SDN)
degrades mature miRNA molecules in A. thaliana, acting specifically on single-stranded
miRNAs [121].

3.1.3. Modifications of the host transcriptome

Viruses can counterattack RNA silencing immunity not only by acting directly on gene
products that are required for silencing per se but also by inducing stress and plant defence
responses that interfere with antiviral silencing [128, 129]. An interestingly example include
the RAV2/EDF2 protein, which belongs to the RAV/EDF family of transcription factors. This
protein is required for suppression of silencing by potyvirus HC-Pro and carmovirus P38, two
viruses that belong to unrelated families. RAV2 is required for suppression of silencing in a
direct way that involves blocking the activity of primary siRNAs as well as indirectly by its
effects on upregulation of some stress and defence response genes [128].
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The induction of biotic or abiotic stress activates other defence responses that can divert the
host from antiviral silencing [129]. Therefore, RAV2 is a critical control factor for carmovirus
and potyvirus suppressors [128].

Other viruses make use of alternative mechanisms for suppression of silencing. The TrAP
geminiviral protein AC2 upregulates a gene coding for the cold- and abscisic acid-inducible
protein KIN1 as well as five additional known or putative cold-regulated genes [50]. As already
mentioned, the efficiency of RNA silencing is dependent on temperature; at low temperatures,
inhibition of silencing occurs and the plant becomes susceptible to viral infection [76]. The
inhibition of silencing at low temperature is a pathway used by AC2 to accomplish the
suppression of silencing [50]. Another strategy exploited by geminivirus is up-regulation of
an endogenous RNA silencing suppressor, Werner exonuclease-like 1 (WEL1), which is
mediated by AC2. Interestingly, the related proteins MUT-7 (mutate 7) and Werner syndrome-
like exonuclease (WEX) have been identified as positive regulators of RNA silencing in C.
elegans and A. thaliana, respectively [130, 131]. Thus, AC2 up-regulation of Wel-1 results in
interference with, or competition for, factors that are required for normal WEX function.
Transient expression of a WEL-1 transcription unit is sufficient to suppress RNA silencing in
N. benthamiana [50].

4. Applications

4.1. Virus-Induced Gene Silencing (VIGS)

Virus-induced gene silencing (VIGS) is a technique derived from the knowledge of RNA
silencing. It uses recombinant viruses to specifically reduce or knock-down endogenous gene
activity; it is based on post-transcriptional gene silencing (PTGS) [132]. When used to infect
plants, recombinant viral vectors carrying segments of host genes produce siRNAs that are
specific to host mRNA. The RISC complex mediates the degradation of target host mRNAs,
leading to downregulation of gene expression. Thus, the infected plant has a phenotype similar
to a loss-of-function mutant of the gene of interest [133].

VIGS is used as a tool for turning down host gene expression, especially in plants. In principle,
a plant gene of interest can be silenced by infecting the plant with a viral vector that has been
modified to express a nucleic acid sequence homologous to the host gene. As a proof of concept,
several endogenous genes have been silenced using VIGS. The plant gene phytoene desaturase
(PDS), a regulator of carotenoid biosynthesis, was silenced in N. benthamiana plants by the use
of a recombinant TMV vector. As a result, degradation of the host PDS mRNA and resultant
alterations in the pigment synthesis pathway were observed [133].

There are four main reasons for the popularity of VIGS. First, the methodology is simple, often
involving agroinfiltration or biolistic inoculation of plants. Second, the results are obtained
rapidly, typically within two to three weeks of inoculation. Third, the technology bypasses
transformation steps and hence is applicable to a number of plant species that are recalcitrant
to transformation. Fourth, the method has the potential to silence multi-copy genes [134].
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Efficient silencing depends mainly on the choice of VIGS vector. There are many factors to be
considered when choosing the virus to be used for VIGS. Among the factors to be considered
are (1) the virus must produce few or no symptoms during infection, thereby facilitating easy
visualisation and interpretation of the mutant phenotype; (2) it must induce persistent
silencing, thus viruses with strong silencing suppressors are to be avoided because they can
interfere with the establishment of silencing; (3) it is advantageous to have infectious cDNA
clones of the virus for cloning purposes; and (4) the virus must retain infectivity after insertion
of foreign DNA. The virus should also show uniform spread, infect most cell types including
the meristem, and preferably show a broad host range [133].

Several RNA and DNA viruses have been modified to create VIGS vectors. The gene to be
silenced is cloned in an infectious derivative of a viral DNA (DNA virus-based vectors) or
cDNA (RNA virus-based vectors) derived from viral RNA. Plant inoculation with viral vectors
is most commonly achieved via A. tumefaciens infection, but can also be achieved by mechanical
inoculation of in vitro synthesized transcripts, or for DNA-based vectors, by biolistic delivery
methods. During the course of viral infection, either double-stranded RNA or RNA with a high
degree of secondary structure is often produced; both of these are efficient initiators of RNA
silencing directed against the infecting viral RNA. Other factors that play an important role in
gene silencing in VIGS are the orientation of the insert (inverted repeats are more efficient than
antisense orientation, which, in turn is more efficient than same sense orientation) and systemic
spread of the silencing effect (the silencing signal is believed to spread independently of the
VIGS vector to other parts of the plant) [134]. More than 30 VIGS vectors have been developed,
and these vectors have been widely used to study the functions of genes involved in basic
cellular functions, metabolic pathways, development, plant-microbe interaction, and abiotic
mechanisms [132].

The first viral vector used for VIGS was TMV. Shortly thereafter, another vector was pro‐
duced based on another  RNA virus,  PVX carrying a  cDNA fragment  derived from the
PDS  gene [135]. However, although these first vectors were effective, they have intrinsic
disadvantages. First, the VIGS phenotype is superimposed and sometimes complicated by
chlorosis,  leaf  distortion and necrotic  symptoms of  virus infection.  A second disadvant‐
age of these viral  vectors is  their  inability to invade every cell,  such that cells  in which
the target gene is not silenced may obscure VIGS phenotypes [136]. A novel VIGS vector
based on TRV was then established. TRV was shown to induce more efficient silencing of
transgenes and endogenous genes. It could spread more vigorously throughout the entire
plant,  including  meristem tissue,  and  the  symptoms induced by  TRV are  much  milder
than those produced by other viruses [136].

A primary limitation of VIGS technology is that a viral vector can be used only in plants that
are hosts of the virus used. The first VIGS vectors (e.g., PVX) do not infect the model plant A.
thaliana. Therefore, new vectors such as the TRV-based vector [136] were developed to
overcome this difficulty. TRV is also one of the few viruses that have been modified into a
highly efficient cloning and expression system for use in large-scale functional genomics
screening. TRV vectors can induce VIGS in a number of solanaceous hosts like N. benthami‐
ana, tomato, potato, pepper, petunia, poppy (Eudicot species), and the model system A.
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thaliana (family Brassicaceae) [133, 137]. VIGS vectors have been applied not only in dicoty‐
ledonous plants but also in monocotyledonous plants. For this, a modified VIGS vector based
on Brome mosaic virus (BMV) was developed and validated in barley, rice and maize [138].

The VIGS system can be helpful in assessing gene function, especially for genes that cause
zygotic/embryonic lethality when mutated and in species that are recalcitrant to genetic
transformation. As aforementioned, it can be designed to silence multiple members of a gene
family, thereby circumventing the problem of functional redundancy of genes [133].

4.2. Use of viral suppressors

The discovery of RNA silencing, and its derived technology (RNA interference; RNAi), has
increased our knowledge of gene regulation and function. RNAi opened up novel avenues in
biology, making it possible to develop fascinating strategies for application in genetic analysis,
plant protection, and many other areas related to crop improvement [139]. In this context, a
large number of silencing suppressor proteins have been described, and the discovery of the
molecular basis of silencing suppression has inspired new concepts about the molecular basis
of symptoms caused by viruses in plants [37].

Many biotechnological applications involving plants require high levels of protein expression.
Generally, stably transformed plants are the preferred platform for large-scale production. To
try to increase expression levels, transgenic lines that encode a replicating RNA virus vector
carrying a gene of interest, a technology coined ‘amplicon’, have been exploited. The rationale
of this method involves increasing the accumulation of the product of interest through
transcription of an amplicon transgene that initiates viral RNA replication and gene expres‐
sion. However, the strategy failed because the transformants consistently exhibited RNA
silencing of the amplicon transgene [140]. The viral dsRNA replication intermediates produced
in every cell of the transgenic plants were recognised as potent triggers of the silencing-based
defence mechanism that is normally elicited in the course of natural infections. Based on those
findings, it was subsequently reasoned that co-expression of viral suppressors might prevent
this adverse response and permit the high levels of gene expression initially envisioned with
the use of amplicons [141].

To test this idea, in reference [94] crossed transgenic tobacco plants expressing TEV HC-Pro
with amplicon lines designed to express a GUS reporter gene from the PVX genome. Pairing
the suppressor and the amplicon locus resulted in a dramatic increase in virus accumulation
and gene expression such that the leaves of mature plants accumulated the GUS protein up to
3% of total soluble protein. Remarkably, in spite of high virus accumulation, the plants did not
suffer from viral disease and remained symptomless.

As opposed to stable, transgenic expression, transient expression is of interest for achieving
expression of useful proteins. In plants, recombinant strains of A. tumefaciens can be used for
transient gene expression. In principle, this system could allow high levels of gene expression;
however, its utility has thus far been limited because ectopic protein expression usually ceases
after 2– 3 days [141]. RNA silencing is, in fact, a major cause of this lack of efficiency. It was
therefore anticipated that co-delivery of A. tumefaciens cultures with silencing suppressors
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would enhance expression of the genes of interest [101]. Studies with the P19 protein of TBSV
were among those that provided the best results. Expression of a range of proteins was
enhanced 50-fold or more in the presence of this suppressor, and experiments with GFP
indicated that the co-infiltrated tissues accumulated the protein up to 7% of total soluble
protein [142]. Due to its simplicity and rapidity, the P19-enhanced expression system is
currently used in industrial production as well as used as a research tool for the isolation and
biochemical characterisation of a broad range of proteins without the need for the time-
consuming regeneration of stably transformed plants [141].

5. Perspectives

The molecular basis of the silencing suppression of VSR proteins is quite complex and is
currently incompletely understood. By the way, the discovery of the mode of action of different
viral suppressors has demonstrated the existence of a complex interaction between VSR and
plant silencing-regulated networks. For example, in addition to sequestering siRNA duplexes,
the P19 protein of tombusviruses specifically controls antiviral AGO1 expression through
enhanced miR168 expression, which arrests AGO1 translation [23]. It is likely that many other
VSRs interact in diverse ways with RNA-silencing pathways. Many of these interactions
remain to be discovered, and there are several gaps in our knowledge regarding the effectors
of plant silencing machinery. Until very recently, the mechanisms of plant si/miRNA RISC
assembly or the components of the plant RISC, which may also be potential targets of VSRs,
were little known. The recently developed system of plant in vitro RISC [143] will likely
accelerate the exploration of plant RISC assembly and RNA-targeting mechanisms mediated
by this effector. This system will enable exploration of the mechanisms by which VSRs interact
with one or more of the RISC components and prevent its assembly.

More information about the replication, subcellular localisation and regulation of the expres‐
sion of viral genes, including VSRs, is required so that we may better understand the molecular
mechanisms of VSR-mediated silencing suppression for the many plant viruses for which they
are still not known. Because many VSRs have multiple functions in the virus life cycle, separate
analysis of their silencing suppressor activities can lead to misinterpretations; thus, it is
essential that VSRs be studied in their natural virus backgrounds [23].

Although common mechanisms of silencing suppression exist, there is also great variation in
suppression mechanisms, likely driven by evolution and fitness, this variation has yielded
viral strains with different properties. It is likely that additional differences will be found when
plant viruses and their suppressors are tested in several plant species. This will provide us
with a greater understanding of the parameters associated with the natural host range of a
virus and may possibly lead to new strategies for crop protection [52].

Some of the already well described VSRs can be used as powerful tools for better understand‐
ing silencing pathways because they target specific steps of silencing machinery. Indeed, the
P19 protein was recently used to demonstrate that siRNA duplexes function as mobile
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silencing signals between plant cells, in addition that P1, P38 and P0 proteins may prove to be
powerful tools for studying the still unknown components of RISCs [118].

6. Conclusions

The discovery of the mechanisms involved in RNA silencing and in silencing suppression by
virus has helped researchers to investigate several aspects of the plant-virus co-evolution. Our
understanding of the underlying mechanisms served as a basis for the development of
different technologies aiming plant manipulation to generate novel traits or pathogen resist‐
ance. Elucidation of the mode of action of different plant viral suppressors provided funda‐
mental contributions to the comprehension of the RNA silencing phenomena. In this context,
strategies exploiting viral suppressors to prevent the occurrence of RNA silencing in geneti‐
cally engineered plants have been developed [144]. High levels of transgene expression should
be expected through the implementation of such strategies. This review has addressed some
important topics in the areas of RNA silencing and silencing suppression. Ongoing studies
aimed at further clarification of the main points of these processes are currently being con‐
ducted by many different groups.
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