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Infectious pancreatic necrosis (IPN) is a disease of great concern in aquaculture, mainly among salmonid farmers,
since losses in salmonid fish—mostly very young rainbow trout (Salmo gairdnery) fry and Atlantic salmon (Salmo
salar) post-smolt—frequently reach 80—90% of stocks. The virus causing the typical signs of the IPN disease in
salmonids, named infectious pancreatic necrosis virus (IPNV), has also been isolated from other fish species either
suffering related diseases (then named IPNV-like virus) or asymptomatic; the general term aquabirnavirus is used
to encompass all these viruses. Aquabirnaviruses are non-enveloped, icosahedral bisegmented dsRNA viruses,
whose genome codifies five viral proteins, three of which are structural, and one of them is an RNA-dependent

RNA polymerase.

IPNV virulence Aquabirnavirus

| 1. The Structure and General Characteristics

The infectious pancreatic necrosis virus (IPNV) is an unenveloped icosahedral virus with an average size of around
65 nm, as stated by the International Committee for Taxonomy of Viruses (ICTV) for the general characteristics of
the family Birnaviridae 1!, or 60 nm as reviewed by Munro and Midtlyng [&. However, a diameter ranging from 57 to
74 nm was reported in an early review by Dobos and Roberts 2!, which is more in accordance with the results of a
recent study by Lago et al. &, where a range of sizes between 55 and even 90 nm were visualized in different
fractions of a purified IPNV West Buxton type virus (and other type strains), the most frequently observed size
being around 70 nm. The virion, of a molecular weight of 55 x 10° Da, shows an approximate protein/RNA content
rate of 91/9, a buoyant density in CsClI of 1.33g/ml, and a sedimentation coefficient of 435 S. But one of the main
features of this virus is its high stability to physicochemical conditions: pH (stable at pH values as low as 3), salinity
(from 0%. to 40%o0), and temperature (resistant to up to 60 °C for 30 min, and able to replicate from 4 to 27.5 °C) as
reviewed by Wolf 8l and more recently by Munro and Midtlyng [2].

Regarding the classification of IPNV strains or—in general terms of aquatic birnaviruses—two approaches are
applied (see revisions [28)), The first classification, based on serological typing, was definitively outlined by Hill and
Way . They classified the aquabirnaviruses into two serogroups (A and B) and nine serotypes within serogroup A
(Table 1). For the second approach, in spite of the high number of reports providing a diverse classification 2,
there is a consensus to consider as definitive the typing into six genogroups proposed by Blake et al. 8 and later
extended by Nishizawa et al. & with a seventh (Table 1). There is a correspondence between serotype, genotype,
and type strain: the American strains WB (West Buxton) and Ja (Jasper), from USA and Canada, respectively,

would constitute genotype 1, corresponding to serotypes Al and A9, respectively; the Danish type strains Sp
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(Spajarup) and Ab (Abildt) constitute serotypes A2 and A3, and genotypes 5 and 2, respectively; Hetch (He),
originally from Germany, is serotype A4 and genotype 6; genotype 3 is constituted by isolates clustering with type
strains Te (Tellina, from UK; serotype A5) and C1 (Canada 1; serotype A6), and type strains C2 and C3 (from
Canada, corresponding to serotypes A7 and A8) constitute genotype 4; finally, the seventh genotype corresponds

to Japanese marine birnavirus (MaBV).

Table 1. Serotyping and genotyping of aquatic birnavirus.

Stp? Gtp 2 Type Strain Geogr Origin 3
A Al 1 WB USA
A2 5 Sp Denmark
A3 2 Ab Denmark
A4 6 He Germany
A5 3 Te UK
A6 3 C1 Canada
A7 4 Cc2 Canada
A8 4 C3 Canada
A9 1 Ja Canada
B Bl — TV-1 UK
7 MaBV 4 Japan

1—Serogroup/Serotype; 2—Genotype; 3—Geographic origin; 4—Marine birnavirus.
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| 2. The Viral Genome

The genome is constituted by two segments of dsRNA named A and B. Although the virion was traditionally thought
to contain a single set of both segments, it is now known to be polyploid, able to package 1, 1.5, and even 2
genome equivalents 4. Segment A, with a size between 2962 and 3097 bp [&, contains two open reading frames
(ORF; Figure 1). The ORF PP, the largest one, encodes a polyprotein of around 106 kDa, which comprises most of
the viral proteins: NH,-pVP2-VP4-VP3-COOH. Due to the internal proteolytic activity of the VP4 region, this
polyprotein suffers a co-translational modification consisting in a protease cleavage, between an alanine and a
serine, in two positions: between amino acids 734 and 735, to release the minor capsid protein VP3, and between
amino acids 508 and 509, to produce the non-structural viral proteins VP4 and pVP2; this is an immature precursor
of the major structural protein VP2 which, during morphogenesis, suffers proteolytic cleavage creating the mature
structural form and three additional small peptides which remain associated to the virion L9, The second ORF of
this segment, ORF VP5, codifying the non-structural VP5 protein, is in fact the first one since it overlaps ORF PP
and its start codon precedes the ORF PP start codon by a few nucleotides. Finally, segment B, of around 2400 bp,

contains a single ORF encoding the minor structural protein VP1.

Segment A , ORF PP (N-pVP2-VP4-VP3-C)

ORF VP53

@B ' —

/

ORFVPL

Figure 1. Genome organization and expression.
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The 5'- and 3'-ends of the viral genome have untranslated terminal repeats (5'- and 3'-UTR) with an important
implication in several steps of the viral replication, as well as in virulence. To this regard, as first reported by Dobos
(11 and Magyar et al. 12 the 5-ends of both segments are the sites for the covalent cell attachment of the
structural VP1 protein, which, in this attached form, is named VPg to differentiate it from the free VP1 form.
Mutations in this 5-UTR were known to affect IPNV infectivity 3], and Boot et al. 14 suggested that, since
birnaviruses lack a 5'-cap and—because of the short length of the 5-UTR—also lack an internal ribosome entry
site (IRES) to use the cell-encoded initiation factors, the VPg linked at the 5-end would be involved in initiation of
translation. However, it has also been reported that 5-UTR lengths shorter than the normal 300 nt are not
necessarily an impediment to constitute an IRES structure, and Rivas-Aravena et al. 22 have demonstrated that

the 5-UTR forms a functional structure, efficiently acting as an IRES, which commands translation.

At the other end of the strands, the 3"-UTR is known to be involved in second strand RNA synthesis. The infectious
bursal disease virus (IBDV; a member of the related genus Avibirnavirus frequently used as reference for IPNV
structure and replication) is known to have a couple of cytosines at this end allowing the VPg to act as a protein-
primer thanks to its linked guanines; but to function, the 3'-UTR must maintain a specific stem-loop structure 13, |n
the case of the mRNA, since its 3'-end lacks a poly(A) tail to simulate the cellular mMRNA and thus to defend against
exonuclear activity, and enhance its translation, its function is probably substituted by the 3'-UTR stem loop
structure (141,

| 3. The Viral Proteins and Their Function

The viral genome encodes five viral proteins named from VP1 to VP5. Three of them (VP1, VP2, and VP3) are
structural, and to date two (VP4 and VP5) are believed to be non-structural proteins. An ORF encoding a putative
sixth 25 kDa viral protein has been found by Shivappa et al. 26 overlapping part of the ORF PP, between the pVP2
and VP4 sequences. They found that sequence exclusively in the Sp strain, and later a similar sequence was also
found in a few Chilean strains. Due to the presence of positively-charged domains, it was speculated to interact

with the inner plasmatic membrane leaflet (171,

VP1, the viral protein encoded by the genome segment B (with an approximate size of 94 kDa), is the viral RNA-
dependent RNA-polymerase (RdRp) needed for genome replication and transcription 28], As previously described,
this structural protein is present in two forms: VP1, free inside the capsid, and VPg, linked to the 5-ends of both

genomes @, probably only to the plus strands 121,

The same VP1 polypeptide may act as an RdRp and a protein-primer for the initiation of RNA synthesis. For that
purpose, VP1 suffers a self-guanylylation, without the need of a template RNA to produce VP1pGpG 1920 The
cytosines at the 3'-end termini of the genome will allow that molecule to act as the protein-primer for the synthesis
of a second RNA strand. Consequently, VP1 remains linked to the 5-end of the new synthetized strand, thus

becoming VPg.
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VP2, a structural protein of about 54kDa (8], is, in number of units, the main component of the capsid. Its structure
and organization have been recently well defined by Coulibaly et al. 2122 (Figure 2). It is constituted of three
domains (Figure 2A): a central one—called S—which, in subviral particles (SVPs) constitutes the shell (Figure
2B); the base (B), which is located in the inner side of the particle, and the spike or projection (P) to the outside of
the capside. The spikes—organized in VP2 trimers around a 3-fold axis (Figure 2C)—contain the main viral
antigenic sites, the cell specificity epitope, and some of the virulence determinants, as described in more detall

below.

A.-VP2 domains B.- VP2 Organization in 5VPs

P {projection)

S (Shell)

B (Base)

C.- Spikes Trimeric organization D.- VP2 around the 5-fold axis

Figure 2. General structure and organization of the VP2 protein in infectious pancreatic necrosis virus (IPNV). (A)
VP2 is structurally constituted by three domains: a central one (blue), which in subviral particles (SVPs) constitutes

the shell (see panel (B)) and is named before that (S); the base (B; green), which is located in the inner side of the
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particle, and the spike or projection (P, red), on the other side. (B) Structural organization of VP2 in SVPs. (C)

Trimeric organization of the spikes. (D) Organization of the VP2 units around the 5-fold axis 23,

Before that study, VP2 was already known to carry the cell attachment sites and to be responsible for most of the
antigenicity of the virus. As early as in the late 1980s, Caswel-Reno et al. 231 demonstrated the presence of
neutralization epitopes in VP2, and Azad et al. (24 |ocated the same type of epitopes in an internal region of VP2—
between amino acids 206 and 350—which was recognized by the virus-neutralizing monoclonal antibody (MAb)
17/82 (Figure 3). That section of VP2 was soon recognized by Havarstein et al. 23] to be a hypervariable region in
the VP2 sequence, almost coinciding with the widely known “central variable domain” described by Heppell et al.
(28] Other studies using MAbs confirmed VP2 to be the main protein responsible for IPNV antigenicity, and in one

of them Dobos 27 found a serotype-specific epitope, also located in that central region of the molecule.

Azad et al. [29] MADb 17/82 Epitope (Ept) T |
Havarstein et al. [30]  Hypervariable region L 1
Dobos [32] MADb Universal Ept 1
Type specific Ept Ezz 33
Frost et al. [33] MADb F2 Ept e 330]
MAD H8/B9 Ept
Heppell et al. [31] Central variable domain

Figure 3. VP2 epitopes and variable region map.

Even prior to discovering its antigenicity (28, VP2 was known to be the viral protein in charge of cell-attachment and
was therefore considered responsible for cell and host specificity 22, The attachment site is located in the P
domain of VP2 (Figure 2A) at the top of the spike 22: however, certain amino acids located at the groove of the
spike, close to domain S, are also important for binding to the cell, at least in IBDV 9. Therefore, Coulibaly et al.
(221 syggested that those two units could correspond to two different receptors, the first, at the top of the spike,

would be for cell recognition and attachment, and the one in the spike’s groove would oversee cell internalization.

The viral proteins involved in cell attachment are frequently glycosylated, since that type of maturation confers
special properties to the viral protein, which are important in the process of adsorption to cells and, therefore, in cell
tropism and virulence. There are two types of glycosylation; the most common, the N-linked glycosylation,
corresponds to a post-translational modification taking place inside the endoplasmic reticulum (ER); the second
one, the O-glycosylation, reported to occur freely in the cytoplasm, has been demonstrated to be important for
IPNV integrity and infectivity [22][311[32][33]
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VP3 is a relatively small molecule with several functions. As reviewed in a recent study where the authors reported
that IBDV-VP3 upregulates the RNA synthesis activity by the viral RdRp B4, VP3 is a multifunctional protein which
also acts as a scaffolding protein during morphogenesis and provides protection against the anti-viral cell
response; additionally, it has been reported to induce apoptosis in fish 22, Vp3, first thought to be a trimeric B8 and
later dimeric B2 protein, is the second component of the capsid in terms of copy numbers, behind VP2, the major
one. VP3 is known to be an internal viral protein in IPNV since Dobos £ discovered that not only the genome but
also this protein were absent in empty capsids. Nevertheless, part of the protein must be exposed to the outer side
of the capsid since some reaction with neutralizing MAbs has been demonstrated [28. VP3 interacts with VP1, and
also captures the viral genome, constituting a ribonucleoprotein (RNP) structure which protects the viral RNA
against the host defenses [B[49 For this VP3-dsRNA binding, the N-terminal of the protein is crucial, although
both the C- and N-end domains are important for the binding B9, Although Bahar et al. 41 reported that this
association had no effect on VP1 activity, soon after Ferrero et al. 24 demonstrated that VP3 did actually have an
upregulating effect on the VP1l-mediated RNA replication. Additionally, the VP1-VP3 complex promotes the
assembly of pVP2 units, constructing a precursor capsid which, after the maturation of pVP2 by proteolysis to VP2
(and three small peptides), will constitute the mature capsid 22120,

VP4 is the viral protein whose autoproteolytic activity cleaves the polyprotein PP during its own translation. This is
VP4’s most known function, but this protein is also known to trans-activate the synthesis of VP1 2l although the
mechanism is still unknown; and, more recently 43 it has been discovered that VP4 also strongly inhibits interferon

induction, and such antagonistic activity is not linked to its proteolytic activity.

VP5 is a non-structural protein codified by the small ORF at the 5-end of segment A. There is a certain
discrepancy about the size of this protein, undoubtedly due to the high variability observed. The size of this protein
in IPNV was originally reported to be of 17 kDa 4], similar to that of IBDV ¥l although a size of 15 kDa was also
reported, since two start codons 8 can appear in the 5-end sequence of that segment (Figure 4), one in
nucleotide (nt) position 68, and a second in nt 112, depending on the strain. However, in 2001 Webber et al. 13
demonstrated that, in IPNV, VP5 used the second start codon position, encoding a 15 kDa (399 nt/133 aa) protein
(161471 although a truncated 12 kDa VPS5 has been frequently detected in some strains 281481 |n addition, a shorter

truncated form of only 28 aa, due to the presence of a premature stop-codon, has also been reported 42,
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l J&44ncs 17 KD Shivappaetal. [21]
113
! 1300mcs 15 KDz Shivappa et al. [21]; Skjesol et al, [52]
113
; | 360 ecs 12 EDa  Shivappa et al. [21]; Song et al. [53]
3
I—— 54 00 Skjesol et al. [52]

Figure 4. VPS5 protein open reading frame (ORF).
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The function of this protein has not been definitively defined yet. Although it is considered non-essential for virus
replication both in vitro 23! and in vivo #2 it has been revealed to regulate protein expression in the early steps of
viral replication, and even to enhance cell viability by preventing membrane rupture and DNA cleavage, as reported
by Hong et al. BY, which in fact enhances progeny production. Such antiapoptotic activity is widely accepted for
IBDV-VP5 Bl but there is much controversy surrounding the antiapoptotic function of this protein in IPNV. To this
regard, in spite of the homology of IPNV—VP5 with the Bcl-2 antiapoptotic proteins, previously reported B9 and
demonstrated by Ortega et al. 52, these authors concluded that VP5 had no influence on apoptosis. This
supported previous results by Santi et al. [42; however, in their paper they recognized that the mutations observed
in putatively important locations in the domain of the strains under study could be an explanation for the lack of
activity. Therefore, IPNV-VP5 is still accepted as an antiapoptotic protein 231541 which also has a strong inhibition
of the interferon (IFN) signaling 431581 Finally, in IBDV, in addition to this antiapoptotic activity at early stages of
infection, VP5 has been demonstrated to activate cell apoptosis in late stages, possibly constituting a mechanism
for progeny release 281, something that could be similar in IPNV.

| 4. Replication Cycle

Understanding the structure of the virus, as well as the function of its components is a prerequisite to recognizing

the strategies it uses to modulate virulence.

Therefore, the researchers will now look into the way the virus infects and replicates in a susceptible cell (see
reviews [2E7) A complete replication cycle takes between 16 and 20 h. In the first step, adsorption, VP2 acts as
the attachment viral receptor to specifically recognize the surface cell receptor. In CHSE-214 cells, up to 6000 of
those receptors have been calculated to be available for IPNV fixation 28], although just a quarter of them would
provide a specific attachment. VP2 has two domains involved in adsorption 22, one at the top of the spike, used for
specific fixation to the cell receptor, and a second at the groove, close to the bottom of the spike, involved in the
internalization step. Adsorption takes around 20 min, internalization is produced via receptor-mediated endocytosis,
and in just 2 h p.i. new synthesized RNA (a transcription intermediate) is detected. Since dsRNA is susceptible to
being identified as exogenous by the cell defenses, it was thought to be protected like in the case of reovirus
infection, which carries out transcription and replication inside a viral core. To this regard, RdRp activity has been
associated to IPNV virions without proteolytic treatment B2, However, an RNP made up by a VP1-VP3-RI (RNA
intermediate) complex is also known to be involved in RNA synthesis 8240 |n fact, both types of RNPs have been
demonstrated to play a role in RNA synthesis 9, and to protect the new synthesized viral RNA against cell
defenses. The progeny genome synthesis starts between 4 and 6 h p.i. and protein synthesis is also observed
during that time; the maximum genome synthesis is reached 8-10 h p.i and declines at 14-16 h p.i. BZ. The VP3
protein in the VP1-VP3—-dsRNA RNP complex acts as a scaffolding protein B[4 capturing pVP2 to construct an
immature non-infectious 68 nm particle. This particle, which appears after 8 h p.i., at the beginning of the
morphogenesis phase, suffers a maturation process to be transformed (12 h p.i.) into the 60 nm infective virion [

this maturation consists of the proteolytic cleavage of pVP2 into VP2 by the activity of VP4, although the
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participation of cell proteases cannot be dismissed 2. Finally, if the internalization of the viral progeny is as

reported for IBDV (621821 \/P5 would accumulate in the cell membrane, triggering its lysis and the viral release.

| 5. IPNV and Persistence

A widely known fact is that the reservoirs of an episode become lifelong asymptomatic carriers, in which the virus
can be detected—in certain tissues—mainly after stress episodes. Initially, it was accepted that the virus used a
high proportion of defective interfering (DI) particles to create a balance between infective viral particles and host
defenses. DI patrticles have the capacity to attach and penetrate into a susceptible cell, but not to replicate because
they lack part of their genome. Therefore, their replication depends on co-infection with the wild type infectious
virus, and their defective parental genome generates identical defective progeny genome copies. In cell culture, the
presence of a high proportion of DI particles in an inoculum has been demonstrated to interfere with IPNV
replication and progeny production, creating persistently infected monolayers 2. Marjara et al. 83 also recently
demonstrated—in persistently infected cells—the upregulation of genes involved in transcription repression, which
suggests that IPNV persistence could be due to the reduction of viral replication as a result of a reduced
transcription capacity. Other authors 2464l have added that the persistence status could be due to the virus and
host reaching a balance in such a manner that the virus reduces its level of replication so as not to harm the host

and thus not triggering the host defenses.
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