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ABSTRACT

The three most important viruses of rabbits includgxoma virus (MV), the poxvirus that causes
Myxomatosis, the caliciviruggénusLagovirus) of Rabbit Haemorrhagic Disease (RHDAA Lapine
Rotavirus (LRV), which is an enteric agent. There some other viral agents in rabbits (parvovirus,
coronavirus, adenovirus, calicivirugeghusVesivirus), enterovirus-like, reovirus, herpesvirasd
coronavirus) but both their occurrence and thetinglagical value are negligible.

Myxomatosis was firstly introduced in Europe madnart 50 years ago and still represents a current
and real problem. Recent studies have been fodos#etermine the role and function of the over 100
genes of MV encoding structural and essential pretén particular the immunomodulatory MV (im-
MV) proteins (virokines and viroreceptors, immunedulators and anti-apoptotic factor), involved in
contrasting the host immune system response towhel$1V infection. One of the main tools to
control myxomatosis in endemic areas is use oflitteeattenuated vaccines that are able to induce
traceable humoral immunity for a variable time eifetfie protection of rabbits from the infection is
not fully guarantee. Therefore, thanks also tokihewledge on the im-MV proteins, a new family of
biotechnology deleted vaccines will soon be produaad made available in a few years. These
should be more safe and able to induce a wider mitynand permit to apply the DIVA strategy i.e. to
use serology to ascertain if the anti-MV antibodietected in a rabbits originate by an infectioraor
vaccination.

RHDV is a non-cultivable calicivirus that infectabbits and causes an acute fatal hepatitis, firstly
described in China in 1984. The first consistertganic variant called RHDVa, was identified in
Italy and Germany in 1997. Nowadays it is presaenmnost parts of Italy and its field prevalence has
reached value over 50%. In Europe it has been tegpdetween 1997 and 2004 in Germany, France,
Malta and Hungary. Outside Europe, it was reparteReunion Islands, USA and South America and,
taking account of the RHDV genetic sequences degmbat the NCBI databank, its presence in China
is also evident from 1985. More recently some oRidDV isolates presenting peculiar characteristics
were identified. Based on their reactivity with M&\these strains could be considered as further and
separate steps of variation of the RHDVa, possilagsified as sub-variants.

The detection of seropositivity for RHDV in the aef healthy farmed and laboratory rabbits taken
between 1975 and 1985, which is approximately teary before the occurrence of the disease in
Europe, has suggested the hypothesis of the egesteinone or more “non-pathogenic” viral strains
antigenically related to pathogenic RHDV. Rabbiti€arus (RCV), the first of these non-pathogenic
RHDV-like viruses identified in healthy rabbits, svdetected in Italy in 1996. It is avirulent, replies

in the intestine at a low titre and presents a @2¥omic identity with RHDV. The diffusion of RCV

in different areas of Italy has been evaluatedvie €onsecutive serological surveys during thequkri
1999-2008, throughout the determination at slaugigeof anti-RHD antibodies in non-vaccinated
meat rabbits from RHDV-free commercial rabbitri€be results clearly show that antibodies reactive
with RHDV are present in several rabbit populati@imost 30% of controlled farms and over 80% of
animals. The definitive proofs that an active ititac had occurred came from the detection of IgA
and IgM as well as the identification of viral $treby using PCR on faeces. In addition, the encste

of other non-pathogenic caliciviruses in wild rabhias suggested by the serological surveys oftrabb
populations in European countries (UK and Frand®)stralia and New Zealand. Either the
identification of RNA patrticles related to RHDV iabbit sera collected since 1955 in Britain and the
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very recent isolation and identification of onetbése viruses in Australia finally confirmed such
hypothesis.

Enteric diseases have an important role in theitrab8ustry since they produce severe economic
losses due to mortality, growth depression and evong of conversion index. Among the different
pathogens that could be found in rabbits suffefiom enteropathy, viruses seem to have an important
but not definitive role. Viruses and among otheapibe Rotavirus (LRV) particularly, should not be
able to induce primary episodes of high gravity, lagting as mild pathogens, they have the capacity
of became endemic. The role and importance of @g@s primary aetiological agent of rabbit enteriti
are here discussed, by both reviewing the availlteleature and presenting the results of studfes o
prevalence of the viruses identified in rabbitshwénteritis. That is to recognise the main feataras
pathogenic abilities of different viral agents aodry to attribute them an etiological role in emt
syndromes, relating their presence with patholtgons.

Key words: Virus, Viral enteritis, Myxomatosis, Rabbit haem@gic disease, Epidemiology.

INTRODUCTION

The three most important viruses of rabbits includgxoma virus (MV), the poxvirus that causes
Myxomatosis, the caliciviruggénusLagovirus) of Rabbit Haemorrhagic Disease (RHDAA Lapine
Rotavirus (LRV), which is an enteric agent. In partiar, MV and RHDV can cause severe losses and
a huge economic impact due to high level of mothidnd mortality, and their occurrence in most
countries is followed by the application of strioeasures of health policy. The impact of LRV is
lower but indeed it should be considered an immporéeetiological agent of the so-called “enteritis
complex”. These viral infections can be efficientigntrolled and limited by a correct management
plan through the use of hygienic measures of dipgophylaxis together with the application of
specific vaccination programs.

There are other viral agents in rabbits, but bkirtoccurrence and their pathological value are
negligible. Most of them have been detected in itablith enteritis,i.e. parvovirus, coronavirus,
adenovirus, calicivirusgenusVesivirug, enterovirus-like, reovirus, and are generally cantsidered

as primary agents of disease. Herpesvirus and avirs (the agent of pleural effusion disease) can
cause a systemic disease but they have been vely reported.

MYXOMATOSIS: STILL ONE OF THE MAJOR THREATSFOR RABBIT BREEDING

From a virological point of view, Rabbit Haemorrim@isease virus (RHDV) and Myxoma Virus
(MV) are the main health and economical problemsrddbit farmers because both virus infections
cause rapid, systemic and lethal diseases withréahty rate often over 80%. Differently, while MV,
illegally introduced into Europe more than 50 yeage from South America (Fenner, 1994; Fenner
and Fantini, 1999), still represent a current agal problem, RHDV became a solved problem with
the introduction of a reliable and efficient vaaiafter its sudden and dramatic appearance. The mai
reason of this major difference is because RHDV Mibelong to two very distant virus families,
characterized by peculiar strategies used to saivithe host over time.

MV belongs to thé?oxviridaefamily, genus Leporipoxvirus with a very largedar double stranded
DNA encoding 171 unigue genes (twenty times moam tRHDV!). The entire genomes of the South
American strain, Lausanne (Cametral, 1999) and the North American strain MSW (Labud@t

al., 2004) have been sequenced. While the centrabptre genome includes approximately 100 gene
encoding structural and essential proteins, theemd parts of the genome include many
immunomodulatory genes involved in contrasting test immune system response towards MV
infection. Actually, successful MV replication anide consequent degree of disease induction are
related to its ability to avoid recognition andari@nce by the innate host and acquired immunerayste
of the infected rabbits (Kerr and McFadden, 200%lava et al., 2007; Stanfordet al, 2007).
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Immunomodulatory MV proteins (im-MV proteins) areiuded in three main categories in relation to
the target specific pathways: 1) virokines and régceptors, 2) immune modulators and 3) anti-
apoptotic factor (Stanforet al, 2007). Most of the im-MV proteins interfere ipegific host pathways
“miming” one of the host proteins involved in thhartsmission of the signal throughout the pathways
(i.e., they have a similar structure that allowsnthto compete with the normal proteins but theyehav
a reduced capacity, if any, to transmit the sign@ilje final result is that the specific pathway is
partially or totally blocked and as a consequen&érbplicate more easily.

Whereas the first two categories of im-MV proteitsgget both the innate and the specific
immunosystem, the proteins included in the thirtegary act inside the apoptotic pathways. In
response to virus infection, cells switch on a clexppathway of programmed cellular dead
(apoptosis) and elimination, with no or limited segquence for the surrounding tissues. Importantly,
most of these im-MV proteins have been experimntémonstrated to function as specific and
critical virulence factors indispensable for thdention of MV, leading to the development of
myxomatosis in European rabbits that, in fact,@epnts a devastating state of immune suppression of
the host that usually dies for supervening badtariaction.

The main ways to control myxomatosis in areas whves endemic are a combination of direct and
indirect measures of prophylaxis. Basically, theglude the application of biosecurity measures, in
order to avoid the introduction of the infection mfected animals or by contacts with arthropod
vectors, and the use of the vaccine (Stanébral., 2007). The commercially available vaccines bglon
to the category of the live attenuated ones andhtained by serial passage of the virus on tissue
culture or in a heterologous host. Albeit they alde to induce immunity to MV for a variable time
(even 9 to 10 months) that could be easily tracgdubing serological methods for detecting
antibodies, the protection of rabbits from the atifen is not fully guarantee. However, because of
knowledge gained in the two last decades from rekaan MV (in particular on the im-MV proteins),

a new family of vaccines will soon be produced amable available in a few years. Biotechnology
deleted vaccines will have at least two advantafyess; to be more safe and able to induce a wider
immunity since it will be well known which im-MV ptein(s) have been deleted. Secondly, it will be
possible to apply the DIVA strategy that is basedise of a “marker vaccine”. This will allow theeus
of serology to ascertain if the anti-MV antibodaetected in a rabbit originated by an infectioraor
vaccination.

In this view, it will be necessary to develop segital assays that are able to detect specific
antibodies for the single most important MV progei@ne example of these assays was developed at
our laboratory where the MV serology is based olSRLs that specifically detect the antibodies
produced against the m71L protein (Cristenial, 2007). The ELISA used in routine assays is a
competitive type one (Botet al, 2007). A monoclonal antibodies (MADb) specifiad the m71L is
adsorbed at the solid phase. Sera are diluteceimtbroplate wells starting from the dilution 1/46d

the antigen, which are easily obtained from celfedgted with MV. The competition for the binding of
the antigen is between the MAb adsorbed onto thid pbase and the serum antibodies. Finally, the
MADb anti m71L conjugated to the peroxidase enzysnesed to measure how much antigen is linked
to the solid phase. The test has been used sifkid@lifferent epidemiological situations and dtsh
been shown to be reliable and sensitive (Lavarzh, 2004a; Ferrazat al, 2007).

Presently, more studies are in progress on in dalaentify the level of antibody production with
respect to the main MV proteins, included the im-lihes.

CALICIVIRUSIN RABBITS: A REVIEW ON RHDV AND CORRELATED VIRUSES

Rabbit haemorrhagic disease (RHD) is a highly ayntes and fatal acute hepatitis of wild and
domestic European rabbit®ifyctolagus cuniculyswhich was first reported in 1984 in China (let

al., 1984). It appeared in Europe in late 1986-8&icaguenormous devastation to the rabbit industry,
at least until the development of an inactivatedcuge and introduction of its use in prophylactic
programs. RHD has been reported in over 40 cosnaiel is presently endemic in Asia, Europe,
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Central America. Outbreaks have also been recomdethudi Arabia and West and North Africa.
RHD has been intentionally introduced in Austraiad New Zealand (Cooke and Saunders, 2002),
where rabbits are considered a pest, as biologaatol in order to keep as low as possible thellev
of rabbit reproduction. In 2000 and 2001, threeepehdent outbreaks were recorded in the United
States of America and more recently from 2004-28§4n in USA and in South America (Uruguay).

The European rabbit is the only species affectedRBfp and no other American lagomorph (
Romerolagus diazziepuscalifornicus, Sylvilagus floridanus have been shown to be susceptible
(Gregget al, 1991). As a general rule, the presence of RHRragndemic disease is merely the
consequence of the presence of steady wild and stamuropean rabbit populations that makes
almost impossible the goal of eradication of RHBpite of the availability of an effective vaccine.

A similar disease, termed European brown hare syndr(EBHS), has been described in the hare
(Lepuseuropaeuysin the early 1980’s in Northern Europe (Gavieredfi and Moérner, 1991). Due to
the existence of many similarities with regardsagtiology, epidemiological data and clinical-
pathological features, at least initially, EBHS d&dD were considered as the same disease caused by
a single agent.

The causative agent of RHD and EBHS

For some years (1984-1990), the identification alagsification of RHDV have been debated and
various hypotheses were put forward (i.e., parwsvirpicornavirus, calicivirus). The definitive
classification of RHD (and EBHSV) as calicivirusdathe subsequent definition of the new genus
Lagovirus inside th&aliciviridae family (Figure 1) was achieved between 1991-19@#&n various
authors purified the non-cultivable virus from livergan homogenates, amplified and sequenced the
capsid protein, and studied its antigenic propgrtie

Picomaviridae Calicivindae
T i s
Hayv - i : 7
. Lordsdale " "Norwalk- like viruses"
EMCV i \‘\\
Sniow Mountaln %
/ LY
; Southampton
%
Momwalk R
HRV 14 i
--—'-'—._'_‘_'_'_._'_
B Lagovirus
: "-~--...__L___1 _______
FMDV e 3 B
’ % London %
129845
7 Msv4
;
% VESV-A48 Y Manchester
. SMSV-17 X Sopporotis ./
“. Primate Pan-1 Fov-crisa “Fakvile  Houstorygp /
S S SMSV-1 FCV-F5 : / -
Vesivirus HH"""*-»._. _N—/.‘-" H.q““'wh___ o "Sapporo-like viruses"

—_ 01

Figure 1: Classification of Caliciviridae through phylogeiteanalysis of sequences of both the capsid
protein and RNA polymerase

RHDV is 32 to 35 nm in diameter, has a single maapsid polypeptide (60 kDa), a positively
stranded RNA genome of 7437 kb and a sub-genomié& BN2.2 (Capucciet al, 1990, 1991;
Onhlingeret al, 1990; Parra and Prieto, 1990; Meyetsl., 1991a, 1991b). The RHDV VP60 capsid
protein folds in two distinct domains held togetbgra hinge region: the N-terminal 1 — 234 residues
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constitute the inner domain and the C-terminalduess beyond 235-579 constitute the protruding
domain. In the overall picture of the capsid, thdeeains form the inner shell and the outer shell,
respectively, which is characterised by arch-likectures (Barcenat al., 2004). This structure also
correlates with the antigenic characteristics ofCRH In fact, the main antigenic determinants are
located on the C-terminal end of the VP60 (Wirbliehal, 1994; Capucciet al, 1995a, 1998;
Schirrmaieret al, 1999).

Presently, it has become clear that EBHSV is netshime disease. In fact, the aetiology of EBHS
remained unclear for many years until it was shdwyranimal experiments and electron microscopy
EM analysis (Eskens and Volmer, 1989; Lavazza amdchi, 1989) that it was caused by a virus
showing morphological characteristics indistingaisle from those of the rabbit haemorrhagic disease
virus (RHDV) with biochemical features typical diet Caliciviridae family. However, significant
antigenic, structural and molecular differencesMeen the two viruses were found using RHDV-
monoclonal antibodies (MAbs) (Capucei al, 1991, 1995a), and cross-hybridisation and geoomi
sequence analysis (Wirbilgt al, 1994). Alignment of the RNA sequences of the EB+and RHDV
genomes reveals 71% nucleotide identity, and arairid alignment shows 78% identity and 87%
similarity (Le Gallet al, 1998). Indeed, cross-infection did not occurexperimental infection of
rabbits with EBHSV and hares with RHDV (Lavaztaal, 1996).

A second type of virus particle (s-RHDV) is commonound as the main component in
approximately 5% of RHDV-positive specimens (itgse taken from rabbits showing a protracted
course of the disease) (Capuetial, 1991; Granzowet al, 1996; Barbieriet al, 1997). The main
characteristics of this particle, called “smoothRH (s-RHDV) are shown in Table 1. It corresponds
to the inner shell of RHDV with large amounts détec especially from 3 to 4 days post-infection,
when specific anti-RHDV IgM are appearing, but oimlyhe liver and spleen, not the bloodstream.

Table 1: Main characteristics of smooth RHDV (sRHDV) inngmarison with “full” mature RHD
virions (RHDV)

RHDV sRHDV

Diameter (nm) 32-35 25-30
Sedimentation (S) 170 145
Structural Protein (Kd) 60 28-30
HA (extract 10%) 4-8x103 neg
Infectivity (LDsg) (1 ml extract 10%) 105-107 neg?
Antigenicity:

RHDV MADbs (ext. epitopes) pos neg

RHDV MADbs (int. epitopes) pos pos

EBHS MADbs (ext. epitopes) neg pos

aRHDV serum pos pos

aEBHSV serum neg pos

These data, in association with the finding of fnegts of the VP60 having different molecular weight
(41-30 kDa), during transition from RHDV to s-RHDMd Barbieriet al. (1997) to conclude that the
genesis of the particle is due to a degradativeqa® that is probably the consequence of the
physiological clearance of the RHDV-IgM immuno-cdmpformed in large amounts at the beginning
of the humoral response. Therefore, the identifioadf this second particle in the liver of a rattan

be considered to be a marker of the subacute/ahfonin of RHD that usually evolves between 4 and
8 days post-infection, and is followed either bg tteath of the rabbit or, more often, by its recpve
(Barbieriet al, 1997).

Viruspropertiesand resistance
RHDV is very stable and resistant in the environineimal infectivity is not reduced by treatment
with ether, chloroform or trypsin, by exposure té .0, or by heating to 50°C for 1 hour (Capucci,

unpublished data). The virus survives for at |€28 days in an organ suspension kept at 4°C, 105
days in the dried state on cloth at room tempeeatmd 2 days at 60°C, both in organ suspension and
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in the dried state (Smiett al, 1991). Other studies indicate that RHDV can iserin rabbit carcasses
for at least 3 months, while viral particles exmbd@ectly to environmental conditions are viatibe &
period less than one month (Hennigtyal, 2005). It also retains its infectivity at low tperatures,
and remains quite stable during freezing and thgwimeatment of RHD virions at pH 11 induces the
breakdown of the virions and the production of %0 subunits (Capucci, unpublished data). RHDV
is inactivated by 10% sodium hydroxide, by 1.0-1.48tmaldehyde, and by 0.2-0.5% beta-
propiolactone at 4°C, but such treatments do riet #hie immunogenicity of the virus (Xu and Chen,
1989; Arguello Villares, 1991).

Epidemiological surveillance and virusvariability

One of the most recurrent questions among reseaarthat study RHD and EBHS is: What is the
origin of pathogenic lagovirus? In fact, it is a&a$t outstanding that two similar diseases in two
lagomorph species appeared almost instantaneouslyferent parts of the world. Thus, is there any
relation in the emergence at the same time of mthqgenically-related but different viruses?

Most of the epidemiological studies conducted erg years were only focused on trying to provide
an answer to these questions. The extensive ugariolus serological methods, some of which show
high sensibility, being based on Lagovirus “genpecffic” reagents, permitted to reveal the presence
of positive antibodies, both in rabbits and haram@ed before the first occurrence of the two
diseases. Multiple data on seropositivity were gatl from wild and domestic rabbits in Australia,
New Zealand, ltaly, France, and United Kingdom d&rmn hares in South America, Africa, and
Europe, leading to the hypothesis of the existarfceon-pathogenic RHDV-like and EBHSV-like
viruses in rabbits and hares, respectively, fronclvioriginated the “new” pathogenic viruses during
1980. The factor responsible for the pathogenift ahid the molecular determinant for pathogenicity
on RHDV genome have not yet been defined, but #@dsepted that the RHDV-like viruses were
originally “enteric” viruses, which then acquirdtetcapacity to pass the mucosal barrier and tatinfe
hepatic cells. How such an event occurred is nowkn but it is almost certainly the outcome of a
genetic mutation considering that RHDV, like alhet RNA viruses, is endowed with considerable
genetic variability.

This aspect and the rapid diffusion of RHDV throoghthe world should have favoured a high
antigenic variability. In spite of this, since tfiest identification of RHDV in 1984, all known \at
isolates were considered to belong to one serofiipe complete sequence of geographically different
RHD strains has been reported and their companisueals close overall homology in terms of
genome sequence with few or no predicted changamino acid composition (differences between 2
and 5%) (Nowotnyet al, 1997; Le Galkt al, 1998). Nevertheless, isolates that exhibit tematpee-
dependent differences in haemoagglutinating chamatts were successively described (Capetci
al.,, 1996a) and then a consistent genetic and antig_MDV variant, named RHDVa, was
concurrently identified in Italy (Capucet al, 1998) and Germany (Schirrmagtral, 1999).

The RHDV variants (RHDVa and other subvariants)

The variant strain RHDVa presents amino acid chamyéhe surface-exposed region (aa 344—434) of
the VP60 that contains the main antigenic epitageslicivirus, which are three times higher than i
all previously sequenced RHDV isolates. It does m@tct in ELISA tests with the monoclonal
antibody (MAb) 1H8, which is able to protet vivo experimentally infected rabbits from the
“classical” RHD strain, and is also less reactivishwabbit sera produced from the original RHDV
isolate. However, rabbits experimentally vaccinaséith the currently available RHDV vaccine were
protected against challenge with RHDVa, even wikbvmeer efficiency (Capucat al, 1998).

The production of a panel of specific MAbs was Ilasis for the development of specific methods in
order to rapidly distinguish between outbreaks edusy RHDV and RHDVa and to enlarge the
capacity to detect new possible variants. Usind=BISA test, epidemiological studies were carried
out to compare the rate of diffusion of RHDV andR¥h in ltaly (Grazioliet al, 2000; Lavazzat
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al., 2004b) and elsewhere. RHDVa is present in mags$ j@d Italy and its prevalence increased from

its first reporting until present reaching valueen50% (Table 2). The highest percentages were
found in those Italian regions where the most isitanrabbit production is concentrated (Lombardia,

Emilia Romagna, Piemonte, Veneto and Campania).

Table 2: Total number of RHD cases observed in ltaly dyrthe last four years and relative
frequency of classical (RHDV) and Variant (RHDV&ps

Year Tot. examined Total RHD pos. (%) RHDV pos. (%) Rk pos. (%)
1997 n.d. 211 191 (90.5%) 20 (9.5%)

1998 n.d. 80 66 (82.5%) 14 (17.5%)
1999 n.d. 65 39 (60.0%) 26 (40.0%)
2000 252 134 (53.2%) 89 (66.4%) 45 (33.6%)
2001 136 69 (50.6%) 25 (36.2%) 44 (63.8%)
2002 203 138 (67.9%) 61 (44.2%) 77 (55.8%)
2003 226 63 (25.9%) 12 (19.0%) 51 (81.0%)
2004 209 124 (59.9%) 32 (25.8%) 92 (74.2%)
2005 192 77* (40.1%) 32 (41.6%) 40 (51.9%)
2006 171 63 (36.8%) 27 (42.8%) 36 (57.2%)
2007 406 156 (38.4%) 61 (39.1%) 95 (60.9%)

*5 (6.5%) samples not determined.

The variant has been contemporaneously identifig@érmany (Schirrmaieat al, 1999). It has been
detected in France and on the Reunion Islands gidi999-2000, and more recent data from France
indicate that it represents 10% the isolates (L#, @arsonal communication). It was identified in
Malta in 2004, and it has also been reported aseptén Hungary since 2003 (Magz al.,, 2006). All
together these data suggest that RHDVa could liesdid throughout other European countries that
have been experiencing the disease for many y@arside Europe, it caused the first outbreaks of
RHD in USA in spring 2000, and again it has beamiified in USA on 2005. It has also caused the
first outbreak in South America (Uruguay 2004-063king account of the RHDV genetic sequences
deposited at the NCBI databank, the presence of \RHID China is also evident from 1985. No data
from other countries are available.

In addition to the data on the presence and ddfusif RHDVa, an epidemiological investigation led
to the identification of some other RHDV isolatésit presented peculiar antigenic characteristics
(Capucci, unpublished data). In fact, these RHDM’is$, isolated during distinct outbreaks that
occurred in widely-separated areas, and at difftameres since 2004 to present, show different kevel
of reactivity using the panel of MAbs with resp&xtboth the classical strain and the variant RHDVa.
Based on their reactivity with MAbs, these strainsild be considered as further and separate steps o
variation of the RHDVa, possibly classified as s@iants. Indeed the genome sequencing confirmed
the existence of some genomic differences in coispamwith the RHDV strains previously identified.

Epidemiological surveillance and serological surveys

As part of the epidemiological surveillance effa#rological surveys have been performed since the
first occurrence of RHD in Europe in 1989 in ortledetermine the presence of specific anti-RHDV
antibodies in wild and domestic population and terify the efficacy of indirect prophylaxis
(vaccination) in industrial rabbitries.

The standard methods employed are competition EI(tEAISA), which is a highly specific test that
measures antibodies directed against antigenicrdietents on the viral external surface (bindingwit
high avidity), and the anti-isotype ELISA (isoELIpAhat enables titration of IgA, IgM and IgG
(Capucci and Lavazza, 2004). The combination of rémilts of both methods are critical for the
interpretation of field serology (Table 3) (Cookeal, 2000), considering that rabbits with titres of
1/10 in cELISA are protected from RHD and that:cgnvalescent rabbits show titres of 1/640-
1/20480; ii) young rabbits (<35-40 days-old) wittnets 1/80-1/320; iii) vaccinated rabbits with eir
of 1/160-1/320 and iv) healthy rabbits are usua#igative but they can even have titres of 1/10€./32
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It was precisely the detection of seropositivityhe sera of laboratory rabbits taken between Eeicb
1985, which is approximately ten years before it bccurrence of the disease in Europe and on
farms where the disease had never been previoegtrted, as well as similar serological data from
more laboratories (Roda#t al, 1990; Capuccet al, 1991; Troutet al., 1997; Marchandeaet al.,
1998a, 1998b), that suggested the hypothesis aiXiséence in domestic rabbits of one or more “non-
pathogenic” viral strains antigenically relatecpthogenic RHDV.

Table 3: Summary of different immunological classes depetb on the basis of CELISA, isotypes
titre and body weights (from Coolet al, 2000)

Titre*

Class CELISA 19G IgM IgA Notes
Negative - - - -
Pre-existing antibodies + (rare) + - -
Maternal antibodies + + - - Rabbits < 1300 g
Previously infected rabbits

Recent infection ++ ++ ++ ++ IgM > 640

Past infection + + * *
Re-infected rabbits ++ ++ - + IgA > 160

* ++, high titre; +, low titre; +, not always deted -, no antibodies.
The apathogenic calicivirus (RCV)

The first non-pathogenic virus related to RHDV itliged in healthy rabbits was named Rabbit
Calicivirus (RCV) (Capuccet al., 1996b, 1997). Its existence was first suspecteenwie observed
the spontaneous seroconversion of rabbits reartianimal facility of our institute in the abseraf
signs of the disease and mortality; we then su@atedreproducing the phenomenon under controlled
conditions (Capuccet al.,1995b). RCV may be considered an “enteric”, notinpgenic virus highly
correlated to RHDV, perhaps its progenitor. Itlideato “persistently infect” commercial rabbit fasm
and it works as a natural vaccine. RCV significauliffers from the previously characterised RHDV
isolates because it is avirulent, replicates initbestine at a low titre, and presents a genodeatity
with RHDV of around 92%. The RCV amino acid seqeewndé the main capsid protein (VP60)
between aa 300 and 311 is the more divergent ambtitge known sequences of lagovirus. Therefore,
this area of the VP60, which is known to be highdyiable also among different feline calicivirus
isolates showing different degree of pathogeni¢8gal, 1994), could hypothetically influence the
degree of pathogenicity of the caliciviruses. Expental infection of hares with RCV failed and the
antigenic data and sequence comparisons demouistiae RCV is much more closely related to
RHDYV than to the EBHSV (Capucet al.,1996b).

The diffusion of RCV in different commercial rabidts from different areas of Italy has been
evaluated during five separate serological suniByshecking at slaughtering the presence of anti-
RHD antibodies in non-vaccinated meat rabbits ffanms with no evidence of overt RHD clinical
disease. These surveys were conducted during I08@ith Italy (Veneto and Lombardia regions),
during 2002-2003 in Central and South Italy (LaZi@mpania and Basilicata regions), in 2004 and
2006-2007 in Central Italy (Marche region) and 002-2008 again in North Italy (Lombardia and
Veneto regions). The results (Capueti al, 2004; Lavazzeet al, 2007; Capucci and Lavazza,
unpublished data) clearly show that antibodies tremovith RHDV are present in several rabbit
populations (Table 3). In particular, by using si@m cELISA, we found anti-RHDV antibodies in
almost 30% of controlled farms with over 80% ofraals having titress 1/20 (up to 1/1280). In
addition, by using anti-isotype ELISAS, clearly simowas the presence of IgA (and sometimes IgM),
proving that an active infection had occurred. #tdition, during the last survey it was possible to
identify the viral strains by using PCR methoddaeres (Capucait al.,unpublished data).

The RHDV-like viruses
The existence of non-pathogenic caliciviruses ihdwabbits was suggested (Troet al., 1997;

Marchandeaet al.,1998a, 1998b; O'Keef al.,1999; Robinsomt al, 2001; Cooke, 2002; Coolet
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al., 2002) to explain the early discrepancies foundenological surveys of rabbit populations in
European countries, Australia and New Zealand. Rid#icles related to RHDV were shown in rabbit
sera collected since 1955 in Britain, confirmingttiRHDV-like viruses were present in Europe for
many years before the first evidence of RHD (Meal, 2002). High antibody levels detected after
RHD first began to spread through Europe but irasn@here RHD had never been recorded nor
suspected, provided further serological evideneg tlon-pathogenic strains might be present in wild
European rabbit populations (Treettal, 1997; Marchandeaet al, 1998a, 1998b). In addition, more
recent data (Marchandeaual, 2005) provide evidence for the existence of nanigetive antibodies
raised against a putative RHDV-like virus.

The serological data obtained on rabbit sera intrAlisa and New Zealand (O'Kee#t al., 1999;
Cookeet al.,2000, 2002; Nagesthat al.,2000; Robinsort al, 2001; Cooke, 2002) clearly show that
antibodies reactive with RHDV were present in fa@bbit populations before the introduction of
RHDV. Furthermore, the comparison of the resultsioled using different ELISA systems, providing
different levels of specificity but higher sensityvindicated that the major part of these antilesdi
was cross-reactive antibodies, recognizing antigeeiterminants buried inside the structure of the
RHDV capsid (i.e., “common” epitopes considered“goup specific” in all the calicivirus of
lagomorphs) (Capucci and Horner, unpublished dathgrefore, the presence and circulation of a
putative non-pathogenic RHDV-like virus in ferabbét populations being able to induce antibodies
partially cross-reactive with RHDV was postulatedaddition, the serological data (average of ditre
found in Europe by testing with cELISA the seraaofmals infected with RCV were 8 to 16 times
higher than the titres found among the feral rapbit from New Zealand and Australia) indicated tha
such a putative RHDV-like virus is characterizeiffedently than RCV, by a consistent genetic and
antigenic difference from RHDV, estimable in mdnar 40% of amino acid substitutions in the outer
part of the VP60 (Capucci, unpublished data). Téwey vecent isolation and identification of one of
these viruses in Australia (T. Strive, CSIRO Ent@ogy Division - Canberra, personal
communication) finally confirmed this hypothesis.

The possible role of these non-pathogenic RHDV-lkeises in reducing the impact of RHD by
conferring a cross-protection was also discusseK€, 2002; Cooket al., 2002; Marchandeaet

al., 2005). The main question was whether these ang@badterfere with RHDV infection and the
course of the disease, but the data obtained sutigaswas not the case. In fact, there is a strong
correlation between the titre in cELISA and thdestaf protection (i.e., animals with titred/10 are
immune, but only when antibodies are specificafiguced by RHDV or RCV).To the contrary, the
antibodies directed towards internal determinarioss-reactive antibodies) have little or no
importance from a protective point of view; they arot neutralising and do not interfere with the
RHDV infection (Cookeet al.,2002; Marchandeagt al., 2005).

In conclusion, even if the existence of non-patimg&HDV-like viruses in wild and domestic rabbit
populations have been proven by valid serologicad airological data, their epidemiological
importance remains largely unknown. Moreover somestjons still need to be answered from further
scientific studies. For example, are rabbits quicklilding resistance to RHDV infection? Are
changes in viral RNA sequences associated witheriog changes? Therefore, it will be therefore
very interesting to follow the evolution in Oceamfthe relationship between rabbits and the virus
that cause RHD, in comparison with the previouseéegnce of the deliberate introduction of the
Myxomavirus (i.e., if a small round RNA virus, sual RHDV will evolve in less virulent strains and
will select in resistant populations of rabbitsoasurred for Myxomatosis virus, a large DNA virus).

VIRAL ENTERITISOF RABBITS
Enteric diseases have an important role in theirafdustry since they can produce severe economic
losses due to mortality, growth depression and evong of conversion index. The “multifactorial

enteropathy”, known also as “enteric syndrome”the most important “conditioned” diseases,
especially in relation to its productive and ecoiimpact. It is a pathologic complex of growing
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rabbits characterized by a great number of stressmod pathogens acting in synergy with a different
degree of virulence (i.e., various aetiological rage(viruses, bacteria and protozoa) that can act
together to cause tissue damage at the gut Iénel determining severe diarrhoea and malabsorption)
Among the different pathogens that could be foumdhbbits suffering from enteropathy, viruses seem
to have and important but not definitive role. \éies should not be able to induce primary episofles o
high gravity but, acting as mild pathogens, theylddave the capacity of becoming endemic.

In intensive rabbit breeding systems, this conditis characterised by intense genetic selection,
exasperated by high productive performances, antetimes by overpopulation and consequently
high environmental load with facultative pathogemberefore, viruses and other low pathogenic
agents (es. flagellata protozpapn implicate a more important role for the ocaucee of severe
enteritis in rabbits, predisposing and aggravasegondary microbial infections. One possibility,
already proposed by others, is that viruses canapily cause damage to the intestinal mucosa, thus
predisposing the attachment and replication ofdy&ct In such cases it is not excluded as a dose
dependant effect, as well as a transient infeaimh a short period of excretion, thus making pdssib
the detection of viruses in association with thespnce oE. coli, Clostridiumspp, Coccidia and other
protozoa. On the other hand, we can not exclude tttea change in physiologic and metabolic
conditions, induced to enteric level by varioustdes, both alimentary or not, can enhance the
replication of viruses normally present at a lowsmcentration, permitting them to trigger a
pathogenic reaction.

Rotavirus

The Group A rotavirus, a member of tReoviridaefamily, is considered to be the main cause of
acute viral gastroenteritis in different animalsluding rabbits (Schoeét al, 1986; Thoulesst al.,
1996). Lapine Rotavirus (LRV) is considered onlydtyi pathogenic (Thoulesst al.,1988), but it can
primarily cause enteric disease in post-weaningitaband be involved in the aetiology of more
severe enteritis outbreaks in association with rotlreises, bacterial, coli, Clostridium spp) and
parasites. Rabbits become infected by the oro-femgk, and the extension and the severity of the
lesions are dose dependent (i.e., the consequesfcaébe infection (microvillus degeneration,
malabsorption and diarrhoea) are higher when tleetious dose is also high).

The persistence of maternal antibodies until 3@3adays can reduce the symptoms of the disease.
Thus, until 4 to 5 weeks of age, rabbits mostlyamee sub-clinically infected with particle excretion
for only 3 days. The LRV infection is more frequemtgrowing rabbits (35 to 50 days old) and is
characterised by a high rate of morbidity, with +specific clinical signs (i.e., diarrhoea, anorexiad
depression). Diarrhoeic symptoms appear at thenbagj of viral excretion that lasts for 6 to 8 days
and are generally followed by constipation. Lesiobserved at necropsy are not constant: catarrhal,
haemorrhagic or necrotic entero-tiflitis and cadosgdaction. Meat rabbits suffering from enteritenc

die due to dehydration and secondary bacteriatiiaies. In rabbits that recover from the infectian,
decrease in productivity is commonly observed duedluced absorption capacity.

A virological diagnosis can be achieved by tesfamres and intestinal contents by ELISA, including
negative staining by electron microscopy (nsEM) &@R. LRV was detected in 16.4% (Niedelu
al., 2000) and 23% of post-weaning rabbits with eatsigns (Cerioliet al., 2004); however, sero-
epidemiological surveys have shown that most adalibits are seropositive for rotavirus, thus
indicating that there is normally a constant ciatioin of low amounts of rotavirus in industrial bétb
farms (Peeterset al., 1984; Di Giacomo and houless, 1986). The introduction of breeders of
unknown origin, without application of a quarantiperiod, is an important risk factor. Thus, a
reduction in biosecurity and hygienic activitiegy(ecleaning, disinfection, removal of littersndead

to a dramatic increase of the environmental comtatian with rotavirus.

The classification of rotavirus strains is basedtloa characterization of two outer capsid proteins,

VP4 and VP7, the main antigenic determinants thaeépendently elicit neutralising antibodies and
induce a protective immunity response. Based oh hatigenic or genetic characterization, 15 VP7
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types (G types) and 26 VP4 types (P genotypes) baea recognized (Estes, 2001). A few LRV
strains have been analysed in detail in early iiy&tsons. Analyses of the few strains identified i
various parts of the world (Canada, USA, Japaty)ltaave revealed a substantial antigenic/genetic
homogeneity of LRV’s, as all the viruses analyzedas belong to the VP7 serotype G3 (Pettial,
1978; Sateet al, 1982; Conneet al, 1988; Thoulesst al.,1988; Ciarleket al, 1997) and to the VP4
serotype P11[14] (Ciarledt al, 1997; Hoshinet al, 2002). The epidemiological surveys carried out
to investigate the distribution of the VP7 and Vdigenic specificities of LRVs in Italy are fully
reported by Martellaet al (2003, 2004, 2005). Almost all the strains wemnaracterized as P[22],G3
(Martellaet al, 2005), confirming the presence of the newly-rexized rotavirus P[22] VP4 allele in
Italian rabbits. Only one P[14],G3 LRV strain wakemtified and two samples contained a mixed
(P[14] + [22],G3) rotavirus infection. All the LR\trains analysed exhibited genogroup | VP6
specificity and a long dsRNA electropherotype. Heegre one of the P[14],G3 strains possessed a
super-short pattern. Overall, these data highligatepidemiological relevance of the P[22] LRV’s in
Italian rabbitries.

Coronavirus

Rabbit Coronavirus (RbCoV) is an unassigned menmbahe Coronaviridae family. It has been
described as an agent of two different pathologiené in the rabbit: a systemic disease (known as
pleural effusion disease or cardiomyopaty of rgbhitd an enteric disease (Lapieateal, 1980;
Osterhauset al, 1982). The systemic disease is characterizedelsgr, anorexia, leucocytosis,
lymphocytopenia, anaemia, hypergammaglobulinermi@ggyclitis, which is often followed by death.
The lesions are localized to the myocardial andinddevels. The enteric disease shows the lesions
and symptoms typical of enteritis caused by coronavn other species. The RbCoV replicates in
small intestine with necrosis of apical villi ansl followed by diarrhoea (Descoteaak al, 1985;
Descoteaux and Lussier, 1990). A high prevalence been found in seroepidemiological surveys
(Deebet al, 1993), indicating a wide diffusion of the RbCaWrabbitries.

Diagnosis of coronavirus could be achieved by usiegative staining electron EM. The important
increase of coronavirus-like positivity from ourepious surveys (Nieddet al, 2000; Cerioliet al.,
2004) suggests the need for further improvementstisdies of this agent; however, which role as
either an enteric and/or systemic pathogen hasyebtbeen completely determined. Serological
surveys performed in three rabbitries, using ariréatl ELISA based on the use of cross-reactive
reagents for Bovine Coronavirus (BCV), indicatedidespread seroprevalence. However, by testing
with a sandwich ELISA for BCV 16, samples resultegositive cases by EM for coronavirus-like
particles; we only detected a faint positivity immBsamples. We also tried to isoldtevitro the virus
and to define its haemoagglutination propertiesC&b, similarly to bovine BCV, seems to grow in
the HRT18 cell line, and it haemogglutinates morggk blood cells but not those of rabbit. In these
surveys coronavirus was frequently associated otitler viruses (mainly with rotavirus), accounting
for 80% of its association during the period 200®42, so it could be possible that it can act togreth
with viral and bacterial agents to determine pos&mng enteritis. Therefore, the pathogenic rola as
cause of primary enteric disease was not evidenttHe widespread nature of the virus and its high
seroprevalence (100% farms, 3 to 40% rabbits) asrgbd by other authors suggest the possibility of
subclinical infection and a probable role as anoopmistic pathogen.

Other viruses

The Rabbit Parvovirus, first described by Matsunetgal. (1977), has very low pathogenicity and it is
commonly isolated from the gut contents of healihymals. It could cause very mild clinical signs
(lethargy, disorexia, and depression) in experiaigntinfected animals and a mild to moderate
enteritis in the small intestine (Matsunaga andnGhil981). Its primary pathogenic role is still
unclear, but considering its frequency of idengifion, it could be important only in multiple

infections when combined with other infectious agdriruses, bacteria, and other parasites).
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Some of the other viruses detected during diagnestivity has only had a sporadic occurrence, thus
their pathogenic role is probably negligible. Adeings has been previously reported only once
(Bodon and Prohaszk&980). Reovirus and enterovirus have never beetrided as enteric agents of
rabbits. However, we cannot exclude that entereviike particles correspond to picobirnavirus
(Gallimore et al., 1993), stating that strict morphological similarities exigith this group of non-
cultivable RNA viruses as identified in severalaps (humans, pigs, chickens, guinea pigs) incudin
rabbits. Lusertet al. (1995) found that picobirnavirus was commonly eked by 10% of rabbits
without causing any symptoms or lesions. A cultleadalicivirus,genusvesivirus, has been recently
identified from juvenile growing rabbits showingnsgtoms of diarrhoea (Martin-Alongt al, 2005)
and it was shown to be neither related to Rabbérhtarhagic Diseases virus (RHDV) nor to Rabbit
Calicivirus (RCV).
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