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Summary. Porcine reproductive and respiratory syndrome virus (PRRSV) be-
longs to the recently recogniz@dteriviridaefamily within the genugrterivirus,

order Nidovirales which also includes equine arteritis virus (EAV), lactate
dehydrogenase-elevating virus (LDV), and simian hemorrhagic fever virus
(SHFV). Mature viral particles are composed of an envelope 50-72 nm in diam-
eter, with an isometric core about 20-30 nm enclosing a linear positive-stranded
RNA genome of approximately 15 kb. The virions are assembled by the budding
of preformed nucleocapsids into the lumen of the smooth endoplasmic reticulum
and/or Golgi apparatus. The mature virions are then released by exocytosis. The
viral genome contains eight open reading frames (ORFs) which are transcribed
in cells as a nested set of subgenomic MRNAs. The ORF1a and ORF1b situated
at the %end of the genome represent nearly 75% of the viral genome and code for
proteins with apparent replicase and polymerase activities. The major structural
proteins consist of a 25 kDa envelope glycoproteindGéh 18—19 kDa unglyco-
sylated membrane protein (M), and a 15 kDa nucleocapsid (N) protein, encoded
by ORFs 5, 6 and 7, respectively. The N protein is the more abundant protein
of the virion and is highly antigenic, which therefore makes it a suitable candi-
date for the detection of virus-specific antibodies and diagnosis of the disease.
Four to five domains of antigenic importance have been identified for the N pro-
tein, a common conformational antigenic site for European and North American
strains being localized in the central region of the protein. In cells and virions,
both M and GR occur in heterodimeric complexes linked by disulfide bonds. The
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expression products of ORFs 2 and 4 are also incorporated into virus particles
as additional minor membrane-associated glycoproteins designated, @GP
GPy, with M, of 29 and 31 kDa, respectively. The structural nature of the ORF3
product, a highly glycosylated protein with an apparepbof2 kDa, is still being
debated, in view of the apparently conflicting data on its presence in virus particles.
Nonetheless, the GRf North American and European strains has been shown
to be antigenic, providing protection for piglets against PRRSV infection in the
absence of a noticeable neutralizing humoral response. Pigs exposed to the native
form of GR; by means of DNA immunization develop specific neutralizing and
protecting antibodies. The GI involved in antigenic variability, apoptosis, and
possibly antibody-dependent enhancement phenomena. Thals€Ppossesses
antigenic determinants that trigger the immune system to produce neutralizing
antibodies. Each of the PRRSV structural proteins carries common and type-
specific antigenic determinants that permit the ability to differentiate between
European and North American strains. The potential use of the PRRSV structural
proteins in subunit recombinant-type vaccines is also discussed.

Introduction

The porcine reproductive and respiratory syndrome (PRRS) is an infectious dis-
ease in swine that emerged 12 years ago in the United States [48] and Canada [12,
21], but two to three years later in the European countries [1, 6, 87, 119, 121].
Today, PRRS is endemic in many, if not all swine-producing countries [2, 42]. The
disease has many clinical manifestations but the two most prevalent are severe
reproductive failure in sows and gilts (characterized by late-term abortions, an
increased number of stillborns, mummified and weak-born pigs) [12, 15, 48, 94,
109], and respiratory problems in pigs of all ages associated with a non-specific
lymphomononuclear interstitial pneumonitis [12, 17, 43, 44, 98].

The causative virus, PRRSV, belongs to the recently recogAigedviridae
family within the genu#\rterivirus, orderNidovirales along with equine arteritis
virus (EAV), simian hemorrhagic fever virus (SHFV), and lactate dehydrogenase
elevating virus (LDV) [4, 14, 18, 29, 71, 92]. The virus is remarkably adapted to
its natural host, and as other arteriviruses [91, 92], it infects almost exclusively
pig monocytes and macrophages [8, 21, 117, 120, 121].

Mature PRRSV virions, as in the case of other arteriviruses [14], are enveloped
and contain an icosahedral capsid [11, 22, 95] which encloses a linear positive-
stranded RNA genome of approximately 15 kb [18, 71]. Despite major differences
at the ultrastructural level, the link with coronaviruses, also recently grouped into
the ordeNidovirales[14, 29] was proposed on the basis of the genome of equine
arteritis virus (EAV) [30], the prototype of th&rterivirusgenus. As for EAV, the
genome of the PRRSV contains eight open reading frames designated(5
ORF 1a, ORF 1b,and ORFs 2t0 7 [18, 71]. Aside from the genome length mRNA,
expression of the viralgenomes of EAV [25, 112] and PRRSV [18, 66, 70] involves
the synthesis of a8’ ®oterminal nested set of six to seven subgenomic mMRNAs ,
which contain a common leader sequence. The available evidence indicates that
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only the most 50RF is translated from each one of these subgenomic mRNAs
[102]. According to sequence data, ORFs 1a and 1b represent nearly 75% of
the viral genome and code for proteins with apparent replicase and polymerase
activities [30, 71, 78] whereas ORFs 2 to 6 (from& 3 end) are predicted to
encode for membrane-associated proteins, and ORF7 for a highly basic protein
[61, 74, 102].

Since the isolation of PRRSV strain Lelystad (LV) in Europe and ATCC
VR-2332 in the US, the presence of three major structural protein components
has been identified in purified virions: the nucleocapsid protein N (14—-15 kDa),
the non-glycosylated membrane protein M (18-19 kDa), and the major envelope
glycoprotein GR (25-26 kDa) [9, 11, 83, 120], which represent the counterparts
ofthe N, M and G ofthe EAV [26]. Evidence of the three major structural proteins
has also been confirmed in the Canadian isolates IAF-exp91 and IAF-Klop [58,
61]. Peptide-specific antibodies [74], as well as monospecific antisera raised in
rabbits againsEscherichia coliexpressed proteins [62], revealed that the three
major structural proteins of PRRSV are encoded by ORFs 5, 6 and 7, respectively.
Three other glycoproteins encoded by ORFs 2 to 4,(@&®;, and GR) have
been identified as minor structural proteins [75, 114]. It has been suggested that
the GR may represent the counterpart of the small envelope glycoprotg)n (G
of the EAV [28]. This paper summarizes current knowledge on the molecular
characteristics, biological and immunological functions of the PRRSYV structural
proteins. For more details on the cell biology, genome properties and replication,
as well as biochemistry of arteriviruses, the readers should refer to the recent
review by Snijder and Meulenberg [102], whereas pathogenesis and epidemiology
of PRRSV have been more described by others [2, 42, 69, 92].

Ultrastructure and morphogenesis of the PRRS virus

The PRRSV was originally isolated on primary cultures of porcine alveolar
macrophages (PAMs) [120] and so far, these cells as well as blood monocytes
[117], remain the only porcine cells that can effectively be used for viral propaga-
tionex-viva Two non-porcine permissive cell subclones, MARC-145and CL2621
cells, both derived from the MA104 monkey kidney cell line [8, 11, 49] are also
routinely used for in vitro propagation of wild and vaccine strains. Data from
routine diagnosis investigations, as well as several experimental studies, have in-
dicated that European strains of PRRSV are most successfully isolates in PAMSs,
whereas the great majority of North American strains can be initially isolated in
the established monkey cell subpopulations [8, 67, 68]. The cytopathogenic effect
(CPE) observed on both non-porcine cell lines consists of the appearance of small
rounded clumps of cells raised above the remainder of the infected monolayer
[11, 49]. Infected cells become progressively pycnotic and detach from the mono-
layer two to four days post-infection (p.i.). Infectivity titers o110 10’ TCIDs

(50 percent tissue culture infective dose)/ml are usually obtained from clarified
tissue culture supernatants after 5 to 7 serial passages [11, 49]. On PAMs, the
CPE is characterized by the rounding off, clumping, and lysis of cells. Infected
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Fig. 1. Schematic representation of the porcine reproductive and respiratory syndrome virus.
The virion is mostly spherical in shape, envelope, and possesses a non-segmented single-
strand RNA genome that is encapsidated by the nucleocapsid protein (N), yielding an icosa-
hedral core structure. At least four protein components are envelope-associated: the non-
glycosylated matrix protein (M) and the @Blycoproteins which represent major compo-
nents, whereas GRind GR are two minor components. Both the M and4{3#e incorpo-
rated as disulfide-linked heterodimers. Thes@Rs been also identified as another minor
envelope-associated glycoprotein in case of the European LV strain, but in the case of the
North American IAF-Klop strain it is rather a soluble and weakly membrane-associated
protein. Adapted from Meulenberg et al. [74—76], Mardassi et al. [61-63], and Gonin
et al. [40]

cells commonly display a bristling cytoplasmic membrane and granulation [21,
120]. Destruction of the monolayer is usually acheived by 72 to 96 h p.i. [11, 49,
58, 120]. In vivo, macrophages from other tissues such as heart, tonsil, spleen,
turbinates and choroid plexus [43, 52, 98, 99], as well as testicular germ cells
[107], have been reported also to be susceptible to PRRSV infection.

Replication of PRRSV in the susceptible cells has been described to be re-
stricted to the cytoplasm. By indirect immunofluorescence (IIF) and immunoper-
oxydase, viral antigens can be detected in the perinuclear region as early as 6 h
p.i. [8, 49, 126]. Nucleocapsids budding at smooth endoplasmic reticulum (ER)
and/or Golgi region, and enveloped viral particles that accumulate in the lumen
of the ER or Golgi vesicles, are the main features of the viral morphogenesis [21,
22, 58, 95]. The virus apparently is released by exocytosis [22, 96].

Purified extracellular virions are pleomorphic, but mostly spherical enveloped
particles with a diameter of 45-70 nm [11, 58, 95]. Buoyant densities of the
infectious viral particles are 1.13-1.15 g/mlin sucrose and 1.18-1.19 g/mlin CsClI
[11,58, 121]. A schematic representation of the PRRSV particle is shown in Fig.1.
and the molecular characteristics of ORFs 2 to 7 products of the North American
and European strains are depicted in Table 1. The non-segmented single-stranded
RNA genome (15kb) is encapsidated by the nucleocapsid protein N, yielding
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Table 1. Comparative characteristics of ORFs 2 to 7 products of the North American and
European strains of PRRSV

Coding area  Protein No. of aa Predicted ApparentM; Glycosylation
gene product residues (kDa) (kDa) sites

Euro NAm Euro NAm Euro NAm  Euro NAm

ORF2 GR 249 265 284 294 29-30 2729 2 2
ORF3 GR 265 254 306 29.0 45-50 42-45 7 7
ORF4 GR 183 178 200 196 31-35 31-35 4 4
ORF5 GR 201 200 224 224 25 24-26 2 2-5
ORF6 MR 173 174 189 19.1 18 19 2 1
ORF7 N 128 123 138 136 15 14-15 1 1

Euro European straingyAmNorth American strains

8In spite of potential glycosylation sites, these proteins are not glycosylated

Data were taken from Mardassi et al. [61], Meulenberg et al. [71, 74], Meng et al. [64, 65],
Morozov et al. [80] and Pirzadeh et al. [90]

an icosahedral core structure of 20 to 30 nm in diameter. The lipid bilayer which
surrounds the nucleocapsid contains at least four additional structural proteins: the
non-glycosylated membrane protein M and the GliPcoprotein represent the two
major components of the viral envelope [62, 74], whereasdbid GR represent

two minor components [75, 76, 114] which have not been yet characterized for
North American isolates of PRRSV. The &iB an additionnal minor structural
glycoprotein which has been reported for the virion of the European prototype
Lelystad strain [74, 114], but its structural nature remains controversial since the
GP; of the Canadian IAF-Klop strain could not be detected in preparations of
purified virus, but small amounts of the protein were detected in a soluble form
in the medium [40, 63].

Major structural proteins
The nucleocapsid (N) protein

As for other arteriviruses [26], the PRRSV N protein with 123 or 128 amino
acid (aa) residues (for the North American and European strains, respectively) is
a small, highly basic protein with an estimat&f] of 14-15kDa [61, 74]. It is
abundantly expressed in infected cells and on the basis of SDS-PAGE and western
immunoblotting profiles, it constitutes about 20-40% of the protein content of
the virion [9, 58, 83]. In all PRRSYV isolates analysed so far, the N-terminal half
of the protein contains 26% basic residues (Arg, Lys and His) that may facilitate
its interaction with the RNA genome [59, 65, 71, 74]. Preliminary studies by
immunoprecipitation of the N protein from purified PRRSV, using monospecific
hyperimmune serum as well as pig convalescent serum, suggested that it is pre-
dominantly present as a disulfide-linked homodimer [62, 74]. The nucleocapsid
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protein is thus multimerized to form icosahedral core structures which can be ob-
served by electron microscopy of PRRSV-infected cells [58, 95, 96]. Computer
analysis and in vitro expression experiments using deletion mutants suggested that
the PRRSV capsid protein possesses 6 putative beta-sheets between an unstruc-
tured N-terminal arm and an ordered C-terminus, forming a basic core structure
of a jelly roll barrel [123]. Contrary to what was previously demonstrated, by
constructing mutants to change cysteine residues at positions 23, 75, and 90 of a
reference North American strain to proline, and introdu@rgreaker mutations

at positions 114, 115 and 116, it has been demonstrated that the capsid protein of
PRRSYV dimerizes through non-covalent interactions. These non disulfide-linked
interactions involving the C-terminal domain (specially the last 11 amino acids)
of the protein may form the structural basis for viral nucleocapsid formation [123,
124].

Several groups have generated anti-N monoclonal antibodies (MAbs) that
recognise epitopes specific to or shared by North American and European isolates
[23,31, 79,83, 125]. Based on the immunoreactivity of N protein deletion mutants
with panels of N-specific MADbs, five domains of antigenic importance have been
identified for a reference North American strain, four of them being defined by aa
30to52,371t052,691t0112, and 112 to 123, respectively. Other MADbs revealed
the presence of a common conformational antigenic site localised in the central
region (aa 52—69) of the protein [97, 125]. The region between aa 37 and 52 is well
conserved among isolates of both continents and is the most hydrophilic region
of the protein. None of the N-specific MAbs have been found to be associated
with virus neutralisation. It has been also demonstrated that the 11 most carboxy-
terminal amino acids play a critical role in the formation of the conformational
epitopes [125].

-

212 2530 4046 51 67

Fig. 2. Localization of antigenic sites on the nucleocapsid proteins of North American and

European strains of PRRSV. The diagrams were deduced from competitive ELISA with

MADbs that were raised against the native viral proteins, immunoblotting analysis with trun-

catedE. coli-expressed recombinant N protein [125], pepscan analysis with solid-phase

dodecapeptides and by studying the reactivities of the MAbs to chimeric PRRSV/LDV
recombinant N proteins [79]
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Four distinct antigenic domains were identified for the reference European
LV strain [79], three of them being defined by the reactivity of anti-N MAbs
with linear dodecapeptides whose core sequences consisted of aa 2—-12 (site A),
aa 25-30 (site B), and aa 40-46 (site C). The fourth antigenic domain (site D)
is rather conformation-dependent, involving regions between aa 51-67 and aa
80-90, and was defined by MAbs which did not react with solid-phase dode-
capeptides. This antigenic domain was delineated by studying the reactivities of
the MADs to chimeric PRRSV/LDV recombinant N proteins [79]. Sites A and C
contain epitopes that are conserved in the European but not in the North American
isolates, site B contains epitopes that are conserved in strains of both continents,
and site D contains epitopes that are either conserved or not conserved in the
European and North American isolates [79]. Data on epitopes mapping of the N
proteins of North American and European strains of PRRSV are summarized in
Fig. 2.

The major envelope proteins
The M protein

The ORF6 encoded M protein of PRRSV has an estimadedf 18—19 kDa, is
non-glycosylated , and shows three highly hydrophobic regions in its N-terminal
half [61, 71], which are assumed to represent potential membrane-spanning do-
mains by analogy to the coronavirus M protein [100]. On the basis of its hydropa-
thy profile (Fig. 3), a very short region of the M protein (10 to 18 amino acid
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Fig. 3. Comparison of the hydropathy profiles of the M protein of a North American (IAF-
Klop strain) and European (Lelystad) strains of PRRSV. The three highly hydrophobic regions
at the N-terminal half are assumed to correspond to membrane spanning domains
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residues) of PRRSV is probably exposed on the virion surface. As for EAV and
LDV [27, 33], the M protein of PRRSV accumulates in the ER of the infected
cells, where it forms disulfide-linked heterodimers with the majog Giyco-
protein [62]; cysteine residues located at the N-terminal ectodomains of both
envelope proteins are probably involved in the formation of an intermolecular
disulfide bridge [61, 64, 71]. In PRRSV-infected cells [62], disulfide-linked M
protein homodimers have also been observed but these were not incorporated into
virions; this feature has also been observed for EAV [27]. It remains to be seen if
the disruption of intermolecular disulfide bonds can reduce PRRSV infectivity as

it has been previously shown for LDV [33]. Because of its close association with
other viral envelope-associated proteins, its membrane-associated function, and
the close similarity with the molecular structure of the coronavirus M protein, an
important role in virus assembly and budding has been suggested for the PRRSV
M protein [62, 92].

The major envelope glycoprotein (gP

The ORF5 of PRRSV encodes a 24.5-26 kDa envelope protein with a charac-
teristic hydropathy profile and putative glycosylation sites [61, 62, 74]. In spite
of significant genomic variations between the PRRSV North American isolates
and LV, the hydropathy profiles of their ORF5 encoded proteins are remarkably
similar [61, 64, 81]. All North American strains studied so far possess a putative
signal sequence, with two additionnal putative membrane-spanning motifs situ-
ated between aa residues 65-130 and 170-190 [61, 64, 81]. In the case of the
prototype European LV strain of PRRSYV, sequence analysis suggested that the
first 32 aa residues of the ORF5 product constitute the signal peptide with a puta-
tive cleavage site situated at position 32—33 [71, 74]. According to the prediction
method of von Heijine [116], the putative N terminal signal sequence of North
American strains of PRRSV comprises amino acid residues 1 to 25, a region
which is highly variable between strains of both continents [90]. Compared to
EAV [102], the putative ectodomain of the PRRSV ORF5 protein is much smaller,
but as for the former this region contains N-glycosylation sites [61, 81, 90] (Fig.
4). The Quebec reference IAF-Klop strain, possess three potential glycosylation
sites at aa positions 30-32, 44-46 and 51-53, respectively [61, 81, 90]. The US
reference strain ATCC VR-2332 possesses an additional glycosylation site at po-
sition 33-35. Only the two glycosylation sites at aa positions 44—46 and 51-53
have been conserved in the £&6f LV [71]. It is not clear at present, which of

the potential glycosylation sites are occupied by oligosaccharide residues, but the
GPs incorporated into the virion contains N-linked oligosaccharides of the high
mannose and complex type, since it was proven to be sensitive to endoglycosi-
dase F /N-glycosidase F (glyco F) digestion (giving rise to a 16.5kDa species)
and partially sensitive to end®-N-acetylglucosaminidase H (endo H) digestion
[62, 74]. Unlike the ORF5-encoded (@rotein of EAV [26], the GBof LV as well

as that of the Canadian isolate IAF-Klop does not cont&acetyllactosamine,
since it is totally resistant to endd-galactosidase [62]. As in the case of EAV
[27], the GR of PRRSV forms disulfide linked-heterodimers with the M protein,
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Fig. 4. Detailed presentation of the hypervariable region of the majoy &®elope gly-

coprotein of North American strains of PRRSV located near the N terminal of the ORF5

(position 26 to 39), affecting the number of potential N-glycosylation sites (boxes); taken

from Pirzadeh et al. [90] and Meng et al. [64]. MLV: attenuated U.S. vaccine ATCC VR-2332
strain (Ingelvac MLV)

since monospecific anti-GRr anti-M sera precipitate both proteins [62]. Ap-
parently, all the steps of GRMN-glycans processing proceed after its association
with the M occurs in the ER.

As for LDV and EAV [5, 20, 38], MAbs that recognised the PRRSV ORF5
protein were reported to neutralize virus infectivity [88, 89, 118, 129]. The data
obtained also suggest that at least two types of neutralizing antigenic determinants
are associated with the GIBf PRRSV; some are linear and are recognized by
MADbs obtained following immunization of mice with. coli-expressed recom-
binant ORF5 protein [88], but there are also determinants that are conformation
dependent [118, 129]. Since all MAbs reacted with both the glycosylated and
unglycosylated forms of the viral envelope protein, it appears that glycosylation
is not necessarily associated with the neutralizing epitope(s). The importance of
an internal conformation is also supported by the demonstration that DNA immu-
nization with a plasmid encoding the & PRRSV under the control of human
cytomegalovirus promoter can trigger the immune system of pigs for the produc-
tion of anti-GR specific neutralizing antibodies, but not parenteral inoculation
with E. coli-expressed recombinant ORF5 protein [89].

Based on the immunoreactivities of the ORF5 protein deletion mutants and
synthetic peptides corresponding to the three most hydrophilic regions of the
protein with a panel of Gf*specific MADbs, at least two domains of antigenic
importance have been identified, one being located within the ectodomain (aa 27
to 41) and the other to the C-terminus (aa 180 to 197) (Dorval et al., pers. comm.).
It appears that as for EAV [5], most important neutralizing epitopes mapped to
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the putative ectodomain of the ORF5 protein since the reactivities of neutralizing
convalescent pig sera were higher with the synthetic peptide corresponding to
the ectodomain of the GPHowever, the majority of convalescent pig sera that
tested positively to the native viral protein and thecoli-expressed recombinant
ORF5 protein lost their reactivity following deletion of 50 aa residues from its C-
terminus (Pirzadeh et al., pers. comm.). This suggests that the C-terminal region
is the site of an important antigenic determinant and/or plays an important role
in maintaining local protein conformation.

Both North American and European strains of PRRSV have been shown to in-
duce apoptosis in susceptible monkey kidney cells and primary cultures of PAMs
[104, 108]. This feature has been attributed to the ORF5 as the individual expres-
sion of the ORF5 product of a Spanish strain of PRRSV in COS-1 and BSC40
cells, using a vaccinia virus recombinant, resulted in a strong cytotoxicity associ-
ated with induction of apoptosis [104]. The &idduced apoptotic activity could
not be prevent by using a cell line permanently expressing the anti-apoptotic Bcl-2
protein, suggesting the existence of a target downstream the Bcl-2 family mem-
bers, or the use of an alternative and unknown apoptotic pathway [104]. Transient
expression experiments with plasmids carrying N- and C-terminal deletions, as
well as internal fragments of the ORF5 sequence, indicated that the region in
the GR protein necessary to induce apoptosis is into the first 118 aa residus
while the C-terminal region is not required for this activity [36]. In vivo, studies
have shown that PRRSV-induced apoptosis occurs in lung and lymphoid tissues
[108], but also in testis where PRRSV is able to replicate in macrophages, as
well as germinal cells, causing abundant germ cell depletion and death of cells
by apoptosis [107]. In all tissues, virus infection-induced apoptotic cells are more
abundant than PRRSV-infected cells, thus suggesting the presence of an indirect
mechanism in the induction of apoptosis for the PRRSV [107, 108]. The mech-
anism of PRRSV-induced apoptosis in bystander cells is not known, but may
involve the local release of apoptogeneic cytokines by the infected macrophages
[108].

The GR of PRRSV thus appears to have an important role in virus infectivity.
However, the involvement of the major envelope glycoprotein in attachment to
cell receptors and/or in virus penetration into the cytoplasm of target cells still
remains to be demonstrated. Recently, infection of MARC-145 cells by PRRSV
could be prevented by prior incubation of the virus with heparin, and also by pre-
treatment of the cells with heparinase [45, 110]. Consequently, it was suggested
that a heparin-like molecule on the surface of permissive cells may serve as an
attachment molecule for the virus, but the role of the; GPthis interaction is
still to be defined.

Minor structural proteins of PRRSV
The GR glycoprotein

The ORF2 encoded glycoprotein of PRRSV is probably the Gs counterpart of
EAV [26, 28], but since its relative molecular size (29-30kDa) is greater than
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GPs (the G counterpart of EAV), the nomenclature used for EAV would be inap-
propriate. The Gfof European and North American strains of PRRSV contain
2 distinctive hydrophobic peaks and share two putative N-linked glycosylation
sites [64, 74, 75, 80]. Using anti-GBpecific anti-peptide serum, it has been es-
tablished that the GRf LV is incorporated into the extracellular virion [75]. The
ORF2 protein associates with intracellular membranes both in PRRSV-infected
cells and upon individual expression in vivo [75], as in the case of EAYIG-
tein [28]. Compared to N and M proteins, the estimated quantity of incorporated
GP; protein in the extracellular virion is apparently smaller favouring the con-
cept that the 29-30 kDa protein encoded by the ORF2 of LV is a minor structural
protein. The SDS-PAGE migration pattern of 3R the presence or absence of
the reducing agerfi-mercaptoethanol, or the alkylating agents iodoacetamine or
N-ethylmaleimide, suggests that a fraction of G&folded on itself via disul-
fide bonds, without forming homodimers, or hetero-multimers with other viral
proteins [75]. Finally, the reduction of appareéiitof GP, following glyco F treat-
ment of extracellular virion and its resistance to endo H digestion indicate that the
putative N-glycosylation site(s) of GRre occupied by complex N-glycans [75].
Whether the ORF2 protein is indispensable for virus replication, as previously
showed for EAV [113], has not yet been demonstrated.

Recently, a short region between the replicase gene and ORF2 of the EAV
genome has been shown to contain thedt of a novel gene (ORF2a) which
is conserved in all arteriviruses, including PRRSV [103]. Thpet of the EAV
ORF2a overlaps with the’ part of the former ORF2 (now renamed ORF2b),
which encodes the Gs glycoprotein, the counterpart of GPPRRSV. Both
ORF2a and ORF2b appear to be expressed from mRNA 2, which thereby consti-
tutes the first proven example of a bicistronic mMRNA in arteriviruses. Computer
analysis revealed that the putative ORF2a protein is clearly most conserved be-
tween LDV and PRRSV [103]. In view of its predicted hydrophobic nature, its
membrane association, and its structural nature as determined by analysis of pu-
rified EAV particles by radioimmunoprecipitation using a specific antiserum, this
new 8 kDa non glycosylated protein has been provisionally named the envelope
(E) protein for EAV. By using reverse genetics, it was found that the EAV E protein
is essential for the production of infectious progeny virus [103]. It remains to be
demonstrated if this essential low molecular weight structural envelope protein
is also expressed in PRRSV-infected cells.

The GR glycoprotein

The ORF4 encoded apoprotein has a predidteadf 19.6—20.0 kDa, containing
highly hydrophobic sequences situated at its N- and C-terminal regions and four
putative N-linked glycosylation sites which are conserved amongst the European
and the North American strains of PRRSV. The aa sequence of the N-terminus is
suggestive of a putative signal sequence [61, 64, 71, 74]. Inmunoprecipitation ex-
periments with specific anti-peptide serarevealed two different products from cell
lysates and extracellular virus of CL2621 cells infected with LV. The intracellular
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form has an appare, of 20—-28, whereas the virion-associated protein has an
appareniM, of 31-35 kDa, due to the addition of complex tygaylycans during

the transport of the protein through the ER and Golgi compartments [76]. Conse-
guently, the mature glycoprotein is largely endo H resistant, but sensitive to glyco
F digestion [76]. The GPprotein of LV is associated with neutralizing epitopes
which are not conserved amongst North American and European strains [76, 118].
Apparently, MAbs to the GPare less effective in virus neutralization than MAbs

to the GR. [118]. The neutralizing domain of the @ Bf the European LV strain

has been mapped to a hydrophilic exposed region, adjacent to its amino terminal
region (aa position 40-79) which appears to be highly variable amongst the Eu-
ropean strains [118]. Approximately 65% of PRRSV-positive sera obtained from
affected pig farms in the US and Canada reacted positively by immunoblotting
with theE. coli-expressed recombinant ORF4 proteins of reference North Amer-
ican strains [41, 51]. However, no correlation has been demonstrated between
virus neutralization titers of convalescent pig sera and the presence of anti-GP
antibodies [41]. Accordingly, four MAbs which have been recently obtained to
recombinant ORF4 protein of the North American VR-2385 strain expressed in
insect cells lacked neutralizing activity; all of them were found to be directed
against conformationally dependent epitopes [129]. Therefore, the implication
of GP, in inducing neutralizing antibodies following PRRSV infection remains
controversial.

The GR glycoprotein

With approximately 54 to 60% aa identity between the North American and the
Europeanisolates, the ORF3 encoded protein is the second most heterogeous pro-
tein of PRRSV [61, 64, 71, 81]. A deletion of 12 aa in the C-terminal region of the
ORF3 protein of North American strains of PRRSV is of particular interest [40,
47], making this region of the ORF3 protein highly hydrophilic for the European
strains, whereas it is amphipathic for the North American strains (Fig. 5). The
ORF3 protein is also the most glycosylated protein with seven N-linked glyco-
sylation sites that have been well preserved amongst PRRSYV strains from both
continents. Consequently, the predictddof the ORF3 protein (27-29 kDa) is
remarkably smaller than its apparemt estimated by gel electrophoresis (42—
50kDa) [40, 61, 74].

While reactivity of MAbs specific to GPPof LV suggested that it is incor-
porated into or associated with the viral envelope [74, 114], recent studies on
the ORF3 product of the Quebec IAF-Klop strain of PRRSV suggested it is
rather a soluble and weakly membrane-associated protein [40, 63], and similar
conclusions have been made for the LDV ORF3 protein [35]. Indeed, western
immunoblotting and radioimmunoprecipitation experiments conducted with in-
fected cell extracts showed that the ORF3 of the Quebec strain codes for a highly
glycosylated protein (Glyco F sensitive) with an estimatgdf 42 kDa, similar
to that of the protein expressed by a replication-defective recombinant aden-
ovirus (AdCMV5/ORF3) in human 293 cells [40, 63]. Although thes@Rotein
appeared to be synthesized in amounts comparable to those of the N, M, and GP
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Fig. 5. Comparison of the hydropathy profiles of the{3orth American (IAF-Klop strain)

and European (Lelystad) strains of PRRSV. Sequencing analysis of the ORF3 of North Amer-

ican strains revealed a C-terminal deletion of 12 aa compared to LV which results in a remark-

able hydrophilic region associated with the{aPLV, whereas the predicted product of North
American strains shows an amphipathic pattern in this region [40, 47, 61, 71]

proteins in the PRRSV-infected cells, as estimated by the intensity of the protein
bands obtained by SDS-PAGE, no £3#®uld be detected in purified virions [40,

63]. The transport of Gfof the Quebec strain is apparently restricted to the pre-
medial Golgi compartment, presumably the ER, as no resistance to endo H have
been observed at any time after the protein synthesis [40, 63].

Nonetheless, a minor fraction of @®as found to be able to exit the ER and
transit through the secretory pathway to be secreted in the culture medium of cell
cultures infected with PRRSV and AdCMV5/ORF3 as a soluble membrane-free
form (sGR) with M, of 43 to 53 kDa [63]. The absence of a putative ER reten-
tion signal correlates with the ability of a @Raction to be transport competent
and finally secreted from the cell. The unglycosylated form of s&fnigrated
with its intracellular deglycosylated counterpa¥(of 27 kDa), suggesting that
the release of a subset of &But of the cell does not result from the cleavage
of a putative membrane-anchor sequence [63]. Strikingly, unlikg @ sGR
acquires Golgi-specific modifications of its carbohydrate side chains and folds
into a disulfide-linked homodimer [63]. Brefeldin A treatment completely abol-
ished the release of s@Rsuggesting that ER-to-Golgi compartmentalization is
an obligatory step in the cellular secretion of SG63].

Tested convalescent pig sera, that were found to be seropositive to PRRSV
by IIF, reacted positively with the recombinant GST-ORF3 fusion protein by im-
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munoblotting [40, 41]. Secretion of a minor fraction of &3Right be an explana-

tion for its high degree of immunogenicity in PRRSV-infected pigs. As mentioned
above, the coding sequence of 43R highly variable amongst PRRSV strains,
with the majority of the aa variations occuring at the amino terminus [47, 61,
81]. Since this region carries signals that influence the destiny of most proteins,
it is conceivable that the difference in the fate ofGfetween North American

and European strains may lie in such a portion of the protein. Further studies
involving the construction of GRchimeric viruses and the generation of mutants
may certainly help in learning more about the biogenesis and the potential role
of this protein. However, it can be speculated that since iI&Rot packaged in

the North American IAF-Klop PRRSV strain, this protein may not be necessary
for initiation of viral infection.

Genomic variability of PRRSV

As for other envelope RNA viruses, a high degree of genomic variability has
been reported for the arteriviruses ([102], a review), including PRRSV [59, 64,
65, 81, 82]. Percentages of aa identity of ORFs 2 to 7 of LV strain with those
of PRRSV reference strains from other pig producing countries, and Ather
teriviruses are summarised in Table 2. Sequencing analysis demonstrated that
PRRSV and LDV are more closely related to each other than they are to EAV,
and that ORF3 and ORF5 proteins are the most variable proteins amongst the
PRRSV isolates. The ORF2 to 7 protein sequences of the European and North
American PRRSV isolates differ by 21 to 48%. Therefore, PRRSV isolates from
both continents belong to two distinct genotypes that probably emerged from a
common ancestor, must probably an LDV-like ancestor [61, 65, 81, 82]. Such an
assumption is plausible considering the identical biochemical and morphological
characteristics, the similarities in genomic organisation and replication strate-
gies, the type of disease caused in pigs, and the infectivity of identical permissive
cells. On the other hand, field isolates of each continent have a greater degree
of relatedness to each other than the strains originating from the other continent
[37, 46, 80, 90, 106]. Sequencing data available indicate that North American
strains exhibit significant genetic diversity whereas European strains are highly
conserved and genetically related to each other [37, 46, 80, 90, 106]. Field PRRSV
isolates that have been associated with outbreaks of reproductive and respiratory
syndromes in Asian countries have been shown to be genetically related with the
North American genotype [101, 111], whereas PRRSYV strains isolated in Rus-
sia belong to the European genotype [4]. By the end of summer 1996, dramatic
losses (decreased reproductive performance, high mortality rates in piglets) was
reported among Danish pig herds at the approximate time of reported infection
with PRRS and introduction of a modified live PRRS vaccine (Ingelvac PRRS
MLV) based on the American VR2332 strain [13]. The virus has spread rapidly
throughout the country and approximately 40% of the Danish swine herds are
now considered to be infected by either one or both of the PRRSV genotypes
[55, 86].
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Variability in the major non-glycosylated structural proteins

The non-glycosylated M protein is the most conserved structural protein with 78
to 81% aa identity between the North American and European PRRSV strains
[37, 65, 81]. The percentage of aa identity is greater than 96% when comparing
strains from the same continent [37, 65]. However, antigenic variability can be
detected between strains of both continents by MAbs specific to the M protein
[23, 57].

The N protein of PRRSV is also encoded by a relatively well conserved region
of the viral genome, since a high degree of aa sequence identity has been observed
amongst the N protein of North American (96—-100%) and European (94—-99%)
strains [65, 106]. When compared to the homologous sequences of the European
prototype strain LV, the N protein of the North American strains exhibits only 63%
and 59% identity at the nucleotides (nt) and aa levels, respectively [59, 61, 65,
81]. Such relatively high divergence resulted from a number of nt substitutions,
insertions or deletions, making the North American N protein five aa shorter than
that of the LV strain [59]. The nt substitutions are randomly distributed, but are
more frequent in the first half of the N protein gene. Two aa stretches (STAPM
and SQGAYS), situated respectively at the N-terminus and C-terminus of the N
protein in the European strains, are missing in the N protein sequence of the North
American strains [59, 65].

In view of the genomic stability of the N protein genes of PRRSV strains
from the same continent and the identification of highly conserved regions shared
by strains of both continents, RT-PCR methods using oligonucleotide primers of
the N gene have been designed by several groups for detection of PRRSV from
pig clinical specimens including lungs, lymphoid tissues, serum and semen, with
higher sensitivities than isolation in cell cultures [16, 60, 86, 105].

MADbs specific to the N protein of PRRSV, recognized epitopes specific to or
shared by the North American and European isolates [23, 31, 56, 79, 83]. Mi-
nor variations in the immunoreactivity patterns to N specific MAbs have been
described amongst strains from the same continent [23, 31, 127]. However, the
MAb SDOW17, which recognises a common epitope of the N protein of the
European and North American strains, failed to react with 1 to 2% of the North
American strains tested, including the tissue culture attenuated PrimePac PRRS
vaccine strain (Schering-Plough Animal Health) [85]. This specific vaccine strain
is recognized by MAb SR30, which reacts with all the North American strains
tested to date [85]. In Canada, three distinct antigenic profiles were identified by
comparing the IIF reactivities of anti-N and anti-M MADbs to field isolates, an at-
tenuated U.S. vaccine (Ingelvac PRRS MLV) strain and two European reference
strains of PRRSV [23]. As previously mentionned, a highly conserved region con-
sisting of 54 aaresidues, shared by the North American and European isolates, has
been mapped to the middle third (aa position 47—93) of the N protein [79, 97, 125].
This fragment defines a discontinuous antigenic domain of the N protein [79].

The 3-terminal noncoding region (151 nt) of the North American isolates of
PRRSV is 22 nt longer than that of the European strains [59, 65]. The aligned
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nt sequence of this noncoding region exhibits an overall identity of 59% with
that of the European strains. RT-PCR experiments, using specific or common
antisense oligonucleotide primers designed within this genomic region, permit
the ability to distinguish PRRSV strains from different geographic origins [59,
60]. Furthermore, differentiation between the North American and European iso-
lates, as well as differentiation between the field isolates and the MLV vaccine
strain, could be achieved by cutting PCR-amplified products encompassing both
ORF 6 and 7 genes with four restriction enzymes [37]. With respect to the re-
striction enzymesBsall andAlul were deemed the most appropriate restriction
enzymes for distinguishing the vaccine ATCC VR-2332 strain from the field
isolates. The results obtained suggest that determining the restriction fragment
length polymorphism profiles of the genomic region covering the ORFs 6 and 7
genes may be a valuable tool for differentiating between PRRSYV isolates. More-
over, a certain correlation could be made between antigenic variation identified
by the reactivity to anti-M and anti-N MAbs, and the RFLP profiles determined
by the various restriction enzymes, suggesting that some of the nt substitutions
lead to aa changes affecting the epitopes recognized by these MADbs [37]. The
fact that the genomic region corresponding to ORFs 6 and 7 genes of PRRSV has
been shown to be a genomic area with a higher sequence homology than ORFs
3 to 5, makes it a region of great interest to identify emerging PRRSV strains
[37, 86].

Variability in the major envelope glycoprotein

Comparative studies of different European and North American PRRSV isolates
show that the ORF5-encoded glycoprotein is the most heterogeneous structural
polypeptide [46, 61, 64, 90, 106]. Nucleotide sequence analysis revealed 88 to
99% aa identity among strains from the same continent, and only 52-55% aa
identity between North American and European strains. Thus, in view of their
ORF5-encoded protein, PRRSV strains from both continents differ from each
other as much as they differ from LDV (Table 2) [61, 72, 77]. Most of the aa
substitutions observed amongst strains from the same continent are clustered in
a hypervariable region (between aa 26 and 39) adjacent to the amino-terminal
signal sequence (Fig. 4), which also involves N-linked glycosylation sites vary-
ing from none to three [3, 64, 90]. This may explain, in part, the difference in
the apparent, of GP; of PRRSYV isolates on SDS-polyacrylamide gels [57].
Such hypervariable region has been also identified for the corresponding protein
of EAV and LDV [34, 38] with variations in the number of potential N-linked
glycosylation sites. In the case of LDV, data suggested that the level of glyco-
sylation of the major envelope associated glycoprotein may be implicated in the
pathogenicity of the various strains [34, 53].

Recently, the reactivity patterns of strain specific hyperimmune polyclonal
anti-ORF5 sera and two panels of anti43¥®Abs indicated that GPof North
American field isolates are also subjected to antigenic variations [90, 129]. The
data obtained suggest that neutralizing epitopes, independent of conformation
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and glycosylation, as well as conformationally dependent epitopes, are associated
with the antigenic variability of the GFf PRRSV.

Restriction fragment length polymorphism (RFLP) analysis of RT-PCR am-
plified DNA fragments from clinical specimens encompassing ORF5 (approx-
imately 800 bp in length) was found to be a suitable test for differentiating a
PRRSYV vaccine strain from other North American field strains [122]. Indeed, it
has been demonstrated that the vaccine virus strain and its parent virus, ATCC
VR-2332 strain, were distinguishable from field isolates by thMinl pattern,
and the combined#iincll/ Sadl gel patterns. Only the vaccine/ATCC VR-2332
viruses have an alanine (A) at residue 137 in a moderately conserved region
of ORF5 [3]. The consensus sequence has a serine (S) at residue 137 for all the
PRRSV field strains examined so far. This preference for S at residue 137 explains
why only the vaccine/ATCC VR-2332 viruses have an apparently unigjué
site in ORF5. However, a second modified live PRRS vaccine virus (PrimePac
PRRS, Schering-Plough Animal Health), is not distinguishable using these RFLP
patterns.

Variability in the minor viral glycoproteins

Based on sequencing analysis data, the degrees of aa identity amongst the US
PRRSV isolates varied from 91 to 99% for &B6 to 98% for GR, and 92 to
99% for GR, [46, 61, 64, 80]. With approximately 54 to 60% aa identity between
the North American and European isolates of PRRS\4 (SRegarded as one
of the least conserved proteins amongst PRRSV strains [61, 81], with most of
the variations located at the N-terminus. In fact, only 29% aa identity was found
within the 35 most N-terminal residues between strains from the two continents.
Interestingly, despite these extensive aa changes, the potential N-linked glyco-
sylation sites, as well as the general hydropathy profiles of the ORF3 product,
are highly conserved. As previously mentioned, the @GRhe North American
strains has a C-terminal deletion of 12 aa compared to LV [61, 64, 80].
According to a study using UK PRRSV isolates, the ORF3 product has a hy-
drophilic hypervariable region proximate to the C-terminal region that overlaps
with ORF4, resulting in a hypervariable region situated at the N-terminal extrem-
ity of GP4 [32, 47]. This region of GPhas been associated with the putative
neutralizing domains of LV [76]. It was reported that a motif consisting of nine
aa (positions 59-67) forms the core of this putative neutralizing domain, since
isolates with aa deletion(s) or substitution(s) in these positions failed to react with
a panel of MAbs specific to GPf LV.

Protein specificity of the immune response and vaccines

The PRRSV is responsible for two clinical syndromes (respiratory distress and
reproductive problems) for which the pathophysiology remains partly unknown.
Most of the pigs are probably infected via aerosols [2, 15, 42], although the se-
men of infected boars is also a major source of infection of gilts and sows [16]. In
both cases, PRRSV-infected animals developped humoral and cellular immune
responses, but there is still some concerns as whether the immunity in convales-
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cent animals is really protective. In fact, following infection of porcine alveolar
macrophages and monocytes, and dissemination of the virus to the systemic lym-
phoid organs, the viremia can be extended and may last for about 6 weeks despite
the presence of high IgG antibodies circulating [54, 84]. Virus persistence in the
lymphoid tissues and semen is also an hallmark of PRRSV infection [43, 44,
52], as it is also the case for other arteriviruses [92]. Thus, cellular immunity
mechanisms may also be involved in the protection against PRRSV infection.
An increased in CD# lymphocytes, T-cell dependent cytotoxicity and NK cell
activity has been reported [7, 10, 115]. Furthermore, antigen-specific lympho-
proliferation can be determined with in vitro assays [7, 115]. Understanding the
mechanisms that lead to virus persistence is crucial for the development of an
effective vaccine for the prevention of PRRSV infection.

Live attenuated (RespPRRS, Boehringer Ingelheim Inc; PrimePac PRRS,
Schering-Plough Animal Health.) and killed (CyBlue, Laboritorios Sobrino, S.A.)
PRRS vaccines are commercially available to protect pigs against PRRSV infec-
tion. In comparison to the killed vaccines which only provided limited protection
against PRRSYV infection, the attenuated live virus (MLV) vaccines shorten the
viremia of virulent challenge virus in immunized pigs, and induce an immunity
against the disease which lasts longer and is more effective [2, 102]. However,
these MLV vaccines are still able to cause viremia and thus can spread to other
pigs, as recently reported in Denmark [13, 55]. The MLV vaccines do not prevent
reinfection, since the field virus does not induce a lifelong immunity either, and do
not allow serological discrimination between vaccinated and naturally-infected
pigs.

Several research groups have been involved in the study of the humoral im-
mune response triggered by each of the major structural components of PRRSV,
but only few information is yet available on the characterization of the cellular
immune response. Alternative vaccines have been developed and tested experi-
mentally. Genes coding for the major structural proteins of PRRSV have been
cloned inE. coli [41, 51, 54, 62] and baculovirus [24, 50, 73] vectors to pro-
duce the viral proteins. However, immunization with isolated or combined viral
proteins did not result in protective immunity [89, 93]. More recently, promis-
ing results were obtained using recombinant vaccinia viruses [10, 104, 124] and
adenoviruses [40,63], but additionnal information on the importance of antigenic
determinants of each of the virus structural proteins are missing in order to inter-
prete the significance of the immunity induced by such recombinant viruses.

The kinetics of appearance of antibodies directed to the major structural pro-
teins N, M, and GRPof PRRSV was followed in pigs naturally and experimentally
exposed to PRRSV virus. Specific IgM antibody titers are first detected by IIF
at the end of the first week of PRRSV infection; titers peak by day 14 to 21 p.i.
(IIF titers of 256 to 1024), then rapidly decrease to undetectable levels by day
3510 42 p.i. [54]. On the other hand, specific IgG antibody titers peak by day 21
to 28 p.i. (IIF titers of 1024 to 4096) and remain unchanged for 3 to 6 months,
residual antibody titers being detected for up to one year in convalescent pigs [54,
84, 128]. Virus neutralizing (VN) antibody titers 8 are not detected until 3 to
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4 weeks p.i. [54, 128]. The results obtained by Western immunoblotting analysis
with field sera, using purified virus arifl coli-expressed ORFs 5 to 7 gene prod-
ucts, showed that the early immunological response of infected pigs is directed
mainly to the N protein, a positive response being detected by the end of the first
week p.i. [54, 84, 128]. Antibodies directed against the envelopg@Rein also
appear by day 7 p.i., whereas antibodies directed against the membrane M protein
can only be detected by the end of the second week p.i. [54, 84]. The antibody
response to the M and GWRaries considerably amongst pigs from the same herds
and antibody titers decline much more rapidly than those directed to the N protein
[84, 128].

Since the majority of antibodies produced during PRRSV infection in pigs
are specific for the N protein, for which major antigenic determinants are rela-
tively well conserved amongst strains from the same continent, the N protein has
been targeted as a suitable candidate for the detection of virus-specific antibodies
and diagnosis of the disease [54, 67, 84, 128]. The ugssadiierichia coliand
baculovirus systems has been reported for the genetic expression of recombinant
N protein in order to apply it as antigen in indirect or competitive ELISA for
the detection of antibodies against PRRSV [19, 24, 50, 73]. The sensitivities and
specificities of such ELISA tests were comparable to those using purified and
detergent-treated virus preparations [19, 24].

To determine the structural protein(s) of PRRSV involved in the production of
virus neutralizing antibodies following clinical infection, a panel of pooled sera
obtained from different pig farms in Quebec was screened by ELISA and Western
immunoblotting using recombina. coli-expressed glutathione S-transferase
(GST) fusion proteins [41]. A correlation between virus neutralization titers of
convalescent sera and the presence of angdaRbodies was demonstrated, but
such a correlation was not found in the cases of ant;@PRti-GR,, and anti-N
specific antibodies. As well, none of the anti-M MAbs yet characterized have
demonstrated a neutralizing activity [23, 37, 57].

Onthe other hand, the role of the ORF3 productin the life cycle of arteriviruses
remains unknown. Therefore, full characterization of this viral protein is required.
Apart from its possible nonstructural nature, recent reports indicate that the ORF3
product is highly antigenic [40, 41], and in one challenge study, this protein was
shown to provide protection for piglets against PRRSV infection in the absence
of a noticeable neutralizing antibody response [93]. In the same study, it has been
demonstrated that immunization of piglets with recombinant N protein does not
confer protection against a challenge infection with a homologous PRRSV strain
[93]. Consequently, the N protein has not been retained as a suitable candidate
for a subunit recombinant vaccine.

More recently, interesting data were obtained on the putative role of tge GP
protein in inducing a protective immune response. Indeed, DNA immunization
with a plasmid encoding the GBf PRRSV, under the control of a human cy-
tomegalovirus promoter has been shown to induce aniigpecific neutralizing
antibodies in pigs and BALB/c mice [89]. Peripheral blood mononuclear cells
obtained from DNA vaccinated pigs underwent blastogenic transformation in the
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presence ofE. coli-expressed recombinant ORF5 encoded protein, indicating the
specificity of the cellular immune response to{GPollowing a massive intra-
tracheal challenge with the virulent IAF-Klop strain of PRRSV, DNA-vaccinated
pigs were protected from generalised viraemia and the development of typical
macroscopic lung lesions [89]. These clinical manifestations were present in
unvaccinated, virus-challenged controls, and in pigs that were immunized with
E.coli-expressed GST-ORF5 recombinant fusion protein. Similar studies have not
been yet conducted for the ORF4- and ORF2-encoded proteins. Particularly, the
role of GR, in protection should not be neglected in view of data which have
been obtained with neutralizing anti-GP4 MAbs suggesting that this protein is
most probably exposed at the surface of the virion and, thus, may be involved in
virus-cell interactions [76].

The role of cell-mediated immunity (CMI) in protection against viral dis-
eases has been widely documented. The identification of antigens recognized by
T cells has proven to be useful in the design of subunit vaccines used for the
induction of an effective immune response to viruses. In the past few years, it has
been demonstrated that infected pigs develop specific lymphocyte proliferation
and delayed-type hypersensitivity responses to PRRSV [7, 89, 115]. Recently,
expression of individual polypeptides of the PRRSV isolate ATCC VR-2332 as a
fusion protein using the vaccinia expression system, and the electrophoretic sep-
aration of the PRRSV structural polypeptides, allowed for identification of the M
protein as the major PRRSV polypeptide recognized by porcine T cells [10].

Conclusion

The role of the various PRRSV envelope glycoproteins in viral attachment to
permissive cells, viral pathogenesis, apoptosis, antibody dependent enhancement
phenomena, cellular immune response, and protection, has yet to be determined.
Understanding the properties of the structural proteins and their role in virus as-
sembly remains as one of the major challenges facing the study of the molecular
biology of this new porcine virus. The recently developed infectious cDNA clones

of PRRSV [78], construction of chimeric viruses between EAV/LDV and PRRSV
[103], and the generation of deletion mutants [36, 123, 125], are extremely valu-
able tools for use in studies focusing on the various functions of the viral struc-
tural proteins. Production of MAbs to the minor structural glycoproteins and to
the conformationally dependent epitopes of the @Rjor envelope glycoprotein

are still needed to understand the biological functions of the various structural
components of the virus. Epitope mapping is necessary to identify the antigenic
domains of the structural proteins involved in the development of a protective im-
mune response. Epitope mapping is also necessary to identify the antigenic vari-
ability associated with virus persistence. Genetically engineered vaccines can be
designed to discriminate between vaccinated and naturally-infected pigs [89, 93].
However, to elicit a protective response, researchers will have to target antigens
which are not only involved in the production of virus neutralizing antibodies, but
also those antigens that are involved in the induction of an effective CMI response
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[10]. The role of mucosal immunity should also not be neglected, as it may be
largely involved in the establishment of protective immunity against opportunis-
tic infections that are favoured following early pulmonary alveolar macrophages
depletion by PRRSV. Eliciting effective mucosal immunity to PRRSV could also
interfere with the establishment of a persistent infection.

Acknowledgements

This work was supported by the Natural Sciences and Engineering Research Council of
Canada; Biovet Research Inc., St-Hyacinthe, Qc, Canada; Vetrepharm Research Inc., London,
Canada; le Ministére de I'Agriculture, des Péches et de I'Alimentation du Québec; and la
Fédération des producteurs de porcs du Québec.

References

1. Ahl R, Pensaert M, Robertson IB, Terpstra C, van der Sande W, Walker KJ, White M,
Meredith M (1992) Porcine reproductive and respiratory syndrome (PRRS or blue-eared
disease). Vet Rec 130: 87-89

2. Albina E (1997) Le syndrome dysgénésique et respiratoire porcin: dix ans d’expérience
(1986—1996) sur une infection virale insolite. Vet Res 28: 305-352

3. Andreyev VG, Wesley RD, Mengeling WL, Vorwald AC, Lager KM (1997) Genetic
variation and phylogenic relationships of porcine reproductive and respiratory disease
syndrome virus (PRRSV) field strains based on sequence analysis of open reading
frame 5. Arch Virol 142: 993-1 001

4. Andreyev VG, Scherbakov AG, Pylnov VA, Gusev AA (1999) Genetic heterogene-
ity of PRRSV in Russia. Proceedings of the International Symposium on PRRS and
Aujeszky’s Disease, Ploufragan, France, June 21-24, pp 211-212

5. Balasuriya UBR, Patton JF, Rossitto PV, Timoney Pl, McCollum WH, MacLachlan NJ
(1997) Neutralization determinants of laboratory strains and field isolates of equine ar-
teritis virus: Identification of four neutralization sites in the amino-terminal ectodomain
of the G_ envelope glycoprotein. Virology 232: 114-128

6. Baron T, Albina E, Leforban Y, Madec F, Guilmoto H, Plana Duran J, Vannier P (1992)
Report on the first outbreak of porcine reproductive and respiratory syndrome (PRRS)
in France. Diagnosis and viral isolation. Ann Rech Vet 23: 161-166

7. Bautista EM, Molitor TW (1997) Cell-mediated immunity to porcine reproductive and
respiratory syndrome virus in swine. Viral Immunol 10: 83-94

8. Bautista EM, Goyal SM, Yoon 1J, Joo HS, Collins JE (1993) Comparison of porcine
alveolar macrophages and CL 2621 for the detection of porcine reproductive and respi-
ratory syndrome (PRRS) virus and anti-PRRS antibody. J Vet Diagn Invest 5: 163165

9. Bautista EM, Meulenberg JIJM, Choi CS, Molitor TW (1996) Structural polypeptides
of the American (VR-2332) strain of porcine reproductive and respiratory syndrome
(PRRS) virus. Arch Virol 141:1 357-1 365

10. Bautista EM, Suarez P, Molitor TW (1999) T cell responses to the structural polypep-
tides of porcine reproductive and respiratory syndrome virus. Arch Virol 144: 117-134

11. Benfield DA, Nelson E, Collins JE, Harris L, Goyal SM, Robison D, Christianson WT,
Morrison RB, Gorcyca D, Chladek D (1992) Characterization of swine infertility and
respiratory syndrome (SIRS) virus (isolate ATCC VR-2332). J Vet Diagn Invest 4:
127-133

12. Bilodeau R, Dea S, Martineau GP, Sauvageau R (1991) Porcine reproductive and res-
piratory syndrome in Quebec. Vet Rec 129: 102-103



13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Current knowledge on the structural proteins of PRRSV 681

. Botner A, Stranbygaard B, Sorensen KJ, Have P, Madsen KG, Smedigaard Madsen E,
Alexandersen S (1997) Appearance of acute PRRS-like syndrome in sow herds after
vaccination with a modified live PRRS vaccine. Vet Rec 141: 497-499

Cavanagh D (199Nidovirales a new order comprisinGoronaviridaeandArteriviri-

dae Arch Virol 142: 629-633

Christianson WT, Collins JE, Benfield DA, Harris L, Gorcyca DE, Chladek DW, Mor-
rison RB, Joo HS (1992) Experimental reproduction of swine infertility and respiratory
syndrome in pregnant sows. Am J Vet Res 53:; 485488

Christopher-Hennnings J, Nelson EA, Nelson JK, Hines RJ, Swenson SL, Hill HT,
Zimmerman JJ, Katz JB, Yaeger MJ, Chase CCL, Benfield DA (1995) Detection of
porcine reproductive and respiratory syndrome virus in boar semen by PCR. J Clin
Microbiol 33: 1 730-1734

Collins JE, Benfield DA, Christianson WT, Harris L, Hennings JC, Shaw DP, Goyal
SM, McCullough S, Morrisson RB, Joo HS, Gorcyca D, Chladek D (1992) Isolation
of swine infertility and respiratory syndrome virus (isolate ATCC VR-2332) in North
America and experimental reproduction of the disease in gnotobiotic pigs. J Vet Diagn
Invest 4: 117-126

Conzelmann KK, Visser N, Van Woensel P, Thiel, HJ (1993) Molecular characterization
of porcine reproductive and respiratory syndrome virus, a member of the Arterivirus
group. Virology 193: 329-339

Cornaglia E, Wilson L, Laganiere L, Lallier R, Dea S (1999) PRRS serological mon-
itoring : a newcompetitive ELISA. Proceedings of the International Symposium on
PRRS and Aujeszky’s Disease, Ploufragan, France, June 21-24, pp 137-138
Coutelier JP, Van Snick J (1988) Neutralization and sensitization of lactate
dehydrogenase-elevating virus with monoclonal antibodies. J Gen Virol 69: 2097—-
2100

Dea S, Bilodeau R, Athanassious R, Sauvageau R, Martineau GP (1992) Swine re-
productive and respiratory syndrome virus in Quebec: isolation of an enveloped virus
serologically-related to Lelystad virus. Can Vet J 33: 801-808

Dea S, Sawyer N, Alain R, Athanassious R (1995) Ultrastructural characteristics and
morphogenesis of porcine reproductive and respiratory syndrome virus propagated in
the highly permissive MARC-145 cell clone. Adv Exp Med Biol 380: 95-98

Dea S, Gagnon CA, Mardassi H, Milane G (1996) Antigenic variability among North-
American and European strains of porcine reproductive and respiratory syndrome virus
as defined by monoclonal antibodies to the matrix protein. J Clin Microbiol 34 : 1 488—
1493

Denac H, Moser C, Tratschin JD, Hofmann MA (1997) An indirect ELISA for the
detection of antibodies against porcine reproductive and respiratory syndrome virus
using recombinant nucleocapsid protein as antigen. J Virol Methods 65: 169-181

de Vries AAF, Chirnside ED, Bredenbeek PJ, Gravestein LA, Horzinek MC, Spann
WJ.M (1990) All subgenomic mRNAs of equine arteritis virus contain a common
leader sequence. Nucleic Acids Res 18: 3241-3 247

de Vries AAF, Chirnside ED, Horzinek MC, Rottier PIM (1992) Structural proteins of
equine arteritis virus. J Virol 66: 6 294—6 303

de Vries AAF, Post SM, Raamsman MJB, Horzinek MC, Rottier PIJM (1995) The
two major envelope proteins of equine arteritis virus associate into disulfide-linked
heterodimers. J Virol 69: 4668-4 674

de Vries AAF, Raamsman MJ, van Dijk HA, Horzinek MC, Rottier PJM (1995) The
small envelope glycoprotein (Gs) of equine arteritis virus folds into three distinct
monomers and a disulfide-linked dimer. J Virol 69 : 3441-3 448



682

29

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

S. Dea et al.

. deVries AAF, Horzinek MC, Rottier PJM, de Groot RJ (1997) The genome organization
of Nidovirales: Similarities and differences between Arteri-, Toro-, and Coronaviruses.
Semin Virol 8: 33-47

den Boon JA, Snijder EJ, Chirnside EDS, de Vries AAF, Horzinek MC, Spaan WJM
(1991) Equine arteritis virus is not a Togavirus but belongs to the Coronavirus-like
superfamily. J Virol 65: 2910-2 920

Drew TW, Meulenberg JIM, Sands JJ, Paton D (1995) Production, characterization and
reactivity of monoclonal antibodies to porcine reproductive and respiratory syndrome
virus. J Gen Virol 76: 1361-1 369

Drew TW, Lowings JP, Yapp F (1997) Variation in open reading frames 3, 4 and 7
among porcine reproductive and respiratory syndrome virus isolates in the UK. Vet
Microbiol 55: 209-221

Faaberg KS, Even C, Palmer GA, Plagemann PJW (1995) Disulfide bonds between
two envelope proteins of lactate dehydrogenase-elevating virus are essential for viral
infectivity. J Virol 69: 613—617

Faaberg KS, Palmer GA, Even C, Anderson GW, Plagemann PJW (1995) Differential
glycosylation of the ectodomain of the primary envelope glycoprotein of two strains of
lactate dehydrogenase elevating virus that differ in neuropathogenicity. Virus Res 39:
331-340

Faaberg KS, Plagemann PJW (1997) ORF3 of lactate dehydrogenase-elevating virus
encodes a soluble, nonstructural, highly glycosylated and antigenic protein. Virology
227: 245-251

Fernandez A, Suarez P, Castro JM, Tabares E, Diaz-Guerra M (1999) Characterization of
the domains implicated in apoptosis induction by the PRRSV GP5 protein. Proceedings
of the International Symposium on PRRS and Aujeszky’s Disease, Ploufragan, France,
June 21-24, p129

Gagnon CA, Dea S (1998) Differentiation between porcine reproductive and respiratory
syndrome virus isolates by restriction fragments length polymorphism of their ORFs 6
and 7 genes. Can J Vet Res 62: 110-116

Glaser AL, de Vries AAF, Dubovi EJ (1995) Comparison of equine arteritis virus iso-
lates using neutralizing monoclonal antibodies and identification of sequence changes
in G_ associated with neutralization resistance. J Gen Virol 76: 2223-2 233

Godeny EK, Chen L, Kumar SN, Methven SL, Koonin EV, Brinton MA (1993)
Complete genomic sequence and phylogenetic analysis of the lactate-dehydrogenase-
elevating virus (LDV). Virology 194: 585-596

Gonin P, MardassiH, Gagnon CA, Massie B, Dea S (1998) A nonstructural and antigenic
glycoprotein is encoded by ORF3 of the IAF-Klop strain of porcine reproductive and
respiratory syndrome virus. Arch Virol 143: 1927-1 940

Gonin P, Pirzadeh B, Gagnon CA, Dea S (1999) Seroneutralization of porcine repro-
ductive and respiratory syndrome virus correlates with antibody response to the GP5
major envelope glycoprotein. J Vet Diagn Invest 11: 20-26

Goyal SM (1993) Porcine reproductive and respiratory syndrome. J Vet Diagn Invest
5: 656—664

Halbur PG, Paul PS, Meng X-J, Lum MA, Rathje JA (1996) Comparative pathogenicity
of nine U.S. porcine reproductive and respiratory syndrome virus (PRRSV) isolates in
a 5-week-old cesarean-derived-colostrum-deprived pig model. J Vet Diagn Invest 8:
11-20

Halbur PG, Paul PS, Frey ML, Landgraf J, Eernisse K, Meng X-J, Lum MA, Andrews JJ,
Rathje JA (1995) Comparison of the pathogenicity of two U.S. porcine reproductive and
respiratory syndrome virus isolates with that of Lelystad virus. Vet Pathol 32: 648—660



45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Current knowledge on the structural proteins of PRRSV 683

Jusa ER, Inaba M, Kono T, Asagoe T, Uwatoko K (1997) Effect of heparin on a hae-
maglutinin of porcine reproductive and respiratory syndrome virus. Res Vet Sci 62:
262-264

Kapur V, Elam MR, Pawlovich TM, Murtaugh MP (1996) Genetic variation in porcine
reproductive and respiratory syndrome virus isolates in the midwestern United States.
J Gen Virol 77: 1271-1276

Katz JB, Shafer AL, Eernisse KA, Landgraf JG, Nielson EA (1995) Antigenic differ-
ence between European and American isolates of porcine reproductive and respiratory
syndrome virus (PRRSV) are encoded by the carboxyterminal portion of viral open
reading frame 3. Vet Microbiol 44: 65—-76

Keffaber KK (1989) Reproductive failure of unknown etiology. ASSP Newsletter 1:1-9
Kim HS, Kwang J, Joo HS, Frey ML (1993) Enhanced replication of porcine repro-
ductive and respiratory syndrome (PRRS) virus in a homogeneous subpopulation of
MA-104 cell line. Arch Virol 133: 477-483

Kreutz LC, Mengeling WL (1997) Baculovirus expression and immunological detec-
tion of the major structural proteins of porcine reproductive and respiratory syndrome
virus. Vet Microbiol 59: 1-13

Kwang J, Kim HS, Joo HS (1994) Cloning, expression, and sequence analysis of the
ORF4 gene of the porcine reproductive and respiratory syndrome virus MN-1b. J Vet
Diagn Invest 6: 293—296

Larochelle R, Mardassi H, Dea S, Magar R (1996) Detection of porcine reproductive
and respiratory syndrome virus in cell cultures and formalin-fixed tissues by in situ
hybridization using a digoxigenin-labeled probe. J Vet Diagn Invest 8: 3-10

Li K, Chen Z, Plagemann PGW (1998) The neutralization epitope of lactate
dehydrogenase-elevating virus is located on the short ectodomain of the primary enve-
lope glycoprotein. Virology 242 : 239-245

Loemba HD, Mounir S, Mardassi H, Archambault D, Dea S (1996) Kinetics of hu-
moral immune response to the major structural proteins of the procine reproductive and
respiratory syndrome virus. Arch Virol 141: 751-761

Madsen KG, Hansen CM, Madsen ES, Strandbygaard B, Botner A, Sorensen KJ (1998)
Sequence analysis of porcine reproductive and respiratory syndrome virus of the Amer-
ican type collected from Danish swine herds. Arch Virol 143: 1683-1 700

Magar R, Larochelle R, Dea S, Gagnon CA, Nelson EA, Christopher-Hennings J,
Benfield DA (1995) Antigenic comparison of Canadian and US isolates of porcine
reproductive and respiratory syndrome virus using monoclonal antibodies to the nucle-
ocapsid protein. Can J Vet Res 59: 232-234

Magar R, Larochelle R, Nelson EA, Charreyre C (1997) Differential reactivity of a
monoclonal antibody to the membrane protein of porcine reproductive and respiratory
syndrome virus. Can J Vet Res 61: 69-71

Mardassi H, Athanassious R, Mounir S, Dea S (1994) Porcine reproductive and respi-
ratory syndrome virus: morphological, biochemical and serological characteristics of
Quebec isolates associated with acute and chronic outbreaks of porcine reproductive
and respiratory syndrome. Can J Vet Res 58: 55—-64

Mardassi H, Mounir S, Dea S (1994) Identification of major differences in the nucle-
ocapsid protein genes of a Quebec strain and European strains of porcine reproductive
and respiratory syndrome virus. J Gen Virol 75: 681-685

Mardassi H, Mounir S, Wilson L, Dea S (1994) Detection of porcine reproductive
and respiratory syndrome virus and efficient differentiation between Canadian and Eu-
ropean strains by reverse transcription and PCR amplification. J Clin Microbiol 32:
2197-2203



684

61

62

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

S. Dea et al.

. Mardassi H, Mounir S, Dea S (1995) Molecular analysis of the ORF3-7 of porcine
reproductive and respiratory syndrome virus, Quebec reference strain. Arch Virol 140:
1405-1418

. Mardassi H, Massie B, Dea S (1996) Intracellular synthesis, processing, and transport

of proteins encoded by ORFs 5 to 7 of porcine reproductive and respiratory syndrome

virus. Virology 221: 98-112

Mardassi H, Gonin P, Gagnon CA, Massie B, Dea S (1998) A subset of porcine repro-

ductive and respiratory syndrome virus (PRRSV) GP3 glycoprotein is released into the

culture medium of cells as a non-virion-associated and membrane-free (soluble) form.

J Virol 72: 6 298-6 306

Meng X-J, Paul PS, Halbur PG, Morozov | (1995) Sequence comparison of open read-

ing frame 2 to 5 of low and high virulence United States isolates of porcine reproductive

and respiratory syndrome virus. J Gen Virol 76: 3181-3188

Meng X-J, Paul PS, Halbur PG, Lum MA (1995) Phylogenetic analyses of the putative

M (ORF6) and N (ORF 7) genes of porcine reproductive and respiratory syndrome

virus (PRRSV): Implication for the existence of two genotypes of PRRSV in the USA

and Europe. Arch Virol 140: 745—-755

Meng X-J, Paul PS, Morosov |, Halbur PG (1996) A nested set of six or seven subge-

nomic mRNAs is formed in cells infected with different isolates of porcine reproductive

and respiratory syndrome virus. J Gen Virol 77: 1265-1 270

Mengeling WL, Vorwald AC, Lager KM, Brockmeier SL (1995) Diagnosis of porcine

reproductive and respiratory syndrome. J Vet Diagn Invest 7: 3—-16

Mengeling WL (1999) A brief review of procedures and potential problems associated

with the diagnosis of porcine reproductive and respiratory syndrome. Proceedings of

the International Symposium on PRRS and Aujeszky’s Disease, Ploufragan, France,

June 21-24, pp 143-146

Meridith MT (1995) Porcine reproductive and respiratory syndrome (PRRS). Cam-

bridge University Press, Cambridge

Meulenberg JIM, De Meijer EJ, Moormann RIM (1993) Subgenomic RNAs of Lelystad

virus contain a conserved leader-body junction sequence. J Gen Virol 74: 1697-1 701

Meulenberg JJM, Hulst M, De Meijer EJ, Moonen PLJ, Petersen-Den Besten A, De

Kluyver EP, Wensvoort G, Moormann RJM (1993) Lelystad virus, the causative agent

of porcine epidemic abortion and respiratory syndrome (PEARS), is related to LDV

and EAV. Virology 192: 62—72

Meulenberg JIM, Hulst MM, de Meyjer EJ, Moonen PLIM, den Besten A, de Kluyver

EP, Wensvoort G, Moormann RJIM (1994) Lelystad virus belongs to a new virus fam-

ily, comprising lactate dehydrogenase-elevating virus, equine arteritis virus, and simian

hemorrhagic fever virus. Arch Virol 9: 441-448

Meulenberg JJM, Bende RJ, Pol JM, Wensvoort G, Moormann RIM (1995) Nucleo-

capsid protein N of Lelystad : expression by recombinant baculovirus, immunological

properties, and suitability for detection of serum antibodies. Clin Diagn Lab Immunol

2: 652-656

Meulenberg JJM, Petersen-Den Besten A, De Kluyver EP, Moormann RJM, Schaaper

WMM, Wensvoort G (1995) Characterization of proteins encoded by ORFs 2 to 7 of

Lelystad virus. Virology 206: 155-163

Meulenberg JIM, Petersen-Den Besten A (1996) Identification and characterization of

a sixth structural protein of Lelystad Virus: the glycoprotein GP2 encoded by ORF2 is

incorporated in virus particle. Virology 225: 44-51

Meulenberg JJM, van Nieuwstadt AP,van Essen-Zandbergen A, Langeveld JPM

(1997) Post-translational processing and identification of a neutralization domain



7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Current knowledge on the structural proteins of PRRSV 685

of the GP4 protein encoded by ORF4 of Lelystad virus. J Virol 71: 6061
6067

Meulenberg JJM, Petersen-Den Besten A, De Kluyver E, van Nieuwstadt A, Wensvoort
G, Moormann RJIM (1997) Molecular characterization of Lelystad virus. Vet Microbiol
55:197-202

Meulenberg JIJM , Bos-de-Ruijter R, van de Graaf R, Wensvoort G, Moormann RJM
(1998) Infectious transcripts from cloned genomic-length cDNA of porcine reproduc-
tive and respiratory syndrome virus. J Virol 72 : 380-387

Meulenberg JJM, van Nieuwstadt AP, van Essen-Zandbergen A, Bos-de-Ruijter JNA,
Langeveld JPM, Meloen RH (1998) Localization and fine mapping of antigenic sites on
the nucleocapsid protein of porcine reproductive and respiratory syndrome virus with
monoclonal antibodies. Virology 252: 106-114

Morozov |, Meng XJ, Paul PS (1995) Sequence analysis of open reading frames (ORFs)
2 to 4 of a US isolate of porcine reproductive and respiratory syndrome virus. Arch
Virol 140: 1313-1319

Murtaugh MP, Elam MR, Kakach LT (1995) Comparison of the structural protein cod-
ing sequences of the VR-2332 and Lelystad virus strains of the PRRS virus. Arch Virol
140: 1451-1 460

Nelsen CJ, Murtaugh MP, Faaberg K (1999) Porcine reproductive and respiratory syn-
drome virus comparison; divergent evolution on two continents. J Virol 73: 270-280
Nelson EA, Christopher-Hennings J, Drew T, Wensvoort G, Collins JE, Benfield DA
(1993) Differentiation of U.S. and European isolates of porcine reproductive and res-
piratory syndrome virus by monoclonal antibodies. J Clin Microbiol 31: 3184-3189
Nelson EA, Christopher-Hennings JT, Benfield DA (1994) Serum immune responses
to the proteins of porcine reproductive and respiratory syndrome (PRRS) virus. J Vet
Diagn Invest 6: 410-415

Nelson EA, Nelson JK, Couture LP, Lau ML, Christopher-Hennings J, Chase CCL,
Hesse RA (1997) A single amino acid substitution allows for the differentiation of
the ‘Prime Pac vaccine from field isolates of PRRSV. 78th Conference for Research
Workers in Animal Diseases, Chicago

Oleksiewicz MB, Botner A, Madsen KG, Storgaard T (1998) Sensitive detection and
typing of porcine reproductive and respiratory syndrome virus by RT-PCR amplification
of whole viral genes. Vet Microbiol 64: 7-22

Paton DJ, Brown IH, Edwards S, Wensvoort G (1991) ‘Blue ear’ disease of pigs. Vet
Rec 128: 617

Pirzadeh B, Dea S (1997) Monoclonal antibodies to the ORF5 product of porcine
reproductive and respiratory syndrome virus define linear neutralizing determinants.
J Gen Virol 78: 1867-1873

Pirzadeh B, Dea S (1998) Immune response in pigs vaccinated with plasmid DNA en-
coding ORF5 of porcine reproductive and respiratory syndrome virus. J Gen Virol 79:
989-999

Pirzadeh B, Gagnon CA, Dea S (1998) Genomic and antigenic variations of porcine
reproductive and respiratory syndrome virus major envelopgdgBfoprotein. Can J

Vet Res 62: 170-177

Plagemann PGW, Moenning V (1992) Lactate dehydrogenase elevating virus, equine
arteritis virus and simian hemorrhagic fever virus: a new group of positive-stranded
RNA viruses. Adv Virus Res 41: 99-192

Plagemann PGW (1996) Lactate dehydrogenase elevating virus and related viruses. In:
Fields BN, Knipe DM, Howley PM (eds) Field’s Virology, 3rd ed. Lippincott-Raven
Philadelphia, pp 1 105-1 120



686

93

94

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

S. Dea et al.

. Plana Duran J, Climent I, Sarraseca J, Urniza A, Crotes E, Vela C, Casal JI (1997)
Baculo virus expression of proteins of porcine reproductive and respiratory syndrome
virus strain Olot/91. Involvement of ORF3 and ORF5 proteins in protection. Virus
Genes 14: 19-29

. Pol IMA, Van Dijk JE, Wensvoort G, Terpstra C (1991) Pathological, ultrastructural,

and immunohistochemical changes caused by Lelystad virus in experimentally-induced

infections of mystery swine disease (synonym: porcine epidemic abortion and respira-

tory syndrome (PEARS)). Vet Q 13: 137-143
Pol JM, Wagenaar F (1992) Morphogenesis of Lelystad virus in porcine lung alveolar

macrophages. AASP Newsletter 4: 29
Pol JMA, Wagenaar F, Reus JEG (1997) Comparative morphogenesis of three PRRS

virus strains. Vet Microbiol 55: 203—208
Rodriguez MJ, SarrasecaJ, JarciaJ, Sanz A, Plana-Duran J, Casal | (1997) Epitope map-

ping of the nucleocapsid protein of European and North American isolates of porcine

reproductive and respiratory syndrome virus. J Gen Virol 78: 2269-2 278
Rossow KD, Bautista EM, Goyal SM, Molitor TW, Murtaugh MP, Morrison RB, Ben-

field DA, Collins JE (1994) Experimental porcine reproductive and respiratory syn-

drome virus infection in one-, four-, and 10-week-old pigs. J Vet Diagn Invest 6: 3—12
Rossow KD, Benfield DA, Goyal SM, Collins JE, Nelson EA, Christopher-Hennnings

J (1996) Chronogical immunohistochemical detection and localization of porcine re-

productive and respiratory syndrome virus in gnotobiotic pigs. Vet Pathol 33: 551-556
Rottier PIM, Welling GW, Welling-Wester S, Niesters HGM, Lenstra JA, Van der Zeijst

(1986) Predicted membrane topology of the coronavirus protein E1. Proc Natl Acad

Sci USA 81:1421-1425
Shibata |, Uruno K, Mori M (1996) Serological property and replication in cell cultures

of porcine reproductive and respiratory syndrome viruses isolated in Japan. J Vet Med

Sci 58: 805-807
Snijder EJ, Meulenberg JIJM (1998) The molecular biology of arteriviruses. J Gen Virol

79: 961-979
Snijder EJ, van Tol H, Pedersen KW, Raamsman MJB, de Vries AAF (1999) Identifi-

cation of a novel structural protein of arteriviruses. J Virol 73: 6 335-6 345
Suarez P, Diaz-Guerra M, Prieto C, Esteban M, Castro JM, Nieto A, Ortin J (1996) Open

reading frame 5 of porcine reproductive and respiratory syndrome virus as a cause of

virus-induced apoptosis. J Virol 70: 2 876-2 882

Suarez P, Zardoya R, Prieto C, Solana A, Tabares E, Bautista JM, Castro JM (1994)

Direct detection of the porcine reproductive and respiratory syndrome (PRRS) virus by

reverse polymerase chain reaction (RT-PCR). Arch Virol 135: 89—99

Suérez P, Zardoya R, Martin MJ, Prieto C, Dopazo J, Solana A, Castro JM (1996)

Phylogenetic relationships of European strains of porcine reproductive and respiratory

syndrome virus (PRRSV) inferred from DNA sequences of putative ORF-5 and ORF-7

genes. Virus Res 42: 159-165

Sur JH, Doster AR, Christian JCS, Galeota JA, Wills RW, Zimmerman JJ, Osario FA

(1997) Porcine reproductive and respiratory syndrome virus replicates in testicular

germ cells, alters spermatogenesis, and induces germ cell death by apoptosis. J Virol

71:9170-9179

Sur JH, Doster AR, Osario FA (1998) Apoptosis induced in vivo during acute infection

by porcine reproductive and respiratory syndrome virus. Vet Pathol 35: 506-514

Terpstra C, Wensvoort G, Pol IMA (1991) Experimental reproduction of porcine epi-

demic abortion and respiratory syndrome (mystery swine disease) by infection with

Lelystad virus: Koch’s postulates fulfilled. Vet Q 13: 131-136



110

111.

112.

113.

114.

115.

116.

117.

118.

1109.

120.

121.

122.

123.

124.

Current knowledge on the structural proteins of PRRSV 687

. Therrien D, St-Pierre Y, Dea S (1999) Use of flow cytometry to assess binding and in-
ternalization of PRRS virus by permissive and non-permissive cell lines. Proceedings
of the International Symposium on PRRS and Aujeszky’s Disease, Ploufragan, France,
June 21-24, pp 137-138

Tong GZ, Qiu HJ, Guo BQ, Wang L, Cai XH, Zhang SJ, Liu WX (1999) A PRRSV
isolated from the first outbreak in China is genetically related with North American
genotype. Proceedings of the International Symposium on PRRS and Aujeszky’s Dis-
ease, Ploufragan, France, June 21-24, pp 53

Van Berlo MF, Horzinek MC and Van Der Zeijst BAM (1982) Equine arteritis virus-
infected cells contain six polyadenylated virus-specific RNAs. Virology 118: 345-352
van Dinten LC, den Boon JA, Wassenaar ALM, Spaan WJM, Snijder EJ (1997) An
infectious arterivirus cDNA clone: identification of a replicase point mutation which
abolishes discontinuous mRNA transcription. Proc Natl Acad Sci USA 94: 991-996
van Nieuwstadt AP, Meulenberg JJM, Van Essen-Zandbergen A, Petersen-Den Besten
A, Bende RJ, Moorman RJM, Wensvoort G (1996) Proteins encoded by open reading
frames 3 and 4 of the genome of Lelystad virus (Arteriviridae) are structural proteins
of the virion. J Virol 70: 4767-4772

Vézina SA, LoembaH, Fournier M, Dea S, Archambault D (1995) Antibody production
and blastogenic response in pigs experimentally-infected with porcine reproductive and
respiratory syndrome virus. Can J Vet Res 60: 94-99

Von Heijine G (1986) A new method for predicting signal sequence cleavage sites.
Nucleic Acids Res 14: 4683-4 690

Voicu IL, Silim A, Morin M, Elazhary MASY (1994) Interaction of porcine reproduc-
tive and respiratory syndrome virus with swine monocytes. Vet Rec 134: 422-423
Weiland E, Wieczorek-Krohmer, Kohl D, Conzelmann KK, Weiland F (1999) Mono-
clonal antibodies to the GRf porcine reproductive and respiratory syndrome virus are
more effective in virus neutralization than monoclonal antibodies to GP4. Vet Microbiol
66:171-186

Wensvoort G, Terpstra C, Pol J, White M (1991) Blue ear disease of pigs. Vet Rec 128:
574

Wensvoort G, Terpstra C, Pol JMA, Ter Laak EA, Bloemraad M, De Kluyver EP,
Kragten C, Van Buiten L, Den Besten A, Wagenaar F, Broekhuilsen JM, Moonen
PLJM, Zetstra T, De Boer EA, Tibben HJ, De Jog MF, Van't Veld P, Groenland
GJR, Van Gennep JA, Voets MT, Verheijden JHM, Braamskamp J (1991) Mys-
tery swine disease in the Netherlands: the isolation of Lelystad virus. Vet Q 13:
121-130

Wensvoort G (1993) Lelystad virus and porcine epidemic abortion and respiratory syn-
drome. Vet Res 24: 117-124

Wesley RD, Mengeling WL, Lager KM, Clouser DF, Landgraf JG, Frey ML (1998)
Differentiation of a porcine reproductive and respiratory syndrome virus vaccine strain
from North American field strains by restriction fragment length polymorphism analysis
of ORF5. J Vet Diagn Invest 10: 140-144

Wootton SK, Yoo D (1999) Structure-function of the ORF7 protein of porcine repro-
ductive and respiratory syndrome virus in the viral capsid assembly. Proceedings of the
International Symposium on PRRS and Aujeszky’s Disease, Ploufragan, France, June
21-24, pp 37-38

Wootton SK, Yoo D (1999) Homotypic interactions of the capsid protein of porcine re-
productive and respiratory syndrome virus. Proceedings of the 18th Annual Meeting of
the American Society for Virology, University of Massachusetts, Amherst, July 10-14,
p 146



688 S. Dea et al.: Current knowledge on the structural proteins of PRRSV

125. Wootton SK, Nelson EA, Yoo D (1998) Antigenic structure of the nucleocapsid protein
of porcine reproductive and respiratory syndrome virus. Clin Diagn Lab Immunol 5:
773-779

126. Yoon 1J, Joo HS, Christianson WT, Kim HS, Collins JE, Morrison RB (1992) An in-
direct fluorescent antibody test for the detection of antibody to swine infertility and
respiratory syndrome virus in swine sera. J Vet Diagn Invest 4: 144-147

127. Yoon KJ, Zimmerman JJ, McGinley MJ, Landgraf J, Frey ML, Hill HT, Platt KB (1995)
Failure to consider the antigenic diversity of porcine reproductive and respiratory syn-
drome (PRRS) virus isolates may lead to misdiagnosis. J Vet Diagn Invest 7: 386—387

128. Yoon K-J, Wu LL, Zimmerman JJ, Swenson SL, McGinley MJ, Eernisse KA, Brevik
A, Rhinehart LL, Frey ML, Hill HT, Platt KB (1995) Characterization of the humoral
immune response to porcine reproductive and respiratory syndrome virus (PRRSV)
infection. J Vet Diagn Invest 7: 305-312

129. Zhang Y, Sharma RD, Paul PS (1998) Monoclonal antibodies against conformation-
ally dependent epitopes on porcine reproductive and respiratory syndrome virus. Vet
Microbiol 63: 125-136

Authors’ address: Dr. S. Dea, Centre de Microbiologie et Biotechnologie, INRS-Institut
Armand-Frappier, Université du Québec, 531 boulevard des Prairies, Laval, Québec, Canada
H7V 1B7.

Received August 30, 1999



