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ABSTRTACT
Since 1996, the U.S. swine industry has seen disease outbreaks characterized by
reproductive failure at early gestation and/or neurologic disorders in sows and young pigs,
which are commonly referred to as "Porcine reproductive and neurologic syndrome
(PRNS)". A previously unrecognized small enveloped RNA virus of approximately 50 nm in
size was repeatedly isolated from field cases of PRNS and tentatively named "Virus X". The
disease and/or lesions of PRNS were reproduced in pregnant sows and young CDCD pigs
experimentally infected with Virus X and the virus was re-isolated from those pigs, fulfilling
Koch's postulates. Both polyclonal and monoclonal antibodies specific for Virus X were
produced. The polyclonal antibody did not cross react with any known viral pathogens for
swine except for ruminant pestiviruses (i.e., bovine viral diarrhea virus and border disease
virus) on immunofluorescence test and Western immunoblotting. Polyclonal antibodies
raised against the ruminant pestiviruses cross-reacted with Virus X to a degree. However,
Virus X could not be recognized by pan-BVD virus monoclonal antibodies. Sequence and
peptide analysis of Virus X for 5' UTR and NS3 regions indicated that the virus is
phylogenetically separate from any known pestiviruses. Furthermore, Virus X could be
differentiated from the ruminant pestiviruses by laboratory procedures employing the
monoclonal antibody (15A2-3E9) produced in this study. In conclusion, a previously
unrecognized swine pestivirus is responsible for the newly identified disease.
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GENERAL INTRODUCTION

Dissertation Organization
This dissertation begins with an abstract and is followed by a review of the literature.
Three papers are presented on the experimental work that was done. The doctoral
candidate is the first author for all three papers. The dissertation concludes with a general
discussion, a list of references cited in the literature review and acknowledgements.

Literature Review: Response of cells to RNA virus infection

1. Introduction
Viruses can be divided into several categories based on their genomic type and
structure: a) RNA and DNA genome, b) single- and double-stranded, c) positive and
negative sense; and d) segmented and non-segmented (64). The viruses also can be
divided into 2 groups based on the presence and absence of envelope, which determines
their attachment and stability in the environment (64). Genomic and envelope structure of a
virus influences its infection, replication and stability.
During viral replication several events take place. The first step is attachment of the
virus to the cell surface that is mediated by a ligand present on the surface of the virus and
receptors on the plasma membrane of the cells. Sometimes this process is called uptake or
penetration of the virus and two main mechanisms are known: receptor-mediated
endocytosis and fusion. Uncoating then takes place and the viral genome is available for
transcription, translation, and replication of the viral nucleic acids. The last event of the viral
replication cycle inside the cell is assembly of the virion and release of complete viral
particles (i.e., progeny) either through budding from the cellular membrane, or by exocytosis.
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Transcription of some RNA viruses is a unique process since it requires RNAdependent RNA polymerase that is encoded by the viruses. Complementary RNA made
during the replication normally serves as a template for making viral RNA. For negativesense RNA viruses, the complementary strand is mRNA and is either subgenomic or fulllength RNA. Translation takes place in order to make early and late viral proteins that have
an effect on the viral life cycle and cell life as well. Early proteins are present only in infected
cells and are defined as non-structural proteins (polymerases, proteases and other
enzymes). Viral proteins that are translated later (late proteins) are called structural proteins
as they are mostly incorporated into virus particle. Most of the time viral RNA of positive
polarity binds directly to the ribosome and the translation process begins without any further
transcriptional steps. Some positive-sense RNA viruses like picornaviruses or flaviviruses
have polycestronic RNA that has one open-reading frame and serves as a template for
transcription. This protein is later cleaved by enzymes made by the virus (303;315).
The most common and oldest way to observe viral replication in the host is to look
for changes in the cell structure, the so-called cytopathic effect of viruses on the cells (88).
Normally there are several categories of changes that happen to the cell during replication
of various viruses: 1) cell rounding and detachment, 2) syncycia formation, 3) presence of
inclusion bodies, and 4) cell lysis. Classification of viruses according to 3 of these categories
was proposed by Enders et. al (88). One causes cellular lysis, another induces inclusion
bodies and cell degeneration, and the third forms multinucleated cells or syncytia. Another
form of cell degeneration is necrosis during virus infection due to physical damage or toxic
effect. Some cells die of apoptosis during development of hormonal signaling in response to
DNA damage (fragmentation). In some instances, the virus and cell live together in
symbiosis, and in other cases the virus will not destroy cells during the replicaton process.

3
Most often, however, productive viral infections lead to cell death and lysis. Details of cell
response to viral infection are described later in this chapter.

2. Virus entry into cells and cellular receptors
The first step for viral replication is entry into cells where the virus uses the cellular
machinery to promote its own replication. Virus entry can be divided into two stages: 1)
binding to cell receptors and 2) penetration of plasma membrane. Viruses use several
different cell-surface molecules as their receptors such as protein molecules, lg-related
proteins of integrins, and carbohydrates or glycolipids for attachment to the cells
(20; 144;222). There are two major pathways of entry into cells: 1) fusion between the viral
envelope and the cell plasma membrane and 2) receptor-mediated endocytosis. Enveloped
viruses generally gain entry to the cell cytoplasm by fusion of the lipid envelope with the
membrane or endosomal membrane. Many viruses even within the same family or genus
use different receptors for cell attachment.
There are two mechanisms by which enveloped viruses enter into cells: 1) via
clathridin-coated pits in absortive endocytosis (5;246) 2) through endosomal acidification
(216) as demonstrated in Figure 1 (324). These mechanisms change the properties of many
enveloped viruses and allow them to react with the cell lipid membrane directly
(146;298;336;337) by fusion of the envelope with the endosomal membrane and injection of
nucleocapsid directly into the cytoplasm. Influenza virus is the best studied enveloped virus
that enters cells by endocytoses via clathridin-coated pits where it uses hemaglutinin (HA)
as the ligand that binds to sialic acid on the cell membrane (149;335). The acidic pH
environment of the endosomal lumen causes some conformational changes in HA protein
and promotes virus fusion with the membrane (47). Low pH leads the trimer HA to form a
loop called a coiled-coil structure and this structure fuses with the membrane and RNA is
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injected into the cytoplasm. Fusion peptide and transmebrane domains of HA2 are localized
in the same lipid bilayer.

Figure 1. Virus attachment and entry into the cell.
II. Receptor-mediated endocythosis
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Legend: 1- Attachment of the virus to the cell membrane; 2- Foramtion of endocytotic pit and
fusion with membrane; 3 - Viral particle in cytoplasm. Adapted from A. T. Young (348)

For example, viruses of the family Picornavirida, which includes poxviruses, ECHO
virus typel, and ECHO virus type 7, belonging to the genus Enterovirus, have cell receptors
like lg-like protein (PVR) and integrin VLA-2 (21). As another example, rhinoviruses have
LDL receptors (127). Some viruses belong to a different family but share the same
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receptors. For example, Coxsakie virus B3 is another enterovirus that shares a receptor
nucleolin with adenovirus type 2 (205); and human immunodeficiency virus (HIV) is a
retrovirus that shares the CD4 receptors with human herpesvirus (206).
For many viruses, receptors may simply serve as attachment molecules to the cells
and as transport vehicles after entering the cell. For poliovirus, the receptors dock and
destabilize the virions. Poliovirus has four different viral proteins such as VP1, VP2, VP3
and VP4, and one of them (VP1) has a deep pocket canyon that interacts with cell surface
receptors. During entry, the viral particle of poliovirus goes through a series of
conformational changes as do other viruses. The first changes are the loss of their VP4
proteins and conversion into 135S particle (339). This process is mediated by cellular
receptors and is called the breathing mechanism of poxviruses (203). The next stage is
when poliovirus VP3 protein and amino terminus of VP1 form protein channels in the host
membrane of the cell and the virus releases RNA into the cytoplasm. Low pH fusion at
plasma membranes is observed for many viruses such as HIV, Ebola, SIV, Mo-MLV
(51;92;211;334). In some instances, viruses bypass viral entry mediated through the
cognate virus receptor. In this situation the virus attaches not to the receptors but to ligands
of the IgG and IgM immunoglobulins and Fc receptors on the surface of the macrophages
and granulocytic cells (137;138;254). Several cell surface molecules have Fc and
complement receptors that mediate antibody-dependent enhancement (ADE) during viral
infection (176;209). It has been demonstrated that virus-antibody complex is necessary to
initiate ADE (254;347). Many viruses function this way, including members of the
Flaviviridae, Coronaviridae, Retroviridae, and Togaviridae (46; 137;176;238;288;347). A
summary of some viral receptors is listed in Table 1.
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Table 1. Selected receptors for RNA viruses.
Receptors

Virus (family)

References

Immunoglobulin -like molecu es
VCAM and ICAM

EMCV-D (Picornaviridae)

(127;156)

CD-4

HIV-1, 2 (Lentiviridae)

(67)

MHCII

Visna virus (Lentiviridae)

(68)

VLA-2

ECHO virus 1, 8

(21)

RGD-binding protein

FMDV (Picornaviridae)

(99)

Aminopeptidase N

TGEV (Coronaviridae)

(73)

Glycoforin A

EMCV (Picornaviridae)

(3)

BLVRcpl

Bovine leukemmia virus

(13)

Integrins

{Retroviridae)
Sialoglycoprotein

Sendai virus (Fiaviviridae)

(308)

Sialic acid

Influenza virus

(149)

(Orthomixoviridae)
Sialic acid

Reoviridae

(93)

Sialic acid

Group A porcine

(278)

rotaviruses
Moesin

Measles virus

(84)

(Morbilliviridae)

3. Viral RNA transcription
Positive sense RNA viruses are very efficient in replication and can amplify their
genome from one single copy of the molecule to tens of thousands of copies in only a few
hours. Viral genomic RNA itself serves as a template for synthesis of viral proteins when
earlier viral proteins are made including RNA-dependent RNA polymerase (RdRp). With the
help of RdRp and other proteins, the same viral RNA will be copied from the 3' end to make
a complementary strand that is transcribed into new molecules of positive sense genomic
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RNA. This double function of viral RNA requires help from cellular machinery as well. A
good example is the poliovirus genome that is around 7.5 kb and contains a polyadenylated
tail at the 3' end and small peptide VPg at the 5' end untranslated region (UTR)
(96;271;346). The 5' UTR region has two functions: 1) a highly structured and conserved
region promotes cap-independent initiation of translation by internal ribosome binding
(1RES) (255;323) and 2) a shorter region (the cloverleaf RNA) is involved in viral RNA
replication (7).
Viral replication in most of the RNA viruses will take place in the cytoplasm of cells.
During replication, poliovirus accumulates small membranous vesicles that are considered
to be the site of viral RNA synthesis (229). Viral proteins 2b and 3a block the transport of
glycoproteins to the cell surface and because of this inhibition vesicles accumulate in the
cytoplasm and viral RNA synthesis takes place (80;81;327). During viral replication the
cloverleaf RNA located in the 5'end forms a ternary complex with two proteins: uncleaved
viral protease polymerase precursor 3CD and the poly(rC) binding protein (PCBP, also
known as hnRNP E) (6;7;107;245;295). PCBP is a host protein that regulates the stability
and expression of several cellular mRNA (240) and interacts with poly(A) binding protein
1(PABP1) (331). The 5'end cloverleaf has two functions: it participates in viral translation
and viral replication (108;297). When cellular protein PCBP binds to the cloverleaf it results
in enhancement of viral translation. When the precursor of the viral RNA polymerase (3CD)
binds to the cloverleaf, it represses viral translation and promotes the synthesis of the
negative stranded RNA (16;108). While the mechanism that regulates translation and
transcription of viral RNA is not yet known, there is evidence that some ribosome and RNA
polymerase collisions occur which results in physical blockage (53). Some questions still
remain concerning how regulation works and whether there are some unidentified cis-acting
elements involved. One of these elements includes a viral poly(A) tail at the 3' end that is
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c/'s-acting elements for poliovirus replication but it may not be the main one since many
cellular mRNAs have poly(A) tails as well (15;287). The secondary structure of the 3' end
has a conserved region that forms a pseudoknot among picornaviruses and plays an
important role in viral replication acting as c/'s signal during transcription. If the pseudoknot
of that region is disrupted it will inhibit transcription of poliovirus (164).
Influenza virus is an RNA virus that has a unique mechanism of replication taking
place in the nucleus of the cells after uncoating and depends on host (infected cell)
enzymes for replication. The cellular DNA-dependent RNA polymerase can initiate viral
mRNA synthesis if primers are provided. These primers have to be capped and normally are
cleaved by an enzyme from host cell RNA polymerase II transcript. Viral cap-dependent
endonuclease polymerase cleaves small pieces of capped RNA around 10 to 13 nucleotides
long from the 5'end (266). These primers initiate viral mRNA synthesis by DNA-dependent
RNA polymerase (35). The viral RNA of influenza virus is bound to four viral proteins: NP
protein and three P proteins (PB1, PB2 and PA) (159;326). The P proteins help with mRNA
synthesis, especially PB2 protein which recognizes the cap of the primer RNA. The PB1 that
catalyzes nucleotide addition has four conserved sequence motifs of RdRp (27;37). The
viral RNA binds to the PB1 sequentially and these two ends (5' and 3') have some
complementary sequence for polymerase binding. Replication of the influenza virus occurs
in two steps: 1) synthesis of the template RNAs and 2) copying of the template RNAs into
vRNA. In order to switch from the synthesis of mRNA to vRNA it is necessary to change
from capped RNA to unprimed RNA and to prevent termination and polyadenylation
(antitermination) at the poly(A) site. This antitermination has been shown to be associated
with NP proteins (19). Full-length template RNA is synthesized only when NP protein is
present (292). After mRNA is made, it is processed by viral and cellular enzymes.
3.1. RNA processing in the cellular machinery
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One of the mechanisms of making mRNA, a precursor of viral mRNA, is to use
cellular enzymes for splicing. Viruses use this pathway for maturation of their own mRNA,
but they regulate that process in such a way that a full-length transcript is made and spliced
later.
Splicing is a complicated biochemical process where regions on cellular or viral
mRNA are recognized by a ribonuclear complex that forms a complex and one piece of
nucleic acid (intron) is cleaved and the remaining pieces (exons) of RNA will be ligated
together into new mRNA. The specificity of site recognition and efficiency of intron removal
is a hallmark of the pre-mRNA splicing machinery which is made up of spliceosomal
components including 50-60S ribonucleoprotein particle and general splicing factors (GSFs).
The border of internal exon is the 5' end splice site, and the 3' terminal exon is defined by
the presence of cleavage and polyadenylation signal (178;270;293;355). Recognition of the
5' splice site involves a base-pairing interaction between the consensus sequence and the
5' end of the U1 small nuclear RNA (UlsnRNA) and GSFs (43). This highly structured U-rich
conserved region of small nuclear RNAs (snRNA) forms the central component of a
ribonucleoprotein particle called the U1 snRNP which is part of the spliceosome. The U1
snRNA and the U1 small ribonucleuoprotein particles (snRNP) include Sm core proteins and
three other proteins: A, C, and 70K. The U1-C protein plays an important role in stabilizing
the 5' splice site and U1 snRNA interaction (186). Recognition of the 5' splice site by
U1snRNP occurs by several GSFs and members of the group of splicing factors (SR)
protein family (184). The SR proteins (ASF/SF2 and SC35) interact with U1-70K protein and
this interaction is critical for stabilizing the U1snRNP interaction with the 5' splice site
(72;97;299). The 3' splice site normally is located several thousand bases downstream of
the 5' splice site and is named as the BP/py tract and 3' splice site. The branching point is
recognized by two GSFs splicing factors: SF1 and branch point binding protein (BBP)
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(1;8;22). The specificity for relevant branch point sequences is possible because of the
interaction between SF1 and heterodimeric factor U2AF (23). The second subunit of U2AF,
U2AF35 binds the PyAg at the 3' splice site in many introns and the complex between SF1U2AF at the 3' end of the intron and the U1 snRNP(+GSF) complex at the 5' splice site
define the border of the intron (134;340;359).
In order for the splicing to take place, formation of complex A (pre-spliceosome) is
necessary and is formed by several GSFs, ATP hydrolysis and U2snRNP (43). U2 snRNP
and spliceosomal UsnRNP form a complex that recognizes the branch point sequence by
pairing between the consensus CUPuAPy and a highly conserved stretch in the U2snRNA.
The U2 snRNP must displace the SF1-U2AF complex from the intron but the SF1-U2AF can
be associated with the spliceosome (70). Spliceosome formation involves the recruitment to
the pre-spliceosome of the U5/U4-U6 tri-snRNP particles (234). The spliceosome undergoes
a metamorphosis that leads to disruption of the U4-U6 base pairing, shading of U1 and U4,
the recognition of the 5' splice site consensus by U6 snRNA, and action of multiple GSFs
(43). Two reactions will take place: phosphoryl transfer reaction that mediates precise
excision of the intron and ligation of the adjacent exons. The mRNA is released from the
spliceosome complex and ready for translation.
Viral splisosome complex is formed and mediated by RNA structure, and viral
proteins determine the extent of splicing of the viral RNA (110). Influenza virus uses cellular
machinery for splicing of its two full-length viral mRNA; NS1 and M1 RNA are spliced in the
nucleus of the infected cell to yield the NS2/NEP and M2 mRNA (190;192). Splicing for
influenza virus is regulated by c/'s-acting sequence on NS1 mRNA and it is always in the
same proportion: 10% spliced and the rest unspliced (190;191). Both spliced and unspliced
viral mRNA are exported into the cytoplasm.
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HIV regulates maturation of splicing RNA by making protein of rev gene that acts as
a regulator and stimulates cytoplasmic accumulation of the unspliced viral mRNA that codes
for structural proteins (182;212). The rev protein enters the nucleus and binds to viral RNA
at the rev responsive elements to form a RNA-protein complex which is then recognized by
the nuclear export machinery (98). Most of the retroviruses export their protein outside the
nucleus for processing. Other retroviruses have constitutive transport elements (CTE) that
will bind to RNA helicase A which helps with the export process from the nucleus (314).

3.2. Post-transcriptional RNA editing and inhibition of cellular transcription
During infection many viruses inhibit the transcription of cellular genes. In regards to
RNA viruses that do not use host cell polymerase but code their own polymerase, blocking
cellular transcription makes more of the ribonucleoside triphosphate pools available for viral
RNA synthesis. Vesicular stomatitis virus (VSV) or Picornaviridae have been reported to use
this mechanism (215;333). Cellular RNA synthesis that is catalyzed by three classes of
DNA-dependent RNA polymerase is inhibited by nostructural viral proteins. For example, it
has been demonstrated that transcription factors TFIID and TFIIIC of RNA polymerase and
TATA-binding protein are cleaved by protease 3Cpro of poliovirus (60;61) M protein of VSV
virus has been reported to inhibit cellular transcription and it is not cell-type specific by
inhibiting RNA pol II dependent transcription (29). Viral structural proteins of VSV act
independently in the cells and target transcription by modifying factor ll-D (349).
The best example of taking advantage of an animal host cell is demonstrated by
influenza virus where transcription of mRNA from a segmented genome occurs in the
nucleus of host cells (150). The influenza virus makes an endonuclease that cleaves the 5'
end of the host transcript which is used as a primer for the synthesis of viral mRNA (called
cap snatching) (36;266). All eight segments of influenza virus are produced and processed
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in the nucleus and transported into the cytoplasm using nucleus export machinery (338). It is
also known that the NS1 protein of influenza virus can bind and inhibit polyA binding protein
II (PAB-II), causing cleavage of the polyadenylation specificity factor (CPSF) of the cellular
3' end processing machinery and decreased mRNA production of the host which will lead to
cell death or cytopathic effect (CPE) (233). Also, influenza virus can shut off proteolytic
activity of the cell (286). Not all RNA viruses have an effect on transcription of cellular
genes, but at the same time, viruses will cause CPE and cytolytic effect (CTLE) in the same
way influenza virus does.

4. Translation of viral protein
Many viruses use cellular machinery for translation of their own proteins and most of
them make mRNA that is capped (7mG(5')ppp(5')N) and has a poly A tail at the 3' end
(221;222;262). Both the poly(A) tail and 5' cap work together to bring the 40S ribosomal
subunit to the viral mRNA, initiator tRNA(tRNA) and other translation initiation factors (Table
2) which form the 48S complex that assembles at the initiation codon is joined by the 60(S)
subunit, forming the 80S subunit following initiation of translation (222) that binds to the 5'
end of the mRNA and scans the 5' untranslated region (5'UTR) searching for an initiation
codon. Some known initiation factors that play a role in translation are listed in Table 2.
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Table 2. Name and activities of the factors associated with translation
Factor name

Characteristic activity or function

elF-1

Pleiotropic

elF-1A

Stimulate subunit joining

elF-2

GTP-dependent Met-tRNA binding

elF-2A

AUG-dependent Met-tRNA binding to 40S subunit

elF-2B

Guanine nucleotide exchange factor

elF-3/A

Subunit dissociation

elF-4A

RNA-dependent ATPase

elF-4B

Stimulate activities of elF-4A

elF-4

Recognize cap of mRNA

lso-elF4

Recognize cap of mRNA

elF-5A

Stimulates first peptide bond synthesis

eEF-1a

GTP-dependent binding of aminoacyl - tRNA

eEF-lpy

Guanine nucleotide exchange factor for EF-1a

eEF-2

Translocation, ribosome-dependent GTPase

eEF-3

Ribosome-dependent ATPase and GTPase

eRF

Codon-dependent release of fMet-tRNA from ribosome

Initiation factor elF-2 forms a complex with GTP and met-tRNAi delivers initiation
transfer signal to the 40S ribosomal subunit (221;259). The elF-4 consisting of three
subunits is a necessary component for the 40S small ribosomal subunit to be recruited to
the mRNA with a 5'cap structure. Other important factors of the translation and initiation
complex are elF-3, elF4A, elF4B and poly(A)-binding protein (PABP) (222).

4.1. Ribosomal frameshifting
To better utilize mRNA or viral RNA, another mechanism was described for
translation of proteins from the same RNA molecules called -1 ribosomal frameshifting. Cells
process mRNA in the regular mechanism starting with one open reading frame (ORF) and
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when a single ORF is read by the ribosome, produce one protein but sometimes several
proteins are made from one mRNA. The mechanism of-1 ribosomal frameshifting has been
described by Jack and Varmus as the slippery model (162). Based on this model there are
two structural details of mRNA that are important: 1) the slippery site of heptamer, which is
the site of the frameshift; and 2) the 3' site that forms a strong secondary structure of RNA
(39). The mRNA is programmed to give a signal to the ribosome to shift from one reading
frame to another. In this case, the ribosome goes back one nucleotide, resulting in the
change in reading frame (38;91). A good example of ribosomal frame shifting (-1) occurs in
retroviruses that most of the time produce gag-pol protein but sometimes only 5 % of the
retroviral proteins will be produced. Most of the time the translation is terminated at the end
of the gag gene and this process is regulated by a c/'s-acting mRNA viral signal that changes
the reading frame (44;91).
In addition, different secondary structures and formation of pseudoknots result in
frame shifting in different viruses like infectious bronchitis virus or retroviruses (54;232). It is
possible that the 80S ribosome is associated with helicase unwinding of RNA forming
pseudoknot (38).

4.2. Internal Ribosomal Entry Site
Another mechanism for translation of proteins is initiated through internal ribosomal
entry site (1RES). It has been shown that the 40S subunit of ribosome binds to 1RES in an
independent manner or nonspecifically. Ribosome attachment depends on the structural
integrity of the 1RES and involves specific interaction between the 1RES and different
translation components. Formation of 48S complexes on the EMCV 1RES involves binding
of elF4G to 1RES and does not require elF1, elF1A or elF4E (261 ;263). The 40S subunits
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and elF3 independently bind to 1RES of HCV and formation of 48S complex does not
involve elF1, elF1A, elF4A, elF4B, elF4E or elF4G (262).
Translation of poliovirus' mRNA is 5' end dependent and initiated by 1RES. The 40S
ribosomal subunit binds directly to the 1RES through interaction with elF3G that binds to the
C-domain of elF4A (42;229). Other cellular proteins that bind to the 1RES are p57 (PTB),
p52 and elF-2A/2B that are involved in translation (34;168). Picornavirus proteins are
synthesized by the translation of one polycistronic protein that is cleaved by viral-encoded
proteinase. Picornaviruses code for three proteolytic enzymes: Lpro, 2Apro and 3Cpro
(77;265;276).

5. Suppression of translation during virus replication
One of the best examples of how RNA viruses shut off cellular machinery occurs in
poliovirus. This virus is capable of reducing protein synthesis of the cells within the first few
hours of infection. Poliovirus, like pestiviruses, does not have 5' cap structures and initiation
of translation is done by the 40S ribosome subunit that binds directly to the 1RES located in
the 5'UTR region of the viruses (167;260;275;323;323). Elongation factor (elF-4G) initiates
40S ribosomal binding to cellular mRNA and is cleaved by poliovirus by Lpro enzyme (77) in
infected cells (122). This will suppress translation of cellular proteins that require this factor
(309) and allow the virus to utilize cellular machinery better to make progeny virus.
Other viruses regulate translation of mRAN of cellular proteins by inactivating or
phosphorylating some translation initiation factors. When bovine viral diarrhea virus (BVDV)
infects the cells, it is observed that the Ca2+ amount decreases in the endoplasmic
reticulum that slows down protein translation and phosphorylation of the elF-2 a by the ER
kinase PERK (207). This leads to repression of the bcl-2 protein that acts as anti-apoptotic
protein and apoptosis may be induced. Rotaviruses also down regulate cellular protein
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synthesis by expression of the nonstructural protein NSP3A that binds to the 3' end of viral
mRNA and to elF-4G at the same site where PABP is binding despite the dissimilarity of the
two proteins (226). Phosphorylation of the elF-4G is very important for protein synthesis and
viral infected cells normally have low or no phosphorylation of elF-4E (332). During influenza
virus infection, the cellular machinery for protein synthesis is shut off because of the
dephosphorylation and inactivation of elF-4G (118;181). Elongation factor eEF-1A also is
inhibited by viral proteins during infection (58;71;341). Two proteins gag!MA interact with
eEF-1 A and inhibit translation (58) and the TAT protein interacts with the b subunit of elF1B and specifically inhibits cellular translation without inhibiting the efficiency of translation
of the viral proteins (341).
Some viruses make polycistronic mRNA but translation occurs in one or more
initiation start codons on the same mRNA (283). According to this model the AUG start
codon of the 5'-proximal upstream cistron is present in a suboptimal context but the start
codon in the downstream initiation site is not always present in an optimal context (185).
The(283) 40S ribosomal subunit skips the suboptional initiation site and begins translation
downstream within the same or different open reading frame (ORF) (283). Expression of
different amounts of viral protein in different stages of infection is correlated with the relative
strength of the initiation codon.

5.1. Effect on termination of translation
Some viruses express a small amount of the protein that has an effect on termination
of translation and allows expression of additional proteins downstream. Alphaviruses, for
example, can read through stop codons and express nonstructural protein nsp4 that is
required for RNA polymerase activity (201). In retroviruses, the po/gene also is expressed
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by reading through the gag stop codon and making reverse transcriptase (264). This
mechanism also is regulated by c/'s-acting sequence information (2;201).
There are two RNA processes that have been described: when adenosine is
changed to inosine by a specific enzyme, and when adenosine is deaminased A-to-l. These
changes were found on the antisence strand of polyoma virus (189) and during persistent
infection of the measles virus (49). Also, very specific site modification has been observed
on viral and cellular RNA transcripts. A good example is hepatitis delta virus (202;269) that
changes adenosine to inosine at position 1012 and will change the UAG termination codon
to UGG which expands the ORF (269).

6. Interferon as cellular response to viral infection
During viral and cellular evolution, many cells develop some response to the viral
infection. An example is cytokines, such as interferons. It has been observed that, during
viral infection cells produce interferons that play important roles in protection against
homologous and heterologus viral infection (160;231). Those molecules have been named
interferons. Two types of interferons (IFNs) are currently known: type I IFN(a/(3) and type II
(y). Interferon responses are considered to be an early defense mechanism of the host.
Type IIFN (a/(3) is the primary response to viral infection in cells. Their role in protection was
directly demonstrated using knock-out mice that became very susceptible to the virus even
with the response of other cells of the immune system (83;110;128). On the other hand,
IFN-y plays an important role in the protective immunity during the period of the viral
infection. This interferon is very important for cell-mediated immunity via NK cells and
activated macrophages (10;31). Cellular and humoral immunity mediated by Th1 and Th2
cells is regulated by INF-y besides production of IL-12 and IL-18 cytokines (90;342). During
viral infection viruses activate different cellular genes directly by cellular transcriptional
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factors or by double-stranded RNA activated transcription factor complex (52;151;357).
Transcription factors such as IFR-3 and IRF-7 are very important regulators for IFN
synthesis in response to viral infection, but other components of the pathway like Jak-1, Tyk2, IRF-9 and Stat-2 are also necessary during dsRNA-mediated signal transduction (14).
Several pathways of antiviral response are known within the cell where some of the
molecules regulate cell cycle or cell death and limit virus replication. There are many
pathways that affect cell growth and metabolism, including: protein kinase R(PKR), 2'5'oligoadenylate syntheses, Mx protein, ADAR and cyclin-dependent kinase inhibitor p21.
Also, viruses try to take advantage of cytokine production. Chemokine functions to promote
viral propagation and spread in the host. Many viruses produce proteins that inhibit
synthesis of the IFN-mediated gene activation in cells. One example is Sendai virus of
Paramyxoviridae that produces protein C that has an inhibitory transcriptional reaction on
IFN regulatory genes. The ability of cells to induce IFN response plays a key role in Sendai
virus pathogenicity (79; 111).

6.1. Protein-kinase R (PKR)
As was mentioned above, PKR is interferon inducible. This serine/theronine kinase
has many functions in controlling transcription and translation (62). PKR has two domains:
one is N-terminal that bind to dsRNA site and another is C-terminal catalytic with conserved
motifs for protein kinase. PKR is normally inactive but when it is activated it binds to dsRNA
(223). The active form of PKR is dimmer. Although there are no sequence requirements for
binding of PKR to dsRNA, it must be larger than 50 base pairs (277). Activated PKR has
several functions within cells. It phosphorylates the a subunit of the elF2 and interacts with
elF2B. Recycling of the elF2 stops consequentially inhibiting translation (62;272). It also
plays a role in mediating the signal in response to dsRNA and other ligands (247) like
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transcription factors NF-kB, or STAT1, IRF1, p53 (65;189;273). A high level of PKR helps
with virus clearance from cells and mediates apoptosis (166;312;313) through Bcl2 and
caspase-dependent mechanisms (198). PKR also has an indirect role in apoptosis by
synthesis of protein, especially factor Fas (12; 102;311). PKR is important during viral
infection to mediate some resistance to viruses but other factors are important as well.
When comparing PKR knock-out mice to the wild type, some differences were observed in
dose dependent challenge of viruses (343).

6.2. The 2 -5' oligoadenylated synthesis system
2'-5' oligoadenylated synthesis are a group of enzymes that are induced by IFN.
These molecules bind with high affinity to endoribonuclease L (RNase L) and induce its
activation. RNase L cleaves single-stranded RNA and inhibits protein synthesis from it (296).
It also can cleave the 28S ribosomal RNA (235). The 2'-5' oligoadenylated
synthesise/RNase L system has some antiviral activity via IFN-a/|3 against many viruses
including reovirus and encephalomyocarditis virus (356). It also has been proposed that
Rnase L plays a role in apoptosis (78).

6.3. The Mx proteins
The Mx proteins are higly conserved with GTPase activity and a good homology to
dynamin that are present in all species (302). They interfere with viral replication by
inhibiting the activity of the viral polymerases (306) and have an effect on a range of RNA
viruses at the transcription level and other stages in the virus life-cycle. The murine and
human Mx1/MxA protein has a suppressing effect on several families of viruses including
Orthomyxoviridae, Paramyxoviridae, Rhabdoviridae, Bunyaviridae and Togaviridae
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(100;101;136;145;177;193;251;252;289;300;301;354). The mutant protein Mx that lacks the
ability to bind to GTP fails to suppress virus replication (145).

6.4. The adenosine deaminase (ADAR)
Other factors also important in IFN-inducible antiviral responses are caspases and
the dsRNA-dependent (ADAR) pathway. The dsRNA is recognized by ADAR which unwinds
it and replaces adenosines with inosines (18;236;249;268). Such site-specific editing can
cause amino acid substitution resulting in synthesis altered proteins. Many RNA viruses
have dsRNA-based replicative intermediate ADAR enzyme that has a mutagenic effect on
these viruses (18;48;50;135;153).

6.5. Cyclin-dependent kinase inhibitor p21
IFN can inhibit cell growth and viral replication all together. Negative regulation of the
cell life cycle is done by cyclin-dependent kinase inhibitor p21 (57;307) that is crucial in the
progression from G1 into S phase (113;141). When the level of p21 protein is high, it has a
negative effect on cell transcription via the elF-2 family of transcription factors
(103; 161;180). IFN also acts as a repressor of the cell cycle via p202 gene product by
forming a complex with elF-2, blocking binding to DNA and interfering with transcription of
the genes important for G1-S transition (172;179;200). Also, IFN has a direct
downregulatory effect on the c-myc genes that are essential for cell cycle progression (273).
Some of the pathways of cell response to viral infection and the resulting interferon
production are listed in Figure 2.

21
Figure 2. Interferon (IFN) production - as cell response to viral infection. Adapted from C. E.
Samuel (284)
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Viruses quite often mimic one or more cellular components of the IFN transduction
pathway, such as type I and type II IFN receptors, and viral ISRE-like promoter elements
that function as a target of cellular IRF transcription factors. Some other viruses can block
PKR (RNA-dependent protein kinase) (62). Phosphorylation of elF-2a correlates directly
with inhibition of IFN inducible response of the host (62;105). The NS1 protein that is made
by the influenza virus binds to RNA and prevents activation of PKR and inhibits INF
activation and cellular response to the influenza A virus (105;110). The temperature
sensitive influenza A virus has a NS1 defective protein that abolishes RNA binding and as a
result cannot stop the activation of PKR in infected cells (105;143;285) PKR has a doublestranded RNA binding motif to which viral RNA will bind and its binding is independent of the
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sequence information and leads to either activation or inhibition of the kinase enzymatic
activity (62). Viruses can utilize their own RNA or protein products to catalyze
phosphorylation of elF-2 (105). For example, influenza virus regulates PKR activities using
two different mechanisms. One is through NS1 nonstructural protein (105;110) and the other
is by initiation of the stress related protein p58ipk inhibitors of PKR (221). The virus activates
P58 ipk protein that is abundant in the cells by promoting disassociation from the negative
promoter heat shock protein 40 (221). The NS1 protein of influenza virus has many
functions during viral replication in the cells which include regulation of the synthesis,
transport, splicing, and translation of the mRNA and prevention of activation of the PKR by
binding to dsRNA that is the activator (105). At the 5' end of the HIV is located transcript the
TAR RNA element that activates PKR as well (62;210). HIV virus also has two proteins that
inhibit PKR activation: TAT and TAR-RNA. These binding proteins that form an inactive
heterodimer with PKR (55). TAT protein also inhibits autophosphorylation of PKR and
activates NF-kB factor (74). When PKR is activated it can phosphorylate several proteins
such as the a subunit of elF-2, transcription factor inhibitor, M phase specific dsRNA-binding
phosphoprotein MPP4 and itself (247;282;320;321). If RNA viruses have a high degree of
secondary structure of single stranded RNA they can become an activator of PKR.
Examples include reovirus s1 mRNA, HIV virus TAR RNA, and hepatitis delta virus (59;284).
Other viruses like hepatitis C also inhibit the function of PKR by using some of the
nonstructural proteins NS5A and envelope proteins (104;316). NS5A protein binds to PKR
at the catalytic domain and inhibits demoralization where E2 protein also binds and inhibits
PKR and has a similar sequence of information as the phosphorylationrilation site of PKR
kinase and acts as pseudosubstrate (104;316). Inhibition of PKR by hepatitis C allows the
virus to replicate in the presence of INF, increase cell growth and promote hepatocellular
carcinoma (316;319). Treatment with IFN to clear HCV is only 20% effective because of the
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many quasispecies and genotypes that are present in the population. Changes to the
proteins also contribute to this resistance (219). Changes on the E2 gene nucleotide at
position 81 on the sequence are important for the mutant viruses to become IFN resistant
quasispecies (248;253). The HIV and encephalomyocarditis virus downregulate RNase L
activity by expressing protein which works through the 2'-5'A RNase L pathway (214).

7. Apoptosis as response to viral infection
In response to viral infection many cells will go into apoptosis (programmed cell
death). This is one of the defense mechanisms of cells to viral infection and dsRNA
formation in the cells. This process is initiated through PKR since this enzyme can activate
apoptotic gene expression and induce apoptosis by Fas-associated death caspase 8
pathway and caspase 9 (117;120;330). Apoptosis is manipulated by different viruses to
benefit viral replication. In some situations viruses block apoptosis or apoptotic pathways by
making a protein that interacts with the process, while in other situations a virus will induce
apoptosis in the cells depending on what will benefit viral replication, early cell death or
prolonged cell propagation and expansion (89;140;294;317). Double stranded RNA together
with type I IFN and intermediate factors such as PKR kinase and RnaseL can induce
apoptosis (78;313;356). When apoptosis is induced by PKR some proteins are
overexpressed such as elF-2 and NF-kB, and Fas receptors will be up-regulated and
accumulation of PKR will lead to apoptosis (82;116). Apoptosis can be suppressed or
reversed if the PKR genes or RNase L are targeted (75;356). Some viruses can trigger
apoptosis in bystander cells. It has been demonstrated that gp120 by itself can induce
morphological changes associated with apoptosis in uninfected primary CD4+ cells when
bound to the cell surface alone (24;133;237). Cells that have receptors such as CXCR4 will
be affected by apoptosis, including neurons as well. When a cell is infected with HIV virus,
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expression of the tat gene might provide protection to this virus (218). Other viruses also
have proteins that can trigger apoptosis. A good example is the reovirus o1 attachment
protein because this protein can induce apoptosis by binding to surface proteins of the cells
(325). Inactivated virions can trigger apoptosis as well via cell surface proteins binding to the
Fas/TNF superfamily (9;290). The avian leukosis retroviruses envelope protein CAR1 binds
to the new superfamily of the TNF receptors and has domains that trigger cell death (40).
Transfecting signal from one cell to a neighboring cell of indication of viral infection is done
by the exposure of death markers on the extracellular face of the plasma membrane of the
infected cell. Uninfected cells can facilitate the innate immune response by directing death
stimuli towards infected cells (89). Most signals, if not all, are mediated in the cells during
viral infection when intermediate dsRNA is formed, and Fas pathway and apoptosis is
induced via Fas-associated death domain (FADD) signaling cascade (12).

7.1. Role of mitochondria in apoptosis during viral infection
Different stimuli that are regulated by the mitochondria involve two families: the first
one is the caspase family of apoptotic proteases that coordinate proteolytic events during
apoptosis and the second is the Bcl-2 family of proteins (89). Mitochondria serve as a critical
response indicator to the oxidative stress with disruption and release of the inner or
intramembrane proteins such as cytochrome c (125;187;225). All cell death events are
tightly regulated by the Bcl-2 family of proteins (130;142) and this family has opposing
properties and can be antiapoptotic (Bcl-2,Bcl-X) or proapoptotic (Bax, Bak, and Bid). Some
viruses make proteins that are homologues to Bcl-2 and modulate mitochondria function.
One example is the Epstein-Barr virus (EBV) that makes BHRF-1 protein that has
antiapoptotic properties (148) and related EBV protein BALF-1. It is able to prevent
mitochondrial changes associated with apoptosis and react with Bax and Bak (213). Other
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viruses produce proteins that are involved in mitochondrial-controlled cell death that are not
related to Bcl-2 family/homolog. For example, the p13 protein of human T cell leukemia
directs mitochondria to swell and cluster (66). The protein apoptin that is made by the
chicken anemia virus can induce apoptosis in caspade-dependent manner (69). HIV
translates a number of apoptosis-modulator proteins that trigger the mitochondrial cell death
process (11;17). Expression of the Nef protein in the lymphocyte cell line is sensitive to
apoptosis. It has been noted that the level of protective proteins such as Bcl2/Bcl-X is
suppressed and some of the cell-surface receptors are down-regulated indicating that the
Nef protein has some proapoptotic function during viral infection (274). Tat protein of HIV,
when expressed in the stable form, induces cell death by many mechanisms including
mitochondria cell death (caspase-dependent) pathway by increasing the calcium level and
accumulation of reactive oxygen species (188). T cells were found to go through apoptosis
when tat protein is expressed and protein accumulation was demonstrated in the
mitochondria and was caspase-independent (208). During viral infection of the cell, protein
synthesis is up-regulated and some of the viruses make many viral proteins on the
endoplasmatic reticulum (ER) that become loaded with viral proteins that are ready for
export to the cell surface or secretion. The ER normally responds to overloaded activation
by multiple signal transduction pathways that can induce apoptosis directly (123;358). Other
viruses use cellular death (apoptosis) to promote their own dissemination and ensure the
release of progeny virions by the end of assembly of the virus. One example has been
described with togaviruses (129;140) where apoptosis induction has been identifyied to E2
structural glycoprotein virus attachment protein which is timed to coincide with the
completion of the viral replication cycle. Cell death occurred when the progeny of virions are
ready to be disseminated within apoptotic bodies (129). The apoptosis pathway is
summarized in Figure 3.
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Figure 3. Cellular response to RNA viral infection and sensors that can trigger apoptosis.
Adapted from H. Everett and G. McFadden (89).
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When viruses infect immune or epithelia cells one of the first responses is production of
peptide or antimicrobial peptides that mainly have an effect on bacteria but also on
enveloped viruses (family Paramixoviridae, Retroviridae) as it has been reported
(106;132;353). These peptides are part of the innate immune system and there are several
families of these peptides including cathelicidin (PR-39, Protegrins, PMAP-23,-36, and -37,
defensins (a and (3) (32;33;109;199). These peptides induce chemotoxins and stimulate
adaptive immune response. Their mechanism of action is not very well understood but it is a
peptide-lipid interaction and involves permeabilization of the cell membrane or viral
envelope (32;239;353).

8. Silencing of viruses by dsRNA (intermediate) in infected cells

In lower organisms like plants there is no evidence of interferon or PKR response to
viral infection, but living cells develop alternative defensive pathways that are sequence
specific and known as RNA interference (RNAi). Originally this mechanism was described in
nematodes and plants (175) where introduction of the sense and antisense RNAs cause
gene silencing (95;310 158;220;350). Observations were made that when injected, doublestranded RNA reduces the production of sequence-specific mRNA. It has been suggested
that only a few molecules are required to reduce a population of the target mRNA and a new
potent mechanism of action exists (94). In nature, RNAi is initiated when the host cell
encounters a long dsRNA transcribed from a virus, or from an endogenous source such as a
mobilized transposon, inappropriately transcribed sequence or newly identified class of
regulatory, non-coding microRNA (miRNA) (197;131;230) The dsRNAs induce a cascade of
events involving a cytoplasmic RNase Ill-like protein known as a Dicer and multi-protein
RNA-induced Silencing Complex (RISC). Dicer is responsible for cleaving double-stranded
molecules, derived from endogenously expressed miRNAs or from replicating viruses into
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small inhibitory or interfering RNA duplexes (siRNA) of 19-25 base pairs (bp) (25;86;139). In
siRNA-mediated silencing, the cleavage products are released and degraded leaving the
siRNA-programmed RISC to survey and further deplete the available pool of target mRNA.
Introduction of dsRNA into mammalian cell lines normally will induce interferon response,
PKR, 2'5'-AS, TLR3 and cell death but it is not a specific response and depends on how the
siRNA was made (258). In recent studies it was demonstrated that synthetic duplexes
mimicking natural 19-25 bp siRNA could be introduced into cells and ihibit the target mRNA
without the induction of the interferon response (86;45) Some success has been achieved in
using RNAi-base technologies to inhibit viral replication of HIV and other retroviruses,
hepatitis B and influenza A virus (63;114;155;165;196;217). In some studies siRNAs were
directed against specific Respiratory Syncytial virus (RSV) mRNAs. Suppression of RSV
mRNA was demonstrated but no full-length viral genome knockdown (28) was reported.
There are many different ways to develop and introduce siRNAs into cells or animals.
Simply, siRNA can be synthesized and used in a transfection experiment, or use of the
expression vector that produces a hairpin-like structure and is later processed by the Dicer
into functional siRNAs can be suitable. Lentiviviral vector has been described and recently
CRE-lox-base strategy has been developed for temporal or tissue-specific knockdown
genes (4;41;241;344;360).

9. Assembly of the virion and release of viral particles
Viral replication and transcriptional complexes and their products will be localized in
different parts of the cell. Viruses assemble in different locations (cytoplasm, cellular
membrane, endoplasmic reticulum, golgi complex or nucleus) of the cells. It is known that
viruses may utilize cellular polymerase or protease, membranes, kinase and chaperone
proteins for protein production (183). As a general rule, the site of virus replication is
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different from the site of virus maturation but the integrity of the cell structure is very
important for virus maturation and assembly.
Some RNA viruses will replicate only in the cytoplasm where a viral particle will be
made. For example, the viruses belonging to the family Picornaviridea are very independent
in their replication (267). The last stage of viral replication is packaging viral RNA into newly
made nucleocapsid and release of the virus. After polycystronic protein P1 is transcribed it
will be cleaved 3CDpro into protein precursor VPO and capsid proteins VP3 and VP1.
Cleavage of P1 into such products allows the assembly of 5S promoters into 14S pentamers
structures, which are specially assembled into 80S procapsids (244). Pentamers are
important intermediates in the assembly of all picornaviruses (30;279). These pentamers are
capable of self-assembling into 80S empty capsids and newly synthesized viral RNA is
inserted into these particles (163). Cleavage of VPO into VP4 and VP2 will take place
resulting in formation of mature 150S virions (147). This packaging process and
encapsidaton is very specific to positive strand viral RNA due to the presence of VPg and no
other types of viral or cellular mRNA are inserted. During poliovirus replication cell apoptosis
is blocked by viral encoded inhibitors (322) and later product 2A and 3C proteins lead to
induction of apoptosis (119). During apoptosis the cell will die and viral particles are
released (spread) to infect another suitable host cell.
Different viruses will use different mechanisms of release from the cell. Most
enveloped viruses will bud through the cellular membrane. The strategies that are used in
this process can be classified into three general mechanisms (112). The first one is when
extrusion of the virus is driven by the viral envelope alone. The second one, used by
retroviruses is when the capsid precursor is capable of inducing membrane extrusion and
releases viral particles without the help of viral glycoproteins. The third mechanism is used
by alfaviruses and involves interaction of the viral glycoprotein spikes and capsid. Interaction
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between the cytoplasmic domain and capsid slowly will bend the membrane from the
spherical particle (112). The last step of budding for enveloped viruses is pinching-off. The
mechanism is not well understood for many viruses and probably requires interaction of
some viral proteins and the cell membrane at least for retroviruses. In HIV deletion of the Cterminus of the Gag protein leads to blocking of the virus released at the pinching-off stage
(121).
The influenza virus can bud from from the plasma membrane of infected cells and
cellular proteins are not incorporated into the virion. Viral integral proteins HA, HEF, NA, M,
of the influenza virus are normally made on the ribosomal membrane and transformed to
apical cell surface (157;280;345). The cytoplasmic tails of the HA and NA proteins are very
important for interaction with internal components of the virion (M1) (169-171). These
conserved regions of tails are important for normal budding. When the virus is budding from
the plasma of the cells it contains viral envelope proteins and patches of the cell membrane
(195;351). For the virus to be released it is necessary that neromidase NA protein is present
and cleaves HA from the self cell receptors on the surface of the cells (194;242;243). Some
of the enveloped viruses exit from the cells by budding through the plasma membrane or by
fusing with secretory vesicles within the plasma of cells, like flaviviruses (305). Pestiviruses
of Flaviviridea mature in intracellular vesicles and are released by exocytosis or viruses,
apoptosis and cell destruction often lead to disease (124;227).

10. Outcome of cell infection by RNA viruses
Viruses will infect a cell and it is a necessary component of their life cycles. In return
cells respond in different ways, but how this relationship will end depends on many factors
especially cell and virus interaction. Most of the mechanisms of viral replication cycles and
cell response or accommodation of viral needs are described above. In general it is a
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complicated process and is unique to individual viruses and host cells. There are many
viruses and all of them are pathogenic, but some of them are pathogenic and cause serious
disease even when viruses are almost the same genetically. Virus and cell interaction or
infection is very important for animals and quite often determines the outcome of infection or
the course of disease. If a virus causes cell destruction it normally leads to fatal disease,
otherwise the outcome of the infection could be undetectable. The picornaviruses will cause
apoptosis (119) of the infected cells (neurons) but there are some strains of viruses that
encode additional proteins that have antiapoptotic properties for a long time and that
determines if infection will result in acute disease and death or persistence of viral infection
(115).
One example is infection of calves with pestiviruses and development of mucosal
disease (MD). It is known that if calves are persistently infected with noncythopatic (noncp)
BVD virus, this virus can be isolated from many tissues including central nervous system,
serum and leukocytes (26;204) but without evidence of disease. If recombination of the BVD
virus happens and a cytopathic virus is generated that will lead to MD, the number of
infected cells will increase (126;204;224). Cytopathic pestiviruses kill cells via apoptosis
(152;291;352) and this cell destruction helps viral spreading and also damages tissues (site
of replication) and leads to disease. Experimentally it is difficult to reproduce clinical signs
and MD disease even using cpBVD strain of the virus that was isolated from infected
animals with clinical signs and lesions. This is because humoral and cellular immune
response plays a role in protection from infection. It has been proven that animals have to
be persistently infected with noncythopathic virus and the same virus after recombination
will become cytopathic and cause disease development (204). Other members of the
pestiviruses are classical swine fever (CSF) and border disease virus (BDV) that cause
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disease when cythopathic viral particles can be detected. Normally, infection with
noncythopathic viruses does not cause any lesions.
Many other RNA viruses are known to cause clinical signs and disease in pigs of
different ages. These viruses and clinical signs are summarized in Tables 3 and 4 below.

Table 3. Clinical signs in pigs resulting from infection with RNA viruses
Name FamilyA/iruses

Age of

Clinical signs and tissue for viral replication

Animal
Picornaviridae

rences

Young

Fever, anorexia, listlesness, locomotor atoxid,

pigs

death within 3-4 days. Pneumonia,

Enterovirus

Refe

(76)

porencephalitis. Pigs that survive waste and
have some paralysis. Virus replicates in tonsil
and intestinal tract and central nervous system.
Sows

Infertility, embryonic death, still birth, mummies.
Virus may replicate in uterus.

Encephalomyocarditis
(EMCV)
Cardiovirus

Young

Anorexia, listlessness, trembling, straggering,

pigs

paralysis or dyspnea.

Sows

Severe reproductive problems, fever, anorexia,

(173)

abortion with stillborn and mummies.
Paramyxoviridae

Young

Ataxia, weakness, muscle tremors, dialated

piglets

pupils, blindness, incoordination, death.

Sows

Abortion, infertility problems, returning to

(304)

Rubulavirus
Paramyxoviridae

estrus, reduction in farrowing rate, stillbirth,
Rubulavirus

mummies. Virus grows in cells of reproductive
and respiratory tract and nervous system
(CNS).

(304)
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Name Family/Viruses

Age of

Clinical signs and tissue for viral replication

Animal
Coronaviridae

rences

Young

Encephalitis, anorexia, depression, vomiting,

pigs

wasting, muscle tremors, blindness, dysplnea

Heamagglutinating

Refe

(256)

and death. Virus replicates in respiratory tract,

Encephalomyelitis

nasal cavity, trachea and lungs.

Transmissible

Young

Yellowish diarrhea, rapid loss of weight,

Gastroenteritis

pigs 1-

dehydration, agalactia, vomiting. Virus

5

replicates in villous epithelial small intestine

weeks

cells.

Porcine Respiratory

(281)

Mild respiratory signs, fever. Virus will replicate

Coronavirus

in cells of respiratory tract, lungs, epithelial,
trachea, bronchi, alveoli and alveolar
macrophages.

Togaviridae Eastern

Young

Depression, anorexia, ataxia, lateral

(87),

Equine

pigs

recumbency, convulsions and ultimately death

(174)

Encephalomylitis

nurser
y

Japanese B

No clinical signs but mummified fetuses, piglet
will be weak, still born piglets. Virus replicates

encephalitis

Sows

in central nervous system.

Porcine epidemic

Young

Dehydration, diarrhea. Virus replicates in vilous

diarrhea

pigs

epithelial cells of small intestine and colon.

Arteriviridae

Pigs of

Listlessness, emaciation/starvation, watery

all

diarrhea, anorexia, lethargy, hypernea,

ages

dyspnea, rough hair coats, CNS signs,

Arterivirus
Porcine Reproductive

feverAbortion, irregular return to heat, stillborn,
Sows

and Respiratory

dead pigs, mummified fetuses, low conception

Syndrome

rate. Virus replicates in cells like monocyte.

(257)

(20)
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Name Family/Viruses

Age of

Clinical signs and tissue for viral replication

Animal
Rhabdoviridae

rences

All

Loss of coordination, dullness, rapid chewing

ages

movements, excessive salivation, generalized

Rabies

Refe

(228)

chronic muscular spasm, fine tremor and
death. Virus replicates in cranial nerves.

Reoviridae
Rotaviruses
Reoviruses

1-6

Diarrhea, vomiting, anorexia, pyrexia,

days

sneezing, inappetance and listlessness. Virus

old

replicates in cells respiratory and intestinal

and

tracts.

(250)

older
Orthomyxoviridae
Influenza virus

All

Anorexia, inactivity, prostration, huddling,

ages

piling, fever, conjunctivitis, rhinitis, nasal

(85)

discharge, sneezing, coughing. Virus replicates
in cells of nasal mucosa, tonsils, trachea,
tracheobronchial lymph nodes and lungs.
Vesicular disease:
Picornavidae
Foot-and-mouth
disease

All
ages

These viruses produce similar clinical signs.
Formation of vesicles and erosions, loss of
epithelium. Vesicles found on the snout, lips,
tongue, coronary band, soft tissue of feet. Hoof
may become detached and severe mortality, up
to 50%. Virus replication sites are epithelium,

Picornaviridae
Enterovirus
Swine vesicular
disease

mucosa, myocardium.
Virus will grow in snout, tongue, coronary band,
tonsil, cardiac muscle and brain cells.

(154)
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Table 4. Clinical signs in pigs cause by Pestiviruses of Flaviviridae family
Virus

Classical

Feature or

Age of

virulance

Animal

Acute

swine fever

Clinical signs

rences

All

Short incubation period, severe depression,

pigs

high fever, anorexia, conjunctivitis,

(CSF)

Refe

(328)

constipation, diarrhea, convulsion,
incardination, hemorrhages of skin, death.
Systemic infection of all tissues but site of
replication in tonsil (epithelial cell and
follicles and lymphoid cells like B or T cells.
This site of replication is common for all
pestiviruses).
Late-onset

All

Late onset of disease, gradually

pigs

aggravating depression and anorexia,
normal to slightly elevated body
temperature, conjunctivitis, dermatitis,
locomotion disturbances.

Chronic

Sows

Abortion, earlier infertility, return to estrus.

Pig all

Short incubation period, three phases of

ages

illness: 1) depression, fever, anorexia. 2)
Clinical improvement 3) terminal
exacerbation of disease. Virus replicate in
epithelial cells and basal cells layer of
germinal center. Germinal centers are
depleted and contain only a few
lymphocytes in pigs that survive for a long
period of infection.

(56)
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Virus

Feature or

Age of

virulance

Animal

Clinical signs

rences

Bovine viral

Young

Anemia, rough hair coat, growth

diarrhea

pig

retardation, wasting and congenital tremor.

(BVD)

Refe

(318)

Conjunctivitis, diarrhea, polyarthritis,
petechiae in skin, blue ear tips.
sows

Poor conception, abortion, hyperthermia
and colonic spasm.

Border

Young

Growth retardation with respiratory signs,

disease

pig

diarrhea, including anemia, wasting and

(BD)

congenital tremors.
Sows

Repeat breeding, dead piglets, stillborn and
mummies, locomotor disorders.

(329)
(318)
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Abstract
Disease outbreaks characterized by reproductive failure and/or neurologic disorders,
which is commonly referred as "Porcine Reproductive and Neurologic Syndrome (PRNS)",
have been observed in many swine farms in Iowa and other states. Although an infectious
cause was suspected to account for the disease, no conclusive diagnosis had been reached
with respect to conventional infectious agents. Extensive laboratory diagnostic investigation
on suspect cases repeatedly resulted in the isolation of a cytopathic enveloped virus of 5060 nm in size from nervous and second lymphoid tissues and sera which was, to reflect its
unknown identity, named "Virus X". The presence of virus particles with morphological
characteristics similar to Virus X in tissues from clinically affected animals was also
observed on thin-section positive-staining electron microscopy. Isolates of Virus X were not
recognized by antibodies raised against any known viruses pathogenic to swine but by
antisera collected from animals surviving clinical episodes, indicating that Virus X is likely a
previously unrecognized agent. Pregnant sows which were experimentally inoculated with
Virus X (ISUYP604671) or homogenate (filtrate) of tissues from a clinically affected animal
developed clinical signs and lesions similar to field observations, including the loss of
pregnancy. Furthermore, caesarian-derived, colostrum-deprived young pigs developed mild
encephalomyelitis lesions in their brains after experimental inoculation with the virus or the
tissue homogenate, although clinical neurologic signs were not observed. More importantly,
Virus X was re-isolated from all inoculated animals while control pigs remained negative for
the virus during the study. Collectively, Virus X is a novel viral agent responsible for PRNS
and remains to be further characterized for its taxonomical identity.
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1. Introduction
Wastage of pigs due to reproductive failure causes significant economic losses to
swine production. Death losses of sexually mature breeding animals and market hogs add
more economic burden to producers. In many situations, both infectious and non-infectious
causes can account for reproductive problems and mortality; infectious diseases are
considerably more important because of rapid transmission between animals and often the
lack of effective preventive measure.
Since at least 1995, pork producers and swine practitioners have reported disease
outbreaks characterized primarily by early infertility, hence commonly referred as "sow
infertility syndrome" or "growth depression syndrome" (14). Typically, producers have
observed an acute decline in farrowing rate due to increased early or delayed returns
followed by a prolonged period (up to 2 years) of sub-optimal farrowing performance. Loss
of pregnancy most commonly occurs in the early stages of gestation (i.e., 30-55 days)
although abortion and reproductive failure were also reported on sows at later gestations.
Affected animals which were confirmed pregnant at 30 days either aborted or demonstrated
irregular return to estrus. Besides reproductive disorder, many of the affected animals were
also presented with neurological signs, such as posterior weakness/paralysis, ataxia, bar
chewing, and head pressing/banging (13). The neurological symptoms in affected
individuals progress with death in 2 or 3 days as the usual outcome. Central nervous signs
also were observed in younger pigs such as nursery and fattening pigs. To reflect various
clinical manifestations, the newly identified disease has also been commonly referred as
"Porcine Reproductive and Neurologic Syndrome (PRNS)". Reproductive and neurologic
problems were not, however, always present simultaneously.
To date, affected animals have been observed in both PRRSV-infected and PRRSVfree swine herds in many states including Iowa, and the incidence of the problem continues
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growing (14). Although many cases with similar clinical presentations have been presented
to the Iowa State University Veterinary Diagnostic Laboratory (ISU-VDL), a conclusive
diagnosis could not be reached (13). The pattern of spread of the disease within and
between herds definitely implied the involvement of an infectious agent. However, laboratory
testing, including serology, has not yet demonstrated a role for any recognized reproductive
or neurologic pathogens such as porcine reproductive and respiratory syndrome virus
(PRRSV), group 1 porcine enterovirus (REV), influenza A virus (SIV), porcine parvovirus
(PPV), pseudorabies virus (PRV), bovine viral diarrhea virus (BVDV), or classical swine
fever virus (CSFV) (11,13). Furthermore, there was no evidence that the condition is toxinrelated, or associated with any particular management or pig genotype. Therefore, the
disease was thought to be due to a previously unrecognized agent. With that hypothesis, the
following extensive laboratory diagnostic investigations were conducted to identify the
causative agent.

2. Materials and methods
2.1. Case definition
Index animals were selected for diagnostic investigations from herds showing the
following clinical presentations. Sow farms underwent an unusually high early return or
abortion after 30 but before 50 days of gestation. Animals were lethargic, restless, and/or
dyspneic particularly after exercise prior to losing the pregnancy. Some of the affected
animals were also febrile and pale. Besides reproductive failure, some of affected pregnant
sows and weaned pigs also showed neurological signs such as posterior weakness,
paralysis, ataxia, lameness, head pressing or banging, and aggressive behavior often
leading to abrasions on the forehead, nose and front legs, and abortion. Neonates showed
"shaking" and many times appeared to be blind as those animals could not walk
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directionally. Central nervous signs were also observed in grower-finisher pigs. Some pigs
recovered but the majority of affected animals eventually died within several days after
showing clinical signs. Sometimes affected animals died suddenly without any overt
preceeding clinical signs. To avoid any potential confusion, animals from known PRRSpositive herds were not included in the study.

2.2. Biological samples
Serum, whole blood and tissues (brain, secondary lymphoid tissues, kidney, liver,
lung) were collected from each animal and used for laboratory testing. Secondary lymphoid
tissues included tonsil, regional lymph nodes, and spleen. When available, fetal thoracic
fluid and tissues were collected from aborted or freshly dead fetuses. Placenta and uterine
tissue were also collected from sows.
Buffy coat cells were fractionated from EDTA blood by a gradient centrifugation and
used for testing. Sera and fetal thoracic fluids were tested as collected. Tissues were tested
after 20% (w/v) homogenate was made in Earle's balanced salt solution (Sigma Chemical
Co., St. Louis, MO) and filter-sterilized through 0.22pm membrane filters (Fisher Scientific
Co, Houston, TX).

2.3. Immunofluorescence microscopy on frozen tissue sections
The fluorescent antibody (FA) test was performed on cryosections of tissues (brain,
tonsil, kidney, lymph nodes) from clinically affected animals submitted to ISU-VDL to detect
viral antigens. Thin sections of each tissue were obtained using cryostat and microtome.
Cryosections were then attached to prepared glass slides and fixed by immersing in 100%
cold acetone. Fixed tissue sections were stained with polyclonal antibodies for a variety of
animal viral pathogens purchased from USDA National Veterinary Services Laboratories
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(NVSL, Ames, IA) and American BioResearch Laboratories (Sevierville, TN). All antibodies
were used after optimally diluted in 0.01M phosphate-buffered saline (PBS pH7.4) according
to manufacturers' recommendations. Swine sera collected from naturally or experimentally
infected pigs were used (i.e., convalescent sera). Slides flooded with each of the antibodies
were incubated at 37°C for one hour in a humid condition and then rinsed with PBS three
times. The antigen-antibody reaction in tissues was visualized by staining tissue sections
with optimally diluted goat anti-species specific IgG (H+L) conjugated with fluorescein
isothiocyanate (FITC) (Kirkegaard and Perry Laboratories, Inc., Gaithersburg, MD). Slides
were then observed under a fluorescence microscope.

2.4. Polymerase chain reaction assays
All clinical specimens were tested by polymerase chain reaction (PGR) based tests
for known swine viral pathogens, such as porcine reproductive and respiratory syndrome
virus (PRRSV) of North American and European genotypes, porcine circovirus (PCV) type 1
and 2, group 1 porcine enterovirus (PEV), influenza A virus, porcine parvovirus (PPV),
porcine reovirus type 1, 2 and 3, porcine cytomegalovirus (PCMV), pseudorabies virus
(PRV), transmissible gastroenteritis virus (TGEV), porcine respiratory coronavirus (PRCV),
porcine epidemic diarrhea virus (PEDV), Japanese encephalitis B virus (JEV), porcine
endogenous retrovirus (PERV), porcine lymphotropic herpesvirus type 1 (PLHV-1), swine
hepatitis E virus (sHEV), bovine viral diarrhea virus (BVDV), West Nile virus (WNV),
classical swine fever virus (CSFV), bovine viral diarrhea virus (BVDV), border disease virus
(BDV), and members of alpha Togavirus. A multiplex PGR was used for detecting PCV DNA
as previously described (7). PGR assays previously described (2) were employed for
detecting PPV DNA. Reverse transcription (RT)-PCR assays were used for detecting RNA
of PRRSV (16), group I PEV (17), CSFV (5;12), JEV and WNV (10), BVDV (9), PERV (1),
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and alpha-togaviruses (8). Detection of SIV orTGEV/PRCV genome in samples was
attempted using multiplex RT-PCR assays established in ISU-VDL (3;4). All PGR reaction
was done using QIAGEN® OneStep RT-PCR kit (QIAGEN Inc. Valencia, CA).

2.5. Virus isolation attempts
Virus isolation was attempted on all samples using various cell lines and primary
cells of porcine origin. All cell lines and primary cells were confirmed by virus isolation
technique, polymerase chain reaction (PCR) based assay and antigen-capturing ELISA
(Syracuse Bioanalytical, Inc., Ithaca, NY) to be free of bovine viral diarrhea virus (BVDV)
prior to and during use. All cell lines also were confirmed by a commercial PCR test
(American Tissue Culture Collection, Manassas, VA) to be free of Mycoplasma spp.
Cells were prepared in 48-well plates and 25cm2 tissue culture flasks and grown in
Minimum Essential Medium (MEM, Mediatech, Inc., Herdon, VA) supplemented with 10%
(v/v) BVDV-free fetal bovine serum (Sigma Chemical Co., St. Louis, MO) or 5% (v/v) horse
serum (Sigma Chemical Co., St. Louis, MO), 20mM L-glutamine (Gibco/BRL Life Science,
Grand Island, NY), and an antibiotic-antimycotic mixture that consisted of 100 lU/ml
penicillin, 10 |jg/ml streptomycin, 50jjg/ml gentamicin (Sigma Chemical Co., St. Louis, MO).
After confluent monolayer was formed, samples (0.25 ml/well and 1ml/flask) were inoculated
to each cell in duplicate or triplicate. After one-hour incubation at 37°C, cells were rinsed
with fresh MEM supplemented with 5% horse serum (Sigma Chemical Co., St. Louis, MO)
and were incubated further in a humid 37°C incubator with 5% C02 supply. Alternatively,
samples were inoculated to cell suspension and left for 24 hours before material was
removed. Inoculated cells were then observed daily for cytopathic effect (CPE) until 7 days
post inoculation (PI). When CPE was evident in more than 70% of cell monolayer, cell
culture medium was harvested and inoculated onto freshly prepared cells in duplicate. In
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cases where no CPE was evident by 7 days PI, cells were subjected to 2 cycles of freezethawing at -70°C and 35°C respectively, and then cell lysate was inoculated to freshly
prepared cells in the same manner as above.
At day 2 to 4 PI regardless of the presence or absence of CPE, one set of the
inoculated cells were fixed after cell culture media were harvested by immersing them in
cold 80% aqueous acetone and subjected to immunofluorescence microscopy using FITClabeled antibodies (USDA NVSL, Ames, IA; Rural Technologies, Inc., Brookings, SD;
American Bioresearch, Inc., Seymour, TN) raised against known swine viral pathogens,
such as North American and European strains of PRRSV, PRV, PCMV, PCV, PPV,
encephalomyocarditis virus (EMCV), PEV, TGEV, hemagglutinating encephalomyelitis virus
(HEV), swine influenza virus (SIV) of H1N1 and H3N2 subtypes, influenza A virus, porcine
reovirus, rabies virus and BVDV. In addition, the cells were reacted with sera collected from
animals that were clinically affected but survived during the course of natural infection.
Depending upon animal species, the origin of each primary antibody, anti-porcine IgG (H+L)
or anti-bovine IgG (H+L) conjugated with FITC (Kirkegaard and Perry Laboratories, Inc.,
Gaithersburg, MD) was used as secondary antibody to visualize specific antigen-antibody
complexes. At the same time, another set of the inoculated cells were subjected to freezethawing and then cell lysates were tested by PCR assays for known swine viral pathogens
described above under PCR.
Cell culture fluid and corresponding cell lysate from each culture that was negative
for all known viral agents described above but positive by IFA using convalescent serum
and/or pan-pestivirus antiserum were combined and inoculated again on each cell for further
propagation of the virus for use in other laboratory testing such as electron microscopy (EM)
or animal study.
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2.6. Electron microscopy (EM)
To assess morphological characteristics of viral isolates, cells inoculated with
potential virus material and cell culture fluid containing the virus, as well as pig tissues, were
examined by electron microscopic techniques. Inoculated cells and tissues were examined
by thin-section positive-staining EM. Inoculated cells were incubated at 37°C in a humid 5%
C02 atmosphere for up to 120 hours PI. At between 48 and 120 hours PI respectively, the
cells were harvested using a cell scraper and pelleted by low-speed centrifugation at 3000
rpm for 20 minutes. Each cell pellet was fixed in 2% (w/v) glutaraldehyde and 2% (w/v)
paraformaldehyde in 0.05M phosphate-buffered saline (PBS, pH 7.2) for 48 hours at 4°C.
Samples were rinsed once in PBS followed by 2 washes in 0.1M cacodylate buffer (pH 7.2)
and then fixed in 1% osmium tetroxidate in 0.1M cacodylate buffer for 1 hour at ambient
temperature. The samples then were dehydrated in a graded ethanol series, cleared with
ultra pure acetone, and then infiltrated and embedded using a modified EPON epoxy resin
(Embed 812, Electron Microscopy Science, Fort Washington, PA). Resin blocks were
polymerized for 48 hours at 70°C. Thick and ultra-thin sections were made using a Reichert
Ultracut S ultra microtome (Leeds Precision Instruments, Minneapolis, MN). Ultra-thin
sections were collected onto copper grids and counterstained with 5% uranyl acetate in
100% methanol for 15 minutes followed by Sato's lead stain for 10 minutes. The grids were
observed under a JEOL 1200EX II scanning and transmission electron microscope (Japan
Electron Optic Laboratories, Peabody, MA). Images were captured using a Megaview III
digital camera and SIS Pro software (Soft Imaging Systems Incorporated, LLC, Lakewood,
CO).
Viruses in cell culture fluid were examined by a negative-staining EM as previously
described (6). Viral particles were pelleted by centrifugation using SW41 swinging-bucket
rotor in an ultracentrifuge (Optima LE 80K, Beckman, Fullerton, CA) for 3 hours at 160,000 x
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g. and resuspended in a small quantity of PBS. Ten pi of the virus suspension were applied
to carbon-coated grids. Excessive PBS was dried out from the grids with an absorbent
paper, and the grids were stained with 4% potassium phosphotungstic acid (PTA) for 5 min
at ambient temperature. The grids then were examined under the JEOL 1200EX II scanning
and transmission electron microscope. Images were captured using the Megaview III digital
camera and SIS Pro software.

2.7. Animal trials
2.7.1. Trial 1: Inoculation of pregnant sows. Seven sows at 4th or 5th parity were
purchased from a high-health-status commercial vendor and transferred to an animal
holding facility with farrowing crates and bred through artificial insemination. The facility was
operated and managed at the compliance of biosafety level 2. Once pregnancy was
confirmed on day 30-31 by an ultrasound technique, 5 sows were selected and used for the
study. Four of the 5 sows at 30 days of gestation were inoculated intranasally,
subcutaneously and intramuscularly with one of the following biological materials: a) cell
culture fluid containing virus isolate designated ISUYP604671; b) homogenate of tissues
collected form a clinically affected sow; or c) serum collected from the clinically affected sow.
The ISUYP60467 was isolated from that sow. All inoculated animals were kept in the same
room but individually without direct contact in farrowing crates for 30 days. The one
remaining sow served as a sham-inoculated control and was kept in a separate room. After
inoculation, all animals were monitored for changes in behavior and any reproductive
problems. In addition, the sows were bled every seven days. At the termination of the study,
all sows were euthanized, and various tissues (brain, tonsil, lung, spleen, lymph nodes,
kidney, liver, placenta, spinal cord, uterus, uterine fluid) and, if present, fetuses were
collected from each sow for histopathology, virus isolation and/or serology.
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2.7.2. Trial 2: Inoculation of caesarian-derived-colostrum-deprived (CDCD)
pigs. Seven 7-week-old CDCD pigs were used to evaluate the clinical effect of Virus X on
young swine. Animals were divided to 3 groups. Group 1 (n=3) was inoculated with cell
culture material containing the virus isolate ISUYP604671 via intranasal, intramuscular and
intravenous routes. Group 2 (n=3) was inoculated via the same routes with serum from an
animal (Sow 800) which was experimentally infected with the virus in the previous animal
study with pregnant sows. Group 3 (n=1) was inoculated with virus-free cell culture fluid and
served as a sham-inoculated negative control. All animals were monitored for the first 2
weeks after inoculation for changes in rectal temperature and behavior and for clinical signs.
One pig per group except group 3 was euthanized and necropsied on days 7 and 10 PI.
Tissues (brain, tonsil, lung, spleen, kidney, lymph nodes) were collected from each pig for
both virus assays and histopathology. Animals were bled at days 0,7, 10 and 14 PI to
collect whole blood and serum. At day 14 PI all remaining animals were euthanized and
necropsied.

2.8. Histopathology
Tissues were fixed by immersing in 10% neutral buffered formalin immediately after
collection for 24 hours. Fixed tissues were processed, embedded in paraffin, and sectioned
according to the standard protocol established in the ISU-VDL. Sections then were stained
with hematoxylin and eosin for microscopic examination.
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3. Results
3.1. Gross and microscopic evaluation of clinical cases
In many cases, external examination revealed trauma to the face and head of
clinically affected pigs probably as a result of head-banging and head-pressing. Traumatic
lesions also were seen in extremities or shoulders possibly due to ataxia or recumbency.
While affected animals showed distinct clinical signs, gross lesions were not present
except for the presence of petechial hemorrhage in lymph nodes and sometimes on the
serosa of many organs. Microscopically, some lesions were limited to the brain as mild focal
to locally extensive nonsuppurative perivascular cuffing, gliosis, and lymphoplasmacytic
encephalitis. Hepatitis and interstitial pneumonia were additional lesions frequently observed
in the affected animals.

3.2. Virus isolation attempts and preliminary characterization of virus isolates
A cytopathic agent that could pass through a 0.22 |jm membrane filter was
repeatedly and consistently isolated from serum, tonsil, lymph nodes and/or brain from
clinically affected animals. Because of unknown identity, the agent was tentatively named
"Virus X". Two initial isolates were designated ISUKJY96 and ISUYP604671, respectively.
Besides Virus X, several other viruses, such as REV, porcine reovirus and PRRSV (North
American genotype), were also inconsistently and infrequently isolated from suspect
animals. Regardless of clinical status, type 1 PERV was detected in all animals examined in
this study. Occasionally, Haemophilus spp., Streptococcus spp, Salmonella spp,
Actinobacillus spp. were cultured from affected animals.
Morphologically, Virus X was an enveloped virus with approximately 45-55 nm in
diameter. As shown in Figure 1, the virion contains an icosahedral core and acquires its
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envelope by budding through the endoplasmic reticulum of infected cells. Overall Virus X
resembled members of the family Arteriviridae, Flaviviridae or Togaviridae.
Various cell lines and primary cells of porcine origin were permissive to Virus X and
supported productive infection of the virus (Figure 2). On immunofluorescence tests, Virus X
did not cross-react with antibody (polyclonal or monoclonal) raised against PRRSV, PRV,
SIV (both H1 and H3), TGEV, PPV, PCV, porcine reovirus, EMCV, PEV, HEV, PCMV and
rabies virus. Interestingly, however, the virus appeared to be recognized to a degree by the
polyclonal antiserum specific for BVDV as weak positive fluorescence was observed when
Virus X infected cells were stained with that antiserum (Figure 3). Nonetheless, PGR testing
did not support that virus X was BVDV (both type 1 and 2), BDV and CSFV. Furthermore,
PGR assays demonstrated that virus X was not PRRSV (both North American and
European genotypes), PCV (both type 1 and 2), PEV (groups 1, 2 and 3), influenza A virus,
TGEV, PRCV, PEDV, PPV, sHEV, WNV, JEV, PERV, PLHV-1 or alpha-togaviruses.

3.3. Outcome of experimental inoculation
3.3.1. Sow study. Clinical, pathological and virological observations on pregnant
sows after experimental inoculation are summarized in Table 1. During the 30-day
observation period, all inoculated sows became viremic although the animals remained
normal in their behavior during the study period. No abortion was observed in any of the
inoculated sows.
At the termination of the study, no lesions were observed in the control sow. In
contrast, gross lesions, such as hemorrhages in inguinal lymph node, decolorization of the
uterus (green and brown), were observed in the sows inoculated with materials containing
Virus X ISUYP604671. One of the 4 inoculated sows did not have any fetus at necropsy;
however, no significant lesions were observed. Microscopically, necrotic edema in the lymph
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node, mineralization plaques in the uterus and necrotic debris in the lumen of the uterus
were observed, supporting the possibility of embryonic death and/or fetal absorption.
Virus X was recovered from tissues (spleen, liver, jejunum, uterus, serum, tonsil) of
the inoculated sows, confirming the replication of Virus X in the animals, particularly
secondary lymphoid organs. In addition, the virus also was isolated from fetal tissues such
as lung, spleen, heart, kidney and fetal thoracic fluid, suggesting transplacental transmission
of the virus.

3.3.2. CDCD pig study. All inoculated pigs became viremic during the 14-day
observation period but did not show any overt clinical signs by the end of the study. The
sham-inoculated negative control pig remained negative for Virus X in blood circulation
(Table 2).
At each necropsy, significant gross lesions were not apparent although spleen and
lymph nodes collected from pigs at days 7 or 10 PI looked edematous. Microscopically,
nonsuppurative meningoencephalitis was observed in 5 of the 6 inoculated pigs (Figure 4).
Nonsuppurative interstitial pneumonia (Figure 5) and nonsuppurative periportal hepatitis
were other lesions commonly observed in the inoculated pigs. Neither gross nor microscopic
lesions were present in tissues/organs of the control pig.
Virus X was recovered from tissues of all inoculated pigs regardless of the presence
or absence of detectable lesions. Brain tissues from 4 of the 5 pigs with meningitis or
encephalitis were positive for Virus X. The presence of virus particles with morphological
characteristics similar to Virus X in brain tissues was confirmed by EM (Figure 1). The virus
was most frequently recovered from tonsils. Spleens and lymph nodes also harbored the
virus.

4. Discussion and Conclusions
Porcine reproductive and neurologie syndrome brought a challenge to the diagnostic
community since no definitive diagnosis as to the cause could be made. Although death loss
and reproductive failure in breeding females was not an unusual event in many farms for
various reasons, clinical presentations of reproductive problems along with neurologic
disorder was a unique feature of PRNS. Unfortunately, diagnostic investigations focusing on
all conventional infectious agents that had been implicated in reproductive and/or neurologic
problems of pigs at various ages have been unfruitful and yielded inconsistent results. With
the hypothesis that a previously unknown infectious agent was responsible for the disease,
extensive laboratory testing resulted in frequent isolation of a relatively small cytopathic
enveloped virus from clinically affected animals. Although this virus could be a "red herring"
and not a pathogen, the isolation of the virus from nervous tissues collected from clinically ill
animals with CNS signs was convincing evidence suggesting that the newly identified virus
named 'Virus X is likely responsible for the disease.
Observations from the animal inoculation study with pregnant sows clearly indicated
that Virus X is capable of crossing the placental barrier and causing the loss of pregnancy
more likely due to embryonic or fetal death as evident by recovery of the virus from fetal
tissues. Furthermore, development of meningitis or encephalitis lesions in brains of young
CDCD pigs after inoculation of Virus X also indicated that the virus may be able to cause
neurologic disorder in infected animals, although the inoculated CDCD pigs did not show
clinical central nervous signs under experimental conditions. Those lesions were due to the
attack by Virus X since the virus was detected in and recovered from brain tissues. Since all
these experimental findings match well with field observations of PRNS, Virus X is
postulated to be the causative agent for PRNS as Koch's postulates were partially fulfilled.
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Under a laboratory setting, Virus X could not be recognized by antibodies raised
against various viral agents that have been implicated in diseases of swine except antiBVDV polyclonal antibody. The positive cross reactivity of Virus X with anti-BVDV antibody,
even though it was weak, is of particular interest with respect to taxonomical identification of
the virus. The possibility that Virus X could be CSFV was ruled out at the beginning of the
investigation since US swine populations are known to be free of CSFV. Furthermore,
diagnostic testing on some early PRNS suspect cases at the Foreign Animal Disease
Diagnostic Laboratory of the National Veterinary Services Laboratories ruled out the
presence of CSFV or its infection in those animals as well as the involvement of other
foreign animals disease agents (Data not shown). Besides porcine pestivirus (i.e., CSFV),
pigs are also known to be susceptible to ruminant pestiviruses such as BVDV and BDV.
Although BVDV infection of pigs has been demonstrated both in the field and under
experimental conditions, BVDV has not been considered to be a significant pathogen for
pigs. In contrast, BDV is known to cause diseases in infected pigs with clinical signs similar
to those seen in pigs affected by PRNS. Nonetheless, pigs would be considered to be the
dead end host for both BVDV and BDV since pig-to-pig contact transmission of these
viruses has been rare. Considering that Virus X is readily spread among pigs and there is
very minimum contact between pigs and ruminants in US, it would be hard to believe that
Virus X is BVDV or BDV. This argument is supported by negative PCR results on isolates of
Virus X for BVDV, BDV and CSFV. However, Virus X should be considered as a pestivirus
until proven otherwise based on its morphological similarity with pestiviruses and cross
reactivity with anti-BVDV antibody. At the time of writing this manuscript, Virus X is proposed
to be a novel swine pestivirus which remains to be further characterized for its conclusive
taxonomical identification. As a pestivirus is suspected to be responsible for PRNS,
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development of a specific diagnostic reagent for Virus X is also prudent since antigenic
cross reactivity among pestiviruses is known to exist.
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Table 1. Summary of reproductive record and lesions of sows experimentally infected with
Virus X isolate ISUYP604671 at early gestation.

Sows #

Average #

# of

Significant

Significant

Recovery

(inoculum)

of litter in

fetuses

gross lesions

microscopic

of Virus X

previous

recovered

lesions

from

gestations

at

Sow/fetus

necropsy

800

11.4

3

Yes

Yes

Yes/Yes

13.3

0

No

No

Yes/NA*

11.2

13

No

No

Yes/Yes

8.4

10

Yes

Yes

Yes/Yes

10.2

6

No

No

No/No

(serum)

21622
(virus isolate,
2nd passage)

30021
(virus isolate,
2nd passage)

30172
(virus isolate,
1st passage )

30120
(sham
inoculum)

*NA: not applicable
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Table 2. Summary of clinical, pathological and virological observations on CDCD pigs
infected with either Virus X isolate or clinical material containing the virus.

Pig #

Inoculums

DPI at necropsy

Clinical

Lesions

signs

Virus X in
serum/tissue

274

Serum 604671

7

No

Yes

Pos/Pos

275

Isolate ISUYP604671

7

No

Yes

Neg/Pos

302

Isolate ISUYP604671

10

No

No

Pos/Pos

303

Serum 604671

14

No

Yes

Pos/Pos

304

Serum 604671

10

No

Yes

Pos/Pos

675

Isolate ISUYP604671

14

No

Yes

Pos/Pos

273

Medium

14

No

No

Neg/Neg
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Figure 1. Electron photomicrographs of Virus X in CL ISUVDL13b cells (A) infected with
isolate ISUYP604671, cell culture fluid (B) harvested from the infected cells, and nerve cell
(C) of the brain from an experimentally infected pig. Bar represents 100 nm (A) and 200nm
(B and C) in scale.
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Figure 2. Cytopathology In cell line CL ISUVDL44 infected with Virus X (A) in comparison to
uninfected cells (B) at 24 hours post inoculation.
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Figure 3. Immunofluorescence photomicroscopy of CL ISUVDL13b cells infected (A, C) and
not infected (B) with Virus X at 100x magnification. The cells were fixed at approximately 48
hours post inoculation and stained with an anti-BVD bovine polyclonal serum. Panel C is
presented at 200X magnification.
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Figure 4. Photomicrographs of representative lesions in cerebrum of CDCD pigs inoculated
with Virus X.
A. Moderate multifocal perivascular accumulations of mononuclear cells in meninges.
B. Occasional neurons appear in early stages of necrosis.
C. Mild edema with occasional degenerating neurons
D. Normal brain tissue
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Figure 5. Photomicrographs of representative lung lesions in CDCD pigs experimentally
infected animals with Virus X. Panel A and B show different degrees of interstitial
pneumonia while panel C and D are a section of normal lung at different magnification.
A- Infiltration of mixed cells in interlobular septa as well as alveolar septa
B- Extensive nonsuppurative interstitial pneumonia with congestion
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Abstract
Porcine reproductive and neurologic syndrome (PRNS) in sows and young pigs has
newly emerged in the U.S. swine industry. A small enveloped virus which appeared to be
novel was frequently isolated from pigs affected by PRNS and named 'Virus X due to
unknown identity. The following study was conducted to characterize physico-chemical and
biological properties of Virus X (ISUYP604671) and determine its taxonomical identification.
Morphologically Virus X was an enveloped virion 45-55 nm in diameter, containing an
icosahedral core. The density of the virus was 1.12-1.15 g/ml on sucrose and CsCI gradient.
The virus was determined to possess positive-sense RNA genome by a transfection study.
On Western immunoblotting, several viral peptides with molecular mass of 25, 53 and
SOkDa were recognized by rabbit polyclonal antiserum raised against ISUYP60467. Virus
infectivity was not stable at 56°C and acidic and alkaline pH. While the virus was not
recognized by antibodies raised against numerous viral agents pathogenic to swine, twoway weak cross reactivity was demonstrated between Virus X and ruminant pestiviruses
(i.e., BVDV and BDV) and Virus X infection to a permissive cell line was partially blocked by
anti-BDV polyclonal antibody, suggesting that Virus X is likely a pestivirus. Partial sequence
analysis of Virus X for NS3 region showed a relatively good homology with that of the
existing pestiviruses. However, NS3 gene of Virus X was phylogenetically distinct from the
known pestiviruses. Furthermore, no positive amplification was made out of Virus X when
the virus was tested by PCR specifically designed for BVDV, BD and CSF. Therefore, Virus
X is postulated to be a novel swine pestivirus.
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1. Introduction
Recently, the U.S. swine industry faced the emergence of a disease which appeared
to be previously unrecognized based on clinical presentations and the lack of conclusive
diagnosis for the cause. Since 1995, pork producers and swine practitioners have reported
disease outbreaks characterized primarily by early infertility (25). Typically, producers have
observed an acute decline in farrowing rate due to increased early or delayed returns
followed by a prolonged period (up to 2 years) of sub-optimal farrowing performance. Loss
of pregnancy most commonly occurs in the early stages of gestation (i.e., 30-55 days)
although abortion and reproductive failure also were reported on sows at later gestations.
Affected animals which were confirmed pregnant at 30 days either aborted or demonstrated
irregular return to estrus. Besides reproductive disorder, some of the affected animals were
presented with central nervous signs, such as posterior weakness/paralysis, ataxia,
lameness, bar chewing, and head pressing/banging (24). Reproductive and neurologic
problems were not, however, always present simultaneously. The neurologic symptoms in
affected individuals progress with death in 2 or 3 days as the usual outcome. Such
neurological disorders also were observed in younger pigs such as nursery and fattening
pigs. To reflect various clinical manifestations, the newly identified disease was tentatively
named "Porcine Reproductive and Neurologic Syndrome (PRNS)" due to the lack of better
terminology.
Although the incidence of the problem appeared to continue growing and the pattern
of spread within and between herds implied the involvement of an infectious agent, routine
diagnostic investigations could not demonstrate an association between any of conventional
infectious agents pathogenic to swine and the disease. Recently, ISU-VDL laboratory
repeatedly isolated a small enveloped virus tentatively named 'Virus X from animals with
similar clinical presentations or problems. The virus did not cross-react with monoclonal

and/or polyclonal antibodies raised against known viral pathogens of swine, and its genome
could not be amplified by PCR assays designed to detect various viruses. While its identity
remained to be solved, animal studies with pregnant sows and young CDCD pigs
demonstrated that Virus X could induce clinical signs and lesions in experimentally
inoculated pigs. As Virus X was postulated to be a previously unrecognized viral agent, the
following study was conducted to characterize the virus.

2. Materials and Methods
2.1. Virus and cells
An isolate of Virus X designated ISUYP604671 was used for the study. The virus
was isolated from the brain of a sow affected by PRNS. The virus was propagated in cell
line CL ISUVDL13b or CL ISUVDL44 which were determined to be the most permissive cells
in a previous study (12). The cells were cultured in MDBK-MM media (Sigma Chemical Co.,
St. Louis, MO) supplemented with 5% horse serum (Sigma Chemical Co., St. Louis, MO),
200mM L-glutamine (GIBCO/BRL Life Science, Grand Island, NY) and an antibioticantimycotic mixture that included 100 lU/ml penicillin, 10 jjg/ml streptomycin, SOpg/ml
gentamicin (Sigma Chemical Co., St. Louis, MO). Virus stock was determined to contain the
virus of 1o3 5-4 0 TCIDso/ml and represented one passage in cell culture.
Virus material also was prepared directly from the homogenate of clinical specimens
by a gradient ultracentrifugation using sucrose and cesium chloride (CsCI) as previously
described (8). Gradients were formed in Tris-HCI buffer (pH 7.4) using a gradient delivery
system (Model 475, Bio-Rad, Hercules, CA). Ultracentrifugation was done using SW41 rotor
for 24 hours at 260,000 x g. The same approach also was used to purify and concentrate
the virus from cell culture fluid when necessary. As a control, bovine viral diarrhea virus
(BVDV) type 2 strain 125 and border disease virus (BDV) strain 31 ( ATCC, Manassas, VA)
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were propagated using cell line CL ISUVDL1152 in MDBK-MM protein free media
supplemented with 5% horse serum and L-glutamine (Sigma Chemical Co., St. Louis, MO).
The BVDV 125 stock was determined to contain 106 TCip50/ml and the BDV 31 stock 104
TCID50/ml after three passages in cell cultures.

2.2. Antibodies
Two types of polyclonal antibodies were used to identify the presence of Virus X in
samples. One was the pool of sera from sows which were experimentally inoculated with the
isolate ISUYP604671 at 30 days of gestation. The serum was collected from each sow after
30 days post inoculation (PI). The sows became viremic after inoculation and embryonic or
fetal deaths were apparent in some of the sows. Virus X was isolated from both sow and
fetal tissues.
The other was polyclonal antisera generated in rabbits immunized with the virus
isolate ISUYP604671. For immunization, virions were purified from cell culture fluid by a
gradient ultracentrifugation and then disrupted by mixing with 1% Triton X-100 and
incubated overnight at 4°C. After clarification by centrifugation, the supernatant was
harvested and used as antigen for immunizing rabbits after mixing with an equal volume of
Freund's complete adjuvant. The rabbits were injected with viral antigen three times before
being euthanized for total bleeding. Freund's incomplete adjuvant was used for booster
injections subsequent to the first injection.
Both antisera were tested against many viral agents in cell culture or clinical
specimens by an indirect fluorescent antibody test and, if needed, virus neutralization assay,
including porcine reproductive and respiratory syndrome virus (PRRSV), pseudorabies virus
(PRV), porcine cytomegalovirus (PCMV), porcine circovirus (PCV), porcine parvovirus
(PPV), encephalomyocarditis virus (EMCV), porcine enterovirus (PEV), transmissible
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gastroenteritis virus (TGEV), hemagglutinating encephalomyelitis virus (HEV), swine
influenza virus (SIV), porcine reovirus, rabies virus, West Nile virus (WNV), BVDV and BDV.
Rabbit polyclonal antisera also were produced against a cytopathic BVDV-2 and
BDV in a similar manner as described above. Anti-BVDV polyclonal reference serum and
pan-BVDV monoclonal antibody were purchased from the USDA National Veterinary
Services Laboratories (Ames, IA) and Cornell University (Ithaca, NY), respectively, and used
for the study.

2.3. Indirect fluorescent antibody test (IFA) and virus neutralization assay (VN)
Antigens for IFA test were prepared by infecting cells with virus materials and
incubating the inoculated cells for 48 hours PI. After that, the cells were fixed by immersing
them in cold 80% aqueous acetone and air drying. For the test, sera were diluted by a serial
2-fold dilution method in 0.01M phosphate-buffered saline (PBS) at pH 7.4 and 100pl of
each diluted sample was applied to virus-infected and uninfected cells. After staining with
the appropriate secondary antibody conjugated with fluorescent isothiocynate (FITC)labeled antibodies (Kirkegaard and Perry Laboratories, Inc., Gaithersburg, MD), cells were
examined under a fluorescence microscope.
For virus neutralization assay, serums were diluted in MEM media using a serial 2fold dilution method in a 96-well plate. Each diluted antibody was mixed with an equal
volume (100 (jl) of virus at a rate of 100 TCID50. Antibody-virus mixtures were incubated for
1 hour at 37°C. After that, 10Ojjl of the suspension of cells which were the most appropriate
for the target virus were added to wells and incubated for another 48 hours. Each sample
was run in duplicate. Cells were examined daily for CPE for up to 96 hours. The presence or
absence of virus replication was determined by CPE and immunofluorescence testing on
fixed cells at the end of a 96-hour incubation period or when CPE was visible.
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2.4. Negative-staining, immuno-staining electron microscopy
The ultrastructure of Virus X was visualized and characterized by an electron
microscopic technique. Two approaches were used: direct and indirect methods. The direct
method was done according to the procedure published elsewhere (9). In brief, a virus
preparation which was purified and concentrated from cell culture fluid by gradient
ultracentrifugation was mixed with optimally diluted rabbit polyclonal antiserum specific for
virus X or BVD type 2 virus and incubated for 30 min at ambient temperature. Then viruses
were pelleted by centrifugation at 12,000 rpm for 30 min. The resulting pellet was
resuspended in distilled water. One drop (approximately 10 pi of the suspension) was
applied to formovar-coated EM grids (Ted Pella, Inc., Redding, CA) and stained with one
drop of 4% potassium phosphotungstic acid (PTA) for 5 min. Then, the grid was examined
under a JEOL 1200EX II scanning and transmission electron microscope (Japan Electron
Optic Laboratories, Peabody, MA). Images were captured using a Megaview III digital
camera and SIS Pro software (Soft Imaging Systems Incorporated, LLC, Lakewood, CO).
For indirect testing, viruses were pelleted down through a 20% sucrose cushion by
ultracentrifugation using SW28 swinging-bucket rotor in an ultracentrifuge (Optima® LE 80K,
Beckman, Fullerton, CA) for 3 hours at 130,000 x g. The resulting pellet was resuspended in
a small quantity of 0.05M PBS (pH 7.2) and applied on formovar-coated EM grids. The grids
were stained with optimally diluted anti-Virus X rabbit polyclonal antiserum. After 30 min
incubation at ambient temperature, excessive primary antibodies were rinsed 5 times by
placing the grid in a droplet of 100 pi PBS containing 0.1% bovine serum albumin. The virusantibody mixture was mixed with anti-rabbit IgG conjugated to 5nm gold-labeled particles
(Kirkegaard and Perry Laboratories, Inc., Gaithersburg, MD) and with protein A conjugated
to 20nm gold-labeled particles (Sigma Chemical Co., St. Louis, MO) and incubated for 30
min at ambient temperature. After washing 5 times in PBS by placing the grid in a 100-pl
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droplet and 3 times in deionized water for 3 min each, the grids were then counter-stained
with 4% PTA and examined under the electron microscope.

2.5. Density of virus particle
The density of Virus X was determined as previously described (8) with some
modification. In brief, sucrose and CsCI gradient was formed in the Tris-HCI buffer (pH 7.4)
using a gradient delivery system (model 475, Bio-Rad, Hercules, CA). Ten ml of the
continuous gradient were poured into Ultra-Clear® nitrocellulose tubes (Beckman Fullerton,
CA). Two ml of virus suspension were overlaid on top of the gradient and centrifuged using
SW41 rotor in an ultracentrifuge (Optima LE 80K, Beckman, Fullerton, CA) for 18 hours at
260,000 x g. All visible bands were collected using a syringe with a needle (25G, 1.5cm
long) and checked for the presence of Virus X by virus isolation as described above. At the
same time, the reflective index (Rl) of each fraction was determined using a digital
refractometer AR200 (Leica, Buffalo, NY). The density of virus in the virus-enriched fraction
was calculated from Rl using the formula provided by the manufacturer.

2.6. Effect of DNA inhibitors on virus growth
To determine if Virus X contains a DNA genome, virus titration was performed using
a microtitration infectivity assay in the presence and absence of ô-bromo-2-deoxyuridine
(BUDR) or mitomycin C as previously described (3). In brief, confluent monolayers of CL
ISUVDL33 and CL ISUVDL99 cells were prepared in 96-well plates and inoculated with
virus suspensions (100|jl/well) which were prepared by a serial 10-fold dilution technique.
After 1-hour of absorption at 37°C, the virus inoculums were removed and cells replenished
with MEM supplemented with 40 or 160 |jg/ml of BUDR (Sigma Chemical Co., St. Louis,
MO) or 2 or 20 |jg/ml of mitomycin C (Sigma Chemical Co., St. Louis, MO). Plates were
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incubated for an additional 48 hours. Virus titer was determined by the presence of visible
CPE and then confirmed by IFA staining using the rabbit anti-Virus X polyclonal antiserum.
As controls for RNA and DNA viruses, PRRSV and PRV, respectively, were concurrently
titrated under the same conditions described above.

2.7. Transfection assay with Rnase A treatment
Viral nucleic acid was extracted using TRIzol® extraction method (Invitrogen,
Cartsbad, CA) from 250jj! of Virus X suspension which was purified from cell culture
supernatant by gradient ultracentrifugation. The total amount of RNA in the extract (10 to 14
ljg) was determined by spectrophotometry. The extract then was divided into two aliquots of
6 jjg/ml total nucleic acid each. One was treated with 10 pi of Rnase A (Qiagen, Santa
Clarita, CA), which is sufficient to digest 10pg RNA in 1ml of an extract, as previously
described (26) and the other left as untreated. Each preparation was mixed with 100|jl of
MDBK-MM protein free media and 100 pi of 1mg/ml Lipofectin® (Invitrogen, Cartsbad, CA)
and then incubated for 15 min at ambient temperature. The media and Lipofectin® were
added again to each preparation and cocktails incubated for another 30 min at ambient
temperature. Then, 50 pi of each cocktail was transfected into CL ISUVDL13b cells
prepared in a 96-well plate. After 48 hrs of incubation, the cells were rinsed with PBS, fixed
in cold 80% (v/v) aqueous acetone or 3.5% (v/v) paraformaldehyde (21), and subjected to
an indirect fluorescent antibody test using anti-Virus X rabbit polyclonal antiserum and antirabbit IgG conjugated with FITC to determine if there was virus replication in the cells. BVD
virus was used as control for RNA virus.
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2.8. Chloroform treatment
The presence of envelope structure on Virus X virions was determined using a lipid
solvent such as chloroform as previously described (3). Jn brief, cell culture fluid and tissue
homogenate containing Virus X, PRRSV or BVDV were mixed with an equal volume of
chloroform and incubated for 30 min at ambient temperature. Another set of the same virus
materials were treated in the same manner without chloroform. All materials were
centrifuged at 1000 x g for 20 min in a refrigerating condition. After centrifugation, aqueous
phase of each treated sample was harvested and diluted using a serial 10-fold dilution
method. One hundred |jl of each diluted sample was inoculated to monolayers of cells highly
permissive to each virus which were prepared in 96-well plates. The treatment was
considered significant when 100-fold or higher reduction in virus titer was observed in
comparison to untreated samples.

2.9. Thermal and pH stability of virus.
The stability of Virus X in different pH and temperatures was assessed as described
elsewhere (1). For thermal stability of virus, the virus material with titer of 104TCID50/ml was
suspended at a ratio of 1:5 in MEM without any supplement (i.e., serum, antibiotics, Lglutamine) and aliquoted in 4 ml each. Each aliquot was incubated at 4, 25, 37 or 56°C
using a refrigerator or incubators. At 30, 60, 120, 360, 1440, 2880 and 4320 minutes of
incubation, 0.6 ml of the fluid was taken out of each of the virus aliquots and subjected to
virus titration using a microtitration infectivity assay (3). The experiment was repeated once.
To assess pH stability of Virus X, the same virus material as described above was
suspended at a rate of 1:5 in MEM with HEPES buffer and aliquoted in 3 ml each. The pH of
media for each aliquot was adjusted by adding HCI (1N) or NaOH (0.1 M) to 2, 4, 5, 6, 7 or 8
and kept at ambient temperature for 30, 60, 120, 240 and 360 minutes. Each treatment was
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run in duplicate. The titer of infectious virus in each aliquot was determined by a
microtitration infectivity assay (3).

2.10. SDS-PAGE and Western immunoblot
2.10.1. Antigen preparation. The virus was prepared in CL ISUVDL13b cells.
Infected cells were harvested and pelleted by low speed centrifugation. The resulting cell
pellet was then resuspended in a lysis buffer (10mM Tris, 0.15M NaCI, 0.04% CHAPS,
0.001% aprotinin and 1mM EDTA, pH 8.0) which was mixed with the virus material at a ratio
of 1 ml buffer per one 165cm2 flask. Mixtures were incubated overnight at 4°C with gentle
stirring and clarified by centrifugation at 3,000 x g for 10 minutes in a refrigerating condition.
Each supernatant was then used for SDS-PAGE and Western immunoblotting.
Viral antigens also were prepared from the virus material purified and concentrated
from tonsil tissue homogenate by gradient ultracentrifugation as described above. The
gradient purified material was mixed with the lysis buffer at 1:1 ratio and, after that,
processed in a similar manner as above. The supernatant was harvested and used for SDSPAGE and Western immunoblotting.
The protein concentration in each sample preparation was determined using a
protein assay kit (Bio-Rad Laboratories, Richmond, CA) following the manufacturer's
recommended procedures and adjusted to 2 mg/ml.

2.10.2. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDSPAGE). A modified Laemmli's procedure (10) was used for protein separation on a
discontinuous 12% slab gel (70 x 80 x 0.75 mm) (Bio-Rad Laboratories, Richmond, CA).
The viral and cellular antigen preparations were solubilized in a sample buffer (pH 6.9)
containing 0.0625M Tris, 2% SOS, 5% 2-mercaptoethanol, 0.05% bromophenol blue, and
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10% glycerol by boiling at 95°C for 5 minutes. Twenty to forty microliters of each denatured
sample (approximately 20-30 (ig of protein) and 6 jut of prestained SDS-PAGE molecular
weight standards (SeeBlue®Plus2, Invitrogen, Carlsbad, CA) were loaded in the gel. The
molecular weight standard contained 10 proteins with molecular masses of approximately
250, 148, 98, 64, 50, 36, 22, 16, 6 and 4 kDa. Electrophoresis was carried out using a
vertical mini-PROTEAN® electrophoresis cell (Bio-Rad Laboratories, Richmond, CA) as
directed by the manufacturer.

2.10.3. Electrophoretic transfer of the proteins. A Ready Gel® system I (Bio-Rad
Laboratories, Richmond, CA) was used by following the procedures recommended by the
manufacturer. Viral and cellular proteins, along with the molecular weight markers that were
separated in a gel, were electrophoretically transferred to a 0.2|um nitrocellulose membrane
(Bio-Rad Laboratories, Richmond, CA). Transfer was carried out at 4°C for 90 minutes in a
transfer buffer (pH 8.3) consisting of 25mM Tris, 192mM glycine, and 20% (v/v) methanol.
Nitrocellulose membranes containing viral and control cellular antigens were blocked at
ambient temperature for 60 min with 2.5 % dry skim milk in Tris-buffered saline (TBS, pH
7.5) containing 20mM Tris and 0.05% Tween 20.

2.10.4. Western immunoblotting. Blocked membranes containing viral and cellular
antigens and molecular weight standards were washed twice for 5 minutes each in gently
agitating TBS. Antigen-specific antisera were diluted 1:200 in TBS containing 0.05% Tween
20 (TTBS) and 0.1% dry milk and applied on each membrane. Following incubation, the
membranes were washed 3 times in TTBS by gently agitating for 5 minutes each. Speciesspecific secondary antibodies conjugated to HRP were diluted 1:2000 in TTBS containing
0.1% dry milk and applied on the membranes. Following 1 hour incubation at room
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temperature, the membranes were washed 3 times in TTBS by gently agitating for 5 minutes
each. Antigen-antibody reactions were visualized with TMB membrane peroxide substrate
(Kirkegard and Perry Laboratories, Inc., Gaithersburg, MD). The color reaction was stopped
by brief washes in deionized water. The appearance of virus-specific reactivity was
assessed by comparing the antibody responses to the viral and cellular antigens. Polyclonal
rabbit antisera raised against Virus X (12) and BVDV-specific monoclonal antibodies 15c5
and 20.10.6 (Cornell University, Ithaca, NY) (5) were used in this study.

2.11. Peptide sequencing
Antigens were prepared as described above for Western immunoblotting with two
modifications: a) the antigen preparation was incubated at 37°C for 15 minutes or 95°C for 5
minutes in the sample buffer before electrophoresis; and b) peptides separated on a
membrane were transfer to an Immun-Blot™ PVDF membrane.(Bio-Rad Laboratories,
Richmond, CA) instead of a nitrocellulose membrane. Total protein was stained using
0.025% Coomassie® Blue R-250 (Bio-Rad Laboratories, Richmond, CA) dissolved in 40%
methanol for 10-15 minutes and destained in 50% methanol. Visualized protein bands were
cut off and sent to the Protein Facility at Iowa State University for sequencing. Sequence
data were then proofread, aligned, and analyzed using DNASTAR software (DNASTAR,
Inc., Madison, Wl).

2.12. PGR amplification at 5'UTR and at NS3 region
PCR condition and primers used to amplify 5'UTR were described elsewhere (19)
with some modifications. RNA was extracted using QIAamp® Viral kit (Qiagen, Santa Clarita,
CA) and Qiagen® RT-PCR kit was used for amplification. The following modifications were
made to meet some recommended conditions by the manufacturer. Reverse transcription

was run at 42°C for 60 minutes followed by 15 minutes at 95°C and next 35 cycles were run
at following condition: denaturation at 94°C for 15 seconds; annealing at 56°C for 30
seconds; amplification at 72°C for 60 seconds and then extension at 72°C for 10 minutes.
For amplification of the NS3 region, similar running conditions as described above
were employed with an exception that annealing temperature was dropped to 50°C. Primers
were designed based on the alignment of multiple sequences of BDV available from
Genbank as follows:
FNS3959: 5-TAG ATG AA(G)T ACC ACT GTG C-3'
RNS31140: 5 -AGA TCT TCA CCC TTC ATC AC-3'
PGR product of approximately 181 bp was purified by a gel extraction kit (Qiagen, Santa
Clarita, CA) and sequenced using an automated sequencer (Applied Biosystems, Forest
City, CA) at the ISU Nucleic Acid Facility. Sequencing results were then analyzed using
DNASTAR software (DNASTAR, Inc., Madison, Wl).

3. Results
3.1. Growth characteristics of Virus X in cell culture
Different types of cells supported virus replication to various degrees and proprietary
cell lines designated CL ISUVDL44 and CL ISUVDL13b were considered to be the best for
isolation and propagation of Virus X. Cytopathic effect (CPE) by the virus in the CL
ISUVDL44 cells was initially evident within 24 hours after inoculation and became 100% by
2 days PI. Cytopathology by Virus X was characterized by rounding, death or lysis and
detachment, resulting in floating of many rounded apoptotic cells in the medium (Figurel).
No changes were observed in negative control cells. Visible CPE, however, disappeared
after 3 or 4 passages of the isolate in cell culture.
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3.2 Antigenic cross reactivity
On an indirect fluorescent antibody (IFA) assay using anti-Virus X rabbit polyclonal
antiserum, cells infected with Virus X showed very bright perinucleus cytoplasmic staining
while negative control cells remained negative (Figure 2A and 2B). While no positive signal
was observed when cells infected with various swine viral pathogens RPV, PRRSV, PRV,
PEV, PCV2, were stained with the rabbit antiserum for Virus X, weak positive cytoplasmic
staining was demonstrated when anti-Virus X rabbit serum was applied to BVDV-infected
cells (Figure 2C). A similar observation also was made with BDV-infected cells. When virus
X was stained with rabbit antiserum specific for BVD and BD virus some cytoplasmic
staining was demonstrated. The cross reactivity between Virus X and anti-BVDV antibody
also was demonstrated in cryosections of tissues collected from pigs experimentally infected
with Virus X when the tissue sections were stained with NVSL reference anti-BVDV
polyclonal antibody (Figure 3A). This serum does not react on IFA with other viral pathogens
such as PCV2, PRRS, PEV, PRV and PPV.
The rabbit anti-Virus X polyclonal serum neutralized the infection of Virus X
(ISUYP604671) to CL ISUVDL13b cells; but neutralizing antibody titer of the antiserum was
low (1:4). The serum also showed a very weak cross neutralizing activity (1:2) against BDV
but not to BVDV. Reciprocal but very weak cross neutralization of Virus X by rabbit
polyclonal antiserum raised against BDV strain 31 also was observed. Virus neutralizing
antibody titer of this serum against BDV (i.e., homologous virus) was 1:16 whereas VN titers
against Virus X and BVDV-2 were only 1:2. On Western immunoblot analysis with rabbit
anti-Virus X serum, 4 viral proteins with molecular masses of 25, 48, 53 and BOkDa were
visualized in Virus X, BVDV and BDV antigen preparations (Figure 4). Monoclonal
antibodies specific for BVD virus (5) revealed that peptides with 53 and BOkDa molecular
size were E1 and NS3 proteins, respectively (Figure 5).

78
3.3. Morphology and density of Virus X
As shown in Figure 6, Virus X (ISUYP604671) is an enveloped virion of
approximately 45-55 nm in diameter. On average the size of the virus was estimated to be
50 nm in diameter. The presence of the envelope on the virion was also confirmed by pretreating the virus with a lipid solvent such as chloroform. The infectious virus titer of the
stock virus material was reduced from 104 to 101 TCID50/ml or lower after chloroform
treatment.
Negative-staining EM on gradient-purified virus materials prepared from both cell
culture material and tissue homogenate demonstrated the presence of virus particles in two
different sizes although those were morphologically identical (Figure 6). The immunostaining
EM revealed that both viruses could be recognized by rabbit polyclonal antiserum raised
against ISUYP604671 (Figure 6), suggesting that the smaller virus is likely a detective
interfering particle.
Several virus bands were formed on both sucrose and CsCI gradients. Different virus
titer was recovered from different fractions, with a range of 104-106 TCID50/ml (Figure 7).
Buoyant density of the virus in sucrose and CsCI was estimated to be 1.12-1.15 g/ml.

3.4. Stability of Virus X
Infectivity of Virus X decreased over time at different temperature although no
substantial change was observed in virus infectivity titer when the virus was kept at 4°C
(Figure 9). The virus infectivity was completely inactivated at 56°C within 2 hours.
Infectivity of Virus X remained without change at neutral pH when the virus was kept
at ambient temperature. A strong acidic pH (i.e., 2) instantly depleted the infectivity of Virus
X from 103 TCID50/ml to undetectable. Alkaline pHs were also detrimental to the infectivity of
Virus X (Figure 8).
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3.5. Genome of Virus X.
As summarized in Table 1, replication of the virus ISUYP604671, like PRRSV (a
single-stranded, positive-sense RNA virus), was not negatively affected by the presence of
BUDR and mitomycin C in cell culture media while replication of PRV (double-stranded DNA
virus) was substantially inhibited by the same treatment. Furthermore, the replication of virus
X did not occur in transfected cells after pre-treatment with Rnase A. In contrast, the
replication and gene expression that could be detected by the anti-Virus X rabbit polyclonal
antiserum was apparent in cells transfected with nucleic acid of Virus X without RNase A
treatment.
No part of the genome of Virus X could be amplified by PGR assays specifically
designed to detect PRRSV (North American and European genotype), PCV (type 1 and 2),
porcine enterovirus (PEV), influenza A virus, porcine parvovirus (PPV), porcine reovirus type
1, 2 and 3, porcine cytomegalovirus (PCMV), pseudorabies virus (PRV), transmissible
gastroenteritis virus (TGEV), porcine respiratory coronavirus (PRCV), porcine epidemic
diarrhea virus (PEDV), Japanese encephalitis B virus (JEV), porcine endogenous retrovirus
(PERV) type 1, porcine lymphotropic herpesvirus type 1 (PLHV-1), swine hepatitis E virus
(sHEV), West Nile virus (WNV), and members of genus Pestivirus and Alpha Togavirus.
In contrast, an amplicon was repeatedly obtained from the virus ISUYP604671 when
a pan-pestivirus PGR assay was performed specific for the 5' UTR region of pestiviruses.
PGR product with the correct size was also obtained from Virus X by a pestivirus PGR
designed for NS3 gene of BDV 31 (Figure 10). As summarized in Table 2 and Figure 9,
partial deduced amino acid sequences of the PGR product from Virus X showed 89.1-95.7%
homology with NS3 gene of the known pestiviruses while the known pestiviruses shared 9197.5 % homology with each other for the same region (2;15). Phylogenetic analysis of partial
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NS3 gene sequences, however, revealed that Virus X formed its own branch separated from
the known pestiviruses (Table 3 and Figure 10).

3.6. Viral protein profile
By Western immunoblotting, several peptides reactive to the rabbit anti-Virus X
polyclonal antibody were observed from virus materials purified from infected cell culture
and tissues of experimentally infected pigs: 14, 25, 48, 55, and 80kDa (Figure 4A). Some of
the immunologically recognized peptides were sequenced directly from the membrane.
Peptide sequences obtained from the 80kDa protein shared 55 - 71% homology with NS3
gene product of the known pestiviruses while overall homology of NS3 protein among the
known pestiviruses was 90 - 98%. Other peptides with molecular masses of 55kDa and
14kDa, respectively, showed much lower amino acid sequence homology with the known
pestiviruses.

4. Discussion and Conclusions
Many practitioners have reported disease outbreaks characterized primarily by early
abortion and frequently neurologic disorder, commonly referred as "porcine reproductive and
neurologic syndrome (PRNS)". A cytopathic small enveloped virus which could not be
recognized by antibodies raised against conventional swine viral pathogens was repeatedly
isolated from clinical cases of PRNS and named "Virus X" due to unknown identity. As the
potential causative role of the newly identified virus for PRNS was demonstrated in
experimentally infected sows and young pigs, the preceding study was conducted to
characterize Virus X and to determine its taxonomical identification.
Ultrastructurally, Virus X was an enveloped virion of 45-ôônm in size with an
icosahedral core, showing morphological characteristics similar to the family Arteriviridae,
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Flaviviridae and Togaviridae (3;6) Observations from pretreatment of Virus X with Rnase A
and DNA inhibitors demonstrated that Virus X contains a positive-sense RNA genome,
further supporting that Virus X could be a member of the families described above.
However, due to relatively poor growth of the virus in cell culture system, the genome could
not be further characterized with respect to its size, the number of copies and the
presence/absence of a poly A tail. Although Virus X was suspected to be one of
arteriviruses, flaviviruses or togaviruses, a portion of the viral genome could not be amplified
by pan-family PGR assays for these viruses (4;13;17). Antigenically, Virus X was not
recognized by antibodies raised against various viral agents that have been implicated in
diseases of swine except polyclonal antiserum raised against BVDV. Infection of Virus X to
a permissive cell line was also partially neutralized by anti-Border disease virus (BDV)
antibodies. A low level of two-way cross reactivity between Virus X with ruminant
pestiviruses, which is expected among pestiviruses to a degree (18;23), suggested that
Virus X is likely a pestivirus. In support, the protein profile of Virus X as determined by
Western immunoblotting is similar to that of pestiviruses. Furthermore, partial sequences of
Virus X's NS3 gene, which is known to be highly conserved among pestiviruses (14),
showed a relatively high sequence homology with the known pestiviruses as compared to
other common swine viral pathogens.
The possibility that Virus X is classical swine fever virus (CSFV) can be ruled out
since US swine populations are free of CSF. Furthermore, initial diagnostic investigation on
PRNS suspect cases which was conducted by the Foreign Animal Disease Diagnostic
Laboratory of the National Veterinary Services Laboratories ruled out the involvement of
CSFV in the disease (Data not shown). Virus X could not be BVDV, BDV for three reasons.
First, no part of genomic RNA could be specifically amplified by PGR assays designed to
detect BVDV, CSF or BDV (7;16;20). Second, field observations have suggested that Virus
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X can be readily spread among pigs whereas pigs are generally considered to be the dead
end host for ruminant pestiviruses. Third, the majority of hog operations in the United States
have very minimal contact with ruminants. Therefore, Virus X is postulated to be a novel
swine pestivirus.
While pathogenesis is unknown and specific control measures are unavailable, our
study demonstrated that Virus X, like any other enveloped viruses, can be easily inactivated
by lipid solvents or detergents and that the virus also was fragile to acidic environments and
high temperatures, which provides insight into how contaminated premises should be
cleaned. Diagnostically, good stability of virus infectivity at 4°C should be taken into
consideration for handling clinical specimens in the field for laboratory testing for PRNS.
Nonetheless, as Virus X is postulated to be a novel swine pestivirus, the development of
diagnostic reagents specific for Virus X for differential diagnostics among pestiviruses will
be required as recommended by OIE (11;22).
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Figure 1. Photomicroscopy of cytopathology of CL ISUVDL44 infected with (A) and without
(B) Virus X at approximately 36 hours post inoculation.
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Figure 2. Immunofluorescence photomicroscopy of CL ISUVDL13b infected with (A) and
without (B) Virus X (ISUYP604671) and of CL ISUVDL 1152 cells infected with a cytopathic
bovine viral diarrhea virus type 2 (C) and without (D) at approximately 24 to 48 hours post
inoculation. All cells were stained with anti X rabbit polyclonal serum.

A

B

C

D

88

Figure 3. Immunofluorescence photomicroscopy of tonsil tissue sections stained with
polyclonal antiserum to bovine viral Diarrhea (BVD) virus (A) or with anti-rabbit polyclonal
antibodies specific for Virus X (B). The sample was collected from an animal clinically
affected by Virus X.

B
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Figure 4. Western immunoblot analysis of Virus X's protein profile recognized by a rabbit
polyclonal antiserum generated against Virus X (ID 3598 and 3606).

Legend: Lanes:1; 9;10;11;19;20-molecular marker label in kDa.; 2-BVDT2 antigen
concentrated in continues gradient; 3- virus X propagated in the CL ISUVDL 13b cell culture
and concentrated in continues gradient; 4-6 virus X propagated in CL ISUVDL13b cell
line(cell lyses); 7- virus X propagated in the CL ISUVDL44 cell culture and concentrated in
continues gradient; 8- virus X concentrated by continues gradient from the tissue of infected
animals; lane-12 same as 2 and lane 13 same as 8; lane 14 - media(MEM); lane 15-18
represent not infected CL ISUVDL13b, CL ISUVDL 44, CL ISUVDL 13b, CL ISUVDL 1152
cell lines in the lysis buffer respectively.
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Figure 5. Western immunoblot analysis of BVDV and BDV's protein profile detected by
polyclonal and monoclonal antibodies on membrane R and A respectively
R
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Legend: Immunoblot with two of monoclonal Abs specific for BVD protein (p80/p53)
(membrane A) and rabbit polyclonal Abs against virus X(membrane R). Lane 1 and lamolecular weight; lane 2 and 2a - CL ISUVDL 1152 cell control, lane 3 and 3a BD31
antigen, lane 4 and 4a ncpBVD Draper strain typel, lane 5 and 5a cpBVD 125 strain type2,
lane 6 and 6a cpBVD NADL typel.
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Figure 6. Electron photomicroscopy of Virus X purified on sucrose gradient by
ultracentrifugation without (A) and with labeling with secondary antibody only (B), anti-BVD
polyclonal rabbit serum (C), and anti-X polyclonal rabbit serum (D). E and F panels show
bovine viral diarrhea virus labeled with anti-BVD polyclonal rabbit serum and polyclonal X
rabbit antiserum respectively.
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Figure 7. Buoyant density of the virus in sucrose gradient.
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Figure 8. Immunofluorescence photomicrocopy of which cells CL ISUVDL 13b transfected
with Virus X genomic material at 24 (A), 48 (B), 72 (C) hours post transfection. 0 is negative
control. All pictures are at 100x magnification.
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Table 1. Effect of mitomycin C and 5-bromo-2 deoxyuridine (BUDR) on the replication of
Virus X, porcine reproductive and respiratory syndrome virus (PRRSV) and pseudorabies
virus (PRV) in CL ISUVDL 33, CL ISUVDL13b cells. Virus titer is expressed as TCID5o/ml.

Viruses

Untreated

BUDR (pg/ml)

Mitomycin C (pg/ml)

40

160

2

20

PRRSV

106

10°

10e

106

10e

Virus X

104

104

104

104

104

PRV

108

10e

103

106

103
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Figure 9. Temperature (upper panel) and pH stability (lower panel) of Virus X. The stability
of Virus X at different pH was measured at ambient temperature.
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Table 2. Paired identity matrix of deduced amino acid homology for NS3 regions between
virus X and known pestiviruses.
1
Virus XISU
VOL 13385-04
Virus XISU
YP604671
BDV-2(V60)
MF02524
Giraffe1(H138)
AAF02523
BDV-1
NP777541
BDV-1(31)
AAB37578
BDV-1(31)
BDV -1(x818)
AAC16444
BVDV-1
AAG00378
BVDV-2
AAA82981
CSFV(KC)
AAC98302
CSFV
AAA43844

2

3

4

5

6

7

8

9

10

11

12

78.3

95.7

91.3

95.7

95.7

93.5

95.7

89.1

93.5

93.5

95.7

1

94.4

88.9

94.4

94.4

94.4

94.4

86.1

94.4

91.7

94.4

2

***

95.7

100

100

97.8

100

91.3

93.5

93.5

95.7

3

95.7

95.7

93.5

95.7

87

89.1

89.1

91.3

4

100

97.8

100

91.3

93.5

93.5

95.7

5

97.8

100
100

91.3
91.1

93.5
93.3

93.5
93.3

95.7
95.6

6
7

91.3

93.5

93.5

95.7

8

87

87

89.1

9

91.3

93.5

10

***

97.8

11

0
4.5

5.8

9.3

12.1

4.5

4.5

5.8

0

4.5

4.5

4.6

5.8
5.8

0
0

4.5
4.6

0
0

0

4.5

5.8

0

4.5

0

0

0

12

15.4

9.3

14.4

9.3

9.3

9.5

9.3

6.8

5.8

6.8

11.8

6.8

6.8

7

6.8

14.4

6.8

8.9

6.8

11.8

6.8

6.8

7

6.8

14.4

9.3

4.5

5.8

4.5

9.3

4.5

4.5

4.6

4.5

11.8

6.8

***

***

***

***

2.2

12
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Table 3. Alignment of amino acid sequence for partial NS3 gene from Virus X and other
pestiviruses.
i

i

i

i

10

20

30

40

EOLAI I GKI HRF AEN .RWAMTATPAGTVTTTGQKHPI EEFI APE
EQLAI I GKI HRFAPN.RWAMTATPAGTVTTTGQKl
EQLAI I GKI HRFSEQLRWAMTATPAGTVTTTGQKHPI EEFI APE
A^QLAl I GKI HRFS|QLRWAMTATPAGTVTTTGQKHPI EEFI APE
EQLAI I GKI HRF S EQL RWAMTATPAGTVTTTGQKHPI EEFI APE
EQLAI I GKI HRF S EQL RWAMTATPAGTVTTTGQKHPI EEFI APE
EQLAI I GKI HRF S EQL RWAMTATPAGTVTTTGQKHPI EEFI APf
EQLAI I GKI HRF S EQL RWAMTATPAGTVTTTGQKHPI EEFI APE
EQL/fl GKI HRF S dsîJWAMTAT PAGQZTTTGQKHP I EEFI APE
EQLAI I GKI HRFS#RWAMTATPAGT|GjrTTGQKHPI E^s) APE
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BDV1(31) AAB37578
B0V1(31)
BDV-1(x818)AAC 16444
BVDV1 AAGDD378
BVDV2 AAA32981

38
373
373
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373
48
373
373
373

Figure 10. Phylogenetic relationship between Virus X and known pestiviruses based on
partial amino acid sequences of NS3 gene.
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Abstract
Recently, a previously unrecognized viral agent, formally named 'Virus X', was
identified in conjunction with reproductive and neurologic disorder in pigs. As the virus was
postulated to be a previously unrecognized pestivirus, attempts were made to develop a
diagnostic reagent specific for the virus which could be used for differentiation of the new
swine pestivirus from other existing pestiviruses. A murine monoclonal antibody (MAb)
designated 15A2-3E9 was produced. The MAb did not cross-react with any viral pathogens
known to be pathogenic to swine including bovine viral diarrhea virus and border disease
virus, but recognized all field isolates of the novel swine pestivirus by immunofluorescence
testing on both infected cells and tissues which were determined to be positive for Virus X
by virus isolation technique. However, the MAb did not neutralize the infection of the new
swine pestivirus to a highly permissive cell line. On Western immunoblotting under reducing
conditions, the MAb reacted with a viral peptide with molecular mass of SOkDa, which is
believed to be the product of NS3 gene, in lysates of infected cells or homogenates of
tissues from experimentally infected pigs but not in purified virions. Collectively, MAb 15A23E9 represents a linear epitope in a non-structural protein of the newly identified swine
pestivirus which is highly conserved among field isolates of the virus, indicating that the MAb
can be used in various diagnostic tests for specific detection of this novel swine pestivirus in
clinical cases.
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1. Introduction
Pestivirus infections are economically significant diseases for pigs, cattle and sheep
in many countries. To date all pestiviruses belong to the genus Pestivirus in the family
Flaviviridae which includes bovine viral diarrhea virus (BVDV), border disease virus (BDV),
and classical swine fever virus (CSFV) (4). Pigs are known to be susceptible to all these
viruses although CSFV causes the most devastating disease in pigs. Depending on different
factors such as the virulence of infecting virus and age and immunocompetence of animals,
CSFV may cause peracute, acute, chronic and subclinical infection or latent infection with
different presentations of clinical signs and lesions (8; 15). BVDV infections of pigs under
field and experimental conditions have been reported but do not lead to any clinical disease
(17;18). In contrast, BDV can cause clinical disorders in pigs. In sows and neonates, BDV
infection has been reported to cause anemia, rough hair coat, growth retardation, wasting
and tremors (14). In breeding pigs, BDV infection also has been implicated in early or
delayed return to heat and abortion. Similar to CSFV infection, congenital infection with BDV
can lead to stillbirth, fetal mummification, malformation, tremors, and skin hemorrhages (17).
Recently, a disease referred to as 'Porcine Reproductive and Neurologic Syndrome
(PRNS)' has newly emerged in U.S. swine populations (23). Clinical manifestations of the
syndrome are characterized by reproductive failure in breeding females mainly at early to
mid gestation and neurologic disorders in all ages. Some affected animals also suffer from
respiratory distress and some degree of growth retardation. Many affected animals with
central nervous signs frequently progress to death shortly after clinical onset.
A small enveloped RNA virus, formerly named 'Virus X', has been repeatedly
isolated from animals affected by PRNS (11) and shown to have the ability to cause the
disease in experimentally infected animals. The virus was postulated to be a novel pestivirus
as the virus had morphological characteristics similar to pestivirus and cross reacted to a
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degree with antisera raised against known pestiviruses; however, its genome could not be
amplified by reverse transcription polymerase chain reaction (RT-PCR) assays designed to
specifically detect BVDV, BDV and/or CSFV.
It is very common that detection and characterization of a pestivirus is mainly
through serologic assays with polyclonal and monoclonal antibodies (3;9) or by molecular
diagnostic techniques such as PGR and sequencing (5;13;20;22). A differential diagnosis is
required when pestivirus infection is suspected since CSF among pestivirus infections is OIE
reportable diseases; hence, use or availability of a specific reagent is critical for the accurate
diagnosis of pestivirus-associated disease. Such an importance was demonstrated in a
recent episode of disease outbreaks in Europe where a virus isolated from congenitally
infected piglets was not detected by a panel of different monoclonal antibodies for CSFV or
BVDV but for BDV (19). The following study was conducted to develop a diagnostic reagent
specific for the newly identified swine pestivirus associated with PRNS.

2. Materials and methods
2.1. Virus and cells
An isolate of the new swine pestivirus designated ISUYP604671 was used as
antigen to produce murine monoclonal antibodies. The virus was isolated from the brain of a
sow affected by PRNS. The virus was propagated in a proprietary cell line CL ISUVDL13b
which was determined to be the most permissive in a previous study in our laboratory (11).
The cells were cultured in Minimum Essential Medium (MEM, Mediatech, Inc., Herdon, VA)
supplemented with 5% horse serum (Sigma Chemical Co., St. Louis, MO), 200mM Lglutamine (GIBCO/BRL Life Science, Grand Island, NY) and an antibiotic-antimycotic
mixture that includes 100 lU/ml penicillin, 10 ug/ml streptomycin, 50ug/ml gentamicin (Sigma
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Chemical Co., St. Louis, MO). Virus propagation was done using stationary culture
technique.
Purified virus material was prepared from cell culture fluid and also directly from the
homogenate of tonsils of clinically affected pigs from which ISUYP604671 was isolated by a
gradient ultracentrifugation as previously described (6) with some modifications. Sucrose or
cesium chloride (CsCI) gradient was formed in Tris-HCL buffer (pH 7.4) using a gradient
delivery system (Model 475, Bio-Rad, Hercules, CA). Ten ml of continuous gradient were
poured into Ultra-clear® nitrocellulose tubes (Beckman, Fullerton, CA). Two ml of samples
were overlaid on the top of the gradient and then centrifuged using SW41 rotor in an
ultracentrifuge (Optima® LE 80K, Beckman, Fullerton, CA) for 24hr at 39,000 rpm (260,000 x
g). All visible bands were collected using a syringe with a needle (20G, 1.5cm). The
presence of the novel swine pestivirus and virus titer in each fraction was determined in cell
culture by immunofluorescence microscopy using convalescent sera from experimentally
infected pigs (11) or hyperimmune serum generated against the new swine pestivirus in
rabbits (10). The presence of the virus in selected fractions also was confirmed by a
negative-straining electron microscopy. Then, a fraction with the highest virus titer was used
to immunize mice.

2.2. Production of murine monoclonal antibodies
Viruses purified and concentrated from cell culture fluid or tissue homogenate were
disrupted by mixing with 1% Triton X-100 in Tris-HCI buffer (0.025mM, pH 7.2) and
incubated overnight at 4°C. After clarification by centrifugation, the supernatant was
harvested from each preparation and aliquoted in a small quantity. Each aliquot was mixed
with an equal volume of Freund's complete adjuvant (Sigma Chemical Co., St. Louis, MO)
for the first immunization of mice and with Freund's incomplete adjuvant for subsequent
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booster injections. Mouse immunization and production of hybridomas were carried out by
the Iowa State University Hybridoma Facility by following the previously published protocol
(1). In brief, BALb/c mice were used to produce primed splenic lymphocytes. Viral antigens
were delivered to each mouse via subcutaneous route every 3 weeks for 9 weeks. All mice
were monitored for antibody development by an indirect fluorescent antibody (IFA) test
before each additional immunization was made. Three days after the third immunization,
mice were euthanized and spleens were collected. Splenic lymphocytes were harvested by
disrupting spleens and subjected to fusion with Sp2/0 murine myeloma cells in the presence
of PEG6000. Successful hybridomas were screened for the production of the antibody
specific for the novel swine pestivirus by testing culture supernatant by an
immunofluorescence test. Strong positive hybridomas were then subjected to cloning.
Clones producing antibody specific for the novel swine pestivirus were expanded using a
miniPerm® bioreactor (Heraeus Inc., Edgewood, NY). Immunoglobulins were then purified
from culture fluid using affinity column chromatography, some of which was conjugated with
FITC or peroxidase by a biomedical commercial vendor (Maine Biotechnology Service, Inc.,
Portland, ME).

2.3. Characterization of monoclonal antibody
The class of each of the monoclonal antibodies (MAbs) produced was determined by
an isotyping kit (IsoStrip®, Roche, Indianapolis, IN). The specificity of each MAb for the novel
swine pestivirus was assessed using an indirect fluorescent antibody (IFA) test and virus
neutralization (VN) assay against a variety of viral agents including BVDV and BDV, and FA
test on cryosections of tissues collected from caesarian-derived-colostrum-deprived (CDCD)
pigs experimentally infected with the novel swine pestivirus. The IFA test also was used to

104

determine the level of virus-specific antibodies. The viral protein specificity of each MAb was
determined by Western immunoblotting.

2.4. Indirect fluorescent antibody test and virus neutralization assay
To prepare viral and cell control antigens for IFA test, cells were inoculated with virus
materials and monitored daily for cytopathic effect (CPE) for 48 hours PI. Then, the cells
were fixed by immerging them in cold 80% aqueous acetone, air dried, and stored at -20°C
until use. Alternatively infected and uninfected cells were fixed in freshly prepared 3.5% of
paraformaldehyde (Sigma Chemical Co., St. Louis, MO) in PBS pH7.5 for 10 minutes as
described (21) and treated with 0.5% Triton X-100 (Sigma Chemical Co., St. Louis, MO) in
PBS (pH 7.5) for one hour at 4°C. For testing, each MAb was diluted 1:10 first and then
serially 2-fold in PBS. Each diluted sample (100|jl/well) was applied to a pair of wells (one
with virus-infected cells and the other with uninfected control cells). After a 30-minute
incubation period at ambient temperature, samples were removed and each well rinsed with
PBS. Antigen-antibody reaction in each well was visualized by adding goat anti-mouse
immunoglobulin (IgG and IgM) conjugated with FITC (Kirkegard and Perry Laboratories,
Inc., Gaithersburg, MD) and incubating for 30 min at ambient temperature. Plates were
examined under a fluorescent microscope.
For VN assay, MAbs were diluted in MEM media using a serial 2-fold dilution method
in a 96-well plate. Each diluted antibody was mixed an equal volume (100 pi) of virus at a
rate of 100 TCID50. Antibody-virus mixtures were incubated for 1 hour at 37°C. After that,
100|jl of the suspension of cells which were the most appropriate for the target virus were
added to wells and incubated for another 48 hours. Each sample was run in duplicate. Cells
were examined daily for CPE for 48 hours. The presence or absence of virus replication was
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determined by CPE and immunofluorescence testing on fixed cells at the end of 48 hours
incubation period.

2.5. SDS-PAGE and Western immunoblot
2.5.1. Antigen preparation. The virus was prepared in different cell lines CL
ISUVDL13b, CL 1SUVDL44 and CL ISUVDL1152. Infected cells were harvested and
pelleted by low speed centrifugation (3000 rmp for 20 min). The resulting cell pellet was then
resuspended in a lysis buffer (10mM M Tris, 0.15 M NaCI, 0.04% CHAPS, 0.001% aprotinin
and 1mM EDTA), pH 8.0, at a ratio of 1 ml of buffer per one 165cm2 flask. Mixtures were
incubated overnight at 4°C with gentle stirring and centrifuged at 3,000 x g for 10 minutes at
4°C. Each supernatant was then used for SDS-PAGE and Western immunoblotting.
Viral antigen also was prepared from the virus purified and concentrated from tissues
by gradient ultracentrifugation as described above. The gradient purified material was mixed
with the lysis buffer at 1:1 ratio and processed in the same manner as above. The
supernatant was harvested and used for SDS-PAGE and Western immunoblotting.
The protein concentration of each sample preparation was determined using a
protein assay kit (Bio-Rad Laboratories, Richmond, CA) following the manufacturer's
recommended procedures and adjusted to 2 mg/ml.

2.5.2. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
A modified Laemmli's procedure (7) was used for protein separation on a discontinuous
12% slab gel (70 x 80 x 0.75 mm) purchased from a commercial vendor (Bio-Rad
Laboratories, Richmond, CA). The viral and cell antigen preparations were solubilized in a
sample buffer (pH 6.9) containing 0.0625M Tris, 2% SOS, 5% 2-mercaptoethanol, 0.05%
bromophenol blue, and 10% glycerol by boiling at 95°C for 5 minutes. Twenty to forty
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microliters of each denatured sample (approximately 20-30 p,g of protein) and 6 )il of prestained SDS-PAGE molecular weight standards (SeeBlue®Plus2, Invitrogen, Carlsbad, CA)
were loaded in the gel. The molecular weight standards contained 10 different peptides with
molecular masses of approximately 250, 148, 98, 64, 50, 36, 22, 16, 6 and 4 kDa,
respectively. Electrophoresis was carried out using a vertical mini-gel apparatus as directed
by the manufacturer (Bio-Rad Laboratories, Richmond, CA).

2.5.3. Electrophoretic transfer of the proteins. A Ready Gel® system I (Bio-Rad
Laboratories, Richmond, CA) was used by following the procedures recommended by the
manufacturer. Viral and cellular proteins along with molecular weight markers which were
separated on a polyacrylamide gel were electrophoretically transferred to a 0.2 (im
nitrocellulose membrane (Bio-Rad Laboratories, Richmond, CA). Transfer was carried out at
4°C for 90 minutes in a transfer buffer (pH 8.3) consisting of 25mM Tris, 192mM glycine and
20% (v/v) methanol. Nitrocellulose membranes containing viral and control cellular antigens
were blocked at ambient temperature for 60 min with 2.5% dry skim milk in 20mM Tris-buffer
saline (TBS, pH 7.5) containing 0.05% Tween 20 (TTBS).

2.5.4. Western immunoblotting. Blocked membranes were washed twice for 5
minutes each in gently agitating TBS and cut into strips containing viral antigens, cellular
antigens, and molecular weight standards. Murine monoclonal antibodies were diluted
1:2000 in TTBS containing 0.1% dry skim milk. Following incubation at ambient temperature
for 1 hour, the membranes were washed 3 times in TTBS by gently agitating for 5 minutes
each. Antigen-antibody reactions were visualized with optimally diluted goat anti-mouse IgG
labeled with horse radish peroxidase and TMB substrate (Kirkegard and Perry Laboratories,
Inc., Gaithersburg, MD). When MAbs conjugated with peroxidase was used, the secondary
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antibody was not used. The color reaction was stopped by brief washes in deionized water.
The appearance of virus-specific reactivity was assessed by comparing the antibody
responses to the viral and cellular antigens. Polyclonal rabbit antisera raised against Virus X
(ISUYP604671) was used as a reference serum.

2.6. Biological samples
Field isolates of the newly identified swine pestivirus and tissues (brain, secondary
lymphoid tissues, kidney, liver, lung, spleen, tonsil) collected from both experimentally
infected pigs and clinically affected pigs in the field were used to evaluate the diagnostic
application of MAbs. Clinically affected pigs were selected from diagnostic submissions to
the Iowa State University Veterinary Diagnostic Laboratory based on clinical presentation.
Virus isolation attempts for the novel swine pestivirus were made in addition to other
diagnostic testing. Experimental samples were collected from CDCD pigs experimentally
infected with the virus ISUYP604671 or serum from a viremic sow after inoculation of
ISUYP604671. All these samples were previously tested by virus isolation technique for the
presence and absence of the novel swine pestivirus (11).

2.7. Immunofluorescence microscopy on cryosections of tissues
Thin sections of each tissue were obtained using a cryostat and microtome.
Cryosections were attached to pretreated glass slides and fixed by immersing in 100% cold
acetone. Fixed tissue sections were then stained with the newly produced MAb against the
novel swine pestivirus which was conjugated with fluorescein isothiocyanate (FITC). FA
conjugate of MAb was used after diluted 1:80-1:100 in the 0.01M phosphate-buffered saline
(PBS) at pH 7.4. After incubation at 37°C for 30 minutes in a humid condition, excessive
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MAb FA conjugate was rinsed off with PBS three times. The slides were then observed
under a fluorescent microscope Olympus IX70 (Olympus Optical Co., Tokyo, Japan).

3. Results
3.1 Production and characterization of monoclonal antibodies
A total of 5 hybridomas secreting antibody reactive to the swine pestivirus
ISUYP604671 on IFA test were produced and subjected to cloning and expansion. Two of
the 5 hybridomas were determined to secrete IgG and the remaining 3 hybridomas IgM.
Two hybridomas were designated 15A2 and 6F9, respectively. On Western immunoblotting,
only supematants from the hybridoma 15A2 recognized the viral polypeptide with molecular
masses of 80kDa while the supernatant from the 6F9 hybridoma cross-reacted with non-viral
protein. The hybridoma 15A2 was selected and subcloned to 15A2-3E9.
MAb15A2-3E9 reacted with the novel swine pestivirus on both IFA test (Figure 1) and
Western immunoblot (Figure 2), demonstrating the MAb detects a linear epitope of the newly
identified swine pestivirus. The 80kDa protein which was recognized by the MAb 15A2-3E9
was present only in the lysate of infected cells or virus antigen preparation purified from
tissues of infected pigs, suggesting that this protein might be a non-structural protein. MAb
15A2-3E9, however, did not neutralize infection of the virus ISUYP604671 to several
permissive cell lines.

3.2. Diagnostic application of MAb 15A2-3E9
MAb 15A2-3E9 recognized all field isolates of the novel swine pestivirus from clinical
cases and experimentally infected pigs on an immunofluorescence assay. The MAb also
detected the presence of ISUYP604671 in tissues from CDCD pigs experimentally infected
with the novel pestivirus when FA conjugate was applied to cryosections of the tissues
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(Table 1). Specific staining was observed in neuronal cells of brain, epithelial cells of tonsil,
spleen, germinal center of lymph node, and renal tubular epithelium of kidney from the
infected pigs (Figure 1) while no background staining was observed in any of the tissues
collected from a negative control pig. All specific staining was cytoplasmic although
occasionally nuclear staining was seen.

4. Discussion and Conclusions
Diagnosis and recognition of a newly emerging disease is very complex. Ideally
diagnosticians should be able to recognize the disease, isolate a pathogen and reproduce
the disease under experimental conditions. This requires the development of a reagent
specific for the pathogen to make a reliable diagnosis. As PRNS is a previously
unrecognized disease and a novel pestivirus was postulated to be responsible for this
disease, the preceding study was to develop a diagnostic reagent specific for the virus. Our
attempts were to develop a virus-specific monoclonal antibody. Monoclonal antibodies are
considered a key tool for the detection and differentiation of pestiviruses since these viruses
share common antigenic epitopes. For example, BVD and CSF viruses can only be
differentiated by an immunofluorescence test using monoclonal antibodies unless molecular
testing is used (5;9;13;19).
As a result of this work, the MAb 15A2-3E9 that specifically recognized the newly
identified swine pestivirus was produced. No cross reactivity was demonstrated with other
viral agents such as BVDV, BDV, PRV, PCV, PRRSV, PEV, porcine reovirus and SIV. The
target antigen was a protein of SOkDa in size according to the reactivity pattern observed by
Western immunoblot. In comparison to known pestiviruses, this protein is expected to be the
product of NS3 gene which is one of the non-structural proteins of pestiviruses (2).
Observations that the reactivity with this protein was not demonstrated in the purified virions
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but in lysates of infected cells support that the 80kDa protein should be a non-structural
protein. The MAb 15A2-3E9 is believed to recognize a linear epitope of the SOkDa protein
since the reactivity of the epitope with the MAb was not disrupted even after antigen was
prepared under reducing conditions for SDS-PAGE and Western immunoblotting.
There are several advantages identified using MAb 15A2-3E9. First, as MAb 15A23E9 likely recognizes a non-structural protein, the MAb should be able to detect a replicating
virus since non-structural proteins of viruses are expressed during active replication in cells.
This would be a reason that MAb 15A2-3E9 worked well in FA testing on virus-infected cells
and cryosections of tissues. Second, the MAb recognizes a linear epitope of the target
protein which means that the MAb would maintain its broad spectrum of reactivity and can
be used for a variety of diagnostic testing. Third and most importantly, MAb 15A2-3E9 can
be used for differentiation of the new swine pestivirus from other pestiviruses known to exist
in the field (9). The NS3 product of pestivirus is known to be antigenically conserved among
known pestiviruses as compared to other gene products (2;12). However, no cross reactivity
with BVDV and BDV was demonstrated by MAb 15A2-3E9 on Western immunoblotting and
FA (Figurel), suggesting that the MAb is highly specific for the novel swine pestivirus. In
summary, MAb 15A2-3E9 has a great diagnostic potential for specific detection of the new
swine pestivirus in association with PRNS.
Knowing the specificity of MAb 15A2-3E9 for the new swine pestivirus, application of
MAb 15A2-3E9 to immunofluorescence testing on cryosections of tissues from CDCD pigs
experimentally infected with the new swine pestivirus clearly demonstrated the presence of
the new pestivirus in brains (particularly neurons) from infected animals (Figure *\h) that had
meningoencephalitis lesions (11). This observation further confirmed the causative role of
the newly identified virus in PRNS. The similarity in FA staining patterns of tonsilar epithelial
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cells between pigs infected with the new virus and CSFV (16) also supports that this new
virus should be a member of genus Pestivirus.
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Table 1. Summary of immunofluorescence tests (FATS) using monoclonal antibody on
cryosections of various tissues collected from 7-week-old CDCD pigs experimentally
infected with an isolate of the novel swine pestivirus (ISUYP604671) or serum containing
the virus.

Pig#

Inoculum

DPI at

Lesions3

necropsy

Isolation of

FATS

Virus Xb

for Virus X

274

A (serum 604671)

7

Yes

Yes

Positive0

275

B (isolate 604671)

7

Yes

Yes

Positive

302

B (isolate 604671)

10

No

Yes

Positive

303

A (serum 604671)

14

Yes

Yes

Positive

304

A (serum 604671)

10

Yes

Yes

Positive

675

B (isolate 604671)

14

Yes

Yes

Positive

273

Cell culture medium

14

No

No

Negative

aLesions
bSwine

were present in tonsil, lymph nodes, spleen, lung, brain and liver.

pestivirus was isolated from tonsil, brain, lymph node, serum, spleen and lung.

fluorescent intensity staining rated 3 or 4 plus.
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Figure 1. Photomicroscopy of immunofluorescence testing on cryosections of brain (A),
tonsil (B) and kidney (C) from CDCD pigs experimentally infected with a newly identified
swine pestivirus (ISUYP604671) and on CL ISUVDLISb cells infected (D) and uninfected
(E). Monoclonal antibody 15A2-3E9 was used for testing after conjugated with fluorescein
isothiocyanate.
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Figure 2. Western immunoblot analysis for the protein specificity of monoclonal antibody
15A2-3E9 for the novel swine pestivirus (ISUYP604671). All proteins were separated on a
12% polyacrylamide gel.
Lanes 0 and 3: molecular weight marker
Lanes 1 and 2: homogenate of brain tissue from a horse infected with West Nile virus
Lane 4: homogenate of tissues from a pig infected with swine pestivirus which is mixed with
lysate of cells infected with the virus
Lane 5: new swine pestivirus purified from cell culture by continuous gradient
ultracentrifugation
Lanes 6 and 7: lysate of two different cell lines (CL ISUVDL1152 and CLISUVDL13b)
infected with swine pestivirus
Lanes 8 and 9: lysates of uninfected cells lines (CL ISUVDL1152 and CLISUVDL13b)
Lane 10: BVDV purified from cell culture by a continuous gradient ultracentrifugation
Lane 11: combined lysate of cells infected BVDV and BDV
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Figure 3. Specificity of monoclonal antibody 15A2-3E9 for the novel swine pestivirus as
determined by Western immunoblot. All proteins were separated on a 12% polyacrylamide
slab gel. The monoclonal antibody was used after labeled with horseradish peroxidase
Lanel- Mouse IgG
Lanes 2 and 3- uninfected cell lines (CL ISUVDL1152 and CLISUVDL13b)
immunoprecipitated with rabbit anti serum specific for the new swine pestivirus and BVDV
Lane 4- rabbit IgG
Lane 5- BVDV type 2 antigens concentrated from a lysate of infected cells by
ultracentrifugation through sucrose cushion
Lane 6- BVDV immunoprecipitated with rabbit antiserum specific for the new swine
pestivirus
Lane 7- BVDV immunoprecipitated with rabbit antiserum specific for BVDV
Lanes 8 and 12- molecular weight marker
Lane 9- Swine pestivirus immunoprecipitated with rabbit antiserum specific for the swine
pestivirus
Lane 10 - Swine pestivirus immunoprecipitated with rabbit antiserum specific for BVDV
Lane 11- Swine pestivirus antigens concentrated from a lysate of infected cells by
ultracentrifugation through sucrose cushion
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GENERAL DISCUSSION
Sow death is not an unusual event. However, reproductive failure and neurological
disorders in sows with mortality in an area free of pseudorabies and where exposure to
exotic disease is very minimal attract the attention of pork producers and veterinarians. The
recent emergence of the disease commonly referred as "Sow infertility syndrome" or
"Porcine Reproductive and Neurologic Syndrome (PRNS)" brought a new challenge to the
U.S. swine industry.
Extensive diagnostic investigations resulted in the repeated and consistent isolation
of a cytopathic enveloped virus (Virus X) 45-55nm in size from clinical cases, which was
later determined to contain a positive-sense RNA genome. Observations from an animal
inoculation study with pregnant sows clearly demonstrated that Virus X is capable of
crossing the placental barrier and causing the loss of pregnancy most likely due to
embryonic or fetal death as evident by recovery of the virus from fetal tissues. Furthermore,
development of meningitis or encephalitis lesions in the brains of young cesarean-derived,
colostrum-deprived (CDCD) pigs after inoculation with Virus X also indicated that the virus
may be able to cause neurologic disorder in infected animals. All these pathological
changes are considered to be due to the attack of Virus X since the virus was recovered
from brain tissues. In short, Koch's postulates were fulfilled with Virus X and all these
experimental findings well match with field observations of PRNS. Therefore, Virus X is
postulated to be the causative agent for PRNS.
Virus X could not be recognized by antibodies raised against various viral agents that
have been implicated in diseases of swine except polyclonal antiserum raised against
bovine viral diarrhea virus (BVDV). Infection of Virus X to a permissive cell line also was
neutralized partially by anti-border disease virus (BDV) antibodies. The cross reactivity of
Virus X with anti-BVDV or anti-BDV antibodies suggested that Virus X is likely a pestivirus.
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In support, the protein profile of Virus X as determined by Western immunoblotting is similar
to that of pestiviruses. Furthermore, partial sequences of Virus X's NS3 gene, which is
known to be highly conserved among pestiviruses, showed a relatively high sequence
homology with known pestiviruses as compared to other common swine viral pathogens.
Based on the serological evidence and amino acid analysis the virus was tentatively
classified to the genus Pestivirus in the family Flaviviridae.
The possibility that Virus X is classical swine fever virus (CSFV) can be ruled out
since U.S. swine populations are free of CSF. Virus X is not BVDV, BDV or their variant for
three reasons. One, no part of genomic RNA could be amplified by PGR assays specifically
designed to detect BVDV or CSFV. Two, field observations have suggested that Virus X can
be readily spread among pigs whereas pigs are considered to be the dead end host for
ruminant pestiviruses. Third, the majority of hog operations in the United States have very
minimal contact with ruminants. Therefore, Virus X is postulated to be a novel swine
pestivirus. A monoclonal antibody developed in this study, which was determined to be
specific for NS3 protein of the virus, will be of help for specific detection of this novel swine
pestivirus as no cross reaction with existing pestiviruses which were available during the
study was observed.
With respect to control of PRNS, this study demonstrated that Virus X, like any other
envelopee virus, can be easily inactivated by lipid solvents or detergents. The virus also was
fragile to acidic environments and high temperatures. Good stability of virus infectivity at 4°C
should be taken into consideration for handling samples for diagnostics. Nonetheless, the
ability of Virus X to cross the placental barrier (i.e., in utero infection) and infect lymphocytes
is of a great concern for effective prevention and control of Virus X infection.
This study has been a good example of responding as a member of the diagnostic
community to a newly emerging disease in order to identify the etiology of the problem. As
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demonstrated throughout the study, conventional laboratory methodologies still hold their
usefulness in diagnostic investigations which can be greatly enhanced by molecular aid.
Therefore, it is imperative that diagnostic labs maintain the balance between conventional
and molecular tools. This study also raised the great need of diagnosticians to be aware
about and deal with new problems. In this study, a previously unrecognized pestivirus-like
virus was identified as the etiological agent for the newly emerged disease, PRNS. The virus
was partially characterized; the virus-specific reagent was prepared to aid the diagnosis of
the novel swine pestivirus associated diseases; and Koch's postulates were fulfilled. Yet,
epidemiological studies remain to be conducted to assess the prevalence of disease and
understand the transmission of the virus. Pathogenesis studies also are in order to better
understand the disease. As control of pestivirus-associated diseases has been proven to be
difficult, extensive immunobiological studies are needed. For this virus, further molecular
characterization is required for comparative studies with other pestiviruses and development
of an effective vaccine.
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