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Abstract

Bovine vird diarrhea virugBVDV) is an important infectious agent that affects cattle
worldwide (Baker, 1995; Houe, 1999\ cute infections with some strains of BVDV may cause
immunasuppression and clinical signs of gastrointestinal, reproductive, and respiratory disease
(Fulton et al., 2005a; Makoschey et al., 20@lt)ategies to prevent and control BVDV include
guarantine and other biosecurity measures to control the spread of infectionandtbetween
herds, identification and slaughter of persistently infected cattle, and vaccifixtak, 2004;
Kelling et al., 2000; Reber et al., 2008)n important factor in the evaluation of BVDV vaccine
efficacy is rapidity in eliciting an adequate immune response to protect cattle from negative
outcomes when exposed to the virus within a few days after vaccinatias hypothesized that
a single dose of a commercrmbdified-live virus (MLV ) vaccine (cotaining BVDV type la
and 2 strains) would protect cattle from acute BVDV infection when experimentally inoculated
with a NY-1 BVDV soon after vaccination (3, 5, or 7 days pestcinatian). Our results
indicated that radified-live BVDV vaccineadministered or 7 days before challengesvented
fever, viremia, and leukopenia in calves inoculated with NBVDV. However, a high
proportion of calves vaccinated 3 days before challenge shed BVDV after inoculation.

Infection of pregnant cattle with BVDV magsult in abortions, stillbirths, or the birth of
calves with congenital defects or persistently infected with B(B&ker, 1995)Persistent
infections occur if a susceptible pregnant cow is infected witbnaytopathicricp) BVDV
strain at 30 to 125 days of gestat{@nock et al., 2005)At this time of gestation the fetal

immune system is not completely developed and not able to recognize BVDV as a foreign



antigen; thus the fetus becomes immunotolerant of the infecting BVDV straih.c8ves
continually shed large amounts of BVDV, representing a risk to susceptible herdmates
(McClurkin et al., 1984) The efficacy of modifiedive BVDV vaccines to prevent fetal
infections and the development of Pl animals has been previously evaluated, reporting values
between 57.9 and 100€Brock and Cortese, 2001; Brock et al., 2006; Cortese et al., 1998a;
Dean et al., 2003; Fulton, 200%yh et al., 2011; Rodning et al., 2010#) major concern of
MLV BVDV vaccines is the potential risk for contamination with foreign virulent strains
becoming a source of spread of BVDV infectigNsittall et al., 1977) In the second study of
this investigation we showed evidenafabortions an@VDV fetal persistent infections
following off-label immunization of pregm heifers with a contaminatedoatified-live ncp
BVDV vaccine. Even though the contaminated vaccine containechbp®VDV -1 and
BVDV-2, gRT-PCR and nucleotideeguencing analysis revealed that vaccinated heifers
developed only BVDV2 PI fetuses. Furthermore, BVDV was apparently shed to unvaccinated
heifers causing fetal infections from which only BVEIMvas detected.

The virulence of the BVDV strain has beanrelated with the ability of the virus to
cause a decrease in lymphocyte co(iktdling et al., 2002b; LiebleTenorio et al., 2003a;
Liebler-Tenorio et al., 2003@nd impair leukocyte function. Thus, highlywent BVDV
induce a significantly more severe and longer lymphopenia and lymphoid tissue depletion than
less virulent BVDV(Kelling et al., 2002b; Lieblefenorio et al., 2002; LiebléFenorio et al.,
2003b) Thethird and fourth studies of thiesearclwerefocused on thevaluation of the early
immune responsghrough the mRNA gene expressidoljowing inoculationin beef calvesvith
high or low virulence BVD\strains. Theestudies were performed tietermire a possible

association between BVDV virulence and the mechanisms by which this virus cause



immunosuppression in susceptible cafflee resultsdemonstratedn upregulation of type |
interferorinduced antiviral stat@ spleen andracheebronchiallymph nodes of calves
inoculated with high and low virulence BVDV strains. A significantragulation of caspasg
and-9 was observed itracheebronchiallymph nodes in the calves inoculated with the low
virulence BVDV =0.01), but not in those inoculatedgth the highly virulent BVDW2 1373.
There was a differential expression of some interféndnced genes (OA% and ISG15) and
pro-apoptosis markers based on BVDV virulence and genotype. In adéijoerimental
inoculation with BVD\W2 1373 stimulad a significant mMRNA expression of both pro
inflammatory(TNF-U, -11bL, -ol, FAILL12, IL-15), and antinflammatory (L-4, IL-10,
TGF-D) cytokines. However, inoculation with BVDY SD-1 only resulted in upegulation of
IL-12 and 115 mRNA, which g associated with activation of macrophages and NK cells
during the innate immune respon$le observeditferential expressiownf early immune
response aftenfection with lowor high virulence BVDVmight reflect differences iwiral
pathogenesiand ould possibly determine thainical outcomeThe analysis of cytokine
expression during the early evenfsmmune response to BVDV could have important
implications for selection of BVDV strains to be used for new vaccine produsince the
efficacy d avaccire will depend on hovefficiently it stimulateghe innate anearly adaptive

immune response
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I.  Literature review

1. History of Bovine Viral Diarrhea Virus

In 1946, Olason, MacCallum and Foftom Corndl University described a new
transmissible disease in cattle observed in Ithaca, New, ¥adsed by an emergent virus. The
disease was characterized by fever, depression, leukopenia, anorexia, diarrhea, dehydration,
salivation, nasal discharge, gastresitnal erosions, and hemorrhages in various tig&iasson
et al., 1946) The morbidityandmortality of the initial outbreaks are33-88%and 48%,
respectively Productive consequences observed during these outbreakseiddrateasa milk
production andheoccurrence of abortionsd respiratory disease in cows. The diseased animals
developed a significant leukoper@ancurrent with clinical signs of illnesahichwas
considered to be indicative of a viral infection. Some other animals also showed severe
leukopenia withotianyclinical sigrs of diseas€Fox, 1996) The lesions obovine viral diarrhea
virus BVDV) were similar to those of rinderpest, an exotic disease for the U.S. However,
because US cattle welngghly susceptible to rinderpests occurrencevould have presented
with a much more devastating clinical picture, includifggher mortality rate. Addionally,
experimental serological and clinical studies demoresttaat sera from cattle that recovered
from this disease did not neutralize rinderpest vinaos did the diseased animalsmonstrate
resistance to infection with rinderpest vi(\/galker and Olafson, 194.7)
In 1946,Childsreported a similar but more severe clinical disease occurri@gtario,Canada
(Childs, 1946)This disease was characterized by fever, anorexia, depression, profuse salivation,

nasal discharge, gastrointestinal hemorrhages, severe diarrhea with watery feces and sometimes



mixed with blood, oral erosions and ulcers. Few aninmetie herd were affected but case
fatality rate was high. In 1958Ramsey, 1953)ported MD in US and gave theséase its
name. However, Childs' report wiaser considered the first description of mucosal disease
(MD) in cattle(Pritchard, 1963)

(Lee and Gillespie, 1957depmonstrated that the pathogen isolated ftbnical cases of
disease was bovine viral diarrhea virB¥DV) (isolate N¥-1) did not @use cytopathology in
cell cultures. On the other hand, the virus isolated from MD did produce cytopathic effects
(Underdahl et al., 1957The discovery of cytopathic strains permitted the development of virus
neutralization assays for antibotier detectionGillespie et al., 1961)At this point the
neutralization assays indicated that viral agents isolated from BVD and MD in North America
and Europe were the sapamd that BVD and MD werdifferent disease manifestations caused
by the same pathogéGillespie et al., 1961)

Pritchard (1963}tated that BVD occurs in three differ@tinical forms: severe acute
BVD, mild acute BVD and BVIMD. A field study showed that seven animals with MD were
viremic and serologically negative to the vi{fiomson and Savan, 1963)ggesting that
diseasednimals were unable to develop an immune resp@rse mechanism proposed to
explain persistent infection and the failure of caitith MD to produce antibodies to BVDV
was the development of BVD¥pecific immune tolerance during intrauterine infection
(Malmquist, 1968)An alternative mechanism proposedMgimaquistwas the destruction of
immunological competent cells by the virfiMalmquist, 1968) The hypothesis of
immunotolerance and intrauterineaction wadaterproven inthe 1980s.

Abortion outbreaks were also associated with BVDV infect{@lafson et al., 1946)

Evidence of an etiologic role was the isolation of noncytopathic BVDV from aborted fetuses



(Baker et al., 1954; Gillespie dt,al967; Olafson et al., 1948}ongenital defecisuch as
cerebellar hypoplasia, cataracsdretinal degeneration, were evidenced in calves bodanas
infected with BVDV during pregnandyVard et al., 1969Kahrs et al. (1970)eported that
infection occurred around 1383 days of gestatian 3 of the calves with cerebellar
hypoplasia(Kahrs et al., 1970)

Darbyshire (1962%tated that B2V was antigenically related to hog cholera virus, more
commonly known as classical swine fever virus (CSFV). This encouraged the idea of swine
immunization using BVDV to elicit protection from CSFV infection. However, the US
Department of Agriculturevasagainst the use of BVDV for this purposased on the fact that

BVDV was isolated from naturally infected swi(feernelius et al., 1973)

2. Clasdfication and molecular biology
2.1. Taxonomy

Bovine viraldiarrhea viruss a single stranded positive sense RNA virus belonging to the
Pestivirusgenus and thElaviviridae family (Lindenbach and Rice, 2001; Ridpath, 2008is
an enveloped virus, which ks it susceptible to inactivation by solvent and detergents.
(Ridpath, 2005b)The genome consists of a single open reading frame (ORF) flanked by 5' and
3' untranslated regions (UTRJollett et al., 1988a; Collett et al., 1988b; Deng and Brock, 1992)
During translation, the single ORF prodaseesingle polyprotein that is cleaved by viral and host
proteasemto individual viral proteinsThis polyprotein produces strucaliand nonstructural
proteins. he nucleotide sequence that codes for the nonstaligiateins is localized near the 3'
end, whereas the structural protein sequ&loeaed rear the 5' end of the genorft@ollett et

al., 1988b; Ridpath, 2003)



In contrast tmther members of thielaviviridaefamily such as hepatitis C virus,
pestiviruses encode for two unique proteins: nonstrugboogein Nand E™. The first is an
autoprotease, which cleaves itself from the original polyprotein. The nonstructural profes E
an envelope glycoprotein with RNase acti\i@ollett et al., 1988a; Ridpath, 2005a)

The genu$estivirusincludes four species: BDV-1, BVDV-2, border disease virus
(BDV) and classical swine fever virus (CSFV). This species differentiation has been accurately
performed based on phylogenetic analysis of genomic sequgtaresawa, 1996; Harawa
and Giangaspero, 1998; Hofmann et al., 1994; Ridpath and Bolin, 1997; Sullivan et al., 1997)
The parameter most commonly used to differentasivirusspecies is the degree of sequence
homology in the 5' UTR regioifFalcone et al., 2001; Ridpath and Bolin, 1997; Ridpath and
Neill, 2000a; Ridpath et al., 200Q)jowever, differences between BVBVand BVD\/2 are
found throughout the genome sequence.

Pestiviruses have the albylito antigenically crosseact(despite antigenic differences
between speciesThus, previous efforts to classiBestivirusinto species based on serological
monoclonal antibody binding assay had limited suc(®sbkn et al., 1988; Edwards at., 1991,

Hess et al., 1988; Zhou et al., 1989)

2.2.BVDV Genotypes

As mentionedBVDV has been classified into two genotypes BVAD\And BVD\/2,
based on differences in genomic sequences. The first published classification of BVDV strains
intotwodf f er ent genotypes was ba(Ridpdthetal, 189dmgmp ar i son

highly conserved region, compared with other portions of the geflcamgs et al., 1991;



Ridpath and Bolin, 1991 However, further nucleotide sequencing analysis revealed that
differences between genotypes can be fourmltihout the genom@&idpath and Bolin, 1995b)
Early studies for genotype classification of BVDV allowed the identification of a BVDV
strain isolated from animals suffering fraothemorrhagic syndromes a different gertgpe from
those commonly use@ifvaccine production, diagnostic tests and rese@eherin et al., 1994)
This new group of BVDV was classified as BVDVgtype2; whereas the strains used for
research, diagnosis and vaccines was designated as BVDV geho®pth genotypes have
similar rates of,suggestingahatithe two gemotygeshhave be@n e\olviRg
for approximately the same timpan This indicates that the BVDY genotype is not a new
emergent virus, but was regiuized after the BVDVL genotype. An early study emphasized that
not all BVDV-2 strains cause severe acute clinical disease and hemorrhagic sy(ididpa¢h
et al., 1994)In that survey only 32 out of 76 BVDY strains wex associated with severe
clinical diseas€Ridpath et al.1994) The same authsstated that the majority of BVD¥
strains present in North America seem to be no more virulent than BV&ikaingRidpath,
2005a) However, it isapparentlyclear that only strains from the BVD¥ genotype &
associated with severe acute disg&sd#in and Ridpath, 1992; Lieblérenorio et al., 2002)
Strains of the BVDV1 genotype can be classified in two subgenotyP¥®V-1a and
BVDV-1b (Pellerin et al., 1994)which can be differentiated by monoclonal antibodgesdin
and Ridpath, 1998nd RFPCR analysigRidpath and Bolin, 19985tudies have identifietthat
BVDV-1b strains arenore prevalent than BVD\La strainsand aranore frequentlysolated
from calves that die with gross lesions of pneumdiRidion et al., 2003a; Fulton et al., 2005b)
On the other handBVDV -1a strains may predominate in BVDV fetal infectidingt occur in

late gestatiofEvermann and Ridpath, 2002)Similarly, BVDV-2 strains have been segregated



into BVDV2a and BVDV 2K(Flores et al., 2002However, thiggenotypic classification has not

been officially accepted

2.3.BVDV Biotypes

BVDV strains are classified into two different biotypes cytopafti) and noncytopathic
(ncp), based on the effects viruson cell culturegLee and Guillespie, 1957Both biotypes
code for the nonstructural protein NS2Cytopathic strains have the ability to cleave the-8S2
to an NS2 and an NS3 protein. Therefopesttains of BVDV evolve fronmcpBVDV by
insertion, recombination, mutation, duplications, or deletRidpath and Bolin, 1995b; Tautz
and Thiel, 2003)The production of NS3 is associated with insertion of nucleotide sequences
into the viral genome at the carbetgrminus flanked by the aminoagdsition 1535 (position
A) or 1589 (position BJRidpath, 2005a)

Different strategies & been hypothesized for cleavage of NS2/NS3 after the genomic
modification Thesenclude: formation of new cleavage sites, introduction of attdgtc
sequences, introduction of conformational changes signaling cellular proteases, or activation of
latent protease activity directly encoded by NB2yers and Thiel, 19965 pecifically, the
insertion at the aminacid position B may introduce a new cleavage site at the catbaxynus
or add an autocatalytic actiyiait the carboxyerminus of the insertion, producing separation of
NS3. Insertion at position A also results in cleavage of aaibposition 1589, since it might
induce conformational changes that permit cleavage via a cryptic mechaisnmatacidl 589
(Meyers and Thiel, 1996Most of thecp BVDV strainsthat have bencharacterized in the

literature seem to be the result of genomic insertion of host cell genomic sequences or



duplication of viral sequences aadly asmall number appear to be associated with

recombination between BVDV strai(idietala and Crossleg005)

2.4.Pestivirus virion structure

Pestivirusvirions are spherical particles, enveloped between 40 and 60 nm in diameter.
The central capsid is composaidC protein and genome RNAvhich aresurrounded by a lipid
bilayer (Ridpah, 2005a) Three virus encoded proteins fEE1 and E2) are recognized to be
associated with enveldRidpath, 2005a)

The Pestivirus viriogare stable within a pH range of 5.7 to &d&afez and Liess, 1972)
Similar to dherenveloped viruss pestiviruses are susceptible to inactivation by organic
solventsanddetergents, trypsin treatmefhiess, 1990)electron beam irradiatigPreuss et al.,

1997) and gamma irradiatiofLee et al., 1998)

2.5.Pestivirus Genme

The Pestivirus genome has an approximate length of 12(B&tgy and Brock, 1992;
Ridpath and Bolin, 1995b; Ridpath and Bolin, 199%)e genome corresponds with a single
ORF of approximately 4000 codons loeell between the 5" and 3' UTR. There is no cap
structure at the 5' er{@eng and Brock, 1992jor apoly (A) tract at the 3' enfRidpath, 2005a)
Incontrastit he genome ends in a 3° poly (C) tract.
upstreanfrom the translabn initiation site.

Similar to other pesti vi maasugngpprotintaely3B®» UTR
nucleotides. Pestiviruses show a high nucleic acid identity in the 5' UTR. However, there are two

short regions that vary significantly amongsfpéruses, one of which is located between



nucleotides 208 and 223 and the other between nucleotides 294 gild§#28h, 2005a)These
sequence differences have been used to differentiate BVDV genttypeghPCR and
nucleotide sequeing analysigRidpath and Bolin, 1998)

The 5' UTR contaisitertiary structures which functions as internal ribosomal entry site
(IRES), mediating the initiation of translatiqibeng and Brock, 1992 he tertiary structure
forms pseudoknots identified as A, B, C, D1, D2, D4 and@&ng and Brock, 1993Yhe
tertiary structures forming the IRES mediate internal attachment of ribosome to the translation
initiation codon(Hietala and Crossley, 200f) start translation in a capdependent manner. It
has been hypotl&ed that the pseudoknots seastructuralrole in the placenent ofribosomes
over the initiation codon AU@emon and Honda, 1997 he 306 UTR al so cont ai
secondary structures. There are tvairpin loops that serv®e direct initiation of negative strand,
being esential for replicatiorfFields et al., 2001)

The pestivius genome encodes for a polyprotein that costadividual viral proteins
in the following order: K° C - E™- E1- E2- p7- NS2/3- NS4A- NS4B- NS5A - NS5B.The
viral-encoded proteins Npro, NS3 (serine protease, ATPase, and RNA helicase), BS4A (c
factor of NS3), NS4B, NS5A (serimosphoprotein) and NS5B (RNdependent RNA

polymerase)constitute the protein replication complex

2.6.Replication Cycle
Pestivirus infections a multistep process of binding and enimitiated by recepter
attachment or interaction of viral proteins"{Eand E2) with specific host cell receptors [e.g. low

density lipoprotein receptg¢Baranowski et al., 2003dr CD46(Zezafoun et al., 201];)which



subsequently promotes entry by internalization andi@ptndent fusion of theral envelope
and cell membrangue et al., 1997)

Recent studies hawvkemonstratethe presence of two important peptides (66EQIV69
and 82GQVLALS8T7)for the attachment platforigthroughmappingof the BVD-virion-binding
site). In the sametsidy, a complex mRNA splicing pattern was also evidenced for bdviD#6,
generating three different seritt@reonineproline segments and five different cytoplasmic
domains associated with 10 bovi@®46isoforms which render cellpermissive to BVDV.
This study implied that virus binding generates a cytoplasaiicependent outsidia signal
that determinesell permissivity to BVDV(Zezafoun et al., 2011)

After entry, the genomic RNA is uncoated aneaskd into the host cell cytoplasm,
allowing thye initiation of viraprotein synthesiHietala and Crossley, 2005)ranslation is
carried out usinghe IRESlocated within the 5' UTR (caipdependent mechanisp@gs described
above(Ridpath, 2005a)This 5' UTR secondary structure contains 7 domains (A, B, C, D1, D2,

D4, D5) some of which are essential for translaf{ldeng and Brock, 1993)

2.7.Viral proteins

The synthesized polyprotein is cleavsath cotranslationally and posttranslationalby
cellular and viral proteases. The nonstructural protéihsrves as aautoprotease ppmoting
its own cleavage from the polyprotein. The C protein forms the nucleocaphkemaion. The
structural glycopratin E™is an envelop@ssociated ribonuclease. The structural proteins E1 and
E2 are envelopassociated glycoproteinSpecifically,E2 is an immunodominant structural
protein which has the ability to elicit the production of specific neutralizingadigb. The role

of the next nonstructural protein, p7 is unknown. Some researchers hypothesize that this protein



is required for production of infectious virus but not for RNA replicaléarada et al., 2000)
The nonstructural proteingS2/3 and NS3 contain RNA helicase andelninal serine protease
domains which cleavihemselvesnd remaining nonstructural proteins from the viral
polyprotein. This is an immunodominant nonstructural protein. Purified BVDV NS3 also has
RNA-stimulated N'Pase activitie§Tamura et al., 1993; Wiaaner and Collett, 1995The

function of NS2 is unknowras t is not required for RNA replication and its cleavage from
NS2/3 does not affect the serine protease aciiBigrens et al., 1998NHAA is a nonstructural
protein with a role as a tactor for the serine proteabs2-3 and NS3. NS4B and NS5A &
been hypothesized to be replicase complex compo(Ritisath, 2005a)The role of NS5B is as

RNA polymeraséLai et al., 1999)

2.8.Translation and processing of the polyprotein

After translation of the polprotein the first nostructural proteipNP®

an auteprotease

cleaves itself from the polgrotein. Cleavage between C arltfEE1 and E2, and E2 and p7 are
subsequentlperformed by host proteasgdumenapf et al.,9493; Stark et al., 1993NS2/3 may

be further cleaved into NS2 and NS3 in cytopathic BVDV strauereas itemairs intact in

the noncytopathic biotype. These nonstructural proteins act as serine proteases that process the

remaining downstream protei{flNS4A, NS4B, NS5A and NS5B) from the polyprotéidpath,

2005a) This protease activity is facilitated by the cofactor NS4A.

2.9.Viral replication
The genomic RNA serves initially as a transcript for translation of the polypaotdin

then as a template for viral replication. A
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contributego the switch from translation to template replicat{¥ et al., 2000)Moreover,

accumulation of viral proteins (NS5A and NS5B) inhibits IREEpendent translation, which

may representrmthermechanism fothetranslationreplication switchPestivirusreplication is

performed throulg a viral replication complexnade up oSeveral viral nonstructural proteins

and viral RNA(Ridpath, 2005a)After protein synthesis, nonstructural proteins assemble into a
functional replicase comploeatalyahetrandceptioBa t er mi n
positivesense RNA into fullength complementary negatirgense RNAstrand Next, the

negative strands are used as templates to synthesize genomic positivevsrases

conservative mechanis(fong et al., 1998)A recent study suggested that the replication cycle

occurs in the cytoplasmic side of the endoplasmic retic@limang et al., 2003)

After replicaton, viral assembly and maturation are carried out in intracellular vesicles
the Golgi apparatus or endoplasmic reticulum where the lipid envelop is obtained through
budding into the vesicle. Finally, virions are released as early as 8 hours postir{féattall,
1980)by exocytosigGrummer et al., 200X%jince viral proteins are not detected on the
membrane of the infected ce{Ridpath, 2005a)

A strategy that BVDV uses to favor viral replication and survival is to stimulate th
expression of host genes invaiMa protein synthesis and pesanslational processings well
asdownregulatecellulargenes encoding proteins involved in energy production and cell
structure(Neill and Ridpath, 2003)Replication of BVDVoccursasan RNAdependent RNA
synthesis, which has bedascribed using a seroonservative asymmetric model. After
infection of cell culture, BVDV has been detected withié Bours, with a peak titer at2

hours posinfection(Gong et al., 1996)
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Pestiviruses use the singdganded positive sense RNA genomea tsmnplate for both
translation and replicatiors previously discussed, after protsynthesis begin®8VDV uses
host and viral coded proteinscotranslatn and postrarslation proteolyic processingn order
to obtain 11 individual viral proteins from a single polyprotein.

Along with other Rstiviruses BVDV has shown a high rategenetic insertion and
recombination during the replication procéselds et al., 2001) Recombination may occur
when virions with different genormseo-infect the same host cell, allowing genetic crossover
potentially resultingn a hybrid BVDV strainBecher et al., 1999Previous studies have shown
the existence of genomic hspots for viral recombination at the border of NS2 and,NS3
important for the generation of cytopathic BV3Yfains(nucleotide positions 1535 and 1589;
(Fields et al., 2001; Ridpath and Neill, 2&). Genetic recombinatiahave been previously
reported between cytopathic and noncytopathic BVDV; BYD&hd BVD\ 2 genotypes,

BVDV persistent infection strains and vaccine strains, and BVDV and host(RNMpath and

Bolin, 1995a) Insertions within the viral genome may occutlas result otuplicated viral
sequences, host ubiquitin, ribosomal ubiquitin gene fusion protein, host MRNA encoding a DnaJ
or Jdomainregulatory proteins, and multiple microtub@ssociated proteir(slietala and

Crossley, 2005)

The RNAdependent RNA polymerase (NS5B) responsible for RNA replication has a
very low proofreading activity, which results in a high mutation (steya et al., 2000)This
feature contributes with the production of a #immogeneous cloneollectivelyidentified as
guasispeciefMoya et al., 2000) Generation of quasispecies might be associated with ability of
BVDV to effectively evade the host humoral and cell mediated immune resp8otieset al,

1991)
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3. Transmission

Shedding and transmission of BVDV can be carried out by two patterns: transiently
during acute infections &usceptiblenimals and persistenflywhen the fetus is infected
between 40 and 125 days of gestafibnurmond, 2005) There ardive main factors affecting
BVDV transmission including infeatity (exposure dosage and route of infegtjonumber of
adequate contacts (nesenose), duration of the infectious period and prevalence, and the
presence of susceptible animadsich depends on the herd immun({ialoran, 1998) As
BVDV transmission occwwithin a herdinfected animals become immune and the number of
susceptible animals decline, decreasing the risk that an infectious anin@maiin contact

with a susceptible animérhumond, 2005)

3.1.Horizontal and vertical transmission.

Transmission of BVDV can take place vertically causing fetal congenital infection or
horizontally after birth or postnatal transmiss{@hurmond, 2005) During gestation, fetuses
that survive mfections with ncp strains between days 30 and 125 of gestation develop
immunotolerance and become persistently infected {lRBse animals serve @E&servoirs
disseminating the virus for lif@rock, 2005) There are two waysy which a fetus can become
persistentlyinfected. One is by transmission of the virus from a Pl cow to her fetesother
way is acute infection of the dam with a ncp BVDV strain before 125 days of gestation
transmitting the infeadn to the fetugBrock, 2005)

In utero transmissioaf BVDV after 120150 days of gestation, whémefetushas
become immuneompetentmightresult in abortion, stillbirth, congenital defects, or thehbof

a live normalappearing cal{Thurmond, 2005) Congenital transmission after 150 days of
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gestation can be demonstrated by the presence-gbjostral BVD\:neutralizirg antibodies in
calves at birthCongenitally infected calvdgve been repordeto have a high risfor the
developnent ofsevere diseases in the firsb4nonths of lifeand to experience fertility problems

as heifergMuiioz-Zanzi et al., 2003Horizontal transmission results in acute infectiamsh
severityvaryingfrom mild or inapparent to fatal disease. Acutely infected animals shed the virus
transiently for approximately one week. Routes of horizontal transmisaiendeen well
documented including noge-nose contact, BVD\Wontaminated fomites, and vaccination with

a MLV vaccine(Radostits et al., 1999)

3.2.Routes and means of transmission

BVDV can be shety acutely infected and Pl animdlsoue, 1995)in excretions and
secretions such as mi(khurmond, 2005)tears, saliva, urine, feces, nasal discharge, and semen
(Brock et al., 1991) Transmission of BVDV via semen can result in acute and persistent
infection. Aprevious study showed that 12 seronegative heifers thatanédreially inseminated
with semen from a PI bull developaduteBVDYV infection and seroconvertgiieyling and
Mikel Jensen, 1988)n the same studgne of the 12 heifers gave birth to a PI calf (8%),
showing a significant potential not only for acute transmission of BVDV from PI bulls but also
for the development of persistent infectigheyling and Mikel Jenseri,988)

Embryo transfer has been recognized as an important means of BVDV transmission
(Thurmond, 2005)The virus can be transmitted to the embryo or fetus by the donor, the
recipient or if the fetal calf serum used during the flushing process cedBMDV (Brock et
al., 1991) In addition, previous studies have shailvatBVDV might be associated with single

transferablen vivo derived bovine emlyos despite washing and trypsin treatm(@imurmond,
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2005) Gard et al(2009)evaluated the potential of BVDV to be transmitted via the intrauterine
route at the time of embryo transfér.this study, #er collection and washing, embryos were
placed nto transfer media containing BVDV and then nonsurgically transferred into the uterus.
At 30 d after embryo transfer, 6 of 10 heifers in the treatment group were pregnant; however, 30
d later, only one was still pregnant. This fetus was nonviable andosa&e for BVDV. The
authors concluded that BVDV associated with bovine embryos after in vitro exposure can result
in viremia and seroconversion of seronegative recipients after transfer into the uterus during
diestrugGard et al., 2009)

A previous study demonstrated that BVDV can be transmitted to seronegativeycattle b
transrectal palpation of the reproductive tract using the same palpation sleeve that had been
previously used to palpate a Pl anirfladngRee et al., 1994)

It has beemeportedthat BVDV can survive in a cool, protected environment for several
daysto weeks(Houe, 1995) Therefore, fomite or iatrogenic transmissioight occur f
susceptible cattle are exposed to equipment previously used with BVDV infected ghimads
1995) Aerosol transmission of BVDV from coughing calves with respiratory disease caused by
BVDV1b has been reported in cattle managed uodevdedenvironmental condition@Baule et
al., 2001) Additionally, BVDV has been isolated from face fliddusca autumnaljsfeeding m
a Pl animalGunn, 1993)Another study showed thabble flies Stomoxys calcitrans
horseflies laemapota pluvialisand head fliesHydrotaea irritang were able to transmit
infection to susceptible anima[§arry et al., 1991)However, a more recent study revealed that
BVDV may be detected in horn flies collectedm PI cattle, but horn flies do not appear to be

an important vector for BVDV transmissi¢@hamorro et al., 2011)
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Transmission of BVDV can also occur if susceptible cattle are vaccinated with a MLV
vaccine during pregnancy, representing a risk for abortion, congenital defects, stillborns and
development oPI calveqLiess et al. 1984) Moreover, transient shedding of BVDV by animals
vaccinated with a MLV vaccine may represent a risk for BVDV transmissiocantwningled

susceptible pregnant cat{fehurmond, 2005)

3.3.Transmission from persistently infected animals

Persistatly infected animals shed high amounts of BVDV in secretions and excretions.
However, some Pl animals halveenshownto haveintermittent vireme episodesnd shedding
(Brock et al., 1991)These animals remain undetected in the ,iveptesenting a risk for
prolonged and continued transmiss{Moerman et al., 1993)Pregnant Pl cows invariably will
give birth to PI calves. This concept can be used to identify Pl maternal lines by testing the dam,

daughter and sons of Pl fema({&sock et al., 1991)

3.4. Transmission from acutely infected animals
Transiently infecte@nimals shed BVDV in body secretions and excretions for a short
period of time, commonlg few days(Niskanen et al., 2000However, the duration of shedding
and the amount of virus shed by acutely infected animals will depend on the virulence, the ability
of the vral strain to replicate and the pe:ce of crosprotecting neutralizing antibodies
developed from previous exposure including vaccingiiBmiin et al., 1991; Bolin and Ridpath,
1992) It has been reported that acute infections with highly virulent BVDV strains might result
in severe clinickdisease and shed the virus for over a week, compared with infections with low

virulence straingKelling et al., 202b).
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Acute BVDV infection of young bulls approximately at 10 months of ageen the
blood-testicle barrier is being developedightdisplay prolonged shedding of virus in senfi@n
at least 11 months thereaff@hurmond, 2005)In these cases thérws cannot be detected in
serum, buffy coat, or other organs except the testwligls high serum neutralizingntibody
titers maintained to the homologous vifi®ges et al., 1998)Thereforeit is recommended to
routinely test bull semen for BVDV as part of a screening program.
As mentionegreviously,passive or acquired immunity can affect BVDV transmission
by decreasing the amount and duration of BVDV shedding. Aestexftduratn ofshedding
will enhance herd immunity by reducing the risk of susceptible animals to be infected if they are

exposed to acutely infected anim@lfiurmond, 2005)

4. Viral Pathogenesis
4.1.BVDV-induced immune organ dysfunction

BVDV has the abilityto infect cells in the bone marrancluding nyeloid cells and
megakaryocytesffecting their functioa (Spagnuolo et al., 1997nfection with BVDV
significantlydecreases thymocyte functi@arshall et al., 1994 Normally thee cells are
clonally selected to mature as a result of negative selection in the tiythdke remaining
lymphocytes undexgng deletion by apoptosis. Similar to other lymphoid tisstiesre is
remarkable lymphocyte depletiontimethymus after BVDV irfiection; however, viral antigen is
not detected except in vascular wéllgebler-Tenorio et al., 2002Previous studies have shown
a remarkable alteration of@ells in Peyer's patches after BVDV infection, characterized by
depletion of lymphocytes. Similarly, cattle sufferimngm mucosal disease show extensive loss

of lymphocytes in gut associated lymphoid tissue. This lymphoid depletion is characterized by
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decreasd numbes of B cells and CD4T cells in the lymphoid folliclesas well aglecreased
CD4' T cells in the interfollicular aredkiebler et al., 1995) Both cp and ncp BVDV are able
to infect splencells. Early in infection, viral antigen is present, but lesionsatdetected.
However, lesions develop later in infectioy approximately 2 weekand the virus ray or may
notbe present depeing onthe virulenceof the infecting BVDV strair(Liebler-Tenorio et al.,

2003b)

4.2.Virulence

Most acute BVDV infections (790%) are subclinical; howevegme BVDV strains
may cause severe clinical presentations, sucaspratory diseashich causeubstantial
economical losse® the cattle industry worldwide, especially in feedlots syst@akon et al.,
2005b) Even though the majority of theansientinfections with ncp BVDV arelinically
inapparent and selimiting, there is evidence that they result in immunosuppre¢€ibarleston
et al., 2002) Respiratory disease durirgute BVDV infections has been associated with
secondary infections as a consequence of increasedusaeptibilitydue to
immunosuppressiofKapil et al., 2005pr exacerbated pathogenicity of-gecting organisms
(Evermann and Barrington, 2005¢c-infection and synergistic effecbetween BVDV and
Mannheimia haemolytic&asteurella bovine herpes virus type(BHV-1), bovine respiratory
sintitial virus BRSV), Parainfluenz& (Pls) virus, MycoplasmgPotgieter et al., 1984a;
Potgieter et al., 1984lmave been well documented. Additionally, concurrent infections with
BVDV and Salmonella sppEscherichiacoli, bovine popular stomatitis virus, rotavirois

coronavirus have beeaisoreported Grooms, 1999)Similarly, it has been reported that
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attenwated virus in MLV vaccines also induces immunosuppression, whakerious drawback
to the vaccinepotentiallydecreasing its efficacy in protecting the anin{®stgieter, 1995)

Experimental and field evidence have demonstratedrthio BVDV biotype
cytopathology does not correlate with the BVDV venutein vivo (Ridpath et al., 2006}3hat is,
the most clinically severe form of acute BVDV infection has been associated with ncp -BVDV
strains(Carman et al., 1998However, not all BVDV2 are highly virulen{Ridpath et al.,

2000) Thus, the wide range of clinical presentations follovangteBVDYV infections depensl

on the viral strain and immune status of the anifRalpath et al., 2006 NoncytopathicBVDV

has had a widatistributionin the hostompared tdhhomologous cp virwes(SpagnuoleWeaver
et al., 1997)

Clinically severe disease in susceptible animals infected with BZ[D¥s been
associated with a significant decrease of circulating lymphocytes and platelets, accompanied by
an increased body temperat{keebler-Tenorio et al., 2003b)n contrast, experimental
inoculation of calves wittow-virulenceBVDV -1 and BVD\£2 strains did not result in severe
clinical diseas€Bolin and Ridpath, 1992)

After infection, low virulence BVDV strains replicate in ttumsils and nasal mucosa
(Bruschke et al., 1998liebler-Tenorio et al. (2008) reported that viral antigen can be found
initiallyi n tonsil s, | ymph  raudsussguentgmspleeandteymés pat ch
(Liebler-Tenorio et al., 2003ayiral antigen is predominantly detected within lymphoid follicles
and thymic cortex assiated with lymphocytes and stromal célleebler-Tenorio, 2005) In
that study the presence of viral antigen was not associated with tissue (esbles-Tenorio et

al., 2003a)At day 6 posinfection, BVDV antigen was widely distributed and in high amount,
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followed by a rapid clearan@companied by lymphoid depletion of the lymphoid follicles and
thymic cortex(Liebler-Tenorio, 2005)

Infection with highly virulent BVDV results in severe clinical signs and significant
leukopenia, with a high morbidity and mortal{olin and Ridpath, 1992; Lieblérenorio et al.,
2002) Someinfectedanimak develop severe haemorrhage as a result of significant
thrombocytopenia (hemorrhagic syndrome), althaigghdoes not occur frequent(f3olin and
Ridpath, 1992; Liebleienorio et al., 2002)The dissemination and distribution of viral antigen
is initially similar to that of low virulence BVDV strains. During the initial stage of the infection
viral antigen is only found within the tonsils and lymphoid tissues, but the amount of virus
rapidly increases to levelsigherthan those detected after infection with low virulence BVDV.
In contrast to low virulence strains which the viral antigens are restricted to lymphoid follicles
and the virus is cleared readily, viral antigens of highly viruleatrssarewidely distributed in
lymphoid tissues including the T cell zonaadmultiple other organgStoffregen et al., 2000 )
Thus, viral antigen can be widely detected in lymghissue and mucosa of the gastrointestinal
and respiratory tract as well as the interstitivascular wallsand parenchymaells suggesting
haematogenous dissemination. However, the presermistologicallesions is restricted.

Lesions associated thiloss of lymphocytes are observed in lymphoid tissues. Infection with
high virulence BVDV strains is also associated with severe neafsisiphoid tissues anthe
mucosa of the respiratory and digestive tract evidenced by erosion and ulgSttftregen et
al., 2000 )

An inconsistency between the detection of viral antigen and the presence of lesions is
evident in the initial stages of the diseélsebler-Tenorio et al., 2002PDuring theinitial stages

of infection large numbes of cells positive for viral antigen can be detected in lymphoid tissues
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with absence of morphological lesis, whichsubsequentlappear during later stages of
infection.

Therefore, infections with low and high virulence BVDV have similarities during initial
stages of infection and spread. However, there are remarkable differences in the amount of virus
in tissues and spread during the advanced stages of infddedater-Tenorio et al., 2003b)
showingawidespread distribution after infection with high virulence BVBdMmpared t@arly
clearance of low virulence strain

Kelling et al.(2002) and LiebleiTenorioet al (2003) reported that the virulence of the
BVDV strain is correlated with the capacity of the virus to cause a decrease in lymphocyte
counts(Kelling et al., 2002a; Lieblefenorio et al., 2003b)lhese authors evaluated different
isolates of BVDV2 and concluded that even though lymphaegletion was noted in calves
infected with both low and high virulence BVDV strains, the highly virulent isolates induced a
significantly more severe and longer lymphopdri&0% reduction in leukocyte numbees)d
lymphoid depletiorcompared tahe les virulent isolate$<50% reduction in leukocyte
numbers)Liebler-Tenorio et al., 2003bAdditionally, the duration of the leukopenia, degree of
viremia and severity of the clinical signs has been also associated evitinutence of the
BVDV strain(Walz et al., 2001)The reductn in the total leukocyte count during BVDV
infections might occur as a consequencestiftrafficking from blood into tissueg decrease in
leukogenesis canoutright death of leukocytd®idpat et al., 2006)

In contrast to acutely infected animals, Pl animals show normal total leukocyte counts
(Bolin et al., 1985)but the proportiosiof lymphocyte subpopulatiens altereddecreased
proportion of Bcells and increased number of null celés)d leukocyte function might be

impaired(Brown et al., 1991)
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A recentin vitro study to elucidate the effects of different BVDV strains (of distinct
biotype and virulence) on the leukocyte counts indicated that animals infected with a highly
virulent BVDV (strain1373) showed a decrease in total leukocytes with a high pereesftagll
death(Ridpath et al., 2006)he authors reported that infection with both rstpa{n1373) and
cp (strain296) BVDV-2 caused the death of bovine lymphoid cells {Btell line). Howeer,
the interval between infection and cell death and the mechanisms involved in cell death were
different(Ridpath et al., 2006)n this studythe infection with both high and low virulence
BVDV-2 strains causeddecrease of leukocytes. In addition, there was an increase in the
percentage of apoptotic and necrotic circulating leukocytes in all infected anaithala,
significantly highelevel observedn animals infected with BVDY2 (strain1373) on day 4, 6
and 9 post inoculation®idpath et al., 2006) These results suggest a correlation between
infection with highly virulent BVDV and death of circulating leukocytB&dpath et al., 2006)

In addition, by day 5 poshfection there was a lower growth rate in cells infected with a
highly virulent type 2 BVDV $train1373) than in either control cells or cells infected Wags
virulent type 2 BVDV §train285085). Moreover, by day 7, most of the cells infected with
BVDV (strain1373 were ded (Ridpath et al., 2006 However, the analysis of the casp8se
activity indicated that there was no evidence of apoptosis in cells infected with ncp BVDV
strains 0f high and éw virulence). In contrasthere was extensive apoptosis in cells infected
with the cp BVDV(strain 296, which was in agreement with previous esments showing
programmed cell death of bovine cells infected with cytopathic stodiBYDV (Hoff and
Donis, 1997) Even though the mechanisms of cell death caused by highly virulent ncp BVDV
were not explained in that study, it wasar that they are different from those involved in

apoptosis of cells infected with cytopathic BVIRidpath et al., 2006)
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Brock et al (2007 reported that experimental challenge with a highitulent BVDV
strain 1373 causksevere clinical disease in 100% of nonvaccinated calves. The authors
concluded that this strain indwteore severe clinical disease with a higher level of mortality
than seen with other BVDYV infectioriBrock et al., 2007) In contrast, a subsequent study with
a similar design using a less virulent BVDV strain, revealed no severe clinical signs in any of the
animals(Palomares et al., 2012nh both studiesa significant leukopenia was evidenced in the
nonvaccinated animals, characteristic of acute BVDV infection. However, the nonvaccinated
animals ifiected with the highly virulent strain hadower value of total leukocyte counts
(approximately 2,400 WBC/uL on day 6 pastection) in comparisoto animals challenged
with the less virulent strain NX (approximately 4,900 WBC/uL on day 6 pastection). The
evidence of these related studies suggest a possible association between the BVDV virulence and
the mechanisms by which BVDV cause immunosuppression in susceptible\Gatilence
factors associated with BVDV fianotbeenclearlyidentified onan antigenic or genetic level
(Liebler-Tenorio, 2005)

Another consequence regularly observed after infection with highly virulent BVDV
strains is a significant thrombocytopenia. However, the reduction in plaleketsot always
result in marked hemorrhadkiebler-Tenorio et al., 2002)ith bleeding occuing when platelet
numbes have reached a very low leJgliebler-Tenaio, 2005) Several factors have been
hypothesized to contribute the marked thrombocytopeniacluding decreased production,
increased consumptipar functional defects of thrombocyt@#/alz et al., 2001)The
occurrence ofttrombocytopenia has been associated with the presence of BVDV antigen in the

bone marrovand infection of the megakaryocytgsebler-Tenorio et al., 2002)
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4.3. Immunity and immunosuppression

Oro-nasal infection is the natural route of BVDV transnuasiby contact with
suspended droplets or mucus. BVDV replicates in the nasal mucosa and tonsils anmél
spreading throughout the bodia leukocytegBruschke et al., 1998)Acute BVDV infection
results in lymphoid depletion, leukopenia amhsequently immunosuppression, predisposing
the animals to other respiratory pathogéfapil et al., 2005)Both lymphocytes and
macrophagesratargets for BVDV infectior(Bruschke et al., 1998pecreased Bymphocytes,
CD4" and CD8 T-lymphocytes and polymorphonuclear phagocytes have been reported after
BVDV infection (Bolin et al., 1985)Acute infections with BVDV result in immunosuppression
not only by decreasing the number of circulating leukocytes through necrosis and apoptosis, but
also by impairing leukoge function(Kapil et al., 2005)

There appears to be no difference between cp and ncp B¥ib\fespect to the
production of leukopeniéKapil et al., 2005)Severaktudies have reported significant decrsase
in the total white blood cells after cp BVDV infection (approximately from 7,850 to 5,050
cells/ul)(Bolin et al., 1985)Similarly, experimentahfection with ncp BVDV caused a
reduction in the total leukocyte number observed on day 3, 5, and 7 after in{Betiomares et
al., 2012; Walz et al., 200I)he typical time frame foadecrease in total leukocytember is

between 3 and 12 days after infect{@olin and Ridpath, 1992; Kelling et al., 2002a)

4.3.1.Innate immunity:
BVDV canspecifically infect cells of the innate immune response (neutrophils,
monocytes, macrophages, and dendritic cells) and affect their fuiettgieter, 1995) Several

mechanisms have been hypothesized to be involved in immunosuppression caused by BVDV
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during the innate immune respongghibition of the typd IFN production and the associated
molecular pathwayfBaigent et al., 2004; Baigent SJ, 2004; Charleston B, 2001; Charleston et
al., 2001a; Schweizer et al., 20p8¢crease production of tumor necrosis factor alpfiaNF-U )
(Potgieter, 1995)ndinterleukin 1 (IL-1) inhibitors (Jensen and Schultz, 199&poptosis of
monocytes and lymphocytes in lymphoid tissues, vatultanieukopenigGlew et al., 2003)
Other addibnal mechanisms that contributeimmunosuppression include failure in
chemotaxis, migration, phagocytqamsicrobicidal actionandantibodydependent cell mediated
cytotoxicity of neutrophils(Jensen and Schultz, 1991; Potgieter, 19@%)uced capacity of
monocytes to present antiggi@&ew et al., 2003)down regulation of IL2 transcription,
impaired lymphocyte memory respor(samontagne et al., 1989hcreasegbroduction of TGF
b (Charleston et al., 2002Additionally, BVDV infection results irareduction of the
nongecific innate immune responeéthe respiratory tragPotgieter, 1997)Several functional
defects have been observed in alveolar macrophagésdingimpaired expression of FC and
complement receptgrseduced microbicidal activity and chemotadtictors(Liu et al., 1999;
Welsh et al., 1995Moreover, infection of alveolar macrophages with BVDV results in
decrease superoxide anion and TNBproduction enhanced nitric oxide (NO) synthesis in
response to LP@otgieter, 1995)yandstimulation of prostaglandin E2 synthefi&n Reeth and
Adair, 1997)

Type | Interferons one ofthe most important innate defense antiviral cytogine
Interferon alpha and betdfN-U/ b) are structurally different ¢
receptors and induce similar biologicesponses. IFN) i s produced by mononu
phagocytes, whereas IFN i s pr o d u c &oes ganiculanigfibrgblastse Typd IFN

secretion is sthulated by ds RNA produced during viral replicat{@ibas and Lithman, 2005)
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The molecular mechanisrby which typel IFN inhibits viral replication include the synthesis of
proteins (Mx, PKR, OA4, etc) that interfere with transcription of RN#hich protectghe
neighboring cells that have nggtbeen infected (antiviral stateds well asnducing ajptosis of
virus-infected cell{Lenschow et al., 2007)Apoptosis is thg@rocess of programmed cell death
which effectivelyeliminates BVDV -infected cells. It has been demonstrated that infection with
BVDV is responsible for increased apoptosis of leukooytedributing to observel@éukopenia
and lymphoid depletion, espediain infections with highly virulent straind.iebler-Tenorio et

al., 2003b)Additionally, typel IFN increases the expression of class | MHC molecules on
infected cells, stimulat the development of Thl celig)d inceases the cytolytic activity of NK
cells(in human} (Abbas and Lithman, 2005)

It has beenreportetitat cp BVDV induces a str(@deg | FN C
et al., 1997)0On the other handh vivoandin vitro studies have shown that infectidmgncp
BVDV strains inhibit thanduction ofatype-| IFN respons€Charleston et al., 2001a; Perler et
al., 2000; Perler L, 2000; Peterhans et al., 206R)wever,recentin vivo studies concluded that
acute nc@BVDV infection caused an increased tyjoéN response in challenged calves
(Brackenbury et al., 2005; Charleston et al., 2002; M@iablies et al., 2004 Smirnova et al.
(2008) also found aignificant transiet up-regulation of the interferon stimulated gene 15-KD
protein (ISG15) mRNA in leukocytes of heifers during acute ncp BVDYV infection, compared
with control heifergSmirnova et al., 2008)Similarly, Yamaneet al (2008 reported an
upregulation of theyipe-| IFN and apopisisrelated genes (Mx1, OAS$, PKR, and TNFU) i n
the spleens of PI cattle regardless of their age. In addition, the induction of apoptosis was also

upregulated in the spleens of PI cattle compé&reldose of norPI cattle(Yamane et al., 2008)
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The results of these studies suggest that immunosuppression caused by ncp BVDV is not
associated with inhibition aininterferon respons@harleston et al., 2002)

Weiner et al. (2012)sing bovine peripheral blood mononuclear cells (PB¥t@N ncp
BVDV -naive cattle, demonstied that BVDV infection activates chemokine receptor 4
(CXCR4), CXCL12, IFNI, ISGs and selected immune cell marker (CD4, CD8, CD14) mRNAs
(Weiner efal., 2012) They also observed that acute response to viral infestisneflected in
PBMC cultured with serum from heifers carrying fetuses persistently infected (PI) with ncp
BVDV. These researcheroncluded thain vitro treatment ofPBMC with ncp B/DV or uterine
vein serum from acutely infected pregnant heifers activates chemokine, ISG and immune cell
responses.

It is known that during pathogen recognition, activated macrophages release different
primary inflammatory mediators, the most importaginiy IL-1, IL-6, and TNFU(Muiller-
Doblies et al., 2004)These cytokines attract additional leukocytes tasiteeof nflammaton,
where they release further pirdlammatory cyt&ines. Anin vitro study demonstrated that cp
and ncp BVDV strains significantly downegulated thgeneexpression of pranflammatory
cytokines (TNFU JL-1 b a 16)®24 Hours post infectiofLee et al., 2008) Chaseet al.(2004)
reported that downegulationof TNFU pr oducti on could be caused
secretionChase et al., 2004However, Leeet al.(2008) confirmed that expression of the Th2
type cytokine genes for HLO and IL-15 was also significantly dowregulated in BVDV
infected monocytesuling out ths hypothesigLee et &, 2008)

It has been demonstrated that infections with both cp and ncp BVDV strgjaseral
show similar effects on the Tdlke receptors (TLR), prainflammatory, typel IFN, Th1/Th2

cytokines, and catimulatory molecules gene expression in noytes(Lee et al., 2008)
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However, the authors stated that some significant differences in the gene expadsidie due
to biological and genetic variations between cp and ncp BVDV sffiageset al., 2008) These
resarchers also hypothesized that both cp and ncp BVDV might evade the innate immune

response by regulating the expression ofailoeenentioned gened.ee et al., 2008)

4.3.2. Adaptive immunity

After BVDV infection,anantibody response can be detected withBv2eeksand may
plateau in approximately 102 weeks posinfection(Howard et al., 1992)There are three
major proteins that stimulate the humoral immune response against BVDigp48) E1
(gp25), and EZgp53)(the later being thenmunodominant(Bolin and Ridpath, 1990)he
BVDV non-structural Nterminal protease (Npro) acts as an interferon antagonist and subverts
the host innate immunity; hawer, little is known about its immunogenicity (Mishra et al.,
2010). In this context,Mishra et al. (2010)xpressed a recombinant BVDV Npkiis fusion
protein (28 kDa) irE. coliand determined the humoral immune response genexga@ustt in
rabbts. When rabbits were immunized with the Npro protein, a humoral immune response was
evident by 4 weeks and persisted until 10 weeks post immunization. Despitepéarfic
antibodieseingundetectable in 80 serum samples from B\/ID¥&cted sheep and gsa
BVDV hyperimmune sera along with some of the field cattle, sheep and goat sera with high
BVDV neutralizing antibody titers were found positiieg Npro antibodies. Thesesults
provided evidence that despite the low immunogenicity of the BVDV Nprieipta humoral
immune response is induced in cattle, sheep and goats with repeated BVDV egpbsure

(Mishra et al., 2010)
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Antibodies against BVDV can be also obtained passively from colos@alves receive
immunoglobulins by absorption through the gastrointestinal intestinal tract. The absorption of
antibodies occurs during the first-28 hours of life, when the gastrointestinal epithelium is
permissive to the transfer of these molecules across the epithelium. The high concentration of
colostral antibodies in the calf may limit the induction of activeeB immune response to
BVDV vacdnation (Kapil et al., 2005) This suggests that vaccination should be started when
maternal antibodies are decayiitlis et al., 2001)Colostral antibodies of half of the calves
decagdto <1:16 by about 110 days of age BWDV -1 and 80 days of age for BVDY¥Y
(MufiozZanzi et al., 2002)it has been demonstrated that SN antibody titers between 1:16 and
1:32 are protective against clinicakdase after BVDV infectio(Bolin and Ridpath, 1992)

Cows(producing colostrm) should be vaccinated against BVEIVand BVDW2 to
provide protective levels of colostruderived immunoglobulins in calve&s mentioned above,
since BVDV maternal neutralizing antibodies cautralize the BVDV in a MLV vaccine,
decreasing vaccine efficakllis et al., 2001)it is necessario know at what age the colostral
antibodies decay to <1:16. This is the time when sddeeome more susceptible to BVDV and
therefore immunization with a MLV should be done. Howedee to the high variability of the
age (>1 month) when the maternatibodies decay, it is recommended to provide multiple
vaccination. In dairy calves the transmission of BVDV can batabout 3 months of age and
increase until 7 months of agieush et al., 2001)

Passive immunity even in the presence of an optimal antibody titer is not fail safe. Some
factors including dose of challenge virus, poor nutrition, exposure to harsh weather, poor
ventilation, transpodtion stress, and increased stocking density may affect the outcome of

infection. Moreover, antigenic variation among BVDV strains may resalhincomplete level
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of protection. Vaccination of pregnant cows during the last month of gestation with killed
vaccines will increase the amount of antibodies against BVDV in colostrum. Vaccination using
MLV vaccine during the last stage of gestation also will increase the level of antibodies,
although this strategy is only recommended if anirttedshave been vainated before
breedingand the dam has preexisting antibodleapil et al., 2005)

All types of immune cells are infected by BVDkesulting in significant impairment of
their function(Kapil et al., 2005) As stated above, the strain virulence is an important factor
determining the level of lymphopenia afeeuteBVDV infection (Archambault et al., 2000)

CD8' T cells are affected more than CDBcells afteracuteBVDV infection (Ellis et al., 1988)
Depletion of CD4+ T cells increases {heriod and level of BVDV shedding, suggesting that
these cells play a crucial ralea cell mediated immune response early in infedfiapil et al.,
2005) Helper CD4 T cells areresponsemainly lead to théNS3 and E2 proteins. There is also

a specifiammune response against C, Erns, Npro and-8IftbteingCollen et al., 2002)
Proliferation assayisave been used to determine the cell immune response against BVDV. The
Th1 cells produce H2 and IFN 2 but not IL-4 or B cell stimulatory activity. On the other hand,
Th2 cells express high levels of-Land low levels ofiL-2 and IFN 2 (Rhodes et al., 1999)
Proliferating CD8 T cells (CTL) poduce Il-:2 and IFNo implying a type 1 memory response in
BVDV seropositive cattléHoward et al., 1992Rhodes et al., 1999)

It has been reported that ncp BVDV tend to polarize the immune response toward a Th2
immunity (Rhodes et al., 199@)nd decreased IFDl e x p (Chaslestonoenal., 20010dn
contrast, cp BVDV has been associated with a higher cell mediated immune response toward a
Th1l immunity characterized by increased IL2 anddlreceptor expressidiRhodes et al.,

1999)

30



Antigen presenting cells internalize the viral antigen and presentih&pEr cells with
contribution of FN-o and IL-12 (Kapil et al., 2005)Productionof IFNo i s a good 1 ndi «
helper 1 type immune response, which is crucial in resistance to viral infe®iattt al.,
2009a) A recentin vitro study demonstrated that the productionof46N by per i pher al
mononuclear cells (stimulated with BVDV) was higher in vaccinated animals than in the control
group(Platt et al., 2009a)Lee et al. (2007) demonstrated that cp and ncp BVDV strains did not
affect the IFNo mRNA levels by 24 h poshfection. However, IE12 transcription (which
stimulates IFN0 s e ¢ was signibcan}ly ugregulated 1 hour after ncp BVDV infectigbee
et al., 2008)

IL-2 plays a major role in the clonal expansion and differentiation of T lymphocytes by
interacting with its specific cell surface receptor. Several studies have summarizedtthefabil
IL-2 to induce both humoral and cellular immune responses to viral antigiemgigh stimulation
of ThO and Th1l cell§Chow et al., 1997)Ghramet al.(1989) slowed that I-2 activity was
increased in cultures of mononuclear cells infected with BVDV, BH¥nd P4, when
compared with cultures of nanfected cell{Ghram et al., 1989)Moreover, Endleyet al.

(2002) reported that BVDV MLV vaccine caused
chain following then vitro exposure of lymphocytes to BVDV after vaccination compared to
nonvaccinated anima({&ndsley et al., 2002)An experiment to determine the effect of cp and

ncp BVDV on the cellular metabolic activity and activation status of bovine peripheral blood
mononuclear cells revealed that the expression of ##rédcepbdr was preserved in virus

infected cells; however, the DNA and protein synthesis was suppressed, suggesting a novel
mechanism for virutnduced immunosuppression, in which the activation signals are maintained

(Hou et al., 1998)
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4.3.3. Consequences of immunosuppressipiBVDV

Experimental studiesegardingnfection with low virulence BVDV isolates have shown
that even in absence of clinical signs of disease after infection, there is transient but significant
immunosuppressiofLiebler-Tenorio et al., 2003a; Liebl&renorio et al., 2003b) his
phenomenon has been evidenced by several repoaisute infections with BVDV that
potentiate the pathogenesisseveral pdatogens and impaefficacy of treatmengLiebler-
Tenorio, 2005)Severity of infections with rotavirus and coronavifkislling et al., 20023)
BHV-1, BRSV,Mannheimia haemolyticéBrodersen and Kelling, 1998; Potgieter et al., 1984a)
andSalmonella spfWray and Roeder, 1981 increasedvith coinfectionof BVDV. The
increased susceptibility to other pathogens after BVDV infection has been assodiated w
impaired memory T cell response to BVDV and other patho@ieameontagne et al., 1989 he
bovine respiratory disease complex is an example of a multiple etiology diseesssgn
feedlot animals and intensively housed calves. It is not completely understood whether BVDV
induced immunosuppression or primary infection of the respiratory tract plays a major role in
this bovine respiratory disease complex. This diseas®lexrepresents an important cause of
morbidity and mortality in feedlot systerfisapil et al., 2005)BVDV is frequently isolated
from pneumonic lungs of cattle, supporting a primary role in bovine respiratorgel{Sraig et
al., 1981) Moreover, there is evidencéthe existence of pneumotropism for some BVDV
strains(Potgieter, 1997)Other infectious agents that haween isolated from cases of cattle with
pneumonia including BH\ (Biuk-Rudan et al., 1999p1-3 (Fulton et al., 2000)BRSV
(Brodersen and Kelling, 199%asteurella multocidéFulton et al., 2002Mannheimia
henolytica (Fulton et al., 2002Mycoplasma boviéShahriar et al., 2003ndHistophilus

sumnusSynergism is the ability of two or more infectious agents to potentiate the pathogenicity
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of each other and become rawirulent. Combined infection of bovine alveolar macrophages
with BVDV and BRSV causes a synergistic depression of the cell funttiort al., 1999)
which might resultn a more severe respiratory disease and higher level of viral shedding
through nasal secretiofBrodersen and Kelling, 1998t xperimental canfectionwith BVDV
and BH\:1 was associated with severe clinical diseasdspread of BHV1 into nonrespiratory
tissues comparei calves inoculated with BH\1 alone(Greig et al., 1981; Potgieter et al.,
1984b) This type of synergism hadsobeen observed between BVDV and enteric infectious
agens, such as rotavirysnducing a more severe clinical diseékelling et al., 2002a)

Raaperi et al. (2012¢udied the associations between BH¥tatus of a herd and BRD
occurrenceas well ageproductive performance in pregnant heifers and cowsatstindy,
serum samples collected from cows and yostogk from 103 dairy cattle herds were analyzed
for antibodies against BHY, bovine respiratory syncytial virus (BRSV), bovinealdiarrhoea
virus (BVDV), andMycoplasma bovisA low to moderate prevalence-4B%) of BRSV
antibodies among yourgjock was associated with a high occurrence of respiratory disease (OR
= 6.2) in cows and healf heifers. Larger herd size, loeseusingof cows, housing younstock
separately from cows until pregnancy, and purchasing new animals were factors possibly related
to a high occurrence of respiratory diseagasin pregnant heifers and cows. BHMwas not
associated with acute respiratoryegise in adult dairy cattle, howevewas significantly relsed
to reproductive performanc&he authors also stated tlBERSV possesses the main role in
respiratory disease complex in adult dairy cqf®eaperi et al., 2012)

BurciagaRobles et al(2010)determined the effects of an intratrachidannheimia
haemolyticachallenge after 7B exposure to BVDWLb PI calves on serum antibody production,

white blood cell count, cytokine concentrations, and blood gases in feedlot Stemfection of
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Mannheimia haemolyticandBVDV resulted in increagkrectal temperatusgduring the initial
24 h after theVl. haemolyticachallenge. WBC count at 36 h pd4t haemolyticachallenge
increasedc ompared with the conB6robhndroumorlnter bseu
( TNFU) concentrations were greater in steers
BVDV, and i nltber faenrléovetdwE, gredtdr in steers challenged with
haemolyticahan in steers not challenged with haemolyticaThis co-infecting (BVDV- M.
haemolyticg challenge model was successful at inducing bovine respiratory disease (BRD)
(BurciagaRobles et al., 2010)

Immunization of cattle witimodified-live BVDV vaccines has been associated with
immunosuppressio®ther researchereported that vaccination with a BVDV MLV impaired

the immune response agdiivycobacterium paratuberculosf¥hoen and Waite, 1990)

4 4. Pathogenesis and clinical outcomes

As mentioned,here are five forms of clinical BVDV including acute BVDV infection,
severeacute BVDV infection, hemorrhagic BVDV infection, acute BVDV infectioovine
respiratory disease, and acute BVDV infectiomnmunosuppressiofGrooms et al., 2002Most
of the acute BVDV infections are subclinical {90%) and transient. However, regardlekthe
ability of the BVDV strain to cause clinical disease in the infected animal, there is a period of
virus sheddingluring which BVDV can be transmitted and disseminated within the herd
(Evermann and Barrington, 200%)ontact between the infected animal with susceptible
pregnant cattle during this periatightresult in early embryonic death, abon, persistent

infection or congenital defec{dufiozZanzi et al., 2003)
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Acute infections with BVDV can result in a broad range of clinicanifestations
rangingfrom subclinical infections to fatal disead@aker, 1995)Several host factors influence
the clinical outcome after BVDV infectiopmcluding immunocompetence (immunocompetent or
immunotolerant), immune status (depending on passive or acquired immunity), reproductive
status pregnant or nonpremant),stageof gestation (< 30 days, 3IP5 days, 10475 days, >150
days), and level of environmental stréBaker, 1995)Furthermoreviral factors also affect the

clinical outcomesuch as antigenic and genomic diverghychambault et al., 2000)

4.4.1. Subclinical infection

Experimental and field studies have shown that most acute infections are subclinical and
selflimiting (Ames, 1986)Infected animals might show mild fever, leukopeniang with the
development of neutralizing antibodies. In dairy cows, a decrease in milk poovdioas been

associated with subclinical infectiodoerman et al., 1994)

4.4.2.Clinical BVDV infection

Acute clinical BVDV infections occur in immunocompetent seronegative susceptible
animals. Additionally, the disease might occur in seropositive cattle exposed to a BVDV strain
antigenically heterologous to the one that caused seroconvefsieatralizing BVDV antbody
titers have decreased enough to increase susceptibility to BdiDMhere is a high infectious
pressure in the hefdiebler-Tenorio, 2005)

The most important determinant of the clinical outcome during BVDV acute infestion i
the virulence of the infecting strajhiebler-Tenorio, 2005) Acute BVDV infection can result in

clinical signs such as fever, anorexia, lethargy, tachypnea, leukopenia, ocular and nasal
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discharge, increased abnormal lungieds anatoughing, oral erosions and ulcers, oral papilla
blunting and hemorrhage, enteritisddiarrheaand decrease in milk production in lactating
cows(Evermann and Barrington, 200%espiratory and gastrointestinal signs are astsat
with damage to the epithelial surfaces of Gl and respiratory sy$Biaveey and Weaver, 2003)

and immunosuppression with subsequent infection by opportunistic bacterial flora.

44.3.BVDV in susceptible calves

Experimental acute BVDV fection in colostrurrdeprived calves resulted in diphasic
pyrexia, leukopenia, anorexiand diarrhegMills and Luginbuhl, 1968.)BVDV was isolated
from different tissues including spleen, thymus, lymph nodes and respiratory tract during a long
time period (256 days). Acut8VDV infection in 6monthold seronegative calves resulted in
minimal clinical signswhichincludedmild bilateral serous nasal discharge at 12 days post
infection(Wilhelmsen et al., 1990However, a significant leukopenia was observed for up to 12
days. The authors observed a more significant involvement of the lymphoiditisbae
gastrointestinal tract compared with the findings observed in the cotedeprived calves.
Such differences mght be due to differences in age and maturation of the immune systam

virulence or botl{Pellerin et al., 1994)

4.4.4. Severeacute BVDV infection

A severe peracute form of BVDV infectiom cattlehas been reported autbreaksn
Quebec and Ontari€Canada witthigh morbidity and mortality. Clinical signs included fever,
pneumonia, abortionand sudden deaflCarman et al., 1998; Pellerin et al., 199%)ese

disease outbreaks were caused by a BVDV strain characterized and identified by nucleotide
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sequencing as BVD\2. Howeverit is important to emphasize that not all BVERSstrains

cause serve clinical diseaseis possibldor BVDV -1 straingo alsocause severe disease
(Evermann and Barrington, 20090 2008, a northwest Texas feedéiperiencedn outbreak

of BVDV causing high morbidity and mortality two lots of calves. Severe mucosal surface
lesions were observed gy in the oral cavity, larynx, and esophagus. Mucosal lesions varied
from small (I 3 mm) infrequent mucosal ulcerations to large (5 mm to 1 cm) and coalescing
ulcerationgHessman et al., 2012\ calf persistently infected with BVDV arrived with one lot
and the isolated virus was genotyped as BVI)V/ Identical BVD\1b strains were isolated

from 2 other mortalities. A BVDV2 genotype was also isolated in this outbreak. This genotype
was identical to all BVDV2 strains isolated in both lots. Seropositivafycalvesranged from

zero percent for calicivirus to 100% positiveRseudocowpox virug\t the end of the feeding
period, the morbidity and mortality for thwo lots involved was 76.2 and 30.8%&spectively
Differential diagnoses included vesicular stomatitis viruBesjne popular stomatitis viruysnd

Foot-andmouth disease viruglessman et al., 2012)

4.4.5. Hemorrhagic syndrome

Hemorrhagic syndromis a form ofsevere acute BVDV infection that appetr be
associated with BVDM2. It is characterized by thrombocytopenia, petelchia ecchymaic
hemorrhagesf mucosal surfaces, epistaxis, bloody diarrhea, bleeding from injection sites or
trauma, feverleukopena, and deatt{Corapi et al., 1990During an outbregldue to individual
animal variation, it is commoator only afew animals develop thefalhemorrhagic crisis, while
most animals do not show clinical manifestation of hemorragermann and Barrington,

2005)
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4.4.6. Mucosal Disease
Mucosaldiseasas a sporadic conditigroccurring in les than 5 % of cattle herdsith a

casefatality rate onearl00% Affected animals usually die withimo weeks after onset of

clinical symptoms. Mucosal disease (MD) occurs when a persistently infected animal is super

infected with a cp BVDV straithatis antigenically related (homologous) to the peesishcp
strain(Liebler-Tenorio, 2005) The development of MD may occur withif32veeks oup to
months after inoculation of the cp BVBrownlie andClarke, 1993) The course of infection is
influenced by the degree of homology between the persisting ncp BVDV and the cp BVDV
(Brownlie and Clarke, 1993)

Experimental studies to induce mucosal disease in BVDV PI tattle shown an
incubation period of-414 days after MLV vaccinatiorr anoculation of a cp BVDV strain
homologous to the PI stra{Grooms et al., 2002T his condition has been reported as early
onset mucosal diseafaebler-Tenorio, 2005) The reisolated cp BVDV straimasidentical to
the strain the animal was expose(lLiebler-Tenorb, 2005) Additionally, early onset MD has
also been reported to occur as a mutation of the ncp BVDV until cp BVDV origiihatbder-
Tenorio, 2005)The incubation period until MD appears is unknown. The ncp/cp BVDV virus
pair fromthe animal with MD has shown identical H2ebler-Tenorio, 2005) However, most
cases of mucosal disease are assumed to m@mnths or years aftexperimental BVDV

exposureas a result of de novanutation of the ncp BVDV straim the Pl cattleto give rise to

a homologous cp BVDV straiiThis condition has been reported as late onset mucosal disease

(Liebler-Tenorio, 2005) There might be an initial transient acute BVDV infection in a
persistently infectednimal with a cp BVDV strain, which is followed by a long phase without

clinical signs, but characterized by the production of neutralizing antiodies to the cp BVDV.
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Finally, there is a sudden onset of signs of Kdehr et al., 1998)Moennig et al. (1993
demonstrated that the reisolated cp BVDV is a recombination between the persisting ncp BVDV
and theoriginal cp BVDV (Moennig et al., 1993)

Clinical signs commonly observed in animals with mucosal disease inelvele f
anorexia, tachycardia, polypnea, decreased milk prodyetnehprofuse watery diarrhea with
mucosal shreds, fibrinous casts, blood and foul odor. Additionally, erosions and ulcers might be
observedn the tongue, gingivgalate, teats, vuly@repice, and in thenterdigital space
(Evermann and Barrington, 2005Animals alsdiaveleukopenia and thrombocytopenia.
Common findings during necropsy include ulceration and erosion of the mucosal surface of the
gastrointestinalrad respiratory tractis well as necrosis of the lymphoid orgéiggermann and
Barrington, 2005)These pathological changes are associated with the presence of the cp BVDV
in the sites of tissue destructiftiebler et al., 1991)In contrast, ncp BVDV is widely
distributed in several organs aischot asso@ted with lesions in an animal with MBielefeldt,
1988)

The spread of cp BVDV in mucosal disease is similar to that observed in acute BVDV
infection.Followingintranasal inoculatigrthe cp BVDV replicates in tonsiapithelium. The
virus then spreads to regioginph nodes and is later detected in Peyer's patches, mucosal
associated lymphoid follicles in the large intes$irad lymphoid follicles of the lung and nasal
mucosa. This pattern of viral disseminatiorplies a hematogenous spread to the gastrointestinal
and respiratory tract muco@aebler-Tenorio, 2005)1t has been reportdd a lesser degree to

spread tdhe peripheral lymph nodes, thymus and spléebler-Tenorio, 2005)
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4.4.7.Reproductive consequences

A majoreconomic impact of BVDV infections is intrauterine infectidngtresult in
reproductive dysfunctio(Dubovi, 1994) There are several host and viral factors that affect the
outcome of trandacental/intrauterine infectiopmcluding time of gestation, fetal
immunocompetenc¢astage of organogenesis, BVDV biotype, strain viruleaodhost immune
status(Liebler-Tenorio, 2005) There exist multipleaproductive consegunces of DV

infection as subsequently discussed

BVDV infectionduring the preovulatory period

Acute infection during the preovulatory period may result in viremia at ovulation causing
a decrease in conception rétgebler-Tenoio, 2005) Both cp and ncp BVDV have been
reported to infect the ovaries after experimental infection of cattle (Grooms et al., 1998b en
Liebler-Tenorio). In that studyiral antigen was detected in granulosa and stromal cells between
8 and 30 days postiectionresulting ininflammation and necrosis of follicléd&rooms et al.,
1998b, c) Acute BVDV infection can affedollicular dynamis, reducing the growth rate and
diameter of the dominant and subordinate folli¢@sooms et al., 1998b)

It has been shown that BVDV causes a decrease in the seake@GmRH and LH byhe
hypothalamus and pituitary glai@ray et al., 2002; Fray et al., 2000&his condition will
negatively affecthe estrusndovulation as well as the production of estradiol and progesterone
by follicles andthe corpus luteumrespectivelyFray et al., 2000a; Grooms et al., 1998a)
Moreover, BVDWtinduced leukpeniamightresult in deficient ovarian leukocyte populations,

which are crucial for follicular dynamscovulation and luteolysigEvermann and Barrington,
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2005) In addition, the virus has the ability to replicate in the ogasfanfected cows causing
oophoritis,which affects oocyte quality and the Céteroidogeni@bility.

Kale et al. (2011¢valuated 400 apparently healthy Holstein heifers for the presence of
BVDV antigen (Ag) and antibodies (AbpainsBVDV in blood serun and leukocyte samples
and the effect on fertility. There were no BVDV (Ag+/Ab+) pregnant heifers, the differences in
averageconception ratbetween BVDV (Ag+/Ab+) pregnant heifers and BVDV {A4bi)
heiferswasfound to be statisticallgifferent,demorstraing that fertility is decreased in heifers

that have been infected with BVDV (AGA\b+, Ag+/Abi and Ag+/Ab+)(Kale et al., 2011)

BVDV infection at < 40 days of gestat

BVDV infections with cp or ncp strains before implantation result in decreased fertility
and conception rate due to failure of fertilization and early embryonic (ialih, 1990) Thus,
BVDV infections during early stages of gestation mHga the secretion of releasing factors,
gonadotropins and sex steroids at the levéhehypothalamus, pituitary and ovaries,
respectivelyHormonal imbalance due to BVDV infection has been associated with low
conception rat¢Fray et al., 2000a)

In addition to oophoritis, acute transient infection with cp or ncp strains can also cause
salpingitis impaired oocytefertilization and early embryoc development. Moreover, BVDV
affects the uterine environmeweusingendometritisand impairment ofimplantation.

Therefore, all major organs of the reproductive system are permissive to BVDV and the
distribution is similar between acutely infected and persistently infected(Eomset al.,

2000a) Grooms et al. reported the occurrence of ovarian hypoplasia in PGoa@ms et al.,
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1996) whereas diffuse interstitial oophosithas beereported 61 days after acute BVDV
infection (Ssentongo et al., 1980)

In vitro fertilization of oocytes in the presence of BVDV resulted in reduced fertilization
rates(Kafi et al., 2002)BVDV has been demonstratirhavea direct negative effect on
embryonic cells. Once fertilization has oa@dthere is no uptake of BVDV by embryos afiier
vitro exposurdgPotter et al., 1984During early stages of embryo development (morula and
blastocyst) the embryos are protected by the zona pellucida. This membrane preventswiral en
protecting the embryo against BVDV infecti(®ingh et al. 1982) However, the virus attaches
to the zona and during later stages of embryonic development (>8 dpi) after hatching, the embryo
become more susceptible to cp BVDV infection resulting in embryonic d@édmroose et al.,
1998) These results demonstrate that BVDV can infect bovine embaybsin their
development

Tsuboi et al. (2011linvestigated the effect of BVDV infection on early pregnant cows
(n=4) before placenta formatioat day 26 of pregnancy. Two treated cows and one control cow
were euthanized on day 3 pastection and the remaining animals were euthanized on day 6.
BVDV was isolated from maternal tissues such as lymphoid or reproductive tissues of treated
animals on days 3 and 6 pastection. Additionally, one treated cow euthanized on day 6 post
infection had evidence of infectious BVDV in the allantoic membranesitaitafluid and
embryos. In three treated cows, a significant decline in progesterone concentration was also
observed posihfection, while in control cowgprogesterone levetemained constant. Therefore,
this study demonstrated that BVDV can infect bevambryos before placenta formation and

may affect progesterone profiles in cows during early pregn@rszipoi et al., 2011)
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BVDV infection betwen 30 and 125 days of gestation

The fetus is susceptible to transplacental infecttapparoximatel\80 days of gestation
with the efficiency of infection increasg from conception to day 30 pesbnceptionKirkland
et al., 1993)Experimental studies have demonstrated that BVDV crosses the placenta with near
100% efficiency(Evermann and Barrington, 2009)hus, the efficiency of the infection will be
determined byhe development of the placenta with formation of placentomes, formation of
trophoblastsand development of fetal tissu@drkland et al., 1993)

It is important to emphasize that the absence of clisigals in the dam during an acute
BVDV infection does not imply fetal protection or reduce the risk for transplacental infection
(Evermann and Barrington, 2003fter transplacental infectionthe outcome will depend on
the bioype, virulence and time of gestation. BVDV can cross the placenta causing vasculitis
which allows access to the fetal circulati@rooms et al., 198). After experimental
inoculation, BVDV has been isolated in the fetus 7 dpi. Infections at this time point with cp or
ncp strains can cause embryonic death and ab¢Baim, 1990) Fetal infection with a cp
BVDV strain may cause abortion tire birth of a healthy seropositive calf if the fetus is
immunecompetenttthe time of intrauterine infectiofBrownlie et al., 1989)

Acute ncp BVDV infection between 40 and 125 days of gestation satt ne fetal
death, abortion, mummification, birth of Pl calves, and few cases of teratog@h&simann
and Barrington, 2005Abortion occus most commonly in the early stages of gestation (<125
days of gestation), althoughdanoccur during late gestatighiebler-Tenorio, 2005) The fetal
expulsion occurs weeks or months after infec{laebler-Tenorio, 2005)It is accompanied by
unremarkable nonspecific lesions of the placentapacentomegMurray, 1991) However,

Baszler et al (1995ported a case okcrotizing placentitis
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It is estimated that BVDV causes abott@% of diagnosed infectious abortions in cattle
(Dubovi, 1994) Although theseoutcomea represent significant economical losses, the
predominant form of infection with BVDV is the congenital infection.

During gsstation, fetuses that survive infections with ncp strains between days 30 and
125 of gestation develop immunotolerance and become persistently infeitte)/DV widely
spread throughounultiple organg(Frederiksen et al., 1993)isseminating the virus for the rest
of theirlives. Before 125 days of gestatiagie fetal immune system is not completely
developed and not able to recognize BVDV as a foreign anfigebler-Tenorio, 2@5).
Thereforeduring lymphocyte maturation at the fetal thymus, any lymphocyte that recegnize
BVDV as a foreign antigen is clonally deleted through agsscalled negative selectiorhug
the fetus becomes immunotolerant of the infecting BVDV stteimune tolerance is
maintained by nonreactive CDZ lymphocytes and B lymphocytes; however, antigen
presenting cells are normally reactif@ay et al., 2000bBuch calves continually sheéarge
amounts of BVDV, representirthe most important source of virus andsk to susceptible
herdmateseven thouglheirreportedprevalence is less than 184oue et al., 1995; Liebler
Tenorio, 2005; Loneragaet al., 2005; McClurkin et al., 1984; Wittum et al., 2001)

Persistently infected calves may be clinically normal, apparbetithycalves with
different functional defect®r calves with more overt defectsebler-Tenorio, 2005)Most Pl
calves have been characterized as poor doers, being stillborn or dying within few hours or days
of life (Liebler-Tenorio, 2005) The calves that survive may have growth retardation. Duffel and
Harkness (1985) reported up506% higher death rate during the first year of life in PI calves
compared with BVDWree calvegDuffell and Harkness, 1985J his higher mortality might be

associated with defects of the immune system causing immune supp(Bsgiloet al., 1986;
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Roth et al., 1981 ollowing birth the PI calf is susceptible to develop mucosal disease
(Evermann and Barrington, 2005)

P1 cows willalwaysproduce PI cales establishing P1 family lines by continuous vertical
transmissior{Straver et al., 1983These cows ay have decreased reproductive performance as
a consequence dfitical morphological changes in the ovaries affecting the follicular maturation
(Grooms et al., 1996BVDV can be transmitted by oocytes; however, seqmeroximatel\20 %
of the follicles from Pl cows are BVDV positi€ray et al., 1998jt is possible that BVDVY
free calves can be produced after embryo transfer from a PI (@mah and Grimmer, 2000)

Persistently infected calves generally show a wide distribution of BVDYV throughout the
organs, no vus-associated morphological lesions and no immune respotisegersisting
BVDV strain. This immune tolerance is limited to the particular infecting BVDV strain
responsible for the intrauterine infection. Therefore, infection with different (antigigmacal

genetically) BVDV strains might elicit an immune respo(fadton et al., 2003c)

BVDV infection between 125 and 175 days of gestation

Around 46 months of gestation the immune system is developtt calf. Fbwever,
organogenesis is not complete (especially the CNS), so that BVDV infection can cause
congenital defectsapproachind00% of cases under experimental conditi@eker, 1995ue
to direct effects on fetal development as well as thetsfigf the immune response against the
virus-infected cells which cause tissue damdduis, the fetus seems to be the most susceptible
to teratogenic effects of BVDV when the immune competence begins to develop and organ

formation is not completeuffell and Harkness, 1983hese effects ke been suggested to
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occur through inhibibn of cell growth and differentiatioresulting in growth retardation and
reduced maturatioar direct cell lysigfCastrucci et al., 1990)

Reportedetal abnormalities include: cerebellar hypoplasia, hydrocephakrsius
hydroencephaly, hypomyelogenesis, microencephaly, porencephaly with neurological signs and
death (evermann), migobthalmia, reinal atrophy, retinal dysplasieeduced pigmentation of the
retina,optic neuritis, cataracts, hypotrichosis, alopecia, thymic hypoplasia, growth retardation
with arrested bone development, pulmonary hypoplasia, brachygnatidarthrogryposis
(Baker, 1995; Evermann and Barrington, 2005; Trautwein et al., 1986)ological signs of
tremor ataxis, torticollis, or opisthotonus may be observed in newborn ¢aiess et al., 1984)

The non-PI calves with BVDV-related congenital defects are commonly BVDV negative.
However in afew cases BVDVhas beenletected in the brain or C3Eess et al., 1987 Some
newborns with BVDV\trelated malformations are seropositive at hitiless et al., 1984)

A recent report showed that BVD1b was isolated from premature Holstein calves
to first-calf heifersfrom a dairy herd that experienced an outbr@giremature births, lateerm
abortions, brachygnathism, growth retardation, malformations of the brain and cranium, and rare
extracranial skeletal malformatiartsxperimental inoculation of 3 colostrudeprived calves
aged 24 months oldwith this BVDV isolate resulted in thrombocytopenia, lymphopenia, and
leukopenia. Outbreaks bfachygnathisnare rarely associated with BVDV, and

thrombocytopenia is rarely associated with BVAD\étraingBlanchard et al., 2010)

BVDV infection between 175 days and end of gestation
BVDV infections during the last trimester of gestation when immunocompetence and

organogenesiare generally completean cause abortiobjrth of aweak calf or the birth of a

46



normal seropositive calf which was able to clear the viral infection, mounting an effective

immune respons@olin, 1990)

5. Diagnosis

Important aspects for thestablishment of a diagnostic program include the availability of
rapid, economical, and simple methods that are highly sensitive and sf@oia, 2005) The
diagnosis of BVDV can be performed based on the history and clinical signs of BVDV infection
(Goyal, 2005) Howeve, as discussed abawdinical signs of BVDV infection are variahle
depending on the virulence, age, immune status, reproductive stadigs;infection with other
pathogens

In order to establish an effective diagnostic plan, it is crucial fopttbaucer,
veterinarian and laboratory diagnostictaragree and understand the reasons for testing, since
not all available BVDV diagnostic tests are applicable to all situati®hs. most common
reasons for requesting BVDV tesj includethe detecton ofacute infections during clinical
diseasereproductive failureand/or abortion outbreaks, atite detection and elimination of
persistently infected animadgdtesting for vaccine efficacy (presenof neutralizing
antibodies)Saliki ard Dubovi, 2004) Other reasons for BVDV diagnistestinginclude
quality control of biologic products (to detect BVDV contamination, e.g. commercial fetal
bovine serum), BVDV gnotyping to establish the genotype of a BVDV isolate obtained in any
given stuation (e.g. severe clinical disease), for epidemiologic reasomsvaccination

challenge researd®aliki and Dubovi, 2004)
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5.1.Direct Antigen Detection

Methods of BVDV antigen detection from submitted diagnostic speciarenglicker
and cheaper than virus isolati@@oyal, 2005; Saliki and Dubovi, 2004Jowever these
methods have a lower sensitivity and reliability than virus isolation, and may not serve as the
final rule-in/rule-out test. If the goal is to diagnose acute BVDV infections, methods of antig
detection should generally bsed as screening methd@sliki and Dubovi, 2004)

Diagnostic methods for antigen detection include antigen capture ELISAsiemdthe
histochemtal (IHC) staining A number of antigen capture ELISA&CEs)have been described
and at least two are currently available as commercial tegGdaham et al., 1998; Saliki et al.,
2000) Antigen capture ELISAs primarily useful in screening for PI cattle, and may not be
reliable for diagnosis of acute BVDV infectio(fSaliki and Dubovi, 2004)n order to produce
consistent results, most of the ACEs requgk-containingsamples (e.g. buffy coat cells or
tissue extracts)l'he need to extract white blood cells or disrupt tissues before testing for antigen
limits the applicability of these tests for a large numbesanfples asould benecessary in
whole-herd PI animal seeningprogramgqSaliki and Dubovi, 2004 However,acommercial kit
that consistently detects BVDV antigen in serum samples from Pl battlbeen reported
(Plavsic and Prodafikas, 2001; Saliki et al., 200@htigen detection in frozen tissue sections by
FA staining is frequently used by diagnostic laboratories as a screening test. Fueh#ti@or
staining on fixed tissue samples has been broadly used for diagnosis of BVDV acute and
persistent infectionfHaines etal., 1992Ad di t i onal | vy, |l HC staining o
not hé66 test) has gained ext en ¢droomsaadKeléni cat i on

2002; Njaa et al., 2000; Ridpath et al., 2002)
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5.2.Virus isolation

Isolation of BVDVviacell culture and identificatio i s t he ¢ diggodstt st and e
techniqugGoyal, 2005) The virus effectively replicates in many cell lines from several animal
speciesThe most commonly used cell lines for virus isolation are bovine turbinate (BT), bovine
testicle (Btest), and Madin DarlBovine Kidney (MDBK)(Saliki and Dubovi, 2004)

Another aspect that affects the ability to culture BVDV is the inoculation method. The
tested sample may be inoculated by dropping the inoculum into culture media overlying a cell
monolayer Thi s technique is | ess sendhetdistanee due t o
that the virions need to travel to infect the cidla limiting factor Therefore, inoculations in
smaller vessels (9%ell and 24well plates), with a higher fluidotdumn on the cell monolayer,
are less efficient than inoculations in 25°dtask. A practical way to inoculate the cell culture
is by adding the inoculum directly on the cell monolayer, incubate the flask for 1 hour and then
add more cell culture mediu(@®oyal, 2005%.

Whole blood from which white blood cells are extracted is the best sample for BVDV
isolation. However, if the sample nedd be taken during necropsy (e.g. aborted fetus or dead
calf), the best samples are lymphoid organsh as mesenteric and tnacbronchial lymph
nodes, spl een, Peyer 6s pat c Bpesmerissuchhas nabae s ma |
swabs, serum, feces, semen, and various tissues may not be adequate for BVDV isolation during
acute infections due the possible interferese by neutralizing antibodies and the transient
presence of the virus during the course of the infectiooontrast, m Pl animals the amount of
circulating virus is so high that almost any secretion, excretiotissue samptewill be optimal

for BVDV isolation(Goyal, 2005; Salikand Dubovi, 2004)

49



After 3 days of incubation in 5% G@t 37°C, flasks containing the cell culture
monolayer inoculated with BVDV are frozen and thawed; 50 pL of the cell suspension from
each flask is then transferred into 3 wells of an@l plate seded with cell§Palomares et al.,
2012)

BVDV is classified into two biotypes, cytopathic (CP) and noncytopathic (S€&ns,
depending on whether or not they cause visual cytopathic effects auktetes(Gillespie et al.,
1960) In the laboratory, i®0% of BVDV isolates are of thecp biotype(Fulton et al., 2005b)
Therefoe, after completion of cell culture for virus isolation, they need to be further tested to
detect the presence oEpBVDV. The cell culture vessels (24ell or 96well plates)may ke
fixed with acetone or formaldehyde amelsted for BVDV antigen by use fifiorescenantibody
(FA) staining using monoclonal or polyclonal primary antibodies, ELdS#munoperoxidase
monolayer assay (IPMA)Saliki et al., 1997)Using serum samples for virisolation resultsre
very accurat@nd relable for testing of Pl animals.dwever, this method is not sensitive enough
for diagnosis of acute BVDV infectior{Saliki and Dubovi, 2004)

The main drawback of IPMA in Pl testing is its inadequacy to be used on sera from
animals younger than 3 months old. Maternal antibodies in young calves can interfere with
growth of BVDV in cell cultureslt has been shown that very few PI cattle can be BVDV
negative by virus isolation on the serum but BVDV can still be isolated from the white blood
cells(Grooms et al., 2001However, IPMA is still widely accepted as a consistent test for

detecting PI cattle of 3 months or older.

5.3.Nucleic acid detection
Polymerase chain reaction is a technique that involves the binding of specific DNA

oligonucleotides (primers of arodr23 nucleotides) to cDNA target sequences. After several
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cycles of melting, annealing and amplification it producessmeific DNA fragments that are
detectable by gel electrophoresis (conventional PCR) or by a sgkmfiescent signal above
the basline (real time PCR) . Currently some laboratories use rewansscription PCR (RT
PCR) amplification as a routine diagnostic method for BMD@yal, 2005; Ridpath et al.,
2002) One of the advantages thatRTR offers is the ability to detect and differentiate all
three BVDV genotypes (1a, 1b, and 2).

Diagnosis of BVDV can be performed using{RTR on all animal specimens (kji
urine, tissues, serum, whole blood, swabs, skin, forrfixied tissue). However, the efficiency
of viral RNA extraction and isolation can vary depending on the specimen and the specific
method. Thus the diagnostic sensitivity of theeRTCR method wilbe affected by the effect of
the primer set, as well as the ability to successfully isolate RNA from diagnostic specimens
(Ridpath et al 1993)

Before using RTIPCR as a laboratory BVDV diagnostic technique it is strongly
recommended to validate it to be specific for various types of animal specimens, including:
fluids, swabs, serum, milk, whole blood, buffy coat cells, skin, fresHanaalin-fixed tissues.
Additionally, an internal positive control either as a separate reaction or a multiplexedeactio
is strongly recommended to detect false negative due to sample prepgBatiknand Dubovi,
2004)

Due to thehigh sensitivity of RTPCR, it is possible to pool samples to reduce unit test
cost. Pooling is appropriate for persistent infection testing wherein one positive specimen can be
detected in a pool about20 samplegGoyal, 2005; Saliki and Dubovi, 2004lwo convenient
uses of pooledample PCR are bulk tank milk testi(Renshaw et al., 200@nd serum samples

(MufiozZanzi et al., 2000jor PI BVDV testing. After the PCR reaction, nucleic acid products
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are commonly detected by electrophoresis in ethithium brotred¢ed agarose gels, followed
by photography. Additionally, fluorescent staig such as SYBR green and the use of
fluorogenic probes can be used to make real time visualization padgdii&um et al., 2002)
Zhang et al. (2011developed a quantitative oiséep SYBR Green | RPCR assay to
detect levels of BVDV typ4d. in cell cultue. The assay had a detection limit as low as 100
copies/ml of BVDV RNA, a reaction efficiency of 103.2%, a correlation coefficient (R2) of
0.995, and a maximum intassay CV of 2.63%Zhang et al., 2011)t was 16fold more
sensitive than conventional RACR and ould quantitatively detect BVDV RNA levels from 10
fold seral dilutions of titrated viruses containing a titer fromIL@& 105 TCIDsp, without
nonspecific amplification. Melting curve analysis showed no prdiaers and noispecific
products. This onstep SYBR Green | RPCR strategy may be further optimizesdaareliable

assay for diagnosing and monitoring BVDV infection in aninf@lsang et al., 2011)

5.4.Serology

These methods measuhe antibody responses ahanimal exposed to BVD)\eitherby
a natural exposure or vaccination. These tests have been limited to ELISA tests or serum (virus)
neutralization (SN) assay&oyal, 2005)

One disadvantage of the serological tests is the poor agreement between results obtained
by ELISA and SN by the same laboratory, with an agreement quotient (kappa) as0.15
previously reporte@Taylor et al., 1995)Significant differences hawwsobeen found for SN
resultsamongdifferentlaboratoriesTwo possible reas@for these differencein the SN tesare
the strain of vius in the assay, and the cell line udeifferences of 10to 10Gfold can be

observed in the SN titer by using a different BVDV strain in the a&&aiki and Dubovi, 2004)
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The viral strain in th&N assaynay be an important factor the significance of titers orderto
determine the success of vaccination or when nonvaccinated calves are being screened to detect
the presence of BVDV in a herthe test cellhave been proven to significanthfluence the
apparent titer of a test serum. For example, antibody titers specific forlBd® much higher if
RK-13 cells are used rather than MDBK césliki and Dubovi, 2004)

Regardless of the serological test used, it is impbttatake into account the herd
context when interpreting test results (previous exposure, immunization pratoddiiosecurity
program When correctly used, serology tests can help to assess vaccine efficacy, determine
efficacy of a vaccination protocavaluate herd status as to exposure to BVDV, and associate
BVDV with clinical signs(Goyal, 2005)

In some European countriesfférentiation between infected and vaccinated animals is
one of the key challenges facing BVDV eradication campaiguse et al. (20l) compared the
ability of commercial ELISA kits to differentiate antibodies generated following vaccination
with four different commercial inactivated BVDV vaccines from antibodies generated following
challenge with virulent BVDV. Although none of thettss vaccineELISA combinations were
able to differentiate an infected from a vaccinated animal at the individual animal level, p80
blocking ELISAs, in combination with inactivated BVDV vaccinesginhhave value under
certain circumstances tite herd levé In most cases, antibody responses to BVDV vaccines
cannot clearlypedistinguished from responses seen in the early phase of natural infection. No
commercial BVD vaccine showed true marker qualitieglifierentiaing an infected from a
vaccinated anial using p80 blocking ELISA§Raue et al., 2011)

A recent study in Europe investigated the efficacy of sentinel cattle to detect BVDV

infection(Corbett et al., 201). Forty-seven cattle management groups from 36 herds were
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selected to evaluate serology as a tool to detxck infection with BVDV. Serum samples were

obtained from5now acci nated sentinel calves O 6 months
virus neutralizing (VN) antibody titers against BVDV genotypes 1 and 2 were determined. In 1
management group fromlhddh = 24), 3 sentinel calves had
ear notch samples from that herd were positive for BVDV ofPRR assay. All other

management groups were negative for BVDMWthatstudy, the herd sensitivity of sentinel

serology was 1009®©5% confidence interval [CI]: 0.08.0) and herd specificity was 100%

(95% CI1:0901. 0) . The o value for agreehlRCRwaslBet ween
(95% CI: 1.0 1.0). Preliminary results suggest that sentinel animal serology can be utilized i

BVDV eradication program to provide an accurate and efficient evaluation of herd status

(Corbett et al., 2011)

5.5.Laboratory application of diagnostic methods anckiptetation of results

In order to prevent and control BVDV infections in commercial herds it is necessary to
establish a program that includes biosecurity, vaccination and identification of BVDV infected
animals. Diagnostic testing can be a valuablerardonitoring the effectiveness of control
programs at all levels. It is also crucial that diagnostic test pregreatch the management
programs of the producers in their area. Therefore, practitiaisesave the responsibility to
know the tests aviaiblein order tomake the best selection for their cli¢Baliki and Dubovi,

2004)

5.5.1.Acute infections (acute onset of signs)
It is crucial to identify if acute disease is occurring in a single or several animals. In the

first case it couldepresenthe beginnings of mucosal disease.te other handseveral
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animals showing similar signs could be the recent introduction of the virus into a susceptible
herd(Saliki and Dubovi, 2004)The test selected should &@lele to cover both casekest and
sample selection is also dependent on whether the animal is dead or alive. Multiple types of
samples collected for various types of tests are always the best approach.

For live animals, the best sample for detectingwis whole blood. For acute infections,
virus remains detectable in mononuclear cellafonger time than in serum. To be successful
using serunfrom an acutely infected animal, the sample sdede collected 3 to 8 days post
infection, whichis difficult since the date of infection is rarely knoW®oyal, 2005)Nasal
swabs can also be appropriate samples for detecting BVDV particularly early in the acute
infection. On the other hand, fecal samples should never be considered the primary sample for
BVDV (Saliki and Dubovi, 2004)

A skin biopsy (ear notch) specimen for immunohistochemistry should be collected from
all affected animals to help defiifehe infection is acute or persistd@oyal, 2005)In most
cases, acutely infected animals will not haw&gnificant amount of antigen in the skin tissue.
Serological tests to determine antibody responses to BVDV should always be considered for
documenting an acute infection. Paired serum samples for measuring neutralizing antibodies titer
is theprefferedchoice.Additional testing should be performed on raffected herdmates,
particularly when no previous testing in the herd has been(&ati&i and Dubovi, 2004)

Acute BVDV infectionsin pregnant cattlenight result in abortion@Baker, 1995) Sample
collection at the time of the abortion might beroductive, because the abortioas occur
several weeks after the acute infectibnring the abortion outbreak, tissue samples from the
aborted fetus and placenta should be collected to rule out all causes of atfsatigpiing

should include formalifixed and fresh tissgeFetal blood and paired serum samples from the
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dam should be collected for detection of antiboAyditionally, collection of tissue samples
(spleen, kidneys, liver, thymus, lymph nodgst, lungs etc) is always recommended fratead
animalsincluding fetuse¢Goyal, 2005; Saliki and Dubovi, 2004)

Several tests can be used to dedecteBVDYV infections, including virus isolation,
antigen capture ELISA, RPCR,andimmunohistochemical staining of tissue samples. The
validity of the test will depend on thedlusion of proper controls to detect false negatives as
well as false positivesTo confirm acute infections and ruteit persistent infections, it is
necessary to retest BVDV positive animals 3 weeks later by VI, ACE or FGiie second
sampleyields apositiveresult the animal is diagnosed as Rn the other hand, if the second
sample resultarenegative it indicates that the immune system cleared the virus after the acute
infection(Goyal, 2005)

RT-PCR is able to detect BVDV evamthe presence afeutralizing antibody thatanbe
present in samples from late stage acute infectivimsts isolation is the gold standard for
BVDV diagnosis and commonly used. Virus isolation from whole blood is best achieved using
the buffy coat (white blood cells wibut freezing).The presence of neutralizing antibody can
generate a negative virus isolation test restutitigen detection is best achieved using

immunohistochemistry on formaliixed tissuegSaliki and Dubovi, 2004)

5.5.2.Persstent infections and herd screening

Preventing and controlling BVDV mainly dependn detecting and removing Pl animals
from herds, and establishing strategies to prevent their introductmthéenfarm. These animals
represent less than 1% of the bovopulation(Houe, 1995) There are numerous diagnostic
protocols to screen herds for PI§he testing protocol to be implemented will depend on the

management practices of the particular farm.
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One option to start a BVDV diagnostic prograsgncollecting whole blood samples from
all animals in the herdncludingcalves. The samples can be pooled (e.g. 20 samples per pool)
and a highly sensitive RPCR can be performed. This strategy may reduce diagnostic costs
(Goyal, 2005)

Several tests (virus isolation, antigeapture ELISA, or RIPCR) can be applied to
serum on all amals over 3 months of age. Witaspect teserum testing in young animals
colostral antibodies can interfere with the test or eliminate detectable virus from the fluid fraction
of blood for some vaable period of timeresulting in potential false nega¢. However, ¥us in
mononuclear cells is unaffected by colostral antibotiadiki and Dubovi, 2004)

Skin biopsies (ear notches) from calves, hejieos/s without calves, and bulls represent
a practical ad accurate strategy to idefy Pl animals in the herd. The tests of choice for this
sample type are immunohistochemistry on forméiled tissue or antigenapture ELISA using
fresh tissue sampléhljaa et al., 2000) The determination that the calf is not Pl automatically
defines the status of the dam as not being PI. With this method, ongoing surveillance is
maintained with a single test d@hg the status of two animals. If the calf is PI, then it is
necessary to test the dam. For dairy herds, bull calves must be tested as well as the heifer calves
to achieve a complete herd screening prodifdjaa et al., 2000; Saliki and Dubovi, 2004)

For dairy herds, collect bulk tamkilk samples to screen the herd by using virus
isolation, antigercapture ELISA, or RIPCR. Somatic cd from the milk are screened for
BVDV by RT-PCR or virus isolatiofiRadwan et al., 1995; Renshaw et al., 2000)e nhumber
of cows represented by a bulk tank sangbleuldbe less than 400, although dilution studies

indicate detection levels of one Pl in 600.
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Every testing scenario has certain limitatiomgterpretation ofthe results. For instance,
virus isolation can detect Pl animals and acutely infected animals. Skin biopsy testing (IHC or
ELISA) detects Pl animals but rarely acutely infected animals. In contrasf®(RItesting can
detect BVDV from Pl amnals, aculy infected animals, and fromIlW vaccinated animals
(Goyal, 2005)

Regardless of the test used, it is recommended to retest positive animals if possible, as no
test is absolutely Pl specific. In order to increase accuracy of the tests to detectiafectely
animals it is recommended to use the buffy coats (white blood cells) since a modest immune
response can eliminate virus in the fluid phase of blood, but the mononuclear cells remain
infected(Brock et al., 1998)Special attention should be paid to the BVDV status of bulls.
Several reports have demonstrated the existence of bulls with BVDV positive semen without
viremia(Voges et al., 19985emen from these bulls can contain infectious virus for extended
periods of timgNiskanen et al., 2002)

Hansen et al.2010 observedhatgene expressioaf immunologic markerdiffer in
maternal blood cells in the presence of Pl versus uninfected fetuses. Pl advésstdy &étal
development and antiviral responses, despite protective immune responses in the dam. Therefore
this study demonstrated that fetal Pl with BVDV alters maternal immune function, compromises
fetal growth and immune responses, and results in ssipreof maternal blood biomarkers that
can be useth future diagnostic testo identify cows carrying PI fetus¢danseret al., 2010)

A recent studyevealed that manually plucked hairs might serve as an alternative sample
for a quantitative real time polymerase chain reaction (RR) testing. In that study 23,

BVDV -unvaccinated vaccinated calves3 Wveek old) knownto be positive for BVDV by

immunohistochemical staining, were selected and hairs were manually plucked from the ear. All

58



23 animals were positive for the virus by ¢gRTR performed on the whole blood and when
samples of more than 30 hairs were assé$edyh et al., 2011)

As previously mentionedo determine whether a BVDV infection is persistent, two
samples should be taken &#3ved intervals and tested for the airantigen.Bedekovic et al.
(2011)developed an indirect immunofluorescence (IF) method using ear notch tissue samples for
diagnosis of cattle infected persistently. This study showed that IF is a good alternative to RT
PCR and antigen ELISA and can be a quick and accurate method in diagnosis of BVDV in cattle

infected persistently with this viryBedekovic et al., 2011)

6. Vaccination

In order to prevent and control BVDV, the herd health program needs to be focused on
establishing biosecurity measures to avoid the introduction and dissemination of BVDV within
and béween herds, eliminating PI carrier cattle and by enhangingunity throughvaccination
Vaccination against BVDV should protect against viremia to avoid dissemination of virus
throughout the host following infectioAdditionally, an effective vaccinain shouldblock
infection of target cells of the reproductive and lymphatic systempset@ntoccurrence of fetal
infection and immunosuppression, respecti&lglling, 2004)
Antibodies present in the systemic circulation effectively neutralize infecting virions, promote
clearance of virus, and prevent fetal infectiofifie main purpose of immunization is to
stimulate both the B and T cell arms of the immune systeorderto inactivate free virus (via
neutralizing antibodies) and to eliminate infected cells that pateatial to release infectious

virus (via T cells)Immunoglobulins also have the ability to aggregate BVDV enhancing
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clearancéMurphy and Chanock, 2001¢elkmediatedmmunity (CD4 and CDS8 T cells),is
important for the resolution of acute infection with noopgthic BVDV (Rhodes et al., 1999)
There are two types of BVDV commercially available vaccines in the USA: modifiednd
inactivated. For many years, most vaccines contained BYBWains.However, due to
antigenic diversity between type 1 and type 2 strains, modifiecand inactivated vaccines
containing both type 1 and type 2 BVDV have been developed and are commercially available
(Fulton, 2005)

The major advantage of modifidigle virus vaccims, in general, is activation of all
phases of the immune system yielding a balanced systemic and local immune response, and a
balanced humoral and cetiediated response. The major advantages of inactivated BVDV
vaccines are that they are neither immumppsessive nor fetopathoge(falton, 2005)
Disadvantages of inactivated BVDV vaccines include a weaker neutralizing antibody response
and shorter duration of protection (which indicates a need for increased frequency of
administration). Also, inactivated vaccinesyneve a disadvantage in relation to modHiee
vaccine with respect to limited cytotoxiecCEll response, which plays an important role in
recovery from and resistance to dise@darphy and Chanock, 2001)

Several studies hawemonstrated the efficacy of IW and inactivated vaccines
regarding protection against both BVElVand BVD\ 2 infections as well as providing fetal
protection(Bolin and Ridpath, 1989; Cortese et al., 1998When evaluating the efficacy of a
vaccine it is important to take into account several aspects such as: level of immune response
(humoral and cell mediated), crossreactivity, fetal praiactapidity of protection, duration of
immunity, immunosuppression, reversion to virulence, effect of maternal antibody on immune

responses, and purifiKelling, 2004)
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6.1.Immune response to bovine viral diarrhea virus vaccines

Numerous vaccinatienhallenge studies haveén performetb demonstratéhe
protective responsenduced by BVDV vaccinedy evaluating clinical and serologic responses.
Thus, vaccine efficacy can be evaluated based on its ability to reduce clinical disease within a
population of vaccinated aninsatompared with a similar group of nonvaccinated animals
(Brock and Cortese, 20Q1Hlowever, due to the limitations in eliciting reproducible and
measurable clinical disease by challenge exposure, vaccine efficacy studies havéoazsely
on measurement of neutralizing antibody respo(Retgieter, 1995)Modified-live virus
vaccines have the advantagfestimulaing production othigh concentrations of viral
neutralizing antibodie&elling, 2004)

Additionally, replication of the vaccine virus in the vaccinated animal amplifies the
antigens and stimulatéise cell mediated immune respon®a the other hand, inactivated
BVDV vaccines have the major advantage that they are safe, but they generally induce a weaker

neutralizing antibody response and a shorter duration of protékting, 2004)

6.2.Crossreactivity

Since atigenic variation is an important feature of BVDV isolates commonly cincigiat
in the cattle population, crossreactivity of BVDV vaccine represents an essential property to be
evaluated.Both inactivated and modifielive BVDV vaccines stimulate produoti of
antibodies that crossreact with a range of antigenically diverse strains of BVDV islolates.
addition, protection against challenge with heterologous virulent BVDV isolates has also been

demonstrated for both types of vaca(Eulton et al., 2003a; Kelling, 2004; Xue et al., 2010b)
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Previous studies have demonstrated crossreactivity of the antibody response induced by
modified-live BVDV vaccines usingn vitro neutralization assays. Vaccinated cattle preduc
antibodies by three weeks that neutralizee2QGtrains of BVDV1 and BVD\ 2 in vitro (Bolin
and Ridpath, 198 Cortese et al., 1998b)hese results suggest that immunization against most
BVDV strains can be expected by 3 weeks after vaccing@ohn and Ridpath, 1989)
Experimental vaccinaticohallenge experiments have confirmed that firedHlive vaccines
containing BVD\£1 have the ability to crossprotect calves from experimental infection with
virulent BVDV-2 (Dean and Leyh, 1999; Ellis et al., 200&)milar toMLV vaccines,
inactivated BVDV vaccines also have the ability to produce crossreactive antibodies against
heterologous BVDW2 isolatesin vitro and protect against experimental challenge with
heterologous isolatg&ulton and Burge, 2000

Recent studies revealed that type 1b is the predominant BYBibgenotype,
representing more than 75% of field isolates of BV\D{Fulton et al., 2003a; Fulton et al.,
2002) However, nearly all commercially available BVDV type 1 vaccicw#tain BVD\-1a
strains. Previous studies have indicated thatBWDV sera, induced by BVDMa viruses,
show less neutralization activity to BVDBb isolates than type 1a. Therefore, it is critically
important to evaluate BVDALa vaccinesor their abilty to prevent BVD\/1b infection in
calves.n a recenstudy calves were vaccinated subcutaneously, intradermally or intranasally
with a single dose of a multivalent, modifiéde viral vaccine containing a BVD\La strain,
and were challenged with difiag BVDV-1b strains to determine the efficacy and duration of
immunity of the vaccine against these heterologous virus strains. Vaccinated calves, in all
administration routes, were protected from respiratory disease caused by thel®BviD\ses,

as indiated by significantly fewer clinical signs, lower rectal temperatures, reduced viral
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shedding and greater white blood cell counts thanvaaginated control animals. The BVBV
1a vaccine elicited efficacious protection against each B\ID\hallenge strajrwith a
duration of immunity of at least 6 mont{¥sue et al., 2011; Xue et al., 20b)

Xue et al. (2010¢valuated the immunogenicity of a single dose of an intranasally
administered MLV vaccine in-8 day old calves against BVDV types 1 and 2, IBR virus3 PI
virus and BRSV. Calves were challenged with one of the respective vihueego four weeks
postvaccination in five separate studies. There was significant sparing of disease in calves
intranasally vaccinated with the MLV vaccine, as indicated by significantly fewer clinical signs,
lower rectal temperatures, reduced viraldsheg, greater white blood cell and platelet counts,
and less severe pulmonary lesions than control animals. This was the first MLV combination
vaccine to demonstrate efficacy against BVDV types 1 and 2, IBRaAtl BRSV in calves-8
days of agéXue et al., 2010a)

While MLV vaccines elicit an immune response with a broader range and a longer
duration of immunity, killed vaccines are considered to be safer. One way to improve the
performance of killed vaccines is to develop new adjuv&itipath et al. (2010valuated new
adjwants, consisting of combinations of Quil A cholesterol and dimethyldioctadecylammonium
(DDA) bromide, for use in killed vaccines. Responses to three novel killed vaccines, using
combinations of Quil A and DDA as adjuvants, were compared to responsesnoreercial
modified live and a commercial killed vaccine. All three novel vaccines were efficacious based
on reduction in virus isolation, pyrexia, and depression. Compared to a commercial killed
vaccine, the three novel vaccines elicited higher VN leaetsreduced injection site

inflammation(Ridpath et al., 2010)
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6.3.Fetal protection

Several field and experimenttudieshaveevaluatedhe efficacy of vaccines on fetal
protection from BVDV infedbn (Oirschot et al., 1999; Van Campen et al., 1988)his regard,
other reporthiave questionethe efficacyof BVDV vaccines on fetal protectiosince Pl calves
were born in herds iwhich dams were vaccinatédelling CL, 1990; Van Campen H, 2000 )
These results have demonstrated significant, although incomplete, protection against fetal
infection using modifiedive BVDV vaccines(Cortese et al., 1998ahdpartial protection using
inactivated BVDV vaccinegEllsworth et al., 1993)0ne of these experimental studies showed
that 10 of 12 dams vaccinated prebreeding with modlfiedBVDV type 1 vaccine and
experimentally challenged around 75 days of gestation with ncp BVDV type 1, wezetpdot
against giving birth to PI calvé€ortese et al., 1998a)

Similarly, in another study, heifers vaccinateitbtma ncp modified live BVDVL1 (strain
WRL) vaccine 21 days before breeding, were challengmsed at 55 to 100 days of gestation
by intravenous administration of BVDV type 1 (strain 7443). In stiady, 92% of calves born to
vaccinated heifers were npersistently infected with BVDVDean et al., 2003)In contrast in
another study in which cattle were vaccinated prebreeding with inactwateche and
experimentallychallengeexposed with BVDV between 80 and 90 days of gestatioky,36%
of fetuses were protected against BVDV infectiBfisworth et al., 1993)

Early experimental studidsave used the combination of both an inactivated BVDV
vaccine followed by a modifietive BVDV vaccine in heifers. Animals were intranasally
challenged four weeks after the second vaccination (between 30 and 120 days of gestation) with
a mixture of type And type 2 BVDV isolate@rey et al., 2002)All nine vaccinated heifers

delivered clinically healthy seronegative and BViiXee calves. On the other haradl
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nonvaccinated control cattle developed viremia and their offspring wetaé&tkefore,
vaccinationcanprovide significant fetal protection reducing the occurrence of fetal infection.
However, several authors have concluded that vaccination is not 100% effective preventing fetal
infection,emphasizinghe establishment of a biosecurity measures and aséigrtests for
identification and elimination of Pl catt{€rey et al., 2002; Fulton and Burge, 2000; Fulton et
al., 2003a)

Xue et al. (2009¢valuated the efficacy of a modifidigte virus (MLV) vaccine in
protecting fetuses from infection with BVDY or BVDV-2 when83 pregnant heifers
(vaccinated 4 weeks before breeding) were challenggdBVDV -1 at approximately 170 d of
gestation with noncytopathic field isolat€é®tuses were collected 60 d after BVi2\¢hallenge,
and newborn calves were collected before colostrum intake. In this study protection was
determined by measuring the serum neutralizing antibody response in the fetus or calf and by
virus isolation from thymus, lung, spleen, and kidney tissug@ksnThere was a measurable SN
antibody response to BVDV in all the fetuses and calves of the control heifers, which had
received a placebo vacci(ue et al., 2009)However, only 4 of 22 calves and 7tbé 28
fetuses of the MLWaccinated heifers demonstrated SN antibody after BVDV challenge.
BVDV -1was isolated from tissue samples of 5 of the 12 calves of control heifers and none of 22
calves of the MLWaccinated heifers challenged with BVEL/ Type 2BVDV was isolated
from tissue samples of 17 of the 18 fetuses of the control heifers and 2 of the 28 fetuses of the
MLV -vaccinated heifers challenged with type 2 BVDV. The results of this study demahstrate
that the MLV vaccine reduces the fetal infectrate by at least 82% for BVDV type 1 and by
75% for BVDV type 2 when heifers are exposed to highly fetotrophic BM2¥ 170 d of

gestationXue et al., 2009)
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In another study, 80 crossbred beef heifegsanused to evaluate the efficacy of three
commercially available multivalent BVDV vaccines in preventing development of BVDV Pl
calves. Heifers were bred by Al and subsequently exposed to two bulls. At 61 d after Al, 70
heifers were pregnant. Three catikrsistently infected with BVDV were commingled with the
pregnant heifers (in an isolated pasture) from 68 to 126 d after Al. Resulting calves were
assessed for persistent infection using serum PCR, ear notch antigen-Eaj8feand
immunohistochemisy Persistently infected calves were only produced in the control group
(10/10) and the group receiving the inactivated vaccine (2/18). This study demonstrated that
commercial vaccines provided effective fetal protection despite prolonged natural exposure
BVDV. Given that viremias were detected in 11 vaccinated heifers after BVDV exposure, and
two vaccinated heifers gave birth to persistently infected calves, threcemsinued need for
biosecurity and diagnostic surveillance, in addition to vacanatd ensure effective BVDV
control(Rodning et al., 2010b)

A modified-live vaccine has been showmprevent fetal infection with BVDA2 and, to
some extent BVDVL, when used in association with an inactivated vacoine twostep
vaccination protocoln one stdy, a modifiedlive vaccine used alone was able to protect 13
heifers between 49 and 96 days of gestation at challengehedevelopmerieukopenia and
virus replicationandfor a 4month periodo prevent fetal infection. The efficacy of the BVBbV
1 dhallenge was demonstrated by virus isolation from thesét of all nine nemaccinated
control heifers. However, the small number of heifers tested meant that the vaccination failure
rate could be as high as 10% in the figliteyer et al., 2012)

Leyh et al. (2011¢valuated thefécacy of a MLV vaccine containin@VDV-1a and 2

against fetal infection in 50 pregnant heifers exposed on day 64 to 89 of gestation to cattle Pl
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with BVDV-1b. Eleven fetuses (8 control heifers and 1 IM and 2 SC vaccinatespogtiee
for BVDV via VI and for BVDV antigen via IHGanalysis in multiple tissues. Vaccination
against BVDV provided fetal protection in IM vaccinated (17/20) and&Cinated (17/20)
heifers, but all control heifers (10/10) were considered infected. In this study a singlé¢ dose o
BVDV-1a and BVDV2 MLV vaccine administered SC or IM prior to breeding helped (although
not 100% effective) proteicin against fetal infection in pregnant heifers exposed to cattle Pl
with BVDV-1b (Leyh et al., 2011)

Similarly, Xue et al. (2011¢valuated a MLV containing BVD\a and BVDV2 strains
for its efficacy in prevention of persistent infection of fetuses against BYD%strain, wheithe
heifers were vaccinated prior to breeding. The pregnant heifers were challenged with a non
cytopathic BVD\£1b strain at approximately 80 days of gestation. Vaccinated heifers were
protected from clinical disease and viremia caused by the B¥Virus BVDV was isolated
from 100% of the fetuses in the nreaccinated control group, and from only one fetus (4.3%)
from the vaccinated group. Results of this study demonstrated that the MLV containing BVDV
la and BVDW\2 strains provided 96% protection froetdl persistent infection caused by the

BVDV-1b strain(Xue et al., 2011)

6.4.Duration of immunity

Duraion of immunity after vaccination is amportantaspecin theevaluaton ofa
BVDV vaccine efficacy imtypical cattle herd systerparticulerlyin beef cowcalf operations
where animals are handled infrequerielling, 2004) Modified-live virus vaccines generally
produ@ a longer immunityhtan nactivated vaccines, because they tend to induce a stronger

neutralizingantibody response and require fewer administrations of vafi¢eing, 2004)
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Immunization of BVDVseronegative calves atill}} days of age with a single dose of a
modified-live BVDV -1 vaccine provided protection against development of severe disease when
challenge with a virulent type 2 BVDV was performed 4 months after vaccir&ilnet al.,
2001)

In one study, neutralizing antibody response was still detectable 18 months after
vaccination with modifiedive BVDV vaccine in seronegative coSortese et al., 1998bin
contrast, in another studgmore rapid decline of antibody titeoy 4.7 monthsvas noted
following vaccinationFulton and Burge, 2000%imilarly, in another study using a single dose
of a modifiedlive BVDV vaccine, antibody titers declined after 3.5 months, and protected

against type 2 challenge inoculati@ean and Leyh, 1999)

6.5.Reversion to virulence

Thepotential risk for shedding of vaccine virus from animals vaccinated with modified
live BVDV vaccines, followed by transmission to susceptible contact animals and reversion to
virulence has been studied. Calves vaccinated with modifiedVDV vaccinesdevelop
transient viremigFulton et al., 2003b; Hunsaker et al., 2002jccine virus was present in nasal
secretios for several days, corresponding to the time periochdusihich the vaccinated calves
were viremic(Hunsaker et al., 2002 contrast, another study showed that vaadd@VvDV was
not shed from calves receiving the modiflagt BVDV vacdne to susceptible cohort calves

(Fulton et al., 2003b)

6.6. Effect of maternal antibodies on immune @asge
Colostral antibodies begin to decline around 3 months of age. Vaccipatono

antibody decay imeonatal calves that have fed colostrum (containing a high concentration of
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antibodies to BVDV) with a modifietive BVDV -1 vaccine, resulted in a deased immune
response and low level of protectiagainst BVDV challengéEllis et al., 2001) Thus,high
concentrations of aternally derived BVDV specifiantibodies interfere with the development

of an immune response to vaccination witnadified-live BVDV vaccine.

6.7.Purity

Contamination of modifiedive virus vaccines with adventitious pestus, particularly
virulent BVDV, during the manufacturing process represarsignificant risk factoin the
manufacturing process, as previously repo(Batkema et al., 2001Lommercial vaccines
contamnated withextraneous BVDV strains could cause severe clinical consequences in
inoculated herds. In Europe, severe outbrealBMiV-2 i nf ecti on (O70% mor bi
associated with the use of batches of modified live Bovine Herpes YifBslV-1) maker
vaccine contaminated with BVD{Barkema et al., 2001; Falcone et al., 1999; Jagodzinski et al.,
2002)

The main source of adventitious BVDV is fetal bovine sewlnith is usedsa
supplement in cell cultunmedium used to grow vaccineus in cell culturegRossi et al.,
1980) A BVDV contamination rate in bovine sera has been estimatbdbetween 10 and 75%
(Bolin, 1991; Rossi et al., 1980Fonversely, Audett al.(2000)investigated pasble
contamination of 38 lots of viral vaccines using-RTR for the presence of BVD{Audet et
al., 2000) The study demonstrated that all vaccines were negatiweritaminating BVDV
RNA, suggesting that currently US licensed viral vaccines are unlikely to be contaminated with
pestivruses(Audet et al., 2000)However, it is recommended thaality of bovine sera and cell
linesto be used for cell culturemescreened for adventitious BVDWY using improved reagents

(eg, monoclonal antibodies) or new technology BGPCR with improved sensitivities.
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Additionaly, fetal bovine sexthat pass rigorous testing procedures amshegative for virus
may be irradiated or chemically treated as a further preventive measure before being used in cell
culture to grow vaccine virudWessman and Levings, 1999)

Xia et al. (2011)nvestigated 33 batches fatal bovine serum (FBS) obtained from ten
suppliers for the presence of both recognized and the atypical bovine pestiviruses contamination.
All 33 batches of FBS were positive by réiahe RT-PCR assays for at least one species of
bovine pestiviruses. Aceding to the certificate of analysis that the suppliers claimed for each
batch of FBS, BVDV1 was detected in all 11 countries and BV2Was detected exclusively
in the Americacontinent. The atypical pestiviruses were detected in 13 batches claimed to
originate from five countries. This study demonstrated that commercial FBS bftwhes
different geographic origins are contaminated not only with the recognized species B&iml/

BVDV-2, but also with the emerging atypical bovine pestivirxeset al., 2011)

6.8.Bovine viral diarrhea virus vaccination programs

The main objective of a vaccination program is to induce maximal protective responses
when the risk and consequences of BVDV infection are greatest during theetiwa cycleThe
prebreeding and preweaning stages represent the most critical times when immunity should be
highin order to protect cattle against reproductive lossesesmdratory tract disease,

respectivelyKelling, 2004)

6.8.1.Beef cowcalf herd vaccination
Preveation and control of BVDV infections cannaly solelyupon vaccination to
protect against fetal infection, since vaccines do not give complete fetal pro{€utsehot et

al., 1999) In addition to strategic vaccination, herd management practiaggfocus on
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biosecurity measures, as well as identification and elimination of Pl carrierder toavoid
exposure to BVDV infectiofAudet et al., 2000}t is important to emphasize that modifilde
vaccines have certain benefits versus inactivated vaccimésdiimgmore complet@rotection
against fetal infectiofFulton, 2005)

Several field and experimental studies have recommended vaccination of unstressed,
healthyheifers, separated from pregnant cows, with modii®BVDV vaccine(Cortese et al.,
1998b) Vaccination of all replacement heifers should be performed twice before breeding. It is
recommended to begin this vacdina protocol three estrous cycles (ie, 2 months) before
breeding(Fulton, 2005) Cows should be revaccinated annually, ®eeks before breedinkj.
inactivated vaccines are used, administration of vaccine should be timed so that maximal
responses are achievedla time of breedingFollowingt he vaccine manufactur
recommendation about the dose, timing of booster vaccinations and number of heasters

essentia(Kelling, 2004)

6.8.2.Dairy cow herd vaccination

Cows in a dairy herd are normally at various reproductivgestarhis limits selection of
vaccines to those that are safe to use in pregnant anAsalsscussed for beef céwalf herds,
similar vaccination strategies might be recommended in dairy herds for control of BVDV
infection. It is also a crucial in thenly herd heath program to avoid addition of Pl replacement
heifers, remove PI carrier cattle, and establish a vaccination program using both mivéified
and inactivated BVDV vaccing&ulton, 2005; Kelling, 2004)

Healthy replacement heifers should be vaccinated twice with modife®VDV

vaccine before breeding. T$eanimals need to be isolated from pregnant cows during and after
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vaccinationVaccination should be scheduled so that maximal protection is achieved during the
critical first 4 months of gestation to maximize the potential for adequate duration of itpmuni
and enhance protection against fetal infection. Replacement heifers should be vaccinated with
modified-live BVDV vaccines 60 days before breediicglling, 2004)

If inactivated vaccines are administered, vaccination of heifers before breeding should be
timed so that maxnal responses are afforded by first 4 months of gestation to maximize
protection against fetal infection. Thus, the second booster should be given 2 weeks before
breeding. Cows should be revaccinated annually, 2 weeks before brégdiwglie et al., 1995;

Kelling, 2004)

6.8.3.Beef calf vaccination

It is a common management practice in toaf operations to vaccinate young calves in
late spring when processed at branding time. At this time maternal antibody titers are still
elevated, which may intiere with the immune response to vaccination. Previous studies have
shown that high concentrations of maternally derived BVDV specific antibodies blocked
induction of protective immune responses to vaccination withctivated omodified-live
BVDV vacdne, with vaccinated calves develog severe disease when challenged 4 months
later (Ellis et al., 20Q). Because colostral antibody inhibits replication of modHigd vaccine
and results in decreased immune responses, calves vaccinated at an early age should be
revaccinated a few months later when maternal antibody titers have d€klaliany, 2004)

Beef calves, weanearound 7 months of age, are normally seronegative oribvavgers
of maternally derived antibod¥elling et al, 1990) Weaning is a management practice that

results n stressandrepreserga critical time when high risk of infection exis&nce antibody
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titers wane by 6 weeks after vaccinat{@rooms and Coe, 20Q2)alves should be immunized a
few weeks before weaning so that thefiiave maximal protection against BVCa¥weaning

The modifiedlive BVDV vaccine selected for immunization of calves suckling pregnant
cows should be safe regarding the fetopathic potential. The choice of vaccines will be limited to
specific products dégnated for this purpose. An effective strategy for optimizing virus
neutralizing antibody titers in a preconditioning program is the use of an inactivated vaccine
given to calves nursing pregnant cows followed by a modifiedBVDV vaccine at weaning

(Grooms and Coe, 2002)

6.8.4.Dairy calf vaccination

The vaccination program of the dairy calf will depend on the management practices as
well as the quantity and quality of colostrum consumed during the first hours dfddeatal
dairy calves, areeparated from the daat rth or shortly later. Thus, titeof materndly
derivedBVDV antibody varieswidely dependingn the quality and quantity of the colostrum
consumed, as well as the efficiency of immunoglobulins' intestinal absorption. Consequently, a
high percentage afeonatal dairy calves have a failure of immunoglobulin trarideGuire et
al., 1976) Therefore, the decreased immunity in calves with high concentrations of maternally
derivedBVDV specific antibodies following vaccinatipobserved in beef calvgis not a very
common and practical consequence in these dairy cdlkessnanagementondition suggests
that dairy calves should be vaccinated as s@opossible (around8month$ (Bolin and

Ridpath, 1995)
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7. Antiviral treatment s

Currently, no specific therapy exists to trBMDV Pl animalsNewcomer et al. (2012)
initiated evéuation of the pharmacokinetic and safety data of a novel antiviral agent in BVDV
free calves and to assess the antiviral efficacy of the same agent in Pl calves. Oné&&yYDV
calf was treated with-R2-benzimidazolyh5-[4-(2-imidazolino)phenyl]furan diydrochloride
(DB772) once at a dose of 1.6 mg/kg intravenously and one BW&3/calf was treated three
times a day for 6 days at 9.5 mg/kg intraveno(sigwcomer et al., 20125ubsequently, four PI
calves were treated intravenously with 12 mg/kg DB772 threestantay for 6 days and two Pl
control calves were treated with an equivalent volume of diluent only. Prior to antiviral
treatment, the virus isolated from each calf was susceptible to DB¥it2o. The antiviral
treatment effectively inhibited virus fd# days in one calf and at least 3 days in three calves.
Subsequent virus isolated from the three calves was resistant to DB##2. No adverse
effects of DB772 administration were detected. This study demonstrated that DB772
administration is safe drexhibits antiviral properties in Pl calves while facilitating the rapid
development of viral resistance to this novel therapeutic §iyemtcomer et al., 2012)

In another study26 3aminoacridine derivatives were evaluaieditro in cell-based
assays for cytotoxicity and antiviral activity against a panel of 10 RNA and DNA viruses.
Seventeen compounds exhibited a marked specific activity against BVDV. Some compounds,
particularly those bearing a quinolizidinylalkyl side chain, displayedqamooed cytotoxicity

(Tonelli et al., 2011)
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I. Evaluation of the onset of protectioninduced by a modified-live virus vaccine in
calves challengenoculated with type 1b bovine viral diarrhea virus

Abstract

The objective of this study was éwaluate the onset of protection induced by a modifex
bovine viral diarrhea virus (BVDV) vaccine rathistered 7, 5, or 3 days before challemg
type 1b BVDV.Forty beef alves were randomly assignedmf 4 groups unvaccinated control
group or a groupaccinated witra modifiedHlive virus vaccine containinBVDV types l1a and 2,
BHV-1, PI3, andBRSV at 7, 5, or 3 daysespectivelybeforeexperimentathallengewith NY -

1 BVDV. Blood samples were collected for total leukocyte counts, serum virus neutralization,
and virus isolation (VI); nasal swab (NS) specimens were obtained for VI; and rectal
temperaturgs weremonitared for 14 daypostchallengeNo significant differences in leukocyte
counts or rectal temperatures were detected after BVDV inoculatiacanatectalves.
Vaccinate calveshad significantly reduced viremia amplal sheddingpog-challenge

compared witlthose for unvaccinated calvé3n day Spostchallengeahigherproportionof
calves vaccinated 3 days before challei®®) had positiveNS VI results, comparetheresults
for calvesvaccinated 5 (1/10) and 7 (0/10) days befchallenge. Unvaccinated calves had
leukopenia on days 3, 5, and 6 after inoculationsagwificantly higherectaltemperaturgon
days 7 and ostchallengeAll unvaccinated calves hadl positiveNS VI result3-11 days
paost-challenge and 4 became viremidModified-live BVDV vaccine prevented fever, viremia,
and leukopenian calves inoculatedith NY-1 BVDV. However, a high proportion of calves

vaccinated 3 days before challerglpdBVDV after inoculation.
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Keywords: Bovine viral diarrhea virus, Modifietive virus vaccine, protection, calves

1. Introduction

Bovine viral diarrhea virus issamportantinfectious agent that affects cattle worldwide
(Baker, 1995; Houe, 1999nfection of pregnant cattle with BVDV may result in abortions,
stillbirths, or the birth of calves witbhongenital defectsr persistently infectedith BVDV
(Baker, 1995)Acute infections with some strain§ BVDV may causémmunosuppressioand
clinical signs of gastrointestinal, reproductive, and respiratory di¢Eaken et al., 2005a;
Makoschey et al., 2001¥trategies to prevent and control BVDV inclup&arantine and other
biosecurity measures tmntrol the spread of infection within and betwd®rdsjdentification
and slaughter of persistently infectemittle and vaccinatioiBrock, 2004; Kelling et al., 2000;
Reber et al., 2006)

The efficacy of a MLV vaccine to protect against BVDWectioncan ke indirectly
measured by the vaccineds ability to induce h
strong celmediated immue responseAn important factor in the evaluation of BVDV vaccine
efficacy isits rapidity in eliciting an adequate immunespense to proteciattlefrom negative
outcomesvhen exposetb the viruswithin a few days after vaccination. This feature is
particularlyrelevant in certain production systems such as feedlots, where frequent introduction
of cattlewith unknown BVDV stéus increases the risk of BVDV infection, which cotgdult in
severe respiratory diseaseda high deathratein affected cattle ansubstantial economic losses

for producers
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A studyto characterize the onset of protection elicited biaV BVDV vacane in
calves challenge inoculatedith a virulent type 2 strain of BVDYevealedhatcalves
vaccinded5 or 7 days before experimenyaihducedinfectiondid not develop clinical signs of
BVDV infection, whereas unvaccinated control calves develgaeere clinical diseasand had
ahigher death ratéBrock et al., 2007)Vaccinationof calves3 days before challengxposure
with the sametype 2 strain elicitedomeprotection,as evidenced bydecreaed magnitude of
viremia and leukopenia after experimentalculation, compared with that for unvaccinated
control calvegBrock et al., 2007)rheauthorsof that studyspeculated that such pestion may
not have beedetectedf a lessvirulent BVDV strain had been uséar the challenge
inoculation(Brock et al., 2007)

Studies have identified that type 1b BVDV strains egeally ormore prevalent than
type 1aBVDV strainsand are isolated more frequently from calves that die gvidks lesions of
pneumonigFulton et al., 2003a; Fulton et al., 20084)pst commercial vaccingsarketed in
the United Statemclude type landbr type 2 BVDVstrains which mightaffecttheir efficacy
because&attlearecommonlyexposed to a different subgenotype, such as tygeulton et al.,
2005b) The objective of the studgported heravas to evaluate the onset of protectiocattle
vaccinated withaMLV BVDV vaccine 7, 5, or 3 days before experimentalculationwith a
type 1b BVDV(strainNY-1). Our hypothesis was that a single dose of a commercial MLV
combination wial vaccing(containingBVDV type la and 2 straingyould protectcattlefrom
acuteBVDV infectionwhenexperimentally inoculatedith aNY-1 BVDV soon after

vaccination
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2. Methods
2.1.Animals

Forty clinically normal beef calves (36 males and 4 fes)al7 to 9 monthsld, and
weighing 191 to 213 kgiere usedn the study. Calvewere seronegativ@ntibody titer < 1:5)
for BVDV as determined by serum Véhd hachegative results faBVDV via
immunohistochenaial analysiof ear notcrspecimes and Vlof bloodsamplesCalves were
obtained from a privatg ownedherdthat hadan optimal biosecurity program place ando

which newcattle were nointrodued (closedherd.

2.2.Experimental design and sample size calculation

The study was designed asandomized, controlled trighample size wasalculated
using a power procedurBROC POWER, SAS, version 9.1, SAS Institute Inc, Cary), &iCthe
basis of the expected med@s000, 5,000and 3,000 ced{pL) of thetotal leukocyte courior
each vacaiated groupthe SDs (1,200 ce#fuL) of the meansand a statistical power of 99%
(Brock et al., 2007)The calculated sample size was 6 calves/group, but we chose talénroll
calvesgroup to ensurthat an adequate numberaalvesweremaintainedn each group
throughout the studgeriod Calveswere stratified by sex and assigned by use of a random
number generatdResearch randomizer, version 3.0, Social Psychology Network, Middletown,
Conn) to 1 of 4 treatment groupsalvesvaccinated 7 days before BVD3hallenganoculation
calves vaccinated 5 days before BVI@¥allenganoculation, calve vaccinated 3 days before
BVDV challenganoculation andcontrol calve not vaccinated before BVDV chatige

inoculation
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All 40 calves werdnoused togetheat the farm of origirprior to vaccination. As
treatment groups were vaccinated (7, 5, or 3 days bB#®/ challenge inoculatioy they
were separated anticansportedo theAuburn UniversityBVDV isolation farm. At the BVDV
isolationfarm, vaccinatedccalves were housed together in the same pasture and allowed to eat
and drink from the same feedersdwater troughsThe unvaccinated controhlveswere
transportedo the BVDV isolation farnonthe dayof BVDV challenge inoculatiorfday 0) to
prevent any exposure of nonvaccinatat/esto BVDV beforeinoculation All calveswere
inoculated with BVDVon the same day and housed together from that time point to the
completion of the study. Attalf protocds were reviewed and approved by the Institutional

Animal Care and Use Committee of Auburn University.

2.3.Vaccine

The vaccinaisedwas a USDAlicensed stock materiapproved for commercigile
(Express 5, Boehringer Ingelheim, Ridgefield, Cofiine vaccinewas an MLV combination
vaccine containing type la (Singer strain) and type 2 (296 strain) BVDV, bovine herpes virus
type 1, parainfluenzairus type3, and bovine respiratory syncytial virus. A singieR dose of
the vaccine was administered IMth a sterile 18gauge, 1inch needlaisedfor eachcalf in

accorénce withthema nuf act urer 6s recommendati ons.

2.4.BVDV challenge inoculation
Calveswere experimentallinoculatedwith anoncytopathic type 1b BVDV isolate
(strainNY-1). The NY-1 BVDV strainwas originally isolated by researchers at Cornell

University from dairy cattle in the United Stafége and Gillespie, 1957b)he virus las been
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in continuous propagation since 1957 and is available as a chaligm)é strain fromthe

USDA National Veterinary Services Laborator{€lifford, 2006) The stock straiof NY-1

BVDYV used inthe present studyas biologically clonedia successive passages by use of

limiting dilutions with subsequent minimal propagation to produce an adequate amount of stock
virus for characterization and animal challeegposurestudies.The inoculm usedconsisted of

cell culture supernatants containing 1.36 X CCIDsymL of inoculum. Thénoculationwas
performed by intranasal aerosolization of 5 mL of inoculum by use of an aerogabresolizer

deVilbiss, Somerset, Pand a vacuum pump.

2.5. Sample and data collection

From each calfblood samples wereollectedon days 0, 3, 5, 6, 8, 11, and 14 after
BVDV challenganoculationin blood tubes containing an anticoagultontdetermination othe
leukocyte countBlood samples were collected days O, 3, 5, 6, 7, 8, 9, 11, and 14 after BVDV
challenge inoculation in blood tubes without an anticoagulant to odxaim for VN and VI
Nasal swalspecimengor VI werealsoobtainedand body temperature measured by use of a
rectal thermometeondays 0, 3, 5, 6, 7, 8, 9, 11, and 14 aB¥DV challenge inoculatian

One swab was used to scrape the nasal mucosa of each calf and was then placed in a tube
containing 3 mL oDulbecco modified Eagle medium supplemented with 10% equine serum,
alanyl andL-glutamine Tubes containing nasal swabs were transported on ice until processing.
For processing, tubes were mixed by use of a vortex; swabs were removed and discarded, and
the remaining medium was stored&@°C.

For each calfimmediately pior to andfor 14 days afteBVDV challenge inoculation

clinical signs of disease and clinical scores evaluaigigs ofdepression, appetite,
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conjunctivitis, diarrhea, nasal discharge, coughing, and dyspnea were assessed and recorded
daily. Clinical signs were assessed a scale from 0O to 8vith O representing a lack of clinical
signs and 3 representing severe clinical sighmw/estigators who assesséaical signs,
collecedsamples, measedtemperatures, and assedthe outcomes wengnaware othe group

assignmentor eachcalf( O6 Connor .et al ., 2010)

2.6.Serum VN

Virus neutralization was performed at seridb@ dilutions(1:2 through 1:256pn heat
inactivated serum by use of 100 CG4Df NY-1 BVDV and type 2 ¢train1373) Samples were
incubated for 1 hour &7°C before the addition of MDBK cells (1.5 X 16ells/mL). Cultures
were incubatedor 72 houran 5% CQ at 37°C The results were expressed as the relative
concentration of antibody necessary to inhibit viral infeciiedetermined byan

immunoperoxidase stainirigchnique thatiseda BVDV -specific poly¢onal antibody (B224).

2.7.Virus isolation

Serumsamplesandnasal swab specimengere stored frozen aB80°C. For VI, 250 pL
of each sample asadded to individual 28n7 tissue culture flasks containing a monolayer of
MDBK cells. For cell culture, Dibecco modified Eagle medium supplemented with 10% equine
serum,L-alanyl, and.-glutamine was used. After 3 days of incubaiin8% CO,at37°C, flasks
were frozerandthawed; 50 pL of thecell suspension from each flaslasthentransferrednto 3
wells of a 96well plate seeded with MDBK cells (first plate). The inoculatedhv@dl plate was
incubated for 3 days, and the culture medium from each well was transferred to the

corresponding wells of a new 2¢ell plate seeded with MDBK cells (second plai&)th 96
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well plates (first and second) were tested for BVDV antigen by uariofmunoperoxidase

stainingtechnique

2.8.Leukocyte count

Unclotted blood samples were submitted to the clinical pathology service laboratory at
the Auburn University Collge of Veterinary Medicin&r leukocyte analysis. The total
leukocyte count for each sample was determinechtausdomatic ell counter(Coulter. Corp.,

Miami, FL, USA).

2.9. Statistical analysis

To detect changes in leukocyte counts over time, the feakacyte count on day 0 was
compared with the mean leukocyte count on @&y 6, 8, 11, and 14y the use of a repeated
measures analysis fomasixedgeneralized linear modalefined byy; = O +++b i} wherey;
represents the response (leugeccount) of subjectgnday i for each treatment group
represents thmean U represents theffect of dayi afterBVDV inoculation(day 3, 5, 6, 8, 11,
or 14), compared witthe effect orday 0, b; representsa variableassociated with subjegbn
day O(baseling, and j representsheerror.We assumed that days afteoculationwerefixed
(so Wi = D) calmedusewera & rartddmesample ofilvesfrom a larger
populationof calves. Thus, thealves collectively represeatia random effect, so we assuthe
that thewassOaandd dfhah t hwes YEBreicance @vs edmmaenitom
all days afteroculationon the samealf, the covariance betweepand y gyas not0O, but

constant across all days and sutgeChanges imectaltemperature over time were analyzed by
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use of a statistical model similar to tm®delused for detecting changes in leukocyte counts
over time.

An ANOVA was performedo compare means of temperature, leukocyte counts, and
antibodytiters, respectig, among the treatment groups by the use gérerakedlinear model
(PROC GLM, SAS, version 9.1, SAS Institute Inc, Cary,) M@h the Scheffe method used to
adjust for multiple comparisons. The model was defing@@$yi4= 1 + U+ i; wherey
represents theespectivaesponse (leukocyte coymectaltemperaturegor antibody titers) of
subject j to treatment control orvaccination 7, 5, or 3 days befd&DV challenge
inoculatior) at 0, 3, 5, 6, 8, 11, and 14 days aB®DV challenganoculation p represents the
me a nrepredénts theffect of treatmerit(control or vaccination 7, 5, or 3 days before
BVDVD challengeinoculatior), and j represents the random effector. The value foiR? was
used to estimate the gdness of model fit. In the present stud§yRs > 54% forll the
continuous variablethat were considered

Virus isolationresultsfrom serunsamplesand nasal swagpecimensvereanalyzed by
use ofafrequency procedurdROC FREQ, SAS, version 93AS Institute Inc, Cary, Nfand
comparedvith ac? test. A logrithmicbase 2 transformation was applied to VN values before
calculation and comparison of tlMs. Backtransformed GMs for each viral strain tested were
calculated for each group @yO and 14 days aft8VDV challenge inoculationFor all

analyses, values &f< 0.05 were considered significant.
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3. Results
3.1.Clinical signs of BVDV infection

Onecalf that was vaccinated 3 days bef@€DV inoculationwas removed from the
studybecaise ofan injury not associated with vaccinationmoculation Clinical disease
attributable to BVDV was not observed in any ahlfing the periodetween vaccination and
BVDV inoculation Clinical signs of severe BVDihfection(clinical score = 3yvere not
observed in any calf during the 14 days after BViDdtulation Mild coughing, nasal discharge,
and loose feces were sporadically observed in a few vaccicatiexs(4/10, 2/10, and 2/10 for
calves vaccinated 7, 5, and 3 days before BVimd¢ulation respectivelyduring thel4 days
after BVDV inoculation Of the unvaccinated control calvespf710 developed mild watery
nasal discharge during the course of the experin3enitthose 7 alstnad loose fece®©f the
remaining 3 calves in the unvacciedtcontrol group, Bad loose feces as the only clinical sign
of BVDV infection afterinoculation, and 1 did not develop any clinical signs associated with

BVDV infection.

3.2.Rectal temperature
A significant increase in meagactaltemperature wadetectedin theunvaccinated
control group on days (P = 0.003)and 8(P= 0.001)afterBVDV inoculation compared with
the mean rectal temperature for the grouglay O(Table 1).The mean rectal temperature for
the unvaccinated control group was also sigaiftly higher on days P(= 0.015) and 8(P <
0.001) ,compared with the respective mean rectal temperatures on those days for the vaccinated
groups.In contrast, there was no increase detected in the mean rectal temperatures for calves in

the vaccinaté groups, compared with the respective mean rectal temperatures for each group on
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day 0. There was also no difference in the mean rectal temperatures among any of the vaccinated

groups on any specific day during the observation period.

3.3.Serum VN

Most calves were seronegatif@ BVDV typel and 2onthe day of vaccination
(antibody titer < 1:5). However, 5 of 4alveshad low antibody titer§l:8 to 1:32)against
BVDV typelb and 2 at the beginning of the study, whigre attributed tonaterndly deived
antibodies and ndb prior exposure to BVDVSeropositive calvewere evenly distributed
amongthe 4treatmengroups and did not affect the outcas e interest.

Serum VN antibody titeragainstNY-1 BVDV were significantly P < 0.001) increased
onday 14 afteBVDV inoculationin all the vaccinated groups, compareith the NY-1 BVDV
antibody titers omlay Q At the end of the study period, t&d antibody titer valuesere12.69,
10.07, and 11.75 faralves that were vaccinatéd5, and 3 days b&re BVDV inoculation,
respectively(Table 2 ).No differences were found among the vaccinated groups. Interestingly,
unvaccinated calves developesty high VN antibody titergGM, 73.51)againstNY-1 BVDV
14 daysafter thechallenganoculation and thisvaluewas significantlyP < 0.001)greater than
thosedetectedn the vaccinated groufds! days after challenge inoculatidfight of 10
unvaccinated calves had @old4ncrease in antibody titeegainstNY-1 BVDV, which was
indicative of an activenfection The 4 unvaccinated calves that became viremic had antibody
titers2 64.In contrastthere was nancrease irthe GMantibody titers against type 2 BVDV

from day O taday 14 after BVDV inoculation foany of the vaccinategroups or theontrol

group.
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3.4.Virus isolation

Six days after BVDV inoculation, BVDV was detected in the serum of 6 calves (4 from
the unvaccinated control group, and 1 each from the groups vaccinated 7 and 3 days before
BVDV inoculation). The number of calves with virenimethe unvaccinated control group was
significantly P = 0.04) higher than the number of calves (n = 0) with viremia in the group
vaccinated 5 days before BVDV inoculation, but was not significantly different from the number
of calves with viremia in thetber 2 vaccinated groups, respectivighgure 1).
Viremia was not detected in any of the study calves beginning 9 days after BVDV inoculation
and for the remaining 5 days of the observation period.

All calvesin theunvaccinated group hambsitiverestl s f or B Wa3alswam O 1
specimen by day 8fterBVDV inoculation(Figure 2).0On days 7, 8, and 9 after BVDV
inoculation the proportion of calves with positive results for BVDV on nasal swab specimens
was significantly higher for the unvaccinatedgsg¢Figure 1),compared with the proportion of
calves with positive results for BVDV on nasal swab specimens in the group vaccinated 7 days
before challenge inoculatidi® = 0.003) the group vaccinated 5 days before challenge
inoculation(P = 0.003),or the group vaccinated 3 days before challenge inoculé@®er0.04).
In contrast, on days 7, 8, and 9 after BVDV inoculation, respectively, the percentage of calves
with positive results for BVDV on nasal swabs did not differ among the vaccinated groups.

Five days after BVDV inoculation, a higher proportion of calves that were vaccinated 3
days before challenge inoculation had positive results for BVDV on nasal swab specimens,
compared with the proportion of calves with positive results for BVDV on nasdd specimens
in the groups vaccinated B € 0.04) or 7(P = 0.0075)days before challenge inoculations. Of

the calves that were vaccinated 3 days before BVDV inoculation, 6 of 9 had positive results for
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BVDV on O nasal swab specimens between 3 and 9 days after BVDV inoculitpnme 2).
There was no significant difference in the cumulative number of calves that had positive results
for BVDV on nasal swab specimens between the group vaccinated 3 days befve BV

inoculation and the unvaccinated control gr@kigure 2).

3.5.Leukocyte count

Leukopeniavasdetectedn unvaccinatedalveson days 3, 5, and 6 aftBvVDV
challenganoculation;and the mean leukocyte count was significarflyk (0.001) lower on ez
of those days;omparedvith thaton day O(Table 3).This decrease ileukocyte countvas
associateavith the period during which calves in the unvaccinated group became vi@mic
days3, 5,and6 after BVDV inoculationthe mean leukocyte count wsignificantly lower for
the unvaccinated group compared with the mean leukocyte count on those days in the group
vaccinated 7 days before challenge inoculatiBr@.0005,P=0.0007,P=0.032; for days 3, 5
and 6 after inoculation, respectively) the groupciaated 5 days before challenge inoculation
(P=0.016,P=0.032,P=0.0003; for days 3, 5 and 6 after inoculation, respectively) and the group
vaccinated 3 days before challenge inoculatlex0(005,P=0.032,P=0.001; for days 3, 5 and 6
after inoculation, @spectively). §nificant variationsin themeanleukocyte countvere not

detected within or amonipe vaccinated groups throughout tteservatiorperiod.

4. Discussion
In the present study, challeng@culationwith NY-1 BVDV did not cause severe
clinical signsof BVDV infectionin any of thecalves In anotherstudyin which investigators

used a similar protocol, experimental challeegposurawvith type 2 BVDV (strain 1373 caused
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severe clinical diseases evidenced bg highdeathrate (60%) irunvaccinateccalves (Brock et
al., 2007) and those results wecensistent witlresults ofother studies thahvolved theuseof
the same BVD\thallengeexposure strai(Liebler-Tenorio, 2004; Ridpath et al., 2006;
Stoffregen et al., 2000 Pnepossible reason fahecontrast in clinical outcomdsetween the
present study and the cited studiesy bevariationsin the amount of virus used in the
challengeexpasure dose or an increased virulence of the typ¥RV challengestrain.

Acute BVDV infection in unvaccinated calves was not accompanied by severe clinical
signs of diseasia the present studyrhis observation is similar to those reported from field
investigationsHowever, the significant increase in rectal temperadetectedor the
unvaccinategroup indicates a deviation froahnically normal Calves that were vaccinatddl
not have a significant change in rectal temperatiueing the coursefdhe experiment, which is
comparable with results ohatherstudy thaincluded theuseof a type 2 BVDV challenge
inoculation(Kelling et al., 2007)Ridpath et al(2007)demonstrated thatattleinoculated with
thesame N¥1 BVDV strainthat was used in the present stadyeloped mild clinical signsf
BVDV infection that lasted fa shorter duratiorgompared with the clinical signs and duration
of clinical signs associatesith type 2 BVDV straingRidpath et al., 20075imilar to infections
caused by the N1 strain, acute infections with other BVDV fieldahs often do not cause
severe clinical diseagBaker, 1995)However, irrespective of the ability of a particular strain of
BVDV to cause clinical disease, the deleterious effects BVDV has on the immune and
reproductive health of cattle in general, along with the potential for the bictdwafs
persistently infectedith BVDV, create the need for effective control measures to prevent the

dissemination of BVDV within and between herds.
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The GM antibody titers against the NIYBVDV challenge strain used in the present
study were significantly increased at day 14 dfterchallenge inoculation, compared with the
GM antibody titers on day O for all groups of calves. However, the GM antibody titer for the
unvaccinated group on day 14 was significantly higher than that for each of the vaccinated
groups.It is possible thédower antibody titers in the vaccinated groups could have been caused
by early immune responses (production of type I interferon and neutralizing antibodies and
stimulation of cellmediated immunity in the form of natural killer cells and macrophages)
elicited by the vaccine that inhibited antigenic stimulation of the immune system following the
challenge inoculation and that prevented viral replication in the respiratory Traesignificant
difference in antibody titedsetween the calves that werevancinated and vaccinated in the
present studgould also be attributed to the fact that unvaccinated calves had a primary humoral
immune responsthatfocused on the challend®/DV strain but vaccinated calves had a
primaryhumoral response initiated liye heterologou8VDV strainsincludedin the vaccine.

The results of VI from serusamplesand nasal swagpecimensndicatethat vaccination
5 or 7 days before challengeoculationwas effectivan protecing calves fromdeveloping
clinical signs assaated withBVDV infection andreducing the amount of virahedding. This is
in accordance with othetudiesn which BVDV was isolated from nasal swgtecimendrom
all calves imnunvaccinated group but ncalves inMLV -vaccinated group(Kelling et al.,

2007) Fulton et a[2006)used2 dosegvaccination 301ad 17 daydefore exposure tcalves
persistently infectedith BVDV) of the same MLV vaccingontaining BVDVtypesla and 2)
used inthe present study amtkterminedhat vaccinatiompreventedviremia, whereas8VDV
was isolated from nasal secretions Ekocytes fromunvaccinateccontrolcalves on days 6

and 13after challenge inoculatioffrulton et al., 2006)Although BVDV has been isolated from
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theserum ofcattleon day 7 &er receiving a MLV vaccine containingtrainsSinger oNADL
(Bolin and Ridpath, 1989Yyaccinated calves in the present study seldom had Bigblsted
from theserum andit wasneverisolatedO5 days after challengaoculation

In the present studgalves in thevaccinatedyroups did not have a significant decrease in
meanleukocyte counts, compared witie leukocyte count for calves in thevaccinatedyroup
which had marked leukopenia during tieservatiorperiod. This is cosistent withresults from
otherstudiesin which unvaccinated calves experimentaligculatedwith a type 2 BVDV strain
all developed leukopeniaetweer8 and7 daysafter challengenoculation(Brock et al., 2007,
Kelling et al., 2007)

The ability of vaccination to reduce the frequency of vieeandviral sheddingn nasal
secretionsn calves exposed BVDV within daysafter initial vaccination can redet¢he spread
of BVDV in commingled cattle, especially in production systéimsfeedlots)with cattle from
multiple sources with unknown BVWDstatus. \accination of higkrisk cattlewith asingle dose
of anMLV vaccine 5 or 7 days before exposure may immediately decrease BVDV transmission
in cattle at risk obecoming infectethecause of commingling or exposure#dtlepersistently
infectedwith BVDV (Brock et al., 2007)However jt must beemphasizd that the present study
represents a single vaccinatichallengeexposurethe results of which cannot be extrapolated
to all cattle popuwdtions and production systems. The fact that a high propd@i8yof calves
vaccinated 3 days before challengeculationhadBVDV isolated fromat least 1 nasaivsab
specimerbetween 3 and 8aysafterBVDV inoculationindicatel vaccination does notevent
viral shedding if BVDV i nf ec tHowevervdceinatioh,ops O
even within 3 days of inoculation, resulted in an immune response that decreased the frequency

of viremia and viral shedding in nasal secretions, compartxdtie frequency of viremia and
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viral shedding in unvaccinated calves. Vaccination also mitigated the severity of the infection as
evidenced by no significant variation in mean leukocyte count or rectal temperature in
vaccinated calves throughout the olvaéion periodThe results of the present study confirm
those of aotherstudyin which vaccination 3 days before challemgeculationprovided some
but not total protection against BVDV infection by decreasingldweeof viremia andhe
development ofeukopeniaafter inoculationBrock et al., 2007)However, in that study, as in
the present studyjral shedding imasal ecretionsvasdetectedn 4 of 10 calves vaccinated 3
days before challengeoculation,butthe amount of shedding wesduced, compared withat
of theunvaccinateatontrol group. Fulton et §2005)reported thatalvesreceivingan MLV
vaccine containin@VDV types 1a and 2a 3 days before exposure to persistently infeatésl
were not completely protecté@cause a substantial proportion of those calves developed
viremia.

Modified-live virus vaccinegausea limited infection at the site afijection that
emulaesa natural infectiomndtriggers a celimediated immune sponse characterized by the
proliferation and differentiationf helper and cytotoxic T cell®eber et al., 2006 Antibody
productionagainstviral protein antigens requires interaction between helper Ta®lB cells
Several days are required fmoliferation and differentiation of naive lymphocytes into effect
T cellsand antibodyproducing B cellgo effectively control viral infection and replication
(Janeway et al., 20050n the basisf the results from the present study, the immune response
induced by a BVDV MLV vaccine igalves vaccinated 3 days befatellenge inoculatiowas
insufficientto control BVDV replication in the uppgortion of therespiratory tract, as
evidenced b8VDV sheddingn nasal secretion#t is speculated thatnder natural conditions,

BVDV infection within 3 days after MLV vaccination will result in viral shedding for
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approximately 7 days after exposutay virus shed by infected cattle putther susceptible

cattle at risk of becoming infectedowever, the reduced frequency of BVDV isolation from the
nasal secretions of calves vaccinated 5 and 7 days before challenge inoculation indicates that
even 2 additional days of immune stimulation can result in ddenable difference in the
physiologic immune response against BVDV infection.

Elements of innate immunity, such as type | interferon, might have played a role in the
protection ofcalves that were vaccinated 5 or 7 days before challangalationby minimizing
the clinical signs associated with acute BVDV infection and the shedding of BVDV in nasal
secretiongChase et al., 2004)rhe molecular mechanisms by which typetéerferoninhibits
viral replication includehe synthesis of proteins (dgyxovirus resistance factodsRNA
dependent protein kinasand 2'5-oligoadenylate synthetasethpt interfere with RNA
transcription protecton ofadjacentells that have notetbeen infectd (antiviral state)andthe
indudion of apoptosis of virusnfected cellsall of which impairBVDV viral replication
(Lenschow et al., 2007)

A single dose odnMLV BVDV vaccineinduced protection againstpe 1b BVDV
infectionin calves that were challengeoculated with the virus soon (3 to 7 days) after
vaccinationas evidencedy a lackof fever and leukopeniaas well as aeduced frequency of
viremia and vial shedding throughout trebservatiorperiod. However, a high proportion of
calvesinoculated withrBVDV 3 days after vaccination shed the virus in nasal secretions between

days 3 and 9 &t BVDV challenge inoculation
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1. Bovine Viral Diarrhea Virus Fetal Persistent Infection following Immunization
with a Contaminated Modified-live Virus Vaccine.

Abstract

The aim of this study was to determine whether a multivalent modiiedvirus (MLV) vaccine
containing noncytopathic (ncp) bovine viral diarrhea virus (BVDV) administereldlodi to

pregnant cattle can result in persistently infected (Pl) fetuses and assess whether vaccinal strains
can be shed to unvaccinated pregnantecattmmingling with vaccinates. Nineteen BVBV

naive pregnant heifers were randomly assigned to two groups: cattle vaccinated near day 77 of
gestation with MLV vaccine containing BVDVa (WRL strain), BHV1, R| and BRSV (Vx;

n=10) or control unvaccinateaittle (Co; n=9). During the course of the study a voluntary stop
sale/recall was conducted by the manufacturer due to the presence of BVDV contaminant in the
vaccine. At day 175 of gestation, fetuses were removed by caesarean section and fetal tissues
weresubmitted for virus isolation, amgRT-PCR using BVDV1- and BVDV-2-specific probes.
Nucleotide sequencing of viral RNA was performeddRiT-PCR positive samples. Two

vaccinated and two control heifers aborted, but their fetuses were unavailable fortBStDYg.

BVDV was isolated from all 8 fetuses in Vx heifers and from 2 of 7 fetuses in Co heifers. Only
BVDV -2 was detected in fetuses from vaccinates, whereas only BVId&s detected in the 2
fetuses from controls. Both BVDY and BVD\:2 were detectednithe vaccine. In conclusion,
vaccination of pregnant heifers with a contaminated modifi@BVDV vaccine resulted in
development of BVDW2 PI fetuses in all the tested vaccinated animals. BVDV was apparently

shed to unvaccinated heifers causing fettddtions from which only BVYDV1 was detected.
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1. Introduction

Bovine viral diarrhea virusBVDV) is a positivesensesingle stranded RNAirus
belonging to the genuwRestiviruswithin theFlaviviridae family (Lindenbach and Rice, 2001)
The BVDV genome consists of a single open
untranslated regions (UTR§Tollett et al., 1988a; Collett et al., 1988b; Deng and Brock, 1992)
T he 506 UT Rinterrall ribosoms entay site that promotes-oafependent translation
initiation (Pestova and Hellen, 1999; Poole et al., 19968 ORF encodes a polyprotein (4000
amino acids) that is coand postranslationally cleaved by viral and cellular proteases into
mature viral proteins including Npro, C, Erns, E1, E2, p7,-R39S4A,NS4B, NS5A, NS5B
(Rice, 1996)

There are twdBVDV biotypes,cytopathic(cp) and noncytopathifncp), based omheir
capacityto cause patitgenic effects on cell culturéslamers et al., 2001Two different
genotypegBVDV -1 andBVDV -2) have been identified with remarkalaiferences in genomic
sequences of the TR, N-pro and E2 region@idpath, 2003)Bovine viral diarrhea virus is a
major infectious agent that affects cattle productiondvade (Baker, 1995; Houe, 1999)

Acute infections with some strains may cause clinical presentations of gastrointestinal,
reproductive, respiratory disease, and immunosaggon(Fulton et al., 2005a; Makoschey et

al., 2001)
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Infection of pregnant cattle with BVDV may result in abortions, stillbirths, congenital
defects and the birth of mstently infected (P1) calvesPersistent infections occur if a
susceptible pregnant cawinfected with a ncfBVDV strainat 30 to 125 daysf gestation
(Brock et al., 2005)At this time of gestatiorthefetal immune systens not completely
developed and not EbtorecognizeBVDV asaforeignantigen; thusthe fetus becomes
immunotolerant é the infecting BVDV strainSuch calves continually shed large amounts of
BVDV, representing a risk to susceptible herdm@w=Clurkin et al., 1984)Consequently,
while theirprevalence is less than 1%ese PI cattleave been recognized as the main source
for spread of BVDV within and among cattle he(d®ue et al., 1995; Loneragan et al., 2005;
Wittum et al., 2001)

Strategies to prevent and control BVDV include biosecurity measures to avoid
introduction of infected animals in the herd, quarantine of animals to control spread between
herds, identificaon and slaughter of Pl animals, and vaccinafBrock, 2004; Kelling et al.,

2000; Reber et al., 2006Both inactivated and modified liv@VDV vaccines are available.
Modified-live virus (MLV) vaccines have #ability to induce high neutralizing antibody levels
(Brock et al., 2006; Dean and Leyh, 1988y a strong cell mediated immun({Blatt et al.,

2009d). The efficacy of modifiedive BVDV vaccines to prevent fetal infections and the
development of Pl animals has been evaluated in several studies, reporting values between 57.9
and 100%Brock and Cortese, 200Byock et al., 2006; Cortese et al., 1998a; Dean et al., 2003;
Fulton, 2005; Leyh et al., 2011; Rodning et al., 201®¢#)wever, a remarkable disadvantage of
MLV vaccines is that these vaccines contain limited antigen mass, requiring viral replication in

the host in order to develop an optimal immuiiglint et al., 2005)
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During the replication cycle, a live virus could recombine or mutate and occasionally
revert to virulence and be shed to other susceptible individuals, resulting in severe clinical
consegenceqLancaster and Pfeiffer, 2011Additionally, live BVDV could cross the placental
barrier and infect the fetus causing abortion, stillbirth and develophuafects(Liess et al.,
1984; Orban et al., 1983 A major concern of ML BVDV vaccines is the occurrence of mucosal
disease (MD) following vaccinatigfrulton, 2005) Postvaccinal MD could result when a Pl
animal is exposed to the cp BVDV strain contained in the va¢Eul&n, 2005) A further
disadvantage of M/ BVDV vaccines is their immunosuppressive effect on leukocyte function,
resulting in increased susceptibility to other infecti(iReth and Kaeberle, 1983jurthermore,
MLV vaccines have the potential risk for contamination \aitlventitiousvirulent strains
becoming a source of spread of BVDV infectigNsittall et al., 1977)

Most of the US commercial vaccines contain cp BVDV stréindtall et al., 1977;
Ridpath, 2005h)howeverthere are some MLV vaccines containing ncp BVDV isolatesghvhi
might represent a risk féhe developnent of B animals if these vaccines are administered off
label during gestation. Additional risk exists if susceptible pregnant cows are exposed to recently
vaccinated animalafew days following immunizatiornilherefore the use of ncp BVD\trains
in MLV vaccines still generates safety concdanyeterinarians and cattle producers about the
risk of persistent infections.

Theinitial aim of this study was to determindether a multivalent modifielive virus
(MLV) vaccine containing ncp BVD¥ouldresult in Pl fetuses when administeredlafel to
seronegative pregnant cattle at approximately 77 days of gestation and assess whether vaccinal

strains can be shed and infect unvaccinated pregnant cattle.
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During the course of this study a voluntary stop sale/recall was conducted by the
manufacturer due to the presenceroégtraneous contaminant strain in some vaccine lots
(written communicatiofy Intervet, Schering Plough Animal Hedljh This unexpected
incidert redirected the aims of our study toward the determination of the effects of the
contaminated MLV vaccine on BVDYaive pregnant heiferdn the present study we show
evidence of BVDV fetal persistent infections followiofj-label immunization of pregma
heiferswith acontaminatedMLV BVDV vaccine Even though the contaminated vaccine
contained both BVDVL and BVD\t2, gRT-PCR and nucleotide sequencing analysis revealed
that vaccinated heifers developed only BVR2\PI fetuses. Furthermore, BVDV was apgaly

shed to unvaccinated heifers causing fetal infections from which only BY s detected.

2. Methods
2.1 Animals

A total of 25 nonpregnant beef heifers wergolledin this study. All heifers were
clinically normal free ofBVDV based owirusisolation and seronegative to both BVDYand
BVDV -2 based on seruwirus neutralizatiorassays performed at serum dilution of. 1The
bulls for breeding were previously confirmed free of persistent BVDV infection by immuno

histochenstry of ear notchsamples.

2.2 Synchronization anbreeding
Heifers were synchronized for estrus using 2.0 ml of gonadotropin releasing hormone
(GnRH, Cystorelin, MerialDuluth, GA) IM. Seven days later, 5mlof P@F ( Dynopr os't

tromethamine; Lutalyse, PfizekalamazopMI) IM were administered to eliminate any luteal
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structure present in the ovaries. On the same day, two healthy bulls of recognized fertility,

BVDV seronegative and virus isolation negative were placed with the hiafdneedng. The

daythatthe bulk wereintroduedwas considered the start breeding day. Bulls remained with the
heifers for 24 days. Day 12 after P&F i nj ecti on was considered the
0). Pregnancy diagnosis wasrformedby transrectal palpatiob8 days aftetheaverage

breeding day by an experienced veterinafidgure3). Nineteen heifers became pregnant with a
gestational ag between 46 and 70 days. @ay 77 after the average breeding déstal viability

was confirmedn 19 pregnant heifenssing transrectal ultrasonography, by evidencingeted

heart beat.

2.3 Vaccination
On day 77Nineteen heifers confirmed to besgnant were randomly assigned, (using

the Research Randomizenyw.randomizer.orj into two experimental groups: Vaccine group

(Vx, n=10); and control unvaccinated group(@=9).The vaccine was a USDKkcensed ®ck
material released for sale. This vaccine msudtivalent modifiedlive combination viral vaccine
containing BVD\t1a (strain WRL), infectious bovine rhinotracheitis (IBR) virus, parainfluenza

3 (PB) virus, and bovine respiratory syncytial virus (BRSWMhe BVDV-1a strain WRL was
attenuated by serial passage in swine kidney (@#an and Leyh, 19997 single 2ml dose of

the vaccine was administered subcutaneousHabfl to pregnant cattle in the neck region using

a sterile 18gauge x linch needle for each animal at 77 + 12 days stajen (6589 days of
gestation). All nineteen heifers were housed in the same field and allowed to eat and drink from

the same water troughs and feeders.
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24. Blood sample collection

Blood samples wereollectedat the timeof vaccination §pproximatéy 65i 89 days of
gestatiof and45 days postvaccination(122 days of gestation)Sera were separated from the
blood and were used to determine virus neutralizing (VN) antibody titers to both B¥Rwvid

BVDV-2.

2.5. Virus neutralizing antibody analysis

Serum virus neutralization was performed at seriatvia dilutions of heatnactivated
serum starting at 1:5 through 1:640 using 100 GgtDnoncytopathic BVDV1a(SD-1) and
BVDV-2 (PA131) and incubated for 1 hour at room temperature before th®add MDBK
cells (1.5 x 1B cells / ml). Qiltures were incubated f@2 hours at 37° @ 5% CQ. The VN
antibody titer of each sample was determined usingreel andMuenchs method. The
endpoint dilutions reflected the highest dilution of serunhitifabited the replication of virus in
cell culture. This was determined by immunoperoxidase (IP) staining using a bovine BVDV

specific polyclonal antibody (224).

2.6. Fetal harvest andissue ollection
Vaccination withthe MLV ncp BVDV strain wapeformed atapproximately 6i 89
days of gestation, when the fetuses bt have a fully developed immune systémorder to
determine if the fetuses did become PI, pregnant heifers were subimittedsarean sections at
100 days postaccination[175 =12 daysof gestation (range of gestation lengtb3-187
days)] for fetal sample collection. Before performing the cesarean section heifers were palpated

transrectally to confirm the presence of the fetus.
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During fetal extraction, heart blood (2 ml)daamniotic fluid (2 ml) were obtained for

BVDV isolation. Fetuses were identified by placintag in one of the legsith a numbemhich

corresponded with the dam's identification number. Fetuses were placed in individual sterile bags

and transported ttné Auburn University pathology necropsy room. Tissue samples

(approximately 2 cfof spleen, thymus, lung, liver and kidney) were collected from each fetus

using appropriately disinfected surgical instruments. Tissue samples were placed in individual

sterie bags and stodeat-80° C to be processed for BVDV isolation.

2.7. Virus isolationfrom fetal tissues

Fetal tissue samples were macerated and homogenemeally for approximately 5
minuteswi t hi n the steril e bagsedgadgdliMedysmPZDMEM) o f
containing antibiotics, and supplemented with 10% equine serffarlyl and L-glutamine
Forvirus isolation 250 pl of the homogenized tissue fluataniotic fluid and heart bloodias
added to 25 chtissue culture flask containirgmonolayer of MadiDarby bovine kidney
(MDBK) cells. For cell cultureDMEM supplemented with 10% equine serumAlanyl and L-
glutamine waslso used. After three days incubation at 37° C and 5% ks were frozen
and upon thawing, 50 pl of theell suspensiofrom each flaskvere transferred tthree wells of

a 96 well plate seeded with MDBK ce(fgst plate) The inoculated 96 well plate was incubated

3 daysand the culture medium from each well was transferred to the corresponding wells of a

new 96well plate previously seeded with MDBK cells (second plaB®sitive (BVDV) and
negative (cells only) control wells were included on each pBath 96well plates(first and

second)vere tested for BVDV antigen hysinglP staining
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2.8 Quanttative reverseranscription PCR (QRPCR)

Total RNA was extractefitom the vaccine and fetal tissues homogengpkeen and
thymus) using RNeasy Mini Kit (Qiagen Inc, Valencia, CA) according to the manufacturer's
directions Differential detection of BDV -1 and BVD\W2 5'UTR was done by &wo-stepgRT
PCRwith specific primers and probéable 4)(Marley d al., 2008) Bovine viral diarrhea
virus-1 was monitored by the amplification of a 137 bp fragment, and B\2D%as detected
with a 134 bp fragment.

The primers BVDu3 (5' CATGCCCAAAGCACATCTTA 3') and BVDI1
(5TGCCATGTACAGCAGAGATTT3') were use(btuder et al., 2002 he5' probe
(5'AYGRAYACAGCCTGATAGGGTGY3') was labeled with carboxyfluoresceirHAM) at
the 3' end. The"d 6" and 25 bp contained a Y (C+T) and th& Bp contained an R (A+G) so
that it could detect both BVDM and BVD\2. Two 3' probes wenesed, oe for detection of
BVDV -1 and one for detection of BVDY. The 3' probe for detection of BVDY(5'
CAGAGGCCCACTGTATTGCTACTAAA 3') was labeled with Bodif%30 at the 5' end and a
phosphate at the 3' end. The 3' probe for detection of BY[B/
CAGAGACCTGCTATTCCGCTAGTAAA 3') was labeled with BodiffyTR-X at the 5' end
and a phosphate at the 3' end. Primers and probes for detection of BVDV were synthesized by
Qiagen(Table 4)

The Roche LightCycler 2.0 (Indianapolis, IN, USA#gs the abilityo detecimultiple
reporter dyes in the same capillary. However, each reporter dye can be detected by more than
one detection channel. This was corrected by creating aamigrensation file that was applied

to each analysis.
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Reverse transcription (RT) was pearfeed separately from the gPCR. A master mix for
reverse transcription wafsr eea ewaatreerd, c2 netla ibnu fnfge
Qi agen) , 2 eL dNT P®R(I\Qaisaeg einn)h,i bli teolr RMals iW ¢ L,
Wil USA) , 1 ¢ Qi@mnmreinscr iamtd RT ¢(L BVDV pri mer mi
Ten €L of master mix was added to each tube f
incubated in a heating block set at & for 1 h. Following reverse transcription, the gqPCR was
performed.

An oligonucleotide mix was prepared. The mixdetectionof BVDV -1 andBVDV -2
containelbe M of e ac hleMr iome re a@efodequmiogoeach reaction, a master
mix was prepared. The gPCR master mix contadhed. tlebligonucleotidemix 10 ¢ L
QuantiTect MultipleXxPCR NoRox Master Mix (Qiagen), 28 ¢ L -fRNaes evat er, and
uracitN-gl ycosal ase (Roche; UNG; 1 wunit/ elL). The
Mix consisted of HotStarT&GDNA Polymerase, QuantiTect Multiplex PCRiffer, dNTP mix
(deoxyribonucleotide triphosphate), and 11 mM MgCThe dNTP mix contained dATP, dCTP,
dGTP, and dTTP/dUTP.

Reactions were perf cseveteelen ne 20ofe Lt tapgPCRTIrI
was added to each capillary, followeddy L of reverse transcribed sa
were centrifuged and then placed in the Roche LightCycler 2.0. The following program was
performed with a 20C/s ramp unless otherwise indicated: UNG cawgr prevention at 50C
for 2 min; PCR initialctivation step at 95C for 15 min; ® cycles of three step cycling
consisting of denaturation at 9@ for 1 min, annealing at 5% for 30 s, and extension at 72
for 30 s at 2 C/s; melting curve at 98C, 50 C for 10 s, and then heating to 80 a 0.1 C/s;

and cooling to 40C for 1 min.
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To allow quantitation of PCR products, external standards were constructed. The
complementary DNA from BVDV RNA was amplified and subsequently purified by high
resolution agarose gel electrophoresis andifiin. The DNA was quantified using the
PicoGreefi DNA fluorescence assay (Molecular Probes, Eugene, OR, USA) and uséd at 10
10%, 10°, 1%, and 10 genome copiespeed i n a background of 100
DNA in TE buffer (10mM Trisi HCL ard 0.1mM EDTA). The fluorescence channels used
were640 nm for detection of BVDM and 610 nm for detection of BVDY¥. The fluorescence
data acquisition was quantified during the annealing phase. The Roche LightCycler Software

Version 4.0 was used.

2.9 Sequeneanalysisof cDNA generated by RPCR from BVDV isolates

Sequene analysis otDNA from BVDV 5'-UTR (product of RTPCR using BVDV100
and BVDV-345 primers)vas performed fothe vaccine andBVDV -positivefetal spleen
samplesn triplicates Amplified cDNA was purified using the QIAquick PCR purification kit
(QIAGEN) and submitted tMassachusetts General Hospital Di#xe facilityfor sequencing
usingthe primerBVDV -345for the 5 UTR(10 ng/ul) (Table 1) Thus,asequence of
approximately 25 nucleotides of the 5' UTR was obtain&&quences wemdigned with
publishedBVDV 5'-UTR sequences obtained from the National Center of Biotechnology
Information GenBank (NCBBethesda, MD, USAsing the Basic Local Alignment Search
Tool (BLAST, http//www.ncbi.nim.nih.gov/blast/Blast.cgi, verified November 2011).

Sequences were assembled and aligned using Mac Vector 10.6.0 software (Mac Vector
Inc., Cary, NC). Sequence chromatograms were carefully examined to identify nucleotide

positions with moréhan one nucleotide (evident major and minocleotidepeaks in the same

103



nucleotide position), indicating the presence of relevant levels of anothesaquatnceas
previouslydescribedy other researche(dcKinley et al., 2008; Van Santen andrép2008)
Thus, we evaluated the sequencesidadtified nucleotide positionwith minor nucleotides
comprisng > 10% of the peak height of the major nucleofidan Santen and Toro, 2008)r
sequences showing detectable levels of more than one BVDV gHoputhesequences were
calledprincipal or contaminant viral sequencleased on thenajoror minornucleotide peaks
respectively Additional alignments were done between BVDMA'R sequences from fetal

spleen samples and BVDV-BTR vaccinal sequense

2.10. Statistical analysis

Data were analyzed using the Statistical Analysis System version 9.1 (SAS Institute,
Cary, NC).The frequency ofivus isolation fronfetal tissues for each groupas analyzed using
PROC FREQ and compared througk chisquare testA log base 2 transformation was applied
to virus neutraliang titersbefore calculation and comparison of the means. Bacisformed
geometric means for each viral strain tested were presented for each graupnaé of
vaccination, as wels 45dayspostvaccination. A pairedtest was used to compare the
geometric meaantibody titer between day 0 and day 45 for each group. Seroconversion was
considered if there was afdld or greater rise in the antibody titer from vaccination to day 4

postvaccinationValues ofP < 0.05 were considered statistically significant.

104



3. Results
3.1. Serological response

All heifers were seronegative to both BVEM (SD1) and BVD\W2 (PA131) at the time
of vaccination (antibody titer <1:5). Serum \AMtibody titers to BVDVla and BVDV2 were
dramatically increased in all the vaccinated heifers on day 45 following vaccination $J,able
with geometric mean titers (GMT) of 1:130 and 1:149, for BVD¥nd BVD\,2, respectively
(Table6). Therefore, alVaccinated heifers showed a significant seroconversion against both
BVDV genotypes 45 days after vaccination (P < 0.05). Interestingly, four unvaccinated heifers
seroconverted against BVDYa (465, 476, 509, 542), showing significantly high VN antibody
titers on day 45 following vaccination (P< 0.05 Ta®)leThese control heifers had a GMT
against BVDV1a of 1:211 (Tabl®). Only one heifer (465) in the control group developed high

VN antibody titers against BVDY2 (1:160; Table&).

3.2.Virus isolaton from fetal tissuesk-etal BVDV persisteribfection.

Two out of 10 vaccinated heifers (20.0%) aborted before the day of the cesarean section
and fetal collection; therefore, those fetuses were not available to be collected for virus isolation.
All fetuses recovered from vaccinated heifers (8/8, 100%) were BVDV positive (lungs, spleen,
kidney and thymus), indicating that the fetuses were PI (Taldes8). In the control group, 2
out of 9 heifers (22.2%) aborted before the time of fetal harveste Histed fetuses were not
available for virus isolation. Virus isolation test was performed on tissues from seven fetuses in
the unvaccinated group. Bovine Viral Diarrhea Virus was isolated in two out of seven fetuses
(28.5%) collected from the unvacciedtheifers (Tableg and8). Conversely, BVDV was not

consistently isolated from fetal fluids (amniotic fluid and heart blood) in both vaccinated and
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control groups (Tabl@). As expected the frequency of virus isolation was significantly higher
in the vacinated group compared with the control grogp:(0.05; Figured). However, BVDV
caused infection in some fetuses carried by unvaccinated heifers commingling with the

immunized animals.

3.3 Quantitative Reverse Transcription PCR (§RCR)

Viral RNA extracted from fetal spleen and thymus was assayedffieredhtial detection
of BVDV-1 and BVD\W2 bygRT-PCRwith specific primers and probéslarley et al., 2008)
ThegRT-PCRsystemwas previously evaluatddr detection of positive control8/DV-1 (one
BVDV -1a strain andour BVDV-1b strains) and BVDW2 (AU501 and 134fstraing]. All of
theseBVDV strairs were detected in the appropriate detection cha(iMeldey et al., 2008)
Bovine viral diarrhea virugias detected in all spleen and thymus samgiéeised from
vaccinated animal@=8). Only two fetuses in the control group (509 and 542) were BVDV

positiveby qRT-PCR

3.3.1 Specific detection of BVDY (LightCyclerchannel 640)
Bovine viral diarrheairus-1 was not detected in any of tfetal spleen and thymus
sample<ollectedfrom the vaccinatecheifers In contrastBVDV -1 was detected in thao

BVDV - positive fetusefrom the control group (509 and 54Pable9).

3.3.2. Specific detection oBVDV-2 (LightCyclerchannel 610)
All the spleen and thymus sampfesm vaccinated anima(®=8) were positive for

BVDV-2. On the other hand, BVDY was not detected in any fetal samipten the control
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group(Table9). The concentration (number of virebpiesfil) of BVDV-1 and BVD\,2 in fetal

spleen and thymus samples from vaccinatedcanttol group is documentedn Table9.

3.33. Detection of BVDVWL and BVDV2 in the vaccine
Both BVDV-1 and BVD\+2 were detected in the vaccine using the nesly described

gRT-PCR system with specific primers and probes.

3.4. Sequencing analysf cDNA generated by RFCR from BVDV

A portion of BVDV 5' UTR corresponding to base positions 100 to 345caasistently
amplified and sequenced fraitme vaccial andBVDV -positive fetal spleen samples (8 frone
vaccinated group arizifromthe control group. Sequencelwromatograms of theaccineRT-
PCR producwereconsistent with the presencernéjor and minor peaks at the same nucleotide
positions, indicahg the presence of two BVDV geences in the vaccine (Figure Bhis
finding confirmed the manufacturer's recall about the presence of a BVDV contaminant in the
vaccine. These twaguencesvere read separately and subsequently classified as priangbal
contaminant vaccinal BVDV populationsased on thenajoror minornucleotide peaks
respectively (Tabld?2). In contrast, bromatograms of th&0 sequences from spleBT-PCR
productsshowed an evident single peak at any nucleotide position, sugptstipresence of
only a major BVDV population.

Alignmentanalysis using BLAST is shown in TablE8and11. Alignment on the
vaccine principal BVDV sequence revealed 95 to 99% identity svilhU ©fReveral BVD\1
strains (e.g. NADL, SD1 and Oregon €d). On the other hand, the sequence obtained from

minor peaks (contaminant sequence) showefi3®b homology with thes 6 U ®fiverse
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BVDV -2 strains (e.g. NY93, 1373 and 890; Tabldl). Alignment ofsequences frorfetal

spleen samplesf thevaccinated grop revealedhigh identity with severalpublishedBVDV -2

50 UT R s elgaomtrast sequences from spleen samples 509 and 542 (control group)
showed 98% identity with previously published UT R B Widzotidesequencege.g.
NY-1 and Osloss; Tablk0). All the samples in t vaccinated grougxhibited a highly
conserved 5' UTR BVDV sequence, which 88®% homology(172 out of 14 nucleotides
were identicglwith thecontaminansequence found in the vaccine (Tab®. Consistently
there was onlypnenucleotidemismatch betweesequences the vaccinated grougndthe
vaccinalcontaminansequence However, such sequences of ttaecinated grougid not align
at all with the principal vaccinal BVDV sequence. Conversely, alignment of the BVDV
sequaces obtained from control fetal spleens (509 and 542) showed a mdudghaigentity
(88.8 and 89.3%) with the principal vaccinal BVDV sequence. No homology was found between

these two sequences and the vaccine contaminant sequencel@yable

4. Discussion

In the present stugwbortions and BVDYV fetal persistent infections occurred following
off-label vaccination of BVDVhave pregnant heifenwith acontaminatedLV vaccine
Additionally, findings suggest that BVDV was shed from vaccinates to herdmate control heifers
which also resulted in fetal infectionéll fetusesrecovered from vaccinated heifers developed
BVDV persistent infectionswhich wereconsistentlydetected by/1 from spleenthymus, lungs
and kidneys. Interestingly, twaf thefetusesharvestedrom the control groupvereBVDV -
positive. Infection with a ncp BVDV strain between 30 and 125 days of gestaggrresult in

fetal death and abortiqBrock et al., 2005)Fetuses that survive this infection develop BVDV
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specificimmunotolerance and persistent infect{@nock et al., 2005)Circulation of ncp BVDV
during the period when fetal imnmunocompetence is developin@Z0@lays of gestation) is the
main mechanism leading to persistent infection.r&foge, the fetal immune system accepts
viral antigens as part of the salftigen repertoiréPeterhans et al., 2003; Potgieter, 19986)h

a resulthg negative selection of BVDV specific B and T lymphocyi@snis and Dubovi, 1987)
ConsequentlyBVDV immunotolerance results in absence of humoral andrestliated
immunity to the virus anéhilure to clear the infection and a persistent virefHi@znsen et al.,
2010)

Modified-live virus vaccinedevelop a limited infection at the site of entry emulating a
natural infectiongimed totriggerboth humoral andell mediated immune respoisg®eber et
al., 2006) Currently, in the United States some licensed MLV vaccines contatpigVDV are
approved to be administered to pregnant cattle @esalirsing pregant cows provided the
heifersor cows have been vaccinated prior to breeairignd within the past 12 months.
Moreover, he use of MLV vaccines containing ncp BVDV strains to prevent fetal persistent
infections has been proven to be efficacious andvelaé® administeregdrior to breedingunder
the manufacture's recommendatigBsock et al., 2006; Dean et al., 2003; Dean and Leyh,
1999) The vaccine used in the present study was labeled with a caution forngptuibed in
pregnant cows or calves nursing pregnant cows. However, there is a potential risk for
transplacental fetal infecticand development of Pl fetus if susceptible pregnant animals have an
occasional contact with recently vaccinated animals.

All vaccinated heifershoweda significantseroconversion againgbthBVDV -1 and
BVDV -2 by day 45 following vaccinationRecent studies have shown that immunization with

BVDV-1a ML vaccins can confer amadequate antibody responaagdcrossprotection agaist
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clinical diseas@associated with both BVDXb and BVD\ 2 (Dean and Leyh, 1999; Kelling et
al., 2007; Xue et al., 201Qdh contrast, therfield studies suggest that vaccination with BVDV
1 can elicit certaindt not complete immune response and fetal proteefamnsteterologous
BVDV -2 challenggBolin et al., 1991; Kelling et al., 1990; Van Campen et al., 2008Ys, he
effect of antigenic diversity on fetal peation is evident by different rates of protection provided
by monovalent BVDV1 vaccines when the challenge is performed with BVD&hd BVD\2
(Brock et al., 2005)It is possible to infer that thBVDV -2 contaminant in the vaccine could
have been responsible for eliciting a high virus neutralizing antibody response againstBVDV
in the vaccinated groupour heifers in the control group seroconverted against BXI[I¥65,
476, 509 and 542), and only one against BVDY465), indicating that unvaccinated animals
commingling with vaccinated heifers were exposed to BVDWo of these heifers aborted (447
and 465) and the other two developed PI fetuses (509 and 542) deteXtednogRT-PCT.
These findings suggest that BVDV was apparently shed byait@natecheifers resulting in
fetal infections in the control group

Quantitative RTPCR anchucleotidesequencing analysis revealed the presence of both
BVDV-1 and BVD\£2 in the vaccine, confirming the vaccine contamination reported by the
manufacturer. The vaccine contairschilar concentration of BVDVL (principal strain, 1.6%
10° viral copies/pl)andBVDV -2 (contaminanstrain,1.50x 10’ viral copies/p). Several
repors have been published about contamination of experimental and commercially available
live vaccines with exogenous BVDV straiiBalint et al., 2005; Barkema et al., 2001; Falcone
et al., 2003; Falcone et al., 199&godzinski et al., 2002; Vilcek et al., 1998pmmercial

vaccines contaminated with extraneous BVDV strains could cause severe clinical consequences

in inoculated herds. In Europe, severe outbrea®@V-2 i nfection (0O70% mor |
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been associated with the use of batches of modifiedbivene herpesvirus-1 (BHV-1) marker
vaccine contaminated with BVD{Barkema et al., 2001; Falcone et al., 1999; Jagodzatsii,
2002) In contrast, a concurrent report showed that vaccination of calves withlBhiafker
vaccine batches contaminated with BVR\id not result in clinical BVDV infection@\ntonis
et al., 2001) In the present studglinical signs of disease were not monitored during the
experimental periodCommon sources of BVDV contamination include permanent cell lines
used for virareplicationrattenuation and fetal calf serum batchdyodzinski et al., 2002;
Nuttall et al., 1977; Pastoret, 201®pnagiet al.(1996) in an attempt to establish cell cultures
for hepatitis C virus demonstied that a significant number of commercially available bovine
sera are contaminated with BVOQYanagi et al., 1996) A BVDV contamination rate in bovine
sel has been estimated between 10 and (Btn, 1991; Rossi et al., 198@onversely,
Audetet al.(2000)investigated possible contamination of 38 lots of viral vaccines using RT
PCR for the presence of BVDjAudet et al., 2000)The study demonstrated that all vaed
were negative for contaminating BVDV RNA, suggesting that currently US licensed viral
vaccines are unlikely to be contaminated with pestivir(dadet et al., 2000)However, it is
recommended that bovirseraand cell linede screened fadventitious BVDVby RT-PCR
when usedor cell cultures This strategy would help farevent contamination before and during
vaccine productioand increase the product's saf@grkema etla, 2001; Yanagi et al., 1996)
Only BVDV -2 was consistently detectedah fetusesecoveredrom vaccinated heifers,
whereas BVDV1 but not BVD\¢2 was detected in thevo fetusesrom the control groupThis
resultis consistent with previous reperivhere only one BVDYV isolate was detected in most or
all calves born to dams that had been inoculated with a mixture of two or more BVDV strains

(Brock and Chase, 2000; Frey et al., 2002; Zimmer et al., 2802BVDV genotypes (1a, 1b
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and 2) are capable of causing persistent infect{iBreck et al., 2005)The simultaneous
experimental challenge of pregnant cattle with both BYD&hd BVDV-2 has resulted in dual
persistent infections with the two BVDV genotyg8sock and Chase, 20Q0jh that study, dual
BVDV persistent infections were consistently detected in fetal peripheral blood leukocytes but
not in fetal tissue@rock and Chase, 20Q@urthermoreRT-PCR amplification of RNA
extracted directlyrom tissues revealed that BVDB¥wasidentified in a greater number of
tissues than BVDVM (Brock and Chase, 20Q0)he authors hypothesized that there could be
differences iradaptation,dvel of replication, pathogenesis and/or tissue tropism between
BVDV-1 and BVD\£2 during the fetalnfection(Brock and Chase, 2000; Zimmer et al., 2002)
Recent studies performed in pregnant heittidlengedseparately with both BVDM
and BVDV-2 in either nostril, revealed that dual transplacental infeastibh both viruses was
not consistently reproducd@lakoschey and Janssen, 2010 the other hanaynly BVDV-2
was detected inllehe PI calves born to inoculated da(Makoschey and Janssen, 2Q1dging
consistent with the results of the present stueyevious experiments have shotliatan
inoculatedncp BVDV-2 strain hadipparentlya slightly higher rate of transplacental infection of
fetuses than BVDMb (BielefeldtOhmann et al., 2008; Hansen et al., 20Hdwever, it is
unknown whether this difference in ability to cross the placenta between the two genotypes is
genealized or is a characteristic only of the strains used in that gBielfeldtOhmann et al.,
2008) Additionally, furtherexperimental assays to determine viral titers in cell culture following
an inoculation with a 0.5 multiplicity of infection showed that BvVR2\generated a old
higher CCIR titer compared with BVDVL (Brock and Chase, 2000)
Viral homologous interference or sujpdection exclusion has been previously described

for pestivirusegMittelholzer et al., 1998)Superinfection exclusion is the ability of an
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established viral infection to block orténfere with a homologous superinfecting virds.in

vitro experimentdemonstratethat MDBK ells acutely infected with BVDV were protected

from superinfection by homologous BVDV straimst not by heterologous vesicular stomatitis
virus (Lee et al., 2005)A dual molecular mechanism for BVDV superinfection interference was
demonstrated to occur at the level of viral entry and replicétiea et al., 2005)

Only BVDV -1 but not BVD\Z2 was detected in thevo fetuses from the control group. It
might be possible that following immunization with the contaminated vaccine, the BVDV
principal strain replicated more efficiently in the respiratory tract of the vaccinatedtheoup
the BVDV-2 contaminant strain. Therefotee BVDV -1 straincould have been selectively shed
via respiratory secretions being able to infect the control group causing the development of Pl
fetuses. Biologic and antigenic variability of BVDV have been well documented and some
isolates could be nme pneumotropic than othegBrock et al., 1988)

The alignment of the amplified BVDV 5' UTR sequences from fetal samples of the
vaccinated group with BVDA2 vaccine contaminaistrain demonstrated high homology
(98.9%).0n the other handhé BVDV 5' UTR sequences frogpleen samples09 and 542
(control group)id not align to the contaminant nucleotide sequence. These two sequences
showedsimilar variationpattern when aligreewith the vaccinaBVDV -1 principal sequence
(88.8 and 89.3% homologyifferences in percentage of homology between the vaccinal strains
and the respective BVDV sequences from fetal samples (98.9% for B/&nd 88.8% for
BVDV-1) mayimply that the coraminant BVD\£2 strain wadessattenuated than the BVDY
strain sinceonly two nucleotideehangs wereconsistentlydetected in the BVD\2 sequences
amplified from thanfectedfetusesThe extent of changes in the nucleotide sequences in

samples 509 ah542 mightsuggestontinualselectionof a more fit quasispecieser the
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inoculated BVD\1 population(due tohostvirus interactior), as previously reported to occur
after BVDV fetal infection(Jones et al., 2002nd vaccination withtber single stranded RNA
viruses(Gallardo et al., 2010; McKinley et al., 2008)oreover, mutatios orrecombination
leading tosignificantnucleotidechanges could haasooccurredduring the animal passages
(Becher et al., 1999; Jones et al., 2002)
In conclusion, vaccination of pregnant heifers with a contaminated metifeeBVDV
vaccine containing both BVDM and BVD\£2 resulted in the devgbment of BVD\:2 PI
fetuses in all the tested vaccinated animals. BVDV was apparently shed to unvaccinated heifers

causing fetal infections from which only BVDY was detected.

Acknowledgemens

We gratefully acknowledgBrs. Brad White and Robert Lars{iansas State University) for

providing the vaccine vials faesting duringhis study.

114



V. Expression of Type | Interferon-induced Antiviral State and Pro-apoptosis
markers during Experimental Infection with Low and High Virulence Bovine Viral
Diarrhea Virus in Beef Calves.

Abstract

The objective of this study was to compare the mRNA expression of host genes invdyypesd in
| interferoninduced antiviral state (IFNJ,  -b FN1, PKR, OAS1 and ISG15), and
apoptosis (Caspask -8, and-9), after experimental infectiaof beef calvesvith low or high
virulence noncytopathic (ncp) bovine viral diarrhea virus (BVDV) straihgty BVDV -naive,
clinically normalcalves were randomly assigned to three groups. Calvesnieeasally
inoculated with low (LV; n= 10, strain SD) or high (HV; n= 10, strain 1373) virulence ncp
BVDV or BVDV -free cell culture medium (Control, n= 1Quantitative RTPCR was used to
determine the target gene expression in tra¢itenchial lymph nodes andlspn 5 daysfter
infection. InterferonU  am dMRNA | e v-eefukstedirtacheebronzhiallymph nodes
(P<0.05) in the HV group, but not in the LV group, compared with the control group. There was
an upregulation of type | interfereinduced gengin spleen anttacheebronchiallymph nodes
of HV and LV groups, compared with the control groBg(.01). mRNA levels of OAS and
ISG-15 were significantly higher in LV than HV calvd3<Q.05). A significant upregulation of
caspase& and-9 was obsemd intracheebronchiallymph nodes in the LV groug?€0.01), but
not in the HV group. In conclusion, experimental infection with high or low virulence BVDV

strains induced a significant expression of the type | interfigrdunced antiviral state in beef
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calves. There was a differential expression of some intedecduced genes (OAS and ISG

15) and preapoptosis markers based on BVDV virulence and genotype.

Key words: BVDV, Gene expression,y@okines,Interferon Antiviral state

1. Introduction

Bovine viral diarrhea virus (BVDV) is an important infectious agent that affects cattle
worldwide (Baker, 1995; Houe, 1999BVDV is a positivesense single stranded RNAus
within the genu®estivirusand theFlaviviridae family (Lindenbach and Rice, 2001Ywo
different genotypes (BVYDM and BVD\£2) have been identified, with remarkable differences
in genome sequences of the 5 UTR;p¥o and E2 region@Ridpath, 2003here aréwo virus
biotypes cytopathic (cp) and noncytopathic (ncp), based on their ability to cause pathogenic
effects on cell culture@Hamers et al., 2001Most BVDV acute infections are subclinical,
transient and selfmiting. However, BVDVis considered a potentiator of secondary infections
causing a clinical illness known as bovine respiratory disease cofBakgr, 1995)The
increased susceptibility to secondary infections is a consequence of the ability of BVDV to cause
immunosuppression, enhancing the pathogenesis of other infectious agents ardg rieai
response to treatmenr(tsapil et al., 2005) Infections with some virulent BVD\2 strains may
result in severe clinical disease and high mortality (Biteck et al., 2007; Lieblefenorio et al.,
2003b) Thus, the viral strain virulence and immune status of the animal are major factors
determining the wide range of clinical presentations following BVDV acute infedtiRidpath

et al., 2006)

116



It has beemeported that the virulence of the BVDV strain is correlated with the ability of
the virus to cause a decrease in lymphocyte cqieiting et al., 202b; LieblefTenorio et al.,
2003a; LieblefTenorio et al., 2003b)rhus, highly virulent BVDV induce a significantly more
severe and longer lymphopenia and lymphoid tissue depletion than less virulent(B€M¥%g
et al., 2002b; Lieblefenorio et al., 2002; LiebleFenorio et al., 2003b)These evidences
suggest a possible association between the BVDV virulence and the mechanisms by which this
virus cause immunosuppression in susceptible cattiddition, B/DV may also cause
immunosuppression by impairing the function of cells associated with both innate and acquired
immune system@aigent et al., 2004; Charleston et al., 2001a; Glew et al., 2003; Jensen and
Schultz,1991; Lamontagne et al., 1989; Liu et al., 1999; Potgieter, 1995; Schweizer et al., 2006)

An important mechanism that has been implicated in the immunosuppression by BVDV
is a decrease in the typéFN production and the associated molecular pathBggent et al.,

2004; Charleston et al., 2001a; Schweizer et al., 20Dg)e-| | FNs (U and b) are
different cytokines produced in response to viral infections that bind the same receptors and

inhibit viral replication(Abbas and Lithman, 2005) he molecular mechanisms by which type |

IFN blocks viral replication include the synthesis of proteunsh as myxovirus resistance factor

(Mx-1), dsRNA dependent protekimase (PKR), 2'80ligoadenylate synthetade(OAS 1), and
IFN-stimulated gene 15 kDa (ISTp) (Sadler andVilliams, 2008) These proteinserve a

variety of roles that contribute to the immune defense includingpaoiiferative and apoptotic

effects, known as "antiviral stat€Shoemaker et al., 200@)uring theantiviral state the IFN

induced proteins interfere with transcription of RNA, protecting the neighbouring lealsave

not been infected yednd inducing apoptosis of the virugected cell{Lenschow et al., 2007)
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The Mx proteins are GTPases that bind viral nucleocapsids or other viral components to
degrade thenSadler and Williams, 2008)In addition,PKR blocks viral replication and the
production of virion progeny by inhibiting protein synthesis through the inactivation < &lF
(ribosomal initiation factor of protein synthesis) and upregulation of the egependant kinase
inhibitor p21VAF* (Kronfeld-Kinar et al., 1999)The OAS proteins activate the latent form of
RNase L, which mediates RNA degradat{®&adler and Williams, 2008)nterfering with
transcription of viral RNA or DNA and viral replication. Moreover, RNase L also inhibits the
host's cell transcription machinery which results in apoptofsine virusinfected cell{Mduller-
Doblies et al., 2004) The ubiquitinlike protein ISG15 has the ability to conjugate to a variety
of intracellular proteins and thus influentheir activity through posttranslational modification
and enhancement of the antiviral response, including regulation of IRF3 an(ZR&dret al.,
2005)

't has been reported t hatrespopse iBNOElveligidlard uc e s
et al., 1997)On the other handy vivoandin vitro studies have shown that infections by ncp
BVDV strains inhibited thénduction oftype-l IFN responsé€Baigent et al., 2002; Charleston et
al., 2001a; Glew et al., 2003; Perler et al., 2000;rRetes et al., 2003)More recentn vivo
studieshaveconcluded that acute ncp BVDV infection caused an incregped IFN response
in the challenged calvéBrackenbury et al., 2005; Charleston et al., 2002jéviDoblies et al.,
2004; Smirnova et al., 2008T he results of these vivo studies suggest that
immunosuppression caused by ncp BVIBViot associated with inhibition of typearterferon
responsé€Charleston et al., 2002)lowever, since BVDV strains show a wide range of genetic
diversity and virulence, the mechanisms involved in immunosuppression as \Wedllavel of

immunosuppression might not be identical for all the BVDV strains existing in ndtwes
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hypothesizd that BVDV strainsof distinct virulence and genotypeayinducedifferently the
mRNA expression of IFNJ a-m,d t y pirelucéd géef, Bnd prapoptosis related genes
during experimental acute infections of beef calvBise objective of this study was to compare
the mRNA expression of host genes involved intyipe linterferorinduced antiviral state
(IFN-U, -b WN1, PKR, OAS1 and ISG15), and the pr@poptosis related genes Caspase
-8, and-9 in lymphoid tissues after experimental infection vatw (strain SB1) and high

(strain 1373) virulence BVDV

2. Methods
2.1. Animals

A total of thirty beef calveé7 months of agewere enrolled in this study. All calves were
clinically normal, free of BVDV based on virus isolation from serum and immuno
histochemistry of ear notch biopsies, and seronegative to both BvVand BVD\+2 based on
serum virus neutralization assays perfed at serum dilution of 1:2. Animals were obtained
from a farm owned by Auburn University, located in Huntsville, AL. This farm is characterized
by an optimal biosecurity program in which new animal introduction is not permitted (closed

system).

2.2 Experimental design and sample size calculation
The study was designed as a randomized, controlled trial. Samplessizaleulated
using Proc Power (SAS) on the basis of the

fold-regulation of mMRNA level; normalized to the housekeeping gene and relative to the control
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group) for each experimental group, the SDs (x 0.2fegflilation) of the means, and a
statistical power of 99%.

Calves were randomly assigned by use of a random number generator (Research
Randomizerwww.randomizer.orj to 1 of 3 treatment groups:

LV (n= 10): Animak challenged with a low virulence type 1a ncp BVDV (strainl§D
HV (n= 10): Animals challenged with a high virulence type 2 ncp BVDV (strain 1373).
Control (n=10): Animals inoculated with BVD¥ee cell culture medium.

Animals were transported frothe farm of origin to the Auburn University BVDWee
farm three days before the beginning of the study. All 30 calves were housed together at the
BVDV -free farm prior to inoculation. As treatment groups were inoculated, they were separated
and transportéto the Auburn University BVDV isolation farm, located at 1.6 miles away from
the BVDV-free farm, except for the control group which stayed in the BVii@¥ farm
throughout the experimental period.

Additionally, in order to avoid shedding and exchangBWDV among groups and
undesired BVDV infection of the control group due to commingling with the BVDV inoculated
calves, the study was performed during three different rounds of viral inoculation and necropsy,
which were spatially and temporally separatedring the first week, 10 calves assigned to the
LV group were separated and brought to the BViBMation unit. After inoculation, LV calves
stayed in the BVDV isolation farm until day 5, when they were euthanized and transported to the
necropsy room afhe Department of Pathobiology, College of Veterinary Medicine, Auburn
University.

During the second week, 10 animals assigned to the control group were separated,

transported for approximately 5 minutes around the same geographic area and retumed to th
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BVDV -free farm. This transportation was performed in order to provide similar management
conditions to all groups. At the BVDYfee farm, these animals were separated from the rest of
the calves and maintained in a different pasture. The control graipavérought to the
BVDV -isolation farm in order to prevent any exposure to BVDV during the experimental period.
On day 5, calves in the control group were euthanized and transported to the necropsy room.
During the second, third and fourth week, thesze no BVDV infected calves on the
BVDV isolation farm. This resting time was included in the experimental protocol to favor viral
clearance from the environment, in an attempt to prevent the presence of BVDV stthionSD
the farm by the time the HV gup were brought to the BVDYV isolation farm. It has been
reported that BVDV can survive in a cool protected environment for severaltiays, 1995)
In addition, after departure of the LV group and before arrival of the HV group, concreg floor
chutes and pens at the BVDV isolation farm were disinfected bs#agh (sodium hypochlorite,
NaOCI 5.25 %) Finally, on the fifth week, 10 animals assigned to the HV group were separated
and transported to the BVDMolation farm, where they were experimentally inoculated with
BVDV-2 1373. On day 5, HV calves were euttzad and transported to the necropsy room.
At both farms, calves within each group (LV, HV or control) were housed together in the
same pasture and allowed to eat and drink from the same feeders and water troughs. All animal
protocols were reviewed amgbproved by the Institutional Animal Care and Use Committee

(IACUC) of Auburn University.

2.3 BVDV challenge inoculation
Calves were experimentally inoculated with a low (strairl$Dr high (strain 1373)

virulence ncp BVDV isolates. The strain BVDVE®-1 was originally isolatetfom a
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persistently infected heifédDeng and Brock, 1992The strain BVD\Y2 1373 was originally

isolated from a severe acute BVDV outbreak in Ontario, Caf@@alanan et al., 1998The

stock BVDV strains used in the present study were biologically cloned via successive passages
in Madin-Darby bovine kidney (MDBK) cells by use Ihiting dilutions with subsequent

minimal propagation by incubation of the MDBK monolayer for 48 hours at 37 °C and 226 CO
to produce an adequate amount of stock virus with the desired30@iD for characterization

and animal challenge exposure studidgse inocula used consisted of cell culture supernatants
containing 1.3 X 10CCID50/mL of BVDV-1a strain SBL and 1.3 10° CCID50/mL of

BVDV-2 strain 1373 of inoculum in Dul becco0s
supplemented with 10% equine serwvilanyl and L-glutamine. The inocula were obtained
following freezethaw cycles to disrupt the cells and release the viral particles. Inoculum cell
culture supernatant was stored&Q °C until the day of inoculation. After freezing, an aliquot of
the BVDV inoculum was titrated by using tiieedMuenchmethod to determine the final
CCID50/mL for inoculation. The inocula were aliquoted (5 mL) in individual tubes within 1

hour of inoculation and stored on ice until use. The inoculation was performedanassl
aerosolization of 5 mL of inoculum by use of an aerosolizer and a vacuum pump. One sample of
each inoculum was transported on ice and returned to the lab to determine tf&/@CIBfter

inoculation.

2.4. Sampling
From each calf, blood sampleere collected on days 0, 2, 4, and 5 after BVDV
challenge inoculation in blood tubes containing an anticoagulant for determination of the total

leukocyte count. On day 5 post challenge, animals were euthanized using a captive bolt device
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and transported tine necropsy room at the Department of Pathobiology, College of Veterinary
Medicine, Auburn University. Necropsy examination was performed on all calves. Tissue
samples were collected from spleen and tradireachial lymph nodedmmediately after tissue
collection, feshsamples were submerged in 5 ml of RBt&r reagent (RNeasy protect kit,
QIAGEN®), in order to be protected from RNA degradation by RNAse. The stabilized samples

were stored a80° C as recommended by the manufacturer until processing.

2.5. Clinical Pathology

Unclotted blood samples collected on days 0, 4 and 5gbadienge were submitted to
the clinical pathology service laboratory at the Auburn University College of Veterinary
Medicine for leukocyte analysis. The total leukocydertt for each sample was determined by

an automatic cell counte€fulter Corp., Miami, FL, USA)

2.6. Virus isolation

Virus isolation was performed on days 0 and 5 post challenge from serum samples and
from spleen samples on day 5 post challenge tbrooBVDV infection and viremia in the
inoculated animals. For virus isolation, 250 pl of each sample was added to individu&l 25 cm
tissue culture flasks containing a monol ayer
Modi ficati on o fMEM)auppleenénsed witk 0% equine(s®@umAlanyl and
L-glutamine was used. After three days incubation at 37° C and 5%/dl&€ks were frozen and
upon thawing, 50 pl of the cell suspension from each flask was transferred to three wells of a 96
well plateseeded with MDBK cells (first plate). The inoculatedv@éll plate was incubated 3

days and the culture medium from each well was transferred to the corresponding well of a new
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96-well plate previously seeded with MDBK cells (second plate). Botw@&6plates (first and
second)vere tested for BVDV antigen by using IP staining, using a bovine BVDV specific

polyclonal antibody (B224).

2.7. mMRNA Gene expression analysis

2.7.1. RNA extraction and purification

Spleen and trachdaronchial lymph node tise samples (approximately 30 mg) were
disrupted and homogenized in buffer containing guanidine isothiocyanate using a bullet blender
machine (Next Advance® Averill Park, NY, USA) and 1 mm glass beads. Total RNA for
guantitative real tim&T-PCR(gRT-PCR)was extracted anpurified from gleen and tracheo
bronchial lymph node samplesing an RNeasy mini kit (QIAGEN Valencia, CAUSA),

according to the manufacturerdds protocol

2.7.2. Reverse transcription

Synthesis of cDNA was performed from 1ug oflldRNA template using a First cDNA
strand reverse transcription kit (Ro&héndianapolis, INUSA) according to the manufacturer’s
protocol. After reverse transcription, final cDNA products had a concentration of approximately
2 pg/ul in a total volume 020 pl. Synthesized cDNA was diluted £6ld with RNAse free
waterto reach a template concentration of approximately 200 ng/ul to be usgRITfd?*CR
Four aliquots were prepared from each cDNA sample in order to avoid consecutive freezing

thawing eventshiat could affect cDNA integrity and concentration.
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2.7.3. Quantitative Real Time RFCR

Quantitative real time PCR was performed in 20 pL reactions to amplify the target gene
sequences and determine the mRNA expression using &ligat (Roché€, Indianapolis, IN
USA) and DNA Mastét"* SYBR | green kit (RocH& Indianapolis, INUSA). The PCR mix (15
ML) was prepared usingl of the master mix, 9 puL of dd 4@ and 1 pL of each primerin a
final concentration of 1 uM. Finally, 5 pL of cDNA template 09/ L) was added. The PCR
reaction was ¢ onduc tircubatian, follbwed ﬁy@5dycmesof@5ﬂbr min (p
15 seconds (denaturation),-BmEC (primer dependent) for 10 seconds (annealing) altzl foe
10 seconds (extensionlJpon completon of qRTPCR amplificationmelting curve analysis was
performed to evaluate the specificity and quality of the amplification. Melting curve analysis was
done by incubation of thgRT-PCR product$or 60 seconds at each step with temperature
gradually inceasing by 0.t/sec from 65 to 9KC. Al samples were analyzed in duplicate to
increase the accuracy of the results and the average of both runs was used to calculate the
relative amount of mMRNA. Netemplate negative controls were concurrently run with the

samples,eplacing the template DNA with PCftade water.

2.7.4. Normalization and relative quantification of target genes

gRT-PCR procedure yielded crossing points or threshold cycle (CT) as the fundamental
guantitative units, corresponding to the PCR cyclerainghe amount of DNA of the amplified
gene generates a fluorescent signal significantly higher than the baseline. The CT value therefore
correlates negatively to the amount of target mRNA, i.e. the higheamount of MRNA, the
sooner the threshold isached and the lowdre CTvalue obtainedResults for gene expression

were analyzed with the comparativieCt method(Livak and Schmittgen, 2001(ene
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expression analysis was performed through the relative quantification of the mRNA level or fold
regulation of target genes normalized to a housekeepirg (geaffected by the studied
conditions) and compared with the uninfected control gfaiyak and Schmittgen, 2001)

The housekeeping gene glyceraldeh@dgehosphatelehydrogenasgSAPDH) was used
as the endogenous reference gene. The efficiency gRIM&CR (necessary for the
comparativé " Ct methal), was determined for each target gene by creating a standard
amplification curve using 1ug, 100 ng, 10 ng, 1 ng and 0.1 ng per reaction of a cDNA template
mix. The cDNA template mix was created by mixing equal amounts of cDNA solution from 3
tracheabronchial lymph nodesamples from each experimental grod@arget genes and specific

primer sequences are documented in TaBle

2.8. Viral RNA levels

To allow quantitation of BVDV viral RNA levels, external standards were constructed.
For the externaltandardsBVDV RNA from cell culture lysate was extracted using @lédamp
viral RNA kit (Qiagen, Valencia, CA, USA) tgield 60 mL of sample. The complementary
DNA from BVDV RNA was amplified and subsequently purified by hkigkolution agarose gel
electophoresis and filtration. The DNA was quantified usiigA Mastef"* SYBR | green kit
(Roché, Indianapolis, INUSA) and used at 101, 1C, 1¢f, 1C°, 1¢°, and 10 genome copies
per 5 mL in a background of 100 ng purified salmon sperm DNA in TE bdféeemM Trig HCI
and 0.1 mM EDTA).The Roche LightCycler Software Version 4.0 was us@@l RNA was
extracted usinghe QIAamp viral RNA kit (Qiagen, Valencia, CA, USAgcording to the
manuf act ur eLevélsof BVD\WRN®A werd determined in traabbronchial lymph

node tissue samplesing specific primers for 5' untranslated region
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2.9.Immunohistochemistry

Immunohistochemistry was performed on formdiked paraffirembedded sections of
tissue samples (spleen, tracheobronchial and mesegtaphb nodes, lungs and tonsils).
Following fixation, tissues were processed routinely and embedded in paraffin wax for routine
histopathology and immunohistochemistry (IHC). Sectionsn@ were cut on silaneoated
slides and dried. Sections were themvexed and rehydrated by sequential immersion in xylene
followed by graded concentrations of ethanol, then tap water. IHC was performed with a
commercial autostainer (DakoNorth America Inc., Carpinteria, California,USA). Blocking of
endogenous peroxidasetiaity was performed with 3% #8, and sections were pretreated with
proteinase K prior to application of primary antibody. The monoclonal antibody (MAb) 15C5
(Syracuse Bioanalytical, East Syracuse, New York, USA) was utilized, for detection of BVDV
antigen. Following incubation with the primary antibody, BVDV antigen was detected using a
biotinylated link antibody followed by peroxidase labeled streptavidin (Dako). The substrate
was NovaRED (Vector Laboratories, Burlingame, California, USA). The seatieres
counterstained with haematoxylin and coverslipped undelagaeous mounting medium. Each
BVDV -labelled tissue section was accompanied by a negative control slide in which BVDV
antibody was replaced with primary antibody diluent. The location anasityeof antigen

distribution were evaluated and compared among groups.

2.10. Statistical analysis
Data were analyzed using the Statistical Analysis System¥{8&Sion 9.1 SAS
Institute, Cary, NC). Statistical parametric assumptions of normalitg@mstant variance were

tested through Shapiro Wilk's and Levene's tests, respectively. Additionally, normal probability,
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residuals and quartiquartile plots were constructed and analyzed to confirm any significant
departure from normality and constantighility of the data. Since relative mRNA expression

data were not normally distributed (heavily skewed), and had a heterogeneous variance, for the
mean comparison analysis gene expression data were transformed usinG@xBmwer

transformation, indexewith a power number suggested by data themselves, which maximized

the parameter . The outcomes produced by the
possible violations of the tentative assumption of normality.

The general linear model proced@Rroc GLM) was used for the analysis of variance to
compare the relative mRNA level of target genes among groups (using the Least Significant
difference, LSD Test). The general linear model procedure (Proc GLM) was also used for the
analysis of variance twompare mean leukocyte counts among the groups (through the LSD
Test). Mean comparisons between day 0 and subsequent days (4 and 5) were accomplished
through the repeated measures analysis of variance for each group. Pearson correlation analysis
was perfomed to identify correlated gene expression. Differencespthlues less than 0.05

were considered statistically significant.

3. Results
Two calves in the LV group were euthanized due to reasons not related with the BVDV

infection(e.g. bone fracturdue to aggresiveemperament)

3.1.Clinical Pathology
A significant decrease in total leukocyte count was obsearnvéiek calves challenged

with HV BVDV strain 1373 on days 4 and 5 compared with those in animals inoculated with LV
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BVDV strain SD1 and control group P< 0.01). Significant differences were not found between

LV and control groups (Figur@).

3.2.Diagnosis of BVDV acute infection

All calveswereBVDV negative at the day of experimental inoculation (day 0). BVDV
was isolated from spleesamples in all the animals of LV (8/8) and HV (10/10) groups on day 5
post challenge, demonstrating the BVDV acute infection in all the inoculated calves. In contrast,
spleen samples @il the animals in the control growgereBVDV negative in spleen sgrtes at

the end of the experimental period (Tabi§.

3.3. Gene expression analysis

3.3.1. Type | Interferon alpha and beta

Type | Il nterferon (U anmgllatéd)intracReNrdnchéak pr e s si o
lymph nodesR < 0.05) of calves inoculateditiv high virulence BVDV compared with the
control group(Figure 7) Calves experimentally challenged with low virulence BVDV did not
show any significant increase in type | interferon mRNA levels in spleen and triacireshial
lymph nodes on day 5 posbiculation. The IFNJ am dmRNA | evel s were si g
higher in trachedoronchial lymph nodes of calves inoculated with the high virulence BVDV

strain 1373 compared with those in calves challenged with the low virulence B¥B\2.05).

3.3.2. Type | Interferoninduced genes
The mRNA levels of all type I interferon induced genes{M®PKR, OAS1 and ISG

15) were found to be significantly trpgulated in spleen of both BVDV inoculated groups,
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compared with the control group € 0.001, Figur&A). Moreover, mRNA expression of type |
interferon induced genesgas similar in spleen of calves inoculated with low and high virulence
BVDV (P > 0.05).

A dramatic upregulation of Mx1 mRNA (24fold for calves in LV and 21:%old for
calves in HV) was obseed on day 5 post inoculation tracheebronchiallymph nodes of both
groups challenged with BVDV when compared with the control caRe&s(.001). No
significant differences were found in the mRNA expression level of Mxhaneebronchial
lymph nodes between calves inoculated with low and high virulence BVDV. Xpeession of
the other interferon induced genes (PKR, @A&nd ISG15) was also significantly increased in
tracheebronchial lymph nodes of both challenged groups compared with theecteidfgroup
(Figure8B P <0.001),indicating an extensive activation of type I IFN response

OAS-1 and ISG15 mRNA levelsn tracheebronchial lymph nodewere upregulated
differentially following exposure to BVDV S (LV) versus BVDV 1373HV). Calves
inoculated with SBEL showed a-Zold higher OAS1 mRNA level than calves inoculated with
the strain 1373 (P = 0.(4gure8). Similarly, expression of ISG5 mRNA in trachedoronchial
lymph nodes was significantly higher in calves infected withlSfanpared with calves
infected with 1373F = 0.02;14.37 vs 8.61 fold increase in IS5 mRNA level relative to the

control group; Figur&B).

3.3.3. Pro-apoptosis related genes. Expression of Casf3asgand-9
The mRNA transcription levels of casp&&e8 and-9 genes in spleen of BVDV
inoculated calves were not significantly different from those in the uninfected control calves,

suggesting that these papoptosis pathways were not activated in spleen by day 5 post
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infection P > 0.05). Interestiny, there was a significant eqggulation of caspasg& and-9

MRNA levels in trachetronchial lymph nodes in calves inoculated with low virulence BVDV
(P =0.01 Figure 9, but not in calves inoculated with the high virulence BVDV strain, compared
with thecontrol group.

Relative mRNA levels of caspa8dn tracheebronchial lymph nodes were significantly
higher for calves inoculated with low virulence BVDV than those for calves inoculated with high
virulence BVDV (P = 0.005). Additionally, there was adency (0.5 fold, although not
significant, P= 0.15) for higher expression of casggseRNA levels in trachebronchial lymph
nodes for the calves experimentally challenged with low virulence BVDV straih Ginpared
with calves inoculated with high virethce BVDV strain 1373nRNA levels of caspasg in

tracheaebronchiallymph nodes were similar among the three experimental groups.

34. Viral RNA levels
Viral RNA levels were similar on day 5 post inoculation in trachesnchial lymph
nodes of calves @erimentally challenged with high and low virulence BVOR/X 0.05, Figure

10).

3.5. Correlation analysis of the genes involved in the interferon induced antiviral state
The multivariate statistical analysis shoveeslignificantly high positive correian
between IFNU aneb |(FRNFO<. 908 ,001) . Type | interferon (
negatively correlated with Mg and ISG15, in both spleen artdachesbronchiallymph nodes
(P < 0.05;Tablesl5, 1. Additionally, significant negative calations were found between the

transcription levels of type I interferon and the studiedgpoptosis related genes (caspas®
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and-9) in spleen of the experimentally inoculated cal\es 0.001). Conversely, gene
expression analysis of type | infieron in trachedoronchial lymph nodes only showed negative
correlation with mRNA expression levels of caspageO 0. 01) .

There were significant and strong positive correlations among the mRNA levels bf Mx
PKR, OAS1 and ISG15 in both spleen artdacheebronchiallymph nodes of calves
experimentally challenged with low and high virulence BVDV (P < 0.01; Batie 16.
Moreover, mMRNA levels of type | interferestimulated genes were significantly correlated with

the expression of caspases in spleen and TB lymph nodes of BVDV infected calves.

3.6. Immunohistochemistry

BVDV antigen was similarly distributed multiple tissues (spleen, lymph nodes, lungs
and tonsils) and cell types in both groups of BVDYV inoculated calves. Although variable in
extert and distribution the most pronounced antigen labeling was found in bronchiolar mucosa
and alveolar epithelium dfings. Similar evidence of mild to moderate lymphoid depletion was
present in spleen and lymph nodes of calves inoculated with low and high virulence BVDV

isolates (Figure 11).

4. Discussion

Experimental nasal challenge with both low and high virul&8WBV strains effectively
resulted in acute BVDV infections and viremia, demonstrated by virus isolation from serum and
spleen samplesAcute infection with the highly virulent BVDA2 strain 1373 caused a
significant leukopenia, evidenced on days 4 apo$ challenge. BVDV infections are

associateavith leukopenia, immunosuppression and in some cases thrombocytopenia with
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hemorrhagesThis significant reduction in the total leukocytes during BVRVhfection might
have occurred as a consequence of tifig from blood into tissue, decrease in leukogenesis or
outright death of leukocytdRidpath et al., 2006)

A strong upregulation of the type | interferotyandb) mRNA level was detectday day
5 post challenge itracheebronchial lymph nodes @he calves inoculated with the highly
virulent BVDV-2 strain 1373 compared with the control gro@fter viral infections, viral RNA
is recognized by pattern recognition receptors such adiRelreceptors (TLF3, -7 and-8; in
the cell membrane) and the RNA helicases{R#ad MDAS (in the cytosol) which subsequently
stimulate the type I interferon transcriptiGlexopoulou et al., 2001; Yamane et al., 200®)e
regulationof IFNU amdsynt hesis requires the participat
interactions, includig nuclear factoie B (aNB) , ATF/ JUN, TBK1 and | KK
IFN-regulatory factors (IRFs). After activation of transcription factors, these are transported to
the nucleus, where they activate or repress the expression or either IFNsregifid¢d genes
(Katze et al., 2002)Oncethe type I IFN pathway is activated, it results in stimulation of a signal
transduction cascade that produces an antiviral state in the host cells and elicits the adaptive
immune responsgamuel, 2001.)

In the present studw significant increase of type | IFN mRNA level was eadenced
by day 5 post challenge calves experimentally infectedth the low virulence strain SD.
This lack of upregulation of IFNU aibhdgenes (even in the presence
levels of Mx1, PKR, OASL, and ISG15 observed 5 days after inoculation) might be associated
with a temporal regulation of the type | IFNs expression. Accordinghyight be possible that
IFN-U a@abhdmRNA | evels could have been transient]|"

with BVDV SD-1 strain, resulting in expression of the type | isiNnulated genes and

133



activation of the antiviral state. Consequently, pté&k regulatory mechanisms such as
6negative feedbackd mi ght hUdvezprebsoBegoatalt, i vat ed
2012; Witwer et al., 2010)t has been demonstratedtthalowing a viral infection IFN
responses are generally transient andlseifing in order to avoid prolonged and uncontrolled
IFN effects which can interfere with normal immune response and hematopoiesis (Lin et al.,
1998). Several molecules and pa#tys (e.g. BST2, Dcp2niRNAs etc) have been reported to
provide negative feedback signals to control strength and duration of IFN production by infected
cells, preventing a prolonged antiviral sté@ego et al., 202; Li et al., 2012; Witwer et al.,
2010) Ganheim et al. (2003) evaluatedthetBN concentrations in seri al
days 1, 8, 142, 14 and 16) after experimental infection of calves with BVDV. All the BVDV
inoculated calves (n=6 ) had elesatiFN\U | evel s on -idfacios. Alerdayéd 6 pos
only 2 calves had significant levels of IRB{Ganheim et al., 2003Yhose results demonstrated
thathe IFNU r e s p o n slastingia the BYB\Winfected calves, confirming previous
results(Travén et al., 1991 Dn the other hand, the higher IRND MRNA levels exprssed in
calves inoculated with BVDV strain 1373 might be due to the higher virulence of this isolate,
inducing a strong and sustained type | IFN transcription. Type | IFN mRNA expression-was up
regulated in trachebronchial lymph nodes but not in spleegflecting a spatial regulation type
| IFN transcription. Since experimental challenge was done through nasal aerosolization, the
differential expression of type | IFN mRNA in these lymphoid organs may be due to the route of
viral infection.

There was anarked activation of the antiviral response in both BViDkécted groups,
evidenced by upegulation of Mx1, PKR, OAS1 and ISG15 mRNA levels in tissue samples of

tracheebronchial lymph nodes and spledrollowing transcription of IFNJandi b during a
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viral infection, these proteins bind to a common receptor (IFNAR), which triggers the
intracellular IFN signaling pathway JARTAT. This signaling cascade results in
phosphorylation and nuclear translocation of STAT1 and STAT2, and transcription of sévera
interferon stimulated genes (ISG) such asM¥®KR, OAS1, and ISGL5 (Stark et al., 1998)

The IFN- induced genes control viral infections through direct antiviral effector functions
(Schoggins et al., 201and by regulating the adaptive immune respg@sdonna et al., 2004)
Surprisingly, the expression of Mk PKR, OAS1 and ISG15 observed in the LV group,
occurred without an apparent expression oftype FlBM by day 5 post chall e
mentioned above, a broad range of moleaulachanisms of negative feedback cbioave shut
downthelFN-Ub signaling around da yBefoepab, 2a12;ciatal | eng
al., 2012; Witwer et al., 2010:dditionally, it is possible that transcription of the antiviral genes
(Mx1, PKR, OAS1 and ISG15) have been induced directly and independently of-IFN a-fm d
by the low virulence BVDV, as previously reported witihher RNA virusegGoetschy et al.,

1989; Hug et al., 1988; Ronni et,d@997; Ronni et al., 1995 arly experiments have shown

that diverse IFNnduced genes (e.g ISG15) could be directly activated by virus infection, in
absence of IFN production as reported for Newcastle diseas¢Bandyopadhyay et al., 1995;
Wathelet et al., 1992)RF-7 has the potential to induce ISGs independently of IFN signaling
pathway as it was previously shown féher genes, includindRF7 itself, IFNB, MXA
CXCL10andTRAIL (Di Domizio et al., 2009; Nakaya et al., 2001; Ning et al., 2005)

contrast, other authors have reported that Mx expression is stimulated classpeaiiically via
signaling through the type | IFN recep(@aigent et al., 2002; von Wussow et al., 1990;
Yamane et al., 2008inferring that ugregulation of Mx gene involves the activatiofthe

interferonU+6  p a t(Fray atyl., 2001; Simon et al., 199orrespondingly, MulleDoblies
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et al. (2004) demonstrated tiMx stimulation after BVDV infection was paralleled by
endogenous synthesis and signaling of-lB (Muller-Doblies et al., 2004 herefore, the
increase in the MRNA expression of several-Btixulated genes and the positive correlation
between them indicated that this cdexpand massive upegulation might be to some extent
attributable to the activation of a type | interferon respgiaenane et al., 2008)
OAS-1 and ISG15 mRNAexpression levelm tracheebronchial lymph nodewere up
regulated differentially following challenge with BVDV strains 3and 1373Calves
experimentally inoculated with low virulence BVDV showed a higher expression of these genes
in tracheebronchid lymph nodes by day 5 pestoculation. A similar tendency (although not
significant) was observed for the MXmRNA expression in the calves inoculated with the low
virulence BVDV. However, two calves challenged with BVDV 13#3042 and # 8081)
showel extremely high levels of Mx1 mRNA (outliers), which increased the group mean to a
level similar to that observed in the calves inoculated with low virulence BVDV. Since the
calves inoculated with the highly virulent BVDV strain showed an apparent s@&pression
ofIFN-Ub; and consi der i-indgced gerees mRINA levels weie towee r f er o n
compared with those observed in the calves inoculated with; $is possible that further
transcription of IFNinduced genes could occur subsequemsypreviously observdiiitller-
Doblies et al., 2004) These differences might reflect a temporal variation in the induction of the
antiviral immune response by the two viral sigi

The caspas8 and-9 mRNA levels indicated an evident activation of both intrinsic and
extrinsic pathways of apoptosis in tracHgonchial lymph nodes in calves challenged with the
low virulence BVD\A1 SD-1. Apoptosis or programmed cell death is siolered an essential

homeostatic mechanism during viral infections to remove infected(Peltiera et al., 2012)
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There are two different caspagependent pathways of apoptosis: the extrinsic pathway, which
is activated by member of the tumor necrosis factor (TNF) family of cytokine receptors, and is
associated with the cleavage and atitbraof caspas8& (Rasper et al., 1998; Stennicke et al.,
1998) and the intrinsic pathway, which can be induced by release of cytoclerbmoma
mitochondria into the cytosol and the subsequent-A&pendent actiten of the death
regulator apoptotic proteasetivating factor 1 (Apafl), which stimulate the cleavage and
activation of the initiator caspa®gLi et al., 1997; Slee et al., 1999 nally, both pathways
induce apoptosis via activation of effector caspases such as c8spaseh once activated
leads to irreversible cell death. Tka®sults are consistent with a previous study wherein a high
expression of caspasewas observed in giassociated lymphoid tissue of the ileum from calves
inoculated with ncp BVDVL (Pedrera et al., 2012)oreover, in that study the number of cells
expressing caspasewas also increaséBedrera et al., 2012)

The lack of increase in the levels of casp@sad-9 mRNA in the calves challenged
with the highly virulent BVDV2, suggests that there mightteenporal differences in the
expression of prapoptotic markers between these two viral strains. Therefore, there could be a
delay in the activation of apoptosis after infection with the highly virulent BVDV 1373, as
shownin previous in vitro experimen{8endfeldt et al., 2007)n that study, infection of a
bovine lymphoid cell line with the highly virulent BVDY¥ 1373resulted in a delayed (> day 5
postinoculation) and less pronounced disruptionha mitochondrial transmembrane potential
with a weaker activation of the caspase cascade, compared with the apoptotic changes caused by
cp BVDV (Bendfeldt et al., 2007Y0n the other hand, Pedrera et al. (2012) stated that the
intrinsic pathway may play a minor role in the induction of lymphocyte apoptosis after

experimental infection of calves with ncp BVE) since they observed a reduced number of
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cells expressing caspa8en the gut associated lymphoid tissue, and-@x@ressia of the anti
apoptotic factor BeR (Pedrera et al., 2012%ince no significant increasn Caspas8, -8 and-9
was observed in spleen of any BVDBiioculated groups, there appears to exist temyspatiial
differences for activation of apoptosis between peripheral lymphoid tissue near the site of
infection (tracheédbronchial lymph nodes)ersuscentral lymphoid organs (spleetr).the
present study the mRNA expression of interfermfuced genes was correlated with the caspase
3,-8,-9 mRNA levels, indicating an association between the antiviral state and the induction of
apoptosis, beingonsistent with previous repoifgamane et al., 2008)Apoptosis of lymphoid
cells during BVDV acute infection has been reported to dogulirect action of B®V on
lymphocytes during replication and accumulation of viral R)AAler et al., 1997; Grummer et
al., 2002; Vassilev and Donis, 2000; Zhang et al., 198&)inding of dsSRNAto reactive
proapoptotic ISG produst PKR and OAS.,during the antiviral stat¢Grummer et al., 2002;
Jordan et al., 2002; Schweizer and Peterhans, 2001; Yamane et alQrAf)0&jh indirect
mechanism mediated by papoptotic cytokines producdry macrophage§Gomez
Villamandos et al., 2001; Sanch€prdon et al., 2005; Sanch€ordon et al., 2002; Sanchez
Cordon et al., 2003)

In conclusion, experimental infection with low and high virulence BVDVirséranduced
a significant expression of the interferstimulated antiviral state in both spleen and tracheo
bronchial lymph nodes. On day 5 pasbculation, calves inoculated with BVDVa SD1
showed a significantly higher expression of some interf@rdanced genes (OA$ and ISG15)
and preapoptosis markers (caspe&and-9) compared with calves infected with BVER/
1373, which could reflect a temporal difference in the transcriptional events during the innate

immunity against BVDV strains of diffent virulence and genotype.
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V. Differential Expression of Pro-inflammatory and Anti -inflammatory Cytokines
during Experimental Infection with Low or High Virulence Bovine Viral Diarrhea
Virus in Beef Calves.

Abstract

The objective of this study was toropare thenRNA expression o€ytokinesinvolved in pre
inflammatory (TNFU , -11bL, -ol, FA\ILL12, IL-15), and antinflammatory(IL-4, IL-10,
TGFDb) responses after experimental infectadrcalveswith low or high virulence
noncytopathic (ncp) bovine viral diarrhea vil@/DV) strairs. Thirty BVDV -naive clinically
normalbeef calvegseronegative to BVDYwere randomly assignéd one of three groups.
Calves wereritranasally inoculated with low (LV; n= 18D-1) or high (HV; n=101373)
virulence ncBVDV or with BVDV-free cell culture medium (Control, n= 10). Calves were
euthanized on day 5 pestoculation andissuesamplesf tracheebronchial lymph nodes and
spleen were collected fouantitativeRT-PCRanalysis to determine the mRNA level of the
target genesnRNA levelsof pro-inflammatory (TNFU , -116L -2, IFN-0 ) and anti
inflammatory (IL-4 and IL-10) cytokineswveresignificantlyup-regulated irtracheebronchial
lymph nodef HV group, but not in LV groupgzomparedo the control grougP < 0.05).The
IL-12 mRNA level was upregulated irtracheebronchial lymph nodesf bothLV and HV
groups,compared with the control group © 0 . AGi§njficant upregulation of 1:15 mMRNA
was observed itracheebronchial lymph nodefor LV calves(P < 0.002),but not for HV
cdves Experimentalmoculation with BVD\W2 1373 stimulated a significamRNA expression

of bothpro-inflammatory and antinflammatory cytokines. However, inoculation with BVElV
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SD-1 onlyresulted in ugregulation of 11-:12 and 11-:15 mRNA, which are ass@ted with

activation of macrophages and NK cells during the innate immune response.

Key words: BVDV, Gene expressiorGytokines Proinflammatory, Antinflammatory

1. Introduction

Bovine viral diarrhea virus (BVDV) is a posithsense single strded RNA virus
belonging to the genuRestivirus within the Flaviviridae family (Lindenbach and Rice, 2001)
There are two virus biotypes cytopathic (cp) and noncytopathic (ncp), based @bilitgito
cause pathogenic effects on cell cultyi¢gamers et al., 2001Ywo different genotypes (BVDV
1 and BVD\£2) have been identified, with remarkable differences in genomic sequences of the
5" UTR, N-pro and E2 region@Ridpath, 2003)

Thisvirusis an important infectious agent that affects cattbeldwide (Baker, 1995;
Houe, 1999)Infection of pregnant cattle with BVDV may result in abortions, stillbirths, or the
birth of calves with congenital defects or persidtemtfected with BVDV (Baker, 1995)Most
BVDV acute infections arsubclinical, transient ahselflimiting. However, BVDV is
considered a potentiator of secondary infections causing bovine respiratory (Bsdase
1995) one of the most important infectious diseases in commercial feedlot prodidtisn.
increased susceptibility to secondary infections is a consequence of theddBNDV to cause
immunosuppression and synergianth other viral and bacterial agerftsapil et al., 2005)

Acute infections with some virulent BVDY¥ strains may causesevere clinical disease
characterize by fever, depression, respiratory signs, diarrhea, lymphopenia, thrombocytopenia

and high mortality ratéBrock et al., 2007; Lieblefenorio et al., 2003b)Yhus, the wide range
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of clinical presentatias following acute BVDV infections depend on the viral stkafolence
and immune status of the aninRidpath et al., 2006)

Kelling et al.(2002) and LiebleiTenorioet al.(2002,2003) reported that the virulence
of the BVDV strain is correlated with the capability of the virus to cause a decrease in
lymphocyte countsThus, highly virulentBVDV induced a significantly more severe and longer
lymphopeniaand lymphoid tissue depletiduia apptosis and necrosiff)an less virulent
BVDV (Kelling et al., 2002b; LiebleTenorio et al., 2002; LiebleFenorio et al., 2003b)These
findingssuggest a possible association between BVDV virulence and thenmgols by which
the virus caussimmunosuppression in susceptible cattieaddition to reduction in leukocyte
counts, BVDV may causenmunosuppressioby impairing the function of cells such as
mononuclear phagocytes and lymphocytes, which are impdotanoth innate and acquired
immune system@aigent et al., 2004; Charleston et al., 2001a; Glew et al., 2003; Jensen and
Schultz, 1991; Lamontagne et al., 1989; Liu et al., 1999; Potgieter, 1995; Schweiz&0&&l.,
Macrophages and dendritic cells produceipftammatory cytokines such as tumor necrosis
factorU ( JTUNF and 1r(lL-B wHich stiklate leukocyte cheradtraction,
phagocytosis and enhance further cytokine and chemokine prod(itisiinadasan et al.,
2003; Pfeffer, 2003)Previous reports have shown that BVDV infection results in reduced
secretion of these piiaflammatory cytokinedothin vivo andin vitro, causing
immunosuppressiofAdler et al., 1996; Lee et al., 2008; Pedrera et al., 2009; Risalde et al.,
2011; Yamane et al., 2005)

Early in the course of infection, 42 is produced by T cells during antigen recognition,
stimulating the proliferation of thentigen specific cellgTizard, 2009) Similarly, IL-15

stimulates the proliferation of natural killer (NK) cedls an innate immune mechanism during
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viral infections(Abbas and Lithman, 2005%ubsequently, CO4T helper cells proliferate and
differentiate inb subsets of effector cells (Th1l or Th2) that secrete diverse cytokines with
different effector function¢Tizard, 2009) Interferondo (-b FNi s a T hrdtedby t oki ne
CD4' Th1 cells, CD8cytotoxic T cells, and NK cells in response tell2. This cytokine
stimulates cytotoxicity of T cells, production of immunoglobulin G (IgG) by B cells, activation
of macrophages and phagocytosis, thus increasing the imespanse against viral infections
(Biron and Sen, 2001; Samuel, 2001n)contrastother groups of cytokines have regulatory
functions on the immune response-4lis anantrinflammatory cytokine produced by Th2 cells
that stimulates the generation of more Th2 ¢e#isving as an autocrine growth factdbbas
and Lithman, 2005)IL-4 promotes B cellg heavy chain isotype switching to produgg.
Additionally, IL-4 antagonizes the effectsof IFN on macr ophage aetivatio
mediated immune reactiof&bbas and Lithman, 2005IL-10 represents another regulatory
cytokine with antinflammatory effects, inhibiting H12 production by activated macrophages
and dendritic cells, as well as the activities of theipflammatory cytokies, controlling innate
immune reactions and cell mediated immuByon and Sen, 2001; Pestka et al., 2004)
Similarly, transforming growth factor beta (T&F) i nhi bi ts activation of
proliferation and differentiation of lymphocyté&bbas and Lithman, 2005)
A Th1/Th2 polarization, previously described inceand humangAbbas and Lithman,
2005)is not well defined in ruminan{&stes and Brown, 2002%ome studies have
demonstrated the development of a Thl immune response after BVDV inf@hiarieston et
al., 2002; Lee et al., 2008Yonversely, others kia shown the establishment of a Th2 type
immune response after infection with ncp BVDV, which could inhibit the Th1 response and

cause immunosuppression leading to secondary pathogen infé&haaes et al., 1999)A
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recent study to determine the memory response of cytokine expression in peripheral blood
mononuclear cells from cattle after stimulation with ncp BVDV was not consfstent
demonstrating that BVDV induces a Thl or Th2 biased immes@onsg¢Waldvogel et al.,
2000)

In the present studyt washypothesizd thatacute infection with high and low virulence
BVDV strains can differentially regulatbe expression opro-inflammatory (Th1 response) and
antrinflammatory (Th2 respa@e) cytokines ilBVDV -naivecalves, whictwould reflect
differences in their ability to cause immunosuppressi®pecifically,the hypothesisvasthat
high virulence BVDV might cause a higher level of immunosuppression, represented by
decreased expressiohpro-inflammatory cytokines and increased expression of anti
inflammatory cytokines, compared with the low virulence BVDYie objective of this study
was to ompare thenRNA expression otytokinesinvolved in preinflammatory (TNFU, - | L
1b, -ol, FENIL12, IL-15), and antinflammatory (L-4, IL-10, TGFb) responses after
experimental infectionf BVDV-naive beef calvewith low (SD-1 strain) and high(1373strain)
virulence ncp BVDV, to determe if there is an assotien between BVDV virulence and

immunosuppression

2. Methods
2.1. Animals

A total of thirtybeef calveg7 months of ageyereenrolledin this study. All calves were
clinically normal free of BVDV based on virus isolation fraserum andmmuno
histochemistry of ear notch biopsies, aedonegative to both BVDX and BVDW-2 based on

serumvirus neutralizatiorassays performed at serum dilution of. 58imals were obtained
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from a farm owned by Auburn University, locatedHnntsville, AL. This farm ischaracterized
by an optimal biosecurity program in which new animal introduction is not permitted (closed

system).

2.2 Experimental design and sample size calculation

The study was designed as a randomized, controlledSaaple size wagalculated
using Proc Power (SA9N the basis of the expected mears t ar get gene expres
fold-regulation of mMRNA level, normalized to the housekeeping gene and relative to the control
group) for each experimental grqupe SDs ¢ 0.2 foldregulatior) of the meansand a
statistical power of 99%.

Calveswererandomlyassigned by use of a random number gene(R&search

Randomizerwww.randomizer.orjjto 1 of 3 treatment groups:

LV (n= 10). Animalschallenged with a low virulence type la rggDV (strain SD1).
HV (n= 10} Animalschallenged with a high virulence type 2 r@gDV (strain 1373).
Control (n= 10) Animals inoculated with BVDMree cell culture medium.

Animals were transported from the farm of origin to the Auburn University BViR¥
farm three daysddore the beginning of the study. AD 8alves werdioused togetheat the
BVDV -free farmprior toinoculation As treatment groups wengculatedthey were separated
andtransportedo theAuburn UniversityBVDV isolation farm located at 1.6 miles awdrom
the BVDV-free farm, except for the control group which stayed in the BVii2¥ farm
throughout the experimental period.

Additionally, in order to avoid shedding and exchange of BVDV among groups and

undesired BVDV infection of the control groupedto commingling with the BVDV inoculated
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groups, the study was performed during three different rounds of viral inoculation and necropsy,
which were spatially and temporally separated. During the first week, 10 calves assigned to the
LV group were separatl and brought to the BVD\$olation unit. After inoculation, LV calves
stayed in the BVDV isolation farm until day 5, when they were euthanizedeamdpsies were
performed

During the second week, 10 animals assigned to the control group were separated
transported for approximately 5 minutes around the same geographic area and returned to the
BVDV -free farm. This transportation was performed in order to provide similar management
conditions to all groups. At the BVDY¥fee farm, these animals were seqtad from the rest of
the calves and maintained in a different pasture. The control group was not brought to the
BVDV -isolation farm in order to prevent any exposure to BVDV during the experimental period.
On day 5, calves in the control group were euttethanchecropsies were performed

During the second, third and fourth week, there were no BMBiécted calves on the
BVDV isolation farm. This resting time was included in the experimental protocol to favor viral
clearance from the environment, inatempt to prevent the presence of BVDV strain1Sén
the farm by the time the HV group were brought to the BVDV isolation farm. It has been
reported that BVDV can survive in a cool protected environment for severaltiiays, 1995)
In addition, after departure of the LV group and before arrival of the HV goomgyete floor,
chutes and pens at the BVDV isolation farm were disinfected bs#agh (sodium hypochlorite,
NaOCI 5.25 %) Finally, on the fifth week, 10 animals assigned to the HV group were separated
and transported to the BVDMolation farm, wheréhey were experimentally inoculated with

BVDV-2 1373. On day 5, HV calves were euthanized and transported to the necropsy room.
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At both farms, calvewithin each grougLV, HV or control)were housed together in the
same pasture and allowed to eat andkdirom the same feedeandwater troughs All animal
protocols were reviewed and approved by the Institutional Animal Care and Use Committee

(IACUC) of Auburn University.

2.3. BVDV challenge inoculation

Calves were experimentally inoculated wittowvI(strain SB1) or high (strain 1373)
virulence ncp BVDV isolates. The strain BVDV1a-30wvas originally isolatetfom a
persistently infected heifer with fatal mucosal disg&sng and Brock, 1992)The strain
BVDV-2 1373was originally isolatedrom a severe acute BVDV outbreak in @mb, Canada
(Carman et al., 1998The stockBVDV strairs used inthe pesent studyerebiologically
clonedvia successive passagesMadin-Darby bovine kidney (MDBK) cellby use of limiting
dilutions with subsequent minimal propagatnincubation of the MDBK monolayer for 48
hours at 37 °C and 5% G@ produce an adeqte amount of stock virwgith the desired
CCIDsy/mL for characterization and animal challergggosurestudies.The inocu& used
consisted of cell culture supernatants containiBg<110°> CCIDsy/mL of BVDV-1a strain SEL
and1.3 X 10° CCIDsy/mL of BVDV-2 strain 1373f inoculuminDu | b e ¢ c oeflsa Mo el & § i
medium (DMEM) supplemented with 10% equine serumlanyl and L-glutamine The
inocula were obtained following freetigaw cycles to disrupt the cells and release the viral
particles. Inoculum celtulture supernatant was stored&Q °C until the day of inoculation.
After freezing, an aliquot of the BVDV inoculum was titrated by usireReedMuenchmethod
to determine the final CCHg/mL for inoculation. The inocula were aliquoted (5 mL) in

individual tubes within 1 hour of inoculation and stored on ice until Tiseinoculationwas
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performed by intranasal aerosolization of 5 mL of inoculum by use of an aerdsafidex
vacuum pumpOne sample of each inoculum was transported on ice and rétortiee lab to

determine th&€CIDsy/mL after inoculation.

2.4. Sampling

From each calfblood samples wereollectedon days 02, 4, and 5after BVDV
challenganoculationin blood tubes containing an anticoagulemmtdetermination othetotal
leukacyte countBlood samples were collected the samealaysin blood tubes without an
anticoagulant to obtaiserun for VI and RFPCR for diagnosis of BVDVSerum samples were
aliquoted and stored frozen-80° C.

On day 5 post challenge, animals were aniredusing a captive bolt deviand
transported to the necropsy room at the Department of Pathobiology, College of Veterinary
Medicine, Auburn University. Necropsy examination was performed on all calves. Tissue
samples were collected from spleen aaghesbronchial lymph nodesmmediately after tissue
collection, feshsamplesveresubmerged in 5 ml of RNlAter reagent (RNeasy protect kit,
QIAGEN®), in order to be protected from RNA degradation by RNAse. The stabilized samples

werestoredat-80° Cas recommended by the manufacturer until processing

2.5. Clinical Pathology

Unclotted blood samples collected on days 0, 4 and 5gbadienge were submitted to
the clinical pathology service laboratory at fagburn University College of Veterinary
Medicinefor leukocyte analysis. The total leukocyte count for each sample was determined

usingan automatic ell counter(Coulter. Corp., Miami, FL, USA)
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2.6. Diagnosis of BVD¥icute infection

2.6.1. Virus isolation

Virus isolation was performed on da@ and 5 post challenge from serum samples and
from spleen samples on day 5 post challenge to confirm BVDV infection and viremia in the
inoculated animals.

For virus isolation, 250 pl afachsample vasadded tdndividual 25 cnf tissue culture
flaskscont ai ni ng a monol ayer of MDBK cell s. For ce
eagleds medium (DMEM) suppl eAtamylahdd-dlutamingwas 1 0 % e
used. After three days incubation at 37° C and 5%, @&xks were frozen and upon thagj 50
pl of thecell suspensioffrom each flaskvastransferredo three wellof a96 well plate seeded
with MDBK cells (first plate).The inoculated 96vell plate was incubateddays and the culture
medium from each well was transferred to the cornegipg well of a new 9&vell plate
previously seeded with MDBK cells (second platBhth 96well plates(first and secondyere
tested for BVDV antigen bysinglP staining,using a bovine BVDV specific polyclonal

antibody (B224).

2.6.2 Reverse Transiption PCR

Viral RNA was extracted from MDBK cell culture supernatant (upon freeze and thaw),
previously in@ulated with serum on daysa@d 5 posthallenge and spledgissue homogenate
onday 5 postchallenge as described above for virus isolatioraNRNA extraction was
performedusing QIAamf5 Viral RNA mini kit (QIAGEN®, Valencia, CAUSA). Reverse
transcriptionPCR was performed to determine the presence of BVDV using a conventional

thermocycler (Aplied Biosystem§, Carlsbad, C&JSA) andaQIAGEN One Step RTPCR Kit
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(QIAGEN®, Valencia, CAUSA) according to the manufactsréecommendation Specific
primers(reverse and forward) were used to amplify a-8d6leotide BVDV sequence located

wi t hi AUTR (betweédn dhe nucleotides 100 and 345). dresence of BVDV in the PCR
product (cDNA) was determined by agaroseeajettrophoresis demonstrating a significant band

similar to the BVDV positive control band.

2.7. mMRNAGene expression analysis

2.7.1 RNA extraction and purification

Spleen and teheabronchial lymph node tissuamples(approximately 30 mgyere
disrupted and homogenized in buffer containing guanidine isothiocyanate using a bullet blender
maching(Next Advance® Averill Park, NY, USAand 1 mm glass beads. ToRINA for
guantitative real timeRT-PCR(gRT-PCR) was extracted anpurified from gleen andrachee
bronchial lymph nodeampls using an RNeasy mini kiQIAGEN®, Valencia, CAUSA),

according to the manufacturerods protocol

2.7.2 Reverse transcription

Synthesis of cDNAvasperformedrom 1ug of total RNA template using a First cDNA
strand reverse transcriptitdt (Roch&, Indianapolis, INUSA) according to the manufacturer’s
protocol After reverse transcription, final cDNA products had a concentration of approximately
2 pg/ul in atotal volume of 20 plSynthesized cDNA was diluted £6ld with RNAse free
waterto reach a templatoncentration of approximately 200 ng/ul to be usedjRF-PCR
Four aliquots were prepared from each cDNA sample in order to avoid covwsdmezing

thawing events that could affect cDNA integrity and concentration.
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2.7.3 QuantitativeReal Time RPPCR

Quantitative real time PCR was performed in 20 pL reastiommplify the target gene
sequences and determine the mRNA expression adiightCycler (Roch€, Indianapolis, IN
USA) and DNA Mastét"* SYBR | green kit (RocH& Indianapolis, INUSA). The PCR mix (15
ML) was prepared usingl of the master mix, 9 puL of dd 4@ and 1 pL of each primerin a
final concentration of 1 uM. Final] 5 pL of cDNA template (200 ng/ pL) asadded. The PCR
reaction was ¢ onduc tircubatian, follbwed ﬁy@5dycmesof@5ﬂbr min (p
15 seconds (denaturation),-BmEC (primer dependepfor 10 seconds (annealing) and2or
10 seconds (extensionlJpon completion o§RTPCRamplification,melting curve analysis was
performed to evaluate the specificity and quality of the amplification. Melting curve analysis was
done by incubation of thgRT-PCR product$or 60 seconds at each step with temperature
gradually increasing by dt/sec from 65 to 9KC. All samples were analyzed in duplicates to
increase the accuracy of the results and the avefdgeh runsvas used to calculate the
relative amounbf mMRNA. Nontemplate negative controls wezencurrentlyrun with the

samplesreplacing the template DNA with PCftade water.

2.7.4 Normalizaion and relative quantification of target genes

gRT-PCR procedure yielded crossing points or threshold cycle (CT) as the fundamental
guantitative units, corresponding to the PCR cycleneim the amount of DNA of the amplified
gene generates a fluorescent signal significantly higher than the baseline. The CT value therefore
correlates negatively to the amount of target mRNA, i.e. the higheamount of MRNA, the
sooner the threshold isached and the lowdre CTvalueobtained Results for gene expression

were analyed with thecomparativé " Ct method(Livak and Schmittgen, 200Iyherefore,
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gene expression analysis was performed through the relative quantificbtinmRNA level or
fold regulationof target genes normalized to a ekeeping gene (unaffected by the studied
conditions) anadompared with theninfectedcontrol group(Livak and Schmittgen, 2001)

The housekeeping gene glyceraldeh@dgehosphatelehydrogenasgSAPDH) was used
astheendogenous reference gerikhe efficiency of thgRT-PCR (necessary for the
comparatie' " Ct method, was determined for each target gene by creating a standard
amplification curve using 1ug, 100 ng, 10 ng, 1 ng and 0.1 ng per reaction of a cDNA template
mix. The cDNA template mix was created by mixing equal amounts of cDNA solution from 3
tracheebronchial lymph nodsamples from each experimental grodrget genes and specific

primer sequences are documented in TaBle

2.8. Statistical analysis

Data were analyzed usitige Statistical Analysis System (SA@ersion 9.1SAS
Institute, Cary, NQ. Statistical parametric assumptions of normality and constant variance were
tested through Shapiro Wilk's and Levene's tests, respectively. Additionally, normal probability,
residuals and quartiguartile plots were constructed and analywedonfirm any significant
departure from normality and constant variability of the data. Since relative mRNA expression
data were not normally distributed (heavily skewed), and had a heterogeneous variance, for the
mean comparison analysis gene expressata were transformed using a BGox power
transformation, indexed with a power number suggested by data themselves, which maximized
the parameter a&. The outcomes produced by t

possible violations of the teritge assumption of normality.
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The general linear model proced@Rroc GLM)was used for the analysis of variance to
comparehe relative mRNA level of target genes among grqupsgthe Least Significant
difference, LSDTest) The general linear modplocedure Rroc GLM)wasalsoused for the
analysis of variance to compare mean leukocyte counts among the groups (through the LSD
Test). Mean comparisons between day 0 and subsequent days (4 and 5) were accomplished
through the repeated measures analysi@riance for each groug?earson correlation analysis
was performedo identify correlated genexpression. Differences wigitvalues less than 0.05

were considered statistically significant.

3. Results
Two calves in the LV group were euthanized ag & posichallenge due to reasons not

related with the BVDV infection.

3.1 BVDV Isolation
All calves were BVDV negative at the day of experimental inoculation (day 0). On day 5
post challenge, viis isolation fromserum samplewasless frequenin calves inoculated with
low virulence BVDV than that in calves inoculated with high virulence BD&ble18).
BVDV wasdetected by virus isolatidinom spleensamplain all the animals ofV (8/8) and
HV (10/10)groupson day 5 post challenge, demonstraB\{DV acute infection in the
inoculated calves. In contrast, sfileen samples frothe animals in the control grouygere

BVDV negative at the end of the experimental period (TaB)Je
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3.2 BVDV RTPCR
All calves were found to be PCR BVDV negativelat day of experimental inoculation
(day 0). Viral RNA was amplified from serum on day 5 pasiculation in8 and10 calves in the
LV and HV groups, respectiveh\similarly, by day 5 posinoculation wal RNA was detected
in spleenn all the calves iboth BVDV inoculated groups. In contrast, all the spleen samples in

the control groupvereBVDV PCR negative at the end of the experimental period (TE8)le

3.3 Clinical Pathology

A significant decrease in total leukocyte caunereobservedn thecalves challenged
with high virulenceBVDV strain1373 on days 4 and 5 compared with animals inoculated with
low virulenceBVDV strainSD-1 andcontrol group during the same days<(0.01) Significant
differences were not fourltetween calves inoculatedth low virulence BVDV and calves in

the controlgroup(Figure6).

3.4. Gene Expression Analysis

3.4.1 Pro-inflammatory cytokines

The TNFU mRNA | e v-segukatedye € 0=05)iimacheebronchial ymph nodes
and spleen of calves inoculated with high virulence BVDV compared with the control group.
Calves experimentally challenged with low virulence BVDV did not show any signifi
increase iNTNFU mRNA | ev el gactiesbrorcimallyenghmodasn There were
significant differences for TN\E MR NA e x ptracheslrdnahiallynipin nodes® =0.01)
and spleenR =0.005) between calves inoculated with high and low &iraé BVDV. Similarly,

expression of IL1b was higher irtracheebronchiallymph nodes®=0.03) in calves infected
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with the highly virulent BVDV/2 1373 compared with that of the calves inoculated with the low
virulence BVDV (Figure12).

TherelativemRNA expressiorof IL-12 was upregulated irtracheebronchiallymph
nodes but not in spleenf both BVDV inoculated groupsompared with the control group €
0.05). No significant differences were observed for th@2LmMRNA levels in spleen and
tracheebrorchial lymph nodes between BVDV inoculated gropgurel13).

There was a remarkable-uggulation of IFNo  a nZImRNA levels inrachee
bronchiallymph nodes of calves experimentally challenged wighighly virulent BVDV
(Figure13). Calves inoculated with the low virulence BVDAid not increase the expressiof
these Thl type cytokines; whose levels wagaificantly different fronthoseobserved in the
calvesinoculatedwith thehigh virulerceBVDV (P=0.006 and’=0.01 forIFNo and | L
respectively Figurel3). No changes in IFfd a namRNA levels wee observed in spleen of
any of the groups experimentally challenged with BVDV compared with the control group.

A significant upregulation of I-15 mRNA was observed on day 5 post inoculation in
tracheebronchiallymph nodes of calves inoculated witletlow virulence BVDVstrain when
compared with the baseline-II5 mMRNA expression level of control calvés<0.002). Levels
of IL-15 mRNA did not change in the calves inoculated with the high virulence BADV
compared with the baselin8ignificant diferences were detected in-15 expression level

between calves inoculated with low and high virulence BVBW 0.002).

3.4.2 Anti-inflammatory cytokines
The levels of 14 and 1.-10 mMRNA were ugegulated irtracheebronchiallymph nodes

following exposure to high virulence BVYDY2 1373, but not after infection with the low
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virulence BVDV-1a SD-1 (Figure 14) Accordingly, significant differences were found in the
expressiorof IL4 (P=0.005)and IL-10 (P=0.02 between alves inoculated withigh and low
virulence BVDV. There wasmsignificant difference in the mRNA expression level of FiGF i n
tracheebronchiallymph nodes and spleen between calves inoculated with low and high
virulence BVDV.Relative mRNA levels for 114 and 1-10 did not increase in spleen samples 5

days followng inoculation with BVDV1a SD1 or BVDV-2 1373.

3.4.3 Correlation analysis d thecytokines mRNA levels

Results of the Pearson correlation analysis are showahle19.The multivariate
analysis showed significantly high positive correlation (R=65- 0.92) between mRNA levels
of all evaluated pranflammatory cytokines (TNFJ , -11bL, -ol, F Na-B; &P <0.0l, Table
19). Surprisingly, the expression of these-prilammatory cytokines was also positively
correlated with the mRNA levels of thatainflammatory cytokinesI(-4 and IL-10). In
contrast gene expression analysistbé preinflammatory cytokines in trachdaronchial lymph
nodes showed moderate negative correlation with mRNA expression leveld 2fIll-15, and

TGRb PO 0. 01) .

4. Discussion

Experimental challenge with both low and high virulence BVDV strains effectively
resulted in acute infections and viremia, demonstrated by virus isolation aR€CRBRnalysis
from serum and spleen sampleBuring BVDV infection, the virg replicates in tonsils, nasal
mucosa and draining lymph nodes and disseminates via circulating leukocytes into the blood,

causing viremigBruschke et al., 1998; Liebldrenorio, 2005) It has beenaported that viremia
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can be detected as early as 24 hoursipdsttion (Mills and Luginbuhl, 1968.)Typically, acute
BVDV infections result in shoiterm viremia, lasting up to 15 daglsvermann and Barrington,
2005) Acute infection with the higlylvirulent BVDV-2 strain 1373 caused a significant
leukopenia, evidenced on days 4 and 5 post challeingection with highly virulent BVDV is
associated with leukopenia, lymphoid depletion, immunosuppression and in some cases
thrombocytopeni@Bolin and Ridpath, 1992; Chase et al., 2004; Lielkenorio et al., 2002)

The significant decrease in leukocyte countsdead reduction in immune protection,
which predisposes the arahto secondary infections andore severe clinical disea@@olin
and Ridpath, 1992; Kapil et al., 2009)his significantreduction in the totahumber of
leukogytes during BVDV2 infectionmight occur as a consequencdeafkocytetrafficking from
blood into tissu¢o cause inflammatigra decease in leukogenesisr the outright death of
leukocytes (Ridpatkt al 2006).

Our data demonstrated a significantregulation of the pranflammatory cytokines
TNF-U andb | mRNA i-brondhial yroph sodes after infection with the highly
virulent BVDV-2 1373.This finding could be associated with the commonly observed severe
inflammatory lesions in the respiratory tract following experimental infection with virulent
BVDV -2 strains (Ellis et al., 1998; Lieblefenorio, 2005)In previous studies the experimental
inoculation of unvaccinated beef calves with BVI2\1373 resulted in severe respiratory disease
with high morbidity and mortalityBrock et al., 2007)TNF-U a n-1b aré decreted by
mononuclear phagocytes after infectitilenstimulaing expressiorof integrins on leukocyte
(Le and Vilcek, 1987; Van Reeth et al., 199%his cellular processesuls in leukocyte

recruitment tdhe site of viral infectionwith the subsequent activation of the T cell mediated

immune respons@ ey et al., 2007; RiverRivas et al., 2009)n addition tocontribuing toviral
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multiplication and disseminatioby increasing the number of target c¢fssalde et al., 2011)
The results othe presenstudy are consistent with thoseagfrevious experimerthat
showed a significant increase in serum concentrations ofONFA n c-iaféecteed s ¢ o
experimentally with BVDV and bovine herpes viligBHV-1) (Risalde et al., 2011)n
contrast, averalin vitro studies have shown that infectiaith ncpBVDV resultedin reduced
expression ofNF-U a n-H bn manocytes and macrophad@sller et al., 1996; Lee et al.,
2008; Raya et al., 2011; Risalde et 2011; Yamane et al., 200bhich hasbeen associated with
suppression of the host immune respghse et al., 2008; Raya et al., 2018yrthermore, a
previous study demonstrated that deregulation of 1l-1 expression induced by BVDV
infection occurred at the protein but not mRNA lefdgnsen and Schultz, 1998) subsegent
experimenshowedhatthe production of aii_-1 inhibitor following infection with BVDV
might interfere with the activation and proliferation of lymphocytesngthe early immune
response oalternativelywork as a negative feedbaciechanismprewenting the constant
stimulation of T cells by IH (Jensen and Schultz, 1991; McCarthy et al., 1985w
reguation of TNFUproduction observed in most studies has been speculated to be achieved by a
Th2 type cyokine response, such as10 (Chase et al., 2004 the present studyNF-U a n d
IL-1 BmRNA levekdid not increasey day 5 poschallengan calves experimentally infected
with the low virulence BVDV SBEL. Experimental and field studies have revealed that most
BVDV infections are transient and sdihiting, resulting in none or mild clinical sigros
diseas€dAmes, 1986; Bolin and Ridpath, 1992Zhe low degree of inflammation and damage of
the respiratory tracnd lymphoid tissue commongvidenced fdbwing infection with low
virulenceBVDV could be relatetb the observetbw expression of the prmflammatory

cytokines
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The significant ugregulation of [l-12 mRNA in both high and low virulence BVDV
inoculated groups suggests an apparent activatiamacrophages and dendritic cells in the
lymph nodes close to the site of inoculatiol.-12 is secretely mononuclear phagocytes
during the early immuneaeactionin response to many microbial stimuficluding viral
infections(Abbas and Lithman, 2009 addition, atigen stimulated T helper cells induce
production ofiL-12 by macrophages and detidrcells through the interaction of CD4D40L
and expressionof IId  dur i ng t h e-mediatddunurune oesporgddbas and |
Lithman, 2005) Subsequently, H12 promotes the differentiation of CDdelpe T cells into
IFN-o  p r o @hl cellspwdich in turn activate macrophages to kill phagocytosed microbes, as
well as enhancing the cytolytinechanisms of activated NK cells and CRgtolytic T cells
(Abbas and Lithman, 2005F he results ofttis study agrethose of ann vitro assayshowing
thatmRNA levels ofIL-12 and IFN0 weresignificantly upregulated in monocyten early
stages poshfection (1 hour)with ncp BVDV (Lee et al., 2008) In contrast, Risalde et al (2011)
observed that the serum concentration eL B of calves ceinfected experimentally with BVDV
and BH\A1 remairedlow during most of the experimental period (14 days). Howerehat
studythere was amcrease at 4ays post infectioncoincident with an increased production of
IFN-2 (Risalde et al., 2011)

The mRNA levesof IFN-0  a n2werkihcreasedn tracheebronchid lymph nodes
after inoculatiorwith BVDV -2 1373,suggestinghe activation of a Thl immune responsam
attempt to control this highly virulent infectiofhis responseould contribute witha strong
inflammatory responsa the respiratory tragtell mediated immunity) witlthe development of
severe clinicalignsas previously reporte(Risalde et al., 2011)ThisapparenThl immune

reactionwas not observed in calves experimentally inoculated with BMDstrain SB1, which
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could be related witmild or no clinical signs commonkeported afterx@erimental infections

with low virulence BVD\:1 (Ames, 1986; Bolin and Ridpath, 199Zherefore, iis speculated

that the magnitude of the inflammatory respoaise tissue lesions developed after BVDV
infectioncould be associated with the virulence of the BVDV stfgiebler-Tenorio et al.,

2003b) It could be possible that some mechanisms of the early innate immune response, such as
up-regulation of type | IFNnduced antiviral state (data not shown), macrophages and NK cells
(increased IL12 and 115 mRNA levels)were apparently sufficient to control this low
virulence infection by day 5 post inoculation, resulting in absent or delayed activation of Thl
type adaptive immunity (H2 and IFNo ) . However, previous studie:
immunization with a MLV vadoe containing low virulence BVDM induced both humoral and
cell mediated immune responses 21 days after immunizg&mifsley et al., 2002)

IFN-2is a cytokineproduced by NK cells and dellsthatactivates macrophages to kill
phagocytosed microbes, and promotes isotype switching to IgG sub¢lEgses, 2009)
Additionally, it stimulates theifferentiation of CD4 T cells to the Th1 subsetnd induces the
expressiorof class | and class MHC therebypromoting ceHmediated immunity, inflammation
and tissue injuryWaldvogel et al., 2000Activated T cellgproducelL -2 which exerts paraicre

and autocrine rolesvhichcontribueto T cell and B celproliferationand differentiation and
initiation of the adaptive immune respor@bbas and Lithman, 2005A recent study showed
thatlIFN-o mRNA was significantly increased in peripheral blood mononuclear cells of BVDV
seropositive cows aftén vitro stimulation with ncp BVDMWaldvogel et al., 20005imilarly,

the development of a Th1l immune response characterized by increasedfiéivBl-o was
observedfterco-infection with BVDV and BH\/1 (Risalde et al., 2011Moreover, grevious

in vitro experiment demonstrated that CDBcells putnot CD4 T cells) from BVDV
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seropositive cattle were responsible for the increased levels of the Thl cytihkihand IFNo
after stimulation with ncp BVDYsuggesting that antiviral T cell responses involve TD8ells
as effectors against BVDWnfectedcells(Rhodes et al., 1999)

The increasedxpression of IL15 in calves inoculated with BVDY. SD-1, but notin
calves inoculated witBVDV-2 1373, suggests that the highly virulent BVDV straight have
inhibited the transcription of this cytokine@hich isessential for NK cell activation duririge
innate immune response against viruygdshas and Lithman, 2005)This could bea potential
mechanism by which highly virulent BVDV could cause immunosuppressitimeiO
investigator{Chase et al., 2004; Leeadt, 2008)have demonstratdatiat IL-15 gene expression
was significantly dowsregulated after infection with ncp BVD\Quring a viral infection, IE15
is produced byctivated monocytes/macrophages and dendritic @etlsstimulates the
proliferation ofNK cellsin a similarmannerto IL-2 during the initiation of the adaptive immune
respons€Abbas and ithman, 2005)

In the present studgalves inoculated with high virulence BVDV strain showed an
increased expression thie Th2 cytokines Ik4 and IL-10. During aviral infection secretion of
IL-4 is important to stimulate B cglfoduction ofneutrdizing antibodiegWaldvogel et al.,
2000) Several studies have shown that experimental and natural infectionscpwBVDV
stimulate the development of significant titers of neutralizing antibadissntiafor prevention
BVDV re-infection(House and Manley, 1973; Howard et al., 1989; Shope et al.,.1976)
Although theobservedexpressiorof IL-4 might contributdo the neutralizing antibody response
(commonly observeth ncp BVDV-infected animalsjo limit the spread of the viru@oherty et
al., 1997) such a Th2 response is not normally associated with antiviral effector functions

(Rhodes et al., 1999pn the other hand, H#4 canstimulatefurtherdevelopment of Th2 cells
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from naiveCD4' T cells and antagonize the macrophage activating effects @IEFN i nhi bi t i n
the cell mediated immune resporigdbas and Lithman, 2005%imilarly, IL-10 has anti
inflammatory effects through its ability to inhibit activated macrophagedsocking the
production of 11-12 and the expression of costimulators and class |l Niibas and Lithman,
2005; Tizard, 2009)It might bepossible that the increased expression e ind [.-10 mMRNA
in calves infected with BVD\2 1373is a regulatory mechanism to prevent an exacerbated
inflammabry reaction associated with the Thl immune resp{@s@étz, 2005)Moreover, in the
present study balance between Thl and Thesponseéwith high positive correlation between
Th1 and Th2 cytokineg)bserved during this early pastfection periodmight have been
generated in an attemptdctearthis virulent viral ifectionandcontrol collateral damage
(Waldvogel et al., 2000An in vitro experimentdemonstratethat CD4 T cells from BVDV
seropositive cattle produced high levels ofdllafter stimulation with ncp BVDV, suggesting the
development of atronglyTh2 biased memorymmune responsafter BVDV infection(Rhodes
et al., 1999)However, in the same study t&®8" T cell response appeared to be Tiki
(producing IL-:2 and IFN2 .)The Th2 celimmunereaction observed after infection with BVDV
might be involved in BVDVinducedimmunosuppression and increasedceptibility to
secondarynfections by interfering witlthe protective Thl respong@rneborn and Biberfeld,
1983; Whittleet al., 1978)

A recent study showed that-i. mRNA was significantly wpegulated in BVDV
seropositivecattle, whch was associated withconcurrenincreasan IFN-o0 mRNA (Waldvogel
et al., 2000)as seen in the current stutijoreover,Risalde etl. (2011)observed a significant
increase of IL10 concentration in calves-wafected with ncp BVDV and BHM, which was

associated with the peakncentratioof TNF-U. | n ttiea&dncestratiordofH4 in
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serum did not change, maintaining lowdasonstant levels throughout the stfBysalde et al.,
2011) In contrastptherresearchers have reportdctthe expression of 110 mRNA was
significantly decreased in BVDVhfected monocytes 24 h peasffection(Chase et al., 2004; Lee
et al., 2008) In the same assdl-4 gene showed backgrouagpressionevels in the BVDV
infected cell{Lee et al., 2008) Theresults of the current study indicate that there was no
apparent early polarization towaad h1 or Th2 immune response, srooth preinflammatory
and antiinflammatory cytokine mRNA levels were uipgulated in the calves inoculated with
BVDV 1373.0ther authorfiave observed the existence of Thl and Th2 subsets in(Batien
et al.,1994; Brown et al., 1993; Canals et al., 199ifferentiation of naive Th cell®ward
Th1 or Th2 subsets and the expression of cytokines are influenced by severa| factorgs the
type of antigen presenting cells, cytokine environnfBmgsoan et al., 1999antigen dose,
antigen densitypresence of particular egiimulation(Swain, 1999)and hormonal environment
(Piccinni et al., 1995)In the present study simultaneous stimulation of défiecell populations
(Th1l and Th2) may have contributed to the observed cytokines expression without mutual
inhibition (Waldvogel et al., 2000Y0n the other hand, it is possible to hypothesize that ThO cell
type, which express both IR and I1L.-4 mRNA could have been responsible for the
symmetrical cytokine expressiabservedBrown et al., 1994; Brown et al., 1993; Waldvogel et
al., 2000)

Calves inoculatedith BVDV-1 SD-1 did not show upegulation of Il-4 and IL-10
MRNA expression, which was accompaniedabybsence of IFBd  a nZmRNA up
regulation.These results suggest that the experimental acute infection with the low virulence
BVDV-1 did not activate the adaptive immune resporysgdy 5 post inoculation, in contrast to

infection with BVDV-2 1373, which was characterized by expression of different cytokines
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associated with proliferation and differentiation of T lymphocytespréssion of TGFh  mR N A
did not increase in trachdworchial lymph nodes and spleen of any of the BVDV inoculated
groups, compared with the baseline expression observed in the controllgrewgxpression of
TGFb has been associated with inhibition of macropbaged T cell activation and stimulation

of tissue repair after the inflammatory reactios lb@en controlleqAbbas and Lithman, 2005)
Therefore, lhe lack of transcription of this cytokine tracheebronchiallymph nodes and spleen
post inoculation with BVDV could have been associated with the prompt time post infection (5
days posinfection) during which none or few inflammatory changes could bagarred in the
respiratory tract.

In summary, experimental inoculation with high virulence BVR\XI373 stimulated both
pro-inflammatory and antinflammatory cytokine gene expression, corresponding with
activation of the innate and adaptive immune oesps. In contrast, infection with the low
virulence BVDV-1 SD-1 only resulted in upegulation of 1-12 and 11-15, which is associated
with activation of macrophages and NK cells (innate immunity). In addition to differences in
virulencebetween the twotsains, it is possible that the differential cytokine expression might be
due to differences in the BVDV swgenotypeThe analysis of cytokine expression during the
early event®f theimmune response to BVDV could have important implications for sefeofio
BVDV strains to be used for new vaccine productemce theefficacy of avaccire will depend

on howefficiently it stimulateghe innate anéarly adaptive immune response
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VI. General conclusions

The research information presented in this dissertation constitides@art investigation
that was conducted ®valuatehe immunopathogenesis lofv and high virulencéovine viral
diarrhea virustrainsduring acute infections as well #ge effectivenes®f vaccination protocol®
prevent and control thinfectious agentVaccinesused in these studies were commercially available
products in the Ughat were administered investigate thie efficacyand safetyeliciting protective
responsg in susceptible calves apdegnanteifers

The initialexperimenivasa vaccinatiorchallenge studperformed teevaluate th@nset of
protection induced by a modifidive BVDV vaccine administered 7, 5, or 3 ddyefore
challenganoculationwith a low virulenceype 1b BVDV(strain NY-1). The nodified-live
BVDV vaccine prevented fever, viremia, and leukopémiealves when they were inoculated
with NY-1 BVDV. However, a high proportion of calves vaccinated ysdzefore challenge
inoculationshed BVDV after inoculatioriJnvaccinated calves showed a significant decrease in
leukocyte counts and increased temperadiftex experimental challenge with BVDwdicative
of acute infection In addition, a high propoxn of unvaccinated calvefiowed viremia and
disseminated BVDV in nasal secretions after BVDV challenigas study represents a
clinically relevantassay thatlemonstratean efficaciousstrategy to prevent BVDV infection
when animals are exposed shodfter vaccination. Tis strategys particularlyapplicablefor
certain production systems such as feedlots, where frequent introduction of cattle with unknown
BVDV status increases the risk of BVDV infection, which could result in severe respiratory

disease in affected cattle and substantial economic losses for producers.
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In the second part of the investigationantaminateanultivalent MLV vaccine
containing ncp BVDV1 and-2 was administered otabel to pregnant cattle to determite
ability to de\elop fetalpersistent infeadns and be shed tattle commingling with vaccinates.

In the present study, abortions and BVDV fetal persistent infections occurred followilady elff
vaccination of BVDVn a * v e pr e g n dghadontammate BlltVsadoeiag well as in
the unvaccinated herdmates.

Virus isolation, quantitative real time RACR and nucleotide sequencing analysis
confirmedthat vaccination of pregnant heifers with a contaminated modifiedBVDYV vaccine
resulted in development of BVDY¥ PI fetuses in all the tested vaccinated animals. BVDV was
apparently shed to unvaccinated heifers causing fetal infections from which only-BWi2¢
detected.The hypothesized model of "viral superinfection exclusion" (ability of an established
viral infection to block a hmologous superinfecting viruspuld possiblyexplain the fact that
only BVDV-2 was detected in all Pl feeesfrom vaccinated heifers. On the other hand,
differences if'viral pneumotropismtould be associated with the detectiomoly BVDV-1 in
the 2 PI fetuses obtained from the unvaccinated heifersight be possible that following
immunization with the contaminated vaccine, the B\(D¥Yrincipal strain replicated more
efficiently in the respiratory tract of the vaccinatedugrohan the BVDV2 contaminant strain.
Therefore, the BVDVL strain could have been selectively shed via respiratory secretions being
able to infect the control group causing the development of PI fetuses.

The vaccine used in the present study was ldbeith a caution for not being used in
pregnant cows or calves nursing pregnant cows. However, there is a potential risk for
transplacental fetal infecticand development of Pl fetus if susceptible pregnant animals have an

occasional contact with recenthgccinated animal®Quantitative RTPCR and nucleotide
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sequencing analysis revealed the presence of both BYBMI BVD\ 2 in the vaccine,
confirming the vaccine contamination reported by the manufacithiey study demonstrated
that @ntamination of MLWaccineswith BVDV still represents ask for bovineherd health
prograns. Common sources of BVDV contamination include permanent cell lines used for viral
replicationattenuation and fetal calf serum batchEsereforejt is recommended that bovine
saa and cell lines be screened for adventitious BVDV byHTIR when used for cell cultures.
This strategy would help to prevent contamination before and during vaccine production and
increase the product's safety
Finally, aBVDV challenge inoculation moteas designed for evaluation of the early
immune response during acute BVDV infectionsisBtudycompare the mRNA expression of
host genes involved itype-| interferoninduced antiviral state (IFl, -b FN1, PKR, OAS
1 and ISG15), and apoptosis (Caspede8, and-9), after experimental infectiaot beef calves
with low or high virulence ncp BVDV strain¥he results indicated thatgerimental infectn
with high or low virulence BVDV strains induced a significant expression of the type |
interferorinduced antiviral state in beef calv&urprisingly, the expression of Mk PKR,
OAS-1 and ISG15 observed ialves inoculated with the low virulence BV occurred
without an apparent expression of type [4RND by day 5 Ipmighttbe podsiblé | en g e .
thatIFNU am dmRNA | evels could have been transient
inoculation with BVDV SD1 strain, resulting in expression bkttype | IFNstimulated genes
and activation of the antiviral state. Subsequentlypad range of molecularechanisms of
negative feedback could have shut downlfidé-U€ si gnal i ng around day 5

this group.In addition, it is possile that transcription of the antiviral genes (Mx1, PKR, GAS
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and 1SG15) have been induced directly and independently of-lFN a-in dby t he | ow
BVDV.
There was a differential expression of some interféndnced genes (OA% and ISG
15), with mRNA levels that werbkigher for the calves inoculated with the low virulence BVDV
strain. Type | IFN mRNA expression was upgulated in trachebronchial lymph nodes but
not in spleen, reflecting a spatial regulation type | IFN transcription. Sirpezimental
challenge was done through nasal aerosolization, the differential expression of type | IFN mRNA
in these lymphoid organs may be due to the route of viral infecAagignificant upregulation
of caspas@ and-9 was observed ittacheebronchal lymph nodes of the calves inoculated with
low virulence BVDV, but not in those inoculated wittethighly virulent BVDVZ2 1373.
Finally, the mRNA expression otytokinesinvolved in preinflammatory(TNF-U , -11bL,
IFN-0 , -2,l1L:12, IL-15), and antinflammatory (L-4, IL-10, TGFD) responses after
experimental infectionf beef calvesvith low or high virulence ncBVDV strairs was also
comparedExperimentalmoculation with BVD\W2 1373 stimulated a significant mRNA
expression of both primflammabry and antinflammatory cytokines. However, inoculation
with BVDV-1 SD-1 resulted in ugegulation of only 112 and 11-:15 mRNA, which are
associated with activation of macrophages and NK cells during the innate immune response.
The significant expregsn of the preinflammatory cytokines and cytokines involved in
the activation of the adaptive cell mediated immune responserdétetion with the BVDV2
1373,could be associated with the commonly observed severe inflammatory lesions in the
respiratorytractand the development of severe clinical sifpi®wing experimental infection
with virulent BVDV-2 strainsln contrast, helow expression of theecytokinesobserved

following infection withthelow virulence BVDVstraincould be related to tHew degree of
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damage of the respiratotmactandmild or no clinical signe€ommonlyevidencedduring most
infections with low virulence BVD\£1. It could be possible that some mechanisms of the early
innate immune response, such agegulation of type IFN-induced antiviral state,
macrophages and NK cells (increasedlR and I-15 mRNA levels), were apparently sufficient
to control this low virulence infection by day 5 post inoculation, resulting in absent or delayed
activation of Thl type adaptive immity(IL-2 and IFN2 ) .

It might bealsopossible that the increased expression ef ind [.-10 mRNA in calves
infected with BVD\,2 1373wasa regulatory mechanism to prevent an exacerbated
inflammatory reaction associated with the Th1l immune respdifse results of the current
study indicate that there was no apparent early polarization toward Th1l or Th2 immune response,
since both pranflammatory and antinflammatory cytokine mRNA levels were upgulated in
the calves inoculated with BVDV 137Balves inoculated BVDV1L SD-1 did not show up
regulation oflL-4 and I-10 mRNA expression, which was accompanied by an absence -af IFN
and IL-2 mRNA upregulation. The observeditferential expressionf early immune response
after nfection with lowor high virulence BVDVmight reflect differences iairal patrogenesis
andcouldpossibly determine theinical outcome The analysis of cytokine expression during
the early eventef immune response to BVDV could have important implications for selection of
BVDV strains to be used for new vaccine productemce the efficacy of avaccire will depend

on howefficiently it stimulateghe innate anéarly adaptive immune resposse
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Table 1. Mean + SEM rectal temperature (°C) the day of (day = 0) and for 14 days after challenge inoculattypevithBVDV
(strain NY-1) for calves vaccinated with an MLV vaccine containing types 1a and 2 BBBV;1, P13, andBRSV 7 (n = 10), 5

(10), or 3 (9) days before BVDV inoculation or that were unvaccinated control calves (10)

Day Calves vaccinated 7 days Calves vaccinated 5 days Calves vaccinated 3 days Unvaccinated control

before inoculation before inoculation before inoculation calves
0 39.4 £0.15 39.5+0.11 39.1 +0.13 38.9 +0.14
3 38.6 +0.28 38.4 +0.18 38.4 +0.13 38.8 £+0.17
5 38.2 +0.46 38.2 +0.25 38.5+0.16 38.6 +0.14
6 38.1 +0.44 38.3 £0.16 38.8 +0.18 38.8 £0.15
7 38.8 £+0.10 38.8 £+0.13 39.3 +0.13 40.2 +0.29°A
8 38.9 +0.13 38.7 £0.09 38.9 +0.22 40.1 £0.18*y
9 38.8 +0.17 39.0 £0.12 38.9 +0.08 39.0+0.19
11 39.2 +0.15 39.2 +0.18 39.2 +0.11 392+0.08
14 39.3 £0.07 39.2 +0.09 38.8 £+0.12 39.2 +0.13

*Within a column, value is sigficantly (P = 0.003)different from temperature on day 0. ** Within a column, value is significgRtly
=0.000)di fferent

the other treatnmd groupsy Within a row, value is significantlgP < 0.001) different from the value for each of the other treatment

from temperature on (&a0.01%9differAntiom the valuedor eachwf, Vv al u ¢

groups.SEM: Standard error of the mean.
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Table 2. Geometric mean £ SEM antibody titer against-NBVDV (type 1lb)the day of (day = 0) and 14 days after challenge
inoculation with type 1b BVDV (strain NY) for calves vaccinated with an MLV vaccine containing types 1a and 2 BVDV;BHV
P13, and BRSY 7 (n = 10), 5 (10), or 3 (9) days before BVDV inoculation or Wete unvaccinated control calves (10).

Day Calves vaccinated 7 days Calves vaccinated 5 days Calves vaccinated 3 days Unvaccinated control
before inoculation before inoculation before inoculation calves
0 1.78+1.21 20+1.18 1.52+1.05 246 +1.27
14 12.69 + 1.25* 10.07 + 1.38* 11.75 + 1.46* 73.51 N 1.

*Within a column, values differ significantfd(< 0. 001) from the value on day (B< AWithin

0.001) from the value for each of the other treatment gro8@hdl: Standard error of the mean.
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Table 3. Mean £ SEM leukocyte count on the day of (day = 0) and for 14 days after challenge inoculation with type 1b BVDV (strain

NY-1) for calves vaccinated with an MLV vaccine containing typg@snd 2 BVDV, BHV1, PI3, and BRSY7 (n = 10), 5 (10), or 3

(9) days before BVDV inoculation or that were unvaccinated control calves (10).

Day Calves vaccinated 7 days Calves vaccinated 5 days Calves vaccinated 3 dys Unvaccinated control
before inoculation before inoculation before inoculation calves
0 6,780 + 801.6 5,738 £ 341.0 7,106 + 583.2 8,646 £+ 790.8
3 7,554 +573.5 7,485 + 349.2 6,448 + 516.0 4,941 + 425.2A
5 6,900 + 651.2 6,877 £451.7 8,161 + 877.6 4,978 + 271.5A
6 7,069 + 785.8 6,522+ 338.4 7,454 + 370.3 4,958 + 313.1A
8 7,048 + 557.7 7,031 £ 355.5 7,302 £ 234.6 7,874 £574.3
11 7,519 +774.5 7,177 £ 302.6 6,660 + 438.0 7,263 £ 530.4
14 7,869 + 580.7 7,798 £ 576.6 6,680 + 350.4 7,163 £ 498.3
*Within a column, \aluediffers sigrificantly (P < 0.001) fromt he val ue on day 0. AWithPsa a

0.05) from the value for each of the other treatment groups.
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Table 4. Primers and probes used for amplification by-IRTR and nucleot@lsequencing of a

portion of the 5" untranslated region (5'UTR) of BVDV .

Primer and probes Name Sequences (53" Reference
BVDV primers (QRFPCR) BVDu3 F: CAT GCC CAAAGC ACATCT TA (Marley et al., 2008)
BVD11 R: TGC CAT GTA CAG CAG AGATTT
5-BVDV probe (QRTPCR) AYG RAY ACA GCC TGA TAG GGT GY (Marley et al., 2008)
3-BVDV-1 probe (QRTPCR) BVDV-1 CAG AGG CCC ACT GTATTG CTACTA AA (Marley et al., 2008)
3-BVDV-2 probe (QRTPCR) BVDV-2 CAG AGA CCT GCT ATT CCG CTAGTA AA (Marley et al., 2008)

BVDV primers (sequencing)

BVDV-100 F:GGC TAG CCATGC CCT TAG
BVDV-345 R: GCC TCT GCA GCA CCC TAT

(Deng and Brock, 1993)
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Table 5. Virus neutralizing antibody titers against BVBEM (SD1) and BVDV¢2 (PA13) in
vaccinated and control heifers the day of (day 0) and 45 days after vaccination (day 45) with a

MLV vaccine containing ncp BVD\étrainWRL.

BVDV-1 BVDV-2
Antibody titer Antibody titer
Heifer ID Group dayO day45 day 0 day 45
434 VX <15 >1:640 <15 1:320
444 VX <15 >1:640 <15 1:320
449 VX <15 1:160 <15 1:160
467 VX <15 1:40 <15 1:80
469 VX <1:5 1:80 <15 1:160
482 VX <15 1:40 <15 1:160
507 VX <15 1:80 <15 1:80
511 VX <15 1:160 <15 1:80
547 VX <15 1:80 <15 1:160
566 VX <15 1:160 <15 1:160
447 Co <15 <15 <15 <15
465 Co <1:5 1:320 <15 1:160
476 Co <1:5 >1:640 <15 1:20
502 Co <15 <15 <15 <15
509 Co <1:5 >1:640 <15 1:20
510 Co <15 <15 <15 <15
512 Co <15 1:10 <15 <15
520 Co <15 <15 <15 <15
542 Co <1:5 1:320 <1:5 <15

Virus neutralizatiorfVN) was performed at serial twfold dilutions starting at 1.5 through 1:640
* The antibody titer of each sample was determined usingdkd andMuenchs method.The
endpoint dilutions reflected the highest dilution of serum that inhibited the replication of virus in

cell culture
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Table 6. Virus neutralizing antibody titers (GMT) and percentage of seroconversion against

BVDV -1 and BVYD\£2 in vaccinated and control heifers.

BVDV-1 BVDV-2
Group GMT Seroconversion GMT Seroconversion
day O day 45* n % day O day 45* n %
Vaccinated <5 130+ 6.5 10/10 100 <5 149 +5.8 10/10 100
Control <5 211+10.8 4/9 44 .4 <5 40 +10 1/9 11.1

Vaccinated heifers received a single dose of MLV vazcontainingdHV-1, P13, BRSVandncp

BVDV strainWRL. * Only antibody titer above baseline (>1:5) was considered for calculation of GMT

against BVDV1 and BVDV¢2 on day 45 post vaccination.
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Table 7. Virus isolation fromfetal fluids and tissues collected from vaccinated (Vx ) and control

(Co) heifers. Vaccinated heifers received a single dose of MLV vaccine containing ncp BVDV

WRL strain.
Heifer ID Group Fetal Fluids and Tissues Observations
AF  HB Lungs Spleen Kidney Thymus
434 VX NA NA NA NA NA NA Aborted
444 VX - + + + + +
449 VX - + + + + +
467 VX - - + + + +
469 VX - + + + + +
482 VX - - + + + +
507 VX + - + + + +
511 VX NA NA NA NA NA NA Aborted
547 VX - + + + + +
566 VX + + + + + +
447 Co NA NA NA NA NA NA Aborted
465 Co NA NA NA NA NA NA Aborted
476 Co - - - - - -
502 Co - - - : - -
509 Co - - + + + +
510 Co - - - - - -
512 Co - - - - - -
520 Co - - - - - -
542 Co + + + + + +

AF: Amniotic fluid. HB: Heart blood.
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Table 8. Virus isolation (VI) from fetal tissues collected from vaccinated and control heifers.

Vaccinated heifers received a single dose of MLV vaccine containing ncp BVDV WRL strain.

Group Aborted fetuses* FetuseBVDV -Positive (VI)
n % n %
Vaccinated n=10) 2/10 20.0 8/8 100
Control (n=9) 219 222 217 28.8

aP\ithin a column, value differs significantly?« 0.05) between groups.
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Table 9. Quantitative RTPCR analysis on fetal spleen and thymus using specific probes for BVid

BVDV-2.
Spleen Thymus
BVDV-1 BVDV-2 BVDV-1 BVDV-2
Dam ID Group (+/-)  copies/ul  (+/-) copies/ul (+/-)  copies/ul  (+/-)  copies/|h
444 Vx - 0 +  4.98x10 - 0 + 3.10 x10
449 %% - 0 1.29 x16 - 0 1.77 x16
467 Vx - 0 +  2.58x10 - 0 + 3.84 x1d
469 VX - 0 +  1.34x1d - 0 + 2.28 x16
482 Vx - 0 +  7.46x10 - 0 + 8.54 x10
507 Vx - 0 + 1.12 x16 - 0 + 2.16 x10
547 Vx - 0 + 1.16 x16 - 0 + 4.98 x16
566 Vx - 0 +  9.92x1d - 0 + 8.32 x1d
476 Co - 0 - 0 - 0 - 0
502 Co - 0 - 0 - 0 - 0
509 Co +  468x10 - 0 + 1.09 x 16 - 0
510 Co - 0 - 0 - 0 - 0
512 Co - 0 - 0 - 0 - 0
520 Co - 0 - 0 - 0 - 0
542 Co + 3.78 x16 - 0 + 2.14 x 16 - 0
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Table 10. Alignment of BVDV 5'UTR sequences extracted from fetal spleen samples with BVDV

sequences published in GenBank using BLAST.

ID Group Sequences \th BVDV maximal Coverage GenBank
Significant alignment Strains identity (%) (%) Accession number
444 Vx 23025 100 99 AF039172
449 VX
467 VX NY-93 99 99 AF502399.1
469 VX 5'UTR
482 VX BVDV-2 1373 98 99 AF145967.2
507 VX
547 VX 890 97 99 AF039180.1
566 VX
MS-1 99 95 GU395526.1
5'UTR 6004306 98 94 FJ387314.1
509 Co BVDV-1
542 Co NY1 96 96 AF039178
Osloss 96 93 AY279527.1
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http://www.ncbi.nlm.nih.gov/nucleotide/3786377?report=genbank&log$=nuclalign&blast_rank=1&RID=D4RWSSTR01N
http://www.ncbi.nlm.nih.gov/nucleotide/3786385?report=genbank&log$=nucltop&blast_rank=17&RID=D4T8EF33016
http://www.ncbi.nlm.nih.gov/nucleotide/212657737?report=genbank&log$=nucltop&blast_rank=1&RID=D4UJ0HVF016
http://www.ncbi.nlm.nih.gov/nucleotide/3786383?report=genbank&log$=nuclalign&blast_rank=22&RID=D4UJ0HVF016
http://www.ncbi.nlm.nih.gov/nucleotide/30841828?report=genbank&log$=nucltop&blast_rank=73&RID=D4UJ0HVF016

Table 11. Alignment d BVDV 5'UTR sequences extracted from tantaminated MLWaccine with

BVDV sequences published in GenBank using BLAST.

Vaccinal Sequences with BVDV maximal Coverage GenBank
Sequences  Significant alignment Strains identity (%) Accession number
(%)
221707 99 97 FJ387311.1
Principal BVDV-15'UTR NADL 98 92 AJ133739.1
(Large peaks) SD-1 95 99 M96751.1
Oregon 95 100 AF091605.1
Cv24
23025 98 100 AF039172
Contaminant BVDV-2 5' UTR NY-93 97 100 AF502399.1
(Small peaks) 1373 96 100 AF145967.2
890 95 100 AF039180.1
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http://www.ncbi.nlm.nih.gov/nucleotide/3661565?report=genbank&log$=nucltop&blast_rank=79&RID=D52VZTFZ01S
http://www.ncbi.nlm.nih.gov/nucleotide/3786377?report=genbank&log$=nuclalign&blast_rank=1&RID=D4RWSSTR01N
http://www.ncbi.nlm.nih.gov/nucleotide/3786385?report=genbank&log$=nucltop&blast_rank=17&RID=D4T8EF33016

Table 12. Alignment of the 5' UTR of strains obtained from persistently infected fetuses with the two BVDV

sequences present in tbentaminated MLWaccine. Dots indicate identical residues and hyphens illustrate

gaps.
Sample Group Sequence 5'-3'
34 122
Contaminant CCCCGCATGGGTTAAGATGTGCCGTGTGCATGCCCTCGTCCATEBTGGRACTCCTCAACTAAGGAGTGTCGAACCATTGAC
444 VX
449 VX
467 VX Bl G
469 VX
482 VX
507 VX
547 VX
566 VX
110
Predominant GTTTTCGCCCGAGCGACCCCTGCTCGGGTTAAGATGTGCTTTGGGEI BIIXUIGTBECATCTCGBACCTTTATGCAAGGGT
509 CO e A.T.A.... C.TCAA..... G G -...CCC -.GA..
542 CO e A.T.A.... CTCA............ G A....G.T.G.CCT...A...
Sample Group Sequence 5'-3'
123 207
Contamin ant GACTCCCCTGTACTCAGGGGTTCGGCCABGAMNCTCACTGCTACCGCTAGTCCCCTCCTTTTGCTAGTCCTACTAAGGG
444 VX
449 VX
467 VX
469 VX
482 VX et s e
507 VX et e e
547 VX et e e
566 VX ferr eeeeeersesssssssressssesnennneses i iiesssessess e
111 199
Predominant CGAACCACTGACGACTACCCTGTACTCAGGGCTTAAGCCATCCAACGAACTCACCACTGGIUANTBTGCTAGICTACRA
509 Co TP Chre T T
542 Co N Coe e T T
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Table 13. Primers used foguantitativeRT-PCR during thenRNA expression analysi genes involved in the type | Interferon

induced antiviral statafterexperimental challengeith low (BVDV-1 strain SB1) or high (BVDV -2 strain 1373yirulence BVDV.

Genes GenelD Description Primer sequencs Reference

GAPDH 281181 Glyceraldehydes-phosphate Fwd: 5" GATTGTCAGCAATGCCTCCT3’ (Smirnova et al., 2008)
dehydrogenaseBps taurus) Rev:5"GGTCATAAGTCCCTCCACGA3’

IFN-U EU276064 Interferon alpha(Bos tauru} Fwd5 GTGAGGAAATACTTCCACAGACTCACT3 (Baldwin, 2008)

Rev. 5 TGARGAAGAGAAGGCTCTCATGA3’
IFN-b EU276065 Interferon, beta 1, fibroblaéBos tauruy Fwd: 5ACAGAGTCACCCACCTCACC3’ (Baldwin, 2008)
Rev. 5GACCAGGTGTGTGTCAGTCG’

Mx-1 280872 Myxovirus resistance faot 1, interferon  Fwd: 5ATCTTTCAACACCTGACCGC&’ (Yamane et al., 2008)
inducible protein p78Bos taurus) Rev: 5GGAGCACGAAGAACTGGATGAT3’

PKR 282875 Interferonrinducible RNAdependent Fwd: 5GTTGGGATGGGCATGATTATE’ (Yamane et al., 2008)
protein kinase Rev. 5’ AACGTTTGTCTGGCTTCTTGG’

OAS-1 347699 2',5-Oligoadenylate synthetase 1 Fwd: 5AGCCATCGACATCATCTGCAG’ (Yamane et al., 2008)
40/46kDa Bos taurus) Rev: 5CCACCCTTCACAACTTTGGAG’

ISG-15 281871 Interferonstimulated gene 15KD, Fwd: 5" GGTATCCGAGCTGAAGCAGTT3’ (Smirnova et al., 2008)
Ubiquitin-like modifier (Bos tauruy Rev: 5’ACCTCCCTGCTGTCAAGGT3’

Casp 3 NM_214131 Bos taurus caspaSe apoptosigelated Fwd: 5AACCTCCGTGGATTCAAAATC 3’ (Kliem et al., 2009)
cysteine peptidase Rev. 55TTCAGGRTAATCCATTTTGTAAC 3’

Casp 8 NM_001045970 Bos taurus caspase 8, apoptasiated Fwd: 5TGTCACAATCGCTTCCAGAR’ (Groebner etla 2010)
cysteine peptidase Rev. 55GAAGTTCAGGCACCTGCTT®’

Casp 9 NM_001205504.1 Bos taurus caspaSeapoptosigelated Fwd: 5CCTGTGGTGGAGAGCAGAAAR’ (Norgaard et al., 2008)

cysteine peptidase

Rev5'CATCTGGCTCGTCAATGGAR’
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Table 14. Virus isolationfrom serum and spleen samptesdays 0 and b beefcalves
experimentdy challenge with low (LV, strain SB1) and high idV, strain 1373)irulence

BVDV.

Day 0 Day 5
Serum Seum Spleer
ID tag Group \ VI VI
8031 LV - + +
8040 LV - - +
8054 LV - + +
8082 LV - + +
8089 LV - - +
8118 LV - + +
8121 LV - - +
8131 LV - + +
8042 HV - + +
8063 HV - + +
8065 HV - + +
8072 HV - + +
8073 HV - + +
8077 HV - + +
8078 HV - + +
8081 HV - - +
8100 HV - + +
8124 HV - + +
8030 Co - - -
8064 Co - - -
8070 Co - - -
8075 Co - - -
8090 Co - - -
8105 Co - - -
8125 Co - - -
8126 Co - - -
8127 Co - - -
8133 Co - - -
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Table 15. Pearson correlation analysis between mRNA expression of cytokines involved in the Type | Interferon induced
antiviral state intracheebronchiallymph nodes of calves challenged with low (&pand high (133) virulence BVDV

strains , relative to the control group.

IFN-U IFN-b Mx-1 PKR OAS-1 ISG-15 Casp3 Casp8 Casp9
IFN-U 1
IFN-b 0.98 1
(P <0.001)
MX-1 -0.56 -0.59 1
(P=0.01) (P =0.009)
PKR NS NS 0.53 1
(P=0.02)
0OAS-1 NS NS NS 0.70 1
(P =0.001)
ISG-15  -0.59 -0.59 0.79 0.66 0.70 1
(P =0.009) (P=0.009) (P<0.001) (P=0.002) (P =0.001)
Casp3 NS NS 0.72 0.61 NS 0.56 1
(P=0.0007) (P =0.007) (P=0.01)
Casp8 -0.58 -0.61 0.89 0.64 0.59 0.86 0.77 1
(P =0.01) (P =0.007) (P<0001) (P=0.003) (P=0.009) (P<0.0001) (P=0.0001)
Casp9 NS NS 0.48 0.61 0.70 0.85 NS 0.59 1
(P=0.04) (P=0.007) (P=0.001) (P <0.0001) P =(0.009)

Values of P < 0.05areconsidered statistitlg significant.
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Table 16. Pearson correlation analysis between mRNA expression of cytokines involved in the Type | Interferon induced
antiviral state in spleen of calves challenged with low-($nd high (1373) virulence BVDV sins , relative to the

control group.

IFN-U IFN-b Mx-1 PKR OAS-1 ISG-15 Casp3 Casp8 Casp9
IFN-U 1
IFN-b 0.94 1
(P < 0.001)
MX -1 -0.51 -0.52 1
(P=0.02) (P =0.02)
PKR NS NS 0.83 1
(P<0.0001)
OAS-1 NS NS 0.59 0.68 1
(P=0.008) (P =0.001)
ISG-15  -0.53 -0.56 0.86 0.65 0.61 1
(P =0.02) (P=0.01) (P <0.0001) (P=0.003) (P =0.006)
Casp3 -0.60 -0.62 0.70 0.62 NS NS 1
(P=0.007) (P=0.005) (P=0.001) (P = 0.005)
Casp8 -0.64 -0.71 0.68 0.72 0.61 NS 0.89 1
(P=0.004) (P=0.0008) (P=0.001) (P=0.0007) (P=0.007) (P < 0.0001)
Casp9 -0.82 -0.85 0.66 0.55 0.78 0.64 0.70 0.79 1

(P<0.0001) (P<0.0001) (P=0.002) (P=0.01) (P=0.0001) (P=0.004) (P=0.001) (P <0.0001)

Values of P < 0.05areconsidered statistically significant.
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Table 17. Primers used for quantitative RFACR during thenRNA expression analysi proinflammatory and antinflammatory

cytokinesafter experimental challenge with loBYDV -1 strain SB1) and high (BVD\2 strain 1373) virulence BVDV strains

Genes GenelD Description Primer sequences Reference
BVDV 5'UTR 5' untranslated region between nucleotides 100 i Fwd:5 GATTGTCAGCAATGCCTCCT 3’ (Deng and Brock, 1992]
345. Rev:5"GGTCATAAGTCCCTCCACGA3’
GAPDH 281181 Glyceraldehyde3-phosphate dehydrogenag&oé Fwd: 5 GATTGTCAGCAATGCCTCCT 3’ (Smirnova et al., 2008)
taurus) Rev:5"GGTCATAAGTCCCTCCACGA3'

TNF-U 280943 Tumor necrosis factor alphBdstaurus Fwd : 5CCTGGTACGAACCCATCTA (Yamane et al., 2008)
Rev. 5’ATCCCAAAGTAGACCTGCG3’

IL-1b EU438767 Bovinelnterleukinl-beta Fwd: 5AAAGCTTCAGGCAGGTGGTG3 (Werling et al., 2002)
Rev: 5TGCGTAGGCACTGTTCCTCA3

IFN-2 EU276066 Bovinelnterferon gamma Fwd: 55GTAGCCCTGTGCCTGATTTG’ (Baldwin, 2008)
Rev: 5CACATTGTCCCTTCCCAGAG’

IL-2 M12791 Bovine interleukin 2 Fwd:5 GAAAGTTAAAAATCCTGAGAACCTCAA 3 (Seo etal., 2007)
Rev. 5GCGTTAACCTTGGGCACGTA3’

IL-12 U11815 Bos taurus interleukin 12 Fwd5' CATCAGGGACATCATCAAACCA3’ (Seo et al., 2007)
Rev: BCCTCCACCTGCCGAGAATT3’

IL-15 EU682380.1 Bovine hterleukin 15Bos tauru$ Fwd: 5GCAAGGATCCCCATATTTGAGAAGTACTTCCATCCAG’ (Baldwin, 2008)
Rev: 5GCAAGGGCCCAGAAGTGTTGATGAACATTTG3’

IL-4 M77120 Bovine interleukin 4 Bost tauruy Fwd 55AGGAGCCACACGTGCTTGA3' (Seo et al., 2007)
Rev5TTGCCAAGCTGTTGAGATTCG'

IL-10 u00799 Charolais interleukirlO (Bos tauru} Fwd 5TTCTGCCCTGCGAAAACAA3' (Seo et al., 2007)
Rev5TCTCTTGGAGCTCACTGAAGACTCTB!

TGF-b M36271 Bovine transforming growth factdretal Fwd 5'CATCTGGAGCCTGGATACACAGT3' (Seo et al., 2007)

Rev5'GAAGCGCCCGGGTTG®'
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Table 18. Diagnosis of BVDV by virus isotéon and RTPCR from serum and spleen samples
in beef calves experimentally challenged with low (LV, strainlJ@nd high (HV, strain 1373)

virulence BVDV.

Serum Spleen
Day 0 Day 5 Day 5
IDtag Group VI PCR VI PCR VI  PCR

8031 LV - - + + + +
8040 LV - - - + + +
8054 LV - - + + + +
8082 LV - - + + + +
8089 LV - - - + + +
8118 LV - - + + + +
8121 LV - - - + + +
8131 LV - - + + + +
8042 HV - - + + + +
8063 HV - - + + + +
8065 HV - - + + + +
8072 HV - - + + + +
8073 HV - - + + + +
8077 HV - - + + + +
8078 HV - - + + + +
8081 HV - - - + + +
8100 HV - - + + + +
8124 HV - - + + + +
8030 Co - - - - - -
8064 Co - - - - - -
8070 Co - - - - - -
8075 Co - - - - - -
8090 Co - - - - - -
8105 Co - - - - - -
8125 Co - - - - - -
8126 Co - - - - - -
8127 Co - - - - - -
8133 Co - - - - - -
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Table 19. Pearson correlation analysis between mRNpregsion of cytokines involved ihcell activation and antinflammatory
responseén tracheebronchial lymph nodes of calves challenged with low-S@&nd high (1373) virulence BVDV strains, relative to

the control group.

TNRU IL-1 & IFN-A IL-2 IL-12 IL-15 IL-4 IL-10 TGFa
TNFU 1
IL-13a 092 1

(P < 0.0001)
IFN-A 0.89 0.91 1

(P=0.0001) (P < 0.0001)

IL-2 0.65 0.62 0.82 1
(P=0.003) (P =0.006) (P<0.0001)

I-12  -0.53 -0.63 -0.48 NS 1
(P=0.02) (P =0.004) (P =0.04)

I-15  -0.58 -0.59 -0.62 -0.54 0.60 1
(P =0.01) (P=0.009) (P=0.005) (P =0.01) (P =0.007)

IL-4 0.93 0.91 0.96 0.78 NS -0.61 1
(P<0.0001) (P<0.001) (P<0.0001) (P =0.0001) (P =0.006)

I-10  0.64 0.67 0.57 NS NS NS 0.64 1
(P=0003) (P =0.001) (P=0.01) (P =0.003)

TGFa  -0.69 -0.76 -0.65 NS 0.89 0.67 -0.65 NS 1
(P=0.001)  (P=0.0002) (P=0.002) (P <0.0001) (P =0.002) (P =0.003)

Values of P < 0.05areconsidered statistically significant.
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Figure 1. Number of positive results for BVDV via VI from serum samples (A) and nasal swab
specimens (Bpbtained from calves the day of (day = 0) and for 14 days after challenge inocul:
with type 1b BVDV (strain NY1). Calves were vaccinated with an MLV vaccooataining types 1¢
and 2 BVDV, BH\A1, PI3, and BRSV 7 (n = 10; black bars), 5 (10; gray bars), or 3 (9; white be
days before BVDV inoculation or were unvaccinated control calves (10; diagfoipad bars).
*Value is significantly P = 0.04) higher tan that for calves vaccinated 5 days before BVDV

i nocul ati on. AVR< ule 0i5s) shiiggnhiefri ctahnatnl yt h(at o
significantly higher than that for calves vaccinated® = (0.04) or 7 P = 0.0075) days before BVDV

inoculation.
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Figure 2. Cumulative number of positive results for BVDV via VI from nasal swab speci
obtained from calves the day of (day = 0) and for 14 days after challenge inoculation w
1b BVDV (strain NY-1). Calves were vaccinated with an MLV vaccine containing types
and 2 BVDV, BH\ 1, P13, BRSV 7 (n = 10; line with closed circles), 5 (10; line with ope!
circles), or 3 (9; line with open squares) days before BVDV inoculation or were unvacci
conrd calves (10; dashed Iline with close
for calves vaccinated B(= 0.0043)or 7 (P = 0.0024) days before BVDV inoculation Vy V
is significantly higher than that for calves vaccinate® & (0.04) or 7 P = 0.0024) days

before BVDV inoculation.

227



‘ Cesarean section ‘

GnRH PGF2A  ABD ;b '
/.
Days -19 -12 0 112 I 58 7T7 1?2 175

Random assignment

. /

‘ 2 BVDV-free Bullsplaced ‘ Fetal viability by USG ‘ Blood sampling ‘

Figure 3. Experimental protocol for estrus synchronization, breeding, pregnancy diagnosis,
ultrasonography (USG), bloodmealing, caesarean section and fetal harvest. ABD: Average

breeding day. USG: ultrasonography
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Figure 4. Virus isolation on fetal fluids and tissues recovered from vaccinated and unvaccinated

heifers with a contamii@d MLV vaccine. *Significant difference between groups<(0.05).

AF: Amniotic fluid. HB: Heart blood.
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Figure 5. Chromatogram of BVDV 5' UTR sequences present in the vaccine showing major
minor peaks at the s® nucleotide positions which indicated the presence of two viral popule

principal (BVDV-1) and contaminant (BVDA2) strains.
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Figure 6. Total leukocyte coustin beef calve§, 4, and 5 daysfterchallenge

with low (LV, SD-1) or high (HV, 1373) virulence BVD\strains*(P < 0.01) .
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Figure 7. Changes imRNA expression of Typéinterfe r on (U and bB) in spl ece

tracheebronchial lymph nodes (B) of calves challenged with low (LV) and high (HV) virulence
BVDV strains relative to the control calves. Data are expressed as fold difference of mMRNA
expressiomormalized to the housekeapgigene (GAPDH)relative to thevalues obtained for

uninfected calves Significant upregulatioP < 0.06). * Significant difference between groups

(*P < 0.06).
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Figure 8. Changes iiRNA expression bType | interferonstimulated genes (Mg, OAS1,
PKR,andISG-15) in spleen (A) and trachdwonchial lymph nodes (B) of calves challenged
with low (LV) and high (HV) virulence BVDV strains relative to the control calves. Data are
expressed as fold diffence of MRNA expression normalized to the housekeeping gene
(GAPDRH), relative to the values obtained for uninfected calv&&ignificant upregulatiofP <

0.001). P Significant difference between groufia < 0.06).
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Figure 9. Changes imRNA expression of prapoptosis markers (casp&a®e8, and-9)

in spleen (A) and trachdaronchial lymph nodes (B) of calves challenged with low (LV) and
high (HV) virulence BVDV strains relative to the control calves. Data are esgdeas fold
difference of mMRNA expression normalized to the housekeeping gene (GARItYe to the
values obtained for uninfected calvéSignificant upregulatioP = 0.01). *° Significant
difference between grougB < 0.01).
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Figure 10. RNA Viral level in trachedoronchial lymph nodes of calves challenged with low
(LV) or high (HV) virulence BVDV strainsThere were no significant diffences between the

groups
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Figure 11. Photomicrograph of BVDMspecific immunohistochemical staining on tissue
samples fronbeefcalvesb days followingchallenge with low (LV)or high (HV) virulence
BVDV strains. Bronchiolar lining of calves inoculated witi BVDV-1a SBD1(A) andHV
BVDV-2 1373 (B,C). BVDV antigen located bronchiolar submucosa (D) atwhsils (E).
Similar evidence of mild to moderate lymphoid depletion was present in spleen and Iy

nodes (F) of calves inoculated with I¢®&D-1) and high(1373)virulence BVDV isoldes.












