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The porcine reproductive and respiratory syndrome virus @RSV) is one of the most
important swine diseases in the world. It is causing an enorous economic burden due

to reproductive failure in sows and a complex respiratory sydrome in pigs of all ages,
with mortality varying from 2 to 100% in the most extreme casg of emergent highly
pathogenic strains. PRRSV displays complex interactions ih the immune system and

a high mutation rate, making the development, and implemeation of control strategies
a major challenge. In this review, the biology of the virus vibe addressed focusing

on newly discovered functions of non-structural proteins ad novel dissemination
mechanisms. Secondly, the role of different cell types andiral proteins will be reviewed
in natural and vaccine-induced immune response together wh the role of different
immune evasion mechanisms focusing on those gaps of knowlegk that are critical to

generate more ef cacious vaccines. Finally, novel strategs for antigen discovery and
vaccine development will be discussed, in particular the wesof exosomes (extracellular
vesicles of endocytic origin). As nanocarriers of lipids, rpteins and nucleic acids,
exosomes have potential effects on cell activation, moduteoon of immune responses
and antigen presentation. Thus, representing a novel vaatation approach against this
devastating disease.

Keywords: porcine reproductive and respiratory syndrome vi rus, PRRSV, virus biology, immunology, vaccinology,
extracellular vesicles

ECONOMIC IMPACT

PRRSV is responsible for respiratory disease in weaned andrgy@igs, as well as reproductive
failures in sows. It is considered one of the most importaninendiseases worldwide, with an
economic impact estimated at $664 million in losses every ¥edl.S. producers, representing
an increase of 18.5% in the last 8 yedrs2]. In Europe, the situation is similar and economic
disease models have been carried out to determine the ecartmmden in the best and worst case
scenario combining reproductive failure and respiratoryedise, estimating annual losses from a
median ofe 75,724, if the farm was slightly a ected during nursing anteing, to a median of

€ 650,090 if a farm of 1,000 sows is severely a ected in all prockiphasesd). Nevertheless, there
is scarce of information about the economic impact of this di&eas a consequence of multiple

Frontiers in Veterinary Science | www.frontiersin.org 1 February 2019 | Volume 6 | Article 38


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2019.00038
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2019.00038&domain=pdf&date_stamp=2019-02-20
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles
https://creativecommons.org/licenses/by/4.0/
mailto:sergiok3@gmail.com
mailto:lorenzo.fraile@ca.udl.cat
https://doi.org/10.3389/fvets.2019.00038
https://www.frontiersin.org/articles/10.3389/fvets.2019.00038/full
http://loop.frontiersin.org/people/180355/overview
http://loop.frontiersin.org/people/391422/overview
http://loop.frontiersin.org/people/396135/overview

Montaner-Tarbes et al. Key Gaps in the Knowledge of PRRSV

factors (vaccination, treatment, respiratory symptomsproteins involved in replication (ORFla and ORF1lab), whereas
reproductive failure, and other PRRSV-related disease§RFs 2—7 encodes structural proteins (N, M, GP2-GP5, E)
making a di cult task to quantify exactly this parameter unde (Figures 1A,B (9). Using ORF5 in molecular epidemiological
eld conditions. Thus, the exact economic impact of PRRS\studies, an enormous genetic variability has been dest(iti@.

remains a key gap in the knowledge for this disease. Yet, data on whole genome sequencing is scarce and constitute
another important gap in the knowledge of this virus and its
BIOLOGY OF PRRSV evolution Box 1).

PRRSV replicase genes consist of two ORFs, ORFla and
The porcine reproductive and respiratory syndrome virusORF1b, which occupy the®5roximal three-quarters of the
(PRRSV) was rst isolated in the early 1990s in Europe angenome Figure 1A). Both are expressed from the viral genome,
North America ¢, 5). Itis an enveloped single-stranded positive-with expression of ORF1b depending on a conserved ribosomal
sense RNA virus of the familjrteriviridae,GenusPorarterivirus ~ frameshifting mechanism. Subsequently, extensive prgtieol
according to the International Committee of Taxonomy of processing of the resulting ppla and pplab polyproteins yields
Viruses @). Presently, there are four distinct species includedt least 14 functional non-structural proteins (nsps), speaily
in this Genus Porarterivirus) PRRSV-1 and PRRSV-2 (with nspl to nsp12, with both the nspl and nsp7 parts being subject
30-45% variation in nucleotide sequences), along with rothgo internal cleavage (giving origin to nspland nspb, and
two viruses that do not aect pigs (Lactate dehydrogenaseasp7, and nspB, respectively), most of which assemble into
elevating virus and Rat Arterivirus 1Y), The genome size of a membrane-associated replication and transcription complex
PRRSV is about 15kb with 10 open reading frames (ORFs)11). Recently, a programmed ribosomal frameshift encoding
with replicase genes located at th&eBd followed by the an alternative ORF that generates two extra proteins, nsp2TF
genes encoding structural proteins toward tHtefd 8). The and nsp2N, was discovered in PRRSV and otAgeriviruses
majority of the genome (60-70%) encodes non-structural (12, 13). These nsps, described for PRRSV, have proven to
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FIGURE 1 | Genome structure and mature viral particle of PRRSV virugA) Non-structural proteins are located in the 8end of the genome, codifying for two different
polyproteins ppla and pplab that are cleaved into at least 14sps (nspl to nsp12 and nspla and nsplb, and nsp7a, and nsp7b). Structural proteins located near
the 3%end, are associated to the viral envelope and RNA packagindB) PRRSV mature viral particle, composed of a lipid bilayer eelop with viral receptor
glycoproteins involved on infection and cell internalizain. Single stranded positive RNA is associated with nuclemapsid protein in the internal layer of the virus.
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BOX 1 | Gaps in knowledge in PRRSV.

* Deeper understanding of the function/structure of PRRSV proteins.

* Whole genome sequences from different geographical origins to further
study evolution and mutations.

* Role of EVs in virus-host interaction.

*Role of host genetics in innate immune responses
sEffect of structural and non-structural proteins in innate immune response
Innate immune eEffect of PRRSV on antigen presenting cells.

responses |dentification of macrophage cell lines capable of sustaining infections with
widely different PRRSV strains.

eLimited knowledge of other cell populations interacting with PRRSV.

¢ Cell immune protective mechanisms not fully elucidated.
* No correlates of protection.
Acquired immune * Role of neutralizing antibodies is controversial, as appear late in infection.
responses * Role non-neutralizing antibodies is not defined: antibody-related
mechanisms such as ADCC, CDC or ADCV.
® The role of Tregs in cellularimmune response.

oKilled and subunitvaccines do notconfer full protection.
ePartial protection by MLVs and problems due torevert to virulent strain.

e*New vaccination strategies that are universal, virus free, immunogenic, DIVA and
protective are desperately needed.

Vaccines

be necessary and su cient for the induction of membraneThe viral envelope glycoproteins (GP2 to GP5) are the rst
modi cations resembling those found in infected cellsl. Most  interactors with host cell receptors to initiate infectiomcda
importantly, all positive RNA viruses seem to induce one of tware exposed to the immune system when viral particles are in
basic morphotypes of membrane modi cations: invaginations o blood and lymphoid tissue circulatior={gure 2). There is also
double-membrane vesicles. another protein that contribute to virion structure, M protei
PRRSV also has a set of 8 structural proteins, including a smahat is required during viral entry to interact with heparan
non-glycosylated protein and a set of glycosylated onesaGP2sulfate cell receptor on macrophages. Later, GP5 is thought to
b, GP3, GP4, GP5, and GP5a, M and N proteits.(However, bind to sialoadhesin and virus internalization and uncaogtiis
nsp2, traditionally classied as a non-structural proteinash triggered by a formation of a viral heterotrimer (GP2a, GP3,
been found to be incorporated in multiple isoforms within and GP4) with scavenger receptor CD1&3g(re 2 (17, 18).
the viral envelope (Ovarian tumor domain protease regionGP5 is the most abundant glycoprotein. First, it interactshwit
hypervariable region and C-terminal region}), giving new two cell entry mediators, heparan sulfate glycosaminoglyean
insights into the structure of this virusHgure 1B). First, the sialoadhesin/CD169(, 18) to favor viral entry and then possibly
nucleocapsid protein (N), as one of the most important partswith the N protein and its MHC-like domain to carry N-Viral
of the mature viral particle, has been deeply characterizeBRNA complex to the budding sité{gure 2). GP2, GP3, and GP4
on PRRSV, nding important features shared in most non-are protected with glycan shields, like most PRRSV membrane
segmented RNA viruses. The N protein consists of 123 aminproteins, to avoid antibody recognition and neutralizatiddP2
acids for genotype 2 and 128 amino acids for genotype has two glycosylation sites, GP3 have seven and GP4 have four
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FIGURE 2 | Interactions between viral proteins and cell receptors forius attachment, entry, uncoating and release of genetic 8NA to cell cytoplasm. Blocking
CD163, CD151 tetraspanin or vimentin seems to inhibit virakplication or infection in the host cell, but reduced repation or no effect is seen when receptors such as
heparan-sulfate or siglec-1 are blocked, demonstrating tat some viral proteins and cell receptors are indispensabli terms of production of infectious viral progeny
and dissemination in the host.

three of which are directly related to virus survival, cagdethal  functions could be impaired by this modi cation. In conclasi,
damage in virus production when more than two of these sitegene-edited pigs lacking SRCR5 region of CD163 could be an
are mutated {9 (Figure 2). important asset to confront PRRSV epidemics with the nal

goal of eradication.

CD169 seems to be related only to co-interactions with

VIRUS REPLICATION AND ENTRY sialic acid in the virion surface, however, knockout pigs for
MECHANISMS IN HOST CELLS either exon 1, 2, or 3 of CD169 were not protected from

infection and viral load as well as antibody responses weriesim
Viral replication starts by interaction of viral glycoprotsiwith ~ to heterozygous (CD169 ) or wild type pigs (CD1697)
di erent cellular receptors Figure 2) (17). CD163 and CD169 (25. The former experiments suggested that other unknown
play a main role during infection, uncoating of the viral paté, mechanisms could be involved in PRRSV infection such as other
activation of clathrin-mediated endocytosis and releakeiml  receptors, new unknown susceptible cell types dierent from
genome in the cytoplasm2(). CD163 has been de ned as macrophages or possible leaking of CD169 expression in the
the main receptor for viral infection by evaluating the e ect knockout model.
of PRRSV on CD163 knockout pigs, where there is complete Other molecules are also involved in viral entry, such as
resistance to infection2(l). Cysteine-rich domain 5 in this CD151 @6) and vimentin ¢7); blocking of any of these four
receptor seems to be necessary to establish interactioms winolecules (CD163, CD169, CD151, and vimentin) had an
PRRSV-1 species, since its deletion by CRISPR/Cas9 systerct on viral infection, either on internalization or compke
(exon 7 of the gene encoding this region) implies protectiorinhibition of viral replication (L7). After cell entry, PRRSV causes
for a large panel of these viruses demonstratedibyitro  a series of intracellular modi cations to complete its reptioa
challenge of edited-pig macrophages andvivo experiments cycle, which includes rearrangements of intracellular meanb
with 1 SRCR5 animals2¢-24). More important, edited pigs organelles to generate the replication complex. These iediel
show no side e ects when kept under standard husbandryormation of perinuclear double membrane vesicles apparently
conditions and CD163 seems to maintain its biologicalderived from endoplasmic reticulum, synthesis of genomic
function (hemoglobin-haptoglobin scavenger) regardlese thRNA (gRNA), transcription of segmented RNA (sgRNA) and
lacking cysteine-rich 5 domain, nevertheless, other umkmo expression of viral protein®(, 28). At late stages of replication,
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the mature virions accumulate in the intracellular membraneof PRRSV to modulate host antiviral defense. In fact, several
compartments and they are then released into the extracellulairal proteins have been identi ed as IFN antagonists (respl
space through exocytosigd). nsplb, nsp2, nsp4, nspll, and NY,(42-44). As an example
A non-classical spread pathway has been detected in sevei@ N protein, upon dsRNA stimulation, IFNs production

viruses including PRRSV where virus dissemination is mediatewas shown to decrease proportionally with increasing levels o
by cell to cell nanotubules3(). It was reported that almost N expression and additionally it was found to downregulate
all PRRSV proteins interact with myosin and actin (especially=N-dependent gene production by dsRNA interfering with
F-actin and Myosin [IA) where nanotubules connected cellsiIsRNA-induced phosphorylation and nuclear translocation of
allowing the movement of structural proteins and RNA, infegti  IRF3 @5).
naive cells in a non-classical way even in the presence of Among PRRSV non-structural proteins with type | IFN
neutralizing antibodies in the cell media. In addition, $hi modulation capacity, nspl has been considered as the strongest
non-classical pathway demonstrated that PRRSV cell entgntagonist of IFNb production by acting on interferon
receptors were not necessary to establish infection, as noregulatory factor 3 (IRF3) phosphorylation and nuclear
permissive cells became infected when were contacted Iknanslocation. Almost all nsps, excepting nspl, have been
infected cells via nanotubes. This spreading strategy has berelated to the perinuclear region, associated with intradal
proposed as a mechanism to facilitate infection either bynembranes, supposedly derived from the endoplasmic reticulum
surng of viral particles between adjacent cell membranegER), which are modied into vesicular double-membrane
or as a receptor-independent mechanism for infectidgi){ structures with which the viral replication and transcriptio
Importantly, has been reported for other viruses such as HIVeomplex (RTC) is thought to be associated withi,(46, 47).
1 where nanotube number on macrophages increases aftBispl translocates to the nucleus during the rst hours of
infection (32) and Herpesvirus transmission between bovineinfection, where it is capable of inhibiting IRF3 association
broblasts (33). Interestingly, although several viral proteinswith CREB-binding protein (CBP), promoting CBP degradation
were detected in nanotubules (ndplnsp2, nsp2TF, nsp4, by a proteasome-dependent mechanism, without which the
nsp7, and nsp8, GP5 and N), GP4 was detected in only taanscription enhanceosome may not assemble the transeripti
few nanotubes. In particular, the role of GP4 in this non-machinery for the interferon expressionlf 46). Recently,
classical spread pathway is not fully understood and it will bgost-transcription protein expression of IFBlwas shown to be
interesting to further evaluate GP4 interaction with otleeflular  regulated by PRRSV by means of upregulating cellular miRNA
components to elucidate the reason why GP4 is not transporteith porcine alveolar macrophagesd)
to new recipient naive cells. Altogether these data inditizdié Nsp2 is the largest (mature) PRRSV protein and contains at
PRRSV has evolved di erent pathways to spread even thougleast four distinct domains: The N-terminal CP/OTU domaan,
in vivo, the virus shows narrow cell tropism for monocytes andcentral hypervariable region, a putative transmembrane doma
macrophages3y, 35 (Box 1). and a C-terminal region of unknown function that is rich in

conserved cysteine residues. This protein is unique in tinéeca

of PRRSV due to its genetic heterogeneity, its participation

IMMUNOLOGY OF PRRSV AND in diverse roles supporting the viral replication cycle, arsl it
MECHANISMS INVOLVED IN IMMUNE packaging within the PRRSV viriorlL§, 49). Previous studies
EVASION suggest that nsp2 has di erent roles related to immune evasion
mechanisms. It has been determined that nsp2 OTU domain
Innate Immune Response (thiol-dependent deubiquitinating domain) inhibits the olear

The innate immune response is the rst system any giverfactor kappa-light-chain-enhancer of activated B cells (NB}ky
pathogen encounters, specially to prevent viral replication anahterfering with the polyubiquitination process of [kB(nuclear
invasion into mucosal tissues (respiratory tract in the caséactor of kappa light polypeptide gene enhancer in B-cells
of PRRSV) and, importantly, to initiate the strong adaptiveinhibitor) and, subsequently, preventing the degradatiorihef
immune response to ght against intracellular infectious mige 1kBa protein (50). Moreover, viable deletion mutants in nsp2,
(7). Type | interferons (IFNa/b) comprise one of the most when infecting cells, caused a downregulation of cytokifies
potent mechanisms against invading viruses in the rst stagelb and TNFa) mRNA expression, in comparison with that of
of infection, triggering an array of IFN-stimulated genéS@) parental virus, suggesting that certain regions of nsp2 might
(36). Generally speaking, all nucleated cells have the abdity tcontribute to the induction of a virus-speci c host immune
produce IFNa/b, but plasmacytoid DC (pDC) are the most response and that deletion of such a region could produce a more
potent producers of this family of cytokine87). PRRSV has virulentvirus G1).

evolved a set of mechanisms for suppressing HN in vivo, There are several isoforms of nsp2, sharing a consistent
maintaining low expression levels of this cytokines on itddc core set between viral strains, which are integrated intounea
pigs (38 during almost all time-course of infection shortly virion at the nal stage of replication Kigure 1B), although
after transient elevation in the lungs8Y. Suppression of IFN some of them could be strain-specic. Inclusion of nsp2
a/b also takes placén vitro in PRRSV infected MARC-145 within the PRRSV virion suggests that it may function in
and porcine alveolar macrophage®3(40, 41). Further studies previously unknown roles related to extracellular functiomtrg,
have shown that IFN type | suppression is a major strateggr immediate-early viral replication eventsld). Truncated
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forms of nsp2 have also been identi ed, named nsp2TF andf the interferon-inducible guanylate-binding protein 1 (BB)
nsp2N, with apparent roles in modulation of immune evasion.gene 61). The pig genetic resistance to PRRSV infection has been
When deletion mutants for those forms were used to infechistorically overlooked in PRRSV research probably generating
cells, there was a signicant change in gene expression, aaconfounding factor in immune response studies. A key gap
strong activation of those involved in cytokine-cytokireceptor in the knowledge of PRRSYV is linked the pig genetic variability
interaction, TNF signaling, toll-like receptor signalinOD-  after PRRSV infection with the enormous variability of theugr
like receptor signaling, NkB signaling, RIG-I-like receptor itself Box 1).
signaling, chemokine signaling, JAK-STAT signaling, sgtic In pigs, PRRSV replicates in cells belonging to the innate
DNA-sensing, and NK cell mediated cytotoxicitydj, suggesting immune system. PAMs are the primary cells to be infected in
that an active role (direct or indirect) is played by thesewrated the lungs as well as other cells of the monocyte/macrophage
forms in modulating host cells innate immune responselineage, which later could disseminate the virus to other
making PRRSV infectious cycle more complicated than it wasssues or support replication to release viral particles inte th
initially thought. bloodstream {7) (Figure 2. Moreover, PRRSV is thought to
Nspll, is aNidovirus conserved endoribonuclease with be able to infect professional antigen presenting cells such as
an uridylate-speci ¢ endonuclease (NendoU). It has beerCs and monocyte derived dendritic cells, (MoDC) impairing
demonstratedin vitro that overexpression of nspll enhancedtheir normal antigen presentation ability by inducing apop&s
viral titter (52). Moreover, nspll antagonizes type | IFN,down-regulating the expression of IF&-MHC class I, MHC
speci cally IFNb production, activated by the retinoic acid class Il, CD11lb/c and CD14, upregulating the expression of
inducible gene 1 like receptor, showing substrate speci cityL-10 and inducing minimal Thl cytokine secretiorbZ-65).
toward Mitochondrial Antiviral Signaling proteins (MAVS) Nevertheless, new evidence suggestirbyivo and in vitro
and RIG-I (transcripts and proteins), and demonstrating thatexperiments that speci cally lung cDC1, cDC2, and MoDCs
this activity was associated to the endoribonuclease ifctiv are not infected by PRRSV-1 viruses from subtypes 1 and
of this protein in which transfection mutant viruses were3 and one possible explanation is the lower expression of
unable to degrade MAVS mRNA and impair IBNoroduction  CD163 and CD169 in those 3 DC subtypes, associating previous
(53. Another mechanism whereby this protein limits antiviral results of infection in DCs to culture conditions of monoesgt
response is related to in ammasome and synthesis ofdLelle  in vitro that could cause a sensibilization to infection by
to its important role in both the innate and adaptive immune certain strains as Leng). In addition, these ndings were
response and in pathological mechanisms. It has been shown thelso tested in tonsil ¢cDC and tracheal cDC1 and cDC2
PRRSV could activate NLRP3 in ammasome in early stages observing that those cell populations are not infected by PRRSV
infection but induce host's immunosuppression later as measu virus (67, 68).
by determining the levels of pro-ILkHland procaspase-1 mRNA  Moreover, a new type of PAM has been characterized
and the mature IL-b protein in porcine alveolar macrophages and named porcine intravascular macrophages (PIM) due
(PAM) (54). It is not surprising that nspll also interacts with to its association to endothelial lung capillaries and not to
the RNA-silencing complex (RISC), as it has been demonstratdtie alveoli, presenting strong capacity to phagocytised blood-
in vitro in a MARC-145 cell line that this protein and nspare related particles §9). Importantly, when infected PIM cells
responsible for inhibiting RISC and downregulating argoreaut gave similar results of viral load to those derived from
2 protein expression increasing viral titter signi cantlyhieh  infected PAM, but signi cantly upregulates of TMNFand
demonstrates a direct relationship between this silencingon-signicantly IL-6 and IL-8 expression after infection
complex and viral replication at leaist vitro (55). when compared to normal alveolar macrophages, indicating
Other non-structural proteins have been studied but thereghat these cells have an important pro-in ammatory role
is an important gap on information about vivo andin vitro  during PRRSV infection in the lungs6§). New interactions
functions and interaction in signaling pathways. Addititlyga between cells and the virus need to be further explored to
the enormous variation among strains makes it dicult to unravel possible immunological features that leads to catesl
characterize all protein variants and interactions with | celof protection.
systems (macrophages, Dendritic cells “DCs,” monocytes and Recently, it has been shown that a domain within Nspl
others) Box 1). is able to stimulate the secretion of CD83, which in turn
Recently, a body of evidence associates host genetics wiittibits MoDC functionin vitro, impairing the ability of MoDC
di erent outcomes following PRRSV infection in the respiratoryto stimulate T cell proliferation 70). Production of IFNa/b
and reproductive form of the diseas&x-60). Although pathways and the mechanisms for cell activation by pDC are severely
and mechanisms involved in specic disease-resistancéstraisuppressed during PRRSV infection, although these cells are
have not yet been fully characterized, it is clear that theeie  not permissive to PRRSV infection/y, 72). However, this
variation in disease resilience is polygenic, regulatingeets phenomenon is strain dependent, as other PRRSV strains are
of both innate resistance and acquired immunitp6). In  able to stimulate pDC for IFNVb production in large quantities
connection with innate response, the average daily gain (ADQ73). Again, there is an enormous variability between PRRSV
after PRRSV infection was associated with a single genomstrains in relation with their e ect on antigen presenting cell
region in chromosome 4 (SSC4) which is best represented hyhich prevent scientists from nding common mechanisms.
the SNP tag marker WUR, located in th&r®n-coding region It might be of interest to link this key gap of knowledge
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for PRRSV with host genetic8¢x 1). Moreover, in PRRSV- vaccines based on the humoral immune response against this
infected cells, N is abundantly expressed bene ting from theirus (Box 1).
discontinuous transcription mechanisri4). This protein is also N protein is involved in several mechanisms for immune
distributed in the nucleus, induced by two nuclear locdliima evasion and is also one of the most immunogenic structural
signals called cryptic NLS or NLS-1 and functional NLS oproteins (/5. Antibodies against N appear early during acute
NLS-2 (positions 10-13 and 41-47, respectivel§)).(The infection, together with those against M and GP5 proteins,
e ect of N protein has been examined in PAMs and MoDCsbut are non-neutralizing and could be involved in antibody
using transfection, nding a signi cant upregulation of [0 dependent enhancemerit, 86).
gene expression. There are other “antibody-related mechanisms” that do not
Natural killer (NK) cells constitute another powerful arm of necessarily involve neutralizing activity. Antibody-depent
the innate immune system against PRRSV, particularly whecell-mediated cytotoxicity (ADCC), antibody-dependent
considering the high percentage of circulating NK cells inspig complement-mediated cytotoxicity (CDC) and antibody-
(76). The cytotoxic function of NK cells is reduced in PRRSVdependent complement mediated virolysis (ADCV) have been
infected pigs from day 2 after infection up to 3—-4 week® (7, examined in the context of PRRSV, although none of these
79). Initial studies usingn vitro systems demonstrated that the mechanisms were evident during infection or have not been
stimulation of porcine NK cells with proin ammatory cytokiree deeply investigated orn vitro and in vivo models of this
(IL-2 and IL-15) was capable of activating NK cells and indgci virus (87). It is important to note that neutralizing antibodies
them to express high levels of IFiN-and perforins to cause appear late in PRRSV infection and other immune mechanisms
lysis of infected cells, but a di erent scenario appears iscaleé  (cellular or antibody mediated immune response) might be
evaluated post-infection, indicating that a virus such as PRRS acting to suppress viral replication in blood, causing the wiru
capable of impairing NK cell cytotoxicity7@). In vitro, the NK  to be isolated in lymphoid tissues and maintaining suboptimal
cytotoxicity against PRRSV-infected PAMs was decreased aneplication that will nally end in viral clearance. For type
degranulation of NK cells inhibited8(). In vivo, the immune PRRSV-2 it has been demonstrated that immunization of pigs
response is the same as that obserwedvitro, with some with ectodomain peptides from GP5/M complex did not induce
studies reporting that approximately half of viremic pigs had aneutralizing antibodiesq8) although those ectodomain-speci ¢
reduction>50% in NK cell-mediated cytotoxicity and enhancedantibodies generated were capable of binding virus.
secretion of IL-4, IL-12, and IL-10 and reduced frequency An important feature that makes dicult to validate the
of cytotoxic T-cells (CD4CD8" T) and double positive T location of neutralizing epitopes is the number of glycosglasi
cells (CD#CD8® T) and upregulated frequency regulatory in or around it. For PRRSV-1 strains, up to 3 glycosylations

T- cells (Tregs)&1). may be found in, or anking the GP5 neutralizing epitope
_ that is located between amino acids 37—4%)( whereas for
Acquired Immune Responses PRRSV-2 strains there are four potential glycosylation siigs (

Innate immune responses against PRRSV are obstructed Nyhen tested, PRRSV with mutations in GP5 glycosylation sites
di erent mechanisms as are adaptive responses. The modggither at N44 or in the hypervariable region, upstream the
and delayed B cell mediated neutralizing antibody respoase neutralizing epitope) enhanced immunogenicity with increds
one of the main characteristics associated to PRRSV acquiredncentration of antibodies directed to this epitope 5-1Qifol
immune responses. Even though PRRSV specic antibodidigher compared with those induced by the wild type strains
appear early at 7-9 days post-infection, the e cacy of thos€89. Same results were obtained when administering another
antibodies remains unclear. Neutralizing antibodies tekeger, deglycosylation mutant (double deglycosylation in the piveat
appearing nearly 1 month after infection34). However, glycosylation moieties on GP5) twice, which conferred drett
passive transfer of these neutralizing antibodies conderreprotection against homologous challengé)( In addition, when
almost full protection in a PRRSV reproductive model (95%his protein is expressed early during infection, it stimekt

of ospring alive after challenging pregnant sows with highproduction of early neutralizing antibodies and IH)-two
neutralizing antibody titter). Nevertheless, in anothgperiment  main antiviral mechanisms, demonstrating its role in indoct
using the reproductive model, when the presence of PRRSdf self-protection mechanisms from the hos$Z. Available
was examined after the transfer of neutralizing antibodiesdata about neutralizing antibodies induced by this proteie a
lungs, tonsils, buy coat cells, and peripheral lymph nodescontroversial, which may be due to the high variation among
contained replicating PRRSV similar to infected controlsPRRSV strains93) and, as previously commented, the host
although pigs were apparently protected against infection. ligenetics. ORF5 is also complemented by a small frameshift
summary, passive transfer of high neutralizing antibodsetit of the subgenomic mMRNA called ORF5a, encoding a type |
conferred protection to gilts and o spring (not detectable membrane protein consisting primarily of alpha helix with a
viremia), but did not eliminate the presence of viral particle membrane-spanning domain (called GP5a) that is incorporated
in peripheral tissues nor transmission to animals they werénto virions as a very minor component, playing a role in viral
in contact with 82-84). Curiously, the role of neutralizing replication, as mutation in the initiation codon or premature
antibodies in the protection against the respiratory form oftermination related to expression for this protein leads to
the disease is a key gap of knowledge for PRRSV. Thi®n-e cient viral replication and lower titter @4, 95). This
point is critical to dene precisely targets for improved protein is capable of eliciting speci c antibody immune respens
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in natural infections and after immunizations, althoughode induce tolerance and presents a mechanism that could explain
are not neutralizing neither protective in a challenge trialthe presence of Tregs during PRRSV infecti®g (Nevertheless,
after infection, making dicult to de ne the role of this the picture is not complete and basic knowledge about the
particular small protein in the whole immune response ande ect of PRRSV on cell development in the thymus would
viral clearance of PRRSV infectio@€]. In summary, the role be of great interest to understand the e ect of this viruses in
of humoral immunity remains elusive in PRRSV infectionthe host.
(neutralizing and non-neutralizing antibodies) and a lestt PRRSV immunology thus remains an unsolved puzzle due
characterization will be required to overcome this relehgap of  to complex interactions between di erent viral strains and the
knowledge Box 1). host. Similar immune responses could be the key feature of this
Treg typically increase in number in chronic viral diseasewirus, such as persistence viremia, a strong inhibition ofaite
to prevent a persistent in ammatory response and pathologicatytokines (IFNa/b, TNF-a, IL-1b, IFN-g), dysregulation of NK
damage associated to viral infections. Conversely, Tregs ecell function (cytotoxicity and degranulation), rapid indtion of
described as key contributors in modulating the host immunenon-neutralizing antibodies, delayed appearance of neatrgji
response to viral infection. This cell population is an importantantibody, late and low CD8 T-cell response, and induction
component in regulating the magnitude of the immune responsef regulatory T cells (Tregs)102. As a whole, neutralizing
to infection (in viruses such as HIV and HCV), thus preventingantibodies and PRRSV-speci c IFl-secreting cells do not
excessive in ammation and tissue damage. However, they cdully depict the immune e ector functions related to protective
also be inappropriately induced by viruses to switch the baandmmunity, as the viral targets related to them are unknows. A
of the immune response in favor of maintaining viral replicatio a consequence, correlates of protection remain elusive fer th
(97). In PRRSV, the role of Tregs remains unclear and appears tofection due to the laborious work vitro andin vivo and the
be a consequence of IL-10 induction of some strains as early asormous genetic diversity that causes confusion and mekes
2 days post infectiond1). In some experimentsn vitro infected  di cult to predict how immune responses against one isolate or
DCs with PRRSV-1 exhibited an unbalanced ability to stimulatetrain could be applied to another in a cross-protective immune
T cell immune responses in a strain-dependent manner, but nprediction model (03 104. Without any doubt, the most
Tregs were detected, at le@stitro, as measured by expression ofimportant gap of knowledge for PRRSV is the lack of correlates
CD25 and FoxP3 marker8®. When using PRRSV-2 strains, the of protection that makes extremely di cult to have robust mdde
case seems to be di erent, as the virus was capable of stimgllatito check vaccines e cacy against this dised3ex1).
IL-10 production with concomitant generation of TregS9d
which was associated to nucleocapsid protein expression in the ) . . . .
in vitro system. This group also suggested that IL-10 productio¥accination Strategies in PRRSV. Classical
and Treg could be related to impaired gamma interferon (IGN- and Novel Vaccines
production and altered development of protective T-cell reg®n Since the beginning of PRRSV outbreaks in Europe and the
by inhibiting T-cell proliferation as seen in the early stage o USA, the development of e cacious PRRSV vaccines has been
infection with viruses such as HCV. Vaccine strains curkeit = a challenge. Classical approaches are not working properly for
use in the United States do not provide adequate heterologowsveral reasons: viral mutation can lead to more pathogenic
protection, one possible explanation could lay on their inpil strains, there is a lack of knowledge on how the porcine
to induce an adequate IFN-response due to their ability to immune system interacts with all PRRSV proteins, and most
stimulate Tregs, at least vitro (100. Structural conformation, importantly, there is no robust parameter (surrogate markbajt
but not nuclear localization, of the expressed N protein wasan be unequivocally linked with viral clearance. Thus, ¢hier
suggested as essential for the ability to induce IL-10 timat, no relationship between complete homologous or heterologous
consequence, causes induction of Tregs as measured bymnharkgrotection and classic immunological parameters such as an
CD4CCD25CFoxp3C (99. It should be noted that when the role increase/decrease in particular cell populatioh0%, IFN-
of the nuclear localization signal was evaluated using idelet g production, neutralizing antibodies106, non-neutralizing
mutants, results suggested that NLS-2 was not essential fantibodies and clinical outcomel(?7. In addition, highly
virus survival, although pigs developed a signi cantly skort divergent strains make it more di cult to develop a univefsa
duration of viremia and higher neutralizing antibodies tha vaccine for this virusZ8).
those of wild-type PRRSV-infected pigé0(@). The role of Several di erent vaccines against PRRSV have reached the
Tregs cells in the immune response against PRRSV is a keyarket and have been reviewed recentlyd. Most of these
gap of knowledge in order to develop more e cacious PRRSWaccines rely upon modied live virus (Porcilis PRRS from
vaccinesBox 1). Merck, Ingelvac PRRSFLEX EU from Boehringer Ingelheim,
Moreover, reports have highlighted the impact of PRRS\Amervac-PRRS from Hypra, Pyrsvac-183 from Syva) against
infection on thymic cellularity mainly as a loss of CBI€£D8®  PRRSV-1, as well as some to control PRRSV-2 (Fostera PRRS
cells in the thymus of PRRSV-infected pigs. Acute lymphopenidtom Zoetis, Ingelvac PRRS MLV/Ingelvac PRRSATP from
thymic atrophy, and lymphadenopathy associated with thdé3oehringer Ingelheim). There is also evidence that most MLV
presence of PRRSV antigen in the thymus are some of theaccines of both PRRSV-1 and PRRSV-2 species elicit specic
mechanisms whereby PRRSV suppresses the immune resportaemoral and cell-mediated immune (CMI) responses, as they
In addition, presence of PRRSV antigens in the thymus could alstonfer protection to homologous parental strains and partial
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protection to heterologous strains. Although it is possible to Current inactivated vaccine approaches are not highly
control some PRRSV outbreaks by use of MLV in combinatiore ective since elicited immune responses are not enough to
with good practices, there are major safety issues such peevent spreading of the virus. However, this type of vaccine
a high mutation rate leading to reversion to virulence andcan augment anamnestic virus neutralizing antibodies angyv
recombination among vaccine and wild type strains. Cases hagpeci ¢ IFN-g responses following a wild-type virus infection or
been reported in which new viruses have been introduced asRRRSV-MLV vaccination which can contribute to viral clearance
consequence of MLV vaccines. For example, nucleotide sequer{@ 1], 112). Thus, the combination of modi ed live vaccines with
identities of atypical Danish isolates were between 99.28rk?0 inactivated ones can be a reasonable approach to control the
with the vaccine virus RespPRRS and 99.0-99.3% with VR238®sease under eld conditions1(l3 but unfortunately, there
which is the parental virus to the vaccine virus, supportingis no robust data comparing this approach with other options
the conclusion that the introduction of PRRSV-2 in Denmarkavailable on the market. On the other hand, most inactivated
was due to the spread of vaccine virus09. In China a vaccines are not approved for use in the United States due to
recombination event was reported in which a PRRSV varianthe poor e cacy showed in challenge trial$14) as measured by
with nucleotide deletions and insertions in the non-strual  production of PRRSV speci ¢ neutralizing and non-neutralizing
protein 2 (nsp2) gene also showed a possible recombinaticemtibodies and low cellular immune responses leading to their
event between a MLV strain and a prototype Chinesdailure in the porcine market. According to the Centre for
eld strain (110. Food Security and Public Health of lowa State Universityyonl

BOX 2 | Exosomes and therapeutic applications in PRRSV.
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“BIOSUIS PRRS Inact ELAmM” is approved to be used inthe US. by pig immune sera and not by the pre-immune one. Of
However, new strategies are being evaluated to overconse thenterest, however, a recent article indicated that PRRSWeeri
problems (L19, including nanoparticle entrapped antigerislg- EVs are capable of transmitting the virus from one cell to
119, plant based approachesA() or vectored vaccines 21). another (L34. Whether these discrepancies are dudrto/ivo
Several attempts have been made to use structural proteinsye. in vitro experimental work and methods applied to isolate
develop vaccines against PRRSV because they are speci starggfs from serum samples or culture supernatant, remains to
of neutralizing antibodies. For this reason, one may hypsite be determined.
that antibodies against those proteins could be the main key t EVs have also been explored as novel control strategies in
inhibit viral replication and spread as it is common for many other viral diseases. For example, in respiratory syncytrakvi
viruses. Approaches such as VLPs combining di erent strudturainfection, EVs are released with a selected modi ed cargerwh
proteins have been tested42-124), nding that anamnestic compared with uninfected epithelial cells. When analyzed in
response is possible (boosted IgG and I§Nroducing cells) detail, several viral proteins and diverse species of RNA were
in previously vaccinated or infected pigs but not in the pre-detected and capable of activating innate immune responses
challenge period. These structural proteins are able to prim#hrough induction of cytokine and chemokine releasE3%.
the immune system, but no reduction of viremia was observe&imilar scenarios of viral proteins exported in EVs have been
after challenge 123. Those results suggest that other viralobserved and extensively reviewed for HIV/HCV/HTLV-130),
proteins may be targeted to induce a protective response BBV (137), and other viral diseases. Moreover, viral products
pigs. A plausible explanation for this nding may be based onof various origin and size including Ebola Virus VP24, VP40,
the presence of few neutralizing epitopes in their sequenceand NP, Inuenza Virus NP, Crimean-Congo Haemorrhagic
most of which are located in variable regions of the proteinsi-ever NP, West Nile Virus NS3, and Hepatitis C Virus NS3,
to the phenomena of glycan shielding for epitopes and to thevhen fused with Nef C-terminal domain through DNA vectors,
high variability observed between PRRSV virus strains. Again were directed to the EVs membrane or packaged into them
critical gap of knowledge for PRRSV is to precisely characteriznd remained stable after fusion. More importantly, when
common epitopes that are present in all PRRSV strains. Epitopagected in mice, DNA vectors expressing the diverse fusion
responsible for generating an e cientimmune response dligjit products elicited a well detectable antigen- specic CD¥
cross-protective immunity remained elusive. Taken togetiés  cell response associating with a cytotoxic activity potemugih
evidence points to the need for new vaccination approaches kill peptide-loaded and/or antigen-expressing syngeneilsc
that comply with a pathogen free strategy, capable of elicitingroving its promising results as a cytotoxic T lymphocyte
e ective cellular and antibody responses with mid to longvaccine (39.
term protection against homologous strains and preferable to

heterologous challenge as well. Concluding Remarks
PRRSV is a complex disease and several gaps in the knowledge
Extracellular Vesicles As a New of its economic impact, biology and evolution, genetic

V. . polymorphism, mechanism of viral infections, elicitation of
accination Approach - . L. protective immune responses and novel control strategieg ha
Extragellular vesmles(EVs) are ganing mcr.eased g@ent been reviewed hereBpx 1). Since the late 1980's, di erent
attention as novel vaccines against infectious diseasgsding approaches have permitted to examine more closely this virus

animal diseases of veterinary importance by its capacity Qfjjowing the discovery of new features of the complex repbcat
self-antigen presentation, activation of host cell and lzody cycle, the identi cation of proteins and nucleic acids playin

immune responses and more important, to induce protection iny” e together with extracellular vesicles and nanotubules
lethal challenge trials1@5-131) (Box 2). In the case of PRRSV, in facilitating spreading, and a better understanding of
arti cial microRNAs (amiRNA) were initially synthetized to ,.\ne evasion (non-neutralizing antibodies, glycan shirej,

try suppressing expression of sialoadhesin (Sn) or CD163 By iation, recombination events, among others) to further
recomblnant adenowra! vectors to be contained in exosomeg, .ina development. Presently available PRRSV vaccines have
causing a subexpresspn ,Of Sn and CD16,3 at mRNA anr‘iluany limitations in terms of heterologous protection, buns®
protein level, and reqlucmg ylral titter when porcine maC“’Eb& e orts have been made by combining new adjuvant formulations
were pre-treated with amiRNA thus providing new evidence,in magi ed live viruses, DNA and peptide vaccines, as well as
supporting the hypothes!s that EV,S can also serve as an € CieNy o cellylar vesicles a new vaccination approach. Advanaing i
small RNA transfer vehicle for pig celli39. More recently, o) thege gaps in knowledge, will eventually acceleratereitmig

PRRSV viral proteins associated to extracellular vesicles (Evafﬁd eventually eradicating this devastating veterinasgdse of
in the size range of exosomes, were reportedd; Moreover, such huge economic importance

a targeted-pig trial using EVs from sera of infected pigs who

had overcome the disease, demonstrated that EVs are capable

of inducing specic IFNg secreting cells after a prime-boost AUTHOR CONTRIBUTIONS

strategy, are safe, free-of-virus and can di erentiate dtefd

from vaccinated animalsl33, moreover, it was demonstrated SM-T: wrote the rst draft of the manuscript. MM, HdP,
that those EVs contained antigenic viral proteins recogihizeand LF: wrote sections of the manuscript. All authors
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