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Abstract: Identified for the first time in the 1990s, Porcine circovirus 2 (PCV-2) should not be considered
an emerging virus anymore. Nevertheless, many aspects of its biology and epidemiology are still
controversial. Particularly, its high evolutionary rate has caused the emergence of several variants and
genotypes, alternating on the worldwide proscenium. The biological and practical implications of such
heterogenicity are unfortunately largely unknown. The effectiveness of currently available vaccines
against new genotypes that have emerged over time has been the topic of an intense debate and
often inconclusive or contradictory results between experimental, field, and epidemiological studies
have been gathered. The challenge in establishing an effective PCV-2 disease model, the peculiarities
in experimental design and settings and the strains involved could justify the observed differences.
The present work aims to summarize and critically review the available knowledge on PCV-2 genetic
heterogeneity, immunity, and vaccine efficacy, organizing and harmonizing the available data from
different sources, shedding light on this complex field and highlighting current knowledge gaps and
future perspectives. So far, all vaccines in the market have shown great efficacy in reducing clinical
signs associated to diseases caused by PCV-2, independently of the genotype present in the farm.
Moreover, experimental data demonstrated the cross-protection of PCV-2a vaccines against the most
widespread genotypes (PCV-2a, PCV-2b, and PCV-2d). Therefore, despite the significant number of
genotypes described/proposed (PCV-2a to PCV-2i), it seems one single PCV-2 serotype would exist
so far.
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1. Introduction

Porcine circovirus 2 (PCV-2) is a member of the family Circoviridae, genus Circovirus [1]. It is
featured by a circular single-stranded genome (ssDNA) of 1767-1768 nt where several open reading
frames (ORFs) have been predicted in silico. However, just a few have been properly characterized.
The ORF1 gene is located on the sense strand of the genome and produces several spliced variants,
particularly Rep and Rep’, which are fundamental for viral replication. The ORF2 gene codes for the
Cap protein that is the only constituent of the viral capsid; it is involved in the viral attachment and
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represents the main target of the host immune response [2]. Other proteins (coded by ORF3 to ORF6)
seem to have a modulatory activity in the host cell pathways, signaling, and apoptosis [3-6].

PCV-2 was initially identified from pigs suffering from postweaning multisystemic wasting
syndrome (PMWS), a novel disease described in the mid- 1990s [7,8]. PMWS is nowadays known
as PCV-2-systemic disease (PCV-2-SD), and it comprises also what was initially described as
PCV2-associated pneumonia and PCV-2-associated enteritis [9]. Other clinical-pathological conditions
such as porcine dermatitis and nephropathy syndrome (PDNS), PCV-2-reproductive disease (PCV-2-RD)
and PCV-2-subclinical infection (PCV-2-SI) have also been included into the scope of the collectively
named porcine circovirus diseases (PCVD) [9]. Nevertheless, the definitive causative role of PCV-2
was debated at length because of the difficulty to experimentally reproduce PCV-2-SD by viral
inoculation only. Additionally, retrospective studies proved PCV-2 presence well before the emergence
of PCV-2-SD [10]. Indeed, PCV-2-SD is a typical example of a multifactorial disease, where other
predisposing factors, most of those featuring modern intensive farming, must be in place to elicit
overt clinical signs [11]. While some farms were able to live with the infection implementing
adequate management and biosecurity, the most effective control measure was represented by the
development of commercial vaccines, which became available from 2004 and 2006 onwards in Europe
and North-America, respectively. These products led to a remarkable decrease of economic losses
attributed to PCVD including PCV-2-SI [12]. Actually, vaccine efficacy represents one of the most
consistent proofs in favor of the aetiological role of PCV-2 in PCVDs. PCV-2 vaccines are the single
most-sold preventive product in porcine husbandry worldwide; nowadays, the vast majority of pigs
and/or sows are vaccinated against PCV-2.

Nevertheless, in the last decade, a crescent concern has risen on the protection conferred against
recently emerged genetic variants of PCV-2 [13]. The purpose of this work is to summarize and
critically review the current knowledge on PCV-2 genetic variability and its relationship with vaccine
efficacy, based on in silico, field, and experimental evidences.

2. Genotypes in PCV-2

Similarly to other ssDNA viruses, PCV-2 is featured by a high mutation rate (i.e.,
1073-10"* substitution/site/year) [14,15], within the range typical of RNA viruses, which has led
to the emergence of a plethora of variants over time. The accumulation of molecular epidemiology
studies was mirrored by the implementation of several sub-species level classification schemes and
nomenclatures, often based on subjective and/or conflicting criteria. A first effective harmonization
attempt was made in 2008, when two major PCV-2 groups were defined based on nucleotide diversity
cut-offs for ORF2 (3.5%) and complete genome (2.0%) [16]. These criteria were adopted by a European
Project on PCVDs [17] and these two groups were proposed to be named as PCV-2a and PCV-2b. Based
on the same criteria, PCV-2c was then identified from archived samples in Denmark [18]. Thereafter,
the progressive increase in sequence availability and the discovery of new genetically divergent clades
highlighted the limitations of such stringent genetic cut-offs and a new classification was proposed
based on reference sequences and/or identification of marker positions, leading to the definition of
4 genotypes [19]. Currently, the most accepted scheme allowed defining eight genotypes (PCV2a to
PCV2h), based on three criteria: maximum intra-genotype p-distance of 13% (calculated on the ORF2
gene), bootstrap support at the corresponding internal node higher than 70% and at least 15 available
sequences [20]. Using such classification proposal, a new genotype PCV-2i has also been defined in the
USA [21]. Therefore, the PCV-2 genetic scenario cannot be considered a static one, and new updates
and changes on viral evolution are expected with a potential impact on genotype classification in
the future.

Currently, PCV-2a, PCV-2b, and PCV-2d display a worldwide distribution while the other
genotypes have been detected sporadically and limited evidence is present on their temporal
persistence [20]. Of note, PCV-2c was considered extinguished or non-detectable for a long time,
before being identified again in feral pigs in the Pantanal region of Brazil [22] and in domestic pig in
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China [23]. Similarly, other genotypes could be circulating, still undetected, in unexpected ecological
niches (probably other Suidae species) and may serve as source of further genetic variability in the
future. Nevertheless, the most important source of variation will be the domestic pig considering the
abovementioned mutation rate of PCV-2.

Different epidemiological and phylodynamic studies revealed the occurrence of different genotype
waves over time. PCV-2a was the most prevalent genotype in clinically affected pigs from 1996 to
the early 2000s, after which PCV-2b predominated (“genotype shift”) and was associated with the
appearance of a more severe clinical disease outbreaks [24-26]. Thereafter, a second “genotype shift”
(from PCV-2b to PCV-2d) occurred globally [14,27] and has sometimes been reported in cases of
vaccination failure [13,28]. However, the detection of other PCV-2 genotypes in vaccinated herds is not
an unusual finding and the perception of a higher PCV-2d frequency in such herds could be biased
by its rising global prevalence. Simultaneously, the presence of circulating recombinant forms (CRF)
displaying comparable population dynamics and spreading routes to those of major genotypes has
been demonstrated [14].

Although different PCV-2 genotypes have been historically identified sequentially, retrospective
studies and molecular-clock based analyses proved their presence and co-circulation for decades.
The actual reason behind the observed epidemiological patterns is not clear. A potential higher
virulence of PCV-2b and PCV-2d strains has been suggested based on epidemiological patterns and
some in vivo experimental data appear to support this hypothesis [29]. However, some other studies
pointed out a similar virulence among genotypes [30,31]. Therefore, a putative differential virulence
among genotypes is still to be demonstrated, although strain-specific differences could occur [32].
Importantly, virulence markers have been not defined for PCV-2 so far.

3. PCV-2 Immunological Cross-Reactivity

The pathogenesis of PCV2-SD depends on the final balance between the virus and the host
immune response [33]. Different epitopic regions have been recognized both in the Rep and Cap
proteins. The latter in particular is the main target of the host immunity and can elicit antibody and
lymphocyte proliferative responses to PCV-2 [34,35]. Several linear or conformational epitopes have
been also identified by PEPSCAN analysis, including amino acid residues 65-87, 117-131, 157-183,
and 193-207 [36]. In addition, at least three conformational neutralizing epitopes, within residues
47-63, 165-200 and 230-233, have been described using chimeric PCV-1 and PCV-2 constructs [37].
Other linear epitopes (amino acids residues 156-162, 175-192, 195-202, and 231-233) have been
recognized using monoclonal antibodies [38]. Finally, studies done to map immunogenic epitopes
in the PCV-2 Cap protein have also demonstrated that several epitopes are shared between PCV-2
genotypes [37,38].

Accordingly, an overall immune cross-protection among PCV-2 genotypes exists and polyclonal
antibodies are cross-reactive and cross-neutralizing [39]. Such protection breadth has been proven
also under field conditions since sera from naturally infected pigs efficiently neutralized PCV-2 strains
belonging to different genotypes and collected from different part of the word. However, a differential
quantitative neutralization activity was identified, being the neutralization titre higher, on average,
against PCV-2a than PCV-2b, which could justify the progressive spread of the latter genotype [40].
Noteworthy, these results were obtained with non-vaccinated pigs, so the higher antibodies against
PCV-2a could not be attributed to a vaccination effect.

A more detailed picture emerged from studies using monoclonal antibodies. Saha et al. (2012a)
detected the presence of common epitopes between PCV-2a and PCV-2b genotypes using monoclonal
antibodies. However, the existence of genotype-specific antibodies was also demonstrated and some
were able to recognize specific clusters within a genotype [41]. Single amino acid mutations were
thereafter proven to alter the neutralization capability of some monoclonal antibodies [42,43].

Therefore, based on the observed evidence, while an overall cross-reactivity can safely be stated,
some qualitative differences in the breadth and efficacy of immunity can be expected and involved in
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the PCV-2 epidemiologic patterns observed over time. The lower protection conferred by the immunity
arisen against the prevalent genotypes and/or administered vaccines, based on PCV-2a, could have
resulted in a fitness advantage of other genetic groups and, thus, their emergence in the world limelight.
However, the generalized use of PCVC-2a vaccines all over the world also coincided with a “genotype
shift” from PCV-2b to PCV-2d. Whether these vaccines are more effective on PCV-2b or a fast-evolving
virus such as PCV-2 simply produced a novel genotype (PCV-2d) with better biological fitness is
currently unknown.

Although less characterized, cell immunity plays a relevant role in protection against PCV-2 and
the number of PCV-2 specific INFy secreting cells (INFy-SC) is inversely correlated to viral load and
lesions [44,45]. Both Cap and Rep proteins are targeted by INFy-SC, although a significant reactivity
against Rep was reported in subjects with high viral titres and typical lesions, suggesting that high viral
replication levels are necessary to elicit a significant response against non-structural proteins and that
this immunity could be related in preventing the progression towards PCV-2-SD [46]. In silico epitope
prediction revealed the presence of several potential cellular epitopes located both on Cap and Rep,
some of those differing among circulating genotypes [47]. However, also in this case, experimental
data showed that the cellular immunity induced by PCV-2a proteins is protective against PCV-2b
challenge [46].

4. Vaccines, Genotypes and Evolution

PCV-2 vaccines became available in 2004 in Europe and 2006 in North America and have turned
into the most implemented veterinary vaccines, contributing to remarkably decrease the impact of
PCVD and the detrimental effects of the subclinical infection as well [48]. Moreover, a reduced viral
excretion and susceptibility has been proven in vaccinated animals [49-52], leading to a reduction
in reproductive ratio (RO) to 1.5 (95% CI 0.8-2.2) versus 5.1 (95% CI 2.5-8.2) under non-vaccinating
conditions [53] and a decrease in overall PCV-2 circulation [54,55]. However, the implication of PCV-2
genetic and phenotypic diversity on vaccine efficacy is one of the most debated issues in the field,
particularly after PCV-2d emergence. The vast majority of currently available vaccines are based on
PCV-2a or its capsid protein, and the discovery of different neutralizing epitopes among genotypes or
even ascribable to single mutations could justify the concern regarding a differential cross-protection
and the presence of vaccine-escape variants [56]. Over time, a plethora of experimental studies has
been performed using combinations of vaccine and challenge strains.

In all instances, PCV-2 vaccines appear to be protective, being able to effectively prevent clinical
sign development, reduce viremia, viral shedding and lesions, and leading to the development of
an effective humoral and cellular immune responses. No obvious evidence of a clinically significant
differential cross-protection among PCV-2 strains could be proven, and all commercial vaccines seems
effective in preventing the most severe outcomes of PCV-2 infection [48]. However, more subtle
variations in virological or immunological parameters have sometimes pointed out higher protection
conferred against homologous challenge than heterologous one. Opriessnig et al. (2013a) highlighted a
stronger reduction in PCV-2b challenge viremia and shedding in pigs vaccinated with a PCV-1-PCV-2b
chimera live vaccine compared to a PCV-1-PCV-2a one [57]. While the role of differential vaccine
virus replication cannot be excluded in this case, higher PCV-2b titres were detected from nasal and
faecal swabs in animals vaccinated with an inactivated PCV-1-PCV-2d chimeric vaccine compared with
those immunized with the homologous PCV1-PCV2b one [58]. On the other hand, Park et al. (2019),
while identifying a higher neutralization titre against PCV-2a in animals vaccinated with homologous
commercial vaccines, found no differences in viremia after challenge with PCV-2a, PCV-2b, or PCV-2d
strains, which could testify a role of cell-mediated immunity in terms of protection breadth [59].
Additionally, the challenge to establish an effective PCV-2-SD model, the peculiarities in experimental
design and settings and the strains involved could justify the observed differences [60]. Nevertheless,
the common conclusion, regardless of fine level differences, is the agreement on the adequate protection
conferred by developed commercial and experimental vaccines against severe infection outcome,
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clinical disease and productive losses upon challenge with all evaluated PCV-2 genotypes [61-64],
at least under experimental and controlled field trials.

The analysis of the epidemiological scenario and anecdotical reports, although difficult to be
statistically evaluated, seems to tell a different story, being the observed genotype shift often linked to
differential protection induced against the endemically circulating strains or available vaccines [14,65].
Accordingly, cross-protection against PCV-2a and PCV-2b was reported after natural infection, but with
higher titre against PCV-2a [40]. Comparable results were recently reported in Korea, where a differential
cross-protection among genotypes, and also between strains of the same genotype, was observed [66].
Reiner et al. (2015) found consistent evidence of a reduction in PCV-2a relative frequency in vaccinated
herds compared to non-vaccinated ones, while the opposite was true for PCV-2b [67]. Epidemiological
studies performed in the U.S. led essentially to the same results, with the PCV-2a positive samples
originating mostly from non-vaccinated herds [65].

Taken as a whole, current evidence suggests that PCV-2 products are “leaky vaccines”, which can
elicit adequate protection against clinical syndromes and reduce viral replication even when
heterologous strains are involved. The presence of different epitopes, including neutralizing ones,
is apparently balanced out by the efficient protective activity against shared ones. Nevertheless, viral
infection and replication are not prevented [68] and under less optimal conditions (e.g., inaccurate
vaccine administration, immunosuppression, declining maternally derived immunity, concomitant
infections, etc.) the immunity could be less effective, magnifying these limitations. Accordingly,
Jeong et al. (2015b) demonstrated the efficacy and equivalence of three commercial PCV-2a vaccines
in solving a supposed episode of vaccine failure caused by PCV-2d under field conditions. Of note,
one of the tested vaccines was already administered in the farm at the time of outbreak occurrence.
Therefore a change in farm management and/or animal care could explain the apparent differential
protection conferred by the same vaccine [61].

Vaccines have traditionally been considered much more resistant to pathogen evolution than
antimicrobials [69]. Nevertheless, the role of vaccination in shaping viral evolution has been reported
for different diseases affecting both animals and human beings. When immunity is not sterilizing,
wild strains can circulate in a new “challenging” environment, made of less susceptible-immune
hosts, adapting to it. Numerous examples are available of viruses that adapted to this new
scenario by immuno-escape variants (Hepatitis B virus, avian Metapneumovirus, Infectious bronchitis
virus), increase in virulence (Marek’s disease) or both (Infectious bursal disease virus) [70-73].
The aforementioned requirements for vaccine evolution and vaccine-induced pathogen replacement
are present also for PCV-2 [39], which emphasizes the need of continuous surveillance and genotyping
of this virus.

At the individual animal level, NGS-based studies demonstrated that, although the number
of segregating sites was higher in non-vaccinating herds, the non-synonymous substitutions were
more frequent in the vaccinated ones [56]. On the other hand, studies based on a large number
of herds detected, besides to the aforementioned change in genotype prevalence, single nucleotide
polymorphisms (SNPs) (also affecting epitopic regions) associated to vaccination status, suggesting an
effect of vaccine-derived immunity on PCV-2 evolution [65,67]. The bioinformatic and phylodynamic
analysis of PCV-2 epidemiological and evolutionary patterns at worldwide level reflects these pieces
of evidence. PCV-2a was initially the most prevalent genotype, followed by PCV-2b and thereafter
PCV-2d [14,27], although PCV-2b is still highly prevalent and the most prevalent one in certain
countries/regions [74-77]. Analysis of selective pressures strength acting on PCV-2a highlighted a
higher diversification tendency after vaccination introduction. Similarly, the viral population circulating
in unvaccinated wild boar populations appears under lower selective pressures compared to domestic
pigs [78].

Interestingly, PCV-2d was first detected retrospectively in Switzerland in 1998, but an increase in
detection frequency of a sub-clade of PCV-2d has been reported in the years following vaccination
introduction [14,79], which is indicative of a putative vaccine-induced replacement of a subset of
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genetic variants. Accordingly to this hypothesis, a statistically significant tendency of PCV-2a strains
to mutate towards amino acids different from those of one commercial vaccine based on an inactivated
PCV-2a virus, and identical to the amino acid profile of PCV-2d, was detected in at least 3 Cap sites after
vaccination introduction, suggesting the appearance of vaccine-induced immuno-escaping evolutive
trajectories [78]. Most interestingly, changes in each of these three amino acids (59-206-210) were
experimentally demonstrated to impair the binding of monoclonal antibodies [36,41]. These data
propose that the ancient PCV-2d strains had phenotypic features favouring them on a global scale in
presence of vaccine immunity.

Although challenging to be consistently proven, the congruent pieces of evidence, ranging from
individual to worldwide evolutionary scale, support the action of genotype-specific vaccine-induced
immunity in progressively driving PCV-2 evolution, with likely detrimental effect on vaccine efficacy
in the long term. If this path would ultimately lead to actual PCV-2a-based vaccine failure, is still a
matter of discussion and definitively not yet proven.

5. The Usefulness of PCV-2 Genotyping and Emerging Genotypes

Genotypes are not a taxonomical level recognized by the International Committee on Taxonomy
of Viruses (ICTV). Even if a certain consensus has been achieved on the PCV-2 nomenclature below
the species level, this is essentially based on criteria chosen with the main aim of establishing a
common and shared language. However, no guarantee exists that, depending on the research group
involved, a variable nomenclature could be proposed and become accepted. As previously mentioned,
despite remarkable efforts, the classification criteria are changing and evolving, largely because of the
combination of viral evolution, increased sequencing activity and discovery of new strains.

Therefore, claims of full cross-protection based on genotype concept only are questionable, at first
for the limits of any classification (i.e., the same PCV-2 strain included in the protection claim could
be excluded according to a different or successive classification schemes and vice versa). Secondly,
while the genotype concept has been widely accepted for historical reasons and is of practical utility in
the framework of epidemiological studies, the PCV-2 genetics is much more nuanced. A clear overlap
exists between the “within-genotype” and “between-genotypes” genetic distance [20]. In other words,
because of the high evolutionary rate and recombination occurrence, the PCV2 genetic spectrum
must be considered a non-stop, continuous concept; a formal concept that can biologically reflect the
previously mentioned presence of strain-specific immunological features.

Finally, experimental data currently available on vaccine-induced protection has been obtained for
the main circulating genotypes (i.e., PCV-2a, PCV-2b and PCV-2d), evaluated either as vaccine
or challenge strains. Concerning the “minor” PCV-2 genotypes, the epidemiologic currently
available evidence does not support any differential cross-protection conferred by existing vaccines.
These variants have limited geographical distribution and have been detected only once or sporadically.
If their genetic/antigenic features led to inadequate vaccine-induced protection, and thus to an
evolutive advantage, a population size expansion, comparable to the one proposed for PCV-2d,
should have been expected. However, their recent identification and limited data availability prevent
any definitive conclusion and continued monitoring will be necessary to promptly react to a potentially
changing scenario.

6. Conclusions and Future Perspectives

Like many aspects of PCV-2 infection and pathogenesis, the debate between vaccine efficacy
versus vaccination failure is hard to be solved. Likely, a combination of both aspects, plus the presence
of other factors, could negatively cooperate in the achievement of a “cut-off” of no or limited protection.
While PCV-2a vaccines seem effective in protecting from clinical signs against all circulating genotypes
under ideal vaccination conditions, different circumstances (e.g., improper vaccine administration or
timing, animal health and herd management, etc.) could negatively affect the immunity and adequate
protection cannot be reached in presence of strains with a reduced or limited cross-reactivity. Higher
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viral replication, infectious pressure, and even clinical signs could thus emerge, which would have not
likely have occurred in presence of a homologous challenge. However, such scenario will be extremely
difficult to ascertain in those farms with overt PCV-2-SD clinical signs in spite of vaccination, since there
are multiple factors affecting vaccine efficacy as well as disease appearance in PCV-2 infected pigs.

Although proper herd management should always be considered a priority, the improvement and
update of PCV-2 vaccines could likely contribute to the continuous improvement of animal health
and performance. The inclusion of additional valency in vaccines has been suggested by several
authors and recently implemented in some commercial vaccines, where a combination of recombinant
chimeric PCV-1 expressing the porcine circovirus type PCV-2a and PCV-2b ORF2 genes was developed.
The presence of PCV-2b, in addition to the direct improved protection against homologous challenge,
could be beneficial against other genotypes, both because of its closer genetic distance than PCV-2a
and because of a likely increase in protection breadth due to the presence of a combination of different
epitopes. Recently, Opriessnig et al. (2020) demonstrated the comparable protection conferred by
both PCV-2a and PCV-2b based vaccines after PCV-2d challenge and speculated that, since each of
the vaccine viruses shares a discreet subset of B-cell and T-cell epitopes with the challenge virus,
a bivalent vaccine containing both PCV2a and PCV2b components may have shown a higher degree
of efficacy against a PCV-2d challenge compared to monovalent PCV-2 vaccines [80]. Accordingly,
in silico prediction of T-cell epitopes also highlighted that bivalent vaccines may confer broader T cell
epitope coverage against the evaluated genotypes (including PCV-2e) compared to the monovalent
ones [47].

Comparable evidence emerges for other pathogens of veterinary interest, for which the combination
of vaccines based on different genotypes has been traditionally considered a highly effective way
to protect animals from new emerging variants of viral infectious diseases. This is the case of
infectious bronchitis virus [81,82], which is featured by an even higher genetic and antigenic variability
compared to PCV-2 [83]. Interestingly, a recent study evaluated the efficacy of an experimental vaccine
obtained by DNA shuffling of the capsid genes of five genetically diverse PCV-2 subtypes (including
PCV-2a, PCV-2b, PCV-2¢c, PCV-2d, and a divergent PCV-2a) [84]. Among the obtained clones, the one
demonstrating the best performance had the vast majority of the amino acid signatures typical of
PCV-2c and clustered phylogenetically within this genotype. Despite the remarkable genetic diversity,
the developed vaccine provided the highest neutralization titre against PCV-2a, PCV-2b, and PCV-2d
in vitro and the protection was confirmed in vivo using a PCV-2b and PCV-2d challenge viruses [84].
Therefore, the beneficial effect of different epitope combination rather than simple genetic resemblance
is scientifically supported.

Limiting viral evolution and preventing further vaccine escaping variant emergence is another
fundamental task for PCV-2 vaccinology monitoring. Also in this case, the use of a combination of
different genotypes is likely to be helpful by creating a more heterogeneous immune response from
which escaping through specific, single mutations would be less likely [73].

Although biologically sounded, these hypotheses are still in the field of speculation and dedicated
studies should be performed both under experimental and field conditions. Particular care should be
deserved to the analysis of viral evolution at the individual level, which represents the substratum
for further evolution at epidemiolocal scale, benefitting of the crescent availability and accuracy
of next generation sequencing technologies. Importantly, most of the currently available studies
tested newly developed vaccines to unvaccinated subjects as controls, while a proper comparison and
benefit evaluation should include animals vaccinated with currently available commercial vaccines as
proper reference. Similarly, these new vaccines should be compared among each other, allowing to
discriminate if the observed variations in virologic, immune, clinical, and productive parameters are
ascribable to the vaccine itself or to the particular experimental settings.

In conclusion, PCV-2 is a fast-evolving virus that prompted the definition of a plethora of variants
named genotypes. Although genotype variability is likely to increase in the future, current data
indicates that cross-immunity is present among major genotypes (PCV-2a, PCV-2b, and PCV-2d) which,
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to date, guarantees vaccine induced protection by those products based on PCV-2a. Therefore, to date,
we consider that the different genotypes of PCV-2 still represent one single viral serotype. In other
words, PCV-2 genotypes conform a unique immunological variant with common antigenic properties
so far covered by existing commercial vaccines.

Author Contributions: Conceptualization, G.F. and J.S.; writing—original draft preparation, G.F; writing—review
and editing, J.S.; supervision, J.S.; project administration, G.F. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Walker, PJ.; Siddell, S.G.; Lefkowitz, E.J.; Mushegian, A.R.; Dempsey, D.M.; Dutilh, B.E.; Harrach, B,;
Harrison, R.L.; Hendrickson, R.C.; Junglen, S.; et al. Changes to virus taxonomy and the International Code
of Virus Classification and Nomenclature ratified by the International Committee on Taxonomy of Viruses
(2019). Arch. Virol. 2019, 164, 2417-2429. [CrossRef] [PubMed]

2. Lv,Q.; Guo, K,; Zhang, Y. Current understanding of genomic DNA of porcine circovirus type 2. Virus Genes
2014, 49, 1-10. [CrossRef] [PubMed]

3.  Karuppannan, A.K.; Kwang, J. ORF3 of porcine circovirus 2 enhances the in vitro and in vivo spread of the
of the virus. Virology 2011, 410, 248-256. [CrossRef] [PubMed]

4. Gao, Z;Dong, Q.; Jiang, Y.; Opriessnig, T.; Wang, J.; Quan, Y.; Yang, Z. ORF4-protein deficient PCV2 mutants
enhance virus-induced apoptosis and show differential expression of mRNAs in vitro. Virus Res. 2014,
183, 56-62. [CrossRef]

5. Choi, C.-Y,; Choi, Y.-C.; Park, I.-B.; Lee, C.-H.; Kang, S.-J.; Chun, T. The ORF5 protein of porcine circovirus
type 2 enhances viral replication by dampening type I interferon expression in porcine epithelial cells.
Vet. Microbiol. 2018, 226, 50-58. [CrossRef]

6. Li, D.; Wang, J.; Xu, S.; Cai, S.; Ao, C.; Fang, L.; Xiao, S.; Chen, H.; Jiang, Y. Identification and functional
analysis of the novel ORF6 protein of porcine circovirus type 2 in vitro. Vet. Res. Commun. 2018, 42, 1-10.
[CrossRef]

7.  Harding, J.C. Post-weaning multisystemic wasting syndrome: Preliminary epidemiology and clinical
findings. Proc. West. Can. Assoc. Swine Pract. 1996, 21.

8. Allan, G.M.; McNEeilly, E; Kennedy, S.; Daft, B.; Clarke, E.G.; Ellis, J.A.; Haines, D.M.; Meehan, B.M.;
Adair, B.M. Isolation of porcine circovirus-like viruses from pigs with a wasting disease in the USA and
Europe. . Vet. Diagn. Investig. 1998, 10, 3—10. [CrossRef]

9.  Segalés, ]. Porcine circovirus type 2 (PCV2) infections: Clinical signs, pathology and laboratory diagnosis.
Virus Res. 2012, 164, 10-19. [CrossRef]

10. Jacobsen, B.; Krueger, L.; Seeliger, F.; Bruegmann, M.; Segalés, ].; Baumgaertner, W. Retrospective study on
the occurrence of porcine circovirus 2 infection and associated entities in Northern Germany. Vet. Microbiol.
2009, 138, 27-33. [CrossRef]

11. Segalés, J.; Kekarainen, T.; Cortey, M. The natural history of porcine circovirus type 2: From an inoffensive
virus to a devastating swine disease? Vet. Microbiol. 2013, 165, 13-20. [CrossRef] [PubMed]

12.  Segalés, J.; Allan, G.M.; Domingo, M. Circoviruses. In Diseases of Swine; Wiley-Blackwell: Hoboken, NJ, USA,
2019; pp. 473-487.

13.  Xiao, C.-T.; Halbur, P.G.; Opriessnig, T. Complete Genome Sequence of a Novel Porcine Circovirus Type
2b Variant Present in Cases of Vaccine Failures in the United States. J. Virol. 2012, 86, 12469. [CrossRef]
[PubMed]

14. Franzo, G.; Cortey, M.; Segalés, J.; Hughes, J.; Drigo, M. Phylodynamic analysis of porcine circovirus type 2
reveals global waves of emerging genotypes and the circulation of recombinant forms. Mol. Phylogenet. Evol.
2016, 100, 269-280. [CrossRef] [PubMed]

15.  Firth, C.; Charleston, M.A.; Duffy, S.; Shapiro, B.; Holmes, E.C. Insights into the Evolutionary History of an
Emerging Livestock Pathogen: Porcine Circovirus 2. J. Virol. 2009, 83, 12813-12821. [CrossRef]


http://dx.doi.org/10.1007/s00705-019-04306-w
http://www.ncbi.nlm.nih.gov/pubmed/31187277
http://dx.doi.org/10.1007/s11262-014-1099-z
http://www.ncbi.nlm.nih.gov/pubmed/25011695
http://dx.doi.org/10.1016/j.virol.2010.11.009
http://www.ncbi.nlm.nih.gov/pubmed/21144544
http://dx.doi.org/10.1016/j.virusres.2014.01.024
http://dx.doi.org/10.1016/j.vetmic.2018.10.005
http://dx.doi.org/10.1007/s11259-017-9702-0
http://dx.doi.org/10.1177/104063879801000102
http://dx.doi.org/10.1016/j.virusres.2011.10.007
http://dx.doi.org/10.1016/j.vetmic.2009.02.005
http://dx.doi.org/10.1016/j.vetmic.2012.12.033
http://www.ncbi.nlm.nih.gov/pubmed/23380460
http://dx.doi.org/10.1128/JVI.02345-12
http://www.ncbi.nlm.nih.gov/pubmed/23087125
http://dx.doi.org/10.1016/j.ympev.2016.04.028
http://www.ncbi.nlm.nih.gov/pubmed/27114187
http://dx.doi.org/10.1128/JVI.01719-09

Pathogens 2020, 9, 1049 90f12

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Grau-Roma, L.; Crisci, E.; Sibila, M.; Lopez-Soria, S.; Nofrarias, M.; Cortey, M.; Fraile, L.; Olvera, A.; Segalés, J.
A proposal on porcine circovirus type 2 (PCV2) genotype definition and their relation with postweaning
multisystemic wasting syndrome (PMWS) occurrence. Vet. Microbiol. 2008, 128, 23-35. [CrossRef]

Segalés, J.; Olvera, A.; Grau-Roma, L.; Charreyre, C.; Nauwynck, H.; Larsen, L.; Dupont, K.; McCullough, K,;
Ellis, J.; Krakowka, S.; et al. PCV-2 genotype definition and nomenclature. Vet. Rec. 2008, 162, 867-868.
[CrossRef]

Dupont, K.; Nielsen, E.O.; Bakbo, P; Larsen, L.E. Genomic analysis of PCV2 isolates from Danish archives
and a current PMWS case-control study supports a shift in genotypes with time. Vet. Microbiol. 2008,
128,56—64. [CrossRef]

Franzo, G.; Cortey, M.; Olvera, A.; Novosel, D.; De Castro, AM.M.G.; Biagini, P.; Segalés, ].; Drigo, M.
Revisiting the taxonomical classification of Porcine Circovirus type 2 (PCV2): Still a real challenge. Virol. J.
2015, 12, 131. [CrossRef]

Franzo, G.; Segalés, ].; Giovanni, F; Joaquim, S. Porcine circovirus 2 (PCV-2) genotype update and proposal
of a new genotyping methodology. PLoS ONE 2018, 13, e0208585. [CrossRef]

Wang, Y;; Noll, L.; Lu, N.; Porter, E.; Stoy, C.; Zheng, W.; Liu, X.; Peddireddi, L.; Niederwerder, M.; Bai, J.
Genetic diversity and prevalence of porcine circovirus type 3 (PCV3) and type 2 (PCV2) in the Midwest of
the USA during 2016-2018. Transbound. Emerg. Dis. 2020, 67, 1284-1294. [CrossRef]

Franzo, G.; Cortey, M.; de Castro, AMM.G.; Piovezan, U.; Szabo, M.PJ.; Drigo, M.; Segalés, ].;
Richtzenhain, L.J. Genetic characterisation of Porcine circovirus type 2 (PCV2) strains from feral pigs
in the Brazilian Pantanal: An opportunity to reconstruct the history of PCV2 evolution. Vet. Microbiol. 2015,
178, 158-162. [CrossRef] [PubMed]

Liu, X.; Wang, EX.; Zhu, HW.; Sun, N.; Wu, H. Phylogenetic analysis of porcine circovirus type 2 (PCV2)
isolates from China with high homology to PCV2c. Arch. Virol. 2016, 161, 1591-1599. [CrossRef] [PubMed]
Carman, S.; McEwen, B.; DeLay, J.; van Dreumel, T.; Lusis, P.; Cai, H.; Fairles, ]. Porcine circovirus-2 associated
disease in swine in Ontario (2004 to 2005). Can. Vet. J. 2006, 47, 761-762. [PubMed]

Timmusk, S.; Wallgren, P.; Brunborg, L M.; Wikstrém, EH.; Allan, G.; Meehan, B.; McMenamy, M.; McNeilly, E;
Fuxler, L.; Beldk, K.; et al. Phylogenetic analysis of porcine circovirus type 2 (PCV2) pre- and post-epizootic
postweaning multisystemic wasting syndrome (PMWS). Virus Genes 2008, 36, 509-520. [CrossRef]

Cortey, M; Pileri, E.; Sibila, M.; Pujols, ].; Balasch, M.; Plana, J.; Segalés, ]. Genotypic shift of porcine circovirus
type 2 from PCV-2a to PCV-2b in Spain from 1985 to 2008. Vet. J. 2011, 187, 363-368. [CrossRef] [PubMed]
Xiao, C.T.; Halbur, P.G.; Opriessnig, T. Global molecular genetic analysis of porcine circovirus type 2 (PCV2)
sequences confirms the presence of four main PCV2 genotypes and reveals a rapid increase of PCV2d.
J. Gen. Virol. 2015, 96, 1830-1841. [CrossRef]

Opriessnig, T.; Xiao, C.T.; Gerber, P.F.; Halbur, P.G. Emergence of a novel mutant PCV2b variant associated
with clinical PCVAD in two vaccinated pig farms in the U.S. concurrently infected with PPV2. Vet. Microbiol.
2013, 163, 177-183. [CrossRef]

Guo, L.; Fu, Y;; Wang, Y;; Lu, Y.; Wei, Y.; Tang, Q.; Fan, P; Liu, J.; Zhang, L.; Zhang, F,; et al. A porcine
circovirus type 2 (PCV2) mutant with 234 amino acids in Capsid protein showed more virulence in vivo,
compared with classical PCV2a/b strain. PLoS ONE 2012, 7, e41463. [CrossRef]

Cho, H.; Kang, I; Oh, T,; Yang, S.; Park, K.H.; Min, K.D.; Ham, H.].; Chae, C. Comparative study of the
virulence of 3 major Korean porcine circovirus type 2 genotypes (A, b, and d). Can. ]. Vet. Res. 2020,
84, 235-240.

Lager, KM.; Gauger, P.C.; Vincent, A.L.; Opriessnig, T.; Kehrli, M.E.; Cheung, A K. Mortality in pigs given
porcine circovirus type 2 subgroup 1 and 2 viruses derived from PNA clones. Vet. Rec. 2007, 161, 428—-429.
[CrossRef]

Opriessnig, T.; Ramamoorthy, S.; Madson, D.M.; Patterson, A.R; Pal, N.; Carman, S.; Meng, X.J.; Halbur, P.G.
Differences in virulence among porcine circovirus type 2 isolates are unrelated to cluster type 2a or 2b and
prior infection provides heterologous protection. J. Gen. Virol. 2008, 89, 2482-2491. [CrossRef] [PubMed]
Darwich, L.; Segalés, ].; Mateu, E. Pathogenesis of postweaning multisystemic wasting syndrome caused by
Porcine circovirus 2: An immune riddle. Arch. Virol. 2004, 149, 857-874. [CrossRef] [PubMed]

Trible, B.R.; Kerrigan, M.; Crossland, N.; Potter, M.; Faaberg, K.; Hesse, R.; Rowland, R.R.R. Antibody
recognition of porcine circovirus type 2 capsid protein epitopes after vaccination, infection, and disease.
Clin. Vaccine Immunol. 2011, 18, 749-757. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.vetmic.2007.09.007
http://dx.doi.org/10.1136/vr.162.26.867
http://dx.doi.org/10.1016/j.vetmic.2007.09.016
http://dx.doi.org/10.1186/s12985-015-0361-x
http://dx.doi.org/10.1371/journal.pone.0208585
http://dx.doi.org/10.1111/tbed.13467
http://dx.doi.org/10.1016/j.vetmic.2015.05.003
http://www.ncbi.nlm.nih.gov/pubmed/25975522
http://dx.doi.org/10.1007/s00705-016-2823-x
http://www.ncbi.nlm.nih.gov/pubmed/27016927
http://www.ncbi.nlm.nih.gov/pubmed/16933552
http://dx.doi.org/10.1007/s11262-008-0217-1
http://dx.doi.org/10.1016/j.tvjl.2009.12.023
http://www.ncbi.nlm.nih.gov/pubmed/20106683
http://dx.doi.org/10.1099/vir.0.000100
http://dx.doi.org/10.1016/j.vetmic.2012.12.019
http://dx.doi.org/10.1371/journal.pone.0041463
http://dx.doi.org/10.1136/vr.161.12.428
http://dx.doi.org/10.1099/vir.0.2008/001081-0
http://www.ncbi.nlm.nih.gov/pubmed/18796717
http://dx.doi.org/10.1007/s00705-003-0280-9
http://www.ncbi.nlm.nih.gov/pubmed/15098103
http://dx.doi.org/10.1128/CVI.00418-10
http://www.ncbi.nlm.nih.gov/pubmed/21430122

Pathogens 2020, 9, 1049 10 of 12

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Fort, M; Sibila, M.; Nofrarias, M.; Pérez-Martin, E.; Olvera, A.; Mateu, E.; Segalés, J. Porcine circovirus type
2 (PCV2) Cap and Rep proteins are involved in the development of cell-mediated immunity upon PCV2
infection. Vet. Immunol. Immunopathol. 2010, 137, 226-234. [CrossRef] [PubMed]

Mahé, D.; Blanchard, P.; Truong, C.; Arnauld, C.; Le Cann, P.; Cariolet, R.; Madec, F.; Albina, E.; Jestin, A.
Differential recognition of ORF2 protein from type 1 and type 2 porcine circoviruses and identification of
immunorelevant epitopes. J. Gen. Virol. 2000, 81, 1815-1824. [CrossRef] [PubMed]

Lekcharoensuk, P.; Morozov, I; Paul, P.S.; Thangthumniyom, N.; Wajjawalku, W.; Meng, X.J. Epitope mapping
of the major capsid protein of type 2 porcine circovirus (PCV2) by using chimeric PCV1 and PCV2. J. Virol.
2004, 78, 8135-8145. [CrossRef]

Shang, S.-B.; Jin, Y.L.; Jiang, X.-T.; Zhou, ].Y.; Zhang, X.; Xing, G.; He, ].L.; Yan, Y. Fine mapping of antigenic
epitopes on capsid proteins of porcine circovirus, and antigenic phenotype of porcine circovirus Type 2.
Mol. Immunol. 2009, 46, 327-334. [CrossRef]

Ssemadaali, M.A.; Ilha, M.; Ramamoorthy, S. Genetic diversity of porcine circovirus type 2 and implications
for detection and control. Res. Vet. Sci. 2015, 103, 179-186. [CrossRef]

Kurtz, S.; Grau-Roma, L.; Cortey, M.; Fort, M.; Rodriguez, E; Sibila, M.; Segalés, J. Pigs naturally exposed to
porcine circovirus type 2 (PCV2) generate antibody responses capable to neutralise PCV2 isolates of different
genotypes and geographic origins. Vet. Res. 2014, 45, 1-10. [CrossRef]

Saha, D.; Huang, L.; Bussalleu, E.; Lefebvre, D.J.; Fort, M.; Van Doorsselaere, J.; Nauwynck, H.J. Antigenic
subtyping and epitopes’ competition analysis of porcine circovirus type 2 using monoclonal antibodies.
Vet. Microbiol. 2012, 157, 13-22. [CrossRef]

Saha, D.; Lefebvre, D.J.; Ooms, K.; Huang, L.; Delputte, PL.; van Doorsselaere, J.; Nauwynck, H.J. Single
amino acid mutations in the capsid switch the neutralization phenotype of porcine circovirus 2. J. Gen. Virol.
2012, 93, 1548-1555. [CrossRef] [PubMed]

Liu, J.; Huang, L.; Wei, Y,; Tang, Q.; Liu, D.; Wang, Y.; Li, S.; Guo, L.; Wu, H.; Liu, C. Amino acid mutations
in the capsid protein produce novel porcine circovirus type 2 neutralizing epitopes. Vet. Microbiol. 2013,
165, 260-267. [CrossRef] [PubMed]

Fort, M.; Fernandes, L.T.; Nofrarias, M.; Diaz, I.; Sibila, M.; Pujols, J.; Mateu, E.; Segalés, ]J. Development
of cell-mediated immunity to porcine circovirus type 2 (PCV2) in caesarean-derived, colostrum-deprived
piglets. Vet. Immunol. Immunopathol. 2009, 129, 101-107. [CrossRef] [PubMed]

Martelli, P; Ferrari, L.; Morganti, M.; De Angelis, E.; Bonilauri, P.; Guazzetti, S.; Caleffi, A.; Borghetti, P. One
dose of a porcine circovirus 2 subunit vaccine induces humoral and cell-mediated immunity and protects
against porcine circovirus-associated disease under field conditions. Vet. Microbiol. 2011, 149, 339-351.
[CrossRef]

Fort, M.; Sibila, M.; Nofrarias, M.; Pérez-Martin, E.; Olvera, A.; Mateu, E.; Segalés, J. Evaluation of
cell-mediated immune responses against porcine circovirus type 2 (PCV2) Cap and Rep proteins after
vaccination with a commercial PCV2 sub-unit vaccine. Vet. Immunol. Immunopathol. 2012, 150, 128-132.
[CrossRef]

Bandrick, M.; Gutiérrez, A.H.; Desai, P.; Rincon, G.; Martin, W.D.; Terry, FE.; De Groot, A.S.; Foss, D.L. T
cell epitope content comparison (EpiCC) analysis demonstrates a bivalent PCV2 vaccine has greater T cell
epitope overlap with field strains than monovalent PCV2 vaccines. Vet. Immunol. Immunopathol. 2020, 223.
[CrossRef]

Segalés, J. Best practice and future challenges for vaccination against porcine circovirus type 2.
Expert Rev. Vaccines 2015, 14, 473-487. [CrossRef]

Opriessnig, T.; Xiao, C.T.; Halbur, P.G.; Gerber, P.F; Matzinger, S.R.; Meng, X.]. A commercial porcine circovirus
(PCV) type 2a-based vaccine reduces PCV2d viremia and shedding and prevents PCV2d transmission to
naive pigs under experimental conditions. Vaccine 2017, 35, 248-254. [CrossRef] [PubMed]

Opriessnig, T.; Madson, D.M,; Prickett, ].R.; Kuhar, D.; Lunney, ] K.; Elsener, ].; Halbur, P.G. Effect of porcine
circovirus type 2 (PCV2) vaccination on porcine reproductive and respiratory syndrome virus (PRRSV) and
PCV2 coinfection. Vet. Microbiol. 2008, 131, 103-114. [CrossRef]

Fachinger, V.; Bischoff, R.; Jedidia, S.B.; Saalmdiller, A.; Elbers, K. The effect of vaccination against porcine
circovirus type 2 in pigs suffering from porcine respiratory disease complex. Vaccine 2008, 26, 1488-1499.
[CrossRef]


http://dx.doi.org/10.1016/j.vetimm.2010.05.013
http://www.ncbi.nlm.nih.gov/pubmed/20566220
http://dx.doi.org/10.1099/0022-1317-81-7-1815
http://www.ncbi.nlm.nih.gov/pubmed/10859388
http://dx.doi.org/10.1128/JVI.78.15.8135-8145.2004
http://dx.doi.org/10.1016/j.molimm.2008.10.028
http://dx.doi.org/10.1016/j.rvsc.2015.10.006
http://dx.doi.org/10.1186/1297-9716-45-29
http://dx.doi.org/10.1016/j.vetmic.2011.11.030
http://dx.doi.org/10.1099/vir.0.042085-0
http://www.ncbi.nlm.nih.gov/pubmed/22492916
http://dx.doi.org/10.1016/j.vetmic.2013.03.013
http://www.ncbi.nlm.nih.gov/pubmed/23582511
http://dx.doi.org/10.1016/j.vetimm.2008.12.024
http://www.ncbi.nlm.nih.gov/pubmed/19167096
http://dx.doi.org/10.1016/j.vetmic.2010.12.008
http://dx.doi.org/10.1016/j.vetimm.2012.09.001
http://dx.doi.org/10.1016/j.vetimm.2020.110034
http://dx.doi.org/10.1586/14760584.2015.983084
http://dx.doi.org/10.1016/j.vaccine.2016.11.085
http://www.ncbi.nlm.nih.gov/pubmed/27919634
http://dx.doi.org/10.1016/j.vetmic.2008.03.002
http://dx.doi.org/10.1016/j.vaccine.2007.11.053

Pathogens 2020, 9, 1049 11 of 12

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Fort, M; Sibila, M.; Allepuz, A.; Mateu, E.; Roerink, E; Segalés, J. Porcine circovirus type 2 (PCV2) vaccination
of conventional pigs prevents viremia against PCV2 isolates of different genotypes and geographic origins.
Vaccine 2008, 26, 1063-1071. [CrossRef]

Rose, N.; Andraud, M.; Bigault, L.; Jestin, A.; Grasland, B. A commercial PCV2a-based vaccine significantly
reduces PCV2b transmission in experimental conditions. Vaccine 2016, 34, 3738-3745. [CrossRef] [PubMed]
Dvorak, CM.T,; Yang, Y.; Haley, C.; Sharma, N.; Murtaugh, M.P. National reduction in porcine circovirus type
2 prevalence following introduction of vaccination. Vet. Microbiol. 2016, 189, 86-90. [CrossRef] [PubMed]
Eddicks, M.; Koeppen, M.; Willi, S.; Fux, R.; Reese, S.; Sutter, G.; Stadler, ].; Ritzmann, M. Low prevalence of
porcine circovirus type 2 infections in farrowing sows and corresponding pre-suckling piglets in southern
German pig farms. Vet. Microbiol. 2016, 187, 70-74. [CrossRef] [PubMed]

Kekarainen, T.; Gonzalez, A.; Llorens, A.; Segalés, J. Genetic variability of porcine circovirus 2 in vaccinating
and non-vaccinating commercial farms. J. Gen. Virol. 2014, 95, 1734-1742. [CrossRef]

Opriessnig, T.; O'Neill, K.; Gerber, P.F.; de Castro, AM.M.G.; Gimenéz-Lirola, L.G.; Beach, N.M.; Zhou, L.;
Meng, X.J.; Wang, C.; Halbur, P.G. A PCV2 vaccine based on genotype 2b is more effective than a 2a-based
vaccine to protect against PCV2b or combined PCV2a/2b viremia in pigs with concurrent PCV2, PRRSV and
PPV infection. Vaccine 2013, 31, 487-494. [CrossRef]

Li, J.; Yu, T;; Zhang, F; Wang, X.; Zhou, J.; Gao, X.; Gao, S.; Liu, X. Inactivated chimeric porcine circovirus
(PCV) 1-2 vaccines based on genotypes 2b and 2d exhibit similar immunological effectiveness in protecting
pigs against challenge with PCV2b strain 0233. Arch. Virol. 2017, 162, 235-246. [CrossRef]

Park, KH.; Oh, T,; Yang, S.; Cho, H.; Kang, I.; Chae, C. Evaluation of a porcine circovirus type 2a (PCV2a)
vaccine efficacy against experimental PCV2a, PCV2b, and PCV2d challenge. Vet. Microbiol. 2019, 231, 89-92.
[CrossRef]

Tomads, A.; Fernandes, L.T.; Valero, O.; Segalés, ]. A meta-analysis on experimental infections with porcine
circovirus type 2 (PCV2). Vet. Microbiol. 2008, 132, 260-273. [CrossRef]

Jeong, J.; Park, C.; Choi, K.; Chae, C. Comparison of three commercial one-dose porcine circovirus type 2
(PCV2) vaccines in a herd with concurrent circulation of PCV2b and mutant PCV2b. Vet. Microbiol. 2015,
177,43-52. [CrossRef]

Beach, N.M.; Ramamoorthy, S.; Opriessnig, T.; Wu, 5.Q.; Meng, X.J. Novel chimeric porcine circovirus (PCV)
with the capsid gene of the emerging PCV2b subtype cloned in the genomic backbone of the non-pathogenic
PCV1 is attenuated in vivo and induces protective and cross-protective immunity against PCV2b and PCV2a
subtypes in pigs. Vaccine 2010, 29, 221-232. [CrossRef] [PubMed]

Chae, C. Commercial porcine circovirus type 2 vaccines: Efficacy and clinical application. Vet. |. 2012,
194, 151-157. [CrossRef] [PubMed]

Opriessnig, T.; Gerber, P.E; Xiao, C.T.; Mogler, M.; Halbur, P.G. A commercial vaccine based on PCV2a and
an experimental vaccine based on a variant mPCV2b are both effective in protecting pigs against challenge
with a 2013 U.S. variant mPCV2b strain. Vaccine 2014, 32, 230-237. [CrossRef] [PubMed]

Shen, H.G.; Halbur, P.G.; Opriessnig, T. Prevalence and phylogenetic analysis of the current porcine circovirus
2 genotypes after implementation of widespread vaccination programmes in the USA. J. Gen. Virol. 2012,
93, 1345-1355. [CrossRef]

Kang, S.-J.; Kang, H.; Yu, S.-H.; Lee, H].; Lee, N.; Hyun, B.-H.; Cha, S.-H. Genetic diversity and different
cross-neutralization capability of porcine circovirus type 2 isolates recently circulating in South Korea.
BMC Vet. Res. 2020, 16, 334. [CrossRef]

Reiner, G.; Hofmeister, R.; Willems, H. Genetic variability of porcine circovirus 2 (PCV2) field isolates from
vaccinated and non-vaccinated pig herds in Germany. Vet. Microbiol. 2015, 180, 41-48. [CrossRef]
Kekarainen, T.; Segalés, J. Porcine circovirus 2 immunology and viral evolution. Porc. Heal. Manag. 2015,
1,17. [CrossRef]

Kennedy, D.A.; Read, A.F. Why does drug resistance readily evolve but vaccine resistance does not? Proc. R.
Soc. B Biol. Sci. 2017, 284, 20162562. [CrossRef]

FitzSimons, D.; Frangois, G.; Hall, A.; McMahon, B.; Meheus, A.; Zanetti, A.; Duval, B.; Jilg, W.; Bocher, W.O.;
Lu, S.N.; et al. Long-term efficacy of hepatitis B vaccine, booster policy, and impact of hepatitis B virus
mutants. Vaccine 2005, 23, 4158-4166. [CrossRef]

Read, A.F,; Mackinnon, M.J. Pathogen evolution in a vaccinated world. Evol. Health Dis. 2010, 2, 139-152.
[CrossRef]


http://dx.doi.org/10.1016/j.vaccine.2007.12.019
http://dx.doi.org/10.1016/j.vaccine.2016.06.005
http://www.ncbi.nlm.nih.gov/pubmed/27318416
http://dx.doi.org/10.1016/j.vetmic.2016.05.002
http://www.ncbi.nlm.nih.gov/pubmed/27259831
http://dx.doi.org/10.1016/j.vetmic.2016.03.010
http://www.ncbi.nlm.nih.gov/pubmed/27066711
http://dx.doi.org/10.1099/vir.0.065318-0
http://dx.doi.org/10.1016/j.vaccine.2012.11.030
http://dx.doi.org/10.1007/s00705-016-3099-x
http://dx.doi.org/10.1016/j.vetmic.2019.03.002
http://dx.doi.org/10.1016/j.vetmic.2008.05.023
http://dx.doi.org/10.1016/j.vetmic.2015.02.027
http://dx.doi.org/10.1016/j.vaccine.2010.10.050
http://www.ncbi.nlm.nih.gov/pubmed/21044670
http://dx.doi.org/10.1016/j.tvjl.2012.06.031
http://www.ncbi.nlm.nih.gov/pubmed/22841450
http://dx.doi.org/10.1016/j.vaccine.2013.11.010
http://www.ncbi.nlm.nih.gov/pubmed/24269319
http://dx.doi.org/10.1099/vir.0.039552-0
http://dx.doi.org/10.1186/s12917-020-02549-3
http://dx.doi.org/10.1016/j.vetmic.2015.07.026
http://dx.doi.org/10.1186/s40813-015-0012-z
http://dx.doi.org/10.1098/rspb.2016.2562
http://dx.doi.org/10.1016/j.vaccine.2005.03.017
http://dx.doi.org/10.1093/acprof:oso/9780199207466.003.0011

Pathogens 2020, 9, 1049 12 of 12

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Cecchinato, M.; Catelli, E.; Lupini, C.; Ricchizzi, E.; Clubbe, J.; Battilani, M.; Naylor, C.J. Avian
metapneumovirus (AMPV) attachment protein involvement in probable virus evolution concurrent with
mass live vaccine introduction. Vet. Microbiol. 2010, 146, 24-34. [CrossRef] [PubMed]

Franzo, G.; Legnardi, M.; Tucciarone, C.M.; Drigo, M.; Martini, M.; Cecchinato, M. Evolution of infectious
bronchitis virus in the field after homologous vaccination introduction. Vet. Res. 2019, 50. [CrossRef]
[PubMed]

Franzo, G.; Tinello, S.; Grassi, L.; Tucciarone, C.M.; Legnardi, M.; Cecchinato, M.; Dotto, G.; Mondin, A.;
Martini, M.; Pasotto, D.; et al. Free to circulate: An update on the epidemiological dynamics of porcine
circovirus 2 (PCV-2) in Italy reveals the role of local spreading, wild populations, and Foreign countries.
Pathogens 2020, 9, 221. [CrossRef] [PubMed]

Weissenbacher-Lang, C.; Kristen, T.; Mendel, V.; Brunthaler, R.; Schwarz, L.; Weissenbock, H. Porcine
circovirus type 2 (PCV2) genotyping in Austrian pigs in the years 2002 to 2017. BMC Vet. Res. 2020, 16, 198.
[CrossRef]

Zheng, G.; Lu, Q.; Wang, F; Xing, G.; Feng, H.; Jin, Q.; Guo, Z; Teng, M.; Hao, H.; Li, D.; et al. Phylogenetic
analysis of porcine circovirus type 2 (PCV2) between 2015 and 2018 in Henan Province, China. BMC Vet. Res.
2020, 16, 1-10. [CrossRef]

Mone, N.; Clark, N.; Kyaw-Tanner, M.; Turni, C.; Barnes, T.; Parke, C.; Alawneh, J.; Blackall, P.; Meers, J.
Genetic analysis of porcine circovirus type 2 (PCV2) in Queensland, Australia. Aust. Vet. ]. 2020, 98, avj.12952.
[CrossRef]

Franzo, G.; Tucciarone, C.M.; Cecchinato, M.; Drigo, M. Porcine circovirus type 2 (PCV2) evolution before
and after the vaccination introduction: A large scale epidemiological study. Sci. Rep. 2016, 6. [CrossRef]
Wiederkehr, D.D.; Sydler, T.; Buergi, E.; Haessig, M.; Zimmermann, D.; Pospischil, A.; Brugnera, E.;
Sidler, X. A new emerging genotype subgroup within PCV-2b dominates the PMWS epizooty in Switzerland.
Vet. Microbiol. 2009, 136, 27-35. [CrossRef]

Opriessnig, T.; Karuppannan, A.K.; Halbur, P.G.; Calvert, ].G.; Nitzel, G.P,; Matzinger, S.R.; Meng, X.J. Porcine
circovirus type 2a or 2b based experimental vaccines provide protection against PCV2d/porcine parvovirus 2
co-challenge. Vaccine 2020, 38, 1975-1981. [CrossRef]

Cook, .LK.A.; Orbell, S.J.; Woods, M.A.; Huggins, M.B. Breadth of protection of the respiratory tract provided
by different live-attenuated infectious bronchitis vaccines against challenge with infectious bronchitis viruses
of heterologous serotypes. Avian Pathol. 1999, 28, 477-485. [CrossRef]

Franzo, G.; Tucciarone, C.M.; Blanco, A.; Nofrarias, M.; Biarnés, M.; Cortey, M.; Maj6, N.; Catelli, E.;
Cecchinato, M. Effect of different vaccination strategies on IBV QX population dynamics and clinical
outbreaks. Vaccine 2016, 34, 5670-5676. [CrossRef] [PubMed]

Valastro, V.; Holmes, E.C.; Britton, P.; Fusaro, A.; Jackwood, M.W.; Cattoli, G.; Monne, I. S1 gene-based
phylogeny of infectious bronchitis virus: An attempt to harmonize virus classification. Infect. Genet. Evol.
2016, 39, 349-364. [CrossRef] [PubMed]

Matzinger, S.R.; Opriessnig, T.; Xiao, C.T.; Catanzaro, N.; Beach, N.M.; Slade, D.E.; Nitzel, G.P.; Meng, X J. A
chimeric virus created by DNA shuffling of the capsid genes of different subtypes of porcine circovirus type
2 (PCV2) in the backbone of the non-pathogenic PCV1 induces protective immunity against the predominant
PCV2b and the emerging PCV2d in pigs. Virology 2016, 498, 82-93. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.vetmic.2010.04.014
http://www.ncbi.nlm.nih.gov/pubmed/20447777
http://dx.doi.org/10.1186/s13567-019-0713-4
http://www.ncbi.nlm.nih.gov/pubmed/31706335
http://dx.doi.org/10.3390/pathogens9030221
http://www.ncbi.nlm.nih.gov/pubmed/32192210
http://dx.doi.org/10.1186/s12917-020-02413-4
http://dx.doi.org/10.1186/s12917-019-2193-1
http://dx.doi.org/10.1111/avj.12952
http://dx.doi.org/10.1038/srep39458
http://dx.doi.org/10.1016/j.vetmic.2008.10.028
http://dx.doi.org/10.1016/j.vaccine.2020.01.013
http://dx.doi.org/10.1080/03079459994506
http://dx.doi.org/10.1016/j.vaccine.2016.09.014
http://www.ncbi.nlm.nih.gov/pubmed/27670071
http://dx.doi.org/10.1016/j.meegid.2016.02.015
http://www.ncbi.nlm.nih.gov/pubmed/26883378
http://dx.doi.org/10.1016/j.virol.2016.08.011
http://www.ncbi.nlm.nih.gov/pubmed/27564544
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Genotypes in PCV-2 
	PCV-2 Immunological Cross-Reactivity 
	Vaccines, Genotypes and Evolution 
	The Usefulness of PCV-2 Genotyping and Emerging Genotypes 
	Conclusions and Future Perspectives 
	References

