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Porcine circovirus type 2 (PCV2) has one of the highest evolutionary rates among DNA viruses. Traditionally,
PCV2 vaccines have been based on the 2a genotype as this was the ﬁrst genotype discovered. Today, eight
genotypes of PCV2 viruses have been identiﬁed, and, taken together with the rapid evolutionary rate, propensity
to recombine, and high rate of vaccination, further variation in PCV2 is expected. For these reasons, there is a
growing genetic gap between available vaccines and ﬁeld strains. When selecting vaccines, it is important to
consider vaccines that contain T cell epitopes that are well-matched to the circulating strains. To quantify the
relatedness between PCV2 vaccines and ﬁeld strains, we predicted and compared their T cell epitope content and
calculated Epitope Content Comparison (EpiCC) scores using established in silico tools. T cell epitopes predicted
to bind common class I and class II swine leukocyte antigen (SLA) alleles were identiﬁed from two major
structural proteins, the capsid (encoded by ORF2) and the replicase (encoded by ORF1). The T cell epitope
content of three commercial PCV2a-based vaccines (a baculovirus expressed PCV2a ORF2 [VacAlt], a PCV1PCV2a chimeric virus vaccine [VacA] and a combination cPCV2a-cPCV2b chimeric virus vaccine [VacAB]) and
an experimental PCV2b ORF2-based chimeric virus vaccine [VacB] (Table 1), were compared to that of 161
PCV2 ﬁeld strains (representing genotypes a-f).
The T cell epitope content and conservation between vaccine and ﬁeld strains varied. While all vaccine strains
provided broad coverage of the ﬁeld strains including heterologous genotypes, none of the vaccines covered all
the putative T cell epitopes identiﬁed in the ﬁeld strains. PCV2a-based vaccine strains generally scored higher in
terms of conserved epitope content against PCV2a ﬁeld isolates but were not identical. The PCV2b-based vaccine
strain had higher scores against PCV2b and PCV2d ﬁeld strains. The combination PCV2a-PCV2b vaccine (VacAB)
had, on average, the highest EpiCC score. PCV2 continues to evolve and EpiCC analysis provides a new tool to
assess the possible impact of virus genetic divergence on T cell epitope coverage of vaccine strains. Given that
multiple genotypes are currently found and may co-exist on farms, this analysis suggests that a combination of
PCV2a and PCV2b vaccine strains may be required to provide optimal coverage of current and future ﬁeld
isolates.

1. Introduction
Porcine Circovirus (PCV) is a non enveloped, single-stranded DNA
virus. Three types of PCV have been identiﬁed: PCV1, PCV2, and PCV3.
PCV1 was originally identiﬁed as a cell culture contaminant and is not
pathogenic in pigs. PCV3 has recently been tied to cases of reproductive

failure in swine but its role as a primary pathogen remains to be understood (Palinski et al., 2017). PCV2 has been present in pigs since
1969 and ﬁrst reported to be associated with porcine multisystemic
wasting syndrome (PMWS) in the 1990s. PCV2-associated disease
(PCVAD), or PCV-disease (PCVD), has become one of the most economically important emerging diseases worldwide aﬀecting pigs
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Table 1
Analyzed vaccines.
Category

Type

Genotype

Name

Description

Analyzed ORFs

Label

GenBank Reference

Commercial
Commercial

Monovalent
Monovalent

PCV2a
PCV2a

be-PCV2a
cPCV2a

Baculovirus expressed PCV2a ORF2
PCV1-PCV2a chimeric whole virus vaccine

ORF2
ORF1 ORF2

ORF2 VacAlt
ORF1 PCV1 ORF2 VacA

Experimental
Commercial

Monovalent
Bivalent

PCV2b
PCV2a and PCV2b

cPCV2b
cPCV2acPCV2b

PCV1-PCV2b chimeric whole virus vaccine
Combination of cPCV2a and cPCV2b

ORF2
ORF2

ORF2 VacB
ORF2 VacAB

Not available
AU699795
AF264042
GU799576
AF264042
GU799576

contained within circulating strains. In other words, the vaccine must
be immunogenic (able to induce an immune response), but also contain
T cell epitopes that are well-matched to the circulating strains that may
be encountered by the vaccinated animal.
In this study, we used PigMatrix (Gutiérrez et al., 2016), a computer-based predictive tool, to identify putative class I and II SLA epitopes of PCV2 proteins encoded by ORF1 and ORF2. We then used the
EpiCC algorithm to compare the T cell epitope content of vaccine sequences and ﬁeld strains (Gutiérrez et al., 2017). We analyzed sequences of three commercial PCV2a-based vaccines (a baculovirus expressed PCV2a ORF2 [VacAlt], a PCV1-PCV2a chimeric virus vaccine
[VacA] and a combination cPCV2a-cPCV2b chimeric virus vaccine
[VacAB]) and an experimental PCV2b ORF2-based chimeric virus vaccine [VacB] (Table 1). EpiCC scores were used to identify the vaccine
strain sequence that best represents the T cell epitope content of the
input set of circulating strains and that may induce the broadest crossreactive T cell response. In a previous retrospective study, we used
PigMatrix and EpiCC to compare swine inﬂuenza A vaccines to circulating strains deﬁning a threshold EpiCC score associated with vaccine
eﬃcacy (Gutiérrez et al., 2017). Here, EpiCC was used in a prospective
manner to examine vaccine and circulating strains, thus establishing its
usefulness in the development of new vaccines.

primarily between 5–18 weeks of age with mortality up to 30 %
(Segalés, 2012).
PCV viruses have similar genomic structures and encode two major
proteins, the capsid (encoded by ORF2) and the replicase (encoded by
ORF1). Today, six PCV2 genotypes have been described PCV2a-f (Bao
et al., 2018) and another two, including potential recombinant forms
have been proposed (PCV2g-h) (Franzo and Segalés, 2018). Genotypes
are delineated by a p-distance of 0.035 (Segalés et al., 2008) and proposed to have a maximum intra-genotype p-distance of 13 % (calculated on the ORF2 gene) (Franzo and Segalés, 2018). PCV2 genotypes
can be further organized by cluster (Olvera et al., 2007). A striking
feature of PCV2 is its high rate of evolution. Despite being a DNA virus,
PCV2 has an evolutionary rate similar to RNA viruses (Firth et al.,
2009). In addition to the high rate of point mutations, PCV2 viruses
recombine (Hesse et al., 2008; Lefebvre et al., 2009). In fact, approximately 20–35 % of PCV2 viruses are recombinants (Franzo et al., 2016;
Franzo and Segalés, 2018). Co-infection of PCV2 viruses is common
(Gerber et al., 2013) and allows multiple PCV2 viruses to interact
within a single cell and share genetic material.
Since the identiﬁcation of PCV2a, two major changes in prevalence
of circulating strains have occurred, known as “genotype shifts.” PCV2a
was displaced as the predominant circulating genotype by PCV2b and
PCV2b was later displaced by PCV2d, the current predominant genotype in many geographies (Xiao et al., 2016, 2015; Yang et al., 2017).
PCV2a, PCV2b, and PCV2d are considered clinically relevant. PCV2c, e,
and f are found at lower prevalence and their clinical signiﬁcance is
unknown. Taken together, due to its inherent nature, there is much
diversity within PCV2 viruses.
PCV2 virus evolution has also, at least in part, been shaped by PCV2
vaccination and resultant immune pressure (Franzo et al., 2016; Reiner
et al., 2015). The ﬁrst PCV2 genotype to be identiﬁed was PCV2a;
subsequently PCV2 vaccines were based on PCV2a. PCV2a-based vaccines have ultimately added to decreased prevalence of PCV2a but have
contributed to increased diversity within the PCV2a genotype group,
especially focused at PCV2a epitopes shared by vaccine and ﬁeld strains
(Franzo et al., 2016). Despite PCV2a no longer being the predominant
circulating genotype, currently available PCV2a-based vaccines have
historically been successful in controlling PCV2 disease. PCV2a-based
vaccines may be adequate in conferring cross-protection to divergent
genotypes under certain circumstances, but homologous vaccine/challenge combinations are better at decreasing viremia (Karuppannan and
Opriessnig, 2017).
PCV2 vaccine-induced protection to ﬁeld challenge strains can be
partially attributed to the epitopic determinants common or unique
among vaccine and ﬁeld PCV2 viruses. Minor variations within ORF2,
the immune-dominant target, have been shown to result in diﬀerences
in immune recognition (Constans et al., 2015; Kurtz et al., 2014; Saha
et al., 2012). Having a high degree of similarity among epitopes between vaccine and ﬁeld viruses is essential for conferring broad immune recognition. Given the high level of diversity within PCV2 ﬁeld
strains and the shift away from PCV2a predominance, traditional
PCV2a-based vaccines may not provide optimal epitope coverage of
current and future ﬁeld isolates. When selecting vaccine candidates, it
is important to consider not only T cell epitope content and density, but
also the potential to induce memory T cells that will recognize epitopes

2. Methods
2.1. Phylogenetic and population analysis of PCV2 sequences
A total of 4500 publicly available (as of June 2017) PCV2, ORF2
nucleotide sequences were downloaded from GenBank (Table S1). The
nucleotide sequences were aligned using MAFFT (Katoh and Standley,
2013) and a maximum likelihood tree was constructed using FastTree
(Price et al., 2010). BAPS (Bayesian analysis of Population Structure)
(Cheng et al., 2013) was used to cluster the strains and perform admixture analysis to identify ﬁeld strains with possible recombination
events. The de novo identiﬁed sequence clusters were then mapped to
known sequence clusters as deﬁned by Xiao et al. (Xiao et al., 2015).
Within each cluster identiﬁed using BAPS, PCA (principal component
analysis) for the DNA distance matrix was used to identify the minimum
number of PCs (principal components, K) that explain 95 % of the
variance in the distance matrix. The cluster was further partitioned into
k sub-clusters using K means clustering. A strain nearest to the subcluster medoid was selected as a representative for the sub-cluster.
Using this iterative process, based on the clustering results, 161 representative strains (Tables S1 and S2) spanning the known taxonomic
diversity of PCV2 ORF2 sequences were subjected to a further T cell
epitope content comparison (EpiCC) analysis. Strains representing recombinant forms were included within the analysis and across cluster
(except for cluster 11, PCV2e, as recombinant viruses were not found
within the cluster).
2.2. Development of MHC binding prediction matrices for swine: PigMatrix
As a ﬁrst step in the comparison of T cell epitope content found in
commercial and experimental PCV2 vaccines vs content found in ﬁeld
strains of PCV2, it was necessary to develop tools for predicting T cell
2
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to be shared between the vaccine and ﬁeld strain sequences if they were
exactly matched or if both epitopes were predicted to bind the same
SLA allele and both epitopes shared exactly matched TCR-facing residues.
For each pair of sequences in this analysis, the shared EpiCC scores
were calculated as previously described (Gutiérrez et al., 2017). The
same approach was adopted to compare the T cell epitope content of
bivalent vaccines and ﬁeld strains. For this scenario, the calculation
assumed that the vaccine strain contains all the putative epitopes from
each of its two components, but no extra score is awarded for identical
epitopes that appear in both components of a bivalent vaccine.
Shared EpiCC scores were also calculated for each vaccine and ﬁeld
strain as compared to itself. Shared EpiCC scores derived from the
comparison of any sequence to itself are referred to as “baseline” EpiCC
scores. The greater the baseline score, the greater the epitope content of
the sequence. Since no sequence can be better matched to a given sequence than itself, the maximum value for any comparison between a
target sequence and a comparison sequence (in this case a vaccine sequence against a ﬁeld strain) can only be less than or equal to their
baseline EpiCC scores.
An average baseline score was also calculated by averaging the
baseline scores for all ﬁeld strains and subsets of ﬁeld strains grouped
by PCV2 genotype (Fig. 1A). The average baseline score represents the
T cell epitope content of the ﬁeld strain sequences. For each vaccine
strain, an average shared EpiCC score was calculated by averaging the
shared EpiCC scores for all vaccine-ﬁeld strains comparisons and subsets of vaccine-ﬁeld strain comparisons grouped by PCV2 genotype. The
greater the average shared EpiCC score, the better a vaccine represents
the T cell epitope content of the circulating strains and may indicate the
vaccine potential to induce a broad T cell response against diverse
challenge strains. The score of partial ﬁeld strain sequences were excluded from the calculation of these averages.
The T cell epitope content of a ﬁeld strain is considered to be wellmatched or “covered” by a given vaccine sequence if the strain baseline
and the shared EpiCC score are similar. To quantify vaccine T cell
epitope coverage, the shared EpiCC score of each vaccine-ﬁeld strain
comparison was divided by that ﬁeld strain’s baseline EpiCC score and
expressed as a percentage (Fig. 1B). The average vaccine T cell epitope
coverage was determined by averaging the vaccine coverage for all ﬁeld
strain comparisons. Similar to the average shared EpiCC score, the
greater the average T cell epitope coverage, the better the vaccine
matches or covers the T cell epitope content of the circulating strain
sequences. The scores of partial ﬁeld strain sequences were excluded
from the calculation of the average.

epitopes presented by swine leukocyte antigen (SLA). While many SLA
alleles may be present in US swine populations, the prevalence and
distribution of these SLA alleles is unknown. Therefore, for this analysis, we used SLA alleles that were present in a cohort of outbred pigs
that had been SLA typed in a previous study (Gutiérrez et al., 2016).
The SLA predictive tools used for this analysis were developed using
the pocket proﬁle method (Gutiérrez et al., 2015; Sturniolo et al.,
1999). By comparing the SLA binding pocket proﬁles of selected alleles
to the HLA binding pocket proﬁles of well-documented human leukocyte antigen (HLA), it is possible to construct ﬁrst order predictive
matrices for SLA. Brieﬂy, the protein sequences of selected SLA were
aligned to HLA. Where SLA and HLA alleles were well-aligned (identity > 80 %), “contact” residues assumed to comprise the pockets of the
binding groove were extracted. Contact residues were then group by
pocket to create pocket proﬁles. SLA-derived proﬁles were then compared to HLA pocket proﬁles. Where proﬁles were well-matched
(identity > 70 %), human pocket binding preferences were copied and
rendered as a vector of 20 numeric binding coeﬃcients (one for each of
20 natural amino acids) with higher values indicating higher binding
potential. A set of nine vectors, one for each binding position, deﬁnes a
matrix. These SLA-binding “PigMatrix coeﬃcient” matrices were
loaded into EpiVax’s iVAX system.
2.3. MHC binding prediction
Using EpiVax’s iVAX system and the PigMatrix coeﬃcient matrices
described above, all input protein sequences were parsed into overlapping 9-mer frames and each frame was scored for its binding potential to matrices in a panel of eight SLA class I alleles (SLA‐1*0801,
1*1201, 1*1301, 2*0501, 2*1201, 3*0501, 3*0601, and 3*0701) and
ﬁve SLA class II alleles (SLA‐DRB1*0201, 0402, 0602, 0701, and 1001).
Raw scores were then normalized against the scores of a large set of
randomly compiled peptides. The normalization step renders results as
Z-scores that are directly comparable across alleles. Peptide 9‐mers with
Z‐scores above 1.64 (approximately the top 5 % of any given peptide
set) are considered potential SLA binders.
2.4. T cell epitope content comparison (EpiCC) analysis
The EpiCC algorithm, contained within the iVAX web site, compares
two protein sequences and renders results as an EpiCC score (Fig. 1).
The two input sequences are the target sequence and the comparison
sequence. The EpiCC score quantiﬁes the relatedness of the putative
epitope content shared between a given pair of sequences. More similar
shared epitope content between the vaccine and ﬁeld strain sequences
results in a greater EpiCC score. The EpiCC scores can be depicted on a
radar plot, which enables the scores of multiple vaccines to be compared to each other and a threshold for putative vaccine eﬃcacy to be
set if vaccine eﬃcacy data are available (Gutiérrez et al., 2017). In this
case, the EpiCC algorithm was applied iteratively to a set of vaccine
(target) sequences comparing each to list of ﬁeld strain (comparison)
sequences and returning an EpiCC score for each comparison.
Sequences of several commercial and experimental vaccines were
analyzed for comparison to the ﬁeld strain epitopes (Table 1). For
ORF1, we compared one vaccine (ORF1 sequence derived from the
PCV1 in the PCV1-PCV2a chimeric virus vaccine, cPCV2a; ORF1 PCV1
(Fenaux et al., 2004)), to 91 ﬁeld strain sequences (1 partial and 90 fulllength sequences). This PCV1, ORF1 sequence is also contained in the
chimeric PCV2b vaccine (cPCV2b) and the bivalent chimeric vaccine
(cPCV2a-cPCV2b). For ORF2, we compared three monovalent vaccines
(a baculovirus expressed PCV2a ORF2 [VacAlt], a cPCVa [VacA], and
an experimental PCV2b ORF2-based vaccine [VacB]), and one bivalent
vaccine (a combination cPCV2a-cPCV2b vaccines [VacAB]) to 161 ﬁeld
strain sequences (15 partial and 146 full-length sequences). The vaccine
and ﬁeld strain sequences were examined for “shared” epitopes using
JanusMatrix (Moise et al., 2013). Two putative epitopes are considered

3. Results
3.1. Phylogenetic and population structure of PCV2 ORF2 sequences
BAPS analysis (Cheng et al., 2013) predicted presence of 11 distinct
clusters within the analyzed 4500 ﬁeld strains. The BAPS deﬁned
clusters were mapped to known PCV2 clusters (Table S1 and Fig. 2).
Using the iterative clustering approach as described in the methods,
161 representative strains that span the known taxonomic diversity
(except for PCV2c due to the paucity of published strains) were selected
to do a further T cell epitope content analysis (Tables S1 and S2). Recombinant viruses were found in each cluster (and representative
strains were included within the T cell epitope content analysis) except
for cluster 11 (PCV2e). No recombinant PCV2e viruses were identiﬁed,
likely due to the low prevalence and unconﬁrmed virulence of PCV2e.
The strains used for T cell epitope content analysis included viruses
from global locations.

3
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Fig. 1. T cell epitope content comparison (EpiCC) analysis. Vaccine A and Strains A and B were screened for binding likelihood to a set of MHC alleles; 9-mers
(rows) predicted to bind to speciﬁc MHC alleles (columns) are shown in light (top 5 %) or dark (top 1 %) blue. The baseline EpiCC score is deﬁned by comparing the
epitope content of each sequence to itself (A). An average baseline score was calculated for the representative ﬁeld strains. For the comparison between Vaccine A
and Strains A and B, the EpiCC score was based on shared T cell epitope content (B). Note that cross-conserved T cell epitopes, as deﬁned by JanusMatrix, were
considered shared (*). The average EpiCC score and a vaccine T cell epitope average coverage score, for this analysis, were also calculated.

ORF2 sequences from PCV2 ﬁeld strains. The greater the similarity of
the epitope content shared between the vaccine and ﬁeld strain sequences, the greater the EpiCC score. Third, for each vaccine, we calculated average EpiCC scores considering sequences of all full-length
ﬁeld strains and by genotype. Fourth, for each vaccine-ﬁeld strain
comparison, the EpiCC score was divided by the ﬁeld strain baseline
EpiCC score, as a measure of vaccine T cell epitope coverage. To generalize vaccine T cell epitope coverage at the population level, the
vaccine coverage for all ﬁeld strains was averaged.
Total shared EpiCC scores (combined MHC class I and II) were
plotted on radar plots. Fig. 3 presents the total shared EpiCC scores for
ORF1 PCV1 compared to 91 ﬁeld strain sequences and Fig. 4 shows
EpiCC scores of the four ORF2 vaccine sequences (VacAlt, VacA, VacB,
and VacAB) compared to 161 ﬁeld strains. The EpiCC scores are displayed on these plots as a distance along a radiating line and each axis
corresponds to one strain sequence.

Fig. 2. Taxonomic relationship across the 11 PCV clusters as identiﬁed by
BAPS clustering. BAPS (Bayesian Analysis of Population Structure) was used to
cluster 4500 PCV2 ORF2 sequences. The genotype of each cluster is indicated,
while cluster 2 was not assigned to a speciﬁc genotype.

3.2.1. ORF1
Class I and class II baseline EpiCC scores (4.37 and 4.45, respectively) were similar for ORF1 PCV1 vaccine (Table 2). Compared to the
total average of the ﬁeld strains (9.14), ORF1 PCV1 had a lower total
baseline EpiCC score (8.81), which is driven by its lower than average
class II baseline score (4.45 compared to 5.15 average). In terms of total
shared EpiCC score, the average calculated for the set of ﬁeld strains
(5.09) represented 55.68 % of the average baseline (9.14), which was
lower than the baseline of ORF2 vaccines. This result suggests that, on
average, the vaccine covered more than half of the T cell epitope
content found in ﬁeld strains. Speciﬁcally, on average, ORF1 PCV1
shared 101.96 epitopes (class I and class II combined) with ﬁeld strains
(Table S3).
The T cell epitope content variability of ORF1 sequences was limited
(average baseline sd = 0.14). This was also conﬁrmed by the range of
EpiCC scores for the vaccine strain to ﬁeld strain comparison (average

3.2. T cell epitope content shared between vaccines and representative ﬁeld
strains is variable
The relatedness of the T cell epitope content shared between PCV2
vaccines and ﬁeld strains was evaluated using the EpiCC algorithm.
First, we calculated the maximum (baseline) EpiCC score for each sequence by comparing its T cell epitope content to self. Second, we
compared the putative SLA class I and class II T cell epitope content of
one ORF1 vaccine sequence (ORF1 PCV1) derived from the three chimeric virus vaccines, three monovalent ORF2 vaccine sequences (ORF2
VacAlt, ORF2 VacA and ORF2 VacB) and the combined T cell epitope
content of ORF2 VacA and ORF2 VacB (VacAB) against that of ORF1 or
4
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Fig. 3. ORF1 total shared EpiCC score. Radar plot shows EpiCC scores for comparison between ORF1 PCV1 vaccine against challenge strains and ﬁeld PCV2 viruses.
Each axis corresponds to the ORF1 sequence of one strain. Labels include sequence id number (001-161), cluster (1 - 11) and genotype 2 (a, b, d, e, or unclassiﬁed
(u)). Average EpiCC score calculated including full-length sequences is also shown. Field strains are sorted by genotype.

VacAlt and ORF2 VacA. Consequently, ORF2 VacB had the highest
average total shared EpiCC score (7.81). This result showed that on
average, ORF2 VacB covered 75.83 % of the T cell epitope content
identiﬁed in ﬁeld strains. In terms of number of epitopes, ORF2 sequences from ﬁeld strains had on average 167.87 predicted epitopes
(class I and class II) and 127.1 of them were shared with ORF2 VacB
(Table S3).
For the T cell epitope content comparison of the bivalent vaccine
ORF2 VacAB, the EpiCC approach assumes that this vaccine contains all
the epitopes of ORF2 VacA and ORF2 VacB. Therefore, the shared
epitope content between ORF2 VacAB and a ﬁeld strain can only be
equal to or higher than that of the individual component of the bivalent
vaccine with the highest EpiCC score against the strain. Thus, compared
to the monovalent ORF2 vaccines, the bivalent vaccine had the highest
total baseline (15.35) and average total EpiCC score (9.04) (Table 2).
Thus, VacAB covered on average, 87.49 % of the epitope content

EpiCC score sd = 0.28; Table 2). This limited variability is visible in
Fig. 3, which shows the total shared EpiCC scores of ORF1 PCV1
compared to each analyzed ORF1 sequence. Furthermore, averages of
EpiCC scores calculated by genotype were highly similar for ORF 1,
only varying between 8.75 and 8.97 across the four genotypes
(Table 3). This limited variability of ORF1 T contrasts with the higher
variability of ORF2 EpiCC scores across genotypes (Table 3).
3.2.2. ORF2
For the three tested ORF2 monovalent vaccines (VacAlt, VacA and
VacB), class I baseline EpiCC scores were higher than those of class II
(Table 2). Compared to the average total baseline of the ﬁeld strains
(10.3), ORF2 VacA had a higher total baseline EpiCC score (10.42),
which is explained by higher than average class I and class II baseline
scores (6.64 and 3.78, respectively). ORF2 VacB had higher average
class I and class II EpiCC scores (5.05 and 2.76, respectively) than ORF2
5
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Fig. 4. ORF2 total shared EpiCC score. The radar plot compares EpiCC scores between ORF2 PCV2 vaccines (ORF2 VacAlt, ORF2 VacA, ORF2 VacB, and ORF2
VacAB) against ﬁeld PCV2 viruses. Each axis corresponds to the ORF2 sequence of one strain. Labels include sequence id number (001-161), cluster (1 - 11) and
genotype 2 (a, b, d, e, or unclassiﬁed (u)). Only labels for ﬁeld strains with even id numbers are shown for simplicity. Baseline EpiCC scores for each sequence (open
circles) and average EpiCC score calculated including full-length sequences are shown. Baseline EpiCC scores of partial sequences are not shown. Field strains are
sorted by genotype.

identiﬁed in the ﬁeld strains. Moreover, ORF2 VacAB shared, on
average, 146.86 putative epitopes with the ﬁeld strains (Table S3).
The diﬀerences in total shared EpiCC scores among the four ORF2
vaccines compared to each analyzed strain can be visualized in the
radar plot presented in Fig. 4. ORF2 VacAB had the highest average
total shared EpiCC score. However, ORF2 VacAlt had higher EpiCC
scores than ORF2 VacAB for six strains from cluster 6 (PCV2a, 138,139,
and 142-145). For the monovalent vaccines analyzed here, we observed
that while ORF2 VacB had the highest average total shared EpiCC score
of the monovalent vaccines, ORF2 VacA and ORF2 VacAlt had, in
several instances, higher scores than those of ORF2 VacB. Additionally,
there were discernible clusters of sequences for which ORF2 VacB or
ORF2 VacA and ORF2 VacAlt had higher scores. For example, ORF2
VacB had higher scores for sequences from clusters 3, 4, 7, and 8. On
the other hand, ORF2 VacA and ORF2 VacAlt had higher scores for
sequences from clusters 6 and 10. In terms of scores calculated by

genotype (Table 3), PCV2a vaccines (ORF2 VacA and VacAlt) had
higher average EpiCC scores for PCV2a ﬁeld strains, as expected. ORF2
VacA had higher scores than ORF2 VacAlt for all the genotypes. ORF2
VacB had higher average EpiCC scores not only for PCV2b strains, but
also PCV2d and PCV2e. The bivalent vaccine ORF2 VacAB had the
highest scores by genotype.
4. Discussion
We compared the T cell epitope content of four PCV2 vaccines
(Table 1) (ORF1 for the PCV1-PCV2a chimeric virus vaccines only
[cPCV2a; VacA] and ORF2 for all vaccines (baculovirus expressed
PCV2a ORF2 [VacAlt], cPCV2a [VacA], experimental PCV2b ORF2based vaccine [VacB], and combination cPCV2a-cPCV2b vaccine
[VacAB]) against that of 161 ﬁeld PCV2 strains. PCV2 ﬁeld strains were
selected to represent the diversity within PCV2. Overall, we identiﬁed
6
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Table 2
Summary of EpiCC scores.
VACCINES

Vaccine baselinea
Average baseline (sd)b
Average EpiCC (sd)c
Average coveraged
Vaccine baseline
Average baseline (sd)
Average EpiCC (sd)
Average coverage
Vaccine baseline
Average baseline (sd)
Average EpiCC (sd)
Average coverage

Class I
(8 alleles)

Class II
(5 alleles)

Total (class I and II alleles)

a
b
c
d

ORF1
PCV1

ORF2 VacAlt

ORF2
VacA

4.37
3.99 (0.08)
2.21 (0.12)
55.38 %
4.45
5.15 (0.09)
2.88 (0.17)
55.91 %
8.81
9.14 (0.14)
5.09 (0.28)
55.68 %

6.68

6.64

ORF2
VacB

ORF2
VacAB

6.62

9.85

5.05 (0.8)
76.29 %
3.62

5.74 (0.68)
86.77 %
5.50

2.76 (0.51)
74.79 %
10.25

3.3 (0.49)
89.38 %
15.35

7.81 (1.26)
75.83 %

9.04 (1.11)
87.79 %

6.62 (0.16)
4.48 (0.68)
67.71 %
3.62

4.65 (0.61)
70.27 %
3.78

2.32 (0.4)
62.83 %
10.29

2.54 (0.35)
68.71 %
10.42

6.8 (1.02)
66.03 %

7.19 (0.89)
69.78 %

3.69 (0.33)

10.3 (0.37)

EpiCC score calculated for the vaccine compared to itself.
Average baseline EpiCC score (and standard deviation) of full-length ﬁeld strains.
Average EpiCC score (and standard deviation) of the vaccine compared to full-length ﬁeld strains.
Average coverage of each ﬁeld strain’s baseline EpiCC score expressed as a percentage.

epitope content with PCV2d and PCV2e strains than ORF2 VacA and
VacAlt (Table S3). This suggests that the T cell epitope content of the
ORF2 VacB vaccine may have the broadest coverage of the three analyzed ORF2 monovalent vaccine sequences (VacAlt, VacA, and VacB).
In addition to the monovalent vaccines (VacAlt, VacA, and VacB),
we compared the T cell epitope content of one bivalent vaccine, ORF2
VacAB, a combination of two of the monovalent vaccines, ORF2 VacA
(PCV2a) and ORF2 VacB (PCV2b), against the ﬁeld PCV2 strains. For
this comparison, we utilized the same calculation applied for our EpiCC
analysis of monovalent vaccines. ORF2 VacAB shared, on average,
87.79 % epitope content with ﬁeld strains (Table 2), which translates to
146.86 shared epitopes (Table S3). The bivalent vaccine shared on
average more T cell epitope content with strains from all the diﬀerent
genotypes described here than monovalent vaccines. Therefore, compared to the monovalent vaccines, ORF2 VacAB, the bivalent vaccine,
may confer broader T cell epitope coverage for this set of ﬁeld strains.
Thus, for the set of analyzed ﬁeld strains, the vaccines that may confer
broader cross-reactive cell-mediated immune response and protection
in descending order are: ORF2 VacAB, ORF2 VacB, ORF2 VacA, and
ORF2 VacAlt.
The combination PCV2a-PCV2b vaccine had, on average, the
highest EpiCC score, thus the best potential to confer the broadest crossreactive cell-mediated immunity and protection. Given that the PCV2
ﬁeld viruses grouped into two major clusters, namely PCV2a and
PCV2d/b (Fig. 2), having strains representing epitopes from both
clusters in the vaccines reasonably should broaden coverage, on
average, to all ﬁeld viruses within the data set. This prediction of improved coverage compared to monovalent PCV2a-based vaccines is
especially apparent against PCV2b, as well as PCV2d. Increased coverage oﬀered to PCV2d based on the PCV2b addition is supported by
the greater sequence identity and experimental epitope conservation
among PCV2b and PCV2d compared to PCV2a and PCV2d (Xiao et al.,
2015) and (Constans et al., 2015), respectively. Despite being the same
PCV2a strain as in the Vac A, the bivalent vaccine also has a positive
impact on coverage of PCV2a strains and this is likely due to the large
diversity and number of recombinant PCV2a viruses.
Our current EpiCC algorithm was developed for comparisons
against monovalent vaccines. This calculation does not account for the
diﬀerences in delivered weights of each component in a bivalent vaccine and target strains. Future models will explore the potential eﬀects
of epitopes unique to each component of a multivalent vaccine and
epitopes shared within the components. While results of these models
might diﬀer from the current scores, they will not alter our conclusion
regarding ORF2 VacAB.

Table 3
Total (class I and II alleles) average shared EpiCC score by genotype.
Genotype

PCV2a
PCV2b
PCV2d
PCV2e

Number of full-length
sequences

VACCINESa

ORF1

ORF2

ORF1
PCV1

ORF2
VacAlt

ORF2
VacA

ORF2
VacB

ORF2
VacAB

33
25
29
1

49
50
43
4

8.74
8.84
8.78
8.97

7.66
6.55
6.29
4.87

7.74
7.04
6.92
5.03

6.88
8.99
7.68
5.80

8.83
9.79
8.71
5.92

a
Average EpiCC score was calculated including only full-length ﬁeld strains
within a given genotype. Higher average shared EpiCC scores represent more
similarity between T cell epitope content of a vaccine and ﬁeld strains.

sequences matching the most prevalent strains (a, b, and d) as well as
those at lower prevalence (c, e, and f) across global locations. The ﬁeld
strains generally clustered into 2 major genogroups, the PCV2a and
PCV2d/PCV2b groups (Fig. 2). PCV2c was not included in the EpiCC
analysis due to its low prevalence. To complete our analysis, we performed individual comparisons for PCV2 ORF1 and ORF2 sequences
using the EpiCC algorithm.
The results showed that the ORF1 PCV1 sequence contained in the
chimeric PCV1-PCV2 vaccine (VacA) shared 55.68 % of the average
total T cell epitope content found in the ﬁeld strains (Table 2). ORF1
PCV1 shared on average 101.96 epitopes (class I and class II combined)
with the ﬁeld strains (Table S3). Moreover, we also found limited
variability in the T cell epitope content shared between the ORF1 PCV1
vaccine and that of the ORF1 sequences from PCV2 ﬁeld strains. While
PCV2 viruses have a high evolutionary rate, estimated to be 1.2 × 10−3
substitutions on the whole genome/site/year (Firth et al., 2009), the
PCV1 genome has relatively less diversity and a correspondingly lower
evolutionary rate, estimated to be 1.15 × 10-5 substitutions on the
whole genome/site/year (Cortey and Segalés, 2012). Furthermore,
compared to the epitope content of ORF2 sequence, ORF1 was less
variable, in agreement with observations by others (Franzo et al., 2016;
Xiao et al., 2015). This may be due to variability within replicase leading
to unﬁt viruses or lethal mutants. ORF1 has been shown to be an important source of epitopes for T cells (Stevenson et al., 2007).
Considering ORF2 sequences, ORF2 VacB (PCV2b) had the highest
average total shared EpiCC score of the monovalent vaccines for the set
of ﬁeld strains. ORF2 VacB shared, on average, 75.83 % of the putative
epitope content identiﬁed in the ﬁeld strains (Table 2). ORF2 VacB
shared on average 127.1 epitopes with the ﬁeld strains and more T cell
7
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foreknowledge of the potential relevance of the results.

EpiCC scores depend on SLA-speciﬁc predictions, and it is certain
that diﬀerent sets of SLA alleles will produce diﬀerent EpiCC scores.
However, given the large diﬀerence in total shared EpiCC scores among
vaccines, we speculate that diﬀerent sets of SLA alleles may produce
consistent results. The impact of SLA alleles on EpiCC scores will be
assessed as data about SLA frequencies in North American swine populations become available.
Molecular epidemiological investigations into the evolution of PCV2
genotypes suggest that divergence directed at the shared antigenic determinants of PCV2a-based vaccines and ﬁeld strains is clear for PCV2a
ﬁeld strains and that there is less divergence for PCV2b and PCV2d ﬁeld
strains (Franzo et al., 2016). It has also been shown that the main areas
of divergence are located in regions (Franzo et al., 2016; Xiao et al.,
2015) of epitopic determinants (Lekcharoensuk et al., 2004; Saha et al.,
2012; Trible et al., 2012). In other words, immune pressure has at least
contributed to the selection for and directed the evolution of PCV2
away from vaccine strains. Since less diversifying and directional evolution has been observed for PCV2b and PCV2d compared to PCV2a, it
is reasonable that cross-protection oﬀered by PCV2a-based vaccines is
only partial. Animal studies have conﬁrmed that PCV2 vaccines can
oﬀer cross-protection even in the scenario where vaccine and challenge
genotypes are mismatched (Fort et al., 2008; Opriessnig et al., 2014);
however, protection may be superior when multiple genotypes exist, or
the vaccine and challenge genotypes are matched (Beach et al., 2010;
Opriessnig et al., 2013). Since sequence diﬀerences have been shown to
translate into diﬀerential immune recognition (Kurtz et al., 2014; Saha
et al., 2012), incomplete cross-protection makes sense. Despite disease
control and PCV2 vaccination success (PCV2 vaccines represent the
best-selling vaccine within the global swine market), PCV2 infection is
still widespread (Karuppannan and Opriessnig, 2017). Cross-protection
being only partial, the rapid evolutionary rate of PCV2 viruses, and
other reasons including modern animal management and movement,
helps to explain why PCV2a, PCV2b, and PCV2d are all still circulating
globally even in vaccinated animals.
Updating PCV2 vaccines or developing multivalent PCV2 vaccines
representing greater epitope similarity to circulating strains, and inturn broader immune coverage, are necessary to protect against circulating and emerging strains of PCV2 (Meng, 2013; Segalés, 2015;
Ssemadaali et al., 2015). The combination of PCV2a and PCV2b oﬀers
signiﬁcant immunological coverage against all PCV2 genotypes and not
only PCV2a and PCV2b but also to PCV2d, i.e. broad cross-protection.
In light of the current situation, where the genetic gap among ﬁeld
strains and vaccines is increasing and where having multiple genotypes
oﬀers broader protection to any strain, utilizing a vaccine containing
PCV2a and PCV2b is appropriate.
This study did not directly assess the ability of the PCV2a-PCV2b
combination vaccine to confer broad cross-protection in vivo. A high
EpiCC score can be predicted to correlate to protection. EpiCC scores
(among vaccine and ﬁeld strains) that result in protection have been
identiﬁed for inﬂuenza (Gutiérrez et al., 2017). In the case of inﬂuenza,
the EpiCC scores that inform eﬃcacy are based on eﬃcacy studies. The
goal of future studies will be to identify the EpiCC level associated with
protection for PCV2 as well.

Appendix A. Supplementary data
Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.vetimm.2020.110034.
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